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The N-end rule pathway is a ubiquitin-dependent system
where E3 ligases called N-recognins, including UBR1 and UBR2,
recognize type-1 (basic) and type-2 (bulky hydrophobic) N-ter-
minal residues as part of N-degrons. We have recently reported
an E3 family (termed UBR1 through UBR7) characterized by the
70-residue UBR box, among which UBR1, UBR2, UBR4, and
UBRS5 were captured during affinity-based proteomics with syn-
thetic degrons. Here we characterized substrate binding speci-
ficity and recognition domains of UBR proteins. Pull-down
assays with recombinant UBR proteins suggest that 570-kDa
UBR4 and 300-kDa UBR5 bind N-degron, whereas UBR3,
UBR6, and UBR7 do not. Binding assays with 24 UBR1 deletion
mutants and 31 site-directed UBR1 mutations narrow down the
degron-binding activity to a 72-residue UBR box-only fragment
that recognizes type-1 but not type-2 residues. A surface plas-
mon resonance assay shows that the UBR box binds to the type-1
substrate Arg-peptide with K; of ~3.4 um. Downstream from
the UBR box, we identify a second substrate recognition
domain, termed the N-domain, required for type-2 substrate
recognition. The ~80-residue N-domain shows structural and
functional similarity to 106-residue Escherichia coli ClpS, a bac-
terial N-recognin. We propose a model where the 70-residue
UBR box functions as a common structural element essential for
binding to all known destabilizing N-terminal residues, whereas
specific residues localized in the UBR box (for type 1) or the
N-domain (for type 2) provide substrate selectivity through
interaction with the side group of an N-terminal amino acid.
Our work provides new insights into substrate recognition in
the N-end rule pathway.

The N-end rule pathway is a ubiquitin (Ub)?-dependent pro-
teolytic system in which N-terminal residues of short-lived pro-
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teins function as an essential component of degradation signals
(degrons) called N-degrons (Fig. 14) (1-15). An N-degron can
be created from a pre-N-degron through specific N-terminal
modifications (12). Specifically, in mammals, N-terminal Asn
and GIn are tertiary destabilizing residues that function
through their deamidation by N-terminal amidohydrolases
into the secondary destabilizing N-terminal residues Asp and
Glu, respectively (6, 16) (Fig. 1A). N-terminal Asp and Glu are
secondary destabilizing residues that function through their
arginylation by ATE1 R-transferase, which creates the primary
destabilizing residue Arg at the N terminus (4, 8) (Fig. 14).
N-terminal Cys can also function as a tertiary destabilizing res-
idue through its oxidation in a manner depending on nitric
oxide and oxygen (O,); the oxidized Cys residue is subsequently
arginylated by ATE1 (8, 13, 17).

N-terminal Arg together with other primary destabilizing
N-terminal residues are directly bound by specific E3 Ub ligases
called N-recognins (3, 7, 9). Destabilizing N-terminal residues
can be created through the removal of N-terminal Met or the
endoproteolytic cleavage of a protein, which exposes a new
amino acid at the N terminus (12, 13). N-terminal degradation
signals can be divided into type-1 (basic; Arg, Lys, and His) and
type-2 (bulky hydrophobic; Phe, Leu, Trp, Tyr, and Ile) desta-
bilizing residues (2, 12). In addition to a destabilizing N-termi-
nal residue, a functional N-degron requires at least one internal
Lys residue (the site of a poly-Ub chain formation) and a con-
formational feature required for optimal ubiquitylation (1, 2,
18). UBR1 and UBR?2 are functionally overlapping N-recognins
(3, 7, 9). Our proteomic approach using synthetic peptides
bearing destabilizing N-terminal residues captured a set of pro-
teins (200-kDa UBR1, 200-kDa UBR2, 570-kDa UBR4, and 300-
kDa UBR5/EDD) characterized by a 70-residue zinc finger-like
domain termed the UBR box (10-12). UBR5 is a HECT E3
ligase known as EDD (E3 identified by differential display) (19)
and a homolog of Drosophila hyperplastic discs (20). The mam-
malian genome encodes at least seven UBR box-containing
proteins, termed UBR1 through UBR7 (10). UBR box proteins
are generally heterogeneous in size and sequence but contain,
with the exception of UBR4, specific signatures unique to E3s or
a substrate recognition subunit of the E3 complex: the RING
domain in UBR1, UBR2, and UBR3; the HECT domain in
UBRS5; the F-box in UBR6 and the plant homeodomain domain
in UBRY7 (Fig. 2B). The biochemical properties of more recently

2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
MES, 4-morpholineethanesulfonic acid.
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identified UBR box proteins, such as UBR3 through UBR?7, are
largely unknown.

Studies using knock-out mice implicated the N-end rule
pathway in cardiac development and signaling, angiogenesis
(8, 15), meiosis (9), DNA repair (21), neurogenesis (15), pan-
creatic functions (22), learning and memory (23, 24), female
development (9), muscle atrophy (25), and olfaction (11).
Mutations in human UBRI is a cause of Johanson-Blizzard
syndrome (22), an autosomal recessive disorder with multi-
ple developmental abnormalities (26). Other functions of the
pathway include: (i) a nitric oxide and oxygen (O,) sensor
controlling the proteolysis of RGS4, RGS5, and RGS16 (8, 13,
17), (ii) a heme sensor through hemin-dependent inhibition
of ATE1 function (27), (iii) the regulation of short peptide
import through the peptide-modulated degradation of the
repressor of the import (28, 29), (iv) the control of chromo-
some segregation through the degradation of a separate pro-
duced cohesin fragment (30), (v) the regulation of apoptosis
through the degradation of a caspase-processed inhibitor of
apoptosis (31, 32), (vi) the control of the human immunod-
eficiency virus replication cycle through the degradation of
human immunodeficiency virus integrase (10, 33), and (vii)
the regulation of leaf senescence in plants (34).

