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ABSTRAC T T 

Ubiquitin-BB + 1 (UBB+1) is a mutant ubiquitin that accumulates in the 
neuronss of patients with Alzheimer's disease (AD). Here we report 
onn the biochemical and functional differences between ubiquitin and 
UBB+11 and the effect of the mutant protein on neuronal cells. UBB+1 

lackss the capacity to ubiquitinate, and although it is ubiquitinated 
itself,, UBB + 1 is not degraded by the ubiquitin-proteasomal system 
andd is quite stable in neuronal cells. Overexpression of UBB+1 in 
neuroblastomaa cells significantly induces nuclear fragmentation and 
celll  death. Our results demonstrate that accumulation of UBB + 1 in 
neuronss is detrimental and may contribute to neuronal dysfunction 
inn AD patients. 
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INTRODUCTION N 

Alzheimer'' s disease (AD) is the most common cause of dementia, 
affectingg a large group of the elderly. Many genetic and nongenetic 
factorss have been implicated in the pathogenesis of AD (Cummings et 
al.,, 1998b). We recently demonstrated that dinucleotide deletions in 
mRNAA occur in AD brains, resulting in translation and accumulation 
off  frameshifted so-called +1 proteins which may affect neuronal 
functioning.. The process by which these dinucleotide deletions 
formm is termed molecular misreading (Van Leeuwen et al.. 1998b). 
Severall  examples of these aberrant +1 proteins have been found 
inn the hallmarks of AD. Molecular misreading of the ubiquitin B 
genee results in UBB + 1 protein, which accumulates in the earliest 
affectedd brain areas of patients with AD (Braak and Braak, 1991) 
(e.g.. pyramidal cells in the CA1 region of the hippocampus, and 
neuronss in the subiculum and cortex of AD patients) (Van Leeuwen 
ett al.. 1998a). Recently, Lam et al. (Lam et al.. 2000) and we (Van 
Leeuwenn et al., 1998a; Van Leeuwen et al.. 2000) proposed that 
UBB*11 in the diseased aging brain could result in a dominant negative 
inhibitionn of the major proteolysis system, the ubiquitin-proteasomal 
systemm {Ciechanover, 1998). This blockade of protein degradation 
mightt contribute to the process of neuropathology in AD. 

Thee ubiquitin-proteasomal system is involved in many cellular 
processes,, such as cell cycle, apoptosis, endocytosis and ATP-
dependentt proteasomal breakdown of proteins (Ciechanover, 1998). 
L'biquitinn CUb) tags proteins for degradation by conjugating to 
substratess through isopeptide bonds between the carboxy-terminal 
glycinee residue of Ub and the e-amino groups of lysine residues in 
proteins.. Branched multi-Ub chains are formed by the sequential 
additionn of mono-Ub to a lysine residue of substrate-bound Ub 
(Varshavsky,, 1997). Such a multi-Ub chain serves as a targeting 
signal,, resulting in degradation of the protein by the 26S proteasome 
(Ciechanover,, 1998). 

UBB+11 is a putative target for ubiquitination by wild-type Ub as it 
stilll  contains the lysine residue at position 48. On the other hand, the 
UBB"1"11 protein is probably not able to participate actively in forming 
multi-ubiquitinn trees itself, as it lacks the carboxyl-terminal glycin 
moiety.. Recently, ubiquitinated UBB+1 has been found to inhibit the 
proteasomee in a cell-free system (Lam et al., 2000). Inhibition of the 
ubiquitinationn process or a dominant negative effect on proteasomal 



5 00 CHAPTER 2 

breakdownn is likely to cause problems in protein degradat ion and 
thereforee in neuronal functioning. 

Here,, we report on the biochemical propert ies of UBB~' in an in vitro 
sys temm and on the differential effects of wi ld-type L'b and UBB ' ! 

onn cellular functioning achieved by overexpress ing these proteins 
inn the human neuroblastoma cell line SK-N-SH. Our data show that 
UBB + 11 w as ub iqu i t ina ted but. in con t rast to o ther ub iqu i t inated 
proteins,, was not degraded. Moreover, we show that UBB i : changed 
celll  morphology, followed by neuronal cell death. 

MATERIAL SS A N D METHODS 

inin vitro experiment s wit h UBB+1 

Rabbitt ret icu locytes were used as the source of enzymes participating 
inn the Ub degradat ive pathway. ATP- and ubiquitin-depleted fraction 
III  was prepared from rabbit ret iculocytes as descr ibed by I lershko 
ett al (Hershko et al.. 1982). 

