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Importance of phosphorylation/dephosphorylation cycles on
lipid-dependent modulation of membrane protein topology
by posttranslational phosphorylation
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Posttranslational modifications of proteins, such as phosphor-
ylation and dephosphorylation, play critical roles in cellular
functions through diverse cell signaling pathways. Protein
kinases and phosphatases have been described early on as key
regulatory elements of the phosphorylated state of proteins.
Tight spatial and temporal regulation of protein kinase and
phosphatase activities has to be achieved in the cell to ensure
accurate signal transduction. We demonstrated previously that
phosphorylation of a membrane protein can lead to its topolog-
ical rearrangement. Additionally, we found that both the rate
and extent of topological rearrangement upon phosphorylation
are lipid charge— and lipid environment-dependent. Here,
using a model membrane protein (the bacterial lactose per-
mease LacY reconstituted in proteoliposomes) and a combina-
tion of real-time measurements and steady-state assessments of
protein topology, we established a set of experimental condi-
tions to dissect the effects of phosphorylation and dephosphor-
ylation of a membrane protein on its topological orientation.
We also demonstrate that the phosphorylation-induced topo-
logical switch of a membrane protein can be reversed upon
protein dephosphorylation, revealing a new regulatory role for
phosphorylation/dephosphorylation cycles. Furthermore, we
determined that the rate of topological rearrangement reversal
is correlated with phosphatase activity and is influenced by the
membrane’s lipid composition, presenting new insights into the
spatiotemporal control of the protein phosphorylation state.
Together, our results highlight the importance of the compart-
mentalization of phosphorylation/dephosphorylation cycles in
controlling membrane protein topology and, therefore, func-
tion, which are influenced by the local lipid environment of the
membrane protein.

Signal transduction pathways constitute a complex network of
information integration, processing, and transmission, which is
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essential for homeostasis, allowing a cell to respond to external
stimuli. Protein phosphorylation is one of the main mechanisms
used by cells to properly and rapidly transduce these signals (1).
Protein phosphorylation is a dynamic, reversible posttranslational
modification that plays key roles in several physiological processes,
including cell growth, proliferation, differentiation, and apoptosis
(2—6). Protein phosphorylation is one of the most studied post-
translational modifications, partially because kinases are often
overexpressed and/or mutated in disease. Aberrant phosphoryla-
tion profiles have been observed in the context of cancer, diabetes,
and inflammatory disorders (7-9).

Mass spectrometry—based phosphoproteomics studies have
shown that a large percentage of cellular proteins can be phos-
phorylated (more than 6,000 proteins), including many mem-
brane proteins (10, 11). Despite the discovery of more than
20,000 unique protein phosphorylation sites, the abundance of
individual phosphorylated forms (the fraction of a given protein
phosphorylated at a given site) is frequently low (10, 12), under-
lining the functional significance of phosphorylation/dephos-
phorylation dynamics.

Although equally important in establishing and controlling
the subtle balance between phosphorylated and dephosphory-
lated states of proteins in the cell, protein phosphatases have
received less attention than protein kinases. Recent findings
demonstrated that protein phosphatases are equally critical in
setting the levels of protein phosphorylation in cells, thus par-
ticipating in the regulation of many physiological processes (4,
13, 14). In particular, functional and imaging studies have dem-
onstrated that protein phosphatases show high levels of func-
tional regulation, with specific subcellular localization and tis-
sue expression determined for specific protein phosphatase
isoforms (15) and modulation of activity and specificity via for-
mation of multiprotein complexes (16, 17).

Signals transduced by kinases depend on the extent and
duration of substrate phosphorylation. Therefore, tight regula-
tion of protein kinase and phosphatase activity in space and
time has to be achieved in the cell to ensure accurate signal
transduction. This is achieved through a diversity of mecha-
nisms, such as compartmentalization of both the protein kinase
and phosphatase (18). There are many kinase- and phospha-
tase-binding proteins, and their role is to tether their enzyme-
binding partners to cellular sublocalization, thus streamlining
signal transduction by placing these enzymes in close and tar-
geted proximity to their substrates. Two archetypical examples
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of this process are type 1 protein phosphatase—targeting sub-
units (19) and protein kinase A—anchoring proteins (20, 21).
Together, these findings led to the conclusion that signal trans-
duction through the cell does not simply occur via protein dif-
fusion (22) but that multiple cellular proteins are phosphorylat-
ed and then dephosphorylated at different cellular locations
(23), and signal integration occurs via several mechanisms, such
as multisite phosphorylation of the target protein, temporal and
spatial encoding of information, and communication between
kinases (24, 25).

