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Abstract
Autophagy is a conserved cellular process required for the removal of defective organelles, protein
aggregates, and intracellular pathogens. We used a network analysis strategy to identify novel human
autophagy components based upon the yeast interactome centered on the core yeast autophagy
proteins. This revealed the potential involvement of 14 novel mammalian genes in autophagy, several
of which have known or predicted roles in membrane organization or dynamics. We selected one of
these membrane interactors, FNBP1L (formin binding protein 1-like), an F-BAR-containing protein
(also termed Toca-1), for further study based upon a predicted interaction with ATG3. We confirmed
the FNBP1L/ATG3 interaction biochemically and mapped the FNBP1L domains responsible. Using
a functional RNA interference approach, we determined that FNBP1L is essential for autophagy of
the intracellular pathogen Salmonella enterica serovar Typhimurium and show that the autophagy
process serves to restrict the growth of intracellular bacteria. However, FNBP1L appears dispensable
for other forms of autophagy induced by serum starvation or rapamycin. We present a model where
FNBP1L is essential for autophagy of intracellular pathogens and identify FNBP1L as a differentially
used molecule in specific autophagic contexts. By using network biology to derive functional
biological information, we demonstrate the utility of integrated genomics to novel molecule
discovery in autophagy.

Autophagy is a conserved cellular process essential for the clearance of defective organelles,
protein aggregates, and intracellular bacterial pathogens (1–3). Recent data have also
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implicated autophagy in innate and acquired immune responses and in susceptibility to Crohn's
disease (4–9).

However, less is known about the exact mechanics of autophagy; the source of the membrane
remains unknown, as do the necessary ancillary and accessory factors of autophagosome
assembly and trafficking (10,11). It is thought that there are subtypes of autophagy with
differing cargo specificities and regulation, processes that are relatively well characterized in
yeast (12,13). In mammalian cells the process may be more sophisticated than for yeast and
includes a role in the control of intracellular bacterial pathogen replication (2,3,14).

With this in mind, we set out to explore the autophagy apparatus to identify ancillary molecules
involved in the autophagic process and their roles in different autophagy subtypes. We were
particularly interested in discovering proteins involved in the membrane dynamics of
autophagosome assembly and links between autophagy and the host cell membrane-handling
machinery.

To this end we took a bioinformatics-based approach that involves interolog analysis (15). The
mapping of interologs, protein-protein interactions conserved across species, is a powerful
method for predicting and uncovering previously unidentified functional interactions by using
data from high-throughput interactome screens such as two-hybrid assays and protein
complementation analysis performed in model organisms (16–18). In this article we report the
construction of a hybrid “yeast-human” core autophagy network that uses interologs mapped
from the yeast protein interaction network to extend the human network built around
components of the core autophagy machinery. Our analysis identified 33 autophagy-associated
proteins, 14 of which had no previously identified roles in mammalian autophagy. We selected
a single candidate for a complete functional validation and were able to identify FNBP1L
(formin binding protein 1-like) as such a molecule: essential for the genesis of anti-
Salmonella autophagosomes but nonessential for serum starvation- or rapamycin-induced
autophagy.

FNBP1L (also termed Toca-1) (19) is the human ortholog of yeast BZZ1 (20) and was not
previously implicated in autophagy. FNBP1L has three functional domains: 1) the N-terminal
FCH-BAR (FER/CIP4 homology-BIN1/amphiphysin/RVS167) domain, designated
throughout as the F-BAR domain, which is thought to mediate membrane and lipid interactions;
2) the HR1 (protein kinase C-related kinase homology region 1) domain has been characterized
as the site of Cdc42 interaction; and 3) an SH3 (Src homology 3) domain that serves to bind
neural Wiskott-Aldrich syndrome protein during the initiation of actin polymerization.
FNBP1L has previously been characterized as both essential for Cdc42-dependent actin
nucleation (19) and as a vesicle trafficking regulator important for neuronal membrane
morphology (21). In general it is believed that F-BAR proteins form dimers, taking on a curved
shape that is able to sense and generate membrane curvature, perhaps linking membranes and
organelles to the cellular trafficking machinery. In vitro F-BAR proteins such as FNBP1L are
able to tubulate lipid vesicles and form wider tubules than the related BAR-domain proteins,
indicating specificity toward larger membrane structures (22).

In this article we show that the HR1 domain of FNBP1L is essential for its interaction with the
human ATG3 protein. Using a functional small interfering RNA (siRNA)4 approach, we
identify an essential role for FNBP1L in autophagy of the intracellular pathogen Salmonella
enterica serovar Typhimurium (S. Typhimurium), yet FNBP1L is dispensable for other forms

4Abbreviations used in this paper: siRNA, small interfering RNA; AFA, ancillaryfactors of autophagy; MEF, mouse embryonic fibroblast;
MOI, multiplicity of infection;RNAi, RNA interference; SCV, Salmonella-containing vacuole; S. Typhimurium, Salmonella enterica
serovar Typhimurium.
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of autophagy induced by serum starvation or rapamycin. In addition, we demonstrate that
FNBP1L and ATG16L1 are both required for autophagy to restrict intracellular S.
Typhimurium replication and, thus, we refer to the capture of Salmonella within LC3-positive
vacuoles as anti-Salmonella autophagy. Full rescue of anti-Salmonella autophagy using RNA
interference (RNAi)-resistant FNBP1L constructs further confirms the essential role played by
FNBP1L in anti-Salmonella autophagosome assembly. We also determine that FNBP1L
function during autophagy requires both the membrane-binding and the ATG3-interacting
portions of FNBP1L because fragments lacking the F-BAR or HR1 domains act as dominant
negatives, restricting the anti-Salmonella autophagy response. We also observe that FNBP1L
and ATG3 colocate within cells, including around a subpopulation of internalized bacteria, and
demonstrate that ATG3 localization to this bacterial population is dependent upon FNBP1L.
Thus, we propose a model whereby FNBP1L acts as a scaffold, tethering the autophagic
apparatus to the Salmonella-containing vacuole (SCV) via its interactions with membrane
lipids and ATG3. By using computational analysis to derive functional biological information,
we demonstrate the utility of an integrated genomic approach to novel molecule discovery in
autophagy.

Materials and Methods
Integrative interolog network and literature co-citation analysis

The network was constructed by iteratively connecting interacting proteins with data obtained
from the genome-wide interactome efforts of Ito et al. (23), Uetz et al. (24), and from the Human
Protein Reference Database (HPRD) (25), the Molecular INTeraction (MINT) database (26),
and the Protein, Signaling, Transcriptional Interactions and Inflammation Networks Gateway
(pSTIING) knowledgebase (27). The network uses graph theory, which represents components
(gene products) as nodes and interactions between components as edges. Graph layout
descriptions were written in the Dot language (28) that implements a multidimensional scaling
heuristic and uses an iterative solver (Newton-Raphson algorithm) that searches for low-energy
configurations and creates a virtual physical model (Spring model) (29) to optimize the graph
layout for visualization. The mapping of interacting yeast proteins onto putative human
orthologs was done by identifying the reciprocal best human-yeast sequence by protein-protein
basic local alignment search tool (BLASTP) analysis (reciprocal best hit or RBH approach)
(30) (31). Literature co-citation analysis of autophagy proteins and their first-order interaction
partners were performed using the Microarray Literature-Based Annotation (MILANO)
program (32). The program identifies the number of times a protein or gene (including known
aliases) was cited in articles in the PubMed database containing a specified set of terms. Vectors
capturing the co-citation profiles for each of these proteins were generated for a set of terms
representing cellular compartments and biological processes and log normalized against the
total number of citations obtained for each protein. These were then analyzed by hierarchical
clustering using Pearson's correlation coefficient as the similarity metric. The results were
displayed as a heat map using Java TreeView (33).

