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Background: Initiation of protein degradation by the proteasome requires the presence of an unstructured motif, usually
located at the termini of the substrate.
Results: Disruption of a hydrophobic sequence within such an unstructured motif abolishes proteasomal degradation.
Conclusion: The hydrophobicity requirement reveals a novel feature of degradation initiation sites.
Significance:Diverse proteasome substrates can be selectively stabilized by fusing a disrupted degradation initiation site to their
termini.

Protein elimination by the ubiquitin-proteasome system
requires the presence of a cis-acting degradation signal. Efforts
to discern degradation signals of misfolded proteasome sub-
strates thus far revealed a generalmechanismwhereby the expo-
sure of cryptic hydrophobic motifs provides a degradation
determinant.
We have previously characterized such a determinant,

employing the yeast kinetochore protein Ndc10 as a model sub-
strate. Ndc10 is essentially a stable protein that is rapidly
degraded upon exposure of a hydrophobic motif located at the
C-terminal region. The degradation motif comprises two dis-
tinct and essential elements: DegA, encompassing two
amphipathic helices, and DegB, a hydrophobic sequence within
the loosely structured C-terminal tail of Ndc10. Here we show
that the hydrophobic nature of DegB is irrelevant for the ubiq-
uitylation of substrates containing the Ndc10 degradation
motif, but is essential for proteasomal degradation. Mutant
DegB, in which the hydrophobic sequence was disrupted, acted
as a dominant degradation inhibitory element when expressed
at the C-terminal regions of ubiquitin-dependent and -inde-
pendent substrates of the 26S proteasome. This mutant stabi-
lized substrates in both yeast andmammalian cells, indicative of
a modular recognition moiety. The dominant function of the
mutantDegB provides a powerful experimental tool for evaluat-
ing the physiological implications of stabilization of specific
proteasome substrates in intact cells and for studying the asso-
ciated pathological effects.

Degradation signals, or degrons, are usually defined as min-
imal elements within proteins that are essential for the degra-

dation of substrates by a proteolytic apparatus (1). An impor-
tant property of autonomous degrons is that they are
interchangeable; and once genetically fused to an otherwise
long lived protein, they confermetabolic instability (2). Uncon-
trolled protein degradation might confer deleterious conse-
quences at the cellular and the whole organism levels. Conse-
quently, degron exposure is tightly regulated (2).
Protein degradation by the ubiquitin (Ub)2-proteasome sys-

tem can be classified into two major categories: regulated deg-
radation of short lived proteins and protein quality control
associated degradation (PQCD). Although the enzymatic
machinery that targets protein ubiquitylation is well character-
ized, our knowledge of the mechanism(s) by which the ubiqui-
tylation machinery recognizes degrons is still limited (2).
Understanding these mechanisms is particularly challenging in
PQCD pathways, where a diverse repertoire of substrates is
ubiquitylated by a limited number of ubiquitylation E3 ligase
complexes, thus necessitating recognition of multiple degrons
by a single E3 ligase complex.
Studies of PQCD degrons have thus far revealed a general

paradigm whereby exposure of hydrophobic sequences, gener-
ally buried within the protein core, provides a degradation sig-
nal (3–7).We have previously characterized a PQCD degron in
detail, using the yeast kinetochore protein Ndc10 as a model
substrate (5). Ndc10, normally a stable protein, is rapidly
degraded upon exposure of hydrophobic motifs localized to its
C-terminal region. The degradation is dependent on the endo-
plasmic reticulum membrane-embedded Ub E3 ligase, Doa10.
Notably, placing the degron at the C terminus of otherwise
stable proteins triggers Doa10-dependent protein degradation,
demonstrating its autonomous nature.
Further characterization of theNdc10 degron revealed that it

comprises two distinct and essential elements:DegA, consisting
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of a hydrophobic surface buried between two amphipathic hel-
ices, andDegB, a hydrophobic sequence confined to the Ndc10
loosely structured C-terminal tail (Fig. 1A). Consistent with the
general PQCD degron paradigm, exposure of an intact
amphipathic helix within DegA is obligatory for ubiquitylation
(5). The underlying role of DegB in protein degradation has
remained obscure.
We hereby report a novel role for DegB as a degradation

initiation determinant. We found that in contrast to DegA, the
hydrophobicity of DegB was irrelevant for ubiquitylation but
was essential for degradation by the 26Sproteasome.Moreover,
a mutant DegB, in which the hydrophobic sequence was dis-
rupted, acted as a dominant degradation inhibitory element
when expressed at the C terminus of Ub-dependent and -inde-
pendent substrates. Importantly, the inhibition of degradation
by mutant DegB was not specific to yeast proteasomes, as it
similarly stabilized the transcription factor XBP1, an estab-
lished proteasome substrate (8, 9) expressed in the human
embryonic kidney (HEK) 293T cell line.