Protein phosphorylation regulates the activity, location, and
properties of a protein in multiple and complex ways. The
effects of phosphorylation on a protein include changes in
structural properties through allosteric effects, modification of
protein—protein binding properties, and disorder— order— and
order—disorder— coupled transitions (26). We recently demon-
strated that phosphorylation of a membrane protein can trigger
its topological switch, with rates of topological change occur-
ring on a scale of seconds (27). Our results demonstrated how
posttranslational modifications may influence membrane pro-
tein topology in a lipid-dependent manner, both along the
organelle trafficking pathway and at their final destination.

The goal of this study was to test the effects of phosphoryla-
tion/dephosphorylation cycles on the topological (re)orienta-
tion of a membrane protein. We therefore determined the
effects of dephosphorylation on the reversibility of phosphory-
lation-induced topological switching of a membrane protein,
the impact of kinase/phosphatase compartmentalization, the
consequences of variable dephosphorylation rates, and the
influence of membrane lipid composition on membrane pro-
tein topological inversion rates and yields. To tackle these ques-
tions, we used a model membrane protein (lactose permease;
LacY reconstituted in proteoliposomes, where we can control
the lipid composition, the occurrence of phosphorylation (kp,
Fig. 1) and the location and rate of dephosphorylation (kyp;
when the phosphatase is located outside of the proteoliposomes
and k{;p, when the phosphatase is located in the proteolipo-
somes). Our strategy enabled us to determine rates of mem-
brane protein topological switches from correct to incorrect
(kg,) and from incorrect to correct (kg,).

We uncovered a new dynamic and regulatory role of post-
translational phosphorylation and dephosphorylation in the
structure and function of membrane proteins that is linked to
the local lipid environment of the protein. Our findings further
our understanding of the roles played by membrane lipids in
membrane protein topology and present new insights into the
mechanisms of cellular signaling through posttranslational
modifications of membrane proteins.

Results

We first developed a FRET-based assay to monitor extra-
membrane domain (EMD)? flipping of LacY in proteolipo-

3 The abbreviations used are: EMD, extramembrane domain; NT, N-terminal;
IAEDANS, 5-(2-iodoacetyl)-amino-ethyl-amino-naphthalene-1-sulfonic
acid; TMD, transmembrane domain; SCAM™?P, substituted cysteine acces-
sibility method for determining TMD orientation; PE, phosphatidylethanol-
amine; RTK, receptor tyrosine kinase; PG, phosphatidylglycerol; CL, cardio-
lipin; MPB, 3-(N-maleimidopropionyl) biocytin; OG, octyl glucoside.
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Figure 1. Schematic of the events occurring during phosphorylation/
dephosphorylation-induced topological switching of a membrane pro-
tein in proteoliposomes. LacY topology is shown when assembled in pro-
teoliposomes containing E. coli native lipids (correct LacY, top left) before and
during phosphorylation by a kinase located outside of the proteoliposomes.
The NT, C6, and P7 domains are indicated. Membrane phospholipids are
depicted in light blue. LacY-P, phosphorylated LacY. The boxed area depicts a
side view of LacY (PDB code 2CFQ) with the diagnostic Trp replacements
introduced in EMD NT, C6, and P7 (magenta spheres) and the IAEDANS label at
Cys-331 (blue spheres).

somes induced by a post-reconstitution change in lipid compo-
sition (28). Trp residues were introduced in EMD NT, C6, or
P7 (Fig. 1). V331C was labeled by 1,5-((((2-iodoacetyl)amino)-
ethyl)amino)naphthalene-1-sulfonic acid (IAEDANS) in the
C-terminal transmembrane domain (TMD) bundle, whose
topology is insensitive to the lipid environment. When
assessing NT and C6 EMDs, high FRET indicates correct
orientation, whereas low FRET reflects the inverted orienta-
tion. Controls demonstrated that the Trp/TAEDANS LacY
derivatives behave identically to near-WT LacY with respect
to topology inversion, as determined previously by the sub-
stituted cysteine accessibility method for determining TMD
orientation (SCAMTMP),

We previously established that changing the net charge of
EMDs C2/C4/C6 from +2/+2/+2to —2/—2/—2 of LacY leads
to topological reorientation of the N-terminal six-TMD bundle
of LacY accompanied by solvent exposure of TMD VII in PE-
containing cells, whereas a change to —2/0/—2 did not result
in inversion (29). This observation led us to use two different
LacY charge templates to test the effects of posttranslational
phosphorylation on topology. Using LacY charge templates
—2/0/—2 and —2/+2/+2, where we engineered either one or
two phosphorylation sites in EMD C6, we established that the
sensitivity of a given membrane protein to posttranslational
phosphorylation topological reorientation correlates with its
native EMD charge state and the level of phosphorylation to
which it may be subjected (27). To minimize complexity, we
opted to focus on LacY templates containing a single engi-
neered phosphorylation site and investigate the impact of a sin-
gle phosphorylation event regarding the potential for a given
template to reorient across the lipid bilayer. Because LacY does
not contain any native phosphorylation sites, we engineered a
phosphoinositide-dependent protein kinase 1 (PDK1) phos-
phorylation site in EMD C6 of LacY derivatives containing the
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above FRET pairs. The C-terminal His,-tagged LacY derivative
can be purified to homogeneity and reconstituted into lipo-
somes of Escherichia coli native lipid composition as well as
liposomes mimicking that of eukaryotic membranes. Addition
of excess kinase resulted in flipping of the C6 EMD followed by
slower flipping of the NT EMD on a time scale of seconds (27),
as observed previously for lipid-induced flipping (28).