In the present study we characterized substrate binding
specificities and recognition domains of UBR proteins. In
our binding assays, UBR1, UBR2, UBR4, and UBR5 were cap-
tured by N-terminal degradation determinants, whereas
UBR3, UBR6, and UBR7 were not. We also report that in
contrast to other E3 systems that usually recognize sub-
strates through protein-protein interface, UBR1 and UBR2
have a general substrate recognition domain termed the UBR
box. Remarkably, a 72-residue UBR box-only fragment fully
retains its structural integrity and thereby the ability to rec-
ognize type-1 N-end rule substrates. We also report that the
N-domain, structurally and functionally related with bacte-
rial N-recognins, is required for recognizing type-2 N-end
rule substrates. We discuss the evolutionary relationship
between eukaryotic and prokaryotic N-recognins.

EXPERIMENTAL PROCEDURES

Overexpression of UBR Proteins in Mammalian Cells—The
plasmid pcDNA3flagUBR2 (9) was used to express N-terminal
FLAG-tagged mouse UBR2 in COS7 cells from the P,
promoter. The human UBR4 cDNA was excised from plas-
mid 7124A (a gift from Dr. Scott Vande Pol, University of
Virginia) using Sall and Notl, and was subcloned into the
plasmid pENTR3C (Invitrogen) to yield the entry vector
pENTR3ChUBR4. By using the Gateway system (Invitro-
gen), the 15.9-kb UUBR4 open reading frame was transferred
from the pENTR3ChUBR4 to the destination vector
pcDNAG6.2/clumio-DEST (Invitrogen), yielding plasmid
pcDNAG6.2/cluvhUBR4 that expresses C-terminal lumio-V5-
tagged UBR4 with a size of 570 kDa in COS7 cells from the
P, promoter. Plasmids S503 and S3 (gifts from Drs. Mich-
elle Henderson and CKW Watts, Garvan Institute of Medical
Research) were used to express N-terminal FLAG-tagged
full-length human UBR5 and its truncated derivative UBR5-
(889-1877) in mammalian cells from Py, promoter. Cells
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were harvested 48 h after transfection, and cytosolic extracts
were prepared as described (10). Ubrl '~, Ubr2 ',
Ubrl~'~Ubr2™'~, and Ubrl~'~Ubr2™'~Ubré*™*" mouse
embryonic fibroblasts (MEFs) have been previously estab-
lished (7, 9, 10).

Protein Expression Using a Continuous-exchange Cell-free
(CECF) System—Full-length UBR proteins or their fragments
were expressed in vitro and labeled with [**S]methionine
using the RTS 100 Wheat Germ CECF system (Roche, Ger-
many) according to the manufacturer’s protocol. Briefly, the
P,, promoter-based linear DNA templates were generated
by using two-step PCR. DNA templates for the first PCR
were m-Ubrl (7), m-Ubr2 (9), m-Ubr3 (11), h-UBR4
(7124A), h-UBRS5 (S503), m-Ubr6 (cDNA clone IMAGE
4237432), and m-Ubr7 (cDNA clone IMAGE 6812389).
Escherichia coli clps gene was amplified using genomic DNA
from the strain DH5a cells (Invitrogen). The wheat germ
lysate containing amino acids, RNA polymerases, DNA tem-
plates, and [**S]methionine (Amersham Bioscience) was
incubated for 24 h at 25 °C in the CECF unit. Glycerol (50 ul)
was added to the reaction mixture (50 ul) to stabilize
expressed proteins. To evaluate the level of synthesized pro-
teins, the incorporated **S was counted using trichloroacetic
acid precipitation. Synthesized proteins were stored at
—20 °C and used for assays within 3 days. Proteins were also
expressed using the transcription-translation-coupled TNT
system (Promega, Madison, WI) as described (10).

The X-peptide Pull-down Assay—For the X-peptide pull-
down assay, a set of 12-mer peptides (X-peptides) bearing
N-terminal Arg (type 1), Phe (type 2), Trp (type 2), or Gly (sta-
bilizing control) residues were cross-linked through the C-ter-
minal Cys residue to Ultralink Iodoacetyl beads (Pierce) as
described previously (10) (Fig. 1B, left). The ratio of peptides to
beads was ~1 umol of peptides per 1-ml beads. Alternatively,
the otherwise identical 12-mer peptides, bearing C-terminal
biotinylated Lys instead of Cys, were conjugated, via biotin, to
streptavidin-Sepharose beads (Amersham Bioscience) to a
ratio of 1-1.5 wmol of peptides per 1 ml of beads (Fig. 1B, right).
RTS wheat germ lysates (50 pl) expressing >*S-labeled proteins
were diluted 2-fold and centrifuged to remove precipitates. An
aliquot (10-20 pl) of soluble extract, containing 50 -100 ug of
total protein, was diluted in 250 ul of binding buffer A (0.1%
Nonidet P-40, 10% glycerol, 0.15 m KCI, and 20 mm HEPES, pH
7.9) and mixed with X-peptide beads (7.5-ul packed volume
for cross-linked peptide beads or 10-ul packed volume for
biotinylated peptide beads). The mixtures were incubated at
4 °C for 4 h with a gentle rotation in the presence or absence
of dipeptides. The beads were pelleted by centrifugation at
2,400 X gfor 30 s, washed three times with 0.25 ml of binding
buffer A, resuspended in 15 ul of SDS-PAGE sample buffer,
and heated at 55 °C for 30 min. To analyze the binding prop-
erty of endogenous UBR proteins, extracts from mouse tes-
tes were prepared and subjected to the X-peptide pull-down
assay essentially as described (10). COS7 cell extracts
expressing UBR proteins were diluted to ~1.0 mg/ml in
binding buffer A for pull-down assays. Denatured proteins in
SDS-PAGE sample buffer were separated in 10% BisTris
acrylamide gel with MES buffer, followed by fixing with solu-
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tion A (50% methanol and 10% acetic acid in water) for 20
min and subsequently with solution B (25% methanol and
10% acetic acid in water) for 10 min. The 3>*S-labeled proteins
were detected using autoradiography or, for quantitation,
using a PhosphorImager (Bio-Rad).

Site-directed Mutagenesis—Site-directed mutagenesis was
employed to express 31 mutant 50-kDa UBR1-(1-453) pro-
teins, each of which contained a mutation to alanine (Ala), by
using overlap extension PCR (35). Two first round PCRs, with
primers containing mismatch nucleotides, generated two DNA
fragments with overlap extension of 15-24 bp. PCR primer
sequences are available upon request. The second round PCR,
using two DNA fragments from the first round PCRs as tem-
plates, yielded a single chimeric DNA fragment containing a
mutation to Ala. The resulting PCR fragments were used as
templates in the third PCR to generate the P, promoter-based
linear DNA templates for the RTS protein expression system.
The final mutant DNA fragments were evaluated by
sequencing.

