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Phospholipid flippases (P4-ATPases) utilize ATP to translocate
specific phospholipids from the exoplasmic leaflet to the cytoplas-
mic leaflet of biological membranes, thus generating and main-
taining transmembrane lipid asymmetry essential for a variety of
cellular processes. P4-ATPases belong to the P-type ATPase protein
family, which also encompasses the ion transporting P2-ATPases:
Ca2+-ATPase, Na+,K+-ATPase, and H+,K+-ATPase. In comparison
with the P2-ATPases, understanding of P4-ATPases is still very lim-
ited. The electrogenicity of P4-ATPases has not been explored, and
it is not known whether lipid transfer between membrane bilayer
leaflets can lead to displacement of charge across the membrane.
A related question is whether P4-ATPases countertransport ions
or other substrates in the opposite direction, similar to the P2-
ATPases. Using an electrophysiological method based on solid sup-
ported membranes, we observed the generation of a transient
electrical current by the mammalian P4-ATPase ATP8A2 in the
presence of ATP and the negatively charged lipid substrate phos-
phatidylserine, whereas only a diminutive current was generated
with the lipid substrate phosphatidylethanolamine, which carries
no or little charge under the conditions of the measurement. The
current transient seen with phosphatidylserine was abolished by
the mutation E198Q, which blocks dephosphorylation. Likewise,
mutation I364M, which causes the neurological disorder cerebellar
ataxia, mental retardation, and disequilibrium (CAMRQ) syndrome,
strongly interfered with the electrogenic lipid translocation. It is
concluded that the electrogenicity is associated with a step in the
ATPase reaction cycle directly involved in translocation of the lipid.
These measurements also showed that no charged substrate is be-
ing countertransported, thereby distinguishing the P4-ATPase from
P2-ATPases.

flippase | phospholipid transport | charge displacement | SSM method |
CAMRQ syndrome

Asymmetric phospholipid distribution between the leaflets of
biological membranes plays a fundamental role in several

physiological processes, e.g., blood coagulation, apoptosis, cell and
organelle shape determination, intracellular vesicle trafficking,
membrane protein regulation, membrane stability and imperme-
ability, cell signaling, and host–virus interactions (1–4). P4-ATPases,
also known as flippases, play a central role in phospholipid trans-
port between the membrane bilayer leaflets to generate the mem-
brane lipid asymmetry. P4-ATPases constitute the largest subfamily
of the P-type ATPase protein family, which also encompasses the
more thoroughly investigated ion transporting P2-ATPases: Ca2+-
ATPase, Na+,K+-ATPase, and H+,K+-ATPase. The predicted 3D
structure and the conserved key residues involved in phosphory-
lation and dephosphorylation of P4-ATPases suggest that the
transport mechanism of these enzymes is related to the mecha-
nism of the P2-ATPases. It was shown that the mammalian flip-
pase ATP8A2, which is highly expressed in the retina, brain, testis,
and spinal cord, undergoes phosphorylation by ATP at the as-
partate conserved in all P-type ATPases, as part of a catalytic cycle

E1→E1P→E2P→E2 (“P” indicating phosphorylation, Fig. 1A)
similar to that known from P2-ATPases (5, 6). ATP8A2 translocates
its 2 known substrates phosphatidylserine (PS) and phosphatidyl-
ethanolamine (PE) from the exoplasmic leaflet to the cytoplasmic
leaflet of the membrane bilayer. The dephosphorylation of the E2P
intermediate of ATP8A2, E2P→E2, was found to require activation
by the binding of PS or PE, analogous to the activation of de-
phosphorylation of the Na+,K+-ATPase by K+ binding to E2P from
the extracellular side of the plasma membrane (6). Phosphatidyl-
choline (PC), the predominant phospholipid of the exoplasmic
leaflet in eukaryotic membranes, is not a substrate of ATP8A2, and
in the presence of PC with PS and PE absent, the phosphoenzyme
intermediate is very stable (1, 6), suggesting that in the native
membrane, ATP8A2 remains continuously phosphorylated until its
exoplasmic surface encounters the appropriate lipid substrate, PS
or PE. The stoichiometry of PS or PE molecules translocated per
ATP hydrolyzed has not been determined, and it is also unknown
whether ATP8A2 or other P4-ATPases countertransport an ion or
other substrate from the cytoplasm toward the exoplasm in
connection with the E1→E1P→E2P reaction sequence, as seen
for the P2-ATPases. In the latter, the binding to the E1 form of
the ion to be translocated from the cytoplasm toward the exo-
plasm (Ca2+, Na+, and H+, for Ca2+-ATPase, Na+,K+-ATPase,
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and H+,K+-ATPase, respectively) is mandatory for the phos-
phoryl transfer from ATP, but so far, no ion or other substrate
has been shown to play a similar role in the phosphorylation of a
P4-ATPase (H+, SO4