Cell lines and bacterial strains
HEK293T and HeLa (both from American Type Culture Collection) cells were grown in
DMEM (Invitrogen) with 10% FCS (HyClone) at 37°C and 5% CO2. The HeLa cell line stably
expressing LC3-GFP (HeLa LC3-GFP) was generated by lentiviral transduction as previously
described (7); the LC3-GFP lentiviral vector was a gift from Dr. C. Münz (The Rockefeller
University, New York, NY). ATG3-deficient and control mouse embryonic fibroblasts (MEFs)
were a gift from M. Komatsu (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan)
and have been previously described (34). The S. Typhimurium strain SL1344 was used
throughout, both with and without a DsRed2 expression plasmid as has been previously
described (6,35).
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Plasmids and antibodies
The human ATG3 gene (GenBank accession no. BC002830) was obtained from Open
Biosystems and was subcloned into the pCMV-GFP-N (ATG3-GFP) or pCMV-3×Flag
(ATG3-3×Flag) vector (pCMV-GFP-N, pCMV-3×Flag, pCMV-3×Myc, and pCMV-3×HA
vectors were generated by modifying ClonTech pCMV-Myc vector with the appropriate
epitope and multiple cloning site region modifications). The human FNBP1L gene (also named
Toca-1) was provided by Dr. H. H. Ho and Dr. M. W. Kirschner (Harvard Medical School,
Boston, MA). Myc- and GFP-tagged wild-type and mutant FNBP1Ls were constructed by
subcloning the corresponding coding sequences of FNBP1L into pCMV-3 ×Myc or pCMV-
GFP vectors. Dominant negative dynamin K44A was a kind gift from Dr. V. Yajnik
(Massachusetts General Hospital, Boston, MA). Sequences of all cloned cDNAs were
confirmed by DNA sequencing.

The following Abs were used: mouse monoclonal anti-Myc Ab (Covance); mouse monoclonal
anti-GFP Ab (Covance); anti-Flag M2 mAb (Sigma-Aldrich); anti-ubiquitin mouse
monoclonal (clone P4D1; Cell Signaling Technology); mouse monoclonal anti-β-tubulin
(clone D10; Santa Cruz Biotechnology); rabbit polyclonal anti-Toca1(CT) (ProSci); and rabbit
polyclonal anti-FNBP1L (Toca-1), a gift from Dr. M. W. Kirschner (Harvard Medical School).
Secondary Abs for quantitative near-infrared detection were IRDye 680CW goat anti-rabbit
and IRDye 800CW donkey anti-mouse (LI-COR Biosciences), and analysis was performed
using an Odyssey imaging workstation.

Expression and immunoprecipitation of FNBP1L and ATG3
One day before transfection, 1.5 × 106 HEK293T cells in 2 ml of DMEM were plated per well
in a 6-well plate. The cells were transiently transfected with the appropriate amount of plasmids
by using TransFectin (Bio-Rad) according to the manufacturer's instructions. The amount of
transfected plasmids was equalized among different samples by using corresponding empty
vector(s). Twenty-four hours later cells were rinsed in ice-cold PBS and lysed in standard lysis
buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% Triton-X-100, 5 mM EDTA, 10 mM
sodium fluoride, 1 mM sodium vanadate, 0.4 mM PMSF, and a protease cocktail from Roche
(one tablet for 10 ml of buffer) with rotation for 30 min at 4°C. Insoluble materials were
removed by centrifugation at 14,000 rpm for 15 min. The protein concentration of the cleared
lysate was determined by the DC protein assay (Bio-Rad).

For immunoprecipitation, cell lysates were incubated with the appropriate specific Abs for 3
h at 4°C and subsequently mixed with Ab affinity gel (goat affinity-purified Ab to mouse IgG,
ICN Pharmaceuticals) for an additional 90 min at 4°C, or cell lysates were incubated with anti-
Flag M2-agarose (Sigma-Aldrich) for 90 min at 4°C. The immunoprecipitates were washed
three times with standard lysis buffer. The immunoprecipitated proteins and total cell lysates
were resolved by SDS-PAGE, transferred to Immobilon-P transfer membranes (Millipore) and,
immunoblotted with the indicated Abs. An HRP-conjugated anti-mouse Ab (DakoCytomation)
was used as the secondary reagent. Detection was performed by ECL with the Western
Lightning chemiluminescence reagent (PerkinElmer).

RNA interference of FNBP1L, ATG16L1, and Cdc42
HeLa cells (parental strain or stably transduced with LC3-GFP) were plated in 12-well plates
containing 18-mm glass coverslips at a density of 1 × 105 cells per well. After 24 h, 20 pmol
of modified RNA oligoduplexes (Stealth RNAi; Invitrogen) were transfected into each well
using Lipo-fectamine 2000 (Invitrogen) according to the manufacturer's instructions. For
FNBP1L the silencing sequences used were as follows: FNBP1L si1, 5′-
GCAGUGACAUAAAUCAUCUUGUAAC-3′ and 5′-
GUUACAAGAUGAUUUAUGUCACUGC-3′; FNBP1L si2, 5′-

Huett et al. Page 4

J Immunol. Author manuscript; available in PMC 2010 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GGACACUGCAAAGCUAUCUACCCUU-3′ and 5′-
AAGGGUAGAUAGCUUUGCAGUGUCC-3′; FNBP1L si3, 5′-
CAAAGGUGACGGAUGGACAAGAGCU-3′ and 5′-
AGCUCUUGUCCAUCCGUCACCUUUG-3′ (where si represents an siRNA). The ATG16L1
duplex sequences used were 5′-AUGUCUGCUUGAUAGCAUUUGUUGC-3′ and 5′-
GCAACAAAUGCUAUCAAGCAGACAU-3′ and have been previously validated (6).
Autophagy assays were begun 48 h post-transfection and 24 h later the cells were fixed and
stained as described below. Knockdown was confirmed by both quantitative RT-PCR and
Western blotting. For Western blots the cells were transfected in a 6-well format, lysed after
48 h in radioimmune precipitation assay buffer with protease inhibitors (Complete Mini; Roche
Applied Science) and resolved by SDS-PAGE. Following transfer to polyvinylidene difluoride
membranes and blocking (5% skim milk), FNBP1L was detected using rabbit anti-FNBP1L
Ab, a gift from Dr. M. W. Kirschner (Harvard Medical School). Following chemiluminescent
detection, membranes were stripped (Restore Western blot stripping buffer; Thermo Scientific)
and reprobed with mouse anti-tubulin Abs to ensure comparable loading.

Rescue of FNBP1L was performed using myc-tagged FNBP1L constructs into which
synonymous coding mutations had been introduced into the relevant siRNA target sequences.
Three such single base changes were made for each siRNA target site using site-directed
mutagenesis (QuikChange; Stratagene), ensuring that the siRNA targeting would be disrupted,
without changing the amino acid sequence of the resulting protein. These two rescue constructs
were termed FNBP1L R1 and R2. Transfections were performed as previously described, with
20 pmol of RNAi duplex and 300 ng of wild-type or rescue constructs. After 48 h the cells
were lysed and the lysates were resolved by SDS PAGE and transferred to Immobilon-FL
membranes (Millipore). Following blocking in 5% skim milk, membranes were incubated with
both rabbit anti-FNBP1L (ProSci) and mouse anti-β-tubulin (Santa Cruz Biotechnology) Abs.
After washing, membranes were probed with two near-infrared fluorescently conjugated
secondary Abs (anti-mouse 800 and anti-rabbit 680), and analyzed on an Odyssey Quantitative
imaging station (LI-COR Biosciences).

Cdc42 RNAi was accomplished using the same protocols, but RNAi duplexes were obtained
from Qiagen. Cdc42 si1 was the validated sequence SI02757328 and Cdc42 si2 was 5′-
CCUAAUUCUUGUAGAUGCA-3′ and 5′-UGCAUCUACAAGAAUUAGG-3′ (where si
represents an siRNA).

Confirmation of FNBP1L and Cdc42 knockdown was performed by real-time RT-PCR. RNA
from specimen wells was extracted using an RNeasy mini kit (Qiagen) and reverse transcription
was performed using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR with specific
primers was performed using iQ SYBR Green Supermix (Bio-Rad) on an iQ5 thermocycler
(Bio-Rad). Primer sequences were as follows: FNBP1L, 5′-
GGATCAGTTCGACAGCTTAGAC-3′ (forward) and 5′-CACGAGGTAAACCGTGGCT-3′
(reverse); and Cdc42, 5′-CTTGCTTGTTGGGACTCAAATTG-3′ (forward) and 5′-
GGCTCTTCTTCGGTTCTGGAG-3′ (reverse). RT-PCR data were normalized to GAPDH
control reactions and statistical analysis was performed using the two-tailed, unequal variance
Student's t test.

