Autophagy 10:5, 861-877; May 2014; © 2014 Landes Bioscience

BASIC RESEARCH PAPER

Size, stoichiometry, and organization
of soluble LC3-associated complexes

Lewis J Kraft,' Tuan A Nguyen,? Steven S Vogel,? and Anne K Kenworthy'*

'Chemical and Physical Biology Program; Department of Molecular Physiology and Biophysics; Department of Cell and Developmental Biology;
Vanderbilt University Medical Center; Nashville, TN USA; ?Section on Cellular Biophotonics, Laboratory of Molecular Physiology; National Institute on Alcohol Abuse
and Alcoholism; National Institutes of Health; Rockville, MD USA

Keywords: MAP1LC3B, FRAP, FPFA, fluorescence, FRET, diffusion, autophagy, FCS, hydrodynamic radius, ATG8

Abbreviations: ATGS, autophagy-related 8; ATG4B, autophagy-related 4B; CI, 95% confidence interval; D, diffusion coefficient;
F52A 153A, MAP1LC3B with mutations F52A and L53A; FCS, fluorescence correlation spectroscopys;

FPFA, fluorescence polarization fluctuation analysis; FRAP, fluorescence recovery after photobleaching; FRET, Forster resonance
energy transfer; G120A, MAP1LC3B with mutation G120A; GFP, green fluorescent protein; HEK, human embryonic kidney;
LC3, microtubule-associated protein 1 light chain 3; LC3-I, soluble microtubule-associated protein 1 light chain 3; LC3-IL, lipid
modified microtubule-associated protein 1 light chain 3; LC3B, microtubule-associated protein 1 light chain 3 beta;
MAPILC3B, microtubule-associated protein 1 light chain 3 beta; Mf, mobile fraction; NBR1, neighbor of BRCAL1 gene 1;
R70A, MAPI1LC3B with mutation R70A; RCEF, relative centrifugal force; ROI, region of interest; SQSTM1, sequestosome 1;

TRFA, time-resolved fluorescence anisotropy

MAP1LC3B, an ortholog of yeast Atg8 and a member of the family of proteins formerly also known as ATG8 in mam-
mals (LC3B henceforth in the text), functions in autophagosome formation and autophagy substrate recruitment. LC3
exists in both a soluble (autophagosome-independent) form as well as a lipid modified form that becomes tightly incor-
porated into autophagosomal membranes. Although LC3 is known to associate with tens of proteins, relatively little
is known about soluble LC3 aside from its interactions with the LC3 lipid conjugation machinery. In previous studies
we found autophagosome-independent GFP-LC3B diffuses unusually slowly for a protein of its size, suggesting it may
constitutively associate with a high molecular weight complex, form homo-oligomers or aggregates, or reversibly bind
microtubules or membranes. To distinguish between these possibilities, we characterized the size, stoichiometry, and
organization of autophagosome-independent LC3B in living cells and in cytoplasmic extracts using fluorescence recov-
ery after photobleaching (FRAP) and fluorescence polarization fluctuation analysis (FPFA). We found that the diffusion of
LC3B was unaffected by either mutational disruption of its lipid modification or microtubule depolymerization. Bright-
ness and homo-FRET analysis indicate LC3B does not homo-oligomerize. However, mutation of specific residues on LC3B
required for binding other proteins and mRNA altered the effective hydrodynamic radius of the protein as well as its
stoichiometry. We conclude that when not bound to autophagosomes, LC3B associates with a multicomponent complex
with an effective size of ~500 kDa in the cytoplasm. These findings provide new insights into the nature of soluble LC3B
and illustrate the power of FRAP and FPFA to investigate the emergent properties of protein complexes in the autophagy
pathway.

Introduction

Autophagy is a major pathway for the capture and degrada-
tion of cytosolic materials via the lysosome. A distinctive feature
of the pathway is the formation of a double-membrane-bound
vesicle called the autophagosome.! Autophagosome membrane
expansion, fusion, and substrate selection are performed, in
part, by a family of ATGS8 proteins.*'® Despite these proposed
major roles for ATGS proteins in autophagy, there are still many
open questions in regard to how ATGS8 proteins carry out these
tasks."
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ATGS proteins share high structural (but not sequence) homol-
ogy with ubiquitin, and thus have been termed ubiquitin-like
proteins.'? Interestingly, unlike ubiquitin, which is conjugated to
other proteins, ATG8 proteins are conjugated to the head group
of the lipid phosphatidylethanolamine.” In mammals, the best-
studied ATG8 family member, MAPILC3B (LC3B), exists in
both soluble (LC3-I), as well as lipid-modified form (LC3-II)."
Under conditions of stress or starvation, LC3 lipid modification
becomes upregulated, in turn targeting the protein to phago-
phore membranes.” LC3 is released from autophagosome mem-
branes by the cysteine protease activity of ATG4B.'¢
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LC3 and other members of the ATGS8 protein family have
numerous interacting proteins, suggestive of their possible par-
ticipation in multiprotein complexes.””” In addition, many LC3-
interacting proteins contain a consensus LC3-interacting motif
(W/E/Y-X-X-L/1/V) for efficient binding to a hydrophobic sur-
face on LC3 in the region of residues F52 and 153, as well as
R70.1°2¢ Mutations to these key residues on LC3's hydropho-
bic protein interacting surface disrupt binding to tens of pro-
teins, highlighting the importance of this region for engaging
other proteins in productive binding.®'”!%%2728 Importantly, it is
unknown if soluble LC3 interacts with its protein partners in a
binary fashion or if instead it constitutively associates with mul-
tiprotein or other multicomponent complexes to accomplish its
varied functions in autophagy.

Using confocal FRAP, our group recently showed that the
soluble form of LC3B diffuses unusually slowly for a cytoplasmic
protein of its size under basal conditions.?* Because the diffu-
sion coefficient of a soluble, freely diffusing molecule is inversely
related to its radius, this slower-than-expected-diffusion of LC3B
could potentially reflect its association with macromolecular
complexes comprised of LC3B and other components of the auto-
phagy pathway. Alternatively, the slow diffusion of soluble LC3B
could potentially arise from reversible binding to microtubules in
cells®® or the incorporation of LC3B into homo-oligomers, aggre-
gates, or possibly membranes.>3%33

To address these possibilities, in the current study, we
investigated the size, stoichiometry, and organization of
LC3B-containing protein complexes using 2 complementary
fluorescence-based approaches, confocal fluorescence recovery
after photobleaching (FRAP) and fluorescence polarization fluc-
tuation analysis (FPFA). The first of these methods, FRAP, is a
powerful and versatile tool for measuring the ensemble dynam-
ics of molecules. The instrumentation for FRAP is now widely
accessible in many laboratories, and by analyzing FRAP data
with recently described models it is now possible to accurately
measure diffusion coefficients, as well as quantify reversible
3436 FR AP also has the unique ability to quantify the
extent of irreversible interactions and very slow turnover on the

interactions.

timescale of the measurements as reflected in the mobile fraction.
The second approach, FPFA, is a newly developed experimental
method combining fluorescence correlation spectroscopy (FCS)
and time-resolved fluorescence anisotropy (TRFA).* Like FRAP,
FCS reports on the diffusional mobility of molecules. However,
FCS has exceptional sensitivity enabling measurements of the
concentrations of fluorescent proteins in the pM to nM range,
and is capable of resolving the diffusion coefficients of multiple
diffusing species and their molecular brightness.*® By combining
FCS and TRFA into a single measurement, FPFA enables the
simultaneous measurement of translational and rotational mobil-
ity, concentration, brightness, and homo-FRET.?” Thus, FPFA is
a tool that can be used to simultaneously investigate a protein’s
mobility, stoichiometry, and organization.

Our FRAP and FPFA measurements reveal that under basal
conditions, soluble Venus-LC3B diffuses as if it associates with
a complex with an effective molecular weight of approximately
500 kDa in size, and each complex contains on average a single
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LC3B. Similar complexes were observed in living cells and in
cytoplasmic extracts depleted of intact microtubules. In addition,
we show that the size and stoichiometry of complexes contain-
ing LC3B are altered by mutational disruption of LC3B’s hydro-
phobic binding surface, but not mutational disruption of LC3B’s
lipid modification. The effective size of the LC3B-associated
complexes only modestly changes after perturbations to the auto-
phagy pathway with rapamycin or chloroquine treatments. These
findings provide new insights into the nature of soluble LC3B
and illustrate the power of confocal FRAP and FPFA to provide
novel insights into the emergent properties of protein complexes
in the autophagy pathway.

