AUTOPHAGY
2016, VOL. 12, NO. 9, 1660-1674
http://dx.doi.org/10.1080/15548627.2016.1199299

Taylor & Francis
Taylor & Francis Group

TOOLBOX

Size, organization, and dynamics of soluble SQSTM1 and LC3-SQSTM1 complexes

in living cells

Lewis J. Kraft**, Jacob Dowler®, Pallavi Manral®, and Anne K. Kenworthy

a,b,c

3Chemical and Physical Biology Program, Vanderbilt University Medical Center, Nashville, TN, USA; ®Department of Molecular Physiology and
Biophysics, Vanderbilt University Medical Center, Nashville, TN, USA; “Department of Cell and Developmental Biology, Vanderbilt University Medical

Center, Nashville, TN, USA

ABSTRACT

Selective macroautophagy/autophagy—with the help of molecular receptors—captures cargo for lysosomal
degradation. Among the best-studied molecular receptors is SQSTM1/p62, a homo-oligomeric ubiquitin binding
protein, which binds to both cargo and MAP1LC3B/LC3, a protein important for autophagosome biogenesis.
Although the mechanisms underlying interaction of LC3 and SQSTM1 have been extensively studied, very little is
known about the size or organization of soluble complexes formed between SQSTM1 and LC3 prior to
phagophore (the autophagosome precursor) binding in live cells at the molecular level. To address this question,
in the current study we use a combination of 2 microscopy-based approaches, FRET microscopy and confocal
FRAP, to study the nanoscale properties of soluble SQSTM1 complexes and SQSTM1-LC3 complexes in living
Hela cells. We find that, independent of puncta, SQSTM1 oligomerizes to form very slowly diffusing complexes
that contain multiple copies of SQSTM1 within FRET proximity of one another. Furthermore, we show that the
interactions of soluble pools of LC3 and SQSTM1 can be readily detected by both FRAP and FRET. Finally, we
uncover unexpected roles of SQSTM1’s PB1 domain, a region of the protein involved in homo-oligomer
formation, in complex formation. Taken together, these findings provide new insights into the nature of
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nanometer-sized protein complexes in the autophagy pathway.

Introduction

Autophagy is a major degradation pathway whereby cyto-
plasmic contents are sequestered for degradation via the lyso-
some.' A conserved pathway in eukaryotes, autophagy is vitally
important for normal health, development, and the prevention
of disease.” In autophagy, the formation of a double-membrane
intermediate compartment known as a phagophore is responsi-
ble for engulfing regions of cytoplasm; the phagophore subse-
quently matures into an autophagosome. Autophagy can occur
either with or without substrate specificity, termed selective or
nonselective autophagy, respectively. In selective autophagy, a
ligand—such as ubiquitin—is conjugated to specific substrates,
e.g. protein aggregates or mitochondria. Next, receptors and
adaptors bind to the ubiquitinated substrate and target it to
phagophore-associated Atg8 proteins.” The autophagosome-
encapsulated cargo is subsequently trafficked to the lysosome
where its outer membrane subsequently fuses with the lyso-
some, thereby degrading its inner membrane and contents."*°
Among the members of the Atg8 protein family, the most
widely studied protein is microtubule associated protein 1 light
chain 3 B/LC3B. The known functions of LC3 include contribu-
tions to phagophore membrane expansion and fusion, and
selective recruitment of cargo to the phagophore.” LC3 is post-
translationally modified on its C-terminal glycine residue with

the lipid phosphatidylethanolamine, and thus exists in 2 forms:
a soluble form known as LC3-1, as well as a phagophore- and
autophagosome-associated form known as LC3-11.*° The pro-
cess of LC3 lipid modification is carried out through a series of
enzymatic reactions resembling ubiquitination, but is reversible
via the action of the cysteine proteinase ATG4B."® Since LC3
itself is structurally similar to ubiquitin, it has been dubbed a
ubiquitin-like protein.” Interestingly, LC3 associates with
slowly diffusing, high molecular weight complexes in both the
cytoplasm and nucleus.'"* Although the exact composition of
these complexes is not yet known, their formation does not
require lipidation of LC3.">"* Nuclear LC3 is deacetylated in
response to starvation and is subsequently trafficked to the
cytoplasm where it initiates autophagosome formation.'’
Under steady-state conditions, nuclear targeting of LC3 and its
nucleocytoplasmic exchange is regulated by residues that make
up its triple arginine motif and hydrophobic binding inter-
face."” Furthermore, nuclear LC3 associates with the nucleolus
in a manner that depends on its triple arginine motif, and
appears to interact with a variety of different nucleolar constit-
uents including several 40S ribosomal proteins.'?

Consistent with their central role in the autophagy pathway,
LC3 and other Atg8 family members interact with a large net-
work of more than 65 different proteins with extensive overlap
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among Atg8 family members.'® Many of these interactions are
mediated by a consensus LC3-interacting region (LIR) in the
interacting proteins.'”” SQSTM1/p62 (sequestosome 1) contains
a LIR, and is one of the best-characterized LC3-interacting pro-
teins."*'? SQSTM1 homo-oligomerizes via its PB1 domain, and
functions as a cargo receptor in selective autophagy.*** The
interactions of SQSTMI and LC3 have been studied extensively
using a combination of co-immunoprecipitation, affinity isola-
tion assays, structural analysis, mass spectrometry, and colocal-
ization approaches.'®'®?'"** The results of these studies have
revealed that SQSTMI1—via its LIR domain—reversibly binds
to LC3 in the region of residues F52 and L53.'®*"***>2¢ This
binding does not, however, require lipidation of LC3, as a
G120A mutant that disrupts LC3’s lipidation coimmunopreci-
pitates with SQSTM1.%° The interaction of SQSTM1 and LC3 is
important for degrading ubiquitinated protein aggregates as
well as degradation of SQSTM1 itself by autophagy.'®*">%%%
SQSTM1I binding to the N-terminal domain of LC3 has also
been shown to inhibit 20S proteasome-mediated LC3 degrada-
tion.”” SQSTM1 binding to LC3 alone, however, is not required
to target SQSTMI to sites of autophagosome formation.*’

SQSTM1 forms homo-oligomers and these homo-oligomers
are crucial for several of its known activities. Mediated by its
PB1 domain,”"** homo-oligomerization of SQSTML1 is thought
to be important for the formation of SQSTM1 inclusion bod-
ies,'® interaction with LC3,'® targeting to phagophores,® and
efficient recognition of ubiquitin and ubiquitinated cargo.”>**
Although the presence of SQSTM1 homo-oligomers in cells is
often inferred from the formation of SQSTM1-positive inclu-
sion bodies, diffuse cytoplasmic pools of SQSTMI1 have also
been proposed to consist of polymeric forms of the protein.*
Until recently, very little was known about the structural orga-
nization of SQSTM1 homo-oligomers; however, in the past
year, cryo-electron microscopy studies have revealed that
SQSTM1 forms rod-like, helical filaments of nanometer size in
vitro.”® The properties of diffuse cytoplasmic SQSTM1 oligom-
ers in cells, however, are not well understood. Furthermore,
even though the interactions of LC3 and SQSTM1 in puncta
have been extensively studied, much less is known about the
nature of their interaction prior to puncta formation in live
cells at the molecular level.

