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ABSTRAC T T 

Losss of neurons in neurodegenerative diseases is usually preceded 
byy the accumulation of protein deposits that contain components of 
thee ubiquitin/proteasome system. Affected neurons in Alzheimer's 
d iseasee often accumulate UBB41, a mutant ubiquitin carrying a 
199 - amino acid C-terminal extension generated by a transcriptional 
dinucleotidee deletion. Here we show that UBB~: is a potent inhibitor 
off  ubiquitin-dependent proteolysis in neuronal cells, and that this 
inhibitoryy activity correlates with induction of cell cycle arrest. 
Surprisingly,, UBB+1 is recognized as a ubiquitin fusion degradation 
(UFD)) proteasome substrate and ubiquitinated at Lys 29 and Lys 
48.. Full blockade of proteolysis requires both ubiquitination sites. 
Moreover,, the inhibitory effect was enhanced by the introduction 
off  multiple UFD signals. Our findings suggest that the inhibitory 
activityy of UBB + - may be an important determinant of neurotoxicity 
andd contribute to an environment that favors the accumulation of 
misfoldedd proteins. 
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INTRODUCTION N 

AA broad array of human neurodegenerative diseases share strikingly 
similarr histopathological features that may hold the key to their 
molecularr pathogenesis (Sherman and Goldberg, 2001). A common 
findingg is the presence of insoluble proteinaceous deposits, such 
ass the neurofibrillary tangles and neuritic plaques of Alzheimer's 
disease,, the Lewy bodies of Parkinson's disease, and the intranuclear 
inclusionss of Huntington's disease, that differ in their protein content 
butt invariably contain components of the ubiquit in/proteasome 
systemm (UPS) (Schwartz and Ciechanover, 1999). As this cellular 
proteolyticc machinery is involved in the clearance of misfolded 
proteins,, this has led to the suggestion that a chronic imbalance 
betweenn their generation and processing may be the primary cause 
forr the formation of protein deposits (Cummings et al., 1998a; 
Shermann and Goldberg, 2001). This model is further supported 
byy the identification of inactivating mutations in a ubiquitin ligase 
(Kitadaa et al,, 1998) and a deubiquitinating enzyme (Leroy et al., 
1998)) as the cause for rare familial forms of Parkinson's disease 
ass well as genetic mouse models of neurodegeneration (Saigoh et 
al.,, 1999). Moreover, the cellular toxicity correlated with nuclear 
inclusionss can be suppressed by components of the UPS (Fernandez-
Funezz et al., 2000), confirming the role of this proteolytic pathway 
inn the clearance of their precursors. 

Thee demonstration that components of the UPS often are involved 
inn neurodegeneration prompted us to examine whether a general 
impairmentt of the proteolytic machinery may contribute to the 
pathology.. Recently, an aberrant form of ubiquitin was found in 
affectedd neurons of patients with different tauopathies such as 
sporadicc and familial Alzheimer's disease, Down syndrome (Van 
Leeuwenn et al., 1998b), progressive supranuclear palsy (Fergusson 
ett al., 2000), Pick's disease, frontotemporal dementia, argyrophilic 
grainn disease, and the polyglutamine disorder Huntington's disease 
(unpublishedd data), but not in synucleinopathies, such as Lewry 
bodyy disease and multisystem atrophy (Van Leeuwen et al., 1998b). 
Ubiquitinn is generated from precursor proteins consisting of 
tandemm ubiquitin moieties that are cleaved into monomeric ubiquitin 
byy ubiquitin C-terminal hydrolases (Wilkinson, 2000). Due to a 
mechanismm known as molecular misreading (Van Leeuwen et al., 
2000),, a dinucleotide deletion can occur within the mRNA encoding 
thee ubiquitin B precursor resulting in a +1 frame shift close to 
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thee C-terminus of the first ubiquitin moiety (Van Leeuwen et al.. 
1998b).. Translat ion of the shifted open reading frame resul ts in the 
productt UBBJ: that comprises the first ubiquitin moiety with a 19 -
aminoo acid extension. Because the cleavage site of the ubiquitin C-
terminall  hydrolase is absent in UBBM . the extension is not removed. 
Thee aber rant C te rminus p reven ts the activation and conjugation 
off  U B B T \ but due to the unaffected lys ine r e s i d u e s, the mutant 
ubiquitinn may serve as a scaffold for ligation of wild-type ubiquitin 
moleculess (Van Leeuwen et al., 2000). Synthetical ly ubiquitinated 
L'BB' 11 was shown to inhibit proteasomal degradat ion in vitro, and 
thereforee it was hypothesized that its express ion in neurons may 
disturbb ubiquit in-dependent pro teo lys is (Lam et al.. 2000 ), Using 
twoo different green fluorescent protein (GFT)-based repor te rs that 
alloww monitoring of ubiquit in-/proteasome-dependent proteolys is in 
livin gg cells (Dantuma et al., 2000b), we show that UBB + 1 ac ts as 
aa strong inhibitor of the proteasome in vivo and induces a general 
accumula t ionn of ub iqu i t inated s u b s t r a t es and cell cyc le a r r e s t. 
Surprisingly,, UBB4"1 is recognized as a ubiquitin fusion degradation 
(UIT))) subs t ra te and accordingly ubiquitinated at both Lys29 and 
Lys488 res idues of its ubiquitin moiety. The inhibitory capacity rel ies 
onn i t s recogni t ion as a LTD subs t ra te, as subst i tu t ions of e i ther 
lysinee res idue re leases the blockade while the inhibitory activity is 
furtherr activated by enhancement of the LTD signal. 

