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Autophagy is a bulky catabolic process that responds to nutrient homeostasis and extracellular stress signals and is a
conserved mechanism in all eukaryotes. When autophagy is induced, cellular components are sequestered within an
autophagosome and finally degraded by subsequent fusion with a lysosome. During this process, the ATG12-ATG5
conjugate requires 2 different binding partners, ATG16L1 for autophagosome elongation and TECPR1 for lysosomal
fusion. In our current study, we describe the crystal structures of human ATG5 in complex with an N-terminal domain of
ATG16L1 as well as an internal AIR domain of TECPR1. Both binding partners exhibit a similar «-helical structure
containing a conserved binding motif termed AFIM. Furthermore, we characterize the critical role of the C-terminal
unstructured region of the AIR domain of TECPR1. These findings are further confirmed by biochemical and cell
biological analyses. These results provide new insights into the molecular details of the autophagosome maturation

process, from its elongation to its fusion with a lysosome.

Introduction

Autophagy is a highly conserved lysosome (vacuole in yeasts)-
dependent catabolic process in eukaryotes that is responsible for
maintaining cellular homeostasis."”> Nonselective autophagy has
been studied for a long time” and many types of selective autoph-
agy involved in the clearance of aggregated proteins, damaged, or
superfluous organelles, and invading pathogens have now been
reported.4'9 When macroautophagy (hereafter referred to as
autophagy) is invoked, cellular cargoes are enveloped within a de
novo generated double-membrane structure known as an auto-
phagosome, and this event is orchestrated by many core machin-
ery autophagy-related (Atg) proteins.'® Two ubiquitin-like
proteins (Ubls), Atgl2 and Atg8 (LC3 in mammals), are
involved in the early stage of autophagosome biogenesis and this
process resembles the typical enzymatic cascade of the ubiquitina-
tion system.'"'? After the C-terminal glycine residue of Atgl2 is
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conjugated to a lysine residue of its substrate Atg5 through
sequential reactions of the autophagic E1-enzyme Atg7 and E2-
enzyme Atgl0, the resulting Atgl2-Atg5 (‘- depicts a covalent
bond) conjugate induces the rearrangement of the catalytic cyste-
ine residue of another E2-enzyme, Atg3, toward a threonine resi-
due corresponding to the conserved asparagine residue in
canonical E2-enzymes.'? The conjugase activity of Atgl2—Atg5
as an E3-enzyme for the lipid phosphatidylethanolamine (PE)
modification of Atg8 is thereby enhanced.'” In a separate process,
to be activated by Atg7, the C-terminal residue of Atg8 is cleaved
by the cysteine protease Atg4 to expose a glycine residue.'’
Through sequential delivery of the processed Atg8 via Atg7 and
Atg3 forming thioester bonds,'® the Atg8 finally forms a covalent
bond to PE and the Atg8-PE conjugate then localizes to the
phagophore (the precursor to the autophagosome) membrane.”
The Atgl2-Atg5 conjugate additionally binds to Atgl6

(ATG16L1 in mammals) to form an oligomeric complex of
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approximately 350 kDa that promotes the elongation of the
phagophore via a largely unknown mechanism.'®"” In compari-
son to yeast Atgl6 (Fig. 1), mammalian ATG16L1 has an addi-
tional 7 repeat WD40 domains, which facilitate the conjugation
of LC3s to PE by recruiting other autophagic components onto
the phagophore membrane and forming an approximately 800-
kDa oligomeric complex.'®2°

TECPRI (tectonin B-propeller repeat containing 1) was
recently characterized as a protein that functions in the autopha-
gosome maturation process by promoting the fusion of autopha-
gosomes with lysosomes®"">* and that also plays a role in selective
autophagy in the innate immune response in Shigella-infected
cells.”*** TECPR1 consists of several repeating tectonin B-pro-
peller repeats, 2 dysferlin domains, and an internal AIR
(ATG12-ATG5-Interacting Region) domain followed by a
pleckstrin homology (PH) domain (Fig. 1). In normal condi-
tions, the AIR binds to the PH domain and induces autoinhibi-
tion to block the interaction between the PH domain and
phosphatidylinositol 3-phosphate (PtdIns3P) molecules of the
autophagosomal membrane and thereby regulate the autophagic
function of TECPRI1.2"?? However, during autophagosome
maturation the ATG12-ATG5 conjugate binds to AIR and the
PH domain is subsequently liberated to attach to a PtdIns3P and
thus tether the autophagosome to a lysosome. These 2 vesicles
will then undergo SNARE-mediated fusion to form an autolyso-
some.?’> When the characteristics of TECPR1 were identified, 2
opposing findings about the colocalization of TECPRI1 and
ATGI6L1 were reported.”"*> TECPRI forms a complex with
the ATG12-ATGS5 conjugate and exclusively with ATG16LI in
mammalian autophagosome maturation whereas it colocalizes
with the ATG12-ATG5-ATG16L1 complex (“-” depicts a non-
covalent interaction) to targeting bacterial pathogens in selective
autophagy. Furthermore, there have been discrepancies between
the results of previous TECPR1-deletion experiments; a normal
autophagic flux was reported by Ogawa et al.>® but autophago-
some accumulation was described by Zhong and colleagues.”'

In our current study, we obtained clues regarding the switch-
ing process from phagophore elongation to autophagosome
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Figure 1. Domain architecture of ATG5-interacting proteins. (Top) Atg16
from Saccharomyces cerevisiae consists of only 2 domains, Atg16N (yel-
low) and a coiled-coil (CC) region. (Middle) human ATG16L1 is a much
larger protein consisting of ATG16N69 (purple), CC, and WD40 repeats.
(Bottom) TECPR1 is a very large protein showing a complex domain com-
position including 2 dysferlin domains (DysF), several tectonin -propel-
ler repeats (TECPR), a pleckstrin homology (PH) domain, and TECAIR
(green).
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maturation based on the crystal structures of the
ATG5-ATG16L1 N-terminal 69 residues (ATG16NG69) and
ATG5-TECPR1 AIR (TECAIR) complex. Our findings rule out
the ternary complex formation of ATG12-ATG5-(ATG16L1-
TECPR1), which is found in bacterial clearance.?* Both ATG5
interacting partners have an a-helical structure and compete for
the binding site of ATGS5 via a conserved sequence W-x-x-x-I-x-
x-X-L-x-x-R-x-x-x-Q/E, which we termed AFIM (ATG5 (Five)-
Interacting Motif). Furthermore, we characterized the critical
role of the C-terminal unstructured region of TECAIR. The sig-
nificance of the AFIM sequence revealed by both crystal struc-
tures and the role of C-terminal unstructured region of TECAIR
were evaluated by in vitro mutant analysis and in vivo autophagy
flux measurements. Our current results provide new insights into
the molecular mechanisms underlying autophagosome matura-
tion, from its elongation to its fusion with a lysosome.

