J. Membrane Biol. 182, 223-232 (2001) The Journal of

DOI: 10.1007/s00232-001-0046-9 M em b rane
Biology

© Springer-Verlag New York Inc. 2001

Evidence that CFTR Channels Can Regulate the Open Duration of other CFTR
Channels: Cooperativity

M.E. Krouse, J.J. Wine
Cystic Fibrosis Research Lab, Stanford University, Jordan Hall #420, Stanford, CA 94035-2130, USA

Received: 22 January 2000/Revised: 27 April 2001

Abstract. CFTR channels mediate secretion and absorpintroduction

tion in epithelia, and cystic fibrosis is caused by their

malfunction. CFTR proteins are members of the ABC The cystic fibrosis transmembrane conductance regulator
transporter family and are complexly regulated by phos{CFTR)" is a 1480 amino acid membrane protein. Mu-
phorylation and nucleosides; they also influence othefations in CFTR can cause cystic fibrosis, a prevalent
channel activity. Do CFTR molecules also influence onedenetic disease. CFTR is a small conductance anion
another? Cooperativity has been observed among oth&hannel thatis gated by cAMP and ATP (Anderson etal.,
channels and has been suggested for CFTR. Thereforé291; Bear etal.,, 1992; Drumm et al., 1990; Rich et al.,
we looked for evidence of cooperativity among CFTR 1990). Before its function as an ion channel was con-
channels using three independent approaches. All thrédfMed, CFTR was called a ‘conductance regulator” (Ri-
methods provided evidence for cooperativity in ceTRrOrdan et al., 1989) to allow for the possibility that the

gating. We estimated mean open times, independent ch_hloride conductance missing in CF (Quinton, 1983) was

the number of channels in the patch, in multi-channel€ither extrinsic or intrinsic to CFTR. Although its intrin-

patches and showed that, on average, they increased ' 'gggcf_ ngg;tragtcgl's ﬁaeélzisgafrg?;ggs(i?d aggdgiggue;
channel number increased. We observed many trial o.’ex Ior’e CFTR’s f;bilit to,influence other molecules
having larger than expected variances, consistent witk P y

cooperative gating. We also measured deviations frorr'1nCIudIng ENaC (Stutts, Rossier & Boucher, 1997), gap

binomial statistics, which revealed cooperativity and fur_JungtKr)]ns_t()Charss?n,18909e9rr| 8[¢:Suter, 1299) _and aquaporin
ther indicated that its magnitude is underestimated to a c(h C'erk()a:ar?:afala(lgw) )- For an extensive reviae
unknown extent because of masking that occurs whe Vé" f.th d that CETR lat
CFTR channel populations within a single patch have th ec;ause IO € ev dencz ﬁ th CF(':I'aRr’] rﬁgua?
heterogeneous open probabilities. Simulations showed'c" channers, we wondered whether channels

that the observed departures from binomial statisticsmIght also influence one another (coo_peratmty). O_th_er
hannels have been shown to exhibit cooperativity

were too large to have arisen by chance. The evidenc wasa et al., 1986; Manivannan et al., 1992: Neumcke &

tphoartta%ﬂ;ﬁgg;&ﬁﬁﬁi;ggg channel density has im- Stampfli, 1983), and hir_lts of cooperative behavior have
' been seen in CFTR gating. Kartner et al. (1991) reported
slow, wave-like activity in multi-channel patches that
may have been caused by interactions among CFTR
channels. Haws et al. (1992) and others (Bear et al.,
1992; Fischer & Machen, 1994) reported near simulta-
neous openings and closings of CFTR channels. How-
ever, none of this evidence has been explicitly analyzed.
Cooperative interactions may be incorrectly inferred
when channel behavior is correlated for other reasons, or
1 Abbreviations used in this pape€FTR, cystic fibrosis transmem- may be underestimated if patches contain channels with
brane conductance regulatd®(o), open probability;N, number of ~ Unequal open probabilities (Manivannan et al., 1992).
active channels in patch. Wang et al. (2000) recently showed that CAP70 is
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expressed in the Calu-3 cell line and can mediate CFTR- Except where noted, data are reported as measi+ Statistical
CFTR interactions Ieading to increased channel opeﬁignificance was assessed with the statistical packages of Microsoft
time. These results suggest that CFTR channels shoufd<®' ¢€sb-

disol rativity in thi Il line. We investigated To calculate mean open times, records were recaptured from vid-
Splay coopera y S ce €. € estigate eotape at 25 msec/point and filtered at 10 Hz. Using Biopatch (Bio-

CFTR from Calu-3 cells in multi-channel patches to de-| ogic claix, France), all-points amplitude histograms were con-
termine if CFTR channels gate cooperatively. We usedtructed and fit with Gaussians. Only patches with 12 or fewer chan-
three independent approaches to assess cooperativityls were analyzed so that individual levels could be seen in the
The first uses a technique for estimating mean ope@mplitude histograms. The area under the Gaussians was fit to a bi-
times in a multi-channel patch (Horn & Lange, 1983), nomia_l Qistributzion. The_distribution was determined to be binomial if
independent of the number of channels in the patch, Th&! minimumy* (assuming 12 or fewer channels) produced a prob-

d look he distributi f th . f th ability >0.9 that the distribution was binomial. The estimated number
second looks at the distribution of the variance of t €of channels in the patch\() was the number that produced the best

trials. The third uses deviations from binomial statistiCSpinomial fit. When data could not be fit with a binomial, the maximum
to estimate cooperativity (Manivannan et al., 1992). Re-number of simultaneous openings seen in the trial was usétzas
sults from all methods indicate that cooperativity existsthe patch was scored as non-binomial. Idealized records were pro-
in CFTR gating. The binomial analysis further indicatesduced with a current-crossing threshold set half way between each
that the magnitude of cooperativity is underestimated tcurrent level and with a minimum duration of 100 msec. Use of these

. criteria removes the fast flicker within an open burst (Zeltwanger et al.,
an unknown extent because of masking that occurs Whe[bgg). The idealized traces show the openings (burst durations) and

CFTR channel populations W_'th'n a single p.a.tch . haveclosings of the CFTR channel and were used for all subsequent math-
heterogeneous open probabilities. The specific kind 0&matical calculations.

cooperativity we found in this study was the prolonga- Definition of terms:N = Number of channels in patcR(0) =

tion of the open-duration of CFTR channels by otherAverage Current/Maximum Currerit,= single-channel current.

