J. Membrane Biol. 170, 51-66 (1999) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1999

Rescue of DysfunctionalAF508-CFTR Chloride Channel Activity by IBMX

B.D. SchultZ, R.A. Frizzell?, R.J. Bridges®
IDepartment of Anatomy and Physiology, Kansas State University, Manhattan, KS 66506, USA
2Cystic Fibrosis Research Center and Department of Cell Biology and Physiology, University of Pittsburgh, Pittsburgh, PA 15261, USA

Received: 5 February 1999/Revised: 25 March 1999

Abstract. Nucleotide-dependent gating AF508-CFTR  bound state which may preclude inactivationAd¥508-
was evaluated in membrane patches excised from HEICFTR.

293 and mouse L-cells and compared to observations on

wt-CFTR channels recorded in the same expression SYXey words: Cystic fibrosis — Chloride channel — Ki-
tems. AF508-CFTR exhibited PKA activated, ATP- patics — AF508-CFTR — Nucleotide

dependent channel gating. When comparegtt€FTR,

the K,,, for ATP was increased by ninefold (26 vs.

28 M) and maximal open probabilityP() was reduced |ntroduction

by 49% (0.21 + 0.06ss.0.41 + 0.02). Additionally, in

the absence of PKAAF508-CFTR inactivated over a 1 the product of the gene which, when mutated, causes

to 5 min period whereasvt-CFTR remained active. .yqtic fibrosis codes for an integral membrane protein
Time-dependent inactivation could be mimickedwt  he cystic fibrosis transmembrane conductance regula-
CFTR by the intermittent absence of ATP in the Cytoso-yo- CFTRY) which is a small (6-11 pS), ohmic, chloride-
lic solution. The effects of 3—isobutyl-l-_methyl xanthine conducting channel (Berger et al., 1991). Functional in-
(IBMX), a compound reported to stimulatdF508- o gy of this channel is required for the transport of
CFTR, were evaluated owt- and AF508-CFTR chan-  cpiorige across epithelial barriers resulting in salt and

nels. At concentrations up to Snm IBMX caused a  qig secretion or absorption (Welsh & Smith, 1993).
concentration dependent reduction in the observed singl®n most common mutation in CFTRF508. is asso-

channel amplitudei) of wt-CFTR (maximal observed iaiaq with at least two defects. The first is that the

reduction 35 + 3%). However, IBMX failed to signifi- Ar508-CFTR protein is not trafficked correctly to the
cantly alter total patch current because of a concomitanta|| membrane (Cheng et al., 1990), a defect which has

30% increase irP,. The effects of IBMX 0nAFS08-  haan gyercome in some in vitro systems (Denning et al.,
CFTR were similar to effects owt-CFTR in thati was  1992- Brown et al.. 1996 Sato et al. 1996). Once the

reduced and®, was increased by similar magnitudes. Ar50g8.CFTR protein arrives at the cell membrane, most
Additionally, AF508-CFTR channel inactivation was enqts indicate that channel activity differs from that of
dramatically slowed by IBMX. These results suggest,,; cFTR. Whole-cell and single channel kinetics are re-
that IBMX interacts with the ATP-bound open state of ported to be affected, but questions remain regarding

CFTR to introduce a short-lived nonconducting state, hich parameter or biophysical state is most changed

which prolongs burst duration and reduces apparenfnsiemans et al., 1991: Drumm et al., 1991: Sherry, Cup-
single channel amplitude. A secondary effect observe
in AF508-CFTR, which may result from this interaction,
is a prolongation of the activated state. In light of pre-
viously proposed linear kinetic models of CFTR gating, * Nonstandard Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis

these results suggest that IBMX traps CFTR in an ATP-ransmembrane conductance regulator; PDE, phosphodiestétase;
corner frequencyj, single channel current, mean patch current;
IBMX, 3-isobutyl-1-methyl xanthinelN, number of channels present in
a membrane patch; NBD, nucleotide binding domddg; open prob-

E— ability; R-domain, regulatory domain;,Slow frequency power of

Correspondence taB.D. Schultz Lorentzian functionwt, wild type
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poletti & Malinowska, 1994; Haws et al., 1996; Becq et was added to the bath following patch excision to insure and/or main-

al., 1996: Sato et al., 1996; Hwang etal., 1997)_ Theséain maximal CFTR channel activation. Unless otherwise noted, the

observations could reflect changes in phosphorylation9'75 ml bath was refreshed at a rate of 4 bath volumes per min during

d dent tivation/i tivati d/ h . the control and treatment periods. Recordings of up to 25 min in length
ependent activation/inactivation and/or changes in, . analyzed for each membrane patch. Single channel cuijent (

nucleotide-dependent gating kinetics. Alternatively, tWO,yas determined based on fits of multi-Gaussian functions to amplitude
reports have concluded that gating kinetics are nohistograms of the current records without constraining the peak ampli-
greatly affected by th&aF508 mutation (Li et al., 1993; tudes to be equally spaced and thus further document that a homog-
Pasyk & Foskett, 1995)_ enous population of channels was being evaluated. Mean channel am-

3-Isobuty|-1-methy| xanthine (IBMX) is one of plitude during each treatment period (e.g., duration of exposure to a
many compounds that have now been reported to Stimuqnique combination of stimulants or at a given holding potential) was

. . calculated as the average distance between peaks. Mean cljrvea (
late AF508-CFTR-mediated chloride CondUCtanCedetermined by averaging all data points in the current record during the

(Drumm et al., 1991; Becq et al., 1993; Yang et al., 1993jreatment period. Current records were visually examined for the du-
Haws et al., 1996). Well documented effects of IBMX ration of patch viability to determine the number of actively gating

on the activity of intracellular enzymes including alka- channels)) present in the patch (i.e., the maximum number of chan-
line phosphatase (Croce, Kramer & Garbers, 1979; Earbels simultaneously open in conditions that maximize channel activity;

ley, Ivey & Baylink, 1980) and phosphodiesterase\e/'gl"Zl m ATZKJ"““ PKA; (dH?m' |19571t; Vt‘;r‘g'i”k eth?"' 13?4)'
(Beavo et al., 1970) are thought to account for these 2ues o' 1. andN were used to calculate the changlfrom the

. . equationP, = | (Ni)™%. Only patches containing less than eight chan-
effects onwt-CFTR-mediated ion transport. However, nels were evaluated for statistical analysisRf (Venglarik et al.,

significant stimulation oAF508-CFTR chloride conduc- 1994). Fluctuation analysis and estimation of the corner frequdggy (

tance is seen only at concentrations far in excess of corwere performed using Bio-Patch software (version 3.30; Molecular

centrations expected to affect these intracellular enzymeinetics, Pullman, WA) as previously described (Venglarik et al.,

and in excess of those which fuIIy stimulateCFTR in 1994). Nonlinear fits to th_e dat;_a for concentratign—response _relation—

the same expression systems. At the higher concentrajt”ps were completed using SigmaPlot (for Windows, version 4.0;

tions. the mechanism of stimulation remains unresolved andel SC|er_1t|f|c, San Rafael, CA). Value_s are presented as the mean
! . - Uandsem. Pairedt-tests were performed using SigmaPlot to determine

Effects of IBMX on CFTR, independent of alterations in ggnificance of treatment effects. Effects are considered significant if

CAMP concentrations, have been reported (Cohen et als 0.05 for type I errors.

