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Abstract

It has been well established that phosphorylation is an important reaction for the regulation of protein functions. In the N-
terminal domain of the a-chain of pig gastric H" /K*-ATPase, reversible sequential phosphorylation occurs at Tyr 10 and Tyr 7. In
this study, we determined the structure of the peptide involving the residues from Gly 2 to Gly 34 of pig gastric H /K*-ATPase and
investigated the tyrosine phosphorylation-induced conformational change using CD and NMR experiments. The solution structure
showed that the N-terminal fragment has a helical conformation, and the peptide adopted two a-helices in 50% trifluoroethanol
(TFE) solvent, suggesting that the peptide has a high helical propensity under hydrophobic conditions. Furthermore, the CD and
NMR data suggested that the structure of the N-terminal fragment becomes more disordered as a result of phosphorylation of Tyr
10. This conformational change induced by the phosphorylation of Tyr 10 might be an advantageous reaction for sequential

phosphorylation and may be important for regulating the function of H" /K*-ATPase.

© 2002 Elsevier Science (USA). All rights reserved.
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In general, reversible phosphorylation is one of the
most common mechanisms for the regulation of protein
functions. Because phosphorylation induces structural
changes that involve the secondary and tertiary struc-
tures, structural analyses of the phosphorylated and
unphosphorylated forms are important for investigating
the structure—function relationship. Thus, for example,
Laczko et al. [1] observed a conformational change of
Tyr-based immunoreceptor activation motifs of the T
cell receptor/CD3 {-chain using circular dichroism (CD)
and Fourier-transform infrared (FTIR) spectroscopy. It
has also been reported that the N-terminal domain of
the P protein of the Chandipura virus shows a confor-
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mational change induced by phosphorylation [2]. This
conformational alteration induces homodimerization in
order to change the sites of the digestion of various
proteases [3]. Recently, the fragment structure of the
myosin phosphatase inhibitor protein CPI-17 has been
determined by nuclear magnetic resonance (NMR)
spectroscopy, and the results clearly show phosphory-
lation-induced conformational changes [4].

Gastric H"/K"-ATPase (gastric proton pump) is
abundant in parietal cells, which secretes H into the
gastric lumen and electro-neutral exchange for extra-
cellular K* [5]. The H" /K"-ATPase is categorized as a
member of the family of P2-type ATPases, which in-
cludes the Na®/K'-ATPases and the Ca’"-ATPases,
because of the formation of phosphoaspartate interme-
diate during ATP hydrolysis. P2-type ATPases are
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composed of a catalytic a-chain and a glycosylated -
chain. It has been shown that the a-chain of pig gastric
H*/K*-ATPase preparations containing kinases and
phosphatases displayed reversible phosphorylation of
Tyr 7, Tyr 10 [6], and Ser 27 [7]. With regard to tyrosine
phosphorylation, the phosphorylation of Tyr 10 pre-
cedes the phosphorylation of Tyr 7 [6]. Recently, it has
been revealed that the reversible tyrosine phosphoryla-
tion of the a-chain is carried out by c¢-Src and a mem-
brane-binding tyrosine phosphatase, and that the
reversible serine phosphorylation is carried out by a
Ca’"-dependent protein kinase C and a protein phos-
phatase type-1 [8]. The in vivo Tyr-phosphorylation of
the a-chain has also been shown using a cellular tyrosine
phosphatase inhibitor [9]. According to these studies on
H"/K"-ATPase, the reversible tyrosine phosphoryla-
tion of the H"/K"-ATPase a-chain might play some
physiological role in the gastric parietal cells.

Although there are various reports concerning the
protein phosphorylation of the N-terminal domain of
P2-type ATPase [10-15], there have been few structural
analyses of the N-terminal phosphorylation domain.
This is the first conformational study of the N-terminal
domain of P2-type ATPases. Here, we determined the
three-dimensional structures of the peptide comprising
the N-terminal 33 residues of the a-chain of pig gastric
H"/K"-ATPase in both the presence and absence of
trifluoroethanol (TFE), and showed the conformational
change induced by phosphorylation at Tyr 10.

Materials and methods

Peptide preparation. Non-phospho- and phospho-peptides con-
taining the 33 N-terminal amino acids of pig gastric H" /K" -ATPase
(Gly*~Gly*) based on the sequence of the pig H* /K™-ATPase o-
chain, i.e., N33"" (GKAENYELYQVELGPGPSGDMAAKMSKKK
AGRG:; 2-34), and N33*Y'° that had been phosphorylated at Tyr 10 of
N33", were synthesized by Sawady Technology (Tokyo, Japan).

