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In vivo phosphorylation of CFTR promotes
formation of a nucleotide-binding domain

heterodimer
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The human ATP-binding cassette (ABC) protein CFTR
(cystic fibrosis transmembrane conductance regulator) is
a chloride channel, whose dysfunction causes cystic fibro-
sis. To gain structural insight into the dynamic interaction
between CFTR’s nucleotide-binding domains (NBDs) pro-
posed to underlie channel gating, we introduced target
cysteines into the NBDs, expressed the channels in
Xenopus oocytes, and used in vivo sulfhydryl-specific
crosslinking to directly examine the cysteines’ proximity.
We tested five cysteine pairs, each comprising one intro-
duced cysteine in the NH,-terminal NBD1 and another in
the COOH-terminal NBD2. Identification of crosslinked
product was facilitated by co-expression of NH,-terminal
and COOH-terminal CFTR half channels each containing
one NBD. The COOH-terminal half channel lacked all
native cysteines. None of CFTR’s 18 native cysteines was
found essential for wild type-like, phosphorylation- and
ATP-dependent, channel gating. The observed crosslinks
demonstrate that NBD1 and NBD2 interact in a head-to-tail
configuration analogous to that in homodimeric crystal
structures of nucleotide-bound prokaryotic NBDs. CFTR
phosphorylation by PKA strongly promoted both cross-
linking and opening of the split channels, firmly linking
head-to-tail NBD1-NBD2 association to channel opening.
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Introduction

The cystic fibrosis transmembrane conductance regulator
(CFTR), encoded by the gene found mutated in cystic fibrosis
patients (Riordan et al, 1989), is a member of the superfamily
of ATP-binding cassette (ABC) transporter ATPases. Like

*Corresponding author. Laboratory of Cardiac/Membrane Physiology,
Rockefeller University, 1230 York Avenue, New York, NY 10021-6399,
USA. Tel.: +1 212 327 8680; Fax: +1 212 327 7589;

E-mail: gadsby@rockefeller.edu

3Present address: Department of Pharmacology, University College
London, London WCIE 6BT, UK

Received: 8 February 2006; accepted: 30 August 2006; published
online: 12 October 2006

4728 The EMBO Journal VOL 25 | NO 20 | 2006

most eukaryotic ABC proteins, CFTR comprises two trans-
membrane domains each linked to a cytoplasmic nucleotide-
binding domain (NBD1, NBD2) (Figure 1). Unlike any other
ABC protein, however, CFTR functions as a Cl™ - ion channel.
Opening and closing of a CFTR channel, like the transport
function of other ABC proteins, is regulated by ATP binding
and hydrolysis at the NBDs. But, channel activity requires
prior cAMP-dependent protein kinase (PKA)-mediated phos-
phorylation of the regulatory (R) domain that connects
CFTR’s two homologous halves (e.g., Gadsby and Nairn,
1999; Sheppard and Welsh, 1999).

Much is known about CFTR’s role in epithelial function
and about how CFTR channel activity is regulated (Kirk and
Dawson, 2003), but little is known about CFTR structure. The
sole exceptions are a low-resolution map from cryo-electron
microscopy of 2D crystals of CFTR (Rosenberg et al, 2004),
and high-resolution structures of NBD1 from mouse and
human CFTR (Lewis et al, 2004, 2005; Thibodeau et al,
2005) that display the overall architecture, and arrangement
of ATP-contacting “Walker A and B’ motifs and of the ‘ABC
signature’ (LSGGQ) sequence, found in all other isolated NBD
structures (e.g., Armstrong et al, 1998; Hung et al, 1998;
Karpowich et al, 2001; Yuan et al, 2001).

Evidence from crystal structures of prokaryotic NBD homo-
dimers (Hopfner et al, 2000; Smith et al, 2002; Chen et al,
2003; Zaitseva et al, 2005) and full transporters (Locher et al,
2002; Reyes and Chang, 2005), and from biochemical tests on
intact prokaryotic (Fetsch and Davidson, 2002) or eukaryotic
ABC transporters (Loo et al, 2002) suggests that NBD pairs
may, at least transiently, form homodimeric complexes with
two ATP binding sites within the dimer interface (for a review,
see Higgins and Linton, 2004). In the homodimeric crystal
structures, each ATP links the Walker motifs of one NBD to the
signature sequence of the opposing NBD, in a rotationally
symmetric head-to-tail dimer (Hopfner et al, 2000; Smith et al,
2002; Chen et al, 2003; Zaitseva et al, 2005). We have proposed
that in CFTR a corresponding association between ATP-bound
NBD1 and NBD2 accompanies opening of the ion channel
(Vergani et al, 2003, 2005). We present here direct evidence,
from sulfhydryl-specific crosslinking studies in living cells,
that activation of human CFTR channels by phosphorylation
promotes formation of a head-to-tail NBD1-NBD2 complex
with an interface that mimics that found in homodimeric
prokaryotic NBD crystals. Furthermore, by crosslinking during
electrophysiological recordings, we demonstrate that the cross-
linked NBD1-NBD2 complex characterizes an open-channel
conformation of CFTR.

Results

Removal of native cysteines from CFTR
Before target cysteines for crosslinking could be introduced
into CFTR, it was necessary to remove native cysteines to
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Figure 1 Native cysteines of human epithelial CFTR. Topological
cartoon of CFTR showing the 18 cysteines indicated by their
position numbers, the transmembrane domains (gray), the R do-
main (green), and the relative locations of Walker A (red) and ABC
signature (purple) motifs in the nucleotide-binding domains, NBD1
(yellow) and NBD2 (cyan).

preclude their reaction with sulfhydryl reagents. We used
PCR-based mutagenesis and/or gene synthesis techniques to
replace all 18 native cysteines in human CFTR (Figure 1) with
serines, one at a time or in groups. Functional expression of
wild type (WT; Figure 2A, middle) and of mutant (e.g.,
Figure 2A, bottom) CFTR channels was assessed using two-
microelectrode voltage-clamp recordings of forskolin-acti-
vated Cl™ currents in cRNA-injected Xenopus oocytes (e.g.,
Chan et al, 2000). Forskolin (the adenylyl cyclase agonist and
hence stimulator of PKA activity) elicited robust responses in
most mutant channels lacking one or more cysteines, includ-
ing channels in which all of the cysteines except two (Cys 590
and 592 in NBD1) had been replaced by serines (16CS; Figure
2B and C). Functional expression was markedly diminished
when C590 and C592 were both mutated to serine, regardless
of whether the other 16 cysteines remained (data not shown)
or had all been replaced by serines (Figure 2B, 16CS + C590S/
C5928). Nor could C590 and C592 be replaced by alanine,
threonine or phenylalanine (Figure 2B), but function was

