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Asparagine 905 of the mammalian phospholipid flippase
ATP8A2 is essential for lipid substrate-induced activation of
ATP8A2 dephosphorylation
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The P-type ATPase protein family includes, in addition to ion
pumps such as Ca®>*-ATPase and Na*,K*-ATPase, also phos-
pholipid flippases that transfer phospholipids between mem-
brane leaflets. P-type ATPase ion pumps translocate their
substrates occluded between helices in the center of the trans-
membrane part of the protein. The large size of the lipid sub-
strate has stimulated speculation that flippases use a different
transport mechanism. Information on the functional impor-
tance of the most centrally located helices M5 and M6 in the
transmembrane domain of flippases has, however, been sparse.
Using mutagenesis, we examined the entire M5-M6 region of
the mammalian flippase ATP8A2 to elucidate its possible func-
tion in the lipid transport mechanism. This mutational screen
vielded an informative map assigning important roles in the
interaction with the lipid substrate to only a few M5-M6 resi-
dues. The M6 asparagine Asn-905 stood out as being essential
for the lipid substrate—induced dephosphorylation. The
mutants N905A/D/E/H/L/Q/R all displayed very low activities
and a dramatic insensitivity to the lipid substrate. Strikingly,
Asn-905 aligns with key ion-binding residues of P-type ATPase
ion pumps, and N905D was recently identified as one of the
mutations causing the neurological disorder cerebellar ataxia,
mental retardation, and disequilibrium (CAMRQ) syndrome.
Moreover, the effects of substitutions to the adjacent residue
Val-906 (i.e. V906A/E/F/L/Q/S) suggest that the lipid substrate
approaches Val-906 during the translocation. These results
favor a flippase mechanism with strong resemblance to the ion
pumps, despite a location of the translocation pathway in the
periphery of the transmembrane part of the flippase protein.
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ATP8A?2 is a membrane-bound enzyme, a “flippase,” that
utilizes the energy liberated by ATP hydrolysis to translocate
(flip) the amino phospholipids phosphatidylserine (PS)* and
phosphatidylethanolamine (PE), but not phosphatidylcholine
(PC), from the exoplasmic leaflet to the cytoplasmic leaflet of
cellular membrane lipid bilayers, thereby creating an essential
asymmetric lipid distribution between the membrane leaflets
(1). Flippases, also known as P4-ATPases, belong to the P-type
ATPase family. Compared with the ion pump members of this
enzyme family, flippases are poorly understood, although as
many as 14 of the 36 P-type ATPases encoded by the human
genome are flippases (1, 2), and certain mutations in flippases,
including ATP8A2, are associated with severe disorders (1,
3-9).

P4-ATPases are made up of three cytoplasmic domains, N
(nucleotide-binding), P (phosphorylation), and A (“actuator”),
linked to 10 transmembrane helices (M1-M10), like the ion-
pumping P-type ATPases Ca®>"-ATPase, Na*,K*-ATPase,
H*,K"-ATPase, and H"-ATPase (P2- and P3-ATPases). In
addition, most P4-ATPases are composed of an accessory sub-
unit comparable in many respects to the 3-subunit of Na™*,K*-
and H",K"-ATPases. During the ATP hydrolysis cycle,
ATP8A2, like other P-type ATPases, is phosphorylated at a
conserved aspartate in the P-domain. Dephosphorylation
depends on catalysis by a conserved glutamate in the A-domain
and is stimulated by the binding of the lipid substrate from the
exoplasmic bilayer leaflet, just like dephosphorylation of the
Na™,K"-ATPase is stimulated by the binding of extracellular
K™. These features argue for a catalytic cycle of flippases that
involves four major conformational states, E;, E,P, E,P, and E,
(“P” indicating phosphorylation; see. Fig. 1) similar to those
known from the P-type ATPase ion pumps (10-12), but the
translocation pathway for the lipid substrate and the signal-
transducing event associating binding and translocation of the
lipid substrate with the dephosphorylation occurring in the

2 The abbreviations used are: PS, phosphatidylserine; PE, phosphatidyletha-
nolamine; PC, phosphatidylcholine; CAMRQ, cerebellar ataxia, mental
retardation, and disequilibrium; N, nucleotide-binding; P, phosphoryla-
tion; A, actuator; M1-M10, the ten transmembrane helices numbered from
the N-terminal end of the protein; SERCA, sarco/endoplasmic reticulum
Ca’"-ATPase; PL, phospholipid.
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Figure 1. Proposed reaction cycle of ATP8A2. This scheme emphasizes
similarities to the Na*,K*-ATPase (1). £, is the state allowing phosphorylation
(P) of ATP8A2 in the presence of ATP, forming E,P. The subsequent confor-
mational change from E, P to E,P makes the enzyme ready to bind the phos-
pholipid (PL) substrate (i.e. PS or PE) from the exoplasmic leaflet. The binding
of PL to E,P activates the dephosphorylation, similarly to K* binding from the
extracellular side to the Na™ ,K*-ATPase, and P; is released, resulting in £,-PL
(12). The dot indicates noncovalent bond(s). PL is released to the cytoplasmic
leaflet following a conformational change to E;-PL (18), and a new reaction
cycle can begin. There are also differences from the Na* ,K*-ATPase and other
P2-ATPases. Hence, the flippase seems to lack a substrate transported toward
the exoplasmic side and is, thus, phosphorylated spontaneously from ATP (1).
In the P2-ATPases, the binding of such a substrate to the £, form is mandatory
for activation of the phosphoryl transfer from ATP.