Results

Structure determination of the ATG5-ATG16N69
and ATG5-TECAIR complexes

To determine the crystal structures of the ATG5-ATG16L1
and ATG5-TECPRI complexes, we initially tried to express full-
length ATGS5 alone and its binding partners ATG16L1 and
TECPRI separately. Although the ATG5 was expressed as a solu-
ble protein, we faced an aggregation problem at the later stages of
purification. The expression of full-length ATGI16L1 and
TECPR1 was also not straightforward, and the well-characterized
ATG5-binding regions of ATG16L1 and TECPR1 did not
behave well in solution when expressed alone. We thus co-
expressed ATG16N69 and TECAIR with full-length ATG5 and
were able to copurify these products successfully (details provided
in Materials and Methods). The tight complex structures of the
ATG5-ATG16N69 and ATG5-TECAIR are a likely explanation
for their comigration at different chromatographic steps (Fig. 2
and Fig. S1).

Human ATGS5 consists of 2 ubiquitin-fold domains 1 and 2
(UFD-1 and UFD-2, respectively),26 which are the equivalent of
the ubiquitin-like domains A and B (UbIA and UbIB, respec-
tively) of yeast Atg5,27 and a helix rich (HR) domain exists
between them (Fig. 2A and C). The UFD contains 3 or 4
B-strands flanked by 2 a-helices in a similar arrangement to typi-
cal Ubl structures,”®?? and the HR domain contains 4 a-helices
(Fig. 2A). Consequently, a total of 9 a-helices including the first
helix a1 and 7 B-strands comprise the ATG5 structure with an
approximate dimension of 65 x 45 x 45 A. Forty out of 69
amino acid residues in the ATG16N69 fragment were present in
the electron-density map and the rest were missing (Fig. S2A).
The AIR domain of human TECPR1 has been reported as resi-
dues 566 to 610 of the protein.”’ For crystallization, however,
the construct was manipulated to shorten the AIR domain to
contain residues 573-610 because the front region was predicted
to be disordered and generate twinned crystals. Although the
new construct also produced twinned crystals, they were less
severe. The crystal quality was dramatically improved by using a
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microseeding  technique
at 4°C (see Materials and
Methods).  Similar to
ATG16NGY, only the 32
residues  of TECAIR
directly interacting with
ATGS5 were seen on an
electron-density map

(Fig. S2B).

Overall structure of
the ATG5-ATG16N69
and ATGS5-TECAIR
complexes

UFDs of human
ATG5 show structural
similarity with ubiquitin
and Ubls (Fig. S3), such
as ATG12, with Z scores
of 85 (PDB code
3EHV)® and 8.7 (PDB
code 4GDK).?® By analy-
sis using the DALI
server,”’ the root-mean-
square (r.m.s.) deviations
between these UFDs are
less than 2.2 A. The
inserted HR  domain
shows a relatively low
structural similarity with
other domains. The high-
est Z-score was found to
be 3.7 against the Zn-
sensing  transcriptional
regulator, ZntR in E. coli
(PDB code 1Q08).%*

ATG16NG69 and
TECAIR bind to ATG5
by interacting noncova-
lendy  with  UFD-1,
UFD-2, and N-terminal
helix a1 (Fig. 2A and C).
In the recentdy deter-
mined ATGI12-—-ATGS5-
ATGIO6N triple complex
structure,”® it was also
shown that 33 residues
(from GIn11 to Ser43) of
ATGI16N are sufficient
to bind to ATGS5, and

this is similar to our cur-
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Figure 2. Structure of the ATG5-ATG16N69 and ATG5-TECAIR complexes. (A) Ribbon diagram of the structure of ATG5-
ATG16N69. UFD-1, UFD-2, and the HR domain in ATG5 are highlighted in yellow, pale cyan, and pale green, respec-
tively. The N-terminal helix is colored orange and invisible residues (226-231) are denoted by cyan dots. The secondary
structural elements are sequentially labeled. The N- and C-termini are also labeled. ATG16N69 is highlighted in purple,
and its N- and C-terminal residues are indicated. (B) Molecular surface diagram showing the electrostatic potential of
ATG5. Negatively and positively charged surfaces are colored red and blue, respectively. The invisible region is indi-
cated by a transparent gray oval. The ATG16N69 protein highlighted in purple is shown as a ribbon diagram with a stick
model of interacting residues with ATG5. For clarity, the residues are labeled in purple and the ‘a’ is appended to the
residue number of ATG16N69. (C) Ribbon diagram of the ATG5-TECAIR structure. The color scheme for ATG5 is the
same as in panel (A). The invisible residues (26-31 and 60-65) of ATG5 are shown as yellow dots. TECAIR is colored
green and its N- and C-terminal residues are indicated. (D) Molecular surface diagram following the arrangements
described in panel (B) with TECAIR colored green and shown as a ribbon diagram. The residues interacting with ATG5
are labeled in green and the ‘t’ is appended to the residue number of the TECAIR protein.