Induction of autophagy by classical stimuli
Autophagy was induced in HeLa LC3-GFP cells using serum starvation or rapamycin. Cells
were transfected as described above, and after 48 h the medium was changed to 1% serum or
10% serum plus 200 nM rapamycin for a further 24 h. Ammonium chloride treatment was
performed with a final concentration of 50 mM for 2 h in 1% serum medium. Chase experiments
to assay recovery kinetics of autophagic vesicles were performed by treating cells for 2 h with
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ammonium chloride as described above and then replacing it with complete medium (10%
serum) for 2, 3, or 4 h.

Western blotting to demonstrate LC3-GFP cleavage was performed after cell lysis, equalization
of protein amounts, and SDS-PAGE electrophoresis on a 7.5% polyacrylamide gel (Bio-Rad)
as described above. Following transfer to Immobilon-P membranes (Millipore), detection was
performed using anti-GFP primary (Covance) and HRP-conjugated secondary Abs as
previously described.

Infection and transferrin endocytosis assays
S. Typhimurium infections were performed as previously described, with slight modifications
(36). Briefly, S. Typhimurium SL1344 carrying a DsRed2 expression plasmid was grown
overnight in Luria-Bertani broth containing 100 μg ml−1 ampicillin at 37°C with aeration and
subcultured at a dilution of 1/33 for a further 3 h in Luria-Bertani broth. This culture was further
diluted in DMEM 10% serum without antibiotics to yield a multiplicity of infection (MOI) of
100 and added to HeLa (for LAMP1 staining) or HeLa LC3-GFP (for all other experiments)
cells grown on coverslips in 12-well plates. Infections were allowed to proceed for 20 min and
the cells were washed once in complete medium containing 100 μg ml−1 gentamicin sulfate
and then incubated in fresh high gentamicin medium for 1, 2, or 4 h; for incubations longer
than 1 h the medium was exchanged for low gentamicin DMEM (containing 20 μg ml−1

gentamicin sulfate). Cells were washed twice in PBS before being fixed, permeabilized,
stained, and mounted as described below. For HeLa cells transfected with FNBP1L-GFP or
GFP-only constructs, infections were performed with a wild-type SL1344 strain (without
DsRed expression) and all other steps were performed as described above.

For bacterial survival assays, 12-well plates of HeLa cells were infected as described above
and incubated for 1, 3, or 5 h postinfection. Cells were then lysed in 1% Triton X-100 in PBS
for 2 min, followed by repeated pipetting to ensure the release of all cell fragments from the
plate. The resulting lysate was vigorously vortexed and serially diluted in PBS before being
plated on agar plates containing 25 μg ml−1 streptomycin sulfate. Following incubation at 37°
C overnight, colonies were counted to yield viable counts of internalized bacteria.

Transferrin endocytosis was performed as described previously (37) with slight modifications.
HeLa cells were serum-starved for 1 h and then washed twice in ice-cold PBS. Cells were then
incubated at 37°C in serum-free medium containing 25 μg ml−1 Alexa Fluor 555-conjugated
transferrin (Invitrogen). At 10, 20, 30, and 40 min following transferrin addition the cells were
washed twice with ice-cold PBS, acid was stripped for 5 min in ice-cold stripping buffer (150
mM NaCl, 2 mM CaCl2, and 25 mM CH3COONa (pH 4.5)), washed twice more in PBS and
collected on ice. Subsequent FACS analysis was performed using a BD FACSCalibur (BD
Biosciences) flow cytometer and mean fluorescence of 10,000 cells per time point was
collected from triplicate samples.

Immunofluorescent staining
Following completion of experimental treatments, all cells were washed twice in PBS before
being fixed in 4% formalin for 15 min. For all experiments, except LAMP1 staining, cells were
permeabilized by incubation in PBS with 0.1% Triton X-100 and 1% BSA for 2 min and stained
with Alexa Fluor 633 phalloidin (Invitrogen) to reveal actin filaments. For FNBP1L-GFP
overexpression experiments, Hoechst 33342 (Invitrogen) was added to the phalloidin staining
step to stain bacterial DNA, because bacteria used for these experiments lacked DsRed.
Coverslips were then washed in PBS and mounted in Poly-Mount (PolySciences).
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LAMP1 staining was performed following saponin permeabilization (0.5% saponin and 1%
BSA in PBS) for 20 min and subsequent Ab steps were performed in PBS with 0.1% saponin.
Rabbit anti-LAMP1 Abs (Sigma-Aldrich) were incubated >1 h; coverslips were then washed
repeatedly in saponin/PBS and a secondary Alexa Fluor 488-conjugated goat anti-rabbit Ab
was added. Phalloidin and DNA staining and mounting were as previously described.

Microscopy and quantification of fluorescent imaging
Slides were viewed for counting under wide-field fluorescence illumination with a ×100 lens
(Zeiss Axioplan; Carl Zeiss MicroImaging). The total number of bacteria per cell and the
number of LC3-GFP- or LAMP1-positive bacteria were assessed in randomly chosen fields
with at least 50 cells counted for each condition. The numbers of LC3-GFP- or LAMP1-positive
bacteria were then calculated as a percentage of total bacteria. Bacteria were scored as within
autophagosomes only when a complete and closely conforming LC3-GFP “capsule” was
visible. Significance was assessed using the two-tailed, unequal variance Student's t test.
Images were obtained using laser-scanning confocal microscopy (Leica SP5; Leica
Microsystems) as high-resolution z-stacks, which were subsequently projected onto single
images using NIH ImageJ software. For quantification of vesicle sizes and numbers, 15 fields
of cells (an average of 20 cells per field) for each condition were captured by wide-field
microscopy with a ×100 lens. These images were then combined into stacks using ImageJ and
identically processed for automated vesicle counting. Images of the FITC channel were
processed using an automated background subtraction algorithm (Enhance plug-in) to
maximize contrast without clipping and thresholded to remove any remaining background
noise (representative images from each stack were examined by an operator to ensure that all
autophagosome vesicles were captured by this method). The particle analysis plug-in was then
used to automatically find, label, count, and measure the area of each autophagosome in each
image (settings ensured that only objects greater than five pixels in area were counted,
eliminating any random noise). Again, representative sections were examined manually to
ensure that autophagosomes were correctly identified and counted. For this purpose,
autophagosomes were defined as LC3-GFP puncta of close to spherical shape within the cell
cytoplasm. Several large, irregular aggregates were manually excluded for the final data
analysis. A preliminary analysis including large aggregates did not show any statistical
differences in the number or size of such rare LC3-GFP aggregates between control or
FNBP1L-deficient cells. These data were then pooled for each condition and average numbers
of autophagosomes per cell and average autophagosome areas were calculated.

Results
A comparative bioinformatics strategy reveals links from the core autophagy apparatus to
multiple genes involved in membrane dynamics

To elucidate novel components of the autophagic apparatus in mammalian cells, we used a
two-step approach; first building a human protein interaction network of the core autophagy
components central to the initiation and elongation of the ATG12 and LC3 conjugation systems
(Fig. 1A) and then extending this using yeast protein interaction data from two-hybrid screens.
Because the core autophagy “machinery” has been better characterized in yeast, we constructed
protein network extensions of this core from two-hybrid screen data to identify novel ancillary
factors that might potentially be involved in or recruited for autophagy. We then performed
interolog mapping whereby interologs (orthologous interactions of yeast autophagy proteins
and their interaction partners mapped to human orthologs) were projected onto the human
network (Fig. 1B and supplemental Fig. S1A).5 The resulting “hybrid” network was used to
identify novel mammalian components likely to be conserved from the yeast apparatus (Fig.

5The online version of this article contains supplemental material.
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1C). Using literature (PubMed) co-citation analysis, a number of these components can be
broadly annotated as having an involvement with membrane or vesicle structures (Fig. 1D).
These proteins include PTK2 (a focal adhesion kinase), PLSCR1 (a phospholipid scramblase),
and STX1A (syntaxin), which are known to function at the cytoskeleton-membrane interface,
participating in membrane remodeling and vesicle fusion.

