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Abstract: The most common mutation in cystic fibrosis (CF) patients is deletion of F508 (AF508) in
the first nucleotide binding domain (NBD1) of the CF transmembrane conductance regulator
(CFTR). AF508 causes a decrease in the trafficking of CFTR to the cell surface and reduces the
thermal stability of isolated NBD1; it is well established that both of these effects can be rescued
by additional revertant mutations in NBD1. The current paradigm in CF small molecule drug discov-
ery is that, like revertant mutations, a path may exist to AF508 CFTR correction through a small
molecule chaperone binding to NBD1. We, therefore, set out to find small molecule binders of
NBD1 and test whether it is possible to develop these molecules into potent binders that increase
CFTR trafficking in CF-patient-derived human bronchial epithelial cells. Several fragments were
identified that bind NBD1 at either the CFFT-001 site or the BIA site. However, repeated attempts
to improve the affinity of these fragments resulted in only modest gains. Although these results
cannot prove that there is no possibility of finding a high-affinity small molecule binder of NBD1,
they are discouraging and lead us to hypothesize that the nature of these two binding sites, and
isolated NBD1 itself, may not contain the features needed to build high-affinity interactions. Future
work in this area may, therefore, require constructs including other domains of CFTR in addition to
NBD1, if high-affinity small molecule binding is to be achieved.
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Introduction

Cystic fibrosis (CF) is caused by mutations in the
CF transmembrane conductance regulator (CFTR),
causing inadequate chloride efflux in epithelial cells;
loss of chloride efflux leads to chronic lung disease,
exocrine pancreatic insufficiency, and male infertil-
ity.! A small minority of CF patients (ca 2500
patients worldwide or 5% of total CF patients) have
CFTR, which is appropriately folded/trafficked, but
remains inactive at the cell surface; the most com-
mon of these is the G551D mutation, which accounts
for 4% of CF patients and can be effectively treated
by the small molecule potentiator VX-770 (Kaly-
deco). However, the vast majority of CF patients (ca.
66,000 patients worldwide or 95% of total CF
patients) have mutations decreasing CFTR folding
efficiency and trafficking to the cell surface, for
which there is currently no curative treatment.? The
most common CF folding mutation is deletion of
F508 (AF508), occurring in 90% of patients (50%—
70% of CF patients have two copies of the AF508
allele).3¢

AF508 is in the first nucleotide binding domain
(NBD1) of CFTR. In addition to decreasing the traf-
ficking of CFTR, it also destabilizes isolated
NBD1.”® Both CFTR trafficking and stabilization of
NBD1 can be rescued by revertant mutations within
NBD1, such as deletion of residues 405-436 (ARI,
human numbering), or the mutations F429S, F494N,
and Q637R (3S mutants).®'* CFTR (both wild type
and AF508) trafficking in human bronchial epithe-
lial (hBE) cells can also be increased by treatment
with the small molecule VX-809 (Orkambi).'5*¢

VX-809 appears to interact with CFTR directly,
as suggested by two distinct lines of evidence. The
first is its ability to correct CFTR trafficking in a
variety of different cell types—each with its own
proteome, but expressing human CFTR as a common
feature!™!8, is a VX-809-dependent
increase in ion flux observed in purified CFTR activ-
ity assays.!® It, therefore, seems that VX-809 is a
small molecule chaperone of CFTR; this inference is
supported by data suggesting an interaction in the
first membrane spanning domain of CFTR,?° though
the exact site on CFTR and other details of its
molecular action are still obscure.

VX-809 in combination with VX-770 causes an
improvement in AF508 patient lung function (+3%
FEV) that is sub-curative (+11%-13% FEV is theor-
ized to be the curative minimum) but encouraging
for a first-generation small molecule chaperone.?!
We, among others, have hypothesized that the iden-
tification of a new corrector class that binds to
NBD1 and stabilizes the thermodynamic defect
caused by AF508 could form the basis of a therapy
complimentary to the VX-809 mechanism of action
and help to cross the curative threshold for AF508

the second
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CF patients. We, therefore, undertook subset screen-
ing of the Pfizer chemical library aimed at the dis-
covery and optimization of NBD1 binders using a
combination of nuclear magnetic resonance (NMR)
and surface plasmon resonance (SPR) assays against
isolated NBD1. In the course of our work, we have
discovered two classes of molecules with distinct
binding sites on NBD1. Significant additional work
to improve the affinities of our initial hits has
resulted in a better understanding of the sites of
association, but only minor improvements in affinity.
These data and their implications for the paradigm
of CF correction through NBD1 stabilization are
discussed.

Results

NBD1 constructs used have characteristics
consistent with previously reported results

Two constructs were used for these studies, a mini-
mal domain of NBD1 (residues 387-646), which does
not include the regulatory insertion (RI, residues
405-436, containing helix «j},) or regulatory exten-
sion (RE, residues 647-678, containing helix agy)
(ARIARE construct) and was primarily used for
NMR compound mapping experiments; and a larger
construct (residues 389-678) containing the RI, the
RE, and three solubilizing mutations (F429S,
F494N, and Q637R) (3S construct), which was pri-
marily used for NMR fragment screening and SPR
experiments.

