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FKBP8 recruits LC3A to mediate
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Abstract

Mitophagy, the selective removal of damaged or excess mitochon-
dria by autophagy, is an important process in cellular homeostasis.
The outer mitochondrial membrane (OMM) proteins NIX, BNIP3,
FUNDC1, and Bcl2-L13 recruit ATG8 proteins (LC3/GABARAP) to
mitochondria during mitophagy. FKBP8 (also known as FKBP38), a
unique member of the FK506-binding protein (FKBP) family, is
similarly anchored in the OMM and acts as a multifunctional adap-
tor with anti-apoptotic activity. In a yeast two-hybrid screen, we
identified FKBP8 as an ATG8-interacting protein. Here, we map an
N-terminal LC3-interacting region (LIR) motif in FKBP8 that binds
strongly to LC3A both in vitro and in vivo. FKBP8 efficiently recruits
lipidated LC3A to damaged mitochondria in a LIR-dependent
manner. The mitophagy receptors BNIP3 and NIX in contrast are
unable to mediate an efficient recruitment of LC3A even after
mitochondrial damage. Co-expression of FKBP8 with LC3A
profoundly induces Parkin-independent mitophagy. Strikingly, even
when acting as a mitophagy receptor, FKBP8 avoids degradation
by escaping from mitochondria. In summary, this study identifies
novel roles for FKBP8 and LC3A, which act together to induce
mitophagy.
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Introduction

Many diseases are related to mitochondria malfunction, and mito-

chondrial quality control is therefore essential [1,2]. In order to

maintain cellular homeostasis, mitochondrial morphology is regu-

lated by constant cycles of fusion and fission [3]. Damaged mito-

chondria are taken up by neighboring intact mitochondrial network

by fusion. Severely damaged mitochondria may undergo asymmetri-

cal fission giving rise to one functional daughter mitochondrion and

one highly impaired mitochondrion destined for selective clearance

through lysosomal degradation [4]. The process of selective removal

of mitochondria is termed mitochondrial autophagy or mitophagy.

Macroautophagy includes the formation of a double-membrane

structure known as the phagophore, expansion of the phagophore,

and sequestration of cellular components into a closed double-

membrane structure known as the autophagosome. The autophago-

some eventually fuses with the lysosome where the cargo is

degraded. Selectivity to the process is mediated by autophagy recep-

tors, interacting with the cargo and with ATG8 family proteins

attached to the growing phagophore. The mammalian ATG8 family

has three LC3 (microtubule associated protein 1 light chain 3)

subfamily members, LC3A-C, and three GABARAP (gamma amino

butyrate-associated protein) subfamily members [5]. The motif in

autophagy receptors responsible for ATG8 binding is termed the LIR

(LC3-interacting region) motif [6]. LIR is composed of a [W/F/Y]xx

[L/I/V] core motif binding two hydrophobic pockets in the ATG8

molecule, and one or more acidic residues engaged in electrostatic

interactions. Selective autophagy receptors include the so-called

sequestosome-like receptors (SLRs), including p62/SQSTM1, NBR1,

NDP52, TAX1BP1, and optineurin [7]. Damaged mitochondria stabi-

lize PINK1 (PTEN-induced putative kinase 1) on the outer mito-

chondrial membrane (OMM) where it recruits and activates Parkin.

Activated Parkin ubiquitinates numerous OMM proteins, leading to

recruitment of the autophagy receptors p62, optineurin, and NDP52

followed by mitophagy [8–11].

In yeast, the OMM protein termed Atg32 interacts with ATG8

through its LIR motif and mediates mitophagy [12,13]. Recently, the

mammalian homolog of Atg32 was identified as Bcl-2-L13 [14],

interacting with LC3B and responsible for Parkin-independent mito-

phagy. Other mitophagy receptors in the OMM have been described:

BNIP3L/NIX (Bcl-2 adenovirus E1B 19-kDa-interacting protein

3-like), BNIP3 and FUNDC1 (FUN14 domain containing protein like

1). These receptors harbor LIR motifs and recruit distinct ATG8

homologs (LC3B for BNIP3 and FUNDC1; GABARAP-L1 for NIX) for

mitochondrial clearance [15–17].

FKBP8 (FK506 binding protein 8), also named FKBP38, belongs

to the FK 506 binding protein family. The domain architecture of
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FKBP8 displays an N-terminal Glu-rich region followed by a

peptidyl-prolyl cis-trans isomerase (PPIase) domain, three TPR (tetra-

tricopeptide repeats) motifs, a Ca2+–calmodulin-binding region and

a C-terminal transmembrane domain (Fig 1B) [18,19]. FKBP8 is

anchored in the OMM via its C-terminal transmembrane domain,

exposing the N-terminal part to the cytosol [20,21]. Distinct from

the other FKBPs, FKBP8 is a noncanonical FKBP and PPIase since its

PPIase activity is triggered only when Ca2+-bound calmodulin binds

to it [18]. FKBP8 is an important anti-apoptotic protein via its inter-

actions with Bcl-2 and Bcl-XL that FKBP8 recruits to mitochondria

[20,22,23]. FKBP8 is also an inhibitor of mTOR that is antagonized

by Rheb in response to growth factors or nutrients. A cross talk with

Bcl-2 and Bcl-XL is also at work here [24,25]. FKBP8 is shown to

translocate from the mitochondria to the endoplasmic reticulum

(ER) upon Parkin-mediated mitophagy and thus escapes from degra-

dation [26]. However, any direct involvement of FKBP8 in mito-

phagy has not been anticipated or described.

Here, we identify a canonical LIR motif in the N-terminus of

FKBP8, which binds with high affinity to LC3A in vivo. Overexpres-

sion of FKBP8 in mammalian cells induced a mitochondrial fission

phenotype similar to the phenotype described when the established

mitophagy receptors BNIP3 and NIX/BNIP3L are overexpressed. We

show that the FKBP8 LIR motif is important for recruitment of LC3A

to damaged mitochondria, and this recruitment induces Parkin-

independent mitophagy. Interestingly, FKBP8 itself was not

degraded with the mitochondria, indicating mitochondrial escape.

We have identified FKBP8 as a novel mitophagy receptor, preferen-

tially acting together with LC3A to induce degradation of damaged

mitochondria, while escaping degradation itself.

Results

FKBP8 contains a canonical N-terminal LIR motif with strong
affinity for LC3A in vivo

Using yeast two-hybrid screens with ATG8 family proteins as bait, a

number of LC3/GABARAP-binding partners have been identified

[27]. In such a screen of a human thymus cDNA library using

human LC3B as bait, we identified one in-frame FKBP8 cDNA clone

that included the start codon. We proceeded to test if FKBP8 could

interact with ATG8 family proteins using a GST-pulldown assay.

GST and GST-tagged human LC3 and GABARAP proteins were puri-

fied from E. coli, incubated with HEK293 cell lysates before FKBP8

binding was assayed by Western blotting. FKBP8 showed strong

interactions with LC3A, LC3B, GABARAP, and GABARAPL1, but

very weak binding to LC3C and GABARAPL2 (Fig 1A).

