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The effect of the 24-amino-acid-long peptide, PD,, on rat cerebral cortical
Na*/K*-exchanging ATPase (EC 3.6.1.37) has been studied. Incubation of the
enzyme preparation (25 °C for 10-25 min) with the peptide (10~7-10"% M) did
not appreciably affect the activity of the enzyme, only 5-8% activation being
registered. On the other hand, PD, completely eliminated the cooperative nature
of Na*-binding to Na*/K *-exchanging ATPase (n;; decreased from 1.4 to 0.9)
and slightly (1.2-fold) decreased the affinity for Na*. ATP, a substrate of
Na* /K *-exchanging ATPase, blocked the PD,-promoted effect on the cooper-
ativity for Na*. Incubation of cerebral cortical membranes with 5x 1074 M PD,
revealed a shift (from 19.5°C to 21.4°C) of the typical break on the Arrhenius
plot (15-37°C). Prolonged incubation of enzyme preparation (25 °C for 1-2 h)
with PD; (4.5x1074-0.7 x 1072 M) followed by centrifugation of the mixture
at 53000g for 90 min, resulted in loss of the activity both in the supernatant and
the sediment, while the protein content in the supernatant and the sediment
remained unchanged. After a short incubation (25°C for 10 min) with PD,
(1x 1076 M), followed by centrifugation, the full activity of Na* /K *-exchanging
ATPase in the sediment was restored. These data suggest that peptitergent PD,
does not solubilize the transmembrane protein Na*/K *-exchanging ATPase,

although it abolishes the cooperative effect of Na*.

It is known that Na* and K* are essential regulators of
Na*/K*-exchanging ATPase, a transmembrane enzyme,
composed of two subunits (o and B) in equimolar ratio.!
The af complex is able to hydrolyze ATP but the normal
and allosterically regulated transport of Na* and K*
needs a higher order of af§ complex organisation, appar-
ently the diprotomer (ap),?* Hence, for cooperativity
of such  essential allosteric  regulators  of
Na*/K*-exchanging ATPase, as Na* and K*, inter-
actions between protomers are probably necessary.
Consequently, after the desensibilization of the oligo-
meric Na* /K *-exchanging ATPase enzyme system with
detergents (which disturb mainly the interactions between
protomers), the specific activity of enzyme should remain
practically unchanged, but the cooperativity in the bind-
ing of Na* and K* to Na*/K*-exchanging ATPase
should change remarkably. We have recently studied the
influence of several detergents on the activity and
cooperative nature of brain Na* /K *-exchanging ATPase
and K-pNPPase.* These studies reveal that desensibiliz-
ation of the enzyme preparation with SDS, digitonin or
CHAPS reduced both the Hill coefficients of Na* and

*To whom correspondence should be addressed.
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K* and the amount of of-protomer in the enzyme
preparation, whereas the specific activity of
Na*/K*-exchanging ATPase remained practically
unchanged. Hence, these experiments support the
assumption that interactions of protomers are necessary
for allosteric effects of Na* and K* on cerebral cortical
Na* /K *-exchanging ATPase. On the other hand, these
experiments showed that under appropriate conditions,
SDS, digitonin and CHAPS all exert a desensibilizating
influence on such transmembrane enzymes as
Na*/K *-exchanging ATPase.

Recently, a new, interesting, amphiphilic peptide (also
called the first peptitergent), PD; was designed and
synthesized.’ Moreover, it was shown that this peptide
solubilizes some membrane-bound proteins. We have
studied the possibilities of application of this 24-amino-
acid-long peptide for solubilisation of rat cortical
Na*/K*-exchanging ATPase, an enzyme which is very
sensitive to changes in lipid environment .

Materials and methods

Peptide synthesis. The peptide PD, was synthesized in a
stepwise manner in a 0.1 mmol scale Applied Biosystem
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Model 431A peptide synthesiser on a solid support using
dicyclohexylcarbodiimide-hydroxybenzotriazole activa-
tion strategy. tert-Butyloxycarbonyl amino acids were
coupled as hydroxybenzotriazole esters to a MBHA resin
(1.1 mmol amino groups per gram resin, Bachem,
Switzerland) to obtain C-terminally amidated peptides.
The peptide was finally cleaved from the resin with liquid
HF at 0°C for 30 min. Deprotection of the side-chains,
cleavage of the peptide and purification on HPLC have
been described in detail earlier.® The purity of the peptide
was >99% as demonstrated by HPLC on an analytical
Nucleosil 120-3 C,g reversed-phase HPLC column
(0.4 cm x 10 cm). The molecular mass of the peptide was
determined by a plasma desorption mass spectrometry
(Bioion 20, Applied Biosystems), and the calculated
value was obtained.

