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The N-degron pathway, formerly the N-end rule pathway, is a
protein degradation process that determines the half-life of pro-
teins based on their N-terminal residues. In contrast to the well-
established in vivo studies over decades, in vitro studies of this
pathway, including biochemical characterization and high-resolu-
tion structures, are relatively limited. In this study, we have devel-
oped a unique fusion technique using microtubule-associated pro-
tein 1A/1B light chain 3B, a key marker protein of autophagy, to tag
the N terminus of the proteins involved in the N-degron pathway,
which enables high yield of homogeneous target proteins with vari-
able N-terminal residues for diverse biochemical studies including
enzymatic and binding assays and substrate identification. Intrigu-
ingly, crystallization showed a markedly enhanced probability,
even for the N-degron complexes. To validate our results, we deter-
mined the structures of select proteins in the N-degron pathway
and compared them with the Protein Data Bank–deposited pro-
teins. Furthermore, several biochemical applications of this tech-
nique were introduced. Therefore, this technique can be used as a
general tool for the in vitro study of the N-degron pathway.

The N-degron pathway (1), formerly the N-end rule path-
way, governs the regulation of the in vivo half-life of a protein
based on its N-terminal residues (2–4). It is a universal ubiqui-
tin (Ub)-dependent4 proteolytic system that exists in both pro-
karyotes and eukaryotes (5–7). The N-terminal degradation
signal, called N-degron, is recognized by the E3 Ub ligase

N-recognin, which targets the substrates bearing N-degron for
proteasome-mediated degradation. N-degrons are generated
by various cellular processes including proteolytic cleavages,
hierarchical enzymatic steps, and post-translational modifica-
tions. In eukaryotes, four N-degron pathways have been
reported to date: the Arg/N-degron pathway (2, 7), the Ac/N-
degron pathway (8, 9), the Pro/N-degron pathway (10), and,
very recently, the formyl-Met/N-degron pathway (11). Most of
the key molecules in these pathways have been identified and
studied at the cellular level, especially using a yeast system (8,
10, 11). Numerous N-degron substrates have been reported,
and the associations between the N-degron pathway and
human diseases have received great attention (12–14). More-
over, it was recently reported that cross-talk occurs between the
N-degron and autophagy degradation pathways (15–17).

In vitro biochemical and structural studies of proteins in the
N-degron pathway have been relatively limited (16, 18 –21).
Large quantities of proteins are required for quantitative anal-
ysis of the binding affinity and kinetic parameters of enzymes
and for high-resolution structural determination. Additionally,
N-degron pathways, especially the well-characterized Arg/N-
degron pathway, require several modifying enzymes to gener-
ate different N-degrons. Several molecules are available for
coordinating such modifications in the cells, but it is difficult to
prepare all necessary enzymes to truly mimic the cellular envi-
ronment in the in vitro system. For clear understanding of the
recognition of N-degron by N-recognin or other proteins involved
in the N-degron pathway, high-resolution structures of such com-
plexes are required. However, the binding affinity between the tar-
get protein and N-degron cannot be very high because N-degron
has to be released prior to degradation. It is therefore difficult to
obtain crystals in the N-degron complex state.

To overcome the above limitations, we developed a new bio-
chemical technique that uses a microtubule-associated protein
1A/1B light chain 3B (LC3B)–fusion tag to generate the desired
N-terminal residues in target molecules. LC3B is a Ub struc-
tural homolog and is known as an autophagy marker. The LC3B
precursor contains several additional residues at the C termi-
nus, which are cleaved by the ATG4B protease to expose C-ter-
minal glycine residue. The mature form of LC3B consists of 120
amino acid residues including a C-terminal glycine, which is cova-
lently modified by phosphatidylenthanolamine during autophagy.
Using this LC3B-fusion technique, we were able to overexpress
and purify the proteins possessing various N-terminal residues,
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including the specifically modified target molecules involved in the
Arg/N-degron pathway. This system therefore provides great
advantages for the biochemical and structural studies of proteins
in the N-degron pathway. In particular, the attachment of N-de-
gron residues to the target molecules using this technique could be
astandardapproachforstudyingthestructuresofproteincomplexes.

Results

Generation of proteins bearing various N-terminal residues

The LC3B tag was used for the expression of recombinant
proteins as fusion proteins and the ATG4B protease was used to
cleave the peptide bond present after the C-terminal glycine of
LC3B in a promiscuous manner (Fig. 1A). We took advantage of
this feature and created a vector that allows for the desired
amino acid to be exposed after Gly-120 of LC3B (Fig. S1) and to
facilitate purification, hexahistidine residue, or GST protein
was added to the N terminus of the recombinant proteins. All
potentially exposed substrate amino acids could be used except
for proline. The original concept for this expression system
came from the crystallization strategy used for LC3B-substrate