rent structural finding of the absence of ATG12 conjugation. different protein components and has different crystalline pack-
Additionally, ATG16NG9 forms a crystallographic homodimer  ing.*® The results of size exclusion chromatography plus multi-
via its hydrophobic residues (Fig. S4A) and, intriguingly, the angle light scattering (SEC-MALS) analysis of our ATGS5-
ATG12-ATG5-ATGI16N complex also shows a crystallographic  ATG16N69 complex also revealed a clear dimer in solution
dimer in the exactly same manner (Fig. S4B) although it contains  (Fig. S1). This contrasts with the yeast Atg5-Atgl6 complex
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structure,”’ which shows a relatively unstructured C-terminal
helix in ATGI16L1 providing an additional binding force for its
association with ATGS5 rather than self-dimerization (Fig. S5).
We conclude from these findings that the N-terminal helix of
human ATGI6LI is not only sufficient to interact with ATGS5,
but also drives self-dimerization even without the middle coiled-
coil region, which is mandatory for dimerization of the Atgl6/
ATGI6L1 protein from yeast and human.**** In the case of
TECAIR, however, the binding helix is more similar to that of
yeast Atgl6 (Fig. S5). The solution behavior of the ATGS5-
TECAIR complex is similar to that of yeast Atg5-Atg16N, which
is a monomer (Fig. S1). Hence, it is not involved in self-dimer-
ization but in the interaction with ATGS5, as described below.

In the ATG5-ATG16N69 complex structure, 35 residues of
ATGS5 and 22 residues of ATG16NG69 interact with each other
with an interface area of 1082.6 A% Through complexation, the
A'G value and A'G P-value are changed by -10.0 kcal mol ™! and
0.114, respectively, and the complexation significance score
(CSS) is 1.0. Similarly, in the ATG5-TECAIR complex struc-
ture, 41 residues of ATG5 interact with 21 residues of AIR and
form a 1213.9 A? interface area. The A'G and A'G P-value in
this case are changed by -16.9 kcal mol~!and 0.159, respectively,
and the CSS is 1.0. These properties were evaluated using PDBe-
PISA.?® Interestingly, the same hydrophobic region of ATGS5 is
occupied by ATG16NG69 or TECAIR through their helical seg-
ment (Fig. 2B and D) and the larger binding surface between
ATGS5 and TECAIR comes from the unstructured C-terminal
portion of TECAIR, which is similar to that of yeast Atg5
(Fig. 3B and S5). These results indicate that ATG16L1 or
TECPRI form a complex with ATG5 using the same binding

site and are therefore mutually exclusive.

ATGI16L1 and TECPRI1 bind to ATG5 via a conserved
motif within an a-helix

Although ATG16N69 and TECAIR exhibit structural dif-
ferences in their overall binding to ATGS5, they adopt a sim-
ilar o-helical structure, which was originally described in the
Saccharomyces  cerevisiae  Atg5-Atgl6  (1-57)  structure
(Fig. 3C). In this helix, 3 non-polar residues are oriented
toward the hydrophobic cleft of ATG5 and charged residues
make additional salt bridges near this cleft. The major inter-
acting residues are Trpl3a, Ilel7a, Leu2la, Arg24a, and
GIn28a of ATGI6NG69 and Trp578t, Ile582t, Leu586t,
Arg589t, and Glu583t of TECAIR. In our current report,
@’ and ‘C are appended to the residue number of ATG16L1
and TECPR1 for clarity. From amino acid sequence align-
ment analysis (Fig. 3D), we identified a shared region with
properties of a motif for ATG5 binding by comparison with
other species. We denoted this W-x3-I-x3-L-x,-R-x3-Q/E
motif as AFIM, which can accommodate several residue per-
turbations but which has similar side chain sizes and chemi-
cal properties.

In the AFIM, tryptophan residues (Trpl3a and Trp578t)
make a hydrophobic cluster with Thr249, Pro250, and
Trp253 of ATGS5, and Ile (Ilel7a and Ile582t) and Leu
(Leu2la and Leu586t) residues are also adjusted to the
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hydrophobic biding pocket established by Val7, Ile243,
Pro245, Thr249, Pro250, Trp253, and Leu258 of ATG5
(Fig. 4A and B). In addition to the hydrophobic interactions,
Arg24a and Arg589t form bipartite ionic interactions with
the 2 main chain carbonyl oxygen atoms of ATGS5: His241
from UFD-2 and Aspl0 from N-terminal helix (Fig. 4A and
B). The only difference in the AFIM between ATG16NG9
and TECAIR is in the last residues. GIn28a of ATG16N69
uses a side chain oxygen atom to make a polar interaction
with a nitrogen atom of Arg4l of ATGS5 (Fig. 4A). The
Glu593t of TECAIR uses both oxygen atoms to make an
ionic interaction with the guanidium group of Arg4l
(Fig. 4B). To further dissect these interactions, we tried to
generate mutants of ATG16NG69 or TECAIR fused with a
GST or MBP tag to perform in vitro affinity isolation assays.
However, the fusion proteins were degraded probably due to
their intrinsic instability and in the case of TECAIR this was
much more severe. The importance of the key determinants
was instead elucidated in a mammalian 2-hybrid assay
(Fig. 4C and D). Ile17a, Leu2la, and Arg24a of ATGI16NG9
and Ile582t, Leu586t, and Arg589t of TECAIR were tested
in the first instance because they are highly engaged in the
binding to ATGS5 as part of the AFIM. When each of the
hydrophobic Ile and Leu residues was mutated to the bulkier
Trp residue, the binding between ATG5 and ATG16NG9 or
TECAIR was almost undetectable (Fig. 4C and D). Also,
when we mutated the positively charged Arg to Asp, the ionic
interaction must have been disrupted and indeed no luciferase
activity was detected (Fig. 4C and D). These results revealed
that the bulky mutation of hydrophobic residues and charge
reversal of the Arg residue in ATG16L1 or TECPRI prevents
the interaction with ATGS5 via steric hindrance and charge-
charge repulsion. Hence, the appropriate size and charge of
the side chain atoms of AFIM are requisite for the binding
of ATGS.