Circular dichroism. All measurements were performed on a Jasco J-
725 spectropolarimeter (Jasco, Japan). Spectra were recorded at 25°C
and at peptide concentrations of 0.02-2.0mM using a quartz cell with
a path length of 0.2-10 mm. All of the spectra were baseline-corrected
by subtracting 10 mM phosphate buffer spectra. The effect of peptide
concentration on the far-UV CD spectra in TFE was determined by
acquiring three kinds of spectra at peptide concentrations of 0.02, 0.2,
and 2.0mM. The recorded spectra showed no dependence on the
peptide concentrations. The helical content (fy) was estimated from
the ellipticity value at 222nm ([0],,,) as described by Chen et al. [16]
according to the following formula: fiy = —([0],,, + 2340)/30, 300.

NMR spectroscopy and structure calculations. The samples used
for NMR experiments contained 300l of 2mM synthetic peptide in
90% H,0/10% D,0, 99.9% D,O, and 50% H,0/50% 2,2,2-triflu-
oroethanol-d, (TFE-d;) at pH 4.0 with a 10mM phosphate buffer.
Furthermore, TFE-d; was also used for the experiments regarding
hydrogen—deuterium exchange. All NMR experiments were per-
formed on Bruker DRX 600, Bruker DMX 500, JEOL alpha 600, and
Varian Unity-plus 750 spectrometers with a sample temperature of
25°C. TOCSY spectra with a MLEV-17 sequence [17,18] were col-
lected with spin-lock times of 45 and 100 ms, and NOESY spectra [19]

were obtained with mixing times of 150, 250, 300, and 500 ms. The
proton chemical shifts were referenced to external sodium 3-(trim-
ethylsilyl) propionate-2,2,3,3-d; (TSP). All two-dimensional spectra
were processed using NMRPipe software [20]. Time domain data in
both dimensions were multiplied by a 90° phase shift sine bell window
function prior to Fourier transformation. Signal assignments were
achieved using XEASY software [21].

Structure calculations to determine the three-dimensional structure
were run on the program X-PLOR 3.851 [22]. The calculations were
initiated from generating structures having random torsion angles, and
subsequently, the substructure distance geometry calculation was
carried out with the only distance restraints being those of backbone
atoms. Subsequently, subembedded structures were regularized with
all distance restraints. Finally, regularized structures were refined with
the initial temperature set at 2000 K and with 15,000 cooling steps. A
total of 114 and 271 distance restraints were used to calculate the
family of structures in water and TFE solution, respectively. Distance
restraints for the calculations were estimated from the cross-peak in-
tensities in NOESY spectra with a mixing time of 150 ms, and the
estimated restraints were classified as strong, medium or weak and
were assigned upper limits of 2.7, 3.5, and 5.0A, respectively; 1.6A
was assigned as the lower limit for all restraints. The obtained struc-
tures were checked using PROCHECK [23] and MOLMOL software
[24].

Results and discussion

Structure determination of the N-terminal fragment of the
a-chain of pig gastric H" /K"-ATPase

In order to reveal the conformation of the N-terminal
region of the a-chain of pig gastric H" /K" -ATPase, two
peptides, N33™ and N33PY!° were synthesized. The
former contained the N-terminal region of pig gastric
H* /K"-ATPase (Gly 2-Gly 34) without the phosphate
group at Tyr 10, and the latter contained the same re-
gion but with the phosphate group at Tyr 10. Because
the phosphorylation of Tyr 10 occurs before the phos-
phorylation of Tyr 7 via an endogenous Tyr-kinase [6],
we designed a phosphopeptide fully phosphorylated at
Tyr 10.

Primarily, we determined the structure of N33™ in
the presence or absence of TFE using the NMR exper-
iments and distance geometry/simulated annealing cal-
culations. The far-UV CD spectra were recorded for
N33™ in the presence of different TFE concentrations
(0-70%, v/v) (Fig. 1). TFE is well known as a helicogenic
solvent that produces non-polar environments. The CD
spectra with sample concentrations of 2.0, 0.2, and
0.02mM were observed to have the same pattern and
ellipticity as each other; therefore the obtained CD
spectra did not depend on the peptide concentration.
The CD data suggested that the a-helical content was
increased with increasing TFE concentration, thus sug-
gesting that N33"P might have an inherent helical pro-
pensity in a more hydrophobic system such as TFE
solution. Although the a-helical content of N33"™ was
estimated to be 3.8% in water by the method of Chen et
al. [16], that estimate was enhanced to 49% (approxi-
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Fig. 1. Far-UV CD spectra of N33™ in various TFE concentrations at
25°C. The numbers near the curves indicate the percentage of TFE in
the aqueous buffer (v/v).

mately 16 residues) in the case of 50% (v/v) TFE solu-
tion.