2-, acetate, Cl−, Ca2+, Na+, and K+ are just
some of the putative candidates examined, reviewed in ref. 1),
thus raising the question whether P4-ATPases are in fact one-
directional pumps undergoing spontaneous phosphorylation.
Although site-directed mutagenesis and structural modeling

studies have provided useful models to describe a lipid trans-
location pathway in P4-ATPases (7–11), central aspects of the
transport pathway and flipping mechanism remain elusive, in-
cluding the electrogenic properties of the flippases. Electrogenicity
is likewise an unexplored feature for other ATP-dependent lipid
translocating systems in biological membranes such as ABC
transporters. It is unknown whether lipid transfer between mem-
brane bilayer leaflets can lead to displacement of charge across
the membrane.
Here, we performed electrical measurements on solid sup-

ported membranes (SSMs) to investigate the electrogenic
properties of wild-type and mutant forms of the mammalian
flippase ATP8A2 with either of its 2 lipid substrates PS and PE.
The SSM method (Fig. 1B) has previously been used to study the
ion transport mechanism and identify electrogenic steps of P1-
ATPase and P2-ATPases (12–17). We observed the generation
of a transient electrical current by ATP8A2 in the presence of
ATP and PS. The current is associated with a step in the ATPase
reaction cycle directly involved in translocation of the lipid: the
dephosphorylation, E2P→E2, activated by the lipid substrate,
and/or the subsequent E2→E1 conformational transition of the
dephosphoenzyme. No charged substrate is being counter-
transported in connection with the E1→E1P→E2P reaction
sequence, thus distinguishing this transport system from the
P2-ATPases.

Results
Electrogenic Properties of ATP8A2 in the Presence of PS. Current
measurements were performed on reconstituted proteolipo-
somes containing purified ATP8A2 together with its accessory
CDC50A protein at a 1:1 (wt/wt) lipid-to-protein ratio. The
proteoliposomes were adsorbed on an SSM electrode (Fig. 1B)

and were perfused with external solutions of various composi-
tions. We activated the adsorbed membrane-bound ATP8A2 by
an ATP concentration jump through fast solution exchange
(Materials and Methods) and detected the related current signal.
It is shown in Fig. 2A that a 100 μM ATP jump (pH 7.5) on
ATP8A2 reconstituted into proteoliposomes consisting of a
mixture of 90% PC and 10% PS (90PC:10PS proteoliposomes)
induced a current transient, which was not observed following
addition of ATP to control 90PC:10PS liposomes devoid of
ATP8A2 (Fig. 2B). Decreasing the ATP concentration to 50 μM
did not reduce the steepness or size of the current transient (SI
Appendix, Fig. S1), indicating that saturation of the enzyme with
ATP had been reached at this ATP concentration. To confirm
that the measured current is actually due to ATP8A2 activity, we
performed the ATP jump in the presence of the ATPase in-
hibitor orthovanadate (50 μM), which caused a strong suppres-
sion of the current transient (Fig. 2A).
These results suggest that the ATP-induced current signal is