chimeras at either the N or C terminus of LC3B, which is widely
used for studying the protein complexes (22, 23). Our group has
had success using this strategy for the biochemical and struc-
tural studies of human p62/SQSTM1, a major selective
autophagy adaptor, using a chimera of the p62 ZZ domain with
N-degron residues (16); we are now attempting to make this
technique a general research tool for the study of the N-degron
pathway. Toward this goal, multiple test cases have been per-
formed to study multiple proteins from different kingdoms.
One of these was the E3 Ub ligase Ubr1, which was first identi-
fied in yeast and is the most well-characterized N-recognin of
the N-degron pathway (24), and recognizes type 1 N-degrons
through its UBR box (18). The second one was the Ub protein
E3 ligase proteolysis 6 (PRT6), which is involved in the Arg/N-
degron pathway of plants. PRT6 also recognizes basic N-termi-
nal residues with its UBR box (25). Finally, a test case was per-
formed with human N-terminal glutamine amidohydrolase
(NTAQ1), which converts N-terminal glutamine to glutamate
by removing the amine group and catalyzes the first step of the
Arg/N-degron pathway (20).

Figure 1. Overall concept and sample preparation of the proteins involved in the N-degron pathway. A, a schematic drawing of the method. ATG4B
cleaves the peptide bond between the C terminus of LC3B and substrate sequences except for at a proline residue. B, overproduction and purification of the
N-degron pathway proteins (RLGS–AtPRT6 UBR box, His affinity; RLGS–yUbr1 UBR box, GST affinity; and M1Q– hNTAQ1 C28S, GST affinity). C, the oligomeric
states were analyzed by SEC-MALS. The horizontal line represents the measured molecular mass, which is indicated by an arrow with the theoretically calculated
(Calc) and experimental (MALS) molecular mass values in parentheses (Calc/MALS). MW, molecular mass.
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We applied the LC3B fusion technique and successfully iso-
lated the proteins listed in Table 1. Based on the sequence of the
native p62 substrate BiP/GRP78 (Arg-Glu-Glu-Glu-Asp—), the
peptide sequence for Xaa-Glu-Glu-Glu-Asp (where Xaa indi-
cates variable amino acid residues) was attached to the N ter-
minus of the ZZ domain of p62 (16). We generated nine differ-
ent N-terminal residues (basic type 1: Arg, Lys, and His;
hydrophobic type 2: Leu, Phe, Trp, Tyr, and Ile; and test case:
Gly) for exposure to the ZZ domain of p62. The UBR boxes of
Arabidopsis thaliana PRT6 (AtPRT6) and Saccharomyces
cerevisiae Ubr1 (yUbr1) contained an Arg-Leu-Gly-Ser (RLGS)
sequence at their N termini and the first methionine of Homo
sapiens NTAQ1 (hNTAQ1) was changed to glutamine to pro-
duce a recombinant protein. They were overexpressed in Esch-
erichia coli as soluble proteins, then loaded onto affinity and
ion-exchange columns, and detected as abundant bands on
SDS gels stained with Coomassie Blue (Fig. 1B and Fig. S2A).
Each purified LC3B-fusion protein was treated with ATG4B at
a molar ratio of 1:100 to achieve complete cleavage. After LC3B
was excised, the target protein with the desired N-terminal
amino acid was loaded onto a size-exclusion chromatography
column coupled with a multiangle light scattering device (SEC-
MALS) (Fig. 1C and Fig. S2B) to confirm the monomeric state
of proteins in solution. The N terminus of each purified protein
was verified by N-terminal sequencing (Table S1).

Comparison with similar tagging methods

The exposure of the desired N-terminal residues is also facil-
itated by Ub and SUMO tags, which are also restricted to mak-
ing prolyl N termini (26, 27). We compared our new method
with these existing tags in several ways as an AtPRT6 target.
First, we cloned the RLGS–AtPRT6 UBR box into His-LC3B,
His-Ub, and His-SUMO vectors and then examined the bacte-
rial expression. As shown in Fig. 2A, all three fusion proteins
were soluble and overexpressed. Interestingly, the single affin-
ity purification using the His–nitrilotriacetic acid column was
quite efficient for all three cases; however, the LC3B fusion
showed the best results. Usually, the next step in the purifica-
tion process is the cleavage reaction for removing the tags;
therefore, obtaining pure sample is important for reducing
unwanted cleavage by potential contaminant proteases in
E. coli. Second, we compared the expression of full-length pro-

teases for cleaving LC3B, Ub, and SUMO tags. The human
ATG4B protease was well-expressed in E. coli and was obtained
with high purity after single affinity chromatographic purifica-
tion step (Fig. 2B). However, mouse USP2 and yeast Ulp1p pro-
teases showed lower expression and were not easily purified by
the single chromatographic step (Fig. 2B). Instead of these full-
length proteases, engineered proteases for Ub and SUMO

Table 1
Summary of structures in complex with the N-terminal segment from a symmetry-equivalent molecule