CFTR channels. Some of these data appeared in abstract The predicted variance for a trial is

form (Krouse, 1995). 0% = P(0) - (1-P(0)) - N - 2 @

The mean open timeMOT) as derived from Horn & Lange (1983) is

EnTn

Calu-3 cells were obtained from American Type Cell Collection and MOT = k
were grown in Eagle’s MEM w/Earle’s BSS and 10% FBS (UCSF Cell

Culture Facility) at 37°C in an atmosphere of 5% £&hd 95% air. wheren = number of channels opefl,, = duration ofn channels
For patch-clamp studies, cells were plated at low density on 35 mm _ "
tissue culture dishes coated with human placental collagen (Sigma, S(t).penil.ie_aC:gberOfr?g;néZéog:uﬁ?tse)r" as
Louis, MO). Cells were patched 3-21 (mean7.4) days later. This ge cu
method produces small to large confluent islands of cells. All patching
was done on cells that were completely surrounded by other cells. %nTn
All results in this paper were gathered from 15 cell-attached patches =i -
broken into 80 trials and 15 excised patches broken into 27 trials, each
about two minutes duration. We used the natural variation in channe!NhereT _
density to give patches with between 0 and 12 active channels.

Patch-clamping was carried out at 20-23°C using the cell-
attached and excised configurations. Currents were recorded via an |-
Axopatch 1C amplifier (Axon Instruments, Foster City, CA), filtered at MOT=—— 4)
2000 Hz, digitized at 40 kHz (PCM-2, Medical Systems, Greenvale, .
NY), and stored on videotape. Electrodes were pulled from very soft
glass capillaries (LA16, Dagan, Minneapolis, MN) and coated with
Sylgard (Dow Corning, Midland, MI). After heat polishing, pipet re-
sistances were 2-5Min the solutions listed below. The standard bath oT
and cytosolic solution for excised patches (27 trials) was (in):iaCl MCT = % -MOT (5)
150, KCI 5, CaCJ 0.23, MgC}, 2.5, EGTA 0.5, and HEPES 10. The
pH was adjusted to 7.3 with NaOH; osmolarity was adjusted to 300
mOs/l with H,0, and free C& was calculated to be 10aun CFTR
activity was maintained in excised patches with @ Mg-ATP and 10
units of PKA in a 1 mibath.

For cell-attached patches (80 trials) the standard pipette solutio - " . )
was (in ma): CsCl 150, CaGi2.5, MgCh, 2.5, and HEPES 10. Some e cooperativity ratio (CR) is defined as

Materials and Methods

@

T (©)

total duration of trial.
Putting equations 2 and 3 together we get

mil—

From the definition of open-probability and equation 4 we can derive
the mean closed-timeM(CT) as

Or the mean closed-time can be measured as

MCT = (Average duration of closed timesN (6)

cells were continually exposed to 1 forskolin for 5-60 min before
and during the cell-attached recording; of 80 trials, approximately haIfCsz 2-N @
(38 trials) were from forskolin-stimulated cells. Forskolin was ob- (Po - P2) (N-1)

tained from Sigma and was stored at 10 stock solutions in ethanol
at —10°C. whereP,, = probability of n channels open.
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If the CR = 1, then the channels display a binomial histogram. If 2 —0
the CRis greater than 1 then the channels are ‘heterogened{s)’g A

not equal), and if theCR is less than 1 then the channels display
cooperativity.

The Horn and Lange method for estimating channel-open time =~
assumes that the channels are identical and independent (Horn &g_ 1T
Lange, 1983). If this condition is not met then the measured open time~
is a weighted average of the open times of the various non-identical or'E
non-independent CFTR channels in the patch. The cooperativity ratio 9_9 C
measures the deficit of single channel openings. If the channels arely | | | | |
cooperative in some manner it is more likely that 2 channels would be I ! ! ! !
open or closed together than if they were independent. The resulting
deficit of single channel events produces a cooperativity ratio that
would be less than 1.0. The number of events in a trial was determined

by counting the number of openings and adding the number of channels 4L 20 40 60 80
open attime 0. The single-channel current was the weighted average of .

the distance between the peaks of the Gaussian fits. Fifty Monte Carlo Time (S)
simulations of 2 idealized (zero noise) independent CFTR channels

(open time[1L.0 sec, closed timeR.0 sec, wherP(0) = 0.33), length 0.75 7

4800 points, (120 sec) showed cooperativity ratios that ranged between B
0.5 and 2.0. This result was then used for comparison with observed

distributions of CFTR activity. 0.50 7 6.7 pS
< 0.25 1 *
RESULTS z
= T T T 1
S -100 50 100
IDENTITY OF CFTR AND BEHAVIOR IN CELL-ATTACHED g ]
PaTcHEs oF CALU-3 CELLS (&)
_ , -0.50 A
The properties of CFTR channels in cell-attached
patches of Calu-3 cells were briefly described by Haws 075 4
et al. (1994). Figure A shows two typical trials from
our experiments on cell-attached patches. CFTR chan- Voltage (mV)