Extending this approach to all 33 proteins (of which 14 have not been implicated in human
autophagy) that were identified as potential ancillary factors of autophagy (AFA) (Fig. 1), we
bioinformatically annotated these proteins and classified them in terms of cellular
compartments and in the context of their functional associations (summarized
diagrammatically in Fig. 2 with details in supplemental Table I). Strikingly, in addition to
observing AFA having broad membrane associations as previously noted from co-citation
analysis, many were found to also have associations with mitochondria (e.g., MRPS5, OGDH,
PMPCA, BCL2, and SLC25A20); mitochondria are known to be degraded via autophagy and
also play key roles in innate immunity and apoptosis (38–40). Interestingly, a number of AFA
are involved in cell cycle regulation (e.g., GFI1B, RAD1, PSMD2, and BCL2), immune
response (e.g., SQSTM1, PLSCR1, and OPRK1), or have transport roles such as vesicle-
mediated transport (e.g., GOPC and STX1A), protein trafficking (GABARAP), mRNA export
(e.g., UPF2), nuclear import, or export processes (e.g., XPO1). Many AFA have not been
previously implicated in human autophagy, and their identification using a bioinformatics
approach presents opportunities for future investigations into their contributions to as yet
undiscovered multifaceted roles of autophagy in human physiology, defense, and disease.

In addition to the candidates described above, we predicted an interaction between FNBP1L,
an F-BAR-containing protein (and the human ortholog of the yeast BZZ1 protein) and the
autophagy protein ATG3. The known involvement of F-BAR proteins in membrane tubulation
and assembly suggested that FNBP1L might play a role in connecting and organizing the
autophagic membrane/autophagy apparatus interface. Therefore, we used FNBP1L as a test
case to experimentally validate our predicted interactions between human proteins identified
as ancillary factors involved in autophagy and the core autophagic machinery.

Human FNBP1L binds ATG3 via the FNBP1L HR1 domain
We confirmed the binding of human ATG3 with FNBP1L by coexpressing ATG3 and full-
length FNBP1L as well as serial truncations of FNBP1L in HEK293 cells and performing
coimmunoprecipitation experiments (Fig. 3A). Full-length Myc-tagged FNBP1L was able to
pull-down GFP-tagged ATG3 (Fig. 3B), and binding was confirmed by reciprocal
immunoprecipitation using Flag-tagged FNBP1L and Myc-ATG3 (supplemental Fig. S2A). It
has recently been reported that ATG12 can bind ATG3 (41), and therefore we tested the
possibility that the ATG3/FNBP1L binding might be indirect, via ATG12. We concluded that
the FNBP1L/ATG3 interaction was not mediated by ATG12 because attempts to pull-down
FNBP1L with ATG5, ATG12, or ATG16L1 constructs were unsuccessful (supplemental Fig.
S2B), yet ATG3 was consistently able to immunoprecipitate FNBP1L. Unfortunately, Abs
suitable for use in immunoprecipitations of endogenous FNBP1L and ATG3 proteins are not
currently available. To further characterize the interaction, we made serially truncated FNBP1L
constructs, each lacking one or more potential binding domains, and performed
immunoprecipitation experiments (Fig. 3, A and B). These results implicated the protein kinase
C-related kinase HR1 (homology region 1) domain of FNBP1L as the key mediator of ATG3
binding, because truncations containing solely the FCH (FER/CIP4 homology) domain and
coiled-coil (FNBP1L-1-293) or only the SH3 (Src homology 3; FNBP1L-483–547) domains
were unable to bind ATG3, but all those containing the HR1 domain bound reliably to ATG3,
even in the absence of the FCH and coiled-coil domains (Fig. 3B). We therefore concluded
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that FNBP1L binds ATG3 via the HR1 domain in a fashion similar to that of the characterized
FNBP1L ligand Cdc42.

Having characterized the ATG3-FNBP1L interaction, we set out to study the functional role
of FNBP1L in both classical and antibacterial autophagy using an siRNA strategy.

RNA silencing of FNBP1L has no observed effects upon classically induced autophagy, as
quantified by accumulation of LC3-GFP+ vesicles

To determine the role of FNBP1L in autophagy, we obtained modified RNA duplexes (Stealth
siRNA; Invitrogen) to perform siRNA silencing of the FNBP1L transcript. We transfected
these duplexes into a HeLa cell line stably expressing LC3-GFP (see Materials and
Methods) according to the manufacturer's instructions alongside a control duplex
(nontargeting, GC-content matched). Assays were performed 48 h later and knockdown was
confirmed by quantitative real-time RT-PCR upon RNA extracted from specimen wells. We
determined that all three duplexes were capable of robust knockdown in HeLa cells (between
71 and 78% reduction in mRNA level; Fig. 4A) and performed experiments using duplexes 1
and 2 (see Materials and Methods for sequences). Compared with control duplex-treated cells,
FNBP1L knockdown cells showed no apparent morphological differences. Careful
examination of actin cytoskeletal organization, as revealed by phalloidin staining, showed little
effect of loss of FNBP1L upon actin structures (Fig. 4, B and C).

We considered the possibility that any autophagic defect observed in FNBP1L knockdown
cells might be due to a broader alteration in major vesicle trafficking and handling processes
and not a specific autophagic process. The yeast homologue of FNBP1L, BZZ1, and the related
human protein FNBP1 have both been previously implicated in the internalization phase of
receptor-mediated endocytosis (22,42,43), and therefore we performed transferrin-mediated
endocytosis assays upon siRNA-treated cells and controls. We were unable to observe an effect
of FNBP1L knockdown upon the rate or amount of transferrin endocytosis as quantified by
FACS analysis of cells treated with fluorescently labeled transferrin (Fig. 4B). However, we
were able to observe significant endocytosis inhibition following transfection of a dominant-
negative dynamin, validating the sensitivity of the assay. We also performed staining of
lysosomes by using anti-LAMP1 Abs. In both FNBP1L knockdown and control cells the
LAMP1-positive compartment appeared to be identical (data not shown). These results suggest
that FNBP1L-deficient cells do not exhibit loss of endocytic activity, nor does FNBP1L
deficiency result in profound alterations to the morphology of the lysosomal compartment.
Although we cannot rule out more subtle effects of FNBP1L depletion upon these and other
cellular processes, these data, along with the lack of global actin morphological alterations, led
us to conclude that transient FNBP1L knockdown was well tolerated by HeLa cells without
gross effects upon endocytosis or lysosomes. Therefore, we tested the effects of FNBP1L
ablation upon classical autophagic induction.

Induction of autophagy by serum starvation or rapamycin treatment was equally effective in
both FNBP1L-silenced and control cells, as determined by accumulation of the cleaved LC3-
GFP II product (detected by anti-GFP Western blotting) and LC3-GFP positive vesicles within
cells. Western blotting revealed equal levels of lipid-conjugated LC3-GFP II in FNBP1L-
deficient cells compared with control siRNA-treated cells when incubated in 1% serum and
50 mM ammonium chloride for 4 h (Fig. 4C). We have found in our prior studies that blockade
of lysosomal fusion using ammonium chloride yields more robust accumulation of LC3-GFP-
positive vesicles compared with starvation alone because autophagosomes accumulate without
the loss of GFP fluorescence exhibited upon acidification of the autolysosomal compartment.
In contrast to the lack of an FNBP1L-deficient phenotype, the use of siRNA directed against
ATG16L1, a vital component for all forms of autophagy (6), resulted in a loss of LC3-GFP II
under the same autophagy-inducing conditions. Treatment with either rapamycin for 24 h or
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ammonium chloride in the presence of 1% serum for 2 h was sufficient to generate robust levels
of LC3-GFP vesicles in both control and specific siRNA-treated cells (Fig. 4D and
supplemental Fig. S2C). Under both rapamycin and ammonium chloride conditions almost
100% of cells showed accumulation of LC3-GFP vesicles regardless of siRNA treatment. The
size and number of these vesicles was determined using an automated image processing method
with ImageJ software as described in Materials and MethodS. Vesicle size was unchanged
between FNBP1L-deficient and control cells under both rapamycin and ammonium chloride
treatments. There was a trend toward FNBP1L-deficient cells possessing more LC3-GFP-
positive vesicles and hence having a greater overall vesicle area than control cells, but these
differences failed to reach statistical significance (data not shown).