Ubiqui t inn con juga t ion e x p e r i m e n ts (Fig. 1) w e re pe r f o rmed 
accord ingg to Gregori et al (Gregori ct al.. 1 9 9 5 ). Recombinant 
h is - taggedd U B B M . purified on a Ni+ co lumn and ubiquit in wild-
t ypee Cwtl.'b) w e re iodinated using the iodogen method (P ierce. 
Rockford,, I D . The specific activities were 3 x 10"5 cpm/|ig and 6.4 
xx 101 cpm/(ig for U B B ' ; and wtUb, respec t i ve ly. Approx imate ly 
11 pM of w tUb or UBB '1 w as used in the react ion mix tu re in the 
p resencee or absence of ATP. At the indicated t imes, an aliquot of 
thee react ion mixture was removed, the reaction was stopped by the 
additionn of gel electrophoresis sample buffer containing 1% SOS and 
0.5%% p-mercaptoethanol, boiled for 3 minutes, and subjected to gel 
e lec t rophores is.. The gel was dried and ubiquitin conjugates were 
visualizedd by autoradiography. 

T hee cond i t ions for ubiquitin and A T P - d e p e n d e nt degradat ion of 
iodinatedd s u b s t r a t es have been descr ibed e l s e w h e re (Gregori et 
al.,, 1995). Lysozyme was used as the control for the degradat ion 
reaction.. Lysozymc-specific radioactivity was 10" epin/ug. Unlabeled 
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ubiquit inn (10 |iM) was added to the react ion mix ture in addi t ion 
too iodinated UBB + 1 and wtUb, both at the final concentrat ion of 1 
\xM\xM (Fig. 2 ). Iodinated lysozyme concentrat ion was 15 ^iM. During 
degradat ion,, d igested pro te ins w e re reduced to amino acids and 
smalll  peptides that are acid-soluble. Radioactivity in the acid-soluble 
f ract ionn w as m e a s u r ed with a gamma c o u n t er and r e p o r t ed as 
thee pe rcen tage of total radioact iv i ty. The resu l ts shown in Fig. 2 
representt the average values and the SE of the mean of a triplicate 
experiment. . 

Celll l ines 

SK-X-SI11 neu rob las toma ce l ls w e re cu l tu red in h igh-g lucose 
Dulbecco'ss modified Eagle medium (Lif e Technologies. Grand Island, 
NY)) containing 109< foetal calf serum (FCS) (Lif e Technolog ies) 
andd supplemented with 100 17ml penicillin (Lif e Technologies) and 
1000 ug/ml s t rep tomyc in (Lif e Techno log ies) (DMEM-10% FCS). 
Cel lss w e re cu l tu red on po ly -L -o rn i th ine -hydrobromide (Sigma, 
St.. Louis, MO)-coated g lass covers l ips in 24-wel ls p la tes (Nunc. 
Roskilde,, Denmark) 1 clay prior to infection. In one experiment 0.2c/c 
gelatinn coating was used on the glass coversl ips, which gave similar 
resul ts. . 

vvtut t 

-- ATP  ATP 

155 30 0 15 30 

-- ATP 

155 30 

» » 

U ! > - ^ ^ 

Fig.. I U B B " is not able to conjugate proteins. Autoradiograph of iodinated wtUb (left panel) and 
iodinatedd UBB' (right panel) incubated with fraction II of rabbit reticulocyte lysate in the presence (+) 
orr absence (-) of ATP at different times (indicated in minutes). It is clear that in the presence of ATP. 
onlyy wtUb is able to conjugate proteins. Arrows indicate monomeric wtUb and UBB'1. 
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Virall constructs 

Firstt generation recombinant adenoviral vectors were constructed, 
purifiedd and titered as described elsewhere (Hermens et al.. 1997). 
Al ll  three viral vectors (AdLacZ. AdUBB'1 and AdwtUb) are based 
onn the Ad5 mutant cU309 (Jones and Shenk, 1979) and use the 
cytomegaloviruss immediate early (CMV) promoter to drive transgene 
expression. . 

Titrationn of double CsCl gradient-purified Ad-CMV-LacZ, Ad-CMV-
UBB* '' and Ad-CMV-wtUb on the permissive cell line 911 (Fallaux 
ett al., 1996) revealed titres of 1 x 10", 4 x 10>' and 1 x 10Kj plaque 
formingg units/ml. respectively. The presence of replication of 
competentt adenovirus (RCA) in the adenoviral UBB'1 stock was 
determinedd by standard procedure titration on A549 cells (Hermens 
ett al., 1997). No cytopathic effect in relation to RCA was observed. 

