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Several close analogues of the noncovalent H*/K™-
ATPase inhibitor SCH28080 (2-methyl-3-cyanomethyl-8-
(phenylmethoxy)imidazo[1,2-a]pyridine) have been
screened for activity and examined in the pharmacolog-
ical site of action by solid-state NMR spectroscopy.
TMPIP, the 1,2,3-trimethyl analogue of SCH28080, and
variants of TMPIP containing fluorine in the phenylme-
thoxy ring exhibited IC;, values for porcine H*/K*-
ATPase inhibition falling in the sub-10 um range. Deute-
rium NMR spectra of a ?H-labeled inhibitor titrated into
H*/K*-ATPase membranes revealed that 80-100% of in-
hibitor was bound to the protein, and K*-competition ZH
NMR experiments confirmed that the inhibitor lay
within the active site. The active binding conformation
of the pentafluorophenylmethoxy analogue of TMPIP
was determined from *C-'°F dipolar coupling measure-
ments using the cross-polarization magic angle spinning
NMR method, REDOR. It was found that the inhibitor
adopts an energetically favorable extended conforma-
tion falling between fully planar and partially bowed
extremes. These findings allowed a model to be pro-
posed for the binding of this inhibitor to H*/K*-ATPase
based on the results of independent site-directed mu-
tagenesis studies. In the model, the partially bowed in-
hibitor interacts with Phe'?® close to the N-terminal
membrane spanning helix M1 and residues in the extra-
cellular loop bridging membrane helices M5 and M6 and
is flanked by residues in M4.

The P2-type ATPases constitute a family of phosphoenzyme-
forming ion pumps that includes the Ca%*-ATPases, Na*/K"-
ATPases, and H"/K"-ATPases (1). All are integral membrane
proteins that undergo a series of nucleotide-driven conforma-
tional changes to expose binding sites sequentially to ions on
each side of the membrane (2). A 2.6-A crystal structure (3)
revealed that the Ca2"-ATPase possesses 10 transmembrane
helices (M1-M10), a feature that is believed to be common to
this family of proteins. The ATP hydrolysis site and aspartyl
phosphorylation site are contained within a major cytoplasmic
loop between M5 and M6 (6, 7), and it is thought that cation
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transport involves binding within an intramembrane domain
containing regions M5, M7, and M9 (4, 5).

The gastric H"/K*-ATPase (gastric proton pump) is concen-
trated in parietal cells from where it secretes H' into the
lumen of gastric glands in electroneutral exchange for extra-
cellular K (8). The assembly consists of a 1035-residue cata-
lytic a-subunit and a 35-kDa glycosylated B-subunit, which
plays a role in membrane insertion, organization, and targeting
of the protein (9). Catalytic activity of the a-subunit is accom-
panied by conformational toggling between E; and E,-P,
E,—P, and E, forms of the protein. The E, forms are respon-
sible for ATP hydrolysis and H* binding, and the E, forms are
associated with K* binding, dephosphorylation, and release of
H" into the lumen (10). Modification of the H"/K*"-ATPase
with the carbodiimide reagent dicyclohexylcarbodiimide re-
vealed that Glu®®” at the cytosolic face of M7 is an important
carboxyl site for cation binding (11). This finding was sup-
ported by the results of mutations of Glu®®” to positively
charged residues, which gave a 3-fold reduction in the sensi-
tivity of the H/K"-ATPase to K™ (12). Mutations in membrane
domains M5 and M6 have also indicated that Glu®2° might play
a role in K* binding and conformational transitions (13).

Gastric proton pump inhibitors (PPIs)! are important probes
of the topology and organization of H*/K*-ATPase in the mem-
brane as well as valuable pharmaceuticals in the treatment of
peptic ulcer disease (14). Many PPIs have been identified, but
two have been studied extensively. One is omeprazole, a sub-
stituted benzimidazole that reacts covalently with Cys®'® in the
extracellular M5-loop-M6 region of the H'/K*"-ATPase (15).
The other is SCH28080, a substituted imidazo[1,2-a]pyridine
that binds reversibly and noncovalently to the E, and E,-P
forms competitively with respect to K* (16), leading to accu-
mulation of the phosphoenzyme and inhibition of ion transport
(17). Reversible H*/K*-ATPase inhibitors such as SCH28080
have aroused particular interest as potential drugs because
their pharmacological activity is modulated by the attendant
reduction in gastric acidity after binding to the target protein.