nels usually appear in multi-channel patches; only 13/80
trials or 5/15 of the cell-attached patches showed Singl%ig. 1. (A) Typical single-channel records from a cell-attached patch
channel activity, while none of the excised patches (15)yith +60 mV (upper) and -60 mV (lower) traces shown. The channel
showed any single channel activity. At hyperpolarizedamplitude is somewhat smaller hyperpolarized and the currents are
voltages (cytoplasm negative) the single-channel curmore flickery. @) Single-channel-V relation for all 80 trials averaged
rents were smaller (due to the cell-attached &ym- together. The points'are fit with a polynomial with aslope of 6.7 £ 0.1
metry) and more flickery (Fischer & Machen, 1994; Tab- pS at +60 mV. The interpolated reversal potential was +10.9 mV.
charani et al., 1990). The channel had burst durations in
the range of seconds with no marked voltage dependenaiid not change with time. Using a straight line fit to each
of the open or closed durations. The cell-attacth&l  current record, the percentage change in average current
relation (Fig. B) was fit with a parabola with a slope of per 100 seconds varied from -35% to +45%, with an
6.7 £ 0.1 pS at +60 mV. The interpolated reversal po-average of —0.5 + 6%.
tential was +10.9 mV, consistent with the idea of a chlo- Our results also agree with prior reports showing no
ride secreting epithelium, where the cell must be depoeffect of voltage on mean open time. In cell-attached
larized to reverse net chloride exit. For excised patchesecordings CFTR shows increased flickery-block of the
thel-V curve was linear with a slope conductance of 6.1channel at hyperpolarized voltages, which would reduce
+ 0.2 pS. All of these values match those reported prethe measured amplitude of the unitary current and
viously for CFTR. In addition, no other Cthannels are lengthen the open-duration if the CFTR channel cannot
observed in the apical membrane of intact Calu-3 cellxlose while the channel is blocked (Neher & Steinbach,
(Haws et al., 1994). 1978). To test for voltage dependence of the open-times
It has been reported that CFTR currents run down inthe calculated open-probabilityg(o), was plotted for
cell-attached patches from T84 cells (Tabcharani et al.each trial versus the voltage (FigAR There was no
1990). In our present experiments with cell-attachedvoltage sensitivity of the meaR(0) (slope not signifi-
patches from Calu-3 cells, rundown was seen only incantly different from Op > 0.3). However, because of
some patches, and the average current across all recortlee large variation in th€(0) at any one voltage, a volt-
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age dependency could not be ruled out (-0.8R~{0)/V

< 0.3, 95% confidence). (With our heavy filtering, the

flicker at hyperpolarized voltages is not resolved.)
Flicker-induced lengthening of open time was also not
seen by Fischer & Machen (1994). To reduce any
flicker-induced error, all excised patches were held at
+60 mV.

Open-probabilities for individual trials had a wide
range. TheP(o) varied between 0.02 and 0.65 with the
average of 0.28 + 0.02 for cell-attached patches and 0.34
+ 0.2 for excised patches. A histogram of the cell-
attached patch open-probabilities showed 2 distinct
peaks with mearP(0) values of 0.125 and 0.375 (Fig.
2B). The fit with 2 Gaussians was significantly better
than a single Gaussiarp(< 0.001). The two peaks do
not reflect a difference between forskolin-stimulated and
unstimulated trials, because unstimulated trials also
showed two peaks. However, the percent of the patches
with the higheP(0) (P(0) = 0.375) increased from 50 to
75% after stimulation with forskolin (Fig.@. In ex-
cised patches where the PKA and ATP concentrations
are fixed, the distribution oP(0) is a single Gaussian
centered at 0.38. The lower open-probability peak may
represent channels in the low phosphorylation state
(Hwang et al., 1994) or some other stable state of the
CFTR molecule.

EVIDENCE FOR COOPERATIVITY: INCREASED MEAN
OPEN-TIME WITH INCREASEDN

It was noted during the analysis that #@) increased as
the number of active channels increased. The mean
channel number per trial was 2.2 for the lovip) and

4.8 for the higheP(0) (p < 0.0001). An increase iR(0)

with channel number was also seen by Haws et al. (Haws
et al., 1994). However, because the calculatioriPi)
depends o, the increase could have been an artifact of
underestimating. We therefore set out to determine the
channel kineticéndependenof N. We started by calcu-
lating the open- and closed-duration of CFTR channels
in patches with 1 to 3 channels where open- and closed-
times can be estimated. The results indicated that the
open-times increased as the number of channels in the
patch increased, but with such a small rangeNothe
trend was not significant. We therefore used a technique

Fig. 2. (A) The open-probability (average current/maximum current)
for all 80 cell-attached trials plotted versus the voltage of the trial. Most
trials were taken at +60 and —60 mV. There is no obvious voltage
dependence of the open-probability) (A histogram of the open-
probabilities reveals 2 distinct peaks?{b) = 0.125 and 0.375. (These
peaks were independent of the bin width for bins less than @C2B&r
chart sowing the percent of trials with the low and higflo). Forskolin

(10 pM) shifts the distribution to more trials in the higk(o) state.
Excised patch trials showed only 1 Gaussian center&fagt= 0.38.
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Fig. 3. (A) The open-duration for each of the 80 cell-attached trials

only varied with the number of channels in the patch. This 34% in- Fig. 4. The distribution of the variance ratios (variance measured/
crease in open-duration per channel is a measure of channel to chann@riance predicted) for all trials (cell-attached and excised) with more
cooperativity. The filled triangles are the data from stimulated patcheshan 1 channel. The solid curve is the expedtedistribution for the

(10 wm Forskolin) and the open squares are from unstimulated patches:ariance ratiosi{ = 94). Note that some trials had more variance than
The dotted lines represent the upper and lower 95% confidence levelexpected.

The closed time did not show a significant change with channel number

(not showi.

current records. If some, but not all, of the channels in a
to measure open-times for patches with multiple chantrial were shifted into a higher or lowd?(0) state then
nels. the channels would be heterogeneous and the noise (vari-

Using the mathematical technique specified in theance) of the current would be smaller than the average
methOdS, we calculated the mean Open-time for each tr|q:b(o) predicts_ This is because the variance of a popu|a_
independent of the number of channels in the celltjon of identical channels with binomial kinetics lies on
attached patches. From the mean open-time and th@e parabolaR(o) - (1 - P(0))), where the peak variance
measured>(0) the mean closed-time can be calculated.is atp(o) = 0.5 and variance goes to zeroR®) goes
In Fig. 3 we plot the average open-duration versus thg, o or 1. However, for a heterogeneous population of
number of active channels seen in the cell-attachedyannels with #(0) averaged from two binomial popu-

patch. A curve was fit through the data using the asy4iions having differenP(o) values, the weighted aver-

sumption that the opening of 1 channel changed the avyyq of the variances will lie on the chord connecting the
erage open-time by a fixed proportion (i.e., linear). (For

; : ) . . : 2 population variances, which will always lie below the
an interesting discussion of such a mosletLiebovitch pa?agola y

