
28098 (1994); M. L. Whteaw, J.-A. Gustafsson, L. 
Poel~nger, Mol. Cell. 6101. 14, 8343 (1994). 

3. A. 8 .  Okey, D. S. Rddck, P. A. Harper, Trends Phar- 
macol. Sci. 15. 226 (1 994). 

4. G. W. Luc~er, C. J. Portier, M. A. Gallo, Environ. 
Health Perspect. 101,36 (1 993); M, J. DeVito, X. Ma, 
J. G. Bab~sh, M. Menache, L. Birnbaum, Toxicol. 
Appl. Pharmacol. 124,82 (1994); H. Huoskonen, M. 
Unkla, R. Pohjanvrta, J. Tuomisto, ibid., p. 174; P. 
A. Bertazz etal., Epidemiology 4, 398 (1993); L. S. 
Birnbaum, Environ. Heaith Perspect. 102, 676 
(1 994) 

5. D. J. McConkey, P. Hartzell, S. K. Duddy, H. Ha- 
kansson, S. Orrenius, Science 242, 256 (1988). 

6. D. W. Nebert, CRC Cnt. Rev. Toxicol. 20,153 (1 989). 
7. , D. D. Peterson, A. Puga, Pharmacogenetics 

1,  68 (1 991). 
8. W. Li, S. Donat, 0. Dohr, K. Unfr~ed, J. Abel, Arch. 

Biochem. Biophys. 31 5, 279 (1 994). 
9. K. M. Dolw~cketal., Mol. Pharmacol. 44.91 1 il9931. 

10. S. Kimura, F. J. Gonzalez, D. W. Nebert, M~I. cell. 
Biol. 6, 1471 (1986). 

11. F. J. Gonzalez and D. W. Nebert, Nucleic Acids Res. 
13, 7269 (1 985). 

12. U. Savas etal. . J. 6101. Chem. 269. 14905 11 994): T. 
R. Sutter et a/., ibid., p. 13092; Z. Shen etal., DNA 
Cell Biol, 13, 763 (1 994). 

13. T. R. Sutter, K. Guzman, K. M. Dold, W. F. Greenlee, 
Science 254, 41 5 (1 991); A. Puga, D. W, Nebert, F. 
Carrier, DNA Cell Biol. 11 , 269 (1 992). 

14. B. D. Abbott, G. H. Perdew, L. S. B~rnbaum, Toxicol. 
Appl. Pharmacol. 126, 16 (1994); D. W. Nebert, Bio- 
chem. Pharmacol. 47, 25 (1994). 

15. M. Capecch~, Science 244, 1288 (1 989). 
16. S. L. Mansour et al. , Nature 336, 348 (1 988). 
17. F. J. Gonzalez, Pharmacol. Rev. 40, 243 (1989); R. 

W. Robertson, L. Zhang, D. S. Pasco, J. B. Fagan, 
NucleicAcids Res. 22, 1741 ( I  994); J. 0. M~ners and 
P. I. Mackenze, Pharmacol. Ther. 51, 347 ( I  991). 

18. F. J. Gonzalez and D. W. Nebert, Trends Genet. 6, 
182 (1 990). 

19. S. Hayash1 etal., Carcinogenesis 15, 801 (1 994). 
20. A. Poland and J. C. Knutson, Annu. Rev. Pharmacoi. 

Toxicol. 22, 51 7 (1 982). 
21. To nactvate the Ahr gene n ES cells, we Isolated a 

genomc clone from a 129/SV mouse library (Strat- 
agene) w~ th  a 96-nucleotide ol~gomer compemen- 
tary to the 5' coding region of the murne AHR 
complementary DNA [nucleotdes 978 to 1073 n 
M. Ema et a/., Biochem. Biophys. Res. Commun. 
184, 246 (1992)l. A 7.5-kb fragment containing 
exon 1 from this genomc clone was dgested with 
Sal I (phage vector clon~ng site) and Bam HI, and 
cloned n to  the vector pMC-TK (negative seecton 
marker conferred by the HSV-TK cassette). To 
generate the replacement targeting construct, we 
deleted the codng exon 1 by digeston w~th  Nar I 
and insertion of a mod~f~ed neo-poly(A) cassette 
(positive select~on marker that confers resistance 
to G418) with compatbe C a  I ends. The final con- 
struct In pUC9 was e near zed at a unique Xho I ste 
and introduced by electroporation into 1 x 1 O7 ES 
cells w ~ t h  a Bo-Rad Gene Puser (250 V, 250 yF). 
Electroporated ES cells were plated onto a mono- 
layer of y-irrad~ated, neomyc~n-res~stant mouse 
primary fibroblasts and the cells were grown In the 
presence of leukemia inhibitor factor (1000 U/ml) 
(Gibco BRL). Seecton was performed for 7 to 8 
days w~ th  G418 (350 pg/m) and 5 WM ganccovir. 
Surviving clones were isolated and analyzed for the 
homologous recombnaton event. 

22. Genomic DNAwas dgested with Xba I or H~nd Ill and 
subjected to electrophoresis on 0.7 and 0.45% aga- 
rose gels, respectively. The gels were blotted under 
alkaline conditions with Gene Screen Plus nylon 
membranes (DuPont), which were then hybrdized at 
42°C in 10% dextran sulfate-50% formamide sou- 
tion with random primer-labeled genom~c DNA 
probe or neomycin cassette at a radoactive concen- 
tratlon of 1.5 X 1 O6 cpm/ml. The membranes were 
washed at 65°C for 30 min n 2 x  standard saline 
citrate (SSC) contanng 0.5% SDS and then for 15 
mrn in 1 x SSC contarnrng 0.5% SDS 

23. Animals were administered a s~ngle ntraper~toneal 
njecton (25 wI) of TCDD (Accu-Standard) dssolved 
in 1,4-dioxane (Baxter) at a dose of 40 pg per kio- 

gram of body mass. Control animals were Injected 
with the same volume of pure solvent. M~ce were 
killed by carbon monox~de asphyxiat~on 20 hours 
after injection. The organs were removed rapidly, 
weighed, and stored in l~quid n~trogen unt~l use. 
TCDD was of the h~ghest purity commercially aval- 
able (>99%) and 1,4-dioxane was of high perfor- 
mance liqu~d chromatography qualty. 

