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One feature of the mutations thus far found to be associated with the disease cystic fibrosis (CF) is that many
of them are clustered within the first nucleotide-binding domain (NBD) of the CF transmembrane conductance
regulator (CFTR). We sought to discover the molecular basis for this clustering by introducing into the two
NBDs of CFTR mutations either mimicking amino acid changes associated with CF or altering residues within
highly conserved motifs. Synthesis and maturation of the mutant CFTR were studied by transient expression
in COS cells. The ability of the altered proteins to generate cyclic AMP-stimulated anion efflux was assesscd by
using 6-methoxy-N-(sulfopropyl) quinolinium (SPQ) fluorescence measurements in HeLa cells expressing
mutated plasmids. The results show that (i) all CF-associated mutants, with one exception, lack functional
activity as measured in the SP(Q) assay, (ii) mutations in NBD1 are more sensitive to the effects of the same amino
acid change than are the correspending mutations in NBD2, (iii) cells transfected with plasmids bearing
CF-associated mutations commonly but not exclusively lack mature CFI'R, (iv) NBD mutants lacking mature
CFTR fail to activate C1~ channels, and (v) the glycosylation of CFTR, per se, is not required for CFTR
function. We reason that the structure of NBD1 itself or of the surrounding domains renders it particularly
sensitive to mutational changes, As a result, most NBD1 mutants, but only a few NBD2 muiants, fail to mature
or lack functional activity. These findings are consistent with the observed uneven distribution of CFTR
missense mutations between NBD! and NBD2 of CF patients.

Mutations in & gene encoding a protein called the cystic
fibrosis transmembrane conductance regulator (CFTR) are
responsible for the disease cystic fibrosis (CF) (14, 25, 26).
This was confirmed by showing that transfected full-length
¢DNA encoding CFTR was able to complement the defect in
Cl' channel regulation which is characteristic of epithelial
cells from CF patients (8, 24). Although the protein product
of the CF-associated gene has been identified, little is known
about its biochemical function. Data obtained to date are
consistent with the prediction that CFTR is a membrane-
associated glycoprotein which can be phosphorylated in
vitro (3, Y).

Amino acid sequence analysis and homology with other
proteins suggest that CFTR consists of two repeats of a unit
containing six membrane-spanning segments and a putative
nucleotide-binding fold {25). The two repeats are separated
by a large polar segment called the R (regulatory)-domain
because it contains multiple potential phosphorylation sites.
The overall structure of CFTR, with the exception of the
R-domain, resembles that of a number of other integral
membrane proteins such as the human and mouse multidrug
resistance P-glycoproteins (MDR) and the protein encoded
by the yeast STE6 gene. Modeis for the structure of the
nucleotide-binding folds have been proposed (12, 21).

Recent studies showed that the expression of CFTR in a
variety of heterologous cells generates cyclic AMP (cAMP)-
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activated CI™ currents which were not present in untrans-
fected cells (1, 13). The simplest interpretation of these
resules is that CFTR is itself a cAMP-activated C1~ channel.
The definitive demonstration of this will require additional
experiments, such as the use of isolated lipid hilayers
containing highly purified CFTR or by mutagenesis of amino
acids potentially involved in ion sclectivity.