In order to directly identify one or more putative LIR motifs in

FKBP8, we used a peptide array strategy [28]. Using arrays of over-

lapping 20-mer peptides of FKBP8 moved by increments of three

amino acids to cover the full-length sequence, we detected a single

LIR motif in the N-terminus with the core sequence FEVL (Fig 1B).

To test if the identified motif is a functional LIR, we mutated the

core residues, F24 and L27, to alanines (LIRm). In vitro-translated

Myc-tagged, wild-type (WT) and LIRm FKBP8, were subjected to

GST-pulldown assays together with GST-tagged ATG8 homologs.

Mutations in the core LIR motif resulted in a significantly reduced

FKBP8 binding to the ATG8 proteins (Fig 1C and D). Quantitation of

the FKBP8 interactions shows high-affinity binding toward

GABARAPL1 and LC3A (Fig 1D), low-affinity binding toward

GABARAPL2 and LC3C, and intermediary-affinity binding toward

LC3B and GABARAP. These results correlate well with the pull-

downs from cell extracts in Fig 1A.

To investigate whether FKBP8 interacts with the ATG8 homologs

in vivo, GFP-tagged ATG8 proteins were co-expressed with Flag-

tagged wild-type (WT) or LIR-mutated FKBP8 in HeLa cells, before

immunoprecipitations using a Flag antibody. Efficient co-precipita-

tion of LC3A, and a weaker but significant co-precipitation of LC3B

were observed (Fig 1E). Surprisingly, only moderate co-precipita-

tion of GABARAP and no co-precipitations of GABARAPL1 and

GABARAPL2 were detected (Fig 1E). Consistent with the in vitro

data, the FKBP8 LIR mutant did not co-precipitate any of the ATG8

homologs. GFP-LC3C was not included in the co-precipitation exper-

iments as it is detected very efficiently by the anti-Flag antibody

[29]. Hence, this assay supports the finding that FKBP8 has speci-

ficity toward LC3A.

The presence of a canonical FKBP8-ATG8 interaction was further

confirmed by GST-pulldown assays using LIR docking site (LDS)

mutants [7] of LC3A and LC3B (Fig EV1A and B). Finally, the

canonical LIR motif was verified by a two-dimensional peptide array

▸Figure 1. FKBP8 interacts with ATG8 family proteins via an N-terminal LIR motif.

A GST-pulldown assay of endogenous FKBP8 from a RIPA buffer lysate of human HEK293 cells incubated with recombinant GST or GST fused to human ATG8 family
proteins immobilized on Glutathione Sepharose beads. The pulled-down FKBP8 protein and 5% of the input lysate were analyzed by Western blotting using anti-
FKBP8 antibody. GST or GST fusion proteins were visualized by Ponceau S staining (lower panel).

B Peptide array of 20-mer peptides covering full-length FKBP8 was used for identification of a putative LIR motif in the N-terminus of FKBP8. Each peptide was shifted
three amino acids relative to the previous peptide. The array was probed with 1 lg/ml of GST-GABARAP for 2 h, and binding to GST-GABARAP detected with anti-GST
antibody. The sequences of the GABARAP-interacting peptides are shown. A schematic drawing of the domain architecture of human FKBP8 is displayed above the
peptide array. Numbers indicate amino acid positions. L, LIR motif; EEE, glutamate-rich domain; P, proline-rich region; PPIase, peptidyl-prolyl cis-trans isomerase
domain; TPR, tetratricopeptide repeats: CaM, calmodulin-binding domain; and TM, transmembrane domain. Asterisks indicate the conserved aromatic and
hydrophobic residues of the LIR motif.

C GST-pulldown assay using 35S-labeled Myc-FKBP8 WT or LIR mutant incubated with recombinant GST or GST fused to ATG8 family proteins. The Coomassie staining
represents the amount of GST-ATG8 fusion proteins on Glutathione Sepharose beads used in the assays. Bound Myc-FKBP8 WT and LIR mutant were detected by
autoradiography.

D Quantifications of the binding of Myc-FKBP8 WT and LIR mutant to the GST-ATG8 proteins presented as percentage binding relative to the 10% input. The bars
represent the mean values with standard deviations of three independent experiments.

E Co-immunoprecipitation experiments performed with Flag antibodies using extracts from HeLa cells transiently transfected with expression vectors for GFP or GFP-
tagged ATG8 proteins together with 3×Flag-tagged wild-type (WT) or LIR mutant (F24A/L27A) FKBP8. The blots were probed with anti-Flag and anti-GFP antibodies.

F A two-dimensional peptide array scan analyzing the effect of single amino acid substitutions at all positions of the indicated 18-mer peptide from FKBP8 (amino
acids 16–33). The array was probed with 1 lg/ml of GST-LC3A for 2 h, and binding to GST-LC3A detected with anti-GST antibody.
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analysis [28]. Each position of an 18-mer peptide of FKBP8 contain-

ing the LIR was substituted with all 19 alternative amino acids, and

the arrays were probed for interaction with GST-LC3A (Fig 1F).

Interestingly, F was clearly preferred at the aromatic 0 position bind-

ing in hydrophobic pocket 1 (HP1) of the LDS, and only I could effi-

ciently replace L at the +3 position of the core LIR interacting with

LDS hydrophobic pocket 2 (HP2). At position +1, the polar amino

acids E, T, or the hydrophobic residues I and V were preferred.

Furthermore, at position +2, usually the most promiscuous position

of the core LIR [7], there was a preference for hydrophobic amino

acids (V, L, F, I, and W; Figs 1F and EV1C). Likely, this rather speci-

fic requirement of the core LIR reflects the preferential binding to

LC3A. The core LIR is flanked by acidic residues that may contribute

to the binding affinity. LIR motifs usually reside in b sheets [7], and

the predicted b sheet of the FKBP8 LIR is most probably terminated

by prolines N-terminally and a glycine C-terminal to the core LIR.

Taken together, these results allowed the conclusion that FKBP8

contains a canonical N-terminal LIR motif that interacts preferen-

tially with LC3A in vivo.

FKBP8 targeted to the OMM interacts preferentially with
lipidated LC3A (LC3A-II)

We next asked if there is an interaction between endogenous FKBP8

and endogenous LC3A/B. For this purpose, we used total cell lysates

from SH-SY5Y cells that display higher expression levels of LC3A

than HeLa and HEK293 cells (Fig EV2A). The cells were stressed or

not with the mitochondrial uncoupler carbonyl cyanide 3-chlorophe-

nylhydrazone (CCCP) or DMSO for 4 h. Endogenous FKBP8 was

efficiently co-precipitated using a LC3A/B antibody (Fig 2A) and a

specific LC3A antibody (Fig 2B). A similar experiment was

performed using HeLa cells transiently transfected with a Flag-LC3A

expression construct. Flag-LC3A was precipitated from the HeLa

extracts using an anti-Flag antibody and co-precipitated FKBP8

detected by Western blotting (Fig 2C).