Infectionss of neuroblastoma cells 

Onee day prior to infection, neuroblastoma cells were cultured in 
24-wcllss plates (2 x 10r' cells/well). The next day the cells were 
differentiatedd by adding medium with 4 uM all-trans retinoic acid 
(Sigma)) (Slack et al., 1992). Cells were infected 4 h later with 
aa multiplicity of infection (MOD of 10 with Ad-CMV-wtUb. Ad-
CMV-UBBB + 1. or Ad-CMV-LacZ as a control. Medium containing the 
adenovirall  vectors was left on for 2 h, after which medium was 
replenishedd with normal medium containing retinoic acid. Cells were 
fixedd at different times after infection (1,3, and 6 days). 

Westernn blots 

Pelletss of neuroblastoma cells were resuspended in suspension 
bufferr (0.1 M NaCl, 0.01 VI Tris-HCl pH 7.6, 1 niM EDTA pH 8.0) 
containingg protease inhibitors PMSF and leupeptin. in concentrations 
off  100 uM and 10 (ig/ml respectively, or in SDS loading buffer 
containingg ImM NEM (Sigma). 

Al ll  samples were loaded onto 15% SDS-PAGE gels and then 
transferredd semi-dry ontonitro-cellulose. Blots were then probed with 
rabbitt antisera to wtUb (anti-wtL'b. 1:500, DAKO, Carpinteria, CA) or 
UBBB + 1 (Ubi3+1 serum, 05/08/97, 1:1000, epitope: YADLREDPDRQ). 
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Subsequently,, blots were incubated with anti-rabbit HRP (DAKO, 
1:1000)) and Lumilight ECL (Boehringer, Mannheim, Germany) 
chemiluminescence. . 

Pulsee chase assay 

SK-N-SHH cells were cultured in 3.5cm dishes (Nunc) and 
differentiatedd with retinoic acid when confluency was reached. Cells 
weree infected with the different Ad vectors as described previously. 
Onee day after infection, cells were incubated in medium lacking 
methioninee and cysteine for 1 h, after which the cells were labeled 
byy incubating them with medium containing 100 faCi Tran^'S-label for 
44 h at 37°C and 5% CO,,. After labeling, the medium was replaced by 
DMEM-10%% FCS medium. Cells were harvested at different times in 
bufferr (10 mM Tris, 0.15 M NaCl, 0.1% Nonidet P40, 0.1% Triton-
x-100,, 20 mM EDTA, pH 8.0) containing 0.1% SDS and protease 
inhibitors.. For immunoprecipitation, anti-UBB + 1 antibody Ubi3 + 1 

(1:1000)) and protein-A Sepharose beads were added to the Ad-
UBBB + !-infected cell lysates. This suspension was shaken overnight 
att 4°C. The next day, beads were spun down and the supernatant 
wass replaced with buffer containing 0 .1% SDS. The pellet was 
rinsedd three times in buffer and twice in 10 mM Tris-HCl, pH 8.0. 
Subsequently,, loading buffer was added to the Sepharose beads, 
afterr which the samples were boiled and loaded on a 15% SDS-PAGE 
gel.. Gels were visualized using a Phosphorlmager. 

Immunofluorescence e 

Afterr infection, cells were fixed in 4% formalin in phosphate buffered 
salinee (PBS), pH 7.4, for 1 h or longer. In between staining steps, 
cellss were rinsed with PBS, pH 7.4. Rabbit polyclonal anti-UBB+1 

(Ubi33 + 1 serum, 05/08/97), rabbit polyclonal anti-wtUb (Sigma) 
andd monoclonal anti-p-gal (gal-13, Sigma) antibodies were diluted 
1:500,, 1:100 and 1:350, respectively. The secondary anti-rabbit-
Cy33 and anti-mouse-Cy3 were diluted 1:200 in Supermix containing 
0.05MM Tris, 0.9% NaCl, 0.25% gelatin and 0.5% Triton-X-100, pH 
7.4.. Nuclei of cells were stained with TO-PRO-3 (Molecular Probes, 
1:500).. Coverslips were mounted in Mowiol+ (0.1M Tris-HCl pH8.5, 
25%% glycerol, 10% w/v mowiol 4-88 and 0.1% anti-fading w/v 1.4-
diazabicyclo-(2,2,2)-octane).. Images were acquired by confocal 
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laserr scanning microscopy (Zeiss 410) with three different lasers 
emittingg at 488. 543 and 633 nm to excite FITC. Cy3 and TO-PRO-3, 
respect ive ly.. For quantification exper iments the cells were stained 
ass d e s c r i b ed above except for the nuc lear sta in ing, which w as 
performedd with Hoechst (Biorad 10 fag/ml). 

