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Abstract The sarcoplasmic reticulum Ca?*-ATPase and the
gastric H",K*-ATPase were cleaved under three different
proteolysis conditions. After elimination of the protease and of
the cleaved peptides, the vesicles containing the membrane-bound
peptides of the ATPases were studied by Fourier transform
attenuated total reflection infrared spectroscopy. In the harsher
proteolysis conditions, the membrane-associated domain of the
Ca?*-ATPase represented about 20% of the protein and was
mainly constituted of o-helices. Polarized infrared spectroscopy
showed that these a-helices were mainly oriented perpendicular
to the membrane. However, only 10-20% of the H*,K"-ATPase
was cleaved. The remaining, membrane-associated domain of the
protein contained about 30% of o-helices and 30% of [-sheet
structures. The o-helices adopted a mainly transmembrane
orientation. While the data on the Ca®>"-ATPase are in general
agreement with the current model of the protein, our results
indicate that caution must be used in choosing this protein as a
general structural model for all P-type ATPases. The protease-
resistant, membrane-associated domain of the H*K*-ATPase is
indeed much larger than predicted and also contained B-sheet
structures.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The P-type ATPase family is constituted of more than 100
known proteins. These ATPases are responsible for the trans-
port of different cations across the membranes. Among them,
we find the sarcoplasmic reticulum Ca?*-ATPase, the
Na®™ ,K"-ATPase, the gastric H",K"-ATPase and some H"-
ATPases from plants, yeasts and mushrooms (for recent re-
views, see [1,2]). Differences exist between the P-type ATPases.
Some are constituted of a single subunit, others are two-sub-
unit complexes (Na®,K™- and H",K™-ATPase for example)
or even multiple-subunit complexes (as in the case of the Kdp-
ATPase) [3]. However, due to homologies in the amino acid
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Abbreviations: ATR-FTIR, attenuated total reflection Fourier trans-
form infrared; PMSF, phenylmethylsulfonyl fluoride; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; SR,
sarcoplasmic reticulum

sequences, characteristic sequence motifs, and similar hydro-
pathy profiles, they are thought to share a common structural
organization. The current models of the P-type ATPases pre-
dict a huge cytoplasmic domain representing at least 60% of
the protein, a short extracytoplasmic domain and a membrane
domain made up of 8§-12 transmembrane o-helices. In the N-
terminal part of the proteins, the hydropathy profiles and
experimental data suggest four transmembrane helices. In
the C-terminal part, the profiles are less clear, and the number
of predicted transmembrane helices varies from four or six for
the Na* K*-ATPase, six for the Ca’*-ATPase [4,5] to eight
for the HT-ATPase of Neurospora crassa [6] but recent data fit
better with six [7]. The structure at 8 A resolution of the H*-
ATPase [7] and the Ca?"-ATPase [8] revealed significant dif-
ferences between these proteins, in particular in the cytoplas-
mic region in direct contact with the membrane.

Proteolysis by trypsin and proteinase K of the cytoplasmic
part of the Ca’"-ATPase from the sarcoplasmic reticulum
removes 63% of the protein [9]. This value is in good agree-
ment with the proposed models for this ATPase that predict
that the cytoplasmic part of the protein represents ~ 70% of
the protein [10-12]. Moreover, an analysis by Fourier trans-
form infrared (FTIR) spectroscopy shows the absence of B-
sheet structure in the membrane-associated domain after pro-
teolysis [9].

On the other hand, a similar experimental approach applied
to the gastric H",K*-ATPase revealed that at most 45% of
the protein can be remove by proteolysis [13]. Furthermore,
the membrane fraction isolated in this manner contains as
much B-sheet as o-helix structure. The discrepancy with the
results obtained on the Ca>'-ATPase suggests either a differ-
ence in the experimental procedures (incubation time, pro-
tease quality, etc.), different protease susceptibility or real
structural differences between these two ATPases. Considering
the importance of such a question for the understanding of
the structure of the P-type ATPases, we have tested, in paral-
lel, different proteolysis conditions on the Ca’"-ATPase and
on the HT,K"-ATPase. Proteolysis extent and secondary
structure of membrane-bound fragments were compared and
analyzed by infrared spectroscopy.