Here we determined whether this phosphorylation-induced
topological switch is reversible upon dephosphorylation. First
we tested the reversibility of the phosphorylation-induced top-
ological switch at steady state in proteoliposomes composed of
WT E. coli lipid composition and containing LacY exhibiting
one engineered PDK1 phosphorylation site, a change in the net
charge of EMDs C2/C4/C6 to —2/0/—2, and a diagnostic cys-
teine in EMD C6 of LacY lacking all other cysteine residues. To
test the effect of dephosphorylation on EMD C6 topology, the A
protein phosphatase was encapsulated in the proteoliposomes.
Phosphorylation of LacY was triggered by addition of PDK1 to
the outside of the proteoliposomes. Kinase activity was inhib-
ited after 30-min incubation at 20 °C by addition of 10 mm GSK
2334470 (Chemical Abstracts Service (CAS) 1227911-45-6), a
PDK1-specific inhibitor. Assessment of the LacY phosphoryla-
tion state allowed us to determine that the phosphorylation
levels of LacY are lower in the presence of encapsulated phos-
phatase (Fig. 24, lane 3) and that they can be entirely abrogated
upon simultaneous inhibition of PDK1 (Fig. 24, lane 4).

We validated that addition of 10 mm GSK 2334470 leads to
full inhibition of PDK1, as evidenced by the absence of LacY
phosphorylation in the presence of GSK 2334470 (Fig. S1A).
Additionally, we verified that the reversibility of LacY phosphor-
ylation is solely due to the action of the encapsulated phospha-
tase. We conducted the same experiments as described above
using the “nonflipping” —2/+2/+2 LacY template, which has
been shown to maintain its correct topological orientation
upon addition of one phosphate group (27). No changes in LacY
phosphorylation state were observed in the presence or absence
of encapsulated phosphatase or upon PDK1 inhibition (Fig.
S2A), indicating the absence of “leakage” of the phosphatase
activity or spontaneous dephosphorylation. As expected, no
change in LacY topology was observed under the various con-
ditions tested (Fig. S2B).

Next we tested whether phosphorylation impacted the over-
all topological orientation of LacY. SCAM™P assessment of
EMD C6 topology at steady state (Fig. 2B) further revealed that
dephosphorylation of LacY impacted its overall topological ori-
entation. Indeed, full LacY topological inversion was observed
in the presence of kinase only (Fig. 2B, lane 2), whereas mixed
topologies were observed with encapsulated phosphatase (Fig.
2B, lane 3). Phosphorylation of LacY followed by its full dephos-
phorylation led to complete reversal to correct the topology
(Fig. 2B, lane 4). Together, our results indicate that the level of
dephosphorylation correlates with the amount of correct EMD
C6 topology, with the majority of the topological switch
observed upon complete phosphorylation of LacY. This finding
is of particular importance for proteins undergoing multisite
phosphorylation events, where an increasing local phosphate
content could tip the scale toward topological switch.
Because these multiple phosphorylation sites tend to cluster
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Figure 2. Determination of the reversibility of phosphorylation-induced
topological switch of a membrane protein upon dephosphorylation in
the proteoliposomes at steady state. A, determination of the phosphoryla-
tion state of the LacY template —2/0/—2 containing a single engineered
PDK1 sequence in EMD C6 in the presence or absence of external kinase and
its inhibitor, with and without encapsulated phosphatase, as indicated. LacY
was reconstituted in proteoliposomes made of E. coli native lipids. The phos-
phorylation state of LacY was visualized by Western blotting using an anti-
pSer/pThr antibody after quenching in Laemmli buffer. B, determination of
the orientation of EMD C6 of LacY with altered EMD net charge and contain-
ing a single cysteine replacement using SCAM™P under the various condi-
tions indicated in A. Proteoliposomes were exposed to MBP before or after
addition of OG. The deduced orientation of EMD C6 is also shown. The orien-
tation of LacY TMDs VI-VIIl is summarized for LacY in proteoliposomes. Stars
indicate the position of single Cys replacements in EMD C6 (H205C), used to
determine topological orientation.

around the same region in a protein (30, 31), in silico predic-
tion of the potential target protein could be achieved.