FKBP8 is reported to be mainly located on the OMM. In order to

determine whether the binding of LC3A to FKBP8 is dependent on

mitochondrial localization, we made expression constructs of FKBP8

mutants specifically targeted to mitochondria, ER, or cytosol. For

mitochondrial targeting, the FKBP8 transmembrane (TM) domain

was swapped with the mitochondria-specific insertion sequence of

the ActA protein from Listeria monocytogenes, generating FKBP8-

Mito. ER targeting (FKBP8-ER) was obtained by switching the inser-

tion sequence from the ER-specific isoform of cytochrome b5 (Cb.5)

[30,31] with the FKBP8 TM domain (Fig EV1D). To obtain a cytoso-

lic localized FKBP8, the TM domain was deleted (FKBP8-DTM).

Correct subcellular localizations of the FKBP8 mutant constructs

were verified by confocal imaging, using the mitochondrial marker

dsRed2-Mito or the ER-specific marker GFP-KDEL (Fig EV1E). The

GFP-FKBP8-Mito, GFP-FKBP8-DTM, and GFP-FKBP8-ER constructs

were co-expressed with the Flag-LC3A construct in HeLa cells.

Immunoprecipitation assays revealed that all the different FKBP8

constructs co-precipitated LC3A. However, the mitochondria-loca-

lized FKBP8 (FKBP8-Mito) precipitated significantly more of the lipi-

dated form of LC3A (LC3A-II) than WT, ER-bound, or cytoplasmic

FKBP8 (Fig 2D). This indicates that FKBP8 has the ability to recruit

lipidated LC3A to the mitochondria, such as LC3A associated with

the phagophore.

To investigate the importance of FKBP8 for mitochondrial

recruitment of LC3A, FKBP8 knockout HeLa and HEK293 cell lines

(FKBP8 KO) were established using CRISPR/Cas9 gene editing

(Fig EV2B–E). The KO cells were transiently transfected with the

Flag-LC3A expression construct, subjected to a fractionation proto-

col and presence of Flag-LC3A forms I and II in the mitochondrial

fractions determined by Western blotting. Importantly, the mito-

chondrial fractions contained both forms I and II of Flag-LC3A.

The lipidated LC3A (II form) was clearly enriched in the mito-

chondrial fractions isolated from CCCP-treated cells (Figs 2E and

F, and EV2F and G). Flag-LC3A was detected in the mitochondrial

fractions of both KO cell lines, indicating that FKBP8 is not abso-

lutely essential for LC3A recruitment to the mitochondria.

However, the relative amount of lipidated Flag-LC3A is lower in

the KO cell lines compared to WT upon CCCP treatment. Actually,

in the HEK293 KO cell line, the amount of lipidated LC3A was

significantly lower in the KO cells also during normal conditions

(Fig EV2G). To evaluate the role of FKBP8 for recruitment of lipi-

dated LC3A to the mitochondria further, FKBP8 and Flag-LC3A

expression constructs were transiently co-transfected into the KO

cell lines (Figs 2D and F, and EV2F and G). Importantly, the

amount of lipidated Flag-LC3A was significantly enhanced in the

FKBP8-reconstituted cells compared to the KO cells, both upon

DMSO and CCCP treatment. Taken together, these results clearly

show that FKBP8 is important for efficient recruitment of lipidated

LC3A to the mitochondria.

Notably, the FKBP8 KO cell lines were prone to undergo apopto-

sis, particularly upon stress, such as CCCP treatment. This is in line

with previous reports showing that FKBP8 is an anti-apoptotic

protein, inhibiting apoptosis by targeting the anti-apoptotic proteins

Bcl-2 and Bcl-XL to mitochondria [19]. Hence, we decided to use

HeLa WT cells instead of the KO cells in the further study to avoid

that the increased apoptosis affected our results.

FKBP8 mediates LIR-dependent recruitment of LC3A to
damaged mitochondria

The identification of a functional LIR motif in FKBP8, and its prefer-

ential interaction with LC3A, led us to explore if the LIR motif in

FKBP8 was important for recruitment of LC3A to the mitochondria.

For this purpose, HeLa cells were co-transfected with expression

constructs for Cerulean-FKBP8, EYFP-LC3A, and the mitochondrial

marker mCherry-OMP25TM and imaged by confocal microscopy. In

the mCherry-OMP25TM localization probe, mCherry is fused to the

transmembrane domain of the mitochondrial matrix protein OMP25

(also called SYNJ2BP) [32]. In line with previous findings, ectopi-

cally expressed FKBP8 was highly enriched on the mitochondria in

most cells (Fig 3A and B). EYFP-LC3A was enriched in cytoplasmic

dots or ring structures, and in 40% of the cells, FKBP8 was co-loca-

lized with LC3A (Figs 3A and C, and EV3A), primarily on mitochon-

dria (see line plot Fig 3A, and quantitation, Fig 3B). Damaging the

mitochondria by CCCP treatment induced redistribution of FKBP8.

Strikingly, in almost all cells (> 95%) FKBP8 was located on struc-

tures outside mitochondria while only 30% of the cells partially

retained FKBP8 on the mitochondria (Fig 3A and B). This is in line

with a previous study showing that FKBP8 and Bcl-2 translocate

from mitochondria to ER upon Parkin-dependent mitophagy to

avoid apoptosis [26]. Hence, we assume that the FKBP8-containing
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Figure 2. FKBP8 targeted to the OMM interacts preferentially with lipidated LC3A (LC3A-II).

A, B Antibodies to endogenous LC3A/B (A), or LC3A only (B), efficiently co-precipitated endogenous FKBP8 from SH-SY5Y cell extracts. SH-SY5Y cells were treated with
DMSO or 10 lM CCCP for 4 h and subjected to immunoprecipitation using an LC3A/B antibody or using rabbit serum (IgG) as negative control. In another set of
experiments, an LC3A-specific antibody was used for immunoprecipitation (B). Co-precipitated FKBP8 was detected by Western blotting using a FKBP8 antibody.

C Flag-LC3A co-precipitated endogenous FKBP8 from HeLa cell extracts. HeLa cells were transfected with 3×Flag-LC3A constructs and treated with DMSO or 10 lM
CCCP for 4 h and subjected to immunoprecipitation using a Flag antibody. Co-precipitated FKBP8 was detected by Western blotting using a FKBP8 antibody.

D HeLa cells were co-transfected with GFP, GFP-FKBP8-DTM, GFP-FKBP8-Mito, or GFP-FPBP8-ER, or GFP-FKBP8-WT, respectively, and Flag-LC3A expression
constructs, and co-precipitations performed using a GFP antibody. The star indicates IgG heavy chain. The blot shows one representative experiment out of three
independent experiments. The ratios of LC3A II/LC3A I are shown below the upper blot.

E, F FKBP8 overexpression in HeLa FKBP8 KO cells significantly increased the amount of lipidated Flag-LC3A in the mitochondrial fraction. HeLa WT and a CRISPR/Cas9-
generated KO clone were transfected with 3×Flag-LC3A constructs, or 3×Flag-LC3A and Myc-FKBP8 expression constructs, and treated with DMSO or CCCP (30 lM;
4 h). The amounts of Flag-LC3A in the mitochondrial fraction (40 lg) and FKBP8 in the total fractions (30 lg) were analyzed by Western blotting. Ponceau S
staining is used as loading control. Cox2 was used as mitochondrial marker. The blot in (E) is representative of two independent experiments. The graph in (F)
represents the average values of quantitated Flag-LC3A II/Flag-LC3A I ratio of two independent experiments. Error bars show the s.d.
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structures observed outside the mitochondria represent ER. Interest-

ingly, CCCP induced strong co-localization of FKBP8 and LC3A in

nearly all cells (90%), both on the mitochondria and adjacent to the

mitochondria (Fig 3A–C).