EXPERIMENTAL PROCEDURES

Plasmids and Yeast Strains

Details are provided in Tables 1 and 2.

Yeast, HEK293T Cells, and Bacterial Media

Yeast-rich media, minimal media, and bacterial media were
prepared according to standard protocols. HEK293T cells were
maintained in DMEM (10% FCS, 2 mM glutamine, 50 units/ml
penicillin, and 50 �g/ml streptomycin).

Site-directed Mutagenesis

Site-directed mutagenesis was performed using Pfu Ultra
polymerase, according to the manufacturer’s instructions
(Stratagene). All products were verified by sequencing.

Plasmid Construction

C-terminal Tagging of Mouse Ornithine Decarboxylase
(mODC) and RPN10-GFP with DegB—DNA fragments con-
taining the last C-terminal 15 amino acids (aa) of Ndc10
(DegB) were amplified with 3�- and 5�-flanking sequences
complemented to regions within the C terminus of the target
genes RPN10-GFP and mODC. The DNA fragments were
integrated into their corresponding targets, after lineariza-
tion of the backbone plasmids, by yeast recombination tech-
niques. The presence of the 15-aa insertions was verified by
sequencing.

FIGURE 1. The hydrophobic core of DegB of the Ndc10 degron is dispensable for ubiquitylation but essential for proteasomal degradation. A, amino
acid sequence and structure prediction of the Ndc10 degron are shown. B, schematic presentation of Vma12-degron fusions used in C–E. V-DegB: Vma12-DegB;
V-DegAB: Vma12-DegAB. C, DegB is insufficient to confer degradation to Vma12. Cells expressing the indicated proteins were subjected to cycloheximide-chase
degradation assay, as described under “Experimental Procedures.” D, intact DegB is required for the degradation of Vma12-DegAB. Wild type and doa10� cells,
expressing intact Vma12-DegAB or a truncated protein in which the last 10 aa were removed (�10), or a mutant protein in which two Leu residues at the
hydrophobic core of DegB were replaced with Asp (DD), were subjected to cycloheximide degradation assay. E, the DD mutation within DegB did not impair the
ubiquitylation of Vma12-DegAB. The various Vma12-DegAB proteins described in D were purified from cells using anti FLAG-agarose affinity gel. PolyUb chains
conjugated to V12-DegAB were detected after separation on 5–15% gradient SDS-PAGE. Triangle indicates the estimated molecular mass of unconjugated
V-DegAB.
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Construction of C-terminal DegAB with Tandem Repeats of
DegB—The genes encoding for DegAB-DegBDD or DegABDD-
DegB were synthesized de novo and cloned into pUC57 vector
by GeneScript. To generate plasmids pTR1338 and pTR1339,
the relevant DNA fragments were digested from pUC57 vector
using the restriction enzymes AgeI and SalI and cloned into
pTR913 predigested with the same restriction enzymes.
Construction of URA3-HA-GFP-DegB—To obtain plasmids

containing Ura3-HA-GFP, the GFP-encoding gene fragment
from plasmid pFa6a-GFP (pTR425) was PCR-amplified and
cloned into the pOC9 plasmid (pTR801) at AatII and BamHI
sites, creating plasmid pTR1269. The last 100 aa of Ndc10, with
or without the L950D and L951D mutations, were amplified
from pTR913 and pTR1114, respectively, and cloned into the
pTR1269 at BamHI and SalI restriction sites to obtain pTR1270
and pTR1272, respectively.
Construction of XBP1s-DegBDD and XBP1u-DegBDD—

DegBDD was fused to XBP1s or XBP1u on pcDNA3.1 plasmids
by PCR through the addition of 45 bp of the DegBDD sequence
to the reverse primers. The PCR products were cloned into
NotI and ApaI sites of pcDNA3.1.