Enzyme preparations and assays. The enzyme preparation
of the Na*/K*-exchanging ATPase was isolated from
the frontal cortex of adult rats (Wistar, 250-300 g) as
described earlier.” Briefly, the rats were decapitated, the
frontal cortex was isolated from the precooled brain and
homogenized at 4°C in medium containing 0.32 M
sucrose, | mM EDTA, 0.1% DOC and 37.5mM
imidazole—-HCI (pH 7.4 at 8 °C). This homogenate was
centrifuged for 10 min at 10 000g and the clear supernat-
ant was centrifuged for 30 min at 24 000g. By resuspen-
sion of the final sediment in the above-mentioned buffer
(without DOC) the enzyme preparation was achieved.

The activity of the Na* /K *-exchanging ATPase was
measured as described earlier,® the specific activity of
Na*/K*-exchanging ATPase being expressed as pumol
P;/mg protein per hour. The protein content was deter-
mined by the method of Lowry,® using bovine serum
albumine as a standard. The activity of the Na*/K*-
exchanging ATPase was a linear function of incubation
time and enzyme amount under all experimental
conditions.

Other methods. The degree of cooperativity (the Hill
coefficients, ny) and K s (sodium or potassium concen-
tration at which the enzyme has half-maximal activity)
for rat frontal cortical Na*/K *-exchanging ATPase was
determined as described earlier.*%1° Briefly, the assay of
the activity of Na*/K *-exchanging ATPase was carried
out at several concentrations of sodium (the concentra-
tion of potassium was constant) or potassium (the con-
centration of sodium was constant) and the values of
Vmax and K s were calculated via Lineweaver—Burk plot
(1/v vs. 1/[cation]) and checked by means of the Cornish—
Bowden method. ny was obtained from the slope of Hill
plot {log(v/Vyax—v) vs. log[Na™] or log[K*]}.

The temperature dependence of the Na*/K®*-
exchanging ATPase activity was studied in the range
15-37°C and the data were represented as Arrhenius
plots (log v vs. 10° K/T).
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Results

In order to examine the influence of the PD; on the
activity of rat cerebral cortical Na*/K*-exchanging
ATPase, the enzyme preparation (140 pg of protein) was
incubated with PD; (1077-10"4 M) for 10-25 min at
25°C and the remaining ATPase activity was measured.
PD, showed practically no remarkable effect on
the specific activity of rat cerebral cortical
Na*/K *-exchanging ATPase (Table 1). In all of the
following experiments, the preincubation time was 25 min
and the concentration of PD; was 10™*M (Table 1).
Analysis of the effect of different concentrations of Na™*
or K* on the activity of cerebral cortical
Na™*/K *-exchanging ATPase, preincubated with PD,,
revealed that this peptide completely eliminates the
cooperativity for Na* (ny for Na* decreases from 1.4
to 0.9, Table 1, Fig. 1), causes a certain increase in the
affinity (decreases K, s) for Na*, but does not influence
the same parameters for K* (Table 1). Addition of ATP,
a substrate for Na*/K "-exchanging ATPase, into the
preincubation medium blocks the PD;-promoted effect
on the cooperativity for Na*, but does not change the
slight increasing effect on the affinity for Na* (Table 1).

It is well known that the temperature dependence of
enzyme activity (the break in the Arrhenius plot)
indicates the phase transitions in the lipid bilayer. There-
fore we studied the temperature dependence of
Na*/K *-exchanging ATPase activity, incubated with

Table 1. Influence of PD; on rat frontal cortical

Na*/K*-exchanging ATPase.

Control [PD;)/107*M

Short-term preincubation?

Activity of Na,K-ATPase ? 61(4) 65(5)

ny for sodium 1.4(1)  0.9(1)°

Ko.s/mM for sodium 5.1(7) 4.1(6)

ny for potassium 1.3(1) 1.3(1)

Kos/mM for potassium 1.4(2) 1.4(3)

ny for sodium in the presence of 1.4(1) 1.3(1)
4 mM ATP

Kos/mM for sodium in the 4.6(7) 3.3(7)
presence of 4 mM ATP

Break area (T/°C) on the Arrhenius 19.5(2) 21.4(2)°

plot

Long-term preincubation?

