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Abstract

We previously reported that recruitment of the Type I1A phosphatidylinositol 4-kinase (P14K2A)
to autophagosomes by GABARAP, a member of the Atg8 family of autophagy-related proteins, is
important for autophagosome-lysosome fusion. Because both PI4K2A and GABARAP have also
been implicated in the intracellular trafficking of plasma membrane receptors in the secretory/
endocytic pathway, we characterized their interaction in cells under non-autophagic conditions.
Fluorescence fluctuation spectroscopy measurements revealed that GABARAP exists
predominantly as a cytosolic monomer in live cells, but is recruited to small cytoplasmic vesicles
upon overexpression of PI4K2A. C-terminal lipidation of GABARAP, which is essential for its
autophagic activities, is not necessary for its recruitment to these PI4K2A-containing transport
vesicles. However, a GABARAP truncation mutant lacking C-terminal residues 103-117 fails to
bind to PI4K2A, is not recruited to cytoplasmic vesicles, and does not co-distribute with PI4K2A
on subcellular organelles. These observations suggest that that the PI4AK2A-GABARAP interaction
plays a role in membrane trafficking both under autophagic and non-autophagic conditions.
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Autophagy is a multi-step process resulting in the engulfment of bulk cytosol and
cytoplasmic inclusions such as aggregated proteins and damaged organelles. It is activated
under conditions of nutrient deprivation as a mechanism to provide cells with needed energy
sources. Numerous autophagy-related proteins (Atgs), which facilitate the initiation,
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maturation, and degradation stages of autophagy, have been identified. These include the
Atg8 family, ubiquitin-like proteins comprising LC3 (dynein light chain 3) and GABARAP/
GATE16 subfamilies 1-3. Interaction screens*® revealed that GABARAP/GATE16 interact
with phosphatidylinositol 4-kinase Type lla. (P14K2A), one of the four mammalian enzymes
that catalyze the phosphorylation of phosphatidylinositol to produce phosphatidylinositol 4-
phosphate (P14P). We found that GABARAP not only binds PI4K2A, but is necessary for
P14P generation on autophagosomes by PI4K2A, and that depletion of either PI4K2A or
GABARAP inhibits autophagosome-lysosome (A:L) fusion &7. Furthermore, the catalytic
activity of PI4K2A is necessary for A:L fusion, as the PI4K2A depletion defect could be
rescued by transfection of wild-type but not kinase-dead P14K2A or by “shuttling” of P14P
into PI4K2A-depleted cells.

In addition to their well-characterized roles in autophagy, Atg8 proteins have non-
autophagic functions in a variety of cellular pathways, including viral replication,
cytoskeletal remodeling, and protein trafficking®. Indeed, GABARAP was first identified as
a binding partner of the GABA(A) receptor®, mediating the transport of the receptor from
the Golgi to the plasma membrane (PM)10:11, Consistent with a role in receptor trafficking,
GABARAP binds directly to NEM-sensitive factor (NSF)10 and to microtubules®.
GABARAP has also been implicated in the PM expression of the angiotensin 11 receptorl?,
the transient receptor potential cation channel subfamily VV member 1 (TrpV1, also known as
the capsaicin receptor and vanilloid receptor 1)13, the x-opioid receptorl4, and HIV-Nef>,
Thus, GABARAP may function in non-autophagic trafficking by recruiting cargo into
Golgi-derived transport vesicles that are destined for the PMZ2. We previously showed that
PI4K2A participates in vesicle formation on the Golgi by creating a pool of P14P that
interacts with the adaptors AP-116 and GGA117. Other groups have implicated PI4K2A in
various aspects of intracellular transport, including the sorting of receptors from endosomes
(reviewed in18-20),

In this study, we used fluorescence fluctuation spectroscopy (FFS) to characterize
GABARAP and its interaction with PI4K2A in living cells. FFS utilizes fluctuations in
fluorescence signals from tagged molecules to determine their concentration, mobility, and
stoichiometry in a sub-femtoliter optical observation volume within a cell?1-23, see
Experimental Procedures). Several unique physical parameters are accessible by analyzing
the photon counts emitted from this optical volume. Autocorrelation analysis provides an
estimate of the diffusion constant (and, hence, the size) of a fluorescent protein (FP)-tagged
particle. Brightness analysis of the fluorescence intensity fluctuations retrieves the
normalized brightness b and identifies the average oligomeric state of the labeled protein.
The data reveal that cytosolic GABARAP is monomeric at concentrations up to 3 uM, as all
GFP-GABARAP brightness values were consistently close to b = 1 (Figure 1A). This result
is consistent with prior /n vitro studies using gel filtration and dynamic light scattering,
which indicated that GABARAP is monomeric in solution at concentrations up to 100 uM?24,
We next performed autocorrelation analysis on the same fluctuation data used for brightness
analysis to estimate the mobility of GFP-GABARAP. The median residence time, 2.93+1.1
ms (Figure 1B), was independent of concentration. For comparison, the residence time for
tandem dimeric GFP (MW ~54 kDa) is approximately 1 ms25. Given that GFP-GABARAP
has a MW of ~41 kDa, a residence time of 2.9 ms is higher than expected for monomeric
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GABARAP, though considerably lower than predicted for a small cytoplasmic vesicle (at
least 10 ms)26:27 Thus, the majority of GABARAP in non-autophagic cells appears to be
monomeric, but complexed with soluble (non-membrane-associated) proteins in the

