Taylor & Francis
Taylor & Francis Group
Autophagy

ISSN: 1554-8627 (Print) 1554-8635 (Online) Journal homepage: https://www.tandfonline.com/loi/kaup20

An atypical LIR motif within UBAS5 (ubiquitin like
modifier activating enzyme 5) interacts with
GABARAP proteins and mediates membrane
localization of UBA5S

Jessica Huber, Miki Obata, Jens Gruber, Masato Akutsu, Frank Lohr, Natalia
Rogova, Peter Guntert, Ivan Dikic, Vladimir Kirkin, Masaaki Komatsu, Volker
Détsch & Vladimir V. Rogov

To cite this article: Jessica Huber, Miki Obata, Jens Gruber, Masato Akutsu, Frank Loéhr, Natalia
Rogova, Peter Guntert, lvan Dikic, Vladimir Kirkin, Masaaki Komatsu, Volker Détsch & Vladimir
V. Rogov (2019): An atypical LIR motif within UBA5 (ubiquitin like modifier activating enzyme 5)
interacts with GABARAP proteins and mediates membrane localization of UBA5, Autophagy, DOI:
10.1080/15548627.2019.1606637

To link to this article: https://doi.org/10.1080/15548627.2019.1606637

A
ﬁ View supplementary material

% Accepted author version posted online: 16
Apr 2019.

N
C/J Submit your article to this journal

(!) View Crossmark data (&'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=kaup20


https://www.tandfonline.com/action/journalInformation?journalCode=kaup20
https://www.tandfonline.com/loi/kaup20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15548627.2019.1606637
https://doi.org/10.1080/15548627.2019.1606637
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2019.1606637
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2019.1606637
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1606637&domain=pdf&date_stamp=2019-04-16
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1606637&domain=pdf&date_stamp=2019-04-16

W) Check for updates

Publisher: Taylor & Francis & Informa UK Limited, trading as Taylor & Francis Group
Journal: Autophagy

DOI: 10.1080/15548627.2019.1606637

An atypical LIR motif within UBAS (ubiquitin like modifier activating enzyme 5)

interacts with GABARAP proteins and mediates membrane localization of UBAS

Jessica Huber', Miki Obata®, Jens Gruber', Masato Akutsu’,«Frank Lohr',
Natalia Rogoval, Peter Gintert™, Ivan Dikic™®, Vladimir Kirkin’, Masaaki

Komatsu®®, Volker Détsch', Vladimir V. Rogov1

" Institute of Biophysical Chemistry and Center for Biomolecular Magnetic Resonance,
Goethe University, Max-von-Laue Str. 9, 60438 Frankfurt am Main, Germany

? Department of Biochemistry, Niigata University Graduate School of Medical and Dental
Sciences, Chuo-ku, Niigata 951-8510, Japan

3 Buchmann Institute for Molecular Life Sciences, Goethe University, Max-von-Laue Str. 15,
60438 Frankfurt am Main, Germany

* Laboratory of Physical Chemistry, "ETH Zurich, Vladimir-Prelog-Weg 2, 8093 Zurich,
Switzerland

’ Graduate School of Science, Tokyo Metropolitan University, 1-1 Minami-ohsawa, Hachioji,
Tokyo 192-0397, Japan

S Institute of Biochemistry II, School of Medicine, Theodor-Stern-Kai 7, 60590 Frankfurt am
Main, Germany:

7 Cancer Research UK Cancer Tl herapeutics Unit, The Institute of Cancer Research, London
SM2 5NG, The UK

8 Department of Physiology, Juntendo University Graduate School of Medicine, Bunkyo-ku,
Tokyo'113-8421, Japan

«Correspondence should be addressed to V.V.R rogov@bpc.uni-frankfurt.de or V.D.
vdoetsch@em.uni-frankfurt.de



https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2019.1606637&domain=pdf

Abstract

Short linear motifs, known as LC3-interacting regions (LIRs), interact with
mactoautophagy/autophagy modifiers (Atg8/LC3/GABARAP proteins) via a conserved
universal mechanism. Typically, this includes the occupancy of 2 hydrophobic pockets on the
surface of Atg8-family proteins by 2 specific aromatic and hydrophobic residues within the
LIR motifs. Here, we describe an alternative mechanism of Atg8-family protein interaction
with the non-canonical UBAS LIR, an El-like enzyme of the ufmylation ‘pathway that
preferentially interacts with GABARAP but not LC3 proteins. By solving the structures of
both GABARAP and GABARAPL2 in complex with the UBAS LIR, we show that in
addition to the binding to the 2 canonical hydrophobic pockets (HP1 and HP2), a conserved
tryptophan residue N-terminal of the LIR core sequence binds into a novel hydrophobic
pocket on the surface of GABARAP proteinsy; which we term HP0. This mode of action is
unique for UBAS and accompanied by large rearrangements of key residues including the side
chains of the gate-keeping K46 and the adjacent K/R47 in GABARAP proteins. Swapping
mutations in LC3B and GABARAPL2 revealed that K/R47 is the key residue in the specific
binding of GABARAP proteins to UBAS, with synergetic contributions of the composition
and dynamics of the«loop L3. Finally, we elucidate the physiological relevance of the
interaction and show that GABARAP proteins regulate the localization and function of UBAS

on the endoplasmic reticulum membrane in a lipidation-independent manner.
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Introduction

Autophagy is a broad set of lysosome-based catabolic processes that degrade cellular
components (reviewed in [1-4]). While it was initially described as a non-selective bulk
degradation pathway for recycling cellular metabolites to maintain cellular homeostasis, it is
now well recognized that autophagy can specifically target and clear misfolded and/or
aggregated proteins, dysfunctional or damaged organelles and intracellular pathogens. [5=7].
At the core of this pathway are ubiquitin-like proteins (UBLs) of the Atg8/LC3/GABARAP
family (Atg8-family proteins) that, being covalently linked to phosphatidylethanelamine (PE)
by a specific ubiquitin-like conjugation cascade, are incorporated into.the inner and outer
membrane of the double-membrane autophagosome. The ~Atg8-PE conjugates perform
various cellular functions of which the regulation oftthe autophagosome formation and
closure, as well as recruitment of cargo via selective autophagy receptors (SARs), such as
SQSTM1/p62, are the most prominent ones.[8—10]. There is only 1 member of the Atg§-
family in yeast; however, the mammalian genome encodes at least 6 homologs: MAP1LC3A
(microtubule-associated protein light chain 3 alpha; LC3A), LC3B, LC3C, GABARAP
(GABA type A receptor-associated protein), GABARAPL1 (GABA type A receptor
associated protein like 1) and GABARAPL2/GATE-16. Although all 6 mammalian Atg8-
family proteins are essential for autophagyi, it is not fully known whether they are functionally
redundant or have distinct roles in and outside the autophagy pathway [11]. LC3 proteins
were initially thought to be important in early phases of autophagy initiation and recruitment
of SARs, whereas GABARAPs were shown to be crucial for later stages, such as membrane
fusion and transport [12]. However, this functional subdivision may be incomplete, since
GABARAPs were also shown to be crucial in the early stages of autophagy via the activation
of the ULK1/2 complex and have very distinct roles outside the autophagy pathway [13].
They were, for example, shown to be involved in intra Golgi transport and Golgi reassembly

or serve as signaling scaffolds and in membrane recruitment [14—-17].



Independent of their functions, Atg8-family proteins interact with SARs and other
proteins via short linear motifs designated as LC3-interacting regions (LIRs), LC3 recognition
sequences (LRSs), or AIMs (Atg8-interaction motifs) (AIMs) [18-20]. The core of the
canonical LIR motif represents a consensus of 4 residues @-X-X-I', where ® is an aromatic
residue (W/F/Y), I' is a large hydrophobic residue (L/V/I) and X could be any residue.
Although most LIRs known so far fit in this classical definition, there are some examples of
atypical LIRs, such as those in SARs NDP52 and TAX1BP1, which lack the. class-defining
aromatic residue ® [21,22]. It is commonly accepted that all LIRs form an intermolecular 3-
sheet with B-strand B2 in Atg8-family proteins. Additionally, the side chain of the aromatic
residue ® binds deeply inside a hydrophobic pocket (HP1) on the Atg8-family protein
surface, formed between the Atg8-family proteins o-helix 02 and the B-strand 2 [23]. The
side chain of the hydrophobic residue I' ocecupies the second hydrophobic pocket (HP2)
between the B-strand B2 and the a-helix a3 (reviewed in [3,19]).

Recently, we reported that UBAS (ubiquitin like modifier activating enzyme 5), the
El-like enzyme for the UBL UFMI (ubiquitin fold modifier 1) possesses a double-specific
LIR/UFIM motif at the C terminus [24]. This short motif has an amino acid sequence, which
is distinct from both canonical and non-canonical LIR motifs. The specific feature of the
LIR/UFIM is that it not only recognizes the cognate substrate of UBAS, UFM1, but also binds
mammalian_Atg8-family proteins with a clear preference for GABARAPs. Following the
activation by the El-like enzyme UBAS5 [25], UFMI can be covalently attached to target
proteins [26] in an ubiquitin-like process termed ufmylation, which also requires the E2-like
UFCI1 and E3-like UFL1 enzyme. Ufmylation occurs in almost all eukaryotic organisms
(except fungi) where it plays various biological roles, e.g.in the endoplasmic reticulum (ER)
stress response, hematopoiesis and erythroid lineage differentiation [27-30]. Additionally,

this pathway has been implicated in the development of cancer [31].



We and others identified GABARAPs as one of the major interaction partners of
UBAS5 [24,26,32]. However, it remained unclear how this highly unusual UBAS LIR/UFIM
interacts with GABARAPs and what the biological role of this interaction is. In the present
study, we solved the structures of the complexes of GABARAPL2 and GABARAP with the
UBAS5 LIR/UFIM (hereafter UBAS LIR) by solution NMR and by X-ray crystallography. We
identified a novel mode of interaction mediated by a conserved tryptophan residue (W341) N-
terminal of the UBAS LIR core sequence that docks into a newly-described hydrephobic
pocket on the surface of GABARAP/GABARAPL2. Using peptide arrays, we showed that
W341 is crucial for the binding of the core UBAS LIR/UFIM motif to GABARAP proteins.
We observed that the binding of UBAS LIR to GABARAPs is accompanied by structural
rearrangements in side chains of key GABARAPs residues close to the gate-keeping K46
residue. Such conformational changes in side €hain geometry are also unique and were not
observed in any other Atg8:LIR complexes.described to date. Finally, we investigate the
biological relevance of this interaction and identify GABARAP proteins as potent regulators

of ufmylation by recruiting UBAS to the ER membrane.