Activity of Na*/K*-exchanging 59 0
ATPase in sediment?

2The enzyme preparation was preincubated with 104 M PD,
at 25°C for 10-25min and the parameters of the
Na*/K*-exchanging ATPase assayed as described in the
materials and methods section. Values are given as
mean +S.E.M. of 4-7 measurements. ®(umol P;/mg protein
per hour). °Significant change versus control (p<0.05).
9Prolonged preincubation of the enzyme preparation (25°C
for 1-2 h) with PD, (4.5x 10~%-0.7 x 10~2 M) was followed
by centrifugation of the mixture at 53000g for 90 min and
the activity of Na*/K*-exchanging ATPase both in sediment
and supernatant was assayed.
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Fig. 1. Hill plots showing the effect of PD, on the cooperativ-
ity for Na* with Na*/K*-exchanging ATPase. The Hill coeffi-
cient (ny) was obtained from the slope. The enzyme
preparations were preincubated at 25°C for 10-25 min in
absence (O) and presence (®) of 10°*M PD, and the
Na*/K*-exchanging ATPase activity was assayed as
described in the materials and methods section. The results
of a typical experiment are shown.

PD, in the range 15-37°C. This peptide causes a shift
of the typical break in the Arrhenius plot (from
19.540.2°C to 21.4+0.3°C, p<0.05, Fig. 2).

Prolonged preincubation of the enzyme preparation at
25°C for 1-2 h with PD, (4.5x107%-0.7 x 1072 M) fol-
lowed by centrifugation of the mixture at 53000 g
for 90 min resulted in the loss of activity of Na*/K*-
exchanging ATPase (Table 1) in the sediment but not in
the supernatant; the total protein content in both the
supernatant and the sediment, remained unchanged.
After short preincubation (for 10 min at 25 °C) with PD,
(1x 107 M) followed by centrifugation, the full activity
of Na*/K*-exchanging ATPase in sediment was
re-established and the protein content in both the super-
natant and sediment remained unchanged.

Discussion

The first peptitergent, PD,, was recently designed, syn-
thesized and crystallized.? PD, is an amphipathic peptide
with a ‘flat’ hydrophobic surface that probably interacts
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Fig. 2. Arrhenius plot of rat cortical Na*/K*-exchanging
ATPase. The enzyme preparations were preincubated at 25 °C
for 10-25 min in absence (O) and presence (@) of 1074 M
PD, and the Na*/K™*-exchanging ATPase activity was assayed
as described in the materials and methods section. The pH
value of the incubation mixture was 7.4 at each given
temperature. The break points are at 19.5(2) °C and 21.4(3) °C
for the control and influenced enzyme, respectively (p<0.05
vs. control).

Na*/K*-EXCHANGING ATPase

with the transmembrane protein by packing around the
protein in rigid, well-ordered, parallel a-helical arrange-
ments.’ It has been demonstrated that the PD, is able to
solubilize and stabilize in solution such membrane pro-
teins as bacteriorhodopsin and rhodopsin.

It is of interest to find a possible alternative to small-
molecular detergents for the solubilization in the active
state of integral membrane proteins, like Na*/K™-
exchanging ATPase, that are known to be sensitive to
changes in lipid environment. We have synthesized the
24-amino-acid-long peptide PD, and studied its effects
on rat cerebral cortical Na*/K*-exchanging ATPase. It
is known that the Na* and K* ions are essential
regulators of Na*/K*-exchanging ATPase, an enzyme
composed of two subunits (o and PB) in an equimolar
ratio, and that the aff complex (protomer) is able to
hydrolyse ATP. On the other hand, both the normal and
allosterically regulated transport of Na* and K* needs
a higher order of organisation of the off complex, presum-
ably the diprotomer (af3),. This suggests that for cooper-
ativity of such essential allosteric regulators of
Na*/K*-exchanging ATPase, as Na* and K*, inter-
actions between the protomers are probably necessary.
Consequently, after the desensibilization of the oligo-
meric Na*/K*-exchanging ATPase enzyme system with
factors disturbing its oligomeric structure, changes in the
allosteric nature of cation binding to the enzyme should
occur, whereas the specific activity should remain practic-
ally the same. The demonstrated effect of the PD, on the
activity of the enzyme suggests that this amphiphilic
peptide completely eliminates the cooperativity for Na*
and reveals only an insignificant increase on the specific
activity of rat cerebral cortical Na*/K™*-exchanging
ATPase and the affinity for Na*. Addition of a substrate
(ATP, 4 mM) to the preincubation medium blocks the
effect caused by PD; on the cooperativity for sodium,
but does not change the slight increase in the affinity for
sodium (Table 1). It is known that ATP stabilizes the
protomeric structure of the Na*/K™-exchanging
ATPase.!'2 All these data suggest that that PD, works
as a desensibilizing factor in the case of
Na*/K™*-exchanging ATPase and may be characterized
as a mild detergent. Such an assumption is also supported
by following facts: (i) PD, does not influence the para-
meters for potassium, the other essential cation (Table 1)
and it is known that the Na-form of Na* /K *-exchanging
ATPase is usually more labile than the K-form;*!?
(i) there was no change in the tertiary structure of
retinal-membrane-containing proteins in the presence of
PD,;’ (iii) different detergents, such as digitonin (non-
ionic detergent), SDS (ionic detergent) and CHAPS
(zwitterionic detergent), alter the cooperative binding of
sodium to Na*/K *-exchanging ATPase in different ways
but they do not show any remarkable influence on the
specific activity of this enzyme;> (iv) digitonin and
CHAPS, altering the cooperative binding of Na*, do
not show such an effect in the case of K*.*