Protein
N-terminal

residue Origin Space group
PDB
code Remarks

SQSTM1/p62 Arg H. sapiens P 21 21 21 5YP8 Ref. 16, type 1
SQSTM1/p62 Lys H. sapiens P 21 21 21 5YPA Ref. 16, type 1
SQSTM1/p62 His H. sapiens I 2 3 5YPB Ref. 16, type 1
SQSTM1/p62 Tyr H. sapiens I 2 3 5YPE Ref. 16, type 2
SQSTM1/p62 Trp H. sapiens I 2 3 5YPF Ref. 16, type 2
SQSTM1/p62 Phe H. sapiens C 1 2 1 5YPC Ref. 16, type 2
SQSTM1/p62 Leu H. sapiens P 21 21 21 5YPG Ref. 16, type 2
SQSTM1/p62 Ile H. sapiens P 1 21 1 5YPH Ref. 16, type 2
SQSTM1/p62 Gly H. sapiens I 2 3 6KHZ This study
PRT6 Arg A. thaliana P 43 3 2 6LHN This study, type 1
Ubr1 Gly S. cerevisiae P 32 3NIS Ref. 18
Ubr1 Arg S. cerevisiae P 43 21 2 6KGI This study, type 1
UBR1 Gly H. sapiens P 1 21 1 3NY1 Ref. 28
ClpS Leu E. coli C 1 2 1 3O2O Ref. 52, type 2
NTAQ1 Ser H. sapiens P 21 21 21 4W79 Ref. 20
NTAQ1 Gln H. sapiens I 2 2 2 6KGJ This study

Figure 2. Comparison of LC3B tag with Ub and SUMO tags. A, SDS-PAGE
results of the expression and nickel–nitrilotriacetic acid affinity purification of
His–LC3B/His–Ub/His–SUMO–tagged RLGS–AtPRT6 UBR box. The target
bands are indicated with red arrows. B, SDS-PAGE results of the expression
and nickel–nitrilotriacetic acid affinity purification of full-length human
ATG4B, mouse USP2, and yeast Ulp1p proteases. Note that the band of His-
ATG4B is indicated with a red arrow, whereas those of His-mUSP2 and His-
Ulp1p are not clear. MW, molecular mass.
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cleavage are commercially available (see “Experimental proce-
dures”). We performed time-course cleavage experiments (Fig.
S3). All three proteases cleaved the target substrates well.
Although, the optimized commercially available proteases
cleaved the peptide bond faster, the reaction products of
ATG4B reaction might be better. However, the target Ub- and
SUMO-fusion proteins were partially cleaved without protease
treatment (Fig. S3), probably by contaminant E. coli proteases.

Improved crystallization probability

Our protein modification and purification method was
found to be particularly useful for crystallization, as indicated
by the experiments with the ZZ domain of p62 (16). Originally,
crystals of the p62 ZZ domain alone suffered from phasing
problems caused by translational noncrystallographic symme-
try and diffraction anisotropy, which were overcome by crystal-
lization with the protein containing the substrate sequence at N
termini (16). In addition to phasing, the presence of the sub-
strate sequence also increased the resolution to 1.6 Å. Further-
more, the structures of protein complexes that were formed
with eight different N-degrons were obtained even though the
binding affinity between the ZZ domain and the N-degron pep-
tide is very weak (16). By taking advantage of this method, we
determined the crystal structures of RLGS–AtPRT6 UBR box,

RLGS–yUbr1 UBR box, M1Q– hNTAQ1, and GEEED–p62 ZZ,
as mentioned above (Fig. 3 and Table 2).

Of the four proteins that crystallized, the structure of the
AtPRT6 UBR box has not been previously determined; thus, the
structure of the RLGS–AtPRT6 UBR box complex was solved
using the single-wavelength anomalous dispersion (SAD)
method (Table S2), whereas the remaining crystal structures
were solved using molecular replacement (MR). As compared
with the other UBR box structures (18, 28, 29), the PRT6 UBR
box from Arabidopsis also showed a heart-shaped domain with
three zinc-coordinated sites (Fig. 3A). In addition, as compared
with the structure of the complex formed by the yUbr1 UBR
box and RLGES peptide (18), both the yUbr1 UBR box and the
AtPRT6 box recognized Arg-1* and Leu-2* residues in a similar
manner (where the asterisk indicates the N-degron sequence
attached to the N terminus) (Fig. 3E). These properties were
also confirmed for the RLGS–yUbr1 UBR box structure (Fig. 3,
B and F), indicating that the results obtained using our current
method are similar to those obtained from the previous com-
plex structure with the substrate peptide (18). Substrate recog-
nition residues are generally conserved among UBR boxes from
other organisms (Fig. 4). In contrast, zinc-coordination resi-
dues in the AtPRT6 UBR box are strictly conserved within the
human UBR1 UBR box, but not within the yeast Ubr1 (Fig. 4).

