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Background: Phenylalanine 508 (Phe-508) deletion in the first nucleotide-binding domain (NBD1) of the cystic fibrosis
transmembrane conductance regulator (CFTR) causes cystic fibrosis.

Results: The Phe-508 deletion reduces the ability of NBD1 to homodimerize.

Conclusion: Deletion of Phe-508 likely also inhibits the NBD1/NBD2 interaction required for CFTR production and function.
Significance: The NBD1/NBD2 domain interface is an important therapeutic target.

Deletion of Phe-508 (F508del) in the first nucleotide-binding
domain (NBD1) of the cystic fibrosis transmembrane conduct-
ance regulator (CFTR) results in destabilization of the domain,
intramolecular interactions involving the domain, and the
entire channel. The destabilization caused by F508del manifests
itself in defective channel processing and channel gating
defects. Here, we present NMR studies of the effect of F508del
and the I539T stabilizing mutation on NBD1 dynamics, with a
view to understanding these changes in stability. Qualitatively,
F508del NMR spectra exhibit significantly more peak broaden-
ing than WT spectra due to the enhanced intermediate time
scale (millisecond to microsecond) motions in the mutant.
Unexpectedly, studies of fast (nanosecond to picosecond)
motions revealed that F508del NBD1 tumbles more rapidly in
solution than WT NBD1. Whereas F508del tumbles at a rate
nearly consistent with the monomeric state, the WT protein
tumbles significantly more slowly. Paramagnetic relaxation
enhancement experiments confirm that NBD1 homodimerizes
in solution in the expected head-to-tail orientation. NMR spec-
tra of WT NBDI1 reveal significant concentration-dependent
chemical shift perturbations consistent with NBD1 dimeriza-
tion. Chemical shift analysis suggests that the more rapid
tumbling of F508del is the result of an impaired ability to
dimerize. Based on previously published crystal structures
and NMR spectra of various NBD1 mutants, we propose that
deletion of Phe-508 affects Q-loop conformational sampling
in a manner that inhibits dimerization. These results provide
a potential mechanism for inhibition of channel opening by
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F508del and support the dimer interface as a target for cystic
fibrosis therapeutics.

Cystic fibrosis is an inherited disease caused by mutations in
the cystic fibrosis transmembrane conductance regulator
(CFTR)? chloride channel (1), which is expressed on the apical
surface of epithelial cells. The dominant disease-causing muta-
tion is deletion of Phe-508 (F508del), which results in greatly
reduced folding and trafficking efficiency and rapid degrada-
tion of the few CFTR molecules that do reach the cell mem-
brane (2, 3). F508del also reduces the probability of channel
opening (4, 5). One effect of these deficiencies is to reduce the
amount of chloride entering the lumen of the lungs via lung
epithelial cells, disrupting the salt balance in the airway fluid,
thickening the fluid, and preventing proper clearance of
bacteria.

CFTR consists of two modules each containing a membrane-
spanning domain (MSD1 and MSD2) and a cytoplasmic nucle-
otide-binding domain (NBD1 and NBD2). The C terminus of
NBD1 is joined to the N terminus of MSD2 by a long intrinsi-
cally disordered segment termed the regulatory (R) region. The
cytoplasmic extensions of the MSDs form the intracellular
domains and loops (ICLs), which couple the NBDs to the
MSDs. The first 30 residues of the R region are alternatively
considered to be part of NBD1 and are termed the regulatory
extension (RE). NBD1 also contains a 30-residue intrinsically
disordered regulatory insertion (RI) (6 —10). Channel activation
is thought to involve phosphorylation of sites in the R region,
RE, and RI and concomitant reduction of dimer inhibiting
interactions between these regulatory regions and the NBDs,

2 The abbreviations used are: CFTR, cystic fibrosis transmembrane conduct-
ance regulator; NBD, nucleotide-binding domain; R, regulatory; Rl, regula-
tory insertion; MSD, membrane spanning domain; SDR, structurally diverse
region; RE, regulatory extension; ICL, intracellular loop; TCEP, tris(2-car-
boxyethyl) phosphine; PRE, paramagnetic relaxation enhancement; TAP,
transporter associated with antigen processing.
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binding of two ATP molecules at the NBD dimer interface, and
NBD dimerization (11-17).

The mechanism by which F508del causes the observed pro-
cessing, gating, and stability defects has been the subject of
intense study. Crystal structures of mouse and human, WT, and
mutant NBD1 indicate that deletion of Phe-508, which is part of
a loop within NBD1, does not cause a major structural pertur-
bation in NBD1 (6-10). Rather, F508del has been shown to
decrease the stability of NBD1 and inhibit NBD1/ICL interac-
tions (18-25). F508del lowers the thermal stability of the iso-
lated NBD1 domain in a variety of sequence backgrounds (18,
19, 26). Evidence that NBD1 destabilization is problematic for
proper processing was provided by NBD1-thermostabilizing
mutations distant from the F508del site, including G550E,
R553Q, R555K, and deletion of the RI. These NBD1-stabilizing
mutations substantially improve processing efficiency of
F508del CFTR without correcting structural perturbations
near the F508del location (20, 27-29). Furthermore, the degree
to which mutations stabilize or destabilize the isolated NBD1
domain is roughly correlated with full-length CFTR-processing
efficiency (24, 25), establishing F508del destabilization of
NBD1 as a key mechanism for the deleterious effects of the
mutation.

Nonetheless, even with suppressor mutations that stabilize
F508del NBD1 beyond the stability of the WT domain, the full-
length F508del CFTR is not processed as efficiently as the WT,
implying that F508del has additional defects. NBD1 crystal
structures and CFTR models indicate that the F508del site is at
the interface between NBD1 and ICL4 and that F508del creates
avoid at this interface. The interface defect can be corrected by
mutations at this site, which presumably restore the strength of
the interaction (24, 25, 30). Simultaneous introduction of
NBD1-thermostabilizing and NBD1/ICL4 interface-correcting
mutations synergistically improve CFTR F508del processing to
near WT levels (24, 25), indicating that both defects contribute
to F508del misprocessing.

Here, we report on NMR studies of human CFTR NBD1
ARIARE, an NBD1 construct ending at residue 646 and missing
residues 405—436, which correspond to the RI. We refer to this
construct as “WT” NBD1 ARIARE, and it is the background for
further mutations. Completion of >82% of assignments for
WT, F508del, and I539T NBD1 ARIARE allowed extensive
characterization of NBD1. Overall, F508del NMR spectra
exhibit significantly more peak broadening than WT spectra,
likely due to enhanced intermediate time scale motions in the
mutant, which is consistent with the greater instability of
F508del NBD1. However, our data indicate that F508del may
also impair the ability of NBD1 to dimerize, an ability that is
likely required for proper folding of NBD2 (31) and channel
gating. Unexpectedly, studies of fast (nanosecond to picosec-
ond) motions revealed that isolated F508del NBD1 ARIARE
tumbles more rapidly in solution than WT or 1539T NBD1
ARIARE. F508del NBD1 ARIARE tumbles at a rate close to that
expected for monomeric NBD1, whereas the WT protein
tumbles more slowly consistent with some degree of
homodimerization. The concentration dependence of chemi-
cal shift perturbations observed in NMR spectra of WT NBD1
ARIARE and paramagnetic relaxation enhancement data pro-
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vide further evidence for NBD1 dimerization. Chemical shift
analysis suggests that the more rapid tumbling of F508del is the
result of impaired dimerization competency. Considering pre-
viously published crystal structures and NMR spectra of vari-
ous NBD1 ARIARE mutants, we propose that deletion of Phe-
508, which directly interacts with the Q-loop, promotes a
Q-loop conformation that is unfavorable for homodimeriza-
tion and, by extension, heterodimerization with NBD2.

