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Abstract
Eukaryotic N-degron pathways are proteolytic systems with the ability to recog-
nize specific N-terminal residues of substrate proteins, which are essential
parts of their degradation signals. Domains, referred to as UBR boxes, of sev-
eral E3 ubiquitin ligases can recognize basic N-terminal residues as
N-degrons. UBR6 is among the seven mammalian UBR family proteins con-
taining the UBR box domain. However, the recognition of basic type-1
N-degrons by UBR6 is still not well understood. The crystal structure of the
UBR box from human UBR6 revealed zinc-mediated dimerization, a structural
feature distinct from other monomeric UBR boxes. Furthermore, its folding pat-
tern differed from that of the UBR fold, although the sequences aligned well
with those of other UBR boxes. In this study, we re-determined the structure of
the UBR box from human UBR6 to investigate whether the unusual domain-
swapped dimer was structurally relevant. The newly determined UBR box of
UBR6 at 1.5 Å resolution was a monomer with a classical UBR fold. Our struc-
ture was compared with previously reported structures of UBR boxes, and its
structural features were further analyzed using N-degron binding assays.
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1 | INTRODUCTION

The N-degron pathway (formerly the N-end rule) is a
branch of the ubiquitin-proteasome system, a process
that controls the half-life of proteins based on the
N-terminal residue called N-degron (Bachmair
et al. 1986; Varshavsky 2019, 2024). N-degrons are
classified into two types depending on the characteris-
tics of the residues: type-1 N-degrons (positively
charged residues: Arg, Lys, and His) and type-2
N-degrons (bulky hydrophobic residues: Leu, Phe, Tyr,
Trp, and Ile). They are selectively recognized by
N-recognin, an E3 ubiquitin ligase that recognizes
N-degrons (Bartel et al. 1990; Pan et al. 2021). Ubr1
N-recognin from Saccharomyces cerevisiae was the
first E3 enzyme to be characterized among more than
600 E3 ubiquitin ligases (Bartel et al. 1990), and UBR1
and UBR2 are mammalian homologs. They possess a

UBR box domain for type-1 substrates and a ClpS-
homology domain for type-2 substrates (Choi
et al. 2010; Kim et al. 2021; Pan et al. 2021; Tasaki
et al. 2005; Varshavsky 1996, 2011, 2019). The sub-
strate bound to the N-recognin is ubiquitylated and ulti-
mately degraded by the 26S proteasome (Finley 2009;
Schrader et al. 2009; Tasaki et al. 2012;
Varshavsky 2024).

The UBR box is a zinc finger domain in the UBR
family of E3 ubiquitin ligases, and there are seven
UBR proteins encoded in the mammalian genome
(Tasaki et al. 2005; Tasaki and Kwon 2007). Among
these, UBR1, UBR2, UBR4, and UBR5 are
N-recognins that bind to type-1 N-degrons of substrates
through their UBR box (Hodakova et al. 2023; Sriram
et al. 2011; Tasaki et al. 2005; Tsai et al. 2023; Wang
et al. 2023). Intriguingly, other UBR proteins, including
UBR3, UBR6, and UBR7, possess a UBR box domain,
but it is unclear whether they act as N-recognins
(Tasaki et al. 2009). The N-degron binding mode of theBokyung Kim and Sohae Lee contributed equally to this study.
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UBR box has been well-established in extensive struc-
tural studies (Choi et al. 2010; Kim et al. 2020; Kim
et al. 2023; Matta-Camacho et al. 2010; Munoz-
Escobar et al. 2017b). However, the structure of the
UBR box for nonfunctional UBR-containing
N-recognins is not well understood.

UBR6, also known as FBXO11, is an F-box protein
in the Skp1-Cullin-F-box (SCF) ubiquitin ligase complex
(Jackson and Eldridge 2002; Kipreos and Pagano 2000;
Skaar et al. 2013). The SCF complex plays an essential
role in the terminal differentiation of germinal center
B-cells toward memory B-cells and plasma cells by tar-
geting BCL6. It also regulates TGF-β signaling, cell
migration, and the timing of cell-cycle progression by
targeting DTL/CDT2 (Abbas et al. 2013a, 2013b; Abida
et al. 2007; Duan et al. 2012; Horn et al. 2014; Rossi
et al. 2013). As an F-box protein, UBR6/FBXO11
directly binds to target proteins; however, its substrate-
binding mechanism remains unknown. Although UBR6
contains a C-terminal UBR box domain, it does not bind
to N-degrons. Instead, two carbohydrate-binding/sugar
hydrolysis (CASH) domains or parallel beta-helix
repeats (PbH1) between the N-terminal F-box domain
and the C-terminal UBR box domain have been
reported as substrate-binding sites (Duan et al. 2012;
Jin et al. 2004) (Figure S1, Supporting Information).

