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Molecular Determinants of Anion Selectivity in the Cystic Fibrosis
Transmembrane Conductance Regulator Chloride Channel Pore

Paul Linsdell, Alexandra Evagelidis, and John W. Hanrahan
Department of Physiology, McGill University, Montréal, Québec H3G 1Y6, Canada

ABSTRACT lonic selectivity in many cation channels is achieved over a short region of the pore known as the selectivity
filter, the molecular determinants of which have been identified in Ca®", Na™, and K* channels. However, a filter controlling
selectivity among different anions has not previously been identified in any CI~ channel. In fact, because CI~ channels are
only weakly selective among small anions, and because their selectivity has proved so resistant to site-directed mutagenesis,
the very existence of a discrete anion selectivity filter has been called into question. Here we show that mutation of a putative
pore-lining phenylalanine residue, F337, in the sixth membrane-spanning region of the cystic fibrosis transmembrane
conductance regulator (CFTR) CI™ channel, dramatically alters the relative permeabilities of different anions in the channel.
Specifically, mutations that reduce the size of the amino acid side chain present at this position virtually abolish the
relationship between anion permeability and hydration energy, a relationship that characterizes the anion selectivity not only
of wild-type CFTR, but of most classes of CI~ channels. These results suggest that the pore of CFTR may indeed contain a
specialized region, analogous to the selectivity filter of cation channels, at which discrimination between different permeant
anions takes place. Because F337 is adjacent to another amino acid residue, T338, which also affects anion selectivity in
CFTR, we suggest that selectivity is predominantly determined over a physically discrete region of the pore located near these
important residues.

INTRODUCTION

A defining feature of ion channels is their selectivity, the Anion channels are much less selective than cation chan-
ability to pass certain ions at a high rate while at the sameels, usually allowing most small anions to permeate to
time effectively excluding others. In voltage-gated cationsome extent (see below). This low selectivity probably
channels, discrimination between different cations is knowrresults from the fact that Clis the predominant anion in all

to occur over a short region of the pore known as thebiological fluids, such that an evolutionary pressure to es-
selectivity filter. Our understanding of how selectivity is tablish and maintain strong selectivity does not exist in
achieved has been greatly enhanced by the recent identifitnion channels. Most classes of @hannels that have been
cation of the molecular determinants of the selectivity filtersstudied in detail show very similar anion selectivity, corre-
of C&" (Yang et al., 1993; Ellinor et al., 1995), Na sponding to the lyotropic sequence, with weakly hydrated
(Heinemann et al., 1992; Favre et al., 1996), anddkan-  anions (lyotropes) showing a higher permeability than those
nels (Heginbotham et al., 1994; Doyle et al., 1998). Twothat bind water molecules more strongly (kosmotropes)
major mechanisms by which these channels achieve the(e.g., Bormann et al., 1987; Giraldez et al., 1989; Li et al.,
physiologically crucial selectivity have been suggested. Se1990; Halm and Frizzell, 1992; Kubo and Okada, 1992;
lectivity may result from selective high-affinity binding of Arreola et al., 1995; Verdon et al., 1995; Jackson et al.,
the ion in question (for example, in €achannels; Aimers 1996; Linsdell and Hanrahan, 1998a). Discrepancies from
and McCleskey, 1984; Hess and Tsien, 1984; Yang et althis sequence, where they have been reported (e.g., Fahlke
1993; Ellinor et al., 1995) or from electrostatic ion-channelet al., 1997; Rychkov et al., 1998), are usually small;
interactions that effectively allow only the ion in question to permeability of the kosmotropic FHon is universally low in
enter the selectivity filter (for example, in 'Kchannels; anion channels. However, the molecular basis of lyotropic
Doyle et al., 1998). Of course, there is some degree o@nion selectivity has not been determined for any ClI
overlap between these two mechanisms; both suggest theliannel. The characteristic relationship between permeabil-
permeant ions bind within the selectivity filter. In compar- ity and hydration energy suggests that anion dehydration is

ison, little is known about the molecular mechanism ofthe limiting factor in anion permeability in Clchannels,
anion selectivity in CI' channels. perhaps reflecting the fact that more work is required to
dehydrate an anion than a cation of similar size (Dorman et
al., 1996; Marcus, 1997; Dawson et al., 1999).

