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26. Frozen cell pellets were lysed on ice (30 min) in RlPA 
buffer [50 mM tris-HCI (pH 7.5), 10 mM P-glycerophos- 
phate, 5 mM EDTA, 150 mM NaCI, 1% Nonidet P-40, 1 
mM phenylmethylsulfonyl fluoride, 1 mM sodium or- 
thovanadate, aprotinin at 0.4 unitlml, and leupeptin at 
0.4 unitlml]. Extracts (100 pg  of protein) were exam- 
ined by protein immunoblot analysis by probing with 
antibodies to PKBIAKT (New England Biolabs), p38 
MAPK (Santa Cruz), ERK (Santa Cruz), JNK (Pharmin- 

gen), MKK4 (Santa Cruz), MKK7 (Zymed), p53 (Calbio- 
chem), p73 (provided by W. C. Kaelin Jr.), ARF (Novus 
Biologicals), caspase 3 (Santa Cruz), active caspase 3 [A. 
Srinivasan et al., Cell Death Differ, 5, 1004 (1998)], p21 
(Santa Cruz), Bcl2 (Pharrningen), Bax (Pharmingen), and 
actin (Calbiochem). 5100 fractions were prepared [J. 
Yanget al., Science 275,1129 (1997)l and examined by 
immunoblot analysis by probing with antibodies to 
cytochrome c (Pharmingen) and Bid (provided by X. 
Wang). Immune complexes were detected by enhanced 
chemiluminescence (Kirkegaard & Perry). 

27. MAPK activity 	was measured by in vitro kinase 
assays [J. Raingeaud et al., j .  Biol. Chem. 270, 
7420 (1995)l. Apoptosis was examined by analysis 
of DNA fragmentation by the cell death detection 
ELLA method (Boehringer Mannheim). The per- 
centage of cells in sub-C, and S phase was exam- 
ined by flow cytometry analysis of bromodeoxyuri- 
dine (BrdU) incorporation and propidium iodide 
staining [F. Dolbeare et al., Methods Cell Biol. 33, 
207 (1990)]. The mitochondria1 membrane poten- 
tial was examined by loading the cells (30 min at 
37°C) with 40 nM 3,3'-dihexyloxacarbocyanine io-
dide (Molecular Probes) and analyzing by flow 
cytometry [R. M. Siegel et  al.. j .  Cell Biol. 141, 
1243 (1998)j. Caspase 3 activity was measured by 

Ubiquitin Protein Ligase Activity 
of lAPs and Their Degradation in 

Proteasomes in Res~onse to
I 

Apoptotic Stimuli 
Yili Yang, Shengyun Fang, Jane P. Jensen, Allan M. Weissman, 


JonathanD. Ashwell* 


To determine why proteasome inhibitors prevent thymocyte death, we exam- 
ined whether proteasomes degrade anti-apoptotic molecules in  cells induced 
t o  undergo apoptosis. The c-IAP1 and XIAP inhibitors of apoptosis were selec- 
tively lost in  glucocorticoid- or etoposide-treated thymocytes in  a proteasome- 
dependent manner before death. IAPs catalyzed their own ubiquitination in  
vitro, an activity requiring the RlNG domain. Overexpressed wild-type c-IAP1, 
but not a RlNG domain mutant, was spontaneously ubiquitinated and degraded, 
and stably expressed XIAP lacking the RlNG domain was relatively resistant t o  
apoptosis-induced degradation and, correspondingly, more effective at  pre- 
venting apoptosis than wild-type XIAP. Autoubiquitination and degradation of 
IAPs may be a key event in  the apoptotic program. 

