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Selective autophagy requires the specific segregation of targeted proteins into
autophagosomes. The selectivity is mediated by autophagy receptors, such as
p62 and NBR1, which can bind to autophagic effector proteins (Atg8 in yeast,
MAP1LC3 protein family in mammals) anchored in the membrane of
autophagosomes. Recognition of autophagy receptors by autophagy effectors
takes place through an LC3 interaction region (LIR). The canonical LIR motif
consists of a WXXL sequence, N-terminally preceded by negatively charged
residues. The LIRmotif ofNBR1presents differences to this classical LIRmotif
with a tyrosine residue and an isoleucine residue substituting the tryptophan
residue and the leucine residue, respectively. We have determined the
structure of the GABARAPL-1/NBR1-LIR complex and studied the influence
of the different residues belonging to the LIR motif for the interaction with
several mammalian autophagy modifiers (LC3B and GABARAPL-1). Our
results indicate that the presence of a tryptophan residue in the LIR motif
increases the binding affinity. Substitution by other aromatic amino acids or
increasing the number of negatively charged residues at theN-terminus of the
LIR motif, however, has little effect on the binding affinity due to enthalpy-
entropy compensation. This indicates that different LIRs can interact with
autophagy modifiers with unique binding properties.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Autophagy is a highly conserved catabolic pathway
used in cells to deliver cytosolic components to the
lysosome for degradation. Disregulation of autop-
hagy pathways leads to several diseases, including
neurodegenerative disorders and cancer.1–3 A key
step of autophagy is the recognition and isolation of
substrates, which are surrounded by the autophago-
some, a double-membrane sack capable of fusingwith
the lysosome.4,5

In yeast, the formation of autophagosomes is
directly related to the conjugation of Atg8 to
d.
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Fig. 1. Sequence alignments of LIR motifs in autophagy
receptors (above the LIR motif) and enzymes modifying
MAP1LC3 proteins as well as non-autophagic proteins
(below the LIRmotif). Aromatic residues corresponding to
position 1 are marked in red, hydrophobic residues at
position 4 in blue and negatively charged amino acids in
green. All sequences are human except for Atg19 and
Atg32, which are from Saccharomyces cerevisiae.
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phosphatidylethanolamine on the autophagosome
membrane by a multi-step mechanism that requires
several enzymes.6,7 Atg8 serves as an effector
protein that binds to multivalent receptor proteins
that can also interact with the substrate simulta-
neously through a different domain.8 Several
mammalian homologs of Atg8 that have been
identified form the MAP1LC3 protein family,9,10

which consists of two subgroups, the LC3 and
GABARAP proteins that are involved in the
elongation of the phagophore membrane and in
the maturation of autophagosomes, respectively.11

Similar to Atg8, they can be coupled reversibly to
lipids by a three-step ubiquitin (Ub)-like conjugation
system12,13 and thus become anchored to the
membrane of autophagosomes.14–16

Degradation of protein aggregates can be regulated
by autophagy via ubiquitin-dependent signals.17

The prototypic autophagy receptor protein p6218,19

binds to ubiquitin or poly-ubiquitin signals,20 a
common modification of misfolded proteins,
through a C-terminal UBA domain,21 polymerizes
via an N-terminal PB1 domain and acts as a
transporter for ubiquitinated cargo. Moreover, p62
possesses a DDDWTHLS sequence motif that
enables p62 to interact with members of the
MAP1LC3 protein family22 and is therefore called
an LC3-interacting region (LIR).23–25 It was pro-
posed that this interaction links the ubiquitinated
substrate that should be degraded to the autophagy
modifiers in the autophagosome membrane. Orig-
inally, LIR sequences were defined as a WXXL
motif but further studies showed that neither the
tryptophan nor the leucine residues are strictly
conserved and a more general definition of the
LIR sequence should be ΘXXΓ where Θ and Γ
are aromatic and hydrophobic residues, respec-
tively. The presence of one or more acidic residues
N-terminal to this sequence is preferred.26 Here, we
refer to the aromatic Θ residue as position 1 and to
the hydrophobic Γ residue as position 4 (Fig. 1). In
the structure of p62 in complex with LC3B,24,25 the
Θ and Γ residues interact with hydrophobic
pockets on the surface of the autophagy effector.
The first hydrophobic pocket, hp1, interacts with
the aromatic Θ residue and is situated between the
core of the protein, which adopts an ubiquitin-like
fold, and an N-terminal extension consisting of two
helices. The hydrophobic Γ residue binds to the
hydrophobic pocket hp2 located on the surface of
the ubiquitin-like core domain. An analogous
binding mode involving the two hydrophobic
pockets and a similar structure of the effector
protein has been observed in the structure of
GABARAP with calreticulin27 and suggested for
the interaction of GABARAP with clathrin heavy
chain,28 NSF29 or Nix.30