Notably, a domain-swapped dimer structure of the
UBR box of human UBR6 (hUBR6) has been reported
(Munoz-Escobar et al. 2017). The results showed that
the UBR box from hUBR6 (UBR6-box833–904) is a dimer
in solution and resembles a typical UBR box structure
formed by the domain swapping of two monomers. How-
ever, this seems to be an unusual domain swapping
mediated by zinc atoms because the sequence of the
UBR6-box does not differ greatly among all other UBR
family proteins (Choi et al. 2010; Kim et al. 2020; Matta-
Camacho et al. 2010; Munoz-Escobar et al. 2017;
Tasaki et al. 2005). Therefore, we investigated the struc-
ture of the UBR6-box using different constructs to deter-
mine whether the domain-swapped dimer was
structurally relevant. We found that the N-terminally
extended construct of the UBR6-box (UBR6-box824–908)
was a monomer in solution, and we determined its high-
resolution structure. We also compared the structural
features of the UBR6-box824–908 with previously known
structures of UBR boxes from UBR1, UBR2, and UBR6
and subsequently analyzed their ability to bind to the
N-degron substrate using biochemical results.

2 | RESULTS

2.1 | The N-terminal-extended UBR box
from hUBR6 is a monomer in solution

The reported domain-swapped structure comprises res-
idues 833–904 of hUBR6 (Munoz-Escobar et al. 2017).

The most characteristic feature of this structure was
dimerization by His4-zinc coordination, which is an
uncommon coordination. Therefore, we tested various
constructs, such as the different lengths of the N- and
C-terminal extensions of the previous 833–904 version.
The oligomeric states of a more extended C-terminal
construct (residues 833–908) showed a significant frac-
tion of dimeric species and varied primarily in terms of
the Zn(II) ion concentration during protein production
(Figure S2). When the N-terminal-extended construct
of UBR6-box (residues 824–908) was predicted with
AlphaFold (Abramson et al. 2024; Jumper et al. 2021),
the model was a monomer with one more N-terminal
α-helix, but not a dimer (Figure S3a). The predicted
structure of UBR6-box824–908 showed different confor-
mations of the N-terminal helix depending on the pres-
ence of zinc atoms (Figure S3a), and the prediction of
the entire UBR6 showed a monomeric structure with a
monomeric UBR box (Figure S1b). The previously
determined dimeric UBR6-box833–904 exhibited a steric
clash upon superimposition with the entire UBR6
(Figure S3b).

Experimentally, UBR6-box824–908 was eluted as a
sharp peak in ion exchange chromatography and was
predominantly eluted at the monomer peak position in
size-exclusion chromatography (Figure 1a,b). To con-
firm the oligomeric state of the UBR box824–908, we per-
formed size-exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS) and verified
that most of the proteins existed as monomers
(Figure 1c). The experimentally determined molecular
mass of the small dimer peak eluted earlier was
23.5 kDa (calculated as 20.0 kDa). The molecular
mass of the monomer showed a main peak at 12.8 kDa
(calculated as 10.0 kDa). The 824–908 construct
yielded approximately 7 mg per 1 L of culture, with over
99% final purity, which is at least seven times higher
than that of the other constructs. Therefore, the
hUBR6-box824–908 construct with an extended
N-terminal region was predominantly in a more stable
monomeric state.