To address these questions, in the current study we investi-
gated the properties of soluble SQSTM1 complexes and soluble
complexes formed between SQSTMI1 oligomers and LC3 using
a combination of fluorescence microscopy-based biophysical
approaches in living cells.

Results
Overexpression of SQSTM1 pulls LC3 out of the nucleus

As a model system for studying the size, organization, and
dynamics of soluble (puncta-independent) complexes contain-
ing SQSTM1 and LC3, we constructed Cerulean- and Venus-
labeled versions of both proteins and expressed them in HeLa
cells in the presence of endogenous SQSTM1 and LC3. To mea-
sure the levels of overexpression of the fusion constructs rela-
tive to endogenous proteins, we quantified the relative amount
of exogenous and endogenous proteins by western blotting
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(corrected for the transfection efficiency). Under the conditions
of our experiments, Venus-LC3 was expressed at ~60 times the
level of endogenous LC3, while Venus-SQSTM1 was expressed
at ~6-fold over endogenous levels (Fig. 1). As expected, co-
expression of Cerulean-SQSTM1 with Venus-LC3 led to the
recruitment of LC3 into SQSTM1-positive aggregates in the
cytoplasm. Interestingly, this was accompanied by a dramatic
redistribution of soluble Venus-LC3 from the nucleus to the
cytoplasm (Fig. 2) (p < 0.003; Bonferonni corrected t test).
We quantified the change in soluble LC3’s nucleocytoplasmic
(N/C) distribution across multiple cells using an automated
image analysis routine, and found that it was reduced from 2.1
+ 0.2 to 1.37 = 0.08 (Fig. 2C).

To verify the specificity of binding of LC3 to SQSTM1, we
utilized several mutant forms of LC3. These included an
LC39"2%4 mutant, which is incapable of lipid modification, and
association with puncta;**” LC3%%4, a mutant that exhibits
decreased binding to a subset of LC3-interacting proteins;'®
and LC3"™?**M34 another mutant that undergoes decreased
binding to a subset of LC3-interacting proteins including
SQSTM1.'® F52 and L53 are also close to residues K49 and
K51—sites of acetylation that regulate LC3’s N/C transport via
binding to DOR."” Previous studies have indicated that
SQSTML1 is capable of binding to G120A and R70A, but shows
greatly reduced binding to F52A and L53A mutants,'®*>*>??

As for the case of wild-type Venus-LC3, Venus-LC32°4
and Venus-LC3"°* were recruited to SQSTMI-positive puncta
and were shifted out of the nucleus in cotransfected cells
(Fig. 2B and C). Venus-LC3724153A however, neither associ-
ated with puncta nor showed any change in its N/C ratio
(Fig. 2B and C). Thus, in addition to binding to SQSTM1-
induced puncta, changes in the N/C distribution of soluble LC3
occur as the result of its interactions with overexpressed
SQSTML.

SQSTM1 and LC3 are in close physical proximity in the
cytoplasm and in aggregates as measured by FRET

To more directly study the interaction of the soluble pools of
SQSTM1 and LC3, we turned to FRET. Direct protein-protein
interactions bring proteins within close physical proximity of one
another and thus can be monitored using FRET.*®**' To measure
FRET between Cerulean- and Venus-tagged versions of LC3 and
SQSTM1, we used acceptor photobleaching, a well-characterized

method to quantify energy transfer by fluorescence micros-
14,42-47

copy.

In our experiments, we measured FRET between Cerulean-
SQSTM1 and the various Venus-LC3 constructs separately for
the diffuse cytoplasmic pool of the proteins and in puncta (Fig. 3).
Soluble Cerulean-SQSTM1 and wild-type Venus-LC3, Venus-
LC39"2%4, or Venus-LC3"** undergo significant FRET, which is
indicative of their close proximity (p < 0.01; t-test) (Fig. 3A). Sim-
ilar energy transfer efficiency (E) values were measured in puncta
between Cerulean-SQSTMI1 and either wild-type Venus-LC3 or
Venus-LC3%"*°* (Fig. 3B). On the other hand, E measured
between Cerulean-SQSTM1 and the Venus-LC3"?4 1534 mutant
was no different than background, suggesting, in fact, the F52A
L53A mutation disrupts association with SQSTM1 (p > 0.01;
t-test). Our FRET results demonstrate that Cerulean-SQSTM1
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Figure 1. Western blot showing the relative expression levels of the Venus tagged

== Endogenous-LC3-I|

SQSTM1 and LC3 constructs compared to endogenous SQSTM1 and LC3. Hela cells

transfected with the indicated Venus-tagged SQSTM1 or LC3 constructs in duplicate were lysed and resolved by SDS-PAGE followed by western blotting with (A) anti-

SQSTMT1 or (B) anti-LC3 antibodies. Mm, molecular mass markers in kilodaltons.

and Venus-LC3 are not only associating with one another in
puncta, but that the soluble forms of the 2 proteins also appear to
interact in the cytoplasm.

LC3 forms a large complex with overexpressed SQSTM1, as
measured by diffusion

We next asked whether binding of SQSTMI1 to LC3 leads to a
change in the size of LC3-associated protein complexes.
Because SQSTM1 contains an LC3 binding site, forms homo-
oligomers, and binds to ubiquitinated autophagy substrates,**8
we hypothesized that it should form a complex with LC3,
which has a much larger hydrodynamic radius than that of
unbound LC3. Furthermore, a large complex between LC3 and
SQSTM1 should not be observed for the Venus-LC3F72AL534A
mutant, which is incapable of binding to SQSTMI.

To address this question, we took advantage of a quantita-
tive confocal FRAP assay directed at the soluble pool of the
proteins to quantify their diffusion coefficient—a constant that
is inversely related to molecular size. In this assay, we use a
small circular 1- pum radius bleach region placed in a relatively
homogeneous region of the cytoplasm so as to avoid any bright
puncta.'> These experiments thus measure the diffusional
mobility of soluble pools of LC3 and SQSTMI, as opposed to
turnover of the 2 proteins on puncta.** Using the Stokes-Ein-
stein equation, it is possible to estimate the apparent molecular
weight of the soluble complexes associated with each protein
assuming a spherical geometry (D ~MW ™", with Venus as a
standard for MW).1>!4

As a starting point, we measured D for cytoplasmic Venus,
which should diffuse as a monomer with an expected molecular
mass of ~27 kDa, and should not form a complex with SQSTM1.
We obtained a D of 35 & 3 um?/s for Venus, whereas the mobile
fraction was near 100% for Venus, as expected based on its ability
to freely diffuse. In addition, we did not observe a change in its D in
the presence of SQSTM1 (p > 0.01; t test) (Fig. 4B).