Studies of the biosynthesis of CFTR in transfected cells
identified a defect associated with a number of CF muta-
tions, including the most common, AF508 (3). Following
synthesis, wild-type CFTR was shown to be processed by
addition of complex carbohydrate. By contrast, several
mutated versions of CFI'R failed to yield the fully glycosy-
lated form of the protein (referred 1o as band C). Il was
preposed that addition of carbohydrate to wild-type CFTR
occurs in a two-step process: partial glyvcosylation in the
endoplasmic reticulum, followed by complete glycosylation
in the Golgi. Further, because mutations cause structural
alterations, some forms of mutant CFTR are recognized as
abnormal and rejected by a quality control mechanism
located in the endoplasmic reticulum, Consequently, they
are unable to move through the normal intracellular traf-
ficking pathway. As a result, such mutants do not reach the
Golgi, are not fully glycosylated, and arc observed as an
immature, partially glycosylated form called band B. This
process of quality control is commeon te a number of secreted
and transmembrane proteins, which when incorrectly folded
or assembled fail to progress through the secretory pathway
(11, 16, 20, 23, 27). In the case of CFTR, this interpretation
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MMDR1(N): ALVGNSGCGKSTTV{LMQR QDIRTINVRYLREIIGVVSQEPYLFATTIAENTRYGRE QLSGGOKORIATARALVRNPRILLLDRAT
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STE6(C): GIIGESGTGESTLVLLLTEK TOVNDWNLTSLRKEI SVVEQKPLLFNGTIRDNLTYCLO LLSGGOAGRLCIARALLRKSKILILDECT
BLYE: GIVGRSGSGKSTLIKLIQR HDLALADPHVIRRQVGVVLODNVLLNRSITDNTSLANP GLSGGORORIATARALYNNPEILIFDEAT
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FIG. 1. Amino acid sequence alignments of NBDI and NBD2. {A) Amino acid sequences, shown in single-letter code. The mutants studied
around Walker A and B und F508 are given below the wild-type sequence. Underlined amino acids are not known to be associated with CF.
Bars above the sequences indicate (he highly conserved motifs. A, deletion of an amino acid. Numbers above the amino acids refer to the
sequence published by Riordan et al. (25). (B) Amino acid changes reported to be associated with CF (47,15, 16, 22, 25, 26). The underlined
residues are reported natural polymorphisms. Mutations thought to be splice mutations rather than misscose mutations are not shown. (C}
Alignment of putative NBD amino acid sequences from MDR species, STE6, HYLR, and CFTR showing an alternative alignment of NBD2

of CFFR which maximizes sequence homology with other sequences shown. *#, amino acid residues that are highly conserved in this family
of proteins. H, human: M, mouse; PF, Plasmeaodium falcipurum; HYLB. Escherichia cofi hemolysin B. A consequence of this alipament is

that 1508 does not exactly correspand with F1296,

would mean that most cases of CF are caused by the absence
of mature CFTR at the correct cellular location. Although no
accurate localization of endogenous CFIR has been re-
ported, immunolocalization of wild-type and mutant CFTR
in recombinant cells is consistent with this hypothesis (3),
and functional assays strongly suggest that at least some
CFTR is present in the plusma membrane at the apical
surface (32).

One interesting observation arising from studies on CF-
associated mulations is the preponderance of identified
mutations which map to nucleatide-binding domain 1
(NBD1} as opposed to NBD2 (47, 15, 17, 22) (Fig. 1). In
addition, we recently showed that mutation of a homologous
amino acid residue within NBDs 1 and ? of CFTR tesulted in
different effects on CFTR maturation (3). These observa-

tions suggested to vs that the frequency of CF-associated
mutations within the NBDs might reflect an underlying
sensitivity of NBD1 to functional inactivation or matura-
tional blockage. To examine this possibility, we have studied
not only the maturation of additional mutant CFTR mole-
cules but also their function as measured by halide ion efflux
in transfected cells, The siudies were designed (o determine
how mutations affect function and how equivalent mutations
in the two NBDs affect both processing and CI™ transport.
We hoped, thereby, to learn the contributions that the two
NBDs make to CFTR function and to determine the molec-
ular basis of the uneven distribution of mutations assoctated
with CF between the amino-terminal and carboxy-terminal
NBDs. To this end, we have introduced paired mutations
into 2 number of sites within the two NBDs of CFTR. Some
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mutations were introduced into residues aitercd in the DNA
of CF patients, whereas others were in amine acids con-
served in other NBD-containing proteins.

