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ABSTRACT: The folding of membrane-spanning domains into their native functional forms depends on
interactions between transmembrane (TM) helices joined by covalent loops. However, the importance of
these covalent linker regions in mediating the strength of helix-helix associations has not been
systematically addressed. Here we examine the potential structural impact of cystic fibrosis-phenotypic
mutations in the extracellular loop 2 (ECL2) on interactions between the TM3 and TM4 helices of the
cystic fibrosis transmembrane conductance regulator (CFTR) in constructs containing CFTR residues 194-
241. When the effects of replacements in ECL2 (including the CF-phenotypic mutants E217G and Q220R)
were evaluated in a library of wild-type and mutant TM3-ECL2-TM4 hairpin constructs, we found that
SDS-PAGE gel migration rates differed over a range of nearly 40%+/- the wild-type position and that
decreased migration rates correlate with increasing hairpinR-helical content as measured by circular
dichroism spectra in sodium dodecyl sulfate micelles. The decreased mobility of TM3/4 constructs by
introduction of non-native residues is interpreted in terms of an elongation or “opening” of the helical
hairpin and concomitant destabilization of membrane-based helix-helix interactions. Our results support
a role for short loop regions in dictating the stability of membrane protein folds and highlight the interplay
between membrane-embedded helix-helix interactions and loop conformation in influencing the structure
of membrane proteins.

Membrane proteins comprise 20-30% of the total number
of proteins contained in genomes of various organisms (1,
2). This class of proteins represents prime targets in
pharmaceutical research, as membrane proteins are estimated
to comprise approximately 70% of current drug targets (3).
Mutations in membrane proteins are also the lead causes of
various genetic diseases such as cystic fibrosis (4). The
experimental challenges associated with the hydrophobic
nature of membrane proteins, however, have impeded our
understanding of their structure/function relationships.
Membrane proteins represent only∼0.3% of the>34000
structures deposited in the Protein Data Bank (5), and
fewer than 100 membrane protein structures have been
solved to high resolution (6). Though it has been noted that
the structural characterization of membrane proteins is
moving forward exponentially (7), at the present pace of
structural determinations it still may take more than 3 decades
to obtain representative structures of most membrane protein
folds (5).

The folding of R-helical membrane proteins has been
modeled as a two-stage process (8, 9), where the first step
involves the insertion of hydrophobic TM1 segments into
the interior of lipid bilayer, and the second step involves
the formation of tertiary contacts between TMR-helices. The
two-stage model implies that each TM segment behaves as
an individual folding unit and that helix-helix interactions
have sufficient specificity to generate membrane protein
folds. While this model does not specifically address the
role(s) of the extramembranous loop regions that connect
TM helices in guiding membrane protein folding, its
underlying principles have been supported by studies of
bacteriorhodopsin (bR) and other membrane proteins. The
native bR fold, for instance, can be regenerated from various
protein fragments with severed or deleted connecting loops
(10-13). Loop-severed or -deleted fragments of other
R-helical membrane proteins such as rhodopsin (14), mus-
carinic acetylcholine receptor (15), yeastR-factor transporter
(16), and lactose permease (17) are also capable of reas-
sembling via helix-helix interactions into native or near-
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However, membrane proteins reconstituted from helix-
helix interactions alone do not always recover wild-type
(WT) stability and/or function. For example, bR proteins
assembled from fragments, or designed with non-natural
covalent loop sequences, typically exhibit lower than WT
stability and/or altered functional properties (18-22). Certain
loop regions are additionally capable of forming defined
tertiary structures when excised from the full-length protein
(23-27), implying that these regions can contribute favorably
to the overall stabilization of membrane protein structures.

Several mutations that cause cystic fibrosis (CF) have been
localized to various connecting loops of the cystic fibrosis
transmembrane conductance regulator (CFTR), a chloride
channel located in the apical membrane of epithelial cells.
The CFTR molecule contains 12 TM helices linked by four
intracellular loops (ICLs) and six extracellular loops (ECLs)
(reviewed in ref28). The ICLs significantly exceed the ECLs
in length and are implicated in long-range interactions
between the membrane and cytoplasmic domains. CF-
associated mutations in ICL1, ICL2, ICL3, and ICL4 cause
the protein to be misprocessed and/or display altered chloride
channel activity (29-31), and the secondary structure of
ICL4 in particular has been postulated to contribute crucially
to the proper folding of the entire CFTR molecule (31).
Although CF-causing mutations in the ECLs generally allow
for proper processing of CFTR, most seriously compromise
its chloride channel activity, indicating that the ECLs
contribute to the stability of the CFTR ion pore (32). These
results are remarkable given that ECLs are generally quite
short (approximately 5-30 residues) and might therefore be
expected to participate predominantly in local, rather than
long-range, stabilizing interactions.