) — - To date, disruption of lyotropic anion selectivity after
Ej;e'ved for Pl:b"cat'orl 2? J;ne ;ggf’f”d(;”lfmsl forT 28 Te?rg‘:y ??Oo'mutagenesis of a Clchannel has not been reported. In fact,
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902-494-1685; E-mail: paul.linsdell@dal.ca. fibrosis transmembrane conductance regulator (CFTR) ClI
© 2000 by the Biophysical Society channel (Linsdell et al., 1998), the overall effect of muta-
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sequence. The relative insensitivity of the anion selectivitysearch, Watertown, MA) as follows. After a hot start at 95°C, 2.5 Bfof

of CFTR to mutations within the putative pore region led DNA polymerase was added, and the mixture was overlaid witju|36f

Gp i ..o Mineral oil. Denaturation was performed at 95°C for 30 s, annealing at
Dawson et al. (1999) to suggest that “anion permeablht)}éﬂs"c for 1 min, and elongation at 68°C for 20 min, for a total of 16 cycles.

ratios, which to a first approximation measure how easy it ISwhen the temperature cycling was completed, the mixture was treated with
for an anion to enter the channel, are determined by thepnl for 2 h at 37°C to digest methylated and hemimethylated DNA,
difference between the energy required to dehydrate theereby removing the DNA template. Competent XL-1 BEmcherichia
anion and some stabilization energy that is the consequen@é" was transformed with the mutated DNA, and several colonies were

of a general interaction of the anion with the pore that is nofPtaned- DNA was isolated from at least three colonies, and the mutated
. . . region was sequenced with the T7 Sequenase kit (Amersham Life Science,
highly dependent on the details of channel structure. ThusBaie D’Urfe, QC, Canada) to verify the presence of the mutation.

based on current evidence, the very existence of a discrete subconfluent baby hamster kidney (BHK) cells were transfected with
anion selectivity filter in the pores of Clchannels is mutated pNUT-CFTR DNA by the calcium phosphate precipitation

questionable, and its necessity for normal channel functiofethod, as described previously (Linsdell et al., 1998). Transfected cells
is dubious were selected using 500M methotrexate (Faulding (Canada) Inc., Vau-

. . .. . dreuil, QC, Canada) after 48 h. Individual colonies were picked and
Lyotropic anion select|V|ty occurs not Only in Ckchan- amplified after approximately 1 week of growth in methotrexate-contain-

nels but also in numerous biological and physicochemicaing medium. Whole-cell extracts were subjected to sodium dodecyl sulfate-
systems involving ions in solution (Dani et al., 1983; Col- polyacrylamide gel electrophoresis and Western blotting, using the M3A7
lins and Washabaugh, 1985; Cacace et al., 1997; C0||in§'nti-CFTR monoclonal antibody to verify expression of CFTR, as de-
1997). Studies with model compounds have suggested thgf"°ed Previously (Linsdell et al., 1998).

a lyotropic anion binding site requires the combination of an

an!on—att_ractlng group (a positive charge or dipole) ar_uj EEIectrophysioIogicaI recording

neighboring hydrophobic group around which the mobility

of water molecules is reduced (Dani et al., 1983). Macroscopic CFTR current recordings were made using the excised, in-
Previously we showed that the anion Selectivity of theside—out configuration of the patch-clamp technique, as described previ-

. ously (Linsdell and Hanrahan, 1996, 1998a; Hanrahan et al., 1998). Chan-
CFTR CI" channel could be altered by mutation of a thre- nels were activated after patch excision by exposure of the cytoplasmic

onine residue (T338) in the sixth transmembrane regioface of the patch to 40—60 nM protein kinase A catalytic subunit (PKA)
(TMB) (Linsdell et al., 1998). Because the amino acid side(prepared in the laboratory of Dr. M. P. Walsh, University of Calgary,
chain at this position is not thought to be in contact with theAlberta, Canade_i, as describ_ed previously; _Tabcharani et al., 1991) _plus 1
aqueous lumen of the channel pore (based on substitutdg”! M9ATP (Sigma Chemical Co., Oakville, ON, Canada). Solutions

. ibili . . .ch cgntained (in mM) 150 NaCl, 2 MggI 10 N-tris-(hydroxymethyl) methyl-
cysteine accessibility mutagenesis experiments; eung an, ninoethanesulfonic acid; or 154 NaX (where X is the anion being

Akabas, 1996), we suggested that mutations at this positioRsted), 2 Mg(OH), 10 N-tris-(hydroxymethyl) methyl-2-aminoethanesul-
may affect channel permeation properties via a change ifonic acid. All solutions were adjusted to pH 7.4 by the addition of NaOH.

the orientation of the TM@-helix. Based on the proposed V\/_her_e the pipette_ solution did not contain any ¢Table 3)_, t_he Ag/AgCI_
importance of hydrophobic residues in Iyotropic anion bing-"ire inside the pipette was protected by a NaCl-containing agar bridge.