Results

Effect of mutations of the hydrophobic-binding interface
and lipid modification site on the subcellular distribution of
LC3B

In previous studies, we found GFP-LC3B and Venus-LC3B
diffuse more slowly in the cytoplasm of cells than expected for
a monomer using confocal FRAP, suggesting LC3B may associ-
230 Given that many
LC3-interacting proteins interact with a hydrophobic interac-
tion surface on LC3 using a W/F/Y-X-X-L/I/V motif,"® we asked
whether disruption of specific residues in this region on LC3B

ate with a high molecular weight complex.

will disrupt its association with the putative high molecular
weight complexes. To address this question, we focused on 2 sets
of mutations, R70A, as well as F52A and L53A. These mutations
disrupt binding to at least 18 and 9 binding partners, respec-
tively.” Several of the disrupted binding partners are involved
in activities ranging from LC3's lipid modification to autophagy
substrate specificity.”"”* For comparison, we also examined
a G120A mutant of LC3B, which is unable to undergo lipid
modification.*

We first examined the effects of the R70A, G120A, as well
as the F52A and L53A mutations on the subcellular distribution
of LC3B in Hela cells. As previously described, Venus-LC3B is
found in a diffuse cytoplasmic form as well as in discrete 0.5 to
2 wm puncta in the cytoplasm corresponding to LC3B labeled
autophagosomes, autophagosome independent substrates, and
aggregates.”? Some diffuse Venus-LC3B is also observed in the
nucleus, consistent with our previous findings quantifying the
amount of GFP tagged LC3B in the nucleus (Fig. 1A).%

Like wild-type Venus-LC3B, a substantial fraction of diffuse
Venus-LC3B™?A1534 Venus-LC3BY A, and Venus-LC3BS'*%4 was
present in both the cytoplasm and nucleoplasm of live HeLa cells
(Fig. 1B-D). However, on average about 2-fold fewer puncta
were present in cells expressing Venus-LC3B*** than in cells
expressing Venus-LC3B (P < 0.008; Bonferonni-corrected ¢
test), and even fewer puncta were positive for Venus-LC3B™2*
134 or Venus-LC3B%12%4 (P < 0.008; ¢ tests) (Fig. 1E). These
findings are consistent with the idea that LC3B’s hydrophobic
binding surface regulates protein-protein interactions, including
SQSTM1/p62 (sequestosome 1) binding, which facilitate target-
ing LC3B to autophagy-independent puncta.?” In addition, they
suggest that the F52A and L53A, as well as the G120A mutants
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Figure 1. Venus-LC3B™2At53A and Venus-LC3B""* show a reduced association with cytoplasmic puncta compared with wild-type Venus-LC3B. (A) Venus-
LC3B, (B) Venus-LC3B™2A53A (C) Venus-LC3Bf*A, and (D) Venus-LC3BS'2* were expressed individually in HeLa cells and imaged live under basal condi-
tions (complete media, 37 °C) using confocal microscopy. Scale bar: 10 um. (E) The numbers of ~0.5 to 2 wm punctate spots per cell cytoplasm were
counted for each of the indicated constructs. Bars represent the median. One-way ANOVA test P < 1 x 10~ Pairwise comparisons between all of the
constructs were made using Bonferonni-corrected t tests as described in the text.

are more strongly defective in their ability to bind to cytoplasmic
puncta than is the R70A mutant of LC3B.

Since the Venus-LC3B™*4 %4 Venus-LC3B*"4, and Venus-
LC3B%*** mutants have defects in the numbers puncta present
under steady-state conditions, we wanted to determine if these
mutants retain their ability to associate with autophagosomal
membranes. To test this, we monitored their accumulation on
autophagosomal membranes after inhibition of lysosomal acidi-
fication with chloroquine. After treatment with chloroquine,
both Venus-LC3B™24 1534 and Venus-LC3B*** accumulated on
autophagosomal membranes, similar to wild-type Venus-LC3B
(Fig. 2A-F). This result is consistent with what was previously
reported for a GFP-LC3™* mutant after treatment with both
starvation and bafilomycin A .** In contrast, no changes to the
localization of Venus-LC3B%2%* were observed after treatment
with chloroquine (Fig. 2G and H). This is consistent with the
inability of the G120A mutant to be targeted to autophagosomes
by lipid modification of this residue.”

It was recently shown, using selective photobleaching of GFP-
LC3-associated puncta, that LC3 incorporated into autophago-
somal membranes turns over much more slowly than GFP-LC3
associated with autophagy substrates.”” We used this method
to further characterize the nature of the LC3B-positive puncta
present after incubation with chloroquine (Fig. 2I). The FRAP
analysis revealed that while Venus-LC3B, Venus-LC3B*"* and
Venus-LC3B™#4 154 puncta had very large immobile fractions,
Venus-LC3B%!?** had a relatively high mobile fraction (Fig. 2J).
This is consistent with the notion that the R70A, as well as the
F52A and L53A mutants of LC3B retain their ability to become
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lipid modified and subsequently incorporated into the mem-
branes of autophagosomes, whereas the LC3B¢?** mutant does
not. In order to further verify that there are no defects in the
LC3-1 to LC3-II processing of the R70A, as well as the F52A and
L53A mutants, we performed SDS-PAGE and western blotted for
LC3 (Fig. 2K) and GFP (Fig. 2L) both under basal conditions
and after treatment with chloroquine. This experiment showed
that there are no defects in the LC3-I to LC3-II processing of
Venus-LC3B, Venus-LC3B™?A 534 or Venus-LC3BY* in stark
contrast with the GFP-LC3B%!%** negative control.?

Disruption of LC3B’s hydrophobic-binding interface
changes the effective diffusion of LC3B-associated complexes
in living cells

Next, we tested the effect of the R70A, as well as the F52A
and F53A mutations, on the diffusional mobility of soluble cyto-
plasmic LC3B in living cells using a quantitative confocal FRAP
assay.*** As shown in Figure 3A, this experiment was aimed
toward quantifying the diffusion of the diffuse pool of LC3B,
and excludes any LC3B associated with puncta. As an internal
control, we performed FRAP experiments of Venus, a soluble,
freely diffusing protein. The Venus FRAP curve was well fit by
a single component model for Brownian motion with a diffusion
coefficient of 41 + 4 pm?/s and a mobile fraction of 100% in
HEK 293 cells (Fig. 3B and C; Table 1). Next, we performed
FRAP experiments on Venus-LC3B in the cytoplasm. Consistent
with our previous findings,”?* we found Venus-LC3B had an
approximately 2.5-fold slower D compared with that of Venus,
much slower than the predicted diffusion coefficient for mono-

meric Venus-LC3B (P < 0.008; ¢ test) (dashed line in Fig. 3C).
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Figure 2. Venus-LC3B™?A3A and Venus-LC3BY, like wild-type Venus-LC3B, accumulate on lysosomal membranes after treatment with chloroquine.
Cells expressing (A and B) Venus-LC3B, (C and D) Venus-LC3B*°*, (E and F) Venus-LC3B™?A53A, or (G and H) Venus-LC3B%'2% were imaged under basal
conditions (A,C,E, and G) or after a 2 h incubation with 100 wM chloroquine (B,D,F, and H). Scale bar: 10 wm. The steady-state localization of LC3B, R70A,
as well as F52A and L53A on autophagosomal membranes is upregulated after blocking lysosome function with chloroquine. In contrast, G120A was not
targeted to autophagosomal membranes under these conditions. (I) Individual spots as seen in (B,D,F and H) were selectively photobleached using a
1 wm radius Bleach ROl revealing a large immobile fraction for membrane-associated LC3B, R70A, as well as F52A and L53A puncta in contrast with the
smaller immobile fraction of substrate-associated G120A puncta. The differences in the recovery of membrane-associated LC3 vs. substrate-associated
LC3 are reflected in the mobile fractions quantified in (J). Symbols for the R70A recovery are underneath the symbols for the F52A and L53A recovery. (K
and L) SDS-PAGE and western blot for LC3-I vs. LC3-Il under basal conditions and after chloroquine treatment. (K) Antibodies against LC3 show there are
no major defects in the formation of GFP-LC3-Il for LC3B, R70A, or F52A and L53A, in contrast with the negative control G120A. (L) Similar to (K), except
the electrophoresis was performed for a longer period of time in order to obtain better resolution of the higher molecular weight GFP-LC3-I vs. GFP-
LC3-1l bands. Blotting was performed using an anti-GFP antibody. Antibodies against tubulin were used as loading controls.

