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Background: Drs2p was known to be stimulated by phosphatidylinositol 4-phosphate (PI(4)P), but the mechanism was
unclear.
Results: Loss of the C-terminal tail, or presence of PI(4)P, stimulates the activity of Drs2p.
Conclusion: Inhibition of Drs2p activity by its C-terminal tail is relieved by PI(4)P.
Significance: This is the first evidence for an auto-inhibitory domain in a phospholipid flippase.

Drs2p, a yeast type IV P-type ATPase (P4-ATPase), or flip-
pase, couples ATP hydrolysis to phosphatidylserine transloca-
tion and the establishment ofmembrane asymmetry. A previous
study has shown that affinity-purified Drs2p, possessing an
N-terminal tandem affinity purification tag (TAPN-Drs2),
retains ATPase and translocase activity, but Drs2p purified
using a C-terminal tag (Drs2-TAPC) was inactive. In this study,
we show that theATPase activity ofN-terminally purifiedDrs2p
associates primarily with a proteolyzed form of Drs2p lacking
the C-terminal cytosolic tail. Truncation of most of the Drs2p
C-terminal tail sequence activates its ATPase activity by
�4-fold. These observations are consistent with the hypothesis
that the C-terminal tail of Drs2p is auto-inhibitory to Drs2p activ-
ity. Phosphatidylinositol 4-phosphate (PI(4)P) has been shown to
positively regulate Drs2p activity in isolated Golgi membranes
through interaction with the C-terminal tail. In proteoliposomes
reconstitutedwithpurified,N-terminallyTAP-taggedDrs2p, both
ATPase and flippase activity were significantly higher in the pres-
ence of PI(4)P. In contrast, PI(4)P had no significant effect on the
activity of a truncated form of Drs2p, which lacked the C-terminal
tail. This work provides the first direct evidence, in a purified sys-
tem, that aphospholipid flippase is subject to auto-inhibitionby its
C-terminal tail, which can be relieved by a phosphoinositide to
stimulate flippase activity.

P-type ATPases are a large family of membrane pumps that
transport various substrates, such as ions, against their chemi-
cal gradients acrossmembranes. They are divided into five sub-
families (P1- to P5-ATPases) and further into smaller sub-
groups based on sequence homology and substrate specificity
(3, 4). The P4-ATPases4 translocate specific phospholipid mol-

ecules from the extracellular leaflet of the plasmamembrane, or
luminal leaflet of internal organelles, to the cytosolic leaflet.
This activity is crucial for both the establishment of plasma
membrane asymmetry and vesicle-mediated protein transport
in the secretory and endocytic pathways (5). The overall archi-
tecture of P-type ATPases is exemplified by the crystal struc-
tures of several P-type ATPases. They possess three cytosolic
domains (A: actuator; N: nucleotide binding; P: phosphoryla-
tion) and a multispan transmembrane domain (6, 7). In addi-
tion to these common structural features, some P-type
ATPases have an additional regulatory cytosolic domain, called
an R domain, within the N- or C-terminal cytosolic tail of the
protein (8–16). Some members of the P-type ATPase family
also have additional �-subunits associated with them. There is
evidence that these subunits, in varying degrees, aid in regula-
tion, folding, and/or proper localization of the P-type ATPase
(4, 5, 17).
The R domain serves as an auto-inhibitory element that lim-

its the activity of the P-type ATPase. Removal of the R domain,
by limited proteolysis or genetic engineering, activates the pro-
tein. Various regulatory activities can relieve the auto-inhibi-
tion caused by this R domain. For example, the P2B-ATPase
subgroup, comprising the plasma membrane Ca2� pumps,
contains an R domain in the C-terminal tail (in animals) (8, 9,
18) or in the N-terminal tail (in plants) (13–16, 19). When cal-
modulin interacts with this R domain, it displaces the auto-
inhibitory tail and activates the protein for Ca2� transport.
Phosphorylation of serine or threonine residues within the R
domain of P2B-ATPases has also been found to regulate
ATPase activity by disrupting calmodulin binding and resulting
in protein activation (in animals) or inactivation (in plants)
(18–21). The P3A-ATPase family, which comprises plasma
membrane proton pumps from plants and fungi, also possesses
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a C-terminal R domain and utilizes a similar activation mecha-
nism, which includes phosphorylation and binding of regula-
tory proteins to the R domain (10–12, 22–27). Evidence for the
role of theN terminus in regulating P-typeATPase function has
also been shown (28, 29).
Drs2p is a P4-ATPase from the budding yeast Saccharomyces