. lined ab h ined th ff iven voltages have been corrected for measured liquid junction potentials
Ing outlined above, we have now examined the effects o f up to 6 mV between dissimilar pipette and bath solutions (Hanrahan et

mutating two large, hydrophobic amino acid residues inai., 1998). All chemicals were obtained from Sigma, except NaGia
TM6 (F337 and 1344), the side chains of which are thoughtsodium methane sulfonate (Aldrich Chemical Co., Milwaukee, WI). Ex-

to be in contact with the aqueous pore lumen (Cheung an#geriments with different anions were carried out on different patches.

Akabas 1996) We find that mutations that reduce the siz Macroscopic current-voltagé-Y) relationships were constructed using
! ; %epolarizing voltage ramp protocols, with a rate of change of voltage of

of the S|dt_e gham pres_ent at posmqn 337 lead to a loss of the; 5 100 mv s? (see Linsdell and Hanrahan, 1996, 1998a). AV
characteristic lyotropic relationship between anion permerelationships shown have had the background (leak) current recorded
ability and hydration energy. The effects of these pointbefore the addition of PKA subtracted digitally as described previously

mutations suggest that the CFTR Cthannel pore may (Linsdell and Hanrahan, 1996, 1998a). Current traces were filtered at 100

indeed contain a localized region at which Iyotropic anionHz_, using an eight-pole Bessel filter, digitized at 250 Hz, and Qnalyzed
s . . using pCLAMP6 computer software (Axon Instruments, Foster City, CA).
selectivity is predominantly determined.

The current reversal potentidl,.,, was estimated by fitting a polynomial
function to thel-V relationship and was used to estimate the permeability
of different anions relative to that of C(Py/P,) according to the equation

MATERIALS AND METHODS P /Pq = exp(AV.. F/RT), (1)

Mutagenesis and expression of CFTR ) ] o )
whereAV,,, is the difference betwee¥i,,, measured under biionic condi-

Mutagenesis was performed with the QuikChange site-directed mutagerntions with a test anion X and that measured with symmetrical €l
esis kit (Stratagene, La Jolla, CA). Fifty nanograms of pNUT-CFTR containing solutions, an@, R, and T have their usual thermodynamic
plasmid DNA (Tabcharani et al., 1991) was incubated with two synthe-meanings.

sized complementary oligonucleotides containing the desired mutation, Experiments were carried out at room temperature (20-23°C).
deoxynucleoside triphosphates at a final concentration of @80each, Throughout, mean values are presented as me&EM. For graphical
andPfu reaction buffer included in the kit. Temperature cycling was then presentation of mean values, error bars represeSEM; where no error
performed with a PTC-100 Programmable Thermal Controller (MJ Re-bars are shownSEM is smaller than the size of the symbol.
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RESULTS were carried out on different patches, and as such no infor-
mation is contained in the relative current amplitudes in Fig.
2 (Linsdell and Hanrahan, 1998a; Linsdell et al., 1998).
. : . "Mean relative permeabilities for different anions, estimated
plasmic regulatory (R) domain (Fig.A). We mutated two from the current reversal potential according to Eq. 1 (see

‘;‘;]te,)ag';"i p(l)reflmlng hydrlophqblctammo acu(jjst |ntTMh6, Materials and Methods), are given in Table 1. F337W gave

q ”é(ﬁatam?e,_senn? etigneA”yrostme{ an r){p otp dan)only small currents after expression in BHK cells, such that
an (to alanine) (Fig. 1B). mutants constructed ¢ 4,1 anion selectivity sequence could not be determined.
produced mature, fully glycosylated (band C) CFTR proteinry e mutants F337L, F337Y, and 1344A gave only modest

after stable expression in BHK cells, as judged by Westerr}:\lterations in anion permeability (Table 1) that led to only

blotting (data not shown). In all cases, expression in BHKslight changes in the anion selectivity sequence (Table 2). In

cells led 1o tthe appes_ranzce of PKA- and ATP'dependen&ontrast, both F337A and F337S showed dramatically al-
anion currents (e.g., Fig. 2). tered anion selectivity (Fig. 2 and Tables 1 and 2), charac-

_Anlorl select|_V|_ty was e>_<am|r_1ed under biionic Conqmons'terized by large reductions in the relative permeability of
with Cl™-containing solutions in the extracellular (pipette) lyotropic anions (B, I-, SCN", NO;) and greatly in-
solution and test anions in the intracellular (bath) solution,Creased permeability' of ,the sml’;\II kgsmotropﬁ: Enion.
as described previously for wild-type (Linsdell and Hanra—The effects of these mutations (;n the permeabilities of
han, 1998a) and T338-mutated CFTR (Linsdell et al., 1998)C|O_ formate, and acetate were less striking (Table 1)
Example leak-subtractetV' relationships obtained with Ove4rr;1II the ef,fect of these changes was to decrease tﬁe
different intracellular anions are shown in Fig. 2. Becauseappareht ability of the CFTR channel to discriminate be-
both control (pre-PKA stimulation) and stimulated currentstWeen different anions (Fig. 2), suggesting a reduction in
were recorded under the same ionic conditions (to obtain Qnion selectivity in these mijtar’ns
valid leak current), only on&V relationship was obtained :

. : . : As described previously for wild-type CFTR (Linsdell
per patch. Therefore, experiments with different anions, | Hanrahan, 1998a), the mutants F337A, F337S, and

F337Y all showed negligible Napermeability (Table 1).