Determination of Canavanine Sensitivity

Yeast cells were grown to late logarithmic phase, serially
diluted 10-fold, and spotted on SD-Arg-Ura plates with 1.5
mg/ml of the Arg analog L-canavanine (Can) or on SD-Ura

plates and incubated at 30 °C for 5 or 2 days, respectively. Cells
were spotted at 1A600/spot and 10-fold serial dilutions thereof.

Cycloheximide-chase

Cycloheximide-chasewas performed essentially as described
previously (5). Briefly, logarithmically growing cells were
treated with 0.5 mg/ml cycloheximide, and culture aliquots
were removed at the designated time points. After incubating
the cells in 0.1 M NaOH for 5 min at room temperature, cells
were resuspended in SDS gel-loading buffer and heated at 95 °C
for 5 min. Proteins were then separated on 5–15% SDS-PAGE
followedby immunoblotting.Antibodies used for immunoblot-
tingwere anti-FLAGmAb (Sigma-Aldrich); anti-GFPmAb and
anti-hemagglutinin (HA) mAb (Roche Applied Science); anti-
glucose-6-phosphate dehydrogenase polyclonal antibodies
(Sigma-Aldrich). Experiments were repeated two to four times
and quantified using a G-Box chemi XR imaging system and
GeneTools software (Syngene, UK). Representative results are
shown.

Metabolic Labeling, Pulse-Chase Analysis, and
Immunoprecipitation

After starvation in methionine/cysteine-free Dulbecco’s
modified Eagle’s medium for 45 min, HEK-293T cells,
transfected with plasmids pcDNA3-XBPu-DegBDD and
pcDNA3-XBPs-DegBDD were metabolically labeled with 500

TABLE 1
Yeast strains

Yeast Genotype Source

TRy108 MAT� his3-�200, leu2–3112, ura3–52, lys2–801, trp1–1, gal2 Ref. 32
TRy171 MAT� his3-�200 leu2–3112, ura3–52, lys2–801, trp1–1, gal2, doa10-�1::HIS3 Ref. 33
TRy647 MATa his3�1, leu2�0, met15�0, ura3�0, rpn10�::kanMX Open Biosystem
BY4741 MATa, his3�1, leu2�0, met15�0, ura3�0 Open Biosystem

TABLE 2
Plasmids

Plasmid Relevant markers Source

pTR425 pFa6a-GFP-KanMX6 Ref. 34
pTR809 pOC9 Ref. 6
pTR883 pRS414 GPDp-FLAG-Vma12–6HIS-DegAB�10-CyC1t This work
pTR891 pRS416 GPDp-Rpn10-GFP-CyC1t This work
pTR892 pRS416 GPDp-Rpn10-GFP-cODC (C441A)-CyC1t This work
pTR990 Ubiquitin CUP1 promoter (CEN/LYS2) M. Hochstrasser
pTR913 pRS414 GPDp-FLAG-Vma12-His6-DegAB-Cyc1t This work
pTR1075 pRS416 GPDp-Rpn10-GFP-DegB-CyC1t This work
pTR1085 pRS416 GPDp-Rpn10-GFP-DegBDD-CyC1t This work
pTR1114 pRS414 GPDp-FLAG-Vma12-His6-DegABDD-Cyc1t This work
pTR1155 pEFIRES-P FLAG-ATZ-mODC Ref. 35
pTR1157 pRS414 GPD-FLAG-mODC This work
pTR1266 YCplac111 RFP-PUS1 M. Hochstrasser
pTR1274 pRS416 GPDp-Rpn10-GFP-DegBDD-CyC1t This work
pTR1291 pRS414 GPD-FLAG-mODC (�37)-DegB This work
pTR1316 pUC57-DegAB-DegBDD This work
pTR1317 pUC57-DegABDD-DegB This work
pTR1333 pRS414 GPDp-FLAG-mODC (�15)-DegB-CyC1t This work
pTR1335 pRS414 GPDp-FLAG-mODC (�15)-DegBDD-CyC1t This work
pTR1338 pRS414 GPDp-FLAG-Vma12-His6-DegABDD-DegB-CyC1t This work
pTR1339 pRS414 GPDp-FLAG-Vma12-His6-DegAB-DegBDD-CyC1t This work
pTR 1370 pEFIRES-P FLAG-ATZ-mODC This work
pTR 1371 pEFIRES-P FLAG-ATZ-mODC (�37)-DegB This work
pTR1372 pEFIRES-P FLAG-ATZ-mODC (�15)-DegBDD This work
pTR1373 pEFIRES-P FLAG-ATZ-mODC (�15)-DegB This work
BT1 pcDNA3-XBP1s Ref. 9
BT2 pcDNA3-XBP1u Ref. 9
BT3 pcDNA3-XBP1s-DegBDD This work
BT4 pcDNA3-XBP1u-DegBDD This work
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�Ci/ml [35S]methionine/cysteine (1,200 Ci/mmol) at 37 °C
for 10 min. Pulse-chase experiments, cell lysis, and immuno-
precipitation was performed as described previously (9).
Purified proteins were analyzed by SDS-PAGE followed by
film exposure. The experiment was repeated twice, and den-
sitometry was performed using GeneTools software. Anti-
bodies against XBP1 were from Santa Cruz Biotechnology.
Representative results are shown.