related to charge movement across ATP8A2 upon ATP utiliza-
tion. Because orthovanadate inhibits the ATPase from the cy-
toplasmic side, the inhibition experiment demonstrates that the
enzyme population with the cytoplasmic side facing the external
aqueous solution is responsible for the ATP-induced signal
(∼70% of the reconstituted proteins according to a previous
analysis using proteolytic digestion; ref. 18). We observed that
the sign of the ATP8A2-related current is positive. A positive
current signal was also observed following ATP concentration
jumps on sarcoplasmic reticulum (SR) vesicles containing Ca2+-
ATPase adsorbed on a SSM (Fig. 2 A, Inset) and was in this case
attributed to translocation and release of Ca2+ ions into the SR
vesicle interior (14, 17). The displacement of positive charge in
one direction is electrically equivalent to the movement of neg-
ative charge in the opposite direction. PS possesses a net nega-
tively charged head group and is a substrate of ATP8A2, whereas
PC, also present in the proteoliposomes, is not a substrate and
possesses an electrically neutral head group. Thus, the ATP8A2
current signal observed in the presence of PS might result from
displacement of negatively charged PS toward the outside of the
proteoliposomes (the ATP8A2 cytoplasmic side facing the ex-
ternal aqueous solution) in connection with ATP utilization. The

Fig. 1. Simplified scheme of the ATP8A2 reaction cycle and schematic diagram of the SSM method. (A) The scheme is based on functional similarities to the
ion-transporting P2-ATPases (5, 6). E1, E1P, E2P, and E2 are different enzyme conformational states, “P” indicates covalently bound phosphate. The phos-
pholipid substrate, PL (PS or PE), enters the cycle from the exoplasmic leaflet of the lipid bilayer by binding to the E2P phosphoenzyme, thereby stimulating
the dephosphorylation and release of the lipid substrate toward the cytoplasmic leaflet as consequence of the E2 to E1 conformational change. (B) Recon-
stituted proteoliposome containing ATP8A2 adsorbed on the SSM surface and subjected to an ATP concentration jump (not drawn to scale). If the ATP
concentration jump induces net charge displacement across the ATPase, a current signal is detected along the external circuit (the blue spheres represent
electrons) to keep constant the potential difference (ΔV) applied across the whole system. RE, reference electrode.

Tadini-Buoninsegni et al. PNAS | August 13, 2019 | vol. 116 | no. 33 | 16333

BI
O
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910211116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910211116/-/DCSupplemental


www.manaraa.com

SSM technique allows presteady-state measurements of charge
movements within the first transport cycle of the ATPase, while
steady-state currents are not measured (14). As shown in Fig. 3B,
the average charge displaced by ATP8A2 in the first transport
cycle with PS present, obtained by numerical integration of the
ATP-induced current transients in several experiments con-
ducted as in Fig. 2A, is 41 ± 2 pC. The corresponding average
displaced charge in the native SR vesicles containing Ca2+-
ATPase at the same protein concentration (0.5 mg/mL) during
adsorption on the SSMs is 84 ± 5 pC (Fig. 2 A, legend), under
conditions where the Ca2+-ATPase translocates a net charge of 2
elementary charges in the first cycle (two Ca2+ into the vesicles in
exchange for two H+; refs. 13 and 14).

The Effect of Lipid Composition on the Electrogenicity of ATP8A2.
Current measurements were also performed on ATP8A2 recon-
stituted into proteoliposomes of various lipid compositions to
evaluate the effect of different phospholipids on the ATP8A2-
related current. In addition to 90PC:10PS proteoliposomes, we
examined proteoliposomes containing 90% PC and 10% PE
(90PC:10PE proteoliposomes), 50% PC and 50% PE (50PC:50PE
proteoliposomes), or 100% PC (100PC proteoliposomes). The
protein and total lipid concentration were identical for these prep-
arations. In the case of 90PC:10PE and 50PC:50PE proteoliposomes

containing ATP8A2, an ATP-induced current transient was ob-
served (Fig. 3A), but this current transient, as well as the related
displaced charge (Fig. 3B), was much smaller than the current
measured in 90PC:10PS proteoliposomes, although some increase
was seen upon increasing the PE content from 10 to 50% (Fig. 3 A
and B). Similar to the above-described observations with 90PC:10PS
proteoliposomes, the current signal observed with PE-containing
proteoliposomes vanished in the presence of 50 μM orthovana-
date, and a 100 μMATP jump on 50PC:50PE liposomes devoid of
ATP8A2 likewise yielded no detectable current, thus again
attesting that the observed current transient was associated with
ATP utilization by ATP8A2.
As further reported in Fig. 3A (green line) and Fig. 3B, no