Our purified NBD1 constructs had T, values
and SPR-derived ATP affinities consistent with pre-
vious publications (Fig. 1).'*%? We also tested the
solution-based affinity of 3S NBD1 for ATP, which
we found to be 1.4*+0.08 puM, which is in good
agreement with SPR values. Because NBD1 is prone
to rapid nonreversible thermal aggregation, which is
marked by a loss of ATP binding, the ability to bind
ATP was used to verify the integrity of our samples
prior to crystallization and at the start and stop of
compound screening experiments.”®

A novel crystal form of human 3S AF508
demonstrates the plasticity of Rl and RE
interactions with the NBD1 core

Using published conditions, we were able to produce
crystals of ARIARE AF508,22 but were unsuccessful
in producing crystals of 3S AF508. We performed
our own 3S AF508 crystal screen and discovered a
novel crystal form of 3S AF508, which diffracted to
the same resolution (2.05 A) as the literature 3S
AF508 crystal form we had sought (Table I).

There have been many structures of NBDI1
solved from both human and nonhuman sources in
the presence or absence of mutations and in a wide
range of precipitant, salt, and pH conditions; all
these structures show good overall agreement with
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Figure 1. NBD1 constructs and characterization. (a) Expression construct of NBD1, including tags and potential protease
cleavage or biotin labeling positions. (b) Thermostability of the ARIARE (gray) and 3S (blue) NBD1 constructs used in these
studies. Values for ARIARE were 55.3°C (£0.1°C) and 60.3°C (+0.1°C) with no ATP or 2 mM ATP present; values for 3S were
45.1°C (+0.6°C) and 51.1°C (£1.1°C) with no ATP or 2 mM ATP present. (c) Determination of ATP binding affinity to 3S NBD1
from ATP-dependent changes in tryptophan fluorescence. The fitting function is shown as a dashed red line, and raw fluores-
cence emission are inset; data were fit with a K, of 1.4 = 0.08 uM. (d) Representative SPR data showing the ATP-dependent
changes in 3S NBD1 resonance (colored lines) and fit to a binary association model (black dashed lines); data were fit with a
Ky of 2.5+ 0.2 pM, using k(on) =2145 M~ ' s~ ' and k(off) = 0.005 s~ ' (t;/» of 130 s).

our structure, with only local changes apparent
upon comparison. We, therefore, compare in detail
our structure only with the other published human
3S AF508 (pdb 2BBS), which was crystallized in con-
ditions similar to that of ours; differences between
our structure and 2BBS should, therefore, provide
insight onto the plasticity of human NBD1.

The previous crystal form (2BBS) has two copies
of NBD1 in its asymmetric unit our crystal form
(4WZ6) has one. Alignment of our structure with the
two chains of 2BBS shows good general agreement
(root mean square deviation (RMSD) of 0.86 A or
0.65 A for our structure to chain A or B of 2BBS;
chain A and B of 2BBS align with each other with
an RMSD of 0.38 A). The largest differences occur
for the placement of the RI and the RE between
these structures [Fig. 2(b)].

The RI occurs only in NBD1 of CFTR and no
other NBDs from other ABC family members and is
destabilizing.?® Although it crystallizes as a partial
helix, it is partially disordered in solution®* and does
not have continuous density in any NBD1 structure.
Our new crystal form has continuous density of four
more residues of the RI than in 2BBS; three of these
new residues are in the disordered loop connecting
RI back to the core fold of NBD1 and are stabilized
because of crystal packing with P499 from an
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adjacent unit cell. In our structure, the RI does not
interact with the core of NBD1 but instead seems to
float off at a significant distance (ca. 25 A) from the
rest of NBD1, emphasizing the flexible nature of
this insertion into the canonical NBD1 fold (Fig. 2).

In chain A of 2BBS, the RI folds back toward
NBD1 to form a chaste (ca. 45 A?) interaction with
B-strands B; and B4, which in turn promote a longer
B-strand interaction among B, B2, and B4 than seen
in our structure. When the RI packs against B, it
places several negatively charged side chains (E403,
E407, and E410 of the RI and E476 of B4) in proxim-
ity; thus, the net energetic result of this interaction
between RI packed against NBD1 in this orientation
is likely unfavorable.

The positioning and packing of the RE with
NBD1 is the other significant difference between our
structure and 2BBS. Like the RI, the RE is dynamic
and may be partially unfolded or dissociated from
the core of isolated NBD1 in solution.?® There are
four helical turns of RE; each of these commits at
least one hydrophobic side chain to pack against
NBD1, with the important exception of the first turn,
where instead of a hydrophobic residue the positively
charged guanidinium side chain of R658 is positioned
toward NBD1. The side chain of R658 is similarly
placed in both chains of 2BBS, where it is slightly

