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ABSTRACT: The cystic fibrosis transmembrane conductance regulator forms an anion-selective channel.
We previously showed that charge selectivity, the ability to discriminate between anions and cations,
occurs near the cytoplasmic end of the channel. The molecular determinants of charge selectivity, however,
are unknown. We investigated the role of Arg352, a residue flanking the predicted cytoplasmic end of the
M6 segment, in the mechanism of charge selectivity. We determined theo@la" permeability ratio
(Pci/Png) from the reversal potential measured in a 10-fold NaCl gradient. For the wild BBy, was

36 (range of 2851). For the R352H mutanBc/Pna Was dependent on cytoplasmic pH. At pH 5.4, the
Pci/Pna Was 33 (range of 2741), similar to that of the wild type, but at pH 7.2, where the histidine
should be largely uncharge®c/Pna, was 3 (range of 2:93.1). For the R352C and R352Q mutants,
Pci/Pna Was 7 (range of 68) and 4 (range of 3:54.4), respectively. Furthermore, Navhich does not

carry a significant fraction of the current through the wild type is measurably conducted through R352Q.
Thus, the charge of the side chain at position 352 is a strong determinant of charge selectivity. In the wild
type, the positive charge on Arg352 contributes to an electrostatic potential in the channel that forms a
barrier to cation permeation. Mutation of Arg352 did not alter the halide selectivity sequence. Selectivity
among halides must involve other residues.

The cystic fibrosis transmembrane conductance regulator(17—19). Cysteines substituted for 11 of 26 residues in and
(CFTR}) is a member of the ATP-binding-cassette membrane flanking the M6 membrane-spanning segment (residues
transporter gene superfamily. It forms a small-conductance, 329-353) were accessible to charged, sulfhydryl-specific
chloride channel that is gated by protein kinase A-mediated reagents which are derivatives of methanethiosulfonate
phosphorylation and by ATP binding and hydrolyslqd (MTS) (20). We inferred that these MTS-reactive residues
13). The channel is lined, at least in part, by residues from were on the water-accessible surface of the protein and that
the 12 putative membrane-spanning segments (Figure 1A)most of these residues line the channel (Figure 1B). By
(14, 15). The selectivity of the channel for anions over cations comparing the ratio of the rates of reaction of negatively
is likely to be a property of the channel-lining residues, but and positively charged derivatives of MTS with those of
the key residues have not been identified. Mutation of four channel-lining, engineered cysteine residues in the M6
positively charged residues in membrane-spanning segmentssegment, we demonstrated that both anions and cations could
Lys95, Lys335, Arg347, and Arg1030, to negatively charged enter the extracellular end of the channel and that both could
residues did not alter the chloride to sodium permeability penetrate to the level of Ser341 with no charge discrimination
ratio (7). (21). Thus, the charge selectivity filter, the structure that

Using the substituted-cysteine-accessibility methi), ( discriminates between anions and cations, is located near the
we identified channel-lining residues in the M1, M3, and cytoplasmic end of the channel in the region of Thr351
M6 (Figure 1B) membrane-spanning segments of CFTR GIn353 (Figure 1B)21). We hypothesized that Arg352, the

intervening residue, might be an important determinant of
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A

ing green fluorescent protei24) under a CMV promoter,
and 9uL of lipofectamine were mixed with OPTIMEM
(GibcoBRL, Grand Island, NY) to a total volume of 1 mL,
and the mixture was added to the cells. The cells were
incubated fo 6 h with the DNA/lipofectamine mixture before
fresh medium was added.

Cells were used 13 days after transfection. Transfected
cells were identified by the presence of green fluorescent
protein and used for patch-clamp recording. CFTR-induced
currents were detected in more than 90% of the green
fluorescent cells. The wild type and all of the mutants were
studied in cells from at least two separate transfections.

ElectrophysiologySingle-channel and whole-cell currents
were recorded under voltage clamp with an EPC9 HEKA
patch-clamp amplifier controlled with Pulse 7.5 software for
Power Macintosh (HEKA Electronik, Lambrecht, Germany).
Currents were recorded through a PCM-2 A/D adapter
(General Medical Systems, Greenville, NY) onto VCR tape.
Data were subsequently played back and filtered (210 Hz)
through a model 902LPF eight-pole Bessel filter (Frequency
Devices, Inc., Haverhill, MA) and digitized using the Pulse
software.

In the whole-cell experiment§), the pipet contained
140 mM CsCl, 1.2 mM MgGl 5 mM EGTA, 0.5 mM
N&ATP, and 10 mM HEPES adjusted to pH 7.2 with CsOH.
In most of the single-channel experimeng9)( the pipet
contained 140 mM NacCl, 4.8 mM KCI, 1.2 mM Mg£I1
mM CaCb, and 10 mM HEPES adjusted to pH 7.2 with

EXTRACELLULAR

R352 T351 NaOH. When indicated in the text or figure legends, the pipet
I Q353, . contained 145 mMN-methyl-o-glucamine (NMDG) chloride,
0 120 240 360 tlo.Zprgl\g L\l/lgCIz, 1 mM CaC}, and 10 mM HEPES adjusted
ROTATIONAL POSITION (DEG) The bath solution was varied with the specific experiment.