2.2 | Crystal structure of UBR6-box from
hUBR6

Crystals of the UBR6-box824–908 were obtained using a
12 mg/mL concentration, and the best-shaped crystal
was diffracted to a 1.5 Å resolution. The structure of the
zinc atoms was determined using multi-wavelength
anomalous dispersions (MAD). The data collection and
refinement statistics are presented in Table S1. One
monomeric UBR6-box824–908 molecule was in the
asymmetric unit, and the monomer was composed of
four α-helices and two β-sheets, similar to the known
UBR fold (Figure 2a). The zinc-coordinating residues of
UBR6 were well conserved among all UBR proteins
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(Figure 2b). One of the unique zinc geometries in the
UBR fold was a cysteine residue (Cys868) bridging two
zinc atoms (Zn1 and Zn2), which was first described for
yUBR1 and hUBR1/2 (Choi et al. 2010; Matta-
Camacho et al. 2010) (Figure 2c). Seven residues of
hUBR1, hUBR2, and yUBR1 coordinated two zinc ions
by a shared cysteine with Cys3 for the first zinc (Zn1)
and with Cys2-His for the second zinc (Zn2), resulting
in tetrahedral coordination (Choi et al. 2010; Matta-
Camacho et al. 2010) (Figure S4). Histidine was
replaced by Cys872 in hUBR6, making Cys4 coordinate
with one shared cysteine for the second zinc ion
(Figure 2c). The other zinc ion (Zn3) was coordinated
by Cys2-His2 in hUBR6, as shown for the other three
UBR family proteins (Figure 2b).

2.3 | Comparison of monomeric UBR
box with the domain-swapped dimer
from UBR6

Next, the monomeric structure of hUBR6-box824–908

was compared with that of a previously determined
domain-swapped dimer (Munoz-Escobar et al. 2017).
The structural boundary, composed of two separate
polypeptide chains of the domain-swapped
UBR6-box833–904, showed a folding pattern similar to
that of the UBR box (Munoz-Escobar et al., 2017)
(Figure 2d). It also exhibited folding similar to the mono-
meric UBR6-box structure identified in our current
study, but there were differences in the details. The
largest difference in the structure was located on

F I GURE 1 Purification and
molecular mass determination of the
target protein. (a) Ion exchange
chromatography profile using Q HP
columns. The protein was eluted with
a linear NaCl gradient (green line),
and absorbance was monitored at
280 nm (blue line). The SDS-PAGE
analysis of the eluted fractions is
shown on the right. (b) Size-exclusion
chromatography profile obtained using
a Superdex 75 prep-grade column.
The elution profile is depicted in blue,
with the corresponding SDS-PAGE
analysis of the eluted fractions on the
right. (c) SEC-MALS results of
UBR6-box824–908 showing the
molecular mass (MM) of the monomer
(kDa). The horizontal line represents
the measured molecular mass, which
is indicated by an arrow with the
experimental (MALS) molecular mass
and theoretically calculated (Calc)
values in parentheses (MALS/Calc).
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F I GURE 2 Legend on next page.

4 of 10 KIM ET AL.

 1469896x, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70092 by K

orea U
niversity M

edical, W
iley O

nline L
ibrary on [27/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the N-terminal region because the hUBR6 824–908
construct had nine more residues forming the first helix
α1 (Figure 2a). The monomeric hUBR6-box824–908 had
two small N-terminal α-helices before the β-strand
appeared, but the monomer chain of the domain-
swapped structure had only one α-helix in the
N-terminus (Figure 2d,e). While hUBR6-box824–908 had
a compact shape, the monomer chain of the domain-
swapped structure had an extended shape, where the
two α-helices from each chain were located at the other
termini of the β-strands (Figure 2e). The compact
structure of the monomer showed a difference in the
bending of two β-strands, β1 and β2, which formed a
zinc-mediated dimerization (Figure 2e,f). The deviated
bending was mainly caused by the missing zinc-
coordination of Cys835 in the domain-swapped dimer
(Figure 2e).

The histidine residues (His848 and His883) that
chelated the Zn(II) ion in the separate monomers in the
domain-swapped dimer were not involved in metal
coordination in monomeric UBR6 and were located
within the interior of the molecule (Figure 2e,f). The
domain-swapped dimer structure was coordinated with
seven zinc ions, with one additional zinc ion in the cen-
ter for dimerization (Figure 2f). The six zinc ions were
coordinated into two sets, each comprising three zinc
ions. In each set, zinc ions were coordinated by resi-
dues from both peptide chains of the domain-swapped
dimer. Remarkably, the three zinc coordination topolo-
gies of the dimeric structure were nearly identical to
those of the monomeric structure (Figure 2g,h). The
first zinc ion was coordinated by Cys835, Cys865,
Cys868, and Cys888. Cys868 also coordinated the
second zinc ion with Cys872, Cys890, and Cys899.
The last zinc ion was coordinated by Cys853, Cys856,
His873, and His876. In the domain-swapped dimer
structure, the last three cysteine residues (Cys888,
Cys890, and Cys899) belonged to different chains.

