
www.manaraa.com

In vitro reconstitution reveals phosphoinositides as
cargo-release factors and activators of the ARF6
GAP ADAP1
Christian Duellberga,1,2

, Albert Auera,1, Nikola Canigovaa, Katrin Loibla, and Martin Loosea,2

aInstitute of Science and Technology Austria, 3400 Klosterneuburg, Austria

Edited by Joseph J. Falke, University of Colorado Boulder, Boulder, CO, and accepted by Editorial Board Member Yale E. Goldman November 4, 2020 (received
for review May 19, 2020)

The differentiation of cells depends on a precise control of their
internal organization, which is the result of a complex dynamic
interplay between the cytoskeleton, molecular motors, signaling
molecules, and membranes. For example, in the developing neu-
ron, the protein ADAP1 (ADP-ribosylation factor GTPase-activating
protein [ArfGAP] with dual pleckstrin homology [PH] domains 1)
has been suggested to control dendrite branching by regulating
the small GTPase ARF6. Together with the motor protein KIF13B,
ADAP1 is also thought to mediate delivery of the second messen-
ger phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to the axon
tip, thus contributing to PIP3 polarity. However, what defines
the function of ADAP1 and how its different roles are coordinated
are still not clear. Here, we studied ADAP1’s functions using
in vitro reconstitutions. We found that KIF13B transports ADAP1
along microtubules, but that PIP3 as well as PI(3,4)P2 act as stop
signals for this transport instead of being transported. We also
demonstrate that these phosphoinositides activate ADAP1’s enzy-
matic activity to catalyze GTP hydrolysis by ARF6. Together, our
results support a model for the cellular function of ADAP1, where
KIF13B transports ADAP1 until it encounters high PIP3/PI(3,4)P2
concentrations in the plasma membrane. Here, ADAP1 disassoci-
ates from the motor to inactivate ARF6, promoting dendrite
branching.

microtubule transport | PIP3 signaling | small GTPases |
in vitro reconstitution | neuronal development

Neurons are highly polarized cells with one axon and several
highly branched dendrites (1). For their development, the

protein ADAP1 (ADP-ribosylation factor GTPase-activating
protein [ArfGAP] with dual pleckstrin homology [PH] domains
1; synonym, centaurin-α1) has been found to play an important
role as it is thought to connect the major regulatory players in-
volved (2): First, it contains two PH domains that can bind the
phosphoinositide phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
present in the plasma membrane and in the case of the
C-terminal PH domain also to PI(3,4)P2 (Fig. 1A) (3). Second, it
has a putative ARF GAP domain at its N terminus that is
thought to regulate the activity of the small GTPase ARF6 (2, 4).
Third, it was found to interact with the microtubule cytoskeleton
and the kinesin-3 member KIF13B (3, 5, 6). How these various
interactions are coordinated and contribute to the cellular ar-
chitecture during neuronal development is not well-understood.
A possible GAP function of ADAP1 was suggested to be im-

portant in dendrites, where it was found to promote branching
and to control the density of spines in the developing neuron (7).
Mutations in the putative GAP domain that render other GAPs
inactive (8) were found to impede dendrite branching or spine
formation when ADAP1 was overexpressed (7). In line with
these observations, it has been found that excess ARF6-GTP
prevents branching (9) and, at least in some developmental
stages, reduces spine density (10, 11). In contrast, several studies
in vitro were unable to detect any GAP activity of ADAP1 (4,
12–14). It is therefore not clear how ADAP1 and ARF6 are

functionally connected and whether ADAP1 acts as a GAP or as
an effector protein (13, 15).
Furthermore, ADAP1 has been implicated in the polarization

of neurons by bridging PIP3 vesicles and the motor protein
KIF13B, thereby facilitating the polarized transport of PIP3
vesicles to the axon tip (16). This idea was supported by an in vitro
reconstitution of a motile complex of GST-ADAP1, KIF13B, and
PIP3 (17) and by the observation that inhibition of KIF13B leads
to defects in PIP3 polarity and axon specification in cultured
hippocampal neurons (17, 18). However, as knockdown experi-
ments with ADAP1 had no axon specification phenotype (7), its
role for PIP3 transport in the axon remained elusive.
At the same time, previous work also established that ADAP1

localization depends on KIF13B (6). However, this study could
not yet explain how exactly ADAP1 gets deposited at its desti-
nation and how this localization is compatible with its proposed
role for vesicle transport.
To solve this conundrum and to understand the different roles

of ADAP1 in the developing neuron, we set out to reconstitute
its proposed functions and their interplay in vitro. We used the
purified components ADAP1, KIF13B, ARF6, microtubules,
and membranes of defined lipid composition and found that in
contrast to previous reports, ADAP1 does not allow for direc-
tional transport of PIP3 by KIF13B. Instead, we show that PIP3
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releases ADAP1 from microtubule-bound KIF13B and therefore
acts as a terminator of this transport instead of being a cargo.
Furthermore, we show that once engaged to either PIP3 or
PI(3,4)P2, ADAP1 stimulates GTP hydrolysis of ARF6 in vitro.
Together, our findings propose a model where KIF13B con-

trols the spatial activity patterns of ARF6 by transporting its
corresponding GAP ADAP1 to membranes containing PIP3 or
PI(3,4)P2. As ARF6 plays an important role for the regulation of
the actin cytoskeleton (8), this mechanism can contribute to the
control of neuronal morphology and function.