Quantificationn of cells 

SK-N-SHH cel ls w e re quantified by hand with ImagePro sof tware 
(Mediaa Cyberne t i cs, Silver Spr ings, MD) . Images were acquired 
withh a Sony XC-77CC black/white camera through a Zeiss axioskop 
withh a Plan-Xeofluar objective ( lOx oil lens). For each eoversl ip, a 
Cy33 image and the corresponding Hoechst image were acquired in 
fiv ee fields. The exper iment was per formed in tr ipl icate. The total 
numberr of cells was quantified by counting the nuclei, which were 
visualisedd by Hoechst staining. The number of transduced cells was 
quantifiedd by counting the immunoposit ive cells in the Cy3 images. 
Inn an overlay of the Hoechst and Cy3 images, fragmented nuclei in 
immunopositivee cells were counted. After summation of the number 
off  cel ls of five fields per eovers l ip, ave rages were calculated for 
t h r eee cove rs l i ps per condit ion. A two- factor ANOVA , b a s ed on 
aa = 0.05 was performed for each graph. In case of significant effects 
inn virus and t ime or in virus-time interact ion, multiple compar ison 
wass per formed to find significance be tween the different groups. 
T hee e x p e r i m e nt w as r epea ted in dup l ica te, which gave simi lar 
resul ts. . 

RESULTS S 

UBB+11 has lost the ability to participate in tagging proteins for 
degradationn by the proteasome 

Recombinantt His-tagged L [ BB' ] was produced in Escherichia Coli. 
Thee purif ied protein was used to s tudy whether UBB + 1 is able to 
conjugatee proteins in a rabbit ret iculocyte cell-free system (Hershko 
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ett al.. 1982). Iodinated UBB*"1 or wtUb were mixed with fraction 
III  of rabbit reticulocyte lysate in the presence or absence of ATP. 
Thee reactions were stopped at different times (Pig. 1). WtUb was 
covalentlyy conjugated to proteins only in the presence of ATP, as 
indicatedd by the appearance of Ub-containing bands with a molecular 
masss higher than monomeric Ub (8 kDa). When wtUb was substituted 
withh UBB+1 (11 kDa), no conjugates were observed, indicating that 
thiss mutant Ub was not able to conjugate to proteins. These results 
aree consistent with the fact that UBBH1 lacks a functional carboxyl-
terminall  residue (glycine 76) (Bamezai and Breslow, 1991). 

UBB+11 is not degraded by the ATP-dependent proteasome 
pathway y 

UBB+]] is an abnormal protein; as such, it could be a substrate of the 
ubiquitin-proteasomee dependent degradation pathway. We tested this 
possibilityy in the fraction II in vitro system. Radioiodinated UBB+i 

wass incubated with fraction II and Ub in the presence and absence of 
ATP.. As positive and negative controls for the degradation reaction, 
wee used radioiodinated lysozyme substrates and wtUb, respectively 
(Fig.. 2). Figure 2A shows that lysozyme was efficiently degraded 
inn an ATP-dependent manner. WtUb (Fig. 2B) was not significantly 
degradedd either with or without ATP. With radioiodinated UBB*1 

(Fig.. 2C) we observed no ATP-dependent proteasomal degradation 
off  the mutant protein. However, UBB+1 was degraded in an ATP- and 
proteasome-independentt reaction, possibly by a proteolytic activity 
presentt in fraction II. In these experiments, lysozyme is clearly the 
onlyy protein that is degraded by an ATP-dependent proteasomal 
activityy (compare the final amount of protein degraded in Fig. 2D). 
Thee results in Fig. 2 indicated that UBB+1 was not a substrate of 
thee ATP-dependent ubiquitin-proteasome pathway in the in vitro 
system. . 