This corresponds to an effective molecular weight of ~500 kDa After establishing baselines for diffusion comparisons, next,
(Table 1). We found similar results in HeLa cells (P < 0.008; ¢ we measured the diffusion of soluble Venus-LC3BF52A 1534 and
test) (Fig. 3D; Table 2). Venus-LC3B*** by confocal FRAP. We found that their mobile
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Figure 3. For figure legend, see page 866.

fractions were also both approximately 100% (Tables 1 and 2),
similar to that of soluble Venus-LC3B itself (ns; P > 0.008; ¢
tests). However, their diffusion coefficients differed from that of
one another as well as from that of Venus-LC3B. Interestingly,
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in HEK 293 cells, D for Venus-LC3B™?A1534 (11.6 + 0.7 wm?/s)
was slower than that of wild-type Venus-LC3B (15 + 2 wm?/s)
(P < 0.008; ¢ test), while D for Venus-LC3BY* (24 + 2 pm?/s)
was faster than Venus-LC3B, but still not to the level expected



Figure 3 (See previous page). Mutations to LC3B’s hydrophobic protein interaction-surface at residues R70 or F52 and L53 change the diffusional
mobility of Venus-LC3B in the cytoplasm of living cells. (A) Cells expressing Venus, Venus-LC3B, Venus-LC3B°4, Venus-LC3B™2A53A, or Venus-LC3BC204
were photobleached using a 1 wm radius Bleach ROl placed in the cytoplasm such that puncta were avoided. Dashed lines designate the typical Imaging
ROI and Bleach ROl used in these experiments. (B) Comparison of the mean FRAP data from approximately 30 HeLa cells expressing either Venus or
Venus-LC3B (symbols) were well fit by a Brownian diffusion model (solid lines). The data are normalized between 0 and 1 using (F(t) — F(0)) / (F(s) — F(0)) to
more clearly demonstrate the differences in their recovery rates. (C-F) Box plots of the diffusion coefficients obtained from FRAP experiments on either
HEK 293 cells or HeLa cells. While experiments summarized in (C and D) were performed under basal conditions those in (E) were obtained from Hela
cells pretreated for 2 h with 100 wM chloroquine, and those in (F) were obtained from HelLa cells pretreated for 2 h with 200 nM rapamycin. The ratio
of D for the monomeric Venus control to LC3B, F52A and L53A, R70A, or G120A is a quantitative indicator of their effective sizes. Whiskers represent the
minimum and maximum. N can be found in Table 1. The dashed horizontal lines in (C-E) are the predicted diffusion coefficients for a 45 kDa Venus-
LC3B monomer assuming both Venus and Venus-LC3B are spherical. For (C-E) One-way ANOVA test P < 1 x 10~*. Pairwise comparisons between all of
the constructs were made using Bonferonni-corrected t tests as described in the text.

Table 1. Predicted molecular weights and mobile fractions for Venus, Venus-LC3B, and Venus-LC3B mutants
based on the FRAP diffusion measurements in live HEK 293 cells under basal conditions

Construct Monomer MW (kDa) FRAP predicted MW (kDa)* FRAP mobile fraction (%)
Venus 27 N/A 100 £ 1 (34)
Venus-LC3B 45 500 + 200 (30) 99 + 1 (30)
Venus-LC3B
(F52A/L53A) 45 1200 + 400 (30) 100 £ 1 (30)
Venus-LC3B
(R70A) 45 130+ 50 (30) 102 +2(30)

*Calculated assuming diffusing species has a spherical shape; mean + 95% CI (N, # cells).

Table 2. Predicted molecular weights and mobile fractions for Venus, Venus-LC3B, and Venus-LC3B mutants based on the FRAP diffusion measurements
in live HeLa cells under basal conditions, after incubation with 100 wM chloroquine (CQ) for 2 h, and after incubation with 200 nM rapamycin (Rp) for 2 h

Construct Monomer Basal predicted CQ predicted | Rap predicted | NZ predicted | Basal mobile | CQ mobile Rap mobile
MW (kDa) MW (kDa)* MW (kDa)* MW (kDa)* MW (kDa)* fraction (%) fraction (%) fraction (%)
99.5+0.7 99.2+0.7
Venus 27 N/A N/A N/A N/A (30) (80) 99.5 £ 0.8 (30)
Venus-LC3B | 45 500 + 100 (30) 90(261:))200 800+ 200 (30) | 500100 (20) 100@ 0"—; 08 | 9941(60) | 99+1(30)
Venus-LC3B 1400 + 300 1600 £ 500
(F52A/L53A) 45 1200 + 300 (35) (60) 30) 900 + 300 (20) 98 +1 (35) 99 + 1 (60) 100 £ 1 (30)
Venus-LC3B 45 110 £ 40 (30) 190 + 40 (60) 160 + 40 (30) 80 + 30 (20) 99208 99 + 1 (60) 100 £+ 1 (30)
(R70A) (30)
Ve(g‘fzsi;’ B 45 400 + 100 (30) 100&3')200 900 +200(30) | 700£200(20) | 99+£1(30) | 99+1(40) | 100.4+0.7(30)

*Calculated assuming diffusing species has a spherical shape; mean + 95% CI (N, # cells); CQ, chloroquine; Rap, rapamycin; NZ, nocodazole.

for a Venus-LC3B monomer (P < 0.008; ¢ test) (Fig. 3). Similar
results were obtained in HeLa cells (Fig. 3D). Assuming the slow
diffusion of the proteins reflects their association with spheri-
cal complexes, their predicted molecular weights would be ~1.2
MDa for Venus-LC3B™?A15 and ~130 kDa for Venus-LC3B***
(Tables 1 and 2).

The slow diffusion of LC3B is not due to its lipid modifica-
tion or association with autophagosome membranes

Although our FRAP experiments were directed toward the
soluble pool of LC3B, it is formally possible that LC3B’s slow dif-
fusion is a result of a small fraction of lipid modified LC3B incor-
porated into sub-diffraction vesicles or autophagosomes. This
seemed unlikely, because, theoretically, ~250 nm radius vesicles
would be expected to diffuse ~100 fold slower than Venus (D1/
D2 =2 nm/250 nm), whereas, experimentally, Venus-LC3B dif-
fused only ~2.5-fold slower. However, our FRAP measurements
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do not have the resolution to adequately test this possibility
without additional experimental information.*® Therefore, to
address this question we performed FRAP measurements on
Venus-LC3B%2%4, since this mutation of LC3 prevents its lipid
modification and subsequent incorporation into autophagosomal
membranes.”’ As shown in Figure 3D, Venus-LC3B¢'*** diffuses
similarly to wild-type Venus-LC3B (ns; P > 0.005; ¢ test). These
data support the notion that the slow diffusion of LC3B is not the
result of its association with autophagosomes or interactions with
other molecules that depend on lipid modification of the protein.
Rather, the slow diffusion could reflect the association of LC3B
with other molecules.

The effective size of putative LC3B-associated complexes is
modestly affected by autophagy modulators

In order to gain further insights into how these complexes
are modulated by perturbations to the autophagy pathway, we
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extended our analysis of the diffusion of LC3B under basal con-
ditions to 2 additional conditions known to modulate the auto-
phagy pathway. The first condition was to inhibit autophagy by
incubating the cells with 100 wM chloroquine for 2 h, and the
second condition was to stimulate autophagy by incubating the
cells with 200 nM rapamycin for 2 h before performing FRAP
measurements. We found that rapamycin and chloroquine treat-
ments produced similar changes in the diffusion of the con-
structs, as shown in Figure 3. At first glance, the trends between
the constructs appear to be maintained. However, after normal-
ization to the diffusion of Venus, using the Stokes Einstein rela-
tionship as before, we found that the effective molecular weights
for the LC3B-associated complexes were modestly upregulated
approximately 2-fold compared with basal conditions (P < 0.005;
¢ tests; see Table 2 for a summary). These data suggest that the
effective sizes of the soluble LC3B-associated complexes are only
modestly affected by perturbations to the autophagy pathway
with rapamycin and chloroquine in vivo.

Disruption of LC3B’s hydrophobic-binding interface but not
of its lipidation site changes the effective diffusion of LC3B-
associated complexes in cytoplasmic extracts

In order to test if the complexes observed in cells are intrinsi-
cally stable, or if they require cellular components, such as micro-
tubules, we next examined the properties of the LC3B constructs
in cytoplasmic extracts. In principle, it is possible to measure the
diffusion of LC3 in cytoplasmic extracts using confocal FRAP;
however, we wished to obtain additional information about the
putative complexes, such as whether multiple types of complexes
were present and how many LC3B molecules were present in each
complex. Therefore, we turned to another technique that is sensi-
tive to protein mobility and stoichiometry, FPFA,” to analyze
the LC3B-associated complexes in cytoplasmic extracts. To carry
out FPFA measurements on the fluorescently labeled proteins in
our cytoplasmic extracts, we utilized a recently described custom-
built FPFA instrument with 2-photon excitation to define the
focal volume.”” HEK cells expressing Venus or Venus-LC3B were
extracted using passive lysis buffer and clarified by a brief high
speed spin before the FPFA measurements were performed.