Ficure 1: Predicted transmembrane topology of CFTR and the For recordings in symmetrical NaCl solutions, the bath
amino acid sequence in and flanking the M6 membrane-spanningcontained 140 mM NacCl, 4.8 mM KCI, 1.2 mM Mgg£I2

segment. (A) The predicted ransmembrane topology of CRLBR (- mM EGTA, 0.5 mM NaATP, and 10 mM HEPES adjusted

is the nucleotide binding domain; R is the regulatory domain. - : n

(B) a-Helical net representation of the residues in and flanking the to pH 7'.2_ Wlth. NaOH. To determlne the Chto Na .
M6 membrane-spanning segment. The extracellular end is at thePermeability ratio, a low-concentration NaCl bath solution
top; the intracellular end is at the bottom. Tkexis represents  was used to measure the reversal potential in a 10-fold NaCl
the position on the circumference of the helix. The residues that gradient; this solution contained 14 mM NaCl, 1.2 mM
are alignegl vertically |I§ on trfle sarnga {]aCﬁ of an idedmelidx. Black MgCl,, 2 mM EGTA, 0.5 mM NaATP, 256 mM sucrose
squares denote residues for which the corresponding cysteine ’ " ! . !
substitution mutants were accessible to MTS reagells Open and 10 mM HEP,ES adjusted to pH 7.2 with NaOH. MES
circles denote residues for which the corresponding cysteine buffer was substituted for HEPES when the pH of the bath
substitution mutants were unaffected by the MTS reagents. On thesolution was reduced to 5.4. To measure the permeability
basis of hydrophobicity analysis, the M6 segment was predicted to ratios with halides or gluconate, the NaCl in the bath was

extend from Gly330 to Val3501¢). Note that three consecutive ; ;
residues flanking the cytoplasmic end of the M6 segment, Thr351, replaced with NaF, NaBr, Nal, or sodium gluconate at the

Arg352, and GIn353, are exposed in the chanrnd).( The same concentration. . .
secondary structure of these residues was inferred to baxnon-  The bath reference wa3 M KCI (in a 2% agar bridge)
helical @9, 21). connected to a AgAgCI pellet. The applied potentials

correspond to the difference between bath and pipet poten-
subcloned into a pCI-Neo vector (Invitrogen, Carlsbad, CA) tials, Voan — Vpipe: The membrane potentials were corrected
modified to contain these restriction sites in the multiple for the liquid junction potentials arising from changes in
cloning site. bathing solutions at the inner surface of the membrane patch.

CFTR mutants were generated as described previol@ly ( Variations in liquid junction potentials were measured with
and subcloned into CFTR-pCI-Neo using a cassette defineda pipet containing 2.7 M KCI by measuring the zero-current
by the restriction sites fohcdB71 andBsEl. The mutations  voltage deflection induced by the NaCl substitution solutions
and subcloning were confirmed by restriction digestion and as described previousl2§). All experiments were conducted
DNA sequencing. at room temperature.

CHO cells were maintained in DMEM and 10% fetal calf Prior to inside-out patches being obtained, CFTR channels
serum at 37C with 5% CQ. Cells (80% confluent), in 35  were activated by incubating the cells for at least 10 min in
mm dishes, were cotransfected, 1 day after being splig 2  200uM 8-(4-chlorophenylthio)adenosine cyclic monophos-
of the CFTR-pCI-Neo plasmid, 04g of a plasmid express- phate, 1 mM 3-isobutyl-1-methylxanthine, and 20/
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forskolin (referred to as the cAMP-activating reagents). In in CHO cells by transient transfection. Functional CFTR
the experiments in the cell-attached configuration designedchannels were observed in patch clamp recording3 days
to examine the extent and time course of channel activation, after transfection. In cell-attached patches, with 140 mM
these reagents were added to the bath after obtaining theNaCl in the pipet, the single-channel conductances (in
cell-attached patch. picosiemens) were 6.4 0.3 for the wild type § = 7), 5.3

Data Analysis Single-channel records digitized with the 4+ 0.3 for R352C (f = 11), 4.2+ 0.1 for R352Q K = 10),
Pulse software (HEKA Electronik) were analyzed using the 4.0+ 0.2 for R352H i = 4), and 5.7+ 0.2 for Q353C
Pulse 7.5 or TAC 2.5 software (Bruxton, Seattle, WA). The = 8). The currentvoltage relationshipdAV curve) displayed
magnitudes of the single-channel currents were determinedslight outward rectification (data not shown) as observed in
using the Pulse 7.5 program. For each voltage, the single-previous studies of CFTR expressed in CHO ce&33).(No
channel amplitudes of individual channel openings were CFTR-like channels were observed in patches from mock-
determined using manually positioned cursors. If the baselinetransfected cells stimulated with the cAMP-activating re-
current immediately following a channel opening changed agents it = 10) as previously reportec8Q).
from the baseline current preceding the opening event by |n cell-attached patches from unstimulated cells expressing
more than 10% of the amplitude of the opening, then the wild-type CFTR, on average * 0.25 fi = 12) channel
event was not used. For each patch, at each voltage, theyas observed, presumably activated by endogenous cAMP
average current amplitude was calculated from the magni- |evels. In the same membrane patches after application of
tudes of several channel openings; the averages were use¢he cAMP-activating reagents, the number of open channels
to determine thé/V relationship for the patch. increased and reached a plateau within +.9.2 min, at