cytoplasm. In this respect, it behaves similarly to another Atg8 family member, LC3B28,

To determine if overexpression of PI4K2A induces the recruitment of cytosolic GABARAP
to vesicles, we co-transfected U20S cells with GFP-GABARAP and mCherry-PI14K2A. All
measurements were conducted using a dual-color detection setup. The fluorescence of GFP
was separated from the mCherry signal and directed into the green detection channel for
brightness analysis of GFP-GABARAP. The red fluorescence signal in the other channel
served to identify cells that co-expressed both proteins. As shown in Figure 1A, the
brightness of GFP-GABARAP was significantly greater in cells co-expressing PI4K2A. The
brightness increased with GABARAP concentration, which we interpret as the recruitment
of GFP-GABARAP proteins to cytosolic vesicles in the presence of PI4K2A.

Autocorrelation analysis of the data revealed an increase in the residence time of GFP-
GABARAP from about 2 to 100ms in the presence of mCherry-PI4K2A (Figure 1B). The
initial increase in the residence time with concentration followed by plateauing is consistent
with a concentration-dependent interaction leading to the recruitment of GFP-GABARAP to
vesicles. The observed residence time in excess of 10ms is consistent with values previously
observed for cytoplasmic vesicles?6:27. Thus, we conclude that GABARAP has a strong
tendency to associate with cytoplasmic vesicles containing PI4K2A.

We turned to another FFS approach, heterospecies partition (HSP) analysis?6:27:29  to probe
directly the co-mobility of GABARAP and PI14K2A. HSP analysis allows one to determine
if differently colored species move together as a single complex. This method calculates the
brightness A of the green channel and its associated brightness Ag in the red channel. Each
HSP-brightness A. = (Ag, Ag) corresponds to a point on a two-dimensional brightness plot.
The HSP brightness of GFP-labeled protein complexes is localized along the green line of
the two-dimensional brightness plot (Figure 2). This is a consequence of the broad emission
spectrum of GFP, which results in a split of the fluorescence across both detection channels.
The slope of this line represents the brightness ratio of Ag and Ag, which equals the
intensity ratio of the two channels. The presence of mCherry in a GFP-labeled protein
complexes leads to an additional brightness contribution in the red channel, shifting the HSP
brightness to the right of the green line (gray zone, Figure 2).

U20S cells were co-transfected with GFP-PI4K2A and mCherry-GABARAP. Only cells
expressing both proteins were subjected to HSP analysis. All measured HSP brightness pairs
were to the right of the green line, indicating the presence of diffusing complexes
simultaneously carrying GFP-PI4K2A and mCherry-GABARAP (Figure 2A). Similar
results were obtained in HeLa cells (Figure 2A), suggesting that co-mobility of the two
proteins is not cell line dependent. The HSP data demonstrate the recruitment of GABARAP
to PI4K2A-containing vesicles. Interestingly, the measured HSP brightness pairs are
distributed along a straight line, indicating the presence of a fixed stoichiometric ratio of
GFP- and mCherry-labeled proteins within the diffusing complexes.
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We also checked the co-mobility of GFP-PI4K2A with another ATG8 family protein, LC3.
The resulting HSP brightness values are plotted in Figure 2B. Although there is slight co-
mobility of GFP-PI4K2A and mCherry-LC3, the association was much weaker than that of
GFP-PI4K2A and mCherry-GABARAP (Figure 2A).