Ubiquitylation Assay

Ubiquitylation assays were performed according to Loayza
and Michaelis (10). Cells co-expressing the indicated FLAG-
Vma12-DegAB plasmids, together with a plasmid containing
copper-inducedUb, were incubated in selectivemedia contain-
ing 100 �M CuSO4 until late logarithmic phase. Approximately
25 A600 cell units were harvested and then lysed by addition of
1.5 ml of 2 N NaOH, 1 M �-mercaptoethanol. The lysate was
incubated on ice with 5% trichloroacetic acid. Proteins were
separated by centrifugation at 17,000� g for 10min at 4 °C, and
the pellet was resuspended in 100 �l of sample buffer. Cell
extracts were diluted 30-fold with buffer supplemented with
protease inhibitors (Sigma) and 5 mM N-ethylmaleimide.
Extracted proteins were pulled down by incubation with anti-
FLAG M2 affinity gel (Sigma) at 4 °C for 3 h. Bead complexes
were washed three times and then released from the gel by
incubation with 3�FLAG peptides at 4 °C for several hours
while shaking. Eluted proteins were separated by 5–15% SDS-
polyacrylamide gradient gel and visualized by immunoblotting,
using anti-FLAG and anti-Ub antibodies.

RESULTS

The Hydrophobic Core of DegB of the Ndc10 Degron Is Dis-
pensable for Ubiquitylation but Essential for Proteasome-medi-
ated Degradation—To investigate the precise role of DegB in
protein degradation, we constructed reporter substrates com-
posed of the stable endoplasmic reticulum protein Vma12 (11),
fused to either DegB or to DegAB which accounts for the full-
length of the Ndc10 degron (Fig. 1, A and B). Cycloheximide-
chase degradation experiments in yeast revealed that Vma12-
DegB remained stable, whereas Vma12-DegAB was rapidly
degraded in a DOA10-dependent manner (Fig. 1, C and D).
Thus, DegB is essential but insufficient for triggering Vma12
degradation.
DegB comprises a hydrophobic core composed of residues

Gly-Leu-Leu-Val-Tyr-Leu (Fig. 1A). To examine whether the
hydrophobicity of DegB is required for degradation, we com-
pared the stability of Vma12-DegAB with that of Vma12-
DegAB�10, where the last 10 residues of Ndc10 were deleted,
and with that of Vma12-DegABDD, in which the two Leu resi-
dues at positions 950 and 951 were substituted with negatively
chargedAsp residues, thereby disrupting the hydrophobic core.
As shown in Fig. 1D, both the truncation and missense muta-
tions substantially stabilized Vma12-DegAB, further emphasiz-
ing the fundamental role of the intact DegB in Vma12
degradation.
To examine the role of DegB in Ub conjugation, Vma12-