cytoplasmic part of the flippase are unknown. The fact that the
lipid substrate is about 10-fold larger (in linear size; much more
if volume is considered) than the ions handled by the Ca**-
ATPase and the Na™-K*-ATPase underscores the central
enigma in understanding lipid flipping, the so-called “giant sub-
strate problem” (13): how and where in the flippase protein can
such a large substrate be selected, bound, and translocated?
Does the large size of the lipid substrate imply that the transport
mechanism differs fundamentally from that of the ion pumps?
In the latter, the transported ions are bound at residues in trans-
membrane helices M4, M5, M6, and M8, which are located
centrally in the transmembrane domain, shielded from the lipid
phase by other transmembrane helices. In connection with the
transport process, the ions become occluded between these
central helices (14—16). Because of the large size of the lipid
substrate and the need for the lipid to reorient itself during the
flipping process, a different transport mechanism has been pro-
posed for flippases: the so-called “credit card model.” Here, the
translocation of the phospholipid is thought to occur at the
periphery of the flippase protein facing the lipid bilayer phase,
and only the phospholipid headgroup interacts with the pro-
tein, whereas the hydrocarbon tail is dragged along, jutting out
into the membrane lipid bilayer (17-20). Mutagenesis studies
of various flippases of mammals, yeast, and plants have pin-
pointed residues in transmembrane helices M1, M2, M3, and
M4 as important for the recognition and propagation of the
phospholipid headgroup (18 —21). Of these helices, M1-M3 are
peripherally located relative to the central core of the protein,
thus facing the lipid bilayer. Mutational sensitivity of the iso-
leucine of the conserved PISL motif in M4 (Ile-364 of bovine
ATP8A?2) in combination with structural modeling has impli-
cated Ile-364 as part of a “hydrophobic gate” moving the lipid
headgroup along a peripheral pathway in accordance with the
credit card model (18). However, the importance of certain
other M4 residues has been considered evidence in favor of a
more centrally located binding site for the lipid headgroup (21).
So far, there is only sparse information on the functional impor-
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tance of residues in the central core helices M5 and M6 of flip-
pases, although in the ion pumps, M5 and M6 contain most of
the key residues involved in ion occlusion and translocation
(14-16, 22, 23). Here, we examined the M5-M6 region of
ATP8A2 to elucidate the possible function of this region in the
lipid transport mechanism. Our mutational screen of the entire
region yielded an informative map assigning important roles to
only a few M5-M6 residues in the interaction with the lipid
substrate. Significantly, the asparagine Asn-905 of M6 stood
out as being essential for the lipid substrate—induced dephos-
phorylation. Strikingly, Asn-905 aligns with key ion-binding
residues of the ion pumps, thus providing evidence that the
mechanism of flippases resembles that of P-type ATPase ion
pumps much more than previously realized, and the N905D
mutation was recently identified as one of the mutations caus-
ing the neurological disorder cerebellar ataxia, mental retarda-
tion, and disequilibrium (CAMRQ) syndrome (9).

Results

Asn-905 is the functionally most critical residue of the present
screen

Alignment of flippases and P-type ion pumps of known
structure defines the borders of M5 and M6 of the flippases and
locates nine M5-M6 residue positions in flippases that corre-
spond to ion-binding residues of the ion pumps Ca®>*-ATPase
(SERCA), Na*,K*-ATPase, and H*,K*-ATPase (Fig. 2). The
corresponding residues in the bovine flippase ATP8A?2 studied
here are in the following text, Fig. 3, and Table 1 marked by an
asterisk: *Tyr-869, *Cys-870, *Tyr-872, *Lys-873, *Asn-874, and
*Leu-877 of M5 and and *Asn-905, *Phe-908, and *Thr-909 of
M6. We examined the functional importance of the M5 and M6
residues of ATP8A2 in a total alanine-scanning mutagenesis
analysis of the ATPase activity summarized in Fig. 3 and Table
1 (asparagine was used as substituent when the WT residue was
an alanine). At certain residues, including some of those align-
ing with ion-binding residues in the ion pumps, the alanine scan
was supplemented with additional substitutions, varying size,
polarity, and charge of the substituent. In total, the analysis of
61 new mutants is reported in Fig. 3 and Table 1. For complete-
ness of this M5-M6 survey, alanine scanning data for four res-
idues of M5 and M6 (Lys-865, Lys-873, Asn-874, and Val-906)
that have previously been published (12, 18) are included.

The ATP8A2 wildtype (WT) and mutants were expressed
in mammalian cells (HEK293T) together with the accessory
CDC50A protein, and the detergent-solubilized protein com-
plexes were immunoaffinity-purified followed by reconstitu-
tion in PC vesicles. Only the mutants V876R, *T909D, and
*T909N showed an expression level too low for reliable func-
tional analysis (<10% WT in repeated expression analysis; indi-
cated by “E” in Fig. 3 and Table 1). The ATPase activity per mg
of the purified protein was determined with either of the two
substrates of ATP8A2, PS and PE, within the concentration
ranges 0—1000 um PS and 0-2000 um PE. For this assay, the
reconstituted vesicles containing purified ATP8A2/CDC50A
complexes together with PC were resolubilized by addition of
CHAPS detergent, thus ensuring access of the added PS or PE
lipid substrate to the flippase. The concentration of PC was
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Figure 2. Alignment of amino acid sequences corresponding to the M5-Mé6 region of flippases and ion pumps. The identification of the transmembrane
helices M5 and M6 of ATP8A2 (residues in cyan boxes) is based on the crystal structure of Ca®"-ATPase (14). Lys-873 (K873) and Asn-905 (N905) of the bovine
ATP8A2 studied here are indicated. For the ion pumps, residues involved in ion binding are shown in gray boxes.

varied inversely with that of PS or PE to maintain a constant
total lipid concentration. Neither the WT ATP8A2 nor the
mutants showed any dependence of the ATPase activity on the
PC concentration. These measurements provided the maximal
ATPase activity per mg protein with either PS or PE as substrate
(in the following denoted as V, . (PS) and V.. (PE), respec-
tively), as well as the apparent affinity for activation with either
lipid substrate, extracted from the data in the form of the
concentration giving half-maximum activation, K ;(PS) and
K, 5(PE) (Fig. 3 and Table 1, with examples of the lipid concen-
tration dependences shown in Fig. 4). For WT ATP8A2, PS is
the primary substrate: the V|, (PS) was 2—3-fold higher than
the V. ..(PE), and the K, ;(PS) was about one-tenth of the
K, 5(PE), corresponding to ~10-fold higher apparent affinity
for PS (legend to Fig. 3 and Table 1).