Experimental Procedures

Protein Expression and Purification—W'T, F508del, and
1539T variants of human NBD1 ARIARE (387—- 646, A405—436)
were expressed and purified as described previously (32). A sin-
gle cysteine mutant of NBD1, E402C NBD1 ARIARE, was gen-
erated on a Cys-less NBD1 (C491V, C524T, C590V, and
C592V) background by site-directed mutagenesis and con-
firmed by DNA sequencing. Mutations were chosen for the
Cys-less background by predicting the change in free energy of
unfolding (AAG) for particular amino acid substitutions using
Rosetta3.4 (33). Protein quantification was performed using the
Bradford assay calibrated using a BSA standard. Samples were
filter-sterilized to prevent bacterial growth and resulting ATP
hydrolysis and acidification of the samples. The tempo-ma-
leimide spin label was conjugated to E402C, by first reducing
the cysteine with 5 mm of freshly added DTT followed by exten-
sive buffer exchange into a buffer with no DTT and subsequent
incubation with a 5-fold excess of tempo-maleimide. The spin
label tempo-maleimide was chosen because it forms a stable
thioether linkage with cysteine side chains that is not disrupted
by addition of the reductant tris(2-carboxyethyl) phosphine
(TCEP) and because it does not form mixed disulfides. Follow-
ing the labeling reaction, the sample was purified by gel filtra-
tion to remove excess tempo-maleimide. Tempo-maleimide-
labeled protein was used soon after preparation, because we
have found that hydrolysis of the succinimide ring occurs over
time increasing the range of motion available for the tempo
moiety. Mass spectrometry was performed on all samples to
confirm that their masses matched the expected values.

NMR Spectroscopy—All NMR experiments were carried out
in the previously described NMR buffer (32) at pH 7.5 unless
otherwise stated. Experiments were run at 20 °C on Varian
Innova 500 MHz spectrometers equipped with pulsed field gra-
dient triple resonance probes or a Varian Innova 600 MHz
spectrometer equipped with a pulsed field gradient triple reso-
nance cryoprobe. Data were processed with NMRPipe (34) and
analyzed in NMRView (35) and Sparky (36). Assignments were
made using TROSY versions of HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HN(CA)CB, HN(COCA)CB, and three-dimen-
sional NOESY experiments (37—41). Assignment samples were
15N- and '*C-labeled and partially (70%) or fully deuterated at
all nonlabile protons. TALOS™ was used to derive secondary
structure from NBD1 chemical shifts (42). Paramagnetic relax-
ation enhancement experiments were measured using standard
HSQC experiments on a sample containing 525 um tempo-
maleimide-labeled natural abundance E402C NBD1 ARIARE
and 175 uM *N-labeled WT NBD1 ARIARE in the absence of
reductant. To demonstrate the specificity of the PRE effect,
TCEP was then added to the sample at a concentration of 7 mm
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and incubated for 100 h to reduce the spin label and eliminate
the PRE effect. HSQC spectra were then recorded for use as the
control experiment.

Backbone dynamics of NBD1 ARIARE were assessed using
T, T,, and heteronuclear NOE measurements (43—45), mea-
sured at 600 MHz using '°N-labeled samples that were 70%
deuterated at all nonlabile protons. T, relaxation times were
acquired in an interleaved fashion with delays of 10, 171, 352,
564, 827, 1129, and 1512 ms. T,, times were recorded in an
interleaved fashion using delay values of 2, 4, 9, 15, 21, 30, and
40 ms and a 1.9 kHz spin-lock field. Following spectral pro-
cessing using NMRPipe software, peaks intensities were fit
using the software FuDA (developed by D. F. Hansen and S.
Kristensen and available on line). Exponential decays were fit to
the equation I(7,.,,) = lyexp(—RT,,.,), where T, is the
delay time and I, is the initial peak intensity. T, values were
calculated from the measured 7', and T , values using the equa-
tion T, = (sin®6-T,-T, )/(T, — T, ccos”0) with 6 = tan™*(vg, /
Av), where vy, is the strength of the spin lock, and Av is the
offset from the carrier frequency. {*H}'°N heteronuclear NOE
values were calculated as the ratio of peak intensities obtained
with 5 s of proton presaturation and a 7-s interscan delay over
those obtained with no presaturation and a 12-s interscan
delay. The overall rotational correlation time for each protein
was calculated from T, and T, using the program DASHA (46).
The expected 7, was calculated using HydroNMR (47).

We analyzed the relaxation data, taking into account the
observation that NBD1 likely undergoes exchange between
monomeric and dimeric (or oligomeric) forms. Assuming
that exchange occurs rapidly, the apparent relaxation rate
corresponds to the population-weighted average according
to Equation 1,

(RY =2 pu(R),

n=1

(Eq. 1)

where p,, and (R),, are the relative population and spin relax-
ation rate of the nth exchanging state, respectively, and there
are N oligomeric states in total. Relaxation rates can be cast as
linear combinations of the spectral density function, J(w), eval-
uated at various frequencies, w (48). For instance, the longitu-
dinal relaxation rate, R, is given by Equation 2,

R, = /ad*’(J(wy — wy) + 3J(wy) + 6J(wy + wy)) + 2J(wy)

(Eq.2)

where d = (uohynyu/(87)(1/r’)s ¢ = (0n/3%°)(CSA,,, —
CSA,,,,); o and wy are the "H and '°N Larmor frequencies; u,
is the permeability of free space; y;; and 7, are the "H and '°N
gyromagnetic ratios; /1 is Planck’s constant; 7y, is the length of
the 'H-'"N bond, and CSA ,,, and CSA, are the parallel and
perpendicular components of the assumed axially symmetric
5N chemical shift tensor. Thus, with averaging, the apparent
longitudinal relaxation rate is a linear combination of popula-
tion-weighted average values of the spectral density function

shown in Equation 3,
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N

(Riy = 2 pn(1/4d*(J(wy — wp), + 3J(wy), + 6J(wy

+ wp),) + wy),) = /ad*((J(wy — wy) + 3((wp))
+ 6(J(wy + oy))) + AJ(wy) (Eq.3)

where J(w),, is the spectral density function at a frequency w for
the nth oligomeric state. Similarly, the apparent transverse
relaxation rate is given by Equation 4,

(Ry) = 1/8d*(4(J(0)) + (J(wy — wy)) + 3(U(wy)) + 6(J(wp))

+6(J(wy + ) + /6c*(3(U(wy) + 4(J(0)))  (Eq.4)

In the case of the NOE, a steady state is reached when the
condition of Equation 5 is met.

Ri(N3* — N39) = o5 (Eq.5)

where N5° and N9 are "N magnetization with and without 'H
saturation; I*9is the magnitude of 'H magnetization at equilib-
rium, and o is the cross-relaxation rate (49). Thus with rapid
averaging among oligomeric states Equation 6 applies.

(R(NZ® = NZ%) = (o)I2° (Eq.6)
and the apparent steady-state NOE is given by Equation 7,
NG Edz 6{(wy + wy) — Uy — wn))

NE w4 (R

(NOE) =

(Eq.7)

Equations 2, 3, and 7 can be rearranged to isolate values of J(w)
using the reduced spectral density mapping approximation to
yield Equations 8 -10,

(J(0.87w,)) = %%((NOE) “ )R .9

7
<R1> - @0(0-87@#1))

J(wy)) =

(Eq.9)
Cd* + )

(Ry) — 3d*(3(U(wy)) + 13(J(0.87w,))) — 3c*(U(wy))

(J(0)) =

102,22
2d + 3¢
(Eq. 10)

The spectral density function can be related to the motions of
NH bond vectors according to the Lipari-Szabo formalism
shown in Equation 11,

C

T T
Jw)=2s— 5+ (1 -——> Eq. 11
() 5( 1+ w’r? ( )1 + w’r? (Fa- 11
where 7, is the rotational correlation time for molecular tum-
bling in solution; 1/7 = 1/7, + 1/7,, and 7, is the effective cor-
relation time for internal motions (50). $? is an order parameter
describing the magnitude of internal motions, and can take val-
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ues between 1, for an NH bond-vector that is perfectly rigid in
the molecular frame, and 0 for one that is isotropically averag-
ing. Assuming that the order parameter, S? is the same in all
oligomeric states, the exchange-averaged value of J(0) is shown
in Equation 12,

(J(0)) = 2/5(SX(1o) + (1 = °)(m); (Eq.12)
where 7,<<7, so we get Equation 13
(J(0)) = 2/55%7.) (Eq.13)