Figure 3. Structures of exemplary proteins. A–D, overall structures of RLGSGG–AtPRT6 UBR box (A), RLGS–yUbr1 UBR box (B), M1Q– hNTAQ1 C28S (C), and
GEEED–p62 ZZ (D) with the neighboring molecules in the crystalline lattice. E–H, close-up views of boxed regions in A–D, showing the electron density maps of
N-degron segments from the symmetry-equivalent molecules; recognition site of N-degron residues by RLGSGG–AtPRT6 UBR box (E), RLGS–yUbr1 UBR box (F),
and M1Q– hNTAQ1 C28S (G), and GEEED–p62 ZZ (H). Interactions between the proteins and N-degron substrates are shown as dotted lines, and the distances
are indicated. N-degron residues are labeled (from number 1) with asterisks and colored red for clarity.
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For the hNTAQ1 M1Q mutant, several residues were iden-
tified that are involved in recognizing the substrate amino acid
Gln* (Fig. 3, C and G). Hydrophilic Ser-28, Tyr-80, and His-81
residues form hydrogen bonds with the substrate Gln N-de-
gron, and hydrophobic Cys-26, Trp-78, and Met-149 residues
in hTAQ1 participate in the interaction (Fig. 3G). In addition to
the Gln-1* residue, Glu-2* and Asn-4* were also found to
exhibit hydrogen-bonding interactions, as shown in the previ-
ously published structure (20). Thus, from these structural
data, it was confirmed that the crystals obtained by attaching
the substrate sequences to the N termini of given proteins were
similar to the crystals obtained through peptide soaking or co-
crystallization. This is presumably the result of formation of
stable crystal packing by recognizing substrate sequences in the
binding pocket.

Applications of current strategy for biochemical study of the
N-degron pathway

Our proposed method is applicable not only for determina-
tion of N-degron complex structures but also for biochemical
characterization of the N-degron pathway in vitro. The trans-
lational products contain Met residues at their N termini. How-
ever, N-degron substrates, especially those in the Arg/N-de-
gron pathway, often possess different N-degron sequences
through post-translation modifications, such as proteolytic
cleavage or modifications by other members of the Arg/N-de-
gron pathway (2, 30 –33). Therefore, using our current tech-
nique, N-degron substrates containing diverse amino acid res-
idues found in any steps can be produced.

One such example is the N-terminal arginylation of BiP/
GRP78 (hereafter referred to as R-BiP), which is recognized by
p62/SQSTM1 (17, 34). The central ZZ domain of p62 appears
to play an important role in the recognition of R-BiP. The
enzyme ATE1 adds an Arg residue to the modified N terminus
of BiP, which functions as a chaperone that binds to the mis-
folded protein aggregates. Supramolecular complexes between
BiP chaperone molecules and protein aggregates are recog-
nized by the p62 oligomer, after which the multiprotein com-
plex is delivered to the autophagosomes where it is ultimately
degraded by the lysosomes. The ZZ domain of p62 recognizes
only N-terminally arginylated forms of BiP, and thus, it is
important to create functional R-BiP for in vitro studies. Fol-
lowing LC3B, the arginylated BiP sequence lacking the signal
peptide (1–18 amino acids) was cloned to create R-BiP in vitro.
The affinity between the ZZ domain and R-BiP is typically not
strong (16), although they are able to form a tightly bound com-
plex because of additional interactions between Ub and the
UBA domain of p62. As a confirmation, gel filtration results
showed that only a tiny fraction of R-BiP co-migrates with
MBP-PB1-ZZ (Fig. 5A). This tiny fraction of R-BiP protein was
weakly detected by Coomassie staining; however, the fraction
was clearly detected by a specific R-BiP antibody (Fig. 5A).

Proteins generated using this technique can be used as model
proteins for the N-degron pathway studies. One such potential
model protein is GFP, which is used for the visualization of
protein levels and location, and for the real-time monitoring of
degradation by measuring the decrease in the fluorescent inten-
sity. An example of such an application is with leucylated GFP

Table 2
Data collection and refinement statistics

RLGSGG–AtPRT6 UBR
box (residues 119 –189)

RLGS–yUbr1 UBR box
(residues 113–194)

M1Q– hNTAQ1 C28S
(FL, residues 1–205)

GEEED–p62 ZZ
(residues 126 –172)

Data collection
X-ray sources PAL-5C PF-17A PAL-5C Home source (CuK�, � � 1.54178 Å)
Space group P 43 3 2 P 43 21 2 I 2 2 2 I 2 3
Cell dimensions

a, b, c (Å) 95.4, 95.4, 95.4 60.6, 60.6, 69.8 95.6, 105.8, 140.2 114.0, 114.0, 114.0
�, �, � (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Wavelength (Å) 1.00000 0.90000 0.97957 1.54178
Resolution (Å) 50.00–2.50 (2.54–2.50)a 50.00–1.04 (1.06–1.04)a 50.00–1.80 (1.84–1.80)a 50.00–2.80 (2.85–2.80)a