We next measured the diffusional mobility of Venus-LC3 and
the Venus-LC3 mutants in the presence and absence of overex-
pressed SQSTM1. Examples of experimental FRAP curves and fits
with a diffusion model are shown for Venus-LC3 in the presence
and absence of overexpressed SQSTMI1 (Fig. 4A). When co-
expressed with Cerulean, the diffusional mobility of the different
Venus-LC3 mutants differed significantly from one another (Fig. 4
and Table 1), as was described in our recent report documenting
the sizes of Venus-LC3-associated protein complexes in the cyto-
plasm of living cells and cytoplasmic extracts.'? In the presence of
overexpressed SQSTM1, our FRAP measurements showed a signif-
icant reduction in D for wild-type Venus-LC3, Venus-LC3%'2%4,
and Venus-LC3"%* compared to cells co-expressing Cerulean
(p < 0.01; t-tests), whereas the D for the Venus-LC3"™*1534
mutant was unchanged in the presence of overexpressed SQSTM1
(Fig. 4B) (p > 0.01; ¢ test). We estimated the size of each of the
Venus-LC3-Cerulean-SQSTM1-associated complexes using the
Stokes-Einstein relation, as summarized in Table 1. These results
are in good agreement with our N/C measurements and FRET
measurements, which altogether suggest that overexpressed
SQSTM1—via its LC3 binding site—forms a large, soluble
(puncta-independent) complex with Venus-LC3 in the cytoplasm.
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Figure 2. The nucleocytoplasmic ratio of soluble Venus-LC3 is decreased in the presence of overexpressed Cerulean-SQSTM1. Representative confocal images of the local-
ization of Venus, Venus-LC3, Venus-LC3%'2%4, Venus-LC37A1534, and Venus-LC3%°* when transiently co-expressed with (A) Cerulean or (B) Cerulean-SQSTM1 in Hela
cells. Scale bar: 10 um. (C) An automated image analysis routine was used to quantify the N/C ratio of the soluble (puncta independent) Venus fluorescence (YFP channel)
in the cells co-expressing the indicated Venus-tagged constructs in combination with either Cerulean (light gray bars) or Cerulean-SQSTM1 (dark gray bars). Bars are the
mean =+ 95% confidence interval for N = 20 cells from 2 independent experiments. Statistical comparisons are between the grouped bars. ns, p > 0.05; ***, p < 0.001.

The soluble LC3-SQSTM1 complexes form via a
mechanism that depends on SQSTM1’s LIR domain, but not
its PB1 domain

In order to investigate the properties of the large, soluble
SQSTM1-LC3 complexes further, we carried out additional
experiments—using the set of methods presented above—on a
series of SQSTM1 mutants. The SQSTM1 constructs that we

examined included: (i) a LIR mutant (D337-339A) that was
reported to disrupt its ability to bind to LC3;*>*° (ii) a PB1
domain mutant of LC3 (K7A D69A) that disrupts SQSTM1
polymerization;3 3% and (iii) human SQSTM1 isoform 2 (is02),
which is generated by alternative splicing and is missing a
major portion of the PB1 domain required for self-associa-
tion.* In addition, inhibition of SQSTM1’s ability to homo-oli-
gomerize via mutation of its PB1 domain has been reported to
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Figure 3. FRET reports on the close physical proximity of both soluble and puncta-
associated Cerulean-SQSTM1 and Venus-LC3. FRET analysis was performed on cells
co-expressing Cerulean-SQSTM1 with the indicated Venus-LC3 constructs and
semi-automatically analyzed across multiple cells. The data were separately ana-
lyzed for (A) soluble SQSTM1 and (B) puncta-associated pools of SQSTM1. FRET
was also measured between Cerulean-SQSTM1 and empty Venus as a negative
control. Bars are the mean £ 95% confidence interval for N = 9-30 cells from 3
independent experiments. Statistical comparisons are with the negative control.
ns, p > 0.05; %, p < 0.05 ™, p <0.01; ", p <0.001.

significantly decrease its interaction with LC3 as assessed by
immunoprecipitation,'® although more recent results suggest
that LC3 can in fact interact with non-oligomerized forms of
SQSTM1.>*

We verified the expression levels of the various SQSTM1 con-
structs by western blotting and found that all were expressed at
~6- to 7-fold higher levels than endogenous SQSTM1 (Fig. 1).
Thus, under the conditions of our experiments, the SQSTM1 con-
structs were expressed in excess over endogenous SQSTMI, but
endogenous SQSTM1 was still present. We first asked if LC3 is
pulled out of the nucleus by overexpressed PB1 domain mutants
of SQSTM1. When transiently expressed in HeLa cells either in
the absence or presence of overexpressed LC3, the PB1 domain
mutants, Venus-SQSTM1¥X7AP%A and Venus-SQSTM15%%, did
not form puncta, and were present in a soluble form in the cyto-
plasm, whereas the LIR mutant, Venus-SQSTM1P>*" %4
retained the ability to form large aggregates (Fig. 5A). Strikingly,
in the presence of overexpressed Cerulean-SQSTM1*74P%4 or
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Figure 4. Venus-LC3's rate of diffusion decreases when co-expressed with
Cerulean-SQSTM1. A quantitative FRAP assay was carried out on cells co-express-
ing the indicated Venus- and Cerulean-tagged constructs using a rectangular
imaging ROl centered on the cytoplasm, and small circular bleach region
(r, =1 m) placed in a region devoid of puncta. (A) Examples of the early time-
points from normalized FRAP recoveries are shown for Venus-LC3 co-expressed
with Cerulean (light gray circles) or with Cerulean-SQSTM1 (dark gray circles). The
solid lines are fits to a single component diffusion model. Residuals for the fits are
indicated in the lower panel. (B) D values for the indicated Venus-LC3 constructs in
cells co-expressing either Cerulean (light gray bars) or Cerulean-SQSTM1 (dark
gray bars). Empty Venus was included as a control. Bars show the mean + 95%
confidence intervals for N = 19-64 cells from 2-4 independent experiments.
Statistical comparisons are between the grouped bars. ns, p > 0.05; “**, p < 0.001.

Cerulean-SQSTM1°%, Venus-LC3 was pulled out of the nucleus
into the cytoplasm to the same extent as in cells expressing
wild-type Cerulean-SQSTM1, even though these mutant forms of
Cerulean-SQSTM1 were unable to form puncta (Fig. 5A and B).
Conversely, the LIR mutant, Cerulean-SQSTM1P*7 %4 was less
capable of changing Venus-LC3’s N/C distribution. The LIR
mutant, however, may still weakly interact either directly or indi-
rectly with LC3, as it retained the ability to pull Venus-LC3 out of



Table 1. Apparent molecular mass and mobile fractions for Venus, Venus-LC3, and
Venus-LC3 mutants co-expressing either Cerulean or Cerulean-SQSTM1 based on
the FRAP diffusion measurements in live HelLa cells under basal conditions.