Results
PIP3 Inhibits ADAP1 Transport by KIF13B Instead of Being Its Cargo.
As ADAP1 was found to bind to both KIF13B (3, 6, 19) and PIP3
(3, 12, 20) (Fig. 1A), we first set out to confirm these interac-
tions. We purified nontagged ADAP1 from SF9 insect cells,
which eluted as a monomer with a molecular mass of ∼43 kDa
(SI Appendix, Fig. S1A). We then demonstrated its interaction
with a motile fragment of KIF13B [amino acids 1 to 584 (17)] in
solution (SI Appendix, Fig. S1B) and its binding to PIP3 (SI
Appendix, Fig. S1C). We also confirmed the activity of the motor
protein in microtubule gliding assays (SI Appendix, Fig. S1D and
Movie S1). Thus, these experiments verified the previously

identified pairwise molecular interactions relevant for PIP3
vesicle transport.
Next, we set out to study the KIF13B- and ADAP1-mediated

transport of PIP3-containing vesicles (Fig. 1B). We incubated all
required components on surface-immobilized microtubules and,
using total internal reflection fluorescence (TIRF) microscopy,
expected to see vesicles being transported along the microtu-
bules. Surprisingly, and in contrast to a previous report (17), we
did not observe efficient transport of PIP3-containing vesicles
(Fig. 1 C and D and Movie S2). However, we found robust
vesicle transport when we bypassed ADAP1 by using KIF13B-
6×His and vesicles containing Ni-NTA (Fig. 1 C and D and
Movie S3), confirming that vesicle transport is in principle
possible in our assay.
To better understand why there was no transport of PIP3

vesicles, we added the components sequentially to our assay.
Using CF488-labeled KIF13B, we first performed single-molecule
motility assays (Fig. 1E) and observed directed motion of CF488-
KIF13B along microtubules in the presence of water-soluble
PIP3-C4 (Fig. 1F). This rules out that KIF13B is inhibited by
PIP3 and shows that the motor protein is processive (21). Next, we
incubated unlabeled KIF13B with fluorescently labeled mWasabi-
ADAP1 and found that the motor protein can transport ADAP1
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Fig. 1. KIF13B transport of ADAP1 is inhibited by PIP3. (A) Domain architecture of ADAP1 and KIF13B and known interactions (Top). Architecture of protein
constructs used in this study (Bottom). CC, coiled coil; CG, cytoskeleton-associated protein glycine-rich domain; FHA, forkhead-associated domain; MBS,
membrane-associated guanylate kinase-binding stalk. (B) Assay scheme for single-vesicle motility assay. Fluorescently labeled vesicles are observed by TIRF
microscopy as they are transported along microtubules by molecular motors. (C, Left) Time series of rhodamine-labeled NTA vesicles (green; 3 mol % Ni-NTA)
being transported along HiLyte 647-labeled microtubules (red) in the presence of 500 nM KIF13B-6×His (Top) and corresponding time average (100 frames) of
the rhodamine channel (Bottom). (C, Right) Time series of rhodamine-labeled PIP3 vesicles (green; 5 mol % PIP3) in the presence of ADAP1 (here 500 nM) and
KIF13B (here 500 nM) and corresponding time average (100 frames) of the rhodamine channel (Bottom). (D) Quantification of run frequencies corresponding
to C counting run events per minute and per micrometer of microtubule with one representative kymograph per condition. ***P < 0.001. (E) Assay scheme
for single-molecule motility assay. Fluorescently labeled proteins are observed by TIRF microscopy along surface-immobilized microtubules. (F, Top) Time
series of CF488-labeled KIF13B (green; 10 nM) walking along HiLyte 647-labeled microtubules (red) in the presence of 23 μM water-soluble PIP3-C4. (F, Bottom)
Corresponding time average of the 488-nm channel (total duration 100 frames). (G, Top) Time series of 20 nM mWasabi-ADAP1 (green) with 100 nM un-
labeled KIF13B in the absence (Left) or presence (Right) of 23 μMwater-soluble PIP3-C4. (G, Bottom) Corresponding time average of the 488-nm channel (total
duration 100 frames). (H) Quantification of run frequencies corresponding to G with one representative kymograph of the 488-nm channel per condition.
***P < 0.001. Displayed box plots encompass the 25–75th percentiles, the midline indicates the median, the whiskers extend to show the rest of the dis-
tribution and to indicate outliers.
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along microtubules (Fig. 1G and Movie S4). Finally, we repeated
these experiments in the presence of water-soluble PIP3-C4.
Again, there was no KIF13B-mediated transport of ADAP1 under
these conditions (Fig. 1 G, Right and Movie S4), as quantified by a
dramatic decrease in run frequency (Fig. 1H).
To summarize, our data show that ADAP1 is not an adaptor

for the transport of PIP3 vesicles by KIF13B. Instead, and in
contrast to a previous report (17), we find that PIP3 inhibits the
transport of ADAP1 by KIF13B.

