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ABSTRACT. The cystic fibrosis transmembrane conductance regulator (CFTR) forms a chloride-selective
channel. Residues from the 12 putative membrane-spanning segments form at least part of the channel
lining. We need to identify the channel-lining residues in order to understand the structural basis for the
channel’s functional properties. Using the substituted-cysteine-accessibility method we mutated to cysteine,
one at a time, 24 consecutive residues (Aspil#g215) in the M3 membrane-spanning segment. Cysteines
substituted for His199, Phe200, Trp202, 11e203, Pro205, GIn207, Leu211, and Leu214 reacted with charged,
sulfhydryl-specific reagents that are derivatives of methanethiosulfonate (MTS). We infer that these residues
are on the water-accessible surface of the protein and probably form a portion of the channel lining.
When plotted on am-helical wheel the exposed residues from GIn207 to Leu214 lie within an arc of
60°; the exposed residues in the cytoplasmic half (His1#8203) lie within an arc of 160 We infer

that the secondary structures of the extracellular and cytoplasmic halves of M3heiecal and that
Pro205, in the middle of the M3 segment, may bend the M3 segment, moving the cytoplasmic end of the
segment in toward the central axis of the channel. The bend in the M3 segment may help to narrow the
channel lumen near the cytoplasmic end. In addition, unlike full-length CFTR, the current induced by
the deletion constructA259, is inhibited by the MTS reagents, implying that the channel structure of
A259 is different than the channel structure of wild-type CFTR.

The cystic fibrosis transmembrane conductance regulatorrelationship 2, 3, 19. Phosphorylation of CFTR by cAMP-
(CFTRY is a member of the gene superfamily of ATP- or cGMP-dependent protein kinase and by protein kinase C
binding cassette membrane transportd)s (CFTR forms is a necessary step in the activation procdsy (2-16).
an ion channel that is involved in chloride transport in a Channel gating involves the binding and hydrolysis of ATP
variety of epithelia and other cell,(3). CFTR also appears by phosphorylated CFTR3( 17—-20).

to regulate t_he_ activity _of other ion channels, SL_Jch_ as the  op the basis of hydrophobicity analysis and homology
outward-rectifying chloride channe#{6), the amiloride-  jth the ATP-binding cassette transporter gene superfamily,
sensitive sodium chann.ér)( and perhaps an.ATP conduction  cETR is predicted to consist of a tandem repeat of six
pathway @). Defects in the gene encoding CFTR cause memprane-spanning segments and a nucleotide-binding fold
cystic fibrosis (CF), the most common lethal genetic dlsease(NBF); the two halves are joined by a cytoplasmic regulatory
in Caucasians. Overstimulation of CFTR in intestinal crypt gomain (Figure 1A) ). Experimental evidence supports
cells as a consequence of the actions of various enterotoxingpe predicted transmembrane topology. The extracellular
results in secretory diarrhea, a major cause of infant mortality |ocation of the predicted extracellular loops is supported by
and morbidity @, 10. _ antibody binding to an epitope in the MM2 loop (21),
'The regglatlon and functions of CFTR have been e>_(ten- antibody binding to an epitope inserted into the M8
sively studied. CFTR forms a small conductance, multiple- o0 (22), the presence of the endogenous glycosylation sites
ion occupancy chloride channel with a linear currevailtage  \yithin the M7—MS8 loop (23), and glycosylation site insertion
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A D H We have now applied the substituted-cysteine-accessibility
M6 M7 M12 method to the residues in the M3 membrane-spanning

°® P segment. In this method, consecutive residues in putative
¢ c channel-lining, membrane-spanning segments are mutated
to cysteine, one at a time. Each cysteine-substitution mutant
is expressed iXXenopusoocytes, and if it has near-normal

NH, NBF R NBF : . . .
function, the susceptibility of the engineered cysteine to
COOH chemical modification by charged, sulfhydryl-specific re-
agents, derivatives of methanethiosulfonate (MTS), is de-
B rlu-l2 termined. We assume that only engineered—cyste.ine r_esidues
HCCH,S" + CH,S0,SCH,CH,X on the water-accessible surface of the protein will be
doo accessible for modification by the sulfhydryl reagents. In a

protein whose X-ray crystal structure is known, the aspartate

NH, ﬂ chemotaxis receptor, the reactivity of engineered cysteine

| residues was shown to correlate directly with the water
HCCH,SSCH,CHX + CH,SO, accessibility of the corresponding wild-type residg@(We