In the case of J(wy) and J(0.87 wy,), we get Equations 14 and

15,
vy =451 + 0 - ()

s? 1
(J(0.87wy)) = §<(0.87wH)2<TC>

o —>
+ 0 5)<1 + (0.87wy) 7 > (Eq.15)

To calculate the molecular tumbling time from relaxation
measurements, it is typically assumed that internal motions are
in the narrowing, 7~ 0, limit (43). The ratio of T; and T, relax-
ation times is then a function of 7, only. Values of 7. were
extracted for each protein based on T,/T, ratios using DASHA
software (46). The dependence of T,/T, ratios on exchange-
averaged tumbling times is clearly evident when w7, => 1 and
oy 2> oy 3 (0 — o) 7 (0 + ©y) ”?}, asis the case here.
The ratio then yields Equation 16,

" R, 5, <1>*‘
?Z—R*1~5+§ww<’rc>;c

By assuming that (7.)(1/7,) " ~ (1,)? the average molecular
tumbling time, (7,), can be obtained on a per residue basis. This
approximation is particularly applicable to the exchange pro-
cesses studied here, which we believe are dominated by mono-
mer/dimer equilibria. For these systems, it can be shown that
(r,y = XM1/7,)" ', where A = 1 + f,(1 — f,)(r + (1/r) — 2); fp is
the fraction of protein in the dimeric state, and r is the dimer/
monomer ratio of correlation times (~2). For highly asymmet-
ric populations, A is very close to 1, and the approximation is
excellent. For equal populations f, = 0.5; A is maximal at A =
1.125 for r = 2, which still represents fairly minimal error.

(Eq.16)

Results

Assignments—As a prerequisite for NMR solution studies, we
assigned human NBD1 ARIARE chemical shifts. Removal of the
RI (residues 405—436) dramatically improves expression and
solubility of human NBD1 (10), resulting in NBD1 NMR spec-
tra amenable to detailed analysis (Fig. 1a). All of the work
described in this study utilized NBD1 with the RI (and RE)
removed. NBD1 ARIARE with the [539T-stabilizing mutation
(23) was assigned first, with 91% completion of backbone '°N,
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FIGURE 1. g, "H-">N HSQC spectrum of 180 um human CFTR NBD1 ARIARE
recorded at 20 °C. Note the variation in peak intensity that results from chem-
ical exchange as illustrated by the two peak cross-sections. b, ribbon diagram
of NBD1 showing relative peak intensities observed in the 'H-">N HSQC spec-
trum of partially deuterated human NBD1 ARIARE recorded at 600 um and at
20 °Cin the presence of 5 mm ATP at a field strength of 600 MHz. Data points
are shown as spheres colored according to their relative intensity as shown in
the legend.

13C’, and 'HN resonances. Full assignment experiments were
also recorded for WT and, together with the I539T assign-
ments, enabled us to complete assignment of 89% of backbone
15N, 3C’, and 'HN resonances for WT. These assignments and
a partial set of assignment experiments were then used as a
basis for the F508del assignment, which achieved 82% comple-
tion, as reported previously (32).

Comparison of WT, 15391, and F508del Spectra—Human
NBD1 ARIARE spectra, while significantly better than full-
length mouse NBD1 spectra with the RI (13), still exhibit inho-
mogeneous peak intensities (Fig. 1). Inhomogeneity in peak
intensity can result from differences in flexibility across the
protein with regions that can rapidly access multiple conforma-
tions on a nanosecond to picosecond time scale (for example
flexible loops) exhibiting greater peak intensities. Conversely,
loss of peak intensity frequently results when atoms in the pro-
tein exchange between different environments on a slower
microsecond to millisecond time scale, a process known as

JOURNAL OF BIOLOGICAL CHEMISTRY 22865



F508del Increases Exchange and Reduces Dimerization

chemical exchange. Chemical exchange can result from ligand
binding and exchange between oligomeric states or conforma-
tional exchange. For WT NBD1 ARIARE, weaker peaks are
observed for many residues in the ATP-binding core and the
a-subdomain. The weak peaks in the interior of the ATP-bind-
ing core are consistent with NBD1 microsecond to millisecond
conformational lability extending through these regions and
are most likely not due to exchange of ATP. This NBD1 con-
struct binds tightly to ATP and ATP exchange appears to be
minimal and likely does not make a significant contribution to
the variable peak intensities. Corroborating the high ATP affin-
ity, we were unable to obtain NMR spectra of this NBD1 con-
struct in the absence of ATP, despite two attempts using either
extensive dialysis (three times 1000-fold) or buffer exchange in
a protein concentrator (2000-fold). This is consistent with the
sub-micromolar ATP affinity reported in the literature for the
NBD1 ARIARE construct (18).

Comparison of WT, I539T, and F508del demonstrates over-
lapping unassigned regions clustered on or near the a-sub-
domain, including most of the Q-loop, portions of helix 5 (H5),
and the adjacent ABC signature sequence and residues imme-
diately following the Walker B motif (Fig. 2). Although there is
a caveat that transferring WT assignments to F508del could
make it difficult to assign residues not assigned in the WT, this
does suggest the presence of chemical exchange processes that
are shared by all three variants in these areas. Many of the unas-
signed residues are situated at the NBD1 homodimer interface
(10), including GIn-493, Gly-550, Ile-546, Thr-547, Leu-548,
Gly-576, and Tyr-577 (Fig. 2d), hinting at exchange between
monomer and dimer or conformational exchange that is linked
to dimerization. Note that besides these unassigned residues,
several other residues at the interface are weak, reinforcing the
possibility of dimerization-related exchange broadening. The
bulk of the ATP-binding core (Fig. 2, gray) and the B-sub-
domain (green) are assigned in all three variants.

Comparison of WT, 1539T, and F508del spectra demonstrate
that the two mutations do not cause any major structural
changes. To confirm that NBD1 ARIARE has the same struc-
ture in solution as observed in the crystal structures, we used
TALOS™ (42) to predict NBD1 secondary structure. We used
the set of I539T chemical shift assignments for our prediction,
because it was the most complete. As seen in Fig. 3, chemical
shift-derived secondary structure closely matches secondary
structure observed in the crystal structures. The most notable
exceptions are for H5 and H9, which do not have chemical
shifts consistent with a-helical structure. In the case of H5, this
can be attributed to missing assignments. H9 is observed in
both helical and random coil conformations in the crystal struc-
tures, and our previously published results indicate that H9
exists in equilibrium between helical and random coil confor-
mations (32). We also recorded NOESY spectra for WT NBD1
ARIARE and looked for NOE distance restraints between resi-
dues that are far apart in the primary sequence but close in
space based on the crystal structure. More than 60 NOEs fitting
these criteria were identified in a nonexhaustive analysis (Table
1). Thus, as expected, both the chemical shift and NOE data
confirm that NBD1 has the same structure in solution as that
observed in the crystal structures.
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a
WT Walker B
H6 H5 and
i signature sequence
Wb
‘, Dimer
\ Interface
tructurally
Diverse
Region
b
1539T
H5 and
) signature sequence
C
F508del

} H5 and
signature sequence

FIGURE 2. a-c¢, ribbon diagrams of WT, 1539T, and F508del NBD1 ARIARE. The
B-subdomain, ATP-binding core, and a-helical subdomain are labeled in green,
gray,and blue, respectively. The stick representation of ATP is shown bound to the
Walker A motif and colored by element type (green, carbon; blue, nitrogen; pink,
oxygen; orange, phosphorus). Magnesium is shown as a magenta sphere. Unas-
signed regions are shown in red. All ribbon diagrams in this work use the 2PZE
coordinates unless stated otherwise. d, WT unassigned residues shown in the
context of the homodimer interface. Ribbon diagrams of the two subunits of
NBD1 in the 2PZE structure are shown in gray and light blue, respectively. ATP is
colored by element type (green, carbon; blue, nitrogen; red, oxygen; orange, phos-
phorus), and magnesium is colored magenta. Side chains of unassigned residues
are shown and colored red. Note that there are additional assigned residues (data
not shown) in this interface with weak overlapped peak intensities for which we
were unable to obtain precise chemical shifts in HSQC experiments.
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40%40 460 480 500 520

540 560 580 600 620 640

FIGURE 3. Plot of TALOS* chemical shift derived secondary structure for 1I539T NBD1 ARIARE as a function of residue number. Values of 1 on the graph
indicate B-strand, and values of —1 indicate a-helix. The colored rectangles at the top of the graph indicate the position of B-strands (blue) and a-helices (pink)

in the NBD1 ARIARE crystal structure (2PZE).