Construct & Apparent Mm (kDa) Mobile Fraction (%)
Venus

+ Cerulean N/A 100 £ 1(35)
Venus-LC3

+ Cerulean 600 + 200 (64) 99.9 £+ 0.9 (64)

+ Cerulean-SQSTM1 2200 = 800 (30) 100 £ 2 (30)
Venus-LC3¢120A

+ Cerulean 500 = 200 (30) 100 £ 1 (30)

+ Cerulean-SQSTM1 1900 + 800 (30) 99 + 1 (30)
Venus_LC3F52A,L53A

+ Cerulean 1000 + 300 (32) 100 + 1 (32)

+ Cerulean-SQSTM1 1400 + 500 (30) 99 + 1 (30)
Venus-LC3R70A

+ Cerulean 130 £ 40 (29) 100 + 1 (29)

+ Cerulean-SQSTM1 400 + 200 (30) 99 + 2 (30)
Venus-SQSTM1

+ Cerulean-SQSTM1 9 x 10* 4+ 9x10* (20) 97 + 2 (20)

& assuming a spherical geometry. £95% confidence intervals (N = # cells).

the nucleus compared to cells co-expressing Cerulean. Weak
interactions between the 2 may also explain the small amount of
Venus-LC3 colocalized with Cerulean-SQSTM1°**”**4 puncta
(Fig. 5A).
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SQSTMI1 bears both an active nuclear export signal and an
active nuclear import signal, which it uses to shuttle between the
cytoplasm and nucleus.” In addition, SQSTM1’s N/C transport
reportedly depends on the oligomerization state of the protein.”
We took advantage of this active N/C shuttling of SQSTM1 to
additionally test for the formation of complexes between soluble
LC3 and SQSTM1. We first confirmed that Venus-SQSTM1 redis-
tributes into the nucleus after treatment with an XPO1/exportinl-
mediated active nuclear export inhibitor, leptomycin B (LMB)
(Fig. 6A and B). The PB1 domain mutants, SQSTM1X7AP4A and
SQSTM1*** were the most strongly redistributed, whereas wild-
type SQSTM1 and SQSTM1P*¥ ¥ were partially retained in the
cytoplasm (Fig. 6B). This suggests that a high affinity for puncta
competes with the active import of Venus-SQSTM1 into the
nucleus upon treatment with LMB.

To test whether shuttling of SQSTM1 into and out of the
nucleus can lead to a corresponding redistribution of LC3, we
focused on the N/C ratio of LC3 in cells co-expressing human
SQSTM1%°* (a construct that does not form puncta) after treat-
ment with LMB (Fig. 7A and B). We co-expressed SQSTM1"°>
together with each of the LC3 mutants that we examined above
with SQSTMI. In addition, we examined a NES-Venus-LC3
construct bearing an N-terminal nuclear export signal, as this

Venus-LC3

Venus-LC3 Venus-LC3

Cer-5QSTM1/502 Cerulean
B C D
25 - 12 o
wnw g ns = ns
= 10 =10
g 2 ¥ 8 ns E s
=} ns -
@ 5 B8 =]
Ei5 ns g
o 5 6 o D_ B
s = 3
s £ =
Z £ 4 b 4
Q =
=z 05 02 g 2
=
0 E 0 0
o o W < T = TR Q ] oL o (. () 15 &
G’ef/ 6'0/ 6'21/ (> %g, lg/3// %/ 6'0/ £ 6’0/ %/ s?// @'Og,
% B, B, % % B, W % % %
Mg g Pg Q% R Ag Ap C‘% Mg B g q”b
2, 0, R, o, % R G W, R, R, o, Y
Y, A, Y, Y, " Y, Y, %, 7 ¥, %, 7
7 Tro, e, 74, i 74 70 T Tk T
H, o, % %
Yy % L Y

Figure 5. Soluble Venus-LC3 interacts with overexpressed Cerulean-SQSTM1 even when SQSTM1’s PB1 domain is disrupted. (A) Representative confocal images of the
localization of Venus-LC3 in Hela cells co-expressing either Cerulean, as a negative control, or the indicated Cerulean-SQSTM1 constructs. Scale bar: 10 um. (B) Quantifica-
tion of the N/C ratios for soluble Venus-LC3 (YFP channel) in the presence of the indicated constructs. Bars show the mean =+ 95% confidence intervals for N = 20-31 cells
from 2-3 independent experiments. (C) Quantification of FRET between soluble Venus-LC3 and the indicated Cerulean-SQSTM1 constructs. FRET between Venus-LC3 and
Cerulean was assessed as a negative control. Bars show the mean £ 95% confidence intervals for N = 30 cells from 3 independent experiments. (D) D for Venus-LC3 in
cells co-expressing the indicated Cerulean-SQSTM1 constructs or empty Cerulean. Bars show the mean £ 95% confidence interval for N=30-35 cells from 3 independent
experiments. Statistics are for comparisons with Venus-LC3 co-expressing wild-type SQSTM1. ns, p > 0.05; **, p < 0.01; ***, p < 0.001.
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ments. (C) A semi-automated image analysis routine was used to quantify the N/C ratio of the soluble (puncta independent) Venus fluorescence (YFP channel) in the cells
expressing the indicated Venus-tagged SQSTM1 constructs and nuclei labeled with DRAQ5 in the absence of LMB (light gray bars) or presence of LMB (dark gray bars).
Bars are the mean £95% confidence interval for N = 20 cells from 2 independent experiments. ns, p > 0.05; *, p < 0.05; **, p < 0.01.

protein is present in the nucleus only in small amounts under
basal conditions. Again, we found that each Venus-LC3 con-
struct was robustly pulled out of the nucleus under control con-
ditions, with the exception of Venus-LC37****A (Fig, 7A).
Finally, we found that in cells co-expressing SQSTM1"°* with
NES-LC3, LC3, LC39'%%*, or LC3"°4, treatment with LMB
resulted in substantial redistribution of LC3 into the nucleus
(p < 0.01; t tests). Conversely, Venus-LC3F2AL3A only mod-
estly redistributed in LMB-treated cells expressing SQSTM1"*°%,
again demonstrating its less efficient binding to SQSTM1"*°%,
We further analyzed the interactions of the soluble cytoplasmic
pools of Venus-LC3 and the Cerulean-SQSTM1 constructs using
FRET (Fig. 5C) and FRAP (Fig. 5D). We observed similar levels of
FRET between soluble Venus-LC3 and Cerulean-SQSTMI,
Venus-LC3 and Cerulean-SQSTM1X74P%4 and Venus-LC3 and
Cerulean-SQSTM1P**7*4 Al levels of FRET were significantly
higher than that measured between Venus-LC3 and Cerulean
(p > 0.01; t-tests) (Fig. 5C). Thus, both the SQSTM1 PB1 domain
mutant and LIR mutant appear to be in close physical proximity to
LC3. FRAP studies reported similar effects on the formation of
large complexes between overexpressed SQSTMI mutants and
LC3 (Fig. 5D). Compared to D for Venus-LC3 in cells co-

expressing Cerulean, D for Venus-LC3 was significantly decreased
in cells co-expressing Cerulean-SQSTMI, Cerulean-SQSTM1*"*
D694 "and Cerulean-SQSTM1P37-3394 (p > 0.01; t-tests) (Fig. 5D).

Taken together, these results show that soluble LC3 and
SQSTM1 form large, soluble complexes in the cytoplasm that
are independent of puncta.

