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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 peptidyiglutamyi-
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 PH]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 [*Hl]lactacystin (3). Similar results were
obtained with extracts from Saccharomyces
cerevisiae and bovine liver and thymus. La-
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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

o T

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%
CHLCN/0.1% CF,CO,H in H,0]. 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 [PH]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 pM [PH]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 rppHPLC column contained
only a 32-kD protein, corresponding to the
weakly labeled 32-kD protein observed in

Fig. 2. Fluorogram of - -
SDS-polyacrylamide gel

of crude cell and tissue 97.4—

extracts treated with 3H- 66.2—

labeled lactacystin with .,

or without unlabeled A
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 EN3HANCE (NEN) ac-
cording to the manufacturer’s instructions, and
dried and exposed to Kodak SB film.

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. [t 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 MBI (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 o and B (12, 13), and the subunits
are arranged in a cylindrical stack of four
rings in an a,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 [PH]B-lactone. Purified 20S
proteasome (~0.1 ng/pl) (4) was incubated at
25°C with 10 uM [3H]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%
CH,CN/H,0/0.1% TFA, at a flow rate of 0.8 ml/
min. The CH,CN 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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of ubiquitinated proteins [for reviews, see
(14)]. 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. Amino acid se- A
quence of purified bovine
lactacystin-binding  pro-
teins. (A) Sequences de-
rived from the ~24-kD
primary bovine lactacys-
tin-binding protein from
direct NH,-terminal se-
quencing (sequence 1)
and tryptic fragments
(sequences 2 to 4),
aligned with sequences  S.
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),

Sequence 1

Human subunit X

Human LMP7-E2

Sequence 2

Human subunit X

Human LMP7-E2

direct NH,-terminal sequence

cerevisiae Pre2

T. acidopholum B subunit

tryptic fragment

and T. acidophilum B
subunit, predicted from
the genomic clone (73).
The underlined NH,-ter-
minal heptapeptide in se-
quence 1 corresponds to
the tryptic fragment that
appears to contain a lac-
tacystin-modified  NH,-
terminal threonine resi-
due (boldface). Upper-
case letters denote high-
confidence  sequence,
whereas lowercase let-
ters indicate lower confi-
dence assignments. All
of the tryptic fragments,
including the underlined
NH,-terminal heptapep-
tide, were derived from
lactacystin-treated  20S
proteasome,  whereas
the direct NH,-terminal
sequence was obtained
from untreated 20S pro-
teasome. (B) Sequence
derived from the ~32-kD
secondary lactacystin-

binding protein (from lactacystin-treated 20S proteasome) aligned with the NH,-terminal sequence of

Sequence 3
tryptic fragment

Human subunit X
Human LMP7-E2
Sequence 4
tryptic fragment
Human subunit X

Human LMP7-E2

B

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 B-lactone on the activities