The molecular basis for H*/K"-ATPase inhibition by

! The abbreviations and trivial names used are: PPI, proton pump
inhibitor; DMPIP, 2,3-dimethyl-8-(phenylmethoxy)imidazo[1,2-
alpyridinium iodide; TMPIP, 1,2,3-trimethyl-8-(phenylmethoxy)imi-
dazo[1,2-a]pyridinium iodide; TM2FPIP, 1,2 3-trimethyl-8-(2-fluoro-
phenylmethoxy)imidazo[1,2-a]pyridinium iodide; TM4FPIP, 1,2,3-
trimethyl-8-(4-fluorophenylmethoxy)imidazo[1,2-a]pyridinium iodide;
TMPFIP, 1,2,3-trimethyl-8-(pentafluorophenylmethoxy)imidazo[1,2-
alpyridinium iodide; [*H]JmDAZIP, 8-[(4-azidophenyl)methoxy]-1-
tritiomethyl-2,3-dimethylamidazo[1,2-a]pyridinium iodide; omepra-
zole; CP-MAS, cross-polarization magic angle spinning; REDOR,
rotational echo double resonance; GI, gastrointestinal, PIPES, 1,4-
piperazinediethanesulfonic acid.
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SCH28080 remains unclear. Pre-incubation of the protein with
SCH28080 prevents modification of Cys®'® by omeprazole (18),
which implies that there is some overlap in the binding sites of
the two inhibitors. Mutation of Glu®?° to Gln in the extracellu-
lar M5-loop-M6 sequence produced an enzyme capable of form-
ing a phosphorylated intermediate with low sensitivity toward
K" and SCH28080 (13). Swarts and co-workers (20) argued
later, however, that this observation reflected the low tendency
of the E820Q mutant to adopt the SCH28080-sensitive E, form
rather than signifying that Glu®?° plays a direct role in inhib-
itor binding. Experiments with a photoreactive radiolabeled
analogue of SCH28080 ([*’HImDAZIP) showed that two peptide
sequences in the N-terminal M1-loop-M2 region reacted with
the 4-azidophenyl group of the inhibitor (21). Hence, it has been
proposed that SCH28080 and similar inhibitors might interact
with the extracellular face of H*/K*-ATPase both in the N- and
the C-terminal regions (22), a mechanism that appears to un-
derlie the inhibition of Na*/K"-ATPase by cardiac glycosides
(23).

This model for SCH28080 binding could be tested by deter-
mining the molecular conformation of the inhibitor or close
analogues when bound to the H*/K*-ATPase, thereby placing
constraints on the geometry and dimensions of the binding site.
Detailed structural information about ATPase inhibitors and
other membrane protein ligands has been obtained using high
resolution solid-state NMR methods to measure interatomic
distances within the molecules at their pharmacological sites of
action (24-29). Cross-polarization magic angle spinning (CP-
MAS) NMR experiments have been performed previously on a
complex between H*/K*-ATPase and TMPIP, the non-diazido
analogue of mDAZIP (28). The molecular conformation of
TMPIP can be expressed in terms of three torsional angles, ¢,
¢s, and ¢4, which define the relative orientations of the imida-
zopyridine and phenylmethoxy rings (Fig. 1). The conformation
of TMPIP in the binding site was partially determined by
calculating torsional angle ¢; (165 = 15°) indirectly from a
measurement of the internuclear distance between 'C labels
placed in the N-CH, and O-CH,, groups of the inhibitor (Fig. 1).
In the early stages of investigation, however, it was not possi-
ble to determine the complete structure of the bound inhibitor
unambiguously.

Here, a new strategy has been used to describe the complete
active binding conformation of the imidazopyridine class of
PPIs. The constraint on torsional angle ¢, determined previ-
ously for TMPIP (28) has been combined with new structural
measurements on a series of novel and biologically active ana-
logues of TMPIP (TM2FPIP, TM4FPIP, TMPFPIP) containing
19F in the phenylmethoxy ring. The values of torsional angles
¢, and ¢35 were probed by measuring dipolar couplings between
the N-CH; carbon and '°F in the phenyl ring (Fig. 1) using the
CP-MAS method rotational echo double resonance (REDOR).
The structure of the bound inhibitor and information on the
binding site gained from site-directed mutagenesis and pho-
toaffinity labeling were used to describe models for SCH28080
and its analogues at the site of functional efficacy.

EXPERIMENTAL PROCEDURES

ATPase Preparation and Activity Measurements—Gastric membrane
vesicles enriched with H*/K"-ATPase were prepared according to a
method modified from that previously described (30). Fresh hog stom-
achs were obtained and transported on ice in a solution of saturated
NaCl. The stomach sac was washed of excess mucous, and any remain-
der was removed by scraping the fundic region with the blunt edge of a
knife and with vigorous rubbing with paper toweling. Membrane en-
richment was carried out at 4 °C; 60-g batches of crude fundic slices
were minced through a press and suspended in Isolation buffer (0.25 m
sucrose, 5 mMm PIPES, 5 mm Tris-HCI, pH 7.4). The suspension was
homogenized using 5 strokes of a mechanical homogenizer operating at
~2000 rpm. The homogenate was separated by ultracentrifugation
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FiG. 1. Representative structures of 8-phenylmethoxyimidazo-
pyridinium compounds showing the three torsional angles, ¢,
¢,, and ¢;, which define the complete three-dimensional struc-
ture of the molecules. The structure on the left indicates a relation-
ship between the separation of the N-CH, and CH,, groups and angle ¢,.
Angle ¢, has been measured (165 + 15°) by rotational resonance NMR
(27). The structure on the right indicates that the angles ¢, and ¢, are
related to distances between the N-CH, group and nuclei (in this case
19F) at positions within the aryl ring.