COOH infer that for a cysteine-substitution mutant whose conduction

Ficure 1: Transmembrane topology of CFTR and reaction of the is irreversibly altered by the sulfhydryl-specific reagents, the

MTS reagents with cysteine. (A) Transmembrane topology of side chain of the corresponding wild-type residue is on the

CFTR. In the membrane-spanning segments, C indicates the positionsa_accessible surface and, thus, may line the channel
of the endogenous cysteine residues and P indicates the position ’ ’ ’

of proline residues; the M3 segment is stippled. The glycosylation ~ Application of the MTS reagents from the extracellular
sites are indicated by the gray balloons on the fourth extracellular bath has no effect on wild-type CFTR-induced currents. This
loop. NBF, nucleotide-binding fold; R, R-domain. (B) Reaction of indicates that none of the 18 endogenous cysteines, four in

cysteine with an MTS reagent. Top line, reactants; cysteine is shown _ : ; : ;
as an ionized thiolate anion because this form reactsl8® times membrane-spanning segments and 14 in putative cytoplasmic

faster with the MTS reagents than the un-ionized thd@(The X domains, are accessible to MTS reagents applied extracel-
is the charge group: SO for MTSES"; NHs+ for MTSEA*; lularly (35). One cysteine in the R-domain, Cys832, is
N(CHz)s* for MTSET". accessible to react witN-ethylmaleimide applied from the

cytoplasmic bath; reaction at this position stimulates channel
permeability and/or conductance ratid/), Mutation of activity (38).
Arg347, in the M6 membrane-spanning segment, altered e now report the identification of eight water-accessible
multiple ion occupancy28), and mutations in the M6 and  residues in and flanking the M3 membrane-spanning seg-
M12 segments altered channel block by diphenylamine-2- ment. In addition, we show that the current induced by the

carboxylate 29). Several mutations associated with mild deletion constructA259, is inhibited by the MTS reagents
clinical disease and mutation of a proline residue showed gpplied extracellularly.

altered single-channel propertie3)( 31). Furthermore, the

assembly of CFTR involves interactions between membrane-EXPERIMENTAL PROCEDURES

spanning segments in the two halves of CFBR)( Thus, _ ) ) i

to understand the structural bases for the functional properties ©Cligonucleotide-Mediated Mutagenesighe cDNA en-

of the channel, the residues lining the channel must be ¢0ding human CFTR in the pBluescript KS( vector
identified and the secondary and tertiary structure of the (CFTR-pBS) was obtained from Dr. A. E. Smith (Gen-
channel lining segments must be determined. zyme). The altered sites mutagenesis procedure (Promega)

There have been several approaches to structural studie¥/@S used to substitute cysteine, one at a time, for 24
of the membrane-spanning segments. By use of spectro-cONsecutive residues, AsploRe215, as previously de-
scopic techniques on synthetic peptides corresponding to the>criPed 85). Mutations were identified by restriction
sequences of the MAM6 membrane-spanning segments, the digestion and confirmed by DNA sequencing.
secondary structure of the peptides was shown to be largely Deletion ConstructA259. The deletion construct that
a-helical in liposomes and in detergent micell88)( Using removes the first 259 residues of CFTA&259-pBQ4.7, was
the substituted-cysteine-accessibility methdd)(we have ~ obtained from Drs. W. Guggino (Johns Hopkins University)
systematically identified residues in the M1 and M6 mem- and E. Schwiebert (University of Alabama, Birmingham)
brane-spanning segments that are on the water-accessibl€39). To generate template for in vitro mRNA transcription,
surface of the protein35, 3§: Three residues out of nine  A259-pBQA4.7 was linearized witicdRV. Messenger RNA
tested in the middle of the M1 membrane-spanning segmentWas synthesized with T7 RNA polymerase.
and 11 residues in and flanking the M6 segment were on Preparation of mMRNA and Oocytes:or in vitro mRNA
the water-accessible surface of CFTR. We inferred that mosttranscription, CFTR-pBS was linearized wigmd. Mes-
of the corresponding wild-type residues are exposed in thesenger RNA was synthesized, and oocytes fogemopus
channel lumen35, 3. In general, the periodicity of the laevis were prepared and maintained as described previously
accessible residues is consistent witluahelical secondary ~ (34). One day after the oocytes were harvested, they were
structure for the membrane-spanning segments. Thus, arinjected with 50 nL of mRNA (200 pg/nL). Experiments
outline of the structure of the channel-forming domains is were performed 46 days after mRNA injection.
beginning to emerge through the determination of the Sulfhydryl ReagentsThe sulfhydryl reagents we have
secondary structure of the membrane-spanning segments andsed are derivatives of methanethiosulfonate (MTS): one
through the identification of the residues that line the channel. negatively charged, 2-sulfoethyl methanethiosulfonate
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Ficure 2: MTS reagents do not inhibit currents induced by wild-type CFTR but they do inhibit currents induced by the L211C mutant.
Normalized current at-100 mV recorded from individual oocytes expressing wild-type CFTR (A and C) and the L211C mutant (B and
D). At the arrows marked cAMP, forskolin, IBMX, and cpt-cAMP were added to the bath. In panels A and B at the arrow marked MTSES