Recently, the neighbor of BRCA1gene 1 (NBR1) has
been identified as an autophagy receptor that shares
similar features with p62.8,31 Most LIR sequences
have tryptophan at position 1 and leucine at position
4, whereas the LIR domain of NBR1 contains tyrosine
and isoleucine, respectively, which could influence
the interaction with MAP1LC3 proteins.
Binding of tryptophan-containing LIR domains to

the LC3 and GABARAP proteins is structurally and
functionally well characterized.23–25,27,32–35 However,
only a model of a complex of NSF29 with GABARAP
but no structure of a complex or a detailed interaction
study of autophagy effector proteins with non-
tryptophan LIR domains from autophagy receptors
have been reported. The NBR1-LIR domain (YIIIL)
has a more hydrophobic nature than the p62-LIR
domain (WTHLS). This increased hydrophobicity
could influence the interaction with MAP1LC3
effector proteins and might even lead to different or
multiple orientations of the peptide in the binding
site. To address this, we have studied the interaction
of the NBR1-LIR domain with several human Atg8
family proteins, compared it to other LIR domains
and determined the structure of its complex with
GABARAPL-1. We also generated NBR1-LIR
mutants with tryptophan or phenylalanine in place
of the tyrosine in order to understand the importance
of position 1 for the binding mode and we have
introduced additional negatively charged amino
acids N-terminal to the core LIR domain. The results
show a tighter interaction between Atg8 family
proteins and LIRs in the presence of tryptophan as
well as the importance of the surrounding residues.
The NMR structure of the GABARAPL-1–NBR1-LIR
complex is the first example of the structure of a
complex involving a non-tryptophan autophagy
receptor–LIR domain.



Table 1. Thermodynamic parameters obtained by ITC
A. Interactions of LC3B with the LIR domains of different autophagy receptors

LC3B vs LIR ΔH (kcal mol-1) ΔS (cal mol-1 K-1) ΔG (kcal mol-1) Kd (μM)

p62 -10.5 -8.7 -8.0 1.5
Nix-W36 -2.7 +9.4 -5.5 91
Nix-W140/144 -2.8 +5.0 -4.3 670
NBR1 -4.4 +10.7 -7.6 2.9

B. GABARAPL-1 interaction with NBR1-LIR wild-type and mutants

GABARAPL-1 vs LIR ΔH (kcal mol-1) ΔS (cal mol-1 K-1) ΔG (kcal mol-1) Kd (μM)

NBR1 -4.1 +11.6 -7.6 3
NBR1_Y732W -5.7 +10.3 -8.8 0.4
NBR1_Y732F -6.8 +2.6 -7.6 2.9
NBR1_S729E -4.8 +9.5 -7.6 2.7
NBR1_S728,729E -5.5 +7.2 -7.7 2.4

Thermodynamic parameters obtained by ITC for the interactions of LC3B with the LIR domains of different autophagy receptors (A) and
for GABARAPL-1 interactionwith NBR1-LIRwild-type andmutants (B). All experiments were done at 25 °C.ΔH,ΔS and Kd values were
measured with the assumption of a one-site model. Although statistical errors for all calculations were quite small (b3%), the uncertainty
of the sample concentrations was ∼5% (or more in the case of peptides containing no tryptophan or tyrosine residue). Therefore, a total
error of 10% could be expected for all parameters.
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Results

Interaction of LC3B with LIR domains

LC3B is the best studied mammalian Atg8 family
member and its structure in the presence of p62 has
been reported.24,25 To compare the binding of
different LIR sequences to MAP1LC3 proteins, we
chose LC3B as an Atg8 model and its interaction
with p62 as a reference. p62 is the prototypical LIR-
containing protein with tryptophan and leucine as
aromatic and hydrophobic amino acids and three
aspartic acids as negatively charged residues.
In earlier work, we used NMR titration experi-

ments and isothermal titration calorimetry (ITC) to
characterize the interaction between the LIR do-
mains of the autophagy receptors p62 and Nix with
LC3B.36 These experiments revealed that p62 in-
teracts strongly with LC3B (Kd 1.5 μM), character-
ized by a slow exchange behavior in the NMR
experiments and a strong negative binding enthalpy.
Both Nix LIR domains (Nix-W36 and Nix–W140/
144) interacted significantly more weakly (Kd 91 μM
for Nix-W36 and 670 μM for Nix-W140/144) with a
positive binding enthalpy and showed fast exchange
between the bound and the free form in NMR
titration experiments (Table 1).
To characterize the importance of the tryptophan