The alanine scan showed that only a relatively small fraction
of the residues in M5 and M6 are really critical to function.
Mutations giving rise to a =10-fold change to V,.. and/or a
=5-fold change to the apparent affinity for one or both of the
lipid substrates are mentioned below. *Asn-905 of M6 was
identified as the functionally most critical residue of the present
screen and was further examined by a series of substitutions:
*N905/D/E/H/L/Q/R. All the *Asn-905 mutations, including
*N905A, reduced the ATPase activity per mg of protein to a
very low level, =2% of WT, both with PS and PE as substrate.
The expression level of the *Asn-905 mutants was WT-like
except for N905R, which expressed 20 —50% of WT. *Lys-873 of
M5 is in the same functionally very critical category as *Asn-
905, with the *K873A mutant showing a V.., of only 2—-3% of
WT with PS and even less with PE (0.5% of WT). For *N874A,
the V,,,.«(PS) was reduced less markedly (to 18% of WT), but the
Vinax(PE) was only ~2% of WT. Likewise, the V, .. (PS) of
Y904A was reduced to 31% of WT, but the V, . (PE) was
reduced more, to ~3% of WT, and the V, . (PS) of VOO6E was
22% of WT with the V, , (PE) ~3% of WT. Hence, there are
examples of the maximal activities with PS and PE as substrates
being differently affected, as also seen for the apparent affinities
in certain cases (see the V. (PE)/V, .. (PS) and K, (PE)/
K, 5(PS) ratios in Table 1). I901A may also be mentioned here,
with V. (PS) 69% of WT and V,, .. (PE) only 11% of WT. How-
ever, for G902L, the V__ (PS) and the V__ (PE) were both
reduced to ~10% of WT. G902A was WT-like, suggesting that

max max
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the main reason for the disturbance seen for G902L is the bulk-
iness of the side chain, giving steric problems.

Of the *Asn-905 mutants, only *N905A showed sufficient
ATPase activity for a reliable determination of the PS and
PE concentration dependences. The apparent PS affinity of
*N905A was 8-fold reduced (K, 5 increased) relative to WT,
whereas the apparent PE affinity was only ~2-fold reduced.
Among the other M5 and M6 mutants, *K873A showed the
largest reduction of the apparent PS affinity (14-fold relative to
WT). The apparent PE affinity of *K873A could not be deter-
mined due to the very low V, . (PE). I901A and V906E showed
=5-fold reduction of the apparent PS affinity with much less
reduction of the apparent PE affinity.

The differential effects of the various Val-906 substituents
on the apparent lipid substrate affinities are noteworthy.
Hence, the V906A, V906Q, and V906S mutants exhibited
increased apparent affinity for PS (2—3-fold reduced K, 5(PS))
relative to WT as well as increased (V906A and V906S) or WT-
like (V906Q)) apparent affinity for PE. The V906F and V906L
mutants exhibited slightly reduced (~2-fold) and WT-like
apparent affinity, respectively, for both lipid substrates. By con-
trast, the apparent PS affinity of VOO6E was more markedly
reduced (~5-fold), whereas the apparent PE affinity of VOO6E
was WT-like. This dependence on the substituent side chain
and the lipid substrate could be a consequence of physical near-
ness during the translocation (see the Discussion).

The overall result of the M5-M6 survey is that *Asn-905 of
M6 and the previously studied residues *Lys-873 and *Asn-874
of M5 (12) are highly mutation-sensitive hot spots. Marked
functional effects were moreover seen for mutations to residues
flanking *Asn-905, including Ile-901, Gly-902 (only for sub-
stituents larger than alanine), Tyr-904, and Val-906 (only for
substitution with the negatively charged glutamate).

Dephosphorylation induced by the lipid substrate is blocked in
the *Asn-905 mutants

The drastic lowering of the PS- and PE-stimulated ATPase
activity in the *Asn-905 mutants led us to study the partial
reactions of the enzyme cycle. For WT ATP8A2, the phosphor-
ylation of the E; form appears to occur spontaneously in the
presence of ATP. The lipid substrate enters the reaction cycle
later and activates the dephosphorylation step (Fig. 1 and Ref. 12;
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Figure 3. V., and apparent affinity (K, 5) for PS or PE of M5 and M6
mutants. Residues at positions corresponding to ion-binding residues in the
ion pumps are indicated by an asterisk. The ATPase activity per mg of purified
flippase protein was determined and analyzed in the presence of varying
concentrations of PS or PE as described under “Experimental procedures.”
Examples of the determined concentration dependences and the fitted lines
are shown in Fig. 4. The apparent lipid affinities are expressed as the concen-
tration giving half-maximum activation (K; 5). V..., generally refers to the pla-
teau value obtained at the highest lipid concentration (1000 um PS or 2000
M PE). For a few mutants showing inhibition at high lipid concentration, V.
was taken as the peak value. The V., is shown in percentage of the WT V..,
which was 111 = 43 umol/min/mg for PS and 42 + 16 umol/min/mg for PE
(average = S.D.). All numbers on which this figure is based are found in Table
1. Allthe individual data points collected are shown as circles, and the columns
show the average values. The error bars indicate the S.D. For further informa-
tion on statistics, see Table 1. E indicates that the expression level of the
mutant was too low for reliable determination of the ATPase activity. L indi-
cates that although the mutant was well expressed, the ATPase activity was
too low for reliable determination of substrate affinity.
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see also the Discussion). Fig. 54 shows that the *Asn-905
mutants were fully competent with respect to phosphorylation
from [y->?P]ATP. The steady-state phosphorylation level was
in some of these mutants higher than that of the WT. Fig. 5,
B-D, depicttheresults of studyingthe PS dependence of dephos-
phorylation in the WT and the *Asn-905 mutants as well as
V906E and V906F. The enzyme was phosphorylated in the
presence of [y-**P]ATP, and then PS was added at various con-
centrations followed by acid quenching 5 s later. CHAPS deter-
gent was present to allow the PS to access the flippase protein.
For the WT and V906F, the dephosphorylation initiated by PS
binding was very rapid, resulting in almost complete dephos-
phorylation within the 5 s at PS concentrations above 250 um.
The PS concentration giving half-maximum dephosphoryla-
tion of V906F was ~2-fold increased, compared with WT, in
agreement with the reduction of the apparent PS affinity seen in
the ATPase activity measurement (Table 1). VI06E likewise
showed PS-dependent dephosphorylation, and the PS concen-
tration dependence corresponded to the ~5-fold reduced
apparent PS affinity seen in the ATPase activity measurement.
In addition, V906E exhibited a high plateau level, correspond-
ing to the highest PS concentrations, of as much as ~68% of the
phosphorylation level seen in the absence of PS. As described
previously (18), such a plateau level indicates a reduced maxi-
mal dephosphorylation rate (for VOO6E only ~32% of the phos-
phoenzyme disappeared within the 5 s at the highest PS con-
centrations studied), consistent with the reduced V.. (PS) of
V906E seen in the ATPase activity measurement (Table 1).