Figure 2 Expression and function of cysteine-deficient CFTR chan-
nels in Xenopus oocytes. (A) Two-microelectrode voltage-clamp
current recordings from uninjected oocyte and oocytes expressing
WT CFTR (2.5ng cRNA) or HA-tagged Cys-free CFTR
16CS + C590L/C592L (20ng cRNA); vertical current deflections
monitor conductance, which was transiently increased by brief
exposure to 40 uM forskolin (between arrows). (B) Summary of
mean+s.d. whole-oocyte conductances determined as in (A),
before (‘resting’, white bars) and at maximal forskolin effect
(‘stimulated’, gray bars), 3 days after injection of 20ng cRNA
encoding HA-tagged CFTR 16CS constructs containing native C590
and C592 or substitutions at those positions as indicated; forskolin
elicited significant conductance only with C590 and C592
unchanged (131+6uS, n=3), or replaced by valines (119+6uS,
n=15) or leucines (155+9uS, n=3). (C) Conductances from
oocytes injected with 2.5ng cRNA, and measured 1 day later for
WT (153 +17 uS, n=3), or 3 days later for HA-tagged 16CS mutants
with C590/C592 (42+10pS, n=6) or C590V/C592V (51438,
n=06). This under-represents the functional difference between
WT and mutants, as conductance is enhanced by injecting more
cRNA or allowing more time for its expression. (D) WT CFTR and
Cys-free CFTR (16CS + C590V/C592V) were immunoprecipitated
from membranes of oocytes injected with cRNA amounts indicated,
and subjected to SDS-PAGE and Western blot analysis; arrows mark
core-glycosylated and mature fully glycosylated CFTR.
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similar to that of the 16CS background when they were
replaced by leucines (16CS -+ C590L/C592L; Figure 2A and
B) or valines (16CS+ C590V/C592V; Figure 2B). In excised
patches, where [ATP] and PKA activity could be controlled
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independently, Cys-free (16CS+ C590V/C592V) CFTR chan-
nels, like WT, required phosphorylation by PKA before they
could be opened by ATP, closed upon ATP removal, and were
activated half-maximally by ~50uM [ATP] (Supplementary
Figure S1); their single-channel conductance was very
slightly larger than that of WT CFTR channels.

Functional expression of CFTR correlates with the appear-
ance of fully glycosylated CFTR protein (Gregory et al, 1991;
Denning et al, 1992), and so we tested whether the smaller
activated whole-oocyte conductance in intact oocytes expres-
sing the mutants (Figure 2C) might reflect their impaired
maturation. Western blotting of immunoprecipitated chan-
nels (Figure 2D) supported this interpretation. Oocytes in-
jected with 20ng WT CFTR cRNA vyielded dense bands
(Figure 2D, lane 2) of both core-glycosylated and fully
glycosylated WT CFTR. But maturation of Cys-free CFTR
was less efficient, and after injection of 20 ng Cys-free CFTR
cRNA only a weak band corresponding to mature fully
glycosylated CFTR could be detected (Figure 2D, lane 4)
whereas a stronger signal reflected core-glycosylated protein
(lower arrow).

Introduction of target cysteines for crosslinking studies
On the basis of crystal structures of nucleotide-bound pro-
karyotic NBD homodimers and of monomeric NBD1 F508A
from human CFTR, we made a homology model of the
anticipated CFTR NBDI1-NBD2 complex (Figure 3; see
Materials and methods). We then selected candidate pairs
of positions for crosslinking across three different regions of
the heterodimeric interface: the ‘NBD2’ composite catalytic
site (comprising NBD2 Walker A and B motifs and NBD1
signature sequence), a central region, and the ‘NBDI1’
composite site (including NBD1 Walker motifs and NBD2
signature sequence).

Introducing target cysteines into the NBDs of full-length
Cys-free CFTR further impaired protein maturation (data not
shown). We were nevertheless able to retain the benefit of a
cysteine-free background by carrying out crosslinking experi-
ments on split CFTR channels (Chan et al, 2000; Csanady
et al, 2000), comprising a native NH,-terminal half (amino
acids 1-633, including all nine native cysteines) and a Cys-
free COOH-terminal half (amino acids 634-1480, with nine
Cys-to-Ser mutations), both of which expressed well and
were readily detected in Westen blots (see below). After
introduction of a target cysteine in each half, the COOH-
terminal half channel contained only a single cysteine. Any
observed sulfhydryl-specific crosslinking of NH,- and COOH-
terminal half channels could therefore be unequivocally
ascribed to linkage via that target cysteine. In addition, the
use of split channels enhanced the relative mobility shift
upon crosslinking, thereby rendering the identification of
crosslinked product unambiguous.

Target cysteines were introduced one at a time into the half
channels in place of the following residues: S1248 in the
NBD2 Walker A sequence and S549 in the NBD1 LSGGQ
signature sequence; S605 in NBD1 and A1374 in NBD2, both
in central positions of the putative dimer interface; A462
in the NBD1 Walker A and S1347 in LSHGH of NBD2.
Comparatively inefficient crosslinking across the latter
NBD1 composite site in early tests prompted introduction of
additional cysteine pairs in that region, replacing S459 in
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Figure 3 Homology model of a head-to-tail CFTR NBD1-NBD2
heterodimer, based on crystal structures of human CFTR NBD1
F508A and of ATP- or AMPPNP-bound NBDs of other ABC proteins
(Materials and methods). Two ATP molecules (CPK-colored stick
structures) are sandwiched between the Walker A and ABC signa-
ture sequences of opposing NBDs, NBD1 (yellow) and NBD2 (blue).
To test this model by sulfhydryl-specific crosslinking, the residues
in spacefill were mutated to cysteines in pairs, chosen so that an
interfacial crosslink would span the ‘NBD1’ composite site (cyan,
orange, and purple residue pairs), or a central region (green
residues), or the ‘NBD2’ composite site (red residues). Due to
sequence and structural differences between CFTR’s NBD1 and
other NBDs, the position of S434 is uncertain.

NBD1 Walker A and V1379 in NBD2, and S434 in NBD1 and
D1336 in NBD2.