& Fischbarg, 1986). The weighted least-squares-fit line Conversel o :
y, cooperativity can be shown to increase
of the data was 0.34N + 1.8 (slope >0p < 0.0001, ¢ yariance in a signal by as much s (number of

removal of the 2 outlying points did not change the slopej,eq channels)-fold. (If the cooperativity were abso-
significantly), which corresponds to a doubling of the | e “gych that all the channels opened and closed to-

lifetime when[6 channels are interacting. If the data ether, gating would be identical to a single channel

from stimulated and unstimulated cells are separated, th aving a single-channel current of N. Since the vari-
same trend is seen with no significant difference in thea ce is proportional to? and N the. net effect is to
percentage change per active channel. The estimatq crease the variance by,) '

)-

closed-times showed a slight decrease with channel num- Analysis of all 94 trials (with more than 1 channel)

ber, but the slorp])e Waﬁ_hnOF S|gn|f|ca_ntly d|ﬁerent "F’r’:‘ revealed variances that were roughly within a factor of 2
zero (ata not showh The increase in open-time wit of the predicted variance. The variance distribution of

the number of gctive cha_nnels indicates that open CFTR o yata is predicted by a scaléd(variance ratio) dis-
channels may interact with other open CFTR channelSyj, ytion as seen in Fig. 4. There is no evidence for
I.e., they display cooperativity. hidden, low variance heterogeneous channels by this

analysis. However, there is evidence for a lack of low
EVIDENCE FOR COOPERATIVITY: INCREASEDV ARIANCE variance trials and an increase in high variance trials, as

predicted by cooperativity. The deviation of the data
Another approach to look at possible cooperativity be-from the F distribution is significant (Kolomgrov-
tween CFTR channels is to look at the variance of theSmirnovp < 0.001).
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EVIDENCE OF COOPERATIVITY: MEASURING A
COOPERATIVITY RATIOS p

We further evaluated cooperativity in CFTR gating by E
using a third, independent measure of cooperativity de-qy 4 1
vised by Manivannan et al. (1992). Because the numbeiE

of channels in our patches varies, we refined their coopi= 21
erativity measure into eooperativity raticthat considers &€
the number of channels present (Manivannan et al.a
1999). To calibrate this measure, we performed 500 0P
simulations of gating by 2 independent CFTR-like chan-
nels. In this simulation the cooperativity ratio was never -2-
less than 0.5 nor greater than 2.0. In the 16 experimental
trials that had two channels, 2 trials had a ratio less than B
0.5 and 5 trials had a ratio greater than 2.0. The excess B -
of trials with a ratio >2.0 implies that the channels have
non-identical open-probabilities. The trials with ratios & | Slope = 0.56 +/- 0.27 .
<0.5 imply that some, if not all, of the channels are ¢, 6

gating cooperatively. Expanding the analysis to include & ¢ . *
all trials with more than 2 channels revealed 6 additionali= 4 - PY

trials with a cooperativity ratio of <0.5. The 8 coopera- €
tive trials each occurred once in 8 separate patches,
unstimulated cell-attached, 4 stimulated cell-attached O
and 2 excised.

A cooperativity ratio >2.0 occurs when the open 0 T i
probabilities of the channels in the patch differ or the 0 2 4 6
P(o) changes with time. A cooperativity ratio >2.0 was Number of Channels
observed in 21 of 94 trials. As with cooperativity, this
evidence for heterogeneity among the channel-opefig. 5. (A) The open-times of the ‘cooperative’ patches increase dra-
probabilities is significantly beyond the level expected r_naticglly \_Nith cr_\annel number (slope 0.95 * 0.11); for the 2 coopera-
by chance for channels displaying purely binomial sta-IVe 1als in excised patches the slope was 0.8.The open-time of
. > o AT the ‘heterogeneous’ cell-attached patches did not increase significantly
tistics (x“ test,p < 0.0001). .Th|s_ kind of activity is im- i channel number (0.56 + 0.27).
portant for two reasons. First, it emphasizes that CFTR
channels are not well fit with assumptions of indepen-
dent, equivalent channel statistics. More importantly,slope of the open times. Nis also dependent on the
this heterogeneity in CFTR chanrfé{o) masks the abil- correct estimation oN. To check the accuracy of our
ity to measure cooperativity using the cooperativity ratio.estimate, we compared the closed-times measured two
We have used the name ‘heterogeneous’ to describe thseparate ways (Eqb.& 6). The two sets of closed times
type of channel activity. The 21 heterogeneous trials ocwere not significantly differentt{test), implying that our
curred in 14 patches, some of which showed cooperativestimate ofN was accurate within + 10%d@ata not
ity at a different time. shown).

The cooperative and heterogeneous cell-attached tri-  Thus, the cooperativity ratio suggested by the work
als are graphed separately in Fig. 5. The normalized pemf Manivannan et al. (1992) provides a third measure of
centage increase in channel-open time with channetooperativity between CFTR channels. Because coop-
number increase from 34% to 95 + 11% for the coop-erative, heterogeneous and binomial channel behavior
erative patchesg< 0.05, Fig. B) and 56 = 27% for the can occur in the same patch at different times, an average
heterogeneous trialsp(> 0.05, Fig. ). The average of all activity will tend to be indistinguishable from bi-
N's for these sets of patches were not significantly dif-nomial activity. This raises the intriguing possibility that
ferent. However, as expected, the variance of the coopbinomial statistics are not the normative behavior of
erative patches was significantly higher than the varianc@opulations of CFTR channels, but instead arises as a
of the heterogeneous patchgs € 0.05). Each group consequence of averaging between cooperative and het-
included both stimulated and unstimulated patches, serogeneous activityséeDiscussion). Note that because
that neither type of behavior can be attributed solely toall three forms of activity (binomial, cooperative and
stimulation. For the 2 excised patches showing cooperheterogeneity) occur within a single patch, the factors
ativity the open-time increased 2.1-fold while the num-that gave rise to cooperative and heterogeneous activity
ber of channels increased 2.4-fold (slope 88%). Thenust be dynamic.