CFTR Correctors in CF Therapeutics
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solvent exposed; in contrast, R658 is buried in our
structure and forms a salt bridge with the side chain
of E583 in ag (E583 interacts with the side chain of a
partially solvent exposed K606 in 2BBS). E583 and
R658 seem to force a binary structural paradigm for
RE packing: they can either interact, in which case
they are buried and anchor RE closer to the ABCa
subdomain of NBD1 (ca. 2.4 or 4.2 A higher on our
structure relative to chain A or chain B of 2BBS), or
if not interacting, then NBD1 must adjust to allow
solvent access to these otherwise buried side chains
by opening up a loop connecting B¢ to ag, and the RE
is held low on NBD1. These distinct poses suggest
that there are likely to be many energetically similar
but structurally distinct interactions between NBD1
and RI or RE (Fig. 2). These results are consistent
with previous NMR studies on murine NBD1 con-
taining the RI and RE, including the structural per-
turbations observed upon phosphorylation of these
flexible regulatory segments.2

Two compound classes found from a binding-
based NBD1 screen
An NMR-based binding screen was performed
against a fragment library of approximately 2600
compounds. Design parameters of this library have
been described.?” Briefly, the average mass of the
screening set is 225 Da, and it is expected that bind-
ers found from this set will have affinities in the
micromolar range at best. Hits from this screen are
improved by methods of fragment-based lead devel-
opment, which commonly involves additional screen-
ing of analogs with high similarity and/or bigger in
size to improve affinity while keeping high ligand
efficiency (ratio of affinity to compound mass) and
desirable absorption, distribution, metabolism, and
excretion properties.?831

The fragment library was screened by saturation
transfer difference (STD) spectra against the 3S form
of F508-containing NBD1 (hereafter called “3S WT”)
as the AF508 form aggregated too quickly to be used
in these experiments. Briefly, STD is performed by
saturating the methyl region of the protein; any com-
pound that binds with fast on/off kinetics will be
detected in the 'H spectra of the compounds. This
has utility in screening because the protein does not
need to be N or 3C labeled and a mixture of com-
pounds can be screened, but only the bound com-
pounds will be detected. Compounds identified by
STD were subsequently tested for binding in an SPR-
based screen and for T, effects using ATP-bound 3S
WT. The majority of the initial STD hits were vali-
dated as binders in the SPR platform, though none
significantly affected T';; however, this was not con-
sidered to be a critical validation parameter because
of the weakness of these binders (K;>100 pM) and
the chance that SYPRO Orange could outcompete
weak binders (Fig. 3).
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Table I. Data Collection and Refinement Statistics

Human CFTR NBD1
(aa389-678; F*2°S, F49*N,
AF508, Q637R, ATP.Mg2+)

Data collection

X-ray source . APS (IMCA)
Wavelength (A) 1.00
Space group P432,2
Unit cell .
a, b, ¢ (A) 101.456, 101.456, 58.335
o, B,y (°) 90, 90, 90

Resolution (A)°
No. of reflections

101-2.05 (2.16-2.05)

Total 226,627 (18,547)
Unique 19,819 (2,829)
Completeness (%) 100.0 (99.7)
I/o (D) 20.4 (2.2)
Rpeas (%) 8.8 (87.1)
Refinement
Resolution(A)® 101-2.05 (2.16-2.05)
Ryori/Riree (%) 19.6/24.3
RMSDs
Bond length (A) 0.017
Bond angles (°) 1.908
No. of atoms 2,109
Protein 2,029
Ligands 32
Water 48
Ave. B-factors (A2%)
Protein 37.3
Water 29.0
Ramachandran (%)
Favored 98.4
Allowed 1.6
Outliers 0

# Values in parenthesis are for the highest resolution shells.
b Values in parenthesis are for the highest resolution bin.

Based on both STD and SPR data, compounds
were clustered by similarity of chemical structure,
and ?N-'H HSQC chemical shift perturbations were
determined against NBD1 ARIARE (for which reso-
nance assignments were available). Based on chemi-
cal shift perturbations, these fragments were
classified as belonging to two classes. Class A com-
pounds typically contain a 6-5 or 6-6 bicyclic aro-
matic system with a hydrogen bond acceptor moiety
close to the aromatic ring. Fragments in this class cause
chemical shift perturbations in the ABCa subdomain of
NBD1.23 We refer to this binding site as the “a-site.”

Class B compounds bear some similarity to
Class A because they also typically possess an aro-
matic bicycle, but they generally lack the carbonyl
moiety or other acceptor functionalities adjacent to
the ring system. Fragments in this class cause
chemical shift perturbations in ABCB subdomain of
NBD1. We refer to this binding site as the “B-site”
(Fig. 4).

Class A compounds elicit large chemical shift
perturbations in helices a4, as, and «ag; the majority
of these perturbations occur at the apex of a helical
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Figure 2. A novel 3S AF508 NBD1 structure demonstrates plasticity of Rl and RE compared with the rest of NBD1. Stereo
view of the 3S AF508 NBD1 structure showing either (a) 2Fo-Fc (blue, 3¢) and Fo-Fc (green, 1.50) density or (b) overlay of our
structure (gray) with chains A (cyan) and B (green) of 2BBS. NBD1 is oriented such that the membrane spanning domain inter-
face would be above it, and the NBD2 binding interface is opposite into the plane of the page. The F508 site is indicated as an
orange sphere. ATPsMg?" is labeled and shown as sticks. The current structure and 2BBS are identical constructs, which crys-
tallized in different space groups but attained the same resolution. Modeled regions of Rl and RE are well supported by density
and show a significant difference in their interactions with NBD1 than previously seen for human 3S AF508 NBD1. (c) B-factor
analysis of the current structure (gray) and 2BBS chain A (cyan) and B (green) with model breaks labeled.

bundle formed by the N-terminus of ay and the C-
termini of a5 and «g. The parsimonious interpreta-
tion of these data is that the apex of this bundle is
the site of binding, and additional chemical shift
perturbations distal from this site (e.g., S549) are
perpetrated by compound-induced rigid rod-like

364 PROTEINSCIENCE.ORG

adjustments in helical packing or other allosteric
effects.