In symmetrical 140 mM NaCl for each patch, the single- which point a macroscopic current equivalent to815 (n
channel conductance was determined from the SlOpe of a= ]_2) open channels was observed. In cells expressing the

linear regression fit of the single-channel currembltage  R352C mutation, active channels were observed in about half
data. For each mutant, the reported conductances are averagest the cell-attached patches; 046 0.3 (h = 12 patches)
from multiple patches. channel was observed before activation, and £.9.8

In the presence of a 10-fold NaCl gradient, the reversal channels were observed after app"caﬂon of the cAMP-
potential was determined for each patch by linear regressionactivating reagents. The time required to reach maximal
analysis. Only the data for positive current values were gctivation was 3.7 0.7 min h=12).
included in the linear regression fits. This was done because tq relative magnitudes of the CFTR-induced currents

With the smaller number of charge carrier_s on the Iow-sqlt observed in whole-cell recordings were consistent with the
side the single-channel currents at potentials more negative,; jhers of channels observed in cell-attached patches. The
than the reversal potential were small, often less than 0.2 ., quctance of untransfected cells was 9.6.03 nS 0=

PA, the level of the noise in our system. At potentials more gy rqjiowing activation with cAMP, cells transfected with
negative than-100 mV, the patches became unstable; thus, wild-type CFTR had a conductance of 22 nS f = 6)

we could only measure the single-channel currents at voltagesand cells transfected with R352C had a conductancesof 2
significantly more negative than the reversal potential for 0.3 nS f = 8) (Figure 2A). We determined the Clo Na*

mutants with revers.akl‘ potentialls closg tlo zero. For th: wild selectivity using single-channel currentoltage relationships
type and mutants with reversal potentials ne&0 mV, the  po0,5e in whole-cell measurements the selectivity of the

number of points at voltages more negative than the reversaly, oiground conductance would have a different effect on
potential were insufficient to perform a nonlinear regression o raversal potential measured for the wild type and the

analysis to determine .the reversal p_otennal; thereforg, W€ mutants due to the difference in the magnitude of the currents
used the linear regression of the positive currents to estimate

. X of the wild type and the mutants relative to the background
the reversal potential. The reversal potential for each patch

: : . C O E - eurrent of the cell.
was determined by extrapolating the linear regression fit to In insid t patches. with svmmetrical solution ntain
the x-axis intercept. The reversal potentials obtained for . side-out patches, symmetrical solutions contain-

multiple patches for a given mutant were averaged. The ing 140 mM NaCl in the pipet and in the bath, the wild type

averaged reversal potential was used to calculate thecCl and the mutants had linear currenbltage relationships and

Na" permeability ratio using the Goldman equati@v< reversal potentials of O.mV. (Figure 2i). The single-
29). To provide an estimate of the error in the-@b Na* channel conductances (in picosiemens) were46.@.5 for

. e e
permeability ratio, we calculated the range of the I Na" the wild type 0 = 6)° (Figure 3B), 5.9+ 0.3 for R352C {

o : =05),4.2+ 0.1 for R352Q i = 8), and 5.7+ 0.3 for Q353C
Eg{?ni%tlnhty ratio based on the standard error of the reversal(n —'8). For the R352H mutant, the single-channel conduc-

In the figures containing/V plots, the single-channel tance was sensitive to the pH of the bath solution; the single-

current amplitudes from multiple patches were averaged andchannel condugtance atpH 7.2 Wai 3:—0'1. pS (0 = 6),

the solid lines are fit to the averages by nonlinear regressiona.nd Iat th 5'4’| I W%S 4301 ?Shh _'I?j) (Figure 4). The
analysis SigmaPlot 2.0 (Jandel Corp., Corte Madera, CA). ;lr;gie(—)csar;ne _c%n léctance Oht e wi I't>r/1p|e at p';: S.twas
Therefore, thex-intercept of the solid lines in the figures tHe cor{due:ta(r}(;e t?]élt?/\tlz ':ﬁé;sg;’;g)g |gHt7y23ma erthan
may be different from the reversal potential calculated as PR 7.2.

described above and given in the text.