Using a helix-loop-helix segment of CFTR correspond-
ing to TM helix 3, ECL2, and TM helix 4 (termed TM3/4),
we have previously shown in vitro that a CF-phenotypic point
mutation in the CFTR TM helix 4 induces non-native helix-
helix interactions that could alter the normal assembly and
alignment of CFTR TM helices and/or impede their move-
ment in response to substrate transport (33). However, the
potential role(s) of ECLs in stabilizing the biologically
relevant conformation of CFTR has (have) not been sys-
tematically characterized. Here we extend our examination
of the molecular basis of CF by examining the effect of point
mutations in ECL2 on the folding of the TM3/4 hairpin.

EXPERIMENTAL PROCEDURES

TM Prediction. The boundaries of the TM3 helix and TM4
helix of CFTR were identified by submission of residues
190-247 of theHomo sapiensCFTR sequence to the web-
based program TM Finder (www.bioinformatics-canada.org/
TM/) (34) using all default parameters except gap length,
which was set to 5.

Expression and Purification of TM3/4 Constructs of CFTR.
The cDNAs encodingH. sapiensCFTR residues 194-241
were subcloned into the pET32a vector following procedures
adapted from Peng et al. (35). The resulting construct,
designated TM3/4 WT in this work, contains a C225A
replacement designed to prevent disulfide bond formation
between different helical hairpin molecules, has a 32-residue
N-terminal fusion with an S-tag epitope used for Western
blot detection (sequence GSGMKETAAAKFERQHMDSP-

DLGTDDDDKAM), and has an 8-residue C-terminal fusion
with the hexahistidine tag used for purification by affinity
chromatography (sequence LEHHHHHH). TM3/4 mutants
were generated using the QuikChange site-directed mutagen-
esis kit (Stratagene). Expression and purification of all TM3/4
constructs was performed as previously described (33, 35-
38).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) Analysis of TM3/4 Constructs. Puri-
fied TM3/4 constructs were run on SDS-PAGE and their
migration rates compared to that of the TM3/4 WT protein
as described (33, 38). Briefly, the percent change in
molecular weight (MW) was first calculated from gels by
comparing the apparent MW of each TM3/4 hairpin [esti-
mated from the migration rates of Mark-12 molecular weight
markers (Invitrogen)] to its expected theoretical MW using
the equation:

The percent change in MW of each ECL2 replacement in
the TM3/4 WT or TM3/4 V232D backgrounds was then
normalized to the migration of the parental hairpin as follows:

ECL2 mutants with positive percent changes thus migrate
less than their parental hairpin on SDS-PAGE; those with
negative values migrate further.

Circular Dichroism (CD) Spectroscopy. Lyophilized samples
of purified WT or mutant TM3/4 hairpins were resuspended
in 25 mM SDS and 10 mM Tris, pH 7.5, to yield a final
TM3/4 concentration of 20µM. CD spectra were collected
on a Jasco J-720 circular dichroism spectropolarimeter.
Following spectra collection, CD samples were diluted 20-
fold using water to render the SDS concentration compatible
with the BCA protein determination method. Protein con-
centrations in each CD sample were then verified using the
Micro BCA assay (Pierce).