Importantly, Fig. 5, B—D shows that the *Asn-905 mutants
exhibited a dramatic insensitivity to PS, with no or very little
dephosphorylation occurring within the 5 s (plateau values of
=75%). Only *N905A and *N905D showed significant PS-de-
pendent dephosphorylation, and the amplitude (~25%) was too
small to allow an accurate determination of the K, 5(PS) for
activation of dephosphorylation. Roughly, from Fig. 5, Band C,
the K, 5(PS) values for *N905A and *N905D appear ~10-fold
higher than that corresponding to WT. In additional experi-
ments the dephosphorylation time course was followed up to
30 s, confirming that the *Asn-905 mutants exhibited a drastic
slowing of the dephosphorylation even at a PS concentration of
1000 pMm, i.e. about 100-fold higher than the K,  for PS activa-
tion of the dephosphorylation of WT, and that the effect was a
little less pronounced for *N905A and *N905D than for the
other *Asn-905 mutants (Fig. 6).

Discussion

The present data make it clear that the central helices, M5
and M6, of the transmembrane domain contain residues that
are crucial players in the mechanism of ATP8A2. Mutation-
sensitive “hot spots” in M5 and M6 seem to be critical for both
the maximal PS- or PE-stimulated activity and the apparent
affinities for PS and PE. It is significant that the hot spot resi-
dues are located at positions corresponding to ion-binding res-
idues in the ion pumps and that alanine substitution of most of
the other M5-M6 residues examined resulted in no or relatively
small effects. The M6 asparagine *Asn-905 pinpointed here as a
hot spot residue is essential for the PS-induced dephosphoryla-
tion. The *Asn-905 mutants exhibited no or very little dephos-
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Table 1

ATPase activity parameters of M5-M6 mutants

The data set for ATPase activities underlying the column diagrams in Fig. 3 is shown here. The V,_ of the mutants is here given in % of the WT V,_, which was 111 * 43
pmol/min/mg for PS and 42 = 16 wmol/min/mg for PE (average = S.D.). The K, 5(PS) and K, ;(PE) values were extracted as described in “Experimental Procedures”.
Calculated V. (PE)/V, ..(PS) and K, ;(PE)/K, 5(PS) ratios (all based on the values in % WT) are also shown to indicate changes to the lipid substrate selectivity. The four
mutants for which the data were obtained in previous studies are indicated by superscripts corresponding to the references (12) and (18). The horizontal line in the middle
separates M5 and M6 residues. Mutations to residues aligning with ion binding residues in the ion pumps are marked by *. The superscript " indicates that inhibition was
observed at the highest concentrations of the lipid substrate (cf. the legend to Fig. 4). S.D. is indicated by *. The number of independent experiments contributing to the
determination of each parameter is indicated by 7. Numbers in parentheses and the arrow indicate fold change relative to WT, 1 for increase and | for decrease (an
increase of K|, ; corresponds to reduced apparent affinity). “E” indicates that the expression level of the mutant was too low for reliable determination of the specific ATPase
activity. “L” indicates that although the mutant was well expressed, the ATPase activity was too low for reliable determination of the parameter.

ATPase activity stimulated by PS ATPase activity stimulated by PE Vaax(PE)Y  Kos(PE)/
Vmu(PS) KOS(PS)
Name Viax (%) 1 Kos (uM) n V(%) n Kos (uM) no(%/%) (%/%)

WT 100+39 118 41 +10 69 100+38 68 457 + 1370 46 1.0 1.0
K865A2 8714 58+ 4 (1.41) 86+0.8 710 £ 70 (1.61) 1.0 1.1
C866A 88+ 13 4 51+11(1.217) 4 71+94 2 906 + 353 (2.01) 2 0.8 1.6
1867A 79+42 5 112+24(271) 4 59448 3 11054269 241) 3 038 0.9
L868A 66+ 16 4 83 +12(2.01) 4 5351 4 730 £ 132 (1.61) 2 0.8 0.8
*Y869A 97«18 6  34x11(12)) 5 127+13 5  375£175(12)) 4 13 1.0
*C870A  86+15 5 42+£21(WD) 3 64%22 4 983x138Q.11) 2 0.7 2.1
F871A 44 +23 5 136 +43 (3.31) 5 13+£3.7 3 1316 £ 576 (2.91) 3 0.3 0.9
*Y872A 72+17 4 324£9.1(1.3)) 4 81+34 2 619 £ 242 (1.47) 2 1.1 1.7
*K873A  2.6+0.1 600 + 100 (141) 0.5+0.1 L 0.2 L
*N874A?  18+0.1 170 +£20 (4.17) 1.8+0.1 L 0.1 L
V875A 72413 3 25+£13(16l) 3 90£80 3  408+66(l.1) 3 12 15
V876A  92+18 2 118+£24(291) 3 71429 6 1236447 271) 4 0.8 0.9
V876R E E E E