significant current transient was observed for a 100 μM ATP
jump on 100PC proteoliposomes containing ATP8A2. Unlike PS
and PE, PC is not a substrate of ATP8A2 (18), and PC does not
stimulate ATP8A2 dephosphorylation (6). The enzyme is, none-
theless, phosphorylated by ATP in the presence of PC alone (6).
Therefore, the experiment with 100PC proteoliposomes shows
that the ATP8A2 phosphorylation per se does not generate any
current signal.
Determination of the specific ATPase activities of the proteoli-

posomes yielded (mean ± SEM) 11.3 ± 2.0 (n = 8), 2.9 ± 0.7
(n = 6), 1.6 ± 0.2 (n = 5), and 0.2 ± 0.0 (n = 4) μmol·min−1·mg−1

Fig. 2. ATP8A2-related current transients in the presence of PS. (A) Current transients observed upon 100 μM ATP concentration jumps on 90PC:10PS
proteoliposomes containing ATP8A2 in the absence (black line) or in the presence (red line) of 50 μM orthovanadate in 150 mM NaCl, 1 mM DTT, 5 mMMgCl2,
50 mM Hepes-Tris (“basic medium”), pH 7.5. The average displaced charge, obtained by numerical integration of the ATP-induced current transient in the
absence of orthovanadate (Fig. 3B) is 41 ± 2 pC (n = 7); n, number of independent measurements; ±, SEM. Inset shows the average current signal induced by a
100 μM ATP concentration jump on native SR vesicles containing Ca2+-ATPase (present at a concentration of 0.5 mg/mL similar to ATP8A2 during adsorption
on the SSM surface) in 100 mM KCl, 1 mM MgCl2, 25 mM Mops (pH 7.0), 0.2 mM DTT, 0.25 mM EGTA, and 0.25 mM CaCl2 (10 μM free Ca2+). The average
displaced charge is in this case 84 ± 5 pC (n = 9). (B) Current traces recorded with 90PC:10PS liposomes devoid of ATP8A2 (control liposomes) upon a 100 μM
ATP concentration jump (black line) or upon exchange with basic medium without ATP added (red line).

Fig. 3. Effect of different phospholipids on the ATP8A2-related current transients. (A) Current transients observed upon 100 μM ATP concentration jumps on
90PC:10PS (black line), 90PC:10PE (red line), 50PC:50PE (blue line), and 100PC (green line) proteoliposomes containing ATP8A2 in basic medium, pH 7.5. (B)
Average displaced charges obtained by numerical integration of the ATP-induced current transients observed for 90PC:10PS (PS, 41 ± 2 pC, n = 7), 50PC:50PE
(50PE, 13 ± 1 pC, n = 5), 90PC:10PE (10PE, 9 ± 1 pC, n = 5), and 100PC (PC, 3.0 ± 0.7 pC, n = 3) proteoliposomes containing ATP8A2; n, number of independent
measurements; error bars and ±, SEM. Individual data points are shown by open circles.
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ATP8A2 protein for 90PC:10PS, 50PC:50PE, 90PC:10PE, and
100PC proteoliposomes, respectively. These differences appear to
match the differences in charge displacement fairly well.
To examine the effect of lipid composition on the protein

incorporation in the proteoliposomes, the proteoliposome
preparations were centrifuged on 55% (wt/wt) sucrose under
conditions where only unincorporated protein and protein−lipid
complexes of a much lower lipid-to-protein ratio (<0.25:1 [wt/wt])
than the average of 1:1 (wt/wt) are allowed to pellet (Materials
and Methods). The pelleted protein fractions were found to
constitute (mean ± SEM) 9.6 ± 0.4% (n = 3), 18.3 ± 2.5%
(n = 3), and 12.6 ± 2.1% (n = 3) of the total protein in the
preparations for 90PC:10PS, 50PC:50PE, and 90PC:10PE proteoli-
posomes, respectively, thus suggesting that the fraction of unin-
corporated protein is relatively small, but highest for the
50PC:50PE preparation.