RESULTS S 

UBB+11 inhibits the ubiquitin/proteasome system in living cells 

Twoo prev ious ly character ized GFP-based p ro teasome subs t ra tes 
ca r r y i ngg an N-cnd rule (Ub-R-GFP) or a UFD (Ubr '7 i 'v-GFP) 
degradat ionn signal (Dantuma et al., 2000b) were used to monitor 
ubiqui t in- /proteasome-dependentt proteolys is in UBB' ' ' -express ing 
cells.. The V e nd rule degradation signal tr iggers ubiquitination close 
too the X terminus of the GFT repor ter once the ubiquitin moiety of 
thee fusion is cleaved by endogenous ubiquitin C-terminal hydrolases 
( V a r s h a v s k y,, 1 9 9 6 ). w h e r e as the UJFD signal inc ludes the X-
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terminall  uncleavable ubiquitin moiety UbG7,'v that serves as target for 
polyubiquitinationn (Johnson et al., 1995). Because UBB+1 mainly has 
beenn found in neurons, the reporters were stably transfected in the 
SH-SY5YY neuroblastoma cell line. In addition, we used a previously 
characterizedd HeLa transfectant that constitutively expresses the 
Ubc:76V-GFPP reporter (Dantuma et ah, 2000b). Reporter expressing 
SH-SY5YY and HeLa cells were transiently transfected with FLAG-
taggedd ubiquitin (FLAGUb) or UBB+\ and were analyzed in parallel for 
expressionn of these proteins and activity of the UPS as assessed 
byy accumulation of the GFP fluorescence. Microscopic and flow 
cytometricc analysis revealed accumulation of the UbG7T>v-GFP and 
Ub-R-GFPP repor ters in cells expressing detectable amounts of 
UBBB + 1, whereas overexpression of  FLAGUb had no effect (Fig. 1A). 
Floww cytometric analysis of HeLa cells that accumulated the UbG76V-
GFPP reporter revealed a 60-fold increased fluorescence intensity 
(unpublishedd data), compared with a 100-fold increase in the same 
assayy after treatment with potent inhibitors of the proteasome 
(Dantumaa et al., 2000b; Myung et al., 2001). It is noteworthy that 
evenn though the vast majority of UBB+1-positive cells accumulated 
thee UbG76v-GFP reporter, the percentage of fluorescent cells was ~1 -
2%2% of the total population, which is surprisingly low, as transfection 
efficienciess between 20 and 40% were routinely obtained in these 
HeLaa cells (see below). 

Kineticss of UbG7(W-GFP accumulation in UBB+1-positive cells showed 
thatt after 10 h, -1/2 of the UBB+,-expressing cells had elevated levels 
off  the UbG76V-GFP proteasome substrate, which further increased 
too 80% at 20 h posttransfection (Fig. IB) . Thus, the expression 
off  UBB+1 preceded the accumulation of GFP. Only background 
fluorescencee was detected in cells expressing !'LAGUb (Fig. IB) . In 
orderr to study whether the elevated UbG7^v-GFP steady state levels 
aree due to delayed turnover of this proteasome substrate in response 
too UBB+3, we evaluated the clearance of the accumulated proteasome 
substratee after blocking protein synthesis with cycloheximide. We 
wouldd like to emphasize that the cycloheximide treatment will block 
nott only the expression of UbG7fiV-GFF, but also of UBB+1. To validate 
thee experimental set up, we first tested the clearance of UbG76^-
GFPP from cells in which the GFP substrate had been accumulated 
duringg a short incubation with the reversible proteasome inhibitor 
MG132.. Incubation with the proteasome inhibitor resulted in an 
~~ 10-fold induction of GFP fluorescence. After removing MG132 and 
blockingg protein synthesis with cycloheximide the cells degraded 
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Fig.. I U B B " inhib i ts the ub iqu i t in /pro teasome pathway in vivo. A HeLa and SH-SY5Y cell lines stably expressing 
UbG76,-GFPP or Ub-R-GFP were transfected with FAGUb or UBB"'. Cells were stained with an anti-FLAG or anti-UBB" 
antibodyy and nuclei were counterstained with Hoechst 33258. Representative micrographs show expression of IL*GUb 
andd UBB"' (left. red), fluorescence of Ub G t -GFP or Ub-R-GFP (middle, green), and counterstaining with Hoechst 
332588 (right. blue). Bar. 20 urn. B UbG76v-GFP HeLa cells were transfected with UBB"1 or '-AGUb harvested at indicated 
timee points and analyzed by fluorescence microscopy.The results are expressed as percentage of UBB"- or rLAGUb-
positivee cells accumulating UbG76v-GFP C Protein synthesis was blocked in UbG76V-GFP HeLa cells transfected with 
UBB"" by administration of 50 ug/ml cycloheximide. As a control, cycloheximide was added to UbG76v-GFP HeLa cells 
inn which the reporter had been accumulated by a 2.5-h treatment with the reversible proteasome inhibitor MGI32. 
Thee mean fluorescence intensity of the GFP fluorescent population was determined at the indicated time points by 
floww cytometry. Mean fluorescence when cycloheximide was administrated was standardized as 100%. Triplicate values 
off representative experiment. D Flow cytometric analysis of Ubc'76V-GFP fluorescence in UBB* -transfected cells 
uponn administration of cycloheximide at time points 0 and 6 h (as in C). Percentage GFP-positive cells and their mean 
fluorescencee intensity are indicated. E Western blot analysis with an anti-UBB" antibody of cell lysates of untransfected 
andd UBB" transfected HeLa cells. Molecular mass marker and bands corresponding to UBB' and ubiquitinated UBB" 
aree indicated. (*) Nonspecific immunoreactive bands. 
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thee accumulated Ub(:76v-GFP within 4 h (Fig. 1C). In sharp contrast, 
thee mean fluorescence intensity of cells transfected with UBB+1 did 
nott decline over a 6-h period, but rather showed a modest increase. 
Althoughh the percentage GFP fluorescent cells declined in both the 
controll  and the UBB+l-transfected cells, after 6 h, we observed 
thatt only in the UBB+1-transfected cells was there still a substantial 
amountt of cells with accumulated Ubc;7,'v-GFP (Fig. ID; unpublished 
data).. These data show that the accumulated Ubü7fiV-GFP has a 
prolongedd half-life in cells transfected with UBB + ;. The decrease of 
GFPP fluorescent cells upon blockage of protein synthesis in UBBT'-
transfectcdd cells also suggests that newly synthesized proteins are 
requiredd to maintain a full blockage on the UPS. 