(Beckman JA-14 rotor, 12,000 rpm, 20 min), and the resulting super-
natant was centrifuged to form a pellet (Beckman Ti-45, 40,000 rpm, 45
min). The pellet was resuspended in Isolation buffer and homogenized
by 3 strokes of a tight fitting hand-held homogenizer. The suspension
was layered over a sucrose/Ficoll density gradient (from the bottom: 15
ml of 30% (w/v) sucrose, 5 mm Tris-HCI, 5 mm PIPES, pH 7.4, 15 ml of
7.5% Ficoll in Isolation buffer) and centrifuged (Beckman SW28 rotor,
24,000 rpm, 90 min). GI microsomal membranes were collected as a
band above the Ficoll/Isolation buffer interface. The GI vesicles were
maintained by 1:1 dilution in 60% (w/w) sucrose solution (5 mm TRIS-
HCI, 5 mMm PIPES, pH 7.4) and stored at —20 °C. Protein concentration
was determined using a modified Lowry method, and ATPase activity
was found according to a method modified from that described else-
where (31). Lyophilized membranes (10 ug) were added to 0.5 ml of
assay medium (2 mm MgCl,6 H,O, 2 mm ATP, 20 mm Tris (pH 7.4), 40
mM KCl) and inhibitor. The mixture was incubated at 37 °C for 30 min
and quenched by adding 1 ml of ice-cold acid-molybdate (4:1, 5% am-
monium molybdate:60% perchloric acid). ATPase activity was esti-
mated as a release of inorganic phosphate from ATP into butyl acetate.
K" -stimulated activity was estimated by subtracting basal activity due
to Mg?" stimulation from the activity of the enzyme in the presence of
K* and Mg?*.

Synthesis of Inhibitors—All of the compounds examined were derived
from 2,3-dimethyl-8-hydroxyimidazo[1,2-a]pyridine and 2-methyl-8-hy-
droxy-imidazo[1,2-a]pyridine, which were synthesized by methods de-
scribed previously (32). TM2FPIP, TM4FPIP, and TMPFPIP were pre-
pared in the following manner. 5 mol eq of potassium carbonate in
dimethylformamide was added to 1 mol eq of 2,3-dimethyl-8-hydroxy-
imidazo[1,2-a]pyridine. After 30 min of stirring at room temperature, 1
mol eq of 2-fluorobenzylbromide, 4-fluorobenzylbromide, or pentaflu-
orobenzylbromide was added as appropriate, and the reaction was
allowed to stir for 48 h during which a scarlet color developed. The
reaction was stopped by dropwise neutralization with 1.0 m HCI until
the pH was reduced to below pH 7.0. The mixture was filtered and
washed with chloroform. The organic phases were pooled and concen-
trated to give a crimson oil, which was then separated on a Si60
Keiselgel silica column eluting with chloroform:ethyl acetate (4:1). The
quaternary ammonium compounds TMPIP (I), DMPIP (II), TM2FPIP
(IIT), TM4PIP (IV), and TMPFPIP (V) (structures are defined in Table
I) were prepared as iodide salts by reaction of the appropriate tertiary
amine with 5 mol eq of methyl iodide in 5 ml of acetone. For *3C labeled
compounds, *C-methyl iodide was used in place of the natural isotope
abundance reagent. The reaction was stirred under reflux until a pre-
cipitate had formed. The reaction was removed from the heat and
allowed to cool with stirring. The mixture was filtered, washed with
ether, and recrystallized from water.

Inhibition Studies—Substituted imidazo[1,2-a]pyridines were dis-
solved and diluted in ethanol. The final ethanol concentration upon
pipetting an aliquot of inhibitor solution was 2% and was regarded as
having no effect on the enzyme preparation. The final concentration
range of inhibitor assessed in the assay was 0.1 mM--10 nm. All assays
were performed in triplicate on three preparations unless otherwise
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TaBLE 1
Summary of the structure-activity relationship of substituted
imidazo[1,2-a/pyridines studied in this work
The IC;, values represent the half-maximal concentrations for inhi-
bition of K*-stimulated ATPase activity in purified gastric membranes
(GI fraction).

Q&@w@&@&@&
S & X

Compound Name IC5q
M
I TMPIP 28 +3.5
II DMPIP >100
IIT TM2FPIP 50=*09
1A% TM4FPIP 2.7 *079
A% TMPFPIP 82 =*4.0

indicated. The IC;, values were defined as the inhibitor concentration
that produced 50% inhibition of K™ -stimulated ATPase activity (33).
The IC;, values were calculated by non-linear least-squares fitting of a
sigmoidal function to the experimental data using Microcal™ Origin™
5.0. The sample size was based on three assays each measured in
triplicate for each compound.

Sample Preparation for NMR—Lyophilized H"/K*-ATPase mem-
branes (GI fraction) containing 30 mg of protein were prepared as a
pellet by centrifugation at 100,000 X g for 30 min at 4 °C and incubated
with 0-300 uM of labeled inhibitor in 50 ul of incubation medium for 60
min at 37 °C. It was assumed in the first instance that 1 mg of total
protein contained 2.5-3.0 nmol of inhibitor binding sites. The pellet was
transferred to a 6-mm external diameter zirconia MAS rotor fitted with
Kel-F inserts to confine the sample to the center of the rotor.

NMR Experiments—All solid-state NMR experiments were per-
formed on a Varian Infinity spectrometer operating at a magnetic field
of 11.7 tesla at temperatures between 5 °C and —50 °C.