TABLE 1
Partial list of observed long range amide proton NOEs for WT CFTR NBD1 ARIARE and corresponding distance in PDB 2PZE
Proton 1 Proton 2 Distance Proton 1 Proton 2 Distance
A A
619 HN 458 HN 4.9 397 HN 444 HN 2.7
619 HN 626 HN 5.3 397 HN 481 HN 4.8
483 HN 393 HN 2.8 397 HN 443 HN 4.7
483 HN 394 HN 4.9 397 HN 445 HN 5.0
399 HN 441 HN 2.8 441 HN 399 HN 2.8
399 HN 440 HN 4.1 522 HN 526 HN 4.9
541 HN 500 HN 2.7 553 HN 549 HN 4.4
572 HN 491 HN 3.4 489 HN 567 HN 4.9
393 HN 483 HN 2.8 489 HN 568 HN 3.6
393 HN 484 HN 5.0 452 HN 599 HN 5.3
395 HN 481 HN 2.9 567 HN 488 HN 4.9
443 HN 397 HN 4.7 567 HN 487 HN 3.1
394 HN 447 HN 5.0 481 HN 395 HN 2.9
440 HN 401 HN 3.5 446 HN 395 HN 5.1
440 HN 399 HN 4.1 628 HN 616 HN 2.8
599 HN 451 HN 3.4 549 HN 553 HN 4.4
599 HN 452 HN 5.3 624 HN 442 HN 5.0
442 HN 624 HN 5.0 451 HN 599 HN 3.4
398 HN 478 HN 3.8 625 HN 620 HN 3.5
445 HN 396 HN 5.0 500 HN 542 HN 5.0
502 HN 539 HN 3.9 500 HN 541 HN 2.7
603 HN 573 HN 2.8 616 HN 628 HN 2.8
396 HN 444 HN 5.0 442 HN 399 HN 5.0
396 HN 445 HN 5.0 442 HN 623 HN 4.8
448 HN 393 HN 5.1 488 HN 567 HN 4.9
453 HN 614 HN 3.1 489 HN 570 HN 3.6
453 HN 615 HN 4.6 568 HN 487 HN 4.7
614 HN 453 HN 3.1 583 HN 579 HN 4.6
487 HN 567 HN 3.1 589 HN 593 HN 52
517 HN 513 HN 4.0 604 HN 573 HN 5.4
444 HN 396 HN 5.0 621 HN 462 HN 4.9
444 HN 397 HN 2.7 501 HN 541 HN 4.3
620 HN 625 HN 3.5 505 HN 501 HN 4.3

The similarity between WT, 1539T, and F508del spectra
strongly supports the conclusion that all share the same fold.
Nonetheless, comparison of WT and F508del spectra (Fig. 4a)
reveal significant chemical shift perturbations and changes in
peak intensities. The chemical shift perturbations are primarily
clustered around the mutation, with the Phe-508 loop, H3 and
H4, and the C terminus of H5 exhibiting the largest differences
(Fig. 4b). Smaller chemical shift perturbations are observed
throughout the ATP-binding core, but differences are minimal
in the B-subdomain, which includes the loop where the RI is
normally found. Smaller chemical shift perturbations in the 20
Hz range are observed as far away as H6. These distant pertur-
bations may be the result of subtle structural or dynamic
changes propagated through the structure upon Phe-508 dele-
tion (51), or they could result indirectly from changes in
dimerization or ATP binding affinity caused by deletion of Phe-
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508. Qualitatively, F508del spectra have far more peak broad-
ening, which manifests as much weaker peak intensities. The
increase in peak broadening is due to increased chemical
exchange in the intermediate (millisecond to microsecond)
time scale regime, which could be attributed to increased
exchange between oligomeric states or increased conforma-
tional exchange within monomeric NBD1.

NBD1 **N Relaxation Studies—Because changes in NBD1
thermostability underlie F508del defects, we probed the
changes in dynamics resulting either from deletion of Phe-508
or the I539T stabilizing mutation. We measured T, T,, and
heteronuclear NOE values, which are responsive to fast time
scale (nanosecond to picosecond) motions, for WT,1539T, and
F508del NBD1 ARIARE. Based on T, and T, measurements, we
calculated the overall rotational correlation time (7,) for each
protein sample as a prerequisite for analyzing the internal bond
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FIGURE 4. g, overlay of "H-">N HSQC spectrum of WT (black) and F508del
NBD1 ARIARE (green). The largest chemical shift perturbations are high-
lighted by red arrows. Changes in peak intensity are highlighted by red aster-
isks. b, ribbon diagram of NBD1 showing the size and location of chemical shift
perturbations between WT and F508del NBD1 ARIARE. Data points are shown
as spheres colored according to the size of the chemical shift perturbation as
shown in the legend. ATP is shown and color-coded by element type. The
magenta sphere is magnesium.

motions, to determine whether the NBD1 variants are tumbling
at a similar rate, reflective of being a similar size (Table 2).
Because we did not expect to see a significant concentration
effect on the 7, values, no attempt was made to match the pro-
tein concentration in the samples. To calculate 7, values, we
first removed from the analysis residues with rapid internal
motion not reflective of the overall tumbling rate, i.e. those
residues with heteronuclear NOEs less than 0.6. As can be seen
in Table 2, 7, varied significantly between the three variants.
F508del has the lowest 7, whereas WT had the highest T,
despite being at the lowest concentration. These 7, values are an
average value across the NMR observable portion of the sam-
ple. Highly aggregated protein and visible precipitates, which
are too large to observe by NMR and are more prevalent in
F508del samples, do not contribute to the observed T, values.
The F508del 7, is close to the expected value for monomeric
NBD1 ARIARE, which we calculated using HydroNMR (47),
suggesting that F508del is close to being monomeric under
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TABLE 2

Measured or predicted 7, values for CFTR NBD1 ARIARE

Predicted values were obtained using HydroNMR(47) and the 2PZE structure.
Measured values were calculated from observed T, T,, and heteronuclear NOE
values after exclusion of residues with NOE values below 0.6.

Variant Sample concentration T,

mm ns

Predicted for monomer 16-20

Predicted for dimer 32-38
WwWT 0.6 294 *+ 25
F508del 0.9 199 £ 1.1
1539T 1.5 273+ 1.5

these conditions. In contrast, the WT and I539T protein appear
to be in exchange between the monomeric form and dimeric or
higher order oligomeric forms resulting in higher 7, values.
Given the more extensive broadening in F508del spectra, the
lower 7, was unexpected. The lower 7, suggests that the broad-
ening of NMR-observable F508del NBD1 ARIARE is due to
increased intermediate time scale dynamics in the mutant and
not due to oligomerization or aggregation within NMR-observ-
able species. Thus, F508del peak broadening is consistent with
F508del NBD1 more readily making excursions from the
ground state to one or more higher energy states and with the
published lower stability of F508del NBD1.

The 7, differences also complicate the quantitative interpre-
tation of 7 and T, in terms of fast time scale dynamics because
itis likely that the WT and I539T samples, in particular, contain
amixture of monomers, dimers, and possibly higher order olig-
omers. As mentioned previously, all three variants also show
signs of chemical exchange, which decreases the apparent T,
values in a residue-specific manner. We accounted for this by
excluding residues with 7,/T, ratios more than one standard
deviation above the mean from our analysis. Because of these
limitations, we did not use model-free analysis to obtain S?
order parameter values representative of overall amplitudes of
fast time scale dynamics. Instead, we fit spectral density func-
tions to our data to derive a measure of the motion at particular
frequencies (Fig. 5). As outlined under “Experimental Proce-
dures,” the analysis yields population-weighted average values
of the spectral density function, assuming that exchange among
oligomeric forms is rapid. Strikingly, similar profiles are
obtained for all three variants, indicating that fast time scale
motions are similar. In the case of (J(0)), smaller values corre-
spond to internal motions with larger amplitudes. Overall, the
magnitudes of J(0) for the different variants scale with the
apparent correlation times, (7.), as expected, according to
Equation 13. Conversely, for (J(0.87wy,)), the values for the
three variants are nearly superimposable, implying that they are
independent of global tumbling and that the second term in
Equation 15 dominates. In this case, larger values of (/(0.87 w,;))
correspond to greater mobility and slower time scale internal
motions. Interestingly, values of (J(0)) and (J(0.87w,;)) are anti-
correlated indicating that they are both reporting on the same
dynamics. For (J(w,)), values decrease with increasing (r,), yet
are roughly anti-correlated with (J(0)). This suggests that both
terms in Equation 14 contribute to the data, consistent with
internal motions on the time scale of hundreds of picoseconds.