RESULTS

Definition of ECL2 Boundaries.Loop boundaries are
typically defined by determining the limits of the successive
TM segments that they connect. At the time of the discovery
of the relationship of CFTR to CF disease, the ECL2 that
connects the TM3 and TM4 helices in CFTR was schemati-
cally depicted as consisting of five residues with the sequence
216WELLQ220 (39). More recently using TM Finder, a TM
prediction program developed in our laboratory that predicts
TM regions based on experimentally determined helicity and
hydrophobicity values in apolar solvents (34), we find one
apparently uninterrupted TM segment without a clearly
defined connecting loop in this region of theH. sapiens
CFTR sequence (Figure 1). However, the near-baseline
decrease in both helicity and hydrophobicity of the region
between residues 220-226 (Figure 1) earmarks this region
as the potential connecting loop (34). Other TM helix
prediction programs have designated residues 217-219 as
the ECL2 region (40). We decided to encompass the previous
designations as well as our prediction for the purposes of

% change)
(theoretical MW- apparent MW)× 100

theoretical MW

% change vs TM3/4 parent)
(% change TM3/4 parent- % change ECL2 mutant)× 100

% change TM3/4 parent
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the present work and utilized an inclusive definition of ECL2
as TM3/4 WT residues215IWELLQASAFAG226.

Analysis of CF-Phenotypic ECL2 Mutations in the TM3/4
WT Background.Two CF-phenotypic missense mutations,
E217G and Q220R, have been documented in the ECL2
region (contributed to the Cystic Fibrosis Mutation Database
at www.genet.sickkids.on.ca/cftr/ by Zielenski et al. and
Férec). These charged-to-uncharged and polar-to-charged
mutations can perturb such parameters as the net charge, side
chain volume, hydrophobicity, and residue helical propensity
of ECL2 and might therefore also perturb the normal
structure of the TM3/4 WT hairpin, possibly by the disruption
of wild-type extant van der Waals and/or side chain-side
chain electrostatic interactions (33, 41). E217G and Q220R
point mutants were constructed initially in the TM3/4 WT
background, and their migration on SDS-PAGE was
compared to WT following the gel shift assay developed in
our laboratory (33). This assay assesses the mutation-
dependent migration of TM3/4 constructs, where more tightly
folded hairpins migrate faster than WT and vice versa (33,
38). We noted that the E217G and Q220R substitutions in
the WT background each showedslowermigration relative
to WT on SDS-PAGE (Figure 2), initially implying that
replacement of these ECL2 positions has rendered the TM3/4
WT construct less compact (vide infra).

Substitutions at E217 HaVe Variable Effects on TM3/4 WT
Folding.The formation of non-native side chain-side chain
electrostatic interactions by membrane-based polar mutants
has been postulated to alter TM3/4 folding and dynamics
(33). In the present work, we sought to examine the impact
of comparable side chain variations in the loop region. In
ECL2, there are two additional polar residues that could
participate in such interactions: Q220 and S222. We assessed
the role of Q220 in TM3/4 folding by constructing two point
mutants that could have variable effects on side chain
electrostatic interactions: Q220G and Q220N. However,
neither removal of the polar side chain in the Q220G mutant
nor truncation of side chain length by a methylene group in
the Q220N mutant effected a significant change in hairpin
mobility (Figure 3, Table 1), suggesting that the WT Q220
was not likely to be participating in ECL2 side chain-side
chain interactions.

On the other hand, removal of the side chain hydroxyl
group at S222 by substitution with Gly, in the native

background of E217, produced a helical hairpin that migrated
more slowly than TM3/4 WT on SDS-PAGE and was thus
considered to have disrupted structure (Table 1). We
therefore hypothesized that the S222/E217 pair might form
an intraloop interaction that stabilizes the native hairpin
conformation and systematically replaced each side chain
with Gly in the double mutant cycle consisting of S222G,
E217G, S222G/E217G, and E217S/S222E. The unequal
migration rates of the S222G and E217G hairpins in this
cycle (6.8( 0.7 vs 12.0( 2.1,p ) 0.015), however, were
inconsistent with an interaction between the two residues,
and the double mutant E217S/S222E, where the positions
of the hydrogen bond donor and acceptor are interchanged,
exhibited the largest perturbation in hairpin compactness
(percent increase of apparent molecular weight compared
to wild type ) 26%) than any others encountered in this
work. We therefore concluded that the disruptive effects
of substitutions at S222 and/or E217, among them the

FIGURE 1: Prediction of transmembrane segments in CFTR residues
190-247. The yellow background reflects potential transmembrane
region(s). The CFTR sequence used in the prediction is given below
the graph. Residues displayed in green reflect the transmembrane
region of TM3/4 predicted by TM Finder (34). The TM3/4 construct
contains residues 194-241. Residues considered as the ECL2 in
this study span Ile 215 to Gly 226.