To investigate if the co-localization of LC3A and FKBP8 is medi-

ated by the FKBP8 LIR motif, a Cerulean-FKBP8 LIR mutant (F24A/

L27A, hereafter denoted LIRm) was co-expressed with EYFP-LC3A

and mCherry-OMP25TM in the HeLa cells. Strikingly, the FKBP8

LIRm is localized both on the mitochondria and on ER, but it

fails completely to co-localize with LC3A upon CCCP treatment

(Fig 3A–C). Instead, LC3A forms visible aggregates that do not

overlap with the mCherry-OMP25TM probe (Fig 3A), similarly as

the vector control (Fig EV3A). Together, these results suggest that

CCCP treatment induces a LIR-mediated interaction between FKBP8

and LC3A, and this interaction is important for mitochondrial

recruitment of LC3A.

To address the FKBP8-mediated mitochondrial recruitment of

LC3A further, we employed the FKBP8-Mito construct that specifi-

cally constrains FKBP8 to mitochondria. FKBP8-Mito did not escape

from the mitochondria upon CCCP treatment (Fig 3A and B). Impor-

tantly, FKBP8-Mito co-localized with LC3A in 40% of the cells

during normal conditions, while CCCP induced co-localization in

nearly 90% of the cells, very similar as FKBP8 WT (Fig 3C). Inter-

estingly, CCCP also induced complete redistribution of LC3A to the

mitochondria, clearly indicating that FKBP8 is important for mito-

chondrial recruitment of LC3A upon mitochondrial damage

(Fig 3C). Notably, the ER-constrained FKBP8 mutant FKBP8-ER also

recruited LC3A upon CCCP treatment, but did not co-localize with

mitochondria (Fig EV3B). Taken together, our results show that

FKBP8 mediates LIR-dependent recruitment of LC3A to damaged

mitochondria.

Overexpression of FKBP8, NIX, or BNIP3 similarly induces
mitochondrial fragmentation, but mitochondrial recruitment of
LC3A is predominantly mediated by FKBP8

The FKBP8-mediated recruitment of LC3A to damaged mitochondria

prompted us to investigate whether FKBP8 may have a role in selec-

tive removal of dysfunctional or damaged mitochondria (mito-

phagy). Mitophagy is commonly preceded by mitochondrial

fragmentation [33]. We monitored mitochondrial morphology in

HeLa cells transiently overexpressing FKBP8 by immunostaining of

the OMM protein TOM20 (Fig 4A). Significant morphological

changes of mitochondria were observed, including fragmentation,

dotted structures, and perinuclear aggregation. These changes

induced by FKBP8 overexpression were similar to the morphological

changes observed when the well-established mitophagy receptors

NIX and BNIP3 were overexpressed (Fig 4A). Quantitative analysis

revealed that FKBP8 overexpression led to approximately 50%

reduction in TOM20-positive mitochondrial area per cell, and simi-

lar reduction in relative fluorescence intensity of TOM20 (Fig 4B).

The morphology changes induced by NIX were very similar, while

BNIP3 displayed an even stronger ability to cluster the mitochondria

(Fig 4A and B). Clearly, FKBP8 strongly promotes effects on mito-

chondrial morphology and TOM20 degradation. It should be noted

that overexpression of FKBP8 is by itself sufficient for the induction

of mitochondrial fragmentation and aggregation, and this phenotype

does not rely on CCCP treatment of the cells or co-expression of

interacting ATG8 family proteins.

To investigate if LC3A recruitment to the mitochondria is a

general mechanism of the OMM-bound mitophagy receptors, the

amount of co-precipitated Flag-LC3A from HeLa cell extracts

overexpressing GFP-tagged FKBP8, FKBP8-Mito, BNIP3, or NIX was

determined (Fig 4C). Flag-LC3A clearly co-precipitate FKBP8

and FKBP8-Mito, but nearly no BNIP3 or NIX. Furthermore, co-

localization studies in a HeLa cell line stably expressing GFP-LC3A

and transiently transfected with mCherry-tagged FKBP8, BNIP3, or

NIX constructs were conducted. Consistently, LC3A is highly co-

localized with FKBP8 and poorly with NIX or BNIP3 (Fig EV3C).

This clearly shows that the recruitment of LC3A to mitochondria is

a trait specific for FKBP8, and not a common mechanism generally

shared by the OMM-resident mitophagy receptors.

Co-expression of FKBP8 with ATG8 proteins, particularly LC3A,
induces Parkin-independent mitophagy

The efficient recruitment of LC3A to the mitochondria upon CCCP

treatment prompted us to investigate whether overexpression of

FKBP8 alone or together with ATG8s would induce mitophagy. To

test this, we used our double-tag strategy to visualize mitochondria

in the acidic compartment, previously described in [6]. By using

mCherry-GFP fused to the transmembrane domain of the mitochon-

drial matrix protein OMP25 [32], mitochondria in autolysosomes

will appear as red-only structures. OMP25 is degraded in autolyso-

somes together with mitochondria during mitophagy and hence is a

reliable mitophagy reporter [26,32]. HeLa cells transiently co-trans-

fected with mCherry-GFP-OMP25TM, Flag-LC3A, and Myc-FKBP8

showed efficient acidification of mitochondrial structures, while

cells expressing mCherry-GFP-OMP25TM together with Flag-LC3A

only did not (Fig 5A). Quantitation of cells with red-only dots

showed that approximately 48% of the cells contain acidified mito-

chondria when FKBP8 is overexpressed together with LC3A, while

red-only dots were almost absent when LC3A was overexpressed

alone. Importantly, the mitochondrial acidification was LIR

◀ Figure 3. FKBP8 mediates LIR-dependent recruitment of LC3A to damaged mitochondria.

A HeLa cells were co-transfected with plasmids expressing Cerulean-FKBP8 WT, Cerulean-FKBP8 LIR mutant, or Cerulean-FKBP8 Mito together with EYFP-LC3A and
the mCherry-OMP25TM probe to label the mitochondria. The cells were treated with DMSO or 10 lM CCCP for 6 h and imaged using a Leica SP5 fluorescence
confocal microscope. Scale bars, 10 lm; on zoomed images, 5 lm. Line-profile co-localization plots of Cerulean-FKBP8 WT, Cerulean-FKBP8 LIR mutant (LIRm), or
Cerulean-FKBP8 Mito (Mito) (blue lines); EYFP-LC3A (green lines); and OMP25TM (red lines) were made using the line-profile quantification tool in the Leica
imaging software (LAS-AF). The vertical axes represent measurements of fluorescent intensity and the horizontal axis the drawn distances.