Thymocytes undergo apoptosis in response 
to many stimuli, including glucocorticoids, 
etoposide, y-radiation, and engagement of 
their receptors for antigen (1). Reagents 
that inhibit proteasomes, multicatalytic pro- 
tease complexes responsible for the degradation 
of ubiquitinated cellular proteins (2), block cell 
death induced by many of these stimuli (3). One 
possible explanation is that proteasome-mediat- 
ed degradation of anti-apoptotic proteins might 
be required for cell death to occur. Candidate 
anti-apoptotic molecules expressed in immature 
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thymocytes include the Bcl-2 family member 
Bcl-x, and members of the IAP (inhibitors of 
apoptosis) family (4). To explore this idea, we 
induced thymocytes to die by treating them 
with dexamethasone (Dex). Under these condi- 
tions, amounts of both c-IAP1 (inhibitor of 
apoptosis-1) and XIAP (X-linked inhibitor of 
apoptosis) were substantially decreased (Fig. 
1A) (5). No change occurred in amounts of 
Bcl-x, or p-actin. An increase in Dex-induced 
cell death was not observed until 8 hours of 
culture, and even at this time -90% of thymo- 
cytes were viable (Fig. 1B). Inhibition of pro- 
teasome activity greatly reduced apoptosis at 16 
hours (Fig. 1B) (3). Amounts of c-IAP1 and 
XIAP began to decrease 4 to 6 hours after 
culture with Dex, and by 8 hours were de- 
creased by 64 t 1.7% for cIAP-1 (n = 3) 

incubating the cells for 1 hour with the fluorogenic 
substrate PhiPhiLux-C,D, (Alexis Biochemicals) 
and analyzing by flow cytometry [D. M. Finucane et 
al., I .  Biol. Chem. 274, 2225 (1999)l. 

28. Cells were 	 plated onto gridded cover slips and 
maintained in Dulbecco's modified Eagle's medium 
containing 10% fetal calf serum for 2 days before 
injection. Fluorescein-conjugated dextran and cy- 
tochrome c (Sigma) were dissolved in phosphate- 
buffered saline and microinjected into the cyto- 
plasm. Injected cells were identified by fluores- 
cence microscopy and apoptosis was quantified by 
counting the number of injected cells immediately 
after injection and again 2 hours after injection. 
Apoptotic MEF aggregate and rapidly detach from 
the cover slip, which makes i t  impossible t o  score 
for individual apoptotic cells. 
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and 73 F 3.4% for XIAP (n = 5) (Fig. 1D) 
(6). Etoposide is a topoisomerase 11 inhibitor 
that, unlike glucocorticoids, induces apopto- 
sis through a p53-dependent pathway (7).  
Etoposide induced a decrease in IAP levels 
that was first observed after 2 to 4 hours of 
culture, and by 6 hours the amounts of c-IAP1 
and XIAP fell -87 ? 7.5% (n = 3) and 77 i 
8.5% (n = 5), respectively (Fig. 1E) (6).Cell 
death was first detected by trypan blue exclu- 
sion -8 hours after addition of etoposide and 
was largely prevented in cells treated with 
proteasome inhibitors (Fig. 1C). Therefore, 
induction of apoptosis by two different affer- 
ent pathways resulted in relatively early and 
specific loss of IAPs in thymocytes. 

The relatively rapid decrease in the 
amount of IAPs in thymocytes stimulated 
to undergo apoptosis raised the possibility 
that these proteins were being targeted for 
degradation. Given that the proteasome is a 
major effector of intracellular protein deg- 
radation and that proteasome inhibitors 
block glucocorticoid- and etoposide-in-
duced thymocyte apoptosis (3) (Fig. I ) ,  
thymocytes were cultured with Dex or eto- 
poside in the absence or presence of pro- 
teasome inhibitors (Fig. 2). Both a peptide 
aldehyde proteasome inhibitor and the 
highly specific proteasome inhibitor lacta- 
cystin effectively blocked the decrease in 
IAP expression induced by the apoptotic 
stimuli. 