UBB+11 is ubiquitinated in neuronal cells 

Too determine whether UBB+1 is processed in cells, we transduced 
thee human neuroblastoma cell line SK-N-SH with adenoviral vectors 
(Hermanss etal., 1997) encoding UBB11 (AdUBB+1) orwtUb (AdwtUb) 
ass a control. Expression of both constructs was driven by the CMV 
promoterr to ensure high expression of the proteins of interest. SK-
N-SHH cells were infected with AdUBB+1 or AdwtUb with an MOI of 
100 for 2 h, resulting in high expression of either protein with an 
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efficiencyy of more than 60% of the cells. Cultures were harvested 
11 day after infection. Western blots of transfected cells probed with 
eitherr anti-UBB+1or anti-wtUb antibodies confirmed production of the 
proteins.. In the Ad-wtUb infected cells, a monomeric Ub band with an 
approximatee molecular weight of 8 kDa (Fig. 3) and a high molecular 
masss smear, representing multiple ubiquitinated proteins, were 
detected.. AdUBB+1-infected cell lysates probed with 1'BB'1 antibody 
showedd an 11 kDa L*I3B + ; band and higher molecular mass bands 
(+/-- 19 kDa and 36-50 kDa) most likely representing ubiquitinated 
formss of 1'BB"' (Fig. 3. asterisks). Ubiquitination of UBB+1 is likely 
too occur, since the protein contains a lysine at position 48, which is 
knownn to be a target for ubiquitination (Pickart, 1998). Lam et al. 
havee recently shown that in 293T cells transfected with UBB+1, the 
mutantt ubiquitin is also ubiquitinated (Lam et al.. 2000). We found a 
moree pronounced ubiquitination of UBB+1 than that reported by Lam 
ett al. (Lam et al.. 2000), which is most likely due to the efficient 
transductionn by the Ad vector. 

Lysozyme e Wild-typee Ub 

Degradationn after 3 hours 

L L 
Lysozymee wtUb LBB*1 

Fig.22 UBB* 1 is no t degrade d by the proteasoma l machinery . Degradation was determined as the 
acidd soluble material released during the course of the reaction and is depicted as percentage of protein 
afterr incubation with reconstituted reticulocyte lysate in the presence (A ) and absence ) of ATP 
(+/-- SE). A Time course of the degradation of iodinated lysozyme. B Time course of the degradation 
off iodinated wtUb. C Time course of the degradation of iodinated UBB". D Three-hour incubation 
resultss from a direct comparison of the degradation rates. UBB" was not a substrate of the ubiquitin-
proteasomee pathway. 
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Fig.33 U B B " is ubiqui t inated. Western blot on transduced SK-N-SH cell lysates. Left lane: AdUBB"-
infectedd SK-N-SH cells after I day of infection probed with anti-UBB*1 showing that UBB' (I I kDa, 
arrow)) is ubiquitinated (* = ubiquitinated forms of UBB* ). As a control, a blot on LacZ transduced cell 
lysatee was probed with anti-UBB"'. which did not show bands (data not shown). Right lane: Control of 
AdwtUbb infected cell lysate probed with anti-wtUb, showing multiple ubiquitinated proteins. 

Ubiquit inatedd UBB*1 is stable 

Pu lse -chasee a s s a ys w e re pe r fo rmed to inves t iga te the stabi l i ty 
off  UBB+1 and its ubiqui t inated forms, s ince the prote in might be 
degradedd after ubiquitination. SK-N-SH cells were t ransduced with 
AdUBB"1"1,, then labeled with [ 35S]-methionine/cysteine for 4 h. Cells 
weree harvested at different t imes after labeling. 

Immunoprec ip i ta t ionn of AdUBB4 ' - infected cell l y sa tes with anti-
UBB"1"11 antibody resu l ted in a pat tern of bands (Fig. la. left lane) 
simi larr to that o b s e r v ed on the W e s t e rn b lots of in fected ce l ls. 
Immunoprecipitationn of AdUBB+! t ransduced cell lysates with anti-
wtUbb ant ibody also st rongly suggest that L ;BB+I is ubiquit inated. 
Severall  d iscrete high molecular weight bands of mult imeric UBB+1 

weree observed, but the momomeric form of UBB+- was not detected 
withh the ant i -wtUb ant ibody (Fig. 4A. right pane l ). One poss ib le 
exp lanat ionn is a conformat ional d i f ference b e t w e en monomer ic 
formss of 1 'BB" and wtUb, which would prevent 1'BB'1 from being 
recognizedd by the anti-wtUb antibody used in this experiment. 

Al ll  UBB+1 conjugate bands were stable for more than 3 h, indicating 
thatt UBB+1 and ubiquitinated UBB*"1 were barely degraded (Fig. 4B). 
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Thee specificity of the assay was confirmed by immunoprecipitation 
wit hh anti-UBB + 1 of AdLacZ- and AdwtUb-infected cell l ysates. No 
bandss as observed in Fig. 4B were detected in those exper iments 
(dataa not shown). 

Anl.-UBBB Anti-\MUb 

Ubiquilinated d 
formss ol 
U3B- ' ' 

Chasee time in hours 

Ubiquilinateo o 
formss of 

IPP with anti-UBB» I antibody 

Fig. 44 U B B " is stable . A Immunoprecipitation of AdUBB"- infected SK-N-SH cells. Lane I: 
immunoprecipitationn was done with anti-UBB' ; lane 2: with anti-wtUb. The anti-wtUb antibody does 
nott recognise the UBB'1 band but does stain the higher bands, confirming the ubiquitination of UBB"1. 
BB Pulse chase assay on AdUBB'-infected SK-N-SH cells. Cells were chased at different times after 
infectionn (t in hours). The image was acquired with a Phosphorlmager after immunoprecipicacion (IP) 
withh anti-UBB' antibody or preimmune serum was performed. UBB"1 and its ubiquitinated forms were 
barelyy degraded after 3 hours. 

