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Specific inhibition of the chymotrypsin-like activity of the
proteasome induces a bipolar morphology in neuroblastoma cells

Gabriel Fenteany and Stuart L Schreiber

Background: Lactacystin inhibits cell proliferation and induces a distinctive,
predominantly bipolar (two-neurits-bearing) morphology in Neuro 2A murine
neurcblastoma cells. it binds with high specificity to the multicatalytic 20S
proteasome and inhibits at least three of its peptidase activities {chymotrypsin-
like, trypsin-like and peptidylglutamyl-peptide hydrolyzing), each at a different
rate, without inhibiting other known proteases. The chymotrypsin-like and trypsin-
like activities of the proteasome are inhibited most rapidly, and irreversibly. In an
effort to determine which of the peptidase activities needs to be inhibited faor
neurite outgrowth to occur, we treated Neuro 2A cells with peptide aldehydes
that selectively inhibit different proteasome activities. .

Results: Treatment with peptide aldehydes ending in a hydrophobic residue, all
of which inhibit the chymotrypsin-like activity, results in & bipolar morphology in
Neuro 2A cells, whereas treatment with a peptide aldehyde inhibitor of the
trypsin-like activity does not lead to a detectable change in morphology. One of
the inhibitors that induces neurite outgrowth has been previously shown to inhibit
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the chymotrypsin-like activity of the proteasome without inhibiting the other

apparently distinct peptidase activities that cleave after neutral residues, the
so-called ‘branched chain amine acid preferring’ (BrAAFR) and 'small neutral
amino acid preferring’ (SNAAP) activities, or the peptidylglutamyl-peptide

hydrolyzing (PGPH) activity.

Conclusions: The chymotrypsin-like activity appears to antagonize bipolar-type
neurite outgrowth in Neuro 2A cells, while the trypsin-like, PGPH, BrAAP and
SNAAP appear not to do so. Selective inhibition of a single peptidase activity, as
opposed o general inhibition of the proteasome, appears sufficient to induce a
specific celluiar process. Selective inhibition might be useful in managing
diseases where only one activity is involved without completely inhibiting the
proteasome. It is also possible that endogenous regulators of the proteasome
could affect cellular processes and that certain peptidase activities of the

proteasome may have roles in specifying a given cell fate.

Introduction

Lactacystin (Fig. 1) inhibits cell proliferation and induces
a predominandy bipolar (two-neurite-bearing) type of
ncurite outgrowth in Neuro 2A murine neuwroblastoma
cells. The neurite outgrowth reaches a maximum 16-32 h
after treatment, with the cells becoming progressively
more muliipolar (multiplé-neurite-bearing) and  the
neurites more branched as time goes on [1,2]. The bipolar
morphology induced by lactacysun is distinct from the
response to a variety of other common treatments leading
to differenriation. For example, depriving Neuro 2A cells
of serum or treating them with agents that raise intra-
cellular cyclic adenosine monophosphate (cAMP) levels
and thus activate protein kinase A both tend to induce a
predominantly multipolar morphology [2-4], whereas
treatment with retinoic acid, natural gangliosides or syn-
thetic sialyl compounds tends to induce & more unipolar

(single-neurite-bearing) morphology [3.4]. Induction of
bipolar morphology in response to lactacystin is inhibited
by phosphatase inhibitors, while branched neurite net-
wotk formation around three days following lactacystin
treatment is not inhibited by phosphatase inhibitors [5].
Lactacystin inhibits cell cyele progression in both the G1
and G2 phases of the cell ¢cycle [2,6].

Using radioactively labeled derivatives of lactacystin, the
target of lactacystin was purified from bovine brain
extracts and identified as the 205 proteasome [7]. The
proteasome is a high molecular weight, multicatalytic
protease complex that is responsible for ubiquitin-depen-
dent protein degradation within the cell (for reviews, see
[8-11]). The proteasome is capable of both complete
proteolysis of protein substrates and limited proteolytic
processing leading to activation of protein function [12}
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Figure 1
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The proteasome consists of a multi-subunit caralytic core
with a sedimentation coefficient of 205 (the 20S protea-
some) that can degrade peptide and certain protein sub-
strates independent of the presence of ATP and ubiquitin
and ‘capping’ subunits that, together with the proteolyti-
cally active core, form the so-called 268 proteasome which
is ATP- and ubiquitin-dependent.