Slope = 0.95 +/- 0.11

L 24

*
*




M.E. Krouse and J.J. Wine: Cooperativity in CFTR Channels 229

Discussion be sure that the 8 trials that show cooperativity do not
have a significant contamination from heterogene-
ity. Unfortunately, summing all 8 trials yielded only

WHAT Dio WEe OBSERVE? [BOO transitions to the single open level, which is not
enough data for this type of analysis. Therefore, we

CFTR channels are complexly regulated, therefore comehose to use the Manivannan method as a means to

plex kinetics are expected. In multiple channel patchesscreen trials for cooperativity and further analysis.

we documented three aspects of channel gating that de-

part from predictions based on the independent gating of

channels with uniform average gating properties. FirstHOW DO WE INTERPRET THESE RESULTS?

the mean open-time increased as channel number in-

creased (Fig. 3). Second, the distribution of variances offhe conclusion that the open-probabilities of channels in

each trial indicated an excess of trials with higher vari-the patch are not identical or may vary with time is not

ance (Fig. 4). Third, estimates of binomial gating (basedemarkable. Indeed, the differela¢o)s might simply in-

on cooperativity ratio) revealed a distribution that de-dicate temporal and spatial heterogeneity in the complex

parted significantly from the expected distribution, indi- processes that control CFTR channel gating in these in-

cating the presence of a subset of trials displaying cooptact, confluent cells. With regard to temporal heteroge-
erativity and a subset displaying heterogeneity as definedeity, short circuit currentl{) studies of confluent

in Methods, (definition of terms). The departures from monolayers of Calu-3 cells often reveal marked oscilla-

the expected cooperativity ratio distribution were highly tions in 15 (caused by variations in intracellular €

significant p << 0.001). (Note that in the paper by Ke- with time courses of minutes from maximum to mini-
leshian et al. (2000), only 2 of the 4 data sets in table 2Znum Ig (Moon et al., 1997, Shen et al., 1994). Given
pass our requirement of a cooperativity ratio less tharsuch coordinated oscillations across millions of cells, lo-

0.5, although the authors claim that all 4 data sets showal oscillations of any intracellular messenger might be

cooperativity. Thus, our use of a cooperativity ratio lessexpected to be common. With regard to spatial hetero-

than 0.5 is fairly stringent.) geneity, there is increasing evidence for specific target-
From these results we deduce th&t:GFTR chan- ing of signaling pathways that were once thought to be
nels changed their open-probabilities over time in ourspatially uniform (Pawson & Scott, 1997). Thus, al-
experiments,i() different channels in the same patch canthough temporal/spatial heterogeneity might be expected
have different open-probabilities averaged over the timen any fine-grain analysis, the apparent cooperativity re-

course 6 a 2 minute trial, andiff) as the number of sult is unexpected and is of potential importance. A

active channels in a patch increases, the open-duration strong, direct interpretation of the finding that the open

the channels also increases, but the closed times do nduration increases with the number of active channels is
decrease. These departures from binomial statistics othat an open CFTR channel can stabilize the open con-
curred in both unstimulated and constantly stimulatedformation of an adjacent channel.

cells, and in excised patches exposed to a constant con- Because the number of patches which showed only

centration of ATP and PKA. cooperativity is smallrf = 8), we considered two alter-

It is important to remember that the formula for the native hypotheses to explain our results.
mean open time assumes that the channels are homoge- One interpretation is that some activation factor
neous. If the channels are heterogeneous the mean opesuch as PKC levels) rises within the cell to activate
time is not the open-time of any specific subset of chan-quiescent channels and increase the channel-open time of
nels, but the weighted average of all the different channedll the channels. This would account for channel-open
populations. Only in the pure homogeneous trials is thdime increasing with channel number. However, we con-
estimated mean open-time expected to equal the actualder this explanation unlikely. The activation (or inac-
mean open-time for the individual channel. This is thetivation) mustoccur within a trial to produce the excess
case in the 8 cooperative trials. We expect all channelsariance seen and a cooperativity ratio <0.5. To explain
in each of these trials to be identical because there is nour results the factor must more than double the number
evidence of heterogeneity in these 8 trials. of channels in a trial while doubling their open times.
A more precise test for cooperativity compares theA simple doubling isnot enough to produce either a
average duration af open channels when the preceding variance ratio >2.0 or a cooperativity ratio <0.5, but
state was) + 1 open channels with the average durationwould produce a rundown/runup of up to 400%. Such
when the preceding state was— 1 open channels large variations in current were not seen; rundown/runup

(Yeramian, Trautmann & Claverie, 1986). The devia-ranged only between —35% to +45%. It also seems un-

tions from 1.0 are not large and thousands of events arkkely that under maximum stimulation with forskolin or

needed for an accurate determination. This analysis caactivation by ATP and PKA there would be any quies-
only be applied to homogeneous channels. We can onlgent channels (Yamazaki et al., 1999). (While PKC can
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cause the activation of quiescent channels (Jia, Mathewsoth before and after addition of the peptide. However,
& Hanrahan, 1997) the reported increase in currentheir model proposes that CFTR-PDZ complexes exist in
[(B0% (Winpenny et al., 1995) is not sufficient to accountdiscrete, long-lived (>100 sec) states with at least a
for our data.) Finally, this hypothetical activation factor 2-fold difference inP(0) between the least active and
must also exist in excised patches, and that seems umost active state. (They propose 4 states.) Thus, ac-
likely. cording to their model, in limited-duration (300 sec)
The magnitude of the cooperative interaction be-multi-CFTR channel patches exposed to PDZ peptides
tween CFTR molecules can be estimated with a fewthe channelsnustshow heterogeneous gating, yet they
assumptions. 1) In the 8/94 cooperative trials, all chanobserved binomial statistics in 5 multichannel patches.
nels in the patch were in the cooperative mode. 2) ChanAs discussed previously, cooperativity may be masked
nels can exist in 2 states: cooperative or independentvhen channels in a patch have unequal open probabili-
Since the average number of channels in a patch was 4igs, so that a patch containing both highly cooperative
then (8/94)= c¢* andc = 0.5, wherec is the probability  and highly heterogeneous channels may be indistinguish-
a channel is in the cooperative mode. Thus the probabilable from a patch with homogeneous, independently gat-

ity of 2 channels interacting is 25%. ing channels. While it is possible that their model of
discrete states is incorrect, we favor an interpretation that