Sodium permeability was estimated from the change in
A reversal potential when 75% of NaCl in the intracellular
solution was replaced by sucrose, as described previously
(Linsdell and Hanrahan, 1998a).

The altered anion selectivity of F337A and F337S led to

a disruption of the relationship between anion permeability
and hydration energy in these mutants (Fig. 3). Both wild-
type and F337Y (Fig. 3), as well as F337L, F337W, and

The CFTR molecule consists of 12 TM regions, two cyto-
plasmic nucleotide binding domains (NBDs), and a cyto

L333 I344A (not shown; see Table 2), were able to select for
R334 anions that bound water molecules less strongly, consistent
K335 with the lyotropic selectivity sequence common to most
F337 classes of Cl channels (see Introduction). In contrast, for

both F337A and F337S, there was no obvious correlation

S341 between anion permeability and energy of hydration (Fig.
3), suggesting that lyotropic selectivity is greatly dimin-
44 ished in these mutants.
Initially we had set out to examine the role of hydropho-
R347 bic amino acid side chains in CFTR anion selectivity. How-
— ever, although the results summarized in Table 1 suggest
R352 that the large, hydrophobic residue F337 does contribute to
Q353 lyotropic anion selectivity in the CFTR pore, the effects of

different mutations indicate that it is side-chain size, not
FIGURE 1 Cartoon showing the primary structure of the TM6 region of hydrophoblcny, at position 337 that det,ermmes _Channel
gions, two cytoplasmic NBDs, and the cytoplasmic R domain. The shadesimilarly sized but polar side chain, has a selectivity that is
area indicates TM6.8) Primary sequence of TM6, after Cheung and aglmost identical to that of wild type. In contrast, the two
Akabas (1996). Filled circles indicate those amino acids with side chain%utations that strongly affect selectivity, F337A and F337S,

that have been proposed, on the basis of substituted cysteine accessibirlgoth involve a substantial reduction in amino acid side
mutagenesis experiments, to be in contact with the aqueous lumen of t Involv u I . I ! I :

pore (Cheung and Akabas, 1996). These include the two residues mutatéd@in volume. The hypothesis that the effects of mutations
in the present study, F337 and 1344n(lerlined. at F337 are independent of side-chain polarity is supported

Biophysical Journal 78(6) 2973-2982
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FIGURE 2 Anion selectivity of macroscopic CFTR currents. Leak-subtracted macrosedpilationships were generated using depolarizing voltage
ramp protocols as described in Materials and Methods. EAthelationship is from a different patch (see text). Currents were recorded under biionic

conditions, with CT in the extracellular solution and the named anion present in the intracellular solution. Note that the range of reversal potentials with

different anions is greatly reduced in both F337A and F337S, indicating a reduced ability of the channel to discriminate between different anions.

by the fact that replacement of F337 by a small, hydrophoamino acid side chain at this position favors the permeabil-
bic alanine or by a small, polar serine gave rise to channelgy of small lyotropic anions and reduces the permeability of
with identical anion selectivity sequences (Table 2). small kosmotropic anions.

The importance of side-chain size at position 337 in One way in which the size of an amino acid side chain
determining anion selectivity is directly illustrated in Fig. 4. might affect selectivity is via a change in the physical
The permeabilities of the two halides with lower hydration dimensions of the narrowest part of the pore. Indeed, the
energies than CI (Br~ and I'), as well as that of the selectivity filter is thought to be located at the most con-
lyotropic anion with the highest permeability in wild type stricted region of the pore in both NgSun et al., 1997) and
CFTR (SCN)), increase with increasing side-chain volume K™ (Doyle et al., 1998) channels. It was recently suggested
at position 337, whereas the permeability of the kosmothat different classes of cation channels might achieve se-
tropic halide F decreases with side-chain volume. A sim- lectivity between monovalent cations based purely on the
ilar effect on the permeability of the lyotrope NO(hot  dimensions of the narrowest pore region (Laio and Torre,
shown) is seen, whereas the permeabilities of the larget999). Estimation of the functional diameter of the CFTR
Clo,, formate, and acetate anions were less strongly afpore is difficult and ambiguous because of the highly asym-
fected by the mutation of F337. Thus the presence of a largmetrical permeability of large organic anions (Linsdell and