We confirmed that after introduction of each individual
target cysteine, into either NH,-terminal or Cys-free COOH-
terminal half, co-expression in oocytes with the complemen-
tary half channel lacking introduced cysteines yielded mature
fully glycosylated COOH-terminal CFTR halves in Western
blots (broad band at ~130kDa in Figure 4B, arrow; Figure 5,
top row); some core-glycosylated COOH-terminal half-
channel protein is also evident (sharp bands near 85kDa
in Figure 4B). The full glycosylation implies that the protein
was correctly folded and trafficked to the surface membrane
(Gregory et al, 1991; Denning et al, 1992; Chan et al, 2000).
Accordingly, application of forskolin to raise PKA activity
in oocytes expressing these split CFTR channels containing
either one, or both, introduced target cysteines elicited robust
increases in conductance (see Figures 4A and C); CFTR
channels show low basal activity in resting oocytes, reflecting
basally active PKA, but channel activity is enhanced several-
fold upon stimulation of PKA by forskolin (Chan et al, 2000;
Csanady et al, 2005). Similar split CFTR channels, though
incorporating all native cysteines, were previously found to
display basal and stimulated activity essentially like WT
CFTR (Chan et al, 2000; Csanady et al, 2000). Comparable
levels of expression (Figures 6-9 and Supplementary Figure
S2) and function (e.g., Figure 4A and C) were obtained when
both co-expressed half channels contained a target cysteine.

©2006 European Molecular Biology Organization
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Figure 4 Expression (A, B) and function (A, C) of split CFTR channels containing introduced cysteines. Oocytes were injected with 5+ 5ng
cRNA encoding NH,-terminal (1-633), and COOH-terminal (634-1480) 9CS (Ser replacing Cys at positions 647, 832, 866, 1344, 1355, 1395,
1400, 1410 and 1458), half channels containing either no introduced cysteine in NBD1 or NBD2 (‘no C’ label in A, B), or a single introduced
cysteine at the residue position indicated beside each point in (A), above each lane in (B), and above each recording in (C). (A) Summary of
resting and stimulated whole-oocyte conductances (uS) normalized to relative expression level, plotted against levels of expression
(normalized to the highest measured value). (B) Expression levels were measured from a Western blot (anti-R-domain antibody) of ~25pug
of membrane proteins from 30 to 32 resting oocytes as gray level intensities of the broad bands of fully glycosylated COOH-terminal half
channels (arrow); the lower sharp bands near 85kDa are core-glycosylated COOH-terminal half channels. (C) Three examples of conductance
measurements, at rest and after stimulation with 40 uM forskolin, in oocytes containing an introduced cysteine in NBD1 (top), or in NBD2

(middle), or in both NBDs (bottom).

Crosslinking tests

We assessed crosslinking of target cysteines by exposing
intact oocytes, both at rest and after PKA stimulation by
forskolin plus IBMX, to a membrane-permeant bismaleimide-
based crosslinking reagent, bismaleimidoethane (BMOE) or
bismaleimidohexane (BMH), and then analyzing membrane
proteins by SDS-PAGE.

In control tests, oocytes expressing split CFTR channels
containing only a single target cysteine were exposed to
BMOE or BMH under optimal conditions (see below).
Western blots with an anti-R-domain antibody identified
both core-glycosylated (~85kDa, poorly phosphorylated;
~90kDa after strong phosphorylation by PKA) and fully
glycosylated (~130kDa) COOH-terminal half channels
(Figure 5, top row), and blots of the same membranes with
anti-NH,-terminal antibody showed the NH,-terminal half
channels (~55kDa; Figure 5, bottom row). However, the
blots show no BMOE- or BMH-induced bands that are de-
tected with both antibodies and so provide no evidence for
crosslinking between any introduced cysteine in NBD2 and a
native cysteine in the NH,-terminal half channel. The lack of
strong bands of higher molecular mass in either blot indicates
that there was no efficient crosslinking of introduced target

©2006 European Molecular Biology Organization

cysteines to each other, offering no convincing evidence
for the presence of homodimeric half-channel complexes.
Nonetheless, occasional faint BMOE- and/or BMH-induced
bands are discernible in Figure 5 (and to varying extents also
in Figures 6-9), usually confined to the blots with the anti-
NH,-terminal antibody. These largely indistinct unidentified
bands (arrows in Figure 5) likely reflect crosslinking of the
more reactive NH,-terminal half channels (due to its nine
native cysteines) to other proteins, possibly in oligomeric
complexes.

‘NBD2’ composite site, with S549C and S$1248C

In contrast to these results with single introduced cysteines,
BMOE (flexible spacer, reactive groups <8A apart) or BMH
(flexible spacer length, 16 A) application to oocytes co-
expressing CFTR half channels (1-633) S549C and (634-
1480) 9CS + S1248C, with both target cysteines in the NBD2
composite catalytic site (Figure 3), yielded a clear crosslinked
product (Figure 6, arrows labeled X-link) not seen without
crosslinking reagent (lanes 1 and 9). The product band
detected with antibody against the NH,-terminal half channel
was of identical molecular mass to that identified with anti-
body against the COOH-terminal half channel, strongly sug-
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Figure 5 The absence of efficient crosslinking when no, or only one, engineered cysteine is present. Oocytes injected with 5+ 5ng cRNA
encoding NH,-terminal (1-633), and COOH-terminal (634-1480) 9CS, half channels containing no (background), or just one, introduced
cysteine in either NBD1 or NBD2, at the position indicated above each panel. Oocytes were untreated, or pretreated with 40 uM forskolin plus
1 mM IBMX and then incubated with 300 uM BMOE or 600 uM BMH at room temperature, as indicated. Membrane proteins were analyzed by
SDS-PAGE and blotted with antibody against the R domain (COOH-terminal half-channel, upper blots) or antibody against the NH,-terminus
(lower blots). Note that upon forskolin treatment, phosphorylation of the R domain slows mobility of the COOH-terminal half channel
(Csanady et al, 2005) resulting in the appearance of a sharp band (at ~90kDa) just above the ~ 85 kDa core-glycosylated band. No strong high-
molecular-mass band, reflecting crosslinked product, is evident in any lane, but arrows mark weak, dispersed, unidentified BMOE- and/or
BMH-induced bands discernible in some blots with antibody against the NH,-terminus.

gesting that the two half channels were crosslinked. The
crosslinked product migrated with an apparent molecular
mass (~250kDa) slightly higher than that of linear, full-
length, mature CFTR protein (~200kDa; Figure 2D). We
estimated crosslink yield as the fractional intensity of cross-
linked product signal relative to the sum of signal intensities
of crosslinked product plus fully glycosylated, but non-cross-
linked, monomer; strengthening of the crosslinked product
signal was generally associated with a corresponding loss of
signal in the fully glycosylated monomer band (Figures 6-9).
The efficiency of crosslinking appeared similar for BMOE and
BMH, and was somewhat higher when carried out at 23°C
(lanes 2-5, 10-14) than on ice (lanes 6, 7, 14 and 15).