Activities of the proteasome

The 208 proteasome is thought to have ar least five
distinct caralytic activities. The most firmly established
and best characterized of these activities are named the
chymotrypsin-like, trypsin-like and peptidylglutamyl-
peptide hydrolyzing (PGPH} activitics. These cleave on
the carboxyl side of hydrophobic, basic and acidic
residues, respectively. Based on  inhibitor, activator,
kinetic and genetic studies, these activities appear to arise
from separate active sites. Inhibitor studies also provide
evidence for the existence of two additional pepridase
activities that cleave after amino acid residues with
neutral side chains, which are apparently distinet from the
chymotrypsin-like activity. One of these cleaves prefer-
entially after amino acid residues with branched side
chains (the BrAAP activity}, the other between residues

with the small neutral sidechains glycine and alanine
{the SNAAP activity) [13]. There is evidence o suggest
that the BrAAP activity is a major contributor to protein
degradation by the proteasome [13].

Lacracystin binds to the 205 cartalytic core of the protea-
some and- inhibits three of its major peptidase activities,
the chymotrypsin-like, trypsin-like and PGPH activities,
in oitre [7]. Lactacystin also binds to the proteasome
im wivo {(data not shown) and inhibits ubiquitin-mediated
protein degradation, which occurs via the proteasome,
in vitro and in vive ([14,15], and | Hagler, O Rando,
GF, SLS & T Maniatis, unpublished data). There is an
excellent correlation between the ability of a series of

" analogs of lactacystin to compete with radiolabeled

factacystin for binding to the proteasome, inhibiting its
function and their ability to induce neurite outgrowth in
Neuro 2ZA cells [2,7]. Furthermore, lactacystin appears to
be highly specific for the proteasome, since no other
protease tested, including trypsin, chymotrypsin, papain,
calpain and cathepsin B [7], thrombin and plasminogen
activator [1], has been inhibited by lactacystin. It also
does not inhibit lysosomal protein degradation [15].
Lactacystin is unique in terms of its proteasome
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specificity and, as a result, has become a widely used
probe of proteasome function.

The rates of inhibition of the chymotrypsin-like, trypsin-
like and PGPH activitics of the 20S proteasome by lact-
acystin are significantly different, and only the two most
rapidly inhibited activities, chymotrypsin-like and trypsin-
like, are irreversibly inhibited [7]. The chymotrypsin-like
activity is inhibited ~20 times faster than the typsin-like
activity (and ~50 times faster than the PGPH acrivity). A
B-lactone related to lactacystin, clasto-lactacystin B-lactone,
formally the product of elimination of N-acetyleysteine
from lactacystin, is 15-20 times more potent as an inhibitor
of all three peptidase activities than lactacystin, yet is just as
specific for the proteasome as is lactacystin [7], The effects
of lactacystin appear to be mediated through formation of
the B-lactone as an active intermediate [16],

In 205 protcasome purified from bovine brain, the time-
frame of inhibition of the two mreversibly inhibited activ-
ities is correlated with binding to one protcasome subunit,
subunit X (also known as MBI or €), with which lactacystin
forms a stable covalent complex in a 2:1 lactacystin:protein
stoichiometry {7]. Lactacystin modifies the putatively cat-
alytic amino-terminal threonine of the mature, proteo-
lytically processed subunit X, as well as an internal residue
[7]. Lactacystin alse binds to a second proreasome subunit
containing threonine at the amino terminus, now known as
subunit Z (or MCi4), in bovine brain proteasome prep-
arations; however, binding to this second subunit occurs o
slowly to account for inhibttion of the chymotrypsin-like
and trypsin-like activities, and there is no evidence that the
amino-terminal threonine of this secondary lactacystin-
binding protein is modified by lactacystin [7].

Studies in other systems provide further evidence that
proteasome subunit X and its homologs may have a cat-
alytic role. Subunits X and Z are B-type proteasome
subunits, so termed because they are related w the
B-subunit of the 205 proteasome from the archaeon
Thermoplasma  acidophilum. The T. acidophilum prorea-
some’s autocatalytically processed PB-subunit has an
amino-terminai threonine that is critical for activiey [17].
The X-ray crystal structure of the 7. acdophifum protea-
some with bound peptide aldehyde inhibitor also suggests

that this residue is part of the active site and that the -

sidechain hydroxyl mav be involved in nucleophilic attack
on the amide carbonyl carbon of peptide substrates [18].
The yeast homolog of subunit X, Pre2, has an amino-
terminal threonine as well, and this subunit is required for
chymotrypsin-like activity and the degradation of ubiqui-
tinated proteins [19]. The proteasome is therefore a
member of the recently recognized amino-terminal
nucleophile hydrolase family of proteins. These proteins
all appear to be processed from precursor proteins to
gengrate amino-terminal nucleophilic residues (threonine,

serine or cysteine) and to have a similar fold in the active-
site region, providing the capacity for nucleophilic attack
and the possibility for autocatalytic processing [20-22] .