MATERIALS AND METHODS

In vitro mutagenesis procedures and plasmid constructions.
Site-directed mutagenesis of CFTR and construction of
expression vectors were performed as described previously
{3), using standard methods for recombinant DNA manipu-
fations und oligonucleotide-directed mutagencsis (18, 28).
Bricfly, pMT-CFTR, a plasmid vector [or CFI'R expression
in mammalian cells, was constructed by placing CFTR
cDNA scquences from the Aval site at position 122 in the
cDNA sequence to the Sacl site at position 4620 into the
unique B/l site of the expression vector pSC-CEV1, using
synthetic adaptor sequences (3). In pMT-CFTR, expression
of CF1R is controlled by the flanking mouse metallothionein
I promoter and simian virus 40 early polyadenylation signal.
The previously described high-copy-number CFTR plasmid
pTM-CETR-4 was used for all site-directed mutagenesis
procedures {3). CFTR mutations were verified by DNA
sequencing, restriction analysis, and in vitro translation.
Mutants constructed in the pTM-CFTR-4 background were
directly tested for activity in the 6-methoxy-N-(sulfoprapyl)
quinolinium (SPQ) assay as described below. For expression
in COS-7 ¢ells, CFTR ¢DNA mutants werc transterred to
PMT-CFTR as described previously {3). Mutations ocgur-
ring before codom 1270 of CFTR were transferred from
pTM-CFTR-4 (0 pMT-CFTR on a 3.5-kb Xbal-to-BstX1
restriction fragment, and those occurring after codon 1270
were transferred on a 0.65-kb BsrXI-to-Xhol restriction
fragment. Transient expression of CFI'R in COS-7 cells was
performed essentially as described elsewherc (28},

Immunoprecipitations and protein phosphorylation using
protein kinase A. Our procedures for preparation of cell
lysates. immunoprecipitation of CFTR, in viiro phosphory-
fation, and SDS (sodium dodecyl sulfate)-gel electrophoresis
have all been described elsewhere {3,9. For in vitro labeling
of CFTR, immunoprecipitates were incubated with 20 ng of
protein kinase A (Sigma) and 10 pCj of [v-**PIATP in 50 ul
of kinase buffer (50 mM Tris-HCI) [pH 7.5], 10 mM MgCl,,
100 ng of bovine serum albumin per mil} at 30°C for 60 min.
The reaction was stopped by the addition of 0.5 ml of RIPA
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton
X-100. 1% sodium deoxycholate, §.1% SDS). Labelled
CFTR immunoprecipitates were analyzed by electrophoresis
on 6% SNS-polyacrylamide gels (19).

Assessment of anion permeability. Our procedures for
cxpression of CFTR by using the vaccinia-T7 hybrid expres-
sion system and for assessment of 1~ permeability by using
the halide-sensitive fluorophore SPQ have been described in
detail elsewhere (1, 24). Briefly, HeLa cells were infected
with recombinant vaceinia virus vIF7-3 {multiplicity of
infection of 10 to 20) 1o produce bacteriophage T7 RNA
polymerase. Following infection, the cells were transfected
with plasmid (5 pg) containing wild-ltype or mutant CETR
coding sequences preceded by the T7 promoter. Cells were
loaded with SPQ} by including the dye in the medium and
were studied 8 to 14 h after transfection. SPQ fluorescence
was girenched by equilibration of the cells in Nal buffer.
Cells were stimulated by addition of 20 M forskolin and 100
rM isobutylmethyl xanthine to increase intracellular cAMP.
SP( fluorescence was measured before and following sub-
stitution of 1~ for NO, " in the bathing medium. The change
in SPQ fluorescence of wild-type CFTR under cAMP-stim-
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ufated and unstimulated conditions was included as a controi
for each mutant. Data arc presented as percent fleorescence,
which is 100 x [(£, ~ FOIF 15 5 - Fyil, where F,, Fi; ¢ and
+, are fluorescence intensities at time zero, 17.5 min, and
time r, respectively.