Regions with the highest mobility include H9, the S1-S2 loop,
and the structurally diverse region ((SDR) amino acids 526 —
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FIGURE 5. Spectral density function J(0. 87 wH) ribbon diagram plots for WT (a), F508del (b), and 1539T NBD1 ARIARE (c) are shown. Data points for specific
residues are plotted as spheres that are colored according to the legend, from white to orange to red reflecting the range from least to most mobile. d, spectral
density functions at three different frequencies as a function of NBD1 residue number for WT (green), F508del (red), and I539T (blue).

547) (Fig. 5). The high degree of mobility for H9 and the SDR is
consistent with the high structural variability observed in the
crystal structures for these regions (6 —10). H9 flexibility is also
consistent with our previous observation that H9 exchanges
between helix and coil conformations (32). The mobility of the
S1-S2 loop indicates that a high degree of flexibility persists in
this region from which the intrinsically disordered RI has been
excised. Additional flexibility is observed for the Phe-508-con-
taining loop, the H5-S7 loop at the a-subdomain/ATP-binding
core interface, and the S8-H7 loop, where we were able to
obtain data. Given that the fast time scale motions involve small
local bond motions rather than larger scale conformational
rearrangements, these results are consistent with the high
degree of similarity observed when comparing the WT and
F508del crystal structures and strongly support the conclusion
that F508del does not grossly alter the structure of NBD1.

Although the analysis of fast time scale motions matched
expectations developed on the basis of the crystal structures,
the smaller correlation time of F508del NBD1 ARIARE was
unexpected, because F508del NBD1 has an increased propen-
sity to aggregate that is well documented in the literature (18,
19). However, the observed 7, values indicate that F508del is
closer to monomeric than WT, for the NMR observable frac-
tion that excludes highly aggregated NBD1.

NBD1 Homodimerization—NBD dimerization is of central
interest to CFTR studies because NBD heterodimerization is
thought to be important for proper channel folding and
required for channel opening. Because of NBD2 insolubility, we
could not examine heterodimerization directly and therefore
we decided to explore the homodimerization properties of WT
NBD1 as a mimic of heterodimerization. We looked at the
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effects of increasing NBD1 ARIARE concentrations on chemi-
cal shifts and peak intensities at equilibrium and following rapid
dilution. In equilibrium studies, NBD1 ARIARE peak inten-
sities were less than commensurate with increasing protein
concentrations, hinting that NBD1 homo-oligomerizes in a
concentration-dependent fashion, leading to a decrease in nor-
malized peak intensity. Increasing protein concentrations also
increase the solution viscosity, which confounded quantitative
analysis of the decrease in normalized peak intensities. Chem-
ical shifts, however, are not directly responsive to changes in
viscosity.

Therefore, we turned to the subtle but reproducible
concentration-dependent chemical shift perturbations that
were observed in these spectra for our quantitative analysis (Fig.
6a). Moving from 0.78 to 0.08 mM NBD1 ARIARE, amide chem-
ical shift perturbations were observed for Cys-491 (35 Hz), Gly-
509 (~30 Hz), Gly-486 (27 Hz), Gly-551 (16 Hz), Ser-557 (12
Hz), Leu-571 (11 Hz), and Ser-549 (10 Hz), as well as a pertur-
bation for the Trp-496 indole NeH (27 Hz). Note that the rela-
tively small size of the perturbation at Cys-491 and the concen-
tration dependence, an indicator of fast exchange, rules out
disulfide bond formation as an explanation for the chemical
shift perturbation. At first glance, the mapping of chemical shift
perturbations onto the NBD1 structure (Fig. 7a) does not sug-
gest dimerization at the presumed physiological dimer inter-
face, which is expected to be similar to the NBD1 homodimer
interface observed in many of the crystal structures. In partic-
ular, Gly-551 and Ser-549 are at this interface; however Cys-
491, Ser-557, Leu-571, Trp-496, and Gly-509 are outside of this
region but are likely linked to the dimerization interface, as
shown below. A critical point to note is that very little chemical
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FIGURE 6. Concentration dependence of "H-">N HSQC spectra of NBD1 ARIARE. g, overlay of spectra of WT NBD1 ARIARE recorded at 0.78 mm (black), 0.39 mm
(red), 0.20 mm (green), and 0.083 mm (blue). Arrows indicate the direction in which the peaks move following dilution. b, overlay of spectra of Y577K NBD1 ARIARE
recorded at 1.7 mm (black) and 0.1 mm (red). The location of peaks that are severely broadened is shown by the dashed circles. ¢, overlay of spectra of Y577E NBD1
ARIARE recorded at 1.9 mm (black) and 0.1 mm (red). d, overlay of spectra of WT NBD1 ARIARE (black) at 0.78 mm and F508del NBD1 ARIARE (red) at 1.1 mm. e, overlay
of spectra of 1539T NBD1 ARIARE recorded at 0.8 mm (black) and 0.2 mm (red). f, overlay of spectra of R487S NBD1 ARIARE recorded at 1.3 mm (black) and 0.16 mm (red).
g, overlay of spectra of F508del NBD1 ARIARE recorded at 2.1 mm (black), 1.2 mm (red), 0.53 mm (green), 0.26 mm (blue), and 0.13 mm (yellow).
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FIGURE 7. a, mapping of the concentration-dependent chemical shift perturba-
tions for NBD1 on a ribbon diagram of NBD1 using spheres colored according to
the legend. The approximate location of the physiological dimer interface is
shown by the pink dashed oval. Note the very limited number of data points
(spheres) in the dimer interface. b, overlay of the Q-loop and dimerization surface
of both 2PZE crystal structure subunits (blue and cyan; NBD1 is dimerized with an
interface at the expected physiological interface in the 2PZE structure) and both
2PZG subunits (pink and red; physiological dimer interface is not formed in 2PZG).
The position of the Tyr-577 from the opposite subunit in the 2PZE structure is
indicated in black. Note the differences at Tyr-577 and Phe-494 that result from
dimer formation, as well as the variable orientations of the Trp-496 side chain.
Structural alignments were performed using residues 440-600, encompassing
both the ATP-binding core and the a-helical subdomain. ¢, proposed model
explaining the concentration-dependent chemical shift perturbations. Both A
and Bforms are sampled by WT NBD1, in a manner that depends on dimerization.
The A form dimerizes more readily and is favored by dimers. The B form is favored
by F508del NBD1 and disfavors dimerization.

shift data could be obtained for residues directly in the interface
(Figs. 2d and 7a). This is partly because many key residues
within the interface are not assigned, including GIn-493, Tyr-
577, Gly-550, Ile-546, Thr-547, Leu-548, and Gly-576. Residues
in the interface for which we could not extract chemical shift
information due to broadening and/or spectral overlap include
Thr-460, Leu-578, Asp-529, and Thr-582. In addition, we do
not expect many large chemical shift perturbations near the
Walker A motif, as ATP is expected to remain tightly bound at
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this site independent of dimerization. Collectively, this may
explain why the majority of the larger shift perturbations do not
map to the dimer interface. Notably, for I539T NBD1 ARIARE,
similar shift perturbations were confirmed for the indole of
Trp-496 and the amides of Cys-491, Leu-571, and Glu-403 (Fig.
6e). For both WT and I539T, these chemical shift perturbations
are modulated by concentration causing the peaks to “move”
along a straight vector across the concentration series.