Cys835 of the domain-swapped structure was not illus-
trated in Figure 2h because this residue was not on
either chain of the dimer but on another adjacent chain
within the crystal.

2.4 | Comparison with functional
UBR boxes

The zinc-coordinating residues of UBR6 were highly
conserved among UBR proteins (Figure 2b), and the
folding of the monomeric UBR6-box was similar to that
of the classical UBR box found in N-recognin proteins,
such as yUBR1, hUBR1, and hUBR2 (Figure 3a).
Despite these structural similarities, UBR6 was unable
to recognize N-degrons. A comparison of the negatively
charged N-degron-binding pockets of N-recognition
UBR proteins with the corresponding site in the UBR
box of hUBR6 clarified this difference (Figure 3b–e).
The UBR boxes of N-recognin UBR proteins had a dis-
tinctly negatively charged pocket where type-1
N-degrons bound (Figure 3c–e). In contrast, the
UBR6-box lacked a distinctive negative pocket
(Figure 3b). The corresponding structural site in hUBR6
was only slightly negative, with a much weaker charge
and smaller area, for which sequence analyses pro-
vided clear evidence (Figure 2b). The key determinant
for the α-amino group of N-degron was Asp889 in
hUBR6 (Asp176—the equivalent residue in yUBR1),
which was conserved and generated a small, nega-
tively charged surface at the center. All other specificity
determinants for the type-1 N-degrons identified in
yUBR1 (residues in parentheses) were not conserved
in hUBR6: Thr859 (Asp142), Arg861 (Thr144), Ala892
(Asp179), and Thr894 (Glu181) (Figure 2b). Negatively
charged residues in yUBR1 were replaced with short,
polar, neutral, or positively charged residues in hUBR6.
Therefore, the lack of a sufficiently negatively charged

F I GURE 2 A monomeric structure of UBR box from hUBR6. (a) A ribbon diagram showing the overall structure of the UBR6-box824–908. The
N- and C-terminal residues of the model are indicated. Three Zn(II) ions (Zn1, Zn2, and Zn3) are represented by light gray spheres. A bound
sulfate ion is also shown. Residues 824–846 (including two additional N-terminal residues, Gly-Ser from the expression vector), 847–885, and
886–904 are colored yellow, magenta, and green, respectively. (b) Sequence alignment of hUBR6 (824–908), yUBR1 (118–194), hUBR1 (97–
168), hUBR2 (97–168), hUBR5 (1656–1729), and AtPRT6 (119–189). Orange dots are marked for the conserved zinc-coordinating residues of
the sequelogs (Varshavsky 2004). Non-conserved zinc coordination residues, Cys872 of hUBR6, His118 of yUBR1, His166 of hUBR1 (and
hUBR2), and His187 of AtPRT6 are marked with green boxes and red arrows. The specificity-determining residues for the N-terminal arginine
are marked with blue-filled arrows. The key aspartic residue for the α-amino group is marked with a green-filled arrow. (c) Three zinc-
coordination sites. The Cys868 residue, which bridges two zinc atoms, is shown in red, along with other residues coordinating three zinc ions.
The distances between each residue and Zn are shown in angstroms (Å). (d) Secondary structural elements on the monomeric UBR6-box824–908

and dimeric UBR6-box833–904. The colors of the sequence correspond to those in panel (a). The region for structural determination is marked
with brackets. (e) Structural alignment of the monomeric UBR6-box824–908 (PDB: 7YRB) and the domain-swapped dimeric UBR6-box833–904

(PDB: 5VMD). The faintly present monomeric and clear dimeric structures are colored the same as those in panel (a). The Zn-coordinating
Cys835 residue in the monomeric structure is located at the extended N-terminal region of the monomeric subunit of the dimer structure (left). In
the dimeric structure, each monomeric chain is colored dark and light gray, and the superimposed monomeric structure is colored magenta
(right). The His4-zinc-coordinating site involved in dimerization is indicated by a dotted rectangle. (f) The H848 and H883 residues coordinating
zinc ions in the dimer structure are indicated. These residues point in different directions (not involved in zinc coordination) in the monomeric
structure compared to the residues in the dimer. (g, h) A detailed view of zinc-binding sites of the monomeric UBR6-box824–908 (g) and domain-
swapped dimeric UBR6-box833–904. (h) Note that Cys835 for coordinating Zn1 is missing in the domain-swapped dimer (dotted circle).
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F I GURE 3 Legend on next page.
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binding pocket in the hUBR6-box is assumed to be the
reason for its inability to function as an N-recognin.