Results

Structural Analysis of GABARAP Proteins in Complex with the UBAS5 LIR Peptide reveals
a new molecular Mechanism of Atg8:LIR Interactions.

We previously showed that UBAS has an unusual LIR motif consisting of the core sequence
EWGIELVSE, which predominantly interacts with GABARAP proteins [24] and does not
align with other known LIR motifs [3]. To understand the molecular mechanism of this
interaction, we solved the NMR solution structure of GABARAPL2 in complex with a
peptide spanning residues 333-348 of UBAS (Fig. 1A). Additionally, we determined the
crystal structure of GABARAP in complex with the length-optimized UBAS LIR peptide
(Fig. 1B) using a chimeric construct consisting of the GABARAP sequence (residues 3-116)
C-terminally fused to the UBAS LIR peptide (residues 337-350) via a short A-M-G linker.
Crystals of this UBA5"**-GABARAP*'"" construct diffracted to 1.30 A resolution. The
complex structures (overviewed in Table S1 and Table S2) were similar to each other and can

be superimposed over the backbone atoms of structured regions with an RMSD of 1.2 A.

Both structures show the formation of the usual intermolecular B-sheet involving the
UBAS LIR peptide and the B-strand 2 of GABARAP and GABARAPL2. However, we
observed a significant rearrangement of GABARAP and GABARAPL2 surfaces involved in
contacts with the UBAS LIR. This includes the 2 hydrophobic pockets, HP1 and HP2, that
normally accommodate the ® and I residues of the canonical LIR sequence (illustrated for the
canonical p62 LIR interaction to LC3B, Fig. 1C, left plot). While the HP2 of GABARAP is
occupied by the V346 side chain of UBAS and forms a well-pronounced “pocket”, HP1 does
not adopt a typical “pocket” form but rather resembles a flat hydrophobic surface. The
hydrophobic side chains of UBAS residues 1343 and L345 cover this surface (Fig. 1C, right
plot). The most important and dramatic changes are however near the end of the a-helix al,
where a new hydrophobic pocket is formed (Fig. 1C, right panel). This pocket, which we

name HPO, is formed by the hydrophobic moieties of the K46, K47 and K48 side chains of



GABARAP, and the hydrophobic residues V4, Y5, 132 and V33. The HPO accommodates the
side chain of the conserved UBAS residue W341 and its conformation is additionally
stabilized by an intermolecular hydrogen bond between UBAS W341 Nel and GABARAP ES8
Oel, (Fig. S1A). Similar surface alterations occur on the surface of GABARAPL2 upon
UBAS LIR binding (Fig. S1B), indicating a common mechanism of UBAS LIR recognition
and surface adjustment to adopt the specific distribution of hydrophobic residues. for all

GABARAP proteins.

To analyze the importance of each hydrophobic residue within the core UBAS LIR
motif for the binding to GABARAP proteins, we performed peptide arrays, in which we
mutated residues W341, 1343, L345 and V346 of UBAS to other hydrophobic amino acids
(W,F,Y,[LL, V,M and A). In agreement with our structural analysis, mutations of 1343 and
L345, which occupy HP1, as well as V346, which' occupies HP2, results in a moderate
decrease in binding affinity of up to 30% (Fig..1D). Thus, these UBAS LIR residues do not
form the critical specific contacts.to GABARAPs and could be substituted by any
hydrophobic residues without drastic effects. In contrast, W341 appears to be crucial for
binding: only aromatic amino acids are tolerated at this position and mutations to any other
aliphatic residue abrogated the interaction almost completely (Fig. 1D). This is in line with
our previous results [24], where mutating W341 to alanine (W341A) resulted in a loss of
binding of"the full-length UBAS to GABARAPs in pull-down experiments, while the

mutations 1343A, L345A and V346A only partially reduced the interaction.

We also probed the role of each non-hydrophobic residue within the UBAS LIR core
sequence (EWGIELV) for the binding affinity of UBAS LIR towards GABARAPL2 and
LC3B (Fig. S2-S3). Data obtained with the peptide array indicate that the UBAS LIR amino
acid composition is well adapted for the binding to the GABARAPL?2 protein. There were no

individual amino acid substitutions that could significantly enhance the affinity of



GABARAPL2 to mutated UBAS LIR (maximally ~30% improvement). The affinity of LC3B
to the mutated UBAS LIRs was enhanced in some cases, showing ~50% of improvement.
According to these results, all non-hydrophobic residues within UBAS LIR peptides can be
substituted to a number of analogous or alternative amino acids (amino acid preferences for
each UBAS LIR positions are given in Fig. S2C). For example, a G at position 342 in UBAS
could be substituted not only with the similar small residue A, but also with Q, C, N,.D.and E
residues to maintain the same affinity to both LC3B and GABARAPL?2. Positively charged
residues (K, R, and H) in this position decrease the affinities of the interactions, similar to the
substitution with P and S. Aromatic residues (W, F, and Y) at this position also increase the
affinity of both LC3B and GABARAPL2 for the UBAS LIR. However, this is probably due to
generation of a canonical LIR sequence within the UBAS LIR motif: EWWIELV.
Interestingly, the E344 of UBAS cannot be efficiently substituted for E analogs (Q, D or N),
indicating the importance of the unique geometry of the side chain of E344 for intermolecular
hydrogen bonding with K/R47 in GABARAP proteins. Alanine (A) and aromatic residues
(W, F and Y) at this position are the only substitutes that not only maintain but also enhance
the affinities of the mutated UBA LIR to both LC3B and GABARAPL2. Introducing aromatic
residues at this position does not generate a canonical LIR and therefore, the binding
enhancement has to be mediated by another non-canonical mechanism.

Since the mutational analysis of individual residues in the UBAS LIR in some cases
showed an_increase in the binding affinity to GABARAPL2 and LC3B, we aimed at
identifying novel peptides that would have an increased affinity towards these proteins.
Therefore, we combined several of the affinity-increasing mutations and created a library of
56 different peptides, which we analyzed for their affinity for GABARAPL2 and LC3B (Fig.
S3A). We categorized the individual peptides into three different categories: 1. peptides,
which fit to the canonical LIR core and have a negatively charged residue (D or E) prior to ®;

2. peptides with the canonical LIR core but without the negatively charged residue prior to ®;



3. peptides, which have no resemblance to any LIR reported so far (Fig. S3A). At first, all
peptides were screened for their binding to LC3B and GABARAPL2 compared to the binding
capacity of the wild-type UBAS LIR (Fig. S3B). Out of all 56 peptides tested, only 18% (10
of 56) showed an increased affinity towards GABARAPL2 but 53% (30 of 56 peptides)
showed an enhanced affinity to LC3B (Fig. S3B). Interestingly, the composition of the
peptides, which showed an enhanced affinity to GABARAPL2 and LC3B, is similar,although
the absolute number of the peptides varied. Of these affinity-enhancing peptides, ~25%
aligned to the canonical LIR sequence and ~18% showed no similarity to canonical or non-
canonical LIR motifs. More than half of the peptides (55% for/ GABARAPL2, 60% for
LC3B) that showed an enhanced affinity to GABARAPL?2 and LC3B had similarities to the
canonical LIR sequence but lacked the negatively charged residues N-terminal to the LIR core
(Fig. S3A-B). To verify this enhanced binding, we ‘analyzed the peptides, which showed the
strongest enhancement of the binding to GABARAPL2 and LC3B, in more detail via
isothermal titration calorimetry (ITC) and found that all peptides displayed LIR-like affinities
with Kp values of 1-5 uM (Fig. S3C-D, Table S5). The preferred optimized sequence of the
peptides can be described as EW-[D/A]-I-F-W-[I/V]-E (Fig. 1E), which differs from the
canonical LIR motift [W/F/Y]-X;-X,-[L/I/V] and the previously identified GABARAP
Interaction Motif (GIM; [W/F]-[V/I]-X,-V) [33].

In summary, UBAS LIR binds GABARAP proteins via a novel molecular mechanism,
which includes the formation of 3 hydrophobic pockets on the surface of GABARAP
proteins. W341 of UBAS plays a key role in this interaction as it occupies a specific
hydrophobic pocket HPO on GABARAP surfaces and stabilizes the LIR:GABARAP

complexes via a specific intermolecular hydrogen bond (to GABARAP ES8 side chain).



Rearrangements of GABARAP Residues around the gating K46 mediate HP0 Formation

and are crucial for the Binding of UBAS to GABARAP proteins

To understand the molecular basis of the newly described UBAS LIR:GABARAP interaction,
we compared the X-ray structure of the UBAS LIR:GABARAP complex (also with reference
to the NMR structure of the UBAS LIR:GABARAPL2 complex) with the structures. of the
free GABARAP (PDB 1GNU [34]) and GABARAP in complex with the canonical LIR
peptide of PLEKHM1 (PDB 5DPS [33]). We found that the global structure’ of GABARAP
remains the same in all 3 states - RMSD values for backbone atoms do not-exceed 0.6 A,
excluding the loops L3 and L4 (Fig. S4A). The only significant difference in the backbone
arrangements of GABARAP proteins was observed for the C-terminal part of the loop L3,
starting with D45 and ending with K49 (start of the (-strand B2), thus making it the only
relevant GABARAP region with significant changes in side chains conformations upon
UBAS5 binding (Fig. S4B). This region harbors the invariant K46 of GABARAP proteins
(corresponding to positions 49 in LC3A/LC3B and position 55 in LC3C) that was reported to
function as a universal gate-keeper, regulating the entrance of the aromatic residues of
canonical LIRs into the HP1 on the'surfaces of all LC3/GABARAP proteins upon interaction
with LIRs. The side chain of this residue was shown to undergo a ~90° rotation upon
canonical LIR binding and changes its orientation from a “LIR-free” to the “LIR-bound” state

[35].