We next used deletion analysis to identify regions in GABARAP that are necessary for its
interaction with PI4K2A. GABARAP contains two structural domains: an N-terminal
microtubule-binding domain (residues 1-26) and a C-terminal ubiquitin-like domain
(residues 27-117). Like other Atg8s, GABARAP is anchored to the membrane by post-
translational attachment of phosphatidylethanolamine to glycine 116, which becomes
exposed upon cleavage of the C-terminal leucine. This modification is essential for
trafficking of the GABA(A) receptor3 but not the angiotensin 11 receptor3!. To determine if
lipidation is necessary for GABARAP binding to PI4K2A, we generated a mutant,
GABARAPY-115 which lacks the C-terminal glycine and leucine residues. HSP analysis
(Figure 3A) revealed that GABARAPY-115 was recruited to PI4K2A-containing vesicles
essentially identically to full-length GABARAP (compare with Figure 2A; also see Figure
S1B). Likewise, full-length GABARAP and GABARAP1-115 displayed similar co-
localization with PI4K2A in confocal images of non-autophagic HeLa cells (Figure 3B).
Thus, whereas lipidation of GABARAP is essential for its role in autophagy32 and for
GABA receptor trafficking30, this modification is apparently not required for the interaction
of GABARAP and PI4K2A.

In contrast to GABARAPI-115 3 more extensively truncated mutant, GABARAP1-102
failed to associate with PI4K2A-containing vesicles (Figure 3A) or to co-localize with
P14K2A-containing organelles (Figure 3B). As expected LC31-106 an analog as
GABARAPI102 shows no interaction with GFP-PI4K2A (Figure 2B). Co-
immunoprecipitation experiments provided biochemical confirmation that PI4K2A interacts
with GABARAPI-115 byt not GABARAPY-102 jn cell lysates (Figure 3C). Thus, a segment
within residues 103-115 in GABARARP is critical for its interaction with PI4K2A or for
proper GABARAP folding.

In summary, our FFS experiments demonstrate that GABARAP exists predominantly as a
cytosolic monomer over a broad concentration range. Co-expression of PI4K2A recruits
GABARAP to large cytoplasmic structures. Based on their residence times (inversely related
to their diffusion constants), and on the co-presence of PI4K2A, which behaves as an
integral membrane protein33, we believe that these structures are small, membrane-bounded
vesicles. Both GABARAP and PI4K2A have been localized to the Golgi apparatus.
Therefore, these vesicles may be transport carriers that deliver both proteins to the PM. In
addition to the increase in residence time, the brightness of GABARAP also increases
substantially upon co-transfection of cells with PI4K2A, suggesting that multiple
GABARAP proteins are present on each vesicle. The amount of vesicular GABARAP is
strongly correlated with the expression level of PI4K2A, and the two proteins co-exist on
vesicles at nearly stoichiometric levels. These results indicate that GABARAP and PI4K2A
interact tightly. Although lipidation of GABARAP is essential for its role in autophagy, here
we show that its lipidation is not required for the interaction of GABARAP and PI4K2A.
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Figure 1. Characterization of GABARAP in the cytosol by FFS.
Molecular brightness (A) and residence time (B) of GFP-GABARAP as a function of

protein concentration either in the absence (@) or presence of mCherry-PI14K2A (#).
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Figure 2. Plots of the HSP brightness from the red and green channel, respectively.
The green line represents HSP brightness values of GFP-labeled proteins that do not co-

migrate with mCherry-labeled proteins. The gray shaded zone demarks all possible
brightness vectors where GFP-labeled proteins co-migrate with mCherry-labeled proteins.
(A) HSP brightness of GFP-PI4K2A and mCherry-GABARAP. HSP brightness vectors for
U20S (@) and Hela (A) cells coexpressing GFP-P14K2A and mCherry-GABARAP are
shown. All HSP brightnesses are in the shaded area, clearly indicating that GFP-PI14K2A
and mCherry-GABARAP are co-mobile. (B) HSP brightness of GFP-P14K2A and mCherry-
LC3. HSP brightness vectors for GFP-PI14K2A coexpressed with wt mCherry-LC3 (@) and

with mCherry-LC3 (1-106) (A).
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(A) Dual-color HSP Brightness vectors for GFP-PI4K2A and mCherry-GABARAP1-102
(@), or mCherry-GABARAPI115 (4). (B) Myc-PI4K2A coimmunoprecitates with CFP-
GABARAPY-115 and not GABARAP1-102 HEK-293 cells co-transfected with myc-PI14K2A
and CFP-GABARAP1-102 and CFP-GABARAPL-115 were lysed and immunoprecipitated
with anti-myc. Coimmunoprecipitated CFP-GABARAPSs was detected by Western blotting

with anti-GFP. (C) Using deletion analysis to identify regions in GABARAP that are
necessary for its interaction with PI4K2A. Hela cells co-transfected with mCh-
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GABARAP1-102 GABARAPY-115 \ith GFP-PI4K2A. Confocal images show that full-
length GABARAP and GABARAPY-115 have similar co-localization with PI4K2A and
GABARAP1-102 ¢o-[ocalization with PI4K2A was impaired. (Scale bar, 10pm).
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