FIGURE 2: SDS-PAGE migration analysis of TM3/4 WT hairpins
with and without CF-phenotypic mutations. (A) SDS-PAGE of
TM3/4 WT and TM3/4 WT with E217G and with Q220R. (B)
Analysis of the migration behavior of mutants vs WT by the percent
change in apparent molecular weight on SDS-PAGE compared
to that of WT (see Experimental Procedures for details).

FIGURE 3: SDS-PAGE migration analysis of Q220 mutants in the
TM3/4 WT background. 1µg of protein was applied to each lane.
Coomassie blue staining was used to visualize protein bands. The
Q220E replacement migrates faster than TM3/4 WT, the Q220G
and Q220N mutants migrate at equivalent rates to TM3/4 WT, while
the Q220W, Q220K, and Q220R substitutions migrate more slowly.
Values of percent decrease in molecular weight (Table 1) were
calculated as described in Experimental Procedures.
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CF-phenotypic replacement, could not be attributed solely a
structural feature such as non-native H-bond formation.

Q220 Substitutions Can Decrease or Increase Hairpin
Compactness.While Q220G- and Q220N-substituted hairpins
migrate at the same rate as WT TM3/4, we undertook to
examine this position systematically to determine the mo-
lecular determinants of migration rate variation. Thus, Q220
was replaced with Lys, Trp, and Glu in the TM3/4 WT
background (Figure 3, Table 1). The Q220K and Q220W
hairpins migrated identically to Q220R (p ) 0.259 andp )
0.101, respectively) and to one another (p ) 0.341), making
it unlikely that the positive charge on the Arg side chain per
se reduced hairpin compactness. The Q220E replacement,
on the other hand, appeared to enhance the compactness of
the TM3/4 WT hairpin.

R-Helicity of ECL2-Substituted Hairpins Correlates with
Gel Mobility.To place the migration rates among our library
of ECL2 mutants on a conformational basis, the secondary
structure of each TM3/4 WT hairpin was examined by
recording their CD spectra in SDS micelles, ostensibly
conditions comparable to those imposed on the hairpins in
SDS-PAGE gels. Earlier we had observed that TM3/4
constructs with lesionswithin their TM segments (e.g., WT
vs I231D and V232D) display superimposible curves (38).
By contrast, in the present work, we found categories of loop-
mutant hairpins that could be distinguished spectroscopically
by changes in their relative helicity as measured at 208 nm
(Figure 4). Thus, the mutants that migrated more slowly than
TM3/4 WT on SDS-PAGE gels, among them Q220R and
E217S, generally displayed increased helicity compared to
TM3/4 WT (Table 1, Figure 4A). On the other hand, mutants

that migrated similar to or faster than TM3/4 WT exhibited
similar-to-WT helicity (Table 1, Figure 4B). When the
changes in TM3/4 WT hairpin migration were compared to
changes in overall hairpin helicity, a strong correlation (R
) 0.79) was observed (Figure 5), leading us to propose that
increases in non-nativeR-helix structure within ECL2 might

Table 1: Migration Behavior on SDS-PAGE Gels of Single and
Double Mutants in the Loop Region of CFTR TM3/4 Constructs

% change in apparent MW on SDS-PAGE

mutant
vs TM3/4 WT in

WT loop mutantsa
vs TM3/4 V232D in

V232D loop mutantsa Pb

E217G 6.8( 0.7
E217S 11.1( 3.4 5.4( 1.4 0.056

Q220R 15.2( 1.1
Q220G 0.3( 0.4
Q220N 2.1( 1.3 0.5( 0.3 0.108
Q220K 14.1( 1.0
Q220W 13.1( 1.3 11.5( 0.9 0.157
Q220E -11.1( 1.1 -4.0( 0.3 <0.001

S222G 12.0( 2.1 1.1( 0.6 0.001
S222E -0.3( 2.4 1.3( 0.5 0.512

E217G/S222G 12.4( 1.9
E217S/S222E 26.1( 4.5

averagec 10.4( 7.3 4.0( 4.2 0.067
a Values are the percentage difference vs TM3/4 WT or TM3/4

V232D migration of SDS-PAGE gels. Negative values (in bold type)
are for mutants that migrated faster than WT. Details of the calculation
are described in Experimental Procedures.b Changes in the migration
rates of the given ECL2 mutant in the TM3/4 WT or TM3/4 V231D
background were compared using unpairedt tests.P values of 0.10
or less are deemed marginally statistically significant and values of
0.01 or less as highly statistically significant, withp e 0.05 the
conventional standard of statistical significance.c The absolute
values of the changes in the migration rates of all characterized mutants
were averaged in the TM3/4 WT and TM3/4 V231D backgrounds. The
mean and standard deviation are shown for each group. Means were
compared using unpairedt tests, withn ) 12 for WT andn ) 6 for
V231D.