Upon binding of the UBAS LIR, the side chain of the GABARAP’s K46 (in
coordination with the changes in the backbone geometry) undergoes a large 180° rotation and
~5 A displacement towards the position of K47 of GABARAP (Fig. 2A). In this new position,
the side chain of K46 contributes to the building of HPO with its aliphatic moiety. This
rearrangement is accompanied by a conformational flip-back of the neighboring K47 side

chain towards the K46 side chain in the “LIR-bound” state. In other words, these 2 residues



swap their relative positions, to form the HPO and to facilitate the entry of the side chain of
UBAS5’s W341. The backbone and side chain positions of the next residue, the invariant K48

(K51 in LC3B), remain unchanged.

The new position of K47 of GABARAP allows the formation of an intermolecular
hydrogen bond between the amino group of K47 and the carboxyl group of the UBAS E344
side chain (Fig. 2B). According to the NMR structure of GABARAPL?2 in complex with the
UBAS LIR, the same rearrangements occur with the GABARAPL2 K46 and R47 residues
(Fig. 2A). The intermolecular hydrogen bond between the GABARAPL2 R47 Nn2 and UBAS
E344 Oc2 shows a more favorable geometry and possibly allows multiple intermolecular
hydrogen bonds between these residues. Therefore, the difference in quality of the
intermolecular hydrogen bond of K47 (GABARAP) and R47 (GABARAPL2) to UBAS’s
E344 explains the higher affinity of UBAS for GABARAPL2. Indeed, mutation of R47 of
GABARAPL?2 to a lysine (K) residue weakens.the affinity of GABARAPL2 for the UBAS
LIR by more than 2 fold, as measured by ITC, mostly by reducing the favorable enthalpy
contribution (Fig. 2C). Accordingly, mutation of R47 to an alanine (R47A) in GABARAPL2
leads to a significant loss in the binding affinity, highlighting the importance of the K/R47-
mediated intermolecular hydrogen bond for the binding affinity of UBAS LIR to GABARAP

proteins (Fig. 2C).

Taken_together, we show that the binding of the non-canonical LIR motif in UBAS
induces extensive rearrangements of the K46 and K/R47 backbone and side chain positions in
the 2 GABARAP proteins. These rearrangements result in the formation of i) the new
hydrophobic pocket HPO and ii) the intermolecular hydrogen bond between the residues

K/R47 in GABARAPs and E344 in the UBAS5 LIR.



Mutational Analysis of LC3IB and GABARAPL2 reveals that the GABARAPs K/R47

Residue is crucial for the specific Binding of UBAS5 LIR to GABARAP Proteins

Despite the high sequence similarity among human Atg8-family proteins, there is a growing
number of LIR motifs being identified that preferentially bind to either the LC3 or the
GABARAP protein subfamily or even to individual members within these subfamilies
[17,21,33,36,37]. Understanding the molecular basis of this specificity is crucial for
elucidating unique functions of each of the 6 human Atg8-family proteins.

The UBAS LIR displays a strong preference towards GABARAP over LC3 proteins
[24]. Therefore, we aimed to identify residues in GABARAP proteins-that are crucial for this
selectivity. Based on our structural findings, we identified 3 regions in human Atg8-family
proteins that display subfamily-associated differences in their amino acid sequence (Fig. 3A)
and significant structural deviations upon binding of canonical/non-canonical LIR motifs (Fig.
3B). Region I is located at the beginning of the'a-helix al and is involved in the formation of
the HPO that accommodates the W341 residue of UBAS (Fig. 1A-B). In this region,
GABARAPs mostly contain .negatively charged residues (E'D*H’ in GABARAPL2)
compared to mostly positively charged residues in LC3s (Q°R'R'' in LC3B). A second
region (region II) lies in the loop L3 between the B-strands f1 and B2, where the highest
structural diversity between GABARAP and LC3 proteins is observed in their free and LIR-
bound states, and' where most structural changes occur upon UBAS LIR binding. NMR-
spectroscopy studies indicated different dynamics for this region in GABARAP and LC3
proteins [33]. Therefore, this loop L3 might contribute to the specificity of UBAS LIR
recognition towards both subfamilies. Region III is located at the beginning of the B-strand
B2, where 2 highly conserved lysine (K) residues in all Atg8-family proteins (K46 and K48 in
human GABARAPs; K49 and K51 in LC3A/B) flank a subfamily-specific residue (K/R47 in

GABARAPs; T50 in LC3s). This region is of crucial importance for binding of Atg8-family



proteins to LIR motifs and undergoes large conformational rearrangements upon UBAS
binding.

To investigate the contributions of each of these regions (I-III) for the observed
specificity of the UBAS LIR to GABARAP proteins, we created a set of swapping mutants
between LC3B (as the weakest interactor) and GABARAPL?2 (as the strongest one). In these
mutants, we exchanged the individual regions described above between both proteins;.applied
combined swapping mutations of 2 or 3 regions, and analyzed their binding to ‘the wild-type
UBAS LIR (WT UBAS LIR) by ITC. Mutations in region I did not significantly alter the
affinity and are thus not responsible for the selectivity of the UBAS LIR (Fig. S5A-B). An
exchange of the LC3B sequence in region II (loop L3)«to corresponding residues in
GABARAPL2, resulted in an increased affinity of mutated LC3B variants to UBAS LIR with
the Kp dropping from 100 uM to 8.6 uM (Fig. 3C). In agreement with this, swapping the
region II of GABARAPL?2 to that of LC3B, resulted in a decreased affinity of GABARAPL?2
towards UBAS, with Kp changes from 1.4 uM to 7.4 uM (Fig. 3D), indicating that this region
indeed contributes to the specificity. of GABARAPs to UBAS LIR (Fig. 3D). Swapping
mutants in region III displayed a significantly reversed specificity to the UBAS LIR (Kp
values decreasing from 100 uM to 9.7 uM for LC3B T50R and increasing from 1.4 pM to
~50 uM for GABARAPL2 R47T; Fig. 3C-D). The combined mutations within regions II and
I in both LC3B and GABARAPL2 resulted in almost quantitative exchange of their
affinities to the UBAS LIR with a Kp of 2.3 uM for mutated LC3B vs. ~70 uM for mutated
GABARAPL2 (Fig. 3C). Swapping mutants including all 3 regions represented similar
affinities to the UBAS LIR as for the aforementioned mutants within regions II and III,
indicating again a non-significant role of region I in GABARAP specificity to this non-
canonical LIR (Fig. S5).

In summary, we identified 2 regions in GABARAP subfamily proteins that are crucial

for the specific binding of the non-canonical LIR in UBAS. The first region, loop L3, needs to



be of specific length and amino acid composition to allow UBAS LIR binding. The second
region harbors residue R47 in GABARAPL2 (T50 in LC3B) that is pivotal in the specific
binding of UBAS5 to GABARAP proteins. However, a synergistic contribution of the loop L3
and a conserved ionic interaction between R/K47 and UBAS is needed for the full selectivity

of the binding.

The Interaction between UBAS5 and GABARAP Proteins is crucial for UBAS Localization
to ER Membranes

Despite the fact that UBAS interacts with GABARAPL2 [26] and generally with GABARAP-
subfamily proteins [24,32], a functional role for this interaction remains undiscovered. As we
showed previously [24], the UBAS5 LIR binds both GABARAPs and UFM1, with its affinity
to GABARAPL2 being significantly higher than to /UFMI1 (Kp values ~1 and ~10 puM,
respectively). Although the LIR sequence of UBAS is crucial for binding to UFMI, it has
been shown, that ufmylation in vitro still takes place upon deletion or modification of this
sequence [38], although to a lesser extent and with slower kinetics.

Since GABARAPL2 has no effect on the kinetics and abundance of UBAS-UFM1
conjugate formation inwitro and in vivo [24], we investigated a possible role of GABARAPL2
in the regulation of UBAS activity and efficiency of ufmylation in cells with respect to their
compartmentalization. It was previously shown, that overexpressed UFM1 and UFBP1
(known as ufmylation target with an unidentified function) localize to ER membranes [28§]
and that perturbations in the ufmylation pathway are associated with the ER membrane
localization of the targets [31].

This prompted us to investigate whether GABARAP proteins may function as
signaling scaffolds by regulating the localization of UBAS, a function that is well described
for GABARAP proteins [17]. In contrast to previous studies, where the localization of UBAS

and components of the ufmylation pathway were analyzed upon overexpression, we focused



on the localization of the endogenous UBAS. By immunofluorescence microscopy, we
identified that UBAS is distributed in the cytosolic part of a cell, similar to the localization of
overexpressed UFM1 [28]. However, a strong proportion of UBAS co-localized to PDI
(protein disulfide-isomerase)-positive structures, indicating, that UBAS is localized both to
the cytoplasm and to the ER (Fig. 4A and B). In contrast to that, cells with a knockout (KO)
of all 3 GABARAP proteins (HeLa GABARAP-TKO) showed a reduced localization of UBAS
to PDI-positive structures, whereas the cytosolic pool did not show any alteration.in the
absence of GABARAP proteins (Fig. 4A). This was not observed in cells lacking all 3 LC3
proteins, supporting the notion that this is specific for GABARAPs (Fig. 4B and S6A).
Surprisingly, the role of GABARAPs as recruitment factors of UBAS to the ER is not
dependent on their lipidation status and membrane binding capacities: HeLa A7G7-KO cells
show only a very insignificant reduction and UBAS5 co-localization with the ER marker PDI
(Fig. 4B and S6A). Additionally, we observed that overexpressed HA-tagged GABARAPL2,
but not HA-LC3B, co-localized with UBAS5 in both HeLa wild-type and HeLa A7G7-KO
cells (Fig. S6B).

To confirm that the localization of UBAS5 to ER membranes is regulated by
GABARAP proteins and is independent from GABARAPs lipidation status, we generated
MAPILC3B-, GABARAP-/GABARAPLI1-/GABARAPL2-triple and ATG7-knockout HEK293T
cells (Fig. S6C) and performed a cellular fractionation assay to analyze distribution of
endogenous UBAS in the cytosolic and microsomal fractions (Fig. 4C). Notably, since digital
PCR analysis indicated, that HEK293 cells hardly express LC3A and LC3C proteins (Fig.
S6D), MAPILC3B KO (LC3B-KO thereafter) cells represent an almost complete absence of
the LC3-family proteins. While non-lipidated forms (GABARAP-I and LC3B-I) were
fractionated into both microsomal and cytoplasmic fractions, their lipidated forms
(GABARAP-II and LC3-II) were detectable in the microsomal fraction only (Fig. 4C).