DegAB fusion proteins were isolated by immunoprecipitation
from the respective cell extracts using anti-FLAG Abs. PolyUb

conjugates in the immune complexes were subsequently
detected by immunoblotting analysis with anti-Ub. As antici-
pated, high molecular mass polyUb conjugates were observed
in wild type cells but were hardly detected in doa10� cells (Fig.
1E). Vma12-DegAB�10 ubiquitylation was also barely visible,
demonstrating the importance of intact DegB for ubiquityla-
tion. Unexpectedly, ubiquitylation was substantially aug-
mented in Vma12-DegABDD, suggesting that the hydropho-
bicity of DegB is required for degradation, but irrelevant for
ubiquitylation. We therefore hypothesized that the hydro-
phobic segment is required for processes downstream to
ubiquitylation.
DegBDD Abolishes Degradation if Positioned at the C-termi-

nal Region of a Proteasome Substrate—Because DegB is local-
ized at the C terminus of Ndc10, we next investigated whether
its localization is a critical determinant for degradation. To this
end, we generated recombinant proteins, expressing wild type
and mutant DegAB and DegB in tandem. As shown in Fig. 2B,
wild typeDegB restored protein degradation when fused C-ter-
minally to the mutant degron (DegABDD-DegB), as also indi-
cated by the similarity to the degradation kinetics of the wild
type Vma12-DegAB. Thus, once proteolysis was initiated, the
presence of DegBDD per se did not impede degradation. In the
reciprocal experiment, when the mutant DegBDD was fused
C-terminally to the wild type degron, protein degradation was
substantially attenuated. The capacity ofDegBDD to reverse the
destabilizing properties of DegB when expressed C-terminally
to it confirmed that the position of DegB at the extreme C ter-
minus was an essential feature of the Ndc10 degron and that
DegBDD operated as a dominant inhibitor of proteasomal
degradation.
Impairment of Hydrophobicity Does Not Affect the Intracel-

lular Localization of GFP-DegAB—A possible explanation for
the observed stabilization conferred byDegBDDwas that it redi-
rected the proteins to alternative intracellular compartments,
such as inclusion bodies, where they were no longer accessible

FIGURE 2. DegBDD abolishes degradation when positioned at the C-ter-
minal region of a proteasome substrate. A, schematic presentation of DegB
tandem sequences used in B. B, cycloheximide-chase degradation analysis
reveals that fusing DegB DD to Vma12-DegAB abolished degradation whereas
fusing intact DegB to Vma12-DegABDD hardly affected degradation.
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to the 26S proteasome (hence stabilized). To examine whether
DegBDD influenced the cellular distribution of proteins, a
reporter was constructed where the URA3 gene product oroti-
dine-5�-phosphate decarboxylase was fused to GFP, followed
by DegAB to form Ura3-GFP-DegAB (Fig. 3A). DegAB posi-
tioned C-terminally to Ura3-GFP induced Doa10-dependent
degradation of the fusion protein, whereas the addition of
DegABDD did not (Fig. 3B). Next, the cellular distribution of the
fusion proteins inwild type and in doa10� cells was determined
by fluorescence microscopy and compared with that of the
nuclear-localized red fluorescence protein (RFP)-Pus1(12).
Notably, whereas Ura3-GFP was localized in the cytosol, Ura3-
GFP-DegAB, expressed in doa10� cells, was found mainly in
the nucleus, suggesting that DegAB contained a nuclear local-

ization signal (Fig. 3C, c and e). Ura3-GFP-DegABDD was simi-
larly localized in the nucleus in both wild type and doa10� cells
(Fig. 3C, d and e). Taken together, these findings indicate that
substrate stabilization viaDegBDD was not due to altered intra-
cellular localization.
DegB Degron Function Is Independent of Ubiquitylation—

Degrons are generally defined as structural features within pro-
teins that determine ubiquitylation, thus serving as recognition
signals for E3 Ub ligases (2). We were intrigued by the finding
that the disruption of DegB impaired degradation rather than
ubiquitylation and postulated that DegB functions as an
authentic degradation initiation site and thus, may also influ-
ence the degradation of Ub-independent 26S proteasome sub-
strates. To test this hypothesis, we employed a yeast reporter