Rmerge 0.157 (0.941)a 0.064 (0.770)a 0.080 (0.542)a 0.130 (0.860)a

I/�I 16.6 (1.3)a 43.9 (2.1)a 25.9 (2.56)a 19.8 (2.79)a

Completeness (%) 99.2 (98.9)a 100.0 (99.9)a 100.0 (100.0)a 99.9 (100.0)a

Redundancy 9.0 (5.2)a 12.5 (11.3)a 6.7 (6.4)a 6.7 (6.8)a

Refinement
Resolution (Å) 38.95–2.50 (2.59–2.50)a 30.25–1.04 (1.077–1.04)a 35.47–1.80 (1.87–1.80)a 40.30–2.80 (2.90–2.80)a

No. of reflections 5,514 (528)a 62,978 (6,199)a 65,202 (6,176)a 6,189 (624)a

Rwork/Rfree 0.213/0.248 0.189/0.202 0.216/0.218 0.235/0.285
No. of atoms 565 704 3,426 1,409

Protein 562 669 3,270 1,401
Ligand 3 3 8
Water 32 156

B-factors (Å2) 49.76 16.31 26.70 59.49
Protein 49.78 16.25 26.68 59.49
Ligand 45.42 10.26 58.84
Water 18.11 27.02

Root-mean-square deviations
Bond lengths (Å) 0.013 0.005 0.031 0.003
Bond angles (°) 1.19 0.77 1.87 0.52

Ramachandran (%)
Favor 93.24 97.62 97.25 95.58
Allow 5.41 2.38 2.75 4.42
Outliers 1.35 0.00 0.00 0.00

PDB code 6LHN 6KGI 6KGJ 6KHZ
a Highest resolution shell.
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(L-GFP). ClpS plays an important role in the E. coli N-end rule
pathway (35), in which the N-degron substrates are degraded by
the AAA� chaperone ClpA in complex with the ClpP pepti-
dase (ClpAP) (5, 36 –38). As a ClpAP-specific adaptor, ClpS
binds strongly to the N-terminal destabilizing residues (espe-
cially those of the hydrophobic type 2 N-degrons: Leu, Phe, Trp,
and Tyr) and targets the substrate to ClpAP for degradation
(35). We prepared a ClpS-conjugated column to identify novel
type 2 target proteins in mammalian cells. To confirm whether
the ClpS column works properly, L-GFP was generated, puri-
fied, and applied to the column (Fig. 5B). When L-GFP flowed
through the ClpS column, the column became GFP-colored
because of binding with ClpS. As a control experiment, the
wt-GFP was applied to the ClpS column, and clearly there was
no binding of wt-GFP to the ClpS column. To further confirm
this result, we generated the inactive ClpS (D35A/D36A double
mutant) column. Both wt- and L-GFP did not bind to the col-
umn; therefore, this ClpS column can be used to fish out target
proteins from cell extracts.

The first step of hierarchical Arg/N-degron pathway is cata-
lyzed by N-terminal deamidases. Nta1 from yeast catalyzes the
conversion of both asparagine and glutamine to aspartate and
glutamate, respectively (7, 19). In mammalian systems, NTAQ1
and NTAN1 deamidate Gln and Asn, respectively. We pre-
pared substrate sequence–attached yNta1 and hNTAQ1
enzymes using our current method. The deamidation reaction
does not require additional co-factors; thus, enzymatically
active yNta1 and hTAQ1 produced the desired product
sequences themselves (Fig. 5C and Table S1). It is interesting to
note that the hNTAQ1 C28S mutant possesses residual enzy-
matic activity, and thus, during the purification procedure, a
portion of Gln in the substrate sequence was converted to Glu
based on the N-terminal sequencing results (Table S1).

Discussion

The best-known method for exposing desired amino acids is
to use a Ub tag (26, 39). Using Ub as a fusion partner has mul-
tiple benefits. It enhances yield (40) and can be removed by
highly specific proteases known as deubiquitylating enzymes
(DUBs) that do not leave additional amino acids at the N ter-
mini of proteins of interest (26, 41). However, the Ub fusion
method has multiple drawbacks. As shown in Fig. 2B, the full-
length USP2 protease was also not well-expressed using E. coli
in our hand. Most DUBs are quite large and therefore are diffi-
cult to purify in large quantities, although methods for modify-
ing DUB enzymes have been developed to address this (42).
Additionally, the C-terminal linker of Ub is about 5 amino acids
long, and shorter linker lengths lead to lower protease activities.