Contribution of additional interactions outside the AFIM

In addition to the AFIM, the remaining part of the helix
also contributes to the interactions of ATG16L1 or TECPR1
with ATG5. Within the ATG5-ATG16NG69 structure, the C-
terminal portion of ATG16NGY contains several residues sit-
uated toward the interface, such as Phe32a, Ile36a, Tyr39a,
and Leu43a (Fig. 4E). The Pro17, Tyr36, and His55 residues
of ATG5 contained in the B1 and B2, strands and a2 helix,
respectively, interact with the above residues hydrophobically
and only the hydroxyl group of Tyr39a in ATG16N69 forms
a H-bond with the main chain on the B2 strand of ATGS5.
The residues that form a different side of the ATGI16NG69
region facing ATG5 are also hydrophobic (Ala31a’, Phe32a,
lle35a, Ty39a, Leu42a’ and Leu43a (the prime symbol []
denotes the second subunit), but participate in dimerization
(Fig. S4). By contrast, within the ATG5-TECAIR structure,
the C-terminal portion of TECAIR winds up ATGS5 via its
unstructured tail and the interactions are composed of multi-
ple H-bonds and salt bridges (Fig. 4F). The main chain
atoms of Glu601t and Ala603t of TECAIR form H-bonds
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Figure 3. Comparisons
among the ATG16 and TECPR
family proteins. (A) Ribbon
diagram showing the super-
position of the ATG5-
ATG16N69 and ATG5-TECAIR
complexes. Human ATG5 is
colored in cyan and ATG16L1
and TECPR1 are colored as in
Figure 2. (B) Ribbon diagram
showing the superposition of
yeast Atg5-Atg16 and ATG5-
TECAIR  complexes. Yeast
Atg5 and Atg16 are colored
gold and yellow, respectively.
Coloring of the ATG5-TECAIR
complex is as described
panel (A). (C) Close-up stereo
diagram  of  superposed
AFIMs from yeast Atgl6,
human ATG16L1, and
TECPR1. The key residues are
shown using a stick model.
(D) Sequence alignment of
the ATGS5-binding regions of
ATG16s and TECPRs from dif-
ferent organisms (Sc, Saccha-

romyces cerevisiae; Dm, . \ 'f')- \\I’Vv 1383
Drosophila melanogaster; LR - \ ) [\‘,’.5/_,,5 N /t
Mm, Mus musculus; Hs, Homo : 7P N

sapiens). Shading indicates ,"
residues that are identical i 1 d 1 117a
(red) or highly conserved ) 4 . 1582t

(yellow) between species. Ay / ‘ L28y
The AFIM residues are : :
denoted using black triangles
(top), and 2 glycine residues
in TECPR2 by blue triangles
(bottom). The residues substi-
tuted in the mutation experi-
ments are marked using a
red-filled circle at the top for
ATG16L1 and green-filled cir-
cle at the bottom for TECPRI1.
The sequence numbers for
the aligned residues are also
provided.

. v
with those of Leu38 on : eee 21 TDSMDDLLIRRWIDENDKE . AIG.GNIVSHEDDELLNTEA €9 oo
DmAtglé ses 5 EHVWRAHVVRRARERINRK[ECD : 55 eee
the B2 strand of ATGS, MUATG16Ll eee 10 FPRWKRHIAEEMRREIDRLIORQ LLEKS[DLHSVLTIQKLQA[EK 60 eee
and the main chain oxy- MUATG16L2 ses 14 AAVWERHIVRQMRHEDRTOKAL LLEKAELLARKFSEKLESEP 64 ses
HSATG16L1 see 10 FPRWKRHISEOQRREDRLIORD LLEKSDLHSVLAQKLOQAEK 60 eee
gen atom of GIn602t HSATG16L2 e« 11 AARWKRHIVRQMRLEIDRTOKA LLEKAELLDKFSKKLQPEP 61 eee
interacts with the epsilon MMTECPRL eee 580 [TAALJRKQMFQQOMTELRJKRELES[FRAYEQAVE| 610 see
. HSTECPRL eee 575 [TAARKOMFQOMTELSVKRELENFRHYEQAVE| 605 eee
amino group of Lys51 on HSTECPRZ eee 994 QTL{JALDMHGNIAWFIPYGIISKKPQGDDDHWH 1024 eee
a2 helix. The Lys51 resi- ® A o4 b

due of ATG5 additionally
interacts  with  Glu601t
and Glu605t, and so highly participates in TECAIR binding,. We further investigated these interactions using a mammalian
The side chain oxygen atom of GIn602t forms a H-bond 2-hybrid assay (Fig. 4C and D). Ile36a of ATG16NG69 and
with the guanidium group of Argl5 on the B1 strand of Ala603t of TECAIR were mutated to disrupt the interaction
ATGS. with ATGS5. Indeed, mutations of Ile36a to the bulkier Trp
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Figure 4. Details of the binding between ATG5 and its interaction partners, and mutagenesis mapping of the critical residues for these associations. (A)
Magnified view showing the details of the interactions by the AFIM of ATG16L1. (B) Magnified view showing the details of the interaction by the AFIM of
TECPR1. ATGS5 is shown as a ribbon with a transparent molecular surface. The color scheme is the same as Figure 2. Key residues for the interaction
between ATG5 and its binding partners are shown using a labeled stick model. Black dashed lines designate hydrogen bonds. (C) Mammalian 2-hybrid
analysis of the ATG5-ATG16N69 interaction. (D) Mammalian 2-hybrid analysis of the ATG5-TECAIR interaction. FLuc activities were normalized to RLuc
activities and the normalized FLuc activity of the cells transfected with pM and pVP16 was arbitrarily set at 100%. Each bar and line represents the mean
and standard deviation values of 3 independently performed transfections. (E) Magnified view showing the additional interaction of the C-terminal
extended helical region of ATG16N69. (F) Magnified view showing the additional interaction of the C-terminal unstructured region of TECAIR.

residue and Ala603t to a bulkier Phe significantly reduced the
binding efficiency through steric hindrance. However, this effect
was not as strong as that caused by mutation of the AFIM. These
results clearly show that the primary binding of ATG16L1 or
TECPRI to ATGS5 is governed by the AFIM and that the outside

C-terminal helical portion of ATG16N69 additionally contrib-
utes to its binding affinity for ATGS5. Intriguingly, the C-termi-
nal unstructured region of TECAIR interacts much more
extensively with ATG5 (Fig. 4F) and its overall structural features
are somewhat similar to yeast Atgl6, but the details such as
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interacting residues and chain winding are different (Fig. 3B).
The length of the helical region in yeast Atgl6 falls between that
of ATG16L1 and TECPRI (Fig. S5). Yeast Atgl6 also shows a
helical kink at nearly the same position as ATGI6NGY, and the
Phe46 residue within the helical region of yeast Atgl6 plays a
critical role in the binding of yeast Atg5. In addition, 2 charged
residues, Asp48 and Asn49, within the unstructured C-terminal
region of Atgl6 are involved in the Atg5 interaction, but are not
as critical.”” Indeed, the most structurally divergent region
between human and yeast Atg5 is the a2 helix (Fig. 3B) which
interacts extensively with the C-terminal unstructured region of
human TECPRI, suggesting that the ATG5-TECPRI interac-
tion is much stronger than the ATG5-ATG16L1 interaction.