Despite the apparently normal induction of autophagic vesicles, we did not know whether
subsequent lysosomal fusion and processing events might be affected by the absence of
FNBP1L. To eliminate the possibility of altered autophagosome clearance kinetics, we
performed “chase” experiments where cells were treated for 2 h with 1% serum and 50 mM
ammonium chloride and then washed and incubated in complete DMEM with 10% serum.
Examination of vesicle loss in these cells revealed no significant differences, with both
FNBP1L knockdown and control cells eliminating the majority of LC3-positive vesicles within
4 h of the addition of complete medium (data not shown), a similar time scale to that previously
described (44). Similar chase experiments using rapamycin treatment gave the same results,
with removal of most GFP-bright vesicles within 3–4 h of exposure to fresh serum-replete
medium.

Previous studies have shown that autophagy can be induced by intracellular bacterial pathogens
such as S. Typhimurium and Shigella flexneri (3,14,45). To investigate the role of FNBP1L in
this process, we used a well-characterized model system, S. Typhimurium infection of HeLa
cells.

FNBP1L is essential for efficient autophagy of intracellular S. Typhimurium
We and others have previously used HeLa cells and S. Typhimurium to study the role of the
autophagic process in antibacterial responses (3,6). In these experiments, we infected stably
transfected LC3-GFP HeLa cells with a DsRed2-expressing SL1344 strain under short-
incubation, high MOI conditions, thus ensuring synchronous infection. Cells were analyzed
after 1, 2 or 4 h of infection; under control conditions 1 h is known to be the peak of bacterial
capture within autophagosomes, yet we wanted to eliminate the possibility that FNBP1L
deficiency resulted in delay of autophagy. In control siRNA-treated LC3-GFP cells we
observed a mean of 22 ± 3% of intracellular bacteria in LC3-GFP-positive vacuoles following
1 h of infection (Fig. 5A). HeLa LC3-GFP cells treated with either of two siRNAs directed
against FNBP1L showed a marked reduction in this percentage to a mean of just 5 or 6 ± 2%.
In control cells after 2 and 4 h this percentage dropped markedly to 9 and 6 ± 2%, respectively.
FNBP1L deficient cells yielded just 6 or 7 ± 2% encapsulation after 2 h and 3 or 4 ± 2% bacterial
autophagy after 4 h. These data showed a significant loss of anti-Salmonella autophagy in
FNBP1L-deficient cells after 1 h, with no recovery of autophagy at later time points, indicating
that FNBP1L ablation results in anti-Salmonella autophagy failure, not merely delay. The
percentage of LC3 membrane engulfment of SL1344 in control cells is within the range
reported by ourselves and others for HeLa cells transiently transfected with LC3-GFP
constructs (∼15–25% at 1 h, falling to 5% after 2 h) (3,6). For the experiments described in
this article, MOI was maintained at 1:100 and a comparison of S. Typhimurium infection of
cells receiving siRNA directed against FNBP1L with control-treated cells showed no
significant alteration in the numbers of invading bacteria nor in the kinetics of invasion (data
not shown). Similar numbers of bacteria were found attached to or internalized within (at 20
min and 1 or 2 h postinfection, respectively) both siFNBP1L- and siControl-treated cells.
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Because we had identified FNBP1L as interacting with ATG3, we also performed experiments
to determine whether ATG3 was essential to anti-Salmonella autophagy by using ATG3-
replete or -deficient MEFs. MEFs were seeded into 12-well plates as described above,
transfected with 0.5 μg of LC3-GFP plasmid, and subsequently infected with SL1344-DsRed2
after 48 h. In ATG3-deficient cells the percentage of bacteria observed within LC3-GFP-
positive membranes was markedly reduced at all time points studied compared with control
cells in a similar fashion to that seen in FNBP1L knockdown. In ATG3-replete cells 19 ± 3%
of bacteria were within LC3-GFP-compartments after 1 h of infection, falling to 5 and 4 ± 2%
after 2 and 4 h, respectively. In contrast, ATG3-deficient MEFs failed to encapsulate more than
4 ± 2% of internalized Salmonella within LC3-positive membranes at any time point. These
results (pooled from two independent experiments) showed significantly less anti-
Salmonella autophagy in ATG-deficient cells than ATG3-replete MEFs at 1 h postinfection
(p > 0.005); however, the difference was lost by 2 h after infection. We thus concluded, as has
been observed for classical autophagy (34), that ATG3 was essential for the autophagy of S.
Typhimurium.

Previous studies have shown that FNBP1L associates with the active form of Cdc42 (GTP
bound) and is essential for activation of the neural Wiskott-Aldrich syndrome protein, both in
vitro and in vivo (19,46). Therefore, we explored whether Cdc42 plays an active role in anti-
Salmonella autophagy and whether the Cdc42-FNBP1L interaction is required for this process.
Using siRNAs directed to Cdc42, we established robust knockdown of Cdc42 mRNA message
in HeLa-LC3-GFP cells (supplemental Fig. S3A). Infection of these cells with S. Typhimurium
resulted in levels of bacterial internalization similar to those in control-treated cells, as has
been previously established (47). In addition, we observed no overt effect of Cdc42 knockdown
upon cytoskeletal morphology at the time points studied (48 h post-transfection), similar to
previous studies (47). Cdc42 knockdown did not result in a significant reduction of bacteria
within autophagosomes (supplemental Fig. S3B). Autophagosomes in Cdc42-deficient cells
formed around bacteria within the same time scale as in control cells, and no overt differences
in autophagosome cellular location or shape were observed (supplemental Fig. S3C).

The FNBP1L-deficient phenotype can be fully and specifically rescued by restoration of
FNBP1L expression

To ensure that the observed loss of anti-Salmonella autophagic ability was due to FNBP1L
depletion, we undertook rescue experiments using FNBP1L constructs with synonymous
mRNA mutations within the siRNA target sequences. Cotransfection of HeLa LC3-GFP cells
with control siRNA and wild type or either rescue sequence resulted in no significant alteration
in the anti-Salmonella autophagic response to Salmonella infection (Fig. 5B, upper graph).
FNBP1Lsi1-treated cells showed a marked loss of autophagic activity with siRNA alone and
were fully rescued only with FNBP1L R1 rescue construct but not the wild-type or the R2
rescue construct sequence. Likewise, rescue of FNBP1Lsi2-transfected cells was only
accomplished with FNBP1L R2 and not with the wild-type or R1 construct. This result was
confirmed by Western blotting, with the expression of FNBP1L observed only under the
appropriate rescue conditions (Fig. 5B, lower panels). These data confirm that FNBP1L is
required for anti-Salmonella autophagy.

Detailed microscopic examination showed that cells in which FNBP1L was silenced displayed
a lack of bacterial/LC3 colocalization despite having normal levels of LC3-GFP expression
and often showing many small LC3-GFP vesicles throughout the cytoplasm (Fig. 5C).
Autophagic capture of bacteria was almost entirely absent in FNBP1l-deficient cells, and no
partial LC3-positive membrane enclosure events (e.g., autophagic cups or putative pre-
autophagosomal structures) were observed, suggesting an initiation failure rather than an
autophagosomal completion defect. These findings are indicative of a failure to assemble the
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autophagic apparatus in adequate quantity or density to generate sufficient membrane to engulf
bacteria despite the ability to generate smaller autophagic vesicles in response to bacterial
infection or starvation signals.

To further confirm these results and demonstrate conclusively that FNBP1L-dependent
autophagy is an antibacterial mechanism in epithelial cells, we performed gentamicin
protection assays in control, ATG16L1-, or FNBP1L-deficient HeLa cells followed by
quantification of viable bacteria (Fig. 5D). We had previously established that ATG16L1 is
essential for anti-Salmonella autophagy in HeLa cells (6) and therefore included an ATG16L1-
directed siRNA as a positive control for loss of autophagy. We observed no significant
differences in numbers of viable internalized bacteria at 1 or 3 h, but at 5 h postinfection the
control cells harbored significantly fewer viable bacteria than ATG16L1- or FNBP1L-deficient
cells. This result demonstrates that anti-Salmonella autophagy is both a potent restraint upon
bacterial replication within the intracellular niche and is dependent upon FNBP1L.