Bacterial Expression and Purification of MBP-UBRI-(91-
191)-His, and MBP-His,—A cDNA fragment encoding C-ter-
minal His,-tagged UBR1-(91-191) was subcloned into a bacte-
rial expression vector pMAL-c4X (New England Biolabs,
Boston, MA) that expresses maltose-binding protein (MBP).
The resulting plasmid pMalUBRbox expresses MBP-UBR1-
(91-191)-His,. MBP-UBR1-(91-191)-His, and its control,
MBP-His,, were overexpressed in E. coli BL21(DE3) cells and
subjected to two-step purification using amylose-resin column
chromatography (New England Biolabs) and cobalt-Sepharose
column chromatography (Pierce). Purified proteins (5 ug) were
subjected to the X-peptide pull-down assay for 1 h in the bind-
ing buffer (10 mm HEPES, pH 7.4, 150 mm NacCl, 0.05% Tween
20).

Surface Plasmon Resonance (Biacore) Assay—The direct sur-
face plasmon resonance was measured using a Biacore T100
biosensor (GE Healthcare). Prior to peptide loading, the surface
of the SA sensor chip was conditioned by 4—5 washes of 1 M
NaCl and 50 mm NaOH at a flow rate of 30 wl/min for 30 s to
wash off nonspecifically or poorly bound streptavidin. Biotiny-
lated Arg-peptide, Phe-peptide, and Gly-peptide, adjusted to 20
nM in the binding buffer (10 mm HEPES, pH 7.4, 150 mm NaCl,
and 0.05% P20 surfactant), were immobilized on the surface of
the SA sensor chip at a flow rate of 20 ul/min to reach ~200
response units. Purified MBP-UBR1-(91-191)-His, and MBP-
His,, adjusted to 5 uMm in the binding buffer, were injected at a
flow rate of 40 ul/min. After dissociation for 60 s, the surface
was regenerated back to bound peptides by a 30-s injection of
50 mm EDTA at a flow rate of 10 ul/min. Kinetics experiments
were performed using MBP-UBR1-(91-191)-His, at varying
concentrations (0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 1.25, 2.5,
and 3.13 uM). A duplicate concentration at 3.13 uM was used to
determine cycle to cycle variability, and all data were double-
referenced to a buffer-only control and a reference flow cell
without biotinylated peptides. The data were fit using a 1:1
interaction model where A + B = AB, including terms for mass
transport, using Biacore T100 Evaluation Software version
1.1.1.

1886 JOURNAL OF BIOLOGICAL CHEMISTRY

RESULTS

Binding Properties of UBR Proteins to Destabilizing N-termi-
nal Residues—We employed X-peptide pull-down assays to
characterize the binding specificities of UBR proteins for desta-
bilizing N-terminal residues. X-peptide beads (X = Arg (type
1), Phe (type 2), or Gly (stabilizing control)) (Fig. 1B) were
mixed with mouse testes extracts and precipitated by cen-
trifugation, followed by immunoblotting to detect the pres-
ence of UBR proteins in precipitates. Arg-peptide captured
endogenous UBR1, UBR2, UBR4, and UBR5 from testes
extracts, whereas Phe-peptide brought down UBR1, UBR2,
and UBR4, but not UBR5 (Fig. 1C, data not shown). None of
these UBR proteins were detected in precipitates prepared
by Gly-peptide. Thus, we confirmed that endogenous UBR1,
UBR2, UBR4, and UBR5 can be captured by destabilizing
N-terminal residues using a different experimental setting.
(Because either method for peptide-bead conjugation,
through C-terminal Cys or biotin, gave essentially the same
results, the conjugation method is not specified in subse-
quent experiments.)

The binding of UBR1 (Fig. 1D), UBR2, and UBR4 (data not
shown) to the type-2 substrate Phe was not inhibited by
increasing salt (NaCl) concentrations up to 1.0 M. This result
indicates that type-2 substrate recognition involves hydropho-
bic interaction, consistent with type-2 N termini (Phe, Leu, Trp,
Tyr, and Ile) being bulky “hydrophobic.” In contrast, the bind-
ing of UBR1 and UBR5 to the type-1 substrate Arg was signifi-
cantly affected by salt concentrations at a range of 0.15-0.5 M
(Fig. 1D), in agreement with type-1 substrates (Arg, Lys, and
His) being “basic.” The level of UBR4 precipitated by
Phe-peptide from MEFs was diminished in L/BRI ™'~ UBR2™/~
UBR4®NA! (retrovirus-mediated knockdown of UBR4 in
Ubrl™'~Ubr2~'~ cells) but not in Ubrl~'~, Ubr2~'~, and
Ubrl~'~Ubr2~'~ MEFs (Fig. 1E), suggesting that UBR4 bind-
ing to destabilizing N-terminal residues is independent from
UBR1 and UBR2.