Wide-line 2H NMR experiments were carried out in a probe head
fitted with 7-turn 5-mm coil tuned to 76 MHz, using the quadrupole
echo sequence with a pulse length of 3.5 us. CP-MAS experiments were
performed by rotating the sample at a MAS frequency (vg) of 3—6 kHz.
Hartmann-Hahn cross-polarization from 'H to **C was achieved over a
1.6-ms contact time at a field of 65 kHz for both nuclei, and protons
were decoupled during signal acquisition at a field of 65 kHz. REDOR
experiments (**C observe, °F dephase) were conducted at a sample
spinning frequency vy of 4500 Hz using a standard pulse sequence with
rotor-synchronized 7 pulses applied at the frequencies of **C and '°F
(34). The 7 pulse length for both the °F and '*C frequencies was 9 us.
Numerical simulations of multiple-spin REDOR curves were carried
out by adaptation of the general algorithms of Goetz and Schaefer (35).

RESULTS

Inhibition of ATPase Activity—The activities of the five imi-
dazo[1,2-a]lpyridine analogues TMPIP, DMPIP, TM2FPIP,
TMA4FPIP,and TMPFPIPwereassessedfromtheirconcentration-
dependent inhibition of ATP hydrolysis by H/K*-ATPase in a
lyophilized gastric membrane (GI) preparation (Table I).
TMPIP, with an IC;, of 3 uM, exhibited a marginally higher
(although not statistically significant) activity than the activi-
ties of the fluorine-containing analogues. The activities of the
fluorinated analogues were in the rank order TM2FPIP =
TMAFPIP > TMPFPIP, with TMPFPIP having an IC;, of 8.2
uM. By contrast, the analogue DMPIP, which lacks both fluo-
rine and a methyl group at the 3-position of the imidazo ring,
was the least active of the compounds studied, exhibiting an
IC;, of over 100 um. Hence, the substitution of fluorine into the
phenylmethoxy ring has little or no impact on the activity of the
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inhibitors, whereas minor changes in substitutions to the imi-
dazo ring appear to have a profound effect on activity.

It has been established that an 8-aryl substituent to the
imidazopyridine ring system of this class of PPIs is essential for
their activity (36), indicating that the aryl group probably plays
a key role in the interaction with the binding site. In the
compounds examined here, the aryl group was represented
either by a phenylmethoxy or fluorophenylmethoxy moiety.
The similar activities of these compounds may provide some
clues about their binding and inhibitory mechanisms. Fluorine
and hydrogen have comparable atomic radii, and replacement
of one atom by the other in an aryl group is not expected to alter
the steric properties of a molecule. One consequence of substi-
tuting fluorine into aromatic rings, however, is to lower the
propensity of the aryl m electrons to interact with neighboring
cationic groups; the strength of the interaction is reduced pro-
gressively as the number of fluorine substituents in the ring
increases (37). That the phenylmethoxy and fluorophenylme-
thoxy compounds have similar activities suggests that the
binding mechanism of these inhibitors does not involve an
interaction of the phenylmethoxy group with cationic residues
in the binding site. It is more probable that the aryl group
participates in a w7 stacking interaction with aromatic side
groups, because this type of interaction is perturbed much less
by fluorine substituents (38).

The close similarity in the activities of TMPIP, TM2FPIP,
TM4FPIP, and TMPFPIP indicates that all of these inhibitors
share a common binding mechanism, and it is reasonable to
assume that the molecular conformation at the binding site is
very similar in each case. The torsional angle ¢, of 165 * 15°
determined previously for TMPIP (28) was therefore consid-
ered to be a valid constraint in the structural analysis of the
fluorine-containing inhibitors.