24. Total her RNA was isolated from the frozen t~ssues 
accordng to the guanidinium-thiocyanate method [P. 
Chomczynsk~ and N. Sacchi, Ana' Biochem. 162, 
156 (1987)l and 15 k g  were apped to 1 % agarose- 
formaldehyde gels. The gels were blotted onto Gene 
Screen Plus nylon membranes, whch were then hy- 
brdized at 42°C in 10% dextran sulfate--50% form- 
am~de solution contain~ng the appropriate murlne 
complementary DNA probes. The membranes were 
washed at 65°C for 30 min in 2 x  SSC contan~ng 

0.5% SDS and then for 20 mln n 0.5x SSC contan- 
Ing 0.5% SDS. Quantitaton of the amounts of mRNA 
was performed by exposing blots to Phosphor 
Screens (Eastman-Kodak) for 24 hours. The screens 
were then analyzed wth a Phosphor~mager (Molecu- 
lar Dynamcs) and the sgnas were quantifed by vo- 
ume integraton wth software provded by the manu- 
facturer. 

25. D. M. Hilbert, K. L. Holmes, A. 0. Anderson, S. 
Rudkoff, Eur. J. lmmunol. 23, 2412 (1993). 

26. We thank U. Hochgeschwender for the J1 cells, 
which were orig~nally provded by R. Jaensch, and 
for techn~cal support; D. Acc~l  for helpful sugges- 
tions; and G. M~ller, E. Lee, and H. Westpha for 
technical assistance. Supported in part by NIH 
grants R01 ES06811 and P30 ES06096 to D.W.N. 

14 December 1994; accepted 24 February 1995 

lnhi bi tion of Proteasome Activities and 
Su buni t-Specific Amino-Terminal Threonine 

Modification by Lactacystin 
Gabriel Fenteany, Robert F. Standaert, William S. Lane, 

Soongyu Choi, E. J. Corey, Stuart L. Schreiber* 

Lactacystin is a Streptomyces metabolite that inhibits cell cycle progression and induces 
neurite outgrowth in a murine neuroblastoma cell line. Tritium-labeled lactacystin was 
used to identify the 20s proteasome as its specific cellular target. Three distinct peptidase 
activities of this enzyme complex (trypsin-like, chymotrypsin-like, and peptidylglutamyl- 
peptide hydrolyzing activities) were inhibited by lactacystin, the first two irreversibly and 
all at different rates. None of five other proteases were inhibited, and the ability of 
lactacystin analogs to inhibit cell cycle progression and induce neurite outgrowth cor- 
related with their ability to inhibit the proteasome. Lactacystin appears to modify co- 
valently the highly conserved amino-terminal threonine of the mammalian proteasome 
subunit X (also called MBl), a close homolog of the LMP7 proteasome subunit encoded 
by the major histocompatibility complex. This threonine residue may therefore have a 
catalytic role, and subunit WMBl may be a core component of an amino-terminal- 
threonine protease activity of the proteasome. 

Lactacystin (compound 2 in Fig. 1) was 
discovered on the basis of its ability to 
induce neurite outgrowth in the murine - 
neuroblastoma cell line Neuro-2a ( 1 ) .  Lac- 
tacystin also inhibits proliferation of other 
cell types, suggesting that its target is not 
exclusive to Neuro-2a cells (2). To under- 
stand the cellular effects of lactacystin, we 
tested a series of analogs and found that a 
synthetic p-lactone (compound 1 in Fig. 1)  
related to lactacystin showed similar biolog- 
ical activity, whereas the corresponding 
acid, formally the product of hydrolysis of 
the lactacystin thioester or the p-lactone, 
did not (2). These and other data suggested 
that an electrophilic carbonyl at C4 was 
essential for the biological activity of lacta- 
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Hughes Medical Inst~tute, Departments of Chemistry and 
Molecular and Cellular Biology, Harvard Unversty, Cam- 
brdge, MA 021 38, USA. 
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Unversity, Cambridge, MA 02138, USA. 
S. Choi and E. J. Corey, Department of Chemistry, Har- 
vard Univers~tv, Cambrd~e,  MA 02138, USA, 
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cystin, and thus that its target mlght be an 
enzyme containing a catalytic nucleophile, 
such as a Drotease or a l i~ase  (2). The C4 
carbonyls -of both the thioeste; and the 
R-lactone are reactive electro~hiles, where- 
as the carboxylate of the dihidroxy acid is 
essentially inert to nucleophilic attack. 

To purify and identify the target, we 
synthesized [3H]lactacystin and the [;HIP- 
lactone at a s~ecific activitv of 3.4 Cilmmol 
(Fig. 1). 1nc;bation of crude extracts from 
Neuro-2a cells or bovine brain with [3H]lac- 
tacystin (or [3H]p-lactone), followed by 
SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and fluorography, revealed 
the presence of an intensely labeled protein 
band of -24 kD (Fig. 2)  and a weakly 
labeled band at -32 kD. The latter is not 
evident in Fig. 2 and appeared only with 
prolonged exposure times, but the 24-kD 
band was visibly radiolabeled even after a 
5-min treatment with 1 pM [3H]P-lactone 
or [3H]lactacystin (3). Similar results were 
obtained with extracts from Saccharomyces 
cerewisiae and bovine liver and thymus. La- 
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beling by ['H]lactacystin (or ['HIP-lactone) 
was completely prevented by the simulta- 
neous addition of an excess of unlabeled 
lactacystin, p-lactone, or other biologically 
active analogs, but not by the addition of 
dihydroxy acid or other biologically inac- 
tive analogs (Fig. 2) (2, 3). These results 
suggest that the interaction is saturable, 
specific, and relevant to the cellular effects 
of lactacvstin. 