Importantly, although crosslinking was observed in resting
oocytes (lanes 2, 4, 10 and 12), after stimulation of PKA
activity by preincubation of oocytes with 40 uM forskolin plus
1 mM IBMX (phosphodiesterase inhibitor, to sustain elevated
[cAMP]), the yield of crosslinked product was increased
several-fold (e.g., compare lane 10 with 11, 12 with 13).
Preincubation of oocytes with forskolin and IBMX alone
(without crosslinking reagent) yielded no crosslinked product
bands (Supplementary Figure S3).

Central region, with S605C and A1374C

Similar results were obtained with the pair of cysteines
introduced at positions 605 and 1374, predicted to lie near
the center of the proposed NBD1-NBD?2 interface. A cross-
linked product with apparent molecular mass of ~220kDa

VOL 25 | NO 20 | 2006

was evident (Figure 7, arrows labeled X-link) in lanes from
oocytes incubated with BMOE or BMH at room temperature
or on ice (lanes 2-7 and 9-14), but not from untreated
oocytes (lanes 1 and 8). The same molecular mass product
band was detected with antibodies against epitopes in the
NH,-terminal or the COOH-terminal half channel. PKA sti-
mulation again resulted in a strong, several-fold, increase in
crosslinking yield (compare lane 2 with 3, 4 with 5, 9 with 10,
and 11 with 12).

‘NBD1’ composite site, with A462C and S1347C, S459C
and V1379C, and S434C and D1336C

At the NBD1 composite site, we first examined crosslinking
between positions homologous to those tested successfully
at the NBD2 composite site. However, crosslinking between
position 462 in NBD1 Walker A and position 1347 in NBD2
LSHGH sequence was weak, although still apparently en-
hanced upon PKA stimulation (Figure 8A; compare lane 10
with 11, 12 with 13). Concerned that this weak crosslink
signal might reflect steric hindrance by the ATP believed to
remain bound at the NBD1 composite site for prolonged
periods (Basso et al, 2003), we introduced two additional
pairs of target cysteines near this site. One pair, at positions
459 in NBD1 and 1379 in NBD2, showed robust crosslinking
with either BMOE or BMH (Figure 8B) and, once again,
crosslinking yield was increased several-fold after stimulation
of PKA with forskolin and IBMX (e.g., compare lane 2 with 3,
or 9 with 10). Crosslinking was weaker, but still evident,

©2006 European Molecular Biology Organization
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Figure 6 Crosslinking across the ‘NBD2’ composite catalytic site,
between position 1248 in NBD2 Walker A and position 549 in NBD1
LSGGQ. Western blots identify the NH,-terminal half channel (1-
633), S549C (left panel; lower arrow), the COOH-terminal half
channel (634-1480) 9CS + S1248C (right panel; core-glycosylated,
~85-90-kDa, bands; fully glycosylated, lower arrow), and cross-
linked product (both panels; arrows labeled X-link). Incubation
temperature, presence or absence of 300uM BMOE or 600uM
BMH, and/or treatment with 40 puM forskolin plus 1mM IBMX
(‘fsk’) are indicated below each lane. Forskolin increased the yield
of crosslinked product four-fold for BMOE and two-fold for BMH.
Samples in lanes 8 and 16 are from uninjected control oocytes.
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Figure 7 Crosslinking between central region residues, 605 of
NBD1 and 1374 of NBD2. Western blots show CFTR half channels
(1-633) S605C (left panel; lower arrow), (634-1480) 9CS + A1374C
(right panel; core-glycosylated, ~85-90kDa, bands; fully glycosy-
lated, lower arrow), and crosslinked product (both panels; arrows
labeled X-link). Incubation temperature, presence or absence of
300pM BMOE or 600puM BMH, and/or treatment with 40uM
forskolin plus 1 mM IBMX (‘fsk’) are indicated below each lane.
Forskolin increased the yield of crosslink product 870-fold for BMOE
and four-fold for BMH.

when carried out on ice (lanes 6, 7, 13 and 14). The other
cysteine pair, at positions 434 in NBD1 and 1336 in NBD2,
yielded crosslinked product only with the longer crosslinker
BMH (Figure 8C, lanes 5, 7, 12 and 14) but not with BMOE
(lanes 3, 6, 10 and 13), in contrast to all other pairs described
so far. That crosslink was obtained both at room temperature
and on ice and, like other crosslinks, was enhanced upon
stimulation of PKA activity.
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Figure 8 Crosslinking across the ‘NBD1’ composite site. Incubation
temperature, presence or absence of 300 uM BMOE or 600 uM BMH,
and/or treatment with 40 uM forskolin plus 1 mM IBMX (‘fsk’) are
indicated below each lane in all panels. Left panels show NH,-
terminal half channels (lower arrows), right panels show COOH-
terminal half channels (core-glycosylated, ~85-90-kDa bands; fully
glycosylated, lower arrows), and all panels show crosslinked pro-
duct (upper arrows labeled X-link); some other BMOE- and/or
BMH-induced bands, mostly in the blots with anti-NH,-terminal
antibody, likely reflect crosslinking of NH,-terminal half channels
(with nine native Cys) to unknown proteins. (A) CFTR half chan-
nels (1-633) A462C (left panel) and (634-1480) 9CS + S1347C (right
panel). Forskolin increased the yield of crosslinked product > 1000-
fold for both BMOE and BMH; lanes 8 and 16 are samples from
uninjected oocytes. (B) CFTR half channels (1-633) S459C (left panel)
and (634-1480) 9CS + V1379C (right panel). Forskolin increased cross-
link product yield nine-fold for BMOE and 5-fold for BMH. (C) CFTR
half channels (1-633) S434C (left panel) and (634-1480)
9CS + D1336C (right panel), as well as crosslinked product (arrow
labeled X-link, both panels). Forskolin increased crosslink product
yield 9-fold for BMH. Crosslink yield for BMOE was negligibly small.
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Figure 9 Tests of crosslinking between NBD1 and NBD2 using
other combinations of the target cysteines. The presence or absence
of 300uM BMOE or 600 M BMH and/or treatment with 40 uM
forskolin plus 1 mM IBMX (‘fsk’) are indicated for each lane in all
panels. (A) Oocytes were injected with cRNAs encoding NH,-
terminal (1-633) and COOH-terminal (634-1480) 9CS half chan-
nels, each containing one introduced cysteine, in the combinations
indicated above each panel. Incubations were at room temperature.
Western blots identify NH,-terminal half channels (lower rows) and
core- and fully glycosylated COOH-terminal half channels (upper
row). (B) Western blots show CFTR half channels (1-633) S549C
(left panel, lower arrow) and (634-1480) 9CS+ A1374C (right
panel, core-glycosylated, ~85-90-kDa bands; fully glycosylated,
lower arrow), as well as crosslinked product (both panels, arrows
labeled X-link). Incubation temperature is indicated below each
lane. Forskolin increased the yield of crosslink product eight-fold for
BMOE and two-fold for BMH.