The pH dependency of binding between ATGS5 and its
interacting partners

To measure the binding constant between ATG5 and either
ATGI16L1 or TECPRI1, we attempted different methods
including isothermal titration calorimetry (ITC), fluorescent
polarization (FP), and surface plasmon resonance (SPR). As
noted above, the fusion-tagged ATG16NG69 and TECAIR
products are not stable in solution and we therefore designed
and synthesized minimal binding peptides of both
(ATGI6NGY [A16: 36 residues from Phel0 to Lys45];
TECAIR [TEC: 36 residues from Thr575 to Val610]). Using
these and fluorescein isothiocyanate (FITC)-labeled peptides,
we attempted I'TC and FP experiments. These were unsuccess-
ful, however, as free ATGS5 is also unstable in solution at high
concentrations. Hence, the SPR immobilization technique was
employed for biochemical characterization. Unexpectedly, the
binding constant (Kp, equilibrium dissociation constant)
between ATG5 and A16 was found to be 50-fold higher than
that between ATGS5 and TEC at pH 7.4 (Fig. S6). In contrast,
TECPR1 showed a higher affinity for ATGS5 via its C-terminal
unstructured region (Fig. 2). Intriguingly, the binding con-
stants between ATG5 and its binding partners were compara-
ble when we performed the same experiment at the slightly
more acidic pH of 6.0 (Fig. S6). In particular, the dissociation
rate constant (ky) between ATG5 and TEC peptide was
observed to be the lowest among all of our current experimen-
tal data (Fig. S6). We are unsure of the exact pH outside the
lysosomal membrane but there is a possibility that the pH in
the membrane vicinity is lower than that of the cytosolic
space. The binding constant calculated using shorter peptide
analytes may not be exactly representative of the binding prop-
erties of the ATG5 interacting molecules, but the dramatic
enhancement of binding between ATG5 and TECPRI1 at a
low pH suggests that during autophagosome maturation,
ATG5 swaps its interacting partner from ATGI6L1 to
TECPRI1. Due to the molecular interactions involved, this
must be a unidirectional process.

Mutation of TECAIR causes an accumulation
of autophagosomes

To investigate the effects of TECAIR mutations on autophagy
flux, green fluorescent protein (GFP)-tagged LC3, a well-known
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autophagy marker, was expressed in cells. Autophagy was
induced by the addition of rapamycin and punctate GFP-LC3
fluorescent signals indicating recruitment of LC3 protein to
phagophores and/or its presence on autophagosomal membranes
were detected in the cytosol (Fig. 5A). In TECPR1 WT trans-
fected COS-7 cells, rapamycin treatment induced autophago-
some formation followed by immediate disappearance of the
GFP-LC3 signal via lysosome fusion (Fig. 5A). However, in
TECPRI1 mutant (I582W, L586W, R589D, and AGO3F) trans-
fected cells, ATGI2-ATG5 conjugate with
TECPRI mutants seemed to be perturbed, which might be due
to a significant reduction in the ability of these mutants to bind

interactions

ATGS (Fig. 4F). Hence, lysosomal fusion with autophagosomes
would be disrupted, and indeed autophagosomes were found to
accumulate in the cytosol when autophagy was induced by the
addition of rapamycin (Fig. 5A). Consistent with these binding
data, mutations in the AFIM produced a more severe accumula-
tion of autophagosomes than the A603F mutation (Fig. 5B).
Electron microscopy further revealed that the number of auto-
phagosomes was increased in cells transfected with mutant
TECPRI genes (Fig. 6 and Fig. S7). These data are very consis-
tent with the results of the luciferase assay and structural analysis,
and lend further support to our working model (Fig. 7).

Discussion

Details of the molecular functions of much of the ATG core
machinery participating in autophagosome elongation processes
have been revealed by structural studies, biochemical analyses,
and in vivo experiments from yeast to human.'>?**%* Despite
this, however, autophagosome maturation is still poorly under-
stood and the recently discovered TECPRI1 protein is one of the
few factors identified to date that mediates the fusion of autopha-
gosomes and lysosomes.”"** TECPR1 was initially characterized
in association with TRAPP vesicle-tethering, the CCT chapero-
nin, and the ATG12-ATG5-ATG16L1 complex by extensive
proteomic analysis, suggesting its involvement in phagophore
clongation and autophagosome assembly.” Two subsequent
independent studies reported critical roles of TECPRI in the effi-
cient autophagic targeting of bacterial pathogens and in the
fusion between autophagosomes and lysosomes.”'* However,
some of the observations in those 2 studies conflicted, most nota-
bly the colocalization of TECPR1 with ATG16L1 and accumula-
tion of autophagosomes under TECPR1-deficient condition.*"*’
Our elucidated crystal structure clearly reveals that ATG5 cannot
accommodate both ATGI6L1 and TECPRI! simultaneously.
However, according to Ogawa et al., TECPR1 interacts with
WIPI2, a yeast Atgl8 homolog and PtdIns3P-interacting pro-
tein, suggesting that it might be possible that ATG5, ATG16L1,
and TECPRI can all colocalize in the phagophore, but not via
direct interactions. Our cell biology experiments herein
employed TECPR1 mutants, which are defective in ATGS5 bind-
ing (Fig. 4D), and we found good agreement between our results
and those reported previously using TECPR1-depletion.”' Muta-