As shown in Fig. 7a, some residues for which shift perturba-
tions were observed (Ser-485, Gly-486, and Gly-509) are quite
far from the dimerization interface (see below for a discussion
of the shift perturbations at Gly-486 (27 Hz) and Ser-485 (10
Hz)). To test whether the observed chemical shift perturbations
are due to dimerization at the expected dimer interface, we
mutated Tyr-577, which is in the center of this interface, and
looked for modulation of the chemical shifts. Peaks corre-
sponding to the amide groups of Gly-486, Cys-491, Gly-509,
and Gly-551 and the Trp-496 indole NeH, which have the larg-
est concentration-dependent chemical shift perturbations in
the WT, become invisible at high concentrations and nearly so
at low concentrations for the Y577K NBD1 mutant (Fig. 6b).
Although the effect of Y577K on the amount of dimer is unclear
from these experiments, this mutation in the dimer interface
has a pronounced effect (i.e. extensive broadening) on Gly-486,
Cys-491, Trp-496, and Gly-509 confirming that it is reasonable
to interpret the concentration-dependent chemical shift per-
turbations at these residues in the WT as a response to
dimerization at the expected interface. Interestingly, a Y577E
mutant did not result in significant broadening of Cys-491
and Trp-496 resonances relative to WT or to significant
concentration-dependent chemical shift perturbations (Fig.
6¢). However, concentration-dependent changes in broadening
of Gly-486, Ser-485, and Gly-551 are observed, confirming that
these residues are also linked to the dimer interface. Visual
inspection indicates changes in linewidth and relative peak
intensity throughout the Y577E spectra at 0.1 and 1.9 mwm,
strongly hinting that significant dimerization is occurring in
this mutant. Combined with observations seen in Y577K, these
data indicate that chemical shift perturbations at Ser-485, Gly-
486, Cys-491, Trp-496, and Gly-509 are linked to changes at the
presumed heterodimer interface. However, the differences in
the responses indicate that the link is not direct, as might be
expected because they are not in the interface (Fig. 7a). Rather,
the chemical shift perturbations are likely due to a conforma-
tional exchange process that is coupled to dimerization and the
dimerization interface.

The relatively large chemical shift perturbations at Gly-486
and Ser-485 caused us to examine whether our observed chem-
ical shift perturbations might be due to dimerization at a sec-
ondary interface, specifically the nonphysiological dimer inter-
face observed in the 2PZG NBD1 crystal structure. In this
structure, the positively charged Arg-487 forms intermolecular
contacts with the negatively charged Asp-565 and Asp-567 of
the adjacent NBD1 subunit. To determine whether we were
observing intermolecular interactions between Arg-487 and
Asp-565 and Asp-567, which form the di-acidic motif, we intro-
duced the R487S mutation to remove the positive charge and
disrupt this interface. R487S NBD1 ARIARE still exhibits
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FIGURE 8. Amide proton chemical shifts of WT NBD1 ARIARE as a function of concentration for 19 different resonances. The circles represent data, and
the line represents the fitted curve, which yielded a dimerization constant of 280 * 200 um.

concentration-dependent linear chemical shift perturbations
for Cys-491 and Trp-496 NeH (Fig. 6f). We could not confirm
that the Ser-485 and Gly-486 chemical shifts still are perturbed,
as these residues were not assigned for this mutant form of the
protein. This implies at a minimum that the Cys-491 and Trp-
496 chemical shift perturbations are due to dimerization at the
presumed heterodimer interface and not the secondary inter-
face observed in 2PZG. The observation that all of the chemical
shift perturbations for WT NBD1 ARIARE can be fit to a single
dimerization constant (see below) and the fact that mutation of
Tyr-577 in the heterodimer interface affects the same set of
residues indicates that all of the concentration-dependent
chemical shift perturbations observed for WT are linked to
dimerization at the heterodimer interface.

For WT NBD1 ARIARE, the progressive concentration-de-
pendent peak position changes for residues Ser-485, Gly-486,
Cys-491, Trp-496, Gly-509, and Leu-571 indicate an equilib-
rium between two states that are in fast exchange, with the
changing peak positions reflective of the shifting populations of
these states. To look for insight into the nature of the confor-
mational exchange we analyzed CFTR NBD1 crystal structures.
The Phe-494 and Tyr-577 side chain orientations, which are
at the dimer interface, are variable in the crystal structures, and
the differences appear to be related to the presence (2PZE, blue)
or absence (2PZG, magenta) of dimerization (Fig. 7b). Stacking
interactions between the Tyr-577 of one subunit and Tyr-577
and GIn-493 of the opposite subunit are lost if dimerization at
the ATP-containing dimer interface is not present. In the 2PZG
structure, in which this physiological dimer interface is not
formed, Tyr-577 and Phe-494 change orientation and move
into the void that is filled by Tyr-577 from the opposite subunit
when the dimer is formed. As Phe-494 is part of the Q-loop,
these changes propagate to the Q-loop backbone conforma-
tional ensemble. We thus attribute the chemical shift perturba-

22872 JOURNAL OF BIOLOGICAL CHEMISTRY

tions at Cys-491, Ser-557, Leu-571, and Trp-496 to reorienta-
tion of Tyr-577 and Phe-494 upon dimerization and the
resulting Q-loop conformational changes. Notably, most of the
largest perturbations occur on a contiguous segment that
includes the loop and B-strand preceding the Q-loop and the
Q-loop and the a-helix and loop following the Q-loop, which
we collectively term the Q-loop segment (amino acids 485—
509). The data suggest a model in which the entire Q-loop seg-
ment is in equilibrium between two different conformations (A
and B in Fig. 7c). Dimerization affects the position of residues
Tyr-577 and Phe-494 and indirectly affects the population of
the two conformations. Mutations at the dimer interface
(Y577K and Y577E) also affect the Q-loop segment conforma-
tional sampling. In all three cases the same set of residues is
affected, but differences in the time scale or kinetics of the sam-
pling of the A and B conformations lead to either linear chem-
ical shift perturbations, broadening, or both. Implicit in this
model is the fact that, for the WT, one of the Q-loop conforma-
tions is more compatible with dimerization. Dimerization
pushes the conformational equilibrium toward this conforma-
tion. As an extension of this hypothesis, mutations that push
the conformation of the Q-loop into the B conformation disfa-
vor dimerization.

Although the chemical shift perturbations are not directly
modulated by dimerization, within a single variant they still
report on the amount of dimer. Therefore, we were able to use
chemical shift perturbations from spectra recorded at multiple
WT concentrations and fit a dimer dissociation constant of
280 = 200 uM (Fig. 8). The full set of 19 peaks could be globally
fit to the same K, value. The large error reflects the relatively
small chemical shift perturbations and the limited number of
concentrations that were recorded. The dimer dissociation
constant is likely modulated by ATP affinity and concentration,
given the prominent place of ATP at the interface. Within the
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FIGURE 9. PRE data for NBD1 homodimer formation. g, overlay of 'H-">N HSQC spectra of WT (black) and E402C (red) NBD1 ARIARE. b, ribbon diagram of NBD1
showing the degree of signal loss following addition of tempo-maleimide in trans. Data points are shown as spheres colored according to degree of signal loss
as shown in the legend. ATP is shown as a stick figure and color-coded by element type. The region of broadening is circled in orange. ¢, overlay of spectra of '°N
WT NBD1 ARIARE recorded in the presence of a 3-fold excess of isotopically natural abundance tempo-maleimide-labeled E402C NBD1 ARIARE recorded
before (red) and after (black) reduction of the spin label with TCEP. d, ribbon diagram of an NBD1 dimer with >N WT NBD1 ARIARE (teal) bound to E402C WT
NBD1 ARIARE (gray, not observable in this experiment). Data points are shown as spheres colored on a gradient from white to red, with the most severely spin
label-broadened residues shown in red as indicated in the legend. The region of broadening also observed in the control experiment is circled in orange. The
dimer induced broadening is circled in black. The green sphere represents the amide nitrogen of Cys-402. The proposed inward motion of the Cys-402
containing loop is illustrated with a green arrow. The two ATP molecules at the dimer interface are shown and colored by element type.

context of full-length CFTR, the inherent NBD dimer dissoci-
ation constant is likely modulated by covalent attachment to
other CFTR regions. The weak affinity is consistent with the
difficulty that the cystic fibrosis research community has had in
observing NBD homo- or heterodimerization.