1997; He et al., 1998). Information regarding the mecha-

nism of action of IBMX might provide insights into the

underlying differences in the gating oft- and AF508- ~ CELL CULTURE

CFTR. o ) o
Therefore, experiments were conducted to deter_l_—cells, a murine fibroblast cell line, stably expressing eittr or

. . . . AF508-CFTR were maintained as previously described (Yang et al.,
mine which kinetic parameters of CFTR were most af'1993). Briefly, cells were grown in Dulbecco’s modified Eagle’s me-

fected by theAF508 mutation in cell-free membrane giym (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal
patches and to determine if IBMX caused a direct effectovine serum, 100 u mt penicillin and 100ug mi™* streptomycin.

on AF508-CFTR channel activity that could account for Cells were passaged twice weekly. For patch-clamp studies, cells were
the favorable changes in macroscopic current levels thatlated onto plastic coverslips coated with human placental collagen
have been reported. Results suggest that IBMX direCtl);CO"agen type VI; Sigma, St. Louis, MO) and channel activity was

. . . . evaluated 2 to 4 days after plating.
interacts with CFTR to introduce a novel kinetic state ™" /\C o2 ~olie. wior AF508-CETR cDNA was cloned into

and thus, favo_rably alters the state dlStI’IbUtIQIZ@EEOB- pCMVp (Clontech, Palo Alto, CA) in place of thg-galactosidase gene
CFTR to provide for prolonged channel activity. Some and thus obtain the pCMV/MUYCFTR or pCMYF508/CFTR con-

of these data have previously been presented in abstragiucts. HEK 293 cells were seeded on plastic coverslips coated with
form (Schultz, Bridges & Frizzell, 1994; Schultz, Friz- human placental collagen in 35 mm dishes at density of 40-50%. On
zell & Bridges, 1994)_ the following day, cells were transfected with.g/dish plasmid DNA

by calcium phosphate coprecipitation method as previously described
(Graham & van Der Eb, 1973). Cells were maintained in standard
incubation conditions and channel activity was evaluated 2 days later.

Patch-clamp experiments were performed using excised inside-out

membrane patches from HEK 293 and L-cells expressing eithesr

AF508-CFTR. Channel activity in the two expression systems wasSINGLE CHANNEL RECORDING AND ANALYSIS

indistinguishable. The data were acquired and analyzed as described

previously (Venglarik et al., 1994) with minor modifications. All ex- The analogue recording and digital acquisition apparatus were as pre-
periments were performed at 34 to 37°C unless otherwise stated witkiously described (Schultz et al., 1995; Venglarik et al., 1994). In
membrane potential held at -60 or —-80 mV (bath pipette) so that  general, digitized files were acquired at a sampling rate of 400 Hz
negative currents (represented as downward deflections) represeibw-pass 8 pole Bessel filter at 200 Hz; 902LPF, Frequency Devices,
chloride channel openings. Cells were exposed to forskolin (b Haverhill, MA) and analyzed using Bio-Patch software as previously
to endogenously phosphorylate CFTR prior to patch excision into adescribed with the exception that the power density spectra (PDS) were
bath which contained ATP. In most patches, the catalytic subunit ofexamined to an upper frequency of 140 Hz. For clarity of presentation,
cyclic AMP dependent protein kinase (PKA; Promega, Madison, WI) most data are plotted at a frequency of 200 Hz. Some records (e.g., Fig.

Materials and Methods
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5B) were acquired at sampling frequencies of up to 2 kHz (low-passCFTR CI” channels is presented in Fig. 1. Prior to patch
filtered at 800 Hz) for presentation and to determine if additional aycision. the cell was exposed to forskolin to stimu-
Lorentzian components could be identified in this portion of the late PKA activity and F was present as a nonspecific

spectra. For analysis, all data points form a treatment period were L . .
included in the construction of amplitude histograms. However, for phosphatase inhibitor throughOUt the entire experiment.

presentation, data sets were restricted to 60 or 120 seconds duration $4P0N ?XCiSion intola static bath containing 30@ ATP,
that the area under the fitted curves could be directly compared. @ maximum of 2 simultaneously open channels was ob-

For experiments to determine the longevity of channel activity served. PKA catalytic subunit (200 u ™) was then
and stability ofP,, L-cells expressingvt- or AF508-CFTR were ex-  added to the solution bathing the cytosolic face of the
posed to Gum forskolin and patches were excised into a bath contain-membrane to activate (phosphorylate) #%ie508-CFTR
ing various concentrations of ATP, PKA, and IBMX. Channel activity .

. _ cpannels. Up to 9 simultaneously open channels were

was recorded until patch membranes broke; for these data sets, mO% b d. An i in ATP . 3
patches were maintained for at least 7 min. To ascertain if the loss oF en observed. An 'ncrease 'n concentrathn to
observed channel activity was due to incremental diminutioRjior MM caused a further increase in the number of S|mglta-
to channel inactivation, of channels was determined for each patch neously opemAF508-CFTR channels to 15. The solution
over 30-sec periods. For these studies, channel activity was analyzedathing the intracellular face of the membrane was then
using the following criteria. When actively gating channels were no replaced by continuous perfusion with a bath containing
longer observed in a patch, the patch was designated as ‘nonviable’ arHo PKA and 30Qum ATP Washout of PKA and reduc-
records subsequent to the last observed event were excluded frowon of ATP concentratio.n was accompanied by an im-

analysis. This method is conservative in that it will designate [viable] . . . .
patches with inactive channels as being nonviable fgis undeter- mediate reduction in current and a loss of channel activ-

mined rather than zero). The maximum number of channels observelfy. The results presented in Fig. 1 demonstrate that the
during the entire recording, along with single channel amplitude andAF508-CFTR regulation is qualitatively similar to obser-
mean current were used to determifeduring each successive 30-sec vations regarding kinase- and nucleotide-dependent
interval during which channels remained active. regulation ofwt-CFTR activity.