UBB"11 overexpression induces cell death 

Iii  has been shown that UBB+' inhibits the 26S proteasome in a cell-
freee s y s t em (Lam et al.. 2 0 0 0 ). Inhibition of the p ro teasome has 
beenn found to cause apoptosis in several cell lines (Pasquini et al.. 
2000;; Qiu et al.. 2000 ). To study the possible toxicity induced by 
UBB+11 in neuronal cells. SK-N-SH cells were transduced with either 
off  the adenoviral vectors AdUBB+1, AdwtUb, or AdLacZ as a control. 
Cellss we re fixed at different t imes after t ransduct ion, stained for 
proteinss with fluorescent antibodies, and analyzed by confocal laser 
scanningg microscopy. 
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SK-N-SHH cells t ransduced with UBB+1 and immunoposit ive for anti-
UBB+11 staining were morphologically different from cells transduced 
withh wtUb. UBB+1 posit ive cells exhibi ted vesicle-l ike ex tens ions 
(Fig.. 5A), whe reas wtUb and LacZ t ransduced cells had a normal 
a p p e a r a n cee (Fig. 5B). Cel ls w e re a lso s ta ined with the nuc lear 
dyee TO-PRO, reveal ing occasional nuclear fragmentation in UBB+1 

t ransducedd cells (Fig. 6). but no fragmentation of nuclei was seen in 
LacZZ or wtUb t ransduced cells (data not shown). Both vesicle-like 
extensionss and nuclear fragmentation are reminiscent of apoptosis. 
Fromm 1 to 6 clays after t ransduct ion, fewer UBB+1 immunoposit ive 
cellss were observed whereas the number of wtUb transduced cells 
remainedd stable over time, indicating that UBB'1 t ransduced cells 
hadd died (Fig. 7). Quantification of the cells after AdUBB+1 infection 
revea ledd a c lear and significant d e c r e a se (p= 0.012) in the total 
numberr of cells on day 6 vs. day 1. whereas no significant decrease 
wass observed in AdLacZ- or AdwtUb-infected cells (Fig. 8A). The 
numberr of immunopos i t i ve UBB41 t r ansduced cel ls signif icantly 
decreasedd (p=0.014) on day 6 after infection (Fig. 8B). indicating 

Fig.55 Overexpressio n of UBB " 
change ss cel l morphology . A 
AdUBB*11 transduced SK-N-SH 
cell,, stained with anti-UBB '. B 
AdLac ZZ transduced SK-N-SH cell, 
stainedd with anti-Gall3. There is 
aa clear visible difference between 
cellss in panels A and B. UBB*' 
transducedd cells are rounded 
andd show vesicle-like extensions 
whereass LacZ transduced cells 
showw normal dendrites. 

Fig.66 UBB' 1 transduce d cell s 
sho ww nuclea r f ragmentat ion . 
AdUBB** transduced SK-N-SH cell. 
AA Anti-UBB*'staining. B Nuclear 
TO-PROO staining of the same cell. 
Thee nucleus of this infected cell is 
fragmentedd (arrowheads). 
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thaii  the dec rease in the total number of cells was due to the death 
off  IT-SB'- t ransduced cells. The virus-time interaction of the analysis 
forr the number of immunopositive cells was also significant (F=2.63, 
p=0 .04).. Moreover, the immunopositive UBB"*1 t ransduced cells still 
p resentt in the culture on day 6 after infection showed a significant 
percentagee of f ragmented nuclei compared with day 1 (p = 0 .001). 
Thiss was a clear and significant increase compared with the wtUb 
andd LacZ t ransduced cells on day 6 (p = 0.001) (Fig. 8C). Western 
blotss of Adl 'BB' ' - in fected cell lysates showed a decrease in UBB+1 

andd its ubiquitinated forms at later t imes after infection, due to cell 
death,, whereas wt l ' b was expressed equally well (data not shown). 
Thesee data indicate that overexpression of UBB*1 t r iggers apoptosis 
inn neuronal cells. 