FIGURE 4: Circular dichroism spectra of TM3/4 WT helical hairpins
in SDS micelles. (A) Spectra of selected mutants with slower than
WT migration on SDS-PAGE. (B) Spectra of selected mutants
with migration rates equal to or faster than WT. Spectra were
recorded in 25 mM SDS in 10 mM Tris buffer at pH 7.5. Peptide
concentration: 20µM.

FIGURE 5: Least-squares plot ofR-helicity vs TM3/4 WT hairpin
gel mobility. Molar ellipticity values taken at 208 nm (see Figure
4) were plotted vs changes in apparent molecular weight relative
to TM3/4 WT on SDS-PAGE gels (see Table 1).
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mitigate against the compactness of helix-helix contacts
within the TM3/4 WT hairpin structure.

ECL2 Mutants Are Less DisruptiVe in the Context of the
Membrane-Based CF-Phenotypic TM Mutant V232D.If the
helix-helix contacts in the TM3/4 WT hairpin are destabi-
lized by an increase inR-helical structure in ECL2, then
enhancement of stability of the membrane-embedded helix-
helix interface might be expected to modulate the effect of
loop mutations on overall hairpin conformation. The CF-
phenotypic V232D replacement in TM helix 4 has been
suggested in the TM3/4 hairpin context to form a stabilizing
interhelical hydrogen bond (33, 38); the TM3/4 V232D
construct has a more compact fold than the TM3/4 WT
hairpin and consequently migrates faster on SDS-PAGE
(33). Several ECL2 replacements characterized as described
above in the TM3/4 WT background were recapitulated in
the TM3/4 V232D hairpin (Figure 6, Table 1). We found
that the Q220E, S222G, and E217S replacements exhibited
a relatively less pronounced effect on migration in the TM3/4
V232D hairpin than the TM3/4 WT background with high
(p < 0.01 for Q220E and S222G) or detectable but marginal
(p ) 0.056 for E217S) statistical significance. The Q220N
and Q220W replacements also affected folding less in the
TM3/4 V232D background than in the TM3/4 WT hairpin
(Table 1). The mean change in migration of ECL2 mutants
in the TM3/4 V232D hairpin was>2-fold smaller than the
WT. The structural perturbations of ECL2 introduced by the
loop mutations thus appeared to affect hairpin conformation
to a lesser extent in the context of more stable TM-TM
helix-helix interactions.

DISCUSSION

Helical Hairpin Constructs as Models for Membrane
Protein Folding. While it may be preferable to perform
structural investigations on intact membrane proteins, their
often substantial size (ca. 168 kDa for CFTR), high
hydrophobicity, and concomitant challenges in overexpres-
sion and purification make obtaining sufficient amounts of
the full-length molecule for biophysical studies a significant
challenge. This reality has encouraged us and others to
develop the use of defined TM domain helix-loop-helix
or “hairpin” constructs that can be prepared in milligram
amounts, manipulated readily by established biophysical
techniques, and can accordingly be used to characterize the

molecular events that link disease to phenotypic mutations.
Hairpins represent the minimal model oftertiary contacts
between two helices in a membrane and, as such, can
recapitulate native helix-helix and loop conformations. Even
when excised from the protein, individual TM segments have
been shown to behave as independent folding domains and
to retain their native contacts (42-44). Loop regions in
hairpin constructs can also adopt relatively native conforma-
tions; for example, Ma and co-workers noted that the NMR
structure of a TM2-loop-TM3 construct of the human
glycine receptorR-1 subunit was in “striking agreement” with
a full-length X-ray structure (45), and loop conformations
consistent with full-length TM proteins have been observed
in several other hairpin constructs (46, 47). In addition,
“truncated TM domains” such as hairpins can provide
complementary atomic resolution structural information that
cannot be obtained by any other existing methods (45) and
are of modest molecular weights such that structural defects
induced by mutations become readily detectable by gel and
spectroscopic analysis; the structural defect of the same
lesions in the full-length protein could lie below the detection
levels of these techniques.