The NMR spectra of N33"™ under aqueous condi-
tions supported the results of the CD experiments. Some
of the NMR signals overlapped, which indicated that
N33" might be rich in random conformations in water
solution; therefore, complete assignments were difficult
to achieve. Though the NOEs derived from Lys 25 and
Ala 31 were unfortunately not found in NOESY spectra,
all of the other signals could be assigned. Eight of the
sequential NH-NH NOEs were observed with strong
intensity under aqueous conditions (Fig. 2A). This ob-
servation suggested that the N33" has the propensity to
adopt a helical structure [25]. Furthermore, the medium-
range NOEs were also observed in the region from Leu 9
to Leu 14, specifically between oH of Leu 9 and BH of
Val 12, between oH of Leu 9 and yH of Val 12, between
BH and 6H of Tyr 10 and yH of Val 12, and between YH
of Val 12 and aH of Leu 14. However, no residues with
a slowly exchanging rate of amide protons were identi-
fied by the hydrogen—deuterium exchange experiment,
which suggest that the regular stable secondary struc-
tures with hydrogen bonds were not contained in N33",
The structures obtained by the calculations with dis-
tance restraints derived from NMR experiments are
shown in Fig. 3. Though most of the region was highly
disordered, the residues between Leu 9 and Leu 14 could
be well defined within 0.38 £0.14 A of the backbone
RMSD value. The medium-range NOEs in the region
from Leu 9 to Leu 14 might derive these local converged
structures with the helical conformation. Particularly,
Tyr 10 and GlIn 11 take a typical conformation of the
helix structure with dihedral angles ¢ of —78.1 +7.5°
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Fig. 2. Six hundred megahertz two-dimensional NOESY spectra of
N33™ in water (A) and in 50% (v/v) TFE (B) recorded at 25°C.

and —90.5 £ 1.8°, and ¢ of 0.6 £ 5.9° and 37.0 +4.2°,
respectively. Although the structure of N33"™ in water
contains a local converged conformation in the region
between Leu 9 and Leu 14 based on the NMR experi-
ments and structure calculations, the obtained structures
shown in Fig. 3 might be in dynamic equilibrium with
unfolded states. Therefore, the a-helix content of 3.8%
obtained from the CD spectrum is a reasonable value
and suggests this equilibrium state.

A crystal structure with a 2.6 A resolution revealed
that the rabbit Ca*'-ATPase possesses 10 transmem-
brane helices [26], a feature that is believed to be com-
mon to this family of proteins, and the structure is
described in the structural studies on H" /K*-ATPase
[27]. According to the structure of the N-terminal do-
main of the a-chain of the Ca®>*-ATPase, the first helix,
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Fig. 3. Solution structures of N33"™ in aqueous solution. The backbone
rendering of 15 converged structures of N33™, superimposed on the
region from Glu 8 to Val 11, is indicated in red. This figure was gen-
erated by MOLMOL [24].

including Thr 9—Phe 16, is close to the other domain that
is predominantly occupied by a B-sheet, and this helix
may be able to interact with the corresponding domain
by hydrophobic interaction. We therefore also deter-
mined the structure of N33™ in 50% (v/v) TFE. The
assignments of NOESY spectra of the 50% (v/v) TFE
sample were achieved completely, and they showed the
characteristic NOEs for the helical structure in the re-
gions including the residues Glu 5-Glu 13 and Ala 24—
Lys 29. Sequential NH-NH NOEs were also increased
relative to those of the N33™ without TFE (Fig. 2B).
The hydrogen—deuterium exchanging experiment also
revealed that the residues of Leu 9-Glu 13 and Lys
28-Lys 29 have slowly exchanging amide protons, sug-
gesting that these residues could form the hydrogen
bonds. Obtained structures of N33"" under the 50%
TFE condition clearly adopted two a-helices comprised
of the residues Glu 5-Glu 13 and Ala 24-Lys 29 (Fig. 4).
The helical content of the obtained structures was 45.5%
(15 residues), which strongly supported the result of CD
experiments. The average backbone RMSD values of
regions Glu 5-Glu 13 and Ala 24-Lys 29 were
0.28 £0.06 and 0.33 +0.08 A, respectively, when the
corresponding regions were superimposed. The residues
from 15 to 18, Gly—Pro-Gly-Pro, apparently serve as a
flexible linker, and no long-range NOEs were observed
between the two helices, suggesting that these helices
exist independently without interacting with one an-
other. Here we showed that the N-terminal fragment of
gastric H" /K"-ATPase adopts the stable helices under

the hydrophobic condition like as TFE solution. In the
case of the N-terminal region of Ca’"-ATPase, a kind of
P2-type ATPase, also has the bihelical structure, and
could be stabilized by domain-domain interaction based
on the structural analysis [26]. Furthermore it has been
reported that the N-terminal domain of gastric H" /K*-
ATPase interacts with another protein, namely the
spectrin-binding domain of ankyrin III [28]. The ob-
tained structure in this study suggests that, prior to the
phosphorylation of tyrosines, the N-terminal domain of
gastric H" /K"-ATPase might be also stabilized by the
hydrophobic environment produced by intra- or inter-
molecular interactions.