Westernn blot analysis of UBB"1 ̂ t ransfected HeLa and SH-SY5Y 
cellss revealed the presence of unmodified UBB + 1, as well as three 
slowerr migrating bands (Fig. IE; unpublished data). This pattern 
correspondss to that found in earlier studies in which the bands were 
identifiedd as conjugates of UBB + 1 with one, two. or three ubiquitin 
moietiess (De Vrij et al., 2001; Lam et al., 2000). 

Expressionn of UBB+1 induces accumulation of polyubiquitinated 
proteinss and cell cycle arrest 

Inn subsequent experiments we analyzed the ubiquitination status 
off  accumulating proteasome substrates in UBB + 1-expressing cells. 
Ubr,7'iV-GFTT HeLa cells were transiently transfected with UBB*1 and 
thenn sorted by flow cytometry based on GFP fluorescence intensity. 
Westernn blots of lysates from GFP-positive and -negative cells probed 
withh an anti-ubiquitin antibody demonstrated that elevated GFP levels 
correlatedd with a general accumulation of polyubiquitinated proteins 
(Fig.. 2A), corresponding to an approximately twofold increase in 
thee intensity of the smear of polyubiquitin adducts (Fig. 2B). Thus, 
UBB+11 is likely to affect an event downstream of polyubiquitination. 

Impairmentt of the UPS accompanied by the accumulation 
off  polyubiquitinated proteins, as observed in cells t reated with 
inhibitorss of the proteasome, normally results in induction of 
apoptosiss often preceded by arrest in the G2/M phase of the cell 
cyclee (Dantuma et al., 2000b; Lee and Goldberg, 1998). Therefore, 
488 h posttransfection we analyzed the cell cycle distribution of 
UBB"11 ̂ t ransfected UbG7('v-GFP HeLa cells emitting background 



7 44 CHAPTER 3 

(UbG76V-GFPP ). moderately elevated (UbG7GV-GFPmi ) or high levels 
off  GFP fluorescence (Ub1 76V-GFP' . Lb- '-GFP cells displayed 
aa cell cycle distribution comparable to that of untransfected cells, 
whereass a larger proportion of the Ubc;76v-GFP' ' ! and Ub r -
Qpphighh c e| i s were found in the? G2/M phase, which is indicative for 
celll  cycle arrest (Fig. 2C). A similar G2/M arrest was observed in 
parentall  HeLa cells expressing UBB+I, excluding the possibility that 

100 io' io: ;o' io' 
DNAA content 

UbG76v-GFP P 

Fig. 22 U B B "  induce s accumulatio n of polyubiquitinate d protein s and G2/Mcel l cycl e arrest . A Ub G ' -GFP 
HeLaa cells were transfected with UBB" and 40.000 high fluorescent and 40.000 low fluorescent cells were sorted by 
floww cytometry 48 h posttransfection. Cell lysates of these populations were analyzed by Western blot probed with an 
anti-ubiquitinn antibody. Molecular mass marker is indicated. B Quantitative analysis of antiubiquitin immunoreactivity by 
densitometryy from three independent experiments as described in A. C Flow cytometry analysis of Ub&?"-GFP HeLa 
cellss transiently transfected with UBB' on the left.The cell cycle distribution, analyzed by propidium iodide staining, 
off the UbG'6v-GFP'"8\ UbG"v-GFP'"cd"'"'. and UbG76 " fluorescence are illustrated to the right. One representative 
experimentt out of three. D Flow cytometric analysis of UBB" -transfected parental HeLa cells stained with an anti-
UBB'' antibody (left).The cell cycle distribution of the UBB' - positive and negative population is shown (right). 
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accumulationn of the GFP repor ter may be responsible for the effect 
(Pig.. 2D). Within the time frame of our t rans ient t ransfect ion. we 
didd not observe a significant increase of apoptotic cells in the GPT 
positivee populations. 

UBB+11 is a UFD substrat e 

T oo t est w h e t h er physio logical ubiqui t inat ion is requ i red for the 
inhibitoryy activity of UBB+1 in vivo, we generated the mutant UBB + 1/ 

K',HHH in which the common ubiquit in conjugat ion s i te L y s 48 w as 
subst i tu tedd with Arg. Surpr is ingly, UBB+1/K,HK was still subject to 
ubiquit inat ionn in SH-SY5Y and HeLa cel ls (Fig. 3A; unpubl ished 
data),, suggest ing that an al ternate ubiquitination site may be used. 
Target ingg of subst rates for proteasomal degradation may also occur 
viaa the less common ubiquit ination si te L y s 2 9. To date, this s i te 
hass only been descr ibed for UFD subs t ra tes in yeast in which both 
L y s 299 and L y s 48 of the N-terminal ubiquit in moie ty are t a rge ts 
forr polyubiquit inat ion (Johnson et al., 1995; Koegl et al., 1999 ). 
Therefore,, we compared UBB + 1 mutants carrying Lys29—*Arg and 
Lys48-»Argg subst i tu t ions. Indeed, both UBB + 1/K* ,K and UBB+1/K18R 

weree equally efficiently ubiquitinated, whereas ubiquitin conjugation 
wass virtually abrogated in the double mutant UBB + 1/K--)ASK (Fig. 3A). 
Fur thermore,, substitution of ei ther lysine residue was sufficient to 
inducee a significant increase in the steady state levels of the mutant 
protein.. The effect was most dramat ic with the UBB+1/K;-yR mutant 
(Fig.. 3A), suggesting that this ubiquitination site may preferentially 
targett UBB+1 for proteasomal degradation. Surprisingly, we observed 
cons is tent lyy higher levels of UBB4'n<-'R as compared with UBB"11'' 
K̂ s.tHKK j n 50 t h HeLa and neurob las toma cel ls. Although we did not 
full yy unders tand this observat ion, subsequent analys is confirmed 
thatt this is not due to proteasomal degradation of the double mutant 
(Fig.. 3C; unpublished data). 