tions in the AFIM of TECPRI1 increase the number of
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Figure 5. Accumulation of autophagosomes in the TECPR1 mutant cells. (A) COS-7 cells were transfected with the indi- pursue the conforma-

cated plasmids encoding Flag-tagged TECPR1 wild-type (WT), 1582W, L586W, R589D, and A603F mutant. After 48 h of
transfection, the cells were transduced for 24 h with GFP-LC3 and then incubated for a further 2 h in the absence or
presence of 500 nM rapamycin (-Rapa or +Rapa). Cells were then fixed, permeabilized, and stained with 4',6-diami-
dino-2-phenylindole (DAPI). Representative images of GFP-LC3 (green) and DAPI (blue) fluorescence are shown. Scale
bar = 10 wm. (B) The fluorescent intensity of GFP-LC3 in the cytoplasm of >50 cells for each experimental group was
quantified and expressed as a percentage of the value for the control group. Data are the means + SEM from 3 inde-

pendent experiments.

autophagosomes when autophagy is induced by rapamycin
(Fig 5B). Hence, our structural data and findings from our
mutant studies support the experimental results of Zhong and
colleagues.”!

ATG16L1 and TECPRI interact with ATGS5 primarily
through an o helix containing the W-x3-I-x3-L-x,-R-x3-Q/E
motif, or AFIM, which is conserved among different species
(Fig. 3D). However, the primary sequence is not sufficient to
enable this as the helical structure is necessary for binding to the
ATGS dleft. For example, TECPR2 has a similar motif, W-x5-1-
x3-L-x5-R-x3-I as the AFIM (Fig. 3D), but was reported not to
interact with the ATG12-ATG5 conjugate’’ and in our hands
showed very weak binding affinity (data not shown). There are 2
helix-breaking glycine residues (Gly1003 and Gly1010) within
the TECPR2 sequence, and the Q/E in the AFIM that enables
H-bonding with ATG5 in TECPRI is replaced with a hydropho-
bic isoleucine residue (Ile1012) in TECPR2 (Fig. 3D). Permu-
tated peptides comprising the sequence ‘I-x3-L-x,-R-x3-Q’ were
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tional change of ATG5-
interacting partners in
our current experiments,
the tighter binding we
observed between ATG5
and TEC peptide at low
pH suggests a possible
mechanism for regulating the fusion between autophagosomes
and lysosomes.

Based on our current structural data, in which the conjugation
of ATG12 was omitted in both the ATG5-ATG16NG9 and
ATG5-TECAIR structures, we speculate that there is no role of
ATGI12 in the interaction between ATGS5 and either ATG16L1
or TECPR1 because it is known to operate on the opposite site
of the AFIM (Fig. S4B). Also, it has been reported that ATG12
conjugation does not induce a conformational change in ATGS5,
and that ATG12 functions as a binding module for ATG3.%
However, it is very possible that TECPR1 binds to an ATG12
conjugated form of ATG5 because the ATG12-ATG5-ATG16
complex mediates ATG8-PE formation on the phagophore
membrane. Interestingly, the structure of Atgl6 from yeast falls
between that of ATGI6L1 and TECPRI (Fig. S5). Indeed,
amino acid sequence alignments of human ATGI6L1 and yeast
Atgl6 show some homology in the AFIM, but nowhere else
(Fig. 3D). Yeast Atgl6 possesses a long coiled-coil structure as a
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See Figure S7 for the quantification of TEM images.

Figure 6. Electron microscopy image of TECPR1 mutant cells. (A) TEM images of control and wild-type cells in the absence or presence of 500 nM rapa-
mycin (-Rapa or +Rapa). (B) Cells expressing 1582W, L586W, R589D, and A603F mutant TECPR1 protein in presence of 500 nM rapamycin. Several auto-
phagosomes appeared in the cytosol. Scale bars = 1 wm. Autophagosomes and autolysosomes are indicated by white and black arrows, respectively.

tetramer’’ whereas human ATG16L1 has an additional domain,
a WD4O0 repeat 7-bladed B-propeller (Fig. 1), and its major olig-
omeric state is suggested to be an octamer.'® The structurally
determined N-terminal regions in yeast Atgl6 and human
ATGI6LI are a monomer and dimer, respectively, which may

Figure 7. A schematic model for autophagosome maturation via the
interaction between ATG5 and TECPR1. The autophagosomal membrane
binding mode of the ATG12-ATG5-ATG16 complex is still unclear.**>5>°
The primary ATG5-binding region is the AFIM within the a-helix in both
ATG16L1 and TECPR1 and is indicated by the red bar. Additional interac-
tions involving the C-terminal unstructured loop of TECPR1 denoted by
the transparent purple circle may play a critical role in the interaction
swap with ATG16L1. Furthermore, the lower pH near the lysosomal
membrane may trigger tighter binding between ATG5 and TECPR1. The
pleckstrin homology domain indicated by the pink star has been pro-
posed to be embedded within TECPR1 before fusion and then exposed
upon ATG5-TECPR1 complex formation for an additional interaction with
Ptdins3P to enable membrane fusion?' AP, autophagosome; L,
lysosome.
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underlie the different oligomeric nature of the full-length pro-
teins. Further structural studies on the full-length proteins will be
needed to clarify the role of the N-terminal region in the correct
formation of tetrameric yeast Atgl6 and octameric human
ATGI16L1. TECPRI also possesses tectonin (3-propeller repeats
(Fig. 1) but their exact role is not yet clear. A previous report has
shown that TECPRI has binding affinity for PtdIns3P through
its PH domain right after TECAIR (Fig. 1) and interestingly, the
lipid interaction of TECPR1 was found to be in concert with the
ATG12-ATG5 association because TECPRI alone does not
interact with PtdIns3P.2! Hence, it has been suggested that
TECAIR regulates the lipid binding of TECPR1 (Fig. 7)1
and the structural information on full-length and/or a defined
domain of TECPR1 will be indispensable for further functional
characterization. However, our current structure and cell biology
data for TECAIR provide a good and detailed molecular dissec-
tion of the fusion event between autophagosomes and lysosomes,
which will help to guide future investigations.