Next we tested whether the rate of the topological switch is
influenced by the rate of LacY dephosphorylation and/or com-
partmentalization of kinase and phosphatase. To do so, we mea-
sured the rate of phosphorylation-induced topological switch
using proteoliposomes made of WT E. coli lipids. We used a
LacY template exhibiting an engineered PDK1 phosphorylation
site, a change in the net charge of EMD C2/C4/C6 to —2/0/—2,
and a Trp/IAEDANS FRET pair allowing real-time monitoring
of EMD C6 topology. In all cases, phosphorylation of LacY
was triggered by addition of PDK1 to the solution. Real-time
measurements were conducted under two conditions: both
kinase and phosphatase are located in the same compart-
ment (outside of proteoliposomes), or kinase and phospha-
tase are located on opposite sides of the membrane (phos-
phatase encapsulated in the proteoliposomes). By varying
the phosphatase:kinase ratio, we were able to modulate the
rate of phosphorylation/dephosphorylation.

Our data (Fig. 3) demonstrated that the nature of the phos-
phorylation/dephosphorylation cycle influences the phosphor-
ylation-induced topological rearrangement of LacY. One-
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Figure 3. Determination of the effects of dephosphorylation rates on the dephosphorylation-induced topological switch of a membrane protein.
LacY template —2/0/—2 with a single Trp replacement in EMD C6, V331C labeled with IAEDANS and containing a single engineered PDK1 sequence in EMD C6
was reconstituted in proteoliposomes made of E. coli native lipids. A and B, real-time FRET measurements monitoring phosphorylation-induced topological
switch of LacY in the presence of various concentrations of phosphatase located either outside of proteoliposomes (A) or encapsulated in proteoliposomes (B).
Molar kinase:phosphatase ratios are indicated next to the measured kinetics. Data represent the averaged normalized fluorescence expressed as the ratio
Fueas’Fo- Schematics of the measured events are shown, with the varied rates of dephosphorylation highlighted. C, the flipping rates, kg,, determined from
linear regression fits of the first 30 s of the data shown in A and B. In all cases, the data represent mean values = S.D. from four experimental replicates.

phase exponential decay kinetics (Fig. 3B) are observed when
kinase and phosphatase are located in different compartments
(phosphorylation and dephosphorylation occurring on two dif-
ferent LacY topomers), whereas more complex two/three-
phase decay kinetics (Fig. 34) are observed when kinase and
phosphatase are in the same compartment (phosphorylation
and dephosphorylation occurring on the same LacY topomer
before its topological switch). One possible explanation for
these differences lies in the sequestration effects occurring
when enzyme concentrations (kinase and phosphatase) be-
come equal and/or higher than that of the substrate (LacY) (32).
Under these conditions, LacY may be bound to phosphatase
more often when phosphatase content increases, therefore pre-
venting its topological inversion and changing the dynamics of
the phosphorylation-induced topological switch.

Additionally, we determined that the rate of the phosphory-
lation-induced topological switch is inversely correlated with
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the dephosphorylation rate, as evidenced by decreasing rates of
inversion when increasing amounts of phosphatase are present
(Fig. 3C). As expected, LacY topological flipping rates decrease
when both kinase and phosphatase are located in the same
compartment (Fig. 3A). In this case, the LacY topological switch
is in direct competition with LacY dephosphorylation (as
depicted in the diagram in Fig. 34). When k{;p; < ki, then LacY
flipping is favored, and decreases in FRET follow a one-phase
(ratio 1:0, no phosphatase) or two-phase decay (ratios 1:1 and
1:2). When kyp; > kg, (ratios 1:5 to 1:50), then phosphoryla-
tion/dephosphorylation cycles are occurring faster than LacY
flipping. However, after LacY has flipped, it becomes trapped
in its inverted topology because of the absence of phospha-
tase in the proteoliposomes, thus explaining the progressive
shift of this equilibrium toward inverted LacY over time,
independent of kinase:phosphatase molar ratios. These re-
sults indicate that the phosphorylation-induced topological
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Figure 4. Real-time determination of the reversibility of phosphoryla-
tion-induced topological switch of a membrane protein upon dephos-
phorylation in proteoliposomes. A, real-time FRET measurements monitor-
ing the topological switch of EMD C6 in LacY in the presence of encapsulated
phosphatase with or without addition of kinase inhibitor (Inhib) GSK 2334470.
LacY template —2/0/—2 containing a single engineered PDK1 sequence in
EMD C6 was reconstituted in proteoliposomes made of E. coli native lipids.
Data represent the averaged normalized fluorescence expressed as the ratio
Fueas/Fo- EXperiments were repeated three to five times, and the data repre-
sent mean values. B, schematics of the measured events, with the inhibited
steps (phosphorylation and topological inversion) shaded.

switch of a membrane protein is favored under conditions
where kinase activity/concentration is higher than phospha-
tase activity/concentration and when both enzymes are
present in the same subcellular location. The probability of
this inversion decreases significantly with increasing phos-
phatase activity/concentration.