We next examined the interaction of recombinant UBR
proteins to destabilizing N-terminal residues. As expected,
Arg-peptide and Phe-peptide, but not Gly-peptide, precipi-
tated recombinant UBR2, which were expressed in Saccha-
romyces cerevisiae cells (Fig. 2A) or in the CECF-based wheat
germ lysate (data not shown). However, under the same
conditions, recombinant UBR3 did not bind to these N ter-
mini (Fig. 2A). We constructed a mammalian plasmid
(pcDNAG6.2/cluvhUBR4) expressing 570-kDa human UBR4
with a C-terminal lumio-V5 tag (Fig. 2B). Recombinant full-
length UBR4, expressed in COS7 cells, bound to Phe-peptide
and Arg-peptide, but not to Gly-peptide (Fig. 24). The 300-kDa
HECT E3 ligase UBRS5, expressed in COS?7 cells, bound to Arg-
peptide but not to Phe-peptide or Gly-peptide. In contrast,
90-kDa UBRG6 and 50-kDa UBR7 expressed in the wheat germ
lysate did not bind to X-peptides (Fig. 24). These results
together suggest that UBR1, UBR2, UBR4, and UBR5 are oper-
ationally N-recognins, whereas the full-length UBR3, UBRS6,
and UBRY7 proteins do not bind to destabilizing N-terminal res-
idues under experimental conditions used in this study.
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FIGURE 1. A, the mammalian N-end rule pathway. N-terminal residues are indicated by single-letter abbrevia-
tions for amino acids. Yellow ovals denote the rest of a protein substrate. C* denotes oxidized N-terminal Cys,
either Cys-sulfinic acid [CysO,(H)] or Cys-sulfonic acid [CysO5(H)]. The Cys oxidation requires nitric oxide and
oxygen (O,) or its derivatives. The oxidized Cys is arginylated by ATE1 Arg-tRNA-protein transferase (R-trans-
ferase). N-recognins also recognize internal (non-N-terminal) degrons in other substrates of the N-end rule
pathway. B, the X-peptide pull-down assay. Left, a 12-mer peptide bearing N-terminal Arg (type 1), Phe (type 2),
Trp (type 2), or Gly (stabilizing control) residue was cross-linked through its C-terminal Cys residue to Ultralink
lodoacetyl beads. Right, the otherwise identical 12-mer peptide, bearing C-terminal biotinylated Lys instead of
Cys, was conjugated, via biotin, to the streptavidin-Sepharose beads. C, the X-peptide pull-down assay of
endogenous UBR proteins using testes extracts. Extracts from mouse testes were mixed with bead-conjugated
X-peptides bearing N-terminal Phe (F), Gly (G), or Arg (R). After centrifugation, captured proteins were sepa-
rated and subjected to anti-UBR immunoblotting. Mo, a pull-down reaction with mock beads. D, the X-peptide
pull-down assays using rat testis extracts were performed in the presence of varying concentrations of NaCl.
Afterincubation and washing, bound proteins were eluted by 10 mm Tyr-Ala for Phe-peptide, 10 mm Arg-Ala for
Arg-peptide, and 5 mm Tyr-Ala and 5 mm Arg-Ala for Val-peptide. Eluted proteins were subjected to immuno-
blotting for UBR1 and UBRS5. E, cytoplasmic fractions of wild-type (+/+), Ubr1~/~, Ubr2~/~, Ubr1~/~Ubr2~'~,
and Ubr1~/~Ubr2~'~ Ubr4®N' MEFs were subjected to X-peptide pull-down assay. Precipitated proteins were
separated and analyzed by immunoblotting for UBR1 and UBRA4.

The UBR Box Is the Substrate Recognition Domain of UBRI
and UBR2—To determine whether there is a distinct domain
that recognizes destabilizing N-terminal residues, we devel-
oped an efficient in vitro binding assay using X-peptides and
protein production in the RTS Wheat Germ CECF system (see
“Experimental Procedures”). The RTS system uses a semi-per-
meable membrane that creates a reaction compartment and a
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feeding compartment into which
inhibitory byproducts diffuse and
from which substrates and energy
components are continuously sup-
plied (36). The production yield of
UBR1 fragments in the RTS system
was markedly higher than tradi-
tional in vitro expression technolo-
gies, making it possible to efficiently
and reproducibly determine the
binding specificity of a test protein
to various N-terminal residues of
synthetic peptides.

Because the 70-residue UBR box,
a Cys/His-based zinc finger-like
domain, is the only domain con-
served in UBR1, UBR2, UBR4, and
UBRS5 (Figs. 2B and 3, A and B), we
first tested whether the 50-kDa
UBR1 fragment (His,-UBR1-(1-
453)) containing the UBR box has
the ability to bind to destabilizing
N-terminal residues. The 50-kDa
fragment (1 in Fig. 3C), expressed in
the CECF-based wheat germ lysate,
was pulled down by both Arg-pep-
tide and Phe-peptide but not by Gly-
peptide (Fig. 3C). In contrast,
82-kDa UBR1-(308-1010) (5 in Fig.
4A), lacking the UBR box, did not
bind to destabilizing N termini. A
corresponding UBR?2 fragment (50-
kDa UBR2-(1-452)) also bound to
Arg-peptide and Phe-peptide but
not Gly-peptide (Fig. 4B). We con-
clude that the 50-kDa N-terminal
region in both UBR1 and UBR2 con-
tains the activity for binding to
type-1 and type-2 N-end rule
substrates.

To further dissect the substrate
recognition domain, we expressed
23 deletion mutants of 50 kDa
UBR1-(1-453) (I in Fig. 3C) using
the CECF-based wheat germ
extracts and examined their binding
specificities to various N termini
using the X-peptide pull-down
assay. Unexpectedly, serial C-termi-
nal deletion of UBRI1-(1-453)
revealed the presence of two dis-

tinct substrate recognition domains of the N-end rule pathway.
For example, UBR1-(1-387) (13 in Fig. 3C) bound to both
type-1 and type-2 N termini. However, UBR1-(1-377) (16 in
Fig. 3C), with a C-terminal deletion of 10 amino acids from
UBR1-(1-387), had an intact activity to type-1 substrate but
was almost completely abolished in type-2 substrate binding,
indicating that sequence elements recognizing type-1 and
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FIGURE 2. The binding properties of the UBR box family members to type-1 and type-2 destabilizing
N-terminal residues. A, the X-peptide pull-down assay with overexpressed, full-length UBR proteins: UBR2,
UBR3 (in S. cerevisiae cells), UBR4, UBR5 (in COS7 cells), and UBR6 and UBR7 (in the wheat germ lysates).
Precipitates were analyzed by immunoblotting (for UBR2, UBR3, UBR4, and UBR5) with tag-specific antibodies
as indicated in B or autoradiography (for UBR6 and UBR7). B, the structures of UBR box proteins. Shown are
locations of the UBR box, the N-domain, and other E3-related domains. UBR, UBR box; RING, RING finger; UAIN,
UBR-specific autoinhibitory domain; CRD, cysteine-rich domain; PHD, plant homeodomain; HECT, HECT

domain.

type-2 N-end rule substrates may be mechanistically distinct.
UBR1-(1-191) (3 in Fig. 3C), containing the UBR box (residues
99 -163), still retained the ability to bind to the type-1 substrate,
whereas UBR1-(1-157) (18 in Fig. 3C), with a C-terminal dele-
tion of six amino acids from the UBR box, showed no detectible
activity toward N-degrons. The 11-kDa UBR1-(91-191) frag-
ment (19 in Fig. 4A), with a deletion of N-terminal 90 residues
from UBR1-(1-191), retained a significant activity. However,
UBR1-(107-405) (17in Fig. 4A), with an N-terminal deletion of
eight residues (residue 99-106) from the UBR box, abolished
its binding to the type-1 substrate. Remarkably, UBR1-(98 —
169) (22 in Fig. 4A), the 72-residue UBR box-alone fragment
(residue 98 —-169), retained an almost complete activity for the
type-1 substrate. We conclude that the 70-residue UBR box of
UBR1 is the substrate recognition domain for type-1 substrates.

