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Supplementary Figure 1 Structural comparisons of the ATG12~ATG5–ATG16N 
complex with related structures. (a) Overlay of the crystal structures of the 
ATG12~ATG5–ATG16N complex. The molecules 1 and 2 in P212121 structure are 
shown in blue and light blue, respectively, and the structure from the C2 data is in 



orange. The pair-wise r.m.s.d.s of all Cα atoms between two of the three structures are 
0.86 Å, 1.07 Å, and 1.18 Å between P212121 molecules 1 and 2, P212121 molecule 1 and 
C2 structure, and P212121 molecule 2 and C2 structure, respectively. The location of the 
loop between β1 and β2 of UFD-1 in ATG5, which is the only appreciable difference 
between the P212121 and C2 structures, is indicated. (b) Stereo view of the simulated 
annealing omit map (contoured at 1.5σ) calculated using a model lacking ATG12 Gly140 
and ATG5 Lys130 is shown with the final complete model. (c) Overlay of the yeast 
Atg5–Atg16N complex (PDB ID: 2DYO) on the ATG12~ATG5–ATG16N structure. Atg5–
Atg16N is shown in magenta and ATG12~ATG5–ATG16N is in the same colors as in 
Figure 2. The average pair-wise r.m.s.d. of the Cα atoms between the Atg5–Atg16N 
complex and the ATG5–ATG16N part of the complex is 3.45 Å. (d) Overlay of AtATG12b 
domain-swapped dimer (PDB ID: 1WZ3) on the ATG12~ATG5–ATG16N structure. An 
overview with surface representation for AtATG12b is shown in the left panel. Steric 
clashes between the HBR of ATG5 and molecule 1 (turquoise) of AtATG12b dimer are 
indicated. An enlarged view is shown in the right panel. Each of the two molecules of 
AtATG12b dimer is shown in turquoise or dark gray. The “turn-loop-turn-α2-β4-tail” 
segments following β3 strands are swapped in the AtATG12b dimer. The extended β3 
strands from both molecules form a β sheet by interacting each other. The three 
residues in the first turn of the “turn-loop-turn-α2-β4-tail” segment of ATG12 (Asn105-
Gln106-Ser107) as well as the corresponding ones in the extended β3 of AtATG12b 
(Asn59-Ser60-Ala61) are indicated with Cα spheres. The average pair-wise r.m.s.d. of 
all Cα atoms between ATG12 and the “monomeric” AtATG12b is 1.8 Å.



Supplementary Figure 2 The F108 mutation in ATG12 causes aggregation of the 
recombinant ATG12 protein. The size exclusion column profiles of recombinant maltose 
binding protein-fused wild-type ATG12 or ATG12 F108D protein are shown. One 
hundred µL of 10 µM protein was injected into a Superdex 200 gel filtration column 
equilibrated with 10 mM Hepes, pH 7.0, 300 mM NaCl, and 1 mM DTT (top). SDS-
PAGE gels for the fractions are shown in the bottom panels. The data indicate that high-
molecular-weight species of ATG12 including SDS-resistant dimers and oligomers are 
generated by the F108D mutation. The wild-type ATG12 also exhibits an aggregation 
tendency.





Supplementary Figure 3 SDS-PAGE gels of in vitro LC3 lipidation assays carried out 
with mutant ATG12~ATG5–ATG16N complexes. (a–d) Kinetic 
LC3B~phosphatidylethanolamine formation assays were performed in the absence of 
the ATG12~ATG5–ATG16N complex (a), or in the presence of the wild-type complex (b) 
or complexes containing mutations in ATG5 (c) or ATG12 (d). The same assay condition 
as described in Figure 1a was used in these experiments. The bands corresponding 
LC3B~phosphatidylethanolamine conjugate were quantified as described in 
Supplemental Experimental Procedures and are reported in Figures 4b,4c.



Supplementary Figure 4 ITC data for the ATG12~ATG5–ATG16N mutant complexes 
showing no major effects of the mutations on the high-affinity binding to ATG3. (a–d) 
ATG3 was injected into cells filled with solutions containing mutant ATG12~ATG5–
ATG16N complexes that have mutations in ATG12 at the interface to ATG5 (a) or on the 
exposed surface (b), or in ATG5 at the interface to ATG12 (c) or on the exposed surface 
(d).
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   was performed on less than 10% of the sequences.