The determination that topological flipping rates are also
influenced by the presence of different content of encapsulated
phosphatase (Fig. 3B) prompted us to investigate the real-time
reversibility of the phosphorylation-induced topological switch
upon dephosphorylation. To do so, we used the same experi-
mental conditions as in Fig. 3B (outside kinase, encapsulated
phosphatase) with a 1:1 kinase:phosphatase molar ratio. Real-
time measurements of the LacY topological switch were con-
ducted with and without addition of kinase inhibitor (GSK
2334470). The results presented in Fig. 44 indicate that, upon
inhibition of LacY phosphorylation (200 s after triggering LacY
phosphorylation by addition of external PDK1), the topological
switch can be reversed (i.e. return to LacY correct topology),
as shown previously in steady-state topology determination
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(Fig. 2), with the rate of reverse topological switch (kg, as
depicted in Fig. 4B, 0.00394 * 0.00014 s~ 1) close to the rate of
topological switch in the presence of kinase only (kg; as
depicted in Fig. 4B, 0.00462 * 0.00007 s~ ).

To further investigate the relationship between dephosphor-
ylation rate and topological switch reversal, we modulated the
level of phosphatase enzymatic activity by coencapsulating A
protein phosphatase with various amounts of one of its known
inhibitors, ATP (Fig. 5). Because modulation of phosphatase
activity in the lumen of the proteoliposomes leads to different
topological steady-state equilibria (the amount of inverted
LacY at steady state inversely correlates with the phosphatase
activity), we first triggered phosphorylation of LacY to induce
its topological rearrangement (Fig. 54) and then let the system
equilibrate for at least 30 min at 20 °C (as evidenced by a stable
FRET signal). When equilibrium was reached, the kinase inhib-
itor was added to the solution, and real-time FRET was moni-
tored (Fig. 5B). Our results indicate that the rate of topological
switch reversal positively correlates with phosphatase activity,
as evidenced by slower FRET recovery for increasing ATP con-
centrations (Fig. 5C). This approach allowed us to indepen-
dently determine the rates of topological switch reversal (k,)
withoutinterference from k; or k; and solelyassess their depen-
dence on dephosphorylation rates (ky;p,). From this determina-
tion, we can conclude that the rate of topological reversal (flip-
ping from inverted to correct, kg,) is slower than the rate of
topological switch (flipping from correct to inverted, kg;) in
membranes exhibiting the same lipid composition (E. coli total
lipids), prompting us to test this observation in the context of
other lipid compositions.

Our previous work on the phosphorylation-induced topo-
logical switch of a membrane protein indicated substantial
importance of the membrane properties (lipid composition and
membrane fluidity) regarding both the rates and steady-state
levels of LacY inversion (27). Therefore, we further examined
the influence of membrane lipid composition on the rate of
topological switch reversibility using proteoliposomes made of
lipids mimicking the membrane composition of eukaryotic
organelles (endoplasmic reticulum, Golgi, endosomes, and
plasma membrane, with compositions described previously
(27)). These proteoliposomes contained a LacY template exhib-
iting an engineered PDK1 phosphorylation site, a change in the
net charge of EMDs C2/C4/C6 to —2/0/—2, a Trp/IAEDANS
FRET pair allowing real-time monitoring of EMD C6 topology,
and where the A protein phosphatase was encapsulated with
various ATP concentrations. The addition of external PDK1
first triggered the LacY topological switch. Then the system was
allowed to equilibrate and reach a steady-state stable FRET sig-
nal. Phosphorylation was stopped by addition of a PDK1-spe-
cific inhibitor (GSK 2334470), and real-time FRET increases
were monitored (Fig. 6). Exponential fits of the data allowed
determination of flipping rates (kg,) for the various lipid com-
positions and the various ATP contents (Fig. 6, histograms).
The results illustrate that the rate of topological switch reversal,
kg, is influenced by the membrane lipid composition, similar to
what was observed for the rate of the phosphorylation-induced
topological switch (27).
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depict the topological switch of EMD C6 with various amounts of ATP encapsulated in the proteoliposomes, allowing the determination of kg,. Data represent
the averaged normalized fluorescence expressed as the ratio Fy,.../Fo. C, the flipping rates, k¢,, determined from single exponential fit of the data shown in B.
In all cases, the data represent mean values = S.D. from four experimental replicates.
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above. In all cases, the data represent mean values = S.D. from four experimental replicates.