Analysis of soluble SQSTM1 homo-oligomers in cells

A recent in vitro structural analysis showed that SQSTM1
homo-oligomerizes via its PB1 domain to form long, rod-like
complexes with a width of 15 nm and a length of about
40 nm.*® This is intriguing in the context of our analysis of
SQSTM1-LC3 complexes, because these large SQSTMI1 rods
have many LC3 binding sites, and thus may correspond to the
complexes that we observed in cells overexpressing SQSTM1.
In order to test this hypothesis, we first asked if measurable
FRET occurs between soluble Cerulean-SQSTM1 and Venus-
SQSTMI (Fig. 8A and B). We quantified E for both the soluble
pools of SQSTM1 and the puncta-associated protein. Consistent
with previous reports,** we found that Venus-SQSTMI and Ceru-
lean-SQSTM1 associated with puncta exhibit substantial FRET
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Figure 7. When co-expressed with Cerulean-SQSTM1°2, Venus-LC3 redistributes from the cytoplasm to the nucleus in response to LMB treatment. Representative images of the indi-
cated Venus-LC3 constructs in the presence of overexpressed Cerulean-SQSTM1 502 () after 2 hin the presence of vehicle or (B) after 2 h of LMB treatment. Scale bar: 10 zzm. (C) Quan-
tification of the N/C ratios for the indicated Venus-LC3 constructs (YFP channel) in cells co-expressing Cerulean-SQSTM1°% in the absence of LMB (light gray bars) or presence of LMB
(dark gray bars). Bars show the mean £95% confidence intervals for N = 18-64 cells from 1-3 independent experiments. **, p < 0.01; ***, p < 0.001.

compared to a negative control—cells expressing Cerulean-
SQSTM1 and Venus (p < 0.01; ¢ test) (Fig. 8A). In addition, we
observed substantial homo-FRET for soluble SQSTM1 (p < 0.01; ¢
test) (Fig. 8A). FRET for the SQSTM1”**7*** IR mutant, which
contains an intact PB1 domain, was similar to that of the wild-type
protein (p > 0.01; t-test) (Fig. 8A). Surprisingly, substantial FRET
was also detected between the PB1 domain mutants Venus-
SQSTM1*74P®4 and Cerulean-SQSTM1*7*P®* (Fig. 8), as well
as for Venus-SQSTM1*°* and Cerulean-SQSTM1* (Fig. 8B).

Thus, even upon disruption of the PB1 domain of SQSTM1, multi-
ple copies of tagged SQSTMI remain within FRET proximity of
one another in soluble complexes.

We next used FRAP to assess the apparent size of the SQSTM1
oligomers (Fig. 8C and D). Our FRAP measurements on the solu-
ble (puncta-independent) pool of Venus-SQSTM1 revealed that,
indeed, the protein diffuses slowly with a D of 4 + 1 um®/s, and a
mobile fraction of 100%, which suggests the protein is diffusing as
a very large soluble complex. Assuming a spherical geometry, this
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Figure 8. FRET and FRAP analysis of soluble SQSTM1 homo-oligomers. Analysis of FRET between Cerulean- and Venus-tagged versions of the indicated (A) SQSTM1 con-
structs, or (B) SQSTM1%°, FRET was separately calculated for the soluble pools of protein (light gray bars) and puncta-associated pools (dark gray bars). FRET was also mea-
sured in cells co-expressing Cerulean-SQSTM1 and empty Venus as negative controls. Bars show the mean + 95% confidence intervals for N = 27-30 cells from
3 independent experiments in (A), or N = 20 cells from 2 independent experiments in (B). Statistics are for the comparisons with the negative controls. FRAP analysis was
used to quantify the diffusion coefficients of the indicated (C) Venus-tagged SQSTM1 constructs or (D) Venus-SQSTM1%°2, Diffusion coefficients for empty Venus were
measured as internal controls. Bars show the mean £ 95% confidence intervals for N = 10-20 cells from 2 independent experiments in (A), and N = 31-35 cells from
3 independent experiments in (B). Statistics are for the comparisons with wild-type SQSTM1. ns, p > 0.05; ***, p < 0.001.

D value corresponds to a complex with an apparent size of nearly
90 MDa (Table 1). We were, however, interested to compare our
measured D for SQSTM1 to the theoretical D for a rod-like com-
plex with the dimensions that were reported in a recent in vitro
structural analysis.*® Using the published SQSTM1 rod dimensions
(width = 15 nm, length = 40 nm), the known size and D of spheri-
cal Venus, and the published relationship between D and the size
of a rod,” we calculated a theoretical D of 6 ;um?/s for the SQSTM1
rod-like complex—a value that is in remarkably good agreement
with our live cell measurements.

The formation of oligomeric rods, however, depends on
SQSTMT’s PB1 domain, whereas binding to LC3 depends on the
LIR domain; therefore, in order to test this further, we next
examined the diffusion of the mutant SQSTM1 constructs. Sur-
prisingly, we found that D for Venus-SQSTM1°?*"*** was sta-
tistically indistinguishable from wild-type SQSTM1 (p > 0.01;
t test) and D for Venus-SQSTM1*°* was similarly slow. D for

the Venus-SQSTM1*7*P%** mutant was statistically faster than
wild-type Venus-SQSTM1, but again was very slow compared
to the mobility of Venus (p < 0.01; ¢ test) (Fig. 8C). On the basis
of these findings, we conclude that soluble Venus-SQSTM1
associates with slowly diffusing complexes containing multiple
copies of tagged SQSTMI. These soluble complexes are even
observed under conditions when SQSTMI1 is unable to form
large insoluble aggregates in cells, for example as the result of
mutation of the PB1 domain of SQSTM1 and when a major por-
tion of the PB1 domain is missing in SQSTM1°%,

Discussion

It is well known that SQSTM1 functions as a homo-oligomeric
selective autophagy receptor and that LC3 forms complexes with
SQSTML1 that facilitate the delivery of cargo to phagophores, but
the properties of these complexes in living cells remain poorly



understood. Here, we used a combination of localization, FRET,
and FRAP to investigate SQSTM1 homo-oligomeric complexes
and soluble (puncta-independent) complexes containing both
LC3 and SQSTMI. Our studies primarily focused not on the pre-
viously well-described autophagosome associated pools of LC3
and SQSTMI, but rather on the soluble (diffusely distributed
pool), independent of puncta. Thus, we probed the properties of
dynamic protein complexes on a size scale that is not accessible
by virtually any other method in live cells.