2 The single-channel conductance that we observe is slightly smaller

RESULTS than that reported by other investigators. This may be due to the
N . presence of HEPES buffer which causes a slight block ofoBannels

Characterization of Wild-Type and Mutant CFTR EXpres- (1-3) Because it is present symmetrically in both the pipet and bath

sion Wild-type CFTR and the CFTR mutants were expressed solutions, it does not affect our conclusions.
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Ficure 2: Whole-cell and single-channel currebltage relationships for the wild type and Arg352 mutants in symmetricat@htaining

solutions. (A) Average whole-cell currentoltage relationships obtained from cells expressing either wild-type C@)R1(the R352C

mutant ©) in symmetrical Ct-containing solutions. Note the much lower level of current in the R352C mutant than in the wild type. (B)
Average single-channel currentoltage relationships for the wild typ©] and the R352Cr), R352Q {), and R352H (bath pH of 7.2)

(©) mutants. The symbols for the wild type and R352C are indistinguishable at several voltages. The symbols for R352Q and R352H
overlap at several voltages. The solid lines represent a fit by nonlinear regression analysis connecting the points. Error bars (standard error
of the mean) are smaller than the symbols in some cases. (C and D) Single-channel recordings from inside-out patches obtained from cells
expressing either (C) wild-type CFTR or (D) the R352H mutant (bath pH of 7.2). Holding potentials are indicated at the left of each trace.
Recordings were filtered at 210 Hz.
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Ficure 3: Wild-type CFTR forms highly anion-selective channels. F30 w L i
(A) Single-channel currents from wild-type CFTR at different .30 o
membrane voltages using the inside-out patch configuration in the

presence of a 10-fold NaCl gradient. The pipet contained the FIGURE4: Reversal potential of the R352H mutant which is shifted
standard 140 mM NacCl solution. The bath solution contained the by the protonation state of the histidine. Single-channel recordings
low-NaCl solution (14 mM NaCl). Currents were filtered at 210 for R352H at various applied voltages in a 10-fold NaCl gradient
Hz. (B) Single-channel currenoltage relationship for wild-type as described in Figure 3A except the bath pH was 5.4 (A) and 7.2
CFTR. Black triangles depict tHéV curve obtained in symmetrical ~ (B). (C) Single-channel currenwoltage relationships for R352H
conditions where both sides of the membrane were bathed with with the bath pH at pH 5.4%) and pH 7.2 ). The solid lines

140 mM NacCl. Open circles depict tH&/ curves obtained in the  represent a fit by nonlinear regression analysis connecting the points
presence of a 10-fold NaCl gradient as described above (averagegor a given mutant, and therefore, theintercept does not

of seven patches). The solid lines represent a fit by nonlinear correspond precisely to the actual reversal potentials calculated as
regression analysis connecting the points for a given mutant, anddescribed in Experimental Procedures. Note the shift in the reversal
therefore, the-intercept may not correspond precisely to the actual potential between pH 5.4 and 7.2, that is, between the protonated
reversal potentials calculated as described in Experimental Proce-and unprotonated states of the histidine. Error bars (standard error
dures. Error bars (standard error of the mean) are smaller than theof the mean) are smaller than the symbols in some cases.
symbols in some cases.

WA 0.4+

Cl~ to Na" permeability ratio Pc/Pns) was 36 (range of

CI~ to Na" Permeability Ratio for Wild-Type CFTR0 28—-51). The reversal potential of the wild type was the same
determine the Clto Na* permeability ratio of the wild type  at pH 5.4,—50.34+ 1.9 mV (0 = 4), (data not shown) and
and the mutants, we measured the reversal potential of theat pH 7.2, indicating that in the wild type, in this pH range,
single-channel currents in the presence of a 10-fold NaCl charge selectivity exhibits no pH dependence.
gradient. For each patch, the reversal potentzl) was The addition of sucrose to the cytoplasmic bath solution
determined by extrapolation from a linear regression fit of was reported to cause a flickery block of inward CFTR
the single-channel currentvoltage data. As described in  single-channel currents (i.e., outward @hovement) 81).
Experimental Procedures, for wild-type CFTR and all of the For wild-type CFTR in a 10-fold NaCl gradient without
mutants, only the data obtained at positive currents were usedsucrose in the bath, the single-channel conductance was 5.8
for the linear regression fit. + 0.2 pS and the reversal potential, was—50 + 1.4 mV

For wild-type CFTR in a 10-fold NaCl gradierte, was (n = 6), not significantly different from the reversal potential
=51 4+ 1.5 mV (h = 7) (Figure 3). Using the voltage determined in the presence of sucrose (Figure 5). Similarly,
Goldman-Hodgkin—Katz equationZ7—29), the calculated  for the R352Q mutant in the 10-fold NaCl gradient in the
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1.0 91 (pA) equaled 33 (range of 2741), similar to that of the wild type.
A In contrast, removing the positive charge at position 352 by
0.8 - raising the pH of the cytoplasmic bath to 7.2 significantly

reduced the reversal potentil, to —21.44+ 0.6 mV (n =
5) at pH 7.2 (Figure 4), resulting in a calculated @ Na"
permeability ratio of only 3 (range of 2:38.1).