V876T 84+ 15 3 115+ 69 (2.87) 6 107+27 4 777 £282 (1.71) 3 13 0.6
*I877A  87£23 3 38+12(L.1)) 5 57«35 5 346+98(13)) 4 0.6 0.8
*L877E 79 + 25 4 57+20(147) 5 22+ 14 6 481 +218 (1.17) 6 0.3 0.8
*L877F 82+ 13 <1 37+11(1.1)) 5 26+8.9 q 318424 (14)) =} 0.3 0.8
*1877Q 98«16 3 T1+14(17D) 4 S54£15 5 592£192(131) 6 05 0.8
*1L877S 78 + 47 4 40+ 11 (WT) 5 28 +11 4 425 + 131 (1.1)) 4 0.4 1.0
Y878A 67+17 6 113 +£27 (2.71) 4 76 +23 5 638 +209 (1.41) 3 1.1 0.5
1879A 39+98 10 25+9.6 (1.7)) 6 42+77 8 356+47(1.3)) 5 1.1 1.3
I880A 72 +31 4 70 +26 (1.71) 2 56+ 12 7 549 +215 (1.21) 3 0.8 0.7
ES81Q 72437 4 34+86(12l) 4 39+27 7  401+121(111) 5 05 1.1
1.882A 76 +27 7 135+ 54 (3.31) 7 54 +21 11 918 4 356 (2.01) 7 0.7 0.6
WS883A 45+ 19 5 36+3.1(1.2)) 2 24 +21 4 936 + 359 (2.01) 2 0.5 24
F884A 94 + 41 4 61+17(1.51) 4 66 + 52 2 805+ 31 (1.81) 2 0.7 12
A885N 74 £ 35 5 63 +20 (1.51) 2 28 +26 4 380420 (1.2]) 2 0.4 0.5
F886A 87 +34 4 96 + 57 (2.31) 2 104+25 5 309443 (1.5)]) 2 1.2 0.3
WS899A 40+9.8 5 18+7.7 231} 6 7412 9 27159 (1.7)) 6 1.8 13
C900A 92 + 26 S 47+7.0 (1.117) 2 94 +26 6 700 + 16 (1.51) 3 1.0 13
1901A 69 + 13 5 343+119(8.31) 4 11+£12 3 910 £ 359 (2.01) 3 02 0.2
G902A 102 + 28 6 59+11(1.41) 4 84 +37 S 426+ 149 (1.1)) 2 0.8 0.7
G902L 88+15 10 29+19(14)) 7 12+19 7 338+9.8(14)) 3 1.4 1.1
G902Q 21498 7 36+£16(1.2]) 5 16+ 4.1 6 262+ 134 (1.7)) 3 0.7 0.7
L903A 102 + 22 S 33+£11(1.3)) 2 82+35 5 318+48(14)) 4 0.8 0.9
Y904A 31+16 4 58 +£21(141) 4 26+18 2 468 +98 (WT) 2 0.1 0.7
*N9OSA 12408 11 315+158(7.61) 5 13+08 7  841+222(18D) 6 1.0 02
*N905SD 0.2+0.1 9 L 03+£03 5 L L L
*N9OSE 0.1+0.1 6 L 00+0.1 3 L L L
*N90SH 0.5+0.2 9 L 1.8+£10 S L L L
*N90OSL 0.8+0.5 4 L 22+1.1 2 L L L
*N905Q 1.0+0.4 4 L 1.6£05 2 L L L
*N90OSR 0.5+0.1 3 L 1.0£07 5 L L L

VO06A’S 2525 201 (2.14)i 27+6.0 103 + 14 (4.4 1.1 0.5
V90GE 2465 8 218+137(531) 4 34+31 6  654+£553(141) 2 02 03
V9OGF 50£30 2 71£62(L71) 2 13%21 2 836+606(1.81) 2 03 1.1
V906L 81+£29 3 57+22(141) 3 48+23 9  658+242(141) 4 0.6 1.0
V906Q 2442 5 16+40Q26)) 4 1786 6  651+71(141) 3 0.8 37
V906S 2459 4 16+11(26)) 4 24+16 3 206+114Q2)™ 3 1.1 12
1907A 97+£19 4 37+77(11) 2 81£10 8  584+143(131) 4 0.8 14
*FO08A  40+39 4 43+£50(WI) 2 32£16 6 474+128(WI) 3 08 1.0
*TO09A  55+44 4 32+58(130) 3 61£22 4 235+£46(1LoH)M 3 1.1 0.7
*T909D E E E E

*T90ON E E E E

*T909S  76+58 3 47+62(L.11) 2 68+£20 4  S541+161(121) 2 0.9 1.0
*TO0OV 62425 8  24+22(17)) 3 60£13 6 242+159 (19H)™ 3 1.0 0.9
A910N 71424 4 33£28(13)) 2 99+£72 2 551+168(121) 2 14 1.5
L911A 98429 3 64+51(1.61) 2 89+27 4  280+34(16)) 2 0.9 04
P9I12A 64+35 3 55:41(131) 2 72427 3 440+301 (WI) 2 1.1 0.7
P913A 10814 4  26+37(16)) 3 136%36 4  403+£252(1.1]) 5 13 1.4
FI14A 83+£17 4 68+29(161) 2 81%37 3  813+413(181) 3 1.0 1.1
T915A 90+£21 5 61+£56(151) 2 97+44 4 S13+£316(L17) 2 1.1 08
L9I16A 4575 5 67+44(16D) 2 49+14 4 489+132(L11) 2 1.1 0.7
G917A 4011 5 77+42(091) 3 6540 3 377+66(12]) 2 1.6 04
918A 75421 4 87+13(211) 2 120435 2 8284361 (1.81) 3 1.6 0.9
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Figure 4. Examples of the PS and PE concentration dependences of
ATPase activity summarized as K, 5 values in Fig. 3. The ATPase activity
was determined in the presence of CHAPS detergent and the indicated con-
centrations of PS (A) or PE (B), keeping a constant total lipid concentration by
varying also the concentration of PC (inert with respect to ATPase activity).
The maximum ATPase activity per mg of flippase protein was taken as 100%
(see legend to Fig. 3 for absolute value). The lipid concentration giving half-
maximum activation (K, ) was determined as described under “Experimental
procedures” with the lines showing the best fits. Inhibition was in some cases
observed at the highest concentrations of the lipid substrate and is most
likely due to displacement of the E,-E, equilibrium in favor of E, (see Fig. 1
and Ref. 18). Error bars (shown only when larger than the size of the symbols)
represent S.D.