The lactacystin-binding proteins were 
purified from bovine brain (4), on the basis 
of labeling by ['H]lactacystin or ['HIP-lac- 
tone, and gel filtration chromatography re- 
vealed that both reside in the same high- 
molecular weight protein complex. Treat- 
ment with ['H]lactacystin or ['HIP-lactone 
did not dissociate the complex, and the 
bound radioactivity uniquely comigrated 
with it. The mass of the purified complex 
was -700 kD, and SDS-PAGE showed that 
it consisted of numerous proteins with 
masses of approximately 24 to 32 kD. Ed- 
man degradation revealed the sequences of 

2 0 
Fig. 1. Synthesis of ?H]lactacystin. Lactacystin 2 
was prepared from the related P-lactone 1, which 
was tritiated by an oxidation-reduction sequence. 
Unlabeled 1 was oxidized at C9 to the ketone with 
the Dess-Martin periodinane (DMP) (76%) (31) in 
dichloromethane and then reduced with 
?H]NaBH, (NEN, 13.5 Ciimmol) in 1,2-di- 
methoxyethane/l% H,O at 22°C for 10 min to 
afford tritiated 1 along with its C9-epimer (2:3 
ratio). The isomeric p-lactones were separated by 
HPLC (Rainin Microsorb SiO, column, 4.5 mm by 
100 mm, 10% i-Pr-OH in hexane) and reacted 
with N-acetylcysteine (0.5 M) and triethylamine 
(1.5 M) in CH3CN at 22°C for 1 hour to afford 
lactacystin (9s) 2 (specific activity = 3.4 Ciimmol) 
and its C9-epimer (9R), which were purled from 
their respective reaction mixtures by reversed- 
phase HPLC FSK-Gel ODs-€!% column (loso 
Haas, Philadelphia), 4.6 mm by 250 mm, 1040 
CH3CN/0.1 % CF3C0,H in H,O]. Me, methyl. The 
asterisk indicates the radiolabeled atom. 

several proteasome subunits in the 24-kD 
band, which led to a tentative identifica- 
tion of the complex as the 20s proteasome. 
We treated the complex with ['HIP-lactone 
or ['Hllactacystin and subjected it to re- 
versed-phase high-performance liquid chro- 
matography (rpHPLC) to separate the pro- 
teasome subunits. Eleven distinct peaks 
were resolved, but the bound radioactivity 
was associated exclusivelv with the first two 
peaks, and predominantly with the second 
(Fie. 3). which was labeled much faster 
thak the first (5); the incorporation of ra- 
dioactivity was prevented by simultaneous 
addition of excess unlabeled compound. Af- 
ter 2-hour incubation with 10 p,M ['HIP- 
lactone under the conditions described in 
Fig. 3, there was only trace labeling of the 
first peak, unlike what was observed after 24 
hours (Fig. 3), even though the second peak 
was saturated with label after 2 hours (3). 
The first two peaks were judged to be hd- 
mogeneous by silver staining of SDS-poly- 
acrylamide gels and by sequencing of tryptic 
fragments, whereas some of the later-elut- 
ing, larger peaks were clearly not homoge- 
neous. We estimate that 2 mol of lactacys- 
tin or 0-lactone bind to 1 mol of the ~rirnarv 
lactacbstin-binding proteiri (the 'second 
eluted peak) after a 24-hour radiolabeling on 
the basis of integrated absorbance at 210 nm 
[and using the standard value of 20.5 as the 
absorbance (210 nM) for a solution contain- 
ing 1 mg of protein per milliliter] and on 
integrated radioactivity from the peak on 
HPLC chromatograms. 

Analvsis bv SDS-PAGE followed bv sil- , , 
ver-staining revealed that the first peak to 
elute from the mHPLC column contained 
only a 32-kD corresponding to the 
weakly labeled 32-kD protein observed in 

Fig. 2. Fluorogram of 1 2 3 4  
SDS-polyacrylamide gel 
of crude cell and tissue 97.4- 
extracts treated with 3H- 66.2- 
labeled lactacystin with 45,0- 
or without unlabeled 
competitor (added si- 31.0- 
multaneously) for 24 - 
hours. Lanes 1 and 2 21.5- 
contain crude NeuroQa 
extracts (-1 1 pg total 
protein per lane), and lanes 3 and 4 contain crude 
bovine brain extracts (-54 pg total protein per 
lane). Each extract was treated with 10 pM 
rH]lactacystin with or without 1 mM unlabeled lac- 
tacystin; lane 1, no competior; lane 2, lactacystin; 
lane 3, no competior; and lane 4, lactacystin. The 
positions of molecular size standards and their 
sizes in kilodaltons are indicated at left. Crude 
extracts from NeuroQa cells or bovine brain [in 
homogenization buffer described in (4)] were incu- 
bated with the compounds for 24 hours at room 
temperature, subjected to SDS-PAGE, stained 
and destained, treated with EN3HANCE (NEN) ac- 
cording to the manufacturer's instructions, and 
dried and exposed to Kodak S8 film. 

crude extracts. Sequencing of this second- 
ary lactacystin-binding protein showed it to 
be the proteasome a chain (Fig. 4B), a 
-30-kD protein identified in purified hu- 
man erythrocyte proteasome (6) and rat 
liver proteasome (7) for which only NH,- 
terminal sequences exist. It is also a ho- 
molog of the S. cerevisiae PUP1 proteasome 
subunit (8). The second peak to elute from 
the column contained only a 24-kD pro- 
tein, the primary lactacystin-binding pro- 
tein. The seauence from the NH,-terminus 
of this protiin and from deri&d tryptic 
framnents showed that 59 of 62 residues 

u 

were identical to the recently discovered 
human 20s proteasome subunit X (9), also 
known as MB1 (lo), a reciprocally regulat- 
ed homolog of the major histocompatibility 
complex (MHC)-encoded LMP7 protea- 
some subunit (Fig. 4A). 