We next determined the binding properties of isolated UBR
box fragments from other UBR proteins to the type-1 N termi-
nus. Approximately 70-residue UBR box-only fragments from
UBR2 through UBR7 were expressed in the RTS Wheat Germ
CECF system. Among these, only UBR2, UBR3, and UBR4 frag-
ments were expressed in levels sufficient for the X-peptide pull-
down assay. Consistent with the finding with UBR1, the UBR
box-only fragment of UBR2 exhibited a strong affinity to the
type-1 substrate Arg but not to the type-2 substrate Phe or the
control N terminus Gly (Fig. 4B). In contrast, the corresponding
UBR3 and UBR4 fragments did not show significant and selec-
tive binding to any of these N termini (data not shown). We
then determined whether a larger UBR4 fragment, containing
the UBR box, can bind to destabilizing N-terminal residues; the
human 80-kDa UBR4-(1524 —2254) fragment, expressed in the
wheat germ lysate, did not bind to tested N termini (data not
shown). Likewise, UBR5-(889 —1877), containing the UBR box,
did not bind to Arg-peptide (data not shown). Thus, the binding
activity of the UBR box to the N terminus requires additional
components, including specific residues in the context of
appropriate conformation.

1888 JOURNAL OF BIOLOGICAL CHEMISTRY

303), termed here the N-domain,
exhibits weak, but significant, simi-
larity in primary and secondary
sequences to E. coli ClpS with a size
of 106 residues (37). ClpS has been
recently implicated as an N-recog-
nin that recognizes bacterial N-end
rule substrates (38). Based on these results, we reasoned that
the N-domain is a distinct domain required for recognition of
type-2 N-end rule substrates, which is further supported by
site-directed mutagenesis analysis (see below). We then tested
whether the N-domain is sufficient for type-2 substrate recog-
nition; UBR1-(164—453) (8 in Fig. 4A), containing the N-do-
main but not the UBR box, did not bind to the type-2 substrate.
This suggests that the N-domain itself is not sufficient for sub-
strate binding, but its specific residues participate in the recog-
nition of type-2 substrates. Whereas UBR1-(34.—405) (12 in Fig.
4A), with N-terminal 33-residue deletion, bound both type-1
and type-2 N termini, UBR1-(48—405) (I5 in Fig. 4A), with
N-terminal 47-residue deletion, bound only type-1 N terminus.
Thus, the N-terminal region is also required for optimal recog-
nition of type-2 substrates, but not for type-1 substrates, per-
haps through its interaction with the N-domain.

The proteolytic system that creates and recognizes N-de-
grons is present both in prokaryotes and eukaryotes, even
though prokaryotes lack the Ub-proteasome system (2, 39). In
the bacterium E. coli, the primary destabilizing N-terminal res-
idues (Phe, Leu, Trp, and Tyr) and the secondary destabilizing
residues (Arg and Lys) function as an essential component of
N-degrons (2). Prokaryotic proteasome enzymes, ClpA and
ClpP, cooperate to degrade N-end rule substrates. E. coli ClpS,
the ClpA adaptor protein, has been identified as a substrate
recognition protein for the bacterial N-end rule pathway (38).
The role of ClpS in the bacterial N-end rule degradation was
complicated by the finding that it suppressed the degradation
rate when the substrate level was high (40). To address the
functional relationship between eukaryotic and prokaryotic
N-recognins, we tested whether E. coli ClpS can bind to desta-
bilizing N termini in the context of mammalian N-end rule
substrates. The X-peptide pull-down assay using E. coli ClpS,
expressed in the wheat germ lysate, demonstrated that ClpS can
be brought down by Phe-peptide and Trp-peptide but not by
Arg-peptide or Gly-peptide (Fig. 5B). In addition to confirming
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peptide or Gly-peptide (Fig. 6D).
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FIGURE 3. The UBR box is the substrate recognition domain of UBR1. A, locations of the UBR box, the
N-domain, the RING domain, and the UAIN domain in mouse UBR1. B, sequence alignment of UBR boxes in
mouse UBR proteins, in which conserved Cys and His residues are highlighted (cyan). Indicated by yellow
highlight is the Cys residue of mouse UBR1 deduced from the Cys residue of Arabidopsis BIG/UBR4 whose
missence mutation perturbs auxin transport (42). Indicated by red highlight are the residues of mouse UBR1
deduced from those of S. cerevisiae UBR1 that were identified to be essential for degradation of type-1 N-end
rule substrates (41). Predicted secondary structure elements of the UBR box of mouse UBR1 (arrow, 3-sheet) are
shown above the sequence alignment. C, the X-peptide pull-down assay with C-terminal deleted UBR1 frag-
ments expressed in the CECF-based wheat germ extracts. The identification numbers for UBR1 fragments are
shown to the left. Most UBR1 fragments are N-terminal His¢-tagged. The binding activity of each fragment was
recorded as either positive (+) or negative (—). The autoradiography for the X-peptide pull-down assay is

shown to the right. UAIN, UBR-specific autoinhibitory domain.

that ClpS is an N-recognin, these results suggest that the
machinery required for recognition of type-2 substrates is evo-
lutionarily conserved, at least in part, in eukaryotes and
prokaryotes.