The Effect of pH and Mutations on the Electrogenicity of ATP8A2. To
test the hypothesis that the diminutive current signal observed
with PE-containing proteoliposomes is related to the trans-
location of a small fraction of PE whose head group carries
negative charge, the effect of reducing the pH from 7.5 to 6.7 was
studied. The ATP concentration jump was performed at either
pH value with 90PC:10PS (Fig. 4A) or 50PC:50PE (Fig. 4B)
proteoliposomes containing ATP8A2. To ensure pH equilibra-
tion between the 2 sides of the membrane, the proteoliposomes
were incubated at the given pH for 15 min before carrying
out the ATP concentration jump. In the case of 90PC:10PS
proteoliposomes, the ATP-induced current transients at pH 7.5 and
6.7 were identical, i.e., no pH effect was observed, whereas for
50PC:50PE proteoliposomes, the ATP-dependent current signal
was remarkably reduced at pH 6.7, as expected if the signal were
dependent on the ionization of the PE head group. To verify that
this result was not caused by a proton gradient created across the
membrane, when the pH of the external medium was reduced to
6.7 (the proteoliposomes had been made by dialysis at pH 7.5),

the experiments corresponding to Fig. 4 A and B were repeated
in the presence of the protonophore 1799. As shown in SI Ap-
pendix, Fig. S2, the result obtained in the presence of the pro-
tonophore was very similar to that obtained in its absence.
Finally, we examined the effects of specific mutations on the

transient currents produced by 90PC:10PS proteoliposomes con-
taining ATP8A2 (Fig. 4 C and D). We first examined the effect of
replacing Glu-198 with glutamine. Glu-198 is part of the DGET
motif of the cytoplasmic A-domain (TGES in P2-ATPases) that
facilitates the dephosphorylation of the phosphointermediate
(catalyzes the hydrolysis of E2P liberating Pi and water, cf. Fig.
1A). It was demonstrated that the E198Q mutation allows phos-
phorylation from ATP but blocks the dephosphorylation with
resulting E2P accumulation (6). Interestingly, the E198Q mutant
yielded no current transient upon an ATP concentration jump
(Fig. 4C). Because the E198Q mutant undergoes the E1P→E2P
conformational transition, the absence of the current transient
shows that the electrogenicity is not related to this transition. This
finding is in line with the absence of a current transient in the
experiment with 100PC proteoliposomes, because the phosphor-
ylation of wild-type ATP8A2 in the absence of PS or PE likewise
leads to accumulation of E2P formed from E1P (6). Hence, it can
be concluded that the electrogenicity is associated with later
step(s) in the reaction cycle: the E2P dephosphorylation activated
by PS or PE binding and/or the E2→E1 transition.
Mutations in ATP8A2 have been associated with severe neu-

rological disorders in humans (19–22). The isoleucine Ile-364,
which is located in the M4 transmembrane segment, is highly
conserved among P4-ATPases, and the I364M mutation (I376M
in human) was identified as the cause of cerebellar ataxia, mental
retardation, and disequilibrium syndrome (20). Recent studies
have shown that although I364M was capable of undergoing
phosphorylation from ATP, this mutant showed a strongly re-
duced PS flipping (8). We therefore investigated the effect of the
I364M mutation on the electrogenicity of ATP8A2. Notably, this
mutation almost completely suppressed the ATP-induced cur-
rent signal (Fig. 4D), indicating that electrogenic displacement of
PS is prevented.