The 20s proteasome is a large (-700 
kD), multicatalytic protease complex that 
in eukaryotes is composed of about 14 dif- 
ferent types of subunits of 21 to 32 kD each 
[for reviews, see (1 1 )I. In the archaebacte- 
rium Thermoplasma acidophilum, the protea- 
some complex is of a similar size but is 
composed of only two types of subunits, 
termed a and p (1 2, 13), and the subunits 
are arranged in a cylindrical stack of four 
rings in an a7p7p7a7 organization (14). 
Both of the lactacystin-binding proteasome 
subunits from bovine brain are related to 
the archaebacterial proteasome's P subunit. 
The 20s proteasome in eukaryotes is 
thought to be structurally similar to the 
simpler archaebacterial proteasome but as- 
sembles into a larger 26s protease complex 
that is responsible for the adenosine 
triphosphate (ATP)-dependent breakdown 

Fig. 3. HPLC separation of subunits of protea- 
some labeled with ?HIP-lactone. Purified 20s 
proteasome (-0.1 pg/pI) (4) was incubated at 
25°C with 10 pM ?HIP-lactone for 24 hours. Tri- 
fluoroacetic acid ( F A )  was then added to 0.1 % 
(v/v), and after 20 min, the solution was loaded 
onto a Vydac C4 column (300 A, 4.6 mm by 150 
mm), which had been equilibrated with 20% 
CH3CN/H,0/0.1% F A ,  at a flow rate of 0.8 mV 
min. The CH3CN concentration was raised to 
40% over 10 min, and then to 55% over 30 min to 
elute the proteasome subunits. Absorbance was 
monitored at 210 nm (4,,J, and radioactivity was 
measured with an in-line flow scintillation detector 
(P-RAM 28, IN/US Instruments). 
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of ubiquitinated proteins [for reviews, see 
(14)l. Although the 20s proteasome is be- 
lieved to be the catalytic core of the 26s 
protease complex, in isolation it does not 
effect ubiquitin-, ATP-dependent proteoly- 
sis. However, the 20s proteasome by itself 
can cleave certain protein and peptide sub- 
strates in an ATP-independent manner. 
The best characterized of the activities of 
the 20s proteasome are hydrolysis of the 
amide bond of small peptides COOH-ter- 
minal to hydrophobic, basic, and acidic res- 

Fig. 4. Am~no acid se- 
quence of purlfled bovine 
lactacystin-binding pro- 
telns. (A) Sequences de- 
rived from the -24-kD 
primary bovine lactacys- 
tin-binding protein from 
direct NH2-terminal se- 
quencing (sequence 1) 
and tryptic fragments 
(sequences 2 to 4), 
aligned with sequences 
of human proteasome 
subunit X, predicted from 
the complementary DNA 
(cDNA) clone (9), and hu- 
man LMP7-E2, predicted 
from the exon 2-contain- 
ing cDNA clone (26). Se- 
quence 1 (from direct 
NH,-terminal sequenc- 
ing) is also aligned with 
sequences of S. cerevi- 
siae Pre2, predicted from 
the genomic clone (27), 
and T. acidophilum P 
subunit, predicted from 
the genomic clone (13). 
The underl~ned NH,-ter- 
minal heptapept~de in se- 
quence 1 corresponds to 
the tryptic fragment that 
appears to contain a lac- 

idues, respectively, termed chymotrypsin- 
like, trypsin-like, and peptidylglutamyl-pep- 
tide hydrolyzing (PGPH) activities. Studies 
that used group-blocking reagents, inhibi- 
tors, and activators, as well as genetic stud- 
ies in yeast, suggest that the three peptidase 
activities arise from separate active sites on 
the proteasome particle. The simpler ar- 
chaebacterial proteasome possesses only a 
chymotrypsin-like specificity (12). 

We assessed the effects of lactacystin 
and the related p-lactone on the activities 

A 
Primary bovine lactacystin-binding protein 

Sequence 1 
direct NH2-terminal sequence m K f  RHg 

Human subunit X 5 TTTLAFKFRHG 15 

Human LMP7-E2 73 TTTLAFKFQHG 83 

S. cerevisiae Pre2 76 TTTLAFRFQGG 86 

T. acidopholum P subunit 9 TTTVGITLKDA 19 

Sequence 2 
tryptic fragment VIEINPYLLGTMAGGAADcSFwer 

Human subunit X 38 VIEINPYLLGTMAGGAADCSFWER 61 

Human LMP7-E2 106 VIEINPYLLGTMSGCAADCQYWER 129 

Sequence 3 
tryptic fragment GYSYDLEVEEAYDLAR 

Human subunit X 146 GYSYDLEVEQAYDLAR 161 

Human LMP7-E2 214 GYRPNLSPEEAYDLGR 229 

tacystin-modified NH2- sequence 
terminal threonine resi- tryptic fragment 
due (boldface). Upper- 
case letters denote high- 