Transport Is Inhibited by a Phosphoinositide-Induced Release of ADAP1
from KIF13B. PIP3 could inhibit motility of the ADAP1–KIF13B
transport complex on microtubules or prevent its formation. To
distinguish between these two scenarios and to understand the
mechanism of transport inhibition, we incubated fluorescent
mWasabi-ADAP1 with surface-immobilized microtubules. We

found that ADAP1 had a weak but detectable affinity toward
microtubules (Fig. 2 A, i), consistent with an earlier report (5).
The presence of AMP-PNP–bound, unlabeled KIF13B strongly
increased the fluorescence signal of mWasabi-ADAP1 (Fig. 2 A, ii),
showing that KIF13B recruits ADAP1 to microtubules. However,
when we repeated this experiment in the presence of either water-
soluble PIP3-C4 (Fig. 2 A, iii) or inositol 1,3,4,5-tetrakisphosphate
(IP4) (Fig. 2 A, iv), we found that the intensity signal of mWasabi-
ADAP1 along microtubules was strongly reduced to less than 15%
of its original value in the presence of the motor (Fig. 2B). In
contrast, the signal for KIF13B remained unchanged and was not
affected by the presence of PIP3-C4 (Fig. 2C).
ADAP1 was also found to bind to PI(3,4)P2, but not to PI(4,5)

P2 (20). Interestingly, PI(3,4)P2 is known to promote outgrowth
and branching of dendrites from the plasma membrane (22, 23).
To test whether these phosphoinositides have an effect on the
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Fig. 2. PIP3 displaces ADAP1 from microtubule-bound KIF13B. (A) Representative TIRF images of mWasabi-ADAP1 binding to stabilized and immobilized
HiLyte 647-labeled microtubules in the presence or absence of AMP-PNP–bound KIF13B and different phosphoinositides. Merged images are shown (Top)
(mWasabi-ADAP1 is in green and microtubules are in red) and the 488-nm mWasabi channel is shown (Bottom) in grayscale. Concentrations were 160 nM
mWasabi-ADAP1, 200 nM KIF13B, 28 μM IP4, and 23 μM for all other water-soluble phosphoinositides (SI Appendix, Methods). AMP-PNP was present in all
conditions at 0.5 mM. (B) Quantifications for all conditions in A. Intensities of mWasabi-ADAP1 come from at least 20 microtubules from three independent
experiments per condition. A.U., arbitrary units. (C, Left) Representative TIRF image of the 488-nm channel showing AMP-PNP–bound CF488-KIF13B binding to
stabilized microtubules in the absence (Top) or presence (Bottom) of 23 μM water-soluble PIP3-C4. CF488-KIF13B was present at 100 nM. (C, Right) Corre-
sponding quantification of CF488-KIF13B signals from three independent experiments. N.S., not significant. (D, Left) Representative TIRF images of PIP3-
C4 wash-in experiments. mWasabi-ADAP1 signals were recorded in the presence of AMP-PNP–KIF13B without PIP3-C4 (Top) and after (Bottom) solutions were
exchanged with a solution containing mWasabi-ADAP1, AMP-PNP–KIF13B, and additionally water-soluble PIP3-C4. Protein and PIP3 concentrations were the
same as in A and the time between solution exchange and image recording was ∼30 s. (D, Right) Corresponding quantification of mWasabi-ADAP1 signals
before (Left) and after (Right) solution exchange from the same set of microtubules. ***P < 0.001. Displayed box plots encompass the 25–75th percentiles, the
midline indicates the median, the whiskers extend to show the rest of the distribution and to indicate outliers.
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formation of the ADAP1–KIF13B complex, we repeated our
experiment with PI(3,4)P2 or PI(4,5)P2. When we incubated
ADAP1 and KIF13B on surface-bound microtubules with solu-
ble PI(3,4)P2-C4, the fluorescence of mWasabi-ADAP1 was re-
duced to a similar level as found in the presence of PIP3-C4
(Fig. 2 A, v), indicating that also PI(3,4)P2 prevents the forma-
tion of a transport complex. This finding also excludes the pos-
sibility that ADAP1 can act as a transporter for PI(3,4)P2 vesicles.
In contrast, PI(4,5)P2-C4 had only a minor and statistically not
significant (at the P < 0.01 level; P = 0.0281) effect on the complex
formation of ADAP1 and KIF13B on the microtubule (Fig. 2 A,
vi), which also rules out nonspecific effects of phosphoinositides
on these interactions.
Next, we wanted to know if this inhibitory effect is limited to