Confirmation of NBDI Homodimers by Paramagnetic
Relaxation Enhancement (PRE)—To confirm that NBD1 is
homodimerizing in the expected head-to-tail orientation, we
covalently linked a paramagnetic spin label to a single cysteine
within NBD1. Paramagnetic spin labels have an unpaired elec-
tron that causes broadening (and associated signal loss) of
nearby NMR resonances via a process known as PRE. The single
cysteine residue, E402C, was introduced on a Cys-less NBD1
ARIARE (C491V, C524T, C590V, and C592V). This enabled
conjugation of a single molecule of tempo-maleimide to each
NBD1 molecule. Position 402 was chosen because it is at the
periphery of the expected dimer interface and thus not likely to
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disrupt dimerization, but it is still close enough to the interface
for the tempo-maleimide to broaden NMR signals on an oppos-
ing protamer if a dimer is formed. E402C NBD1 ARIARE could
be expressed and purified in the amounts required for NMR. Of
note, we were not able to express or purify NBD1 using the
previously published mutations C491S, C524S, C590V, and
C592V (12), probably because these mutations destabilize
NBD1.

To ensure that E402C NBD1 ARIARE is folded similarly to
WT NBD1 ARIARE, spectra of the mutant were recorded and
compared with the WT (Fig. 94). The five mutations lead to
numerous chemical shift perturbations. However, many of the
resonances of the mutant overlap precisely with their WT
counterparts, providing very strong evidence that this con-
struct assumes the same fold as the WT. To determine whether
free tempo-maleimide interacts with NBD1, we added 2 mm
free tempo-maleimide into fully tempo-maleimide-labeled
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E402C NBD1 ARIARE. Because the only cysteine is already
conjugated with tempo-maleimide, any further loss of NMR
signals must be interpreted as an intermolecular interaction
between NBD1 and free tempo-maleimide. We quantified the
ratio of these signals and plotted it on NBD1. Following addi-
tion of free tempo-maleimide, we noted loss of signal intensity
near H7, S9, and S10 (red spheres in Fig. 9b), suggesting that
tempo-maleimide on its own interacts with the hydrophobic
patch previously identified as a binding site for the small mole-
cule CFFT-001 (32).

To detect dimers, a sample containing 525 um tempo-ma-
leimide-labeled, isotopically natural abundance E402C NBD1
ARIARE and 175 um **N-labeled WT NBD1 ARIARE was pre-
pared. Spectra were recorded in the absence of reductant (spin
label broadens NMR signals in this case) and following reduc-
tion of the spin label with TCEP (broadened signals restored).
The spectra provide clear evidence for loss of NMR signal due
to an intermolecular interaction between the (unobservable)
tempo-maleimide-labeled NBD1 and the (observable) *°N-la-
beled WT NBD1 ARIARE (Fig. 9¢). We measured the ratio of
signal intensities before and after addition of TCEP and
mapped them onto the NBD1 structure (Fig. 94). Besides
broadening on the SDR and Asp-565, we observed two foci of
significant broadening. The first region (Fig. 9d, circled in
orange) includes residues close to H7, S9, and S10 as observed in
the control experiment with free tempo-maleimide. Broaden-
ing in this area is likely the result of an interaction with tempo-
maleimide that does not require dimer formation. The second
region is at the N terminus of H5 and H6 close to the dimer
interface (Fig. 94, circled in black). No broadening was observed
at the N terminus of H5 and H6 when free tempo-maleimide
was added, leading us to conclude that the severe broadening at
this position is due to NBD1 homodimer formation. The posi-
tion of the broadening is consistent with a head-to-tail
homodimer, but it requires an inward movement of the Cys-
402 loop as indicated by the green arrow allowing tempo-ma-
leimide to bind close to the N terminus of H5 and H6. This
would position the Cys-402 loop (residual RI) adjacent to ATP
and may influence the ATP conformation, as was previously
observed for the full RI in mouse NBD1 crystal structures (6).
Moderate broadening on the SDR may be the result of dynamic
conformational sampling of this region by the Cys-402 loop and
tempo-maleimide. Note that no broadening is expected or
observed near Cys-402, because the tempo-maleimide-labeled
E402C NBD1 ARIARE is not '*N-labeled and thus not visible in
these spectra. In summary, the PRE data confirm that NBD1
forms homodimers and supports a head-to-tail assembly.

Effect of F508del on Dimerization—We next examined
concentration-dependent chemical shift perturbations for
F508del NBD1 ARIARE (Fig. 6g). The perturbations are much
smaller than observed for the WT. For example, Cys-491 moves
by 11 Hz going from a concentration of 0.13 to 2.1 mm, and the
Trp-496 indole NeH is perturbed by 4 Hz. Although the effects
are smaller, these residues are still responsive to dimerization.
Comparison of WT and F508del spectra demonstrates that at
high concentration the F508del peaks are closer to the position
of the monomer peaks in the WT spectra. This indicates that
F508del favors the Q-loop conformation that is less compatible
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with dimerization (Fig. 6d). Chemical shift perturbations con-
sistent with this interpretation are seen for Trp-496, Glu-403,
Cys-491, and Leu-571. The small size of the F508del chemical
shift perturbations precluded fitting the data to a dimerization
constant. Taken together with the 7, values, our data indicate
that F508del pushes the Q-loop into a conformation that ham-
pers dimerization and thus inhibits NBD1 homodimerization.
Analysis of the crystal structures provides a plausible mech-
anism for how F508del affects the Q-loop conformation. Trp-
496, in the middle of the Q-loop, has a direct side chain inter-
action with Phe-508 in many structures (Fig. 7b), which is
necessarily disrupted in the mutant. Interestingly, even within a
single crystal structure Trp-496 can occupy multiple positions,
consistent with the notion that the Q-loop can occupy multiple
conformations. Together with our data, this suggests that dele-
tion of Phe-508 directly affects the distribution of Trp-96 side
chain conformations, a change that we suspect is propagated
through the Q-loop to the dimer interface. Evidence supporting
the connection between dimerization and the Phe-508 position
comes from the large concentration-dependent chemical shift
change of the adjacent residue Gly-509 (~30 Hz) seen in WT
spectra (Fig. 6a) and the concentration-dependent broadening
of this signal in the Y577K spectra (Fig. 6). Thus, the dimer
interface and the Phe-508 loop appear to be tightly linked. Col-
lectively, the data indicate that F508del reduces the ability of
NBD1 ARIARE to homodimerize, probably by disrupting the
Phe-508/Trp-496 side chain interaction that stabilizes the

Q-loop.

Discussion

NBD heterodimerization is thought to be integral to CFTR
folding and processing (31) as well as channel gating (14-17). In
the absence of NBD2, the open probability of the channel
decreases by almost 10-fold (52), supporting the hypothesis
that NBD1/NBD2 interaction drives channel opening. Despite
the dramatic difference in open probability in the absence of
NBD?2, direct monitoring of NBD heterodimerization has been
limited by the difficulty in detecting any interaction between
the isolated NBDs. Deletion of the RI may enhance NBD1
dimerization, because the RI may perturb the configuration of
ATP in the dimer interface, as observed in a mouse CFTR
NBD1 crystal structure (6). We speculate that this facilitated
our observation of NBD1 homodimers. Phosphorylation of the
RI is proposed to relieve RI inhibition of NBD dimerization
(13). Our PRE data suggest that even the residual RI (402C
containing loop) may influence the ATP conformation.