Our results reveal several new insights into the properties of
soluble SQSTM1 homo-oligomers. Our FRET measurements
show that multiple copies of SQSTML1 are in close proximity in
living cells. These findings support previous proposals that
even the soluble pools of SQSTM1 consist of polymers. We also
found that soluble SQSTM1’s diffusion coefficient is extremely
slow for a soluble protein. This is consistent with SQSTM1’s
association with high molecular weight complexes as detected
by size exclusion chromatography of purified recombinant
SQSTM1 homo-oligomers,** or as measured in cell lysates.*
The size of the SQSTM1-containing complexes implied by our
FRAP measurements is remarkably large; assuming the SQSTM1-
associated complexes are spherical, they would be predicted to
have an ~30-nm radius. This slowly diffusing species could thus in
principle correspond to very large complexes consisting of large
homo-oligomers of SQSTM1 bound to selective autophagy sub-
strates. Experiments utilizing UBA domain mutants of SQSTM1
could be used to test this further in future studies. A rod-shaped fil-
ament—such as the proposed structure of SQSTMI1 oligomers
from a recent cryo-electron microscopy study’®—would also be
expected to have a diffusion coefficient that is similar to the one
that we measured. SQSTML is also capable of interacting with mul-
tiple binding partners, which could also potentially be contained
within these complexes. For example, in addition to its interactions
with a variety of signaling proteins,” SQSTMI also associates with
MTORCI complexes.”® The slowly diffusing SQSTM1 complexes
inferred from our findings could also potentially be associated with
other large macromolecular structures such as proteasomes—
structures measuring approximately 14 nm on their longest dimen-
sion®—given that in addition to its role in selective autophagy,
SQSTML1 is involved in shuttling ubiquitinated cargo to the protea-
some for degradation and directly binds to the proteasome in this
process.™

Surprisingly, we detected FRET between PB1 domain
mutants of SQSTM1, as well as for SQSTM1 isoform 2, which
essentially lacks a functional PB1 domain. In addition, D was
similarly low for wild-type SQSTM1 and the PB1 domain
mutant, suggesting the mutant also associates with very large
complexes of a similar size. This finding was despite the fact
that the PB1 domain mutant and SQSTM1 isoform 2 did not
form visible puncta—a characteristic that has been interpreted
to reflect SQSTM1’s ability to homo-oligomerize.'®***> This
result was unexpected given previous reports that homo-oligo-
merization of SQSTMI1 is dependent on the PB1 domain and
that the ability of SQSTM1 to form helical filaments depends
on the PB1 domain.* This finding is unlikely to be the result of
direct interactions of the PB1 domain mutants of SQSTM1
with endogenous SQSTMI, since previous studies have
reported that a K7A D69A mutant and wild-type SQSTM1 fail
to interact.’’ One potential explanation for these findings is
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that multiple copies of the PB1 domain mutants of SQSTM1
may be indirectly brought within FRET proximity by virtue of
their binding to other molecules. This could occur if multiple
copies of SQSTM1 bind to ubiquitinated substrates and/or
other cargo ligands, a process that may be artificially enhanced
due to the presence of endogenous SQSTM1 under the condi-
tions of our experiments. Another possible explanation is that
SQSTMI may oligomerize by mechanisms independent of
either the K7 and D69 residues and/or the PB1 domain. In sup-
port of this possibility, the SQSTM1 UBA domain appears to
have a propensity for dimerization in vitro,” full-length
SQSTM1 undergoes UBA domain-mediated dimerization®®
and recent results also now suggest that both a delta PB1
domain mutant of SQSTM1 and a K7A D69A mutant of
SQSTM1 form trimers via an unknown mechanism.>* In future
work, it will be important to completely eliminate the presence
of endogenous SQSTMLI to be able to more cleanly differentiate
between these possibilities.

Our measurements also readily detected the presence of sol-
uble LC3-SQSTM1 complexes in living cells. Interestingly, we
found that the hydrodynamic radius of Venus-LC3, as inferred
from its D, became larger upon coexpression with Cerulean-
SQSTML1. D for Venus-LC3 in the presence of Cerulean-
SQSTM1 (~8 um?/s) was, however, still faster than that of
Venus-SQSTMI1 alone (~4 um?/s). Two possible models could
explain these findings: (i) only a fraction of Venus-LC3 may be
bound to Cerulean-SQSTM1 under these conditions; or (ii)
SQSTM1-associated complexes and LC3-associated complexes
may remodel upon interacting with one another. It is difficult
to resolve multiple classes of diffusing species by FRAP, but
other approaches such as fluorescence correlation spectroscopy
and fluorescence polarization and fluctuation analysis'**’ could
be used to test this hypothesis further in future studies. Interest-
ingly, recent evidence suggests that helical filaments formed by
SQSTM1 homo-oligomerization are disassembled in response
to binding to K63-linked octa-ubiquitin, but not mono- or di-
ubiquitin in vitro.*® In vitro, however, the filaments remain
intact upon LC3 binding.*® Whether this is also the case in live
cells remains an open question.

Interestingly, we also found that LC3 retains the ability to
bind to SQSTM1 even when the PB1 domain of SQSTMI is
disrupted. This implies that SQSTM1 homo-oligomerization is
not required for LC3 to bind to SQSTM1, a result in agreement
with a very recent study.’ Indeed, forms of SQSTM1 that are
unable to oligomerize were found to interact even more
strongly with soluble LC3 than does wild-type SQSTM1.>* As
discussed above, however, the PB1 domain mutant of SQSTM1
and SQSTM1 isoform 2 themselves appeared to be contained
within much larger complexes that contained multiple copies
of SQSTMI in FRET proximity. Thus, it seems likely that solu-
ble LC3 is binding to a large complex that contains multiple
copies of SQSTMLI in close proximity to one another under all
of these conditions, rather than truly monomeric forms of
SQSTML.

As negative controls for our studies, we examined the inter-
action of a F52A L53A mutant of LC3 with SQSTM1, as well as
a LIR mutant of SQSTM1 with LC3. LC3’s F52 and L53 resi-
dues are critical for LC3’s interaction with SQSTM1, and they
also regulate interactions with other binding partners.'®*
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Furthermore, the F52 and L53 residues are in principle close
enough to interact with residues K49 and K51 —sites of acetyla-
tion that were recently shown to regulate LC3’s binding to
DOR, an interaction that enables LC3 to be carried out of the
nucleus in response to amino acid starvation.'” In the context
of the SQSTM1 overexpression experiments presented in this
paper, the primary effect of the LC3"**** mutations under
steady state conditions is to mitigate a direct interaction with
SQSTM1, and thus disrupt any subsequent changes in LC3’s
N/C ratio. Indeed, the LC3"***"%** mutant’s ability to interact
with overexpressed SQSTM1 was profoundly inhibited by all
the measures reported here. In contrast, the LIR mutant of
SQSTM1 (D337-339A) demonstrated some ability to interact
with overexpressed LC3, albeit less than wild-type SQSTMI.
The simplest explanation for this finding is that we examined
complexes containing overexpressed SQSTMI1 and LC3 in the
presence of the endogenous forms of the proteins. For the case
of LC3, the levels of overexpression were 50-fold or higher, and
thus the behavior of endogenous LC3 likely contributed mini-
mally to the properties of the complexes. However, tagged
SQSTM1 was present at only ~6 times that of the endogenous
protein, and thus endogenous SQSTM1’s contributions could
potentially affect the interpretation of some of our results. This
is particularly the case for the LIR mutant of SQSTM1I, which
contains an intact PB1 domain and is capable of forming com-
plexes with endogenous SQSTM1, which contains a functional
LIR. The formation of such mixed complexes could potentially
explain why FRET was observed between Venus-LC3 and
Cerulean-SQSTM1P337-3394,