We further tested the effect of removing the positive
charge at position 352 by substituting the uncharged residues
cysteine and glutamine at this position. These uncharged
substitutions also shifted the reversal potential by an amount
comparable to that observed by deprotonating R3R2H;
= —34.9+ 2 mV (n=7) for R352C, andE,, = —26.3+
1.9 mV (h=9) for R352Q (Figure 6), resulting in calculated
Pci/Pna ratios of 7 (range of 68) and 4 (range of 3:54.4),
respectively.

We substituted a negatively charged residue at position
352. Unfortunately, the single-channel conductance and
kinetics of the R352E mutant appeared to be too small to

0.6 +

Vm (mV)
1 1 ) ) ) 1
20 40 60 80 100 120

B accurately determine the reversal potential.
In the experiments described above, the reversal potential
140 mM NacCl was measured in a 10-fold NaCl gradient. To be sure that

the measured reversal potentials were not significantly
affected by the low ionic strength of the cytoplasmic solution,
we measured the reversal potentials for the wild type and
R352Q following replacement of NaCl in the bath with

14 mM NaCl + 256 mM sucrose sodium gluconate. For the wild type, no single-channel
1pA currents were observed at potentials more negative than the
1s predicted reversal potential when the cytoplasmic ®&s

replaced by gluconate, consistent with previous observations

that gluconate is either poorly permeant or impermeant

(Figure 7C,O) (32, 33). For the R352Q mutant, we could
FIGURE 5: Sucrose in the cytoplasmic bath does not alter the not clearly identify single currents at potentials more negative
reversal potentials determined from the outward currents for the than the reversal potential calculated by extrapolation from

yg‘lﬁaéépfeg?igntgﬁp'z%gf?hemvvﬁ%”:yéé)(aiiggf:nh(?g?:'R%‘g;‘g‘t the currents seen at positive potentials. The reversal potential
mutant @ and A) in the presence of the 10-fold NaCl gradient. for R352Q calculated by extrap(?l'atlon from the single-
The data depicted by the white symbols were obtained with no channel currents obs_erved at positive potentials w83.3
sucrose in the bath, and the data depicted by the black symbols+ 1.4 mV ( = 9) (Figure 7D,0), close to that predicted
were obtained with 256 mM sucrose in the bath. (B) Single-channel with the Goldmanr-Hodgkin—Katz equation given the Cl

currents recorded from patches excised from different cells express-yq N+ permeability ratios calculated above in the 10-fold

ing wild-type CFTR. The top trace was recorded from a patch . . S
bathed by symmetrical 140 mM NaGl = 60 mV) and the lower NaCl gradient and assuming that gluconate is impermeable

trace from a patch with 140 mM NaCl in the pipet and 14 mM through CFTR. Thus, the effects of the mutations on the Cl
NaCl and 256 mM sucrose in the bath(= 30 mV). Note that to Na" permeability ratios were not significantly affected
the reversal potentials and the conductances for the wild type andby the low ionic strength of the cytoplasmic solution in the
tsr:JeC I:?)ngQ mutant were not affected by the presence or absence o o_tq|d NaCl gradient.

' Mutation of the adjacent residue (Q353C) did not alter
absence of sucrose in the cytoplasmic bath, the single-channethe reversal potential relative to that of the wild tyige|
conductance was 3.& 0.1 pS and thé,, was —27.4 + = =511+ 1.7 mV (n=7)], and thus, the Cl to Na’

1.2 mV (h = 9) (Figure 5), not significantly different from  permeability ratio was the same as that of the wild tyRe&/ (

the values measured in the presence of sucrose (see belowPna = 36). This indicates that the glutamine is not involved

Therefore, we included sucrose in the cytoplasmic bath in the mechanism of charge selectivity.

solution to balance the osmolarity in the 10-fold NaCl  Effects of Arg352 Mutation on the Charge of Permeating

gradient because we found that it improved the stability of lons.The fractional current carried by a specific ion through

the patches. the channel can be inferred from changes in conductance
Cl- to Na" Permeability Ratios of the Arg352 Mutants. following ion substitutions.Therefore, we measured the Cl

To determine the role of the positive charge at position 352, to Na" conductance ratios in the wild typ@d/Pna = 36)

we substituted histidine for Arg352. With the histidine and in the R352QRc/Pna = 4) mutant to determine whether

mutant, we should be able to alter the charge at this positionNa" carries a significant fraction of the current in the

by changing the pH of the cytoplasmic bath. Maintaining mutants. To investigate this issue, we examined the effect

the positive charge at position 352 with the R352H mutation on the single-channel currents of substitutidgnethylb-

and a bath pH of 5.4 gave a reversal potertiga) of —50.4 glucamine (NMDQ@) for Na'.