residue at position 1 we compared binding of the
non-tryptophan NBR1-LIR domain with those of the
p62 and Nix LIR domains.
NMR titration experiments of the NBR1-LIR

domain and LC3B showed a binding pattern similar
to that of the p62–LIR interaction characterized by
slow exchange. To obtain a more detailed analysis,
we used ITC, which showed a dissociation constant
(Kd) of 2.9 μM with a negative enthalpy (ΔH) of -4.4
kcal mol-1, which is between the values for p62 and
the Nix-LIR domains. These data indicate that the
binding of side chains of the NBR1-LIR domain to
the surface and the hydrophobic pockets on LC3B
are less than optimal for p62. The less favorable
binding enthalpy is, however, partially compensat-
ed by a positive entropy contribution (ΔS=10.7 cal
mol-1 K-1). p62 binding to LC3B is characterized by a
strong negative entropy (ΔS=-8.7 cal mol-1 K-1),
which reduces the overall binding affinity. These
differences in binding between NBR1 and the p62
LIR domains are likely to be caused by the more
hydrophobic character and a reduced fitting of the
aromatic residue to the hydrophobic pocket on
LC3B.

Interaction of GABARAPL-1 with wild type and
mutant NBR1-LIR

We wanted to further characterize the interaction
of the NBR1-LIR domain with autophagy effector
proteins by NMR investigations. However, the
NMR spectra of a complex of LC3B with the
NBR1-LIR domain revealed significant line-broad-
ening of both peptide and protein resonances,
making a detailed NMR investigation impossible.
Therefore, we asked whether complex formation
with other Atg8 family members would result in
more favorable spectral characteristics. While all of
the investigated family members (LC3A, LC3B,
GABARAPL-1 and GABARAPL-2) exhibited broad
lines due to exchange-broadening, the spectra of
NBR1-LIR in complex with GABARAPL-1 showed
the most favorable spectral characteristics, prompt-
ing us to further investigate this interaction. To
investigate the role of the aromatic residue at
position 1 we created a mutant form of NBR1-LIR
in which the tyrosine was mutated to tryptophan,
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Fig. 2. GABARAPL-1 interaction with NBR1-LIR wild-type (top) and NBR1 LIR_Y732W (bottom). Overlay of
representative regions (left for Y49 and right for L55) of [15N, 1H]-TROSY-HSQC spectra of GABARAPL-1 in presence of
NBR1-LIR domains. Contours are presented in different colors corresponding to individual titration points (red as
reference with GABARAPL-1 alone, magenta in presence of LIR domains at molar ratio 1:1/8, orange at molar ratio 1:1/4,
yellow at molar ratio 1:1/2, gray at molar ratio 1:3/4, green at molar ratio 1:1, cyan at molar ratio 1:1.5, purple at molar
ratio 1:2 and blue in presence of LIR domains at molar ratio 1:3). The data show that significant line broadening occurs
with the wild-type sequence, characteristic of intermediate exchange while the mutant shows slow exchange behavior
indicative of a stronger interaction.
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which is more often observed at this position in LIR
domains. NMR titration experiments of the 15N-
labeled GABARAPL-1 with both NBR1-LIR and the
NBR1-LIR_Y732W mutant showed that the
exchange-broadening of the tryptophan mutant
was reduced compared to that of the wild type
peptide, indicating a slower exchange between the
bound and the free form (Fig. 2).
Indeed, measuring the binding affinity of

GABARAPL-1 for NBR1-LIR and for the mutant
by ITC revealed a stronger binding indicated by a
reduction of the dissociation constant (Kd is 3 μM
for the wild type domain and 0.4 μM for the
mutant). The tighter binding of NBR1-LIR_Y732W
is reflected in a more negative binding enthalpy
contribution (ΔH=-5.7 kcal mol-1 versus ΔH=-4.1
kcal mol-1 for the wild type peptide). For both
peptides, the binding entropy is large and positive
(ΔS=10.3 cal mol-1 K-1 for NBR1-LIR_Y732W and
ΔS=11.6 cal mol-1 K-1 for NBR1-LIR). The slightly
reduced binding entropy for the mutant suggests
that the tryptophan residue makes a tighter
contact to GABARAPL-1, whereas there is more
flexibility in the presence of the tyrosine residue
(Table 1).
To further investigate the importance of the

nature of the aromatic residue in position 1, we
mutated the tyrosine residue in NBR1-LIR to
phenylalanine. ITC experiments revealed a strong
interaction with a very low binding entropy
(ΔS=2.6 cal mol-1 K-1), suggesting a tighter
interaction that was reflected also by a more
negative binding enthalpy (ΔH=-6.8 kcal mol-1)
relative to that of the wild type peptide.
In addition to the two important hydrophobic

residues in positions 1 and 4 it has been shown that
negatively charged amino acids located N-terminally
to the aromatic residue participate in the



