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Appendix Figure S1. The prokaryotic origins of UBA5, UFL1, and DDRGK1.  

Maximum likelihood phylogenies generated from multiple sequence alignments containing 
eukaryotic and prokaryotic homologs of UBA5 (A), UFL1 (B), and DDRGK1 (C). Eukaryotes 
and prokaryotes are denoted in blue and green, respectively. Black circles represent SH-
aLRT (Shimodaira Hasegawa approximate likelihood ratio tests) ≥ 0.85. Phylogenetic 
models used for generating each phylogeny and the number of sequences within collapsed 
nodes are noted. Scale bars represent the number of substitutions per 100 amino acids. 
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Appendix Figure S2. Conservation analysis of RPL26 shows that the UFMylated tail 
region is divergent. 

(A) Multiple sequence alignment of RPL26 showing the conservation of the C-terminal 
tail in species with and without UFM1. Lysine residues that are ufmylated have been 
highlighted. (B) TwinCons analysis comparing the sequence conservation of RPL26. 
The tail region is highly polymorphic. 
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Appendix Figure S3. Characterization of the Chlamydomonas reinhardtii UFMylation 
pathway mutants.  

(A) Genotyping of C. reinhardtii uba5 and ufl1 mutants. Left Panel, mating type (mt +/-) 
and insertion site PCR products from purified genomic DNA samples prepared from wt, uba5 
and ufl1 genotypes. PCR products were run on a 1% (w/v) agarose gel. DNA size markers 
are reported in Kb. (B) Schematic diagram indicating the insertion site of the mutagenic 
cassette (PARO) in ufl1 and uba5 mutants. Primers are indicated with arrows and 
expected PCR products from wild type and mutants are reported next to each respective 
diagram. (C) RPL26 mono- and di-UFMylation is lost in uba5 and ufl1 mutants. Cells 
were either left untreated or treated for 24 hours with 200 ng/mL tunicamycin. Protein 
extracts were analyzed by immunoblotting with anti-UFM1 antibodies. Total proteins were 
analyzed by Ponceau S staining. Quantification is shown in Figure 1C. (D) C. reinhardtii 
(Cr) ribosomes are specifically mono- and di-UFMylated. Liquid TAP cultures were either 
left untreated (control) or treated for 24 hours with 200 ng/mL tunicamycin. Protein extracts 
and purified ribosomes were analyzed by immunoblotting with anti-UFM1 antibodies. (E) C. 
reinhardtii (Cr) RPL26 is di-UFMylated. nanoLC-MS/MS spectra of K-GV-containing 
peptides associated with RPL26. Spectrum, derived from RPL26-(UFM1)2, is of a RPL26 
peptide containing K-GV remnants on K131 and K133, and oxidation of M141. 
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Appendix Figure S4. Native Mass-Spectrometry (nMS) spectra of HsC53 with 
GABARAP or HsUFM1 show very similar binding profiles.  

Left Panel, GABARAP (4 µM) and HsC53 (2 µM). Right Panel, HsUFM1 (4 µM) and HsC53 
(2 µM). Binding of HsC53 to GABARAP and HsUFM1 is observed in 1:1 (violet) and 1:2 
ratios (teal). 
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Appendix Figure S5. The canonical ATG8 Interacting Motif (cAIM) peptide cannot 
outcompete C53-UFM1 interaction for C. reinhardtii (Cr) protein orthologs.  

(A) CrC53 binds CrATG8A in a cAIM-dependent manner. (B) CrC53 binds UFM1 in a 
cAIM-independent manner. Bacterial lysates containing recombinant protein or purified 
recombinant proteins were mixed and pulled down with glutathione magnetic agarose beads. 
Input and bound proteins were visualized by immunoblotting with anti-GST, anti-MBP or anti-
AtC53 antibodies. cAIM wild type or mutant peptides were used to a final concentration of 
200 µM.  
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Appendix Figure S6. Titrations of HsUFM1 with UBA5 LIR peptide and HsC53wt. 
 
(A) Titrations of HsUFM1 with UBA5 LIR. The concentrations of reactants are 40 µM for 
UFM1 (in cell) and 550 µM UBA5 LIR (in syringe). (B) Titrations of HsUFM1 with HsC53wt 
The concentrations of reactants are 40 µM for UFM1 (in cell) and 300 µM (1) or 550 µM 
HsC53wt (in syringe) (2). Global analysis was performed using a hetero-association model A 
+ B. The top panels show the SVD reconstructed thermograms, the middle panel shows the 
isotherms, and the bottom panel shows the residuals. Extracted global parameters and their 
68.3% confidence interval are reported in the respective tables. Thermograms were 
reconstructed with NITPIC, global analysis was done in SEDPHAT, and data visualization was 
plotted in GUSSI. The dissociation constant (KD) is reported µM units, while the enthalpy (ΔH) 
is reported in kcal/mol units. 
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Appendix Figure S7. The canonical ATG8 Interacting Motif (cAIM) cannot outcompete 
C53-UFM1 interaction. 