10 mM MTSES was added to the bath in the continued presence of the protein kinase A activating reagents. In panels C and D at the
arrow marked MTSEA, 2.5 mM MTSEA" was added to the bath in the continued presence of the protein kinase A activating reagents.
The currents were normalized to the value immediately preceding the addition of the MTS reagent: (A) 3286 nA, (B) 5566 nA, (C) 12 061
nA, and (D) 8691 nA. Note that in panels B and D the current does not recover following washout of the MTS reagent, indicating that the
effect of the reagent is irreversible.

(MTSES', CH3SO,SCH,CH,SO;7) and two positively adenosine cyclic monophosphate (cpt-cAMP), 1 mM 3-isobu-
charged, 2-ammonioethyl methanethiosulfonate (MTSEA  tyl-1-methylxanthine (IBMX), and 2@M forskolin in C&*-
CH3SO,SCH,.CH,NH3™), and 2-(trimethylammonio(ethyl free frog Ringer solution to the extracellular bath to elevate

methanethiosulfonate [MTSETCH;SO,;SCHCH,N(CHs)3"] intracellular cAMP and activate protein kinase A (these
(34, 40. The MTS reagents add-SCHCH,X to free reagents are subsequently referred to as the protein kinase
sulfhydryls to form a mixed disulfide, where X is $0for A activating reagents). When the CFTR-induced current

MTSES", NHz™ for MTSEAT, and N(CH)s* for MTSETH approached a plateau (360 min later), i.e., when the rate
(Figure 1B). The MTS reagents were synthesized as of increase of the current was less than 2%/min over a 5
described40) or obtained from Toronto Research Chemicals, min period, the MTS reagents were applied in the extracel-
Inc. (North York, Ontario, Canada). lular bath in the presence of the protein kinase A activating
Electrophysiology.CFTR-induced currents were recorded reagents for 8 min. The sulfhydryl reagents were applied
from individual oocytes under two-electrode voltage clamp to the oocytes at the following concentrations: 10 mM
as described previouslg®). Electrodes were filled with 3  MTSES", 2.5 mM MTSEA', or 1 mM MTSET, in order
M KCI and had a resistance of less than 2M The ground to compensate for differences in their reactivities with
electrode was connected to the bath @3 M KCl/agar nonprotein sulfhydryls in solution3@, 40Q. To determine
bridge. During experiments, the oocytes were maintained whether the effects of the MTS reagents were irreversible,
in C&*-free frog Ringer solution (115 mM NacCl, 2.5 mM the MTS reagents were removed by washing with a solution
KCI, 1.8 mM MgCh, and 10 mM HEPES, pH 7.5 with  containing the protein kinase A activating reagents. To
NaOH) at room temperature. The holding potential was compare the effects of MTS reagents in different oocytes,
maintained at-10 mV. The CFTR-induced conductance the currents recorded from each oocyte were normalized by
was determined from the current induced by periodically the current that was measured immediately before the MTS
ramping the holding potential from120 to+50 mV over reagents were applied (Figure 2).