Fig. 3. NMR structure of the GABARAPL-1/NBR1-LIR complex. (a): Overlay of the backbone atoms of the 20 energy-
refined conformers of GABARAPL-1 in complex with NBR1-LIR. Loops are shown in gray, α-helices in cyan and β-
strands in magenta. NBR1-LIR is colored in red. Residues 1-7 of GABARAPL-1 are disordered and were therefore
excluded. Only the structured region of NBR1 (S728 to E738) is shown. (b): The mean structure of the complex is presented
as a ribbon diagram in two orientations (the view on the right corresponds to a 45° rotation).
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interaction.24,25 Besides, the replacement of trypto-
phan with tyrosine, a further difference between p62
andNBR1 is the higher number of negatively charged
amino acids N-terminal to the core LIR in p62 (three
aspartic acid residues) relative to NBR1 (one aspartic
acid residue and one glutamic acid residue). To
investigate whether a higher number of negatively
charged amino acids could compensate for the
substitutionof tryptophanwith tyrosine,we extended
the stretch of negatively charged amino acids
directly N-terminal to Y732 in NBR1. Compared to
the wild type, the mutation S729E resulted in a
slightly increased affinity to GABARAPL-1 charac-
terized by a more negative binding enthalpy (ΔH=
-4.8 kcal mol-1) and a decrease of the binding
entropy (ΔS=9.5 cal mol-1 K-1). These effects were
further enhanced with the double mutant NBR1-
LIR_S728,729E (ΔH=-5.5 kcal mol-1 and ΔS=7.2 cal
mol-1 K-1). In both cases, however, the overall effect
was rather small owing to a remarkable compensation
of enthalpy and entropy effects, resulting in Kd values
that are not significantly different from the wild type
peptide (2 – 3 μM). This mutational analysis showed
that the strongest influence on the binding affinity is
mediated by the presence or the absence of a
tryptophan residue in position 1,making this position
most important for explaining the differences in
binding affinity between p62 and NBR1.

NMR structure of the GABARAPL-1/NBR1-LIR
complex

The NMR titration experiments and the ITC data
described above indicated that the replacement of



Table 2. Structural statistics of the 20 energy-minimized
conformers of GABARAPL 1/NBR1-LIR

A. Input restraint statistics
Total number of meaningful distance restraints 1448 (84)a

Intraresidual (i= j) 207
Sequential (|i – j|=1) 436
Medium-range (1 b |i – j| b 4) 295 (46)a

Long-range (|i – j| N 4) 510 (38)a

Intermolecular 69 (8)b

Torsion angle restraints 203

B. Restraint violations in final ensemble (20 conformers)
Distance restraint violations
Number N0.1 Å 0
Maximal violations (Å) 0.09
RMS deviations from experimental restraints
Distance restraints (Å) 0.0081±0.0004
Angle restraints (deg) 0.55±0.04
RMS deviations from idealized

covalent geometry
Bond lengths (Å) 0.0144±0.0001
Bond angles (°) 1.730±0.024
PROCHECK Ramachandran plot analysis
Residues in most favoured regions (%) 85.3
Residues in addionally allowed regions (%) 13.3
Residues in generously allowed regions (%) 1.1
Residues in disallowed regions (%) 0.3

C. Structural precisionc RMSD from ideal
Backbone atoms N, Cα, C' (Å) 0.65±0.11
All heavy atoms (Å) 1.21±0.10
a The number of included H-bond restraints is indicated in

parentheses.
b The number of manually assigned unambiguous

intermolecular NOEs is indicated in parentheses.
c Values for the structured part (GABARAPL-1 residues 12–