In a few studies, we also measured membrane currents
with the standard whole-cell patch clamp technique (1, 10).
For (G1349D CFTR mutants, the pipette contained 120 mM
N-methyi-p-glucamine (NMDG), 5 mM N-2-hydroxyethyi-
piperazine-N'-2-ethanesulfonic acid (HEPES), 3 mM MgCl,,
1 mM CsEGTA, and 1 mM MgATP, pH 7.2 (117.5 mM HCI).
The external bath solution contained 140 mM NMDG, 10
mM HEPES, 1.2 mM CaCl,, 1.2 mM MgCl,, and 10 mM
dextrose, pH 7.2 (135 mM HCI). Membrane voltage was
maintained at —60 mV and depolarized to +80 mV for 500
ms every 4 s, For K1250M CFTR mutants, the pipette
contained 120 mM NMDG, 115 mM asparlic acid, 5 mM
HEPES, 3 mM MgClL,, 1 mM CsEGTA, und 1 mM MgATP,
pH 7.2 (5.8 mM HCY). Membrane voltage was maintained at
—80 mV and depolarized to +80 mV for 500 ms every 4 s.
Hela cells were studied 12 to 15 h after transfection. Series
resistance and cell capacitance were compensated as de-
scribed previously (1) Cells were studied at 30 to 35°C.

RESULTS

CFTR mutants. The mutations introduced into the NBDs
of CFTR ¢DNA are shown in Fig. 1A, togelher with the
CF-associated mutations that have been identified in these
regions of the protein (Fig. 1B). The NBD mutations fall into
three subregions: (i) those around the first Walker motif
(Walker A) (31), characterized by several conserved glycines
and a lysine residue; (ii) those upstream of and including the
second Walker motif (Walker B), which consists of a short
stretch of hydrophobic residues followed by a conserved
aspartic acid; and (iif} the region around the most common
CF-associated mutation (AF308)., The sequences argund
residue 508 in Fig. 1A and B arc arranged differcntly from
the alignment proposed by Riordan ct al. (25). The alignment
used here was generated to maximize homology of NBD2,
not oly with NBD1 of CFTR but also with the NBD regions
of other related proteins such as MDR and STESG (Fig. 1C).
The new alignment reveals a greater degree of conservation
than docs that published carlier.

In the Walker A sequences, we mutated to methionine the
conscrved lysine residue at amino acid 464 jn NBD1 and at
1250 in NBD2; neither of these mutations is known to be
associated with CF. By convention, these mutations are
referred to as K464M and K1250M, where K and M stand for
lysine and methionine, respectively, using the single-letter
amine acid code. Upstream of Walker B, we made the
mutations $549R and $5491, both of which are CF assoctated
but rclatively rarc (5, 15). In NBD2 we made the equivalent
S51347R mutation, which is not known to he CF associated.
Mutations G351D and G1349D map to the equivalent con-
served glycine in NBD1 and -2, respectively, and both are
reported to be CF associated (5, 16a). ASS9T is CF a$50Ci-
ated (5), but its NBD2 equivalent A1357T is not reported to
be CF associated. D572N and D1370N are not CF associated
but alter the conserved aspartic acid in the Walker B
sequence.

In the 508 region we deleted phenylalanine residue 508
(AF508) and also made AIS07, a rare CF-associated mutation
(15), FS08C, which is reported to be a normal human
polymorphism (17), and F508R, which represents a noncon-
servative amino acid change that is not known to be CF
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FIG. 2. Analysis of mulant forms of CFTR. Expression vectars containing wild-type CFTR (PMT-CFTR; lune 1) and those containing
mulants pMT-CFTR~K464M (lane 2), pMT—CF‘TR-KlZSOM (lane 3), PMT-CFTR-5549R {lane 4). pMT—CF’l‘R~SlB4?R (lane ), pPMT-CFTR-
F508C (lane 7), PMT-CFTR-G5511 {lanc 8), pMT-CF'I"R~GIS49D (lane 9), PMT-CFTR-A559T {lane 10, pMT- "FTR-A1357T {iane 11),
PMT-CFTR-DS72N {lanc 12), pMT-CFTR-D1370N (lane 13), PMT-CFTR-N1303K (lane 14), OMT-CEFTR-AF508 (lane 15), and pMT-CFTR-