Biophysical Journal 78(6) 2973-2982
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TABLE 1 Relative permeability of intracellular ions in wild-type and mutant CFTR CI~ channels
wild type F337A F337S F337L F337Y F337W 1344A

Cl 1.00=* 0.01 (10) 1.00+ 0.04 (6) 1.00+ 0.08 (3) 1.00+ 0.02 (5) 1.00+ 0.02 (6) 1.00+ 0.03 (5) 1.00+ 0.01 (9)
Br 1.37+0.07 (8) 0.60+ 0.04 (4)** 0.50+ 0.04 (4)** 1.22=+ 0.04 (5) 1.39+ 0.04 (3) 1.12+ 0.05 (4)* 1.74= 0.01 (3)*
| 0.83+ 0.03 (6) 0.23*+ 0.04 (5)** 0.23+ 0.02 (4)** 0.39* 0.01 (3)** 0.69+ 0.03 (7)* — 0.99+ 0.05 (4)*
F 0.103+ 0.007 (9)  0.35+ 0.01 (4)** 0.43* 0.02 (4)** 0.15+ 0.02 (3)* 0.095+ 0.009 (3) 0.08L= 0.009 (3) 0.075+ 0.012 (5)*
SCN 3.55+ 0.26 (7) 0.97+ 0.05 (4)** 0.93+ 0.10 (5)* 2.85+ 0.20 (4) 3.05+ 0.29 (4) 4.42+ 0.56 (4) 3.27+ 0.30 (5)
NO, 1.58=+ 0.04 (10) 1.30+ 0.03(3)*  1.08+ 0.02 (4)** 1.38%+ 0.03 (4)*  1.43* 0.04 (3) 1.62+ 0.03 (3) 1.71+ 0.06 (4)
Clo, 0.25+ 0.01 (8) 0.19+ 0.00 (3)*  0.17+ 0.03 (4)* 0.23%=0.04 (3) 0.15+ 0.01 (4)** — 0.24+0.02 (3)
Formate  0.24 0.01 (9) 0.27+ 0.02 (3) 0.33+ 0.03 (4)* 0.35+0.02 (3)* 0.24+ 0.01(3) — 0.28+ 0.01 (3)

Acetate  0.09%= 0.003 (10) 0.073- 0.004 (3)*

0.12+ 0.02 (5)

0.092+ 0.014 (4)

0.076+ 0.007 (3)

Na®  0.007=0.010 (24) 0.00%- 0.018(3) 0.001 0.021 (5) — 0.002= 0.004 (3) — —

Relative permeabilities for different anions present in the intracellular solution under biionic conditions were calculated from macroseopieensal
potentials (e.g., Fig. 2), according to Eq. 1 (see Materials and Methods). Sodium permeability was estimated from the change in reversal potential wh
75% of the NaCl in the intracellular solution was replaced by sucrose, as described previously (Linsdell and Hanrahan, 1998a). For all mutesns, the cu

reversed close to 0 mV in symmetrical Gtontaining solutions. Numbers in parentheses indicate the number of patches examined in each case. Asterisks

indicate a significant difference from the corresponding value in wild type<*0.05; **P < 0.001, two-tailed-test.

Hanrahan, 1998a,b). Previously we have used the perméave been studied to date have had little or no effect on the
ability of extracellular organic anions, the permeability of anion selectivity of the channel (Anderson et al., 1991;
which does appear to be limited by steric factors, to gairHipper et al., 1995; Sheppard et al., 1996; Mansoura et al.,
some estimate of the functional dimensions of the porel998; Vankeerberghen et al., 1998). This has led to the
(Linsdell et al., 1997, 1998; Linsdell and Hanrahan, 1998a)suggestions that CFTR selectivity may be determined over
We used a similar approach to determine whether the althe length of the pore rather than at a single site (Dawson et
tered anion selectivity of F337A and F337S was associatedl., 1999) and that CFTR is not an ion channel (Hipper et al.,
with any change in functional pore diameter (Table 3). For1995). However, the effects of the mutations F337A and
these experiments, the intracellular solution contained Cl F337S, which virtually abolish the normal lyotropic anion
and the extracellular solution contained the test anion undeselectivity sequence (Tables 1 and 2 and Fig. 3) by decreas-
biionic conditions. The permeabilities of F337A and F337Sing the relative permeability of lyotropic anions and increas-
to extracellular formate, acetate, and propanoate ions weiieg that of kosmotropic anions (Fig. 4), support an alterna-
not significantly different from those observed in wild-type tive explanation, namely that selectivity is determined at a
CFTR, and both pyruvate and methane sulfonate were natiscrete region unaffected by previously studied mutations.
measurably permeant in wild type, F337A, or F337S. ThusThis region may be somewhat analogous to the well-defined
given the experimental caveats outlined above, we find ngelectivity filters of cation channels (see Introduction).
evidence for any alteration in the functional dimensions ofHowever, the physiological significance of an anion “selec-
the pore associated with these mutations. tivity filter” in anion channels that are so poorly selective is
unclear. Because Clis the only lyotropic anion in biolog-
ical fluids (Collins, 1997), selectivity for lyotropic anions
DISCUSSION may be a simple way to ensure high Gbermeability.
Numerous point mutations within the transmembrane re- As with all mutagenesis studies carried out in the absence
gions of CFTR have been shown to affect pore propertie®f direct structural information, it is possible that the effects
such as unitary Cl conductance (Sheppard et al., 1993, of mutations at F337 are due to a conformational change in
1996; Tabcharani et al., 1993; McDonough et al., 1994the protein at some distance from the site of the mutation.
Linsdell et al., 1998) and anion binding (Tabcharani et al. Although we cannot rule out this possibility, we feel that the
1993; McDonough et al.,, 1994; Linsdell and Hanrahanfact that mutations at two adjacent TM6 residues, F337 (this
1996; Mansoura et al., 1998). However, most mutations thastudy) and T338 (Linsdell et al., 1998), significantly affect