In order to determine the diffusivity and molecular brightness
of the species, FPFA macro-time measurements of orthogonally
polarized fluorescence emission were cross-correlated. The cross-
correlation curves for both Venus and Venus-LC3B were well fit
by a single-component model for Brownian motion suggesting
the absence of multiple diffusing species with large differences
in their sizes (see Fig. 4A for an example of 1- vs. 2-compo-
nent models). The diffusion coefficients from the fits to Venus
and Venus-LC3B were 67 = 2 and 25 = 2 wm?/s, respectively
(Fig. 4B). Thus, the diffusion coefficient for Venus-LC3B in cell
extracts was much slower than Venus alone (approximately 2.5-
fold) as seen previously using FRAP in live cells, and much slower
than predicted for a freely diffusing Venus-LC3B monomer (P <
0.003; # tests). Making the simplifying assumption that the com-
plexes containing Venus-LC3B are spherical, we calculated their
predicted size is about 500 kDa (Table 3).

After establishing baselines for diffusion comparisons, next,
we performed FPFA measurements of the Venus-LC3B®4
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and Venus-LC3B™?* B34 mutants in cytoplasmic extracts.
Interestingly, the cross-correlation curve for Venus-LC3BF24 1534
was not well described by a single component model (Fig. 4A). It
was, however, fit well by a 2-component diffusion model where
approximately 3/4 of the molecules have a diffusion coefficient
of 28 + 4 wm?/s while the remainder have a diffusion coefficient
of 5 + 2 pm?/s (Fig. 4A and B). The diffusion coefficient for the
faster diffusing Venus-LC3BF?A1534 species was similar to that of
Venus-LC3B (P> 0.003; ¢ test), while the diffusion coefficient for
the slower diffusing species was much slower than Venus-LC3B (P
< 0.003; ¢ test). The cross-correlation curve for Venus-LC3B®7%A
on the other hand was well fit by a single component diffusion
model with a diffusion coefficient of 35 + 3 wm?/s, which was
statistically faster than Venus-LC3B (P < 0.003; # test) (Fig. 4B).
Assuming the complexes have a spherical geometry, the predicted
sizes of the Venus-LC3B™A 53 ags0ciated complexes are about
300 kDa and 50 MDa (note, however, that we observed rela-
tively high variability in the measurements of the F52A and L53A
construct), and the predicted size of Venus-LC3B* *-associated
complexes is about 190 kDa (Table 3). These values are in agree-
ment with those measured by confocal FRAP in live cells, assum-
ing the D measured for Venus-LC3B™24153% by FRAP reflects the
contributions of 2 diffusing species detected by FPFA.

In order to directly test if LC3B’s incorporation into protein
complexes is regulated by its lipid modification we performed
FPFA measurements on Venus-LC3B¢'?%A, The diffusion coef-
ficient for Venus-LC3B“'?%4, 23.4 + 0.9 pm?/s, was identical to
wild-type Venus-LC3B (ns; P > 0.003; ¢ test), further supporting
our conclusion based on the FRAP results that the slow diffusion
of Venus-LC3B is not due to its lipid modification (Fig. 4B). In
addition, these data further suggest that LC3B’s lipid modifica-
tion is not a major factor in regulating the effective size of the
LC3B-associated complexes.

Our in vivo results revealed the effective sizes of complexes are
modestly upregulated by perturbations to the autophagy path-
way. We next explored the possibility that the effective sizes of
these soluble LC3B-associated complexes under chloroquine con-
ditions are maintained in vitro. We prepared cytoplasmic extracts
from cells incubated in 100 wM chloroquine for 2 h before cell
lysis. We found that in cells treated with chloroquine, there was
lictle effect on the sizes of the wild-type Venus-LC3B, Venus-
LC3B* and Venus-LC3B%***-associated complexes compared
with basal conditions (ns; P> 0.003; ¢ test) (Fig. 4C). The diffu-
sion of the Venus-LC3B™?A 1534 complex under chloroquine con-
ditions was primarily fit with a single-component model. These
results differed slightly from what we observed in living cells,
and suggest that some of the components of the soluble LC3B-
associated complexes present after treatment with chloroquine
were not maintained in vitro. These results further support the
conclusion that the complexes we are detecting are independent
of lipid modified LC3B incorporated in autophagosomal mem-
branes, as this would have shown up as a component with a diffu-
sion coefficient approximately 2 orders of magnitude slower than
Venus.

Interactions of LC3B with polymerized microtubules are
not responsible for the slow diffusion of soluble LC3B
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It is formally possible that LC3B’s slow diffusion could be due
to interactions with microtubules given that LC3B was originally
identified as a microtubule-associated protein.®' To address this
possibility we specifically tested for the presence of polymer-
ized microtubules in the cytoplasmic extracts by sedimentation
at a relatively high centrifugal force.”> We were unable to detect
significant levels of polymerized microtubules under the condi-
tions of our experiments (Fig. 4D). This suggests that the slow
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Figure 4. Mutations to LC3B’s hydrophobic protein interaction-surface
at residues R70 or F52 and L53 change the diffusional mobility of Venus-
LC3B in cytoplasmic extracts. FPFA measurements were collected from
cytoplasmic extracts of HEK 293 cells individually expressing Venus,
Venus-LC3B, Venus-LC3B™2AL53A Venus-LC3BR°A, or Venus-LC3B%™?%; the
macro time fluorescence fluctuations were cross-correlated and fit with
diffusion models. See (A) for an example of one and two component
fits to the Venus-LC3B™2A 534 data. In this case, the 2 component model
was a better fit than the one component model. (B and C) Diffusion
coefficients obtained from the fits to the data collected under basal
conditions or after the cells were incubated for 2 h in 100 wM chloro-
quine respectively. Compare the ratio of the Venus control to each of
the constructs as an indicator of their effective sizes. The dashed lines
are the predicted diffusion coefficients for a 45 kDa Venus-LC3B mono-
mer assuming both Venus and Venus-LC3B are spherical. Bars represent
the median. Samples are replicate measurements from 4 to 5 extract
preparations. One-way ANOVA test P < 1 x 10~*. Pairwise comparisons
between all of the constructs were made using Bonferonni-corrected t
tests as described in the text. (D) Assay to quantify the amount of polym-
erized microtubules in the extract preparations. Unpolymerized tubulin
remains in the supernatant (5200) after centrifugation at 200,000 x RCF
over a sucrose cushion, while polymerized microtubules pellet (P200).
As controls, extracts were treated with nocodazole (NZ) to depolymer-
ize microtubules or taxol (TXL) to stabilize microtubules. Note the buffer
that was used for the extract preparations is not suitable for stabilizing
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polymerized microtubules.

diffusion of Venus-LC3B detected by FPFA is not the result
of reversible binding to polymerized microtubules. We further
tested this possibility in vivo, by performing FRAP experiments
on cells depleted of polymerized microtubules by treatment
with nocodazole for 15 min on ice followed by 1 h at 37 °C. We
observed that the effective sizes of the complexes were maintained
in live cells treated with nocodazole (Table 2), further supporting
the notion that reversible interaction with polymerized microtu-
bules is not responsible for LC3B’s slow diffusion.

There is no evidence of homo-FRET between Venus-LC3B,
Venus-LC3BP22 1534 Venus-LC3BR %, or Venus-LC3BG1204

Our diffusion measurements indicate soluble LC3B is con-
stitutively associated with a high molecular weight complex;
however, it is possible the complexes we detect by diffusion may
correspond to small aggregates of LC3B. We previously tested
for oligomerization of puncta-independent LC3B in vivo using
Cerulean-LC3B and Venus-LC3B as FRET donors and accep-
tors. FRET microscopy failed to detect significant levels of
energy transfer, suggesting soluble LC3B is unlikely to homo-
oligomerize or aggregate.’*® However, unfavorable dipole-dipole
orientation may have prevented energy transfer, even between
fluorophores in close proximity.*#* Thus, LC3B’s oligomeriza-
tion state remains unclear.