Protein ubiquitination involves the se-
quential action of ubiquitin activating en-
zyme (El) ,  a ubiquitin-conjugating enzyme 
(E2), and a ubiquitin protein ligase (E3) 
(8 ) .  Ubiquitination by some known E3's 
and several proteins of previously unknown 
function is dependent on an intact RING 
finger (9, 10). IAPs contain a COOH-ter- 
minal RING domain, so we examined 
whether these molecules also have ubiq- 
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uitin protein ligase activity. We used an in 
vitro ubiquitination assay that takes advan- 
tage of the fact that prokaryotic cells do not 
express the enzymes required for protein 
ubiquitination (9, 11). Glutathione S-trans- 
ferase (GST) fusion proteins with full- 
length XIAP (GST-XIAP), c-IAP1 (GST- 
cIAP1). or GST alone were added to bac- , , 
terial lysates containing recombinant E l  
and E2 and ,'P-labeled recombinant ubiq- 
uitin. After 90 min the reactions were 
stopped and proteins from the lysates re- 
solved by SDS-polyacrylamide gel electro- 
phoresis (PAGE) (Fig. 3A). In the presence 
of GST alone, little protein ubiquitination 
was detectable. In contrast, GST-XIAP and 
GST-cIAP1 caused a large increase in the 
number of ubiquitinated species. The pat- 
tern of ubiquitination for each IAP was 
distinct, with XIAP reproducibly yielding 
prominent (> 180 kD) species of large mo- 
lecular size and c-IAP1 generating species 
predominantly in the 80- to 130-kD range. 
We also examined GST fusions that con- 
tained a truncated form of XIAP lacking the 
RING domain (GST-XIAP,-,,,) or XIAP 
or c-IAP1 in which the metal-coordinating 
residues His,,, or His,,, were replaced 
with Ala. Unlike the wild-type fusion pro- 
teins, GST-XIAP ,-,, ,, GST-XIAP,,,,,, 
and GST-cIAPl,,,,, did not increase the . . - - - - - 

amount of ubiquitinated species in the 
ubiquitin protein ligase assay (Fig. 3, B and 
C). XIAP and c-IAP1 also mediated their 
own ubiquitination in vitro; in vitro-trans- 
lated and metabolically labeled c-IAP1 and 
XIAP were .ubiquitinated in an E2-depen- 
dent manner, which was increased when 
they were incubated with their correspond- 
ing GST fusion proteins; this activity was 
ablated by mutation of the RING domains 
(6). 

To determine if IAPs can mediate their 
own ubiquitination and degradation in vivo, 
Myc-tagged wild-type or RING-mutated c- 
IAPl were transfected into 293 cells. im- 
munoprecipitated with antibodies to Myc 
(anti-Myc), and blotted with anti-Myc or 
anti-ubiquitin. Both IAPs were expressed 
(Fig. 4A), and the RING mutant was re- 
producibly expressed in slightly higher 
amounts than the wild-type protein (Fig. 
4B). Wild-type c-IAP1 but not the ubiquiti- 
nation-defective form was heavily ubiqui- 
tinated (Fig. 4A). This ubiquitination ap- 
pears to be functionally significant, because 
preventing proteasome-mediated degrada- 
tion with lactacystin increased the abun- 
dance of the wild-type c-IAP1 protein but 
caused little change in the amount of the 
RING mutant (Fig. 4B). Therefore, overex- 
pressed c-IAP1 undergoes ubiquitination 
and degradation in cells, phenomena that 
do not occur (or occur to a far lesser extent) 
when the IAP does not have endogenous 
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Fig. 1. Clucocorticoids and 
TI- &r) Tlw Rr) etoposide induce the loss of 

XlAP and c-IAP1 but not Bcl-x, D Dex E Etoposide 
in thymocytes. (A) Immuno- 
blot of c-IAPI, XIAP, Bcl-x, 0 4 6 8hr 0 2 4 6hr 
and p-actin after treatment of c-IAPl- 1 thymoytcr with 1 pM Dex for 

- 
8 houn. (B) Kinetics of induc- 
tion of cell death by Dex. Thy- 
mocytes were cultured in the XIAP - - XIAP - - 
absence (0) or presence (0) of 
1 pM Dex and cell viability 

I . was determined at the indicat- P-A,.~E,, - - ---Actin - - 
ed times. The error bars repre- 
sent the SEM of three independent experiments, each done in duplicate wells. (Inset) Percent specific 
apoptosis (2SEM) at 16 hours in the absence or presence of the proteasome inhibitors N-acetyl-Leu- 
Leu-Leu-Nle-CHO (LLnL) (50 yM) or ladacystin (50 yM) (Calbiochem, San Diego, California). Specific 
apoptosis is defined as the amount of apoptosis in excess of the spontaneous apoptosis of control 
cultures (% experimental apoptosis - % apoptosis in medium)/(100 - % apoptosis in medium). 
Spontaneous apoptosis ranged from 4 to 12%. (C) Kinetics of induction of cell death by etoposide. 
Thymocytes were cultured in the absence (0) or presence (0) of etoposide (10 pglml), and cell viability 
was determined at the indicated times. (Inset) Percent specific apoptosis (+SEM) at 16 hours in the 
absence or presence of the indicated proteasome inhibitors. (D) lrnrnunoblot analysis of the kinetics of 
XlAP and c-IAP1 decreases after treatment with 1 yM Dex. (E) lmmunoblot analysis of the kinetics of 
XlAP and c-IAP1 decreases after treatment with etoposide (10 yglml). lrnmunoblots were incubated 
with lZSI-labeled protein A and visualized with a Storm Phosphorlrnager. 