ConSurf color-coded MSA of ATG12 family members



E9H8N6|E9H8N6_DAPPU|1-271 M A E D R E I L R E I W E G R L P V C F T L A T E E V S - - T P I A P D P F Y - - L M V P R L T Y F
Q1DP17|ATG5_COCIM|5-351 S A S T S A I Q Q R V W Q G R I P L Q I V L S P S E C R I - - Y D Q S D P Y I - - I S I P R L S Y L
Q9W3R7|ATG5_DROME|1-269 M A H D R E V L R M I W E G Q I G I C F Q A D R D E I V G - - - I K P E P F Y - - L M I S R L S Y L
Q4WNA5|ATG5_ASPFU|10-326 Q V S L S S I Q R A V W D G K L P L Q I T L A S S E S R T - - Y D Q T D P Y L - - I A C P R I S Y L
A6RE26|ATG5_AJECN|5-333 T P A P S A I Q R R V W E G R I P L E I T L S P A E C R T - - Y D K A D P Y L - - I C Y P R V S Y L
E2BV18|E2BV18_HARSA|1-265 M A N D R E M L R E I W D G K I P V C F T L D S E E T C - - E L Q G P D P F Y - - L M V P R L S Y F
Q3MQ02|Q3MQ02_XENLA|1-276 M T D D K D V L R D V W F G R I P T C F T L Y Q D E L T - - - E R E A E P Y Y - R L L L P R V S Y L
Q3MQ23|Q3MQ23_CIOSA|1-266 - - - M T E I P R K L W E G K I P A C F N L A S Y E V C - - S T K A P A P V Y - - L M L P R S A Y L
Q75BY9|ATG5_ASHGO|1-288 M G V V N E L R Q R T W S G M L N V E V V L N P K L V V Q G M P D E Q V R C H - - L R I P R E S Y L
Q3MQ11|Q3MQ11_GASAC|1-275 M A D D K D V L R D V W F G R I P S C F T L N Q D E V T - - - E R E A E P Y Y - - L L L P R V S Y L
Q9FFI2|ATG5_ARATH|1-336 - - M A K E A V K Y V W E G A I P L Q I H L H K S D V A S - - H P A P P P A L - - V L A P R I G Y L
C1BTY2|C1BTY2_9MAXI|1-273 M S E D R E V L R E I W E G K I P I R F N L D G D F G - - - - - G V S E P F Y - - L M L P R Q S Y L
E0VWT9|E0VWT9_PEDHC|1-266 M A T D R E V L R E V W E G R L P I S F R L D P D D V H - - G L R E P D P V Y - - L L V P R L S Y F
A7KAI4|ATG5_PICAN|1-275 - M S T S E I I S R V W G G V L Y M Q F H L D R A L S N Q - - - - E C P S F Y - - V A V H R N S Y L
Q6BVI8|ATG5_DEBHA|4-288 S N E L I E I K D K L W N G S I N V R I L M G D D N I K D - - - - - P K E F L - - I T V Y R N S Y F
Q2UBM1|ATG5_ASPOR|4-322 Q A T L N S I Q K A V W D G R L P L Q I R L A P S E S R I - - Y D Q T D P Y L - - I S Y P R I S Y L
Q9H1Y0|ATG5_HUMAN|1-275 M T D D K D V L R D V W F G R I P T C F T L Y Q D E I T E - - - R E A E P Y Y - - L L L P R V S Y L
C4QII2|C4QII2_SCHMA|163-515 C M T D S N I L K R V W E G K V P A C F T L A L E D L A H E - D H A P P P I Y - - M F L P R V S Y F
A5DCZ3|ATG5_PICGU|1-258 M P L E Q D I K L H I W N G A I N I V I V Y - - - - - - - - - - - N E Q Q Y L - - V R A H R N S Y L
C0HB55|C0HB55_SALSA|1-275 M A D D K D V L R D V W F G R I P T C F T L Y Q D E I T - - - E R E A E P F Y - - L L L P R V S Y L
Q3MQ08|Q3MQ08_ORYLA|1-275 M A D D K D V L R D V W F G R I P T C F T L N P D E V T - - - E R E A E P Y Y - - L L L P R V S Y L
F1RDC0|F1RDC0_DANRE|2-275 M A D D K D V L R D V W F G R I P A C F T L S P D E T T E - - - R E A E P Y Y - - L L L P R V S Y L