FNBP1L is associated with a subpopulation of internalized bacteria, colocates with ATG3,
and is required for ATG3 association with internalized S. typhimurium

We reasoned that if FNBP1L was associated with the autophagy apparatus via ATG3, it should
be possible to place both FNBP1L and ATG3 around internalized bacteria during infection.
Currently available Abs are not sensitive enough to permit immunofluorescent detection of
endogenous FNBP1L, and therefore we overexpressed FNBP1L-GFP in HeLa cells and
examined its location during infection with S. typhimurium. We were able to observe that, 40
min after infection, internalized bacteria could be found closely surrounded by rings or “halos”
of FNBP1L-GFP in a manner not observed at earlier time points nor with GFP alone (Fig. 6A).
The kinetics of the bacterial FNBP1L-GFP localization was shifted toward earlier time points
than that of LC3-GFP, peaking at 40 min postinfection (Fig. 6B) rather than at 1 h. This apparent
association of FNBP1L to the SCV was lost post-autophagic encapsulation because we did not
observe colocalization of mRFP-LC3 and FNBP1L-GFP around bacteria (data not shown).
Expressing the ATG3-GFP construct also resulted in localization to bacteria within a similar
time scale, and at 40 min postinfection an average of 10% of internalized bacteria were
surrounded by ATG3-GFP “halos.” This ATG3 localization was FNBP1L-dependent, because
knockdown of FNBP1L by siRNA resulted in a significant loss of ATG3 halos (Fig. 6C). Using
the ATG3-GFP construct along with cotransfection of FNBP1L-Myc, we observed
colocalization of these proteins both around internalized bacteria and in other vesicular
structures in proximity to internalized Salmonella. It is of note that none of the FNBP1L- or
ATG3-associated bacteria or the costained vesicular membranes were associated with F-actin
(as determined by phalloidin staining). Confocal z-reconstruction of image stacks also showed
the bacteria to be within the cytoplasmic volume. Therefore, we do not believe that these
observations were caused by bacterial entry artifacts, nor were they simply surface ruffles or
tubules induced by FNBP1L overexpression.

Salmonella-containing vesicle handling and bacterial ubiquitination is unaffected by
FNBP1L knockdown

To control for the possibility that FNBP1L knockdown blocked SCV maturation or
maintenance, we performed control experiments in which we examined SCV maturation. SCV
maturation is a process by which the nascent SCV acquires a number of cellular markers,
including LAMP1, through Rab7-dependent interactions with the endosomal recycling system
(48). It is worth noting that SCVs exclude most lysosomal enzymes and avoid direct lysosomal
fusion; thus, acquisition of a subset of lysosomal glycoproteins does not signify lysosome-
mediated killing of internalized bacteria. LAMP1 was chosen as a marker because it is acquired
by the SCV with similar kinetics that of to anti-Salmonella autophagy, with maximal LAMP1/
SCV-colocalization 1 h postinfection (49). SCV maturation was assessed by the staining of
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infected cells with anti-LAMP1 Abs 1 h postinfection followed by the counting of LAMP1-
bacteria colocalization. In both control and FNBP1L-knockdown HeLa cells, the proportion
of SCVs acquiring LAMP1 after 1 h remained constant at between 48 and 53% (Fig. 7A). This
figure is similar to that observed by others in this model system (49) and indicates that SCV
maturation kinetics are not affected by FNBP1L ablation.

Autophagosome formation around intracellular S. Typhimurium has been linked to
permeabilization of the SCV membrane by the SPI1 secretion apparatus (3). This results in
bacterial ubiquitination, and this or another uncharacterized signal from the cytoplasm appears
essential for anti-Salmonella autophagy. We considered that the loss of FNBP1L might reduce
or eliminate ubiquitination of SCV-permeabilizing bacteria or otherwise alter SCV membrane
dynamics, and we therefore performed staining for ubiquitination of bacteria in FNBP1L-
deficient and control HeLa cells. In both control and FNBP1L-deficient cells the ubiquitination
of bacteria was maintained at ∼25%, and no significant differences were observed between
conditions (Fig. 7B).

FNBP1L constructs lacking either the F-BAR or HR1 domains act as dominant negatives
We reasoned that the role of FNBP1L in autophagy would require both membrane and ATG3
interactions, and therefore truncations lacking either one of these features would act as
dominant negatives. This was indeed the case, with both FNBP1L-1–293 and 110–547
significantly reducing the proportion of Salmonella within autophagic compartments at 1 h
postinfection (Fig. 7C). Compared with vector control, overexpression of FNBP1L did not
result in significant alteration in autophagy rates; however, FNBP1L-1–293 markedly reduced
autophagy compared with full-length FNBP1L. This reduction from 22 ± 2%) to just 7.0 ± 2%)
was not as dramatic in the case of the FNBP1L-100–547 construct, where S. Typhimurium
captured by autophagy only fell to 12 ± 2%); however, both results were statistically significant.

Discussion
In this study we demonstrate a strategy for discovering novel human autophagy components
by building upon the yeast interaction network. The mapping of yeast autophagy components
onto human orthologs identified some 14 novel putative autophagy-related components. In
parallel, we also extended the yeast interolog network to encompass both first and second order
interactions, which revealed a number of interesting, functionally related clusters
(supplemental Fig. S1B). ATG5 and ATG12 exhibited extensive second order connectivities
with a cluster of proteosomal components via PSMD2, itself a regulatory subunit of the 26S
proteasome. It has become clear that under some conditions autophagy and the proteasome
share substrates and that homeostatic protein turnover is accomplished through a regulated
balance of their activities (50). This interaction of a regulatory proteasome subunit with the
autophagy apparatus highlights a potentially important interplay between autophagy and the
proteasome machinery.

In our initial “hybrid” mapping we found that ATG12 interacts with the phospholipid
scramblase PLSCR1, a protein with a known role in movement of phospholipids, response to
growth factors, acute phase responses, and IFN-mediated antiviral activities and whose
expression level is highly responsive to TLR and dectin receptor ligands (51–53). In addition,
PLSCR1 is thought to exhibit antileukemic activity via its interactions with Bcl-2 and c-Myc
(54,55), which is especially intriguing because Beclin-1 also is known to interact with Bcl-2
(56). Almost all of these functions have plausible links to autophagy regulation, especially in
phagocytes. It is also known that during programmed cell death, dying cells expose specific
phospholipids (e.g., phosphatidylserine) on their cell surfaces as a signal for their rapid
phagocytosis and disposal and that both phosphatidylserine display and cell corpse disposal
are autophagy dependent (57). It is tempting to speculate that PLSCR1 may in part be
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responsible for such activities, either in generating the cell membrane signal during cell death
or by performing a similar role upon membrane-bound organelles within the cell, e.g.,
mitochondria, marking them as autophagic cargo.

Also intriguing is the recent identification of two focal adhesion-associated proteins that play
key roles within autophagy, namely paxillin and FIP200 (58,59). In mammalian cells, paxillin,
vinculin, and FIP200 can be localized to classical autophagosomes following starvation.
However, at least in the case of FIP200, this appears to occur in a focal adhesion kinase (PTK2)-
independent fashion via interaction with ULK/ATG1, suggesting that the entire focal adhesion
complex is not required for autophagy (58). In our yeast interactome we identified PTK2 as
an interactor with ATG12 and we note that ULK overexpression also yields changes in cell
morphology, suggesting that additional interplay between focal adhesion and autophagy
proteins remains to be discovered. There is likely to be a role for specific membrane trafficking
and fusion events within the autophagy process, and Rab5 is known to be essential for the
assembly of autophagosomes from smaller membrane compartments (60). Previously, the only
known role of Rab5 was in endocytosis, also a process with which FNBP1L has been associated
(20,43). These recent results suggest that components of the cytoskeleton/membrane interface
apparatus are key mediators of autophagosome formation.