SOLUTIONS DEPENDENCE OFAF508-CFTRP, ON

The pipette solution contained (innjr 140 N-methylo-glucamine- A TP CONCENTRATION

HCI (NMDG-CI), 1 CaC}, 2 MgCl,, 10 1,3-bis[tris(hydroxymethyl)-

methylamino]propane-HCI (BTP). The bathing solution contained (in Shown in Fig. 2 are excerpts of representative current
mm): 150 NaCl, 2 MgC}, 10 NaF, 0.5 ethylene glycol-big{ records of membrane patches excised from L-cells con-
aminoethyl ether) N,N,NN’-tetraacetic acid (EGTA), 0.26 CagCknd taining 3AF508-CFTR CI channels. PKA (200 u rﬁ’r)

10 BTP. The pH of both the bath and pipette solutions was maintaineqNas present in a static bath solution during these record-

between 7.33 and 7.37 in all experiments. Freé'@ancentration in .
the bath was calculated to be 10@ (Brooks & Storey, 1992). Fluo- ings. For the three records show&508-CFTR chan-

ride was included as a nonspecific inhibitor of any phosphatases thafi€! P, ranged from 0.09 in the presence of 30@ ATP
might be present at excision and can lead to channel inactivation (Tabto 0.20 in the presence of 3umATP. Amplitude histo-
charani et al., 1991). We have previously evaluate€FTR channel  grams show thatwas not affected by differences in ATP
activity in the presence and absence ofdnd could identify no dif-  concentration. The data from these and additional ex-
fer_ence in kinetic beh_avior_ (S_chul_tz et al., 1995; Schultz, Bridges &periments demonstrate that, in the presence of PKA, the
Frlzz_ell, 1996). The dlspa_nly in t_hls_regard with _the report by Berger, P of AF508-CFTR channels depends on the concentra-
Travis and Welsh (1998) is at this time unexplained. tign of ATP h lic f f th )
ATP was made as a stock solution (20&nin 200 mv BTP and present'at' the cytosolic face of the mem
the pH adjusted to 7.2. Aliquots were frozen at ~20°C until use. ~ brane. These and similar results from a total of 52 ex-
cised membrane patches are summarized in Fig.
2B. Results from parallel experiments employing L-cells
expressingwt-CFTR are included for comparison. A
Na,ATP was obtained from Boehringer Mannheim (Indianapolis, IN). Michaelis-Menten type saturation function for a simple
Forskolin (Coleus forskohl)i was purchased from Calbiochem (La bimolecular reaction was fitted to each set of observa-
Jolla, CA). The catalytic subunit of cyclic-AMP-dependent protein ki- tions to quantitate differences in nucleotide dependen-
nase (PKA) was obtained from Promega (Madison, WI). IBMX was cies. TheP, ., derived forAF508-CFTR was half that
purchased from Sigma. All other chemicals used were reagent gradtbf WE-CFTR (0'21 + 0.06vs.0.41 + 0'02) and(m was
right-shifted by 9-fold (260 + 19Qum vs.28 + 8 pm).

CHEMICAL SOURCES

Results

AF508-CFTR losesAcTiviTy OVER TIME
AF508-CFTR GANNEL ACTIVITY IS REGULATED BY
PHOSPHORYLATION AND NUCLEOTIDES Previously we reported thatt-CFTR routinely remains
active in excised membrane patches in the absence of
A continuous recording of a membrane patch excisedPKA (Venglarik et al., 1994; Schultz et al., 1995). How-
from an HEK 293 cell containing at least 18-508-  ever, in acquiring and compiling the data presented in
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Fig. 1. AF508-CFTR channel activity requires phosphorylation by PKA and the ongoing presence of ATP. Shown is a continuous recording of a
membrane patch excised from an HEK 293 cell containing at leaAF588-CFTR CI channels. The patch was excised into a static bath containing

300 uM ATP. PKA catalytic subunit (200 u mt) and ATP (to 3 nw) were added to the solution bathing the cytosolic face of the membrane, as
indicated. The solution bathing the intracellular face of the membrane was then replaced by continuous perfusion with a bath containing no PKA
and 300pum ATP. The dashed lines indicate the current level when all channels were closed.

Fig. 2, it became obvious thaf-508-CFTR channels did was not observed in the absence of PKA, one cannot be
not share this attribute; channel activity decreased oveassured that channels were present, but wiy af zero

the time of recording. An example of this ‘run down’ is as opposed to recording failures due to other limitations
presented in Fig. 1 and evidence documenting the ‘run.e., nonviable patches. ThR{ did not substantially de-
down’ is presented in Fig. 3. As shown in FigA3 cline in patches with actively gating channels, but that
AF508-CFTR channel activity ended in many patcheshe number of patches with active channels was reduced
during the recording period. Within two minutes after over the duration of the recordings (FigA)3suggests
excision of patches containing actively gatiag-508- thatAF508-CFTR channels were inactivating rather than
CFTR into a bath containing 1MmATP, channel activity — exhibiting incremental reductions iR,. Excision of
was no longer observed in more than 50% of patches (patches containindF508-CFTR into a bath containing

of 10); activity was not observed in any patch more thanPKA (200 u mr't), was associated with an extended du-
five minutes following excision. Alternatively, excision ration of channel activity and, was relatively stable
into a bath containing 200 u M PKA increased the throughout the recording period (the modest downward
likelihood thatAF508-CFTR channels would continue to trend in P, could result from the inactivation of indi-
actively gate for five minutes or more; channel activity vidual channels in multichannel patches that would have
was observed in more than half the patches (7 of 12) sixed to an apparent reduction iR, for the remaining
minutes after excision. For comparisant;CFTR chan- active channels in that patchp, of wt-CFTR was
nels remained active throughout the recording period irgreater than that cAF508-CFTR at all time points and
all patches observed (11 of 11), in the absence of PKAremained relatively stable throughout the recordings.
As shown in Fig. B, the P, of AF508-CFTR never These results demonstrate that, even in the most favor-
reached the same level atCFTR recorded in the same able conditions tested (1 MnATP and PKA), AF508-
conditions, although thB, of channels in active patches CFTR has a loweP, thanwt-CFTR and channel activity
remained relatively stable for both constructs. Since, afis not as stable in the absence of kinase activity. Because
ter the 5 min time pointAF508-CFTR channel activity truly stationary kinetics were not routinely observed, es-
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Fig. 2. AF508-CFTR channdP, depends on ATP in a concentration dependent manAgMémbrane patches containing a maximum of three
simultaneously open channels were excised from L-cells into baths containing PKA (208)wand various concentrations of ATP as indicated.

The dashed lines indicate the current level when all channels were cl8&dl P concentration dependencevaf and AF508-CFTR CI channel

P,. P, was calculated using the equation as shown in the axis title whess the mean current during the duration of the observaomas the

maximum number of simultaneously open channels observed in the patchyasdthe single channel amplitude. Conditions were as described

in PanelA except that observations ant-CFTR were made in the absence of PKA. Meanset are shown for 12 to 44 observations at each
concentration with the exception of 0.03 and 0. with the AF508-CFTR where 1 and 3 observations were made, respectively. Solid lines indicate

the best fit of a Michaelis-Menten type saturation function for a simple bimolecular reaction to the observations. The data sets include 147 and 66

observations fowt- and AF508-CFTR, respectively.
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Fig. 3. Time dependence oft- and AF508-CFTR channel activity A} Percentage of patches with channels remaining active over tB)e. (
Comparison of channé?, in the presence of 1 mATP and the presence or absence of PKA (200 thnP, was calculated as described in Fig.