We observed the presence of the N-domain in UBR1, UBR?2,
and their (putative) homologs in other species (type-1/2
N-recognins), but not in UBR5 (type-1 N-recognin) (Fig. 2B) or
their (putative) homologs. Mouse UBR4 (type-1/2 N-recognin)
also contains a region with weak homology to the N-domain,
whose function is to be tested (data not shown). Thus, the pres-
ence of the N-domain is largely correlated with the ability to
recognize type-2 N termini.

Surface Plasmon Resonance (Biacore) Assay to Determine the
Alffinity of the UBR Box to N-terminal Amino Acids—We deter-
mined the interaction between the UBR box and various N-ter-

JANUARY 16, 2009 +VOLUME 284+NUMBER 3

its affinity to Arg-peptide is ~3.4
M (Fig. 6F). In addition to confirm-
ing that the UBR box is a substrate
binding domain, these results sug-
gest that the selective binding of the
UBR box to destabilizing N-termi-
nal residues is a critical biochemical
event in the ubiquitylation of N-end
rule substrates.

Site-directed Mutagenesis Analy-
sis of the Substrate Recognition
Domains of the N-end rule Pathway—To further dissect sub-
strate recognition domains of mouse UBR1, we employed site-
directed mutagenesis to generate 31 mutants of UBR1-(1-453),
each of which contained a mutation to alanine (Ala), and deter-
mined the effect of individual mutations using the X-peptide
pull-down assay (Figs. 7 and 8). The mutants can be categorized
into four groups. Group-1 residues (8 Cys, 2 His, and 1 Asp),
localized in the 70-residue UBR box, are conserved in all known
UBR proteins (Fig. 7A). The mutation of any of these residues
almost completely abolished the ability to bind to the type-1
substrate and less severely to the type-2 substrate (Fig. 7C),
compared with wild-type UBR1-(1-453) (Fig. 7B). This indi-
cates that these Cys and His residues provide a structural ele-
ment for the recognition of both type-1 and type-2 substrates,
perhaps by forming a zinc finger-like structure. In addition to
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type-1 and type-2 N-end rule sub-
strates, whereas specific residues

FIGURE 4. The X-peptide pull-down assay of deletion mutants of UBR1 and UBR2. A, the X-peptide
pull-down assay with N-terminal deleted and other related UBR1 fragments that were expressed in the
CECF-based wheat germ extracts. The identification numbers for UBR1 fragments are shown to
the left. Most UBR1 fragments are N-terminal Hiss-tagged. The binding activity of each fragment was
recorded as either positive (+) or negative (—). The autoradiography for the X-peptide pull-down assay is
shown to the right. B, the X-peptide pull-down assay with UBR2 fragments expressed in the wheat germ
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interaction with type-1 and type-2
substrates.
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FIGURE 5. The binding properties of E. coli ClpS to mammalian N-end rule substrates. A, the sequence alignment of the ~80-residue N-domain of
eukaryotic N-recognins with E. coli ClpS with a size of 106 amino acids. Indicated by red highlight are the residues of mouse UBR1 deduced from those of
S. cerevisiae UBR1 that were identified to be essential for degradation of type-2 N-end rule substrates (41). Predicted secondary structure elements of the
N-domain of mouse UBR1 (arrow, B-sheet; cylinder, a-helix) are shown above the sequence alignment. B, the X-peptide pull-down assay with E. coli ClpS
expressed in the wheat germ extracts. E. coli ClpS binds to type-2, but not type-1, N termini in the context of a mammalian N-end rule substrate. *, a putative

cleavage product of Hisg-ClpS.
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FIGURE 6. Surface plasmon resonance (Biacore) analysis for the interaction between MBP-UBR1-(91-191)-His, and X-peptides (X = Arg, Phe, or Gly).
Biotinylated X-peptides, adjusted to 20 nm in the binding buffer (see “Experimental Procedures”), were immobilized to a sensor chip. A, the structures of
MBP-UBR1-(91-191)-Hisg and MBP-His,. B, purified MBP-UBR1-(91-191)-His, and MBP-His, were separated on SDS-PAGE and stained with Coomassie Brilliant
Blue R-250 (Bio-Rad). C, the X-peptide pull-down assay. Purified MBP-UBR1-(91-191)-Hisg or MBP-His, was mixed with X-peptide beads, followed by anti-His,
immunoblotting of precipitated proteins. D, Biacore sensorgram illustrating the binding of MBP-UBR1-(91-191)-His, to Arg-peptide but not to Phe-peptide or
Gly-peptide. MBP-UBR1-(91-191)-His,, adjusted to 5 um in the binding buffer, was injected over immobilized X-peptides at a flow rate of 40 wl/min. E, Biacore
sensorgram with MBP-His, showing no detectible affinity to X-peptides. F, kinetic analysis of the affinity of MBP-UBR1-(91-191)-His, to Arg-peptide. MBP-
UBR1-(91-191)-Hisg was serially diluted in the binding buffer and subsequently injected over immobilized Arg-peptide at a flow rate of 40 wl/min. Numbers
(1-10) represent, respectively, the concentrations (3.13, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, 0.04, 0.02, and 0.01 um) of injected MBP-UBR1-(91-191)-His,,.

N-end Rule Substrates by Dipeptides—Dipeptides bearing
destabilizing N-terminal residues have been used to inhibit the
N-end rule pathway in vivo and in vitro (2, 14). To further char-
acterize the binding of the UBR box to N-degrons, we per-
formed the X-peptide pull-down assay in the presence of vary-
ing concentrations of dipeptides (Fig. 9). UBR1-(34-405),
containing both the UBR box and the N-domain, bound to
X-peptides bearing N-terminal Arg (type 1), Phe (type 2), or
Trp (type 2), but not Gly (stabilizing) (Fig. 94). The binding of
Arg-peptide to UBR1-(34 —405) was selectively inhibited by the
type-1 dipeptide Arg-Ala with an approximate half-maximal
inhibitory concentration (IC;,) of 0.26 mm, but not significantly
by 2 mum of the dipeptides Phe-Ala, Trp-Ala (type 2), or Ala-Arg
(stabilizing) (Fig. 9, B and C). In contrast to Arg-Ala, the type-1
dipeptide Lys-Ala showed notably weak inhibitory efficacy
(IC5o ~1.1 mm) (Fig. 9, B and C). Likewise, the binding of Phe-
peptide to UBR1-(34—-405) was selectively inhibited by the
type-2 dipeptides Phe-Ala (IC,, ~ 0.44 mm) and Trp-Ala (IC;,
~ 0.24 mM), but not significantly by the dipeptides Arg-Ala,
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Lys-Ala, or Ala-Phe (Fig. 9, D and E). In agreement with the
above results, 11-kDa UBR1-(91-191) bound to Arg-peptide
but not to Phe-peptide, Trp-peptide, or Gly-peptide (Fig. 94).
The binding of Arg-peptide to UBR1-(91-191) was inhibited by
Arg-Ala (IC,, ~0.28 mMm) and Lys-Ala (IC, ~1.3 mm), but not
by Phe-Ala, Trp-Ala, or Ala-Arg (Fig. 9, Fand G). These results
together suggest that the UBR box is a common structural ele-
ment responsible for binding to all known N-terminal degrada-
tion determinants and that, whereas the affinity in substrate
recognition is mainly determined by the identity of N-terminal
residues, it is also affected by the length and sequence of the
N-terminal region of the protein.