cerevisiae. At steady state, Drs2p is localized primarily to the
trans-Golgi network (TGN) and is involved in multiple protein
trafficking pathways between the TGN, plasmamembrane and
endosomes (5). Drs2p is structurally similar to the other P-type
ATPases with A, N, and P cytosolic domains and 10 transmem-
brane segments (5). Drs2p associates with a�-subunit, Cdc50p,
which is its co-chaperone and a member of the Cdc50p family
of proteins. Cdc50p is essential for proper localization of Drs2p
within the cell (30–32). Drs2p catalyzes a phosphatidylserine
(PS) flippase activity detected in isolated TGNmembranes (33)
and post-Golgi secretory vesicles (34), as well as in proteolipo-
somes reconstituted with purified Drs2p (1). Interestingly, like
P2B- andP3A-ATPases,Drs2p appears also to have anRdomain
within its C-terminal tail. Features identified in the Drs2p R
domain include amotif that bindsGea2p (anArf guanine nucle-
otide exchange factor) (35) and a region that binds phosphati-
dylinositol 4-phosphate (PI(4)P) (2). Drs2p flippase activity was
virtually abolished in TGNmembranes isolated from yeast cells
deficient in Gea2p and PI(4)P production, and addition of
Gea2p and PI(4)P to these TGN membranes restored flippase
activity (2). Additional evidence from the Lenoir laboratory
sheds light on the role that PI(4)P plays in Drs2p regulation. It
was found that, in crude membranes, PS inhibited the dephos-
phorylation of the Drs2p-Cdc50p complex. It was only in the
presence of PI(4)P that PS was able to accelerate the dephos-
phorylation step associated with substrate transport (36).
These results suggested that Drs2p is auto-inhibited by its
C-terminal tail in the absence of Gea2p and PI(4)P, both of
which are positive regulators that stimulate Drs2p activity by
binding to its C-terminal R domain. In this study, we present
evidence that directly supports this hypothesis.

EXPERIMENTAL PROCEDURES

Reagents—IgG-Sepharose 6 Fast Flow, calmodulin-Sephar-
ose 4B, and ATP (�99% purity) were from GE Healthcare.
ATP�S was from Sigma, and nickel-nitrilotriacetic acid-aga-
rose was from Qiagen. AcTEV protease and SimplyBlue
SafeStain (Coomassie G-250) were from Invitrogen. SM-2 Bio-
Beads were from Bio-Rad, and Triton X-100, polyoxyethylene
(9) dodecyl ether (C12E9), and polyoxyethylene (8) dodecyl
ether (C12E8) were from Anatrace. Phospholipids and fluores-
cent derivativeswere fromAvanti Polar Lipids andwere:DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPS (1,2-
dioleoyl-sn-glycero-3-phosphoserine), PI(4)P (L-�-phosphati-
dylinositol-4-phosphate from porcine brain), NBD-PC
(1-palmitoyl-2-[6-(NBD-amino)hexanoyl]-sn-glycero-3-phos-
phocholine), C6 NBD-PS (1-palmitoyl-2-[6-(NBD-amino)-
hexanoyl]-sn-glycero-3-phosphoserine), and C12 NBD-PS
(1-palmitoyl-2-[12-(NBD-amino)dodecanoyl]-sn-glycero-3-
phosphoserine). Lipids were dissolved in chloroform except
PI(4)P, which was dissolved in chloroform/methanol/water
(20:9:1, v/v/v), and stored at �20 °C. Antibodies used in this

study were rabbit primary antibodies against Drs2p, and an
Alexa Fluor 680-labeled goat secondary antibody against rabbit
IgG (Invitrogen).
Media and Strains—Yeast cells were grown in standard rich

medium (1% yeast extract/2% peptone/2% dextrose) or syn-
thetic minimal media containing required supplements (37),
and nutrients were doubled in cell cultures for protein purifi-
cation purposes.
The yeast strains used were XZY63b (MAT� his3 leu2 ura3