2. P, for channels within each patch were calculated over 30-sec intervals and averaged over all patches. Ten to twelve patches were evaluated fc

each data set. Meanssem are displayed for each data poistm could not be determined when the number of patches with actively gating channels
fell below three.

timates of the nucleotide-dependent opening rate and theummarized in Fig.B. Results indicate that, when com-
closing rate could not be made with a high degree ofpared to the previous period during which ATP was
confidence and estimates of kinetic parameters must bpresent,| and Ny, Were inversely proportional to the
viewed as ‘first approximations.” Specifically, th€,, ~ duration during which ATP was absent from the bath
for nucleotide dependence AfF508-CFTR channdP,  solution. In five of the nine patches employed for this set
presented in Fig.B, must be viewed as a ‘best estimate’ of experiments, PKA was added (in the presence of ATP)
within these limitations. after channels had inactivated. This treatment resulted in
an increase in the number of active channels compared to
the previous recording period which further suggests that
channels had, in fact, dephosphorylated (inactivated)
during the course of the recording in which ATP was

Results presented in Fig. 4 are from experiments de9nIy intermittently presentdata not showp

signed to determine if there might be a causal relation-

ship between occupancy of ATP binding domain(s) andBMX CAuses A FasT BLock oF wt-CFTR

the stability of actively gating channels. In pamekre

shown excerpts from a continuous record of an excisedVe first determined if IBMX affected the gating kinetics
membrane patch containing at least?CFTR channels. of wt-CFTR in excised membrane patches. As shown in
Initially upon excision, the bath solution contained 300 Fig. 5, IBMX, at the concentrations reported to increase
wM ATP. The inflowing solution was changed to one mutant CFTR CI conductance inXenopusoocytes
which contained no ATP for one minute. During this (Wilkinson et al., 1996), alters the gating behavior of
time, P, declined to zero as shown. ATP was then re-wt-CFTR. In this example, an excised membrane patch
introduced into the bath (for a total of 120 seconds) andwvhich contained three actively gating CFTR G@han-
channels again began to actively gate. However, the awvaels was observed in control conditions and in the pres-
erage current and the maximal number of open channelsnce of IBMX (1 and 5 m). In control conditions, a
was reduced when compared to the previous period dumulti-Gaussian function fitted to the amplitude histo-
ing which ATP was present. ATP was again omittedgram revealed that = 1.07 pA. Channels exhibited
from the inflowing solution, but for a three-minute pe- gating kinetics that are similar to those which we previ-
riod followed by reintroduction. During the final expo- ously reported (Fig. & and B; (Venglarik et al., 1994;
sure to ATP, the maximal number of simultaneously ob-Schultz et al., 1995). Fluctuation analysis (Fid2)5
served channels was reduced to three lamas 0.8 pA.  likewise, supported previous observations demonstrating
These results and those of eight similar experiments ara Lorentzian component associated with nucleotide-

Wt-CFTR CGHANNELS INACTIVATE WHEN DEPRIVED
OFATP
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Fig. 4. ATP is required to maintain CFTR in an activated sta#9.%hown are
excerpts from a continuous recordingwféCFTR channel activity in a membrane
patch intermittently exposed to 3@y ATP. N,,cand! indicate the maximum
number of simultaneously open channels and mean current, respectively, during the
final 1 min of ATP exposure prior to washout. The dashed lines indicate the current
level when all channels were close®) (Reduction inNg,sand| is inversely
proportional to the duration that ATP was absent from the bath. Results from nine
®  Nobs excised patches were combined for presentation. Linear regression indicates a
significant ¢2 = 0.95) loss of approximately 11% per minute in botand Ny,
0 T T T J Means tsem are displayed for 3 to 8 observations at each data point. Note that

0 1 2 3 during any particular membrane patch recording the order of treatments (i.e.,

Duration without ATP (min) duration of ATP washout) was randomized.

£
<

% of Previous Period

n /

[
=]

dependent burstd (= 1.63 Hz; § = 0.20 pA sec?) broadened (e.g., standard deviation of the distribution for
and a second Lorentzian component associated witthe first open level increased from 0.13 pA to 0.28 pA)
short-lived closures within a bursf.(= 64 Hz; § = andi was reduced to 0.93 pA. was little changed by 1
1.7-10°* pA? sec?). Addition of 1 mv IBMX to the  mm IBMX (0.62 pA). Fluctuation analysis revealed that
solution bathing the intracellular face of the membranel mm IBMX caused a reduction in the power associated
caused a modest change in gating kinetics (Fig. 5A anavith nucleotide-dependent gating from 0.21 to 0.14pA
B). In the presence of IBMX, the open channel noise issec* with a concomitant increase fpto 1.68 Hz (lata
increased and additional short-lived, poorly resolvednot showi. A furtherincrease in IBMX concentration to
transitions to a nonconducting state are observed. In thiS mv heightened the observed effects. Inspection of cur-
figure, the gating change is more obvious at the singleent record at higher resolution (FigBbreveals greater
open level in the higher resolution trace (PaBelvhere  noise associated with the open state and greater difficulty
numerous short-lived transitions to the closed state aren resolving openings to the second or third level. A
seen. Noise observed while all channels were closed wasulti-Gaussian function fitted to the amplitude histo-
not affected by IBMX addition. The effect of 1 mn  gram indicated a further diminution irnto 0.67 pA (Fig.
IBMX on CFTR is perhaps most apparent on inspection5C). Again, note that the distribution about the closed
of the amplitude histogram (Fig.3). The width of the state is not changed (standard deviation 0.10 pA), but
distribution about the closed level is not changed (Stanthat the distribution about the open state is sufficiently
dard deviation control 0.11 pA; 1mIBMX, 0.10 pA).  broadened to obscure a clear peak for the levels associ-
However, peaks associated with open channel levels arated with the second and third open channélsas only
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Fig. 5. IBMX-induced changes imt-CFTR CI" channel activity. #) Low resolution (sampling rate= 200 Hz) and B) high resolution (sampling

rate 2000 Hz) panels are excerpts from a continuous current record of a membrane patch excised from a CFTR transfected L-cell. The concentratio
of IBMX present at the intracellular face of the membrane was as indicated. Filled circles indicate that portion of the recordinghirwpbéctel

is expanded for presentation in parl The dashed lines indicate the current level when all channels were cl@eAmplitude histograms
constructed using 1 min of continuous current record in each of the three conditions, respe®iv&gwer density spectra constructed from 29

and 20 nonoverlapping data segments digitized at 2000 Hz after passing through a low-pass 8-pole Bessel filter (cutoff frequency 800 Hz). A
multi-Lorentzian function was fitted to each data set. Parameters of each fitted line are presented in the text.

slightly reduced by 5 m IBMX (0.59 pA). Fluctuation along with data gathered in similar experiments are sum-
analysis (Fig. B) indicated that 5 m IBMX caused a marized in the Table. These data show that IBMX sig-
further reduction in the power of the nucleotide- nificantly reduces, but increase®, such thatl is un-
dependent Lorentzian component to 0.067°ec¢*  changed. These results are consistent with the effect of
with a further increase i, to 2.54 Hz. Although ob- IBMX being to prolong the open state by punctuating it
scured by the number of data points, a second effect ofvith many short-lived, unresolved closures.