Q17IN4|Q17IN4_AEDAE|1-265 M A N D R E I L R E I W E G K I P V Q F Q L A S D E T - - - - D V D P E Q F F - - L L I P R L S Y F
A7SNR5|A7SNR5_NEMVE|1-276 M A E D R E V L R E I W D G R L P V C F N L T S D E V V S M - - E Q P E P Y Y V S L L V P R L N Y L
A7TS83|ATG5_VANPO|1-290 - - - M D E L R K L V W D G K I N V Q I A V N P Q L L V K G I N E K D V T V N - - L R I P R N A Y L
C1BN90|C1BN90_9MAXI|1-274 M S E D R E V L R E V W E G K I P I R F S L D G D V G - - - - - G V S E P Y F - - L M L P R Q S Y L
P0CM36|ATG5_CRYNE|8-339 Q S T T I L F R R L T W Q S A V T I S I R L A D G E P G A G - - N A C D R Y Y - - I K A P R Y S Y L
Q0UXN8|ATG5_PHANO|4-311 R E V T S R L R E K V W N G S V P L E I R L H K G D C R T - - Y D D S D A Y L - - I Q F P R L S Y L
A7KAL6|ATG5_PENCW|4-317 R V S L G S I Q K A V W D G R L P L E I V L A S S E S R T - - F D K T D P Y L - - I S Y P R I S Y L
A1DMA1|ATG5_NEOFI|10-326 Q A S L S S I Q R A V W D G K L P L Q I T L A S S E S R T - - Y D Q T D P Y L - - I A C P R I S Y L
Q3MQ04|ATG5_PIG|1-275 M T D D K D V L R D V W F G R I P T C F T L Y Q D E I T - - - E R E A E P Y Y - - L L L P R V S Y L
D6W8J7|D6W8J7_TRICA|1-263 M A N D R E I L R E V W E G K L P I S F Q L D P D E V V - - E L Q Q P D P F Y - - L M V P R L S Y F
Q12380|ATG5_YEAST|1-287 - - - M N D I K Q L L W N G E L N V L V S I D P S F L M K G S P R E I A V L R - - I R V P R E T Y L
Q3MQ21|Q3MQ21_CALSI|1-269 M A E D R E I L R E V W D G R V P V C V Q L A S E D C N - - T L S A P D P Y Y - - L M V P R L S Y F
B7TZ42|B7TZ42_BOMMO|1-264 M A N D R E V L R E I W D G K L P I C F H L A Q E E I M - - E I Q Q P D P F Y - - V M V P R L S Y F
O74971|ATG5_SCHPO|4-261 D N N K G N I P E L L W N G T I S V R I D Y E G N S - - - - - - - - - L A Y L - - A N V P R Q S Y F
Q59VY1|ATG5_CANAL|4-278 I D N L A E I K K K L W N G S I N V K I L L N - - - - - - - I E D Q I I E Y L - - L T I P R N S Y F
Q99J83|ATG5_MOUSE|1-275 M T D D K D V L R D V W F G R I P T C F T L Y Q D E I T - - - E R E A E P Y Y - - L L L P R V S Y L
A3LR68|ATG5_PICST|3-282 D S D I I E I K A K L W N G H I N L R V V L A Y K D - - - - - - - Q K V E Y L - - C T I Y R N S Y I
Q3MQ09|Q3MQ09_ICTPU|1-275 M AD D K D V L R D V W F G R I P A C F M L Y P D E V T - - - E R E A E P F Y - - L L L P R I S Y L
A1CE93|ATG5_ASPCL|4-321 Q A S L N S I Q K T V W D G K L P L Q I T L A S S E S R T - - F D Q T D P Y L - - I S C P R I S Y L
Q7QGY1|Q7QGY1_ANOGA|1-265 M A N D R E I L R E I W E G K I P V H F K L S A D E T - - - - D V E P E E Y F - - L L I P R L S Y F
C3ZNT2|C3ZNT2_BRAFL|1-261 M A D D R E V L R E L W D G R L P I K F N L A A D E - - - - - - - - - - - - - - - L L V P R Q S Y F
Q0CRF3|ATG5_ASPTN|4-315 Q A T L N D I Q K A V W D G R L P L Q I T L S P S E S R S - - Y D K T D P Y L - - I S Y P R I S Y L
Q6CKE2|ATG5_KLULA|1-271 - - - M E E L R E R V W H G S L N V E I M L S D S I V V P N T P L S E K C Y H - - I V V L R E S F L