lys2 atp2�::URA3 PGPD::CDC50 pRS425-PGPD::TAPN::DRS2),
XZY51 (MAT� his3 leu2 ura3 lys2 atp2�::URA3 PGPD::CDC50
pRS425-PGPD::DRS2:TAPC), XZY85 (MAT� his3 leu2 ura3 lys2
atp2�::URA3 PGPD::CDC50 pRS425-PGPD::N::DRS2::TAPC),
XZY94 (MAT� his3 leu2 ura3 lys2 PGPD::CDC50 pRS425-
PGPD::DRS2::(TEV)::TAPC2), XZY95 (MAT� his3 leu2 ura3 lys2
PGPD::CDC50 pRS425-PGPD::DRS2(TEV)CT121:: (TEV)::TAPC2),
XZY96 (MAT� his3 leu2 ura3 lys2 PGPD::CDC50 pRS425-
PGPD::DRS2(TEV)CT121::TAPC2), and XZY60m (MAT� his3 leu2
ura3 lys2 atp2�::URA3 PGPD::TAPN::DRS2 PGPD::CDC50), where
TAPN encodes the Protein A-TEV protease cleavage site-His10
tag, TAPC encodes the calmodulin-binding peptide (CBP)-TEV
protease cleavage site-ProteinA tag, (TEV) encodes theTEVprote-
ase cleavage site, TAPC2 encodes the Protein A-His10 tag, and
DRS2(TEV) CT121 encodes a modified Drs2 protein that has the
TEV protease cleavage site inserted in its C-terminal tail at the
position that is 121-residue away from theC-terminal endofwild-
type Drs2p.
Protein Purification—TAP-tagged Drs2p was affinity-puri-

fied using a TAP procedure described previously with some
modifications (1). Briefly, yeast cells were cultured to 3–6
A600/ml inminimalmediumor 5–10A600/ml in richmedium at
30 °C, harvested, and lysed using an EmulsiFlex-C3 High Pres-
sure Homogenizer (Avestin). The cell lysate was centrifuged at
15,000 � g for 12 min, and 20% Triton X-100, C12E9, or C12E8
was added to the supernatant to a final concentration of 1% to
solubilize Drs2p. TAP-tagged Drs2p was then purified using an
IgG column plus either a Ni2� column (for TAPN and TAPC2)
or a calmodulin column (for TAPC). In experiments where
Drs2p was first purified using the TAPN tag and then different
Drs2p populations were separated using the TAPC tag, the pro-
cedure was a combination of the TAPN purification plus the
second affinity step (the calmodulin column) of the TAPC puri-
fication. Experiments where proteins were purified for the pur-
poses of performing flippase assays were performed using
C12E8 exclusively.
PurifiedDrs2p samples (except samples to be used in flippase

assays) were centrifuged in a Microcon YM-100 filter (Milli-
pore) at 13,000 � g for 15 min at 4 °C to near dryness and
resuspended in the desired amount of storage buffer (40 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 40% glycerol, 0.1% Triton
X-100) to store at �20 °C. Recovery of Drs2p was determined
using Odyssey Infrared Imaging System (LI-COR) to quantify
SimplyBlue-stained bands relative to a BSA standard curve.
The recombinant Sec7 domain of Gea2p was purified as
described previously (2).
Proteoliposome Formation—Purified Drs2p was reconsti-

tuted into proteoliposomes as described previously with some
modifications (1). Briefly, 0.5 ml of single-step affinity-purified
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Drs2p using a nickel-nitrilotriacetic acid column was mixed
with 2 mg of lipid mixture solubilized in 0.5 ml of 1% C12E9 for
30 min at 4 °C. After addition of 200 mg of extensively washed
SM-2 Bio-Beads, and 12–15 h of incubation on an end-over-
end rotator at 4 °C, the supernatant containing proteolipo-
somes was carefully removed and stored at 4 °C.
We found that proteoliposomes formed with Drs2p purified

in C12E9 were often too “leaky” to use in flippase assays. The
membrane seal was significantly improved when reconstitu-
tions were performed using C12E8 solubilized protein. There-
fore, the following changes were made during proteoliposome
formation. 2mgof lipidswas solubilized in a 0.5-ml volume that
contains 1.5% C12E8 and was incubated for 30 min at 4 °C. 150
mg of extensively washed SM-2 Bio-Beads was then added to
this solution and incubated for 6 h on an end-over-end rotator
at 4 °C. After this, another 300 mg of SM-2 beads was added,
and the sample was incubated for a further 12–15 h with end-
over-end rotation. The supernatant containing proteolipo-
somes was carefully removed and stored at 4 °C.
Flotation of Proteoliposomes—200 �l of the proteoliposome

sample was first incubated with 10 mM dithionite, for 5 min at
4 °C, to pre-quench the fluorescence in the outer leaflet of the
proteoliposomes. The sample was then mixed with 200 �l of
80% glycerol and placed at the bottom of a bipartite glycerol
step gradient. 600 �l of 10% glycerol was laid on the top. The
samples were centrifuged in a TLS-55 rotor (Beckman Coulter)
at 50,000 rpm for 6 h at 4 °C, and 200 �l each, of the top two
fractions, was collected by pipetting. These fractions contained
pure Drs2p proteoliposomes.
ATPaseAssay—PurifiedDrs2pwas assayed forATPase activ-