In addition to these specific crosslink products recognized
by antibodies to both half channels, Figure 8 shows other
BMOE- and/or BMH-induced bands, predominantly in the
blots with anti-NH,-terminal antibody. Because some migrate
at a molecular mass overlapping that of fully glycosylated
COOH-terminal half channels, we cannot discern whether
these reflect crosslinked complexes of NH,-terminal half
channels with COOH-terminal halves (complexes somehow
truncated, or core-glycosylated) or with unidentified proteins.
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Tests with other combinations of NBD1 and NBD2
introduced cysteines

To test the specificity of the interfacial crosslinks established
in Figures 6-8, we co-expressed six different pairs of the same
target cysteines, again one in NBD1 and one in NBD2 in split
CFTR channels, but now in new combinations. For five of
these new pairs, C434 with C1374, C459 with C1248, C605
with C1336, C549 with C1336, and C549 with C1379, no
crosslinked product was obtained with either BMOE or BMH
(Figure 9A) after prior stimulation of the oocytes by forskolin
and IBMX. The predicted distances (from Figure 3) between
these target cysteine pairs range from 28 A for the C605/
C1336 pair to 39 A for the pair C549/C1336. In contrast, the
sixth pair, C549 (in NBD1 LSGGQ) with C1374 (in NBD2
center), predicted to lie 13 A apart, could be crosslinked by
the 16 A-spanning BMH, but were relatively resistant to the
shorter (8 A) reagent BMOE (Figure 9B).

Functional consequences of crosslinking across the
‘NBD2’ composite site

To determine the functional consequence of crosslinking
across the NBD1-NBD2 interface, as described above, we
recorded macroscopic currents in inside-out patches excised
from Xenopus oocytes expressing split CFTR channels while
applying crosslinking reagents. Unfortunately, BMOE and
BMH both diminished currents in control split channels,
comprising (1-633) and (634-1480) 9CS, that lacked target
cysteines, presumably by reacting with native cysteines in the
NH,-terminal halves. We therefore turned to oxidative cross-
linking with Cu(Il) (o-phenanthroline),, which in the pre-
sence of molecular oxygen can catalyze disulfide bond
formation between the sulfur atoms of two sufficiently
close thiols (Kobashi, 1968). Although no residual current
was seen when 200 uM Cu(II) (o-phenanthroline), was added
during withdrawal of ATP from split CFTR channels contain-
ing only one target cysteine, either S549C (Figure 10A and D)
or S1248C (Figure 10B and D), in patches containing both half
channels (1-633) S549C and (634-1480) 9CS+S1248C, a
substantial persistent current was observed (Figure 10C
and D). That residual current was nucleotide-independent,
but was abolished by 15mM DTT (Figure 10C), which is
expected to reduce disulfide bonds, and had an average
amplitude about 20% of the maximal current activated by
5mM ATP plus 300 nM PKA catalytic subunit (Figure 10D).

Discussion

Crosslinking results and models of NBD interaction

The positions of the six distinct crosslinks between target
cysteines in NBD1 and NBD2 demonstrated here (summar-
ized in Figure 11) provide concrete evidence that, in fully
functional CFTR (Figure 4; compare with Figure 2 and
Supplementary Figure S1), NBD1 and NBD2 form a head-
to-tail ‘heterodimeric’ complex, analogous to prokaryotic
NBD homodimers found in crystal structures (Hopfner et al,
2000; Smith et al, 2002; Chen et al, 2003; Zaitseva et al,
2005). The six include three crosslinks across the NBDI1
composite site (between the NBD1 head, containing the
Walker motifs, and the NBD2 tail, containing the ABC
signature sequence: C462-C1347, C459-C1379, and C434-
C1336), one crosslink between central regions of NBD1 and
NBD2 (C605-C1374), one crosslink between the NBD1-tail
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Figure 10 Functional consequence of crosslinking S549C to S1248C. (A-C) Currents activated by 5 mM ATP and 300 nM PKA catalytic subunit
in thousands of split CFTR channels in inside-out patches excised from oocytes expressing NH,-terminal (1-633), and COOH-terminal (634-
1480) 9CS, half channels containing only one target cysteine, S549C (A) or S1248C (B), or both S549C and S1248C (C). Current decay due
to channel closure on washout of ATP and PKA was unaltered by Cu(Il) (o-phenanthroline), when channels contained only one target cysteine
(A, B), but resulted in a stable nucleotide-independent, but DTT-sensitive, residual current Iy (C, black arrow). (D) Average (+s.e.m.)
amplitude of I, normalized to the maximal (ATP-plus PKA-activated) current, I ., for split channels as in (A-C); number of measurements is
indicated for each column. For S549C/S1248C channels Iy/I 4y is significantly different (***P<0.0005, Student’s t-test) after closure in the
presence of Cu(Il) (o-phenanthroline), compared to its absence (bath solution).
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Figure 11 Summary of crosslinking results. Residues replaced by
target cysteines in NBD1 (left column) are paired with those in
NBD2 (right column) such that horizontal connections between
boxes of identical color represent the crosslinks formed between the
original five target pairs. Red connecting lines join positions cross-
linked with BMH, and blue lines represent crosslinks with the
shorter BMOE. Thinner lines, for example, between A462 and
S1347, indicate weaker crosslink signals. Black dashed lines con-
nect pairs of positions that could not be crosslinked with either
BMOE or BMH.

signature sequence and the NBD2 center (C549-C1374), and
a final crosslink across the NBD2 composite site, between the
signature sequence in the NBDI tail and the Walker A