DISCUSSION

Although the N-end rule pathway is well characterized in its
hierarchical structure, physiological functions, degrons, and
inhibitors, it has remained elusive whether N-degron is recog-
nized by a specific domain that is conserved in primary, second-
ary, and/or tertiary structure. Our results demonstrate that the

JOURNAL OF BIOLOGICAL CHEMISTRY 1891



UBR Box Proteins

Group1 (C99 C112 C115 C124 C127 H133 H136 C149 D150 C151 C163)

Group 2 (F103 D118 C121 V122 D126A K134 G147 D153 W157)

B 2 C
EmMRGF
S
wWT . . - EmMRGF mRG F
%) 50 4.0 42 - clizal - =
(%) 50 40 C99A .
50 01 08 50 0.1 08
01 0.1 03 0.1
mRG F mMRG F mMRGF
cizaa| & % | ci27a . - H133A .- -
50 01 07 50 00 03 50 00 03
0.4 0.1 0.0 0.0 00 0.0
mMRG F mMRG F mMRG F
C149A . » | Dis0A . "] C151A| ™ s
50 0.0 05 50 00 08 50 0.0 06
0.0 0.0 0.0 0.0 0.3 041
D mMRG F mRGF mMRG F
F103A .— - D118A . - . ci21A . -
50 0.1 05 50 03 4.6 50 00 03
03 0.1 02 0.1 0.0 0.0
mMRGF mMRAGF MRGF
D126A ‘ N koM ' - G147A ... -
50 10 25 50 34 22 50 01 08
0.0 0.0 02 0.1 02 01
mMRG F
W157A ' "
50 00 05
02 0.0

FIGURE 7. Site-directed mutagenesis analysis of the UBR box of mouse UBR1. A, diagram of the UBR1-(1-
453) fragment showing residues that are mutated into alanine. Group 1 is 11 residues (8 Cys, 2 His, and 1 Asp),
which are localized within the 70-residue UBR box and conserved in all known UBR proteins. Group 2 is 9
residues that are incompletely conserved within the UBR box. B, the X-peptide pull-down assay with wild-type
UBR1-(1-453), expressed in the wheat germ lysate, and bead-conjugated X-peptides bearing N-terminal Arg
(R), Gly (G), or Phe (F). The levels of signals compared with 5% input signal are shown at the bottom. The lane m
represents a pull-down reaction with mock beads. C and D, the X-peptide pull-down assays with Group-1 (C)
and Group-2 (D) UBR1-(1-453) mutants. Note that Group-1 mutations show clear tendency to completely

abolish the type-1 substrate binding activity.

70-residue UBR box is a general substrate recognition domain
in the N-end rule pathway. Given that the UBR box is a zinc
finger-like domain where conserved Cys and His residues pro-
vide structural integrity, it is parsimonious to speculate that it
provides an essential structural element on which active site
residues, within or outside the UBR box, interact with the N
terminus of a short-lived protein. Its strong structural integrity
is manifested by the data that the 72-residue UBR box-only
fragment (out of 1,757 amino acids) retains virtually intact
activity for binding to the type-1 substrate (Fig. 44), when com-
pared with larger recombinant UBR1 fragments (Figs. 3C and
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4A) and endogenous UBR proteins
(10) (Fig. 24, data not shown). This
indicates that all the active site resi-
dues required for type-1 degron rec-
ognition reside within the 70-resi-

UBR11-453 due region. One such type-1 residue
may be the well conserved Asp-150,
whose mutation completely abol-

Group 1 ishes substrate binding (Fig. 7C).

The recognition of type-2 substrates

—— requires an additional domain,

termed the N-domain (Fig. 3A),

C115A . which is localized downstream of
50 o0 05 the UBR box. In contrast to the UBR

61 0.0 box, however, the N-domain alone

mRGF is not sufficient for substrate bind-

ing (8 in Fig. 4A), indicating that

H136A | M " specific residues within the N-do-
50 01 06 main are localized in the three-di-

03 01 mensional proximity of the UBR

mRG F box, where they interact with N-de-

grons. By using surface plasmon res-

C163A ! " onance (Biacore) assay, we demon-
50 01 04 strate that UBR1-(91-191) binds to

0.0 00 Arg-peptide, with K, of ~3.4 um

mRGF (Fig. 6, D and F), but shows no
detectible affinity to Phe-peptide

iaa . ' . and Gly-peptide (Fig. 6D). These
50 7.6 7.6 results suggest that the strong dif-
a0 ference in affinity to N-terminal res-

mRG F idues is the molecular basis of sub-

— ' - strate selectivity in the N-er‘ld r}lle
pathway. Perhaps, the combination

80, 01,43 of moderate affinity (K, of ~3.4 um)

and strong selectivity (difference in

K, between destabilizing and stabi-

lizing residues) makes it possible to

Group 2 achieve an appropriate balance

between substrate selectivity and
enzymatic processivity, ensuring
both “selective binding” to a sub-
strate and “rapid dissociation” from
the N terminus to transfer Ub to an
internal Lys residue.