Fig. 2. Dex- and etoposide- E 

induced decreases of XlAP 3 
X 

and c-IAPI can be prevented .- - c 
by proteasome inhibitors. A 3 B 
(A) Thymocytes were cub 
tured with M Dex in 
the presence or absence of 
50 yM LLnL or lactacystin Z g d d  G m 
proteasome inhibitors for 8 c-IAPI - p p  = -  - , ~ v  
hours, and the levels of XIAP, c-IAPI - 6 . & L* 

c-IAPI, and p-actin were de- XIAP - - - -- - NAP - - , , , , 
termined by immunoblot. 
(B) Thymocytes were treat- P - B c ~ ~  - - 0 p-actin - --o-o- 
ed with etoposide (10 yg/ 
ml) for 6 houn in the pres- 
ence or absence of 50 yM LLnL or lactacystin. The levels of XIAP, c-IAPI, and p-actin were determined 
by immunoblotting as in Fig. 1. 

Fig. 3. (A to C) c-IAPI and XlAP a "  B n b  c s 
CST fusion proteins have ubiquitin A d 2 7. z 5 
protein ligase activity. The ubiq- e g g  a s  $ 6  ri: S 6 h  
uitination reaction was carried out 8 0 0  X X  X s s 

c c c  ? ? 
with 2.5 prnol of bacterially ex- kD g s s  $ $ $ $  
pressed CST or the indicated CST 

kD IIC kD 
fusion proteins bound to gluta- ,,, - 
thione-Sepharose 4B beads add- 182 - 
ed to the reaction buffer. After - 182 - 
incubation, reaction mixtures - 
were separated on 7.5% SDS- 62 - 62 - 

62 - PACE, and the 32P-ubiquitin- 51 - 
labeled species were visualized 
with a Storm Phosphorlmager. 
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ubiquitin protein ligase activity. 
To investigate the functional relevance 

of the RING domain, 2B4.11 T hybridoma 
cells were stably transfected with full- 
length Flag-tagged XIAP or the RING-less 
XIAP, -,, , (12). Clones expressing equiva- 
lent amounts of the transfected gene prod- 
ucts were chosen for further study. Treat- 
ment of untransfected 2B4.11 cells with 
Dex for 12 hours resulted in the loss of 
XIAP (Fig. 5A). As with thymocytes, 
amounts of p-actin did not change during 
this time. The amounts of transfected full- 
length XIAP (XFL. 1 and XFL.2 cells) were 
also decreased after Dex treatment. In con- 
trast, Dex caused only a small decrease in 
the amount of XIAP,-,,, (XT cells). Ex- 
pression of tagged full-length XIAP but not 
truncated XIAP appeared to increase the 
amount of endogenous XIAP in untreated 
cells, as well as the relative loss of this 
molecule in Dex-treated cells. The mainte- 
nance of expression of the various XIAPs 
was correlated with resistance to apoptosis 
(Fig. 5B). 

IAPs mediate their anti-apoptotic func- 

IP: Anti-Myc IP: Anti-Myc 
Blot: Anti-Myc Blot: Anti-uhiquitin 

B 
Medium Lactacystin 
I- 

Rlot: Anti-Myc 

Fig. 4. The protein ubiquitin ligase activity of 
c-IAPI regulates its ubiquitination and deg- 
radation in cells. The human embryonal kid- 
nev cell line 293 was transfected with the 
CDNA expression vector ~CDNA, alone, 
pcDNA,-myc-clAP1, or cDNA,-myc-CIAPI,,,,. 
(A) Lysate from transfected cells was immu- 
noprecipitated with anti-Myc epitope (anti- 
body 9E10). The antibody-coated beads were 
divided into two portions, and the immuno- 
precipitated material was immunoblotted 
with 9E10 or anti-ubiquitin, as indicated, and 
visualized with lZ51-labeled protein A as in 
Fig. 1. The transfected c-IAPI is indicated above 
a minor nonspecific band. (B) Transfected 
293 cells were treated with proteasome in- 
hibitor lactacystin (50 pM) for 18 hours. 
Lysates were separated by SDS-PAGE and 
blotted with 9E10. Similar results were ob- 
tained in three independent experiments. 