In order to test if there were multiple LC3B molecules within
FRET proximity in our cytoplasmic extracts, next we examined
our FPFA measurements for evidence of homo-FRET. Homo-
FRET analysis provides information about the proximity of
Venus fluorophores, and thus may be able to detect homo-oligo-
merization of Venus-LC3B or the Venus-LC3B mutants. For the
purpose of performing an analysis of homo-FRET, our FPFA
micro-time measurements of orthogonally polarized fluores-
cence emission were used to calculate time-resolved fluorescence
anisotropy decay curves. The decay of fluorescence anisotropy

Volume 10 Issue 5



Table 3. Predicted molecular weights and rotational correlation times for Venus, Venus-LC3B, and Venus-LC3B mutants based on the FPFA diffusion
measurements in HEK 293 cell extracts under basal conditions, and after incubation with 100 wM chloroquine (CQ) for 2 h

Construct Monomer MW Basal predicted MW | CQ predicted MW Basal percent Basal rotation CQ rotation
onstruc (kDa) (kDa)* (kDa)* species (%) correlation time (ns) correlation time (ns)
Venus 27 N/A N/A N/A 123+0.2 (4) N/A
Venus-LC3B 45 500 + 100 (10) 480 +90 (6) N/A 249+0.6(10) 25.0+0.3 (6)
Fast
Venus-LC3B 45 300+ 100 (7) 190+ 70 (3) 70 £ 4 (4) 25.6+0.3(7) 255+0.1 (4)
(F52A/L53A)
Slow
Venus-LC3B 45 5% 10*+£5x%x10%(7) N/A 30+4(4) N/A N/A
(F52A/L53A)
Ve?;;éf)” 45 190 +50 (7) 260+ 30 (3) N/A 243+06(7) 239+0.1(3)
Ve(g‘fz é/ff B 45 600 + 90 (7) 330+40(7) N/A 248+03(7) 253+05(7)

*Calculated assuming diffusing species has a spherical shape; mean £ 95% CI (N, # extracts); CQ, chloroquine.

can be due to several factors including rotational diffusion and
the presence or absence of FRET.** In the absence of FRET, we
expect the fluorescence anisotropy curve will exhibit a single
exponential decay as was previously measured for Venus, and
in the presence of FRET we expect the fluorescence anisotropy
curves will exhibit a multicomponent exponential decay as has
been previously measured for a series of positive controls consist-
ing of Venus molecules separated by short linkers.?”

We found the fluorescence anisotropy decay curves for both
Venus and Venus-LC3B were well fit using a single exponential
decay model, indicating little, if any, homo-FRET was occurring
in these samples (Fig. 5A). This result is consistent with a previous
study in which we have found that no significant FRET occurs
between soluble Cerulean-LC3B and Venus-LC3B in the cyto-
plasm of living cells.®® The single exponential decay rates of the
fluorescence anisotropies for Venus and Venus-LC3B are related
to the rotational diffusion of the Venus fluorophore attached to
LC3B by a flexible linker (Table 3).* However, because of the
flexible nature of the linker it is not possible to use these values to
calculate the size of the Venus-LC3B-associated complexes based
on their rotational correlation times alone.

Next, we examined our FPFA measurements of Venus-
LC3B™A 1534 Venus-LC3B**, and Venus-LC3B¢"** for evi-
dence of homo-FRET in order to determine if these mutations
resulted in a change in the proximity of multiple LC3B mole-
cules. In both cases, the anisotropy decay curves were fit by a
single exponential, with similar rotational correlation times to
that of wild-type Venus-LC3B (Fig. 5A; Table 3). This suggests
the Venus proteins attached to the LC3B mutants are also, to
some extent, free to rotate independently of LC3B, and that no
detectable homo-FRET occurs in either case.

There is on average only one soluble Venus-tagged LC3B
protein per complex, and disruption of LC3B’s hydropho-
bic binding interface changes the stoichiometry of LC3B-
associated complexes

A negative FRET result cannot conclusively rule out the pres-
ence of multiple Venus-LC3B’s per complex, as the Venus fluo-
rophores may be positioned such that their proximity or their

www.landesbioscience.com
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average relative dipole orientations does not satisfy the FRET
requirements.”” Fortunately, FPFA measurements provide an
additional opportunity to gain insights into the stoichiometry of
a protein by quantifying its molecular brightness. Fluorescence
brightness is extracted from the statistics of fluorescence inten-
sity fluctuations using a method that has been termed brightness
analysis.’ The principle behind the interpretation of our data lies
in the idea that a Venus labeled molecule with a stoichiometry
of 2 will have twice the brightness compared with Venus alone,
and it follows that higher order oligomerization states will have
quantized brightness values of Venus as was previously measured
using a series of positive controls.”’

After establishing the Venus baseline for brightness compari-
sons, next, we investigated the brightness of Venus-LC3B using
our FPFA measurements. We found Venus-LC3B has a nor-
malized brightness of 1.16 + 0.09, which is approximately 16%
brighter than Venus (P < 0.008; # test) (Fig. 5B). These data
strongly suggest the majority of Venus-LC3B does not extensively
oligomerize or aggregate in solution. Instead, they suggest Venus-
LC3B primarily has a stoichiometry of close to one in cytoplas-
mic complexes.

Finally, in order to gain additional information about the stoi-
chiometry of the mutant LC3B proteins, we performed bright-
ness analysis using our FPFA measurements of Venus-LC3BM4
134 Venus-LC3B**, and Venus-LC3B%'***. Assuming the
brightness values of the 2 Venus-LC3BPA 5% species with dis-
tinct diffusion times are the same, the normalized brightness
of the Venus-LC3BP*A 534 complexes is about 1.8 + 0.1. This
brightness value was approximately twice that of Venus, suggest-
ing either one or both of the Venus-LC3B™?4 3% complexes has
a stoichiometry of 2 (P < 0.008; ¢ test) (Fig. 5B). On the other
hand, the brightness values obtained from the Venus-LC3B*4,
and the Venus-LC3B%!24 FPFA data, were both similar to Venus-
LC3B. Venus-LC3B*" had a normalized brightness of 1.1 +
0.1, or about 10% brighter than Venus (2 > 0.008; ¢ test), and
Venus-LC3B%%** had a normalized brightness of 1.0 + 0.1 which
was indistinguishable from that of Venus (ns; P > 0.008; # test)
(Fig. 5B). Thus, like wild-type Venus-LC3B, these data suggest
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Figure 5. The majority of complexes contain one soluble Venus-LC3B, and mutations to LC3B’s hydrophobic
surface at residues F52 and L53 but not R70 alter the stoichiometry of LC3B in complexes. TRFA analysis was
performed using the microtime FPFA measurements collected from cytoplasmic extracts of HEK 293 cells indi-
vidually expressing Venus, Venus-LC3B, Venus-LC3BM™?53A, Venus-LC3B%°A, or Venus-LC3B2°A under (A) basal
conditions, or (C) after incubation in 100 wM chloroquine for 2 h. The decays are single exponential (linear on
a semilog plot) indicating no detectable homo-FRET in all cases. Brightness analysis was performed using the
macrotime from the FPFA measurements under (B) basal conditions or (D) after incubation in 100 wM chloro-
quine for 2 h. Anisotropy correlation times from replicate measurements can be found in Table 3. Brightness
data are normalized to the average brightness of Venus. Bars represent the median. One-way ANOVA test P < 1 x
10~*for the brightness measurements from either condition. Pairwise comparisons between all of the constructs
under either condition were made using Bonferonni-corrected t tests as described in the text.

COS7, and HEK 293 cells (*%°
and current study), suggest-
ing this is a general feature of
LC3B in the cytoplasm.

We also find that disrup-
tion of specific residues on
LC3B’s hydrophobic protein
binding surface alters both the
hydrodynamic radius and stoi-

only one Venus-LC3B*** and only one Venus-LC3B%2** mol-
ecule is associated with a given complex.

Given the effective sizes of complexes appear to change upon
treatment with chloroquine, we reasoned there may also be
changes in LC3B’s stoichiometry or organization under these
conditions. We tested for these changes by examining the time-
resolved anisotropy and the molecular brightness from our FPFA
measurements of the LC3B constructs, after treatment with chlo-
roquine, in cytoplasmic extracts. However, we found the anisot-
ropy decays for the constructs were similar to basal conditions
(Fig. 5C), and the molecular brightness values were also similar
to basal conditions (Fig. 5D). On the other hand, the Venus-
LC3B™24 3% construct’s brightness became more similar to
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chiometry of LC3B-associated
complexes (Fig. 6). We studied
2 mutants known to disrupt the interaction of multiple proteins
with LC3. The first is an F52A and L53A double mutation to
LC3B that has been reported to disrupt the interaction of LC3B
with several important protein binding partners including
SQSTMI and NBR1 (neighbor of BRCA1 gene 1), cargo adap-
tor proteins involved in targeting substrates for autophagic degra-
dation.””!$>2728 The second, an R70A mutation to LC3B, is also
known to disrupt interactions with important binding partners
such as SQSTM1 and NBR1, but also additional proteins includ-
ing FYCOL1, a RAB7 effector mediating microtubule plus-end
directed vesicular transport.'’1>%

Both Venus-LC3B™2A 1534 and Venus-T.C3BY*A were poorly tar-
geted to puncta in the cytoplasm under steady-state conditions,
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but showed no dramatic defects in their accu-
mulation on autophagosomal membranes,
consistent with the idea that these residues
are important for the interactions of LC3
with cargo adaptors, but not autophagosomal
membranes."”®#® Remarkably, however, the
R70A, as well as the F52A and L53A muta-
tions had dramatically different effects on
LC3B’s rate of diffusion. Venus-LC3B™?**
134 diffused more slowly than Venus-LC3B,
indicating the complexes it associates with

become larger, rather than smaller. The pre-
dicted size of the larger Venus-LC3BP2A 1534
-associated complex is exceptionally large,
witha predicted molecular weight on the order
of 50 MDa. This corresponds to an effective
Stoke’s radius of ~-25 nm, although we note

~140 kDa

~500 kDa

-

~500 kDa

there is large variability in this estimate. For

comparison, the measured hydrodynamic
radius of the 70S ribosome is between ~12 to
15 nm.“®%” Furthermore, the Venus-LC3B™?*
1534 mutant appears to associate with at least
2 discrete complexes, in which one or both

contain multiple copies of LC3B™24 1534 The

Figure 6. Working model of the size, stoichiometry, and organization of cytoplasmic LC3B-
associated complexes. On average one soluble Venus-LC3B is constitutively bound to an approx-
imately 500 kDa complex of unknown composition. Mutating LC3B residue R70 to an alanine
disrupts LC3B’s association with the large complex. Mutating LC3B residues F52 and L53 to ala-
nines results in altered stoichiometry and binding to a second, ~50 MDa, complex. Mutating
LC3B residue G120 to an alanine does not change its effective size or stoichiometry.