ity in ATPase buffer (50mMTris-HCl, pH 7.5, 100mMNaCl, 50
mM KCl, 1 mM NaN3, 0.1% Triton X-100, 4 mM Na�-ATP, pH
7.5, 10 mM MgCl2) at 37 °C for 1 h. For ATPase assays using
proteoliposomes, detergent was omitted from ATPase buffer.
Released phosphate was measured colorimetrically using mod-
ified protocols described previously (38–40). Briefly, the vol-
ume of the sample was brought to 275 �l with deionized water,
and the ATPase reaction was stopped by addition of 150 �l of
molybdate solution (2 M HCl/50 mM Na2MoO4) and 75 �l of
malachite green solution (0.042% malachite green in 1% poly-
vinyl alcohol solution). The sample was mixed for 2 min before
addition of 500 �l of citric acid (7%), and the optical density at
660 nm was read at 30 min after addition of the citric acid
solution. The amount of released phosphate was determined by
a phosphate standard curve constructed in the same ATPase
buffer.
Flippase Assay—Floated proteoliposomes were assayed for

flippase activity using previously published methods (1, 41).
Briefly, 40 �l of floated, Drs2p-containing proteoliposomes
were incubated, at 37 °C, with 5 mM MgCl2 and either 5 mM

ATP or 5 mM ATP�S in a flippase buffer (40 mM Tris-HCl, pH
7.5, 200 mM NaCl). At time 0 min and 40 min, 20-�l samples
were removed and mixed with 1 ml of flippase buffer in a
cuvette. Base-line fluorescence readings were taken for 30 s on
an AB2 fluorometer (SLM Instruments, Inc.) at �ex � 460 nm,
and �em � 534 nm. 10�l of 1 M dithionite (dissolved in 1 MTris,
pH 9.4) was then added to the sample, and fluorescence was
recorded for 120 s. Finally, the fluorescence was completely

quenched by the addition of 50 �l of 10% Triton X-100, and
background fluorescencewas recorded for 30 s. The percentage
of NBD-phospholipid in the outer bilayer of each of the proteo-
liposome samples (both ATP and the ATP�S control, at time
t � 0 min and 40 min) was calculated using previously
described formulas (1). To calculate the percentage of NBD-
phospholipid flipped, the values for an ATP�S control were
subtracted from the respective ATP-activated sample.
Western Blotting—Western blotting was performed as

described previously (42). The primary antibody used was rab-
bit anti-Drs2p (1:2000). The secondary, Alexa Fluor 680-la-
beled goat anti-rabbit IgG antibody (Invitrogen), was used at
1:2000. Western blots were imaged with an Odyssey Infrared
Imaging System.

RESULTS

Drs2pRetainsATPaseActivity after Purification by theN-ter-
minal TAPN Tag, but Not the C-terminal TAPC Tag—In a
previous study, both TAPN-Drs2p and Drs2p-TAPC were
expressed from chromosome-integrated expression cassettes
and affinity-purified to comparable yields and purities (1).
Although both TAP-tagged Drs2p forms appeared to be func-
tional in vivo, only TAPN-Drs2p retained ATPase activity after
purification, whereas purified Drs2p-TAPC was inactive. Inter-
estingly, purifiedDrs2p-TAPC did not seem to be aggregated or
denatured, suggesting that the differing activities between the
two Drs2p proteins may have a biologically relevant cause (1).
To further address this issue and to more easily manipulate

Drs2p, the expression cassettes for Drs2p were transferred to a
multicopy plasmid (pRS425) to produce constructs (I) and (II),
whereas the �-subunit Cdc50p was overexpressed using the
strong GPD1 promoter integrated into the endogenous chro-
mosomal locus (Fig. 1,A and B). Both TAPN-Drs2p and Drs2p-
TAPC were successfully expressed and purified using this plas-
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FIGURE 1. TAPN-Drs2p has ATPase activity. A, tagged DRS2 was expressed
from a 2� plasmid, and CDC50 was from the chromosome. B, schematic of
TAPN-Drs2p (I) and Drs2p-TAPC (II) was modeled on the crystal structure of
SERCA1 in the nucleotide-free E1�2Ca2� conformation (7). The cytosolic
domains are facing upward. C, purified TAPN-Drs2p (I) and Drs2p-TAPC (II)
were subjected to SDS-PAGE, and the gel was stained with SimplyBlue. D,
ATPase activity of purified TAPN-Drs2p and Drs2p-TAPC preparations. Sam-
ples were assayed with or without orthovanadate, and the orthovanadate
controls were subtracted from the experimental value to obtain the nmol of
orthovanadate released. ProA, protein A.
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mid system (Fig. 1, B and C), and they still showed differential
levels of ATPase activity, as observed previously (Fig. 1D).
Cdc50p was recovered at low, substoichiometric levels in these
preparations and was not visible in the Coomassie-stained gel.
The band migrating just above the 28-kDa marker is the TEV
protease used to elute the tagged proteins from an IgG column.
ATPase Activity Is Associated with a Faster-mobility Form of