It is known that FNBP1L is involved in the generation of membrane structures and dynamic
membrane folding events (19,21,61) and that BZZ1 performs a partially redundant role in yeast
endocytosis, linking the cytoskeleton to sites of clathrin accumulation (20,43). We were able
to demonstrate via siRNA that FNBP1L is essential for anti-Salmonella autophagosome
formation and that the siRNA-mediated phenotype can be rescued by the restoration of
FNBP1L expression. Our data also show that in epithelial cells FNBP1L is essential for the
restriction of S. Typhimurium replication within the intracellular niche. This control of
replication was established postinvasion, because similar numbers of bacteria were internalized
by FNBP1L-deficient and control cells, and differences were only observed during the
replicative phase of infection (3–5 h postinvasion). The ability of cells to generate and process
classical autophagosomes and the presence of small LC3 puncta in Salmonella-infected,
FNBP1L-deficient cells indicated that FNBP1L did indeed play a crucial role solely in the
assembly of anti-Salmonella autophagosomes. We were able to place FNBP1L-GFP
surrounding internalized bacteria, an association with the SCV membrane that suggests
FNBP1L may act as a scaffold between the cargo and the growing autophagosome. The
FNBP1L-bacteria localization was largely matched in both frequency and location by ATG3,
with both proteins coassociating with a subset of internalized bacteria at 40 min postinfection.
We demonstrated that ATG3 was required for successful anti-Salmonella autophagy and
showed that ATG3 recruitment to the SCV was dependent upon FNBP1L, further validating
the functional significance of the ATG3/FNBP1L interaction. Based upon these findings, we
postulate that FNBP1L is required for the autophagic encapsulation of intracellular bacteria.
It is thought that the antibacterial autophagic process proceeds via the assembly of large
autophagosomes that conform to the shape of their cargo. This is in contrast to other forms of
autophagy, where spherical vesicles do not conform to their contents (62). It has been suggested
that the BAR domain-containing protein Bif-1 is essential for classical autophagy (63), acting
as a scaffold to localize class III PI3K activity to the autophagic membrane. In antibacterial
autophagy following the formation of an autophagosomal cup, the double membrane must be
extended and fused to form a complete autophagosome, enveloping the bacterium (3). This
process is likely to require significantly enhanced membrane generation and extension than
that required for smaller classical autophagosomes. It has been shown that the amount of
available ATG8 (LC3) serves to control the size of autophagic vesicles (64) in yeast. Thus, we
postulate that FNBP1L serves as a scaffold to tether the ATG3/7 complex close to the
autophagic cargo, localizing LC3-PE generation to the nascent autophagosome, driving
formation of large autophagic membranes.
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Although the exact nature and stimuli behind the process of anti-Salmonella autophagosome
initiation remain largely unresolved, in this study we present FNBP1L as a molecule with a
specific role in anti-Salmonella autophagy as distinct from classical autophagy. The
identification of FNBP1L using a network method built upon the yeast interactome
demonstrates both the large level of evolutionary conservation of autophagy components from
yeast to mammals, as well as the evolution of mammalian autophagy to a more diverse and
sophisticated system. We postulate that it is likely that many as yet unknown mammalian
autophagy components will also be conserved from yeast, and we believe that our approach
provides an insight into these previously unidentified mammalian autophagy components.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Integrated network approach to uncover novel human autophagy effectors. A, Construction of
protein interaction network centered on human proteins implicated in the core autophagy
“machinery” (red squares) comprising the initiation factor (BECN1) and elongation
components of the ATG12 conjugation system (ATG12, ATG7, ATG10, ATG5, and
ATG16L1) and the LC3 conjugation cascade (MAP1LC3, ATG4, ATG7, and ATG3). Blues
circles denote human proteins interacting with the core autophagy proteins. B, Yeast interolog
projection. The human network is extended by projecting the yeast network centered on yeast
autophagy proteins mapped to human orthologs. A more extensive figure of the yeast
autophagy network is shown in supplemental Fig. S1A. C, The resulting hybrid yeast-human
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interaction map with orthologous interactions (or interologs) from the yeast network
superimposed onto the human network. D, Combined with literature (PubMed) co-citation
analysis, a number of components interacting with core ATG proteins derived from the hybrid
map can be broadly annotated as having an involvement with membrane or vesicle structures.
The intensity of the “heat map” denotes the extent to which each specific term is co-cited with
each protein in the PubMed database.
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FIGURE 2.
Cellular localization and functional associations of core and potential AFA. Core human
autophagy components (red ovals) and potential AFA (blue ovals) identified from yeast-human
interolog mapping and protein network extensions from two-hybrid screen data are placed in
cellular compartments and in the context of functional associations (black dashed lines). This
map also incorporates protein-protein interactions (gray solid lines) from the yeast-human
interolog network featured in Fig. 1C. A more detailed annotation of each component is
provided in supplemental Table I.
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FIGURE 3.
FNBP1L interacts with ATG3 via the FNBP1L HR1 domain and locates to internalized
bacteria. A, Schematic representation of FNBP1L constructs used in this study. FCH, FER/
CIP4 homology (FCH) domain; CC, coiled-coil domain; HR1, protein kinase C-related kinase
homology region 1; SH3, Src homology 3 domain. B, Full-length FNBP1L or FNBP1L mutants
and ATG3 were expressed in HEK293T cells either together or individually as indicated.
Twenty-four hours after transfection the expressed proteins were immunoprecipitated (IP) and
probed with the indicated Abs. FNBP1L/ATG3 binding was observed to be HR1 domain
dependent. HC, Heavy chain; KD, kDa.
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FIGURE 4.
siRNA-mediated knockdown of FNBP1L has no effect upon transferrin endocytosis or
autophagy induced by classical stimuli. A, Effective knockdown of FNBP1L mRNA in HeLa
cells is achieved by all three siRNA duplexes (si1, si2, and si3) directed against FNBP1L,
compared with a control (nontargeting) duplex. Mean FNBP1L mRNA abundance values,
normalized to GAPDH control reactions, are shown (±SEM). The p values were calculated
using a one-way ANOVA followed by a post hoc Student's t test using the Bonferroni correction
compared to siControl (siC) values. Data were calculated from three separate samples for each
condition, with PCR performed in duplicate. The lower panels show endogenous FNBP1L
protein, detected using FNBP1L-specific Abs, in cells transfected with control and the FNBP1L
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si1 and si2 RNAi duplexes. The same blots, reprobed for β-tubulin (B-tubulin) are shown to
confirm equal loading. B, Transferrin endocytosis is unaffected by FNBP1L knockdown. HeLa
cells were transfected with control or FNBP1L-directed siRNAs or a dominant negative
dynamin (K44A) construct (as a control for endocytosis inhibition) and 48 h later were serum-
starved for 1 h and exposed to fluorescently labeled transferrin for up to 40 min. Following
washing, cells were placed on ice and analyzed by FACS. Normalized average fluorescent
intensities from triplicate samples are shown (±SEM). Statistical comparison by two-way
ANOVA, followed by post hoc t tests (Bonferroni corrected) showed only dominant negative
dynamin-expressing samples to be significantly different (p < 0.01 at all time points). C,
FNBP1L knockdown does not inhibit classical autophagy induced by serum starvation and
ammonium chloride treatment. HeLa LC3-GFP cells were transfected with control and
FNBP1L-directed or ATG16L1-directed siRNAs and autophagy was induced after 48 h by
incubation in 1% serum medium with 50 mM ammonium chloride for 4 h. Cells were then
lysed, equalized for protein amounts, and blotted with anti-GFP Abs following SDS-PAGE.
Autophagy was quantified by the generation of the lipidated LC3-GFP product (LC3-GFPII);
note the absence of this product in 10% serum control-treated cells and the loss of product in
ATG16L1-deficient cells (as previously published in Ref. 6). No differences in the amount of
LC3-GFP II produced were observed between similarly treated control and FNBP1L-deficient