2. Materials and methods

2.1. Materials

Proteinase K and trypsin were purchased from Sigma (St. Louis,
MO, USA). Deuterium oxide was from Janssen Chimica (Geel, Bel-
gium). All other reagents were of the highest purity grade commer-
cially available.
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2.2. Ca®*-ATPase purification

Tight SR vesicles were prepared from rabbit skeletal muscle as
described [14,15]. Purified ATPase preparations were obtained by ex-
traction with a low concentration of deoxycholate [16].

2.3. H',K*-ATPase purification

Tubulovesicles, containing the gastric H",K*-ATPase, were iso-
lated from hog gastric fundus by differential centrifugation as de-
scribed [17]. They were further purified from the microsomal fractions
by centrifugation on a sucrose discontinuous density gradient at
100000 X g overnight. The material collected at the 8-30% sucrose
interface is referred to as the tubulovesicles. A main band at 95
kDa corresponding to the o subunit was visible after Tricine SDS-
PAGE analysis of 6 ug on a mini-protean Il (Bio-Rad) [13]. Other
SDS-PAGE conditions revealed in addition the presence of the
subunit [18].

2.4. Proteolysis

We used three different conditions for the proteolytic degradation
of the water-exposed domains of both ATPases.

The first condition, referred to as condition 1 further in the text,
had been used previously by Juul et al. [19]. Briefly, the ATPase was
digested in the presence of proteinase K (protease/protein ratio of 1/33
(w/w)) during 80 min at 20°C. Proteolysis was stopped by addition of
PMSF (0.5 mM final). The soluble cleaved peptides and the protease
were eliminated by centrifugation and discarding of the supernatant.

The second condition, referred to as condition 2 in the text, was the
one previously described by Corbalan-Garcia et al. [9]. The ATPase
was first digested by trypsin (protease/protein ratio of 1/4 (w/w)) dur-
ing 30 min at 35°C. Proteolysis was stopped by addition of soybean
trypsin inhibitor (Sigma). The soluble cleaved peptides and the pro-
tease were eliminated by centrifugation and discarding of the super-
natant. A second digestion with proteinase K was made (protease/
protein ratio of 1/16 (w/w)) during 30 min at 25°C. After addition
of PMSF to stop the reaction, the soluble cleaved peptides and the
protease were eliminated by centrifugation and discarding of the
supernatant.

The third condition, referred to as condition 3 in the text, had been
used previously on the H*,K"-ATPase [13]. The ATPase was digested
by proteinase K (protease/protein ratio of 1/2 (w/w)) during 1 h at
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37°C. Proteolysis was stopped by PMSF (6 mM final). The soluble
cleaved peptides and the protease were eliminated by centrifugation
and discarding of the supernatant.

2.5. FTIR spectroscopy

Attenuated total reflection (ATR) FTIR spectra were recorded on a
Perkin-Elmer infrared spectrophotometer 1720X equipped with a
liquid nitrogen-cooled MCT detector. The internal reflection element
was a germanium ATR plate (50X 20X 2 mm) with an aperture angle
of 45° yielding 25 internal reflections. Sixty-four scans were averaged
for each spectrum. Spectra were recorded at a nominal resolution of
4 cm™!. The spectrophotometer was continuously purged with air
dried on a silicagel column (5X130 cm) at a flow rate of 7 /min.
Every four scans, reference spectra of a clean germanium plate were
automatically recorded by a sample shuttle accessory.

2.6. Preparation of the samples

Thin films were obtained as described by Fringeli and Giinthard
[20] by slowly evaporating 40-100 pl of the membrane suspensions
under a Ny stream on one side of a germanium plate. This results in
the formation of oriented multilayers at the surface of the plate. The
ATR plate was then sealed in a sample holder and rehydrated by
flushing DyO-saturated N, at room temperature.

2.7. Lipid/ATPase ratio

The lipid/protein (w/w) ratio is related to the v(C=O)ypq,/
V(C = O)protein absorption bands ratio in the FTIR spectra. The ATP-
ase/lipid ratio after hydrolysis was estimated from the ratio of the
protein absorption peak (amide 1 (1600-1700 cm™)) with respect to
the lipid (C = O) absorption peak (1700-1800 cm™!) as established in
[21] and used recently in a similar situation [13].