Venus-LC3BP?4 1534 data provide an excel-

lent example of how FPFA can overcome the

limitations of FRET by simultaneously providing information
about molecular brightness. In particular, we found no evidence
of homo-FRET, but the brightness indicated a stoichiometry of
approximately 2 suggesting the 2 Venus-LC3B™*A53 proteins are
part of the same complex, but further than 10 nm apart. Although
it is appealing to imagine the larger Venus-LC3B™*A 1534 complex
revealed by FPFA might serve as a sink for many LC3B proteins,
this is not supported by the molecular brightness data.

In contrast to the F52A and 1.53A double mutation, the R70A
mutant largely disrupted LC3B’s slow diffusion. In addition, the
measured stoichiometry of LC3B in complexes containing the
R70A mutant is one, similar to Venus and wild-type Venus-LC3B.
Thus, the R70A mutation decreases the size of LC3B-associated
complexes, while the F52A and L53A mutations increase the size
of LC3B-associated complexes as well as the number of LC3B
molecules in the complexes (Fig. 6). This was unexpected, since
both mutants are less efficient at binding to numerous important
LC3 interacting proteins compared with wild type.? If the resi-
dues on LC3B’s hydrophobic protein interaction surface were all
required for its association with a high molecular weight complex,
we would have predicted that both mutants would have smaller
hydrodynamic radii compared with wild-type LC3B. The data
taken together raise the possibility that the F52A and L53A muta-
tions to LC3B may change the properties of the protein such that
it is sequestered in an entirely new complex, whereas the R70A
mutation to LC3B nearly completely disrupts its ability to asso-
ciate with the complex altogether. Furthermore, the complexes
appeared to change upon treatment of cells with rapamycin or
chloroquine, suggesting they could be modulated by perturba-
tions to the autophagy pathway.

www.landesbioscience.com
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The identity of the components of these soluble LC3B-
associated cytoplasmic complexes and their function(s) in the
regulation of autophagy or autophagy-independent processes
remain to be determined. Given that the F52A and L53A, as
well as the R70A mutations interfere with the binding of LC3 to
SQSTMI and NBR1, it seems unlikely that binding to cytoplas-
mic cargo adaptors, and thus sub-diffraction aggregates could
account for the composition of the complexes. Instead, we specu-
late that these complexes may consist of other LC3B interact-
ing proteins or LC3B interacting protein complexes that may be
disrupted due to the R70A mutation. At first glance, the LC3
lipid conjugation machinery is an obvious candidate given that
ATG7 is known to homo-oligomerize and form a complex with
ATGS3 to carry out E1- and E2-like LC3 processing reactions.*
The ATGI12, ATGS5, and ATGIG6LI proteins form complex as
large as ~800 kDa,” which is thought to function as an E3-like
ubiquitin ligase for LC3 lipid modification®® and direct LC3 to
the site of autophagosome formation.® However, our observation
that the diffusion of the LC3B¢"2** mutant is similar to the wild-
type protein, despite the fact that it fails to interact with the LC3
ubiquitin-like conjugation machinery,? suggests the possibility
that puncta-independent LC3B constitutively associates with the
ATGI12-ATG5-ATGI6L1 complex is unlikely. There are, how-
ever, several other proteins whose binding to LC3B is completely
disrupted by mutation of LC3B’s residue R70 that would make
for prime candidates.” Future work will be required to determine
whether the ~500 kDa LC3B-associated complexes consist of
these other known autophagy-related proteins, or perhaps include
others of the recently identified LC3 interacting proteins.” One
approach that can be used in the future to test for the presence of
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specific multiprotein complexes in cells is through the combined
use of FRET and FRAP, as we have illustrated previously for
the case of complexes containing LC3B and ATG4B“"*4.3° The
study of the interaction of LC3B and ATG4B7#* validated these
approaches as a useful means for characterizing the properties of
protein complexes under physiological conditions. Intriguingly,
LC3 has also been reported to associate with the 3" UTR of FNI
(fibronectin) mRNA,* and this interaction depends on a triple
arginine motif (residues 68 to 70) which overlaps with the R70A
mutant analyzed in our current study. Thus, LC3B-associated
complexes detected in our experiments could also potentially rep-
resent mRNA-containing complexes.

Our findings also allow us to rule out several alternative mod-
els that could account for the slow diffusion of Venus-LC3B.
First, we found that the measured diffusion of Venus-LC3B%!204
was indistinguishable from wild-type LC3B. This implies that
neither lipidation of LC3B nor its ability to bind to autophago-
somal membranes contribute to its slow diffusion. Second, we
compared the diffusion of Venus-LC3B in live cells under con-
trol conditions and following microtubule disruption, as well in
cytoplasmic extracts under conditions that are unfavorable for
the maintenance of polymerized microtubules in order to deter-
mine if its diffusion is slowed as the result of reversible binding to
microtubules. We observed no difference in LC3B’s diffusion in
cells following microtubule disruption, and very close agreement
between our in vivo measurements and our in vitro measure-
ments for the diffusion of LC3B. This suggests that microtubule
binding is not responsible for the slow diffusion of LC3B, at least
under basal conditions. Finally, our homo-FRET and brightness
results strongly suggest that the slowly diffusing complexes of
LC3B do not represent either homo-oligomers? or aggregates® of
LC3B. These findings imply that if LC3B homo-oligomerization
is involved in contributing energy to membrane fusion events
in autophagy,” this event must be limited to autophagosomal
membranes.

In this study we utilized 2 complementary fluorescence-based
approaches, FRAP and FPFA, to characterize the properties of
soluble LC3B-associated complexes. The FPFA and FRAP results
were in excellent agreement, lending confidence in the conclu-
sions of our studies. However, like any method, each approach has
some limitations. First, both FRAP and FPFA rely on measure-
ments of exogenous, fluorescently tagged versions of the protein
of interest. This could have several possible consequences on the
interpretation of our findings. Our experiments were performed
under conditions where Venus-LC3B is overexpressed, and thus
other LC3B-binding partners could potentially become limiting
for complex formation. Under these conditions one might expect
to find excess monomeric Venus-LC3B, but our data suggest this
is unlikely given the combination of our FRAP and FCS mea-
surements failed to show any evidence for such a scenario. On
the other hand, one advantage of overexpressing Venus-LC3B is
that it is in excess over the endogenous protein, and thus it is
likely that the complexes we detect contain primarily the tagged
form of the protein. This increases the likelihood that our mea-
surements accurately report the effective size, stoichiometry, and
organization of LC3B-associated complexes.

872

Autophagy

Second, both FRAP and FPFA interpretation requires the
fitting of models which carry with them certain a priori assump-
tions. Often, several competing models can fit a particular data
set equally well, e.g., a small percentage of LC3B associating
with membranes or a fraction of LC3B reversibly binding to
a microtubule network. Therefore, additional experiments are
required to distinguish between competing models, such as
the use of mutants, drug treatments, or comparisons of in vivo
vs. in vitro results as we have done here. Even with such infor-
mation in hand, there are still circumstances where different
models cannot be resolved by an analysis of diffusion alone. For
example, although our FRAP and FPFA data were well fit by
single-component diffusion models, we cannot conclusively rule
out the possibility that there are multiple distinct complexes of
similar size present. Similar assumptions are inherent in our
modeling of the FPFA brightness measurements; in the case of
a mixture of complexes, as we detected for F52A and L53A, we
cannot rule out the possibility that the 2-fold increased bright-
ness may have originated from one of the complexes in particu-
lar and not both.

Third, although FPFA can potentially provide information
about rotational diffusion, and thus yield insights into the size
and shape of the diffusing species, our current data cannot be
quantitatively analyzed in this way. This is because in our experi-
ments, the Venus label is not rigidly attached to LC3B allow-
ing it to undergo rotational motion independently of LC3B or
the LC3B-associated complexes. In addition, the lifetime of the
Venus fluorophore (on the order of a few nanoseconds) is not long
enough to allow accurate quantitation of rotational diffusion for
slowly rotating complexes.” Thus, our rotational diffusion mea-
surements should not be expected to match our translational
diffusion measurements. A rigidly attached fluorophore with a
much longer lifetime would be a better choice for measuring the
rotational mobility of large complexes.