Primary bovine lactacystin-binding protein

ITTLAFKfRHg
5 TTTLAFKFRHG 15
73 TTTLAFKFQHG 83
76 TTTLAFRFQGG 86

9 TTTVGITLKDA 19

VIEINPYLLGTMAGGAADcSFwer
38 VIEINPYLLGTMAGGAADCSFWER 61

106 VIEINPYLLGTMSGCAADCQYWER 129

GYSYDLEVEEAYDLAR
146 GYSYDLEVEQAYDLAR 161

214 GYRPNLSPEEAYDLGR 229

DAYSGGSVSLY
171 DAYSGGAVNLYHVR 184

239 DSYSGGVVNMYHMK 252

Secondary bovine lactacystin-binding protein

Tryptic fragments

Human erythrocyte

TTIAGVVYKDGIVLGADTR

1 XXIAGVVYKDGIVLGADTR 19

proteasome O chain

Rat liver proteasome

chain 1

S. cerevisiae PUP1

1 TTIAGVVYKDGI 12

30 TTIVGVKFNNGVVIAADTR 49

human erythrocyte proteasome a chain (6), rat liver proteasome chain 1 (7), and S. cerevisiae PUP1, the
latter predicted from the genomic clone (8). Abbreviations for the amino acid residues are as follows: A, Ala;
G, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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of the 20S proteasome, purified to homoge-
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 temperature, and in lactacystin- or
B-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 (k... = 194 = 15M~!s7!) 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 B-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 B-lactone.
It is also possible that upon initial binding
the lactacystin thioester is cyclized in a
rate-limiting step to the B-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 degradation of abnormal and
denatured proteins in the cytoplasm and
nucleus of the cell, and many regulatory
proteins also appear to be degraded by the
proteasome as part of the 26S protease
complex in a ubiquitin-, ATP-dependent
manner [for reviews, see (17)]. The pro-
teasome is also thought to be involved in
the processing of antigens for MHC class [
presentation [for review, see (18)]. Cyclin
degradation has been shown to be required
for exit from mitosis (19), and cyclins
appear to be degraded by the ubiquitin-
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) pl05 precursor protein and the deg-
radation of the inhibitor of NF-kB (I- kB)
are mediated by the ubiquitin-proteasome
pathway. Lactacystin appears to inhibit
the 26S proteasome-mediated, ubiquitin-,
ATP-dependent proteolytic processing of
the NF-kB precursor protein and the deg-
radation of [-kB (22).

Previously, we showed that lactacystin
analogs that cause neurite outgrowth in




Neuro-2a cells also inhibit 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, fo-
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 protease 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.
On the other hand, neither lactacystin nor
the related B-lactone (both at 100 uM) had
a detectable effect on these or any 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
trypsin-like activities. These activities are
inhibited by lactacystin and the B-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 [*H]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
rpHPLC. Two of the peaks contained radio-
label, and these were sequenced. The first
had the sequence DAYSGGSVSLY (se-
quence 4 in Fig. 4A). On the basis of ho-
mology to subunit X/MBI, 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 human subunits X/MB1, LMP7, and
their homologs 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 NH,-
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

NH,-terminal heptapeptide acylated by lac-
tacystin. Whereas the primary lactacystin-
binding protein contains an NH,-terminal
TTT, proteasome chain «, the secondary
lactacystin-binding protein, contains the
NH,-terminal sequence TTI (Fig. 4B);
however, in this case, we found no indica-
tion that either threonine was modified
from sequencing of this subunit isolated
from lactacystin-treated 20S proteasome.
Threonine repeats are found at the ma-
ture, proteolytically processed NH,-termini
of many proteasome subunits. Direct NH,-
terminal sequencing of the archaebacterial
proteasome has revealed a threonine triad
at the NH,-terminus (13). In the case of
human LMP7 (26) and human subunit
X/MBI1 (10), an NH,-terminal TTT in the
mature protein is suspected. The S. cerevi-
siae protein Pre2 also contains this sequence
(27), although the NH,-terminus of the
mature protein has not been established.
Direct NH,-terminal sequencing of protea-
some subunit 8 and the proteasome o chain
(6, 7), as well as sequencing of the MHC-
encoded proteasome subunit LMP2 (28),
has shown that the NH,-termini of the

Table 1. Kinetics of inhibition of the peptidase activities of purified 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 inhibit cell cycle progression in MG-63
human osteosarcoma cells (2). Experiments were performed as follows: Purified 20S proteasome (~5
ng/pl) (4)in 10mM tris-HCl and 1 mM EDTA (pH 7.5) was incubated at 25°C in the presence of lactacystin
or lactacystin analogs [dimethyl sulfoxide or CH;OH cosolvent not exceeding 5% (v/v)]. Aliquots for
fluorescence assay were removed at various times after the addition of compound and diluted in 10 mM
tris-HCland 1 mM EDTA (pH 7.5) containing fluorogenic peptide substrates (100 wM final concentration).
Suc-LLVY-AMC, Cbz-GGR-BNA, and Cbz-LLE-BNA (AMC = 7-amido-4-methylcoumarin; BNA =
B-naphthylamide Suc = succinyl, cbz = carbobenzyloxy) were used to assay the chymotrypsin-like,
trypsin-like, and peptidylglutamyl-peptide hydrolyzing (PGPH) activities, respectively. Fluorescence ex-
citation/emission wavelengths were 460 nm/380 nm for AMC and 410 nm/335 nm for BNA. The
fluorescence assays were conducted at 25°C, and each experiment was performed at least three times.
The kassoc Values represent mean + standard deviation. Association of an irreversible inhibitor with an
enzyme is often depicted in two steps, E + | 2 E| — E-I, where E-| is the stable enzyme-inhibitor
complex. If the rate constants for the reversible first step are k, and k_,, and the rate constant for the
irreversible second step is k,, then the second-order rate constant K, e is given by k.k./k_,. This value
may be calculated without determining the microscopic rate constants from the pseudo—first order
association rate constant ke, Which is in turn derived from plots of In(v,/v,) versus time (where v, = the
velocity at time t and v, = velocity at time zero). k..o is €qual to k.,¢/[l]. Blanks indicate not applicable.