FIGURE 3. DegBDD did not alter the nuclear localization of GFP-DegAB. A, schematic presentation of Ura3-GFP-DegAB (UG-DegAB). B, degradation kinetics
of UG-DegAB and UG-DegABDD in wild type and doa10� cells are shown. Proteins levels were measured using anti GFP antibodies. C, the cellular localization of
the GFP fusion proteins was determined by fluorescence microscopy. Nuclear staining of the accumulated proteins was indicated by their co-localization with
Pus1-RFP, a nuclear protein. No changes in the cellular localization of the various stabilized proteins were indicated.
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system for Ub-independent proteasomal degradation that
relies on the capacity of cells to sustain growth in the presence
of Can (13), a property that is strictly dependent on active 26S
proteasomes. Thus, yeast cells lacking Rpn10, an integral com-
ponent of the 19S regulatory complex, are viable, but grow
poorly on plates containing Can (14, 15). Expression of Rpn10-
GFP that integrates into the 26S proteasome in rpn10� cells,
reestablishes Can resistance (13). Using Can resistance as a
measure of Rpn10 stability it was found that fusion of Rpn10-
GFP to aC-terminal unstructured sequence, such as the 37-res-
idue-long C terminus of ODC (cODC), destabilized Rpn10-
GFP, and consequently decreased Can resistance (13). It is
therefore postulated that cODC functions as a degradation ini-
tiation cue (13).
To test whether DegB can functionally substitute for cODC,

the stability of Rpn10-GFP proteins, fused to various degrons,

was similarly investigated by means of their ability to confer
Can resistance to rpn10� cells (Fig. 4A). In agreement with
previous findings (13), growth of rpn10� cells was considerably
reduced in the presence of Can and was restored upon the
expression of Rpn10-GFP, but not of Rpn10-GFP-cODC. Con-
sistent with results of the Vma12-DegB stability experiments,
the growth of rpn10� cells in the presence ofCanwas facilitated
by expression of Rpn10-GFP-DegBDD but not by expression of
Rpn10-GFP-DegB, likely indicating that the reporter protein
carrying the mutant DegB was stable. This possibility was con-
firmed by measurement of Rpn10-GFP derivatives. Both
Rpn10-GFP and Rpn10-GFP-DegBDD were readily detected
whereas Rpn10-GFP-DegB was undetectable (Fig. 4B). Taken
together, we concluded that DegB functioned as a degradation
initiation determinant in the context of the Rpn10-GFP
reporter and that this feature was absent in DegBDD.

FIGURE 4. DegB degron function is independent of ubiquitylation. A, upper panel, schematic presentation of Rpn10-GFP fusion (RG-X), where X- is the
various C-terminal extensions. A, lower panel, growth sensitivity to amino acid analog of rpn10� cells strains expressing RG-X is determined. Cells growing to
late logarithmic phase were spotted as 10-fold serial dilutions onto SD-Ura or onto SD-Ura-Arg medium containing 1.5 �g/ml Can. Colony growth was
determined after incubation at 30 °C for 4 days. B, disruption of the hydrophobicity of DegB increased the steady-state levels of RG-DegB fusion protein. C,
DegBDD stabilized mODC. Degradation of mODC that was subjected to the indicated C-terminal truncations and replacements was measured in yeast by
cycloheximide-chase degradation assay. D, degradation of CPY* remained intact in cells co-expressing mODC�15-DegAB. Asterisk, a crossreacting protein that
served as a loading control. CPY*, mutant carboxypeptidase Y.
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Although Rpn10-GFP-DegB is likely an Ub-independent
degradation substrate, Rpn10 potentially can undergo ubiqui-
tylation when bound to the proteasome (16–18). To further
validate the Ub-independent function of DegB, we next exam-
ined its function in an Ub-independent degradation system,
utilizing ODC (19, 20), which is targeted for degradation
through binding to the polyamine-induced protein, antizyme
(21). In yeast, the degradation of heterologously expressed
mODC by the 26S proteasome is dependent on its 37-aa cODC
degron (22).Hencewe testedwhetherDegB is capable of replac-
ing cODC in targeting mODC for degradation.
As reported previously (23), mODC was rapidly degraded in

yeast (Fig. 4C). Yet, we found that replacing the 37-aa-long
cODC degron withDegB stabilized the protein, most likely due
to the elimination of Cys residue at position 441, which is
required for recognition by the 26S proteasome (22). Indeed,
when only the extreme 15 aa of mODC were replaced with
DegB, thusmaintaining the essential Cys-441, themODC-DegB
protein was degraded, albeit with slower kinetics than the wild
typemODC.Conversely, replacing the extreme 15 aa ofmODC
with DegBDD considerably attenuated degradation of the pro-
tein. These results established a critical requirement for the
hydrophobic region within DegB for degradation by the 26S
proteasome.
Next, we considered the possibility that fusion proteins con-