E9H8N6|E9H8N6_DAPPU|1-271 P L V T D K V R R H F V R C V V P E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q1DP17|ATG5_COCIM|5-351 P F I L P R L F S F F S S S L I D P D V Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q9W3R7|ATG5_DROME|1-269 P L V T D K V R K Y F S R Y I S A E H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q4WNA5|ATG5_ASPFU|10-326 P S L L P R L R A F F S P S L I E P N S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A6RE26|ATG5_AJECN|5-333 P F L L P R L R A F F A T S L I D I E A Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
E2BV18|E2BV18_HARSA|1-265 P L C T E K V K K H F I R H I Q S D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ02|Q3MQ02_XENLA|1-276 T L V T D K V K K H F Q K V M R T E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ23|Q3MQ23_CIOSA|1-266 T L F T P K I V E H F S R H T D E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q75BY9|ATG5_ASHGO|1-288 V L H L P F V L N K L R G V L R Q E V K D - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ11|Q3MQ11_GASAC|1-275 T L V T D K V K K H F H K A M R A E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q9FFI2|ATG5_ARATH|1-336 P L L I P L I K P Y F K D S L P P G E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C1BTY2|C1BTY2_9MAXI|1-273 P L T L E K V R K H F S K H T E S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
E0VWT9|E0VWT9_PEDHC|1-266 P L V T D K I R K Q F S R H I S T D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A7KAI4|ATG5_PICAN|1-275 H N S L P A I L Q F F K P F L K D A R L A Q - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q6BVI8|ATG5_DEBHA|4-288 P I Y F P S V I T Y F Q K Y N E K I K Y M P - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q2UBM1|ATG5_ASPOR|4-322 P S L L P R L R A F F A S S L I D P S S N - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q9H1Y0|ATG5_HUMAN|1-275 T L V T D K V K K H F Q K V M R Q E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C4QII2|C4QII2_SCHMA|163-515 P L V T E K V I R Q F S Q F S E C A L K T A S K D M T S E T R G K L E H E M Q Y A Q S D Q I D T F K
A5DCZ3|ATG5_PICGU|1-258 P L Y Y A D I S A Y F E L S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C0HB55|C0HB55_SALSA|1-275 T L V T D K V K K H F L K V M K A E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ08|Q3MQ08_ORYLA|1-275 P L V T D K V K K H F L K V M R T E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
F1RDC0|F1RDC0_DANRE|2-275 T L V T D K V K K H F L K V M K A E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q17IN4|Q17IN4_AEDAE|1-265 P L V S D K V R K H F L R F V S N E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A7SNR5|A7SNR5_NEMVE|1-276 M L V T D K I Q R H F Q R A V N Q D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A7TS83|ATG5_VANPO|1-290 M N Y I D E I L N D L R K F L I T D I N F E E - - - - - - - - - - - - - - - - - - - - - - - - - - -
C1BN90|C1BN90_9MAXI|1-274 P L A L E K V R K H F S K H L E S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
P0CM36|ATG5_CRYNE|8-339 P L F I P E I R E N L V E L A L D D A Q L E - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q0UXN8|ATG5_PHANO|4-311 A L L I H K L H A F F A P S L I Y P D I H - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A7KAL6|ATG5_PENCW|4-317 P S L L P K L R A F F S N F L I D P N S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A1DMA1|ATG5_NEOFI|10-326 P S L L P R L R A F F S S S L I E P N S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ04|ATG5_PIG|1-275 T L V T D K V K K H F Q K V M R Q E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
D6W8J7|D6W8J7_TRICA|1-263 P L V T D K V R K H F L R Y V A N D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q12380|ATG5_YEAST|1-287 V N Y M P L I W N K I K S F L S F - D P L - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ21|Q3MQ21_CALSI|1-269 P L V M D K V R K H F L R L I S Q E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
B7TZ42|B7TZ42_BOMMO|1-264 P L V I D K M K R H F L R F I S Q E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
O74971|ATG5_SCHPO|4-261 A Q I L P N V Q R L L A P S I P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q59VY1|ATG5_CANAL|4-278 P T V F P Q L I R Y F Q N F I T T I E L S - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q99J83|ATG5_MOUSE|1-275 T L V T D K V K K H F Q K V M R Q E D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A3LR68|ATG5_PICST|3-282 T L K L P A I V E Y F S A F V Q G L S S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q3MQ09|Q3MQ09_ICTPU|1-275 T LV T D K V K K H F L K V L K A E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
A1CE93|ATG5_ASPCL|4-321 P S L L P R L R S F F A S S L I E P K S Q - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q7QGY1|Q7QGY1_ANOGA|1-265 P L V T D K V R K H F L R F V S N E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C3ZNT2|C3ZNT2_BRAFL|1-261 P L V A D K V Q R Y F L K Y T A N S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q0CRF3|ATG5_ASPTN|4-315 P S L L P R L H A F F S S S L I E P T S K - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q6CKE2|ATG5_KLULA|1-271 A L Y L P A I V R K L G N N V I V T Y E N - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