In support of this hypothesis, we observed
NOEs between the Hs proton of Cp-al, a prototypi-
cal Class A compound, and the amide protons of
N597 and K598 using 'H-'N HSQC-NOESY

CFTR Correctors in CF Therapeutics
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Figure 3. Novel NBD1 binding compounds. Representative SPR sensorgrams showing concentration-dependent changes in
resonance (colored lines in main panel or the markers in the inset panel) and fit to a binary association model (inset) with best
fit line (black dashed lines) for (a) the representative a-site binder Cp-a1, (b) the representative B-site binder Cp-g1, and (c) the
BIA compound. The average Ky and standard deviation between experiments were 350 = 115 pM (n = 24), 230 = 185 uM
(n=29), and 645 = 56 pM (n = 27) for Cp-al1, Cp-B1, and BIA, respectively. Complete saturation was not achieved because of
the limits of compound solubility compared with affinity. Instead, Rnyax, representing complete compound saturation, was
defined as the maximum response from ATP controls run prior to compound screening.

experiments [Fig. 4(c)]. Based on the NOE between
Cp-al and NBD1, we have modeled a binding mode
consistent with these data by docking simulations,
which places Cp-al in a shallow pocket at the apex
of the as/as/ag helical bundle. In this pose, the car-
bonyl oxygen of Cp-al makes a hydrogen bond with
the hydroxyl side chain of S519, which could explain
the presence of a hydrogen bond acceptor in Class A
compounds. The pose is consistent with the strength
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of STD signals for Hs, Hy, H5, and Hg protons, which
are pointed toward NBD1 and NOEs between these
protons and unassigned methyl peaks from NBD1
(Fig. 5). The structure of NBD1 bound to BIA, a
compound similar to Cp-al, was reported recently;
the pose of BIA is very similar to our NMR-based
docking model.3?

Class B fragments cause small chemical shift
perturbations in the ABCB subdomain in the C-
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Figure 4. Compounds affect NBD1 residues at two distinct sites. 'H-"°N HSQC spectra of ARIARE NBD1 as apo (black) or
after addition of (a) Cp-a1 (purple) causing shifts at the a-site or (b) Cp-B1 (cyan) causing shifts at the B-site; residues affected
are labeled with a line connecting shifted peaks. (c) "H-">°N HSQC spectra (purple) or 'H spectra (green) showing NOE between
NBD1 and Cp-a1; correlated shifts are connected by a black dashed line, with residue assignments indicated. (d) 3S AF508
NBD1 structure showing residues affected by a-site (purple) and B-site (cyan) binders. NBD1 is oriented such that the mem-
brane spanning domain interface would be above it, and the NBD2 binding interface is opposite into the plane of the page. The
F508 site is indicated as an orange sphere. ATP~Mg2+ is labeled and shown as sticks and spheres. Docked compound Cp-a1
is shown in green as sticks, with residues within 5 A identified and shown as sticks. Alpha helices are numbered in red accord-
ing to convention established by Lewis et al.*?

terminus of «-helices a7 and ag and B-strands B3, Bs,  approximately 1000 analogs chemically similar to
and Bg; together, these shifts describe a region  our top initial hits using an SPR-based screen. The
formed by a B-sheet (Bs/Bs/Bg) capped by a-helices a;  choice of 1000 compounds is somewhat arbitrary,
and «ag [Fig. 4(b)]. This is the same region previously  but, based on past experience, this number was
seen for the small molecule corrector CFFT-001, judged to be sufficient to for an unbiased survey of

which was docked near Bs, Bg, and Bg.>* SAR for the best of our initial hits (see below) while
also allowing for hypothesis-driven compound

Chemical expansion finds several new testing.

compounds in both the a-site and p-site but no We chose to expand our top four fragments

strong binders because these had the best ligand efficiency (the

In a typical fragment screen outcome, the com-  ratio of affinity to compound mass) and representa-

pounds from the primary screen had modest affin-  tion of both «a-site and B-site binding modes. The
ities for NBD1. To increase affinity of the hit compound selection for hit expansion was based on
scaffolds and our understanding of the chemical either a similarity-based approach where we made
structure—activity relationship (SAR), we undertook  matched pair comparisons for SAR development, or
a hit expansion exercise evaluating affinity of a hypothesis-driven approach based on our
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Figure 5. Dock of Cp-a1 into the 3S AF508 NBD1 structure is consistent with chemical shift perturbation and STD data. (a)
The dock of Cp-a1 into the a-site composed of the apex of helices a4, a5, and a6. (b) STD ratios for the compound protons.
STD signal strength is a function of distance from the protein; the protons closest to the protein have the highest STD ratios. (c)
NOEs between Cp-a1 protons and unassigned NBD1 methyl protons.