114, NBR1 residues 729–737).
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the tryptophan residue in position 1 with a tyrosine
residue in the NBR1-LIR domain results in an
increased flexibility in the interaction with Atg8
proteins. To further investigate this interaction, we
solved the NMR structure of its complex with
GABARAPL-1.
Detailed structural analysis of a complex requires

the observation of NMR signals of the peptide in the
presence of its effector protein. In titration experi-
ments of 15N-labeledNBR1-LIRwith GABARAPL-1,
we found disappearance of the amide resonances of
amino acids D731, Y732, I733, I734, I735 and L736, all
belonging to the core of the LIRmotif. In the presence
of a large excess of GABARAPL-1 (molar ratio of
1:10), these peaks reappeared but the sample was too
unstable for further NMR experiments (results not
shown). However, by performing titration experi-
ments with 13C-labeled NBR1-LIR, we were able to
observe CH signals for all residues of the LIR domain
at lowermolar ratios. Focusing on the spectral region
of the δ-methyl groups of isoleucine, we observed
three overlapping peaks in the reference spectrum of
the free peptide, which shifted significantly upon
titration to three well distinguishable resonance
positions. These NMR titration experiments indicat-
ed that a 1.5∼2.0 molar excess of one interaction
partner is required to saturate the binding site and
results in spectra of suitable quality for detailed
structural analysis.
To obtain structural restraints for both partners, we

recorded nuclear Overhauser effect spectra (NOESY)
of complexes in which either GABARAPL-1 or the
NBR1-LIR domain was 13C/15N-labeled in the
presence of a 1.5 molar excess of the unlabeled
interaction partner. Under these conditions, we were
able to assign almost all resonances of GABARAPL-1
in the spectra (except for the N-terminal part near the
small α-helix 1). Owing to line-broadening and
protein concentration limitations (aggregation at
∼1.5 mM) classical half-filter experiments did not
provide reliable intermolecular distance restraints.
However, we were able to identify several intermo-
lecularNOEs in 3D 13C or 15N-editedNOESY spectra.
Under similar conditions, most of the side chain
resonances of labeled NBR1 in complex with unla-
beledGABARAPL-1were observed and assigned and
intra- as well as intermolecular NOEs were detected.
As expected, the 3D structure of GABARAPL-1 in

the presence of the NBR1-LIR domain (represented
in Fig. 3 and characterized in Table 2) is similar to
the structure of other MAP1LC3 proteins.37 The
typical ubiquitin-like core ββαβαβ is preceded by
two α-helices. These two N-terminal α-helices (α1,
Q4 to D8; α2, F11 to K24) are the result of the
positioning of a proline residue (P10) in the middle
of a longer α-helix. The β-sheet domain is composed
of four β-strands, two being parallel (β1, R28 to
K35; β4, L105 to S110) and the other two are
attached antiparallel (β2, K48 to P52; β3, F77 to
V80). The two N-terminal helices close hydrophobic
pocket hp1 formed by the convex side of the β-sheet.
The other hydrophobic pocket, hp2, including the
concave side is covered by α-helices α3 (V57 to R67)
and α4 (M91 to D97) (Fig. 3). The structure of
GABARAPL-1 in complex with the NBR1-LIR
domain shows only small changes relative to the
non-complexed crystal structure (PDB entry 2R2Q)
with a backbone RMSD of 1.78 Å over the structured
part (Q4 to S110).
In the complex, the LIR motif of the NBR1 peptide

adopts an extended conformation and adds a β-
strand to the central β-sheet of GABARAPL-1. The
side chain of Y732 binds deep into the hp1 pocket
andmakes close contacts with E17, I21, P30, K46 and
L50 with distances b4 Å. The hydrophobic pocket
hp2 interacts with the side chain of I735 (Γ NBR1-
LIR hydrophobic residue, position 4), with short
distances to amino acids Y49, L50, V51 and P52 on
one side of the pocket and L63, I64 and R67 on the
other (Fig. 4). The other two hydrophobic amino
acids, I733 and I734 at positions 2 and 3, are in
contact with the surface of GABARAPL-1 (along
strand β2). L736, the last hydrophobic residue at
position 5, is in close proximity to hp2 but its side



Fig. 4. LIR binding site of
GABARAPL-1 in presence of the
NBR1-LIR domain. The position of
Y732 and I735 (red) within NBR1-
LIR and their interaction with the
hp1 (orange) and hp2 (green) on
GABARAPL-1 (grey) are shown.
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chain is oriented in a different direction and
makes contact with V51 and P52. Finally, the
two acidic amino acids E730 and D731 at positions -2
and -1 interact with the positively charged α-helix 2
(Fig. 5).
Discussion

The specificity of autophagy effector–receptor
interactions is essential for selective degradation
by autophagy. Initially, the LIR motif was charac-
terized as a WXXL sequence; however, the discov-
ery of additional proteins that act as autophagy
receptors has led to a redefinition of its sequence.26

For NBR1, it was shown that the YIII motif is crucial
for its interaction with all members of the MAP1LC3
protein family.31