IBMX was to increase thd_ of the high-frequency Although not separated for individual presentation,
Lorentzian component. In this example,was 64, 97, experiments designed to evaluate the effects of IBMX on
and 180 Hz for control, 1 and 5mIBMX, respectively, CFTR were completed in various concentrations of ATP
although the power associated with this Lorentzian com{0.1, 0.3, 0.6, 1.0, 3.0, 10.0nm and at —-60 and -80 mV.
ponent did not change (1:710* pAZ? sec?’) with in-  Changes in ATP concentration did not alter the concen-
creases in IBMX concentration. This change in the PDSration-dependent effects of IBMX on CFTR channel ac-
is consistent with an IBMX-induced increase in the num-tivity. In every case, IBMX caused a statistically signifi-
ber of short-lived closures within a burst. These datacant reduction in, an increase in open channel noise, no



B.D. Schultz et al.AF508-CFTR and IBMX 59

Table. Effects of IBMX on wt-CFTR channel amplitudei)( patch 04l i

current () and open probabilityR,) (pA)
[IBMX] i Al P,
(mm) (pPA @ -80 mV) (% change
from control)
0.0 1.08 +£0.01 0.29+£0.03 v
(Control) (18y (26) mem
05 1.06 +0.02 18+22 0.32£0.03 (mV)
4 4 4
1.0 0.93+0.02 -12+10 0.33+0.05
] (13) (11)
5.0 0.67 +0.08 -3+13 0.38+0.08
] (11) (11)
#Mean *sem; Numbers in parentheses indicate the number of obser-
vations included in the reported mean. ATP (0.&)rwas present b ® Control
during all recordings. =  IBMX (S mM)

b Significantly different from paired control.

Fig. 6. Current-voltage relationship fawt-CFTR CI" channels in the
consistent effect oh and an apparent increasefp that absence and presence of MiBMX. Slope conductance and reversal
reached statistical significance onIy in SMMBMX potential were 11.8 pS and 4.7 mV in control conditions, and 7.7 pS

. . ’ and —-0.27 mV in the presence of SumBMX.
Three additional experiments were conducted to further P
investigate the possibility that IBMX-induced effects
were voltage_ dep_endent. As shown in Fig. 6, currentiq not include PKA2
voltage relationships were constructed based upon cu

rent records from three excised membrane patches mage.,sed and the fourth open level was not seen during the

in the absence and presence of & MBMX. Results i two minutes of this recording period (i.e., it appears

show that single channel conductance is similarly afa¢ one of the channels inactivated/dephosphorylated:
fected at all potentials, which included observatlonspane|c)_ The bath was then changed to include no

at positive potentials and with outward currents. IBMX \gMmx. but still with 1 mv ATP. As expected imme-

(5 mm) reduced the slope conductance from 11.8 pS tjSater increased from 0.70 pA to 0.80 pA and open

7.7 pS. channel noise was reduced (Pamdl During this re-
cording period (4 minutes) the third open level was ob-

IBMX Causes AFasT BLock oF AF508-CFTR served only infrequently although it was observed

o throughout the entire period. Subsequently, the concen-

The effects of IBMX onAF508-CFTR were similar t0  tration of ATP was reduced to 300 with further re-

the effects observed ont-CFTR in thati was signifi-  gyction in I. Although the patch remained viable for

cantly reduced by the same magnitude and fluctuatiomnly an additional two minuted, and N continued to

analysis revealed similar IBMX-induced changes in gat-gecline such that during the final thirty seconds of re-

ing frequency (data not shown). Shown in Fig. 7 arecording,| wasD.15 pA and the third open level was not
excerpts from a continuous recording AF508-CFTR  gpserved.

channel activity in the excised patch configuration. The
patch was excised into a static bath which contained ATP
(1 mwm), IBMX (1 mm), and forskolin (2um). Duringthe  IBMX CONTRIBUTES TO THEMAINTENANCE OF
first ten minutes following excision, a maximum of one AF508-CFTR GIANNEL ACTIVITY IN EXCISED PATCHES
open level was observed and openings were infrequent
(P, < 0.05; Panep). [lt is important to note, however, AF508-CFTR channel activity can be maintained for an
AF508-CFTR remained active, albeit at Id®y; a stark  extended period in the presence of IBMX. As shown in
contrast to previous recordings made in the absence dfig. 7 channels remained active for more than ten min-
IBMX (e.g., seeFigs. 1 and 2)]. PKA was then added to
the static bath which caused channel activation and a
maximum of 4 simultaneously open channels was Obﬁ on ini th ed wash ] s likely ac.
served Nl = 4). Stable channel activity was observed in "¢ eduction ini that accompanied washout of PKA is likely ac

.. . counted for by the perfusion solution being slightly cooler than the
these conditions for over three minutes (Paﬁh)ebefore static bath solution. (Records of bath temperature were not kept for this
the bath solution was changed by continuous perfusion t@xperiment, however, we have previously reported the temperature-
one which contained IBMX and ATP (1w each), but  dependence of CFTR channel amplitude (Schultz et al., 1995)).