To test the binding affinity of hUBR6 for N-degrons,
we performed a fluorescence polarization (FP) binding
assay using a FITC-labeled RLAK peptide, which
mimics the N-degron substrate (Figure 3f). The UBR
box of hUBR1 was also used for comparison. The KD

values for the functional UBR boxes for the N-degron
peptides were in the micromolar range (Tasaki
et al. 2009), which was consistent with the current data
for hUBR1 (Figure 3f). In contrast, the UBR box of
hUBR6 exhibited no measurable binding affinity for the
peptide, indicating its inability to interact with
the N-degron. These results were further validated by
additional isothermal titration calorimetry (ITC) experi-
ments, which confirmed the micromolar KD value for
the UBR box of hUBR1 to the N-degron peptide and
showed no significant binding of the UBR box of
hUBR6 to the peptide (Figure 3g,h). Because the elec-
trostatic potential of the putative N-degron binding
pocket was not highly negatively charged, we tested
the binding affinity of the hUBR6-box to the hydropho-
bic type-2 N-degron peptides (Figure 3i–k). The KD

values showed no binding or extremely weak binding of
the hydrophobic N-degron substrates.

3 | DISCUSSION

The monomeric structure of the hUBR6-box using an
N-terminal-extended construct showed a classical UBR
domain structure, which was starkly different from the
reported dimeric structure (Figure 2).
The UBR6-box824–908 was initiated from the predicted
model using AlphaFold2 (Jumper et al. 2021)
(Figure S3a). The N-terminal 9-residue-extended con-
struct showed significant differences in protein stability
and folding. The longer construct had one more α-helix
at the N-terminal region and remained a monomer.
Intriguingly, the model predicted by AlphaFold3 showed
a structural discrepancy compared to the high-
resolution crystal structure of a shorter construct; how-
ever, the revisited crystal structure of a longer construct
matched the predicted structure (Figure 2a). Therefore,
the AlphaFold3 prediction was deemed useful for rein-
vestigating the experimental structure, which revealed
an unexpected folding or structure compared to what

was originally anticipated. However, this dimer struc-
ture should not be regarded as incorrect. The zinc coor-
dination in both structures was almost identical, and the
domain-swapped dimer mimicked the monomer struc-
ture. Thus, the possibility that both structures coexist
under physiological conditions in different equilibrium
states cannot be ruled out.

In addition to the new monomeric structure, we
explained why hUBR6 did not function as an
N-recognin. In contrast to the interpretation using the
dimeric structure, the monomeric structure of
the UBR6-box showed a distinct negatively charged
pocket, although all of these UBR boxes shared the
classical UBR box fold. This electrostatic surface differ-
ence explains why UBR6, unlike UBR1 and UBR2,
does not bind the type-1 N-degron. The UBR box of
UBR4 possesses the binding affinity to the type-2
N-degron (Jeong et al. 2023). However, our UBR6-box
showed no binding or extremely weak binding
(Figure 3i–k). Therefore, hUBR6 does not function as
an N-recognition protein, which is consistent with the
fact that the substrates of hUBR6 mediated by the UBR
box are not yet clearly identified. To comprehensively
understand the function of hUBR6, the whole SCF
complex of the entire hUBR6 with SKP1-CUL1-RBX1
remains an important objective for future research.

4 | MATERIALS AND METHODS

4.1 | Cloning

The UBR box domains (residues 824–908 and 833–
908) of human UBR6 were amplified using PCR from
codon-optimized gBlock gene fragments (Integrated
DNA Technologies). The DNA fragments were cloned
into the BamHI and XhoI restriction sites of the pRSF
vector containing N-terminal hexa-histidines and a
small ubiquitin-like modifier (SUMO) tag, followed by a
TEV cleavage site. Both plasmids were transformed
into Escherichia coli BL21 (DE3) cells.