water-soluble PIP3. To find out how PIP3 embedded in a lipid
membrane acts on ADAP1, we performed pelleting assays. First,
we incubated microtubules with AMP-PNP–bound KIF13B and
ADAP1 and found that both proteins are recruited to the mi-
crotubule pellet (SI Appendix, Fig. S2A), consistent with the
presence of a microtubule-bound complex of KIF13B–ADAP1
(Fig. 2). In the presence of PIP3-containing vesicles, however,
ADAP1 was selectively recruited to the vesicle pellet, whereas
KIF13B remained in the supernatant (SI Appendix, Fig. S2B).
Together, these findings show that PIP3 inhibits the interaction
between ADAP1 and KIF13B, even in the absence of microtu-
bules, while it does not affect binding of the motor protein to
microtubules.
We next wondered whether PIP3 binds to ADAP1 in solution

to prevent its recruitment to KIF13B on microtubules and therefore

inhibits its transport, or if PIP3 can disassemble the ADAP1–
KIF13B complex preformed on microtubules. We therefore first
incubated mWasabi-ADAP1 and AMP-PNP–bound KIF13B in
the absence of PIP3 together with surface-immobilized micro-
tubules to allow for complex formation. We then replaced the
solution in the flow chamber with a buffer containing water-
soluble PIP3-C4 in addition to all other components and recor-
ded the fluorescence signals from the same set of microtubules.
After the addition of PIP3-C4, we observed a strong decrease of
the mWasabi-ADAP1 signal along microtubules (Fig. 2D). In
contrast, the intensity of CF488-KIF13B on microtubules was not
affected as shown before (Fig. 2C) and the motor also remained
motile (SI Appendix, Fig. S3A). Importantly, this effect was re-
versible, as ADAP1 reattached to the immobilized microtubule
when we washed out PIP3-C4 (SI Appendix, Fig. S3B).
Together, these data contradict the idea of a motile PIP3–

ADAP1–KIF13B complex on microtubules. Instead, our exper-
iments indicate that binding of IP4, PIP3, or PI(3,4)P2 to at least
one of its PH domains releases ADAP1 from its interaction
partner KIF13B. Accordingly, our results suggest a role for these
second messengers as cargo-release factors that terminate
ADAP1 transport by displacing it from its transporter, KIF13B.

ADAP1 Binds Cooperatively to PIP3 in Membranes. So far, we found
that ADAP1 does not allow for the transport of phosphoinosi-
tides but that they displace ADAP1 from KIF13B. Next, we
wanted to understand how local differences in PIP3 densities,
such as its enrichment in cell membranes, could affect the sta-
bility of this complex and whether there is a critical density of
PIP3 that terminates transport. We therefore performed pellet-
ing assays with vesicles containing different concentrations of
PIP3 from 0 to 3% and found an increasing amount of ADAP1 in
the pellet fraction with higher PIP3 content (Fig. 3A). Fitting a
Hill equation to the data revealed that binding of ADAP1 to
PIP3 membranes is cooperative with a Hill coefficient (nH) of 2.2
(± 0.13) (Fig. 3B) and a half-maximal effective concentration of
0.37 (± 0.08) mol % PIP3. This cooperativity can be explained by
the presence of two PH domains in ADAP1 and that membrane
binding is enhanced when both PH domains are occupied by
PIP3 (24, 25). As a consequence, the protein could respond to a
local enrichment of PIP3 in the membrane, triggering the release
of ADAP1 from the motor complex in a highly sensitive manner.

ADAP1 Is an ARF6 GAP.Due to its N-terminal GAP domain, ADAP1
has been suggested to stimulate GTP hydrolysis in ARF GTPases
(2, 14). Indeed, ADAP1 with a mutation in the putative GAP do-
main was unable to increase spine densities and branching when
overexpressed (7). However, several in vitro studies reported a lack
of GAP activity of ADAP1 toward ARF6 (4, 12–14). Importantly,
these biochemical studies were performed with soluble ARF6
lacking its myristoyl anchor and in the absence of membranes and
phosphoinositides, which were found to regulate the activity of
GAPs with N-terminal PH domains (25–28). Accordingly, if and
under which conditions ADAP1 can activate GTP hydrolysis by
ARF6 bound to membranes containing phosphoinositides are
not known.
To test the GAP activity of ADAP1 on membrane-bound