Paradox ica l ly,, we obse rved that the UBB+1 is a potent inhibitor 
off  the UPS. whe reas prote ins carry ing a UFD signal are normally 
rapidlyy degraded by the proteasome (Johnson et al.. 1992; Johnson 
ett al., 1995). As noted above, we observed in transient transfections 
ann unanticipated low percentage of cells with detectable levels of the 
UBBB + l protein. This prompted us to invest igate the possibil ity that 
thee UBB+ ' may be degraded in a fraction of the cells. To this end, we 
constructedd a plasmid in which UBB + 1 expression and GFP expression 
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arcc driven by the CMV and SV40 promotors, respectively, which 
allowedd us to identify all transfected cells by the GFP fluorescence. 
Microscopicc examination showed that only ~b% of the transfected 
cellss expressed detectable amounts of UBBH: (Fig. 3B, top). Inclusion 
off  the specific proteasome inhibitor lactacystin (Fig. 3B, bottom) or 
epoxomicinn (unpublished data) resulted in accumulation of UBB+1 in 
aa great part of transfected cells. Western blot analysis confirmed 
thee increase of UBB+1 in response to lactacystin and epoxomicin 
andd showed that proteasomal degradation of UBB+1 was abrogated 
whenn Lys29 and Lys48 were substituted with Arg residues (Fig. 
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Fig. 33 U B B "  is a U F D substrate . A Western blot analysis with an anti-UBB' antibody of cell lysates from HeLa cells 
transfectedd with UBB' . UBB'1 K2,R, UBB' " M e \ UBB'1 <2,48R. Products corresponding to unmodified and ubiquitinated 
UBB"" are indicated. B Micrographs of HeLa cells transfected with pCMS-UBB' /GFP that were left untreated (top) 
orr incubated for 16 h with 30 uM lactacystin (bottom).Transfected cells were identified by GFP expression (left) and 
transfectedd cells expressing detectable levels of UBB' were visualized by immunostaining (right). Bars. 100 um. C 
Westernn blot analysis with an anti-UBB' antibody of the steady-state levels of UBB' and UBB" m jn transiently 
transfectedd HeLa cells that were left untreated or incubated the proteasome inhibitors lactacystin (30 uM) or 
epoxomicinn (500 nM). D The turnover of UBB' was determined by pulse-chase analysis in SK-N-SH neuroblastoma 
cellss transduced with lenti-UBB". Intensity of the UBB" band was quantified with a phosphoimager and the intensity at 
timee point 0 was standardized as 100%. (A-D) One representative experiment out of three. See Colo r figures . 
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3C).. Pulse-chase analysis of neuroblastoma cells transduced with 
aa lentiviral vector encoding UBB + 1 revealed that the UBB+1 levels 
declinedd over the 3-h period monitored, which is in line with the 
notionn that UBB*1 is degraded in many cells (Fig. 3D). These data, 
togetherr with the experiment shown in Fig. 1, C and D, indicate that 
whereass the fast majority of UBB+1-expressing cells turnover the 
mutantt ubiquitin, it remains stable in a fraction of the cells due to a 
generall  blockage of the UPS. Therefore, we conclude that UBB+1 is 
ann authentic UFD substrate and degraded accordingly by the UPS in 
manyy cells. 

Ubiquitinationn as a UFD substrate is required for a full 
inhibitoryy activity 

Next,, we tested whether ubiquitination at specific sites is required 
forr the inhibitory activity of UBB+1. UBB+1 mutants lacking the Lys29, 
Lys48,, or both ubiquitination sites were transiently transfected in 
SH-SY5YY cells expressing the GFP reporters and the activity of the 
UPSS was monitored by measuring GFP-accumulation. Mutation of both 
Lys299 and Lys48 abrogated the accumulation of both GFP reporters 
inn the neuroblastoma cells confirming that ubiquitination is critical 
forr the inhibitory effect (Fig. 4, A and B). Surprisingly, substitutions 
off  single lysine residues had different effects on the degradation of 
UFDD and N-end rule substrates. The single lysine mutants UBB+,/K-^K' 
andd UBB + 1 /KiHR were still able to inhibit the degradation of UbG7fiV-
GFP,, although the inhibitory effect was strongly compromised. 
Inn contrast, substitution of either lysine residue was sufficient to 
fullyy abrogate the effect of UBBM on accumulation of the Ub-R-GFP 
reporter,, demonstrating that both ubiquitination sites are required 
too block the degradation of N-end rule substrates. Thus, efficient 
inhibitionn of the UPS can only be accomplished by UBB + 1 containing 
bothh ubiquitination sites. 

Lys299 or Lys48 residues can independently target 
ann authentic UFD substrate for degradation 

Thee intriguing finding that U;BB+1 needs both lysine residues for 
optimall  inhibitory activity brought up the question whether these 
twoo ubiquitination sites act in concert or independently in targeting 
substratess to the proteasome. This question is difficult to address 
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withh L"BI3"' . as the different UBB+1 mutants with lysine substitutions 
w e ree shown to differ in their capacity to inhibit the p ro teasome; 
therefore,, changes in the turnover of these mutants can be due to 
target ingg as well as inhibitory events. For this reason we turned 
too the l 'b ' -Gl-T reporter, which is a designed LTD substrate that 
allowss easy evaluation of proteasomal degradation (l)antuma et al.. 
2000b ).. We used a previously descr ibed flow cytometr ic assay in 
whichh I leLa cel ls w e re transient ly t ransfec ted with the different 

UbG7*-'-GFP P Ub-R-GFP P 
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K48R R 
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Fig. 44 Inhibitor y activit y of UBB* 1 require s ubiquitinatio n at Lys2 9 and Lys48 . (A) Micrographs of UbG76V-
GFPP (left) and Ub-R-GFP SH-SYSY cells (right) transfected with UBB" . UBB" K ! " \ UBB - ",eP. or UBB" K"-4B\The cells 
weree stained for UBB' (left) and analyzed for GFP fluorescence (right). Bars, 100 um. (B) Quantification of three 
independentt experiments as shown in A.The results are expressed as the percent of the UBB" expressing cells with 
accumulatedd Ub ' ' " -GFP or Ub-R-GFP levels. See Colo r figures . 
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Ub(i7nv-GFPP mutants and the percentage of GFP fluorescent cells in 
thee absence or presence of the proteasome inhibitor carboxybenzyl-
leucyl-leucyl-leucine-vinyll  sulfone (Z-L3-VS; (Bogyo et al., 1997)) 
wass determined (Dantuma et al., 2000a). Substitution of both Lys29 
andd Lys48 residues in UbG7,JV-GFP completely abrogated proteasomal 
degradationn of the GFP reporter (Fig. 5, A and B), confirming that 
thesee two lysines are the sole ubiquitination sites targeting for 
degradation.. We observed that substitution of Lys29 resulted in a 
partiall  stabilization, whereas removal of Lys48 did not stabilize the 
protein.. These data show that each of these two ubiquitin trees can 
functionn as an autonomous signal that target a model UFD substrate 
too the proteasome. Yet, similar to the situation in yeast (Johnson et 
al.,, 1995; Koegl et al., 1999), the Lys29 tree appears to be more 
effectivee than Lys48 in targeting a UFD for degradation. 