2.8. Secondary structure determination

Fourier self-deconvolution was applied to narrow the different com-
ponents of the amide. Self-deconvolution was carried out using a
Lorentzian line shape for the deconvolution and a Gaussian line shape
for the apodization. The quantification of the area of the different
components of amide I revealed by the self-deconvolution was ob-
tained as previously described [21].
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Fig. 1. A: Superimposition of the native Ca>*-ATPase (solid line) and the membrane-bound Ca?"-ATPase peptides obtained after proteolysis
by proteinase K (condition 1: dotted line, condition 2: dashed line, and condition 3: dash dot dot line) spectra. B: Superimposition of the na-
tive HT,K*T-ATPase (solid line) and the membrane-bound H*,K*-ATPase peptides obtained after proteolysis by proteinase K digested (condi-
tion 1: dotted line, condition 2: dashed line, and condition 3: dash dot dot line) spectra. The spectra have been normalized to the same lipid
v(C=0) (~1740 cm™') intensity. The insets display the amide I region of the different spectra. In order to compare the shape of the amide,

amide I has been rescaled to the same intensity in all cases.
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Percentage of proteolysis determined by IR spectroscopy (in parentheses: number of amino acid residues remaining associated with the mem-

brane after proteolysis) for the different proteolysis conditions (see text)

Proteolysis condition: 1

2 3

Ca?*-ATPase (997 aa) 76% (239 aa)
H*,K*-ATPase (1324 aa) 11% (1178 aa)

77% (229 aa) 83% (169 aa)
12% (1165 aa) 23% (887 aa)

The number of amino acids indicated for the H",K*-ATPase includes both the o and B subunits [13].

2.9. Orientation of the secondary structures

The determination of molecular orientations by infrared ATR spec-
troscopy was performed as described [22]. When orientation was to be
evaluated, additional spectra were recorded with perpendicular and
parallel polarized incident light. The dichroism spectrum was com-
puted by subtracting the perpendicular polarized spectrum from the
parallel polarized spectrum taking into account the difference in the
relative power of the evanescent field for each polarization as de-
scribed before [23]. An upward deviation on the dichroism spectrum
indicates a dipole oriented close to normal to the ATR plate. Con-
versely, a downward deviation on the dichroism spectrum indicates a
dipole oriented closer to the plane of the ATR plate.

3. Results

3.1. Proteolysis extent

During this work, we used three different proteolysis con-
ditions (referred to as conditions 1, 2, and 3; see Section 2.4)
in parallel on both Ca?>*-ATPase and H*,K*-ATPase. Con-
dition 1 was the mildest one, and has been previously used on
the Ca®>*-ATPase [19]. Two other conditions had been previ-
ously used for studies by IR spectroscopy but on different
ATPases and with contradictory results ([9,13] for the Ca’*-
ATPase and H",K*"-ATPase, respectively). Fig. 1 presents the
spectra of the Ca?"-ATPase (panel A) and H",K"-ATPase
(panel B) vesicles before and after proteolysis in the different

conditions described (see Section 2.4). The relative decrease of
the amide I intensity (1700-1600 cm™") is proportional to the
number of peptide bonds present in the sample. Fig. 1 indi-
cates that this decrease is much more important in the case of
the Ca?t-ATPase than in the case of the Ht,K*-ATPase for
all the proteolysis conditions. The percentages of removal of
proteinaceous materials from the lipid vesicles have been eval-
uated from the change of the amide I/v(C = O)cye, ratio upon
proteolysis (Table 1). Clearly, susceptibility to proteolysis of
the two ATPases is significantly different.