tion, at least in part, by interactions be- 
tween an -70-amino- acid NH,-proximal 
domain containing three BIRs (baculovirus 
internal repeats) and particular caspases (4, 
13). The role of the COOH-terminal RING 
domain in inhibition of apoptosis appears 
to vary depending on the IAP and the cell 
type, its mutation or absence having either 
a small negative effect or a positive effect 
on cell survival (14). Although our under- 
standing of the function of RING domains 
is limited, this motif appears to play a role in 
protein ubiquitination, and a number of RING- 
containing proteins have ubiquitin protein 
ligase activity (9, 10). Our results demon- 
strate that IAPs themselves catalyze ubiq- 
uitination in a RING-dependent manner. 
Moreover, these anti-apoptotic proteins are 
capable of autoubiquitination, and when over- 
expressed or expressed in cells induced to 
die undergo RING-dependent proteasome- 
mediated degradation. 

Because IAPs inhibit glucocorticoid- 
and etoposide-induced apoptosis (15) (as 

Cell 

Fig. 5. Stability and efficacy of RING-less 
XlAP in protecting cells from glucocorticoid- 
induced apoptosis. 2B4.11 T hybridoma cells 
were stably transfected with full-length NH2- 
terminal Flag-tagged XlAP or XIAP,~,,,. (A) 
After treatment with 1 y M  Dex for 10 hours, 
the indicated cells were analyzed for XlAP 
expression by immunoblotting with a poly- 
clonal antibody to  XlAP that recognizes both 
wild-tvpe and truncated XlAP fAF822; R&D 
systet%, Minneapolis, MN). ~ h e ' b l o t  was de- 
veloped with horseradish peroxidase-labeled 
donkey anti-rabbit immunoglobulin G (Amer- 
sham Pharmacia Biotech, Piscataway, NJ) and 
Supersignal chemiluminescent substrate (~erce, 
Rockford. ILI. The transfected full-leneth XlAP is 
slightly larger than the endogenou; XlAP be- 
cause of the Flag tag. The membrane was 
stripped, blotted with anti-p-actin, and de- 
veloped with lZ51-labeled protein A. (B) Via- 
bility of the indicated cells was assessed by 
trypan blue exclusion 20 hours after treat- 
ment with 1 p M  Dex. Specific cell death was 
calculated as in Fig. 1. The error bars are the 
SEM of four independent ,experiments, each 
done in duplicate wells. 

do proteasome inhibitors), their protea- 
some-mediated degradation may be an im- 
portant regulatory step for cells that have 
been signaled to undergo apoptosis to ac- 
tually progress to cell death. Furthermore, 
the finding that IAPs can catalyze their own 
ubiquitination provides the interesting pos- 
sibility that their abundance is actively self- 
regulated. This is supported by the finding 
that RING-less XIAP is degraded to a less- 
er extent, and confers better protection 
from apoptosis, than wild-type protein. 
However, the RING-less XIAP was not 
completely resistant to Dex-induced and 
proteasome-mediated degradation, indicat- 
ing that this protein can also serve as a 
target for other E3's, perhaps endogenous 
XIAP or other family members. The ability 
of IAPs to catalyze their own ubiquitination 
appears to be suppressed in resting thymo- 
cytes, because proteasome inhibitors had 
little effect on the amount of IAP in such 
cells. Whether IAPs can ubiauitinate other 
molecules and, if so, what might be their 
substrates, remains to be determined. 
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proteins whose sequences are unrelated: VP5 
(149 kD), VP26 (12 kD), VP23 (34 kD), and 
VP19C (50 kD). An asymmetric unit has a 
molecular mass of -3.2 MD and consists of 
1 penton subunit, 15 hexon subunits, and 5% 
triplexes (Fig. IF). The major morphological 
units in the capsid are the pentons and the 
hexons, which contain five and six copies of 
VP5, respectively. The hexon also contains 
six copies of VP26, which form a ring of 
connected densities on top of the VP5 sub- 
units (9). 