ARF6, we set up an in vitro assay using myristoylated ARF6
(myrARF6) and vesicles composed of phosphatidylcholine (PC),
phosphatidylserine (PS), and PIP3 (Materials and Methods and SI
Appendix, Fig. S5A). As a reporter for the nucleotide state of
ARF6, we used the GAT domain of GGA3 [amino acids
146–302], an ARF6 effector that specifically binds to membrane-
bound ARF6-GTP but not to ARF6-GDP (29). To validate this
approach, we prepared myrARF6 in a GTP-bound state or
GDP-bound state (30). In vesicle sedimentation experiments, we
found that myrARF6-GTP recruited substantial amounts of
GGA3 to the vesicle pellet, whereas almost no GGA3 was found
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in the pellet when myrARF6 was preloaded with GDP (Fig. 4 A,
Top, lower band). Additionally, we observed that ARF6 itself
bound more tightly to membranes in its GTP-bound form (Fig. 4 A,

Top, upper band). Strikingly, addition of ADAP1 to myrARF6-
GTP reduced the amount of copelleted GGA3 to the level seen
for myrARF6-GDP and increased the amount of soluble myrARF6
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Fig. 4. ADAP1 is an ARF6 GAP in vitro. (A, Top) To validate the assay, myrARF6 was brought into a GTP (Left) or GDP (Right) -bound state. Recruitment of GGA3
to the pellet and the amount of ARF6 in the supernatant were monitored. (A, Middle) myrARF6-GTP was incubated with 1 μM ADAP1 (Left) or ADAP1 storage
buffer (Right). (A, Bottom) Instead of GTP, myrARF6 was loaded with GTPγS. (B) Quantification of ARF6 band intensity in the supernatant (white) and GGA3 band
intensities in the pellet (dark gray). “Buffer” corresponds to ADAP1 storage buffer. Displayed box plots encompass the 25–75th percentiles, the midline indicates
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(Fig. 4 A,Middle and Fig. 4B). To rule out any competition effect of
ADAP1 and GGA3 for membrane-bound ARF6, we performed
additional experiments with a nonhydrolyzable GTP analog,
GTPγS (29). No significant differences between GGA3 in the pellet
fraction or ARF6 in the supernatant were observed in the presence
or absence of ADAP1 (Fig. 4 A, Bottom and Fig. 4B). This shows
that ADAP1 cannot displace GGA3 from membrane-bound ARF6
in a GTP hydrolysis-independent process and suggests that the
decrease of GGA3 in the pellet is due to ADAP1-stimulated
GTPase activity. In order to directly confirm GTP hydrolysis, the
nucleotide bound to myrARF6 was extracted from the protein and
identified in a high-performance liquid chromatography (HPLC)-
based assay. GTP-loaded myrARF6 was incubated with PIP3-con-
taining vesicles with or without ADAP1. In the absence of ADAP1,
we found that ∼75% of ARF6 was bound to GTP (Fig. 4 C,Middle
and SI Appendix, Fig. S4C). Strikingly, in the presence of ADAP1,
there was almost no remaining GTP peak observable and only one
dominant GDP peak remained (Fig. 4 C, Bottom). Control exper-
iments with either GTPγS or ARF6 lacking its myristoyl anchor did
not result in hydrolysis (SI Appendix, Figs. S4 and S5). Together,

this firmly establishes ADAP1 as an ARF6 GAP that requires
membrane-bound ARF6-GTP as a substrate.

ADAP1’s GAP Activity Depends on Binding to PIP3-Containing Membranes.
To shed light on the regulation and kinetics of ADAP1’s GAP ac-
tivity, we employed a real-time kinetics assay based on the intrinsic
tryptophan fluorescence of ARF6 (Materials and Methods). As ARF
GTPases have a higher fluorescence signal when loaded with GTP
than in their GDP-bound state, this property can be used as a real-
time readout of their nucleotide state (30, 31). In the absence of
ADAP1, no significant signal changes were observed over a time
course of up to 2 h (Fig. 5A), consistent with earlier studies that
reported the absence of an intrinsic GTPase activity of ARF6 (32,
33). In the presence of ADAP1 and vesicles containing 2.5% PIP3,
we found the fluorescence intensity to continuously decrease fol-
lowing a monoexponential decay, consistent with ADAP1 catalyzing
GTPase hydrolysis by ARF6 (Fig. 5B).
Previous studies have found that phosphoinositides activate