ConSurf color-coded MSA for ATG5 family members



E9H8N6|E9H8N6_DAPPU|1-271 - - K H D N E M W L E F E R H P - - - - - - - - - - - L K W H Y P I G L L Y D L F V S N S E - - - -
Q1DP17|ATG5_COCIM|5-351 - - - - A H D G W F S F E G V P - - - - - - - - - - - L K W H Y P V G L L Y D L Y A G A E P I T S K
Q9W3R7|ATG5_DROME|1-269 - - - Q D G A V W F D F N G T P - - - - - - - - - - - L R L H Y P I G V L Y D L L H P E E D S - - -
Q4WNA5|ATG5_ASPFU|10-326 - - - - P H E G W F S F E G V P - - - - - - - - - - - L K W H L P V G L L Y D L Y A G A D P A S K G
A6RE26|ATG5_AJECN|5-333 - - - - D Y Q G W F S F E G V P - - - - - - - - - - - L K W H Y P L G L L Y D L Y S G A D P V T S K
E2BV18|E2BV18_HARSA|1-265 - S K Q E H E M W L E F N G I P - - - - - - - - - - - L K W H Y P I G V L L D I Y F N D I Q - - - -
Q3MQ02|Q3MQ02_XENLA|1-276 - - - D I S E I W F E F E G I P - - - - - - - - - - - L K W H Y P V G L L F D L H A S N T S - - - -
Q3MQ23|Q3MQ23_CIOSA|1-266 - - - K K S E V W Y E F N G Q P - - - - - - - - - - - L K W Q Y P C G L L F D L H C E S S V - - - -
Q75BY9|ATG5_ASHGO|1-288 - - - A F H G W W F G M E D V L - - - - - - - - - - - V H W N H P V G T L Y D S L V G L R P Q E R A
Q3MQ11|Q3MQ11_GASAC|1-275 - - - D V E E M W F E Y E G T P - - - - - - - - - - - L K W H N P I G V L F D L H A S S V - - - - -
Q9FFI2|ATG5_ARATH|1-336 - - - - - D S I W F D Y K G F P - - - - - - - - - - - L K W Y I P T G V L F D L L C A E P E - - - -
C1BTY2|C1BTY2_9MAXI|1-273 - - - P N A D I W F S C N G S A - - - - - - - - - - - I R W H L P V G L L F D S F M M G Q E T - E D
E0VWT9|E0VWT9_PEDHC|1-266 - - K Q D A E M W L D F N G I P - - - - - - - - - - - L K W H Y P I G V L Y D L S - A S D I Q - - -
A7KAI4|ATG5_PICAN|1-275 - - - - S Q K W W F E F E K V P - - - - - - - - - - - L K W N F P V G L L Y D L V T T D A Q V E K -
Q6BVI8|ATG5_DEBHA|4-288 - - - - - - - V W L E Y E T V P - - - - - - - - - - - I K W N L P I G V L Y D L L H L S S I V Q N R
Q2UBM1|ATG5_ASPOR|4-322 - - - - A H D G W F S F E G V P - - - - - - - - - - - L K W H L P I G L L Y D L Y A G A D P A S K G
Q9H1Y0|ATG5_HUMAN|1-275 - - - - I S E I W F E Y E G T P - - - - - - - - - - - L K W H Y P I G L L F D L L A S S S A - - - -
C4QII2|C4QII2_SCHMA|163-515 Q H P L V H E F W L E Y A H Q P - - - - - - - - - - - L K W H Y P I G L V F D M C A N T M D - - - -
A5DCZ3|ATG5_PICGU|1-258 - - - - - - P L W L E Y Q G V P - - - - - - - - - - - L K W N L P V G V L S D L L R T P S K - - - -
C0HB55|C0HB55_SALSA|1-275 - - - D V E E I W F D F E G T P - - - - - - - - - - - L K W H Y P I G L L F D L H A S N T A - - - -
Q3MQ08|Q3MQ08_ORYLA|1-275 - - - D V E E M W F E H E G T P - - - - - - - - - - - L K W H Y P I G V L F D F H A S N T V - - - -
F1RDC0|F1RDC0_DANRE|2-275 - - - D V E E M W F E H E G T P - - - - - - - - - - - L K W H Y P I G V L F D L H A S N S A - - - -
Q17IN4|Q17IN4_AEDAE|1-265 - - L Q D G E M W M D S N G T P - - - - - - - - - - - L K W H Y P I G V L F D L L V G G D A I - - -
A7SNR5|A7SNR5_NEMVE|1-276 - - - S V E E V W F E Y D G Q P - - - - - - - - - - - L K W H Y P I G V L F D L Y G S S A S - - - -
A7TS83|ATG5_VANPO|1-290 - - - L D G M F W F A Y E G I P - - - - - - - - - - - L Y W N Y P F G A L Y D S M V G I D P S I R Y
C1BN90|C1BN90_9MAXI|1-274 - - - S D S E L W F S C N G S T - - - - - - - - - - - L R W H L P V G L L F D L F I Q S Q E S P E E
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O74971|ATG5_SCHPO|4-261 - - - - - - - - A N A P I I Q T S A P L G - - - - - - - S S L G E F L N K R L P D L F P S - - - - -
Q59VY1|ATG5_CANAL|4-278 - - - - - - - - - S P I V V Q A P I S K D - - - - - - - Q T L Q E I L S L H T P N L S S S - - - - -
Q99J83|ATG5_MOUSE|1-275 - - - - - - - T T E R P F I Q K L F R P V A A D G - Q L H T L G D L L R E V C P S A V A P - - - - -
A3LR68|ATG5_PICST|3-282 - - - - - - - - G T T T I V Q A P I Y P Y G - E E - E P T S M R D V L S L H L P H L F A E R - - - -
Q3MQ09|Q3MQ09_ICTPU|1-275 - -- - - - - L S D R P F I Q K P F R P V S S E G - H A H T L G D L L K E M C P A A V C Q D - - - -
A1CE93|ATG5_ASPCL|4-321 P L P P S I P A S T A N A T Q S T V L R G K P A S - Q L Q T I G S A L H S L L P N L F P S - - - - -
Q7QGY1|Q7QGY1_ANOGA|1-265 - - - - - - - - - D G T Y Q Q K L V A P S T A S G - Q K R L L Q D L L D D F - S T P - - - - - - - -
C3ZNT2|C3ZNT2_BRAFL|1-261 - - - - - - - - - D K P C I Q R L F R P I T E E G - E Q R L L G D L V R E V A P Q V F N T E - - - -
Q0CRF3|ATG5_ASPTN|4-315 P L P P T L P P S S M A A S Q A A I S R - - - T P - Q P Q T L G T A L H A L L P N L F P S - - - - -
Q6CKE2|ATG5_KLULA|1-271 - - - - - - - - A D A S F L Q P S I P A N S - - - - D T M T L F D V M T S M D I K L Q E N - - - - -