Discussion
In comparison with the ion transporting P2-ATPases Ca2+-
ATPase, Na+,K+-ATPase, and H+,K+-ATPase, understanding of
P4-ATPases is still very limited. Neither the stoichiometry of
phospholipid molecules translocated per ATP hydrolyzed nor
the electrogenicity of P4-ATPases has previously been de-
termined. A related issue is whether P4-ATPases countertrans-
port ions in the opposite direction, similar to the P2-ATPases.
To address these questions, we here employed a SSM-based
electrophysiological technique to investigate the electrogenic
properties of the mammalian flippase ATP8A2. Our current
measurements have shown that ATP-dependent phospholipid
translocation by ATP8A2 can generate a current transient, which
is much more prominent with PS as substrate than with PE.
The electrogenicity is not associated with the phosphorylation of
the enzyme by ATP, forming the E1P intermediate, or with the
E1P→E2P conformational transition of the protein, because
these steps are allowed in ATP8A2 reconstituted in 100PC proteo-
liposomes, without PS or PE present, and in the ATP8A2 mu-
tants studied (6, 8), which showed no or only a very small current
transient upon addition of ATP. In these enzyme preparations,
the dephosphorylation, E2P→E2, is blocked. The electrogenicity
must therefore be associated with the dephosphorylation, which
normally is activated by the lipid substrate binding from the
exoplasmic leaflet, and/or with the ensuing E2→E1 transition of
the dephosphoenzyme, thought to release the lipid to the cyto-
plasmic leaflet (8), i.e., the 2 steps in the transport cycle directly
involved in the lipid translocation. Our findings raise the question
whether the observed charge displacement results directly from

Fig. 4. Effects of pH and specific mutations on the ATP8A2-related current
transients. (A and B) Current transients induced by 100 μM ATP concentra-
tion jumps on 90PC:10PS (A) and 50PC:50PE (B) proteoliposomes containing
ATP8A2 in basic medium, pH 7.5 (black lines) or 6.7 (red lines). (C and D)
Current transients observed following 100 μM ATP concentration jumps on
90PC:10PS proteoliposomes containing ATP8A2 wild-type enzyme (C and D,
black lines), mutant E198Q (C, green line), or mutant I364M (D, green line) in
basic medium, pH 7.5.
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the movement of the charged head group of the phospholipid or is
a manifestation of a protein conformational change affecting the
electric field intrinsic to the protein, e.g., by movement of a helix
dipole. A rough estimate of the number of elementary charges
displaced in the first flippase transport cycle can be obtained from
the data in Figs. 2 and 3 by comparing the charge displacement by
ATP8A2 with that determined for the Ca2+-ATPase under con-
ditions where the Ca2+-ATPase is thought to displace 2 elemen-
tary charges per cycle (13, 14). The average displaced charge was
for ATP8A2 41± 2 pC and for the Ca2+-ATPase 84± 5 pC (Fig. 2A,
legend), resulting in an estimate of 41/84 × 2 = 0.98 elementary
charges for ATP8A2. Taking into consideration that only 70% of
the reconstituted ATP8A2 proteins are believed to expose the
cytoplasmic side to the external aqueous solution, thereby having
access to ATP (18), whereas all Ca2+-ATPase molecules in SR
appear to be oriented right-side-out (23), the calculated number of
elementary charges displaced in the first cycle by ATP8A2 would
rise to 1.4. Such an extent of charge displacement by ATP8A2 is
larger than expected for a protein conformational change and
suggests that the movement of the negatively charged head group
of the lipid substrate per se contributes to the electrogenicity,
perhaps fully accounting for the electrogenicity. Due to their
magnitude, the charge displacements determined by the SSM
method with the P1-ATPase and P2-ATPase were likewise at-
tributed to the movement of the translocated ions (16, 17). PS in
lipid bilayers carries 1 net negative charge at the pH values studied
here (pH 7.5 and 6.7) (24). In proteoliposomes, some influence of
the specific protein dielectric environment on the ionization of the
lipid may be expected. Several lysine and arginine residues are
positioned near the proposed lipid translocation pathway of
ATP8A2 (1, 6, 8), which might promote deprotonation of the
amino group of PS, thus increasing the net negative charge of PS
to a value between 1 and 2. With the uncertainties inherent in the
calculation, it may be concluded that the measured current tran-
sient for PS would be in accordance with a stoichiometry of 1 PS
molecule translocated by ATP8A2 in the first cycle.
The current transient generated with PE as substrate was di-