In the current study, we utilized 3 sensitive and robust comple-
mentary assays (FRAP, FRET, and N/C ratio measurements) to
monitor the interaction of fluorescent protein chimeras of
SQSTM1 and LC3 in living cells using fluorescence microscopy.
Strikingly, we found that a simple assay that quantifies changes in
the nucleocytoplasmic distribution of Venus-LC3 in the presence
of SQSTML1 is a sensitive reporter of complex formation. This assay
takes advantage of the fact that transiently overexpressed LC3 is
found in both the cytoplasm and nucleoplasm, LC3 lacks active
nucleocytoplasmic transport signals, and normally undergoes slow
transport between the nucleus and cytoplasm."' Many LC3 inter-
acting proteins, however, have intrinsic NES and NLS signals that
regulate their nucleocytoplasmic distribution. SQSTMI has both
NLS and NES signals, but its NES signal dominates its steady-state
localization, causing it to be enriched in the cytoplasm.’® Overex-
pression of SQSTM1 drives complex formation between LC3 and
SQSTMI, and under these conditions, the localization of LC3
appears to be dominated by SQSTM1’s XPO1-mediated NES. As a
result, co-expression of Cerulean-SQSTM1 with Venus-LC3 leads
to a dramatic shift in the subcellular distribution of Venus-LC3 out
of the nucleus. Even SQSTM1 PB1 domain mutants that do not
form puncta are capable of modulating LC3’s nucleocytoplasmic
distribution. This type of regulation of LC3’s localization by inter-
acting proteins that contain an NES may be quite common, as it
has also been observed in the context of the nuclear protein DOR
recruiting LC3 to the cytoplasm in response to autophagy activa-
tion.">***” Remarkably, we found that this assay was highly sensi-
tive to the presence of overexpressed SQSTMI, as well as
mutations in LC3 that disrupt SQSTM1 binding. This is important
because this assay is extremely straightforward, can be used to

study soluble proteins, and also has the potential to be easily con-
verted to a high-throughput format. It thus can be used to comple-
ment existing imaging-based approaches that focus on
colocalization of proteins on specific subcellular structures, such as
phagophores, autophagosomes or SQSTM1-induced puncta.

In conclusion, our results suggest a model in which soluble
SQSTML1 associates with very large, slowly diffusing complexes
in the cytoplasm, independent of puncta, under steady-state
conditions. These complexes likely consist of multiple copies of
SQSTM1 bound to polyubiquitinated cargo and/or other
known SQSTM1-binding proteins, perhaps in the form of large
interconnected networks. Importantly, they are detectable even
under conditions where SQSTM1 does not associate with large
insoluble puncta. Thus, our current results suggest the mecha-
nisms by which SQSTM1 associates with the puncta and with
the soluble complexes described here are distinct. In addition,
we show that soluble SQSTM1 binds to LC3 to form slowly dif-
fusing complexes independent of puncta. Future studies will be
required to identify additional components of these complexes
and to determine how their assembly and disassembly is regu-
lated in response to autophagy-inducing stimuli.

Materials and methods
Cells and constructs

Constructs used in this study are summarized in Figure S1. Venus-
LC3 and Venus-LC3 mutants were previously described.'* Mouse
wild-type SQSTM1, SQSTM1*"AP%4 and SQSTM1”**"**4 con-
structs were purchased from Addgene (38277, 38281, and 38280,
deposited by Noboru Mizushima). Venus- and Cerulean-SQSTM1
vectors were constructed by first amplifying the SQSTM1 cDNA
using PCR with the following forward and reverse primers:

Forward - 5'-GAGAGAAGATCTATGGCGTCGTTCACGG-
TGAAG-3

Reverse - 5-CTGAATGTCGACTGTGGAGGGTGCTT-3'

We then inserted the SQSTMI ¢DNA into Venus-Cl or
Cerulean-C1 vectors (Addgene, 27794 and 27796; deposited by
Steven Vogel) by double-restriction digestion with enzymes,
BglII (NEB R0144S) and Sall (NEB R0138S). Venus-SQSTM1
and Cerulean-SQSTM1"°? (human) were constructed by BglII
and EcoRI double restriction digestion of Venus-Cl1, Cerulean-
Cl1, and DsRed-SQSTM1 vectors (Addgene, 28024; deposited
by Qing Zhong). An NES-Venus-LC3 construct was generated
by PCR with forward primer 5-AATTAACCGGTATGCTAC-
CACCGCTTGAGAGACTTACTCTTGTGAGCAAGGGC-3'
and reverse primer 5-TTAATTGTACAGCTCGTCCATGCC-
GAGAGTGATCCCGG-3'. Subsequently, the amplified DNA
was inserted into the Venus-Cl1 vector by digestion with BsrGI
and Agel. All constructs were verified by sequencing.

HelLa cells (American Type Culture Collection; CCL-2) were
cultured in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (Life Technologies; 10437028), 1% Pen-Strep,
and phenol red at 37°C, 5% CO,. For live-cell imaging experi-
ments, 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% con-
fluent monolayer) were transfected with described mammalian
expression constructs using FuGENE6 transfection reagent



(Promega Corp., E2691) according to the manufacturer’s recom-
mended protocol. Cells were rinsed and imaged in phenol red free
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 1% Pen-Strep, and 25 mM HEPES, pH 7.6. For
some experiments, nuclei were labeled for 5 min with 5 mM
DRAQS5 (Cell Signaling Technology, 4084L) prior to imaging in
order to facilitate automated image analysis. In order to inhibit
XPOl-mediated active nuclear export, leptomycin B (Sigma,
12913) at 40 nM, or as a control, an equivalent volume of 70%
methanol (vehicle) were added to each dish and cells were incu-
bated for 2 h at 37°C prior to labeling with DRAQ5 and imaging in
the continued presence of LMB.

Confocal microscopy

Confocal microscopy was performed using a Zeiss LSM 510 laser
scanning confocal microscope with a Zeiss 40X 1.3 NA NeoFluar
oil immersion objective and an Argon/2 30 mW laser (458, 488,
514 nm) and HeNe?2 laser (633 nm) (Carl Zeiss Microscopy, Inc;
Thornwood, NY) as previously described.'> The cells were main-
tained at 37°C using an objective heater and stage heater.

Quantification of nucleocytoplasmic ratios

Quantification of the nucleocytoplasmic ratio of soluble LC3 was
performed using a custom MATLAB algorithm (freely available at
https://github.com/kraftlj/LocalizeLC3). In our approach, confo-
cal images were acquired for the CFP, YFP, and far red chan-
nels, enabling segmentation using binary masks for: (i) the cell
and nucleus using a manually defined threshold intensity in
either the YFP or the far red channel, respectively; (ii) the
puncta by first subtracting the uneven diffuse cellular signal
using a median filtering approach; (iii) the cytoplasm by sub-
tracting the nucleus and puncta masks from the cell mask; and
(iv) the nucleoplasm by subtracting the puncta mask from the
nucleus mask. We defined the nucleocytoplasmic ratio as the
mean intensity of the puncta-independent nucleus region
divided by the mean intensity of the puncta-independent cyto-
plasm region.