It is now well established that the proteasome is involved in
the generation of antigens for class I major histocompat-
ibility (MHC) presentation, and that two proteasome
subunits encoded in the class [1 MHC region, LMP7 (a
closely related homolog of subunit X) and EMP2 (related 1o
another subunit termed Y or §), may be important in the
immune response (for reviews, see [9,10,23]). Mice with a
targeted deletion of LMP7 exhibit reduced levels of MHG
class I expression at the cell surface and inefficient antigen
presentation {24]. LMPZ appears to be needed for pre-
sentation of certain class I MHQG antigens to cytotoxic T
lyrophocytes [25]. Treatment of mammalian cells wich -
interferon alters the peptidase activities of the proteasome
[26-29] and results in down-regulation of subunits X and Y
and up-regulation of LMP7 and LMP2 [30-32]. A similar
reciprocal relationship also exists between subunit 7 and
the related ~v-interferon-inducible subunit MECL1 (also
known as LMP10) [33,34]. These results imply that LMP2
and LMP7 (and possibly MECIL1} are partly responsible for
optimizing the proteasome for generation of antigenic
peptides for class I MHC presentation by inducibly taking
over the roles of their normally expressed cognates,

Lactacystin-binding subunits

It has recently been shown that, in addition to subunits X
and Z, four other B-type subunits, ¥, LMP2, LMP7 and
MECI.1, all of which have a threonine ar their amino-
terminus, are capable of binding lactacystin in lymphoblast
cells [15], although there is as yet no evidence to suggest
that the amino-terminal threonine residues of these other
subunits are covalently modified. Therefore, six putatively
catalytic proteasome subunits, falling into three groups of
related and reciprocally regulated subunits, appear to be
able to bind lactacystin, and none of the other subunits of
the proteasome bind lactacystin [7,15].

Lactacystin is uniquely specific for the proteasome versus
other proteases; however, it inhibits multiple proteasome
peptidase activities [7], In an attempt to determine which
of the peptidase activities of the proteasome needs to be
inhibited to induce a bipolar morphology in Neuro ZA cells,
we treated cells with cell-permeable peptide aldehvdes that
inhibit subsets of the proteasome’s peptidase activities. We
found that ereatment with inhibitors ending in hydrophobic
residues resulted in bipolar-type neurite outgrowth that
was very similar to that induced by lactacystin, while
treatrnent with an inhibitor of the trypsin-like activity did
not result in any detcctable difference in morphology from
untreated control cells. One of the inhibitors tested and
found to induce neurite outgrowth, N-benzyloxyearbonyl-
leucine-leucine-phenylalaninal (Z-LLFai), has been previ-
ously shown to inhibit the chymotrypsin-like activity of the
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Figure 2
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Percentage of Neuro 2A ceils exhibiting unipolar (a), bipolar (b) or
multipolar (¢} morphology as a function of time after the following
treatments: 1 % DMSCQ (black, [); 10 pM lactacystin {purple, ¢);

1 pM Z-LLFal {red, O); & uM Ac-LLnLal {green, A}: 50 uM Ac-LLMal
(light blue, M); 1 mM leupeptin {pink, ). Each value is the mean of
triplicate samples, and the bars correspond to £ the standard deviation.

proteasome without affecting the two other apparently
distinct activities that cleave after neutral restducs, BrAAP
and SNAAP activities [13], or the PGPH activity [35].
Thus, inhibition of the chymotrypsin-like activity appears

to be responsible for the induction of a bipolar morphology
in Neuro 2A cells.

Results and discussion

Specificity of peptide aldehyde inhibitors

Z-LLFal has previously been shown to inhibit the
chymotrypsin-like activity without detectably  inhibiting
the two other neutral amino acid preferring activities
(BrAAP and SNAAP) [13] or the PGPH activity [35].
N-Acetyl-L-leucyl-L-leucyl-L-norleucinal (Ac-I.LnLal) and
MN-aceryl-L-leucyl-L-leucyl-L-methional  (Ac-LI.Mal) aiso
end in hydrophobic residues and selectively inhibit the
chymotrypsin-like activity of the preteasome in m oo
studies [35,36]. However, unlike Z-LLFal, these two com-
pounds also appear to inhibit, at least partially, the BrAAP
and SNAAP activities [13]. Leupeptin {(N-acetyl-L-leucyl-1.-
leucyl-L-argininal} inhibits the trypsin-like activity of the
proteasome with a K, of about 1 uM iz vifro {37] without
detectably inhibiting any other proteasome peptidase
activity [13,37,38]. Unfortunately, currently available
inhibitors of the BrAAP, SNAAP and PGPH activitics are

not very selective.