TABLE 2 Anion selectivity sequences for wild-type and mutant CFTR CI~ channels

Wild-type SCN > NO; >Br >CI” >1" > CIO, ~ form > F > ace
F337A NG; > CIm = SCN > Br~ > F > form= 1" > CIO, > ace
F337S N@ > ClI- = SCN > Br~ > F > form > |~ > CIO, > ace
F337L SCN > NO3 > Br~ > CI~ > |~ > form > CIO; > F~

F337Y SCN > NO; =Br~ >ClI” > 1~ > form > CIO, > F ~ ace
1344A SCN > Br- = NO; > Cl~ =~ |~ > form > CIO, > ace~ F~

Sequences were derived from the relative anion permeabilities given in Table 1. form, formate; ace, acetate.
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FIGURE 3 Relationship between relative anion permeability and hydration energy for wild-type and F337-mutated CFTR. Relative permeabilities

(P«/Pc)) are as given in Table 1. Free energies of hydrati®g) (vere taken from Marcus (1997). The anions illustrated &t {0 right) F~, formate,
acetate, CI, Br~, NO3, SCN, I, and CIQ, . Note that the permeability of CIQ the most weakly hydrated anion studied, is anomalously low in wild-type
CFTR and is relatively unaffected by mutation of F337 (see Discussion).

anion selectivity suggests that anion selectivity is deterthe electrostatic interactions between the ion and its waters
mined mainly over this region of the pore. A mutation in of hydration in free solution being replaced by interactions
TMG6 that greatly reduced the size of a more distant putativevith polar groups on the walls of the pore (Hille, 1992;
pore-lining hydrophobic amino acid residue, 1344A, had noDawson et al., 1999). Because the energy required to dehy-
strong effect on selectivity (Tables 1 and 2). Furthermoredrate the anion seems to control its permeability in” Cl
the mutations F337A and F337S altered selectivity betweenhannels, electrostatic interactions between anions and Cl
different anions without disrupting the ability of the channel channel pores are presumed to be relatively weak compared
to select for CI over Na~ (Table 1), supporting the hy- to those between anions and water molecules, such that Cl
pothesis that the CFTR pore uses different mechanisms tchannel anion selectivity sequences are usually “weak field
determine lyotropic anion selectivity and anion:cation se-strength,” according to the nomenclature of Eisenman
lectivity (Linsdell et al., 1998; Guinamard and Akabas, (Wright and Diamond, 1977; Eisenman and Horn, 1983).
1999). Nevertheless, it is clear that in CFTR, interactions between
The lyotropic anion selectivity sequence of wild-type permeating anions and the pore do influence anion selec-
CFTR, like that of most classes of Cthannels, illustrates tivity, because point mutations in the channel (F337A and
the central role of anion dehydration in determining anionF337S) disrupt the selectivity sequence.
selectivity. This is consistent with the traditional view ofion  Both F337A and F337S compromise the relationship
permeability in channels, that the permeating ion is at leasbetween anion permeability and hydration energy (Fig. 3),
partially dehydrated as it passes through the channel, withuggesting a reduction in the relative importance of anion
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FIGURE 4 Relationship between the relative permeability of selected anyiB{;) and the size of the amino acid side chain at position 337. The
permeabilities of the lyotropic anions Brl~, and SCN are positively correlated with side-chain size at this position, while the permeability of the
kosmotrope F decreases as a function of side-chain size. Relative permeabilities are as given in Table 1. The side-chain volume of the amino acid present
at position 337 was estimated according to the method of Richards (1974). The amino acids present at this position, in order of increasing s&le chain si
were alanine (A), serine (S), leucine (L), phenylalanine (F; wild-type), tyrosine (Y), and (except)fayptophan (W).