3.2. Secondary structure of the ATPases and of their protease
resistant membrane-bound domains

In a first step, we compared the spectra of each native
ATPase with the spectra of the membrane-attached fraction
obtained after the various digestion conditions described in
Section 2.4. In the case of the H",K*-ATPase and for all
the proteolysis conditions used here, the shape of the amide
I peak was not significantly affected by the proteolysis (Fig.
1B, inset). Qualitatively, these results suggest a similar content
in o-helix and B-sheet for the extramembrane and the mem-
brane-associated domains of the gastric ATPase. In contrast,
proteolysis of the Ca?*-ATPase in any of the conditions tested
resulted in a narrowing of the amide I peak with a maximum
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Fig. 2. Deconvolved spectra of the native Ca?>*-ATPase (A), the digested Ca’"-ATPase (B), the native H*,K*-ATPase (C), and the digested
H",K*-ATPase (D). The ATPases have been proteolysed with proteinase K in condition 1 (see text).
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Fig. 3. Dichroic spectra of the native Ca’>*-ATPase (A), the digested Ca’"-ATPase (B), the native H*,K*-ATPase (C), and the digested
H*,K*-ATPase (D). The ATPases have been proteolysed with proteinase K in condition 1 (see text). The spectra have been rescaled to the

same scale.

located at 1656 cm™! (Fig. 1A, inset). These helices are
present in the membrane-associated part of the Ca?>"-ATPase.
In order to better visualize the different components of the
amide I bands, the different spectra of Fig. 1 were decon-
volved (Fig. 2). The left panel of Fig. 2 shows the deconvolved
spectra of the Ca’"-ATPase before (Fig. 2A) and after pro-
teolysis (Fig. 2B) (condition 1). Two major components lo-
cated at 1656 and 1634 cm™! appear in the native Ca?>t-ATP-
ase spectrum. These two components can be respectively
assigned to o-helix and B-sheet structures [24]. After proteol-
ysis (Fig. 2B), the intensity of the B-sheet component at 1635
cm™ ! decreases significantly with respect to the o-helix com-
ponent at 1656 cm™!. The deconvolved spectra of the gastric
H*,K*-ATPase appear in the right panel of Fig. 2. As for the
Ca?"-ATPase, two major amide I components are located at
1656 and 1639 cm™!, respectively assigned to o-helix and B-
sheet structures. However, in the case of the HT ,K*-ATPase,
they keep about the same relative intensity before (Fig. 2C)
and after proteolysis (Fig. 2D) indicating a similar o-helix and
B-sheet content before and after proteolysis.

Table 2

A quantitative analysis by Fourier transform deconvolution
and least square curve fitting [21] of the amide I peaks of
spectra, recorded after deuteration during 2 h, allowed us to
calculate the different secondary structure contents (Table 2).
As qualitatively observed previously, an important increase of
the a-helix content (from 48% to 59-64%) in the membrane
part of the Ca?*-ATPase and a simultaneous decrease in the
B-sheet content (from 24% to 12-17%) was found. No signifi-
cant change of the o-helix (30-35%) and B-sheet (30-35%)
content was observed in the case of the HT,K*-ATPase.

3.3. Orientation of the secondary structures

In order to define the orientation of the proteins with re-
gard to the membrane plane, we recorded spectra with parallel
or perpendicular polarized light (see Section 2.9). The dichroic
spectra of the Ca>*-ATPases, native or proteolysed under the
different experimental conditions, show a positive deviation at
~1656 cm™!, a spectral region characteristic of o-helical
structures. The results obtained for proteolysis with condition
1 are presented in Fig. 3B. The dichroic spectra of the Ht,K*-

Percentages of secondary structures determined by deconvolution and least square fitting of the amide I peak for the native ATPases and
ATPase membrane-bound peptides after proteolysis in conditions 1, 2, and 3 (for conditions see text)

o-helix (%) B-sheet (%) turn (%) random (%)
Ca’*-ATPase native (997 aa) 48 (479) 24 (239) 13 (130) 14 (140)
Cond. 1 (239 aa) 64 (153) 12 (29) 8 (19) 16 (38)
Cond. 2 (229 aa) 59 (135) 14 (32) 7 (16) 20 (46)
Cond. 3 (169 aa) 64 (108) 17 (29) 5(8) 13 (22)
H*,K*-ATPase native (1324 aa) 32 (424) 31 (410) 16 (212) 20 (265)
Cond. 1 (1178 aa) 34 (400) 34 (400) 18 (212) 14 (165)
Cond. 2 (1165 aa) 29 (338) 28 (326) 28 (326) 16 (186)
Cond. 3 (887 aa) 37 (328) 38 (337) 24 (213) 0 (0)