+ 1.2 mV (h = 7) (Figure 4), which was not significantly With wild-type CFTR in inside-out patches, as was

different from that of the wild type. The calculat&d)/Pna reported previouslyd), substituting NMDG-CI for NaCl in



CFTR CI" Channel Charge Selectivity Mechanism

Biochemistry, Vol. 38, No. 17, 199%533

0.81 0.6-
A I (pA) C I (pA)
061
. oy ‘el
20 60 100 ' 20 80 . 100
0.6
0.8- 064
V,, (MV)
B o) D +90 ”MMWM
+90WW‘TWW
500 ms
TR ., o W 1pA BT R V—— 500 ms| 4
.30 PSR o A AN YA -30 :

Y WA g

FIGURE 6: Substituting uncharged residues at position 352 reduces the anion to cation selectivity ratio. (A and C) Average single-channel
current-voltage relationships for the R352C (A) and R352Q (C) mutants in symmetrical 140 mM Ma@hn(d in the presence of the

10-fold NaCl gradient®) as described in the legend of Figure 3A. The solid lines represent a fit by nonlinear regression analysis connecting
the points for a given mutant, and therefore, ¥hiatercept does not correspond precisely to the actual reversal potentials determined as
described in the Experimental Procedures. Error bars (standard error of the mean) are smaller than the symbols in some cases. (B and D)
Single-channel recordings are shown for the R352C (B) and R352Q (D) mutants. The recordings were obtained in the presence of the

10-fold NaCl gradient as described in the legend of Figure 3A. The holding potential is shown to the left of each trace.

the bath does not alter the single-chanti¥l relationship
compared to thd/V relationship recorded in symmetrical
NaCl (Figure 7C a vs O). With NMDG-CI in the bath, the
single-channel conductance was-@®.3 pS and., equaled
27 +£ 0.9 mV (h = 10). Thus, N& does not carry a
significant fraction of the current through wild-type CFTR.
In contrast, substitution of gluconate for Cin the bath
shifted thel/V relationship toward negative voltages, and no

bath changed the currentoltage relationship from linear
in symmetrical NaCl to inwardly rectifying (Figure 70

vs O) and caused the reversal potential to shift to8.6.8
mV (n = 8). The outward single-channel conductance, i.e.,
when NMDG" in the bath and Cl in the pipet would be
moving through the channel, was reduced to 8.0.1 pS
while the inward conductance remained 4:2.1 pS (0 =

8). This indicates that Nawas carrying about 25% of the

single-channel currents were observed at potentials moreg,irent in this mutant. When sodium gluconate was substi-
negative than the predicted reversal potential. The single-y 1o for NaCl in the bath, the reversal potenEal, shifted

channel conductance in the positive potential range was 5.4t

+ 0.2 pS (= 6) (Figure 7B,C[O vs A). The slight reduction
in the single-channel conductance may be due to the rapid
flickery block induced by the cytoplasmic gluconate as
previously reported31). These results are consistent with
previous reports®, 9, 32, 33) and indicate that for wild-
type CFTR gluconate, Naand NMDG' are not measurably
permeable at the single-channel level and that i8lthe
major charge carrier of current through the channel.

In R352Q, the effects of substituting NMDGor Na*
were different than in the wild type. For the R352Q mutant,
in inside-out patches, substituting NMDG-CI for NaCl in the

3 Permeability and conductance ratios assay different aspects of ion
permeation through a channel. The reversal potentials used to calculat
the permeability ratios are made under conditions of zero net current,

whereas conductance ratios are determined under conditions of net flux

and are thus more affected by the relative affinities of binding sites
within the channel for the ions. Attempts to relate these ratios to energy
profiles within a channel have been successful for simple models of
ion channels, such as single-ion occupancy with a single rate-limiting
barrier to ion permeatiordj. Evidence, however, indicates that CFTR

is a multiple-ion occupancy channél, ). In multiple-ion occupancy
models, the relationship between permeability and conductance ratios
and their relationship to the depths of wells and heights of barriers is
model-dependent.

0 —33.3 £ 1.4 mV and the outward single-channel
conductance remained 44 0.2 pS. Thus, for the R352Q
mutant, the conductance of Clis about 3 pS and the
conductance of Nais about 1 pS, giving a Clto Na
conductance ratio of 3, similar to the permeability ratio of 4
for this mutant.

Effects of Arg352 Mutation on Halide Seledty Ratios.
To investigate whether Arg352 is also a determinant of the
monovalent halide selectivity sequence, we measured the bi-
ionic reversal potentials in the inside-out patch configuration
when the bath Clwas replaced with various halide anions.
For the wild type, we observed the permeability sequence
that was previously reported: B> CI- > |- > F (7—

€10).* The E,ey values of thd/V curves are 8 1 mV (n =

6) forBr, =8+ 1 mV (n=238) forI-,and—32+ 3 mV (n

= 6) for F~. Similar reversal potentials were observed for
the R352C mutant: &2 1 mV (n = 8) for Br, —13 £ 1

mV (n = 6) for |7, and—27 &+ 2 mV (h = 5) for F~. The
calculated permeability ratios between these halides and
chloride are given in Table 1. The similarity between the
halide permeability ratios indicates that Arg352 is not a major
determinant of the halide selectivity sequence.
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Ficure 7: A fraction of the current is carried by Nan the R352Q mutant but not in the wild type. (A) Cartoon illustrating the ion
substitutions and the direction of ion movement in the positive and negative voltage ranges represented by the symbols in panels C and D.
(B) Single-channel recordings from a patch containing wild-type CFTR with 140 mM NacCl in the pipet and 140 mM sodium gluconate in
the bath. The holding potential is shown to the left of each trace. (C) Single-channel ewolage relationships for wild-type CFTR

under different ion gradients. The major salt in the pipet and in the bath are as illustrated in panel A (pipet/bath): Na@&)yN<&CV