05-

AF1296 (lane 16) were transfected ino C

7 cells, and CFTR EXPression was analyzed by immunoprccipjla!ion, in vitro phosphorylaiion.

and gel electrophoresis ag described previously (3, 9. Lane 6 contains mock-transfecled COS-7 cells.

associated (3). In NBD? we made AF1296, which in the
published amino acid alignment (25} is equivalent to (he
deietion at 508, In the same region of NBD2 we also made
NI303K, which is CF associated (22}. We afso removed hoth
potential glycosylation sites in CFTR to generate the muta-
tion N894,9000Q (3).

The mutations were introduced into a full-length CFTR
¢DNA by standard methods (18). Previously described vec-
tors were used for CFTR mutagenesis and for CFTR expres-
sion in the vacciniy virus and COS cell syslems (3. 9, 24).

Expression of mutant CFTR in COS cells, Figure 2 shows

CEFTR was detected by addition of protein kinase A to
washed immunoprecipitates made tfrom extracts of the trans-
fected cells, using monoclonal antibody 13.1 as described
previously (3). The affinity of this antibody for CFTR js not
measurably affecied by either glycosylation of CF1R or the
State of phospho ylation of the R-domain (2a, 3). Mature
fuily glycosyluted CFTR is detected in this assay as a diffuse
band (band ) migrating with an apparent molecilar weight
of 150,000 under our gel electrophoresis conditions. The
primary translation product of CFTR, lacking any carbohy-
drate (bang A), migrates more rapidly ¢apparent molecular

mobility (apparent mofecular weight
135,000},

Previously we reported that band C is absent from exiracrs
of cells transfected with N894,900Q, the mutant lacking
glycosylation sites {3). Instead the primary translation prod-
uct, band A, iy detected. Of mutations within NBD1. we
previously showed that cxtracts from cells transfecied with

contain band B. We also showed that extracts trom cells
transfected with NBDj mutant G551D contain band C (3:
Fig. 2). Figure 2 shows that the additional NBD mutants
S549R, ASS9T, and D572N directed synthesis of band B buy
not band C CFTR, F308C, the NBD] polymorphism, clearly
makes band C, though possibly at somewhat reduced
amounts.

Within NBD?, we had previously shown that cells con-
taining mutant K1250M make band C (3; Fig. 2). Figure 2
shows that NBD?2 mutants S1347R, G1349D, A1357T. and

consistently showed that cells transfected with this mutant
make small but detectable amouncs of band C.

The expression data (summarized in Table 1) show that
Mutations in NBD1 are more sensitive to the effects of the
same amino acid change than are mutations in NBD?, a5

TABI.E 1, Properties of CFTR mutants”

Bund
Mutant® CF Domain —_— SPQ assay
A B C

Wild type - + L 47
K4a64M N NBDI - + - -
K1250M N NBD? - + + L
Al5Q7 Y NBDij - + -
AF508 Y NBED1 - + - -
F308¢C P NBD1 - + + +
FS08R N NBD? - + - -
AF29¢ N NBDL2 - + - +
N1303K Y NBD2 - 4 - -
55491 Y NRD1 E + - -
S349R Y NBD1 - 4 - -
S1347R N NBIJ2 - + I3 4-
G551 Y NRBD] - + + -
G13490> Y NBD? - + + +<
ASS9T Y NBD1 - + - -
ALISTT N NRD?2 - + + +
DTN N NBD1 - + - -
D137ON N NED2 - + + -
NB94, 9000 N ECDh4+ T -

“ The known association with CF (Y, yes: N, no; P, polymaorphism),
domain location. presence ¢ L) or ubsence (- § of CFTR bands A, B, and C,
and presence {+) or absence (—} of function in the SPO halide effux ANNAY ire
shown for each mutynt CFIR species.