GAPs with N-terminal PH domains independent of membrane
recruitment (27, 28). Instead, binding of phosphoinositides to
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their PH domains activates the GAP allosterically. To find out
whether the localization to a membrane surface or occupation of
the PH domains is sufficient to activate ADAP1’s GAP activity,
we performed three sets of experiments. First, we asked whether
PIP3 is necessary for ADAP1’s GAP activity and recorded
fluorescence time courses of myrARF6-GTP with vesicles only
containing PC and PS. Under these conditions, fluorescence in-
tensity traces were indistinguishable from the experiments lacking
ADAP1 (Fig. 5B), showing that either membrane recruitment or
phosphoinositides or both are required to stimulate ADAP1’s
GAP activity.
Next, to find out if binding of ADAP1 to phosphoinositides is

sufficient to stimulate its GAP activity, we added water-soluble
IP4 and vesicles of only PC and PS to our assay. If binding of
PIP3 is sufficient for the activation of ADAP1, we expected to
see a decrease in fluorescence of myrARF6-GTP. However, we
found that the presence of 20 μM IP4 did not activate the GAP
activity of ADAP1 (Fig. 5C). In contrast, artificial recruitment of
a C-terminally 6×His-tagged ADAP1 to Ni-NTA–containing
membranes did result in GAP activity (SI Appendix, Fig. S5B),
albeit with reduced efficiency in comparison with vesicles con-
taining 2.5% PIP3.
As ADAP1 was found to also bind to PI(3,4)P2 (3, 20), we

then wondered if other phosphoinositides can also stimulate
ADAP1’s GAP activity. Consistent with these previous obser-
vations, we observed GTP hydrolysis with vesicles containing
2.5% PI(3,4)P2, while PI(4,5)P2 and PI(3)P had no effect on
ADAP1’s activity toward ARF6 (Fig. 5C).
To conclude, we found that membrane binding is essential for

the GAP activity of ADAP1, and that PIP3 or PI(3,4)P2 has an
additional stimulatory effect. Binding of ADAP1 to phosphoi-
nositides via its PH domain could allow for an ideal orientation
toward ARF6 on the membrane surface; however, our data
cannot rule out an allosteric effect as an explanation for the
observed behavior.
We then decided to study the kinetics of this reaction in ti-

tration experiments. By titrating either the substrate (myrARF6-
GTP) or the enzyme concentration (ADAP1) at a fixed PIP3
concentration, we were able to extract the Michaelis–Menten
constant (34), which under our experimental condition was ∼4.5
μM (SI Appendix, Fig. S5C), and the catalytic efficiency kcat/Km,
which was 0.27 (± 0.01) μM−1·min−1 (SI Appendix, Fig. S5D). We
then fixed the ADAP1 and myrARF6-GTP concentrations and
varied the PIP3 content of vesicles and plotted the GAP activity
against the PIP3 concentration. We observed cooperative activa-
tion of the GAP activity in response to increasing PIP3 concen-
tration with a Hill coefficient of 1.96 (± 0.32) and a half-maximal
effective concentration of 0.83 (± 0.07) mol % PIP3 (Fig. 5D), in
agreement with our membrane-binding data (Fig. 3). This suggests
that not only its binding to membranes but also ADAP1’s GAP
activity follow a nonlinear response to the concentration of PIP3 in
the membrane. A previous study found that overexpression of an
FHA domain-containing fragment of KIF13B increased ARF6-
GTP levels in cells, possibly via ADAP1 inhibition (6). We
therefore tested this idea and, in agreement with this study, found
that 10 μM FHA domain of KIF13B resulted in a mild inhibition
of GAP activity at intermediate PIP3 concentrations, shifting the
half-maximal effective concentration from 0.83 (± 0.07) to 1.01 (±
0.09) mol % PIP3 (Fig. 5D). Interestingly, addition of the FHA
domain also increased the Hill coefficient from 1.96 (± 0.32) to
3.11 (± 0.68) (Fig. 5D), enhancing the nonlinearity of ADAP1’s
GAP activity in response to increasing PIP3 concentrations.
In summary, we found that ADAP1’s GAP activity depends on

membrane binding and is additionally activated by PIP3. In
contrast, there is only a minor inhibitory influence of the binding
partner KIF13B.

Discussion
ADAP1 and Regulated Transport. Intracellular transport and GTPase
regulation are important processes that define essential cellular
functions (1, 35). For many tasks, such as cell polarization and
differentiation, these two processes mutually regulate each other
in dynamic biochemical networks (35, 36). But because of the
complexity of the living cell, their independent systematic char-
acterization is often impossible in vivo. Our study provides details
of such coordination, exemplified by the reconstituted protein
interaction network of ADAP1 with PIP3, KIF13B, and ARF6.
We found that KIF13B transports ADAP1 along microtu-

bules, consistent with previous observations that the two proteins
physically interact with each other (3, 6, 19) and that KIF13B
plays a role for the intracellular location of ADAP1 (6). In some
cases, KIF13B has been shown to be dendrite-selective (37),
which might explain the observation that the majority of ADAP1
is localized to the somatodendritic compartment (7).
We show that PIP3 triggers release of ADAP1 from its com-

plex with KIF13B on microtubules and therefore provide evi-
dence that phosphoinositides can act as a stop signal for microtubule-
based transport. So far, Ca2+, several protein kinases, and kinesin-
binding proteins have been described to trigger cargo release but, in
most cases, their spatial control is not very well understood
(38–41). In the case of ADAP1, PIP3 and PI(3,4)P2 not only
release the protein from the motor but also activate its enzymatic
function, possibly at a well-defined intracellular location that is
defined by a targeted molecular transport and the local lipid
composition. Our results establish phosphoinositides as a cargo-
displacement factor for the ADAP1–KIF13B complex and it will
be interesting to see if similar mechanisms are applied for other
PH domain-containing proteins to displace them from their
interaction partners.