Here, we report the first NMR complex structure
of a mammalian Atg8 homolog, GABARAPL-1, in
the presence of a non-tryptophan receptor LIR
domain, NBR1. The 3D structures of different
MAP1LC3 proteins38–44 have already been solved
(mainly by X-ray crystallography) and show a high
degree of structural similarity with an average
backbone RMSD of 1.5 Å. In addition, the binding
mode of peptides derived from different autophagy
receptors is very similar to the structure of the
GABARAPL–1/NBR1-LIR complex (RMSD 1.85 Å
to the LC3B/p62 NMR structure (2K6Q)25 over
analogous secondary structure elements; RMSD 1.59
Å to the GABARAP/calreticulin X-ray structure
(3DOW)27 over the structured part E12-V114).
Nevertheless, we observe differences. Careful anal-
ysis of the aromatic region of the NMR spectra
revealed that the ɛ-protons of Y732 show two
different peaks in the complex with GABARAPL-1,
probably representing a major and a minor confor-
mation. Unfortunately, the quality of the sample
was not sufficient to observe specific NOEs for both
conformations but only for the more intense
resonance. However, during the structure calcula-
tion two different populations of the peptide with
different positions of the tyrosine side chain in the
hydrophobic pocket were consistent with the re-
straints, suggesting that potentially more than one
conformation of the tyrosine side chain might exist
(Fig. 6). A general tighter interaction involving a
tryptophan residue in position 1 was confirmed by
ITC experiments (LC3B/p62). To see whether the
tyrosine residue indeed causes this flexibility, we
mutated the tyrosine residue of the NBR1-LIR to a
tryptophan residue to mimic more common LIR
domains, such as p62, and we indeed observed a
tighter interaction for this mutant. Replacing the
tyrosine residue with a phenylalanine residue led to
a more negative binding enthalpy but at the same
time to a less positive binding entropy. Similarly,
Fig. 5. Interaction of the acidic
residues of NBR1-LIR with posi-
tively charged amino acids of
GABARAPL-1. E730 and D731,
located N-terminal to Y732 in
NBR1-LIR, make close contacts
with positively charged residues of
GABARAPL-1, especially with res-
idues in α-helix 2 (K16, K20 and
K24).

image of Fig. 4
image of Fig. 5


Fig. 6. Potential positions of the
tyrosine residue of NBR1-LIR in the
hp1 (orange) of GABARAPL-1.
Both conformers are compatible
with all NMR restraints and were
observed in the structure calcula-
tion of the GABARAPL 1/NBR1-
LIR complex.
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introducing additional negatively charged amino
acids also resulted in a more negative enthalpy but a
less positive entropy relative to that of the wild type
peptide. These results demonstrate that replacement
of tryptophan at position 1 with other aromatic
residues leads to a weaker interaction. Other
mutations in the LIR domain, however, result in a
remarkable enthalpy–entropy compensation allow-
ing different sequences to interact with an overall
similar binding affinity. This would allow autop-
hagy effector proteins to interact with many
different proteins with similar and moderate bind-
ing affinity, leading to a broad spectrum of
interaction partners. Consequently, these effector
proteins could interact with many more cellular
binding partners than those currently known.
It has been shown that the type of amino acid at

position 4 does not affect the interaction dramati-
cally as long as the residue at this position provides
sufficient hydrophobic surface.33 In the NBR1-LIR
domain, this position is occupied by an isoleucine
residue and its side chain in our structure is oriented
in hp2 in the same manner as the leucine residue in
the LC3B/p62 complex.24,25 The NBR1-LIR domain
contains more hydrophobic residues than p62 at
positions +2, +3 and +5 (isoleucine, isoleucine and
leucine for threonine, histidine and serine). Such a
hydrophobic track might lead to multiple binding
modes or even competition of the individual amino
acids for the hydrophobic pockets. The broad NMR
resonances of amino acids in the core of the NBR1
LIR domain in complex with GABARAPL-1 show
that conformational averaging indeed occurs, but at
the same time did not allow us to characterize the
different potential states in detail. The reappearance
of NBR1 resonances at high molar ratios argues that
a significant contribution to the observed line-
broadening is due to intermediate exchange of the
peptide between the bound and free state, but the
observation of multiple resonances for Y732 sug-
gests that, at least for some residues, multiple
conformations in the bound state might occur.
However, no multiple resonances or conformations
during structure calculations have been observed for
the isoleucine residues. The increased hydrophobic
interaction throughout the entire NBR1-LIR domain
might, however, compensate for the tight interaction
lost by the replacement of the typical tryptophan
residue with a tyrosine residue.
It has been shown that other amino acid positions