Enhancementt of the UFD signal strengthens 
thee inhibitory activity of UBB+1 

Becausee UBB41 is a target as well as an inhibitor of the UPS, we asked 
whetherr the inhibitory activity could be reversed by modifications that 
mayy enhance its degradation. UFD signals can be turned into a more 
potentt degradation signal by introducing multiple tandem organized 
uncleavablee ubiquitin moieties (Stack et al.. 2000). Therefore, we 
insertedd one or two additional uncleavable ubiquitin (Ub*) moieties 
att the N terminus of UBB + 1 and generated the Ub*-UBB+1 and Ub*2-
UBB"111 constructs (Fig. 6A). However, unexpectedly, enhancement 
off  the UFD signal did not result in accelerated turnover of UBB + !, as 
reportedd with other UFD substrates (Stack et al., 2000), but instead 
aa dramatic accumulation of UBB+1 was observed (Fig. 6 B). The 
effectt was most apparent with Ub*,;-L*BB +\ in which in addition high-
molecularr mass species were observed in the stacking gel, implying 
thatt polyubiquitin trees are conjugated to UBB+1. 

Next,, we compared the effect of UBB+1, Ub*-UBB+1, and the Ub*2-
UBB+11 on proteasomal degradation in IleLa and SH-SY5Y cells. 
Inn line with the positive correlation between the number of N-
terminall  ubiquitin moieties and the amounts of UBB'1, Ub-UBB + 1, 
orr Ub*.j-UBB+1 accumulating in transfected cells, we found a dose-
dependentt correlation between the number of ubiquitin moieties 
andd the accumulation of Ub(;7'^-GFP in IleLa cells (Fig. 6C) and 
Ub(;7GV-GFPP and Ub-R-GFP in SH-SY5Y cells (unpublished data). 
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Thus,, targeting for ubiquitin-/proteasome-dependent degradation 
iss crucial for the inhibitory activity of UBB+1, and enhancement 
off  its degradation signal paradoxically increases its stability and 
strengthenss its inhibitory activity resulting in a more severe inhibition 
off  proteasomal degradation. 
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- / + i nh ib i t o r r 0.97 7 0.38 8 0.66 6 0.40 0 0.90 0 
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K29RR K48R K29.48R 
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Fig. 55 Lys2 9 and Lys4 8 can independentl y targe t a U F D substrat e fo r degradat ion . A Dot plots of f low 
cytometricc analysis of HeLa cells transiently transfected with GFP. UbG '"-GFP, UbK1"yG76V-GFP, Ub<'"m':"'6"-GFP. and 
UbK:, ' l8RG/év-GFP.. Half of the cells were left untreated and the other half was incubated for 16 h with 10 pM of the 
proteasomee inhibitor Z-L3-VS.The percentage GFP-positive cells and the ratio between the percentage of fluorescent 
cellss in samples untreated/inhibitor-treated are indicated. B Quantification of three independent experiments as shown 
inn A.Values significantly different from the UbG''"-GFP sample are marked with asterisks (t test. P = 0.05). Mean +/- SD 
off three independent experiments. Ratios < I indicate proteasomal degradation of the protein. 
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Noo impaired proteasomal degradation in response to 
overexpressionn of other substrates 

AA possible explanation for the inhibitory activity of UBB*1 is that 
overexpressionn of proteasome substrates will saturate the system 
andd competitively affect degradation of the Ub-R-GFP and UbG76v-
GFPP substrates. To address this issue, we designed substrates 
whosee expression was driven by the CMV promotor similar to 
thee UBB41 constructs. These substrates were PLAfiUb-R-nfGFP and 
FLAGUbG7l'v-nfGFP,, which are based on a nonfluorescent variant of 
GFPP (nfGFP), and FLAGp53. UbG76v-GFP lleLa cells expressing the 
substratee were identified by the FLAG tag present on each of the 
substrates.. Microscopic and flow cytometric analysis demonstrated 
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Fig.66 Target ing U B B " for p ro teasomal degradat ion enhances its inh ib i to ry effect. A Schematic illustration 
off the UBB". Ub"-UBB".and Ub*,-UBB" constructs. B Western blot analysis with anti-UBB" antibody of cell lysates 
off HeLa cells transfected with UBB", Ub* -UBB" , Ub' , -UBB' . Molecular mass marker and bands corresponded to 
unmodifiedd and ubiquitinated UBB" proteins as well as high molecular mass UBB" are indicated. C Flow cytometric 
analysiss of GFP fluorescence of UbG,6VGFP HeLa cells transfected with UBB" , U b - U B B " , and U b y U B B " . T h e 
percentagee of cells with accumulated GFP and the mean fluorescence intensity of this population are indicated at the 
bottom. . 
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thatt only UBB'; was able to block degradation of the GFP substrate, 
whereass none of the other three substrates had an effect on l'b' -
GFPP levels (Fig. 7). It is noteworthy that even the nonfluorescent 
variantt of the l'b -GFP substrate itself did not induce accumulation. 
Hence,, the inhibitory effect of UBB'! is not simply due to saturating 
thee UPS by o ver expres si on of a substrate. 

stainingg UbG76V-GFP Hoechst FACS 
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Fig.77 Overexp ress ion of o t h e r proteasome substrates does n o t inh ib i t t u rnove r of UbG '6V-GFP. UbG76V-
GFPP HeLa cells were transiently transfected wi th UBB" . ,LAGUbG76V-nfGFP. c-AGUb-R-nfGFP and FL*Gp53. UBB*' 
transfectedd cells were stained with the anti-UBB" antibody while the nonfluorescent FtAaUbc"'6v-nfGFP and FLAGUb-
R-nfGFPP constructs and FL*Gp53 were stained with a FLAG-specific antibody. Representative micrographs of the 
immunostainingg (left, red), the Ub''v ,-GFP fluorescence (middle, green), and the Hoechst 33258 counterstaining (right, 
blue)) are shown. Note that as expected the I-AGUbG7'vnfGFP and '-'"'Ub-R-nfGFP give a homogenous staining in the 
cycosoll and nucleus, whereas FLAGp53 is localized in the nucleus. To the left are shown flow cytometric analysis of the 
GFPP fluorescence upon transfection with the different constructs. See Co lo r f igures. 