Consistent with the immunofluorescence analysis, the amount of UBAS in the microsomal



fraction of GABARAP TKO but not LC3B KO cells was significantly smaller than that of the
parental HEK293T cells (Fig. 4C-D). Such a reduction was again not observed in the case of
ATG7-deficient HEK293T cells (Fig. 4C-D), supporting that free GABARAPs rather than
their lipidated forms are critical for the translocation of UBAS to the ER. Next, we
investigated the ufmylation in the microsomal fraction prepared from each HEK293T cell
lines. We could not observe any significant differences of the level of microsomal ufmylation
among each cell lines, probably due to quite low level of ufmylation under normal conditions
(Fig. 4E-F). As previously reported [39,40], overexpressed UFL1 and UEBP1, which
constitute an ER-associated E3-ligase complex for UFMI1, promoted. ufmylation in the
microsomal fraction in HEK293T wild-type cells. Similarly, we observe that the
overexpression of the E3 components induced the mictosomal ufmylation in wild-type, as
well as LC3B KO or ATG7 KO HEK293T cells (Fig: 4E-F). However, such induction was
almost completely suppressed by loss of GABARAP family proteins (Fig. 4E-F), indicating
dependence of ufmylation on ER-associated UBAS fraction.

Taken together, we could show that GABARAP proteins regulates the cellular
localization of UBAS by recruiting it to ER membranes and thus serves as a recruitment factor
for UBAS. Consequently, this UBAS localization predetermined the functional activity of the
UFL1/UFBP1 E3 complexes within the ER, highlighting the role of GABARAPs as a

signaling scaffold in the ufmylation pathway.



Discussion

Atg8-family protein interaction networks are involved in regulating an increasing number of
cellular processes, of which autophagy is the best studied one [24,32]. Being covalently
conjugated to PE, Atg8-family proteins are localized in the autophagic membranes to generate
docking sites for a plethora of proteins. For instance, SQSTM1/p62 and NBR1 with their
bound cargo, are recruited to Atg8-decorated membranes to mediate selective autophagy,-a
critical process that maintains cellular homeostasis. In addition, autophagy-related proteins
responsible for PE conjugation (e.g., Atgl, Atg4, Atg7, etc.) recognize and interact with
Atg8-family proteins in the cytosol. Besides the autophagy pathway, Atg8-family proteins are
involved in non-autophagic processes, interacting with different classes of proteins such as
kinases, RABGAPs, ubiquitin-ligases, etc. All these interactions require the presence of an
accessible LIR motif in the Atg8 interaction partners. All LIRs known so far (both canonical,
containing the spaced aromatic and aliphatic residues, and non-canonical, e.g., lacking the
aromatic residue) bind Atg8-family proteins via a well described mechanism. This includes
the formation of a parallel intermolecular B-sheet with the B-strand 2 within the Atg8-family
protein and with aromatic (W,F,Y)"and large hydrophobic (V,L,I) residues at corresponding
positions 1 and 4 of the LIR fixed deeply inside the 2 hydrophobic pockets, HP1 and HP2,
respectively. This interaction mode, first described in 2008 [20,23] has been valid for all the
Atg8:LIR pairs.described to date (including canonical or non-canonical LIRs; LIRs generated
from.a_specific three-dimensional protein structure and unusual LIRs obtained from the

rational design and/or phage display, etc).

Unusual “3 hydrophobic pocket” binding mechanism. We describe an alternative
mechanism of Atg8-family protein interactions with the non-canonical UBAS LIR. Its
sequence differs not only from canonical (extensively analyzed in the publication describing

iLIR - software to predict LIR motifs in proteins [41]) but also from any non-canonical LIRs



[21-23]. Its binding mechanism still includes the formation of a parallel intermolecular -
sheet. However, 3 (HPO, HP1, and HP2), and not the usual 2, hydrophobic pockets are formed
on the UBAS LIR-bound surface of GABARAP proteins. The positions of HP1 and HP2 on
the surfaces of GABARAP and GABARAPL?2 in complex with the UBAS5 LIR are similar to
positions for HP1 and HP2 in the published examples of other LIR complexes, however
adopting to distinct features of the UBAS LIR. The HPO, harboring the W341 side. chain,
appears to be close to the end of the a-helix al after rearrangements of GABARAP’s residues
K46 and K/R47 at the end of the loop L3 and beginning of the B-strand f2: This indicates, that
the conformational flexibility of the Atg8-family protein structures at the LIR-contacting site
described previously [33], is one of the major factors in determining particular LIR

recognition and binding.

Specificity of interaction between GABARAP-proteins and UBAS5 LIR. The results of
systematic swapping mutagenesis revealed, that GABARAPs residue K/R47, which is pivotal
for the affinity of UBAS LIR binding to GABARAPs, is also the key determinant of the
observed specificity. In all human LC3=proteins, this position is occupied by a threonine (T50
in LC3A/LC3B, T56 in LC3C), and exchange of the threonine (T) to an arginine (R) resulted
in a ~10-fold enhancement in binding affinity. Interestingly, this T was reported to be
phosphorylated.in LC3-protein family [42], which could be the basis for further modulation of
the LC3 binding specificity to certain LIR types. Residues in the C-terminal loop L3 mediate
an additional contribution to the selectivity of UBAS LIR towards GABARAP proteins. In
GABARAP proteins, the loop L3 is 1 amino acid shorter in comparison to the L3 in the LC3s

and displays significantly higher dynamic (according to accumulated NMR data; [43]).

The presence of an electropositive residue (K or R) at the relative position 47, as well
as the shorter length of the L3 loop in human GABARAP proteins is conserved for all known

GABARAP-family members in different species. These 2 features of the GABARAPs



sequence potentially could serve as a specific identification of the GABARAP-subfamily. A
shorter L3 and the presence of R/K at position 47 is conserved in yeast Atg8 and in the C.
elegans ortholog LGG-1, but not LGG-2 [44], indicating their close relation to GABARAP-

rather than to LC3- subfamily proteins.

Interestingly, the swapping mutations at the end of the a-helix al do not significantly
affect the binding specificity. Only minor modulations of K, values were observed for
binding of mutated LC3B and GABARAPL2 proteins to the WT UBAS LIR(Fig. S5, Table
S4). This region has prominent sequential features in LC3 and GABARAP proteins (Q°R'’R"
instead of E'D*H’ residues for LC3B and GABARAPL?2, respectively) and is involved in
formation of an intermolecular hydrogen bond between GABARAP E8 Oegl in this region and
UBAS W341 Nel that stabilizes the complex structure. Taking into account that UBAS W341
can be mutated to F or Y without a significant loss of affinity to GABARAPL?2 (Fig. 1D), we
can assume that this region is rather flexible.and could adopt multiple conformations to
facilitate effective docking of the aromatic side chains into HP0O. This conformation flexibility
for GABARAPs N-terminal regions was reported previously [43] and is important for
interactions of Atg8-family proteins with proteins in and outside of autophagy pathways

(reviewed in [9]).

Do GABARARP family proteins predetermine membrane localization of UBA5? UBAS
serves as an _El-like enzyme that activates UFM1 and initiates the ufmylation cascade
(reviewed. in [25]). Ufmylation has been shown to be involved in many cellular pathways,
such as the ER stress response, fatty acid metabolism, hematopoiesis, G-protein coupled
receptor biogenesis and erythroid differentiation,[27-30,45,46] and also linked to several
diseases such as cancer, ischemic heart disease and diabetes [25,31]. Mutations in the UBAS
gene can cause neuronal disorders [47—49] and mutations in other proteins of the ufmylation

cascade (UFM1 and UFCI1) affect brain development [50]. It has been shown that UBAS is a



novel pancreatic cancer target [S1]. However, many components, targets, and the exact

physiological functions of ufmylation are still largely unknown.

In this work, we were able to show, that the membrane localization of UBAS5 is
strongly dependent on GABARAP proteins. It is commonly accepted, that the highly soluble
UBAS is localized in the cytosol (observation mostly made using overexpressed UBAS),
however, the best characterized ufmylation target (UFBP1) and the E3 enzyme responsible for
its ufmylation (UFL1), are both located at the ER-membrane [28]. The molecular details on
how and whether UBAS is also recruited to membranes, especially to the:ER, remained
unclear. Here, we addressed this question following the reported UBAS5 interaction with
GABARAP proteins, which can be localized to membranes. We looked at the subcellular
localization of UBAS5 in Hela cells and found that knockout of all 3 GABARAP, but not LC3
proteins, resulted in a reduction of ER-localized UBAS (Fig. 4 A-B). Interestingly, this was
not observed for lipidation-deficient A7G7-knoekout cells, indicating a lipidation-independent
mechanism. This finding was further supported by analysis of the UBAS content in membrane
and cytosolic fractions in LC3B=;"GABARAPs- and ATG7-deficient cells. Importantly, non-
lipidated GABARAPs (GABARAP-I) are also found in the microsomal fraction, suggesting
that GABARAP-I per se can tether UBAS to the ER. Consequently, we could show that this
reduced localization of UBAS to the ER in the absence of GABARAP proteins directly results

in reduced ufmylation of targets at these sites.

Therefore, we propose that GABARAP-family proteins act as ER-recruitment factors
for UBAS and subsequently play a critical role in the regulation of the ufmylation pathway in
ER structures. Interestingly, the identified target of the ufmylation, UFBP1 (ubiquitin-fold
binding protein 1, also known as DDRGK1), was also shown to play a role in the localization
of UFM1 to ER membranes [28]. However, the physiological role of the different pools of

UFMI1 remain elusive. Additionally, UFBP1 was recently shown to be a critical regulator of



ER homeostasis during the ER stress [52]. Understanding the exact role of GABARAPs as
well as the function of the different cellular pools of UBAS, UFM1 and ufmylated targets will
help to elucidate the physiological function and regulation of this conserved pathway and its
involvement in many diseases as well as help to identify its relevant targets. However, to
carefully link functional activity of the UBAS with membrane-localization mediated by
GABARAP proteins, a tool is needed that allows the visualization of all individual LC3 and
GABARAP subfamily members on endogenous level. This is the challenging task, and the

new peptides derived from UBAS LIR might help to approach it.