Human subunit 
confidence seauence. 
whereas lowercase let: 
ters indicate lower confi- Human LMP7-E2 

dence assignments. All 
of the trypt~c fragments, 
Including the underl~ned 

DAYSGGSVSLY 

171 DAYSGGAVNLYHVR 184 

239 DSYSGGVVNMYHMK 252 

NH2-terminal heptapep- Secondary bovine lactacystin-binding protein 
tide, were derived from 
lactacystin-treated 20s 

Tryptic fragments TTIAGWYKDGIVLGADTR 

proteasome, whereas 
the d~rect NH,-terminal H ~ ~ o ~ e ~ & ~ ~ ~ ~ ~ a i n  1 XXIAGWYKDGIVLGADTR 19 
sequence was obtained 
from untreated 20s oro- Rat liver proteasome 1 TTIAGWYKDGI 12 , -  
teasome. (B) Sequence chain 1 
derived from the -32-kD S .  Cerevisiae PUP1 30 TTIVGVKFNNGWIAADTR 49 
secondary lactacystin- 
binding proteln (from lactacystin-treated 20s proteasome) aligned with the NH,-termlnal sequence of 
human erythrocyte proteasome a chain (61, rat her proteasome chain 1 (4, and S. cerevisiae PUPI, the 
latter predicted from the genomic clone (8). Abbreviations for the amino acld residues are as follows: A, Ala; 
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

of the 20s proteasome, purified to hornoge- 
neity (4), using fluorogenic peptide sub- 
strates and found that they inhibited all 
three activities, irreversibly in the case of 
the chymotrypsin-like and trypsin-like ac- 
tivities and reversibly in the case of the 
PGPH activity (16). Purified 20s protea- 
some maintains its activity for several days 
at room temDerature, and in lactacvstin- or 
P-lactone-treated samples inhibition was 
observed under these conditions for this 
duration (3). The apparent second-order 
rate constant for association of the inhibitor 
with the enzyme, k,,,,,, was determined for 
each of the activities by assaying for residual 
activity as a function of time after the ad- 
dition of inhibitor (Table 1). Lactacystin 
inhibited the chymotrypsin-like activity the 
fastest (kdSSOC = 194 2 15 M-' s-l) and the 
trypsin-like activity and the PGPH activity 
at 1/20 and 1/50 of that rate, respectively. 
That the inhibition rates are different for 
the three activities further supports the no- 
tion that the activities arise from separate 
active sites. The p-lactone displayed the 
same rank order of inhibition kinetics but 
inhibited each activity 15 to 20 times as fast 
as did lactacystin itself, in accord with the 
greater chemical reactivity of the p-lactone. 
It is also possible that upon initial binding 
the lactacvstin thioester is cvclized in a 
rate-limiting step to the p-lactone, which is 
then rapidly attacked by the nucleophile. 

The inhibition of the proteasome by 
lactacystin in vivo may prevent the deg- 
radation of growth-inhibitory proteins or 
it may block the proteolytic activation of 
growth-permissive proteins in the cell. 
The proteasome is thought to be respon- 
sible for the deeradation of abnormal and " 
denatured proteins In the cytoplasm and 
nucleus of the cell, and manv reeulatorv , " 

proteins also appear to be degraded by the 
oroteasome as Dart of the 26.5 Drotease 
complex in a ubiquitin-, ATP-dependent 
manner [for reviews, see (17)l. The pro- 
teasome is also thought to be involved in 
the processing of antigens for MHC class I 
presentation [for review, see (18)l. Cyclin 
degradation has been shown to be required 
for exit from mitosis (19). and cvclins , , 

appear to be degraded by the ubiqktin- 
proteasome pathway (20). Recently, Pal- 
ombella et al. (21 ) discovered that the 
regulated proteolytic processing and acti- 
vation of the nuclear factor kappa B (NF- 
KB) p105 precursor protein and the deg- 
radation of the inhibitor of NF-KB (1- KB) 
are mediated by the ubiquitin-proteasome 
pathway. Lactacystin appears to inhibit 
the 26s proteasolne-mediated, ubiquitin-, 
ATP-dependent proteolytic processing of 
the NF-KB precursor protein and the deg- 
radation of I-KB (22). ~, 

Previously, we showed that lactacystin 
analogs that cause neurite outgrowth in 
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Neuro-2a cells also inhlbit cell cycle pro- 
gression in MG-63 human osteosarcoma 
cells, and that modifications to the y-lac- 
tam part of the molecule impaired both 
activities whereas modifications to the N- 
acetylcysteine moiety had little or no effect 
(2). We therefore tested whether the ana- 
logs could inhibit the 20s proteasome, fa- 
cusing on the chymotrypsin-like activity, 
which is inhibited most rapidly by lactacys- 
tin. The same trends found in the biological 
experiments were apparent in the inhibi- 
tion studies. The biologically active com- 
pounds inhibited the chymotrypsin-like ac- 
tivity, whereas the biologically inactive 
compounds did not inhibit this activity at 
all (Table 1). Modifications of the y-lactam 
core of lactacystin mitigate its inhibitory 
effect, but modifications of the N-acetylcys- 
teine moiety do not. Although not ruling 
out alternative hypotheses, these results 
make the proteasome the likely candidate 
for the cellular target of lactacystin (23). 

Rock et al. (24) used nrotease inhibitors . . 
to study the role of the proteasome in the 
degradation of various proteins. The pep- 
tide aldehyde inhibitors used in these stud- 
ies were also shown to potently inhibit the 
cysteine proteases calpain and cathepsin B. 
O n  the other hand, neither lactacystin nor 
the related R-lactone (both at 100 uM) had 
a detectable effect on these or aAy other 
protease tested, including the serine pro- 
teases chymotrypsin and trypsin and the 
cysteine protease papain (3), even after 
more than 48 hours of exposure. 