B, C Proportion in % of cells that display co-localization between Cerulean-FKBP8 WT, Cerulean-FKBP8 LIR mutant, or Cerulean-FKBP8 Mito and OMP25TM (B) or EYFP-
LC3A (C). The proportion of cells that displayed co-enrichment in cellular structures/dots of FKBP8 WT/LIRm/Mito and OMP25TM, or with FKBP8 WT/LIRm/Mito and
LC3A-positive structures, were quantitated manually. Thirty cells were analyzed for each condition within each experiment, a total of 100 cells per condition. The
graphs represent the average values (n = 3), and error bars represent s.d. for the three independent experiments. P-values calculated by Student’s t-test, paired, are
indicated above the graph (C).
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dependent, and enhanced when FKBP8 was specifically targeted to

the mitochondria (Fig 5B). This indicates that mitophagy is more

efficient when FKBP8 is constrained to the mitochondria. Acidifi-

cation of mitochondria was similarly observed when overexpressing

NIX and BNIP3 together with certain ATG8 proteins. However, these

mitophagy receptors were clearly less efficient than FKBP8 in the

mitophagy assay used here. Importantly, overexpression of

mCherry-GFP-OMP25TM and FKBP8, NIX, or BNIP3 without ATG8s

did not induce mitophagy (Fig 5B). Neither did the ER-targeted

FKBP8 nor the cytosolic localized FKBP8-DTM mutant when co-

expressed with LC3A (Fig EV4A–C). Altogether, these results

suggest that FKBP8 together with LC3A has a strong ability to

induce mitophagy when localized to the mitochondria. Interestingly,

the FKBP8-mediated mitophagy observed here is Parkin indepen-

dent, as there is no detectable Parkin in the HeLa cell line used [10].

FKBP8 is not degraded during FKBP8-LC3A-induced mitophagy

FKBP8 was reported to escape to the ER during Parkin-dependent

mitophagy [26]. Here, we clearly observed a partial escape of FKBP8

WT from mitochondria upon CCCP treatment of HeLa cells not

expressing Parkin (Fig 3A and B). Hence, FKBP8 seemed to escape

from damaged mitochondria also in a Parkin-independent manner.

To explore this Parkin-independent escape further, we investigated

A B

C

Figure 4. Overexpression of FKBP8, NIX, or BNIP3 similarly induces mitochondrial fragmentation, but mitochondrial recruitment of LC3A is specifically
mediated by FKBP8.

A HeLa cells transfected with expression vectors encoding Myc-tagged OMP25TM, FKBP8, NIX, or BNIP3, respectively, were immunostained with anti-TOM20 and anti-
Myc antibodies to reveal changes in mitochondrial morphology. Scale bars, 10 lm.

B Quantitation of TOM20-positive mitochondrial area (%) and TOM20 fluorescence intensity (%) per cell for cells expressing vector control (Myc-OMP25TM), Myc-
tagged FKBP8, NIX, or BNIP3. The data were calculated using Volocity 6.2.1 software (PerkinElmer Inc.). The bars represents the average values with standard
deviations of TOM20-positive area and intensity per cell based on analyzing 40 cells for each protein. The experiment was performed twice with similar results.

C HeLa cells were transiently co-transfected with GFP, GFP-NIX, or GFP-BNIP3 and Flag-LC3A expression constructs. After immunoprecipitation with Flag antibodies,
precipitated and co-precipitated proteins were analyzed by Western blotting using the indicated antibodies. Similar results were obtained in three independent
experiments. Asterisks indicate the bands corresponding to full-length NIX and BNIP3.

Source data are available online for this figure.
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A

B

Figure 5. Co-expression of FKBP8 with ATG8 Proteins, particularly LC3A, induces Parkin-independent mitophagy.

A HeLa cells were transiently transfected with mCherry-GFP-OMP25-TM and 3×Flag-LC3A together with Myc-C1 as control or Myc-FKBP8 WT or LIR mutant expression
constructs. The appearance of red-only structures indicates acidified mitochondria. Scale bars, 10 lm.

B HeLa cells were transiently overexpressing mCherry-GFP-OMP25-TM, the indicated 3×Flag-tagged ATG8 proteins LC3A, LC3B, or GABARAPL1, together with Myc-tagged
FKBP8 WT, FKBP8 LIR mutant, or FKBP8-Mito, or the mitophagy receptors BNIP3 or NIX. The graph bars represent the percentage of transfected cells containing red-
only dots indicative of mitophagy activity. Each bar shows the mean value from measurements on 50–70 cells obtained in three independent experiments (n = 3).
Error bars represent the s.d.
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the cellular localization of FKBP8 during FKBP8-LC3A overexpres-

sion-induced mitophagy. HeLa cells ectopically expressing mCherry-

EYFP-OMP25TM, Flag-LC3A, and Cerulean-FKBP8 were analyzed

by confocal imaging (Fig 6A). While in HeLa cells overexpressing

Cerulean-BNIP3 together with Flag-LC3B, or Cerulean-NIX together

with Flag-GABARAPL1 nearly 100% of the acidified mitochondria

displayed co-localization of these mitophagy receptors, a dramatic

difference was seen for FKBP8 (Fig 6B). Quantitation of acidified

mitochondria (red-only dots) containing co-localized Cerulean-

FKBP8 revealed that only 40% of the acidic mitochondria displayed

weak FKBP8 fluorence (Fig 6B). Furthermore, FKBP8 was enriched

in many specific dots outside the mitochondria while BNIP3 and

NIX were not (Fig 6A). It is unclear if the fraction of Cerulean-

FKBP8 co-localizing with acidified mitochondria actually is located

inside these structures. The majority of red-only dots contained no

FKBP8 supporting an efficient escape. Hence, the co-localization

observed may represent FKBP8 involved in recruiting the phago-

phore before escaping to the ER (see model depicted in Fig 6C). In

general, we have been unable to detect degradation of FKBP8 by

autophagy. Western blot analysis of endogenous FKBP8 during dif-

ferent autophagy induction and inhibition conditions revealed no

significant change in the level of FKBP8 (Fig EV5A). To summarize,

these data indicate that FKBP8 itself is not degraded upon FKBP8-

LC3A-induced mitophagy, but undergoes mitochondrial escape

during the process.

The ability of FKBP8 and Bcl-2 to translocate from mitochondria

to ER is dependent on the number of basic amino acids in the

C-terminal TM domain. Substituting the absolute C-terminal Asn

residue with a Lys (N412K) in FKBP8 confines the proteins to the

OMM [26]. To explore if the escape observed in our mitophagy

experiments is inhibited by swapping or mutating the TM of FKBP8,

we first investigated if Cerulean-FKBP8-Mito was localized on acidi-

fied mitochondria when co-expressed with Flag-LC3A. Consistently,

FKBP8-Mito displayed strong ability to target mitochondria for

acidic degradation, but stayed on the mitochondria undergoing

mitophagy. No specific FKBP8-Mito dots were observed outside the

mitochondria (Fig 6A), and nearly 100% of the acidified mitochon-

dria contained co-localized FKBP8-Mito (Fig 6B). Similar results

were obtained when we overexpressed the FKBP8 N412K mutant,

previously shown to be unable to escape [26] (Figs 6B and EV5B).