* The convention for NAMIng mutants is g follows: the aming agcid normally
found at the parficular residue, the residue number (253, and the emino acjd to
which the residue way converted. The single-detter amina acid code s used,
Thus, K464M iy Mutant in which lysine 464 s converted to methionine.

“ Confirmation by whole-celi patch ¢lamp,

4 ECD, extracellufar domain.
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FIG. 3. Functional assay of CFTR mutants by 5PQ Huorescence.
wild-type or mutant CFTR is shown following substitution of NG, forl

The change in Auorescence of SPQ-loaded HeLla cells expressing
in the bathing medivm, Cells were stimulated with 20 pM forskolin

and 100 uM isobutylmethyl xanthine for 7 min prior to ion substitution. Data are means + standard errors of representative experiments for
each mutant (CFTR, #r = 33; AFS08, # = 27 G551D. = 404 G1349D, n = 52; K46dM, n = 25 K1250M, 5 = 20; DS72N, n = 6 DI1370N,

=7 NI1303K, n = 40; AF1296, » = 18; where n = number of cells),

Mutants were tested for function by using the SPQ assay with a1 least

three dillerent cell preparations. Values for euch pair of mutants are significantly differcnt (F < 0.001), cxcept for the D-to-N pair of mutants,

as assessed by Student’s unpaired ¢ test,

measured by the appearance of bund C. 1n addition. the data
cxtends our previous observation that cells transfected with
CF-associated mutants commonly but not exclusively lack
maturec CFTR.

Functional assay for CFTR activity. To measurc the func-
tion of the CFTR wvariants, we used the SPQ immunofluc-
Iescence assay in vaccinia virus-infected Hel.a cells trans-
fected with mutant plasmids (1. 24). Approximately 12 h
after infection. SPQ-loaded cells were cquilibrated in an Nal
buffer. We then measured the increase in fluorescence of
SPQ after the Nal buffer was replaced by NaNOQ, buffer (1~
quenches SPQ fluorescence but NO, does not}. The in-
crease in fluorescence was measured in the presence and
abscnce of cAMP. Representative data are shown in Fig. 3.
We have previously shown that u cAMP-induced increase in
the rate of fluorescence change results from activation of Cl
channels (1, 24),

Table 1 summarizes the results. A number of the muta-
tions, especially those in NBD2 (FS08C, NB94,9000),
K1250M. AF1296, S1347R, G1349D, and A1357T) retain
cAMP-activated iodide efflux. The remainder {K464M,
AIS07, AFS08, FS08R, $5491, SS549R. GS551D, ASSOT.
D572N and its NBD2 equivalent D1370N, and N1303K) lack
activity. For mutations K1250M and G1349D, the SPQ data
were confirmed by patch clamp measurements using the
methods previcusly described (1, 10) {Fig. 4). In both cases,
addition of cAMP reversibly stimulated Cl° current.

The functional assay data are striking for iwo reasons.
First, all CF-associated mutations, with the exception of
(1349D, are negative in the functional assay. Second, mu-
lations in NBD1 lead to functional nactivation more often
than do the equivalent mutations in NBD2.

DISCUSSION

The absence of mature CFTR correlates with failure to
activate the chloride channel. The data in Table 1 show that
with the exception of the synthetic glycosylation site mutant
N89%4.900Q, mutants that fail to make band C also fail to
generate cAMP-activated Cl™ channcls. We believe that this
result is predictable since we earlier suggested that the
absence of band C reflects the failure of some mutant CFTR
species to traftic normally through the cell (3). We propose
that such mutants are rejected in the endoplasmic reticulum
by a cellular quality control mechanism. If this is the case, a
mutant unable to make band C is one that is recognized by
the quality control mechanism, and consequently cannot
transport normally and cannot mature. Inevitably, such
mutants will not progress to the plasma membrane and will
lack functional activity at the cell surface.