D I S C U S S I O N N 

Inn the present study we show that an abnormal component of the UPS, 
whichh has been detected in a broad variety of neurodegenerative 
diseases,, can inhibit proteasomal degradation in neuronal cells. 
Interestingly,, all the pathologic conditions for which expression 
off  UBB"1 has been described, including several tauopathies and a 
polyglutaminee disorder, are characterized by the accumulation of 
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insolublee deposits formed by aggregated proteins (Sherman and 
Goldberg,, 2001). Under normal conditions, misfolded proteins are 
efficientt substrates of ubiquitin-/proteasome-dependent proteolysis, 
andd a key question has been the nature of the primary events that 
favorss their accumulation rather than rapid clearance in affected 
neurons.. Our data show that UBB+1 is a powerful inhibitor of this 
proteolyticc pathway in vivo. The effect was sufficient to induce cell 
cyclee arrest at the G2/M boundary, at least under the conditions 
off  overexpression achieved in our transient transfection assays. A 
particularlyy important aspect of our findings is the demonstration 
thatt UBB+1 is not only an inhibitor, but also a target of the UPS. 
Interestingly,, it has been shown that whereas UBB+1 transcripts 
aree present in both normal and affected brains, the protein product 
hass only been detected in affected neurons of individuals suffering 
fromm neurodegenerative disorders (unpublished data). Notably, 
wee observed that only a small population of the transfected cells 
expressedd detectable levels of the UBB + l protein followed by 
accumulationn of the GFP substrates, whereas the majority of the cells 
destroyy the UBBf l by proteasomal degradation. Using an adenovirus 
basedd transduction method in neurons, which accomplishes massive 
expressionn of UBB + 1, and an in vitro degradation assay, it was 
recentlyy shown that UBB"1"1 is a rather stable and toxic protein 
(Dee Vri j et al., 2001). Conceivably, the UPS can cope with low 
levelss of UBB+1 but accelerated proteasomal targeting, by elevated 
steady-statee levels or by enhancement of the UFD signal, obstructs 
ubiquit in-/proteasome-dependentt proteolysis of this aberrant 
ubiquitin.. Alternatively, the cells that accumulate UBB+1 and the GFP 
substratess have a suboptimal UPS, making them more sensitive to 
thee inhibitory effect of UBB+1. We envision that in vivo slight changes 
inn the efficiency of proteolysis, as may be achieved in selected 
neuronss by the production of p-amyloid peptide in Alzheimer's 
diseasee (Gregori et al., 1995; Keller et a l. 2000a), or the formation 
off  insoluble aggregates in polyglutamine disorders (Bence et al., 
2001;; Jana et al., 2001), may be sufficient to initiate a process 
resultingg in accumulation of UBB+1 that will eventually lead to cellular 
intoxicationn by a general inhibition of the UPS and ultimately to cell 
death. . 

Detailedd analysis of the requirements for the inhibitory effect 
off  UBB + 1 revealed some unexpected character ist ics. It was 
acknowledgedd earl ier that UBB+1, even though it cannot be 
conjugatedd to substrates (Van Leeuwen et al., 1998b), can serve 
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ass a recipient for polyubiquitination. Therefore, it was postulated 
thatt polyubiquitinated UBB+1, similar to free polyubiquitin t rees 
(Piotrowskii  et al., 1997), can block proteolysis of proteasome 
substratess (Lam et al., 2000). Indeed, we confirm that ubiquitination 
off  LTBB+1 is required for its inhibitory activity in vivo. However, 
severall  lines of evidence argue that ubiquitinated UBB+1 does not 
simplyy act as a free polyubiquitin tree but is instead an aberrant UFD 
substrate.. First, we show that UBB+1 is ubiquitinated both at Lys29 
andd Lys48. a pattern that is unique for UFD substrates (Johnson et 
al.,, 1995; Koegl et al., 1999). Second, UBB + 1 is structurally similar 
too a UFD substrate, as it has an N-terminal uncleavable ubiquitin 
moietyy linked to a C-terminal extension. Third, our data clearly 
demonstratee that UBB+1 is degraded by the proteasome in a large 
numberr of the transfected cells. 

Evenn though the related UFD reporter Ubtj7fiV -GFP seems to be 
susceptiblee to inhibition by UBB + 1 with a single ubiquitination site 
too some extent, blockage of degradation of the Ub-R-GFP reporter 
requiredd the Lys29 as well as Lys48 residues. 