We next turned our attention to the 
issue of which residues of the primary lac- 
tacystin-binding protein are modified by 
lactacystin. On  the basis of our kinetic stud- 
ies, we surmised that modification of the 
primary lactacystin-binding protein, and 
not the secondary lactacystin-binding pro- 
tein, was likely to be responsible for inhibi- 
tion of at least the chymotrypsin-like and 
trvnsin-like activities. These activities are , . 
inhibited by lactacystin and the p-lactone 
in a time frame where only a trace amount 
of modification of the secondary lactacys- 
tin-binding protein occurs. 

The primary lactacystin-binding protein, 
labeled with [3H]lactacystin of low specific 
activity, was isolated from purified 20s pro- 
teasome by C4 rpHPLC and digested with 
trypsin (25). The tryptic fragments were 
then separated by narrowbore C18 
mHPLC. Two of the ~ e a k s  contained radio- 
label, and these were sequenced. The first 
had the sequence DAYSGGSVSLY (se- 
quence 4 in Fig. 4A). O n  the basis of ho- 
mology to subunit X/MBl, this fragment 
was expected to be internal, and the lack of 
sequence COOH-terminal to the tyrosine 
was thus unanticipated. The premature ter- 
mination could have occurred for reasons 
unrelated to lactacystin, but it is possible 

that the subsequent residue was modified. If 
this is the case, then the modified residue 
may be histidine, a potential catalytic base, 
which occurs at the corresponding position 
in hulnan subunits X/MBl, LMP7, and 
their holnologs in other organisms. 

A stronger argument can be made for the 
identity of the modified residue in the sec- 
ond labeled fragment. The first cycle of 
Edman degradation did not produce an 
identifiable phenylthiohydantoin (PTH)- 
amino acid derivative, and subsequent cy- 
cles produced the sequence TTLAFK (un- 
derlined in sequence 1 in Fig. 4A), which is 
identical to residues 2 to 7 of the unmodi- 
fied, undigested protein. From direct NH2- 
terminal sequencing of unlabeled protein, 
we found that the first residue is threonine, 
and the failure of this residue to appear as a 
standard PTH-amino acid derivative after 
reaction of the proteasome with lactacystin 
suggests that it is the modified residue. The 
mass spectrum (matrix-assisted laser desorp- 
tion time-of-flight mass spectrometry, with- 
out internal calibrant) of the fragment con- 
tained a peak at m/z 992, which agrees well 
with the calculated value of 994 for the 

NH2-terminal heptapeptide acylated by lac- 
tacystin. Whereas the primary lactacystin- 
binding protein contains an NH2-terminal 
TTT, proteasome chain cr, the secondary 
lactacystin-binding protein, contains the 
NH2-terminal sequence TTI (Fig. 4B); 
however. in this case. we found no indica- 
tion that either threonine was modified 
from seauencine of this subunit isolated " 

from lactacystin-treated 20s proteasome. 
Threonine repeats are found at the ma- 

ture, proteolytically processed NH2-termini 
of many proteasome subunits. Direct NH2- 
terminal sequencing of the archaebacterial 
proteasome has revealed a threonine triad 
at the NH2-terminus (13). In the case of 
hulnan LMP7 (26) and human subunit 
X/MB1 ( l o ) ,  an NH2-terminal TTT in the 
mature protein is suspected. The S. cereul- 
siae protein PreZ also contains this sequence 
(27), although the NH2-terminus of the 
mature orotein has not been established. 
Direct NH2-terminal sequencing of protea- 
some subunit 6 and the proteasolne cr chain 
(6, 7), as well as sequencing of the MHC- 
encoded proteasolne subunit LMP2 (28), 
has shown that the NH2-termini of the 

Table 1. Klnetlcs of lnhlbltlon of the peptldase actlvitles of purlfied 20s proteasome by lactacystin and 
analogs of lactacystin. Biological activity of compound refers to the ability of the compound to Induce 
neurite outgrowth In Neuro-2a mouse neuroblastoma cells and to lnhlbit cell cycle progresslon In MG-63 
human osteosarcoma cells (2). Experiments were performed as follows: Purlfled 20s proteasome (-5 
ng/pl) (4) In 10 mM iris-HCI and 1 mM EDTA (pH 7.5) was incubated at 25°C In the presence of lactacystln 
or lactacystln analogs [dimethyl sulfoxide or CH,OH cosolvent not exceeding 5% (v/v)]. Aliquots for 
fluorescence assay were removed at varlous tlmes after the additlon of compound and diluted in 10 mM 
trls-HCI and 1 mM EDTA (pH 7.5) contalnlng fluorogenlc peptlde substrates (1 00 pM final concentration). 
Suc-LLVY-AMC, Cbz-GGR-PNA, and Cbz-LLE-PNA (AMC = 7-amido-4-methylcoumarin; PNA = 

P-naphthylamide Suc = succinyl, cbz = carbobenzyloxy) were used to assay the chymotrypsln-like, 
trypsin-llke, and peptidylglutamyl-peptlde hydrolyzing (PGPH) actlvlties, respectively. Fluorescence ex- 
citation/emlssion wavelengths were 460 nm/380 nm for AMC and 410 nm/335 nm for PNA. The 
fluorescence assays were conducted at 25"C, and each experiment was performed at least three tlmes. 
The kassoc values represent mean * standard deviation. Association of an irreverslble inhibitor with an 
enzyme IS often depicted in two steps, E + I s E.1 -. E-I, where E-l is the stable enzyme-lnhlbltor 
complex. If the rate constants for the reversible flrst step are k, and k-,,  and the rate constant for the 
irreverslble second step IS k,, then the second-order rate constant kass,, IS glven by k,k,/k,. This value 
may be calculated wlthout determining the mlcroscoplc rate constants from the pseudo-f~rst order 
association rate constant k,,,, whlch IS In turn derlved from plots of In(v,lv,) versus time (where v, = the 
velocity at tlme t and v, = veloclty at time zero). kassoc IS equal to k,,,/[l]. Blanks lndlcate not applicable. 