Furthermore, co-expression of FKBP8 LIRm with LC3A did not result

in mitophagy, even if FKBP8 LIRm was confined to the mitochon-

dria by introducing the N412K mutation (Fig EV5B). To summarize,

these data clearly indicate that FKBP8 recruits the phagophore to

the mitochondria through its LIR-dependent interaction with lipi-

dated LC3A. Subsequently, FKBP8 escapes to the ER dependent on

its TM dual localization properties while the targeted mitochondria

are degraded by autophagy (Fig 6C).

Discussion

FKBP8 (FKBP38) is a multifunctional OMM adaptor protein of the

immunophilin family with Ca2+–calmodulin-induced PPIase activity

which has a potent anti-apoptotic function via recruitment of Bcl-2/

Bcl-XL to mitochondria (reviewed in [18,19]). In this study, we have

identified FKBP8 as a novel mitophagy receptor. We identified a

canonical LIR motif in its N-terminus mediating strong binding to

LC3A and moderate binding to LC3B in cells. FKBP8 recruited LC3A

to damaged mitochondria in a LIR-dependent manner. LC3A recruit-

ment by FKBP8 to mitochondria inducing mitophagy is a novel

observation, and this is the first study indicating a particular role for

LC3A in mitophagy. Consistently, a very recent study by Nguyen

et al [34] showed that in a background where all ATG8 members

were knocked out, re-expression of LC3A could mediate Parkin-

dependent mitophagy. The known mitophagy receptors preferen-

tially recruit a distinct ATG8 protein for mitophagy induction, NIX

recruits GABARAP-L1 [17], while Bcl-2-L13, BNIP3, and FUNDC1

preferentially recruit LC3B [14–16]. Here, we add FKBP8 as a prefer-

ential LC3A recruiter to this panel of mitophagy receptors. Using the

mCherry-GFP-OMP25TM mitophagy reporter assay, we show that

this preferential recruitment is indeed reflected in the efficiency with

which the different pairs of mitophagy receptors and ATG8 family

members induce mitophagy (Fig 5B). Hence, we suggest that the

OMM-resident mitophagy receptors may engage distinct ATG8

members and act in a concerted manner to facilitate effective mito-

phagy when needed, while in some situations only one of the mito-

phagy receptors may be activated. Clearly, the possible interplay or

redundancy between FKBP8, BNIP3, NIX, FUNDC1, and Bcl2-L13 in

mitophagy pathways and mitochondria quality control needs to be

unraveled in future studies.

Several reports indicate that residues N- or C-terminal to the core

LIR motif may contribute to regulation and specificity of the interac-

tion with ATG8 family proteins [35–38]. This also pertains to mito-

phagy receptors (reviewed in [1,7,39]). The LIR motif identified in

BNIP3 is preceded by an “acidic” residue, a serine that is phospho-

rylated and thus contributes to stronger LC3B binding and mito-

chondrial sequestration [40]. This is also seen for FUNDC1 where

ULK1 phosphorylates a serine residue at the same position [41].

FUNDC1 also displays hypoxia-regulated dephosphorylations of the

core LIR Tyr18 residue and Ser13 (position �5) that increases bind-

ing to LC3B [16,42]. In contrast, the LIR-containing region of FKBP8

▸Figure 6. FKBP8 undergoes mitochondrial escape during FKBP8-LC3A-induced mitophagy in a Parkin-independent manner.

A HeLa cells were transiently transfected with mCherry-EYFP-OMP25TM and Flag-LC3A expression constructs, together with Cerulean-FKBP8 WT, Cerulean-FKBP8 Mito,
or Cerulean-FKBP8 LIRm expression vectors; or mCherry-EYFP-OMP25TM together with Cerulean-BNIP3 and Flag-LC3B expression vectors; or mCherry-EYFP-
OMP25TM together with Cerulean-NIX and Flag-GABARAP expression vectors. The cells were imaged using a Leica SP5 fluorescence confocal microscope. Scale bar,
10 lm; in zoomed images, 5 lm. Line-profile co-localization plots of Cerulean-FKBP8 WT, Cerulean-FKBP8 LIR mutant, Cerulean-FKBP8 Mito, Cerulean-BNIP3, or
Cerulean-NIX (blue lines) and mCherry-EYFP-OMP25TM (red and green lines) were made using the line-profile quantification tool in the Leica imaging software (LAS-
AF). The vertical axes represent measurements of fluorescent intensity and the horizontal axis the drawn distances.

B Quantification of acidified mitochondria with co-localized Cerulean-FKBP8 WT or mutants, co-localized Cerulean-BNIP3, or co-localized Cerulean-NIX. The numbers of
red-only mCherry-EYFP-OMP25TM dots that contained enrichment of FKBP8 WT or mutants, enrichment of BNIP3, or enrichment of NIX, were quantitated manually
in two independent experiments. The bars represent the average values from at least 100 cells in two independent experiments. Error bars represent s.d.

C Model of FKBP8-mediated LC3A recruitment and subsequent escape of FKBP8 from mitochondria targeted for degradation by autophagy.
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does not contain any phosphorylatable residues. Different from

FUNDC1 and BNIP3, the FKBP8-LC3A/ATG8 interactions will not be

regulated by phosphorylation of the LIR motif. Interestingly, we

found that the FKBP8-LC3A co-localization was significantly

enhanced upon CCCP treatment. How CCCP induces the strong

FKBP8-LC3A co-localization will be an important question to

address in future studies.

Crystal structures of the complex between the LIR motif of p62

and LC3B indicate that three acidic residues N-terminal to the LIR

motif of p62 interact with the basic surface of a-helix-1 of LC3B

[43]. FKBP8 has a E (Glu) and D (Asp) residue immediately preced-

ing the core LIR motif, which may contribute to the increased affin-

ity toward LC3A/B. FYCO1 contains a C-terminally extended F-type

LIR motif where an acidic residue and a hydrophobic residue at

positions +8 and +9, respectively, are important for efficient binding

to LC3B explaining the C-terminal extension [37]. FKBP8 has an

F-type LIR motif that binds preferentially to LC3A and shares the

acidic Glu residue at position +8 with FYCO1 (see Fig EV1B). Also,

there are important differences in the electrostatic surface potential

distribution on a-helix1 and a-helix2 in the structures of LC3A-C,

GABARAP/GABARAPL1, and GABARAPL2, respectively [44]. These

differences could contribute to the substrate specificities observed in

in vitro assays. However, the lack of FKBP8 interaction with

GABARAP and GABARAPL1 in cell extracts cannot be explained by

their structures alone, since these proteins interacted strongly

in vitro.

A previous study demonstrated that FKBP8 escapes during

PINK1-Parkin-induced mitophagy and translocates to ER via a

microtubule-dependent pathway [26]. Parkin-dependent mitochon-

drial degradation does not depend on FKBP8 [26]. We find here that

FKBP8 promotes mitophagy by LIR-dependent recruitment of LC3A,

independent of the PINK1-Parkin pathway. Intriguingly, even when

FKBP8 itself induced mitophagy, FKBP8 was found to escape from

the acidified mitochondria. The mechanism responsible for this

escape during mitochondria degradation begs further investigation.