Despite these facts, we assert that the effects of PD,
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on several proteins (including Na*/K™'-exchanging
ATPase) are quite different from classical detergents
(such as DOC, SDS) and its practical use as a detergent
is restricted. Such a suggestion is supported by the
following: firstly, it is suggested® that not all membrane
proteins are solubilized by this particular peptitergent;
secondly, the prolonged preincubation (for 1-2h at
25°C) of the enzyme preparation with PD,
(4.5%x1074-0.7 x 10~2 M) followed by centrifugation of
mixture at 53000g for 90 min results in total loss of
activity of Na*/K*-exchanging ATPase, whereas the
total protein content in both supernatant and sedi-
ment, remains unchanged. Additionally, the prolonged
preincubation with another detergent, CHAPS
(5x1072-2.4x 1073 M) yields a significant increase in
the protein content in the supernatant and a decrease in
the sediment, whereas at 2.4 x 1073 M, specific activity
of Na*/K*-exchanging ATPase and K-pNPPase (40%
and 37% as compared to control, respectively) in the
sediment was registered. Thirdly, PD, causes a shift
(from 19.5°C to 21.4°C, p<0.05) of the typical break
on the Arrhenius plot (Fig. 2), but CHAPS does not.*
It should be emphasized that the PD, is an amphipathic
peptide with a ‘flat’ hydrophobic surface that could
interact with transmembrane proteins by arrangement
around the protein in a rigid, well-ordered, parallel
a-helical structure.®> Obviously, PD,, owing to its
hydrophobic/lipophilic nature, induces certain altera-
tions of the lipid surroundings of Na*/K*-exchanging
ATPase (the phasic transitions, the changes of the hydro-
phobic volume) during short-time preincubation,
resulting in interference with cooperative binding of Na*.
It is also known that the effects of membrane lipid on
Na*/K*-exchanging ATPase are realized mainly via the
changes in membrane microviscosity, a feature of the
phase transitions. The observed shift of the break point
(at 19-20°C) in the Arrhenius plot, in the presence of
PD,, indicates the phase transitions in the lipid bilayer.!
In addition, for the interaction between subunits in the
protomer of the Na* /K *-exchanging ATPase, the hydro-
phobic amino acids in an amphipathic C-terminal
B-strand of the B-subunit play the most pronounced
role.’ The lack of influence of PD, at high concentration
of ATP on the lipids confirms the evidence presented
above.

In the case of the long-term influence of PD,, its
functional groups may destroy hydrogen bonds and
cause severe structural changes (interference with pro-
tein—protein interactions, both within the protomer and
between the protomers) of transmembrane Na*/K™*-
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exchanging ATPase, resulting in loss of enzyme activity.
The latter assumption is supported by our preliminary
experiments which indicate a significant decrease in the
effect of PD, on the activity of such transmembrane
protein as Na™/H*-exchanger (Soomets et al., unpub-
lished data).

In summary, our data reveal the complicated nature
of the influence of the new peptide, PD, on the solubil-
ization of rat cerebral cortical transmembrane
Na*/K*-exchanging ATPase. Despite the probably
restricted areas of biochemical application of PD, as a
detergent, the features of PD, described are of interest
and remain to be studied.
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