1.7 s. From the resulting currentoltage relationship we Statistics. Data are presented as the meahsSEM.
determined the magnitude of the CFTR-induced current at gignificance was determined by one-way analysis of variance
—100 mV and the reversal potential. The conductance wasyith the least significant difference methde € 0.05) using

measured in this manner to avoid changing the intracellular {he SPSS-PC statistics package (SPSS, Inc., Chicago, IL).
ClI~ concentration during the course of the experiments

because Clis passively distributed iXenopusoocytes. RESULTS

Experimental Protocol. We tested the susceptibility of
wild-type and mutant CFTR to the MTS reagents using the  Characterization of the MutantsCysteine was substituted
following protocol (Figure 2). The CFTR current was at 24 consecutive positions (Aspt9Re215), one at a time.
activated by application of 2Q@M 8-[(4-chlorophenyl)thio]- All of the mutants expressed cAMP-activated currents in
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Xenopuocytes within 1 day after injection of mMRNA. The T T T
baseline conductance of the oocytes was generally less than A Jilié
2.5uS. The average cAMP-stimulated CFTR conductance o
for the cysteine-substitution mutants ranged betweenS!9 L211c
for P205C and 142S for the A198C mutant (Figure 3A); e
for wild type the average conductance was L& The e
cAMP-stimulated current reached a plateau within 22 min L206C
in oocytes expressing wild-type CFTR. For the cysteine- e
substitution mutants the time to reach the plateau ranged from o
19 min for the L197C mutant to 57 min for the 1203C mutant v201C
(Figure 3B). Itis interesting to note that all of the cysteine- Nepod
substitution mutants that were not affected by the MTS e
reagents except D192C and E193C reached the plateau A186C
current in less than 30 min. In contrast, the MTS-reactive o
mutants all took longer than 30 min to reach the plateau Eroe
current (Figure 3C). In general the plateau conductance of wT
the MTS-susceptible mutants was lower than that of the other ° 50 100 150
mutants (Figure 3C); at present we have no explanation for Plateau Conductance (45)
this, but similar trends were observed in the M1 and M6 I,
segments3b, 39. Activation of CFTR inXenopusocytes 1215C
appears to involve translocation of a cytoplasmic vesicle pool B e
to the plasma membrane and the rate and extent of translo- Ma2e
cation depends on the magnitude of the CFTR conductance L2t0C
(41), Vaoec
Effect of MTSES Following activation, an 8-min ap- e
plication of 10 mM MTSES to oocytes expressing wild- P205C
type CFTR had no effect on the CFTR-induced current e
(Figures 2A and 4). In contrast, a 1-min application of 10 Yaoac
mM MTSES" significantly inhibited the CFTR-induced F200C
currents for the mutants H199C, F200C, W202C, 1203C, Mg
P205C, Q207C, and L211C (Figure 4). The extent of ol
inhibition was similar after 1- and 8-min applications of L185C
MTSES, indicating that the reaction had gone to completion pebnor
within 1 min (Figure 4). For the other cysteine-substitution preac
mutants an 8-min application of MTSE&ad no statistically o 10 20 30 40 50 6o
significant effect on the CFTR-induced currents. Time to Plateau (min)

Effect of MTSEA. Application of 2.5 mM MTSEA to
oocytes expressing wild-type CFTR for up to 8 min had no ——————1———
effect on the CFTR-induced current (Figures 2C and 5). In C anlg O MTS not accessible
contrast, a 1-min application of the positively charged A MTS ACCESSIBLE
reagent, 2.5 mM MTSEA irreversibly inhibited the CFTR- 12000] o
induced currents of all of the cysteine-substitution mutants
that reacted with MTSES(Figure 2D and 5). In addition,
a 1-min application of 2.5 mM MTSEAalso inhibited the
mutant L214C (Figure 5). For all of the MTSEAeactive
mutants the extent of inhibition was similar after 1 and 8
min applications of MTSEA. This indicates that the
reaction had gone to completion within 1 min. For the other
cysteine-substitution mutants an 8-min application of MT- ] A A ]
SEA' had no statistically significant effect on the CFTR- 60001 .
induced currents. 1 1