taining DegBDD bind to the proteasome, but cannot be
degraded, thereby obstructing entry of other proteasome sub-
strates to the proteasome 20S catalytic core. The data shown in
Fig. 4A argue against this mode of action because DegBDD,
when fused to Rpn10-GFP, reduced Can sensitivity, indicative
of increased proteasome activity. To verify that indeed the pro-
teasome remained active when expressing DegBDD, we exam-
ined the degradation of mutant carboxypeptidase Y, a PQCD
substrate of the Hrd1 pathway (24). As shown in Fig. 4D, when
co-expressed with mODC-DegBDD, mutant carboxypeptidase
Y was degraded with the same kinetics as in cells expressing an
empty vector or mODC-DegBDD. Thus, the expression of
mODC-DegBDD did not significantly inhibit the proteasome
activity.
DegBDD Stabilized XBP1u and XBP1s Expressed in HEK293T

Cells—We next tested whether DegBDD is also effective in sta-
bilizing substrates of mammalian proteasomes, by fusing it to
XBP1, a key transcription factor of the endoplasmic reticulum
unfolded protein response. XBP1 exists in two forms: XBP1u,
an unspliced form, and XBP1s, a spliced form produced upon
noncanonical mRNA splicing (25, 26). XBP1s is an active tran-
scription factor (27), whereas biological functions have not
been ascribed to XBP1u, other than inhibiting XBP1s (28).
Importantly, XBP1u is an extremely short lived protein that
utilizes Ub-dependent and Ub-independent mechanisms of
proteasomal degradation. XBP1s, on the other hand, is
degraded with half-life of 30–60 min and most likely requires
ubiquitylation for its destruction (8, 9). XBP1, in its two forms,
thus provides an excellent model substrate to test the effect of
DegBDD on proteasomal degradation in mammals. The degra-
dation kinetics of XBP1u and XBP1s DegBDD fusion proteins
were followed by pulse-chase analysis in HEK293T cells, tran-
siently expressing the respective proteins. Similar to the results

obtained in yeast, DegBDD expressed at the C terminus stabi-
lized both XBP1u and XBP1s; albeit, the degradation of XBP1u
was not completely abolished (Fig. 5B). These findings suggest a
general function of DegBDD as an inhibitor of degradation of
Ub-dependent and -independent proteasome substrates.

DISCUSSION

In thisworkwehave investigated the function ofDegB, one of
two essential elements of the Ndc10 degron. We found that an
intact C-terminal DegB is required for the initiation of degra-
dation by the 26S proteasome and that the replacement of two
Leu residues with negatively charged Asp residues within the
hydrophobic core of DegB inhibited proteasomal degradation
of various substrates. The inhibition by mutant DegB required
that it was located at the C terminus. This inhibitory function
was conserved from yeast to mammals. Thus, DegBDD can
operate as a universal cis-acting sequence that inhibits protea-
somal degradation.
Degradation of the 26S proteasome substrates requires the

presence of two essential elements: trans-acting factors that
enhance substrate binding to subunits of the lid complex of the
26S proteasome and cis-elements that initiate degradation (29).
The latter comprise an unstructured region that can be inserted
into the catalytic cavity of the proteasome, where proteolysis
occurs (13, 30). The length of the unstructured region is an
important feature of the degradation initiation signal because
short unstructured elements cannot trigger degradation (11).
Further requirement of unstructured degradation initiation
sites is a certain minimal length that separates them from the
proteasome-trans-acting determinant (11).
The results presented in this study are consistent with an

auxiliary role for the loosely structuredDegBdeterminant at the
Ndc10 extreme C terminus because its deletion prevented
Ndc10 degradation (Fig. 1D). However, a further C-terminal
truncation inhibited substrate ubiquitylation. Therefore, we
have previously speculated that in the Ndc10 degron, DegB is
required for both ubiquitylation and proteasomal degradation