Kassoo = Koos/lll M~" 877)
Compound (concentration) . Chgi:?-ﬁl;e Trypsin-like PGPH
ryapctivity activity activity
Biologically active compounds
Lactacystin (10 pnM) 194 =15 101 1.8
Lactacystin (100 uM) 42 +0.6
B-Lactone (1 nM) 3059 = 478
B-Lactone (5 pM) 208 * 21
B-Lactone (50 pM) 59 =17
Lactacystin amide (12.5 uM) 362 + 40
2'-Phenyllactacystin (12.5 pM) 179 £ 19
Biologically inactive compounds
Dihydroxy acid (100 wM) No inhibition No inhibition No inhibition
6-Deoxylactacystin (12.5 pM) No inhibition
(BR,7S)Lactacystin (6-epi,7-epi) (12.5 wM) No inhibition
Des(hydroxyisobutyl)lactacystin (12.5 uM) No inhibition
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processed forms of these proteins also begin
with TTL. The widespread occurrence of
the NH,-terminal threonine and the appar-
ent modification of this residue on the pri-
mary lactacystin-binding protein by lacta-
cystin suggest that NH,-terminal threonine
residues may play an important catalytic
role in these proteasome subunits. A possi-
bility is that the side chain hydroxyl of the
NH,-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 NH,-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
NH,-terminal threonine of the mature 8
subunit contains the active site nucleophile
(30), consistent with our finding that lac-
tacystin modifies the NH,-terminal threo-
nine of a related subunit in the eukaryotic
proteasome.

Both lactacystin and the related B-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/MBI1 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 NH,-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
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subunit X/MBI, 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 NH,-
terminal threonine residue of subunit
X/MBI1, 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 FMR1

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 FMR1 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 FMR1 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 is a frequent cause of
mental retardation that is inherited as an
X-linked dominant with reduced pen-
etrance (I). The mutational change in
nearly all affected patients is the unstable
expansion of a CGG trinucleotide repeat in
the 5’-untranslated region of the FMRI
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 FMRI 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
FMRI 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 (11). About
15% of male patients do express FMRI
mRNA and are termed mosaics, because
they display a complex pattern of repeat size
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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 this
group. However, no clear correlation has
emerged between the degree of hypometh-
ylation, the extent of FMRI expression, and
clinical involvement (12, 13). It has thus
remained unclear if FMRI transcription is
the sole determinant of penetrance or if
other influences, such as translational sup-
pression by lengthy CGG repeats in the
FMRI 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 FMRI CGG repeat
(Fig. 1A) showed a broad smear ranging in
size from about 100 to 300 repeats in the
patient (III-2), with a maternal premuta-
tion allele of ~70 repeats (II-3) and
grandmaternal premutation allele of ~60
repeats (I-2), exhibiting the typical repeat
instability found in fragile X syndrome
kindred. We confirmed the PCR analysis
by Southern (DNA) blot analysis (Fig.
1B) and demonstrated that the patient’s
gene was predominantly unmethylated
(>90% by densitometry) by exhibiting

SCIENCE e« VOL.268 ¢ 5MAY 1995

REPORTS

cleavage with a methyl-sensitive enzyme,
either Bss HII 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 FMRI gene.

Normal levels of FMRI 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, B-tubulin.
Instead of a general reduction in FMRP
levels, immunofluorescent staining of
FMRP in the patient’s fibroblasts showed a
mosaic pattern of variable reactivity (Fig.
2). This was in contrast to the more con-
sistently 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 finding, we
isolated individual fibroblast clones from
low-density cultures. Seven clones were
identified for further study by PCR ampli-
fication of the FMRI CGG repeat from
DNA samples derived from independent
fibroblast colonies. The clones displayed
discrete 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 FMRI 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 FMRI mRNA hybridized with 3?P-la-
beled antisense RNA and normalized to
y-actin signal as control. No significant
differences in steady-state levels of FMRI
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 FMRI signal (16) showed 101 =
21.4 units for normals (n = 14) versus 124
*+ 29 units for the patient’s clones (n = 7).
A typical fully penetrant male sample, with
about 962 methylated repeats, showed no
FMRI transcript, as expected (Fig. 3B, lane
9). These data therefore confirm and ex-
tend our previous demonstration of quanti-
tatively similar levels of FMRI gene tran-
scription between normal and premutation

alleles of <100 CGG repeats (16).
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