Drs2p in Purified Samples—The major molecular difference
between purifiedTAPN-Drs2p andDrs2p-TAPC is different tag
appendages (His10 versus CBP) to different positions of Drs2p
(N versus C terminus) (Fig. 1B).
To test whether different tags at the termini caused varying

levels of ATPase activity of purified Drs2p, a dual TAP-tagged
construct of Drs2p (TAPN-Drs2p-TAPC (III)) was expressed
(Fig. 2A). Cdc50p was, again, overexpressed using a strong
GPD1 promoter. Purification of TAPN-Drs2p-TAPC, using
either the TAPN tag or the TAPC tag, yielded purified protein
levels thatwere comparablewith the previous experiments (Fig.
2B). Theoretically, both preparations should contain Drs2p of
the same molecular composition (His10-Drs2p-CBP), which
indeed appeared as a single major band on Coomassie-stained
gels for both preparations (Fig. 2B). Surprisingly, however,
ATPase activity was only detected in samples of TAPN-Drs2p-
TAPC purified using the TAPN tag, but not the TAPC tag (Fig.
2C), indicating some difference between these two prepara-
tions. Western blots revealed a minor Drs2p band with faster
mobility in TAPN-Drs2p-TAPC samples purified with TAPN
tag, but not with TAPC (Fig. 2D), suggesting a possible link
between this faster-mobility band and ATPase activity.

It was possible that the faster-mobility band of Drs2p was a
C-terminally cleaved formofDrs2p,which had lost someC-ter-
minal sequences along with the TAPC tag during purification.
This form would not be recovered during purifications using
the TAPC tag because the tag was lost. To explore this idea and
better determine the relationship between ATPase activity and
the faster migrating (or cleaved) Drs2p, TAPN-Drs2p-TAPC
purified by TAPN ((III)N) was further applied to a calmodulin
column. Consistently, the unbound fraction was enriched with
the faster-mobility form of Drs2p (Fig. 3A, column U), whereas
the bound fraction was almost devoid of this minor band (Fig.
3A, column B). Furthermore, ATPase activity was significantly
higher in the unbound fraction (U) and much lower in the
bound fraction (B) (Fig. 3B). The simplest explanation for these
data is that a C-terminally cleaved, faster-migrating Drs2p is
primarily responsible for the ATPase activity observed in
N-terminally purified Drs2p samples.
Removal of Drs2p C-terminal Tail Stimulates Drs2p ATPase

Activity—To test directly whether proteolytic cleavage within
the C-terminal tail could stimulate Drs2p activity, the expres-
sion cassette was modified so that the C-terminal tail of Drs2p
was either retained or removed during purification (Fig. 4, A
andB). To do so, Drs2pwas first tagged at theC terminus by the
TAPC2 tag, which lacks the TEV protease cleavage site. Then,
the TEV site was inserted immediately after the C terminus
of Drs2p (Drs2p(TEV)-TAPC2 (IV)), or within the C terminus of
Drs2p (Drs2p(TEV)CT121-TAPC2 (VI)), close to the end of
transmembrane segment 10. Cleavage, at the latter TEV site,
removes 121 residues from the predicted 137-amino acid
C-terminal tail of Drs2p. An intermediate construct that con-
tains both TEV sites was also constructed for analysis
(Drs2p(TEV)CT121(TEV)-TAPC2 (V)). After purification using
TAPC2 and final release by TEV cleavage, Drs2p was found to
migrate at expected sizes with either full-length or almost no
C-terminal tail (Fig. 4B). TEV cleavage within the tail was inef-
ficient, as indicated by the doublet in the samples for (V) and
the low recovery of the faster migrating form of Drs2p in both
the (V) and (VI) preparations.
Unlike Drs2p-TAPC (Fig. 1D (II)), purified Drs2p(TEV)-