WHAT MECHANISMS CouLD ACCOUNT FOR preserves a discrete state model, and explains the appar-

OUR INTERPRETATION? ent binomial statistics as a result of the competing effects

of heterogeneous gating and cooperativity.
A mechanism whereby CFTR molecules can influence
other molecules has been proposed by Short et al. (1998)F WE PROVISIONALLY ACCEPT COOPERATIVITY, WHAT
CFTR has a PDZ domain on the C-terminus that can bind\Re THE CONSEQUENCES®
EBP50 (NHE-RF) and other apical proteins. This -
presents the possibility that 2 CFTR molecules can beCooperatMty among CFTR channels means that chan-

linked via other proteins and hence physically interact.mal'm)er.1 probability is not simply a function of phos-
Wang et al. (2000) recently showed that CFTR moI_phorylat|on level or ATP levels, but also depends upon

ecules can interact by binding to CAP70 PDZ binding c_h_annel d_en5|ty. As chan_nel de_nsny Increases, coopera-
vity predicts a steeper stimulation response curve and a

domains. When 2 CFTR molecules were bound to on%. h & hi i than 16
CAP70 molecule the open time increased 3 to 4 fold for igher average™o) (approac Ing one 1T more than
channels capable of interacting, as has been observed

both channels. If the CFTR-CAP70 interaction is the

; L - [ tally (Fischer et al., 1992; Fischer & Machen
basis for cooperativity, our data suggest that in Caly-FXperimen X ’ L L
cells the probability of a CAP70 molecule binding 2 1994). With very high channel densities, cooperativity

. o . . ight lead CFTR to be active at resting levels of
CFTR molecules is 25% and that the interaction can laSEAMP]i. The highest levels of endogenous CFTR are

at least 120 sec. It may be that CFTR molecules ar . ; 7 .
somewhat free to diffuse%n the membrane and if 2 CFTRObserVEd in the native sweat duct (Quinton, 1986) and in

channels form a transient multimer with CAP70, this g(?tlrl{l -(::aacsee”ss ((:Flér_}lg)ineg;:rtr(;eiraf ;—Striszl,iigugr?s)firitcljaltr; d
may serve to stabilize the open statssgdiscussion in PP

Keleshian et al., 2000) for other channels interacting a%?”slg\gg?nﬁheg; iiﬁggg'?:ggséi?sd tm_i;nggr ;t’]o S
dimers). Other physical and electrophysiological evi- " ) wi xogenou

dence for CFTR dimers exists (Eskandari et al., 1998'CFTR’ higher expression levels were associated with

Sheppard et al., 1994; Zerhusen et al., 1999), but thergasal activity of CFTR (?tutts et al., 1993). .

has been no suggestion of CFTR multimers. If dimer Con\(e_rsely, at suffl(:l_ently IOV_V channel der_lsmes,
formation completely explained the increased open timecooperat!wty may be eliminated W'th corresp_ondlng_de-
with increased\, then the relation betwee and open- creases in the dose-response relation and in maximum

time should saturate when all channels are dimerized an (é)%bgp\f:gropgosbed bydLi. et al. (199:?’ the Iom(g) C():I ¢
maximally open. Our data in Fig. 5 indicate that the ODSEIVed In many systems may be due to

relation is linear up to at least 5 channels so the Saturatioéﬁnirliﬁ\gicdge;t?rlg :Qe?ﬁamsrwagfh;?/tr;ﬁgw;; ;?gﬁ r:\lljgé
occurs at 10 or more channels. In fact, inspection of th of plasma membranAF508 CFTR can be achieved by

forskolin-stimulated data in Fig. 3 shows what appears thacquvirus expression in insect cells, in such circum-
be a saturation at highd¥s, consistent with a dimeriza- stancesAF508 CFTR gating appeared to be like wild

tion hypothesis.
Another recent paper (Raghuram, Mak & Foskett,type CFTR (Le et al., 1993).

2001) showed a marked increase in CFPE®) follow-
ing addition of m quantities of bivalent PDZ-domain
peptides, yet they concluded that the channels were infhe histogram of the calculateB(o) of all 80 trials
dependent because binomial statistics were observeshows two peaks. The origin of the two peaks is un-

OTHER ASPECTS OF THEDATA
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known, but they do not depend on whether the cell wasghis work was supported by the Cystic Fibrosis Foundation

stimulated with forskolin or not. We separately analyzed(KROUSE%GO) and the National Institutes of Health (DK-51817).
P . - We wish to acknowledge Dr. Jin Wu for the use of his excised patch

channel kmeycs for the low ant_j higR(o) trials, but data.

becauseP(0) is primarily determined by CFTR phos-

phorylation and cytosolic ATP levels, we considered ex-

planations _in those terms. Some single-channel datgeferences

have been interpreted to mean that CFTR has two pre-

ferred phosphorylation states that correlate Wr{o) Anderson, M.P., Gregory, R.J., Thompson, S., Souza, D.W., Paul, S.,

(Hwang et al. 1994) with the higher phosphorylation Mulligan, R.C., Smith, A.E., Welsh, M.J. 1991. Demonstration that

. . . .. CFTR is a chloride channel by alteration of its anion selectivity.
state being characterized by longer open times. Thus, if SCience53202—205

the two peaks In our StUdy arise from two phOSphoryIa'Bear, C.E., Li, C.H., Kartner, N., Bridges, R.J., Jensen, T.J., Ramjeesi-

tion states, we would expect the highfo) to result ngh, M., Riordan, J.R. 1992. Purification and functional reconsti-
from longer open-times rather than more frequent open- tution of the cystic fibrosis transmembrane conductance regulator
ings. Comparing data from low(0) (<0.25) to high (CFTR). Cell 68:809-818