Is the LIR docking site the only site that mediates interaction-of AtgS-family proteins
to their partners? Structural and functional data obtained over the last few years indicate that
functionally relevant interactions between Atg8-family proteins and their partners are
mediated by a significantly broader set of Atg8 tecognition elements and by altered binding
mechanisms. a-helical and combined B-stranded/a-helical structures are shown to be equally
well (or even more efficiently) recognized by Atg8-family proteins [53-55]. It was also
shown that sequences surrounding the canonical LIR motif could dramatically enhance their
affinity for Atg8-family proteins [56—59]. Moreover, there are examples of a through-space
coordination of specific residues fixed by 3D structure to occupy HP1 and HP2 [60]. Some
interactions between Atg8-family proteins and their interaction partners could not be
explained in terms of the usual LIR model [61-63], indicating that interfaces other than the
LIR docking site (HP1/HP2) on the surface of Atg8-family proteins can be involved. Taken
into account that we showed a lipidation-independent ER membrane localization of
GABARAP proteins and their ability to recruit UBAS to the ER via the UBAS LIR, such
alternative binding site(s) on the surface of Atg8-family proteins could play a more general
role in the ability of LC3/GABARAP proteins to bind and recruit other proteins to cell

membranes.






Materials and Methods

Preparation of the E. coli expression constructs for NMR, X-ray and ITC experiments

For the expression of human LC3 and GABARAP proteins for ITC and NMR experiments,
plasmids with appropriate modified Ub-leaders in pET vectors were used [64]. The gene,
encoding UBAS LIR/UFIM peptide for NMR spectroscopy, was provided as a synthetic
oligonucleotide (Eurofins Genomics GmbH) and cloned into the pET39 Ubl9 vector [64]
by Ncol-BamHI restriction sites. After TEV cleavage, the resulting peptide has the aminoe-acid
sequence GAM-**EIIHEDNEWGIELVSE*®, where the first three residues (GAM) are due
to a cloning artefact. For X-ray crystallography, the peptide sequence was optimized to avoid
non-interacting residues in it (based on NMR data analysis). Corresponding gene was cloned
in the same pET39_Ub19 _ vector, the resulting peptide (GAM=">"EDNEWGIELVSEVSE*"")
was also used in all the ITC experiments. The chimeric constructs of the UBAS LIR attached
to the human GABARAP were prepared by inserting the oligonucleotide sequence
corresponding to the UBAS5 LIR*7 ! peptide and glycine-methionine-serine linker into the

337-351 at the

Ncol site of the existed GABARAPs expression constructs, placing the UBAS LIR
N-terminus of the mature chimeric protein. For the generation of LC3B, GABARAPL2 and
UBAS LIR mutants, a:site-directed mutagenesis was used with standard overlapping primers
encoding targeted nucleotide(s) substitution. As initial constructs, the pETm60 Ub3 LC3B™
"9 pET39_Ubl9 GABARAPL2*''® and pET39 Ub19 UBAS5>">*! were used.

Protein expression and purification

All proteins and peptides in this work were expressed in E. coli T7 Express (NEB) strain in
LB or M9 (for stable >C and "N isotope labelling) media. Isolation and purification
procedures were performed as described previously [17,24,37]. Before data collection, all
proteins and peptides were equilibrated in an appropriate buffer (50 mM Na,HPOj, [Carl Roth,
2370.1], pH 7.0, 100 mM NaCl [Carl Roth, P029.3]), and supplied with 5 mM protease

inhibitors (Roche, 4693132001). For structural NMR experiments, BCN-labelled



GABARAPL2 was concentrated to ~800-900 uM to which the non-labelled UBAS LIR
peptide was added to 2 fold molar excess. Vice versa, *C'°N-labelled UBAS5 LIR was
concentrated to ~400-500 uM to which the non-labelled GABARAPL2 was added to 2 fold
molar excess. Mutated UBAS LIR peptides, showing a high degree of hydrophobicity, were
isolated with the buffers containing 8 M urea (Carl Roth, 2317.2) until the final size-exclusion
chromatography step. GST-tagged LC3B and GABARAPL?2 were expressed and purified in a
similar manner using GST-affinity beads.

Nuclear magnetic resonance spectroscopy

All NMR experiments were performed at 298 K on Bruker Avance spectrometers operating at
proton Larmor frequencies of 600, 700, 800, 900 or 950 MHz. Spectrometers were equipped
with cryogenically cooled {*C/"°N}'H triple-resonance probes. Spectra were processed with
TopSpin 3.2 (Bruker) and analyzed using the Sparky 3.114 software (UCSF). Backbone and
aliphatic side chain resonances of C'°N labelled GABARAPL2 in complex with non-
labelled UBAS5 LIR™* peptide, as well as *C"°N-labelled UBAS5 LIR*™>* peptide in
complex with non-labelled GABARAPL2 were assigned using ['’N-'"H]-TROSY versions of
3D HNCACB, HNCO, HN(CA)CO, (H)CC(CO)NH-TOCSY, and H(CCCO)NH-TOCSY
experiments [65-67]. ‘Acceleration of longitudinal 'H relaxation between scans in the
HNCACB, HNCO and HN(CA)CO experiments was achieved in the Band-Selective
Excitation Short-Transient (BEST) manner [68—70]. Assignments of the aromatic side chains
were performed with a (H)CB(CGCC-TOCSY) H™ experiment [71] and verified with a 3D
constant-time NOESY-["’C,'H]-TROSY experiment optimized for aromatic CH groups
[72,73]. Distance restraints for structure calculations were obtained from 3D 15N-separated
NOESY and "’C-separated NOESY spectra (additionally, as optimized versions for arginine
and aromatic side chains, respectively) with mixing times of 70 ms. Intermolecular distance
restraints between non-labeled and "°C,"’N-labeled polypeptides were obtained from a 3D F1-

BC/N-filtered NOESY-["C,"’N]-HSQC experiment [74] recorded with a mixing time of



100 ms. Structure calculations were performed with the program CYANA [75] using
combined automated NOE assignment and structure calculation by torsion angle dynamics
[76]. The 20 conformers with the lowest final CYANA target function values were subjected
to restrained energy refinement using the program OPALp [77]. The 20 energy-refined
conformers have been deposited in the Protein Data Bank with accession code 6H8C. The
chemical shift assignments have been deposited in the BioMagResBank (BMRB).database
with accession code 34307.

Crystallization and data processing

The purified chimera construct of GABARAP*'"7 C-terminally fused to UBA5" via a
short A-M-G linker was dialyzed into a crystallization buffer (50 mM TRIS [Carl Roth,
4855.3], pH 8.0, 100 mM NacCl) and concentrated to ~0.75 mM. The crystallization was
performed using the sitting-drop vapor diffusion method at 293 K and crystals were obtained
in 1.6 M Na,HPO,4, 0.1 M HEPES [Carl Roth, 6763.3], pH 7.5, as a reservoir solution.
Diffraction data were collected at Swiss Light Source, beam line PXIII and processed with
XDS [78]. The crystal structure of the.complex was determined by molecular replacement
using the GABARAP crystal structure (PDB: 1GNU [34]) as a search model. Manual model
building and refinement were done with Coot, CCP4 software suite and Phenix [79-81]. The

structure has been deposited in the Protein Data Bank with the accession code 6HBO.
Isothermal titration calorimetry (ITC)

All titration experiments were performed at 25 °C using a MicroCal VP-ITC microcalorimeter
(Malvern Instruments Ltd., UK). LC3 and GABARAP proteins (wild-type and mutants)
equilibrated into a buffer containing 50 mM TRIS, pH 7.5, 100 mM NaCl and used at
concentration of ~20-25 uM. The UBAS5 LIR peptides (wild-type and mutants) were
equilibrated into the same buffer and titrated to LC3/GABARAPs at concentrations of ~ 400

uM. All ITC data were analyzed with the MicroCal software implemented in Origin 7.0 and



fitted using a “one-site” binding model. The proteins and peptides concentrations were
calculated from the UV-absorption at 280 nm by Nanodrop spectrophotometer (Thermo

Fisher Scientific, DE, USA).

Peptide array

The peptide array was performed similar as described previously [33,82]. Briefly, biotinylated
peptides (~50 nmole) were ordered (JPT, Germany) and solubilized in PBS (gibco,.14190094)
containing 15% DMSO (Carl Roth, 994.2). 2 ul of the peptide solution was mixed with 100 pl
PBST (PBS + 0.1% Tween 20 [Carl Roth, 9127.3]) with 5 % BSA (Carl Roth, T844.2) and
were then immobilized in streptavidin coated 96-well plates«(Thermo Fisher Scientific,
436014) overnight at 4 °C. After 3 washing steps with PBST, .1 uM GST-LC3B or GST-
GABARAPL2 in 100 pl PBST were added and incubated for at least 1 h at 4 °C. After
another 3 washing steps, bound GST-LC3B/GABARAPL2 was detected by anti-GST-HRP
antibody (GE healthcare, RNV1236-V, 1:10,000:in PBST, 1 h at 4 °C). Afterwards, wells
were again washed 3 times with PBST buffer and HRP signal was detected by the addition of

homemade ECL solution and direct detection in ELISA plate reader.

Cell culture

All cell lines used in-this study were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% FBS, penicillin-streptomycin and sodium-pyruvate; and cultured at
37°C in' a humidified incubator containing 5% CO,. HeLa LC3- and GABARAP-triple
knockout cells [83] were a gift from Dr. M. Lazarou (Department of Biochemistry and
Molecular Biology, Biomedicine Discovery Institute, Monash University, Melbourne,
Australia). Wild-type HEK293T were acquired from ATCC (CRL-3216). To generate LC3B-,
GABARAPs- and ATG7-KO HEK293T cells, each LC3B, GABARAPs and ATG7 guide RNA
designed by CRISPR Design tool (http://crispr.mit.edu/) was subcloned into pX330-U6-

Chimeric_ BB-CBh-hSpCas9 (Addgene. 42230, deposited by Feng Zhang Lab), a human



codon-optimized SpCas9 and chimeric guide RNA expression plasmid. HEK293T cells were
co-transfected with the pX330 and pEGFP-C1 (Clontech Laboratories, 6084-1) vectors, and
cultured for 2 days. Thereafter, the GFP-positive cells were sorted and expanded. Loss of
LC3B, of GABARAPs and of ATG7 was confirmed by heteroduplex mobility assay followed
by immunoblot analysis with anti-LC3B, anti-GABARAPs and anti-ATG7 antibodies,
respectively. HEK293T cells at subconfluence were transfected with MYC-UFL 1.together
with UFBP1-MYC using Polyethylenimine, Linear (MW 25,000) (Polysciences, Inc.; 23966-
2). A test for mycoplasma contamination was performed for all cell lines monthly.