Materials and Methods

Plasmid construction

Full-length cDNA of human ATG5 was purchased from the
Korea Human Gene Bank. The gene for the N-terminal domain
of human ATG16L1 was obtained from a human cDNA library
(TaKaRa). The gene for the AIR domain of TECPRI (residue
from 566 to 610) was chemically synthesized (Integrated DNA
Technologies, Inc.). The ATG5 gene was amplified by PCR

using oligonucleotides containing the restriction enzyme sites,
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BamHI and Xhol for forward and reverse primers, respectively.
The amplified PCR products were digested by these restriction
enzymes and ligated into the first multiple cloning site after the
Hisg-tag of the pETDuet-1 vector (Novagen, 71146-3). This
plasmid was then transformed into E. coli strain BL21(DE3).
The ATG16NG69 gene was amplified by PCR with primers har-
boring the restriction enzyme sites Ndel and Kpnl. This product
was cloned into the second multdple cloning site of the Hiss-
ATG5 containing pETDuet-1 vector using these restriction
enzyme sites, and also transformed into £. coli BL21(DE3). The
TECAIR constructs were cloned in the same way as ATG16NG69
but using Ndel and Xhol restriction sites. The QuikChange site-
directed mutagenesis method (Stratagene) was used to prepare
the constructs for expressing mutant ATG16N69 and TECAIR.

Protein expression and purification

The ATG5-ATG16N69 and ATG5-TECAIR complexes were
expressed and purified using the procedure described below. For
the co-expression of Hisg-ATGS with ATG16N69 or the AIR
domain, E. coli harboring the corresponding expression plasmids
were cultured with 1 L of Luria-Broth (casein peptone, 10 g/L;
yeast extract 5 g/L; sodium chloride, 5 g/L) at 37°C. When
absorbance at 600 nm reached 0.7, 0.4 mM of IPTG (Calbio-
chem, 420322) was added and the cultures were maintained at
18°C for 24 h. Cell harvesting was performed by centrifugation
at 6,300 g for 30 min, and resuspension with 10 ml of buffer A
(50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 1 mM TCEP
[Sigma-Aldrich, C4706]). The cells were then ruptured by soni-
cation in the presence of 0.1 mM PMSF (USB, 20203) and pro-
tease inhibitor cocktail (Roche, 05892791001), and clarified by
centrifugation for 1 h at 27,200 g. The filtered supernatant frac-
tion was loaded onto an Ni-NTA column (GE Healthcare, 17-
5248-02), washed with 20 volumes of buffer A, and eluted by
gradually increasing the concentration of imidazole (USB,
17525) up to 500 mM. The sample was the applied to a HiTrap
Q column (GE Healthcare, 17-5156-01) for anion exchange
chromatography. The eluent was further purified by gel filtration
chromatography using Superdex75 16/600 (GE Healthcare, 28-
9893-33).

Crystallization

Both ATG5-ATG16NG69 and ATGS5-TECAIR complexes
were concentrated to 9-13 mg/ml and crystallized at 20°C by
hanging drop vapor diffusion.”" The initial crystal of the ATGS5-
ATGI16NG6Y complex was obtained within 1 or 2 d in 50 mM
Tris-HCI, pH 8.5, 100 mM KCI, 10 mM MgCl,, 30% (v/v)
PEG 400 (Hampton Research, HR2-603). Improved crystals
were obtained in the range of pH 8.3-8.7 and 26-32% (v/v)
PEG 400 within 2—4 d. The initial crystal of the ATG5-TECAIR
complex was obtained using 100 mM MES-imidazole buffer
(Molecular Dimensions, MD2-100-100; mixture of 55.5% MES
and 44.5% imidazole), pH 6.5, 120 mM alcohols (Molecular
Dimensions, MD2-100-73; mixture of 1,6-hexanediol, 1-buta-
nol, 1,2-propanediol, 2-propanol, 1,4-butanediol, 1,3-propane-
diol), 12.5% (v/v) of MPD (2-methyl-2,4-pentanediol;
Molecular Dimensions, MD2-100-24), 12.5% (w/v) PEG 1000
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(Molecular Dimensions, MD2-100-5), and 12.5% (w/v) PEG
3350 (Molecular Dimensions, MD2-100-9). For better crystalli-
zation, microseeding was used. To make the seeding solution,
drops containing microcrystals were mixed with the same solu-
tion as the mother liquor except that it had a 10% higher precipi-
tant concentration. After vortexing, the seeding solution was
serially diluted from 107" to 107° fold, and 1 wl aliquots were
added to 5 pl of protein and 4 pl of the mother liquor mixture.
Finally, the precipitant concentration of the mother liquor was
5~10% lower than that initially. The crystals were grown in an
appropriately diluted solution at 4°C within 2—4 d.

Data collection and structure determination

Crystals were flash-frozen in liquid nitrogen after sequential
transfer in mother liquor containing 5-15% (w/v) glycerol
(USB, 16374). Diffraction data were collected at the Photon Fac-
tory AR-NW12A beamline, KEK, Japan using an ADSC Quan-
tum 210 detector at a 1.0000 A wavelength. The collected data
were processed using HKL2000 software.”® The phases of the
ATG5-ATG16NG69 complex were obtained by molecular
replacement (MR) with the partial structure of the 2 UFDs of
Atg5 from Kluyveromyces marxianus (PDB code 3vQD>? using
PHASER software,”® and the phases of the ATG5-TECPRI
complex were obtained by MR with the refined structure of
ATG5-ATG16N69. Automatic model buildings were performed
using PHENIX,>® and COOT was used for manual model
rebuilding.56 The structures were refined with PHENIX.
REFINE.” Detailed statistics are presented in Table 1.