Onee possible explanation is that the pool of inhibitory UBB + 1 

consistss of molecules bearing two ubiquitin trees. Binding of both 
t reess to acceptor sites in the proteasome may be required to 
achievee interactions sufficiently tight to prevent access to other 
polyubiquitinatedd substrates. It is noteworthy that in the crystal 
structuree of ubiquitin the Lys29 and Lys48 residues are localized on 
oppositee faces of the molecule and would structurally allow double 
ubiquitinn trees (Cook et al., 1994). It is also possible that the two 
sitess act cooperatively in optimizing ubiquitination, as suggested by 
thee recent finding that in yeast the polyubiquitination factor E4/UFD2 
requiress Lys48 in a UFD signal in order to accommodate efficient 
polyubiquitinationn at Lys29 {Koegl et al., 1999). Interestingly, a 
recombinationn event in the gene encoding the murine homologue of 
E4/UFD2E4/UFD2 may underlie the delayed Wallerian nerve degeneration 
observedd in a mouse strain (Conforti et al.. 2000). The experiments 
withh the Ub(}7 'A-GFP substrate strongly support the model based on 
aa tight interaction between UBB + : bearing two ubiquitin trees and 
thee proteasome, as both lysine residues can independently target 
thiss model UFD substrate to the proteasome, suggesting that Lys29 
andd Lys48 can each bear a functional ubiquitin tree. Several studies 
suggestt that the rate of polyubiquitination determines the duration of 
thee interaction between a substrate and the proteasome (Lam et al.. 
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1997;; Thrower et al., 2000). and it is likely that regardless of whether 
thesee two lysine residues are required for the formation of double 
ubiquitinn trees or more efficient polyubiquitination at Lys29, the 
outcomee is a polyubiquitinated UBB+L that cannot be rapidly released 
fromm the proteasome. The combination of a tightly bound but poorly 
degradablee proteasome substrate may clog the system by obstructing 
accesss to other substrates, especially when the UBBf l feed in large 
amountss to the proteasome. It is tempting to speculate that in its 
shortt C-terminal extension may lie the reason for the inhibitory-
activityy of UBB+1, either because it is too short to allow efficient 
tetheringg of the recruited UBB + 1 into the cavity of the proteasome as 
hass been proposed for another UFD substrate with a short extension 
(Johnsonn et al., 1992), or due to the presence of specific residues 
thatt stabilize the structure and hamper unfolding (Lee et al., 2001). 
Notably,, during the revision of this manuscript, it was reported that 
introductionn of stable structures within a proteasome substrate can 
turnn an otherwise normal substrate into a potent inhibitor (Navon and 
Goldberg,, 2001). An alternative possibility is that UBBf l interferes 
moree dramatically with degradation of the Ub(;7(iV-GFP substrate 
becausee these proteins are both UFD substrates and may well be 
targetss for the same ubiquitin ligase. Accordingly, the stabilized 
UBB+11 may competitively inhibit the ubiquitination of UbG7TA-GFP. 

Ourr model deviates from an earlier presented model that proposed 
poorr deubiquitination of UBB+i as a possible cause for inhibition of the 
UPS.. Although we show that UBB + 1 can indeed inhibit the proteasome 
inin vivo, and that this inhibitory activity relies on ubiquitination of 
UBB + \\ in accordance with the in vitro data (Lam et al., 2000), 
ourr results warrant a reevaluation of some of the observations 
inn this earlier study. In the light of our results it is not surprising 
thatt ubiquitinated UBBM is less efficiently disassembled than free 
polyubiquitinn trees by isoT. considering that this deubiquitination 
enzymee is highly specific for free polyubiquitin trees rather then 
ubiquitinatedd substrates (Wilkinson et al., 1995). It will be interesting 
too compare in a similar deubiquitination assay if UBB + 1 is also more 
refractoryy to deubiquitination when compared with an authentic UFD 
substrate.. The length dependence of the ubiquitin tree is another 
puzzlingg aspect. We confirmed that the bulk of UBB+1 in cell lysates 
containss one, two, or at most three conjugated ubiquitin moieties, 
whereass in the in vitro assay, UBB+1 with synthetically linked 
Lys488 tetraubiquitin was used, which fulfil l much better the minimal 
lengthh requirement for inhibitory polyubiquitin (Throwrer et al.. 
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2000).. However, the interaction between substrates simultaneously 
ubiqui t inatedd at Lys29 and Lys48 and the p ro teasome is not well 
understood,, and it is possible that with these unique t rees UBB"'1 can 
interactt with the proteasome while bearing only a limited number of 
ubiquitins. . 

T hee cr i t ical s ign i f icance of the UFD n a t u re of UBB l ' is fur ther 
emphasizedd by the finding that introduction of multiple UFD signals 
hadd a dramatic enhancing effect on its inhibitory activity. Contrary 
too what we had expec ted on the bas is of previously repor ted data 
(Stackk et ah, 2 0 0 0 ). addition of one or two unclcavable ubiquitin 
moiet iess resu l ted in further accumulation of UBB"1 and a s t ronger 
inhibitionn of the I T S. Thus, in line with the hypothesis that cells can 
copee only with a certain level of ubiquitinated U B BT when this level 
i ss inc reased by accelerat ing target ing U B B ' : s tar ts to accumulate 
andd further inhibits its own degradat ion. The inhibitory activity of 
UBB" 11 may then establish a destruct ive feedback loop, which may 
ultimatelyy result in overall inhibition of the I T S. 

InIn conc lus ion, we have1 p rov ided ev idence that UBB4 : ac ts as a 
potentt inhibitor of the UPS in neuronal cells, and we have uncovered 
s o mee impor tant features of its mechan i sm of act ion. It r ema ins 
too be s e en w h e t h er and u n d er what cond i t ions th is impa i red 
proteolys iss contr ibutes to the generat ion of the protein aggregates 
thatt cha rac te r i ze many UBB~] -associated pathologies. Finally, of 
paramountt importance will be the identification of factors that can 
overr idee the inhibitorv effect of UBB'1. 

MATERIAL SS AN D METHODS 

Plasmi dd constructio n 

Al ll  UBB* ' and ubiquitin open reading frames were exp ressed from 
aa CMV p r o m o t er in the mammal ian exp ress i on vec to rs pcDNA3 
( Inv i t rogen).. pBKCMV ( S t r a t a g e n e ), E G F P - M, or pCMS-EGFP 
( C E O N T E CHH Labora to r i es, Inc . ). T he FEAG- tagged ubiquit in 
const ruct.. H A ( U b, was generated by PCR amplification of ubiquitin 
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fromm UBB+1 and subsequent in-frame ligation into a FLAG-containing 
vector.. Construction of the modified L'BB'1 constructs Ub*-UBB+1 and 
Ub*^,-UBBB + 1 was based on a UBB+l plasmid in which an Nhelsite was 
introducedd in between the ubiquitin moiety and the +1 extension of 
UBB+II (this also introduced a D79S amino acid substitution, although 
thatt did not affect its inhibitory capaci ty). The UBB + 1 iNhel) was 
d igestedd with Nhel, and PCR-amplified Ubfj7'iV was ligated between 
thee ubiquitin moiety and +1 extension. This procedure was repeated 
oncee to generate the Ub*.,-UBB + 1 construct. Lys to Arg substitut ions 
inn the different cons t ruc ts we re int roduced by PCR amplification. 
nfGFPP was constructed by introducing the amino acids substitution 
Y67RR in the chromophore of GFP using PCR amplification, I '-AGTJ^;? .̂ 

nfGFP,, FLAGUb-R-nfGFP, and K1 A,;p53 were generated by insertion of 
aa double s t randed ol igonucleot ide encoding the FLAG epi tope as 
describedd previously (Heessen et al.. 2002). 