E9H8N6|E9H8N6_DAPPU|1-271 - - - - - - - - - - - - - - - - E S K G P F Q V V I H G I D I P L E T P L Q W I S E H L S Y P D N F
Q1DP17|ATG5_COCIM|5-351 - - - - - - - - - - - - - - - K R T P M L A K P V L H G A V V P M S A P V E E V V K C A G Y A D G W
Q9W3R7|ATG5_DROME|1-269 - - - - - - - - - - - - - - - - - - - - - V G C R T H G I D L H E E T Q L Q W M S E H L S Y P D N F
Q4WNA5|ATG5_ASPFU|10-326 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A A V P M S A P I E E L V R S C A Y G D G W
A6RE26|ATG5_AJECN|5-333 - - - - - - - - - - - - - - - K R I P V L A K P V L Q G A V V P M T A P L E E V V R V A G Y A D G W
E2BV18|E2BV18_HARSA|1-265 - - - - - - - - - - - - - - - - - Q - E S V T V R T H G I I P P L E T P L Q W M A E H L S Y P D N F
Q3MQ02|Q3MQ02_XENLA|1-276 - - - - - - - - - - - - - - - - D E E K K Y Q V M I H G I E P M L E T P V Q W L S E H L S Y P D N F
Q3MQ23|Q3MQ23_CIOSA|1-266 - - - - - - - - - - - - - - - - - - - T T P Q V I T Q G V H P P L Q A P L Q W L S E N F G Y A D N F
Q75BY9|ATG5_ASHGO|1-288 - - - - - - - - - - - - - - - - - - G S V L R P V V H G I E V S P E S Q L A D L Y H L F C S F D G F
Q3MQ11|Q3MQ11_GASAC|1-275 - - - - - - - - - - - - - - - - G E P K R Y Q V V I H G I E P L L E T P L Q W L S E H L S H P D N F
Q9FFI2|ATG5_ARATH|1-336 G E E R S I D D T E E A D G S R E M G E I K L V R I Q G I E M K L E I P F S W V V N N L M N P E F Y
C1BTY2|C1BTY2_9MAXI|1-273 - - - - - - - - - - - - - - - - - D V D N L Q F L T Q G I S P P L D T P I Q W L S K H L S Y P D N F
E0VWT9|E0VWT9_PEDHC|1-266 - - - - - - - - - - - - - - - - - N S E K V K V F T H G I E P P R D T P L Q W M S E H L S Y P D N F
A7KAI4|ATG5_PICAN|1-275 - - - - - - - - - - - - - - - S L M Y T V A H P Y S H G V V L P L D S S I I D L Y I C M K S L D G F
Q6BVI8|ATG5_DEBHA|4-288 - - - - - - - - - - - - - - - - N N E T L G S I Y I H G I N V E T I I N K D I I D V W E L F K H L D
Q2UBM1|ATG5_ASPOR|4-322 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A A V P M S A P V E E L V R S S A Y G D G W
Q9H1Y0|ATG5_HUMAN|1-275 - - - - - - - - - - - - - - - E D G E K K N Q V M I H G I E P M L E T P L Q W L S E H L S Y P D N F
C4QII2|C4QII2_SCHMA|163-515 - - - - - - - - - - - P L V Q N T E P K G Y L F F I H G I T L P H E T P M Q W I S E H L S Y P D N F
A5DCZ3|ATG5_PICGU|1-258 - - - - - - - - - - - - - - - - - - - L A T T V L I H G V D C N S L I D E P I L D V W R T F R Y L D
C0HB55|C0HB55_SALSA|1-275 - - - - - - - - - - - - - - - - D E S K R Y Q V V I H G I E P L L E T P L Q W L S E H L S H P D N F
Q3MQ08|Q3MQ08_ORYLA|1-275 - - - - - - - - - - - - - - - - G E E K R F Q V V I H G I E P L L E T P L Q W L S E H L S H P D N F
F1RDC0|F1RDC0_DANRE|2-275 - - - - - - - - - - - - - - - - D E P K K F Q V M I H G I E P L L E T P I Q W L S E H L S H P D N F
Q17IN4|Q17IN4_AEDAE|1-265 - - - - - - - - - - - - - - - - - V R K A V E A R T H G V T I P S T T P L Q W L S E H L S Y P D N F
A7SNR5|A7SNR5_NEMVE|1-276 - - - - - - - - - - - - - - - M D V D S Q W R I V I Q G I E P P L E T P T Q W L S E H L S H P D N F
A7TS83|ATG5_VANPO|1-290 - - - - - - - - - - - - - - - V D E T P I A K V V S H G I E I P F D M P L F A L Y E R F L S C D A F
C1BN90|C1BN90_9MAXI|1-274 - - - - - - - - - - - - - - - - - N T D D M Q V L T Q G I S P H M D T P L Q W L S E H L S Y P D N F
P0CM36|ATG5_CRYNE|8-339 - - - - - - - - - - - - - - - - - - Y E L A F P I A Q G I L I P Q E A E V A W I A S C L C G V D G W
Q0UXN8|ATG5_PHANO|4-311 - - - - - - - - - - - - - - - R R S A L L A Q A V L H G A V V P L G A S V E E L I R S V A Y L D G W
A7KAL6|ATG5_PENCW|4-317 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A V I P M S A P I E E V V R S S A Y G D G W
A1DMA1|ATG5_NEOFI|10-326 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A A V P M S A P I E E L V R S C A Y G D G W
Q3MQ04|ATG5_PIG|1-275 - - - - - - - - - - - - - - - E D G E K K S Q V M I H G I E P L L E T P L Q W L S E H L S Y P D N F
D6W8J7|D6W8J7_TRICA|1-263 - - - - - - - - - - - - - - - - - K - - N V V I K T H G M I P P L E T P L Q W M S E H L S Y P D N F
Q12380|ATG5_YEAST|1-287 - - - - - - - - - - - - - - - - I N G N D V M V I C Q G I E I P W H M L L Y D L Y S K L R S F D G F
Q3MQ21|Q3MQ21_CALSI|1-269 - - - - - - - - - - - - - - - - L S Q E G D R V V I Q G I E V P H D T P L Q W L S E H L S H P D N F
B7TZ42|B7TZ42_BOMMO|1-264 - - - - - - - - - - - - - - - - - E K S N V N L R T H G V I I P P E T P L Q W L S E H L S Y P D N F
O74971|ATG5_SCHPO|4-261 - - - - - - - - - - - - - - - C D K F L I V K P V I H G I T I F L Q S V L D E L N R D F C Y I D G F
Q59VY1|ATG5_CANAL|4-278 - - - - - - - - - - - - - - - - - S S S M S H P Y I Q G I D V T S L M N Q S I R E I W Q L F K H L D
Q99J83|ATG5_MOUSE|1-275 - - - - - - - - - - - - - - - E D G E K R S Q V M I H G I E P M L E T P L Q W L S E H L S Y P D N F
A3LR68|ATG5_PICST|3-282 - - - - - - - - - - - - - - - - - - E A I A L P Y I H G I D T Q S L L D E P L L K T W E I F K H L D
Q3MQ09|Q3MQ09_ICTPU|1-275 - -- - - - - - - - - - - - - - D D P K K Y Q V V I H G I E P L F E T P I Q W L S E H L S Y P D N F
A1CE93|ATG5_ASPCL|4-321 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A A V P M S A P V E E V A R S A A Y G D G W
Q7QGY1|Q7QGY1_ANOGA|1-265 - - - - - - - - - - - - - - - - - V R K A V E A R T H G V T V P E S T P L Q W L S E H L S Y P D N F
C3ZNT2|C3ZNT2_BRAFL|1-261 - - - - - - - - - - - - - - - E D T S G S W K V V I Q G V E P P M E T P V Q W L S E H F S Y P D N F
Q0CRF3|ATG5_ASPTN|4-315 - - - - - - - - - - - - - - - R R T P V L A K P V L H G A V L P M S A P V E E V V R S S A Y G D G W
Q6CKE2|ATG5_KLULA|1-271 - - - - - - - - - - - - - - - - - - - - - N R A I I Q G I V I C S D E D I I N L Y D L F A S I D G F