Lastly, the details of our experimental design should be con-
sidered carefully as they also constrain our conclusions in several
ways. Our FRAP measurements were specifically designed to
avoid LC3B in puncta, and instead focus on the diffuse pool of
LC3B independent of bright puncta. Under certain conditions,
upregulation of the autophagy pathway for example, the cyto-
plasm may become full with large numbers of puncta making it
difficult or impossible to avoid puncta with a 1 pm radius bleach
region. Although this was not a problem under the conditions
examined in our study, in the future, methods of analysis may
need to be devised in order to extend the range of conditions
which can be analyzed by FRAP, for example, the application of
reaction and diffusion models®® to accurately quantify autophagy
protein turnover rates on puncta. Similarly, our method of cellu-
lar extract preparation should be taken into consideration when
interpreting our FPFA findings; we prepared them in such a way
that LC3B-II incorporated into autophagosomal membranes was
either solubilized by detergent and/or excluded from the extract
by centrifugation. In the future, FPFA measurements could be
performed on LC3-II in autophagosomes using an alternative
extraction procedure or using an in vivo configuration in order to
test if lipid modified LC3 homo-oligomerizes on autophagosomal
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membranes and to follow up on previous stoichiometry determi-
nations for ATG proteins on autophagosomes.”

In summary, our data suggest that in the cytoplasm, individ-
ual soluble LC3B molecules associate with a ~500-kDa complex
and that residues on LC3B’s hydrophobic protein interaction sur-
face are important for regulating its association with these com-
plexes. In the future, we anticipate FRAP and FPFA will become
valuable methods for uncovering the emergent properties of pro-
tein complexes in the autophagy pathway.

Materials and Methods

cDNA constructs

GFP-LC3B was the kind gift of T Yoshimori.® Cerulean and
Venus tagged versions of LC3B were as previously described.*
Venus-LC3BY*A, Venus-LC3B™2* 1534 and  Venus-LC3BG!204
mutations were constructed using Stratagene’s QuikChange site-
directed mutagenesis kit (Agilent Technologies, Inc., 200523).
For LC3BR%* the forward and reverse primers were 5'-CATCAA-
GATA ATTAGAAGGGC CCTGCAGCTCA ATGCTAAC-3'
and 5-GTTAGCATTG AGCTGCAGGG CCCTTCTAAT
TATCTTGATG-3' respectively. For LC3B™* 5% the forward
and reverse primers were 5'-GTCCTGGACA AGACCAAGGC
CCTTGTACCT GATCACGT-3' and 5-ACGTGATCAG
GTACAAGGGC CTTGGTCTTG TCCAGGAC-3' respec-
tively. For LC3B¢* the forward and reverse primers were
5'-CAGGAGACGT TCGCGACAGC ACTGGCT-3" and
5'-AGCCAGTGCT GTCGCGAACGT CTCCTG-3'
respectively.

Cell culture and transfections

HeLa cells and HEK 293T cells (American Type Culture
Collection, CCL-2 and CRL-1573) were maintained in
Dulbecco Modified Eagle’s Medium (DMEM) containing 10%
fetal bovine serum (Life Technologies, 10437028), 1% PenStrep,
and phenol red or high glucose DMEM containing L-glutamine,
sodium pyruvate, 10% fetal bovine serum, 1% PenStrep, and
phenol red respectively at 37 °C, 5% CO,.

For our live-cell imaging experiments, on the day prior to
transfection, Hela cells were plated in MatTek 35 mm No.
1.5 glass bottom culture dishes (Ashland, P35G-1.5-10-C).
On the following day the cells (50 to 80% confluent mono-
layer) were transfected with described mammalian expression
constructs using FUuGENE 6 transfection reagent according to
the manufacturer’s recommended protocol (Promega Corp.,
E2691). HEK 293T cells were plated and transfected similarly,
except the MatTek chambers were first coated with poly-D-
lysine (Sigma-Aldrich, P7886). On the day of the experiment
(24 h after transfection) cell culture medium was rinsed and
replaced with phenol red-free DMEM supplemented with 10%
fetal calf serum, 1% PenStrep, and 25 mM HEPES. The cells
were allowed to come to equilibrium at 37 °C for -5 min before
transferring to the temperature-controlled microscope stage and
objective set to 37 °C.

For our FPFA measurements in cytoplasmic extracts, on
the day prior to measurements, plasmid DNA (typically 1
g/250,000 cells) were transfected using electroporation (Digital
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Bio/BTX MicroPorator). On the following day, the cells were
harvested and lysed using passive lysis buffer (Promega, E1941)
containing 1% Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific Inc., 78440). The homogenates were
centrifuged at 20,000 RCF for 15 min, and the supernatants were
diluted ~20-fold with purified water for FPFA to yield a photon
count rate between ~25 keps and 100 keps (> 30x the dark count
rate) to avoid TCSPC pile-up artifacts.® The clarified homog-
enates were then loaded into 35 mm glass bottom dishes for mea-
surements at 25 °C.

Analysis of LC3-I to LC3-II processing

The LC3-I to LC3-II processing assay was performed by
lysing cells plated in 6-well culture dishes using CellLytic M
reagent (Sigma-Aldrich Co. LLC, C2978) as per the manufac-
turer’s instructions, spinning down at 13,000 x RCF for 20 min,
followed by SDS-PAGE of the supernatant fraction. We blotted
using antibodies against TUBB (B-tubulin) (Developmental
Studies Hybridoma Bank, E7), GFP (JL-8) (Clontech, 632380),
and LC3 (Novus Biologicals, NB100-2220).

Drug treatments

In order to block lysosomal degradation of LC3 or upregulate
the autophagy pathway, we incubated the cells with either 100
uM chloroquine (Sigma-Aldrich Co. LLC, C6628) or 200 nM
rapamycin (Sigma-Aldrich, R8781) for 2 h at 37 °C before per-
forming live-cell imaging or preparing cell extracts. In order to
disrupt microtubules in live cells, we incubated the cells on ice
with 5 pg/ml nocodazole (Sigma-Aldrich Co. LLC, M1404) for
15 min before transferring to 37 °C for an additional 1 h. The
cells were imaged in the continued presence of nocodazole.

Microtubule pelleting assay

We examined the extent of polymerized microtubules in
our cytoplasmic extracts using a microtubule pelleting assay.*?
The cytoplasmic extracts were loaded onto a 40% sucrose cush-
ion and spun at 200,000 x RCF for 20 min at 25 °C. Fractions
from the pellet and supernatant were analyzed by SDS-PAGE.
Although the conditions of the passive lysis buffer are not suit-
able for maintenance of polymerized microtubules in vitro, we
attempted to further depolymerize microtubules or repolymerize
tubulin by incubating our extracts with nocodazole (5 pg/ml)
for 15 min on ice or with paclitaxel (20 pM) at 37 °C for 15 min
before the pelleting assay.

Laser-scanning confocal microscopy and quantification of
LC3-associated puncta

Cells were imaged live using a Zeiss LSM 510 confocal micro-
scope (Carl Zeiss Microscopy LLC) equipped with an Argon/2
30 mW laser (458, 488, 514 nm) using an oil immersion 40 x
1.3 N.A. Zeiss Plan-Neofluar objective. The total numbers of
bright, Venus-LC3B labeled spots (-0.5-2 m) obtained in sin-
gle confocal sections (1 Airy unit) were manually counted in the
cytoplasm of each cell and reported as the mean number of cyto-
plasmic spots per cell.

FRAP methods

Confocal FRAP measurements were performed using a Zeiss
LSM 510 confocal microscope (Carl Zeiss Microlmaging Inc.)
equipped with an Argon/2 30 mW laser (458, 488, 514 nm) using
an oil immersion 40 x 1.3 N.A. Zeiss Plan-Neofluar objective.
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Confocal FRAP data were obtained using 512 x 45 pixel images
at 4x digital zoom using a 1 Airy unit pinhole at a rate of
42 frames per second. Venus was irreversibly photobleached by
iteratively scanning a 514 nm laser (30 mW nominal power) 10
times in a circular ROI with a nominal radius 7, of 0.99 wm, cen-
tered in the imaging window. Imaging of the prebleach steady-
state fluorescence and the postbleach recovery was performed
using a much lower nominal laser power of 0.06 mW. In order to
separate excitation and emission light sources we employed sev-
eral standard filter sets for the Zeiss LSM 510 (HFT 458/514 and
LP 530). A total of 600 images were acquired for each recovery
(-15 s), and the bleaching event required 129 ms before acquisi-
tion of the postbleach image under our conditions.