©2006 European Molecular Biology Organization

sequence in the NBD2 head (C549-C1248). Except for the
C434/C1336 pair, for which structural disparity between
CFTR’s NBD1 (Lewis et al, 2004) and other NBDs precludes
specification of the position of S434 and hence meaningful
distance determination, the homology model in Figure 3
suggests sulfur-to-sulfur distances of 13 A for C549/C1374
and 7.5-9.5 A for the other cysteine pairs, in accord with our
observation of crosslinking with 8 A- (BMOE) and/or 16-A-
spanning (BMH) bifunctional sulfhydryl-specific reagents.
In all cases, the crosslinked product was identified both
with an antibody to the NBD1-containing half channel and
with an antibody to the NBD2-containing half. Relatively low
efficiency of the crosslink across the NBD1 composite site,
from position 462 in the NBD1 Walker A motif to position
1347 in the NBD2 LSHGH signature sequence might be
attributable to protracted occupancy of that site by tightly
bound ATP (cf Szabo et al, 1999; Aleksandrov et al, 2002;
Basso et al, 2003), which would be expected to interfere with
access of the crosslinking reagents to the target cysteines.
Notably, we found no crosslinking (Figures 9A and 11)
between NBD1 head and NBD2 head (or NBD2 center), nor
between NBD2 tail and NBD1 tail (or NBD1 center). Nor did
we find convincing evidence for ‘homodimeric’ interactions
of NBD1 or of NBD2 (Figures 5-9): for example, we saw no
efficient crosslinking between two NH,-terminal half chan-
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nels containing C605 (Figure 5, 7 and 9A), or two COOH-
terminal half channels containing C1374 (Figure 5, 7, 9A and
B), the two central positions tested. Moreover, we established
that the presence or absence of crosslinked product was not
correlated with expression levels of the half channels
(Supplementary Figure S2), confirming the specificity of the
observed crosslinks.

Head-to-tail dimeric NBD interactions in other ABC pro-
teins are similarly supported by biochemical data. Thus,
UV-dependent vanadate-mediated photocleavage of MalK
domains in intact vanadate-arrested maltose transporters
occurred selectively within signature sequences and Walker A
sequences (Fetsch and Davidson, 2002), demonstrating that
catalytic sites include both motifs, in accord with structures
of ATP-bound NBD homodimers (e.g., Hopfner et al, 2000;
Smith et al, 2002; Chen et al, 2003; Zaitseva et al, 2005). In
addition, cysteine pairs introduced into the human multidrug
transporter P-glycoprotein at sites equivalent to positions 549
and 1248 of CFTR’s NBD2 composite catalytic site, and 462
and 1346 of CFTR’s NBD1 site, could be oxidatively cross-
linked, forming a disulfide bond (Ca separation of 5-8 A), in
the presence of copper phenanthroline (Loo et al, 2002). Both
disulfide links could form after prolonged exposures to
copper phenanthroline in the absence of ATP and at 4°C
(Loo et al, 2002). Although this is somewhat surprising, given
that equivalent residues are 15-20 A apart in nucleotide-free
structures of MalK NBDs (Chen et al, 2003) or intact BtuCD
(prokaryotic vitamin B, transporter; Locher et al, 2002), we
also observed some crosslinking during 30-min incubations
with bifunctional reagents on ice (Figures 6-9). Presumably,
even at low temperature and/or without nucleotide the NBDs
visit, if infrequently, conformations that permit crosslinking.

State dependence of crosslinking

A common feature of the crosslinks demonstrated here
(Figures 6-9) is that, when oocytes were stimulated with
40pm forskolin and 1 mM IBMX before exposure to the
crosslinking reagents, the yield of crosslinked product in-
creased ~5-fold on average (ignoring apparently infinite
ratios due to weak resting signals). The fold increase in
crosslink yield paralleled the forskolin/IBMX-induced in-
crease in the phosphorylated fraction of the COOH-terminal
half-channel (containing the R domain), indicated by the
increased relative intensity of the upper versus lower band
in the ~85-90-kDa doublet seen in Western blots with anti-R-
domain antibody (Figures 5-9). These bands correspond to
poorly phosphorylated (lower) and strongly phosphorylated
(upper; e.g., Csanady et al, 2005) forms of the core-glycosy-
lated half-channel. Comparable fractional increases in phos-
phorylation status may be expected for the fully glycosylated
forms, although their greatly broadened bands tend to
obscure the accompanying mobility shifts. As the same
forskolin/IBMX treatment also results in a several-fold en-
hancement of CFTR conductance in oocytes expressing split
CFTR channels harboring the various target cysteines (Figure
4A and C), we can conclude that crosslinking efficiency
correlates not only with phosphorylation of CFTR but also
with channel activity, that is, with open probability (e.g.,
Chang et al, 1993; Csanddy et al, 2005). We then further
conclude that the probability of CFTR assuming a conforma-
tion comprising a heterodimeric NBD1-NBD2 complex, along
the lines modeled in Figure 3, is higher while the channel is
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open than when it is closed, as proposed (Vergani et al, 2003,
2005).

Functional consequences of crosslinking

The nucleotide-independent residual current induced by
Cu(Il) (o-phenanthroline), in the split channels comprising
(1-633) S549C and (634-1480) 9CS + S1248C (Figure 10C)
provides direct evidence that artificial stabilization of the
NBD1-NBD2 heterodimer tends to keep the affected channels
open. Detailed characterization of that stabilized open state
must await further analysis, but preliminary recordings from
patches containing few Cu(II)(o-phenanthroline),-modified
channels show that the disulfide bond between S549C and
S1248C results in a high channel open probability in the
absence of ATP, with a persistent open state repeatedly
interrupted by temporary closures. The relatively small am-
plitude of the residual current (~20% of the maximal PKA-
plus ATP-activated current; Figure 10C and D), therefore,
presumably reflects the even smaller fraction of thiols that
yield disulfide bonds (Careaga and Falke, 1992) in open
channels during exposure to Cu(Il)(o-phenanthroline),
while the channels are closing after ATP withdrawal. These
results more directly demonstrate that the NBD1-NBD2 het-
erodimer configuration of CFTR is associated with the open
channel state (Vergani et al, 2003, 2005).

Crosslinking data and NBD1 crystal structures

The recent structures of NBD1 monomers from mouse and
human CFTR (Lewis et al, 2004, 2005; Thibodeau et al, 2005)
could not entirely be incorporated into an NBD1-NBD2
heterodimer model (e.g., Figure 3) as they contain structural
elements, absent from NBDs of other ABC proteins, that
preclude close approach of NBD2 (Lewis et al, 2004).
Because those elements include PKA consensus sequences
they were called ‘regulatory insertion” and ‘regulatory exten-
sion’, and it was suggested that their movement upon phos-
phorylation might permit NBD1-NBD2 interaction and hence
explain activation of CFTR channel gating. In both mouse and
human NBDI1 crystals, the regulatory extension obscures
position 605 (Lewis et al, 2004, 2005), and so would be
expected to prevent crosslinking of a cysteine at that position
to any residue in NBD2, in contrast to our demonstration of
crosslinking between cysteines in positions 605 in NBD1 and
1374 in NBD2 (Figure 7). We therefore conclude that, in
functioning CFTR channels, the regulatory extension must at
least some of the time adopt a position distinct from those
found so far in NBD1 crystals.