1000 1500 2000

phorylation, even at high PS concentration, which explains
their low ATPase activity. This asparagine is highly conserved
among P4-ATPases. The corresponding residues in the ion
pumps Ca®*-ATPase (Asn-796 in rabbit SERCA1), Na*,K*-
ATPase (Asp-804 in pig «1), and H*,K*-ATPase (Glu-820 in
pig a1) are known to participate directly in the interaction with
the ions being transported (14-16, 22) (see Fig. 2). Alanine
mutation of Asn-796 of the Ca®>*-ATPase disrupts Ca>" occlu-
sion and blocks the dephosphorylation of E,P, with the latter
effect being similar to the present observation for mutations to
*Asn-905 of ATP8A2. The dephosphorylation block of the
Ca®*-ATPase seems to be associated with a role of Asn-796 in
proton countertransport, i.e. transport in the same direction
across the membrane as the PS transport by ATP8A2. The
binding of protons to be countertransported is thought to be
part of the signal transduction activating the dephosphoryla-
tion (23, 24). The equivalent residues in Na*, K" -ATPase (Asp-
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Figure 5. Phosphorylation and PS concentration dependence of dephos-
phorylation. A, phosphorylation in the presence of 2 um [y->?P]ATP was car-
ried outfor 30 sat0 °Cin the presence of CHAPS detergentas described under
“Experimental procedures.” The level of phosphorylation per mg of purified
flippase protein is shown in percentage of WT. All the individual data points
collected are shown as circles, and the columns show the average values. B-D,
to initiate dephosphorylation, PS dissolved in the presence of CHAPS deter-
gentwas added at the final concentrations indicated on the abscissa. After 5 s,
the reaction was terminated by acid quenching. The phosphorylation level
with PCadded instead of PS was taken as 100%. For direct comparison in each
panel, the dotted lines reproduce the WT from B. Error bars (shown only when
larger than the size of the symbols) represent S.D.
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Figure 6. Time course of dephosphorylation induced by PS. Phosphory-
lation in the presence of 2 um [y->2P]ATP was carried out for 30 s at 0 °Ciin the
presence of CHAPS detergent as described under “Experimental procedures.”
Thereafter (at time 0), 100 um unlabeled ATP (to terminate phosphorylation
from [y->2P]ATP) with PS (final concentration 1000 um) and PC to maintain a
totallipid concentration of 1 mg/mlwasadded,and the time course of dephos-
phorylation was followed by acid quenching at the indicated time intervals.
For direct comparison in each panel, the dotted lines reproduce the WT from
the upper left panel. Error bars (shown only when larger than the size of the
symbols) represent S.D.

804) and H*, K" -ATPase (Glu-820) are essential for the binding
of K™ to E,P (22, 25). In H* , K" -ATPase, charge neutralization
of Glu-820 by substitution with glutamine led to an anomalous,
K*-independent dephosphorylation and resulting constitutive
activation of ATP hydrolysis (22, 26), thus clearly indicating a
role in the signal transduction involved in dephosphorylation.

The ATP8A2 M5 residues *Lys-873 and *Asn-874, which
were previously studied (12) and have been included here in Fig.
3 and Table 1, appear almost as critical for function as *Asn-
905. They are located in positions corresponding to a serine and
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Figure 7. Structural relations in ATP8A2 E,P and E, models of relevance to the present data. These models were obtained by homology modeling based
on Ca®*-ATPase crystal structures with refinement by molecular dynamics simulation corresponding to 100 ns (18). The transmembrane segments are here
viewed from the cytoplasmic side of the membrane and are shown in cartoon with the most important residues discussed in the text in stick representation
(carbon, yellow; oxygen, red; and nitrogen, blue). The color code for transmembrane segments is as follows: M1, orange; M2, purple; M3, blue; M4, wheat; M5,
brown; M6, green; and M7-M10, gray. The red * on the E, model indicates the peripheral (hydrophobic gate) pathway discussed.

an asparagine that contribute to bind and occlude the ions
being transported in Ca”>*-ATPase (Asn-768 in rabbit
SERCAL1) and Na*,K"-ATPase (Ser-775 and Asn-776 in pig
al). The H" K" -ATPase has a lysine at the same position as
*Lys-873 of ATP8A2. During the proton translocation by the
H*,K"-ATPase, this lysine seems to assist the dissociation of
the proton on the luminal side by forming a salt bridge with the
proton-binding glutamate, Glu-820, aligning with *Asn-905 of
the flippase.

Further along this line, the critical ATP8A2 M4 isoleucine,
Ile-364, previously implicated as part of a hydrophobic gate
moving the lipid headgroup (see the Introduction), aligns with a
most essential glutamate involved in ion binding and occlusion
in the ion pumps (Glu-309 in rabbit SERCA1, Glu-327 in pig a1
Na*,K*-ATPase, and Glu-343 in pig «1 H*,K*-ATPase) (18).
Hence, adding together all this evidence for conservation
between flippases and P-type ion pumps of key functional ele-
ments in the transmembrane domain, it is evident that they
must share more mechanistic similarities than previously real-
ized. Thus, there are not only similarities in the catalysis of ATP
hydrolysis by conserved residues in the cytoplasmic P- and
A-domains but certainly also similarities relating to the
transport event and energy coupling taking place in the
transmembrane domain, including the signal transduction
responsible for activation of the dephosphorylation induced
by the lipid substrate.