Quantification of overexpression levels
of tagged constructs

To assess the degree of overexpression of the tagged-SQSTMI and
LC3 constructs in HeLa cells, MatTek dishes were seeded with
HeLa cells, and transfected with Venus, Venus-LC3 or mutants,
Venus-SQSTM1 or mutants, or Venus-SQSTM1% using FuGENE
as described above. The next day, the cells were labeled with
DRAQ5 and imaged live. Images were collected for 5-8 fields of cells
per MatTek dish, and the percentage of transfected cells quantified
from the images automatically (script available upon request). The
experiment was repeated twice.

After imaging, the cells in each dish were lysed using cell Iytic M
buffer (Sigma, C3228) in the presence of protease and phosphatase
inhibitor cocktail (Roche, 04693159001 and 04906845001). Cell
lysates were freeze-thawed twice before centrifuging at 12,000 g for
10 min at 4°C to pellet cellular debris. The total concentration of
protein in each supernatant sample was quantified using BCA
(Pierce, 23225), and equal amounts of protein from each sample
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were loaded and separated by SDS-PAGE using NuPAGE Novex
4-12% Bis-Tris-MOPS SDS gels (Invitrogen, NP0323BOX), as per
the manufacturer’s directions. Western blotting was performed in
a standard fashion, with 1:5000 rabbit polyclonal anti-MAP1LC3B
(Novus, NB100-2220), 1:2000 guinea pig polyclonal anti-SQSTM1
(Progen, GP62), 1:2000 mouse monoclonal anti-SQSTMI1 (BD,
610832), 1:10000 goat anti-rabbit IR dye-800CW, donkey anti-
guinea pig IR dye 680 LT and donkey anti-mouse IR dye 800 CW
(LI-COR, 926-32211, 926-68030 and 926-32212, respectively). The
blots were imaged using an Odyssey infrared imaging system
(LI-COR Biosciences), and quantified using Image] 1.48v (http://
imagej.nih.gov/ij/).

The percent overexpression was defined as the average
intensity of bands positive for Venus-LC3 (detected by LC3
antibody) or Venus-SQSTMI1 (detected by anti-SQSTM1, Pro-
gen antibody) or Venus-SQSTM1™°* (detected by anti-
SQSTMI, BD antibody) (corrected using the transfection effi-
ciency that was obtained from confocal images as described
above) divided by the intensity of the corresponding endoge-
nous protein bands.

Acceptor photobleaching FRET

For acceptor photobleaching experiments, the cells were
cotransfected with donor (Cerulean) and acceptor (Venus)
tagged constructs. Acceptor photobleaching FRET measure-
ments were performed by imaging the donor using a 458-nm
laser and the acceptor using a 514-nm laser as previously
described."* The imaging laser power was set such that unin-
tentional photobleaching during image acquisition was mini-
mal. Images in the donor (D, and D) and acceptor (A,
and A,,) channels were collected both before and after photo-
bleaching the acceptor. In order to photobleach the acceptor,
the entire cell was exposed to the 514-nm laser set to a nominal
power of 30 mW for several iterations. Under these conditions,
the acceptor was photobleached to <5% of its pre-bleach
intensity.

Acceptor photobleaching FRET data were analyzed using an
automated approach, and our MATLAB scripts for quantifying
FRET are available online at https://github.com/kraftlj/
abFRET. To define the relevant regions of the images for analy-
sis, binary masks were created for the cell and the background
using a manually defined threshold intensity in the acceptor
channel, while masks were defined for the puncta by first sub-
tracting the uneven diffuse cellular signal using a median filter-
ing approach. Lateral movement of the donor images before
and after photobleaching was corrected by cross-correlation.
The averaged energy transfer efficiency (E) for the back-
ground-subtracted cell (devoid of puncta) or for puncta was
calculated according to:

%E = ([Dpost - Dpre} /Dpost) x 100 (1

where (D,,.) corresponds to the background-subtracted fluo-
rescence intensity of the donor prior to bleaching the accept-
ors and (D,,) represents the background subtracted donor
intensity after photobleaching the acceptor.
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FRAP

In order to quantify diffusion in cells, FRAP measurements
were performed as recently described.'? In brief, a rectangular
imaging region of interest (ROI) was used for increased tempo-
ral resolution, and a small circular 1- um radius bleach ROI, 7,,,
centered in an area of the cytoplasm devoid of puncta was used
for bleaching. The proteins analyzed in this study rapidly dif-
fuse, and thus the frame rate was set to the maximum speed of
approximately 40 frames per sec. The photobleaching was car-
ried out using the 514-nm laser line at the full nominal power
of 30 mW, while the imaging was carried out using a greatly
attenuated nominal laser power of 60 W with the goal of min-
imizing unintentional photobleaching over the observational
period.

The FRAP data were analyzed using FRAP-Toolbox—a
freely available software for the analysis of FRAP data, written
in house, and available online at http://www.fraptoolbox.com.
In particular, the single component diffusion model fit all of
the FRAP curves in this study well. For this model, the initial
conditions to solve the diffusion equation were found by fitting
the radial distribution of fluorescence from the post-bleach
profile to the following analytical approximation:

2
I(x;t:O):IOexp<—Kexp{—2:;}) (2)

e

where I, is 1 for normalized FRAP data, K is the bleach depth, x
is the radial distance from the center of the bleach ROI, and r,
is the effective bleach radius. The average intensity inside the
bleach ROI over time, the FRAP curve I(t) was fit to a series
representation of the closed form analytical FRAP equation:

m,2
—K"r;

m =200
ItH=I ( mzo il T m(EDE T rﬁ)]>Mf—|— (1— MF)I(0)
(3)

This is a generalized form of the conventional Axelrod equation
that is applicable to data obtained on a confocal microscope.
The parameters K and r, account for diffusion that occurs
before acquisition of the post-bleach image. This model was
validated in a previous publication, and there it was shown that
without these corrections, D measured by confocal FRAP can
be dramatically underestimated.*’

Statistics

Values reported throughout the text are the mean +95%
confidence intervals. Statistical comparisons were made using a
Bonferonni corrected ¢ test, in order to control the overall type-
I error rate at 0.05 where multiple comparisons were made. For
example, if 5 pairs of comparisons were made, the p-value
threshold was set to 0.01.

Abbreviations

ATG autophagy related
D diffusion coefficient

E energy transfer efficiency

FPFA fluorescence polarization and fluctuation
analysis

FRAP fluorescence recovery
after photobleaching

FRET Forster resonance energy transfer

LC3-1 soluble microtubule-associated protein
1 light chain 3

LC3-1I lipid-modified microtubule-
associated protein 1 light chain 3

LIR LC3-interacting region

LMB leptomycin B

MAPILC3B/LC3B  microtubule associated protein 1
light chain 3 B

MTORC1 mechanistic target of rapamycin
(serine/threonine kinase) complex 1

N/C nucleocytoplasmic

NES nuclear export signal

NLS nuclear localization signal

PB1 phox and bem1 domain

ROI region of interest

SQSTM1 sequestosome 1

SQSTM1"°? physiologically present less abundant
isoform 2 of SQSTM1 lacking
PB1 domain

UPS ubiquitin-proteasome system
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