EValuating CFTR Folding Using Helical Hairpins and
SDS-PAGE Migration Assays.Determination of precise loop
length remains a constant challenge, since it is difficult to
specify at which residue a protein chain enters or exits a
bilayer headgroup region (34). Prediction programs such as
TM Finder are thus at best guidelines for definition of helix
entry and exit points. We opted in the present work to
consider the most inclusive ECL2 loop; this choice simul-
taneously reduced the expected length of the TM4 helix in
the designed constructs. In any case, hairpins with relatively
short loops (such as the ECL between CFTR TM3 and TM4)
are expected to be tightly folded (48, 49) and the most likely
to retain native contacts.

The SDS-PAGE migration assays for TM3/4 developed
in earlier work (33, 36-38, 48), where more compact
hairpins (“closed” conformation) migratefaster than the
corresponding elongated (“open” or more rod-like) forms
of the protein, derive from the extent of folded tertiary
structure that persists in SDS micelles. Like TM3/4, other
proteins, such as cGMP-dependent protein kinase (49) and
zinc regulatory factor (50), show conformation-dependent
changes in mobility in PAGE systems where folding is
maintained, with elongated forms migrating more slowly than
compact forms. For the present study, TM3/4 constructs were
examined in SDS micelles because the acknowledged dis-
ruptive nature of this detergent permits the detection of
differences in interhelical packing that may be masked in
other membrane-mimetic environments. Studies in SDS
have the additional advantage of readily correlating gel
migration with CD spectroscopy, as SDS micelles exhibit
lower light scattering effects than other detergents (51).
In this context, it is interesting to note that several members
of the present library of TM3/4 ECL2 mutants migrate more
slowly than the WT construct, indicating that sufficient
noncovalent helix-helix contacts persist for WT TM3/4 in
SDS to maintain a folded hairpin structure.

Influence of Charge on Hairpin Migration Rates.Distin-
guishing between migration pattern changes due to elongated
vs compact conformations and those due to charge alteration
is central to the SDS-PAGE assay. Several sets of experi-

FIGURE 6: SDS-PAGE migration of S222G and Q220W replace-
ments in the TM3/4 WT and TM3/4 V232D backgrounds. Hairpins
containing ECL2 mutants S222G and Q220W in the TM3/4 WT
background and in the TM3/4 V232D background are shown. 1
µg of protein was applied to each lane, and Coomassie blue staining
was used to visualize protein bands. Values of percent decrease in
molecular weight (Table 1) were calculated as described in
Experimental Procedures.

Extracellular Loops in CF-Phenotypic Mutations of CFTR Biochemistry, Vol. 46, No. 24, 20077103



ments suggest that TM3/4 migration patterns are not simple
functions of charge: (i) The double mutant Q207L/V232D
migrates identically to WT, while V232D migrates signifi-
cantly faster than WT (33). (ii) Single Asp substitutions at
20 different positions between TM3/4 residues 221-241
exhibit a range of gel shift variations (3-12% faster than
WT) (38); if introduction of a single negative charge was
the dominating effect, all 20 mutants should display similar
migration rates. (iii) TM3/4 mutants G241D (38) and G241R
(data not shown) migrate within 2% of WT.

While there may be a potential charge factor in the
migration patterns for certain Q220 mutations (Q220E,
Q220K, and Q220R; Figure 3), the migration rates of other
ECL2 mutants cannot be rationalized as simple functions of
adding or subtracting single charges. For example, S222E
and WT migrate at approximately the same rate, but Q220E
moves at-11% vs WT; both S222G and E217G/S222G are
at +12%; Q220K, Q220R, and Q220W are each at+13-
15%. Moreover, in construct E217S/S222E, the net charge
is not changed vs WT, yet the mutant runs at+26%. It may
be further remarked that polar side chains that occur in ECL2,
as well as those present in the S tag and His tag inherent in
the expression vector, are all exposed to aqueous solvent
and, as such, should be well solvated at pH 7.5 and unlikely
to influence gel mobility on the basis of charge per se; a
control construct in the S tag prepared to test this suggestion,
Q15R, migrates similarly to WT TM3/4 (data not shown).
As well, migration rates and spectroscopic determinations
are performed with these tags uniformly as “background”
in all hairpins, so the results obtained are normalized for
their presence. These overall considerations suggest that the
gel migration patterns among ECL2 mutants are not likely
to be a function of charge but are instead influenced by
conformational differences.