Besides the similarities between flippases and P-type ion
pumps, there are also marked differences, including the appar-
ent lack in flippases of a substrate being transported from the
cytoplasmic side toward the exoplasmic side (see Fig. 1). Such a
cis-transported substrate (cis with respect to ATP) is a hallmark
of the P-type ion pumps (Ca®>",Na™,and H" for Ca*>*-ATPase,
Na™,K"-ATPase, H",K"-ATPase, and H"-ATPase), and its
binding to the E; form is mandatory for activation of the phos-
phoryl transfer from ATP, whereas no ion (H, SO27, acetate,
Cl7, Ca®?*, Na™, and K" are just some of those examined) or
other substrate has been identified as a trigger of the phosphor-
ylation of a flippase (1).
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Another significant difference between flippases and P-type
ion pumps is the large size of the substrate of flippases, which
has led to the proposal of transport pathways that are more
peripherally located in the transmembrane domain (credit card
model) than the narrow space between the central transmem-
brane helices, M4, M5, M6, and M8, where the ions translo-
cated by the ion pumps become occluded during their translo-
cation, as described in the Introduction. Two different, but
partially overlapping, peripheral transport pathways in the flip-
pases have been proposed: the two-gate mechanism (20) and
the hydrophobic gate mechanism (18), which involve trans-
membrane helices M1, M2, M3, and M4 or M1, M2, M4, and
M6, respectively (see Fig. 7, red star on E, model). The data set
we now have for the centrally placed M5 and M6 helices
emphasizes the need for explaining the roles of the crucial M5
and M6 residues in the translocation process, in particular the
key role of *Asn-905 in the substrate-induced dephosphoryla-
tion. Fig. 7 shows a cross-sectional view of the transmembrane
domain seen from the cytoplasmic side in the E, and E,P struc-
tural models of ATP8A2 obtained by homology modeling based
on the Ca®?*-ATPase crystal structures and refinement by
molecular dynamics simulation (18). In these models, *Lys-873
and *Asn-874 of M5 together with *Asn-905 and *Thr-909 of
M6 are located in the center of the transmembrane domain,
close together and presumably interacting through hydrogen
bonds. The present findings show that *Asn-905 is of such cru-
cial importance that not even glutamine could substitute
to allow PS-induced dephosphorylation and, thus, ATPase
activity. The polar, oxygen- and nitrogen-containing, but
uncharged, glutamine side chain has chemical properties simi-
lar to asparagine, differing only by the additional length corre-
sponding to a single carbon atom. Hence, its inability to replace
the asparagine functionally indicates that a precise steric fit is
crucial. For each of the two modeled conformational states in
Fig. 7, the central region between M4, M5, M6, and M8 was the
most stable part of the transmembrane domain during the
molecular dynamics refinement (Fig. 8). The hydrogen bonding
network between the critical residues of M5 and M6 in the
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Figure 8. Asn-905 and Lys-873 are part of a “stability cluster.” The upper panels show in top view from the cytoplasmic side of the membrane domains of
ATP8A2 the E,P and E, models (see Fig. 7), aligned with M7-M10 helix backbones as reference. In the E,P model, the respective side-chain oxygen atoms of
Thr-909 and Asn-905 are only 2.8 and 3.4 A from the side-chain nitrogen atom of Lys-873, suggesting stable interactions among these residues. In the £, model,
the side-chain oxygen of Ser-365 is only 3.1 A from the side-chain nitrogen atom of Lys-873. These interactions may stabilize the position of M4 with lle-364,
which together with other hydrophobic residues shown, including lle-362 and Leu-367 of M4, Phe-88 of M1, lle-115 of M2, and Val-906 of M6, make up a
hydrophobic gate (18). The lower panels demonstrate the stability of the core region in the molecular dynamics simulation (18). The root mean square
fluctuation of the 20-ns molecular dynamics simulation compared with the original homology models was computed and assigned to cartoon figures with blue
signifying low and red signifying high divergence from the original models. Lys-873 is shown in yellow licorice as above.

center of the transmembrane domain appears stable for each
conformational state and could aid the correct placement of
critical residues in other segments such as M4, which in the
hydrophobic gate mechanism (18) interacts with the lipid dur-
ing its translocation. The implication is that *Asn-905, despite
its functional importance, is only indirectly involved in interac-
tion with the lipid. According to the modeling, *Asn-905 is
close to the proline kink of M4 near the hydrophobic gate res-
idue *Ile-364 (PISL motif). In the E, model, *Asn-905 is within
hydrogen bonding distance of the M4 residue Asn-360, one
helix turn from *Ile-364, and juxtaposed to Asn-359, previously
shown to be critical to the affinity for the lipid substrate (18).
Moreover, in addition to the hydrogen bond between *Lys-873
and *Asn-905, a new hydrogen bond appears to be established
between *Lys-873 and Ser-365 in connection with the transi-
tion from E,P to E, (Fig. 8). This serine is located in M4 right
beside *Ile-364, so this event might be involved in the move-
ment of *Ile-364 that pushes the lipid along. With such a sce-
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nario, each of the mutations to *Asn-905 analyzed in the pres-
ent study would be expected to largely disturb the hydrogen
bonding network and, thereby, indirectly the binding of the
lipid substrate and/or the signal transduction leading to dephos-
phorylation, which likely involves M4 with its direct connection
to the P-domain. Mutation of *Asn-905 would also affect the
position of its hydrogen bonding partner, *Lys-873, which like
*Asn-905 is important for the dephosphorylation (12) and is
connected via M5 to the P-domain and therefore may as well be
part of the mechanism of signal transduction to the phosphor-
ylation site.

The analysis of Val-906 mutants showed that replacement
with alanine, serine, or glutamine led to increased apparent
affinity for PS, whereas the negatively charged glutamate,
despite being isosteric with glutamine, led to a marked, 5-fold
reduction of the apparent affinity for PS but had little effect on
the apparent affinity for PE, similar to glutamine. Because the
headgroup of PS carries net negative charge, whereas that of PE
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is electrically neutral, the low PS affinity of the VOO6E mutant
may be related to electric repulsion between the negative glu-
tamate side chain and the PS headgroup during passage of the
lipid substrate relatively close to the position of Val-906. In the
structural models, the orientations of the side chains of *Asn-
905 and Val-906 differ critically, the former pointing into the
center between M4, M5, M6, and M8 as discussed above,
whereas the latter points into the proposed hydrophobic gate
peripheral pathway between M1, M2, M4, and M6 (indicated by
the red star on the E, model in Fig. 7). The data are therefore in
accordance with the lipid headgroup moving along the latter
pathway, and it is conceivable that a conformational change
elicited by the presence of the lipid headgroup here can activate
the dephosphorylation via *Asn-905.