It should be noted that, in the absence of ATP (0 mm), deter-
mined kg, values for a given lipid composition are lower than
previously determined ke, values, indicating slower topological
reorientation from inverted to correct LacY. One possible
explanation is that the energy penalty for inserting a transmem-
brane peptide back into alipid membrane is higher than the one
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associated with releasing TMD VII from the membrane, the
latter being driven by the N-terminal bundle (TMDs I-VI).
Also, the rate of dephosphorylation may be slower than the rate
of phosphorylation and/or the phosphatase interacts longer
with LacY than with the kinase, as these two enzymes might
present different catalytic characteristics.
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Our results indicate that the rates of topological reorienta-
tion of a membrane protein induced either by posttranslational
phosphorylation or dephosphorylation are dependent on the
membrane lipid composition following trends similar to our
previous work (27). Topological inversion/reversal happens
fastest in the plasma membrane but is significantly slower in
endosomes. Also, a gradual increase in dephosphorylation-de-
pendent topological inversion is observed along the secretory
pathway (endoplasmic reticulum < Golgi < plasma mem-
brane), where increases in sphingomyelin and cholesterol con-
tents and decreases in anionic lipid content occur. Together,
our findings point toward a possible new regulatory mechanism
for membrane protein activity/localization (cycles of posttrans-
lational phosphorylation/dephosphorylation) and highlight the
importance of the localization and activity of the regulatory
enzymes (kinase and phosphatase) regarding the lifetime of the
posttranslational modification and possible downstream signal
transduction.

Discussion

Phosphorylation and dephosphorylation of proteins are
widely recognized as key regulatory elements of cellular func-
tions, affecting a diversity of proteins and mechanisms (3). Pro-
tein phosphorylation and dephosphorylation can regulate
signaling in multiple ways, including activation/inhibition
through conformational changes, creation of binding site(s) for
proteins containing specific domains (i.e. complex formation),
and control of cellular localization (23, 26). In the case of mem-
brane proteins, phosphorylation-induced structural changes
have been shown to modulate the functions of ion channels (33,
34), aquaporins (35), the ligand specificity of CD36 (36), the
structure of tight junctions (37), and mitochondrial function
(38) as well as alter their trafficking/targeting (39).

Our study adds to this long list of regulatory roles the possi-
bility to regulate the topological orientation of a membrane
protein through phosphorylation/dephosphorylation of its
EMDs. This is of particular interest for surface membrane pro-
teins because our results demonstrate that the rates of topolog-
ical inversion are faster at the plasma membrane than they are
in endosomes or at the Golgi apparatus. Receptor tyrosine
kinases (RTKs) are single-pass transmembrane receptors
located at the surface of various cell types. They are key constit-
uents of signal transduction pathways involved in cellular
growth, differentiation, metabolism, and motility (40). One
very well studied example is the epidermal growth factor recep-
tor, a member of the ErbB family of RTKs, which is up-regu-
lated in many cancer cell types, including breast cancer (41).
Genomic analyses of single-nucleotide variants revealed over
44,000 deposited variations in the Single Nucleotide Polymor-
phism Database from the National Center for Biotechnology
Information (NCBI), with 15 of them listed as pathogenic.
Three pathogenic epidermal growth factor receptor SNPs
result in increasing the negative charge content of the cytoplas-
mic domain (rs121913230, where the Gly residue is mutated to
aphosphorylatable Ser, and rs121913428, where a Gly residue is
mutated to a negatively charged Asp) and decreasing the posi-
tive charge content in the extracellular domain (rs139429793,
where a Glu residue is mutated to a positively charged Lys).
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Positively charged residues are dominant in orienting EMDs
toward the cytoplasm (42), which makes any mutation leading
to charge alteration or creation of a phosphorylation site in a
cytoplasmic domain a potential means to alter the topology of a
membrane protein.

Moreover, these RTKs undergo controlled turnover at the
cell surface, constantly recycling between the plasma mem-
brane and endosomes (43). Upon activation by a specific ligand
and RTK autophosphorylation, increased turnover of RTKs is
observed, leading to internal trafficking through endosomes
toward proteolytic degradation. The existence of a phospho-
protein gradient from the plasma membrane (high kinase, low
phosphatase) to the nucleus (low kinase, high phosphatase) has
been verified both theoretically (44, 45) and experimentally (46,
47). Theoretical studies have shown that levels of phosphatase
activity play a critical role in signal propagation (48), with lower
phosphatase activity linked to further propagation of phosphor-
ylation-induced signaling through the cell. We showed that
lower phosphatase activity is linked to slower rates of topolog-
ical reversal upon dephosphorylation. For the same phospha-
tase activity, slower rates of inversion are observed in endo-
somes compared with the plasma membrane, indicating that
phosphorylation-induced topological inversion of a membrane
proteinatthe plasmamembranewilloccurfasterthanitsdephos-
phorylation-induced topological reversion in endosomes. This
could constitute a new regulatory mechanism controlling the
lifetime of a phosphoprotein in the cell, possibly prolonging the
signaling properties of this given protein, shifting the fine bal-
ance of cellular homeostasis.