In parentheses, the number of amino acids corresponding to the different percentages.
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ATPases, native or proteolysed under the different experimen-
tal conditions, show a positive deviation at ~ 1660 cm™!, in
the same spectral region characteristic of a-helical structures.
The results obtained for proteolysis with condition 1 are
presented in Fig. 3D. The amide I dipole in an o-helix is
close to a parallel to the helix axis, so the positive deviation
indicates a helix orientation mainly perpendicular to the
plane of the membrane. Such an orientation is expected
for transmembrane helices, and is clearly observed for both
ATPases.

4. Discussion and conclusions

The Ca?t-ATPase is one of the most studied and best char-
acterized P-type ATPases. The proposed models for this AT-
Pase, based on predictive methods [2,10,25], on experimental
data [5,26,27] including two-dimensional crystal analysis
[8,12,28,29], agree with an insertion of the protein in the lipid
membrane with about 10 transmembrane o-helices, a large
cytoplasmic domain (~70%) and a small extracytoplasmic
one.

The experiments carried out during this work on the Ca®*-
ATPase are in agreement with such a model. A cytoplasmic
domain accounting for at least 70% of the protein (Table 1), a
membrane domain essentially in an o-helix conformation (Ta-
ble 2) and the orientation of these helices mainly perpendicu-
lar to the plane of the membrane (Fig. 3) are all results con-
firming the model.

The proposed models for the other P-type ATPases are
mainly derived from hydropathy index profiles and by com-
parison with the Ca?*-ATPase model. The proteolysis experi-
ments on the gastric H",K"-ATPase are not entirely in agree-
ment with such models. First the membrane-bound,
proteolysis-insensitive domain of the gastric ATPase seems
to be much more important than for the Ca?"-ATPase. We
have shown previously that in drastic proteolysis conditions
(protease/protein ratio > 1 with sequential additions of pro-
teases during the proteolysis, 24 h of proteolysis at 37°C),
the protected part of the ATPase remaining attached to the
membrane represents 45-50% of the protein [13]. Further-
more, the membrane-bound, protease-insensitive domain of
the gastric ATPase contains not only o-helices, as in the
case of Ca’"-ATPase, but also B-sheet structures

The proteolysis experiments on the Ca?>t-ATPase and on
the H",K*-ATPase have been carried out here in parallel
(same timing, same temperature, same proteases, etc.), and
the results have been analyzed according to the same proce-
dure. We can therefore be rather confident that the differences
observed during this work are due to real structural differ-
ences between the two ATPases. A weaker proteolytic effi-
ciency of proteinase K on the H",K*-ATPase, especially in
the rather drastic conditions used here (and also previously
[13]) seems to be highly unlikely. Since even in the presence of
both trypsin and proteinase K in association the percentage of
proteolysis does not increase, this rules out a possible specif-
icity of proteinase K for selected amino acids.

At this point, two possibilities remain: (1) the gastric
H™,K™-ATPase contains a membrane-associated domain
which contains [-sheet structures, resistant to proteolysis
and much larger than the Ca*"-ATPase one; (2) the structure
of several segments protruding from the membrane is such
that they are resistant to both trypsin and proteinase K,
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even in the harshest conditions. Other experiments reported
in the literature suggest that the behavior of the H",K*-ATP-
ase is not unique. Proteolysis experiments on the N. crassa
H"-ATPase indicated that the membrane domain represents
48% of the protein [23]. Chemical labeling experiments sug-
gested that models of the Na® ,K*-ATPase based on hydro-
phobicity of the amino acids sequence underestimate the
amount of protein inserted in the lipid membrane [30]. More-
over, extensive proteolysis experiments of the Nat,K*-AT-
Pase showed that around 50% of the protein remains associ-
ated with the membrane after digestion [31]. Also low
resolution X-ray diffraction of Na™ ,K'-ATPase crystals
showed that its membrane part should represent 30-40% of
the total mass of the protein [32,33]. In conclusion, the present
data suggest that building structural models of any P-type
ATPase based only on the knowledge of the Ca*'-ATPase
structure must be considered with caution.
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