NMR Characterization of Inhibitor Binding—For reliable
determination of the binding conformation of inhibitors it is
essential that the inhibitor be observed spectroscopically at its
site of action in the H*/K*-ATPase. Wide line 2H NMR was
used to investigate the relative proportions of free and bound
inhibitor under similar conditions, volumes, and quantities to
those used in the REDOR structure analysis (see below). Deu-
terium was incorporated into the TM2FPIP by forming the
quaternary N-CD; group in place of N-CHj (Table I), and the
deuterated inhibitor was titrated into lyophilized GI mem-
branes in molar equivalence to the phosphorylation sites (~3
nmol/mg protein). A representative spectrum of [°H;] TM2FPIP
in gastric membranes (at —5 °C) is shown in Fig. 2A. The
spectrum exhibits two components in superposition, a narrow
central line corresponding to highly mobile inhibitor and a
broad powder pattern ascribed to the motion-restricted inhibi-
tor. A comparison of the spectrum with simulated spectra (39)
representing different proportions of the two components indi-
cated that the powder component represented over 80% of the
total spectral intensity. When [2H3]TM2FPIP was added to a
similarly hydrated volume of extracted gastric membrane lip-
ids, only a single line from the mobile inhibitor was observed
(Fig. 2B). This indicates that the broad component arose from
interaction of the inhibitor with protein in the GI membrane
preparation. After the addition of KCI to the GI membranes
containing protein-bound [*Hz;]TM2FPIP, the broad spectral
component disappeared leaving only a single narrow line (Fig.
2C). K* competes with imidazo[1,2-a]pyridines for the same
high affinity site on the extracellular face of H"/K"-ATPase
(16, 17). Hence, these results indicate that over 80% of
[?H,4]TM2FPIP added to GI membranes was bound to H* /K-
ATPase and could be observed spectroscopically.
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Fic. 2. Wide line ?H NMR spectra (at 76 MHz) of [*H,]TM2FPIP
after addition to H*/K*-ATPase-enriched gastric membranes.
After titrating the inhibitor into the membranes in approximate molar
equivalence to the binding sites, the 2H NMR spectrum of the mem-
branes showed a broad powder component and a narrow central line
(A). A similar concentration of inhibitor added to protein-free GI mem-
brane lipids produced only a single narrow line in the spectrum (B). The
spectrum of [*H,TM2FPIP in H*/K*-ATPase-enriched membranes
also exhibited a single narrow line after dosing the membranes with 0.5
M KCI (C). Spectra were recorded at —5 °C, and each spectrum is the
result of the accumulation of over 100,000 scans.
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Structural Analysis of the ATPase-Inhibitor Complex—The
active binding conformation of imidazo[1,2-a]pyridines was in-
vestigated using the CP-MAS NMR method REDOR (34, 35),
which provides interatomic distance information from meas-
urements of dipolar interactions between different atomic nu-
clei (e.g. '*C and 'F). In the REDOR experiment, hetero-
nuclear dipolar couplings, which are usually attenuated or
eliminated by magic angle spinning, are reintroduced by ap-
plying a train of rotationally synchronous radio frequency
pulses at the resonance frequency of one of the nuclear spins
(e.g. °F). The signal from the other nuclear spin (e.g. °C) is
recorded, and the dipolar coupling constant is measured from
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the observed dipolar dephased signal intensity after applying
the recoupling pulses for a duration defined by the number of
sample rotations N, and the sample spinning frequency vg. For
a single pair of heteronuclear spins, the internuclear distance
is calculated from the quantity S/S,, which represents the
fraction of signal lost (dephased) exclusively as a result of the
dipolar coupling between the two nuclei of interest. In practice,
the accuracy of the distance measurement is improved by
measuring S/S, for a range of dephasing times N_ vy (34), al-
though it is possible to measure only at single dephasing times
in the case of low sample concentrations (40).

The structures of 8-(fluorophenylmethoxy)imidazo[1,2-
al]pyridines in the H*/K"-ATPase binding site can be probed by
REDOR experiments that measure couplings between °F in
the benzyl ring and 2C (the observed nucleus) placed in the
N-CHj group of the quaternary ammonium cation. In the cases
of TM2FPIP and TM4FPIP (Table I, compounds IIT and IV) the
measured S/S, values can be converted directly into single
BC—_19F internuclear distances (34), which are, in turn, func-
tions of the relative orientations of the phenylmethoxy group
and the imidazopyridine ring. However, numerical simulations
of REDOR dephasing curves showed that measurement of a
single distance between 2C and °F at either the 2- or 4-posi-
tion of the ring cannot provide sufficient information to deter-
mine the inhibitor structure unambiguously. The structure
could not be resolved from either of these distance measure-
ments even after incorporating the predetermined torsional
angle ¢, of 165 + 15° (28) as a constraint.

To avoid such ambiguities in the structure analysis, we chose
to examine the pentafluorophenylmethoxy compound [*3C]T-
MPFPIP (Table I, compound V) in the binding site. The pres-
ence of five fluorine atoms in the aryl group potentially confers
greater sensitivity of the REDOR experiment to molecular con-
formation, as illustrated by numerical simulations of dephas-
ing shown in Fig. 3. Moreover, the rotational symmetry of the
aryl ring eliminates ambiguities associated with the possibility
of the fluorine substituent lying syn or anti to the fused ring
system. The combined effect of an ensemble of °F spins on the
13C signal can be determined for any conformation of TMFPIP
by calculating the normalized co-ordinates of the individual
spins in a molecular reference frame (35, 41). In practice,
values of S/S,, for any REDOR echo time are computed for many
TMPFPIP conformations covering the entire conformational
search space, to identify the structure or structures giving the
closest fit to the experimental results.