Although all mutants except N894.200Q which lack the
ability to make band C also lack functional activity, the
corollary is not true; that is, all mutants associated with CF
do not lack band C. We previousty showed that G551 and
the transmembrane 6 muiant R334W (3} both make appar-
ently normal amounts of band C. Here we also demonstrate
this for G1349D. This result means that not all mutations in
CFTR result in cffects that are rccognized by the cellular
quality control mechanism. In these cases, intracellular
trafficking and maturation proceed normally, but neverthe-
less the protein is defective, presumably because a residue
crucial to protein function is altered. It is also important to
recognize that many mutations reported to be associated
with CF are very rare, and in some cases insufficient
evidence exists to prove formally that a given mutation
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corrents in CFTR mutants. Expression of CFTR NBD2 mutants (134913 and K1250M produces cAMP-activated

C17 currents in HeLa cells. (A) Time course for activation of current in the G1349D CFTR mutant. Upper bar shows the time during which
8-{4-chlorophenyithio) (CPT}-cAMP (500 pM) was presenl. Lower bar shows the time when extracellular [C17 | was decreased from 139.8 to
4.8 mM (low [Clly). Values are currents recorded at +80 mV, {B) Current-voltage (I-V) relationship in the G1349D CFTR mutant obtained
before (open symbols) and ufier (closed symbols) addition of CPT-cAMP (300 uM). Cell was the same as that shown in panel A, I-V
relationships were obtained in symmetrical Cl  soltions (M) and after reduction of the extracellular C1~ cancentration from 139.8 to 4.8 mM

(®) (C1” replaced by aspartic acid; expected reversal potential, +84.
K1250M CHFTR mutant; bar shows the times during which CPT-cAMP
shown in C. The I-V relationship was obtained from a continuous volt

in panel C.

causes CF. G1349D is a case in point: this CFTR mutant is
functional in our assays, suggesting the possibility that there
are other, undiscovered mutations on the CF allele carrying
G1349D and that these uncharacterized mutations cause CF.

Carbohydrate addition per se is not necessary for CFTR
function, The data presented here indicate that even though
inactive mutants commonly lack compicte glycosylation,
carbohydrate addition is not necessary for the function of
CHFTR. N894,900Q retains anion transport function even
though it makes no band B or band C. We interpret this
finding to mean that this mutant is able to trafic normally
through the cell. This emphasizes that the quality control
mechanism that detects other mutants does not recognize
defective glycosylation, but rather lack of cornplete glyco-
sylation is a consequence of rejection. We conclude that
glycosylation is not essential for CFTR (o get to its site of
action or to generate cAMP-activated C1~ channels, Other
exampies in which interference with the normal glycosyl-
ation of a transmembrane protein does not affect intracellu-
lar trafficking of that protein have been reported. For exam-
ple. a deglycosylated version of the muscarinic acetylcholine
receplor has been shown te be correctly localized and
functional &t the plasma membrane (30).

Abnormal chloride channel function does not prevent gly-
cosylation of CFTR. The results with mutants that are
inactive yet still produce band C provide cvidence that
defective function of CFTR does not prevent its own glyco-
sylation. G551D is a naturally occurring CF mutatien, and
expression of G551D fails to increase cAMP-dependent

8 mV}. (C) Time course for activation and reversal of currents in the
{500 wM) was present. (D) Current-voltage relationship of the currents
age ramp from - 100 to +100 mV at the times indicated by the asterisk