Our findings are consistent with a
genetic screening with S. cerevisiae
ubrl, which identified specific
mutations impairing the degradation of type-1 or type-2 N-end
rule substrates (41). A sequence comparison indicates that
type-1-specific residues (Cys-121/Val-122, Gly-147, and Asp-
150) of mouse UBR1, deduced from the yeast UBR1 residues,
are all localized inside the UBR box (Fig. 3B, red highlight). It is
also notable that among type 2-specific residues (Asp-233, His-
236, and Glu-407 in mouse UBR1), Asp-233 and His-236 are
localized within the N-domain (Fig. 54, red highlight). In agree-
ment with these observations, our pull-down assays demon-
strate that mutations of type-1 residues (Cys-121, Gly-147, and
Asp-150) have clear tendencies to completely abolish the
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FIGURE 8. Site-directed mutagenesis analysis of the N-domain. A, the diagram of UBR1-(1-453) showing
residues thatare mutated into Ala. Group 3is 5 residues within the N-domain, and Group 4is 6 residues localized
outside the UBR box and the N-domain. B and C, the X-peptide pull-down assay with Group 3 (B) and Group 4
(C) UBR1-(1-453) mutants and bead-conjugated X-peptides bearing N-terminal Arg (R), Gly (G), or Phe (F). The
levels of signals compared with 5% input signal are shown to the bottom. Lane m represents a pull-down

reaction with mock beads.

type-1 activity of mouse UBR1 (Fig. 7), whereas mutations of
type-2 residues, Asp-233 and His-236, disrupt the type-2 activ-
ity (Fig. 8B). Based on these findings, we propose a model where
the UBR box of UBR1 and UBR2 provides a common structural
element essential for binding to all known destabilizing N-ter-
minal residues, whereas a set of specific residues inside (for type
1) or outside (for type 2) the UBR box interact with their side
groups.

We tested whether isolated UBR box fragments from
other UBR proteins are capable of binding to the type-1 sub-
strate Arg. In contrast to UBR1 and UBR2, the UBR box of
other N-recognins, 600-kDa UBR4 and 300-kDa UBR5, did
not show detectible affinity to the N terminus (data not
shown). This suggests that the UBR box of UBR4 and UBR5
may have a minimal role in substrate recognition. However,
itis more likely that the UBR box of these two proteins do act
as a substrate recognition domain. One parsimonious inter-
pretation would be that, whereas Cys/His residues of the
UBR box provide a structural element (i.e. the thermody-
namic free energy in conformation), the binding of isolated
UBR box fragments requires specific residues in a manner
depending on appropriate conformation. This conjecture is
supported by the finding that a missense mutation of a con-
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(Fig. 5A) and participates in the
recognition of type-2 mammalian
substrates (Figs. 3 and 4). The
mechanistic similarity in substrate
recognition between eukaryotic and
prokaryotic N-end rule pathways,
despite fundamental differences in downstream proteolytic
processes (the proteasome complex versus the ClpA/ClpP com-
plex), indicates the ancient origin of the N-end rule pathway.
How do mammalian N-recognins have a signature of bacterial
N-recognin? One intriguing possibility is that a type-2 N-recog-
nin in bacteria has been recruited, sometime during evolu-
tion, to a eukaryotic N-recognin that originally recognized
only type-1 substrates, resulting in a chimeric N-recognin that
binds to both type-1 and type-2 substrates. Because of the pres-
ence of the UBR box whose zinc finger-like structure based on
Cys/His residues is stronger compared with the N-domain, the
structural integrity of the N-domain may have been gradually
diminished, leaving a few residues that directly interact with
type-2 substrates. The finding that the UBR box alone has no
detectible affinity to the type-2 substrate Phe (Fig. 6D) further
supports the model that the N-end rule pathway in ancient
eukaryotes originally evolved to recognize only type-1
substrates.

Substrate recognition by Ub ligases is usually based on
protein-protein interface, making it difficult to define a gen-
eral substrate recognition domain. For example, F-box pro-
teins in the Skpl-Cullin-F-box E3 complex have an F-box
motif that binds to SKP1 for assembly into the SKP1-CUL1
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FIGURE 9. Selective inhibition of the interaction between the UBR box and the X-peptide by dipeptides. A, the X-peptide pull-down assay with
UBR1-(34-405) (top) and UBR1-(91-191) (bottom), expressed in the CECF-based wheat germ extracts, using X-peptides that bear N-terminal Arg, Phe,
Trp, or Gly. B, inhibition of the interaction between UBR1-(34-405) and Arg-peptide by dipeptides bearing various N-terminal residues. The X-peptide
pull-down assay was performed in the presence of varying concentrations of dipeptides. RA, Arg-Ala; KA, Lys-Ala; AR, Ala-Arg; FA, Phe-Ala; WA, Trp-Ala.
C, quantitation of B. D, inhibition of the interaction between UBR1-(34-405) and Phe-peptide by dipeptides bearing various N-terminal residues.
E, quantitation of D. F, inhibition of the interaction between UBR1-(91-191) and Arg-peptide by dipeptides bearing various N-terminal residues.

G, quantitation of F.

complex but do not have a conserved substrate recognition
domain (43). In contrast to other E3 systems, the N-end rule
pathway recognizes a single amino acid at the N terminus as
a primary degradation signal, making it possible to employ a
general domain that recognizes the universal structure of the
N terminus of the protein. Although the UBR box is con-
served in all known N-recognins (UBR1, UBR2, UBR4, and
UBRS5) in mammals, it is also found in other UBR proteins
(UBR3, UBR6, and UBR?7) (Fig. 2). It remains to be investi-
gated which residues in the UBR box discriminate

1894 JOURNAL OF BIOLOGICAL CHEMISTRY

N-recognins from non-N-recognins. It has been reported
that Arabidopsis thaliana has an N-recognin called PRT1 that
recognizes aromatic N-terminal residues (Phe, Tyr, and Trp), a
subset of type-2 N-end rule substrates (44, 45). The 45-kDa RING
finger protein with two ZZ domains shows no significant sequence
homology to any of the UBR proteins nor does it contain a canon-
ical UBR box or the N-domain, suggesting that the UBR box is not
needed to recognize aromatic N-terminal residues in certain con-
ditions. Perhaps, there may be a set of eukaryotic N-recognins that
do not have the UBR box.
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