4.2 | Protein expression and purification

The transformed cells were grown in Luria Broth media
containing kanamycin (50 μg/mL) at 37�C until OD600nm

F I GURE 3 Comparison of UBR boxes from hUBR6, yUBR1, hUBR1, and hUBR2. (a) Structural alignment of hUBR6 (magenta; PDB:
7YRB), yUBR1 (orange; PDB: 3NIT), hUBR1 (salmon; PDB: 3NY1), and hUBR2 (yellow; PDB: 3NY2). (b–e) Electrostatic potential surfaces of
UBR box from hUBR6 (b), yUBR1 (c), hUBR1 (d), and hUBR2 (e). Negatively and positively charged surfaces are shown in red and blue,
respectively. A dotted circle indicates the region corresponding to the negatively charged pocket of N-recognin. (f) FP assays using FITC-labeled
RLAK-peptide against increasing concentrations of hUBR1 (red line) and hUBR6 (blue line); the error bars represent standard error of the mean
of more than three independent experiments; N.D., not determined. (g–k) ITC was performed to measure the binding affinity of the RLAA-peptide
to the hUBR1-box (g) and hUBR6-box (h). The binding affinity between hUBR6-box and the type-2 N-degron peptides, FAA (i), LAA (j), and IAA
(k) was also measured. Note that the standard deviation of the KD value for LAA affinity is too large for convincing data. The top panel shows the
raw ITC thermogram and the bottom panel presents the corresponding binding isotherm with fitted curves.
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reached 0.6. The expression of N-terminal hexa-histi-
dine-SUMO-tagged hUBR6 824–908 or 833–908 pro-
tein was induced by a final concentration of 0.5 mM
isopropyl β-D-1-thiogalactopyranoside and 700 μM of
ZnSO4 at 18�C for 24 h. Cells were harvested by centri-
fugation at 6000g using a Beckman J-20 machine for
20 min. Harvested cells were resuspended in His-
binding buffer (50 mM Tris–HCl [pH 8.0], 200 mM NaCl,
and 1 mM Tris [2-carboxyethyl] phosphine [TCEP]).
Phenylmethyl sulfonyl fluoride was added to a concen-
tration of 1.0 mM, and a complete protease inhibitor
cocktail (Roche) was added to the resuspended cells to
inhibit protease activity. The cells were sonicated, and
insoluble materials were removed by centrifugation at
35,000g for 2 h. The supernatant was loaded onto a
HisTrap HP column (5 mL; Cytiva) and eluted by gradi-
ent purification using His elution buffer (50 mM Tris–
HCl [pH 8.0], 100 mM NaCl, 1.0 mM TCEP, and 0.5M
imidazole). The eluent was diluted with a 5-fold volume
by mixing with Q binding buffer (50 mM Tris–HCl
[pH 8.0], 1.0 mM TCEP, and 10 μM ZnCl2) and then
loaded into a HiTrap Q HP column (5 mL; Cytiva). The
protein was eluted by gradient purification using Q elu-
tion buffer (50 mM Tris–HCl [pH 8.0], 1.0M NaCl,
1.0 mM TCEP, and 10 μM ZnCl2). The eluate fractions
containing the target protein were collected and treated
with TEV protease for 10 h at 22�C. To remove the
hexa-histidine-tagged TEV protease and the cleaved
hexa-histidine-SUMO tag from the target protein, a sec-
ond His affinity chromatographic step was performed.
The loading through was concentrated using ultrafiltra-
tion (Amicon Ultra 3K NMWL, Millipore). The concen-
trated protein was loaded onto a HiLoad 16/600
Superdex 75 pg (Cytiva) column equilibrated with gel
filtration buffer (25 mM Tris–HCl [pH 7.5], 100 mM
NaCl, and 1 mM TCEP). The monomer fractions of the
eluate were concentrated, and the final concentration
was determined using the Bradford assay. Purity was
determined by SDS-PAGE, followed by staining with
Coomassie blue for protein detection.

4.3 | SEC-MALS

Size-exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS) was performed to
confirm the oligomeric state of hUBR6-box824–908. Puri-
fied proteins were concentrated by ultrafiltration
(Amicon® Ultra 3K NMWL, Millipore) to 10 mg/mL and
were loaded onto an S75 Increase 10/300 GL column
(29148721; Cytiva) pre-equilibrated with gel filtration
buffer. MALS data were collected using a miniDAWN
(Wyatt Technology, Santa Barbara, CA). Before the
experiment, 4 mg of ovalbumin (Sigma-Aldrich; A5503)
was injected into the column for normalization. The the-
oretical molecular mass and molar extinction coefficient
at 280 nm of the UBR6-UBR box monomer (residues

824–908 with an N-terminal GS sequence remaining
after TEV protease cleavage) were 9959.06 g/mol and
5960 M�1 cm�1, respectively, accounting for the pres-
ence of three Zn(II) ions. The theoretical molecular
mass and molar extinction coefficient at 280 nm of the
UBR6-UBR box dimer (residues 824–908 with an
N-terminal GS sequence remaining after TEV protease
cleavage) were 19983.5 g/mol and 11,920 M�1 cm�1,
respectively, accounting for the presence of seven
Zn(II) ions. Data analysis was performed using the
ASTRA 8 software (Wyatt Technology).