P(0) (>0.25) trials, we found that the mean open-time Chanson, M., Scerri, |, Suter, S. 1999. Defective regulation of gap
increased from 2.1 sec to 3.9 sec. Conversely, higher 1””“'?’13?1057"7"”%2 4Cys“c fibrosis pancreatic duct cellsClin.
P(0) can also result from higher ATP Ieve.ls, but in this. evz\rl,e;.'c., S.ingh,_A.K., Lambert, L.C., DeLuca, A., Frizzell. RA.
case there should be more frequent openings (Venglari Bridges, R.J. 1999. Bicarbonate and chloride secretion in Calu-3
etal., 1994). Comparing data from Id¥o) to highP(0) human airway epithelial cellsl. Gen. Physiol113:743-760

trials, we found that the mean closed time decrease®rumm, M.L., Pope, H.A., Cliff, W.H., Rommens, J.M., Marvin, S.A.,
from 17.2 sec to 6.1 sec. Both results were highly sig-  Tsui, L.C., Collins, F.S., Frizzell, R.A., Wilson, J.M. 1990. Cor-
nificant (p < 0.001)_ Thus the two preferrd%(o) states rection of the cystic fibrosis defect in vitro by retrovirus-mediated

. . . gene transfer [published erratum appears in Cell 1993 Jun 16;74(1):
do not result from a single change in either open or 215], Cell 62:1227-1233

closed times. . L Eskandari, S., Wright, E.M., Kreman, M., Starace, D.M., Zampighi,
In conclusion, our data indicate that CFTR channel G a. 1998. Structural analysis of cloned plasma membrane proteins

kinetics do not uniformly obey binomial statistics. In- by freeze-fracture electron microscofroc. Natl. Acad. Sci. USA
stead, small, but highly significant subsets of channel 95:11235-11240
activity d|sp|ay unequa' open_probabi”ties or correla- Finkpeiner, W.E., Carrigr, S.D.,.Teresi, C.E. 1993. Revgrse trangcrip-
tions among open-times. Although the preponderance of ton-Polymerase chain reaction (RT-PCR) phenotypic analysis of

h | Kineti . ltinl h | tch cell cultures of human tracheal epithelium, tracheobronchial glands,
channe me, Ics !n muiltiple channel patches W_ere r_e' and lung carcinoma#\m. J. Respir. Cell Mol. Biol9:547-556
ga“?'ed as. binomial, the two depgrturgs from t_)momlalFischer, H., Kreusel, K.M., lllek, B., Machen, T.E., Hegel, U., Clauss,
statistics give the appearance of binomial behavior when . 1992. The outwardly rectifying Clchannel is not involved in
they are averaged, raising the possibility that the small cAMP-mediated Cl secretion in HT-29 cells: evidence for a very-
subsets of non-binomial kinetics are actually normative. low-conductance Clchannel Pfluegers Arch422:159-167
The probability of a trial being heterogeneous is at leasfrischer. H., Machen, T.E. 1994. CFTR displays voltage dependence
2204 (21/94) However. it should be noted that any patch and two gating modes during stimulatiod. Gen. Physiol.

) ' . . . 104541-566

where Or,”y some of the channels are Interacting in 6}—|arringt0n, M.A., Gunderson, K.L., Kopito, R.R. 1999. Redox re-
cooperative manner must also be hete_mge_neous becauseagents and divalent cations alter the kinetics of cystic fibrosis trans-
there are at least 2 sets of channels with different gating membrane conductance regulator channel gatingiol. Chem.
properties. We do not presently see how to distinguish a 27427536-27544
patch where 0n|y some of the channels are interacting{a\{vs, C., Finkbeiner, W.E., Widdicombe, J.H., Wine, JJ 1994. CFTR
cooperatively (thus the channels are heterogeneous) from 'Cllag";‘éi\giga& zg‘r’]"ggctﬁ'c; rcnhaJ””:r'] ‘;irglg‘gé'_izof;”dl_5'1°2'e in
the conventional interpretation that the patch has identi- : m. 2 Y .

li h | h . h Haws, C., Krouse, M.E., Xia, Y., Gruenert, D.C., Wine, J.J. 1992.
Ca_ !ndependent channe S We have ?Stlmat_Ed the prob- CFTR channels in immortalized human airway cefsa. J. Phys-
ability of 2 channels showing cooperative gating as 25%. ol. 2631.692-L707
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channels. The role of cooperativity may be crucial when ) . , :
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atten_wptmg to e.xp an ehavior in different org_ans, teractions between batrachotoxin-modified channels in hybrid neu-
species, and disease states, where natural expression Iev-ropjastoma cellsBiophys. J50:531-537

els of CFTR in the plasma membrane can vary by manysgia, v., Mathews, C.J., Hanrahan, J.W. 1997. Phosphorylation by pro-
fold. tein kinase C is required for acute activation of cystic fibrosis



232 M.E. Krouse and J.J. Wine: Cooperativity in CFTR Channels

transmembrane conductance regulator by protein kinase Riol. Schreiber, R., Nitschke, R., Greger, R., Kunzelmann, K. 1999. The
Chem.272:4978-4984 cystic fibrosis transmembrane conductance regulator activates
Kartner, N., Hanrahan, J.W., Jensen, T.J., Naismith, A.L., Sun, S.Z., aquaporin 3 in airway epithelial celld. Biol. Chem274:11811—
Ackerley, C.A., Reyes, E.F., Tsui, L.C., Rommens, J.M., Bear, 11816
C.E., et al. 1991. Expression of the cystic fibrosis gene in non-Schwiebert, E.M., Benos, D.J., Egan, M.E., Stutts, M.J., Guggino,
epithelial invertebrate cells produces a regulated anion conduc- W.B. 1999. CFTR is a conductance regulator as well as a chloride
tance.Cell 64:681-691 channel.Physiol. Rev79:5145-S166
Keleshian, A.M., Edeson, R.O., Liu, G.J., Madsen, B.W. 2000. Evi- shen, B.Q., Finkbeiner, W.E., Wine, J.J., Mrsny, R.J., Widdicombe,
dence for cooperativity between nicotinic acetylcholine receptorsin  j 4 1994. Calu-3: a human airway epithelial cell line that shows
patch clamp recordsiophys. J.78(1)1-12 ~ cAMP-dependent ClsecretionAm. J. Physiol 266:.493-L501
Krouse, M.E., Wine, J.J. 1995. CFTR chaqnels dlsplay cooperativity mSheppard, D.N., Ostedgaard, L.S., Rich, D.P., Welsh, M.J. 1994. The
cell—attac.hed patches from human airway epithefiad. Pulm. amino-terminal portion of CFTR forms a regulated” @hannel.
! gungj.lz_.ao ML Reves. E. 3 T chane X R Cell 76:1091-1098
h &, Ramjeesingn, V., Reyes, £, Jensen, 1., Lhang, ., OmmensShort, D.B., Trotter, K.W., Reczek, D., Kreda, S.M., Bretscher, A.,
J.M., Bear, C.E. 1993. The cystic fibrosis mutation (delta F508) ) )
. . L Boucher, R.C., Stutts, M.J., Milgram, S.L. 1998. An apical PDZ
does not influence the chloride channel activity of CFTNRat. . e .
protein anchors the cystic fibrosis transmembrane conductance