besides the aromatic and the hydrophobic one affect
the Atg8/LIR interaction significantly. Two LIR
domains have been identified in Nix, a mitochon-
drial autophagy receptor36,45,46 that is itself an-
chored in the mitochondrial membrane. Although
both of them include a tryptophan residue, the
interaction with Atg8 proteins is weaker than that
for p62 and NBR1.36 Like p62, Nix-W36 contains
leucine as the hydrophobic amino acid at position 4
but binds weakly. The absence of negatively
charged residues N-terminal to the aromatic residue
reduces the interaction with the N-terminal residues
of Atg8 proteins. Nix-W140/144 contains one acidic
residue at position -1 (compared to three for p62 and
two for NBR1) , most importantly, it does not have a
hydrophobic residue at position 4. Consequently,
our data show the weakest binding for Nix-W140/
144. Thus, in addition to the presence of an aromatic
amino acid buried in hp1, the hydrophobic in-
teractions of the LIRmotif with hp2 are essential and
have to be complemented with electrostatic interac-
tions mediated by negatively charged amino acids.
The specificity involved in autophagy receptor–

effector interaction depends also on the effector
proteins. Although only one Atg8 protein is present
in yeast, eight orthologs belonging to two sub-
families (LC3 and GABARAP) have been character-
ized in mammals. Both subfamilies are essential for
autophagosome formation but act differently; LC3
proteins are responsible for elongation, whereas
GABARAP proteins are important for the matura-
tion of autophagosomes.11 Further detailed interac-
tion studies of different autophagy receptor proteins
with different Atg8 family members are necessary to
understand specificity in this important process.
Materials and Methods

Cloning

PCR fragments encoding human MAP1LC3 proteins
(LC3A, LC3B, GABARAPL-1 and GABARAPL-2) were
cloned into a pETM-60 vector (EMBL) in which the NusA

image of Fig. 6
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leader was substituted with a modified ubiquitin between
the NcoI and BamH1 sites. For the peptides (Nix-W36,
amino acids 31–45; Nix-W140/144, 137–152; and NBR1-
LIR, 722–739), the entire DNA sequences were obtained
from MWG Bioscience and cloned into the same vector
using the same restriction sites.
PCR-based, site-directed mutagenesis was used to

introduce the point mutation to obtain Ub_NBR1-
LIR_Y732W. NBR1-LIR_Y732F, NBR1-LIR_S729E and
the double mutant NBR1-LIR_S728,729E were ordered
from Peptide Specialty Laboratories (Germany).
Proteins and peptides

Plasmids encoding ubiquitin-fused proteins/peptides
were transformed into the Escherichia coli NEB T7 Express
strain. Bacteria were grown in LB medium for the
expression of unlabeled proteins/peptides or in M9
medium for the expression of 15N-labeled (1g/L
15NH4Cl) and

13C/15N-labeled (1g/L 15NH4Cl and 2g/L
13C-glucose) proteins/peptides. At an A600 ∼1, IPTG was
added to a final concentration of 1 mM to induce gene
expression. After 3 h of expression at 37 °C, cells were
harvested and suspended in 50 mM Tris, 250 mM NaCl,
5% (v/v) glycerol, pH 7.5 and lyzed in a French press.
Cleared cell lysate (centrifugation for 30 min at 18,000
rpm) was loaded onto a Ni-NTA column, equilibrated
with loading buffer (50 mM Tris, 250 mM NaCl, 1%
glycerol and 10 mM imidazole, pH 7.7). The ubiquitin-
fused protein/peptides constructs were eluted with a
linear gradient of imidazole (10–400 mM). In the case of
the proteins, the pure fractions were treated with tobacco
etch virus protease and purified by size-exclusion chro-
matography in 50 mM sodium phosphate, 100 mM NaCl,
pH 7.0.
Ub_NBR1-LIR samples for structure determination by

NMR (unlabeled, 13C/15N-labeled and 13C-labeled) were
cleaved with tobacco etch virus protease and purified by
size-exclusion chromatography in 10 mM ammonium
acetate, pH 7.3. After lyophilization, NBR1-LIR was
suspended in 50 mM sodium phosphate, 100 mM NaCl,
pH 7.0. For NMR and ITC titrations, Ni-NTA elution
fractions of Ub_NBR1-LIR and Ub_NBR1-LIR_Y732W
were purified directly by size-exclusion chromatography
in 50 mM sodium phosphate, 100 mM NaCl, pH 7.0.
Solid-phase synthesized and lyophilized peptides (p62-