TAPC2 (IV) displayed low, basal ATPase activity (Fig. 4C (IV)),
indicating that the CBPmoiety of TAPC inhibited Drs2p. More
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importantly, Drs2p(TEV)CT121-TAPC2 (VI), which has lost the
majority of its C-terminal tail, exhibited an �3.5-fold higher
specific activity than that of Drs2p with an intact C-terminal
tail (Fig. 4C (IV) versus (VI)). Consistently, the Drs2p(TEV)-
CT121(TEV)-TAPC2 (V) preparation, containing a mixture of
intact and CT121-cleaved forms, showed an intermediate
ATPase-specific activity (Fig. 4C (V)). We conclude that the
C-terminal tail of Drs2p contains an auto-inhibitory domain,
and removal of the C-terminal tail activates Drs2p.
To investigate whether the fastermigrating (clipped) form of

Drs2pwas detectable in vivo, whole cell extracts were prepared,
andWestern blotting was performed (Fig. 5). Awild-type (WT)
strain was grown under a variety of conditions (low or high
temperature, rich or minimal media) to determine whether
cleavage events would occur physiologically. Drs2p mobility
was also examined in a strain lacking three other P4-ATPases
(dnf1,2,3�), which, along with DRS2, constitutes an essential
group of genes with overlapping function. We thought that
deleting three of the four members of this group might cause
the cells to express a more active form of Drs2p (possibly a
cleaved form). However, in all conditions tested, Drs2p

migrated slightly slower than the 160-kDa marker. We could
not detect a form thatmigrated slightly faster than the 160-kDa
marker at the same position of purified tail-less Drs2p, even
after overexposing the blot (Fig. 5). A minor band was detected
that migrated at �130 kDa (asterisk in Fig. 5), which could
represent a proteolyzed form, although the functional signifi-
cance of this form is uncertain. Althoughwe cannot rule out the
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possibility that Drs2p activity can be activated physiologically
by proteolytic cleavage, we suspect that this cleavage event only
occurs after the cells are lysed.
PS Stimulates and PI(4)P Activates Drs2p Activity—Follow-

ing observations made previously, we decided to determine the
effect that increasing levels of PS had on the ATPase activity of
Drs2p. Phosphatidylserine is the preferred substrate of ATPase
II/ATP8a1, which has 67% amino acid sequence similarity to
Drs2p (43). PS strongly stimulates the ATPase activity of
Atp8a1 andAtp8a2 in detergentmicelles orwhen reconstituted
into phospholipid bilayers (39, 44, 45). In contrast, when
assayed in detergent micelles, the ATPase activity of Drs2p is
weakly stimulated by PS (by �20%) (1). However, TAPN-Drs2
displayed �3-fold higher specific activity when reconstituted
into PC liposomes containing 20% PS compared with PC lipo-
somes (Fig. 6A). Both basal and substrate-stimulated activities
were inhibited by vanadate as expected. Thus, the substrate
seems to stimulate Drs2p ATPase activity more effectively
when presented in a phospholipid bilayer.
Natarajan and colleagues have demonstrated that, in isolated

Golgimembranes, Drs2p flippase activity is positively regulated
by PI(4)P and Gea2p (Sec7 domain), both of which were shown
to bind the C-terminal tail of Drs2p (2). These observations
suggest that PI(4)P and Gea2p regulate Drs2p activity by
directly binding its C-terminal tail. Alternatively, they may act
indirectly through other factors that were present in the mem-
brane samples. To distinguish these two possibilities, we tested
whether PI(4)P and/or Gea2p could stimulate the ATPase
activity of purified Drs2p reconstituted in proteoliposomes
(also containing 2.5%C6NBD-PS). PI(4)Pwas added at 1mol %
during proteoliposome formation, and Gea2p (recombinant
Sec7 domain at a Drs2p:Gea2p ratio of �1:20, mol:mol) was
added directly to proteoliposomes containing TAPN-Drs2p.
However, whereas addition of PI(4)P enhanced the ATPase
activity of Drs2p, Gea2p had no effect on overall ATPase
activity (Fig. 6B). Furthermore, the presence of both PI(4)P
and Gea2p did not improve the ATPase activity over the
levels observed by PI(4)P alone. These data suggest that
PI(4)P is directly influencing Drs2p activity, whereas the
Gea2p Sec7 domain alone is insufficient for Drs2p activation
(see “Discussion”).