Genet.3:311-316 . )
Liebovitch, L.S., Fischbarg, J. 1993. Membrane pores: a computer regulator to the cytoskeletod. Biol. Chem273:19797-19801

simulation of interacting pores analyzed by gl(tau) and gz(taU)Stutts, M.J., Gabriel, S.E., Olsen, .JC Gatzy, J.T., TL, O.C., Price,
correlation functionsJ. Theor. Biol.119:287—297 E.M., Boucher, R.C. 1993. Functional consequences of heterolo-

Manivannan, K., Ramanan, S.V., Mathias, R.T., Brink, P.R. 1992,  90US expression of the cystic fibrosis transmembrane conductance
Multichannel recordings from membranes which contain gap junc-  régulator in fibroblastsJ. Biol. Chem268:20653-20658
tions. Biophys. J.61:216-227 Stutts, M.J., Rossier, B.C., Boucher, R.C. 1997. Cystic fibrosis trans-

Manivannan, K., Mathias, R.T., Gudowska-Nowak, E. 1994. Descrip- Membrane conductance regulator inverts protein kinase A-mediated
tion of interacting channel gating using a stochastic Markovian ~ regulation of epithelial sodium channel single channel kinetlcs.
model.Bull. Math. Biol.58:141-174 Biol. Chem.272:14037-14040

Moon, S., Singh, M., Krouse, M.E., Wine, J.J. 1997. Calcium- Tabcharani, J.A., Low, W., Elie, D., Hanrahan, J.W. 1990. Low-
stimulated CI secretion in Calu-3 human airway cells requires conductance chloride channel activated by cAMP in the epithelial

CFTR.Am. J. Physiol273..1208-L1219 cell line T84.FEBS Lett.270:157-164

Neher, E., Steinbach, J.H. 1978. Local anaesthetics transiently block/englarik, C.J., Schultz, B.D., Frizzell, R.A., Bridges, R.J. 1994. ATP
currents through single acetylcholine-receptor chandeBhysiol. alters current fluctuations of cystic fibrosis transmembrane conduc-
277:153-176 tance regulator: evidence for a three-state activation mechadism.

Neumcke, B., Stapfli, R. 1983. Alteration of the conductance of Na Gen. Physiol104:123-146
channels in the nodal membrane of frog nerve by holding potentiaIWang’ S., Yue, H., Derin, R.B., Guggino, W.B., Li, M. 2000. Acces-

and tetrodotoxinBiochim. Biophys. Acta27:177-184 _ sory protein facilitated CFTR-CFTR interaction, a molecular
Pawson, T., Scott, J.D. 1997. Signaling through scaffold, anchoring,  mechanism to potentiate the chloride channel activity [In Process
and adaptor proteinScience278:2075-2080 Citation]. Cell 103:169-179
Quinton, P.M. 1983. Chloride impermeability in cystic fibrosiature

Winpenny, J.P., McAlroy, H.L., Gray, M.A., Argent, B.E. 1995. Pro-
tein kinase C regulates the magnitude and stability of CFTR cur-
rents in pancreatic duct celldm. J. Physiol268:C823-C828

Yamazaki, J., Britton, F., Collier, M.L., Horowitz, B., Hume, J.R. 1999.

Regulation of recombinant cardiac cystic fibrosis transmembrane

301:421-422

Quinton, P.M. 1986. Missing ClI conductance in cystic fibrogis. J.
Physiol.251:C649-C652

Raghuram, V., Mak, D.D., Foskett, K. 2001. Regulation of cystic fi-
E;Osblii;z;s?g@gﬁ:ﬂiﬁg:ﬂiudciﬁggeir:tegrg;tig;lzgglﬁl ;razzzg 9at|ng conductance regulator chloride channels by protein kinadgicz.
Sci. USA98:1300-1305 phys. J.76:1972-1987 _ _

Rich, D.P., Anderson, M.P., Gregory, R.J., Cheng, S.H., Paul, S., JefYeramian, E., Trautmann, A., Claverie, P. 1986. Acetylcholine recep-
ferson, D.M., McCann, J.D., Klinger, K.W., Smith, A.E., Welsh, tors are not functionally independeitiophys. J50:253-263
M.J. 1990. Expression of cystic fibrosis transmembrane conducZ€ltwanger, S., Wang, F., Wang, G.T., Gillis, K.D., Hwang, T.C. 1999.
tance regulator corrects defective chloride channel regulation in ~ Gating of cystic fibrosis transmembrane conductance regulator
cystic fibrosis airway epithelial cellssee comments].Nature chloride channels by adenosine triphosphate hydrolysis. Quantita-
347:358—363 tive analysis of a cyclic gating schemk.Gen. Physiol113:541—

Riordan, J.R., Rommens, J.M., Kerem, B., Alon, N., Rozmahel, R., 554
Grzelczak, Z., Zielenski, J., Lok, S., Plavsic, N., Chou, J.L., Zerhusen, B., Zhao, J., Xie, J., Davis, P.B., Ma, J. 1999. A single
Drumm, M.L., lannuzzi, M.C., Collins, F.S., Tsui, L.-C. 1989. conductance pore for chloride ions formed by two cystic fibrosis
Identification of the cystic fibrosis gene: cloning and characteriza-  transmembrane conductance regulator molecule®iol. Chem.
tion of complementary DNAScience245:1066—-1073 274:7627-7630