Expression of theA259 CFTR Deletion Construct and
Susceptibility to MTS Reagentg§/hen expressed ienopus 4000 ———— : :
oocytes, a construct in which amino acids259 have been 20 30 40 50 60
deleted has been reported to yield functional chanrdls ( Time to Plateau (min)
The structure of the conducting pathway in this deletion Fyre 3: Plateau conductance and the time to reach the plateau
construct and its relationship to the structure of the conduct- conductance following the addition to the bath of the protein kinase
ing pathway of full-length CFTR is unknown. To probe the A activating reagents for wild-type CFTR and the cysteine-
structure of the channel in the deletion construct, we testedSUbSt'tUt'on mutants. (A) Plateau conductance. (B) Time to reach

o ; . the plateau conductance. (C) Plateau conductance plotted as a
the susceptibility of theA259-induced current to reaction  f,ction of time to reach the plateat) Residues that were not

with the MTS reagents. The mean conductance before accessible to the MTS reagenta) (Residues that were accessible
addition of the cAMP-activating reagents was &:40.2 uS to the MTS reagents.

1000071 A

80007 A )

Plateau Current (nA)
[w)
[m]
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Ficure 4: Effect of a 1- and 8-min application of 10 mM MTSES
on wild-type CFTR and the cysteine-substitution mutants. (A) Effect
of a 1-min application. (B) Effect of an 8-min application. The
solid bars indicate the effects that were significantly different from
wild type by one-way ANOVA. Negative effects indicate inhibition;
positive effect indicates potentiation of the subsequent current.
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Ficure 5: Effect of a 1- and 8-min application of 2.5 mM MTSEA

on wild-type CFTR and the cysteine-substitution mutants. (A) Effect

of a 1-min application. (B) Effect of an 8-min application. The
solid bars indicate the effects that were significantly different from
wild type by one-way ANOVA. Negative effects indicate inhibition;
positive effect indicates potentiation of the subsequent current.

(n = 7). Following activation with the cAMP-activating
reagents, the current reached a plateau in abodt 50nin
(n=7). Atthe plateau the mean conductance was-533

uS h=7).

As described above, an 8-min application of either 10 mM

MTSES", 2.5 mM MTSEA", or 1 mM MTSET" (data not
shown) to wild-type CFTR has no effect on the CFTR-

Time (min)

FIGURE 6: MTS reagents inhibit the current induced by th259
deletion construct ilXenopusocytes. Normalized current atL00

mV was recorded from individual oocytes expressing the deletion
constructA259, which lacks the first 259 amino acids of CFTR.
At the arrows marked cAMP, forskolin, IBMX, and cpt-cAMP were
added to the bath. At the other arrow, (A) 10 mM MTSEEB)

2.5 mM MTSEA", and (C) 1 mM MTSET were added to the
bath in the continued presence of the protein kinase A activating
reagents. The currents were normalized to the value immediately
preceding the addition of the MTS reagent: (A) 6855 nA, (B) 5225
nA, and (C) 5420 nA.

induced current. In contrast, a 1-min application of 10 mM
MTSES' irreversibly inhibited 33%+ 9% (n = 2) of the
A259-induced current (Figure 6A). A 1-min application of
2.5 mM MTSEA" inhibited 75%+ 4% (n = 3) of theA259-
induced current, and a 1-min application of 1 mM MTSET
inhibited 28%=+ 8% (h = 2) of the A259-induced current
(Figure 6 B,C). Thus, in contrast to wild-type CFTR, one
or more of the endogenous cysteines in A#59 construct

is accessible to react with the MTS reagents applied
extracellularly.

DISCUSSION

Identification of Water-Exposed Residues in the M3
Segment. The CFTR-induced currents of eight of the 24
cysteine-substitution mutants in the M3 segment were
irreversibly altered by extracellular application of the charged,
sulfhydryl-specific MTS reagents. We infer from the ir-
reversible alteration of the CFTR-induced current that the
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MTS reagents reacted with the engineered cysteines of these
mutants. We assume that these reagents will only react with
sulfhydryls that are on the water-accessible surface of the
protein because the rate of reaction of the MTS reagents with
an ionized thiolate anion (R$is 5 x 10° times faster than / O 6194, m212
the rate of reaction with the un-ionized thiol (RSH)2;