To further examine the influence of PI(4)P onDrs2p activity,
TAPN-Drs2p was reconstituted into POPC proteoliposomes
containing NBD-PS and 0, 1, 2.5, or 5% PI(4)P. Stimulation of
ATPase activity was observed at all concentrations of PI(4)P
with a peak at 2.5% (Fig. 7A). Phospholipid translocase activity
was alsomeasured in proteoliposomes containingTAPN-Drs2p
using a dithionite quenching assay to monitor ATP-dependent
translocation of NBD-PS from the inner leaflet to the outer
leaflet. In this case, the amount of NBD-PS flipped by TAPN-
Drs2p also increased with increasing concentrations of PI(4)P
(Fig. 7B). Proteoliposomes containing 5% PI(4)P did not form a
tight seal to dithionite and were, therefore, not assayed.
Whereas PI(4)P appeared to stimulate TAPN-Drs2p flippase
activity, there was substantial variability between replicates
leading to a large standard deviation for each data set.
We hypothesized that the variability in translocase activity

with TAPN-Drs2p likely arose from differing extents of C-ter-
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minal tail proteolysis in each preparation of enzyme. For
instance, the proteoliposomes may have either the full-length
form of TAPN-Drs2p, the clipped form, or a mixture of the two
forms, which could lead to variability in the activity observed.
One of the Drs2p preparations used in the assays shown in Fig.
7, A and B, clearly displayed the full-length and clipped forms
(Fig. 7A, inset) To overcome this limitation, Drs2p(TEV)-TAPC2
(Fig. 4 (IV)), which yields a full-length form of Drs2p with an
intact C-terminal tail, was purified and reconstituted into pro-
teoliposomes in the presence or absence of 2.5 mol % PI(4)P.
The ATPase activity of the full-length Drs2p was stimulated
almost 6-fold in the presence of PI(4)P (Fig. 7D). The NBD-PS
flippase activity was similarly enhanced by PI(4)P (Fig. 7E).
Accordingly, the variation in flippase activity that was observed
with TAPN-Drs2p was no longer observed with the full-length
form of Drs2p. Furthermore, Drs2p(TEV)CT121-TAPC2 (Fig. 4
(VI)) was purified and reconstituted into proteoliposomes.
These samples, when assayed for flippase activity, were found
to be slightly more active in the absence of PI(4)P, as they were
in proteoliposomes that contained 2.5% PI(4)P (Fig. 7F). Thus,
tail-less Drs2 is no longer responsive to PI(4)P, and these data
are consistent with the proposed model that PI(4)P activates
Drs2p through direct interaction with the Drs2p C-terminal
tail.
To determine whether the C-terminal tail of Drs2p has a

preference for a specific phosphoinositide, we purified the full-
length Drs2p (Fig. 4 (IV)) and reconstituted it into PC/PS pro-
teoliposomes containing different phosphoinositides. The pro-
teoliposomes contained either no phosphoinositides or 2.5mol
% of PI(4)P, PI(3)P, PI(5)P, or PI(4,5)P2. PI(4)P significantly
stimulated the flippase activity of Drs2p compared with the
other phosphoinositides (Fig. 7C). Thus, PI(4)P preferentially
interacts with the C-terminal tail of Drs2p to stimulate Drs2p
activity.

DISCUSSION

A Model for Drs2p C-terminal Tail Auto-inhibition and
Regulation—When this study and published data are taken
together, a model for the regulation of Drs2p can be proposed.
Drs2p has a C-terminal cytosolic tail predicted to be 137 amino
acids long. The tail likely contains an auto-inhibitory domain
(an R domain) that keeps Drs2p activity at a low, basal level
withinmembranes that lack PI(4)P (e.g. the ER and early Golgi).
Upon arrival in the TGN, Drs2p would be activated by the high
levels of PI(4)P in this compartment. We show that the TAPN-
Drs2p samples, purified with the N-terminal tag, and which
contain a faster-migrating, clipped formofDrs2p, have a higher
level of ATPase activity compared with preparations of Drs2p-
TAPC, which lack the cleaved form of Drs2p. Thus, it appears
that a cleavage event within the C-terminal tail of Drs2p
enhances activity of TAPN-Drs2p. AWestern blot of whole cell
extracts of wild-type strains (grown under various conditions)
and mutant strains did not show substantial cleavage of Drs2p.
The cleavage event observed in the purified protein samples
most likely occurs after cell lysis, and there is no indication that
proteolysis is a physiologically relevant mechanism for activat-
ing Drs2p.