To get complete cleavage of a fusion protein, a 1:10 molar ratio
of DUB to target protein is required (42). Alternatively, the
Ub-like protein SUMO can also be used as a tag (43). SUMO-
specific proteases are inexpensive to produce (44), and the best-
known SUMO protease-1 can be used at a ratio of 1:5,000 to
1:10,000 (27, 45). SUMO fusion proteins also facilitate correct
protein folding through the SUMO moiety (46). However, the
biggest limitation to the use of SUMO is that occasionally inclu-
sion bodies form, making it difficult to produce properly folded
proteins (27). LC3B, the Atg8 mammalian homolog, is a Ub-like
modifier involved in the formation of autophagosomal vacuoles
or autophagosomes (47, 48). The precursor molecule of LC3B is
cleaved by ATG4B (Atg4 in yeast), and then lipidation begins at
the last C-terminal amino acid residue. In addition, LC3B can
resolve many of the shortcomings of Ub. A large amount of
ATG4B protein can be obtained without any particular modi-
fications, and the X-ray structure of LC3B (22) showed that the
C-terminal is composed of 12 amino acids, allowing for more
efficient protease activity. We have tested three different tags
side by side with a target protein, AtPRT6 UBR box (Fig. 2 and
Fig. S3). His-tagged versions of LC3B-, Ub-, and SUMO-fusion
proteins were all easily purified; however, the purity of the His–
LC3B–AtPRT6 UBR box was the best (Fig. 2A). Subsequently,
we also compared the expression of tag cleaving proteases, and
again, ATG4B was the best (Fig. 2B). However, catalytic
domains of Ub and SUMO proteases are commercially avail-
able, and they are very efficient in removing tags (Fig. S3, B and
C). However, the tags were partially removed by unknown
E. coli protease(s) without the specific protease treatment (Fig.
S3). Therefore, the homogeneity of reaction products of His–
LC3B–AtPRT6 UBR box by ATG4B must be better than those
of the other tagging systems. In any case, every protein behaves
differently when expressed as a fusion protein, and therefore, it
would be beneficial to have more tools for fusion-protein
overexpression.

Proteins in the N-degron pathway recognize the first speci-
ficity-determining residue, nonspecific main-chain atoms, and
sometimes additional residues (10, 16, 18, 19, 49). It is thus
difficult to identify complex structures because each peptide
has a particular desired amino acid (18, 19, 21). It is rational to
propose that the presence of any binding partners may help
stabilize the flexible nature of an apo structure and, therefore,
may be helpful for better crystallization. Because molar ratios
are important for co-crystallization, crystallization must be
tried at various molar ratios; unfortunately, noncomplex crys-
tals are frequently obtained. During soaking, binding sites are
not always accessible through the solvent channels, and some-

Figure 4. Sequence alignment of the UBR boxes in N-recognins from different organisms. At, A. thaliana; h, human; y, yeast. Red shading and empty boxes
represent identical and highly conserved residues, respectively. Secondary structure elements and sequence numbers of every 10th residue of the AtPRT6 UBR
box are indicated above the sequences. Solid circles below the sequences indicate residues that coordinate zinc ions (orange for Zn1, green for Zn2, sky blue for
Zn3, and black for both Zn1 and Zn2). Key determinants for binding of the N-degron are marked with solid magenta triangles below the sequence.
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times the addition of binding ligands destroys the crystalline
lattice (50). Making recombinant proteins with recognition
sequences at the N terminus is thus much simpler than either
the co-crystallization or soaking techniques. Many other stud-
ies have performed successful crystallization using fusion part-
ners (51). Previously, LC3B was fused with its own binding
motif, LIR, at its N and C termini to successfully study LC3B–
LIR complex structures (22, 23). The current method used in
this study with N-degron fused to the N termini of target pro-
teins has now been successfully applied to crystallize proteins in
the N-degron pathway, not only to increase crystal quality but

also to yield complex structures. Intriguingly, several structures
of other proteins in the N-degron pathway were determined in
complexed states unintentionally, although the binding of the
N-terminal segments of the neighboring molecules depends on
whether such a segment represents a real substrate sequence or
not (18, 20, 28, 52) (Table 1). Furthermore, depending on the
exact N-degron sequences, it is possible to obtain many differ-
ent types of crystal packing with the same protein (Table 1),
which is also beneficial for structural characterization.

With this technology, we were able to test many biochemical
characteristics of proteins in N-degron pathway, because in

Figure 5. Examples of applications of the LC3B-fusion technique. A, generation of the N-degron substrate, R-BiP, using the current technique, and
R-BiP detection using an antibody. The mixture of the MBP-PB1-ZZ domain of p62 and R-BiP was applied to the Superose 6 gel filtration column, and the
complex formation was monitored. As shown in the Coomassie Blue staining results, the R-BiP fraction that co-migrated with p62 was weakly detected;
however, Western blotting using an R-BiP specific antibody showed clear complex formation. B, for identifying new type 2 substrates, a ClpS-conjugated
affinity column was generated. The LAPPY sequence fused to GFP generated by this method was used as the positive control for this column, which
showed a fluorescent green color even after extensive washing. As a negative control, WT GFP was applied to the same column, which did not show any
green color. For further validation, the column with D35A/D36A double mutant of ClpS was also tested with wt-GFP and LAPPY-GFP. C, enzymatically
competent WT human NTAQ1 or yeast Nta1 tagged with N-degron sequences were purified, and the N-terminal sequences were determined by
N-terminal sequencing (Table S1). The tertiary destabilizing residues (Gln or Asn) were completely converted to secondary destabilizing residues (Glu
or Asp).
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vivo substrates generated by enzymatic modifications were suc-
cessfully produced. Arginylated BiP is a substrate of p62, and
leucylated GFP is a model substrate for various applications
(Fig. 5, A and B). There are no limitations to the potential of
N-degron substrates made using simple mutagenesis at any
desired position, except for the addition of proline to the N
terminus. Usually, the N-terminal residues do not affect the
activity and binding of proteins in the N-degron pathway;
therefore, the enzymes we produced are enzymatically compe-
tent (Fig. 5C and Table S1), and the proteins could be success-
fully crystallized and their structures determined (Fig. 3). Using
this method, large quantities of N-degron pathway proteins can
be obtained, allowing for theoretically any types of in vitro
study. Therefore, this method can be a standard tool for study-
ing the N-degron pathway.