only sulfhydryls exposed to water will ionize to a significant
extent. Furthermore, in a protein of known crystal structure,
the extracellular domain of the aspartate chemotaxis receptor,
the extent of reaction of a sulfhydryl reagent with engineered

cysteines directly correlated with the surface accessibility Q207 00 Toqq

of the corresponding wild-type residu&7. Thus, we

assume that engineered cysteine residues that react with the B

MTS reagents are on the water-accessible surface of the 1

protein. Therefore, for those cysteine-substitution mutants Goi3  L214

that reacted with the MTS reagents, we infer that the o Mer2

corresponding wild-type residues His199, Phe200, Trp202, noos 210

lle203, Pro205, GIn207, Leu211, and Leu214 are on the ooy e

water-accessible surface of the protein. M
On the basis of the assumption that the M3 segment spans 1203 A204

the membrane, we assume that these residues form part of w202 V201

the channel lining. An alternative possibility is that these g

residues line a water-filled crevice that extends into the m

interior of the membrane-spanning domain but is not the L195 py

channel. We think that this is unlikely for several reasons. D1z E198

Using the substituted-cysteine-accessibility method, we have
demonstrated that a subset of the residues in the M1 and
M6 membrane-spanning segments are also on the water-
accessible surface of CFTRY, 39. Thus, to date, at least ® @ SUSCEPTIBLE TO MTS REAGENTS

three of the 12. putative membrane-spannlng segments Contalrl]:lGURE 7: a-Helical representations of the residues in and flanking
Water—_accessmle faces. _Wh|le the number of membra}ne—the M3 membrane-spanning segment. (AHelical wheel repre-
spanning segments that line the channel is unknown, givensentation. (B)x-Helical net representation. Extracellular is at the
the diameter inferred from recent experimen#3)( a top, intracellular is at the bottom. The-axis represents the

minimum of five to six membrane-spanning segments would circumference of the helix; residues that are aligned vertically are

; & on the same face of the helix@) MTS-accessible residues more
be n.eeded to line the channel. Furthermore, a water-filled extracellular than Pro205@) MTS-accessible residues at or more
crevice other than the channel or transport pathway has noteyopiasmic to Pro205. In panel AQ) residues more extracellular

been observed in the three-dimensional structures of integralthan Pro205 that do not react with the MTS reager@j;résidues
membrane proteins for which high-resolution structures are at or more cytoplasmic to Pro205 that do not react with the MTS
available 44—51). Thus, it is likely that these water- reagents.
accessible faces of the M1, M3, and M6 segments line thelocal steric constraints may prevent access of the reagents
channel. to an engineered cysteine residue in the channel-lining.

The MTS reagents would fit into a right cylindé A in Finally, as with any experiment using site-directed mutagen-
diameter and 10 A in length. Thus, in order for the MTS esis, the mutation may alter the protein structure so that the
reagents to reach the most cytoplasmic accessible residue iraccessibility of the engineered cysteine does not accurately
the M3 segment, H199C, the channel must be at least 6 Areflect the accessibility of the corresponding wild-type
in diameter from the extracellular end to the level of His199. residue.
We think that the channel diameter may be significantly =~ Secondary Structure of the M3 Segme®mn the basis of
larger tha 6 A over much of its length because modification the periodicity of the channel-lining residues, we can infer
of channel-lining cysteines, which adds a sphere that is the secondary structure of the M3 segment. The periodicity
roughly 6 A diameter onto the cysteine, does not completely of the accessible residues is not consistent withsirand
block conduction through the channel; in fact, the inhibition secondary structure. When the residues in the extracellular
of current is generally less than 50%. A channel diameter half of the segment from GIn267.eu214 are plotted on an
greater tha 6 A is consistent with recent estimates of channel a-helical wheel, the accessible residues lie on one face of
diameter based on the size of permeant anid3s ( the helix within an arc of 60(Figure 7). When the residues

It is tempting to assume that the residues for which the more cytoplasmic than Pro205 are plotted onocahelical
sulfhydryl reagents had no effect are not exposed in the wheel, the accessible residues lie within an arc of*16
channel lumen. Although this is the likely explanation, it appear to form two turns of an-helix. Thus, the M3
may not be correct in all cases. We have measured thesegment appears to be largelhelical except in the region
effects of modification using macroscopic currents; thus, it of Pro205. Thomas and co-workers determined that the
is possible that modification might increase open probability secondary structure of a synthetic peptide with the M3
but decrease single-channel conductancevioe versg segment sequence was largakyhelical in membrane-
resulting in an unaltered macroscopic current. Alternatively, mimetic environments33). Interestingly, the UV absor-