Data on NBD dimerization in other ABC transporters is sim-
ilarly scarce. Transporter associated with antigen processing
(TAP) is composed of two half-channels (TAP1 and TAP2).
Heterodimerization of the two TAP NBDs has not been
observed, but the affinity of mutant TAP1 NBD homodimers is
between 20 and 170 uMm (53). Unlike TAP, CFTR is a full channel
and NBD1 and NBD2 are covalently linked; thus, one would
expect the affinity of NBD dimers to be weaker than that
observed for TAP, which is what we observed. Thus, NBD
potentiation of channel opening likely involves a modest ener-
getic contribution.
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Although F508del is known to impair both folding and chan-
nel opening, the effect of F508del on NBD heterodimerization
is not well studied, due to the difficulty in directly measuring
dimerization and producing isolated NBD2. The notion that
F508del inhibits NBD heterodimerization has been suggested
in previously published studies of CFTR processing (31) and
channel activity (54, 55) as well as a study of a related ABC
transporter (56). We demonstrate that in solution F508del
inhibits NBD1 ARIARE oligomerization and provides chemical
shift evidence of concentration-dependent dimerization of WT
NBD1 ARIARE. We also show that F508del chemical shifts are
consistent with a Q-loop segment conformation that inhibits
homodimerization. We propose that in addition to its effects on
NBD1 stability and NBD1/ICL4 interactions, F508del inhibits
NBD1/NBD2 heterodimerization, and this contributes to the
poor folding and gating properties of the mutant. Notably,
F508del CFTR can still transition to the open conformation,
suggesting that the energetic effect of the mutation on NBD
dimerization is modest.

In addition to a significant effect on NBD1 stability, F508del
is known to disrupt folding through impairment of interdomain
interactions. As mentioned in the Introduction, much evidence
points to the importance of the Phe-508 side chain in disrupting
the NBD1/ICL4 interaction. However, other evidence suggests
that F508del also disrupts the NBD1/NBD2 interaction, includ-
ing the increased proteolytic susceptibility of NBD2 (31) in the
context of F508del. The simplest explanation for this result is
that NBD1 stabilizes NBD2 or at least helps it to fold and that
deletion of Phe-508 destabilizes the NBD1/NBD2 interaction.
F508del is known to disrupt processing of CFTR that is missing
NBD?2, indicating that the F508del defect is certainly not lim-
ited to the disruption of the NBD interface (52). CFTR missing
NBD2 can also be exported from the endoplasmic reticulum
(52), demonstrating that NBD2 is not required for the folding
process per se. However, if NBD2 is present and the NBD1/
NBD?2 interface is required for NBD2 folding and stability, then
disruption of this interaction would lead to misfolded NBD2
and targeting of CFTR for degradation. Supporting this conten-
tion, at least two mutations in NBD2 (N1303K, which interacts
with the Q-loop of NBD2, and p.lle1234_Argl1239del) are
known to reduce the amount of mature CFTR (52, 57). Inter-
estingly, the combined suppressor mutations 1539T, G550E,
R553M, and R555K have a bigger positive effect on F508del
CFTR when NBD2 is present (58), suggesting the importance of
the NBD interaction and hinting that these NBD1-stabilizing
mutations may also improve the ability of F508del NBD1 to
dimerize with NBD2. Structural models have led to the predic-
tion that the suppressor mutation G550E enhances dimeriza-
tion through an electrostatic interaction with basic surfaces on
NBD2 (59). The side chain of Phe-508 has been shown to be
important for the interdomain interactions required for chan-
nel opening and open time residency (55), hinting that the Phe-
508 side chain plays a role in NBD dimerization. The gating
deficiency of F508del CFTR could also be explained by impair-
ment of NBD interactions. In addition to the established defi-
ciencies in stability and NBD1/ICL4 interaction, the evidence
outlined above and data contained in this study indicate that
F508del also impairs NBD1/NBD?2 interaction.
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The mechanism by which F508del might impair NBD
dimerization is not immediately obvious, because Phe-508 is
relatively distant from the dimer interface. In addition to being
distant from the dimer interface, previously published crystal
structures demonstrate that Phe-508 does not grossly perturb
the ground state structure of NBD1 (8, 9). This conclusion is
strongly supported by our NMR structural data, as well as stud-
ies of fast time scale dynamics in NBD1 ARIARE indicating that
overall patterns of flexibility are shared by the ground states of
WT, F508del, and I539T NBD1. We propose that F508del dis-
rupts NBD dimerization by promoting a higher energy Q-loop
conformation that inhibits dimerization. Data presented here
indicate that residues in the Q-loop segment of WT NBD1 exist
in equilibrium between two states. Furthermore, mutations in
the dimer interface (Y577K and Y577E) clearly alter the Q-loop
segment equilibrium, with changes observed as far away from
the dimer interface as Gly-509, which is adjacent to the Phe-508
position.

The structural differences between the two Q-loop states
observed by our NMR studies are still unclear. In a related
molecular dynamics study (60), the entire Q-loop was observed
to dissociate from the main portion of F508del NBD1, a result
that the authors attribute to the loss of the stabilizing role of
Phe-508 on Trp-496 and Met-498. It is not clear that such a
drastic transformation is observed in our studies. Nevertheless,
the molecular dynamics results hint at the poor stability of the
ground state Q-loop segment conformation, particularly in
the absence of Phe-508. The populations of the two Q-loop
segment states that are observed in our study are modulated in
a concentration-dependent fashion, thus indicating that one of
these states is more compatible with the monomeric state,
whereas the other state is more compatible with a higher order
oligomer that is most likely dimer. Analysis of the 2PZE and
2PZG crystal structures of NBD1 also suggests conformational
heterogeneity. The homodimer state in particular has poor
electron density for some Q-loop side chains (Phe-494 through
Trp-496) and different side chain positions for the two sub-
units. Conformational changes on the Q-loop appear to be
linked to reorientation of Tyr-577 and Phe-494 in response to
homodimerization. As our chemical shift data for the
observed Q-loop resonances show, deletion of F508del,
which interacts with Trp-496 in the Q-loop, pushes the con-
formation of the Q-loop toward the state that is less compat-
ible with homodimerization. The relevance of the Phe-508/
Trp-496 interaction for NBD1 folding has previously been
noted (9), suggesting that the Q-loop segment conformational
ensemble plays an important role in folding efficiency. The shift
in the conformational ensemble of the Q-loop upon deletion of
Phe-508 is also supported by the differential accessibility of
Cys-491 in WT and F508del NBD1 (58). Because the mecha-
nism of dimer inhibition involves an alternate Q-loop segment
conformation and changes at the dimer interface, it seems likely
that F508del will disrupt NBD1/NBD2 heterodimerization as
well as the NBD1 homodimers observed here. Other pub-
lished Q-loop segment suppressor mutations such as S492P
and S495P (21, 29) are also likely to modulate NBD dimeriza-
tion. Besides these Q-loop effects, other influences on NBD1/
NBD2 heterodimerization include nucleotide binding, the RI
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and R region and their phosphorylation. A remaining challenge
is to determine the relative importance of F508del disruption of
heterodimerization.

Our results suggest that targeting the NBD1/NBD2 interface
for stabilization may be one useful way to suppress the pro-
cessing effects of Phe-508 deletion, as well as the gating defects.
Even WT CFTR folds inefficiently, and the temperature-cor-
rected channel has poor stability and gating properties once at
the cell membrane, consistent with the idea that CFTR exists in
a shallow energetic well and readily accesses unfolded states
after assembly. Although stabilizing NBD1 is known to improve
CFTR processing (19, 24, 25, 27, 28), it may not be an exclusive
solution to the problem. Mutations that inhibit processing,
either by destabilizing intra- or interdomain interactions or by
disrupting membrane integration in the case of the MSDs, are
spread throughout the ordered regions of CFTR (61), suggest-
ing that multiple domains or domain/domain interactions in
CFTR have marginal stability, which could be suitable targets
for stabilizing CFTR and correcting processing defects. Both
MSD1 and NBD2 are known to require stabilization by NBD1,
stabilization that is lost upon deletion of Phe-508 (31, 52). Con-
versely, VX-809 stabilization of MSD1 is postulated to improve
maturation by enhancing stabilizing interactions with MSD2
and NBD1 (62). Gain-of-function mutations, which presum-
ably stabilize an open conformation, have been identified in
both MSD1 and MSD2 (63, 64). It has also been suggested that
low temperature rescue may be an NBD2-related effect (58),
which does not occur in the absence of NBD2. Together with
the presented data, this implies that enhancing NBD2 stability
or stabilizing the NBD1/NBD2 interface may be an avenue for
improving processing and channel gating through therapeutics.
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