Expression of cysteine-free CFTR

Because we could replace any of CFTR’s 18 native cysteines
(individually or in groups) without preventing forskolin
activation of robust CI™ currents in oocytes expressing the
resulting full-length mutant CFTR channels, we can conclude
that no single cysteine is essential for CFTR channel traffick-
ing or function. Even CFTR channels lacking all 18 cysteines
showed, like WT CFTR, ATP-dependent gating that required
prior phosphorylation by PKA (Figure 2; Supplementary
Figure S1). Nevertheless, maturation of cysteine-free CFTR
was substantially impaired (Figure 2D). This need not be
surprising since cysteines equivalent to WT CFTR’s C524,
C590, C1355 and C1395 are well conserved in ABC-C sub-
family homologs (closely related to CFTR; e.g., Dassa and
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Bouige, 2001; Dean et al 2001) from yeast to mammals, and
hence likely contribute importantly to native protein struc-
ture. Some impairment of processing has also been reported
for cysteine-free mutants of more distantly related ABC
proteins like P-glycoprotein (Loo and Clarke, 1995) and the
Escherichia coli maltose transporter (Samanta et al, 2003).

Although substitution by similarly sized serine was well
tolerated for 16 of CFTR’s 18 cysteines, simultaneous replace-
ment of both C590 and C592 by serines, threonines or
alanines precluded functional expression. Surprisingly, intro-
duction of larger but less polar side chains, for example,
valine (residue volume, 105 A3; Creighton, 1992) or leucine
(124 A%), at positions 590 and 592 improved CFTR maturation
and function, whereas the even larger phenylalanine side
chains (135A3) were not tolerated. This pattern would be
understandable if C590 and C592 were buried among hydro-
phobic residues, but that suggestion is not supported by the
CFTR NBDI1 structures (Lewis et al, 2004, 2005; Thibodeau
et al, 2005) in which C592, at least, was found exposed on the
domain surface. In addition, in the structures of the full
transporters BtuCD (Locher et al, 2002) and MsbA (Reyes
and Chang, 2005) residues homologous to C590 and C592 do
not appear to directly contact the transmembrane domain in a
manner that might bury their side chains. These cysteines
could be needed for interactions along maturation or traffick-
ing pathways, but a reasonable speculation is that Cys 592,
found in all CFTR NBDI1 sequences but in almost no other
ABC-C-family sequence, might interact with the R domain,
found only in CFTR.

Our demonstration here, that CFTR CI™ channels devoid of
all 18 native cysteines nevertheless retain many functional
characteristics of WT, establishes cysteine-free CFTR as a
useful tool for further work on CFTR structure and mechan-
ism (e.g., Wang et al, 2005; Liu et al, 2006).

Materials and methods
Molecular biology

De novo PCR gene synthesis (Stemmer et al, 1995) and site-directed
mutagenesis (QuikChange, Stratagene, La Jolla, CA, USA) were

Table I Forward primers for site-directed mutagenesis PCR
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combined to generate cysteine-free, 18CS, CFTR. All cDNAs were
cloned into the pGEMHE plasmid as described (Chan et al, 2000).
CFTR with substitutions C128S, C225S, C343S and C866S was
provided by Dr DC Dawson (OHSU, Portland, OR, USA). Primers
for the mutations C76S, C276S and C832S are listed in Table I. We
replaced 11 cysteines in two segments of CFTR by synthesizing
c¢DNAs using Pfu turbo DNA polymerase (Stratagene, La Jolla, CA,
USA): CFTR bases 1445-2007 (NBD1syn), encoding residues 482-
669 (replacing 5 cysteines), and bases 3991-4443 (NBD2syn),
encoding residues 1331-stop codon (replacing 6 cysteines). An Eagl
site introduced at CFTR bases 1455-1460 (primer in Table I) was
used with the native Bsgl site (bases 1961-1966) to subclone
fragment NBDlsyn into the full-length gene. NBD2syn was
subcloned between the native TthIIII site (bases 4006-4014) and
a BstEll site following the stop codon. Substitutions at C590
and C592 were made by site-directed mutagenesis (primers in
Table I). The entire sequence of full-length cysteine-free CFTR
(16CS +C590/592L) is available from Genbank (#AY608405).

Primers for cysteine insertions S434C, S459C, A462C, S549C,
S605C, S1248C, D1336C, S1347C, A1374C and V1379C are given in
Table 1. The CFTR half channels (1-633) and cysteine-free (634-
1480) 9CS were generated essentially as described (Chan et al,
2000). Half channels with engineered cysteines were obtained
either by site-directed mutagenesis or by subcloning appropriate
cDNA fragments from full-length CFTR mutants. NH,-terminal HA
epitope tags were introduced into cysteine-mutant CFTR constructs
by site-directed mutagenesis (primer in Table I).

Point mutations and PCR-synthesized cDNA fragments were
confirmed by automated sequencing. cDNA constructs were
linearized using the Nhel site in the pGEMHE plasmid and
transcribed with the T7 mMessage mMachine RNA kit (Ambion,
Austin, TX, USA).

Whole-oocyte and excised-patch current recording

Xenopus laevis oocytes isolated as described (Chan et al, 2000) were
injected one day later with cRNAs in 50nl volumes. For whole-
oocyte current recording, oocytes in a flow chamber were super-
fused with oocyte Ringer solution (82.5 mM NaCl, 2mM KCl, 1 mM
MgCl,, 5mM HEPES, pH 7.5), impaled with two 3-M KCl-filled
microelectrodes, and held at -50mV. One hundred ms steps to
voltages from —80 to + 100mV, in 20mV increments, were applied
before, during and after exposure to 40 uM forskolin to activate
CFTR Cl™ channels. Linear regression fits to plots of steady currents
against step voltage gave whole-oocyte conductances, reported as
mean+s.d. of >3 measurements (except n=2 in Figure 4A).
Unitary CFTR channel currents were recorded in inside-out excised
patches exposed to MgATP, after channel activation by catalytic
subunit of PKA, and channel gating kinetics were analyzed as
described (Vergani et al, 2003). For recording macroscopic currents
of split CFTR channels in excised patches (Figure 10), oocytes were