dehydration in determining permeability in these mutantsto be subject to certain experimental caveats (see, e.g.,
However, the permeability of CIQ the most weakly hy- Dawson et al., 1999). Our own results, which suggest that
drated anion studied, is anomalously low in wild-typethe size of the side chain at this position plays a more
CFTR and is relatively unaffected by mutation of F337. Theimportant role in determining anion selectivity than its
reason for the low CIQ permeability of CFTR is unknown, chemical nature, would be consistent with mutagenesis of
as discussed previously (Linsdell et al., 1998). The permeeither a pore-lining side chain (Cheung and Akabas, 1996)
ability of ClO, may be limited by factors other than anion or an inaccessible side chain, which, when mutated, indi-
dehydration; these other factors are apparently not affectekctly alters pore shape (Linsdell et al., 1998).
by mutation of F337. One possible explanation for the loss of the relationship
The suggestion that the amino acid side chain at positiobetween anion permeability and hydration energy in F337A
337 is in contact with the aqueous lumen of the pore isand F337S is that anions are able to pass through the pores
based on the substituted cysteine accessibility mutagenesi$ these mutants with more of their associated waters of
study of Cheung and Akabas (1996). We have made nbydration intact than in wild type, so reducing the degree of
attempt to independently verify this work, which is known anion dehydration required for permeation. This could re-
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TABLE 3 Relative permeability of extracellular organic anions in wild-type and mutant CFTR CI~ channels

Wild type F337A F337S
Formate 0.129- 0.007 (4) 0.157= 0.013 (3) 0.112+ 0.002 (3)
Acetate 0.038 0.007 (4) 0.026+ 0.008 (4) 0.029+ 0.013 (3)
Propanoate 0.022 0.003 (4) 0.024* 0.001 (3) 0.024* 0.002 (3)
Pyruvate <0.011 (4) <0.011 (3) <0.011 (3)
Methane sulfonate <0.011 (3) <0.011 (3) <0.011 (2)

Relative permeabilities for different organic anions present in the extracellular solution under biionic conditions were calculated asidekerlbgend
to Table 1. Maximum permeabilities are given for ions that were not measurably permeant over the voltage range used. None of these values are
significantly different from the corresponding value in wild tyg& % 0.05 in each case, two-tailddest).