To analyze the confocal FRAP data we utilized a recently
developed analytical equation for simple Brownian motion to
extract an instrument-independent diffusion coefficient.” The
first step in the approach is to plot the mean fluorescence inten-
sity within the bleach region as a function of time to yield a
FRAP curve, /(#). We next normalize /(¢) by dividing by the pre-
bleach steady-state fluorescence and correct for any unintentional
photobleaching encountered during normal imaging. To do this
we fit the last 50 data points, at a time sufficiently long enough
after the bleach to reach diffusional steady-state, of /(#) to a first
order decay process,

1(2) = exp(-£

decay

t) 1)

where # is time, and k£,  is the unintentional photobleaching
rate constant. /(#) is corrected by dividing by the exponential
decay.” Next, the diffusion coefficient D and mobile fraction
Mf were found by fitting the data to a 1l-component
FRAP model for Brownian motion with infinite boundary
conditions,

m=200

_Ker
(=1, Y :

)

where 1)is 1 for a normalized FRAP curve, and 7 is the nominal
radius of the bleaching ROL* This is a modified form of the
Axelrod equation® where the laser is assumed to be a Gaussian,
and the parameters 7 and K take into account the initial con-
ditions for the solution of the diffusion equation. The FRAP
model assumes a homogenous distribution of molecules were
bleached along the Z-axis resulting in diffusional exchange
along the X and Y axes. We determined 7, and K by fitting the
normalized radial post-bleach profile, /(x;z = 0), to an analytical
approximation,

2
I(x;t=0)=1,exp [—Kexp[—zizD
T

e

(€)

where 7 is 1 for a normalized post-bleach profile, and x is the
radial distance from the center of the bleaching ROIY
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For comparison, we also analyzed a subset of the data using
a newly described simplified FRAP equation for Brownian
motion.* In this approach, /(x;¢ = 0) was further approximated
as,

2
I(x;t=0) =1—Kexp(—2i2j
.

e

(4)

resulting in the simplified FRAP model,

ng:gP—K@+é+§?]}kﬁ+a—Mmam
r r
e e (5)

A comparative analysis of these 2 analytical FRAP models
(Eqns. 2 and 5) revealed no significant differences in D or Mf'
with the level of noise present in our data. This means using
Equation 5 is the preferred method of extracting diffusion coef-
ficients and mobile fractions, as it greatly reduces the complex-
ity in programming a nonlinear fitting routine. Furthermore, if
there is a priori knowledge that the fluorescence recovery is domi-
nated by Brownian motion rather than reaction kinetics, and the
system was allowed to relax back to a steady-state one could use
linear interpolation to find the half time of the recovery (7, ) and

1/2
resultant D without any fitting required using

2 2
_ntr

87, (©)

D

Where indicated, D values were used to calculate the Stokes
radius using the Stokes-Einstein equation:

k,T

D:
by @)

where £, is Boltzmann constant, 7"is temperature, 7 is the Stokes
radius, and m is viscosity. The apparent molecular weight MW
was then calculated as follows (assuming a spherical geometry):

3
MW = MW (DGFPJ
D ®)
where MW, is the molecular weight of GFP (27 kDa) and D,
is the measured diffusion coefficient of the GFP control.

In principle, a freely diffusing control such as Venus should be
100% mobile on the time scale of our experiments as indicated
by Mf. However, under the conditions of our experiments a sig-
nificant fraction of molecules in the cytoplasm were irreversibly
destroyed during the experiment resulting in Mfvalues less than
1. In order to correct for the significant loss of fluorescence in the
compartment due to the bleaching event, we calculated the true

mobile fraction (Mf ) by,

correct’
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M, = 1, (0-10) ©)
where /. djﬂm(t) is the intensity inside an ROI placed adjacent to
the bleaching ROL.

FPFA methods

The experimental setup and validation are described else-
where.” Briefly, an 80-MHz, 200-fs mode locked Ti:sapphire
laser (Coherent Chameleon Ultra-2, Santa Clara, CA) operated
at 950 nm provided pulsed 2-photon excitation. The excitation
beam, passed through a power attenuator, a spatial filter sys-
tem (Thorlabs, KT310), a near-IR linear polarizer (100,000:1
extinction ratio, Thorlabs), and finally a multiphoton short-pass
dichroic beamsplitter (Semrock, FF670-SDi01-25x36) was used
to reflect the excitation beam to a Zeiss 63X-1.2NA water objec-
tive (back aperture slightly overfilled). This setup focused the
beam to a diffraction-limited spot (0.4 wm in diameter). The
excitation power was kept low (typically ~10.2 mW at the focal
point) to avoid bleaching during acquisition (150 to 200 s).

Fluorescence collected from the observation volume in the
sample was guided through a BG39 filter (to block residual near-
IR photons), a high throughput band-pass filter (Semrock, FFO1-
540/50-25), and finally a polarizing beam splitter (Thorlabs)
augmented with 2 orthogonally oriented linear polarizers
(Thorlabs) to increase the extinction ratio. At the beam split-
ter, parallel and perpendicular emitted photons were separated
and focused onto 2 HPM-100-40 hybrid detectors (Becker and
Hickle GmbH, Berlin, Germany). The dark count rate for these
detectors was typically 200 to 750 cps at 25 °C. Photons detected
by each detector were processed by a SPC-132 TCSPC card
(Becker and Hickle). For synchronization between excitation
pulses and detected photons, a small fraction of the excitation
beam was extracted and focused onto a high-speed photodetec-
tor (DET10A, Thorlabs) powered by a battery to avoid crosstalk.
Note that all optics used in the excitation pathway were selected
to minimize group delay dispersion.

For each homogenate, 3 to 5 replicate measurements were per-
formed and these were averaged for each point. All measurements
were performed at room temperature.

SPCM software (Becker and Hickle) running in FIFO mode
was used to calculate time-resolved fluorescence and cross-corre-
lation functions. Time-resolved anisotropy was calculated based
on fluorescence decay of parallel and perpendicular channels

using the following equation:

}"(f) _ [//(t)_g.ll(t)

C1,(0-2ge1,(1) (10)

where 7, (#) and /| (#) are the fluorescence intensity of parallel and
perpendicular channels (dark noise subtracted) respectively, and
gis an instrument correction factor which for our microscope had
a value of 0.96 as determined by tail fitting calibration measure-
ments of fluorescein.

For FPFA, independently measured emission events detected
in the parallel and perpendicular light paths were cross-correlated,
G (7). The time dependence of these curves were initially fit using
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a single-component 3-dimensional (3D) diffusion equation®® to
estimate the value of <> , the average number of fluorescent
molecules in the excitation volume, and 7,, the correlation time
(the average time that a molecule spends in the detection volume)
for each sample:

G(ry=-L—] ! 2
KGO

where ® and z, are the radial and axial beam waists respectively

(11)

calculated from calibration experiments, and the constant vy has a
value of 0.35 for a 3-dimensional Gaussian PSF.?*

The molecular brightness 4 is the average number of photon
emitted per second per molecule (cpsm)

0]

—~
~

(12)

where </£> is the average photon count rate recorded during data
acquisition.

To model a mixture of 2 species having the same brightness
but independent diffusion times:

(13)

(14)

With 2-photon excitation the relationship between correlation
; s ol 59
time 7, and D is given by:

L
? 8D (15)
FPFA calibrations

The instrument correction factor ¢ for calculating time-
resolved anisotropy (Eqn. 10) was measured using tail-fitting®
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of fluorescein samples and found to be 0.96. The value of w/z for
our microscope (used in Eqns. 11 and 13) was 0.1 at an excita-
tion power of 10.2 mW (at 950 nm) using calibration standards
of fluorescein in water at pH 9.5.7 Assuming fluorescein has a
diffusion coefficient of 300 wm?/s, using the measured correla-
tion time of 75 + 9 s, the value of ® was 424 + 30 nm. The
validity of this calibration procedure was confirmed by measur-
ing the diffusion coefficient of Venus monomers under identi-
cal conditions. Using w/z = 0.1, the measured correlation time
for Venus monomers with 10.2 mW excitation power was 343 +
17 ws (n = 3). This corresponds to a diffusion coefficient for
Venus monomers in solution of 65.5 + 8.6 wm?/s (n = 3), in good
agreement with the diffusion coefficient measured for GFP.°

Curve fitting and statistics

IGOR Pro software (Version 6.22) was used for fitting of
time-resolved anisotropy, cross-correlation curves, and for global
fitting of calibration standards. FRAP data was fit using custom
routines written in MATLAB based on the trustregion-reflec-
tive algorithm (The MathWorks; R2010B). The errors reported
throughout the text are 95% confidence intervals unless other-
wise stated. To test the hypothesis that 2 group means are not
different, under circumstances where there were multiple groups
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