AdLacZZ AdwtUb AdUBB + 1 

Fig. 77 U B B "  t r a n s d u c e d cel l s d ie a t l a t e r t i m e s a f t e r i n f e c t i o n . SK -N-SH cells in fected w i t h 
A d - L a c Z .. A d w t U b o r A d U B B ' at d i f ferent t imes after in fec t ion (days I, 3. and 6). Ad -LacZ- in fec ted 
cellss were stained w i t h an t i -Ga l l 3 , AdwtUb- in fec ted cells w i t h a n t i - w t U b , and AdUBB" ' - i n fec ted cells 
w i thh an t i -UBB" ant ibody. The number of UBB*1 t ransduced cells clearly decreases at later t imes after 
infect ionn whereas the con t ro l infections show remarkably less cell death. 
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Fig. 88 Quantif icatio n of UBB*1 induce d cel l deat h A Quantification of total number of cells by 
countingg nuclei stained with Hoechst. The total amount of cells is significantly decreased 6 days after 
AdUBB*11 infection compared with day I (p = 0.012). whereas no significant decrease was observed 
inn AdwtUb- or AdLacZ-infected cells. B Quantification of Ad-virus transduced cells by counting 
immunopositivee cells (stained for either LacZ. wtUb or UBB' ). Two-factor ANOVA showed a 
significantt virus-time interaction (F = 2.62, p = 0.04, p(time) = 0.06. p(virus)<0.0l). The amount of UBB'1 

transducedd cells significantly decreased 6 days after infection vs. day I (p = 0.0 14). indicating that UBB' 
transducedd cells die. C Quantification of fragmented nuclei of immunopositive transduced cells depicted 
ass percentage of nuclei in immunopositive cells. UBB*1 transduced cells showed a significant percentage 
off fragmented nuclei (p = 0.00l) on day 6 after infection, indicating that UBB' transduced cells had died 
inn an apoptotic fashion. 
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DISCUSSION N 

Ourr results reveal that UBB"1 ] is defective in ubiquitinating proteins 
(P"ig.. 1). This mutant ubiquitin was not conjugated to proteins in 
reticulocytee fraction II, which contains all required elements of the 
ubiquitin-proteasomee machinery. That UBB"*"5 is unable to conjugate 
too proteins is not surprising, since the carboxyl-terminal glycine at 
positionn 76 (Gly76) of Ub. which is lacking in UBB+1, is essential 
inn conjugating to other proteins (Varshavsky. 1997). The lack of 
conjugatingg properties of UBB"1 indicates that the mutant protein 
iss not able to participate in targeting proteins for degradation. 
Thiss finding agrees with data on the inability of the Des-75-76 
Ubb molecule (lacking the Gly75 and 76 residues) to conjugate to 
substratess (Bamezai and Breslow, 1991) and the inability of UBB'1 

too bind to El-activating enzyme (Lam et ah, 2000). 

Furthermore,, we show that UBB + : is not degraded by the ATP-
dependentt proteasome in ret iculocyte lysate (Fig. 2). nor in 
neuronall  cells (Fig. 4B). Surprisingly, we found that although UBB + 1 

iss ubiquitinated, it is refractory to degradation in neuroblastoma 
cells,, as UBB': and its ubiquitinated forms were stable for at least 3 
hh (Fig. 4B). Normally, most proteins targeted for degradation by the 
proteasomee by ubiquitination are degraded in minutes (Johnson et 
al.,, 1992; Lenk and Sommer, 2000). 

Iff  UBB+1 is not degraded by the proteasome, why is it ubiquitinated? 
Onee possibility is that UBB + 1 is targeted for degradation by 
ubiquitinationn but somehow inhibits the proteasome (discussed 
later).. On the other hand, ubiquitination of UBB*5 may not represent 
aa targeting signal but be part of the preassembly of multi-Ub chains. 
InIn vivo, unanchored multi-Ub chains are formed by conjugating 
(E2)) and ligating (F3) enzymes that arc specific for Ub. This 
preassemblyy of multi-Ub chains enables fast multi-ubiquitination and 
subsequentt degradation of target proteins (Mastrandrea et al., 1999). 
UBB"111 could theoretically be incorporated into a preasscmbled 
multi-Ubb chain, as this is formed by conjugation to either Lys29 
orr Lys48 (Mastrandrea et a!., 1999), which are both present in 
UBB f l .. However, UBB + 1 primed Ub chains will not be degraded by 
isopeptidasee T (Wilkinson et al., 1995) as are normal multi-Ub chains 
becausee this enzyme requires a carboxyl-terminal Gly residue at the 
proximall  end of the chain (Lam et al.. 2000: Wilkinson et al., 1995). 
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Similarly,, isopeptidase T is not effective in the disassembly of Des-
75-766 Ub terminated chains (Amerik et al., 1997). 