NMDG-CI (O), and NaCl/sodium gluconat&l. (D) Single-channel currentvoltage relationships for R352Q under the same ion gradients.
Symbols are like those in panel C. The solid lines represent a fit by nonlinear regression analysis connecting the points for a given mutant,
and therefore, the-intercept does not correspond precisely to the actual reversal potentials. Error bars (standard error of the mean) are
smaller than the symbols in some cases. Note the decreased current at positive potentials whenrsjpMia®s Na in the bath for the

R352Q mutant® vs A), whereas there is no effect of this substitution for the wild type.

For the wild type, the single-channel conductances were Table 1: Halide Permeability Ratio®y/Pc)?

similar if the bath contained C| Br—, or F (6.2+ 0.5, 6.5 bromide chloride iodide fluoride
+ 0.5, and 5.8k 0.2 pS, respectively), whereas when the 5 = 20— 1 071002 0255004
bath contained, the single-channel conductance fell to 3.8 Rras2¢C 1.04+ 0.04 1 054 0.05 0.22+ 0.03

+ 0.2 pS (data not shown). Thus, unlike in a previous study — Permeability ratios for the halides relative to those for for the

(34), we observed that'lwas able to carry current through g type (WT) and the R352C mutant. Values (megstandard error
CFTR and that theTlto CI~ permeability ratio was similar  of the mean) were calculated using the Goldmbiodgkin—Katz

to that observed when extracellularGlas replaced byl equation for each experiment. Each value is the mean of at least five
(7—10). For the R352C mutant, the conductances were Paiches.

similar to that of the wild type (5.% 0.3 pS for Ct, 5.2+ ) )

0.3 pS for Br, 5.7+ 0.2 pS for F, and 3.6+ 0.2 pS for R352C is not known, although in the R347D mutant the
I-). The mechanism for the decreased donductance  effect is eliminated3).

compared to those of the other halide ions for both WT and DISCUSSION

4For CFTR, the value of the'Ito CI~ permeability ratio depends CFTR forms a highly anion-selective channel. Removing
on whether the measurement of the reversal potential is takenthe positive charge at the position of Arg352 reduced the
immediately after the7-containing solution is perfused into the bath ability of the channel to discriminate between anions and

or several minutes late@). If the measurement is taken immediately . 5
after the I enters the bath, a high to CI~ permeability ratio is obtained cations as measured by both permeability and conductance

(2); if the measurement is taken several minutes later, a fotw CI- ratios (Figures 3, 4, 6, and 7). In the R352H mutant, at a
permeability ratio is obtaine@(7—10). This I-induced change appears  cytoplasmic pH of 5.4 when the histidine is mostly proton-

to result from I binding to the CFTR protein and is eliminated by the — Fi ;
R347D mutation Z). Our measurements were taken several minutes ated, Po/Pra 33, similar to .th‘f"t. of .the wild type. In
after the solution change, and thus, we obtained a lowol CI- contrast, at pH 7.2, when the histidine is mostly uncharged,

permeability ratio. Pc/Pna = 3 (Figure 4C). A similar change in cytoplasmic
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pH did not alterPc/Py, for wild-type CFTR. Thus, for the  brane-spanning segments, including Arg347 (MB) ),
R352H mutant, we infer that the effect of the change in Lys95 (M1), Lys335 (M6), and Arg1030 (M10Y).
cytoplasmic pH on the Clto Na" permeability ratio is due Model for Charge Seleatity. We hypothesize that charge
to a change in the protonation state of the histidine at position selectivity in the CFTR channel results, at least in part, from
3525 Similarly, eliminating the positive charge at position an electrostatic interaction between fixed charges in the
352 by substituting the uncharged amino acids, cysteine orchannel lining and ions in solution. In the wild-type channel,
glutamine, reducedc/Pna to about 5 (Figure 6). Thus, we infer that the positive charge on Arg352 creates a positive
substituting three different uncharged residues at position 352electrostatic potential in the channel lumen. This potential
reducedPc/Pna between 6- and 10-fold. In addition, the forms a barrier to cation movement through the channel. The
charge at position 352 is also a major determinant of the effect of this potential appears to be greater on cations than
Cl~ to Na" conductance ratidthat is, the fraction of the  on anions because substitution of glutamine for arginine

current that is carried by Clvs Na'. In wild-type channels, increased the Naconductance from an immeasurably low
Na' does not carry a significant fraction of the current; thus, level in the wild type to about 1 pS in R352Q, whereas it
substituting NMDG for Nat did not alter the current only lowered the Cl conductance by about 50%, i.e., from