Furthermore, when Drs2p is purified with the full-length tail
intact, the ATPase activity levels of Drs2p are quite low but still
detectable (Fig. 4C (IV)). Reconstituted full-length Drs2p also
has low levels of flippase activity (Fig. 7D, 0% PI(4)P). However,
once the tail is cleaved off during purification using an engi-
neered TEV site, we observe a significant increase in Drs2p
specific activity (Fig. 4C (VI)). Therefore, removal of the C-ter-
minal tail stimulates activity. As in the case of the other P-type
ATPases, the R domain (as described in the Introduction) had
the ability to self-regulate the activity of the P-type ATPase.
Relieving the interaction between the R domain and the P-type
ATPase stimulated the activity of the protein (18, 19, 22, 23).
This study, similarly, provides direct evidence for a role of the
C-terminal tail (and an R domain) in regulating the activity of
Drs2p.
The Role of Effectors in Regulating the Activity of Drs2p—In

purified TGNmembranes, it has been shown that the addition
of Gea2p (Sec7 domain) stimulates the phospholipid translo-
case activity of Drs2p (2). Furthermore, the addition of both
PI(4)P andGea2p to the samples stimulated the flippase activity
ofDrs2p to greater levels than either of themdid individually. In
this study, we attempted to recapitulate these observations in
the reconstituted system; and, whereas addition of PI(4)P to
Drs2p-proteoliposomes activated the P4-ATPase (Figs. 6B and
7), the Gea2p Sec7 domain had little effect on the specific activ-
ity of Drs2p, even when added in concert with PI(4)P (Fig. 6B).
During the course of our studies, work published recently

from the laboratory of Fang-Jen Lee provides a likely explana-
tion for these observations (46). Arl1p (Arf-like protein 1), is a
member of the small GTP-binding protein family that cycles,
like Arf, between active GTP-bound and inactive GDP-bound
forms. Like Drs2p, Arl1p also localizes to the TGN in yeast (47,
48). The Lee group was able to show that all three proteins,
Drs2p, Gea2p, and Arl1p, form a stable ternary complex
through direct interactions with each other. This complex is
important for stimulating the flippase activity of Drs2p at the
Golgi. Furthermore, Arl1p function at the Golgi also requires
this complex. To our reconstituted system, we added the
recombinantly purified Sec7 domain of Gea2p. However, it is
the N-terminal portion of Gea2p (upstream of the Sec7
domain) that is responsible for interacting with Arl1p (46).
Additionally, Arl1p was absent from our reconstituted reac-
tions. However, in purified Golgi membranes, it is likely that
Arl1p-GTP co-purifies with the membrane (2). As a result, in
the presence of Gea2p, the activity of Drs2p was stimulated.
Our data imply that the interaction of Gea2p Sec7 domain is
insufficient to activate Drs2p when Arl1p-GTP is absent. More
work will be needed to determine the temporal and spatial
organization of these various effectors and regulators during
the formation of transport vesicles at the Golgi.
Although a previous study was able to show that PI(4)P stim-

ulates the flippase activity of Drs2p in purified Golgi mem-
branes (2), this study provides the first evidence, in a reconsti-
tuted system, that PI(4)P directly regulates the activity ofDrs2p.
When the full-length form of Drs2p (Fig. 4 (IV)) is reconsti-
tuted, PI(4)P is able to stimulate a 6-fold increase in the ATPase
and flippase activities (Fig. 7, D and E). In contrast, tail-less
Drs2p (Fig. 4 (VI)) does not display a difference in lipid trans-
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locase activity when reconstituted in the presence or absence of
PI(4)P (Fig. 7F).
The step at which PI(4)P exerts its influence seems to be the

dephosphorylation step of the Drs2p catalytic cycle (36).
P4-ATPases do not require the presence of substrate for phos-
phorylation (E1 to E2-P), although for the mammalian
orthologs of Drs2p, ATP8A1, and ATP8A2, the PS substrate
potently stimulates dephosphorylation (E2-P to E1) (44, 49). In
contrast, PS slows down the ability of Drs2p to undergo
dephosphorylation, whereas addition of PI(4)P to the reaction
strongly accelerates this step. Addition of PI(4)P in the absence
of PS, meanwhile, only had a small effect on dephosphorylation
(36). So, the major role that PI(4)P plays is at the dephosphor-
ylation step, the point at which the phospholipid substrate has
been loaded into the flippase, presumably at a site we described
as the exit gate formed from residues in the first four trans-
membrane segments (50–52). Displacement of the C-terminal
R domain by interaction with PI(4)P would then allow dephos-
phorylation and ejection of substrate into the cytosolic leaflet.
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