The analysis of the REDOR dephasing of 3C by the five
fluorine nuclei in the ring of [**CITMPFPIP is rather more
complex than is the case for a simple spin pair. A complication
in the analysis arises from the potential interference of homo-
nuclear coupling between neighboring '°F nuclei in the ring,
which attenuates the observed heteronuclear couplings be-
tween '°F and '3C (35). In simple cases (e.g. homonuclear
coupling of two 1°F nuclei), it is possible to calculate the extent
of attenuation and include compensatory factors in the numer-
ical simulations of REDOR dephasing (42). The structural
analysis is more complex for [B3C]TMPFPIP because it is diffi-
cult to calculate the effect of the network of homonuclear cou-
pling between five '°F nuclei on the REDOR experiment. The
simulations of standard REDOR dephasing curves calculated
for any given conformation of [**C]TMPFPIP (e.g. the black
lines in Fig. 3) have neglected the effect of '?F—'°F coupling and
therefore represent the maximum possible dephasing of 3C as
a result of heteronuclear coupling to °F. The actual dephasing
for a given conformation (in the presence of '*F—'°F coupling)
cannot be determined accurately but may fall anywhere be-
tween the maximum dephasing and zero dephasing depending
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FiG. 3. An illustration of the relationship between two molec-
ular conformations of ['*CITMPFPIP (A) and the predicted re-
sponse in a '3C observe, '°F dephase REDOR experiment (B). The
dark lines in the graphs forming the boundary between the gray and
white areas show S/S, versus dephasing time for each of the two mo-
lecular conformations as calculated in a molecular reference frame
using the algorithms of Goetz and Schaefer (35). The gray areas of the
graphs signify uncertainties in the dephasing curves arising from non-
quantifiable effects of **F—'°F dipolar couplings as described in the text.
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on the interference from °F—'°F coupling. This point is illus-
trated for the calculated dephasing curves in Fig. 3, in which
the shaded areas of the graphs above the solid lines represent
regions of uncertainty in which the dephasing curves may lie
when the F-'F coupling is non-zero.

The 3C REDOR full echo spectrum of [**C]ITMPFPIP bound to
H*/K"-ATPase in a gastric membrane preparation is shown in
Fig. 4. A REDOR difference spectrum obtained by subtraction of
the dephased echo spectrum from the full echo spectrum (Fig. 4)
shows clearly the °F dephasing of the *C resonance line from
[B3CITMPFPIP at 32 ppm. The resonance line from the inhibitor
therefore lies under the intense peaks from the membrane lipids,
and to calculate S/S, it was necessary to first remove the inter-
fering natural abundance background signal. This was achieved
by subtraction of the corresponding full echo and dephased echo
spectra obtained before the addition of inhibitor to the mem-
branes. Using this approach, S/S, values were determined for
three echo times, 1.0, 1.5, and 2.0 ms (Fig. 4).

The molecular structure of [**C]TMPFPIP in the binding site
of H"/K"-ATPase was assessed by comparing the observed
REDOR dephasing with numerical simulations as described
above. Values of S/S, at the three echo times were calculated
for different combinations of the angles ¢;, ¢, and ¢4 (Fig. 1)
defining the entire conformational space of TMPFPIP. Calcu-
lations were based on 5° increments of ¢, from 0 to 180° (the
angular constraint determined independently from experi-
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Fic. 4. The proton decoupled **C CP-MAS NMR spectrum of GI
membranes containing ['*CITMPFPIP (4) and a '*C observe, '°F
dephase REDOR difference spectrum of the same sample show-
ing the position of the resonance line from the N-'*CH; group of
the bound inhibitor (B). The table (inset) shows the extent of dephas-
ing (S,/S) as a function of three dephasing times (IV,v;). Spectra were
recorded at —50 °C, and the difference spectrum is the result of accu-
mulation of 80,000 scans.

ments on TMPIP (28)), 30° increments of ¢, through 360°, and
30° increments of ¢4 from 0 to 180° (full rotation was not
necessary because of ring symmetry). Hence the conforma-
tional analysis covered a search space of 5184 structures. The
experimental REDOR data were accepted as being consistent
with specific molecular conformations in the search space when
the calculated S/S, values were greater than or equal to the
corresponding experimental values. In this way, the analysis
took into consideration the uncertainty in the interference from
F_19F coupling as described above.

A set of torsional angle combinations was derived from the
numerical procedure outlined above, in which each combina-
tion of three angles was consistent with the observed REDOR
dephasing. The values of ¢, and ¢4 covered a small section of
the full range, whereas ¢, spanned virtually all values possible
(0-180°) and dominated the overall spread of angle combina-
tions. The REDOR approach alone was therefore unable to
determine satisfactory constraints for ¢,, and hence the value
of ¢, = 165 = 15° determined for TMPIP (28) was introduced as
an independent constraint to reduce the spread. This was con-
sidered a valid approach because the similar inhibitory behav-
ior of TMPIP and TMPFPIP suggested a common binding con-
formation of the two inhibitors.

The outcome of the analysis is shown in Fig. 5A as points in
a three-dimensional graph. Each point on the graph represents
a combination of the three torsional angles (i.e. a single molec-
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Fic. 5. Structural analysis of TMPFPIP in the binding site from the REDOR NMR data shown in Fig. 4. A, points on the
three-dimensional graph indicate combinations of values of the three torsional angles, ¢;, ¢,, and ¢, (defined in Fig. 1), which are consistent with
the data from rotational resonance (27) and REDOR experiments (refer to “Results” for details of the analysis). B, a two-dimensional representation
of the torsional angle combinations shows the possible range of angles ¢, and ¢, when angle ¢, is at the upper (180°) and lower (150°) limits of
its range of excursion (black and gray regions, respectively). C, the angle combinations translate into an ensemble of TMPFPIP structures,
spanning a conformation space in which the true structure lies between planar and slightly bowed extreme.