Transfectionss and tissue culture 

Thee human cervical epithelial carcinoma line HeLa and neuroblastoma 
celll  line SH-SY5Y were cultured in Iscove's modified Eagle's medium 
andd high-glucose Dulbecco's modified Fagle medium, respect ive ly, 
supp lementedd with 10% fetal calf se rum (Lif e Techno log ies), 10 
U/mll  penicillin, and 10 jag/ml streptomycin. HeLa and SH-SY5Y cells 
weree transiently transfected with Lipofeciamine (Lif e Technologies) 
andd calcium phosphate method, respectively. Cells were analyzed 48 
hh post t ransfect ion unless stated otherwise. Stably t ransfected cell 
liness were selected in the presence of 0.5 mg/ml geneticin (Sigma-
Aldrich)) and sc reened for GFP f luorescence upon administrat ion 
off  p ro teasome inhibitors. Where indicated t rans fec ted cells were 
treatedd the reversible proteasome inhibitor MG132 (Affinity ) or the 
irreversiblee proteasome inhibitors lactacystin, epoxomicm (Affinity ) 
orr Z-L3-VS, a gift from Dr. Hidde Ploegh (Harvard Medical School, 
Boston,, MA) (Bogyo et al.. 1997). 

Westernn blot analysis 

Celll  l ysa tes w e re f ract ionated on SDS-PAGE and t rans fe r red to 
Pro tann BA 85 n i t roce l lu lose f i l ters (Schle icher & Schue l l ). T he 
filterss we re blocked in PBS supplemented with 5% skim milk and 
0 .1%% Tween-20. were and incubated with rabbit polyclonal antibody 
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specificc to UBB '1 (Ubi-3, 05O897: (Van Leeuwen et al.. 1998b) ), 
ubiquit inn (Dako), or GFP (Molecular P r o b e s ). After subsequent 
washingss and incubation with peroxidase-conjugated goat anti - rabbit 
serum,, the blots we re developed by enhanced chemi luminiscence 
(ECL:: Amersharn Pharmacia Biotech). Quantification of Western blot 
bandss was performed by densitometry (Molecular Dynamics). 

Pulse-chasee analysis 

Neuroblastomaa cells, SK-N-SH. were cultured and differentiated with 
retinoicc acid. Differentiated SK-N-SH cells were t ransfected with a 
lentivirall  based vector (Naldini et al., 1996b). containing the L"BB+! 

openn reading frame (lenti-UBB*1). 24 - 48 h after transduction, cells 
weree incubated in medium lacking methionine and cyste ine for 1 h, 
andd were subsequent ly mctabolically labeled by incubating them with 
mediumm containing 100 (.iCi Trani 3S-label for 4 h. After the labeling 
period,, medium was replaced by Dulbecco's modified Eagle medium 
wit hh 10c/c PCS medium. Cells w e re washed, chased with cu l ture 
medium,, and harves ted at the indicated time points in 10 mM Tr is, 
0.155 M NaCl, 0 . 1% NP40. 0 . 1% Tr i ton X-100, 20 mM EDTA. pll 
8.00 buffer containing 0.1% SDS and protease inhibitors. UBB + 1 was 
immunoprecipitatedd overnight at 4°C with anti-UBB"'- antibody Ubi-3 
(1:1,000).. and protein-A Sepharose beads were added to the UBB + 1 

infectedd cell lysates. Analysis and quantification of the pulse-chase 
exper imentss were performed with the usage of a phosphoimager and 
thee software package Imagequant software. 

Fluorescencee microscopy and flow cytometry 

Porr f luorescence microscopy, the cells were grown and transfected on 
coversl ips.. After rinsing in PBS and fixation in 4% paraformaldehyde, 
immunostainingg was performed using an anti-L'BB+1 rabbit polyclonal 
ant ibodyy or ant i -FLAG mouse monoclonal ant ibody (M5; Sigma-
Aldr ich) .. Af ter subsequent wash ing s t e ps with PBS, cel ls w e re 
incubatedd with the secondary ant ibodies labeled Alexa Fluor 594 
(Mo lecu larr P r o b e s) or T e x as red (Dako). Al l an t ibod ies w e re 
dilutedd in 50 mM Tr is. pi I 7.4, 0.9% NaCl. 0.25% gelatin, and 0.5% 
Tr i t onn X-100. Cel ls w e re coun te r s t a i ned wi t h H o e c h st 3 3 2 58 
(Molecularr P r o b e s ). F luorescence was analyzed us ing a LEITZ-



UBB"" INHIBITS PROTEASOMAL DEGRADATION 8 9 

BMRBB f luorescence microscope (Leica) and images were captured 
withh a Hamamatsu cooled CCD camera. For quanti tat ive analys is, 
1000 - 200 UBB+- or ;[--A(,Ub-positive cells per sample were scored for 
GFPP f luorescence. Flow cytometry was performed with a FACSort 
floww cy tometer (Becton Dickinson) and data w e re analyzed with 
CellQuestt software. For analysis of cell cycle distribution, cells were 
harvestedd 2 d post transfect ion and fixed in 1% paraformaldehyde. 
Afterr two washings in PBS, the cells w^ere permeabil ized with 70% 
ethanoll  and then incubated with propidium iodide. Flow cytometr ic 
analys iss of the stabil ity of Ubü7' ; v-GFP mutants was per formed as 
describedd before (Dantuma et al.. 2000a). 
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