Previous studies of smaller viral capsids 
have demonstrated that a helices can be 
identified at 7.4 to 9 A resolution (10-12). 
At this resolution range, the mass densities 
of ci helices have the appearance of con- 
tinuous high-density rods of 5 to 7 A 
diameter. We have designated a relatively 
high density as an ci helix when it forms an 
extended rod of the correct diameter and 
is spatially resolved from neighboring 
densities. 

In the VP5 subunit of a sixfold averaged 
hexon (Fig. 2A), we assigned 24 mass seg- 
ments as ci helices (Fig. 2B). The VP26 
subunit of the hexon contains no obvious 
candidate helices, in agreement with its re- 
ported secondary structure (13). On the basis 
of estimates of the number of amino acids 
involved, the putative a helices represent 
-17% of the total mass of VP5, which is of 
the same range as the helical content of pu- 
rified VP5 estimated by far ultraviolet (UV) 
circular dichroism (CD) spectroscopy (14). 
Two relatively long helices (20 and 22 A) are 
present in the upper domain of the VP5 sub- 
unit (Fig. 2B). A group of seven relatively 
short (8 to 14 A), nearly parallel ci helices is 
seen in the middle domain (Fig. 2. B and C). , - .  
These helices are close to the narrowest con- 
striction of the channel that runs through the 
center of the hexons and pentons (Fig. 1C). In 
pentons, this channel appears to play an im- 
portant role in capsid maturation and DNA 
packaging (6). It is closed in virions, presum- 
ably to prevent the exit of the packaged DNA, 
but is open in purified capsids that lack DNA 
(15). The closure of the channel occurs in the 
region of the constriction and requires a mass 

Human herpesviruses cause a variety of dis- 
orders ranging from cold sores and chicken 
pox to less frequent conditions, including 
congenital defects, blindness, and cancers as 
well as life-threatening complications in im- 
munosuppressed individuals (1, 2). Herpes 
simplex virus-type 1 (HSV-I), the prototyp- 
ical member of the herpesvirus family, in- 
fects more than 60% of the United States 
population. The HSV-1 genome of 150,000 
base pairs (bp) contains over 75 open reading 
frames, about half of which encode structural 
proteins. The herpesvirus virion is composed 
of a glycoprotein-containing envelope, a pro- 
teinaceous layer (tegument), and an icosahe- 
dral capsid shell of 1250 diameter enclos- 
ing a double-stranded DNA (dsDNA) ge- 
nome (3). Upon entry to the cell, the external 
compartments disassemble, releasing the cap- 
sid, which is transported across the cytosol in 
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association with cellular carrier proteins (4). 
At the nuclear pore, the viral DNA is released 
into the nucleus (5).New capsids are assem- 
bled around a scaffolding core inside the 
nucleus. Subsequently, viral DNA is pack- 
aged, possibly through a penton channel, af- 
ter proteolysis and removal of scaffolding 
proteins (6). 

We imaged ice-embedded HSV-1 cap- 
sids in a JEOL 4000 electron cryomicro- 
scope with a LaB, gun operated at 400 kV 
( 7 ) .  Despite their low contrast (Fig. lA), 
the images contain data extending beyond 7 

(Fig. 1B). By merging 5860 particle 
images from 130 micrographs (8). we de- 
termined the molecular structure to 8.5 A 
resolution (Fig. 1, C through F). The valid- 
ity of our structure can be gauged from 
several lines of evidence. These include the 
low-phase residuals (<45" at 8.5 A) be- 
tween two independent three-dimensional 
(3D) reconstructions (Fig. ID) and the low - , 

(-580) average-phase residual difference 
between raw images and computed projec- 
tions from the final map up to 8.5 A. The 
high degree of sixfold symmetry evident 
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around the regions of the local sixfold sym- 
metry axes was not enforced in the icosa- 
hedral reconstruction (Fig. 1E) and further 
supports the validity of the structure. 

The capsid shell, with a total molecular 
mass of 0.2 billion daltons, is formed by four 
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