Met334

Fic. 6. A molecular model of TMPFPIP (shown in yellow) in the binding site of H'/K"-ATPase a-subunit. An expansion of the proposed
M1, M2, M4, and M6 membrane-spanning regions is shown as viewed from above the extracellular face of the membrane (A), and an extracellular
section of the protein structure is shown as viewed along the plane of the membrane (B). The structure and organization of the extracellular and
membrane-spanning domains are based on the coordinates of the SERCA1 Ca?*"-ATPase crystal structure (3), and the structure of the bound
inhibitor was determined by REDOR NMR. In the model, the pentafluorophenyl group of the inhibitor interacts with Phe'?® in the M1-M2 bridging
loop, and the imidazopyridinium cation lies close to Met®*° and Met?** in the M4 transmembrane domain and Cys #!? in the M5-M6 connecting

region. These residues are labeled in A and are shown in purple.

ular conformation of TMPFPIP) in the search space. By con-
straining the values of ¢, to within a 30° range, the correspond-
ing angles ¢, and ¢3 confined the bound inhibitor to a small
cluster of structures. A two-dimensional representation of the
angle combinations (Fig. 5B) indicates that when ¢, = 180°, ¢,
can take a value within 240 + 60° and ¢4 a value within 0 = 60°
(shown by the black region in Fig. 5B). When ¢; = 150°, the
spread of ¢, and ¢ (the gray region in Fig. 5B) is narrower still.
A family of TMPFPIP conformations is shown in Fig. 5C, which
includes conformations lying between the two extreme limits of
the search space. At one of the limits the structure is fully
planar, and at the other limit the structure shows a slight
curvature of the benzyl group relative to the fused ring. All
structures in the cluster share a common feature in that the
benzyl ring lies extended away from the fuse ring system.

DISCUSSION

There is to date no firm, detailed model for the mechanism of
interaction of any class of inhibitor with the H"/K*-ATPase.
Existing information about the structure of the binding site
and the conformational preferences of inhibitors has been ob-
tained in a piecewise fashion using a combination of techniques
including site-directed mutagenesis (13) and conventional
structure-activity studies (32, 36). Here, solid-state NMR has
been used as a complementary technique to provide a direct
structural insight into inhibitors at their site of action.

In recent work (29) solid-state NMR measurements were
combined with results gained independently from site-directed
mutagenesis studies by Lingrel and co-workers (7), to provide a
model for cardiac glycosides in the digitalis receptor site of the
Na™/K"-ATPase. The Ca®"-ATPase structure (3) was used as a
framework onto which ouabain-sensitive residues of the Na™/
K*-ATPase were mapped by sequence threading. The binding
conformation of an ouabain analogue was determined by RE-
DOR NMR and docked with the extracellular face of the puta-
tive Na*/K"-ATPase structure to suggest models for inhibitor
binding. Similarly here, the Ca?*-ATPase structure was used
as a template of the H"/K*-ATPase from which to speculate on
the SCH28080 binding site, first taking into account the clear
sequential and structural differences between the H/K*-
ATPase and the calcium pump.

Photoaffinity labeling experiments using [’HImDAZIP have
suggested that the N-terminal M1-M2 region of the H"/K*-
ATPase interacts with the 8-aryl substituent (Fig. 1) of
SCH28080 and its analogues (21). On the other hand, the
results of site-directed mutagenesis suggest that the C-termi-
nal M5-M6 region contains polar or negatively charged side
groups that are essential for SCH28080 inhibition (43, 22).
Hence, it is possible that the inhibitors are able to extend
across the surface of the protein and interact simultaneously
with residues in M1-M2 and M5-M6. The spatial relationship
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between the inhibitor and the extracellular face of the protein
was explored by comparing the binding conformation of TMPF-
PIP determined by NMR with a model of the H"/K*"-ATPase
based on the Ca2*-ATPase crystal structure (3). The relative
dimensions of the inhibitor and the putative arrangement of
the H/K"-ATPase transmembrane domains suggests that
TMPFPIP is able to span across the membrane surface regions
including M1, M2, M4, and M6. The combined results of site-
directed mutagenesis experiments were included as additional
spatial constraints in the modeling procedure to construct a
model for inhibitor binding (Fig. 6). The remaining discussion
will describe the features of the model in detail.

Recent mechanistic studies of the pharmacological site for
reversible H"/K"-ATPase inhibitors have identified a number
of residues as candidates for interaction with SCH28080 and
its analogues (15, 18-19, 43). From photoaffinity labeling ex-
periments on [*’HJmDAZIP, Munson and co-workers (21) sug-
gested that the phenylmethoxy ring of SCH28080 analogues
participates in a 7-7 interaction with Phe'2¢ in M1. This argu-
ment is supported here by functional studies showing the com-
parable activity of TMPIP and its fluorophenylmethoxy ana-
logues (Table I). It is unlikely that K*-competitive inhibitors
like [*HImDAZIP, TMPIP, and SCH28080 bind solely within
the M1-M2 region because the K" channel region is defined by
the M4-M8 transmembrane segments, which lie some distance
away from M1 and M2. Moreover, SCH28080 prevents substi-
tuted benzimidazoles such as omeprazole from modifying
Cys®12 (18), suggesting that the two classes of inhibitor share a
region of interaction in the M5-M6 region.