sult, for example, from a widening of the narrowest part of(Linsdell et al., 1998). While the mutants F337L, F337Y,
the pore due to replacement of the bulky phenylalanine sidand 1344A maintain Eisenman sequence lll, both F337A
chain at position 337 with a smaller alanine or serine, whichand F337S convert the channel to a relatively strong field
might allow more highly hydrated anions to fit through the strength sequence (CI> Br~ > F~ > |~; Eisenman
pore. Although this is an attractive possibility, we feel thatsequence V) (Table 2). This increase in field strength might
several factors argue against this explanation. Our owimmply that permeating anions interact more strongly with
recent work has shown that the pore of CFTR is very widethe pores of F337A and F337S than with wild-type CFTR.
(Linsdell and Hanrahan, 1998a,b), much larger than the&onsistent with this, CFTR single-channel conductance
diameter of an unhydrated Clanion, such that it seems (measured with symmetrical 154 mM Qlis reduced from
unlikely that steric factors contribute greatly to the perme-7.6 = 0.1 pS 6 = 12) for wild type to 1.8+ 0.0 pS ( =
ability of small anions. In fact, for intracellular anions, the 7) for F337S (P. Linsdell, unpublished observations).
mutations F337A and F337S had a much stronger effect on The effects of mutations at position 337 on anion selec-
the permeability of small anions (halides, SCNNO3) tivity are clearly correlated with the size of the amino acid
than on larger anions (CIQ formate, acetate), suggesting present at this position (Fig. 4); in contrast, they show no
that removal of a steric barrier is not the primary effect of correlation with the polarity of the side chain. Thus (assum-
these mutations (Table 1). Furthermore, neither F337A noing that the side chain of F337 is pore lining; see above), we
F337S showed greatly altered permeability to extracellulafind no evidence to support the hypothesized role of hydro-
organic anions (Table 3), the permeabilities of which dophobic groups in contributing to lyotropic anion selectivity
appear to be limited by unhydrated anion size (Linsdell efsee Dani et al., 1983), although such hydrophobic groups
al., 1997, 1998; Linsdell and Hanrahan, 1998a). Althoughmay be contributed by other TM regions. There is evidence
the relationship between the permeability of such organi¢hat TMs 1, 3, 5, and 12 may also contribute to the pore of
anions, when present in the extracellular solution, and th€FTR (Anderson et al., 1991; Akabas et al., 1994; McDon-
actual physical dimensions of the pore, is unclear (Linsdelbugh et al., 1994; Akabas, 1998; Mansoura et al., 1998;
and Hanrahan, 1998a), the results summarized in Table 3 ddawson et al., 1999).
not suggest a strong alteration in the functional dimensions Thiocyanate in particular is well known to interact with
of the pore in F337A or F337S. hydrophobic environments (see Dawson et al., 1999). How-
A reduction in the relative importance of anion dehydra-ever, SCN permeability is reduced to a similar extent in
tion in determining permeability, as is suggested in F337AF337A (hydrophobic) and F337S (polar), but is not altered
and F337S, could result not only from a decrease in thén F337Y (polar) (Table 1), suggesting that SClderme-
degree of anion dehydration, but also from an increase in thability is not influenced by hydrophobic interactions with
strength of the interaction between permeating anions anthe large, hydrophobic side chain of F337.
the channel pore. In terms of halide permeability, wild-type How, then, might we explain the effects of the mutations
CFTR (permeability sequence Br> CI~ > |~ > F") F337A and F337S on anion selectivity? One way in which
shows a moderately weak field strength selectivity sequencamino acid side-chain size might influence the strength of
(Eisenman sequence lll; Wright and Diamond, 1977). Un+the interaction between permeating anions and the pore is
der other experimental conditions, this sequence becomds/ controlling how close the ion may come to a positive
I~ >Br > CI” > F (Eisenman sequence |) (Tabcharani charge or dipole on the pore wall. Thus in wild-type CFTR
et al., 1997), a discrepancy that we suggested was due to(and to a similar extent F337L and F337Y), the bulky side
unique interaction between Chnd I ions within the pore. chain at position 337 might impede the approach of perme-
Under the macroscopic current recording conditions useating anions to a nearby anion-attracting group, ensuring
here, the mutation T338A changes the halide selectivityrelatively weak, long-distance interactions between the an-
from Eisenman sequence Il to sequence |, consistent wition and this positive site. Reduction of this steric effect in
the strengthening of lyotropic selectivity in this mutant both F337A and F337S would allow the permeating anion
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to more closely approach, and thereby interact moreirreola, J., J. E. Melvin, and T. Begenisich. 1995. Volume-activated
strongly with, the anion-attracting group. The nature of such chloride channels in rat parotid acinar cells.Physiol. (Lond.)484:

. . . . . . 677-687.
an anion-attracting group in this region of the pore 1s nOtBormann, J., O. P. Hamill, and B. Sakmann. 1987. Mechanism of anion

known; it may be contributed by the amide dipole of the permeation through channels gated by glycine grininobutyric acid
peptide backbone of TM6 (Linsde” et al., 1998) or by in mouse cultured spinal neuronds.Physiol. (Lond.)385:243-286.

nearby polar amino acid side chains. The lack of correlatiorfacace, M. G., E. M. Landau, and J. J. Ramsden. 1997. The Hofmeister

. ;. - . . . series: salt and solvent effects on interfacial phenoméndev. Bio-
between anion permeability and amino acid side-chain po- phys.30-241-277.

|a”Fy at pos!'uon 337 suggests th?.t the. polar groups O.Eheung, M., and M. H. Akabas. 1996. Identification of cystic fibrosis
serine, tyrosine, or tryptophan residues introduced at this transmembrane conductance regulator channel-lining residues in and
position do not interact with permeating anions in a way that flanking the M6 membrane-spanning segmeBiophys. J.70:

might influence anion selectivit 2688-2695.
hat is k Y- b h . hich Collins, K. D. 1997. Charge density-dependent strength of hydration and
In contrast to what is known about the way in which ~pgiogical structureBiophys. 1.72:65-76.

interactions between permeating ions and the selectivitygjjins, k. D., and M. W. Washabaugh. 1985. The Hofmeister effect and
filter controls the selectivity of cation channels (see Intro- the behaviour of water at interface3. Rev. Biophys18:323-422.
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nel selectivity are poorly understood. However, irrespective channel gating and Ca electrode respodsé&en. Physiol81:255-281.
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Linsdell et al., 1998) on anion selectivity, compared to the Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the
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lack of effect of a number of mutations at other sites Science280:69-77.
throughout the pore (see above), we suggest that such Esenman, G., and R. Horn. 1983. lonic selectivity revisited: the role of
“lyotropic selectivity filter” may be located close to these kinetic and equilibrium processes in ion permeation through channels.
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