compound docked structure. For the former, most
relevant analogs were selected on the basis of their
similarity scores using ECFP4 for atom pairing and
molecular match pair fingerprints. For the latter,
file analogs were picked based on medicinal chemis-
try tactics targeting (a) fragment growth using the
existing vectors, (b) isosteric replacement of the
existing functional groups, (c¢) scaffold hopping, and
(d) proposed binding mode in the «-site. The analog
selection was done individually for each of the initial
parent fragments, and it was noted that selections
had noticeable overlap among analogs with
decreased similarity scores, which was consistent
with the generally similar topology of the initial
hits. The diversity of the Pfizer file (ca. 3 million
compounds) allowed for selection of analogs to test
key hit modification/growth hypotheses without
resorting to synthetic chemistry. Overall, 88 unique
Murcko scaffolds were present in the hit expansion
set, which provided a good balance for evaluation of
the effects of scaffold modification and growth
directions.?®

Through this process, we have identified com-
pounds in both classes that were tighter than 100
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uM without adding significantly to the mass of the
parent fragment (Fig. 3). However, no compound
could be found with an affinity tighter than 10 pM,
and the SAR suggests that there are no growth vec-
tors in Class A or Class B compounds that are likely
to increase affinity beyond what we have seen. We
found that none of the compounds were singularly
able to elicit a clear effect on the 7, of ATP-bound
3S NBD1 in a SYPRO assay or on CFTR trafficking
levels in patient-derived hBE cells (data not shown).
However, it is worth emphasizing that all tests were
done with a single compound at a time; thus, we
cannot comment on any effects from combining
Class A and Class B compounds.

Discussion

Binding at the a-site

NBD1 has an F1-like ATP-binding core flanked by
an alpha helical region called the ABCa subdomain,
and a beta strand region called the ABCB subdo-
main. For a comprehensive review of the structure
of NBD1, see Hunt et al.??
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The ABCa subdomain of NBD1 is the region
most proximal to the membrane; it contains the
F508 site and the residues affected by a-site binders.
The a-site binders elicit chemical shifts in helices
ay, as, and ag; the majority of these shifts occur at
the apex of a helical bundle formed by the N-
terminus of oy and the C-termini of as and ag. We
were not able to determine structures of ARIARE or
3S NBD1 with any of our fragments, but based on
both chemical shift perturbations and direct NOEs
between Cp-al and NBD1, we have a high confi-
dence docking model suggesting that the «-site is a
shallow pocket formed at the apex of the ay/as/ag
helical bundle (Fig. 4). This pocket correlates well
with the binding site recently reported for structures
of NBD1, with two small molecule binders.>*

If the a-site pocket is indeed as we hypothesize,
this model has three important practical considera-
tions. The first is that the docked interaction high-
lights S519 as a hydrogen bond donor to the keto
oxygen of Cp-al; this may explain the presence of
the keto or ester oxygen moiety seen in Class A com-
pounds. Consistent with this observation, we noted
that compounds lacking a hydrogen bond acceptor at
this site but otherwise identical to competent a-site
binders lost a-site binding during our chemical
expansion searches (data not shown). Compounds
targeting this site may, therefore, need to incorpo-
rate a hydrogen bond acceptor for S519.

The second consideration is that this site is, per-
haps, not justifiably called a “pocket” but instead is
more accurately described as a “dimple” in the sur-
face of NBD1; about 150 A? of SASA is expected for
high-affinity binding for a molecule this size, but
nearly half that value, 80 Az’ is observed here.*®
Therefore, unless additional opening occurs at the a-
site to allow more compound burial, a high-affinity
interaction is not expected at this site.?” Consistent
with this observation, Cp-al and the previously
reported BIA compound are weak binders (350 + 115
uM and 645 =56 puM) and we were not able to find
any compound tighter than 10 uM at this site after
an extensive exploration of chemical space around
our most potent a-site binders. Although it is possi-
ble, we simply did not find the right key to open this
site; further, it seems increasingly unlikely that this
site will yield a high-affinity interaction (Fig. 3).

The final consideration is that the a-site is dis-
tant from the presumed interface of NBD1 with the
membrane spanning domain of CFTR and opposite
the presumed NBDI1:NBD2 interface (for a CFTR
model see Rosenberg et al.®®); interactions at this
site are therefore expected to be well modeled by iso-
lated NBD1. Consistent with this observation, weak
binders we found at this site were not able to evoke
any increase in trafficking of CFTR in hBE cells,
suggesting they did not pick up additional affinity
against full length CFTR (data not shown).
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Binding at the f-site
The ABCR subdomain is the region most distal from
the membrane spanning domain; it contains the RI
and the RE as well as the residues affected by B-site
binders. The B-site binders cause chemical shifts in
a region formed by a B-sheet (B3/Bs/Bg) capped by a-
helices a7 and ag (Fig. 4). Chemical shifts in the B-
site have been previously seen for the small mole-
cule corrector CFFT-001,3* where it was hypothe-
sized that the compound bound against the B-sheet
and was displacing «-helices above it (e.g., ag and
presumably RE in full length CFTR). This model is
consistent with the residues affected, which include
many of the residues of the helices pointing toward
the B-sheets. This is also an appealing model
because it might explain the correction of CFFT-001
as arising from displacement of RE, which must
occur for NBD1 to bind NBD2, an interaction
thought to be important for CFTR activation and
commonly seen for activation of related ABC
transporters.23’39’40