Immunofluorescence staining

For the staining of endogenous UBAS, HeLa cells lines were plated on 18 mm coverslips in
12-wells. 24 h after seeding, cells were fixed with 4 % PFA"in PBS for 10 min at room
temperature. Cells were then permeabilized with PBSt (PBS + 0.1% Triton X-100 [Carl Roth,
3051.4]) and blocked with 5% BSA in PBSt for 1 h at room temperature. Cells were then
incubated with primary antibodies for the staining of endogenous UBAS5 (Novus biologicals,
NBP1-82087, 1:100) and PDI (abeam;-ab2792, 1:100) overnight at 4 °C. After intensive
washing, cells were incubated with secondary antibody (anti-rabbit-Alexa Fluor 555, Life
Technologies, A31572, and anti-mouse Alexa Fluor 647, Life Technologies, A31571, 1:100
each) for 2 h at room temperature. After other washing steps, cells were mounted on glass
slide holders with homemade mounting medium containing DAPI. For the staining of
overexpressed HA-tagged GABARAPL2/LC3B, cells were transfected with the
corresponding plasmids 24 h prior to the staining and proceeded with as described above and
stained for endogenous UBAS and HA-tagged proteins (HA-antibody [Biolegends, 901502,
1:50]) All images were acquired on a Leica TCS SP5 confocal microscope using the LAS X
software, which was also used for image generation. Images were then processed with the
DeconvolutionLab2 software implemented in ImageJ. Quantification of co-localization was

performed using the coloc2 software implemented in Imagel.



Cellular fractionation assay

To prepare cytosolic and microsome fractions, cell pellet was suspended in fractionation
buffer (50 mM TRIS pH 7.5 [FUJIFILM Wako Pure Chemical Corporation, 011-16381], 0.3
M sucrose [FUJIFILM Wako Pure Chemical Corporation, 196-00015] and protease inhibitors
[Merck, 05056489001]), and the cell suspension was passed through a 26 gauge needle 10
times using 1 mL syringe. After centrifugation at 8,000 xg for 10 min, the supernatant was
further centrifuged at 100,000 xg for 1 h. The resultant pellet was dissolved in fractionation
buffer with 0.2% NP-40 [Nacalai tesque, 18558-54] and it was used as microsomal fraction.
The supernatant was used as cytoplasmic fraction. The samples were separated using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to
polyvinylidene difluoride (PVDF) membranes. Antibodies against LC3B (Cell Signaling
Technology, 2775), GABARAP (Medical & Biological Laboratories Co., PMO037),
GABARAPLI1 (Cell Signaling Technology, 26632S), GABARAPL2 (Medical & Biological
Laboratories Co., PMO038), BiP (Cell Signaling Technology, 3177) and GAPDH (Merck
Millpore, MAB374) were purchased from the indicated suppliers. Anti-UBAS, anti-UFLI,
and anti-UFBP1 polyclonal “antibodies were described previously [39,40]. The
immunoreactive bands were detected by LAS-4000 (GE Healthcare UK Ltd.). The
quantitative densitometric analysis of UBAS and ufmylation was carried out using Multi
Gauge Version 3.2 Image software (Fuji Film, Tokyo, Japan). Statistical analysis was
performed using an unpaired t test (Welch test). The data represents the means + SE of 3

separate experiments.
Digital PCR

cDNA was synthesized as described above in 'Reverse-transcriptase PCR and quantitative
real-time PCR. Absolute quantification was performed using the QuantStudio 3D Digital PCR

System (Thermo Fisher Scientific) and analyzed with the QuantStudio 3D AnalysisSuite



Cloud Software (Thermo Fisher Scientific). The sequences of primers and probes were

purchased from Thermo Fisher Scientific (Hs01076567 gl for LC3A, Hs00797944 sl for

LC3B, Hs01374916 m1 for LC3C, Hs00925899 gl for GABARAP, Hs00740588 mH for

GABARAPLI1 and Hs00371854 ml1 for GABARAPL2).
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Figure Legends

Figure 1. The structure of UBAS LIR in complex with GABARAP proteins reveals a new
mechanism of interaction. (A) NMR solution structure of the complex between GABARAPL2
(representative conformer is shown as a gray cartoon) and UBAS5 LIR peptide (all 20
conformers are shown; residues 340-348 that interact with GABARAPL?2 in red; N-terminal
unstructured residues 333-339 in gray). UBAS side chains 1343, L.345 and V346 (red sticks)
are allocated to the 2 hydrophobic pockets HP1 and HP2 of GABARAPL2 (beige and
turquoise, respectively). The side chain of the conserved UBAS W341 is placed in the cleft
between a-helix al and loop L3 of GABARAPL2 (HPO, blue). (B) Crystal structure of
GABARAP (gray cartoon) in complex with UBAS LIR peptide (red). Similar, to the complex
with GABARAPL2, side chains of UBAS 1343, L345 and V346 are placed in the canonical
hydrophobic pockets (HP1, beige, and HP2, turquoise). W341 of UBAS binds in proximity to
a-helix ol of GABARAP (HPO, blue). (C) Comparison of the Atg8-family protein binding
mechanisms for a canonical LIR and UBAS5 LIR. In cases of canonical LIRs (left plot,
LC3B:p62 LIR complex as an example;gray and red, respectively), side chains of residues ®
(W340, red sticks) and I (L343, red sticks) of the core LIR sequence (®-X-X-I') are binding
to the 2 hydrophobic pockets (HP1, beige; and HP2, turquoise) on the surface of Atg8
proteins. In the.GABARAP:UBAS5 LIR complex (right plot), HP1 is shallow and covered by
1343 (red sticks).and L345 (red sticks) hydrophobic side chains. The UBAS5 W341 side chain
fits into the new hydrophobic pocket HPO (blue). LC3B and GABARAP residues contributing
to each hydrophobic pocket are indicated. (D) Mutational analysis of hydrophobic residues in
UBAS5 LIR (W341, 1343, L345 and V346). Relative affinities of interaction between
GABARAPL2 and mutated UBAS LIR were determined by normalization to the binding of
WT UBAS5 LIR. All values are mean + SD of 3 independent experiments. For each residue,
the binding pocket on Atg8-family proteins is indicated. (E) WebLogo plot generated on the

sequences of all UBAS LIR mutations that resulted in an enhancement in their binding to



GABARAPL2 and LC3B. Charged amino acids are colored in red, polar residues in green.
The amino acid composition of UBAS and p62 LIRs at each position is shown. The binding

pockets on Atg8-family proteins for each residue are highlighted.

Figure 2. Rearrangements of the K46 and K/R47 side chains in GABARAP proteins upon
interaction to UBAS5 LIR mediate the new binding mechanism. (A) Section of the
GABARAP:UBAS LIR complex structure representing rearrangements of the GABARAP
K46 and K47 side chains upon binding to the UBAS LIR. The polypeptides are shown as
cartoons (GABARAP gray, UBAS LIR - red). Upon UBAS LIR binding, K46 of GABARAP
(gray sticks) undergoes a 180° rotation compared to the unbound conformation (orange sticks)
to allow the entrance of the UBAS W341 side chain (red sticks) into HP0O. Simultaneously,
K47 also undergoes a -180° rotation in comparison to the unbound state to avoid steric
clashes. Thus, GABARAP K46 and K47 exchange their positions upon UBAS LIR binding.
Similar rearrangements are observed forthe GABARAPL?2 residues K46 and R47 (right blot).
(B) The rearrangement of GABARAP K47 allows the formation of an additional
intermolecular interaction to the UBAS E344 side chain. In case of the GABARAPL2:UBAS
complex, the side chain of R47 of GABARAPL2 (gray sticks) can also interact with E344
(red sticks), but additionally 1s able to coordinate with the side chain of E340 of UBAS. These
interactions stabilize the complex structure in addition to the formation of intermolecular -
sheet.and fixation of the UBAS aromatic/hydrophobic residues into the HPO, HP1 and HP2 on
surface of the GABARAP proteins. (C) ITC results for the binding of GABARAPL2 R47
mutants to UBAS LIR. The GABARAPL2 R47K mutation reduces slightly both the affinity
and enthalpy of its binding to UBAS LIR, indicating a preference for an arginine in this
position (GABARAPL2) over a lysine (GABARAP and GABARAPLI). The ITC data
correlate with the geometry of the intermolecular hydrogen bond described above.

Accordingly, the GABARAPL2 mutation R47A reduces the affinity and enthalpy of UBAS



LIR binding, showing thermodynamic parameters of interaction close to that for LC3 proteins
[24]. The top diagram in each ITC profile displays the raw measurements and the bottom
diagram shows the integrated heat per titration step. Best fit is presented as a solid line.

Corresponding K values are shown.

Figure 3. Loop L3 and K/R47 in GABARAP proteins predetermine their specificity to UBAS
LIR over LC3 proteins (A and B). 3 regions in LC3 and GABARAP proteins show large
differences in the sequences and the structures of their canonical LIR and UBAS5 LIR bound
forms. (A) Region I resides around a-helix al; region II defines the loop L3, which has a
different length and composition in between the LC3 and GABARAP subfamily. Region III is
defined as the R/K47 residue in GABARAPs (T50 in:LC3A/LC3B and T56 in LC3C) that
forms an intermolecular hydrogen bond with 'UBAS E344 and wundergoes large
rearrangements upon UBAS LIR binding. (B). Cartoon representation of the backbone
superposition of the structures of GABARAP (blue) in complex with UBAS LIR (red) and
free LC3B (green). The indicated regions I, II and III locate around the binding interface of
the UBAS W341 side chain (red stick) and might be responsible for the selectivity and the
novel binding mechanism.. (C) ITC profiles representing interactions between LC3B
swapping mutants in.regions II, III and a combination of both with the WT UBAS LIR. The
top diagtam in each ITC profile displays the raw measurements and the bottom diagram
shows the integrated heat per titration step. The best fit is presented as a solid line.
Corresponding Kp values for each mutant are shown. (D) ITC profiles representing
interactions between GABARAPL2 swapping mutants in regions II, III and a combination of
both with the WT UBAS5 LIR. The top diagram in each ITC profile displays the raw
measurements and the bottom diagram shows the integrated heat per titration step. The best fit

is presented as a solid line. Corresponding Kp values for each mutant are shown.