Mammalian 2-hybrid analyses

The human ATG5 gene was cloned into the pM and
pVP16 vectors (Clontech, 630305) using the BamHI and
HindIII restriction sites. Wild-type and mutant ATG16NG69
and TECAIR were also cloned into the pVP16 and pM vec-
tors, respectively.”” HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (Hyclone) containing 10% fetal
bovine serum (Hyclone, SH30919.03) and 1% penicillin/
streptomycin  (Hyclone, SV30010). Hela cells were then
transiently cotransfected using Lipofectamine 2000 (Invitro-
gen, 11668-019) with 4 plasmids: (1) the reporter plasmid
pFR-Luc (Clontech, 211344), which encodes the firefly lucif-
erase (FLuc) encoding cDNA downstream of a basic tran-
scriptional promoter (TATATA) with 5 tandem repeats of
the yeast Gal4 binding sites; (2) the reporter plasmid pRL-
CMV (Promega, E2261), which encodes Renilla luciferase
(RLuc) ¢cDNA and serves to control for variations in the effi-
ciencies of transfection and protein recovery; (3) an effector
plasmid that expresses the GAL4-DNA binding domain
(GAL4-BD; pM) or GAL4-BD-fused effector protein; (4) an
effector plasmid that expresses the herpes simplex virus VP16
transcription activation domain only (VP16-AD; pVP16) or
the VP16-AD-fused effector protein. The interaction between
TP53 and T antigen was used as a positive control. Two
days after transfection, cells were harvested and dual luciferase
activities were measured using the Luciferase assay kit (Prom-

ega, E1960).
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Table 1. Data collection and refinement statistics

ATG5-ATG16N69 (1-69) ATG5-TECAIR (573-610)

Data collection®

Space group P4,2,2 P2,2:2,
Unit cell dimension

a,b,c (A) 93.09, 93.09, 245.58 43.62,71.92,96.35
Resolution range (A) 50-2.7 (2.75-2.70) 50-1.8 (1.83-1.80)
No. of molecules/AUP 3 1

Rsym (%) 10.5 (75.3) 7.7 (74.2)

/o (1) 39.1 (5.0) 34.0 (3.3)
Completeness (%) 99.9 (100.0) 100.0 (100.0)
Redundancy 15.8 7.8
Refinement

Resolution (A) 37.1-2.7 (2.8-2.7) 34.8-1.8 (1.87-1.8)
No. Reflections 28,321 (2,333) 28,746 (2,791)
Rwork / Reree (%) 20.1/26.6 17.8/22.2
No. atoms 7,219 2,615
Protein 7,057 2,425
Water 162 190
B-factors (A?) 30.0 25.7
Protein 30.2 24.9
Water 239 354

R.m.s. deviations

Bond lengths (A) 0.010 0.007
Bond angles (°) 1.39 1.04

#One crystal was used for each data set. Values in parentheses are for
highest resolution shell.
basymmetric unit.

Fluorescence analysis of autophagy

The full-length human TECPRI gene containing a C-termi-
nal 3xFlag tag was cloned into the pcDNAG.1 vector using the
HindIII and Xhol restriction sites. The TECPRI1 mutants,
1582W, L586W, R589D, and AGO3F, were generated by PCR
mediated site-directed mutagenesis. COS-7 cells were cultured
under a humidified atmosphere of 5% (v/v) CO, at 37°C in
Dulbecco’s modified Eagle’s medium (Gibco, 12100-046) sup-
plemented with 10% heat-inactivated fetal bovine serum (Gibco,
12483-020). For DNA transfection, the cells were transfected for
2 d with appropriate vectors using polyethyleneimine (Sigma-
Aldrich, 764582). For fluorescence analyses, COS-7 cells were
transduced for 24 h with GFP-LC3 according to the man-
ufacturer’s protocol (Premo Autophagy Sensor [LC3B-FP] sys-
tem [Invitrogen, P36235]). For autophagy induction, 500 nM
rapamycin (Sigma-Aldrich, R0395) was added in the cells. The
cells were fixed, permeabilized, stained with DAPI (5 pg/ml),
and then examined by fluorescence microscopy. Fluorescence
images were acquired with an Olympus BX53 fluorescence
microscope equipped with an Olympus DP70 digital camera.
The fluorescent intensity of GFP-LC3 in the perinuclear region
of >50 cells in each group was quantified using Image Gauge
V4.0 software.

Electron microscopy

After DNA transfection, the cells were fixed with 2.5% (v/v)
glutaraldehyde (Ted Pella, 18426) dissolved in 150 mM cacody-
late buffer (Ted Pella, 18851) and then exposed for 1 h at 4°C to
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2% (w/v) osmium tetroxide (Ted Pella, 18459) in the same
buffer. £n bloc staining was then performed with 2% (w/v) uranyl
acetate (Ted Pella, 19481) aqueous solution. The cells were dehy-
drated in an ethanol series, infiltrated with Spurr’s resin
(PELCO, 18300-4221) series, and polymerized at 60°C for 8 h.
The embedded cells were cut with a diamond knife on an ultra-
microtome (MTX-L, RMC). The sections were mounted directly
on 150 mesh copper grids (Gilder, G200) and stained with 2%
(w/v) uranyl acetate in 50% (v/v) methanol for 20 min and Rey-
nold’s lead citrate for 10 min. The grids were examined with a
Tecnai F20 (FEI, Netherlands) at 200 kV.

SPR analysis

Molecular interactions between ATG5 and peptides derived
from ATG16L1 and TECPR1 were evaluated using SPR spec-
trometry (SR7500DC system, Reichert Analytical Instrument).
Purified ATG5 was immobilized on a carboxymethyl dextran
sensor chip as a ligand. A 0.2 mg/ml concentration of ATG5 was
applied over the biochip for 3 min (30 wl/min) to enable bind-
ing. Subsequently, 2 different washing solutions (10 mM PBS,
pH 7.4[10 mM phosphate buffer, pH 6.0, 150 mM NaCl] and
0.5 mM TCEP) were applied to the biochip for an additional
3 min (30 pl/min) for molecular dissociation analysis. The asso-
ciation and dissociation rate constants were determined in 2 dif-
ferent pH buffers by fitting the binding profiles with the
Scrubber 2.0 software provided by the manufacturer.

Accession codes

Atomic coordinates and structure factor files have been depos-
ited in the Protein Data Bank under the accession codes 4TQ0
for ATG5-ATG16N69 and 4TQ1 for ATG5-TECAIR complex,

respectively.
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