During the following four min-
lites, channels continued to actively gate, althoudh-
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A. ATP IBMX L 20
' - 16
F12
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- 0

Density (10° Pts/0.05 pA)

Amplitude (pA)

Fig. 7. IBMX prolongs activity and reduces amplitude 8F508-CFTR CI channels. Shown are excerpts of a continuous recotd=608-CFTR

CI™ channel activity in an excised membrane patch and associated amplitude histograms constructed from 1 min of continuous recording.
Observations and recording conditions were as followsl (= 0.06 pA,i = 0.88 pA; Static bath; containing forskolin {), ATP (1 mv), and

IBMX (1 mm). (B) | = 1.29 pA,i = 0.85 pA,; Static bath as iA, with the addition of PKA catalytic subunit (200 u ™). (C) | = 0.76 pA,i

= 0.70 pA,; Perfused bath containing ATP (Mjmand IBMX (1 mv). (D) | = 0.37 pA,i = 0.80 pA; Perfused bath containing ATP (i and

IBMX (1 mwm). (D) | = 0.37 pA,i = 0.80 pA; Perfused bath containing ATP (in The dashed lines indicate the current level when all channels

were closed.

utes both before the addition of PKA and following the IBMX appear to augment the effect of PKA &+508-
removal of PKA. However, IBMX is unable to activate CFTR channels. In Fig. B are shown the effects of
channels in the excised patch configuration as evidencetBMX on AF508-CFTR channd?, in the presence and

by the PKA-dependent increase in actively gating chanabsence of PKA. It is immediately obvious that in the
nels in the presence of IBMX (Fig. 7, Panéisand B). presence of IBMX, theP, was greater at every time
Results of this experiment and 8 similar trials are pre-point, although appropriate comparisons did not provide
sented in Fig. 8. As shown in FigA8channels continued statistical significance with this small data set (4 or 5
to actively gate in 65% or more of all patches so long agpatches in each condition). These results suggest a strik-
IBMX was present. PKA neither appeared to furthering divergence imMAF508-CFTR channel activity due to
augment the effect of IBMX on channel activity nor did the presence of IBMX, both in the presence and absence
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Fig. 8. Time dependence &fF508-CFTR channel activity in the absence and presence of IBM)Rércentage of patches with channels remaining

active in the presence of IBMX (1 m). Data recorded in the absence of IBMX (previously presented in Rgisdncluded for direct comparison.

(B) Comparison of channét, in the presence or absence of IBMX. Data recorded in the absence of IBMX (previously presented By EigoB

bars omitted for clarity) is included for direct comparison. Four and five patches were evaluated for effects of IBMX in the absence and presence
of PKA, respectively. Means ¢em are displayed for each data poistm could not be determined when the number of patches with actively gating
channels fell below three due to breakage of some patches.

of PKA. IBMX increases the duration thAF508-CFTR  reports indicate thaiF508-CFTR behaves no differently
channels remain active following stimulation and ap-than wt-CFTR when reconstituted into similar systems
pears to increase the, of actively gating channels. (Li et al., 1993; Pasyk & Foskett, 1995). The reported
differences betweewt- and AF508-CFTR could reflect
changes in phosphorylation-dependent activation/
inactivation and/or changes in nucleotide-dependent gat-

In the present study, we have shown that the gating be|_r1g kinetics. The current results suggest that altered

: nucleotide-dependent gating activity contributes to an
havior of CI channels formed by the most common accelerated inactivation of theF508-CFTR channel
mutant form of CFTR,AF508-CFTR, is distinctly dif- '

ferent from that ofwt-CFTR. Based upon these obser- for trﬁﬂeangtli%neggr:g ?Iic‘jﬁlip g\;ﬁ_gesvzggofe%ﬁgég ?ncizlljl?t
vations we propose a kinetic modeleg beloyand in- gating

dicate the transition rates that are most affected by thi ;tzgrs]eclit ﬁ;fﬁ%ivege?;f:g @%ilnggggst:g?h:t gﬁ'gek:;:
mutation. Secondarily, we have shown that IBMX has atidye tri. hosphates are hvdrol ze)(; b CpFTR to provide
direct effect on CFTR Clchannels, and that this effect phosp ydroly y P

can account for at least some of the IBMX-induced I:cljircck?rrnt:tlir; Eg‘féﬁeséaggsaégbbee?t;sler\llgg 4(eélfjlgg(gar;n0§yé‘
stimulation of CI' flux in cells expressing this mutant y N '

form of the protein as has previously been reported. I_<op|to, .199.5’ Bear et al., 1997). Alternatively, simple
linear kinetic models have been proposed by ourselves
(Venglarik et al., 1994; Schultz et al., 1995) and others
CoMmPARISONS OFAF508-AND WT-CFTR IN A WORKING (Haws et al., 1992; Fischer & Machen, 1994; Winter et
KINETIC MODEL al., 1994) to account for phosphorylation and nucleotide-
dependent gating behavior (e.g., Kinetic Scheme 1). Re-
The AF508 mutation has been reported to alter the gatingyardless of the model that is employed, it is important to
behavior of CFTR. Most laboratories have suggesteddentify open or closed states that are affected by muta-
that there is significant difference between these twdions and to determine which states are affected by phar-
forms of the protein in macroscopic current or gatingmacological intervention. In the context of the linear
behavior (Dalemans et al., 1991; Drumm et al., 1991;scheme which we proposed, the present results support
Sherry et al., 1994; Becq et al., 1996; Haws et al., 1996three hypotheses regarding the gating behavior and regu-
Sato et al., 1996; Hwang et al., 1997) although somdation of AF508-CFTR: (i) the general kinetic scheme is

Discussion



62 B.D. Schultz et al.AF508-CFTR and IBMX

Kon K K dose
CFTRP  —5  CFTRPATP  —— CFTRPATP  ——y CFTRPATP
closed, D — closed, Dp— open p— closed,
Koff-ATP Kclosel Kopenz
Kinases
(ATP) Tl Phosphatases Koniemx lI Keft-Bmx
CFTR CFTRPATPIBMX
closed, nonconducting