The coordinates for the 15 lowest-energy structures of
N33" with and without TFE have been deposited at the
protein data bank (PDB) with the codes 1TWC and
ITWF, respectively.

Conformational change induced by tyrosine phosphoryla-
tion

In order to analyze the conformational change of the
N-terminal domain of the a-chain of pig gastric H /K-
ATPase, we also measured the CD and NMR spectra of
N33PY!% These CD and NMR experiments clearly dis-
played evidence of the conformational change of the
N-terminal fragment of the o-chain of pig gastric
H'/K"-ATPase (Fig. 5). The CD spectra of N33P¥!
confirmed that the spectra did not depend on the sample
concentrations such as N33", which indicated that
N33PY!% does not aggregate non-specifically. Fig. 5A
represents a comparison of the CD spectra of N33PY!
and N33™ in the presence or absence of 20% (v/v) TFE.
The CD spectra of N33PY!” were characteristic for ran-
dom coil conformations; no significant content of
a-helix or B-sheet could be detected. Peptides with a
pronounced helical propensity often show the charac-
teristic spectrum for the helical structure in a CD spec-
trum at much lower TFE concentrations [29]. In the case
of N33PY!% however, the spectra of N33PY!? were not
much affected by the change of solvent, showing only a
very small change in ellipticity upon the addition of 20%
(v/v) TFE. Therefore N33*¥!” does not have a high
propensity to form the helical conformation.

The NMR experiments on the phosphorylated pep-
tide N33PY!'* also supported the conformational change
effected by tyrosine phosphorylation at Tyr 10. In the
comparisons of NOESY spectra of N33™ and N33P¥'°,
the spectrum of N33*Y!® showed poorer signal disper-
sion than that of N33"? under aqueous conditions (Figs.
5B and C), so only a few NOEs of N33*¥'" could be
assigned due to severe signal overlap. Furthermore, only
three signals could be observed in the NH-NH region of
NOESY spectra though eight NOEs were observed in
the case of N33™ in the corresponding region (Figs. 2A
and 5D). These comparisons of the NMR spectra of
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Fig. 4. Solution structures of N33™ in the presence of 50% (v/v) TFE. (A and B) Backbone renderings of the 15 converged structures of N33™ are
superimposed on the region of Glu 5-Glu 13 (blue) and Ala 24-Lys 29 (red), respectively. (C) The ribbon diagram of the lowest energy structure with
the sites of phosphorylation, Tyr 7 and Tyr 10, represented by ball-stick models. All figures were generated by MOLMOL [24].

N33™ and N33PY'? clearly revealed that the conforma-
tional change was induced by the tyrosine phosphory-
lation at Tyr 10, and these data coincided with the
results of the CD experiments.

The results of the determination of the structure of
N33 revealed that the average distances between the
hydroxyl groups of the sequentially phosphorylatable
tyrosines, Tyr 10 and Tyr 7, were 11.49 +0.65 and
11.52+£2.51 A in the presence and absence of TFE,
respectively. This structural information indicates that
the adoption of the helical structure results in a close
distance between the two phosphorylatable tyrosines
than the case of extended structure (average distance is
14.98 £2.21 A for 50 random structures generated by
X-PLOR). However, closing the distance between the
phosphorylatable tyrosines by adopting a helical

structure might be less favorable for the sequential
phosphorylations of Tyr 10 and Tyr 7 due to the elec-
trostatic repulsion. Therefore, the conformational
change resulting from the first phosphorylation at Tyr
10 may be an advantageous action for the sequential
phosphorylations of Tyr 10 and Tyr 7. Due to the
collapse of the helical conformation, Tyr 7 could be
phosphorylated easily as a result of the exclusion of the
electrostatic repulsion. It has been reported that tyro-
sine phosphorylation occurs in rat Na'/K*-ATPase
[30]. Though the conformational change of Na*/K*-
ATPase induced by the phosphorylation has not yet
been clarified, we consider such a change likely to oc-
cur. This conformational change may also act as an
important regulator to activate P2-type ATPase as an
ionic pump.
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Fig. 5. CD spectra (A) and NOESY spectra (B-D) of N33"™ and N33PY!°. The thick and thin lines in the CD spectra (A) represent the spectra of
N33" and N33°Y!°, respectively, and the broken and continuous lines represent the spectra with and without 20% (v/v) TFE, respectively. NOESY
spectra shown in (B) and (C) are fingerprint (aH-NH) regions of N33" and N33P¥', respectively, recorded in aqueous solution. NOESY spectrum

shown in (D) represents NH-NH region of N33°Y'* with assignment labels.
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