As an alternative to the interpretation of the data in terms of
the hydrophobic gate peripheral transport pathway, a central
pathway between M4, M5, M6 and M8, similar to that of the ion
pumps, might be considered (the “canonical” pathway (20)). A
widening of the central space between *Lys-873, *Asn-874,
*Asn-905, and *Thr-909 to accommodate the lipid substrate
here would disrupt the modeled tight interactions between
these residues shown in Fig. 7, implying that they would inter-
act with the lipid substrate instead of with each other. Against
this scenario as a possible reason for the functional importance
of Lys-873, *Asn-874, and *Asn-905 stands the present finding
that most of the other M5-M6 residues were mutation-insensi-
tive, which would be rather surprising if the “giant” lipid sub-
strate were bound between these helices. Evidence against a
direct involvement of *Asn-905 in the binding of the lipid head-
group is furthermore provided by the finding that all the *Asn-
905 substituents examined in this study caused a drastic effect
on the dephosphorylation, irrespective of polarity and charge.
Larger differences between the effects of the various *Asn-905
substitutions, similar to those seen for the Val-906 substitu-
tions, would be expected if the negatively charged headgroup of
PS interacted with *Asn-905. In particular, the negative charge
of the aspartate substituent should repel PS. The functional
effect was, on the contrary, a little less pronounced for *N905A
and *N905D than for the other *Asn-905 mutants, which is best
explained by the size of their side chains being more similar to
that of the genuine asparagine.

Concluding remarks

*Asn-905 is here shown to be a key residue in the mechanism
determining the sensitivity of the ATP8A2 phosphoenzyme to
the lipid substrate. This finding in combination with the align-
ment showing that *Asn-905 is located in a position corre-
sponding to key ion-binding asparagine/aspartate/glutamate
residues of Ca’*-ATPase, Na"-K"-ATPase, and H",K"-
ATPase indicates that the signal transduction mechanism of
the flippase is fundamentally very similar to that of the ion
pumps. Our analysis shows that the new information can be
reconciled with a model in which the translocation pathway is
peripherally located (e.g. the hydrophobic gate mechanism
(18)), although a centrally located transport pathway is not
excluded.

Since 2013 it has been known that the I364M mutation of the
hydrophobic gate residue (I376M in human) causes the neuro-
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logical disorder CAMRQ syndrome (7, 18). Remarkably, the
*N905D mutation studied here (N917D in human) was very
recently identified as the cause of CAMRQ syndrome in a dif-
ferent family (9). Our results showing that the N905D variant
lacks activity is consistent with the loss in function of ATP8A2
as the mechanism responsible for this disorder.

Experimental procedures

Mutagenesis of the pcDNA3 vector encoding the bovine
ATP8A2 protein, coexpression with bovine CDC50A in
HEK293T cells, and purification by immunoaffinity chroma-
tography, taking advantage of a C-terminal 1D4 tag on
ATP8A?2, followed by reconstitution into PC vesicles and quan-
tification of the protein content by Coomassie Blue staining of
SDS-polyacrylamide gels with the purified ATP8A2/CDC50A
preparations have been described previously in detail (12, 18,
27). The functional analysis was carried out on the reconsti-
tuted vesicles resolubilized in CHAPS detergent to allow addi-
tion of the lipid substrates PS and PE. The specific ATPase
activity (umol of P,/min/mg of purified protein) was deter-
mined by following the liberation of P, 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 MgCl,, 1 mm DTT, 9 mm CHAPS, and 0-1000 um
PS or 0-2000 um PE with various concentrations of PC added
to maintain a total lipid concentration of 2.5 mg/ml (approxi-
mately 3000 uMm). The reaction was terminated by addition of an
equal volume of 12% (w/v) SDS, and the P, liberation was mea-
sured colorimetrically (27).

Phosphorylation with [y->*P]ATP was carried out at 0 °C for
30sin the presence of 2 uMm [y-**P]ATP, 50 mm Hepes-Tris (pH
7.5), 150 mm NaCl, 1 mm MgCl,, 1 mm DTT, and 10 mm
CHAPS. The dephosphorylation was initiated by addition of
various concentrations of PS (up to a maximum of 1000 um)
and PC (the latter to maintain a constant total lipid concentra-
tion of 1 mg/ml) dissolved in 50 mm Hepes-Tris (pH 7.5), 150
mM NaCl, 1 mm MgCl,, 1 mm DTT, and 10 mm CHAPS. The
reaction was terminated after 5 s with 7% TCA and 1 mm H;PO,,
or 25% TCA and 100 mm H;PO, followed by precipitation on
ice and SDS-PAGE under acidic conditions, taking advantage of
the acid stability of the acylphosphate intermediate. The gels
were fixed in 10% acetic acid and dried. Quantification of the
radioactive phosphorylated bands on the gel was carried out
with the Packard Cyclone™" Storage Phosphor System.

All data analyses were carried out with SigmaPlot software
(SPSS, Inc.). Error bars in figures (shown only when larger than
the size of the symbols) represent S.D. To determine the
K, 5(PS) and K, 5(PE) (lipid concentrations giving half-maxi-
mum activation), the one-site binding equation (Equation 1)
was fitted to the data points corresponding to the concentration
dependence of the ATPase activity.

) [L]
V= (Vmax _YO)'m + Yo

(Eq. 1)
L is the concentration of PS or PE, and y, is the minute
ATPase activity determined in the absence of PS or PE (only PC
present).
In cases where the highest PS or PE concentrations resulted
in inhibition, only the data points corresponding to the rising
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part were fitted using Equation 1, to extract K, , and to draw
the lines shown the following equation was used (Equation 2).

[L] (L]
V= (Vinax — Yo) "Kos + [L] + Y — /max’m

(Eq.2)

1.« is the maximal inhibition, and IC, is the lipid concen-
tration giving half-maximum inhibition.
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