Experimental procedures

Construct design

Sequences comprising the fusion of LC3B (1–120 amino
acids) and proteins involved in the N-degron pathway were
amplified from gBlock gene fragments (Integrated DNA Tech-
nologies) by PCR and then cloned into BamHI and XhoI restric-
tion sites of a modified pET vector (containing tobacco etch
virus and thrombin cleavage sites) to construct the N-terminal
hexahistidine-tagged proteins. The resulting plasmids were
transformed into E. coli BL21 (DE3) cells. We also generated
expression vectors for LC3B-fusion proteins using multiple
cloning sites (Fig. S1) to ensure easier cloning of target proteins
following the LC3B sequence.

Protein expression and purification

The expression of His6-tagged fusion proteins (LC3B–
RLGS–AtPRT6 UBR box, LC3B–M1Q– hNTAQ1, and
LC3B–GEEED–ZZ for crystallization, and E. coli ClpS, LC3B–
LAPPS–GFP for ClpS column) was induced with a final con-
centration of 0.5 mM isopropyl-�-D-thiogalactoside at 18 °C for
20 h. The cells were harvested by centrifugation and resus-
pended in buffer A (50 mM Tris-HCl, pH 8.0, and 0.5 mM tris[2-
carboxyethyl]phosphine (TCEP)) containing 200 mM NaCl.
After sonication, the insoluble material was removed by cen-
trifugation at 27,216 � g for 1 h. The supernatant was loaded
onto a HisTrapTM column (GE Healthcare, catalog no.
17-5255-01) and then eluted by gradient purification with
buffer A containing 100 mM NaCl and 500 mM imidazole.
Eluted samples were further purified using a HiTrapTM Q HP
column (GE Healthcare, catalog no. 17-1154-01). The His–
LC3B tag was removed using human ATB4B protease at 25 °C
overnight. The eluted proteins were concentrated by ultrafiltra-
tion (Amicon Ultra 30 K NMWL, Millipore) and loaded onto a
HiLoadTM 16/600 SuperdexTM 75pg (GE Healthcare, catalog
no. 28-9893-33) column equilibrated with buffer B (20 mM

Tris-HCl, pH 8.0, 150 mM NaCl, and 1 mM TCEP).
Expression of GST-tagged fusion proteins (LC3B–RLGS–

yUbr1 UBR box for crystallization and LC3B–R–BiP for anti-
body recognition) was induced by addition of isopropyl-�-D-
thiogalactoside to a final concentration of 0.5 mM at 25 °C for
20 h. The cells were harvested by centrifugation and resus-
pended in 1� PBS followed by sonication, after which the insol-

uble material was removed by centrifugation at 27,216 � g for
1 h. The supernatant was then loaded onto a GST column (GE
Healthcare) and then eluted with GST elution buffer containing
50 mM Tris-HCl, pH 8.0, 1 mM TCEP, 100 mM NaCl, and 25 mM

GSH. The eluted samples were further purified using a
HiTrapTM Q HP column (GE Healthcare, catalog no. 17-1154-
01). The GST–LC3B tag was removed by cleavage with human
ATB4B protease at 25 °C overnight. The eluted proteins were
concentrated by ultrafiltration (Amicon Ultra 3 K NMWL, Mil-
lipore) and loaded onto a HiLoadTM 16/600 SuperdexTM 75pg
column (GE Healthcare, catalog no. 28-9893-33) that was equil-
ibrated with 20 mM Tris-HCl, pH 8.0, 200 mM NaCl, and 1 mM

TCEP. The ATG4B protease was prepared as previously
reported (53).