We also do not know how FKBP8 is activated as a mitophagy recep-

tor or how the interplay is with the ubiquitin-interacting autophagy

receptors acting in mitophagy pathways including optineurin,

NDP52, TAX1BP1, p62/SQSTM1, and NBR1 [10,45]. Finally, it will

be important to elucidate how the different roles of FKBP8 in anti-

apoptotic signaling, mTOR regulation, and mitophagy are integrated

into a coordinated response.

Materials and Methods

Antibodies and reagents

The following primary antibodies were used: Rabbit polyclonal anti-

body for FKBP8 (ab96322, Abcam); rabbit monoclonal anti-FKBP8

(Abcam, ab129113); mouse monoclonal anti-MTCO2 (ab110258,

Abcam); anti-Myc (Santa Cruz 9E10); mouse monoclonal anti-FLAG

M2 antibody (F1804, Sigma); anti-GST (SC-459, Santa Cruz); rabbit

polyclonal anti-GFP (ab290, Abcam); rabbit polyclonal anti-LC3B

(L7543, Sigma); rabbit polyclonal anti-LC3A (ab62720, Abcam); and

HRP-conjugated anti-GST (RPN1236, GE Healthcare). Secondary

antibodies were the following: HRP (horseradish peroxidase)-conju-

gated goat anti-rabbit Ig (554021, BD Bioscience Pharmingen), goat

anti-mouse Ig (554002, BD Bioscience Pharmingen), and HRP-conju-

gated anti-Biotin antibody (Cat. no-7075, Cell Signaling). Following

fluorescent secondary antibodies were used: Alexa Fluor� 488-

conjugated goat anti-mouse IgG (A-11029, Life Technologies), Alexa

Fluor� 488-conjugated goat anti-rabbit IgG (A-11008, Life Technolo-

gies), Alexa Fluor� 555-conjugated goat anti-rabbit IgG (A-21428,

Life Technologies), and Alexa Fluor� 647-conjugated goat anti-

mouse IgG (A21236). The reagents used were bafilomycin A1

(B1793, Sigma) and carbonyl cyanide 3-chlorophenylhydrazone

(CCCP) (C2759, Sigma).

Cell culture and transfections

HeLa (ATCC, CCL2) cells were cultured in Eagle’s minimum essen-

tial medium with 10% fetal bovine serum (Biochrom AG, S0615),

non-essential amino acids, 2 mM L-glutamine, and 1% strepto-

mycin–penicillin (Sigma, P4333). HeLa Flp-In T-REx cells (Invitro-

gen, R714-07) with GFP-LC3A integrated at FRT site were grown in

the same medium with additional selection marker antibiotics,

100 lg/ml hygromycin B (Calbiochem, 400051) and 7.5 lg/ml Blas-

ticidine (Invitrogen, R210-01). HEK293 (ATCC, CRL-1573), HEK293

Flp-In T-Rex cells (Invitrogen, R780-07), and SH-SY5Y cells (ATCC

CRL-2266) were cultured in Dulbecco’s modified Eagle’s medium

with the same supplements as described above for HeLa cells.

Subconfluent cells were transfected using TransIT-LT1 (Mirus,

MIR2300) or METAFECTENE PRO (Biontex T040) following the

manufacturer0s instructions.

Construction of plasmids

All plasmids used in this study are listed in Appendix Table S1. Plas-

mids were made by conventional restriction enzyme-based cloning

or by use of the Gateway recombination system from Invitrogen.

Gateway LR reactions were performed as described in the Gateway

cloning technology instruction manual. Full-length clone for FKBP8

was obtained from Imogene’s/Source Bioscience. (Id:

OCAAo5051A117D). We used a PCR-based strategy to obtain the

following truncated and organelle-specific constructs for FKBP8:

Transmembrane (TM) domain deletion construct (FKBP8 ΔTM);

mitochondria directed construct (FKBP8-Mito) where the TM

domain is replaced with the mitochondria-specific insertion

sequence from the ActA protein from Listeria monocytogenes; endo-

plasmic reticulum directed construct (FKBP8-ER) where the TM

domain is replaced with a C-terminal peptide tag with the insertion

sequence from the endoplasmic reticulum-specific isoform of cyto-

chrome b5 (Cb.5) [30,31]. Oligonucleotides corresponding to the

ActA and Cb.5 targeting sequences were annealed and cloned using

EcoRI/NotI restriction sites adjacent to amino acid 380 (ActA) and

amino acid 390 (Cb-5) of FKBP8. cDNA obtained from HeLa cells

was used to amplify full-length BNIP3 by a PCR-based strategy and

cloned into a gateway-compatible donor or entry vector (Invitro-

gen). OMP25-TM (109-145) was cloned by annealing the

corresponding sequence of the TM domain and cloned into Gate-

way-compatible entry vector using EcoRI/NotI. pDONR-OMP25-TM

(109-145) was obtained by amplifying ENTR-OMP25-TM by PCR

and cloned into Gateway-compatible donor vector. Full-length

human NIX construct was a kind gift from Dr. Ivan Dikic. Specific

point mutations were generated using QuickChange site-directed
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mutagenesis strategy (Stratagene, 200523). All plasmids were veri-

fied by restriction enzyme digestion and DNA sequencing (BigDye,

Applied Biosystems, 4337455). Oligonucleotides for mutagenesis,

PCR, annealing, and DNA sequencing reactions were obtained from

Invitrogen and Sigma-Aldrich. Oligonucleotides used for TM domain

deletion or swapping and CRISPR/Cas9 knockout are listed in

Appendix Table S1.

Recombinant protein production and GST-pulldown analysis

GST or GST-tagged proteins were expressed in Escherichia coli strain

SoluBL21 (Genlantis). GST or GST fusion proteins were purified and

immobilized on Glutathione Sepharose 4 Fast Flow beads (GE Health-

care, 17-5132-01). In vitro-translated protein or total cell lysate was

pre-incubated with 10 ll of Glutathione Sepharose beads with 100 ll
of NETN buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA,

0.5% Nonidet P-40) with cOmplete Mini EDTA-free protease inhibitor

mixture tablets (1 tablet/10 ml) (11836170001, Roche Applied

Science) for 1 h at 4°C to reduce unspecific binding. Pre-incubated

(pre-cleared) lysate was then incubated with the immobilized GST

fusion protein for 2 h at 4°C. Beads were washed five times with

NETN buffer, boiled with 2×SDS gel loading buffer (125 mM Tris, pH

7.5; 4% SDS, 0.04% bromphenol blue, 8% sucrose, 100 mM dithio-

threitol) and subjected to SDS–PAGE. Gels were stained with

Coomassie brilliant blue to visualize GST fusion proteins and then

vacuum-dried. Signals from 35S-labeled protein were detected using

a Fujifilm bioimaging analyzer BAS-5000 (Fuji). Signals from
35S-labeled proteins were measured in terms of unit of photostimu-

lated luminescent (PSL) and quantitated in comparison with 10% of

the in vitro-translated lysate using the Image Gauge software (Fuji).