In light of this model, the B-site has three prac-
tical considerations for drug development. The first
is the potential benefit of displacing the RE from
NBD1; because the RE is precluding NBD2 interac-
tion, molecules of this class could promote the asso-
ciation of NBD2 and thereby increase CFTR activity
(potentiation). Therefore, if a binder at this site
could be developed into a corrector, there is the pos-
sibility it would be a dual potentiator/corrector.
Interestingly, we have found that compounds we
screened in Class B bind both 3S and ARIARE forms
of NBD1 with similar affinities despite the expecta-
tion that 3S binding could result in the unfavorable
energetic cost of displacing RE. The reason for simi-
lar affinities may have its roots in the ability of the
RE to adopt multiple packing conformations against
NBD1 as see in crystal structures (Fig. 2) and chem-
ical shifts in the disordered region of the spectra
[Fig. 4(b)].>* It would seem that the RE does not pro-
vide a significant energetic penalty for compounds
infiltrating into B-site of isolated NBD1.

The second consideration is that a clear pocket
for binding in the B-site is not apparent in crystal
structures of NBD1, which either have helices
and a9 tightly packing against the B-sheet or in a
less tightly packed coil-like conformation. The struc-
tural details of this site are, for the moment, some-
what cryptic, which limits rational drug design for
this site.

The third consideration is that this site is
largely composed of hydrophobic side chains and
hydrogen bond satisfied main-chain, which is an
environment common to the packing core of all solu-
ble proteins; designing molecules specific to this site
is, therefore, likely to be a significant challenge.
Furthermore, we observed that

have several
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compounds with NBD1 affinities too weak for SPR
detection are still capable of causing chemical shifts
in the B-site (data not shown). This leads us to spec-
ulate that the B-site is a promiscuous site capable of
absorbing many different compounds and, for that
reason, may be hard to optimize through binding-
based screens.

Conclusion

Although we have discovered several compounds
that bind at separate sites on NBD1, our SAR stud-
ies suggest that, for isolated NBD1, neither of these
sites are suitable for the development of high-
affinity ligands needed for small molecule therapeu-
tic agents.

Based on these data, we suspect that screening
for correctors against an isolated NBD1 is not the
optimal strategy for the discovery of novel direct-
binding correctors of CFTR. In support of this
hypothesis, NBD1 binders have been found based on
either virtual screening!” or crystallography against
isolated NBD1 (BIA and BIAE have been reported to
bind NBD1 but no coordinate files are available),?®
yet these compounds elicit only modest cell effects at
concentrations so high (ca. 1 mM) that it is question-
able whether their mode of action is specific to
NBD1 binding. Furthermore, the lack of follow-up
on these compounds in the years since their finding
suggests that affinities or efficacies may not be read-
ily improved. In contrast, based on its effects on
purified CFTR, and the variety of cell types for
which it is efficacious, VX-809 is likely a direct
binder of CFTR. Thus, the paradigm of developing a
direct-binder into a CFTR corrector still seems plau-
sible.}™® Perhaps the lesson here is that future
screens for direct binders need to use more than just
isolated NBD1, that they should instead place NBD1
closer to its native context in CFTR, such as with
constructs that include the intraprotein domain
interfaces of NBD2 or the membrane spanning
domains.