halide permecability yet stili produces band €. Similarly,
DI1370N, which affects a highly conserved aspartic acid in
the Walker B motif of NBD?2, facks activity in the SPQ assay
yet produces band C. We conclude that the absence of
compiete glycosylation of certain CFTR mutants does not
result from lack of cAMP-activated Cl™ channel activity.
NBD1 is more susceptible than NBD2 to the effects of
mutation. In the series of mutations presented in Table 1, it
is clear thar ¢quivalent mutations in NBD1 and NBD? do not
have equivalent consequences in the assays used here. Eight
of nine mutations in NBD1 {excluding the pelymorphism
F508C) but only one of seven mutations in NBD? fail to
make detectable band C. Likewise, all of the mutations in
NBDI tested (except F508C) abolish cAMP-stimulated an-
ion permeability, but only two of seven mutations in NBD2
are active. Thus, mutations in NBD1 are at best cqual to,
but usually more severe than, the equivalent mutations in
NBD2. Strikingly, these results reflect the observed uneven
distribution of CF-associated mutations within CFTR. Of the
15 missense mutations shown in Fig. 1B, only 3 are found in
NBD?2 whereas 12 are present in NBD1. Thus, the motecular
basis for the frequency of CF-associated mutations within
the NBDs would scem to be the increased sensitivity of
NBD1 mutations to the quality control mechanism or func-
tional inactivation. We suggest that this diffcrence reflects
either the differcnt sequences within the NBDs themselves
or else differences in the adjacent domains with which they
may interact. In this regard, it is notable that the sequence
homology between NBD1 and NBD2 in CFTR is much less
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than for other proteins of similar overal structure with
duplicate NBDs, Inierestingly, the results discussed above
contrast with those of similar studies on the NBDs of MDR,
in which equivalent mutations in the two domains generally
have the sume effect on function (2).

Given that mutations in the two NBDs affect maturation
unequally, we believe thar ag least some of the differences in
funclionai properties of mutants in the two domains are
predictable. NBD1 Mutants generally do not make band C:
consequently, any potcatial partial activity of an NBDI1
mutant is masked because it does not reach the correct
cellufar destination at which activity is measurable. The
equivalent NBD? mutants, by contrast, generally appear to
escape the quality control mechanism and do muke band C.
Presumably, at feast some of the NBD2 mutant CFTR is
present at the plasma membrane, and this material, even
though mutant, may in certain cases have measurable activ-
iy, Consider, for example, the paired mutations (K464M
and KI1250M) in the conserved lysine in Walker A, where
K464M does not make band C and is functionally inactive
whereas K1250M does make band C and retains functional
aclivity. The differences observed do not necessarily mean
that the functions of the two domains ¢say, in nucleotide
binding} are different. Rather, residyal activity of K464M
may be masked by incorrect subcellular location, wherea:
partial activity of K1250M may be magnified by the non
quantitative nature of the functional assay and expressior.
system (sec below). Similar arguments apply to other pairs
of mutations,

Another factor that might emphasize differences in activ-
ity between NBDI and NBD2 mutants is the expression
system and functiongl assay. Of the mutants that make band
C. we show that six of cight retain measurable anion
transport function, However, because neither the SPQ assay
nor the measurement of CI™ currents with the patch clamp is
complelely quantitative {note our previous description of the
heterogeneous response with use of the vaceinia virus hybrid
€xpression system (1, 24]), we cannot conclude that fune-
tional mutants are completely wild type and retain 1005%
activity. Indeed, the apparent fulf activity of AF1296, which
in COS-7 cells makes much less band C than does lhe wild
type. and of G1349D, which is reporied to be associated with
CF, suggests that in SOME cases oUr expression system and
functional assay may not allow discrimination of partialiy
tunctional from fully functional mutants. It is also possiblc
that the high level of expression of CFTR in the Hel.a and
COS-7 cells might influence the assays to mask some func-
tional defects.

nine nucleotides. Assuming, as seems probably, that both
conserved Walker motifs are associated with nucleotide
binding, it is important {0 note that two steps are likely
invelved: first, the binding or hydrolysis of nucleotide and
second, the functional conscquences that result from nucje-
otide binding or hydrolysis. If this reasoning is correct, even

binding may be dilferent. Several arguments favor a different
role for the two domains resulting from the different conse-
quences of nucleotide binding. These include the clustering
of CF-associated mutations and the differential effects re-
parted here of scemingly eguivalent mutations both on
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maturation of CFTR and on CI- channel activity. However,
the fact that certain mutations in NBD? (o affect CFTR
maturation or Cl~ channel activity suggests thar the two
NBDs may play similar roles in CFTR function and that the
primary difference between the two NBDs is the greater
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