ADAP1 and PIP3 Polarity. The prevalent model of PIP3 polarity in
neurons assumes that it depends on two complementary pro-
cesses: first, its local production and degradation (42, 43), and
second, targeted delivery to the axon tip (17, 44). Herein,
ADAP1 and KIF13B would be part of a positive feedback loop
involving MARK2/Par1 and aPKC that delivers PIP3 to the axon
tip by microtubule-based transport (16, 18). This idea was sup-
ported by the observation that inhibition of KIF13B caused
failures in PIP3 polarity (17, 18, 45) and by an in vitro study that
reconstituted a ternary complex of PIP3 vesicles, GST-ADAP1,
and KIF13B (17). Our data contradict this suggested function of
ADAP1 during PIP3 vesicle transport. We believe that the dis-
crepancy from our data can be explained by the previous use of
the GST-tagged ADAP1 in in vitro experiments. As GST is
known to dimerize with Kd ∼20 pM (46), simultaneous binding of
ADAP1 to PIP3 and KIF13B could have been due to a stably
linked GST dimer, where one ADAP1 monomer binds PIP3 and
the other KIF13B. Consistent with our results, the structure of
ADAP1 showed two PIP3 molecules in the absence of the FHA
domain of KIF13B, while in its presence only 0.5 PIP3 was found
per ADAP1, indicative of competitive binding (3). The binding
interfaces for FHA and PIP3 on ADAP1 do not directly overlap
and it therefore is not obvious why they cannot bind at the same
time. However, binding of the FHA domain to ADAP1 induces a
conformational change in the PH2 domain, which indicates an
allosteric mode of inhibition. Importantly, genetic inhibition of
ADAP1 did not cause an axonal phenotype and, in fact, ADAP1
is mainly present in dendrites (7). It is therefore likely that for
the directed transport of PIP3 vesicles, KIF13B uses different
adaptors as it was found to transport early endosomes inde-
pendent of ADAP1 (47). Alternatively, it is also possible that
PIP3 polarity solely depends on local production and degrada-
tion by phosphoinositide kinases and phosphatases. To conclude,
we believe that our results from biochemical reconstitution
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experiments provide evidence that support observations made in
the living cell.

ADAP1 and ARF6 GAP Activity. We demonstrate here in vitro that
ADAP1 has ARF6 GAP activity, that this activity is coupled to
the presence of membranes containing PIP3 or PI(3,4)P2, and
that it does not require additional proteins. This reconciles ob-
servations made in cells that suggested that ADAP1 has GAP
activity toward ARF6 (6, 14, 48) and biochemical studies that
reported the lack of GAP activity in the absence of membranes
(4, 12, 13). In fact, other GAPs and guanine nucleotide-exchange
factors (GEFs) are known to be regulated by phosphoinositides
(25, 26, 33, 49, 50), which highlights the important role of these
lipids for the regulation of ARF GTPases. The kinetic rates
obtained for ADAP1 were similar to other ARF6 GAPs such as
ACAPs (0.025 to 0.25 hydrolyses per minute) and slower in
comparison with ARF1 GAPs such as ASAP1 (50). Also, the
obtained Km in the low micromolar range is comparable to other
known GAPs (26, 49). It should be noted that these values refer
to solution concentrations but that the actual reactions happen
on the membrane surface. Accordingly, GAP-stimulated GTP
hydrolysis by ARF GTPases is the result of a more complex re-
action pathway that includes several membrane-binding events.
Furthermore, local concentrations of proteins on the membrane
surface can differ considerably compared with their concentra-
tion in solution.
We found cooperative binding of ADAP1 to PIP3-containing

membranes and a similar nonlinear response of its GAP activity.
This behavior is often seen in proteins with tandem PH domains
(24) and likely ensures that activation happens only above a
certain phosphoinositide threshold in the membrane to fine-tune
cellular responses to external cues. Addition of the FHA domain
of KIF13B mildly enhanced the degree of cooperativity, which is
in line with theoretical and experimental work that showed an

increase in ultrasensitivity in the presence of sequestering in-
hibitors (51). Our data also agree with studies in cells, where
overexpression of a nonmotile KIF13B fragment leads to in-
creased ARF6-GTP levels (6), likely via ADAP1 inhibition.
ADAP1 promotes dendrite branching (7) whereas ARF6-GTP