voltage relationship as was previously show8) 9). In 6 to 3 pS (Figure 7). It was suggested that a high-affinity
contrast, in the R352Q mutant, substitution of NMDf&r chloride binding site, such as that found in the crystal
Na' caused rectification of the currentoltage relationship  structure of cartilage oligomeric matrix proteidsj, might
due to a unidirectional elimination of the contribution ofNa  form the basis for charge selectivity in anion-selective
to the single-channel conductance. Thus, in the mutants withchannels. This is unlikely to be the mechanism in CFTR
a decreased Clto Na" permeability ratio, Na carries a because Arg352 does not appear to form a high-affinity CI
measurable fraction of the current. Therefore, we infer that binding site because the mutation R352C does not alter the
the charge at position 352 is a major determinant of charge halide selectivity sequence.
selectivity in the CFTR channel. For Arg352 to function as the major determinant of charge

Although the changes in permeability and conductance Selectivity, the channel lumen must be relatively narrow in
resulting from mutation of Arg352 are consistent with a direct the region of Arg352, thereby forcing ions to interact with
effect of the charge at this position on the selectivity of the its electrostatic potential as they attempt to move through
channel, we cannot exclude the possibility that the changesthis region of the channel. This narrow segment of the
result from nonlocal perturbations of the protein structure. channel must extend over a relatively short distance, because
We do know, however, that Arg352 is in the channel lining mutation of Arg347, a channel-lining residue only five
because a cysteine substituted for Arg352 reacted withresidues away in the linear sequence, does not BéPna
charged, sulfhydryl-specific MTS reagent$9( and the (2, 7). This suggests that the lumen might be significantly
reaction rates were voltage-depende (In addition, we wider at the level of Arg347. Alternatively, other residues
previously showed that the process of charge selectivity in close proximity to Arg347 may reduce its electrostatic
occurs near the cytoplasmic end of the channel by measur-contribution to the potential in the channel lumen. Similarly,
ing the relative reaction rates of negatively and positively Lys95 and Lys335, near the extracellular ends of the
charged MTS reagents with identified channel-lining residues membrane-spanning segments, are not likely to be in the
in the M6 membrane-spanning segme2t)( Our present narrow portion of the channel, because mutation of these
results, based on an independent set of experiments, demtesidues to anionic amino acids did not alRy/Pna (7).
onstrate that Arg352, flanking the cytoplasmic end of the ~ The minimum functional pore diameter of CFTR was
M6 segment, is a major determinant of charge selectivity. inferred to be about 5.3 A on the basis of the relative
This provides support for our previous inference regarding permeabilities of a series of progressively larger ani@aj (
the location of the charge selectivity filter and confirmation however, more recent measurements suggest that the channel
of the approach to identifying the location of charge is measurably permeant to anions with diameters as large as
selectivity filters @1). 10—-12 A (33). The ability of the sulfhydryl-reactive MTS

Other residues must also contribute, albeit to a lesserfeagents to react with a cysteine substituted at position 352
extent, to the process of charge selectivity, because thelmplies that the diameter from the extracellular end to t_he
channel is still slightly anion-selective when uncharged !€vel of Cys352 must be at least 6 A, the smallest dimension
residues are substituted at position 352. The identity of these®f the MTS reagentsl@). Thus, in the region of Arg352,
other residues is at present unkno®g/Pyawas not effected  the channel may narrow to a diameter of about-18 A,
by mutations of other positively charged residues in mem- b]chFtthle Chtar‘]””d diameter is likely to be larger over the rest

of its length.
— X _ In the CIC CI channel family, a highly conserved

®It is important to recognize that other properties of the CFTR sequence, GKxGPxxH, appears to line the poBé).(
channel are dependent on cytoplasmic pH. For example, in the wild . ! . ’ . . .
type the single-channel conductance is 11% lower at pH 5.4 than at Cysteines substituted for the Lys, Pro, and His residues in
pH 7.2. This presumably results from a change in the protonation state this sequence were accessible to MTS reag86jslutation
of residues that are accessible to the cytoplasmic surface of the protein;qf the conserved Lys residue to glutamate caused a 6-fold

however, these pH-dependent changes in the wild type do not alter the L . o .
CI~ to Na* permeability ratio. In contrast, in the R352H mutant raising reduction in anion selectivity3g). Thus, in both CFTR and

the pH, presumably deprotonating His352, caused a 10-fold reduction CIC channels, positively charged amino acids in the channel
in the CI" to Na" permeability ratio. The fact that substituting other  lining of the narrow region of the pore contribute to the
uncharged residues, glutamine and cysteine, at position 352 causedcharge selectivity process

similar changes in the Clto Na" permeability ratio supports our . ) . .
inference that raising the bath pH reduces the charge selectivity of INteractions between Arg352 and Various Permeating

R352H by deprotonation of the histidine at position 352. Anions Mutation of Arg352 did not alter the halide perme-
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ability sequence. Thus, Arg352 is not likely to be a major fluorescent protein plasmid, and Drs. Min Cheung, Jonathan
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