Crystallization and data collection

Purified RLGSGG–AtPRT6 UBR box was concentrated to 9
mg/ml and crystallized at 22 °C using the sitting-drop vapor-
diffusion method and by mixing an equal volume of protein
with a reservoir solution containing 0.1 M MES, pH 6.5 (Hamp-
ton Research, catalog no. HR2-587), and 1.6 M ammonium sul-
fate (Hampton Research, catalog no. HR2-541). Purified
RLGS–yUbr1 UBR box was concentrated to 9 mg/ml and crys-
tallized at 22 °C using the sitting-drop vapor-diffusion method
and by mixing an equal volume of protein and reservoir solu-
tion containing 0.1 M BIS-Tris, pH 6.5, and 2.7–3.0 M NaCl. The
purified M1Q– hNTAQ1 C28S was concentrated to 16 mg/ml
and crystallized at 22 °C using the sitting-drop vapor-diffusion
method and mixing an equal volume of protein and the reser-
voir solution containing 0.4 M ammonium sulfate (Hampton
Research, catalog no. HR2-541), 0.1 M sodium citrate tribasic
dihydrate, pH 5.6 (Hampton Research, catalog no. HR2-735),
and 1.0 M lithium sulfate monohydrate (Hampton Research,
catalog no. HR2-545). The purified GEEED–p62 ZZ fusion
protein was crystallized at 22 °C using the sitting-drop
vapor-diffusion method and by mixing an equal volume of
protein and a reservoir solution containing 0.17 M ammo-
nium sulfate, 0.085 M sodium cacodylate trihydrate, pH 6.5,
and 22–30% (w/v) PEG 8000. The protein crystals were flash-
frozen in liquid nitrogen with 20 –30% (v/v) glycerol as a
cryo-protectant in the original mother liquor. The native
protein crystal data were collected using beamlines at Pho-
ton Factory and Spring-8 in Japan and Pohang Accelerator
Laboratory in South Korea. The diffraction data were
indexed, integrated, and scaled using HKL2000 software
(54). The data collection statistics are shown in Table 2.

Structure determination and refinement

All structures except that of AtPRT6 UBR box were deter-
mined by MR using the p62 ZZ domain (PDB code 5YP7 (17)),
yUbr1 UBR box (PDB code 3NIT (18)), and Ntaq1 structures
(PDB code 4W79 (20)) as search models. The models obtained
by MR calculation were rebuilt and refined in iterative cycles
using Coot (55). The initial phases of the AtPRT6 UBR box were
determined with a 2.7 Å resolution SAD data set collected at the
absorption edge of the zinc atom (� � 1.282282 Å) at Beamline
5C at the Pohang Accelerator Laboratory facility (Table S2).
Zn-site determination, phasing, and automatic model building
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were performed using the SAD phasing module, as imple-
mented in the Phenix software package (56). The initial model
was rebuilt and refined in iterative cycles using Coot (55). Ram-
achandran values were calculated using MolProbity (57). The
statistics for collected data and refinements are summarized in
Table 2. All structural figures were drawn using PyMOL.

Size-exclusion chromatography coupled with multiangle light
scattering

SEC-MALS experiments were performed using a FPLC sys-
tem (GE Healthcare) connected to a Wyatt MiniDAWN
TREOS MALS instrument and Wyatt Optilab rEX differential
refractometer. The buffers used were the same as those used in
the final protein purification step. The purified protein was
loaded onto a SuperdexTM 75 Increase 10/300 GL gel filtration
column (GE Healthcare, catalog no. 29-1487-21). Ovalbumin
was used as the isotropic scatterer for detector normalization.
The light scattering was measured and analyzed using ASTRA
V software (Wyatt).

R-BiP antibody detection

Purified R-Bip protein was mixed with 2� SDS-PAGE load-
ing buffer (100 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 0.2% (w/v)
bromphenol blue, 20% (v/v) glycerol, and 200 mM DTT) and
then was subjected to Western blotting. A rabbit polyclonal
anti-R-BiP antibody (Abfrontier, catalog no. AR05-PA0001,
1:1000) was used to detect arginylated BiP.

ClpS-conjugated column

For buffer exchange, purified E. coli ClpS protein was loaded
onto a Superdex 75 16/600-pg column (GE Healthcare) equili-
brated with 20 mM HEPES, pH 7.4), 50 mM NaCl, 1 mM DTT,
and 10% (v/v) glycerol. ClpS protein was coupled with Affi-Gel
15 (Bio-Rad) at 4 °C for 4 h. To validate coupling of ClpS to the
Affi-Gel 15 column, purified wt-GFP, and LAPPS–GFP pro-
teins were loaded onto the affinity column, which then turned
green (Fig. 3B). The same experiment was also performed with
the ClpS D35A/D36A double mutant column, and the sub-
strates were not able to bind with it. After several round of
washing, the bound GFP was eluted with 1 mg/ml FR dipeptide,
removing all green color from the column.

Time-course cleavage assay

Purified proteins (His–LC3B/Ub/SUMO-RLGS–AtPRT6
UBR box) were assayed against proteases over a 120-min time
course at a 1:100 molar ratio. Human ATG4B (lab-made) for
LC3B protease, hUSP2 (BPS Bioscience, catalog no. 80392) for
ubiquitin protease, and yUlp1 (Kerafast, EB 1008-FP) for
SUMO protease were used. All reactions were terminated by
adding SDS-PAGE sample buffer and analyzed using SDS-
PAGE and Coomassie staining.

Accession numbers

The atomic coordinates and structural factors have been
deposited in the Protein Data Bank under the PDB ID codes
6LHN (RLGSSS-AtPRT6 UBR box), 6KGI (RLGS–yUbr1 UBR
box), 6KGJ (M1Q– hNTAQ1 C28S), and 6KHZ (GEEED–p62
ZZ).
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