LIR: amino acids 321–342) were suspended in 50 mM
sodium phosphate, 100 mM NaCl, pH 7.0.
Isothermal titration calorimetry (ITC)

ITC experiments were done at 25 °C using a VP-ITC
calorimeter (MicroCal Inc., Northampton, MA, USA) and
analyzed with the ITC-Origin software (MicroCal Inc.)
based on the assumption of one-site binding reactions.
For LC3B experiments, 400 μM p62-LIR was titrated

into 15 μM LC3B in 26 steps (10 μL/injection), 1.6 mM
Nix-W36 into 80 μM LC3B, 2.0 mM Nix-W140/144 into
100 μM LC3B and 450 μM NBR1-LIR into 35 μM LC3B in
16 steps (15 μL/injection).
For GABARAPL-1 experiments, 350 μM Ub_NBR1-LIR

wild type or mutants were titrated into 25 μM GABAR-
APL-1 in 26 steps (10 μL/injection).
NMR spectroscopy experiments

All NMR experiments done with Bruker Avance
spectrometers operating at proton frequencies between
600 and 900 MHz. Spectra were analyzed with Sparky
(UCSF). All experiments were done at 298 K.

NMR titration experiments

LC3B experiments with p62-LIR, Nix-W36 and Nix-
W140/144 have been described.36

Unlabeled NBR1-LIR was added in an eight-step
titration experiment to 120 μM 15N-labeled LC3B solution
to fivefold excess. 15N-labeled GABARAPL-1 was concen-
trated to 100 μM and titration experiments were done by
gradually adding unlabeled Ub_NBR1-LIR and
Ub_NBR1-LIR_Y732W to a final molar ratio of 1:3.
[15N,1H] transverse relaxation-optimized spectroscopy
(TROSY)47 spectra were recorded at each step.
Reverse titration experiments were done by gradually

adding unlabeled GABARAPL-1 to 15N-labeled NBR1-LIR
and 13C-labeled NBR1-LIR (1 mM concentration) to a final
molar ratio of 1:1. After each addition of GABARAPL-1,
[15N,1H] TROSY or [13C,1H] heteronuclear single quantum
coherence (HSQC) spectra were recorded for 15N_NBR1-
LIR and 13C_NBR1-LIR, respectively.

Resonances assignment
1H, 15N, 13Cα and 13Cβ resonances for LC3B and

GABARAPL-1 proteins were obtained from individual
HNCACB experiments with minor guidance by reported
resonance assignments from BMRB entries 5958 and 5058
for LC3B and GABARAPL-1, respectively.
Backbone and side chain resonances for GABARAPL-1 in

complex with the NBR1-LIR peptide were assigned using
[15N,1H] TROSY versions of 3DHNCA, HNCACB, HNCO,
HN(CA)CO, (H)CC(CO)NH-total correlation spectroscopy,
TROSY-H(CCCO)NH-total correlation spectroscopy exper-
iments. The assignmentwas supported and completedwith
15N-separated and 13C-separated (for aliphatic andaromatic
regions) NOESY-HSQC experiments. The same set of NMR
experiments was used in addition to a 3D H(C)CH-total
correlation spectroscopy experiment for the resonance
assignment of NBR1-LIR in complex with GABARAPL-1.
For resonance assignment, the concentration of the

labeled material was 0.6 mM and the unlabeled material
was 0.9 mM.

Structure calculation

The CANDIDmodule of CYANA 1.0.548 was applied to
assign NOE signals in 3D 15N and 13C NOESY spectra and
to calculate the structure of the GABARAPL-1/NBR1-LIR
complex. In total, 4732 NOESY cross peaks (4140 from
13C/15N-labeled GABARAPL-1 and 592 from 13C/15N-
labeled NBR1-LIR) together with 203 torsion angles
restraints from TALOS49 and 46 upper distance limits
restraints for α-helical hydrogen bonds (identified as the
consensus of the TALOS and CSI50 programs) were used
in the initial CYANA calculations. The 1364 meaningful
distance restraints, 203 torsion angles restraints and 84
upper distance limits restraints for hydrogen bonds
provided by the initial calculations were used to
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calculate the final 20 (from 100) CYANA conformers
with CYANA 3.0 (Table 2). These 20 final conformers
with the lowest target function values were subjected to
restrained energy minimization in explicit solvent against
the AMBER force field51 using the program OPALp.52
Protein Data Bank accession numbers

The atomic coordinates and NMR restraints of the
GABARAPL-1/NBR1-LIR complex have been deposited
in the Protein Data Bank with the accession number 2l8j.
The chemical shift assignment is available in the Biological
Magnetic Resonance Bank with the accession number
17412.
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