Figure 4. GABARAPs recruits UBAS5 to ER membranes. (A) Localization of endogenous
UBAS in HelLa wild-type and HelLa GABARAP-TKO cells visualized by
immunofluorescence. Cells were stained for endogenous UBAS (red) and endogenous PDI
(green) was used as ER marker. Co-localization was determined via the Co-localization
Finder software plugin of the Imagel software and is shown in white. Scale bar: 10.um. (B)
Quantification of co-localization of the endogenous UBAS and the ER marker PDI in.HeLa
wild-type and HeLa AT7G7-knockout, LC3s-knockout and GABARAPs-TKO. Pearson’s
correlation coefficient was determined using the coloc2 software/implemented in Imagel.
Results show the evaluation of 50 randomly chosen cells. of 3. independent biological
experiments. *** P<(0.001. (C) The microsomal (M) and cytoplasmic (C) fractions of
HEK293T cell lines were prepared from indicated genotype cells and subjected to SDS-
PAGE, followed by immunoblotting with‘the.indicated antibodies. Data are representative of
3 separate experiments. (D) Bar graphs indicate the quantitative densitometric analysis of
microsomal UBAS relative to microsomal and cytoplasmic UBAS in HEK293T cell lines.
Statistical analysis was performed using an unpaired ¢ test (Welch test). Bars represent the
mean *+ SE of 3 separate experiments. *, P<0.05. (E) Empty vector or MYC-UFL1 together
with UFBP1-MYC were transfected into HEK293T cells as indicated. 24 h after transfection,
the microsome (M) and cytoplasmic (C) fractions were prepared and subjected to SDS-PAGE,
followed by i4mmunoblotting with the indicated antibodies. (F) Bar graphs indicate the
quantitative densitometric analysis of microsomal ufmylated proteins (shown by the line at
the left side in figure 5E) relative to the loaded microsomal protein amount (estimated by
Ponceau-S staining) in normal conditions (left bars) and upon induction of UFL1/UFBP1
activity (right bars). Statistical analysis was performed using an unpaired t test (Welch test).

Bars represent the mean + SE of 3 separate experiments. **, P<0.01.
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Figure S1

GABARAPL2:UBAS

GABARAPL2:UBAS5 LIR

Figure S1. Structure of UBAS LIR in complex with GABARAP proteins reveals a new
mechanism of interaction. (A) Composition of the new hydrophobic pocket HPO of
GABARAPs (gray) and UBAS LIR (red). The pocket is formed by residues V4, Y5, ES, 132,
E34 and K46 of GABARAP (represented as sticks in blue and gray) and residues M4, F5, 132,



E34 and K46 of GABARAPL?2 (represented as sticks in blue and gray). W341 of UBAS (red
sticks) binds into this pocket. (B) The new hydroponic pocket is conserved in the structure of
the GABARAPL2:UBASLIR complex. HP1 (beige) is shallow and covered by the 1343 and
L345 hydrophobic sidechains of UBAS LIR (represented as red sticks), whereas V346 (red
sticks) of the UBAS LIR binds to HP2 on GABARAPL2 (turquoise). The UBAS W341
sidechain fits to a new hydrophobic pocket HPO (marine). LC3B and GABARAP residues
contributed to each hydrophobic pocket, are indicated. (C) 2-dimensional LIGPLOT diagram
with the intermolecular interface between GABARAP (orange) and the UBAS LIR (purple).
Hydrophobic interactions are represented by red semicircles, green dashed linesshow
hydrogen bonds and electrostatic interactions. (D) 2-dimensional LIGPLOT. diagram with the
intermolecular interface between GABARAPL2 (orange) and the UBAS LIR (purple).
Hydrophobic interactions are represented by red semicircles, green dashed lines show

hydrogen bonds and electrostatic interactions.
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Figure S2. Analysis of the contribution of each amino acid of UBAS LIR to the binding of
GABARAPL2 and LC3B. (A) Peptide Array results of GST-GABARAPL2 and UBAS5 LIR



mutants. Residues of E340, W341, G342, 1343, E344, 1345, and V346 exchanged for
different amino acids. All values were normalized to the binding of wild-type UBAS. Data
represents mean values = SD of 3 independent experiments. (B) Peptide Array results of GST-
LC3B and UBAS LIR mutants. Residues of E340, G342 and E344 were exchanged for
different amino acids. All values were normalized to the binding of wild-type UBAS. Data
represents mean values + SD of 3 independent experiments. (C) Amino acid preference for
LC3B and GABARAPL?2 in the UBAS LIR sequence at different positions. The preference
was determined by evaluation of mutations at each positions that positively aftect the binding

to each protein compared to wild-type UBAS (relative binding> 1).
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A

mmmm GABARAPL2
—1LC3B

o
c
WT EWGIELVS M20 EWAIFWVS M40 EWDWWWIE E
M1 EFDIELVS M21 EWDIAWFE M41 EWDWEWIE Q
M2 AWDIELVS M22 EWDIWWFE M42 EWAWAWIE §
M3 EFAIELVS M23 EWDIFWFE M43 EWAWWWIE T
M4 AWAIELVS M24 EWAIAWFE M44 EWAWFWIE E
MS EWDWELVS M25 EWAIWWFE M45 EWDFAWFE S
Mé EWAWELVS M26 EWAIFWFE M46 EWDFWWFE
M7 EWDFELVS M27 EWDIAWIE M47 EWDFFWFE
M8 EWAFELVS M28 EWDIWWIE M4s EWAFAWFE WT12 34567 8910112131415 1617 18 19202122 23 24 25 26 27 28
M9 EWDIWLVS M29 EWDIFWIE M49 EWAFWWFE
M10 EWDIFLVS M30 EWAIAWIE M50 EWAFFWFE 3
M11 EWAIWLVS M31 EWAIWWIE M51 EWDFAWIE 2
M12 EWAIFLVS M32 EWAIFWIE M52 EWDFWWIE 1_,3
M13 EWDWEFLVS M33 EWDWAWFE M53 EWDFFWIE o 2
M14 EWDFFLVS M34 EWDWWWFE M54 EWAFAWIE 3
M15 EWAWFLVS M35 EWDWEWFE M55 EWAFWWIE N
M16 EWAFFLVS M36 EWAWAWFE M56 EWAFFWIE E 1
M17 EWDIWWVS M37 EWAWWWFE
M18 EWDIFWVS M38 EWAWEWFE 2
M19 EWAIWWVS M39 EWDWAWIE 0
29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
C WT M10 M20 M28 M29 M31 M32 M45 M46
WGIELVS WDIFLVS WAIFWVS WDIWWIE WDIFWIE WAIWWIE WAIFWIE WDFAWFE WDFWWFE
Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min)
0 20 40 60 80 0 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
8 00 LA a T v Lid LA
% 05 || " ||||| ""I
<_\’ S -10
% 15
4
5. °
o
3. /, j’-——-
2
g%
=g
£ 45uM
{x} ol 2 K, 1.4 uM K, 2.3 M K, 45 K, 1.3 uM K, 1.2 pM| K, 0.65 uM K, 12uM K;3.0uM K,25uM
0o 1 2 3 4 0123 456 0123456 012345¢%6 01 2 3 4 01 2 3 4 5 0123456 0 1 2 3 4 01 2 3 4 5
Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio
Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min) Time (min)
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100 02040608010002040608010002040603010002040%0'2 0 20 40 60 & 100
00 T
=
04
8
o a
3 08
- 0
.
2E - /r S a D
gg?
=g
§" 4 K, ~100 uM K, 3.7 uM K, 4.2 uM K, 1.4 M Ko 1.3 1M K, 0.4 pM K, 12 M K, 2.3 uM Ko 1.7 M
o 1 2 3 4 0 1 2 3 4 o1+ 2 3 4 0 1 2 3 45 0 1 2 3 45 0 1 2 3 1 2 3 4 01 2 3 4 0 1 2 3 4 5
Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio Molar Ratio



Figure S3. Binding of artificial peptides to GABARAP and LC3 proteins. (A) Sequences of
artificial UBAS LIR peptides. The library of peptides was created by combining mutations with
preferences at different positions (Fig. S2C). (B) Peptide Array results of GST-LC3B and GST-
GABARAPL?2 binding to artificial UBAS LIR peptides. All values were normalized to the binding
of LC3B and GABARAPL2 to wild-type UBAS LIR, respectively. Data represent mean values +
SD of 3 independent experiments. (C) ITC results for artificial peptides M10, M20, M28, M29,
M31, M32, M45 and M46 that were titrated to GABARAPL2. Upper graph.displays the raw
measurements. Integrated heat of each injection is shown below. Kp values for each measurement
are shown, remaining thermodynamic parameters are summarized in Table'S5. (D) ITC results for
artificial peptides M10, M20, M28, M29, M31, M 32, M45 and M46 that were titrated to LC3B.
Upper graph displays the raw measurements. Integrated heat of each injection is shown below. Kp
values for each measurement are shown, remaining thermodynamic parameters are summarized in

Table S5.

Figure S4
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A Free GABARAP B Free GABARAP
GABARAP PLEKHM1 LIR GABARAP PLEKHM1 LIR
GABARAP UBASLIR

GABARAP UBAS LIR

Figure S4. Rearrangements of GABARAP proteins upon UBAS LIR binding. (A) Alignment of the
structure of the GABARAP:UBAS LIR complex (gray) with the structures of free GABARAP
(1GNU, orange) and GABARAP in complex with the canonical PLEKHM1 LIR peptide (5DPS,
blue). The RMSD values for backbone atoms do not exceed 0.6.A excluding the loops L3 and L4.

(B) Section of the overlaid structures around loop L3.
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Figure S5
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Figure SS. Mutational analysis of LC3B and GABARAPL?2 proteins reveals that K/R47 is crucial
for the specific binding of UBAS/LIR to GABARAP proteins. (A) ITC profiles representing
interactions between LC3B-swapping mutants in regions I, and combined swapping mutants of
region [+ II and I+II+III with the wild-type UBAS LIR. Corresponding Kp values are shown. The
top diagram in each ITC profile displays the raw measurements and the bottom diagram shows the
integrated heat per titration step. Best fit is presented as a solid line. Thermodynamic parameters are
summarized in Table S4. (B) ITC profiles representing interactions between GABARAPL2
swapping mutants in regions I, and combined swapping mutants of region I+ II and I+II+III with
the wild-type UBAS LIR. Corresponding K, values are shown. The top diagram in each ITC profile
displays the raw measurements and the bottom diagram shows the integrated heat per titration step.