Ourr exper iments show that high expression of UBB+1 induces 
massivee cell death in human neuroblastoma cells, as seen by the 
sharpp and significant decrease in the number of UBB+1 transduced 
cellss in time (Fig. 8B). The decrease in UBB+1 immunopositive 
cellss was accompanied by a decrease in total cell number (Fig. 
8A),, indicating that the UBB + 1 transduced cells die. In addition, the 
morphologyy of UBB+1 immunopositive cells, i.e. vesicular extensions 
andd nuclear fragmentation (Fig. 8C), show that UBB+1 transduced 
cellss are dying in an apoptotic fashion, since apoptosis is normally 
characterisedd by blebbing, cell shrinkage, and nuclear condensation 
andd fragmentation (McGahon et al., 1995). 

Thee induction of cell death by UBB+1 is in line with the hypothesis that 
thiss mutant Ub inhibits the proteasome. Inhibition of the proteasome 
throughh other mechanisms has been shown to cause apoptosis in 
manyy studies, including apoptosis in neuronal cells. In cultured 
cerebellarr granule cells, for example, inhibition of the proteasome by 
lactacystinn results in apoptosis and activation of caspase-3 (Pasquini 
ett al., 2000). In primary cultured cortical neurons, proteasome 
inhibitorss carbobenzoxy-Leu-Leu-Leu-aldehyde and lactacystin 
bothh induced caspase-3 mediated apoptotic neuronal death (Qiu et 
al.,, 2000). Based on these results, the apoptotic death induced by 
UBBMM can be explained by a direct inhibitory effect of UBB""1 on the 
proteasome. . 

Inn the pathology of AD, increasing evidence emerges for a role of 
apoptosis.. However, the evidence is limited because cell loss is a 
dynamicc process that almost certainly occurs over many years; 
therefore,, neuropathology studies may not have adequate sensitivity 
too detect relatively rapid processes such as apoptosis. In several 
studies,, however, DNA laddering and terminal dUTP-mediated 
nick-endd labeling were found in brains of AD patients vs. brains 
off  nondemented control patients (Anderson et al., 2000; Su et 
al.,, 1994). Moreover, evidence for apoptosis decision cascades 
(Cotman,, 1998) and a correlation between caspase activation and 
neurofibrillaryy tangle formation (Rohn et al., 2001) were recently 
foundd to be involved in AD. 

Itt was reported recently that the proteasomal activity in brains of 
ADD patients is diminished (Keller et al., 2000a). The activity of 
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thee pro teasome was significantly decreased in the parahippocampal 
gyrus,, the superior and middle temporal gyri, and the inferior parietal 
lobee of AD brains, which are regions showing severe degenerat ive 
a l te ra t ionss in AD and UBB41 staining. Moreover, ubiquit ination of 
cerebrall  prote ins was found to be defective in AD (Lopez Salon et 
al.,, 2000), suggest ing that the L'b-proteasome degradation machinery 
iss involved in the pa thogenes is of AD. T h e se data are, however, 
pure lyy descr ip t i ve and do not indicate a molecu lar cause for the 
down-regulationn of the proteasomal activity. In contrast, our earl ier 
dataa on the neuronal accumulat ion of UBB + : in AD pat ients (Van 
Leeuwenn et al.. 1998b). in combination with the data of Lam et al. 
(Lamm et al., 2000) on the inhibition of the proteasome by UBB"1 and 
ourr present data on the stability of UBB + 1 and induction of apoptotic 
celll  death, strongly suggest that UBB+: is a key protein in causing 
thee proteasomai inhibition in AD brains. 

Inn s u m m a r y, we h a ve shown that U B B U d o es not exhibit the 
degradingg and conjugating propert ies of wtUb and that accumulating 
levelss of this mutant protein in neuronal cells are detr imental and 
causee neuronal apoptosis. We also show that UBB + 1 is ubiquitinated 
andd barely degraded in neuronal cells. The finding that UBBM 1) is 
expressedd in AD brains, 2) lacks the ability to ubiquitinate. 3) inhibits 
proteasomall  activity (Lam et al., 2000) and 4) induces apoptotic cell 
deathh in neurons shows that this mutant Ub can interfere with normal 
neuronall  functioning and probably contr ibutes to neurodegenerat ion. 
There fo re,, we p ropose that molecular misreading of the ubiquitin 
BB gene is an ear ly event in the pa thogenes is of AD. The gradual 
andd slow accumulat ion of UBB + 1 protein wil l eventual ly inhibit the 
p ro teasomall  act ivi ty in neurons, interfer ing with normal neuronal 
functionss and result ing in neuronal loss. 
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