Materials and Methods

Protein preparation
The genes for Homo sapiens NBD1 constructs were
ordered from GeneWiz (South Plainfield, NJ). Con-
structs have either residues 387-646 with deletion
of 405-436 (ARIARE construct), or residues 389-678
with the F429S, F494N, and Q637R mutation (3S
construct); both constructs were made with or with-
out a deletion of F508, and all constructs are the
M470 allelic isoform. Genes were cloned into pET28,
which contained an N-terminal SUMO-HIS tag, a
ULP1 cleavage site, a BIRA recognition sequence,
and lastly a tobacco etch virus cleavage site (Fig. 1).
Recombinant proteins were expressed in Esche-
richia coli BL21(DE3) host cell lines. Cells were
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grown in liquid broth medium (Invitrogen, Carls-
bad, CA) at 37°C to an ODggonm of 1.5-2.0 before
protein expression was induced with the addition of
0.5 mM isopropyl-1-thio-f-p-galactopyranoside at
15°C for 16-20 h. Cells were collected and immedi-
ately transferred to 4°C for the remainder of the
purification. The cell pellet was suspended into
50 mM Tris (pH 7.6), 100 mM arginine, 50 mM
NaCl, 12.5% (v/v) glycerol, 5 mM MgCly, 2 mM
ATP, and 2 mM DTT and then lysed using a Bran-
son Ultrasonic Disintegrator (VWR Scientific Prod-
ucts, Chicago, IL) with seven rounds of 10 s 10%
duty cycle sonication separated by 50 s rest periods.
The soluble fraction was separated using centrifu-
gation at 30,000 relative centrifugal force for 1 h,
applied to a HisTrap FF column (GE Healthcare),
washed with 10 column volumes of buffer contain-
ing 20 mM Tris (pH 7.6), 500 mM NaCl, 60 mM
imidazole, 12.5% (v/v) glycerol, 5 mM MgCly, 2 mM
ATP, and 2 mM DTT and then eluted using 20 mM
Tris (pH 7.6), 2560 mM NaCl, 400 mM Imidazole,
12.5% (v/v) glycerol, 5 mM MgCly, 2 mM ATP, and
2 mM DTT. The elutant was concentrated using a
30-kDa MWCO Amicon spin column (Millipore, Bill-
erica, MA), buffer exchanged using a HiTrap col-
umn (GE Healthcare) into 50 mM Tris (pH 7.6),
150 mM NaCl, 12.5% (v/v) glycerol, 5 mM MgCl,,
2 mM ATP, and 2 mM DTT, and then incubated for
16-20 h with tobacco etch virus (Sigma-Aldrich, St.
Louis, MO) or ULP1 protease (Life Technologies,
Carlsbad, CA) and BirA ligase (Avidity, Aurora, CO)
to liberate an untagged NBD1 or generate a biotin-
tagged NBD1 for SPR experiments. Samples were
then passed through a HisTrap FF column to
remove tags/tagged protein, and a final purification
was done using a HiLoad Superdex200 column (GE
Healthcare). NBD1 is prone to aggregation; glycerol
and DTT were all maintained in buffer to reduce
cysteine oxidation and aggregation. Protein purity
was verified by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and ESI-TOF mass
spectrometry.

Thermal denaturation

Thermal denaturation of NBD1 was monitored by
changes in SYPRO Orange (Sigma-Aldrich) fluores-
cence at 600 nm using an excitation wavelength of
300 nm; data were collected at an interval of 0.25°C
using a thermal ramp of 2°C/min on a Cary Eclipse
Fluorescence Spectrophotometer (Varian, Palo Alto,
CA). Protein concentrations were 0.15 g/L (5.3 or 4.3
uM for ARIARE or 3S constructs) in buffer contain-
ing 50 mM Tris (pH 7.6), 150 mM NaCl, 12.5% glyc-
erol, 5 mM MgCl,, and 2 mM DTT, when present,
ATP was at 2 mM and compounds were at 0.75 mM
(all compounds tested appeared visibly soluble at
this concentration). T, corresponds to the midpoint
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of the fluorescence profiles, as determined by the
maxima of the first derivative of the fluorescence:

0
Ty =max (a—T> Fp (1)

where F(7) is fluorescence at temperature 7. Data
were fit using Eq. (1) in GraphPad Prism v5 [Fig.
1(b)].

Fluorescence measurements

Monitoring of ATP-dependent changes in ARIARE or
3S NBD1 intrinsic tryptophan fluorescence was done
at 15°C with a constant protein concentration (6 pi)
and variable ATP (0.08 to 26.75 uM over 25 injec-
tions). Data were collected on a FluoroMax-3 (Horiba
Jobin Yvon, Edison, NJ) using excitation at 290 nm
with 2 nm slit widths, a 0.5 s integration time, and
emission monitoring between 320 and 385 nm. The
fluorescence spectra were collected in the ratio mode
(signal/reference)  to potential
wavelength-dependent changes in intensity, and
sample subtracted from ATP
injected into buffer. A somewhat broad fluorescence
peak occurs between 344 and 354 nm, with the max-
imum emission at 349 nm; change in fluorescence
was, therefore, averaged over 344-354 nm. A small
linear change in fluorescence occurs for ATP concen-
trations above 10 pM; all data were, therefore, cor-
rected through subtraction of the slope determined
between 10 and 26.75 pM. Final data are the change
in fluorescence between apo protein and protein
after an injection, AF, versus ATP and were fit to
the quadratic equation to obtain the apparent disso-
ciation constant (K,) for the NBD1¢ ATP complex:

correct for

fluorescence was

AF=Fy—F= (Fo—Fumax) ([E]|+ ]| +|Ka| |/ (E]+ I+ Kq) — 4[E]])

- 2[E]

(2)

where F| is intrinsic tryptophan fluorescence in the
absence of compound, E is the concentration of
NBD1, F,,.x is the maximal change in fluorescence
upon saturation of ligand, EeL is the NBD1eATP
complex. Data were fit using Eq. (2) in GraphPad
Prism v5 [Fig. 1(c)].

Surface plasmon resonance

SPR experiments were conducted using CM5 sensor
chips in a BIACORE T100 (GE Healthcare). Surfa-
ces were prepared by immobilizing neutravidin
(Pierce, Waltham, MA) through random-amine cou-
pling (GE Healthcare) at 25°C to a final density of
25,000-30,000 resonance units (RUs; one RU is
equivalent to one picogram of protein per square
millimeter of the surface), followed by biotinylated
NBD1 immobilization at 4°C to a final density of
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3000-8000 RUs. A single channel containing only
neutravidin was used as a control from which NBD1
data were subtracted to remove non-NBD1 com-
pound interactions. The compounds were injected
over the immobilized protein for a period of 30 s,
and dissociation was measured for 30 s with a flow
rate of 60 pl/min at 4 °C in buffer containing
10 mM HEPES (pH 7.5), 150 mM NaCl, 10% glyc-
erol, 3 mM MgCl,, 2 mM ATP, 1 mM tris(2-carboxye-
thyl)phosphine and 2% dimethylsulfoxide.