TMPFPIP was modeled in the binding site by taking Phe!2®
in M1-M2 as a suitable anchor point for the phenylmethoxy
ring of the inhibitor around which remote interaction sites for
the imidazopyridinium cation could be explored. The extent to
which the inhibitor spans the extracellular face of the protein
depends on the location of the Phe!?® side group in the MI1-
loop-M2 region and its orientation with respect to the body of
the H"/K'-ATPase a-subunit. If the Phe!?® ring faces toward
the extracellular surface of the protein (Fig. 6), the anchored
aryl ring of TMPFPIP allows for the imidazopyridinium ring to
interact with M2, M4, and M6 (Fig. 6). Sequence comparison of
the H"/K*-ATPase M1-loop-M2 region with the first and sec-
ond transmembrane domains of rabbit skeletal muscle Ca®"-
ATPase (3) places Phe'?® at the position occupied by Ala” in
the calcium pump. By analogy with the position of Ala’® in the
Ca%*-ATPase crystal structure, it is proposed that Phe!2¢ lies
close to the membrane surface in the extracellular loop just
outside the M1 membrane-spanning region, facing toward the
body of the protein.

The NMR structure of bound TMPFPIP was compared with
the dimensions and arrangement of the H/K"-ATPase extra-
cellular face to assess how far the imidazopyridine moiety of
the inhibitor could extend toward the K* channel region. RE-
DOR NMR experiments indicated that the active structure of
TMPFPIP falls within a small conformational space between
fully planar and slightly bow-shaped extremes (Fig. 5). A bow-
shaped conformation would allow the imidazopyridine mole-
cule to curve in the interhelical space between the neighboring
M1, M2, M4, and M6 transmembrane domains. A simple dock-
ing procedure found that the inhibitor could extend away from
the Phe'2?® anchor far enough into the body of the protein to
allow the imidazopyridinium moiety to interact with residues
at the extracellular face of M4 and M6. The M5-M6 region is
known to contribute to cation transport, and the reaction of
omeprazole with Cys®!% in this region is blocked in the presence
of SCH28080. Moreover, mutation of Cys®'® to Thr decreases
the binding affinity for SCH28080 (22). Hence it is conceivable
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that the mechanism of action of TMPFPIP and SCH28080 and
its analogues involves the inhibitors bridging the intervening
space between M1 and M6.

The M6 transmembrane sequence and the extracellular se-
quence from M5 to M6 were examined to identify polar and
negatively charged residues that might interact with the imi-
dazopyridinium ring. From the sequence alignment of Swarts
and co-workers (13), the M5 region of H*/K"-ATPase termi-
nates at Ser®%® and is followed by the extracellular bridging
loop which re-enters the membrane (as M6) at I1e3'°. In this
model Cys®'® is exposed to the extracellular environment,
which is consistent with the accessibility of this residue to
omeprazole and SCH28080. Negatively charged residues that
are potentially important for cationic inhibitor binding in the
loop-M6 region are Asp®?* and Glu®2°, although Glu®?° is less
probable because SCH28080 is able to bind to the phosphoryl-
ated E,P intermediate of the E820Q enzyme mutant (13, 20,
43). Threading the H*/K"-ATPase sequence into the Ca®"-
ATPase structure places Asp®2* too far away from M1 to inter-
act with the inhibitor, Glu®2° in a marginal position for an
interaction and Cys®'® within full reach of the imidazopyri-
dinium cation. Hence, it is suggested that SCH28080 and its
analogues interact with Phe'2® in the M1-M2 extracellular
loop and Cys®'? (or possibly Glu®2°) in the extracellular loop
connecting M5 and M6 (Fig. 6).

One further contribution to this model was taken from the
recent work of Munson and co-workers (19), which showed that
the binding affinity of SCH28080 is reduced by mutations of
residues Met?2° and Met334 in the transmembrane domain M4.
By threading the H"/K"-ATPase sequence onto the Ca®"-
ATPase structure, it is predicted that Met?3° and Met®3* are
situated just beneath the membrane surface at the sites occu-
pied by Phe??6 and Val3%° of the Ca2"-ATPase. A helical wheel
view places Met®3° and Met33* facing into the M1-M6 helical
space, where they would be available to stabilize the imidazo-
pyridinium cation of SCH28080. It is with some caution that
this suggestion is offered, however, because the homology be-
tween the two proteins is less satisfactory in the M4 transmem-
brane region. We have not taken into consideration any evolu-
tionary frameshifts leading to insertions or deletions of amino
acids, which would have implications for the orientation of the
two methionines in our model.

This work presents the first structure of a reversible inhib-
itor in the binding site of gastric H*/K"-ATPase. It has given
valuable insight into the structural requirements for activity of
this class of inhibitors and has provided a basis for modeling
their interaction with the binding site. Structural information
on the H"/K"-ATPase is scarce, but it has been possible to
suggest a mechanism for inhibitor binding by comparing firm
structural data for the inhibitor TMPFPIP with the dimensions
of P2-type ATPases. The model proposes that the inhibitor
partially spans the extracellular surface of the protein to inter-
act with residues in the first and sixth transmembrane do-
mains. We have made suggestions about the identity of these
residues and their approximate location in the protein, but this
level of detail remains a matter of speculation until further
structural information becomes available.
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