Best fit is presented as a solid line. Thermodynamic parameters are summarized in Table S4.
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Figure S6
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Figure S6. Localization of UBAS in different HelLa cell lines and creation of LC3B-, triple
GABARAPs- and ATG-knockout HEK293T cells. (A) Localization of endogenous UBAS (red) and
PDI (green). HeLa wild-type, ATG7-knockout, LC3s-knockout (LC3 TKO) and GABARAPs-
knockout cells (GABARAP TKO) were stained for endogenous UBAS and PDI (as an ER marker).
Colocalizing pixels are indicated in white and were determined via the Colocalization Finder plugin

of ImageJ. Scale bar: 10 uM. White square indicates zoom-in region. (B) Localization of
53



endogenous UBAS (red) and HA-GABARAPL2/-LC3B (green) in HeLa wild-type and ATG7-KO
cells. Cells were transfected with HA-tagged GABARAPL2 and HA-tagged LC3B respectively,
followed by staining for UBAS and HA-tagged proteins. Colocalizing pixels are indicated in white
and were determined via the Colocalization finder plugin of Imagel. Scale bar: 10 uM. (C)
Visualization of the GABARAP- and LC3-proteins expression (mMRNA) level in HEK293T and
Hela cells by digital PCR analysis. RNA copy number of each GABARAP (GABARAP,
GABARAPL1 and GABARAPL2, white bars) and LC3 (LC3A, B and C, black bars) family
members was determined using the QuantStudio 3D Digital PCR System. Bars represent the mean
+ SE of 3 separate experiments. Each knockout-candidate HEK293T cells were lysed, and the cell
lysates were subjected to SDS-PAGE, followed by immunoblotting with the indicated antibodies.
We used #1 LC3B-knockout, #16 triple GABARAPs-knockout (GABARAP TKO) and #2-31 ATG7-

knockout HEK293T cells for microsomal extraction assays.
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Table S1. NMR statistics for the GABARAPL2:UBAS LIR complex.

NOE assignment

Total NOE 6517
Assigned NOE 6204
% assigned 95.2

NMR distance and dihedral constraints

Distance constraints

Total NOE 2813
Intra-residue 608
Inter-residue 2205
Short-range (Ji —j| <=1) 1319
Medium-range (1 <|i —j| <5) 655
Long-range (|i —j| > 5) 929
Intermolecular 237
Hydrogen bonds 0
Total dihedral angle restraints
) 124
v 129
Ramachandran plot
Residues in most favored regions 87:4%
Residues in additionally allowed regions 12.6%
Residues in generously allowed regions 0%
Residues in disallowed regions 0%

Structure statistics

Violations (mean and s.d.)

Distance constraints (A) 0.0075 £ 0.003
Dihedral angle constraints (°) 0.38+£0.04
Max. dihedral angle violation.(°) 3.17+0.59
Max. distance constraint violation (A) 0.10£0.01

Deviations from idealized geometry

Bond lengths (A) 0.012+0.01

Bond angles (°) 2.1+£0.05
Average rim.s. deviation to mean (20 structures, A)

Heavy atoms of residues 3—115, 339-347 0.80 £0.05

Backbone atoms of residues 3—115, 339-347 0.39+0.05
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Table S2. Summary of UBA5>*"***-GABARAP*'" crystal structure data collection and refinement

statistics. Values in parentheses are for the highest resolution shell.

Data collection statistics UBA5* . GABARAP*""

Beamline Swiss Light Source PX1
Wavelength (A) 1.0000
Space Group P2,
Unit Cell (A) a=33.78 b=58.01 c=36.42

@=90.00 p=99.35 y = 90.00

Resolution (A)
Observed reflections

Unique reflections

35.94-1.30 (1.37-1.30)
209862 (27171)
32955 (4535)

Redundancy 6.4 (6.0))
Completeness (%) 96.7 (91.7)
Rinerge 0.054 (0.408)
<I/oI> 20.9 (4.2)
Refinement statistics

Reflections in test set 1666
Reryst 19.0
Riree 21.3
Number of groups

Protein residues 129
Ions and ligand atoms 0
Water 142
Wilson B-factor 11.2
RMSD from ideal geometry

Bond length (A) 0.008
Bond angles (°) 1.111
Ramachandran Plot Statistics

In Favoured Regions (%) 116 (97.48)
In Allowed Regions (%) 3(2.52)
Outliers (%) 0(0.00)
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Table S3. Thermodynamic parameters of the interactions between GABARAPL2/LC3B K46/K49,
R47 mutants and wild-type UBAS LIR.

AH AS -T*AS AG KA KD N
-1 -1 -1 -1 -1
[keal mol™] [cal mol” K] [keal mol™] [keal mol™] [¥10° M| [uM]

GABARAPL2 WT -5.91+0.09 +6.6 -1.97 -7.88 0.523 + 45 1.7 0.98 +0.01
GABARAPL2 R47K -5.93+0.11 +6.3 -1.88 -7.81 0.16 £ 0.02 6.25 0.82 +£0.02
GABARAPL2 R47A -3.51+£0.63 +10.5 -3.13 -6.82 0.23+0.01 4.3 0.93+0.01
GABARAPL2K46A -7.55+£0.32 -1.18 0.35 -7.20 0.19+0.03 54 0.94+0.03
LC3BWT -1.43+£0.03 +13.5 -4.03 -5.46 10+1 ~100 1*
LC3B K49A -2.26 £0.15 +15.5 -4.62 -6.88 0.11+0.01 9.1 0.94+0.03
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Table S4. Thermodynamic parameters of the interaction between swapping GABARAPL2/LC3B

mutants and wild-type UBAS LIR.

AH AS -T*AS AG K K N
[keal moI'] [cal moI' K| [kealmol']  [keal mol”] [*106‘}4-1] [ul\l}]

GABARAPL2 WT -10.1+0.25 -6.93 -1.97 -7.88 0.71+£0.10 14  1.09+0.02
GABARAPL2 region | -7.42+0.03 +3.4 -1.01 -8.843 152+£0.05 0.66  1.05=0.01
GABARAPL2 region II -3.40 + 0.04 +15.0 -4.47 -7.67 059+0.04 1.7 1.01 +0.01
GABARAPL2 region 111 -1.10 + 0.02 +16.0 -4.77 -5.87 0.02+0.01 50 1*
GABARAPL2 region I+111 N.D - - - N.D: - N.D.
GABARAPL2 region II+111 0.75+0.12 +21.7 - 6.47 -5.72 0.015+£0.0 65 0.95+0.13
GABARAPL2 region I+II+I1I N.D. - - R N.D. - N.D.
LC3BWT -1.43+0.03 +13.5 -3.87 5.30 0.01 £0.03 . ~100 1*
LC3B region I -0.14 +0.01 +19.1 -5.69 -5.83 0.02+ 0.01 56 1*
LC3B region II -2.40+0.20 +15.1 -4.50 -6.90 0.12+0.02 8.6 0.92 +0.06
LC3B region III 2.55+£0.10 +14.4 -4.29 -6.84 0:10+0.01 9.7 0.92 +0.03
LC3B region I+111 -3.17 +0.08 +14.0 -4.17 -7.34 023+0.01 43 1.00+0.02
LC3B region II+11I -454+0.16 +10.6 -3.16 -7.70 0.43 £0.01 2.3 1.09 + 0.03
LC3B region I+1I+111 -4.72+0.18 +8.8 2.62 <734 024+0.02 4.1 1.00 + 0.03
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Table S5. Thermodynamic parameters of the interaction between artificial UBAS LIR related
peptides and GABARAPL2/LC3B.

AH AS -T*AS AG K K N
GABARAPL2 [keal mol']  [calmol' K]  [keal mol'"] [kcal mol] [*106?\4-1] [ul\l}]
WT EWGIELVS -10.05 + 0.24 -6.9 +2.06 -7.99 070 +0.01 1.4 1.09 + 0.02
M10 EWDIFLVS -5.99+0.13 +5.67 -1.69 -7.68 0.42 + 0.04 2.33 1.04 +0.02
M20 EWAIFWVS -4.80+0.17 +8.35 -2.49 -7.29 0.22 +0.02 4.50 0.92 +0.03
M28 EWDIWWIE -5.21+0.07 +9.41 -2.81 -8.02 0.75 £0.05 1.34 0.98 +0.01
M29 EWDIFWIE -3.80+0.03 +14.4 -4.29 -8.09 0.84 + 0.04 1.19 0.94 £0.01
M31 EWAIWWIE -5.75+0.06 +9.05 -2.70 -8.45 1.55+0.17 0.65 2.00+0.01
M32 EWAIFWIE -8.34 + 0.04 -0.83 +0.25 -8.09 0.85 +0.02 148 . 0.98+0.003
M45 EWDFAWFE -4.90 +0.12 +8.87 -2.64 -7.54 0.34 £ 0.03 2.96 1.08 +0.02
M46 EWDFWWFE -5.11+0.05 +9.52 -2.84 -7.95 0.68 +0.0 1.48 1.00 £+ 0.01
LC3B

WT EWGIELVS -1.43£0.03 +13.5 -4.03 -5.46 0.01+£0.001 100 1%

M10 EWDIFLVS -1.33£0.05 +20.4 -6.08 -7.39 0274+ 0.03 3.69 0.99 + 0.03
M20 EWAIFWVS -2.33+0.06 +16.8 -5.01 -7.34 0.24 +0.02 4.18 1.05 +0.02
M28 EWDIWWIE -1.80 £ 0.03 +20.7 -6.17 2797 0.71 +0.07 1.40 1.08 £ 0.01
M29 EWDIFWIE -1.32£0.02 +226 26.74 -8.07 0.80 +0.06 1.25 0.92 +0.01
M31 EWAIWWIE -4.10+0.01 +155 -4.62 -8.72 24+0.1 0.41 2.14+£0.01
M32 EWAIFWIE -1.47 +£0.01 +22.1 -6.59 - 8.06 0.81 + 0.04 1.23 1-03 + 0.01
M45 EWDFAWFE -437+0.08 + Ll -3.31 -7.68 0.43 +£0.03 12.3 0.97 +0.02
M46 EWDFWWFE -3.90 + 0.09 +134 -3.99 -7.89 0.60 + 0.06 1.66 2.14 +0.01
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