All SPR compound data presented were col-
lected on ATP-bound 3S NBD1. Only ATP curves
had association (k(on)) or dissociation (k(off)) rates
slow enough to be measured; thus, all compound
data were fit to equilibrium association, K;, deter-
mined by fit to a binary association model assuming
one transient:

CxR
K,=—_""m% _( (3)
“"Re)—Ro

where, R is the response at concentration C, R,.x
is the maximum response from ATP controls run
prior to compound screening, and R, is a global data
offset from zero. Data were fit using Eq. (3) in the
BIA T100 Evaluation program.

NBD1 activity (Rq) was approximated by the
percent response of the surface to an analyte rela-
tive to the amount of protein immobilized:

Rmax / M. analyte
Rg=—————%100 (4)
% Rimm / M protein

where, R;,, is the amount of NBD1 immobilized in
RUs, and Manaiyte and My otein are the mass of the
analyte and the protein in daltons. Values were
determined using Eq. (4) fit in Microsoft Excel.

The Rq, for ATP was typically 50% at the start
of an experiment and was sampled again after com-
pound screening experiments; experiments were dis-
counted if the ATP R, was less than half of the
initial ATP R, or the K; was greater than 10-fold
divergent from the average values for the construct,
which typically occurred no sooner than 48 h after
the experimental start.

Crystallization

Crystals of ARIARE were grown as previously
reported.?? A novel crystal form of 38 NBD1 was
found from reagent 6 of the Hampton Crystal Screen
matrix and eventually optimized to 0.2M MgCl,,
0.1M Tris (pH 8.5), and 33% PEG 4K at 10°C. Crys-
tals were observed between 0.2 and 0.4 mM (7-15 g/
L) NBD1 in buffer containing 20 mM Tris (pH 8),
150 mM NaCl, 10% glycerol, 10% ethylene glycol,
5 mM MgCl,, 3 mM ATP, and 2 mM TCEP. Crystals
were flash frozen in liquid nitrogen without
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cryoprotectant, and data collected at the Argonne
National Lab (IMCA) beamline. Refinement statis-
tics are presented in Table 1.

Nuclear magnetic resonance

All NMR data were on a Bruker Avance III series
600 MHz spectrometer (Bruker, Billerica, MA) using
a 1.7 mm cryoprobe. The Pfizer fragment library
was screened against 3 M 3S NBD1 in 50 mM
deuterated-Tris (pH 7.6), 12.5% deuterated-glycerol,
150 mM NaCl, 5 mM MgCly, 2 mM ATP, and 2 mM
dithiothreitol fragments were at 300 uM in mixtures
of either five or 10 and were screened using STD
experiments.*’ For each STD, 512 scans were col-
lected over 0.5 h. The temperature was 285 K for
fragment screening and 293 K for all other NMR
experiments.

!H-N NBD1 chemical shift perturbation
experiments were performed using ARIARE NBD1
from assignments determined using standard NMR
experiments.*? 'H-'N TROSY experiments were
performed with 100 uM ARIARE NBD1 in 50 mM
phosphate (pH 7.5), 2% deuterated-glycerol, 5 mM
MgCly, and 5 mM ATP. Spectra were recorded using
Echo-Anti-Echo phase discrimination of 128 incre-
ments defined by 64 scans and 2048 points over a
total experiment time of 2.5 h.*® Water flip-back
pulses were used in the sequence to minimize water
signal.

15N-edited NOESY experiments detecting the
NOE between the amide protons of ARIARE NBD1
and the protons of Cp-al were performed with 170
uM ARIARE NBD1 and 1 mM Cp-al in 50 mM phos-
phate (pH 7.5), 2% deuterated-glycerol, 5 mM
MgCly, and 5 mM ATP; data were collected using an
NOE mixing time of 300 ms and an 'H-'°N hetero-
nuclear single quantum correlation nuclear Over-
hauser effect spectroscopy (HSQC-NOESY) pulse
sequence with relaxation filters to reduce intramo-
lecular NOEs. NOE spectra were collected with and
without '°N decoupling in the direct dimension to
distinguish amide proton peaks from compound
peaks. Protons of Cp-al were assigned using stand-
ard proton NOESY and correlation spectroscopy
experiments. Spectra were processed and analyzed
with TopSpin (Bruker).

Docking of Cp-a1 to NBD1

Cp-al was docked into our 3S AF508 ATP-bound
structure using the Glide docking protocol within
the Maestro software from Schrodinger Inc. (New
York, NY). Briefly, the compound was placed near
the putative pocket based on the observed NOEs,
and a search grid of the protein was created using a
10 A distance cutoff from the ligand. The distances
between the residues involved in the observed NOEs
were constrained to be less than 6 A during docking;
the docking search was performed 16 times and was
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found to converge to a similar pose each time, which
is the pose presented in this report.
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