kassoc = ko,s/[ll (M-' s-') 

Compound (concentration) Chymo- 
trypsin-like 

Trypsln-like PGPH 
activlty actlvity actlvity 

Biologically active compounds 
Lactacyst~n (1 0 pM) 194 2 15 10.1 * 1.8 
Lactacyst~n (1 00 pM) 4.2 i- 0.6 
P-Lactone (I pM) 3059 i- 478 
P-Lactone (5 pM) 208 2 21 
P-Lactone (50 pM) 59* 17 
Lactacystin amlde (1 2.5 pM) 362 i- 40 
2'-Phenyllactacyst~n (1 2.5 pM) 179 2 19 

Biologically inactive compounds 
Dihydroxy acid (1 00 pM) No lnhiblt~on No inhibition No lnhibltlon 
6-Deoxylactacystin (1 2.5 pM) No inhibition 
(6R,7S)Lactacystin (6-epi,7-epi) (12.5 pM) No inhibition 
Des(hydroxyisobutyl)lactacystin (1 2.5 pM) No inhibition 
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processed forms of these proteins also begin 
with TTI. The widespread occurrence of 
the NH2-terminal threonine and the appar
ent modification of this residue on the pri
mary lactacystin-binding protein by lacta-
cystin suggest that NH2-terminal threonine 
residues may play an important catalytic 
role in these proteasome subunits. A possi
bility is that the side chain hydroxyl of the 
NH2-terminal threonine of proteasome sub-
unit X/MB1 may be the nucleophile that 
attacks the amide carbonyl of peptide sub
strates, and the a-amino group might act as 
a base to activate the threonine side chain 
hydroxyl. Duggleby et al. (29) suggested an 
analogous catalytic role for the NH2-termi-
nal serine of penicillin acylase and postu
lated that a bridging water molecule might 
be involved in proton transfer. While this 
manuscript was in review, we learned that 
an x-ray crystal structure of the archaebac-
terial proteasome has been solved to 3.4 A 
resolution; the structure of this proteasome 
with a bound peptide aldehyde inhibitor, as 
well as mutagenesis studies, suggest that the 
NH2-terminal threonine of the mature p 
subunit contains the active site nucleophile 
(30), consistent with our finding that lac-
tacystin modifies the NH2-terminal threo
nine of a related subunit in the eukaryotic 
proteasome. 

Both lactacystin and the related (3-lac-
tone inhibit multiple peptidase activities 
of the proteasome and yet appear to mod
ify predominantly one type of proteasome 
subunit, subunit X/MB1. Because the in
hibition of the chymotrypsin-like and 
trypsin-like activities appears to be irre
versible, covalent modification of subunit 
X/MB1 may be responsible for the inhibi
tion of these activities. One explanation 
for such dual inhibition could be that 
formation of the lactacystin-protein ad-
duct at one site causes a change in con
formation that is transmitted to the differ
ent types of active sites. However, in this 
case, one would expect the kinetics of 
inhibition to be the same for the two 
activities. A more reasonable explanation 
is that subunit X/MB1 may be a compo
nent of both the chymotrypsin-like and 
trypsin-like active sites. One possibility is 
that subunit X/MB1 contains two residues 
modified by lactacystin, one of which is an 
active site nucleophile and the other of 
which forms part of a second active site at 
an interface with another subunit; for in
stance, the NH2-terminal threonine may 
be an active site nucleophile, and the 
second putative lactacystin-modified resi
due could be a base that activates an 
active site nucleophile on another sub-
unit. Alternatively, subunit X/MB1 may 
contain two active site nucleophiles, each 
of which is associated with a separate type 
of active site. Another possibility is that 

subunit X/MB1, present in multiple copies 
per proteasome particle, may possess only 
one active site nucleophile that partici
pates in both activities; the active sites 
would form at an interface between a com
mon region of subunit X/MB1 and other 
variable specificity-determining subunits 
in different locations and microenviron-
ments in the proteasome particle. 

Lactacystin is the most selective protea
some inhibitor presently known and thus 
may be a useful reagent for examining the 
role of the proteasome in proteolytic pro
cesses in the cell. It binds primarily to sub-
unit X/MB1 and yet inhibits multiple pro
teasome activities. This implies that this 
subunit may play an important catalytic 
role in the proteasome and raises interesting 
questions about the proteasome's organiza
tion. Furthermore, the discovery that lacta
cystin modifies the highly conserved NH2-
terminal threonine residue of subunit 
X/MB1, a possible active site nucleophile, 
may serve as a starting point for the eluci
dation of the detailed mechanism of prote
olysis and for the construction of dominant-
negative mutants of the proteasome. 
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Translational Suppression by Trinucleotide 
Repeat Expansion at FMRl 

Yue Feng, Fuping Zhang, Laurie K. Lokey, Jane L. Chastain, 
Lisa Lakkis, Derek Eberhart, Stephen T. Warren* 

Fragile X syndrome is the result of the unstable expansion of a trinucleotide repeat in 
the 5'-untranslated region of the FMRl gene. Fibroblast subclones from a mildly 
affected patient, each containing stable FMR1 alleles with 57 to 285 CGG repeats, were 
shown to exhibit normal steady-state levels of FMRl messenger RNA. However, FMR 
protein was markedly diminished from transcript with more than 200 repeats. Such 
transcripts were associated with stalled 40s ribosomal subunits. These results suggest 
that a structural RNA transition beyond 200 repeats impedes the linear 40s migration 
along the 5'-untranslated region. This results in translational inhibition by trinucleotide 
repeat expansion. 