E9H8N6|E9H8N6_DAPPU|1-271 L H L C I R Y S Q T -
Q1DP17|ATG5_COCIM|5-351 L G V V V S M V G - -
Q9W3R7|ATG5_DROME|1-269 L H L S V D Y K D V -
Q4WNA5|ATG5_ASPFU|10-326 V Y I V I R M M G - -
A6RE26|ATG5_AJECN|5-333 L A I V V S M V G - -
E2BV18|E2BV18_HARSA|1-265 L H L I V V T S - - -
Q3MQ02|Q3MQ02_XENLA|1-276 L H I S I I P Q P T D
Q3MQ23|Q3MQ23_CIOSA|1-266 L H I C V R Q P I N R
Q75BY9|ATG5_ASHGO|1-288 L H I S I C S P V A L
Q3MQ11|Q3MQ11_GASAC|1-275 L H I C V I P V P S R
Q9FFI2|ATG5_ARATH|1-336 L H I S V L V K A P Q
C1BTY2|C1BTY2_9MAXI|1-273 L H I C V K - - - - -
E0VWT9|E0VWT9_PEDHC|1-266 L H L I C T T L Q - -
A7KAI4|ATG5_PICAN|1-275 L H I S I K M I Q K N
Q6BVI8|ATG5_DEBHA|4-288 N F L Y I I V L F S T
Q2UBM1|ATG5_ASPOR|4-322 L Y V V I R M M G - -
Q9H1Y0|ATG5_HUMAN|1-275 L H I S I I P Q P T D
C4QII2|C4QII2_SCHMA|163-515 V H I V A R P Q S H S
A5DCZ3|ATG5_PICGU|1-258 N F L Y I I L M P - -
C0HB55|C0HB55_SALSA|1-275 L H I S I I P A P S D
Q3MQ08|Q3MQ08_ORYLA|1-275 L H I C I I P A P T D
F1RDC0|F1RDC0_DANRE|2-275 L H I S I I P A P S D
Q17IN4|Q17IN4_AEDAE|1-265 L H L C L I Y G - - -
A7SNR5|A7SNR5_NEMVE|1-276 L H I V V V S N E - -
A7TS83|ATG5_VANPO|1-290 L H L S I C M V T D D
C1BN90|C1BN90_9MAXI|1-274 L H I S V K - - - - -
P0CM36|ATG5_CRYNE|8-339 V R V G V C L S A A -
Q0UXN8|ATG5_PHANO|4-311 L H I A I V M M G - -
A7KAL6|ATG5_PENCW|4-317 A Y I V V R M M G - -
A1DMA1|ATG5_NEOFI|10-326 A Y I V I R M M G - -
Q3MQ04|ATG5_PIG|1-275 L H I S I V P Q P T D
D6W8J7|D6W8J7_TRICA|1-263 L H L C V Q T - - - -
Q12380|ATG5_YEAST|1-287 L Y I T L V P I K G G
Q3MQ21|Q3MQ21_CALSI|1-269 L T S A T F L S S L E
B7TZ42|B7TZ42_BOMMO|1-264 L H L C L C - - - - -
O74971|ATG5_SCHPO|4-261 L H I V L M K V - - -
Q59VY1|ATG5_CANAL|4-278 N F L Y I T L I I L -
Q99J83|ATG5_MOUSE|1-275 L H I S I V P Q P T D
A3LR68|ATG5_PICST|3-282 N F L Y V V V I P R V
Q3MQ09|Q3MQ09_ICTPU|1-275 L H I C I I P A P N D
A1CE93|ATG5_ASPCL|4-321 V Y I V V R M M G - -
Q7QGY1|Q7QGY1_ANOGA|1-265 L H L C L S Y A - - -
C3ZNT2|C3ZNT2_BRAFL|1-261 L H I C L V N S R - -
Q0CRF3|ATG5_ASPTN|4-315 V Y I V V R M M G - -
Q6CKE2|ATG5_KLULA|1-271 L Y V V I K - - - - -

1 2 3 4 5 6 7 8 9
Variable Average Conserved

X  - Insufficient data - the calculation for this site
   was performed on less than 10% of the sequences.