Studies of the structure and function of several bacterial sec-
ondary transporters have established that orientation of a mem-
brane protein TMD in a lipid bilayer depends on the net positive
charge of EMDs facing the cytoplasm and the net negative charge
density of the membrane surface, determined by anionic phospho-
lipid content (42, 49, 50). We established that lipid-dependent
membrane protein organization is dynamic during and after
membrane protein assembly in vivo and independent of other cel-
lular factors in vitro (28, 51-53). Dependence of TMD topology
solely on the intrinsic properties of a membrane protein and its
lipid environment indicates a thermodynamically driven process
that can occur in any cell membrane at any time.

Further studies are required to address the thermodynamics
of individual TMD movement in and out of a particular bilayer
context upon phosphorylation/dephosphorylation. Specifi-
cally, expanding previous work on the “biological” hydropho-
bicity scale (54) to membrane lipid compositions mimicking
the biological membranes encountered by membrane proteins
throughout their lifespan (biosynthesis at the endoplasmic
reticulum, trafficking along the secretory pathway, functional
site, trafficking toward degradation) and specific peptides mim-
icking the target TMDs would allow us to address the generality
of the events uncovered in this study.

Experimental procedures
Reagents

All lipids were purchased from Avanti Polar Lipids. Except
for E. coli—-mimicking membranes where phosphatidylethanol-
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amine (PE), phosphatidylglycerol (PG), and cardiolipin (CL)
from E. coli were used, care was taken to use phospholipids
from similar eukaryotic sources (brain for PE, phosphatidyl-
choline, phosphatidylserine, and sphingomyelin; liver for phos-
phatidylinositol; heart for CL; and soy for PG) to limit fatty acid
heterogeneity among phospholipid classes. Anti-phosphoserine/
threonine antibody (catalog no. ab17464) was purchased from
Abcam. PDK1 kinase was purchased from Sigma. IAEDANS and
3-(N-maleimidopropionyl) biocytin (MPB) were purchased
from Molecular Probes. HiTrap columns, the PD10 desalting
column, and Vivaspin concentrators (50,000 molecular weight
cutoff) were purchased from GE Healthcare. The ECL kit,
Imperial protein stain solution, HRP-labeled secondary anti-
body, micro-BCA protein reagent assay, Slide-A-Lyzer G2 dial-
ysis cassettes, and avidin-HRP were purchased from Thermo
Pierce. Octyl glucoside (OG) and dodecyl maltoside were pur-
chased from Anatrace. Complete protease inhibitor was pur-
chased from Roche Molecular Biochemicals. SpinOUT col-
umns were purchased from G Biosciences. DNase and all other
reagents were purchased from Sigma.

Bacterial strains, plasmids, growth condition, and LacY
purification

Strain AL95 (pss93::kan® lacY::Tn9 (a kanamycin resistance
gene inserted into the gene encoding phosphatidylserine syn-
thase and a tetracycline resistance gene inserted into the gene
encoding LacY, respectively)) with (WT lipid composition) or
without (lacking PE and containing mostly PG and CL) plasmid
pDD72GM (pss** gen® (a gene encoding phosphatidylserine
synthase and a gene encoding gentamycin resistance, respec-
tively) on plasmid pSC101 with a temperature-sensitive repli-
con (52) were used as hosts for expression of plasmids encoding
LacY derivatives. Plasmid pT7-5/C-less LacY (amp®, ColEI
replicon), LacY in which Cys residues are replaced with Ser, was
used to construct plasmids expressing LacY derivatives under
OP,,. regulation and containing multiple amino acid replace-
ments in a derivative of LacY (—2/+2/+2 and —2/0/—2 in
EMDs C2/C4/C6) encoding a single Cys replacement at His-
205 in otherwise Cys-less LacY (52). The LacY charge templates
—2/0/—2 (which contains the mutations K69E, K74E, K131E,
K211E, and K218E) and —2/+2/+2 (which contains the muta-
tions K69E and K74E) have been described previously (52). The
latter plasmids were used to generate the templates to engineer
phosphorylation sites in EMD C6 to be used for SCAM™?P
assays. The amino acid sequence FAAFSY was inserted be-
tween amino acids 195 and 196 to engineer the PDK1 phosphor-
ylation site. Plasmid pT7-5/C-less LacY/V331C encoding a
single Cys replacement at Val-331 in otherwise Cys-less LacY,
where Trp replacement was made in EMD C6 at position 205
(28), was used to generate the templates containing the PDK1
engineered phosphorylation site in EMD C6 to be used for real-
time monitoring of TMD flipping by FRET. LacY was engi-
neered with a His tag at the C terminus to facilitate purification
and was expressed under control of the LacY operator/pro-
moter by growth of cells in the presence of 1 mm isopropyl
1-thio-B-Dp-galactopyranoside. Cells were grown in Luria-Ber-
tani (LB)-rich medium containing ampicillin (100 ug/ml) to an
Agoo 0f 0.6, induced by addition of isopropyl 1-thio-B-p-galac-
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topyranoside, and grown until cell arrest occurred. Purification
of LacY was carried out at 4 °C or on ice as described previ-
ously (53). Protein content during purification and the concen-
tration of LacY in proteoliposomes were determined by the
micro-BCA protein assay according to the manufacturer’s
instructions.