SPOT synthesis and peptide array

FKBP8 peptide arrays were synthesized on cellulose membranes

using MultiPrep peptide synthesizer (INTAVIS Bioanalytical Instru-

ments AG, Germany). Membranes were blocked with 5% non-fat

dry milk in TBST and peptide interactions were tested with GST,

GST-GABARAP or GST-LC3A by overlaying the membrane with

1 lg/ml of recombinant protein and incubating for 2 h at room

temperature. Bound proteins were visualized with HRP-conjugated

anti-GST antibody.

Immunoprecipitation and immunoblotting

Transfected cells were rinsed with ice-cold PBS prior to lysis in ice-

cold RIPA buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 1 mM EDTA;

1% NP40; 0.25% Triton-X) supplemented with cOmplete Mini

EDTA-free protease inhibitor mixture (Roche) for 30 min on ice. Cell

lysates were cleared by centrifugation and the supernatant incubated

for 1 h with protein A-agarose or protein G-agarose beads (sc-2001;

sc-2002 Santa Cruz) to remove unspecific bound fraction. The pre-

cleared lysates were incubated with the indicated primary antibodies

overnight at 4°C and then for 1.5 h with protein A-agarose or protein

G-agarose beads. Precipitated immunocomplexes were washed five

times with RIPA buffer before elution by boiling for 5 min in 2×SDS

gel loading buffer (125 mM Tris, pH 7.5; 4% SDS, 0.04% bromphe-

nol blue, 8% sucrose, 100 mM dithiothreitol). For IP of endogenous

proteins, cells were rinsed with PBS and incubated on ice for 5 min

with CHAPS buffer (40 mM HEPES, pH 7.5; 120 mM NaCl; 1 mM

EDTA; 0.5% CHAPS) supplemented with cOmplete Mini EDTA-free

protease inhibitor mixture (Roche) and phosphatase inhibitor cock-

tail. Cells were scraped and pooled suspension passed through a 25-G

needle 10-20 times before centrifugation at 16,000 × g for 10 min.

The resultant supernatant was incubated for 1 h with protein

A-agarose or protein G-agarose beads (sc-2001; sc-2002 Santa Cruz).

The pre-cleared lysate was further incubated with primary antibody

overnight at 4°C, followed by incubation with protein A-agarose or

protein G-agarose beads for 90 min. The precipitated immunocom-

plex was washed five times with CHAPS buffer and protein eluted by

boiling for 5 min with 2×SDS gel loading buffer. For immunoprecipi-

tation of FLAG-tagged constructs, cell lysates were made as

described above and incubated with anti-FLAG M2 agarose beads

(Sigma, A2220) at 4°C overnight. The beads were then washed five

times with RIPA buffer and protein complexes eluted with 3×FLAG

fusion peptide (Sigma F4799). For immunoblotting, samples were

then resolved by SDS–PAGE and transferred to Hybond-ECL nitrocel-

lulose membrane (GE healthcare). Transfer was visualized with

Ponceau S staining, and the membrane was blocked with 5% non-

fat dry milk in TBST. The membrane was incubated with primary

antibody overnight at 4°C followed by incubation with HRP-conju-

gated secondary antibody for 1 hr at room temperature. Signal detec-

tion was preformed with a Western blotting Luminal Reagent kit

(SC-2048, Santa Cruz Biotechnology) and a LumiAnalyst imager

(Roche Applied Sciences).

Immunostaining and fluorescence confocal microscopy

HeLa or HEK293 cells grown in 8-well chambers (Cat. No. 155411)

were fixed with 4% paraformaldehyde, permeabilized with methanol

on ice for 10 min, blocked in 3% goat serum/PBS, and incubated at

room temperature with a specific primary antibody followed by

Alexa Fluor 488-, Fluor 555-, or Fluor 647-conjugated secondary anti-

body. Note all the cells used for fluorescence microscopy analysis of

mitochondria were fixed with 4% paraformaldehyde (PFA) or 4%

PFA with 0.5% glutaraldehyde in PBS at 37°C for 15 min, to avoid

morphological changes of mitochondria and allow visualization of

acidic structures after the staining procedure. The cells were then

examined using a Zeiss Axiovert 200 microscope with a 40 × 1.2

WC-Apochromat objective, equipped with LSM-510-META module,

or a Leica TCS SP5 confocal microscope, 63 × 1.2W-objective. For

quantitative analysis of mitochondrial area and intensity of the OMM

protein TOM20, Volocity 6.2.1. (PerkinElmer, Inc.) software was

used. TOM20 intensity and area was measured by “Lasso” tool in the

measurement section, corresponding cell area was drawn with the

ROI tool and relative TOM20 area was calculated per cell in 30–40

independent cells. The line-profile tool in the Leica imaging software

(LAS-AF) was exploited to plot co-localization of fluorescent or

immunostained proteins. Quantification of cells containing red-only

dots in cells expressing mCherry-GFP-OMP25-TM/mCherry-EYFP-

OMP25-TM (indicative of mitophagy activity) was done manually in

50–70 cells from cell images in three independent experiments.

Generation of FKBP8 knockout HeLa/HEK293 cell line

To generate a knockout cell line for FKBP8, the CRISPR/Cas9

system was exploited [46,47]. Oligonucleotides targeting the
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second exon of FKBP8 were annealed and cloned into guide RNA

vector “pSpCas9(BB)-2A-Puro (PX459) (Addgene#48139)” using

Bbs-I restriction sites. Subconfluent HEK293 Flp-In/HeLa-Flp-In

cells were transfected with the targeting plasmid. Three days post-

transfection, selection with puromycin was carried out. Selection

was continued until cells transfected with a control plasmid

(EGFP-c1) and untransfected cells were lost. After selection, cells

were trypsinized and sorted by FACS. Single cells were isolated

and plated in a 96-well plate. Colonies were expanded up to

12-well plates before Western blot analysis to confirm knockout of

FKBP8 (Fig EV2B). Furthermore, to confirm targeted knockout of

FKBP8, we performed genomic DNA isolation for each clone, PCR-

amplified at least 100 bp upstream and downstream of the target

region (crossing from exon to intron), and cloned the resulting

PCR products into the pGEM-T-EASy vector (Promega). Sequencing

was conducted for at least 3 or 4 plasmids for each PCR product.

Primers for amplification of the genomic region and targeting

oligonucleotide are listed in Appendix Table S1. Sequencing of the

genomic region of three knockout clones, compared with the

parenteral wild-type cell line, indicated frame shift mutations,

insertion, and deletion. To visualize the complete knockout of

FKBP8, we performed immunofluorescence analysis of knockout

clones in comparison with parenteral cell line. Parenteral cell line

HEK293 Flp-In/HeLa-Flp-In and knockout clone cells were fixed

with 4% PFA followed by staining with anti-FKBP8 antibody. As

shown in Fig EV2, knockout cells derived from single-cell clones

C3 and C4 for HEK293 and clones A4 and B1 for HeLa; do not

reveal any staining for FKBP8.

Expanded View for this article is available online.
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