Mechanism of TM3/4 Structure Perturbation by CF-
Phenotypic Mutants.Given the direct correlation between
slower migration on SDS-PAGE and increasing hairpin
R-helix content (Figure 4), we suspect that the ECL2 mutants
destabilize the compact TM3/4 conformation by forcing the

loop into a more helical conformation. Consequently, the
decreased mobility of various TM3/4 WT constructs by
introduction of non-native residues at E217 and/or Q220 is
consistent with an elongation or “opening” of the helical
hairpin and concomitant destabilization of membrane-based
helix-helix interactions (33, 36-38, 48). These loop muta-
tions may be extending the TM3 and/or TM4 helix structure
into the ECL2 region, or additional residues in the ECL2
itself may adoptR-helical conformation. The structural
consequences of either option are potentially drastic. For
example, if anR-helical backbone conformation is assigned
to a single residue at the first position of an unstructured
loop in a model hairpin, the helices are forced apart in the
absence of interhelical interactions (Figure 7, compare panel
A vs panel B). This effect becomes more pronounced when
successive residues are assignedR-helix structure (Figure
7C-E) and completely reorients the two helices with respect
to one another. A similar disruption of the hairpin structure
is observed whenR-helical backbone assignments are made
at the last residue in the loop region, or toward the middle
of the loop sequence (not shown).

The TM3/4 V232D construct exhibits marginal but
discernibly smaller migration changes than TM3/4 WT
when ECL2 substitutions are introduced (Table 1, Figure
6). The stronger helix-helix interactions in TM3/4 V232D
may therefore help to maintain a compact hairpin structure
when ECL2 loop mutants are introduced that otherwise
destabilize the fold. The stability of membrane protein folds
in vivo may similarly reflect a balance between loop
conformation and helix-helix interactions. While confor-
mational changes induced by ECL2 mutants in the TM3/4
hairpin should be minimized by additional intrachain
contacts imposed by the full-length CFTR molecule, our
results suggest that the molecular mechanism of disease
introduced by the CF-phenotypic ECL2 mutants E217G and
Q220R may involve introduction of non-nativeR-helical
loop structure that destabilizes the CFTR fold and leads to
aberrant function in the resting state and/or during substrate
transport.

FIGURE 7: Disruption of helix-helix interactions by increasedR-helical structure in the extracellular loop. The polypeptide backbone of
a model helix hairpin is shown in (A) as a ribbon diagram, viewed perpendicular (top panel) and parallel (bottom panel) to the axis of the
first helix. A pair of R-carbon atoms that could participate in interhelix contacts is shown in ball-and-stick representation. In (A), the
backbone dihedral angles at the first 16 positions (helix 1,R-carbon in green) and final 19 positions (helix 2,R-carbon in yellow) were
assignedR-helical values, and the intervening nine loop positions (gray) were assigned nonregular structure. In panels B-E, successive
loop positions at the end of the first helix were assigned to theR-helical conformation (indicated by red shading), such that (B) has a single
helical residue, (C) has two consecutive helical residues, and (E) has up to four. The increasingR-helix structure in the loop region forces
apart the TM helices, swinging helix 2 out of the plane of the page to the left, eventually placing helix 2 on the side opposite from its
original position. Interactions between specific residue side chains (such as H-bonds) and/or structural propensities of the actual residues
in the TM3/4 loop were not considered. Figure produced using the SwissPDB Viewer (52).
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CONCLUSION

While the present results implicate increasedR-helical
content in TM3/4 as the consequence of CF-phenotypic
mutations, the precise link between side chain identity and
this structural defect remains to be determined. These
mutations thus have the potential to destabilize the native
TM helix 3-TM helix 4 contacts that are required for normal
channel function. Loop mutations are also shown using this
assay to exert smaller effects in a mutant construct with
strengthened TM helix 3-TM helix 4 interactions. Our
results support a role for short loop regions in dictating the
stability of membrane protein folds and highlight the
interplay between helix-helix interactions and loop confor-
mation in modulating membrane protein stability.
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