Supplementary Figure 5 Multiple sequence alignments of ATG12 and ATG5 family 
members used for ConSurf analyses in Figure 3. Each sequence is labeled with its 
UniProtKB, entry name for Uniprot, and residue range at the left, middle, and right, 
respectively, in the left column. Fifty and 45 sequences of ATG12 and ATG5, 
respectively, were used to generate the multiple sequence alignments.



Supplementary Note

Cloning, expression and purification of recombinant proteins.

ATG3: The full-length ATG3 coding DNA sequence was cloned into the BamHI-XhoI site 

of a glutathione S-transferase (GST)-fusion vector modified from pGEX4T3 (GE). 

Protein expression was induced by the addition of 0.2 mM IPTG to transformed BL21

(λDE3) cells growing in LB media at an OD600 of 0.8, after which the cells were grown at 

18ºC for 12–16 hours and then harvested. The protein was purified by glutathione 

affinity and Source 15Q (GE) anion-exchange chromatography followed by TEV 

cleavage and passage over a SD200 column. ATG12: The ATG1252–140 coding DNA 

sequence was subcloned into pTXB1 (NEB) using NdeI and BspQI and then was 

transferred to a modified pET-Duet-1 vector using NdeI and BamHI; the resulting vector 

expresses the 6×His-MBP-TEVs-ATG1252–140-intein-chitin binding domain fusion. 

Protein expression was performed as described for ATG3. The fusion protein was 

purified by chitin affinity (NEB) and SD200 size-exclusion chromatography followed by 

dithiothreitol (DTT)-induced intein cleavage according to the manufacturer's instructions 

(NEB). The cleaved protein was further purified on a Source 15S column. The 6×His-

MBP tag was removed by TEV protease, and the protein was further purified on Source 

15S and Superdex 75 (GE) gel-filtration columns. Because ATG12 tended to aggregate 

over time, the purified protein was used within 2 days after the final gel-filtration step. 

The ATG5–ATG16N complex: The full-length ATG5 coding DNA sequence was cloned 

into a 6×His-MBP vector based on pET Duet-1. The fusion protein was expressed as 

described for ATG3. The 6×His-MBP-TEVs-ATG5 fusion protein was purified by nickel 

affinity and SD200 size-exclusion chromatography, treated with TEV protease followed 

by Source 15Q anion-exchange and butyl sepharose (GE) hydrophobic 

chromatography. The purified ATG5 was then complexed with 6×His-MBP-TEVs-

ATG16N. Upon completion of TEV cleavage, the complex was further purified on 

Source 15Q and SD200 columns. The ATG12-ATG5 fusion: The ATG1252–140 and full-

length ATG5 coding DNA sequences were joined with a linker coding 

GlyGlySerGlyGlySer hexa-peptide by PCR and the resulting fusion sequence was 

cloned into a MBP-6×His vector modified from pET15b (Novagen). The fusion protein 



was expressed, purified, and complexed with ATG16N as described for ATG5. The 

BMOE-cross-linked ATG12~ATG5 conjugate mimic: The ATG1252–140C122N C134S G140C and 

ATG5C19Q C115L C128S C223L K130C mutant proteins were purified as described above for the 

wild-type of each protein. The purified proteins were buffer-exchanged into 20 mM 

Hepes, pH 7.5, 300 mM NaCl, and 5 mM EDTA and then mixed at a concentration of 

~250 µM of each protein. A 1.5-fold molar excess of BMOE (Pierce) was added to the 

protein solution, which was then incubated at room temperature for 2 hours. The 

reaction was quenched by the addition of 10 mM DTT. The reaction solution was mixed 

with the 6×His-MBP-TEVs-ATG16N protein, followed by purification as described for the 

wild-type ATG12~ATG5–ATG16N complex. ATG7: The full-length ATG7 coding DNA 

sequence was cloned into the NcoI-SalI site of a modified pFastBac1 vector 

(Invitrogen); the resulting vector expresses 6×His-TEVs-ATG7 in insect cells. The 

baculovirus was generated using Bac-to-Bac Baculovirus Expression System 

(Invitrogen) with this vector and protein expression was carried out in Sf9 (Spodoptera 

frugiperda) cells at 27ºC for 2.5 days. The expressed protein was purified by nickel 

affinity chromatography followed by passage over Source 15Q and SD200 columns. 

LC3B: The LC3B1-120 (matured form) coding DNA sequence was cloned into the Nde-

BamHI site of a GST-fusion vector modified from pGEX2T (GE). Protein expression was 

carried out as described for ATG3. LC3B was purified on glutathione-sepharose and 

Source 15S columns followed by TEV cleavage and SD200 size-exclusion 

chromatography.
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