FIGURE 5. DegBDD stabilized XBP1u and XBP1s expressed in HEK293T
cells. Degradation of the indicated proteins, expressed from a pcDNA3 vec-
tor, was determined by pulse-chase analysis. Cells metabolically labeled with
[35S]methionine/cysteine were sampled at the indicated time periods, fol-
lowed by lysis, and immunoprecipitation, as described under “Experimental
Procedures.”
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(5). Selective mutation analysis ofDegB has now led us to revise
this initial hypothesis and assign a degradation initiation func-
tion toDegB. This novel function is supported by the following
findings: (i) disruption of the 6-aa hydrophobic core of DegB
stabilized Vma12-DegAB without impairing ubiquitylation
(Fig. 1E). (ii)DegB enhanced the proteolysis of Ub-independent
proteasome substrates such as Rpn10-GFP (Fig. 3,A andB) and
mODC (Fig. 3C) whereas DegBDD inhibited proteolysis (Figs.
1D, 2B, 3, B andC, 4B, and 5). (iii) ForDegB to function, it must
be localized at the C terminus where, presumably, insertion
into the proteasome catalytic core of proteins containing the
Ndc10 degron is initiated (Fig. 2).
As indicated above, the finding that DegBDD stabilized

Vma12-DegAB without impairing ubiquitylation challenged
our previous findings that removal of 10 aa from the 100-aa
Ndc10 degron abolished ubiquitylation (Ref. 5 and Fig. 1E). It is
possible that, unlike the selective replacement of hydrophobic
aa within DegB, the removal of 10 aa disrupted the integrity of
the preceding amphipathic helices within DegA and hence
abolished this ubiquitylation determinant (5).
The cis-actingDegB determines degradation, provided that it

is expressed at the C terminus of the protein (Fig. 2). Further-
more, when wild type and mutant DegB were expressed in tan-
dem, the C-terminal DegB sequence element was always the
dominant. This finding led us to conclude that: (i) DegB is pri-
marily required for the initiation of proteolysis from the C ter-
minus and (ii) DegBDD per se does not hinder degradation. It
functions as a stabilizing factor only when expressed at the C
terminus; but once proteolysis is initiated, DegBDD can no lon-
ger stop it. (iii) The distance between the substrate recognition
motif and the initiation site is not restricted to aminimal length
because extending Vma12-DegABDD by 15 aa of DegB did not
alter the degradation kinetics.
It is well documented that the degradation of Ub-independ-

ent proteasome substrates such as Rpn10-GFP-cODC (Fig. 3,A
and B) and mODC (Fig. 3C) requires an unstructured C-termi-
nal region with a minimal length requirement for degradation
(13, 22).Herewedemonstrate that the hydrophobic aa property
of the unstructured region is an additional critical feature of the
degron. Our findings are in agreement with previous in vitro
studies of 20S proteasome activity that indicated the existence
of hydrophobic interactions between synthetic peptides and
several noncatalytic proteasome sites (31). These interactions
induced opening of the 20S channel via the �-rings in vitro and
the release of proteolytic peptide products from the protea-
some core during proteolysis (31). Notably, studies of the ATP-
dependent Lon protease from Escherichia coli demonstrated a
prerequisite for the presence and positioning of hydrophobic
core residues within the C terminus of its substrates (32). Inter-
estingly, Asp substitutions that disrupt hydrophobicity inhibit
Lon-substrate binding and substrate degradation (31). This
similarity may indicate an evolutionary conservation of ele-
ments of the proteolyticmachinery, from bacteria tomammals.
Based on our findings, we propose thatDegBDD can function

as a dominant element for the stabilization of various short
lived proteins by means of C-terminal fusion. Traditionally, to
investigate the functional consequences of inhibition of protea-
some-mediated degradation, proteins are stabilized either

through the disruption of degrons or through the inhibition of
the catalytic activity of components of the Ub conjugation
machinery, mainly the proteasome. These methods are prob-
lematic in that degrons of many UPS substrates are either
unknown or poorly defined and that inhibition of UPS compo-
nents frequently causes pleiotropic off-target effects. The use of
DegBDD offers a simple solution that circumvents these two
drawbacks by enabling selective stabilization of a target protein.
Our findings, that fusing DegBDD to target proteins did not
affect proteasome activity (Figs. 3A and 4D), validate this exper-
imental approach. Thus, the dominant function of mutant
DegB provides a powerful experimental tool to evaluate the
physiological and pathological implications of stabilizing spe-
cific proteins in intact cells.
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