minutive, compared with the robust transient seen for PS, and
almost disappeared when the pH was reduced from 7.5 to 6.7,
whereas this pH change did not affect the current transient seen
with PS. This is the expected outcome, if the charge displace-
ment results from movement of a charged lipid head group,
because only a small fraction of PE is likely to carry negative
charge at pH 7.5, and even less at pH 6.7 (24). However, it
should also be taken into consideration that the PE-containing
proteoliposomes exhibited four- to sevenfold lower specific
ATPase activity compared with PS-containing proteoliposomes.
The lower ATPase activity of the PE-containing proteoliposomes
is in agreement with previous studies of detergent-solubilized
ATP8A2 in the presence of a series of different PS and PE
concentrations, showing that PE is a much poorer substrate of
ATP8A2 than PS, the apparent affinity (as expressed by the re-
ciprocal of Km) for the lipid substrate as well as the Vmax being
considerably lower with PE than with PS (8, 18, 25). The 10-fold
lower apparent affinity for PE relative to PS (18, 25) might cause
lack of saturation of ATP8A2 with the lipid substrate in the PE-
containing proteoliposomes, thereby contributing to depletion of
the electrogenic signal with PE relative to PS. The observed in-
crease of charge displacement upon increasing the PE content
from 10 to 50% (Fig. 3 A and B) indicates that at least in the
90PC:10PE proteoliposomes ATP8A2 is not saturated with PE.
A caveat to the conclusions based on comparison of the signals

observed with the proteoliposomes of various lipid compositions
is that the efficiency of incorporation of protein in the proteo-
liposomes might depend on the lipid composition. It can be ra-
tionalized that the 90PC:10PS and 90PC:10PE proteoliposomes
are rather similar with respect to the number of ATPase mole-
cules per vesicle, due to the fact that the major part of the lipid

(90%) is PC in both cases. This consideration is supported by the
results of centrifugation of the proteoliposomes on 55% (wt/wt)
sucrose, showing that the pelleted protein fraction is relatively
small and similar in the 90PC:10PS and 90PC:10PE proteolipo-
somes (9.6 ± 0.4% and 12.6 ± 2.1%, respectively). Therefore, the
reduction of the current transient and ATPase activity observed
for 90PC:10PE proteoliposomes relative to 90PC:10PS is not at-
tributable to a reduced protein incorporation in the 90PC:10PE
proteoliposomes. This conclusion is in line with the above described
finding that the difference between the ATPase activities de-
termined with PS and PE as substrates is not linked to the recon-
stituted enzyme preparation but is a characteristic of ATP8A2 in
the detergent solubilized state as well. The maximum estimate of
the unincorporated protein fraction obtained by centrifugation was
on the other hand slightly higher for the 50PC:50PE proteolipo-
somes, amounting to 18.3 ± 2.5%. We cannot exclude that in the
50PC:50PE preparation the number of proteins incorporated in
vesicles, and with the cytoplasmic side facing outwards, is less than
with the 90PC:10PE preparation. Hence, an increase of the charge
displacement per molecule caused by the increase of the PE con-
tent from 10 to 50% may not be fully revealed by the results
reported in Fig. 3, in which case the lack of saturation with PE
would be more evident.
Finally, we wish to emphasize the importance of our findings

in relation to the issue of whether countertransport occurs from
the cytoplasmic side toward the exoplasm. The absence of a
current transient observed with ATP8A2 reconstituted in 100PC
proteoliposomes and with the two ATP8A2 mutants indicates
that no inorganic ion or other charged substrate is being coun-
tertransported in connection with the phosphorylation from
ATP, forming E1P, or the E1P→E2P conformational transition.
This feature apparently distinguishes this transport system from
the P2-ATPases Ca2+-ATPase, Na+,K+-ATPase, and H+,K+-
ATPase, which transport ions in both directions. It is thus in
good agreement with the present finding that no specific ion
seems to be required as trigger of the phosphorylation of flippases
(1), unlike the situation with the P2-ATPases.

