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Inhibition of Proteasome Activities and
Subunit-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 MB1), 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 X’MB1 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 B-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 B-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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cystin, and thus that its target might be an
enzyme containing a catalytic nucleophile,
such as a protease or a lipase (2). The C4
carbonyls of both the thioester and the
B-lactone are reactive electrophiles, where-
as the carboxylate of the dihydroxy acid is
essentially inert to nucleophilic attack.

To purify and identify the target, we
synthesized [*H]lactacystin and the [*H]B-
lactone at a specific activity of 3.4 Ci/mmol
(Fig. 1). Incubation of crude extracts from
Neuro-2a cells or bovine brain with [?H]lac-
tacystin (or [PH]B-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 uM [PH]B-lactone
or [*H]lactacystin (3). Similar results were
obtained with extracts from Saccharomyces
cerevisiae and bovine liver and thymus. La-



beling by [*H]lactacystin (or [*H]B-lactone)
was completely prevented by the simulta-
neous addition of an excess of unlabeled
lactacystin, B-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 lactacystin.

The lactacystin-binding proteins were
purified from bovine brain (4), on the basis
of labeling by [*H]lactacystin or [*H]B-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 [*H]B-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

Fig. 1. Synthesis of [*H]lactacystin. Lactacystin 2
was prepared from the related B-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%) (37) in
dichloromethane and then reduced with
[BHINaBH, (NEN, 13.5 Ci/mmol) in 1,2-di-
methoxyethane/1% H,O at 22°C for 10 min to
afford tritiated 1 along with its C9-epimer (2:3
ratio). The isomeric B-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 CH,CN at 22°C for 1 hour to afford
lactacystin (9S) 2 (specific activity = 3.4 Ci/mmol)
and its C9-epimer (9R), which were purified from
their respective reaction mixtures by reversed-
phase HPLC [TSK-Gel ODS-80T,, column (Toso
Haas, Philadelphia), 4.6 mm by 250 mm, 10%
CH,CN/0.1% CF,CO,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 [*H]B-lactone
or [*H]lactacystin 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 exclusively with the first two
peaks, and predominantly with the second
(Fig. 3), which was labeled much faster
than the first (5); the incorporation of ra-
dioactivity was prevented by simultaneous
addition of excess unlabeled compound. Af-
ter 2-hour incubation with 10 uM [*H]B-
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 ho-
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 B-lactone bind to 1 mol of the primary
lactacystin-binding protein (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.

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

Fig. 2. Fluorogram of 1
SDS-polyacrylamide gel

of crude cell and tissue 97.4—
extracts treated with 3H-  66.2—
labeled lactacystin with .

or without unlabeled
competitor (added si-
multaneously) for 24
hours. Lanes 1 and 2 54 5—

contain crude Neuro-2a

extracts (~11 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 uM
[BH]lactacystin with or without 1mM unlabeled lac-
tacystin; lane 1, no competitor; lane 2, lactacystin;
lane 3, no competitor; and lane 4, lactacystin. The
positions of molecular size standards and their
sizes in kilodaltons are indicated at left. Crude
extracts from Neuro-2a 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 ENSHANCE (NEN) ac-
cording to the manufacturer’s instructions, and
dried and exposed to Kodak SB film.

2 3 4

31.0—
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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 sequence from the NH,-terminus
of this protein and from derived tryptic
fragments showed that 59 of 62 residues
were identical to the recently discovered
human 20S proteasome subunit X (9), also
known as MB1 (10), 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 (11)]. 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 « and B (12, 13), and the subunits
are arranged in a cylindrical stack of four
rings in an o,B,B;a; organization (14).
Both of the lactacystin-binding proteasome
subunits from bovine brain are related to
the archaebacterial proteasome’s B 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
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Fig. 3. HPLC separation of subunits of protea-
some labeled with [3H]B-lactone. Purified 20S
proteasome (~0.1 pg/wl) (4) was incubated at
25°C with 10 wM [BH]B-lactone for 24 hours. Tri-
fluoroacetic acid (TFA) 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%
CHZCN/H,0/0.1% TFA, at a flow rate of 0.8 ml/
min. The CHZCN 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 (A,, ), and radioactivity was
measured with an in-line flow scintillation detector
(B-RAM 2B, IN/US Instruments).
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