C76S

C276S

C832S

Eagl site

HA epitope

CFTR 16CS C590A/C592A
CFTR 16CS C590F/C592F
CFTR 16CS C590L/C592L
CFTR 16CS C590T/C592T
CFTR 16CS C590V/C592V
S434C

5459C

A462C

L549C

S605C

S51248C

D1336C

L1346C

A1374C

V1379C

5'-GCCCTTCGGCGATcgTTTTTCTGGAG-3’
5'-CTGTTAAGGCCTACTcCTGGGAAGAAGC-3’
5'-CGAAGAAGACCTTAAGGAGTcCTTTTTTGATGATATGGAGAGC-3'
5'-GGTAAAATTAAGCACAGcGGCccGAATTTCATTCTGTTCTC-3’
5’-CGGGCCGCCATGtAcccatAcGACGttccgGAttAcgcaAGGTCGCCTCTGG-3!
5'-GGAGATCTTCGAGAGCgCTGTCgCTAAACTGATGGC-3'
5'-GGAGATCTTCGAGAGCTtTGTCTtTAAACTGATGGC-3’
5'-GGAGATCTTCGAGAGCCctTGTCctTAAACTGATGGC-3
5'-GGAGATCTTCGAGAGCaCTGTCaCTAAACTGATGGC-3'
5'-GGAGATCTTCGAGAGCgtcGTCgtTAAACTGATGGC-3’
5'-CCTCTTCTTCAGTAATTTCTgtCTaCTTGGTACTCCTGTC-3'

5’ —GTTGGCGGTTGCTGGAERTGGAGCAGGCAAG%
5'-GCTGGATCCACTGGGtgcGGCAAGACTTCACTTC-3’
5'-GGTGGAATCACACtatGcGGAGGTCAACGAGCACG-3'
5'-GGATTTTGGTCACaTgTAAAATGGAAC-3'
5'-CCTCTTGGGAAGAACCGGITgtGGGAAGAGTAC-3'
5'-GTTTCCTGGGAAGCTTtgCTTTGTCCTTGTGG-3’
5'-GGATGGGGGCTCTGTCTgtAGTCATGGCCACAAGC-3'
5'-GATGAACCAAGCtgTCATTTAGATCC-3'

5’ —GCTCATTTAGATCC_gtg_CACATACCAAATAATTCG—3'

The underlined bases are the codons for the introduced serines, cysteines or other residues; lowercase letters mark base changes from the
original sequence, including those for introducing diagnostic restriction endonuclease sites. For all PCR reactions the reverse primers were

exact complements of these forward primers.

©2006 European Molecular Biology Organization

The EMBO Journal VOL 25 | NO 20 | 2006 4737



Crosslinking between NBD1 and NBD2 in CFTR
M Mense et al

injected with cRNA encoding NH,- and COOH-terminal half-
channels (20ng each) and recordings were made 5-6 days later
under the conditions used for unitary channel current measure-
ments.

Immunoprecipitation of CFTR

Four days after injection with 0.25-20ng cRNA (Figure 2), 20
oocytes for each condition were homogenized by sonication in
500 pl modified RIPA buffer (0.5% Triton X-100, 0.5% NP-40, 0.5%
Na-deoxycholate, 0.2% SDS, 150 mM NacCl, 50 mM Tris-HCl pH 7.2,
1mM PMSF, protease inhibitor cocktail), the cell homogenate
solubilized for 30 min at 4°C, and the insoluble fraction pelleted at
18000 g for 30 min and discarded. The supernatant was incubated
overnight at 4°C with mouse monoclonal anti-CFTR antibody
MM13-4 (Upstate Biotechnologies, Lake Placid, NY, USA) at 1:100
dilution. Antibody-protein complexes were collected with protein
A/G beads (Santa Cruz Biotechnologies, Santa Cruz, CA, USA),
washed three times with RIPA buffer and, just before SDS-PAGE,
CFTR was eluted during a 20-min incubation at 37°C in Laemmli
buffer containing 200 mM DTT.

Crosslinking of CFTR half channels

Oocytes were injected with, typically, 5ng cRNA each of NH,-
terminal (1-633) and cysteine-free COOH-terminal (634-1480)
CFTR half channels, containing engineered cysteines as specified.
Two or three days later, 25-35 intact oocytes equilibrated in 4 ml
Ringer plus 1.8 mM Ca** in a 35-mm Petri dish, on ice or at room
temperature (~23°C), were exposed to membrane-permeant cross-
linkers, bismaleimidoethane (BMOE, 300 uM) or bismaleimidohex-
ane (BMH, 600puM) (Pierce Biotechnology, Rockford, IL, USA).
After 12min incubation at 23°C, or 30min on ice, oocytes were
transferred to 500pl ice-cold quenching solution (400mM KCl,
5SmM HEPES, 25mM L-cysteine, 300 mM sucrose, protease inhibi-
tors, pH 7.0) and immediately homogenized by sonication (Branson
Digital Sonifier 450, Branson, Danbury, CT, USA). When indicated,
40 uM forskolin plus 1 mM IBMX were added to activate CFTR 8 min
before oocytes were exposed to crosslinkers.

Under conditions optimized for specific crosslinking, the yield of
crosslinked product, migrating near the mass of full-length CFTR,
was typically in the range of 20% (crosslinked product signal
intensity as percent of the sum of signal intensities of crosslinked
product plus fully glycosylated, non-crosslinked, monomer).
Several mechanisms likely conspired to limit that yield: (i) crosslink
yields for bifunctional reagents are limited by competing, unpro-
ductive reaction of the two target cysteines with two different
bifunctional reagent molecules (Wu and Kaback, 1997; van
Montfort et al, 2002); (ii) BMH and BMOE (both lipophilic) were
applied to intact oocytes and had to pass through the membrane to
reach their cytoplasmic targets, where their concentration could not
be controlled; (iii) hydrolysis of maleimide groups in solution may
render some bifunctional reagent molecules ineffective as cross-
linkers; (iv) native cysteines in NH,-terminal half channels might
have permitted their crosslinking to unknown proteins, other than
COOH-terminal half channels, and accumulation in massive
complexes.

Oocyte plasma membrane preparation
Oocyte plasma membranes were prepared as described (Perez et al,
1994). The 20:50% interface of the sucrose gradient was collected,
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Generation of homology model

The model of Figure 3 was built with Modeller (Sali and Blundell,
1993), which calculates homology models by satisfying structural
restraints. Structural alignments were created including only ATP-
(or AMPPNP-) bound NBD structures (HisP, PDB ID 1BOU (Hung
et al, 1998); MJ0796, 1L2T (Smith et al, 2002); MalK, 1Q12 (Chen
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