Kinetic Scheme 1

equally applicable for bottvt- andAF508-CFTR, (ii) the  states such that numerous distinct phosphorylated states
nucleotide-dependent opening rate is reduced by thare likely to exist. Phosphorylation at numerous known
AF508 mutation, and (iii)AF508-CFTR channels are or yet unidentified sites contributes to the likelihood of
more likely tharwt-CFTR to undergo dephosphorylation observing open CFTR channels (Rich et al., 1991; Rich
(i.e., make the closgdo closeg transition). et al., 1993; Gadsby & Nairn, 1994). In the present
The general kinetic scheme is equally applicable forstudy, standard conditions as outlined in Materials and
bothwt- and AF508-CFTR. Results presented in Fig. 1 Methods were chosen to best approximate those that had
demonstrate that kinase-dependent stimulation must prdéseen employed in previous studies so that relevant com-
cede nucleotide-dependent gating. Once activategarisons towt-CFTR could be made. Thus, PKA was
(phosphorylated), th@, of AF508-CFTR demonstrated employed to activate CFTR channels and specific phos-
an ATP concentration dependence. Although superphatase inhibitors were not employed (althoughwias
saturating concentrations of ATP were not employed inpresent throughout). These conditions have been shown
this study, the evidence supports the notion that théo provide for stationary, nucleotide-dependent gating
maximal ATP-dependeri®, is far from unity, thus re- behavior ofwt-CFTR in excised membrane patches of
quiring the imposition of an ATP-bound, closed state inL-cells and T84 cells (Venglarik et al., 1994; Schultz et
this scheme (closgll Truly stationary kinetics were not al., 1995; Schultz et al., 1996). Furthermovg;CFTR
routinely observed, however first approximations regardwas shown, in the present study, to behave similarly in
ing the K, for ATP, the maximal nucleotide-dependent membrane patches excised from HEK 293 cells.
opening rate, and the closing rate can be made. Results The nucleotide-dependef, of AF508-CFTR is
indicate that th&,,, is dramatically increased f&xF508-  significantly reduced when comparedvi: CFTR evalu-
CFTR compared to our previous observationswan  ated in excised membrane patches. This observation is
CFTR evaluated in the same conditions (260 vs.24  consistent with previous reports employing-508-
pM; (Venglarik et al., 1994). If one makes the assump-CFTR (Dalemans et al., 1991; Drumm et al., 1991;
tion that 3 mu ATP is sufficient to saturate virtually all Sherry et al., 1994; Becq et al., 1996; Haws et al., 1996;
nucleotide binding sites, then fluctuation analysis, alongSato et al., 1996; Hwang et al., 1997). However, the
with the observed,, provides a first approximation of mechanisms predicted to account for these differences
Kopen1 (1.4 £ 0.2 sech) and k,ose; (5.5 + 0.9 cannot always be directly compared. For example,
sech). These approximations suggest thatk,is not ~ Drumm et al. (1991) report that the maximal attainable
affected by theAF508 mutation (6.5 + 0.5 setfor  CI~ current inXenopusocytes expressingF508-CFTR
wt-CFTR; Venglarik et al., 1994), but that k,is dra-  was approximately 60% of that elicited Wwt-CFTR-
matically reduced (5.4 + 0.4 secfor w-CFTR; Ven-  expressing oocytes. Furthermore, the rateA#H08-
glarik et al., 1994). Fluctuation analysis also providedCFTR activation by a cAMP cocktail was significantly
parameters that were consistent with previous observaslowed. Likewise, Sato et al. (1996) reported that whole-
tions regarding the presence of a short-lived (<2 msectgell records of Cl currents from cells expressiig-508-
nonconducting state (closgd Because of the nature of CFTR were significantly smaller than similar cells ex-
these transitions and the inability to pharmacologicallypressingwt-CFTR. While the differences that were re-
modify them, the exact location of this state in the kineticported are significant, the kinetic basis for these
scheme cannot be reliably determinsegdVenglarik et observations, at the protein level, could not be assessed
al., 1994). in either system. Dalemans et al. (1991) were the first to
Transitions between closg@nd closeg are over- report that kinetic behavior cAF508-CFTR CI chan-
simplified by Kinetic Scheme 1. Depending upon thenels was different thamvt-CFTR activity. In both cell
expression system and the types of experiments comattached and excised membrane patches recorded at
pleted, numerous kinases and phosphatases are reporteem temperature, thé, of AF508-CFTR was less than
to contribute to the distribution of CFTR between thesethat ofwt-CFTR. This observation was accounted for by
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a fourfold increase in the closed time duration (4.9\&ec the mutated protein is less stable than WiteCFTR ac-
1.4 sec; unlike the current report, the authors reported &ive form. Because distinct phospho-forms of CFTR
single closed state). Since the recordings were made &tave been associated with channel activity (Gadsby &
room temperature, direct comparisons to the current reNairn, 1994), the data suggest that one or more of the
port cannot be made. It is, however, interesting to notgphosphorylation sites that is keenly important for gating
that the authors (Dalemans et al., 1991) reported a loss @ctivity is adversely affected by th&F508 mutation.
channel activity over time; an observation that was re-That the maximumP, achieved byAF508-CFTR was
produced in the current study at more physiological tem{ess than observed fowt-CFTR in these conditions
peratures. Similarly, others have reported th&508- might suggest thahF508-CFTR is not able to be as
CFTR has an extended closed time comparedvto  highly phosphorylated; that one or more sites are not
CFTR when evaluated in cell attached and excisekinase accessible. If dephosphorylation leads to inacti-
membrane patches at room temperature (Haws et alvation, then a channel with fewer phosphorylated sites
1996; Hwang et al., 1997). In lipid bilayers, Sherry et al. might be expected to inactivate more rapidly as was ob-
(1994) reported thaAF508-CFTR had a loweP, than  served. Experiments employing-CFTR led us to con-
that of wt-CFTR. In this case, though, the reduction in clude that the apparent instability of the phosphorylated
P, was attributed to a decrease in the burst duratiorform could, in part, be due to reduced ATP affinity.
without any difference in the closed duration. Indeed, we showed that absence of ATP in the cytoplas-
The present observations support and extend previmic bath accelerates inactivationwf-CFTR. These re-
ous reports thaAF508-CFTR has a lowelP, thanwt-  sults suggest that, upon interaction with nucleotides, the
CFTR when recorded in similar conditions. The reduc-first NBD interacts with other domains to ‘protect’ one
tion in P, is accounted for in two ways. First, in refer- or more phosphorylated residues. Furthermore, the re-
ence to Kinetic Scheme 1, the maximal nucleotide-sults suggest that either CFTR auto-dephosphorylates, or
dependent opening rate (k) is reduced by the a phosphatase is present in the excised membrane patch
mutation. At concentrations of ATP which would maxi- and able to inactivate CFTR when the first NBD is not
mize the likelihood of channels being in the clogethte, protecting the necessary site(s). This observation is bol-
P, was reduced. This suggests that the conformationadtered by previous reports suggesting that the R-domain
change which accompanies ATP binding and results in @ntimately associates with the NBD (Ma et al., 1997;
conductive state of the channel is slowed by the mutaWinter & Welsh, 1997; Matthews et al., 1998). In these
tion. The apparent reduction igk,,could be explained reports, changes in phosphorylation of the R-domain re-
by a reduction in k. ar—if Koiate IS Unaffected. This sulted in changes in ATP-sensitivity. Presently, we
possibility is appealing since it would explain the appar-show that the converse can also be true; changes in ATP
ent change in the distribution of channels betweersensitivity due to mutations in the NBD result in changes
closed and closedwhich shifted in the favor of closed in the stability of phosphorylation state(s). The current
for AF508-CFTR. Regardless of which is more affected,observations do not address questions regarding the
Kon-atp OF Kot a1p, the observation remains that the ratio phosphatases that participate or are most important for
of Kosr.ate 10 Konate (i-€., the appareriy) is increased the inactivation of CFTR. Rather they merely indicate
by the mutation and the ratio of channels in the clgsed that a de-activation mechanism is present in the excised
vs. the closed state is shifted to favor closedThus, = membrane patch and that this mechanism is inhibited by
because k., is reduced, after closing to the cloged the presence of ATP.
state aAF508-CFTR channel is more likely to sojourn
through closed to closed before again traversing
closed to reopen. Furthermore, channels which are inlBMX DIReCTLY MopiFiEs CFTR GHANNEL ACTIVITY
the closed state can undergo dephosphorylation to the
closed state and require kinase-dependent activation beNumerous laboratories have reported that IBMX favor-
fore again being available to bind ATP and open. Thisably affectsAF508-CFTR CI channel activity and vari-
sojourn through numerous closed states would accourius mechanisms have been proposed. In most cases
for the reducedP,, the extended closed times, the re- IBMX is employed as a nonspecific inhibitor of cAMP
duced opening rate, and the requirement for ongoing kiphosphodiesterase activity to increase and maintain high
nase activity currently observed and previously reportedevels of kinase activity within the cell. Depending upon
in whole cell, cell attached, and excised membraneghe cell type, the type of PDE present, and the activity of

patches. the PDE, different sensitivities to IBMX are expected
(Beavo, 1995). Additionally, IBMX may act at other

AF508-CETR [BEPHOSPHORYLATES ANDINACTIVATES sites within the cell at the concentrations being employed
to stimulateAF508-CFTR (e.g., phosphatase inhibition).