IAEDANS labeling

Trp replacement derivatives of LacY/V331C were purified
from PE-containing and PE-lacking cells. Labeling of LacY with
IAEDANS was carried out as described previously (28). The
labeling ratio was quantified by comparing the absorption spec-
trum of labeled protein with unlabeled protein using extinction
coefficient of €55, = 5,700 M~' cm ™' for IAEDANS. Typical
labeling efficiency was above 85%.

Preparation of proteoliposomes

Proteoliposomes were formed by reconstitution of protein
into small unilamellar liposomes of various lipid compositions
as described previously (53) by incorporation of LacY into pre-
formed liposomes. For encapsulation of A protein phosphatase
with and without various concentrations of ATP, proteolipo-
some reconstitution was conducted in the presence of the indi-
cated concentration of phosphatase (at 1 um for most assays,
ranging from 1-50 um when conducting assays with phospha-
tase located outside of or in proteoliposomes) and/or the indi-
cated concentration of ATP (0, 1, 2, 4, 5, or 10 mMm). Liposomes
(containing the specified lipid composition and 1.5% OG) were
mixed with purified LacY in a 500:1 lipid:protein ratio in the
presence of A protein phosphatase and/or ATP (at the indicated
concentrations), incubated at 30 °C with gentle agitation for 10
min, and then placed on ice for 20 min. To remove OG, the
mixture was diluted at least 30-fold into 50 mm KP; (pH 7.5), 50
mM MgCl,, and 2 mMm B-mercaptoethanol and centrifuged at
190,000 X g, for 45 min to recover proteoliposomes. Proteoli-
posomes were suspended in 50 mm Tris-HCI (pH 7.5) and 100
mM NaCl, and unincorporated A protein phosphatase and/or
ATP was removed by size exclusion chromatography ona PD10
column equilibrated with 50 mm Tris-HCI (pH 7.5) and 100 mm
NaCl.

Chemical protein topology mapping

Topological determination (SCAM™P) of TMDs is based
on the controlled membrane permeability of the thiol-specific
reagent MPB and its reactivity with diagnostic cysteine residues
in EMDs of LacY as described previously (53). Using LacY with
a single cysteine engineered in EMD C6, the degree of mixed or
dual topologies coexisting within the same proteoliposome
membrane was assessed with the standard biotinylating proce-
dure with MPB and quantification by densitometry.

Topological assessment by FRET

The various fluorescence measurements were conducted
using a QuantaMaster model QM3-SS (Photon Technology
International), a cuvette-based fluorescence spectrometer. All
measurements were conducted in degassed 50 mm Tris-HCl
(pH 7.5)/100 mMm NaCl. Using a Peltier TE temperature control-
ler, the sample was held constant at 20 °C. Data were collected
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and analyzed using Felix 32 software. Real-time protein flipping
was monitored at an excitation wavelength of 295 nm (for Trp)
and an emission wavelength of 475 nm (for IAEDANS), both
with a 1-nm bandpass filter. The proteoliposomes (containing 1
M IAEDANS-labeled LacY at a lipid to protein ratio (w/w) of
500) were first equilibrated at 20 °C. Phosphorylation was then
triggered by addition of 1 wm PDK1 under constant stirring at
20 °C. We used the FRET values observed before phosphoryla-
tion (F,) to normalize the FRET values (F,,..,) using Equation 1.
Frorm = Fumeas/Fo (Ea. 1)
In all cases, before starting kinetics measurements, care was
taken to measure and adjust Trp fluorescence before phosphor-
ylation to start with a similar fluorescence signal from the
donor.

Data analysis and fitting

All data analyses and fitting were conducted using Prism 8
software (GraphPad Software Inc.). In all figures, solid lines
indicate fits, and error bars mark standard deviation for the
measured parameters.
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