4.4 | Crystallization and data collection

To find the crystallization conditions of the
UBR6-box824–908, the monomer fraction of the size-
exclusion chromatography eluent was concentrated to
7, 12, and 19 mg/mL. A Gryphon machine (Art Robbins
Instrument) was used for the initial crystallization
screening. Equal volumes of protein and reservoir were
mixed for crystallization using the sitting-drop vapor dif-
fusion method in 96-well plates. The initial crystal of the
hUBR6-box monomer was grown at 22�C under condi-
tions of 0.1M HEPES (pH 7.5), 2.0M ammonium sul-
fate, and 2% (v/v) polyethylene glycol 400 (PEG400).
Crystal quality was improved using a combination of
2.0–2.2M ammonium sulfate and 1%–3% (v/v)
PEG400. The crystals were flash-frozen in liquid nitro-
gen with 20% (v/v) glycerol added to the original solu-
tion as a cryoprotectant. Datasets for the UBR box from
hUBR6 were collected using the 5C beamline at the
Pohang Accelerator Laboratory in South Korea.
The diffraction data were indexed, integrated, and
scaled using HKL2000 (Otwinowski and Minor 1997).
The data collection statistics for the hUBR6-box824–908

crystals are summarized in Table S1.

4.5 | Structure determination and
refinement

Because the hUBR6-box824–908 is a zinc finger domain,
the phases were obtained using MAD data: zinc absorp-
tion peak, edge, and remote (Table S1). Model building
was performed using COOT (Emsley 2017). Refinement
was performed using PHENIX (Adams et al. 2010). The
refinement statistics are summarized in Table S1. All
structural figures were drawn using PyMOL (Mooers and
Brown 2021) (http://www.pymol.org/).

4.6 | Sequence alignment and
phylogenetic analysis

The sequences of hUBR6 (824–908), yUBR1 (118–
194), hUBR1 (97–168), and hUBR2 (97–168) were
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aligned using Clustal Omega (Sievers et al. 2011), and
similarities were identified using ESPript 3.0 (Robert
and Gouet 2014). The phylogenetic trees of seven
mammalian UBR family proteins (hUBR1 97–168,
hUBR2 97–168, hUBR3 118–189, hUBR4 1656–1729,
hUBR5 1177–1245, hUBR6 833–904, and hUBR7 44–
116) were analyzed and drawn using Clustal Omega.

4.7 | Fluorescence polarization assay

The binding affinities of UBR boxes from hUBR1 (resi-
dues 97–167) and hUBR6 (residues 824–908) to the
peptide were determined using FP techniques. FITC-
labeled RLAK-peptide purchased from Peptron Inc.
was dissolved to a concentration of 1 mM in assay
buffer (50 mM HEPES-NaOH [pH 7.5], 100 mM NaCl,
and 1 mM TCEP) and sequentially diluted with the
buffer to 100 nM in each reaction well. Purified His-
SUMO-UBR boxes from hUBR1 and hUBR6 were also
serially diluted in the buffer and mixed into each reac-
tion well at a concentration of 1–160 μM. Fluorescence
measurements to detect the change in light polarization
of the FITC-labeled peptide were performed in a
384-well plate on a Corning black plate reader at exci-
tation and emission wavelengths of 485 and 535 nm,
respectively. A nonlinear graph of the UBR box
concentration-dependent polarization was plotted using
GraphPad Prism 10 software.

4.8 | Isothermal titration calorimetry

The same assay buffer was used for the FP assay and
ITC experiments. His-SUMO-UBR boxes from hUBR1
(97–167) and hUBR6 (824–908) were diluted to a con-
centration of 50 μM in ITC buffer, and the N-degron
peptides (RLAA, FAA, LAA, and IAA) were dissolved in
the same buffers at a concentration of 800 μM. The
experiment was performed at 25�C using a Microcal
PEAQ-ITC instrument (Malvern Instruments Inc.). Each
peptide was injected 19 times (2 μL each) into 280 μL
samples of each protein. The experimental data were
analyzed using an embedded analysis software pack-
age provided by the instrument.
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