That PKA could prolong or rescue=508-CFTR channel Alternative mechanisms for the stimulation of

activity suggests that the active (phosphorylated) form ofAF508-CFTR by IBMX have been proposed. Drumm et
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al. (1991) first reported that IBMX, at concentrations of four closed states in the absence of IBMX. Exposure
approaching solution saturation, stimulated €nduc- to IBMX provides an additional nonconductive state in
tance inXenopusocytes expressingF508-CFTR. The which CFTR can reside. Because the IBMX-induced
authors attributed this phenomena to inhibition of cAMP non-conducting state communicates only with the open
phosphodiesterase resulting in concentrations of cAMPstate, the state distribution is shifted to favor open state
that could not otherwise be attained in this expressiorpccupancy and away from inactivation (i.e., away from
system. A direct effect of IBMX on CFTR was not im- closeg and the state(s) that directly communicates with
puted at that time although subsequent reports from thiglosed). For wt-CFTR, where transitions from the
laboratory (Wilkinson et al., 1996, 1997) have incorpo-closed to the closeg state were seldom observed, the
rated an IBMX-induced amplitude reduction term into effect of IBMX was simply to prolong the open bursts
their macroscopic kinetic calculations. Yang et al.and diminish the observed channel amplitude. IBMXin-
(1993) reported that 4 mIBMX, but not 0.1 nm IBMX, duced no significant changes in macroscopic; current.
would stimulate halide conductance in fibroblasts ex-However, for AF508-CFTR the effect of altering the
pressingAF508-CFTR. It is particularly intriguing that state distribution was more profound. The_presence of
stimulation could occur in cells incubated at a nonper-the IBMX-bound state reduces the proportion of chan-

missive temperature, (37°C) suggesting that a pool ofels in the closegstate and thus the proportion of chan-

AF508-CFTR was present at the cell membrane. Like €IS that can sojourn through clogeahd dephosphory-

wise, Haws et al. (1996) reported that IBMX, when used!2t€ iS reduced. IBMX not only extended the burst du-
at’5 mv but not at 0.1 ma, stimulated halide efflux from  '&tion, but also reduced the transition rate to the clgsed

cells expressinggF508-CFTR. In each case, the mecha—Stat?' h h that the bhosphorvl
nism of stimulation at the level of the channel was not,, " sudmmar?/, V;’% a:jve S c()jwnt a i € % OhSP ory a;
determined although the authors speculated that ther on- and nucleotidge-dependent gating behavior o

; . . ; i F508-CFTR is qualitatively similar to, but quantita-
might be a direct mte_ractlon of IBMX with mutant forms tively different from that ofwt-CETR. When compared
of CFTR. In evaluating membrane patches, Becq et al

fo wt-CFTR,AF508-CFTR has reduced ATP sensitivity,
(1993, 1994) reported that IBMX reduced the ChanneIreduced maximaP, and is more likely to inactivate.

rL;P d?wnfactﬁomé)anylng patch ex0|S|otn.t Ba;edl up;)hn the\rhe reduced ATP sensitivity contributes to instability
effects of other drugs (e.g., (proromotetramisole), M€ of the activated form. IBMX has direct and significant
authors concluded that the effect of IBMX was med'atEd’effects on botiwt- andAF508-CFTR. The drug interacts

at I_east_ in part, by the inhibition of a phosphatase(s);y, the activated, nucleotide-bound and open form
which inactivated CFTR. Recently, these authorSy¢ crrR (g introduce a short-lived nonconducting state.
(Chappe et al., 1998) reported that various xanthine degecondarily, the interaction with IBMX stabilizes the
rivatives stimulated CFTR-mediated anion flux without ,y ;cjeotide-bound form ofAF508-CFTR and thus
affecting intracellular cAMP concentration. The xan- prevents inactivation. This effect of IBMX 0AF508-
thine rank order of potency for anion flux stimulation cpTR helps to explain the encouraging ‘therapeutic’ ef-
was unique when compared to that for either phosphofects that have been observed in model systems. Fur-
diesterase inhibition or adenosine receptor antagonismhermore, these observations introduce this conforma-
Thus, an apparently unique functional binding site fortjonal state of CFTR as a distinct therapeutic target for

xanthines was identified. However, whether the func-pharmaceutical development as we design compounds to
tional site was on CFTR remained unresolved. The curreduce or preclude suffering of cystic fibrosis patients.

rent data indicates that IBMX can interact directly with

CFTR as has been reported for other xanthines (Arispe dtortions of the work were completed by the authors at the University
o, 1998). The exact physical locaton of he uncton- Asba s b, erwingrr sy s Seonies
ally relevant blndlng Sl.te rema'”s to be determined al- hors extgenc); their thgnks to Ha);ris Jerdon and Heather Balombiny for
though a direct interaction with NBD1 has been reported, qi technical assistance.

(Cohen et al., 1997). In this regard, mutations in either

the R-domain (Wilkinson et al., 1997) or the NBDs (Smit Deep and sincere appreciation is extended to A. Keith Glaubius and his
et al., 1993) changed the sensitivity to IBMX when as-family for their support of this work. His guidance, insight and en-
sayed inXenopusoocytes. Whether these mutations re- couragement could be provided by no other mentor.

ﬂeCt dls.tht changes in an IBMX b_lndmg site or domain Supported by National Institutes of Health (DK-38518, DK-45970,
interactions remains to be determined. . DK-08846) and the Cystic Fibrosis Foundation (1848).

The current data show that IBMX has a direct effect
on bothwt- and AF508-CFTR channel activity. Impor-
tantly, the results indicate that a distinct conformational
state, the open state, is the primary target. In KinetiCarispe, N., Ma, J., Jacobson, K.A., Pollard, H.B. 1998. Direct activa-
Scheme 1, CFTR can exist in the open state of any one tion of cystic fibrosis transmembrane conductance regulator chan-
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