(A) Purified proteins used for the protein-protein interaction microscopy binding 
assays. Recombinant proteins were analyzed for purity by SDS-PAGE followed by 
Coomassie staining. Marker molecular weights (MW) are indicated in kDa. mCh: mCherry. 
(B, C) Microscopy-based protein–protein interaction assays showing unlike ATG8A-
C53 interaction, UFM1-C53 interaction is insensitive to cAIM peptide competition. 
Glutathione-sepharose beads were prepared by incubating them with GST-ATG8A (C) or 
GST-AtUFM1 (D). The pre-assembled beads were then washed and mixed with 1 µM of 
AtC53 containing increasing concentrations of cAIM peptide (0-100 µM). The beads were 
then imaged using a confocal microscope. Left Panel, representative confocal images 
(inverted grayscale) for each condition are shown. Right panel, normalized fluorescence is 
shown for each condition with the mean (± SD) of 2 independent replicates containing 2 
technical replicates. Unpaired two-samples Wilcoxon test with continuity correction was 
performed to analyze the differences between wild type without cAIM peptide and wild type 
with 100 µM cAIM peptide. ***, p-value < 0.001. Total number of beads, mean, median, 
standard deviation and p-values are reported in Supplementary data S1. (D) Microscopy-
based protein–protein interaction assays showing UBA5 LIR peptide and GABARAP 
can compete for C53 interaction with UFM1. Glutathione-sepharose beads were prepared 
by incubating them with GST-HsUFM1. The pre-assembled beads were then washed and 
mixed with 1 µM of HsC53 with either 100 µM cAIM peptide, 100 µM UBA5 LIR peptide or 
100 µM GABARAP. The beads were then imaged using a confocal microscope. Left Panel, 
representative confocal images (inverted grayscale) for each condition are shown. Right 
panel, normalized fluorescence is shown for each condition with the mean (± SD). Unpaired 
two-samples Wilcoxon test with continuity correction was performed to analyze the 
differences between wild type and wild type mixed with either cAIM peptide, UBA5 LIR 
peptide or GABARAP. ns, p-value > 0.05, ***, p-value < 0.001. Total number of beads, 
mean, median, standard deviation and p-values are reported in Supplementary data S1. 
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Appendix Figure S8. Structural characterization of AtC53 IDR binding to AtUFM1 
using NMR spectroscopy.  

(A) Validation of AtC53 IDR backbone resonance assignments. Overlaid 1H-15N HSQC 
spectra of 100 µM isotope-labelled AtC53 IDR (grey), AtC53 IDRW276A (cyan) and AtC53 
IDRW287A (magenta). Insets of resonances corresponding to residues W276 and W287 are 
shown. (B) Addition of AtUFM1 changes the magnetic resonance of specific residues 
in AtC53. Overlaid 1H-15N HSQC spectra of isotope-labelled AtC53 IDR (100 µM) in their 
free (gray) or bound state to 75 µM (blue), 100 µM (green), 200 µM (orange) and 300 µM 
(red) unlabelled AtUFM1. Examples of individual peaks that shift upon binding are shown as 
insets. Chemical shifts are indicated with arrows. (C) Residues downstream AtC53 sAIM1 
but not sAIM2 contribute to AtUFM1 binding. Insets of overlaid 1H-15N HSQC spectra 
of isotope-labelled AtC53 IDR (100 µM) showing chemical shift perturbations of individual 
peaks from backbone amides of AIM residues in their free (gray) or bound state to 75 µM 
(blue), 100 µM (green), 200 µM (orange) and 300 µM (red) unlabelled AtUFM1. Chemical 
shifts are indicated with arrows. (D) Signal intensity changes in AtC53 IDR upon binding 
of AtUFM1 are concentration dependent. Intensity ratio broadening of AtC53 IDR (100 
µM) in the presence of 75 µM (blue), 100 µM (green), 200 µM (orange) and 300 µM (red) 
AtUFM1. Bars corresponding to residues in AIMs are highlighted. Unassigned AtC53 IDR 
residues are indicated by hashtags. (E) A peptide spanning C53 sAIM1 and sAIM2 binds 
UFM1. Fluorescence anisotropy (FA) assay using AtC53 IDR-derived peptides as a probe 
for AtUFM1 binding. Error bars represent the FA values expressed in arbitrary units (A.U.) as 
mean ± s.d. of triplicate experiments using the same buffer and protein conditions. Peptide 
sequences are listed, sAIMs are highlighted. N.D. not determined. 
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Appendix Figure S9. Structural characterization of AtC53 IDR binding to ATG8A using 
NMR spectroscopy.  