Fragile x syndrome 1s a frequent cause of 
mental retardation that is inherited as an 
X-linked dominant with reduced pen- 
etrance (1). The mutational change in 
nearly all affected patients is the unstable 
expansion of a CGG trinucleotide repeat in 
the 5'-untranslated region of the FMRl 
gene (2-4). This repeat is normally poly- 
morphic in length and content, exhibiting a 
mode of 30 cryptic repeats in the normal 
population, but the triplet is found in excess 
of -230 repeats in affected patients, often 
approaching 1000 copies (5,  6). Male and 
most female carriers have an FMRl premu- 
tation with an intermediate number of re- 
peats, between about 60 and 200 triplets. In 
most penetrant males with full-mutation 
alleles containing >230 CGG repeats, the 
FMRl gene is abnormally methylated and 
transcriptionally suppressed (7-10). The 
absence of the encoded protein, FMRP, a 
selective RNA-binding protein, is responsi- 
ble for the clinical phenotype (1 1). About 
15% of male patients do express FMRl 
mRNA and are termed mosaics, because 
they display a complex pattern of repeat size 

variation as well as incomplete methylation 
(3, 7, 12). A range of phenotypes from 
normal to penetrant, including severe men- 
tal retardation, has been found in t h ~ s  
group. However, no clear correlat~on has 
emerged between the degree of hypometh- 
ylation, the extent of FMRl expression, and 
clinical involvement (12, 13). It has thus 
remained unclear if FMRl t ranscr i~ t~on  is 
the sole determinant of penetrance or if 
other influences, such as translational SLID- 

pression by lengthy CGG repeats in t i e  
FMRl transcript, affect FMRP levels. 

A mildly affected 19-month-old male 
with near-normal cognitive and develop- 
mental abilities and slight physical fea- 
tures suggesting fragile X syndrome was 
studied (14). Polymerase chain reaction 
(PCR) analysis of the FMRl CGG repeat 
(Fig. I A )  showed a broad smear ranging in 
size from about 100 to 300 repeats in the 
patient (111-2), with a maternal premuta- 
tion allele of -70 repeats (11-3) and 
erandmaternal  rem mutation allele of -60 - 
repeats (I-2), exhibiting the typical repeat 
instabilitv found in fragile X svndrome . * .  - - 
kindred. w e  confirmed &e  analysis 

Howard Hughes Medical lnstitute and Departments of 
Biochemistry and Pedatrcs, Emory Universty School of by Southern (DNA) 'lot (Fig. 
Medcine, Atlanta, GA 30322, USA. 1B) and demonstrated that the patient's 
=To whom correspondence should be addressed. gene was predominantly unmeth~lated 
E-mall. swarren8bimcore emory.edu (>90% by densitometry) by exhibiting 

cleavage with a methyl-sensitive enzyme, 
either Bss HI1 or Eag I. The  broad 3.6-kb 
band, observed in both lymphocytes and 
fibroblasts of the patien?, reflected a mean 
repeat length of -290 triplets in an un- 
methylated state. Thus, this patient was 
atypical of most fragile X patients and 
carriers, because the repeat length was 
larger than that observed in nonpenetrant 
carriers, but in contrast to affected pa- 
tients, including most mosaic males, near- 
ly all cells exhibited the normal, unmethy- 
lated status of the FMRl gene. 

Normal levels of FMRl mRNA were 
detected in the patient's lymphocytes and 
fibroblasts. Reverse transcriptase PCR 
across the repeat demonstrated concor- 
dance of repeat lengths between DNA and 
RNA. However, a protein immunoblot 
with a monoclonal antibody against FMRP 
(15) revealed only -30% of normal FMRP 
levels relative to the control, P-tubulin. 
Instead of a general reduction in FMRP 
levels, immunofluorescent staining of 
FMRP in the patient's fibroblasts showed a 
mosalc pattern of variable reactivity (Fig. 
2). This was In contrast to the more con- 
s~stently positive cells of a normal male or 
the uniformly negative cells of a typically 
affected male, suggesting a FMRP level in- 
trinsic to each cell of the patient. 

To  more fully evaluate this find~ng, we 
isolated individual fibroblast clones from 
low-density cultures. Seven clones were 
identified for further study by PCR ampli- 
fication of the FMRl CGG repeat from 
DNA samples derived from independent 
fibroblast colonies. The clones displayed 
d~screte repeat lengths of 57, 168, 182, 207, 
266, 285, and 285 triplets, which spans the 
range of mosaicism in the patient's fibro- 
blasts (Fig. 3A).  Each clonal isolate con- 
tained hypomethylated FMRl alleles, 
which maintained a stable repeat length 
upon culture expansion. Steady-state RNA 
levels were evaluated in each clonal popu- 
lation by ribonuclease (RNase) protection 
of FMRl mRNA hybridized with 32P-la- 
beled antisense RNA and normalized to 
y-actin signal as control. No significant 
differences in steady-state levels of FMRl 
mRNA were observed between or among 
the normal controls (30 and 32 repeats) and 
the patient's clonal cell populations (57 to 
285 repeats) (Fig. 3B). Densitometric quan- 
titation of FMRl signal (1 6)  showed 101 i. 
21.4 units for normals (n = 14) versus 124 
2 29 units for the patient's clones (n = 7). 
A typical fully penetrant male sample, with 
about 962 methylated repeats, showed no 
FMRl transcript, as expected (Fig. 3B, lane 
9). These data therefore confirm and ex- 
tend our prevlous demonstration of quanti- 
tatively similar levels of FMRl gene tran- 
scription between normal and premutation 
alleles of <I00 CGG repeats (16). 
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