0 (O NOT SUSCEPTIBLE TO MTS REAGENTS
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bance spectra of the M3 peptide contained a large absorbance Structure of the Channel in the Deletion Constra@s9.
shoulder at 228 nm characteristic of a rirgharge interaction A deletion constructA259, that eliminates the MiM4
(33, 52. If His199 were protonated this ring-charge interac- membrane-spanning segments is reported to induce a current
tion could result from an interaction of His199 and Trp202, in Xenopusoocytes that is similar to that for CFTRY).
which are separated by one helical turn on the water- On this basis, it has been suggested that the-M4
accessible face of the helix. segments may not be involved in forming the channel of
Pro205, in the middle of the M3 segment, appears to wild-type CFTR. The question arises as to what is the
induce a bend or kink in the helix. The arc encompassed structure of the ion channel 259, and is that structure
by the exposed face of the cytoplasmic half of the M3 similar to the chloride channel structure of full-length CFTR?
segment is much greater than the extracellular half{180  To begin to address this issue, we probed the sensitivity of
60°) (Figure 7). The bend induced by Pro205 may cause the A259-induced current to modification by sulfhydryl-
the cytoplasmic end of M3 to angle away from the channel reactive reagents. In contrast to full-length CFTR, the current
wall in toward the central axis of the channel. Such a bend induced by theA259 construct is inhibited by the MTS
could explain the larger exposed surface in the cytoplasmic reagents (Figure 6). This implies that at least one of the 15
half of M3. A similar proline-induced bend has been endogenous cysteines in th@59 construct is on the water-
observed in the M7 membrane-spanning segment of theaccessible surface of the protein and is accessible from the
dopamine D2 receptoi58). The proline-induced bend in  extracellular batf. In the A259 construct, two cysteines
M3 could serve to narrow the channel at its cytoplasmic end. remain in membrane-spanning segments, Cys343 (M6) and
To explain the observed voltage dependence of the rates ofCys866 (M7), and 13 remain in putative cytoplasmic
reaction of charged sulfhydryl reagents with channel-lining domains. The accessibility from the extracellular bath of at
cysteines in the M6 segment, we previously suggested thatleast one cysteine in thA259 construct implies that the

the channel narrowed at its cytoplasmic ebd)( arrangement of the membrane-spanning segments in the
Proline residues are often considered to disuspielical A259 construct is different from their arrangement in full-

secondary structure; however, in membrane-mimetic envi- Iength CFTR. Thus, while some of the functional properties

ronments proline can exist in-helical domains §5, 56. of the A259 construct may be similar to those of full-length

Interestingly, prolines are found in about 20% of putative CFTR, its structure is different. On th_e basis of our previous
transmembrane helices but in only 3% of helices in globular work and the current results, we behev_e that residues from
proteins 67). The mutation P205S is associated with mild the M1, M3, and M6 membrane-spanning segments are on
CF (58); this and other mutations of Pro205 reduce the the water-accessible surface of the channel formed by wild-
formation of mature CFTR protein but they do not alter the type CFTR 85, 39.

halide permeability and conductance rati84)( Although Relationship to Other Work on CFTRSeveral mutations
mutations of Pro205 may reduce the efficiency of assembly, Of residues in and flanking the M3 membrane-spanning
they may not significantly alter the secondary structure of segment have been identified in patients with CF, including
the M3 segment because other packing constraints may beD192G, E193K, H199Y, P205S, and L206\&8( 60-63).
sufficient to maintain the bend. This has been observed in Thus, mutation of both channel-lining and buried residues
the structure of the photosynthetic reaction center. There iscan cause CF. Understanding the structural basis by which
a proline-kinked helix in the L subunit. In the homologous these mutations alter the function of the protein will require
M subunit an alanine occurs at the aligned position, yet the @ more detailed structure of the channel that is slowly
helix is kinked in a manner similar to the L subunit helix €merging.

(57).
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