Materials and Methods
HEK293T cells were cotransfected with wild-type or mutant bovine ATP8A2
cDNA and cDNA encoding the accessory subunit CDC50A, both contained in a
pcDNA3 vector (Invitrogen) (6). The cDNA constructs for mutants E198Q and
I364M were obtained using the QuikChange mutagenesis kit (Stratagene).
Cells were harvested 48 h after transfection and lysed in the presence of
CHAPS detergent. The flippase ATP8A2/CDC50A protein complex in de-
tergent solubilized form was immunoaffinity-purified to >95% purity using
the Rho 1D4 antibody coupled to Sepharose (6, 8, 18). This antibody spe-
cifically recognizes a C-terminal 9 amino acid 1D4 tag on ATP8A2 (26). The
Sepharose matrix with bound ATP8A2/CDC50A was washed with buffer
containing n-octyl-β-D-glucopyranoside detergent and PC, followed by elu-
tion of the protein complex with 1D4 peptide. The detergent solubilized
purified wild-type or mutant ATP8A2/CDC50A was mixed with PC, or the
indicated mixture of PC with PS or PE, at a 1:1 (wt/wt) ratio of total lipid to
protein (i.e., a ratio close to that of the Ca2+-ATPase in SR, with which
ATP8A2 is compared in this study), and reconstitution of proteoliposomes
was obtained by detergent removal by dialysis (18). Centrifugation, to pellet
protein not incorporated in the proteoliposomes, was performed on 55%
(wt/wt) sucrose in medium containing 150 mM NaCl, 1 mM DTT, 5 mM
MgCl2, 50 mM Hepes-Tris (“basic medium”), pH 7.5, at 100,000 × g for 18 h at
4 °C in 230-μL tubes, using a TLS-55 rotor in a Beckman Coulter Optima Max
microultracentrifuge. Protein concentration was measured by the Coomassie
dye binding method (27). The specific ATPase activity (μmol Pi·min−1·mg−1

ATP8A2 protein) was determined by following the liberation of Pi colori-
metrically (18) at 37 °C for 15 min in the presence of 7.5 mM ATP, 46 mM
Hepes-Tris (pH 7.5), 150 mM NaCl, 12 mM MgCl2, and 1 mM DTT. Re-
producibility of the reconstituted product was demonstrated by the similar
results of ATPase activity and current measurements obtained for different
proteoliposome preparations of the same lipid composition.

For measurement of current transients, the proteoliposomes containing
wild-type or mutant ATP8A2 enzyme at a protein concentration of 0.5 mg/mL
were adsorbed onto a hybrid alkanethiol/phospholipid bilayer supported by a
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gold electrode (Fig. 1B) during an incubation time of 60 min. The SSM
consists of an octadecanethiol monolayer covalently bound to the gold
surface via the sulfur atom and a diphytanoylphosphatidylcholine mono-
layer on top of the thiol layer (28, 29). The proteoliposomes adsorbed on the
SSM surface were incubated with basic medium at a given pH for about 15
min to equilibrate the pH between the inside and outside of the proteo-
liposomes. ATP concentration jumps to register the ATP-induced current
signal were then performed by fast solution exchange with basic medium
supplemented with 100 μM ATP (50 μM in the control experiment in SI
Appendix, Fig. S1). The fast solution exchange was carried out using the
SURFE2Rone device (Nanion Technologies), which contains electrophysio-
logical hardware as well as liquid handling components, including an auto-
sampler, allowing the measurement of fast kinetics with a millisecond time
resolution (30, 31). The temperature was maintained at 22–23 °C for all of
the experiments. If the ATP concentration jump induces a net charge
movement across the ATPase, a current transient is detected due to the
capacitive coupling between the proteoliposome and SSM (17, 32).

In some experiments, 1 μM protonophore 1799 (13) was included in the
media to ensure that no H+ gradient was formed across the proteoliposome
membrane (see Results and SI Appendix, Fig. S2). For vanadate inhibition
experiments, the proteoliposomes adsorbed on the SSMs were incubated
with the basic medium containing 50 μM sodium orthovanadate for 20 min.
Then, this solution was replaced with basic medium containing orthovana-
date and ATP, and the current signal was registered.

To verify the reproducibility of the current transients on the same SSM,
each single measurement was repeated 5 times and then averaged to im-
prove the signal-to-noise ratio. SDs did not exceed 5%. Moreover, each set of
measurements was typically reproduced using at least 3 different SSM
electrodes.
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