cells. D, FNBP1L knockdown does not inhibit classical autophagy induced by rapamycin.
HeLa LC3-GFP cells transfected with control or FNBP1L-directed siRNAs were either grown
in 10% serum (left panels) or treated with 200 nM rapamycin for 24 h (right panels). No
differences were observed in either case, with robust LC3-GFP (green in merge columns)
vesicle and aggregate formation seen in all cases upon rapamycin treatment. The actin
cytoskeleton of cells (red in merge columns) was also unaffected by siRNA treatments. Images
are projections of confocal z-stacks; scale bars represent 10 μm.
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FIGURE 5.
FNBP1L is essential for autophagy of internalized S. typhimurium. A, FNBP1L-directed
siRNA significantly reduces autophagy of S. Typhimurium. HeLa cells stably transduced to
express LC3-GFP were subjected to siRNA knockdown and 48 h later were infected for 1, 2,
or 4 h (filled, gray, and open bars, respectively) with S. Typhimurium. Following fixation and
mounting, the percentage of internalized SL1344 encapsulated within LC3-GFP positive
membranes were calculated. A statistically significant difference between control and FNBP1L
deficient cells was observed at 1 h postinfection when compared with siControl at 1 h; *, p <
0.005. At least 50 cells per condition were used to count total internalized SL1344 and LC3-
GFP+ SL1344 in each experiment. Data shown are means of three independent experiments ±
SEM; significance was assessed using a two-way ANOVA followed by post hoc Student's t
tests with Bonferroni's correction. B, The effects of FNBP1L-siRNA duplexes upon anti-
Salmonella autophagy can be specifically rescued using appropriately modified FNBP1L
sequences. LC3-GFP HeLa cells were cotransfected with siRNA (si) alone (filled bars), siRNA
plus wild-type (WT) FNBP1L (dark gray bars), siRNA plus the FNBP1L R1 rescue construct
(light gray bars), or siRNA plus the FNBP1L R2 rescue construct (open bars). Forty-eight
hours later the cells were infected for 1 h with S. Typhimurium and the autophagy rate was
assayed as described, or the cells were lysed for Western blotting (lower panels). Rescue of
both the autophagy phenotype induced by siRNA against FNBP1L and FNBP1L expression
was observed only in the presence of the appropriate rescue construct, indicating that the loss
of FNBP1L was fully responsible for the siRNA phenotype observed. Significant differences
between siControl samples and matched siFNBP1L groups were assessed by one-way
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ANOVA, followed by post hoc t tests with Bonferroni correction; *, p < 0.005. Expression of
the appropriate rescue construct in FNBP1L-deficient cells returned the autophagy rate to a
level comparable to that of the siControl samples (as indicated by the loss of statistically
significant differences compared with control cells). Autophagy rate data is shown as means
of two independent experiments ± SEM. C, Autophagy of S. Typhimurium requires FNBP1L.
Representative images of the experiments summarized in A. S. Typhimurium (red in merge
column) is frequently targeted for autophagic encapsulation by LC3-GFP-positive membranes
(green in merge column) in control cells; this encapsulation is largely absent following
FNBP1L knockdown, although small cytoplasmic LC3-GFP puncta are still visible. Actin is
shown as blue in the merged image. Images are confocal projections of z-stacks and scale bars
represent 10 μm. D, FNBP1L-dependent autophagy serves to control S. Typhimurium
replication within epithelial cells. HeLa cells were transfected with control or ATG16L1- or
FNBP1L-directed siRNA duplexes (si1 and si2) and infected with S. Typhimurium 48 h later.
Following 1, 3, or 5 h of gentamicin protection, cells were lysed and serially diluted and the
lysates were plated to determine viable bacterial numbers. We observed significant elevations
in bacterial numbers in both ATG16L1- and FNBP1L-deficient cells compared with controls
after 5 h. Data shown as means of three independent experiments, each performed in triplicate
± SEM. Significance was assessed using two-way ANOVA followed by post hoc t tests
(Bonferroni correction) comparing ATG16L1- or FNBP1L-deficient cells to controls.
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FIGURE 6.
FNBP1L localizes to a subset of internalized bacteria; ATG3 localization to Salmonella is
FNBP1L dependent. A, FNBP1L-GFP-transfected cells and control GFP-expressing cells were
infected with S. Typhimurium for 40 min, fixed, and examined by confocal microscopy. A
subset of internalized S. Typhimurium was surrounded by FNBP1L-GFP “halos” (arrows);
these structures were absent in GFP-expressing cells. In merged images S. Typhimurium is
shown in blue and FNBP1L-GFP/GFP is green; the scale bar represents 10 μm. Images were
cropped and were taken from high-resolution confocal z-projections. B, Colocalization of
FNBP1L and S. Typhimurium was observed to peak at 40 min postinfection, with a marked
drop at 1 h. The peak of 21% colocalization is of a similar magnitude to that of S. Typhimurium
and LC3-GFP at 1 h. Data are shown as means and SEM and were pooled from two independent
experiments, each counting at least 50 cells per condition. C, Localization of ATG3-GFP to S.
Typhimurium is FNBP1L dependent. HeLa cells were cotransfected with control or FNBP1L-
directed siRNA and ATG3-GFP plasmid and infected 48 h later. Forty minutes postinfection
the cells were fixed, stained, and examined for ATG3-GFP/bacterial association. In control
cells, 10% of internalized S. Typhimurium were placed within ATG3-GFP “halos,” and this
percentage dropped to 1% in the absence of FNBP1L. Data are presented as means with SEM;
data were pooled from two independent experiments, each counting at least 50 cells per
condition. Significance was assessed using one-way ANOVA, followed by post hoc t tests
using the Bonferroni correction, comparing control siRNA to FNBP1L-directed siRNA
samples. D, ATG3-GFP and FNBP1L-Myc colocate to a subset of bacteria within infected
cells. HeLa cells cotransfected with ATG3-GFP and FNBP1L-Myc were infected with S.
Typhimurium for 40 min and fixed and stained. Upper row shows overview of a confocal z-
stack projection with the lower row showing high magnification crops of the area marked in
the merge column. ATG3-GFP is shown as green, FNBP1L-Myc as red, and DNA as blue in
the merged images. Bacteria surrounded by both FNBP1L and ATG3 are marked by arrows
in the lower panelS. Scale bar represents 10 μm.
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FIGURE 7.
FNBP1L is not required for the maturation of the Salmonella-containing vacuole, and FNBP1L
truncations act as dominant negatives. A, FNBP1L knockdown does not affect the maturation
of the SCV. HeLa cells were transfected with control or FNBP1L siRNAs and infected with
S. Typhimurium 48 h later. One hour postinfection the cells were fixed and stained for LAMP1.
The percentage of LAMP1-positive SCVs observed for each siRNA is shown. No significant
differences in LAMP1 accumulation, and hence SCV maturation, were observed. Data are
shown as the means of two independent experiments ± SEM, counting at least 100 cells for
each condition with p values calculated by Student's t test, compared to siControl values. The
accompanying micrographs show representative high-magnification crops of LAMP1 (green
in merge) and DNA to mark bacteria (blue in merge). B, FNBP1L knockdown does not affect
the ubiquitination (Ubq) of internalized Salmonella. HeLa cells treated with control or anti-
FNBP1L siRNAs were infected with S. Typhimurium as above; following fixation, cells were
stained with anti-ubiquitin Abs and examined for bacterial ubiquitination. The number of
bacteria colocalizing with ubiquitin staining were quantified and no significant differences
were observed between control and FNBP1L-deficient cells. Data are shown as the means of
two independent experiments ± SEM, counting at least 100 cells for each condition with p
values calculated by Student's t test, compared to siControl values. The accompanying
micrographs show representative high magnification crops of staining for ubiquitinated
proteins (green in merge) and DNA to mark bacteria (blue in merge). C, FNBP1L truncations
act as dominant negatives, reducing autophagic efficiency against S. Typhimurium. LC3-GFP
HeLa cells were transfected with 500 ng of Myc vector, full-length FNBP1L, or one of two
truncations corresponding to amino acids 1–293 or 110–547 of the full-length protein. Twenty-
four hours later the cells were infected with S. Typhimurium and fixed after 1 h. The number
of bacteria captured within autophagic vacuoles was quantified as previously detailed.
Significant loss of autophagy was observed with both truncated constructs when compared
with full-length FNBP1L expression. Data are shown as means from at least 120 cells per
condition ± SEM, with p values calculated by Student's t test, compared to full-length FNBP1L
values.
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