(A) Addition of ATG8A affects a greater number of residues in the AtC53 IDR spectra. 
Overlaid 1H-15N HSQC spectra of isotope-labelled AtC53 IDR (100 µM) in their free (gray) or 
bound state to 75 µM (blue), 100 µM (green), 200 µM (orange) and 300 µM (red) unlabelled 
ATG8A. Insets of individual peaks that shifted upon binding are shown. Chemical shifts are 
indicated with arrows. (B) Signal intensity changes in AtC53 IDR upon binding of 
ATG8A are concentration dependent. Intensity ratio broadening of AtC53 IDR (100 µM) in 
the presence of 75 µM (blue), 100 µM (green), 200 µM (orange) and 300 µM (red) ATG8A. 
Top panel represents an inset of lower panel. Unassigned AtC53 IDR residues are indicated 
by hashtags. Bars corresponding to residues in AIMs are highlighted. Top panel represents 
an inset of lower panel. (C) Residues downstream AtC53 sAIM1 and sAIM2 contribute to 
ATG8A binding. Insets of overlaid 1H-15N HSQC spectra of isotope-labelled AtC53 IDR (100 
µM) showing chemical shift perturbations of individual peaks from backbone amides of AIM 
residues in their free (gray) or bound state to 75 µM (blue), 100 µM (green), 200 µM (orange) 
and 300 µM (red) unlabelled ATG8A. Chemical shifts are indicated with arrows. (D) A 
peptide spanning C53 sAIM1 and sAIM2 binds ATG8A. Fluorescence anisotropy (FA) 
assay using AtC53 IDR-derived peptides as a probe for ATG8A binding. Error bars represent 
the FA values expressed in arbitrary units (A.U.) as mean ± s.d. of triplicate experiments 
using the same buffer and protein conditions. Peptide sequences are listed, sAIMs are 
highlighted. N.D. not determined. 
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Appendix Figure S10. Microscopy-based protein–protein interaction assays showing 
C53cAIM has increased affinity towards ATG8 or GABARAP. 

(A, B) Representative confocal images (inverted grayscale) for each condition from Figure 5 
D, E are shown. 
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Appendix Fig. S11. C53-HsFIP200 Claw domain (CD) interaction is also mediated by 
the sAIM sequences and strengthened by sAIM to cAIM conversion. 

Glutathione-sepharose beads were prepared by incubating them with GST-FIP200 CD. The 
pre-assembled beads were then washed and mixed with 1 µM of HsC53, 1 µM of HsC53sAIM 
or 1 µM of HsC53cAIM mutants. The beads were then imaged using a confocal microscope. 
Left Panel, representative confocal images (inverted grayscale) for each condition are 
shown. Right panel, normalized fluorescence is shown for each condition with the mean (± 
SD) of 2 independent replicates containing 2 technical replicates. Unpaired two-samples 
Wilcoxon test with continuity correction was performed to analyze the differences between 
wild type and mutants. ***, p-value < 0.001. Total number of beads, mean, median, standard 
deviation and p-values are reported in Supplementary data S1. 
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Appendix Figure S12. In vivo pull downs showing sAIM to cAIM conversion 
strengthens C53-ATG8 association while weakens C53-UFM1 association. 

(A) Biological replicates of representative experiment shown in Figure 5F. 6-day old 
Arabidopsis seedlings expressing AtC53-GFP, AtC53cAIM-GFP in c53 mutant background 
were incubated in liquid 1/2 MS medium with 1% sucrose supplemented with DMSO as 
control (Ctrl) or 10 μg/ml tunicamycin (Tm) for 16 hours and used for co-
immunoprecipitation. Lysates were incubated with GFP-Trap Magnetic Agarose, input and 
bound proteins were detected by immunoblotting using the respective antibodies as 
indicated. (B) Quantification of blots in (Fig. 5F, Fig. S12A). UFM1 and ATG8 protein 
levels that associate with AtC53-GFP or AtC53cAIM-GFP are shown. Bars represent the mean 
(± SD) of 3 biological replicates (BR). (C, D) Autophagic flux analysis of endogenous C53 
protein using AtC53 antibody. Western blot analysis of Col-0, uba5 and ufc1 Arabidopsis 
seedlings incubated in either control, or 10 µg/ml tunicamycin for 16 hrs. In addition, each 
treatment was supplemented with or without 1 µm concanamycin A (conA) as indicated to 
visualize vacuolar degradation. Right panel, quantification of the relative intensities of the 
protein bands were normalized for the total protein level of the lysate, relative protein 
intensity in the non-Tm and non-ConA treated control is set as 1 for each genotype. Average 
C53 levels and SD for n = 4 are shown. 

  



Supplementary Data S1. Total number of beads, mean, median, standard deviation and p-
values of the microscopy-based protein-protein interaction assays are reported. 

Supplementary Data S2. Fiji macro and agarose bead model for automatic quantification. 
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