inhibits this process via recruitment of its effector phosphatidy-
linositol 4-phosphate 5 kinase and the activation of the Rac1
pathway (9, 52, 53). Interestingly, high PI(3,4)P2 concentrations
coincide with branching points (23). Therefore, we speculate that
local PI(3,4)P2 accumulation could release ADAP1 from KIF13B
to inactivate ARF6 to promote dendrite branching. In fact, pre-
vious studies could demonstrate such local PIP enrichment in
response to extracellular cues (54).
Consistent with a previous study in cells that indicated that

artificial membrane recruitment of ADAP1 by the RAS membrane-
targeting sequence leads to ARF6 GAP activation independent of
PIP3 binding (14), we did not observe any GAP activity in so-
lution, regardless of whether ADAP1’s PH domains were bound
to IP4 or not. Instead, artificial recruitment of ADAP1 only
allowed for moderate activity. These experiments show that
ADAP1’s ability to stimulate GTP hydrolysis by ARF6 is re-
stricted to membranes. They also indicate that the orientation of
both proteins on the membrane is critical for this GTPase
stimulation. KIF13B (18) and ADAP1 (55) are phosphorylated
by different kinases. As it has been shown that lipid affinity and
specificity of PH domains can be regulated by phosphorylation
(25, 56), it will be interesting to study how these phosphoryla-
tions can alter the activity of the proteins used in this study.
To summarize, our data do not support ADAP1’s proposed

role in axonal PIP3 transport. Instead, we favor a model for the
function of ADAP1 where this protein is transported to dendrites
by the motor KIF13B until it binds to membranes enriched in PIP3/
PI(3,4)P2, which terminate cargo transport. The phosphoinositide-
enhanced GAP activity of ADAP1 and the deactivation of ARF6

ADAP1KIF13B ARF6-GTP ARF6-GDP PI(3,4)P2
PIP3

(i) Transport
(ii) Transport termination by PI(3,4)P2 and PIP3

(iii) ADAP1 membrane-binding

+

Microtubule

(i)

(iii)
(ii)

(iv) GTP hydrolysis and ARF6 detachment

(iv)

Fig. 6. Proposed model for the action of ADAP1. KIF13B transports ADAP1 along microtubules in dendrites (i) until it reaches regions of high PIP3 or PI(3,4)P2
concentration. Here, ADAP1 is released from KIF13B (ii) and recruited to the membrane (iii), where it stimulates GTP hydrolysis and membrane detachment of
ARF6 (iv).
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could then initiate dendrite branching and contribute to the
maintenance of dendritic spines (Fig. 6). Our findings extend
previous models for the regulation of GTPases that typically
assume a diffusion and capture process for the localization of
GAPs and GEFs (33). Instead, our data support a microtubule-
based deposition of a GAP that contributes to the spatial regu-
lation of its cognate ARF GTPase. While a similar mechanism
has been described for the localization of the Tea1–Tea4 com-
plex to the cell ends of the fission yeast Schizosaccharomyces
pombe (57), it has so far not been identified to play a role for the
regulation of small GTPases in vertebrate systems.
As many neurological diseases are linked to misregulation of

neuronal transport and small GTPase signaling (58, 59), shed-
ding new light on these processes is important. Due to the
pleiotropy of PIP3’s functions (60) and the difficulty of imaging
ADAP1 under native expression levels for longer times, experi-
ments to disentangle these processes in the living cell are cur-
rently challenging. Accordingly, we believe that the in vitro
reconstitution approach applied here is important to further
dissect the molecular events that shape neurons and better un-
derstand their regulation to get a more complete picture of
neuronal development.

Materials and Methods
Protein Biochemistry. Proteins were overexpressed in either SF9 insect cells or
BL21 Escherichia coli cells and purified by immobilized metal-affinity chro-
matography and size-exclusion chromatography. Sortase or NMT1 was used
to attach dyes or lipid modifications. Enzyme kinetics (30) and nucleotide

extractions (61) are based on previously published protocols. Protein–protein
and protein–lipid interaction experiments were performed essentially as
described before (3, 17, 24, 61). See SI Appendix, Methods for details and
modifications.

Microscopy. Microscopy experiments were performed on an Olympus IX83 or
an iMIC TIRF microscope with a 100× 1.49 numerical aperture oil objective on
functionalized glass coverslips (62), where biotinylated microtubules were
attached via neutravidin. Fluorescent proteins or fluorescent lipids were
then imaged in TIRF mode by time-lapse microscopy in the presence of an
oxygen scavenger system.

Analysis. Numerical values from experiments were extracted with the ap-
propriate software (e.g., ImageJ for microscopy movies) and subsequent
analysis and data visualization were performed in Python as detailed in SI
Appendix, Methods.

Data Availability. All study data are included in the article and supporting
information.
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