Z-LLFal inhibits the proteasome’s chymotrypsin-like
activity with a K, of 046 £0.14 pM (mean value +
standard error) i# vitro [35] , which is ~100-fold lower than

*its K, for the trypsin-like activity, but does not detectably

inhibit the PGPH, BrAAP or SNAAP activities [13,35]. Ac-
LlnLal inhibits the chymotrypsin-like activity of the
bovine pituitary 205 protecasome ¢z vizro with a K, of 5.7 +
0.16 pM [35], while Ac-LLMal inhibits this activity with a
K of 33.4 £ 6.8 pM [35]. Rock & @/ reported lower K;
vaiues of 0.14 uM for Ac-LLnLal and 1.0 pM for Ac-
LLLMal for the rabbit muscle 205 proteasome, and K,
values of .67 pM and 28 pM, respectively, for rabbit
muscle 268 protedsome [36]. Both Ac-LLnLal and Ac-
LL.Mal also inhibitiche rypsin-like and PGPH activities of
the proteasome, though with higher K, values than for the
chymotrypsin-like activity [35,36), and at least partially
inhibit the BrAAP and SNAAP activities of the proteasome
[13]. It therefore appears that, of the pepride aldehydes
ending in hydrophobic residues, Z-LLFal is by far the
most specific inhibitor of the chymotrypsin-like activity.

Peprtide aldehydes ending in either hvdrophobic or basic
residues appear cell-permeable, although a higher con-
centration of a peptide aldehyde ending in a basic residue
seems necessary to inhibit protein degradation. Studies
using radioactively labeled leupeptin demonstrate that
leupeptin can penetrate into the cytosol of cultured cells
and inhibit the calcium-activated neutral protease calpain
[39]. Leupeptin has been shown to inhibit 80-85% of
lysosomal and ~15 % of non-lvsosomal protein degradation
in cultured cells at a concentration of 6.3 mM [40]. The
peptide aldehydes Ac-LLLnLal and Ac-LL.Mal have also
been shown to inhibit protein degradation in cultured
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cells [36]. It is reasonable to presume that Z-1L.1.Fal, which
is hydrophobic and highly active in inducing bipolar mor-
phology, can also penetrate the cell.

Effects of peptide aldehyde inhibitors

Treatment of Neuro 2A neurobdastoma cells with any
one of the peptide aldehydes that end with hydrophobic
residues (Z-LLFal, Ac-LLnLal and Ac-LLMal) results in
reduced cell proliferation and the induction of a bipelar
morphology (Figs 2b,3), in which two neurites extend from
opposite sides of the cell body. The cells become pro-
gressively more multipolar with prolonged exposure to
these peptide aldchydes as with lactacystin (Fig. 2c¢), while
the proportion of unipolar cells in each case is low ac every
time point (Fig. 2a). The morphology induced by treat-
ment with Z-LLFal {or by Ac-LLnLal or Ac-I.LLMal) is
indistinguishable from that induced by lactacystin (Fig. 3},

In contrast, treatment with leupeptin, which inhibits the
trypsin-like activity of the proteasome without inhibiting

Figure 3

any of its other peptidase activities [13,37,38], does not
lead to any detectable difference in cell morphology from
untreated control cells even at the elevated concentration
of 1 mM (Figs 2,3). Although it s not clear at this point
how important the trypsin-like activity of the proteasome
is in determining overall rates of protein breakdown, our
results show that inhibition of this activity -~ whatever its
normal physiological function — does not result in neurite
outgrowth., Furthernmore, since leupeptin inhibits the
cytosolic protease calpain [39] and many extracellular and
lysosomal proteases [41,42], it is unlikely that inhibition of
such proteases could mediate the induction of bipolar-type
neurite ourgrowth in Neuro 2A cells.

Inhibition of the chymotrypsin-like activity of the pro-
teasome, without inhibition of the other two neutral amino
acid preferring activities, appears to be sufficient to induce
neurite outgrowth in Neuro 2A cells, since Z-LLFal
inhibits only the chymotrypsin-like activity of the three
neutral amino acid preferring activities [13), Z-LLFal does

Photomicrographs of Neuro 2A celis 24 h afier treatment with: (@) 1 %
DMSQ; (b) 10 uM lactacystin; {c) 1 pM Z-LLFal; {(d) 1 mM leupeptin.

The jength of the bars corresponds to 100 um.
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not inhibit the PGPH activity and significantly inhibits the
trypsin-like activity only at elevated concentrations [35],
while treatment with leupeptin, which only inhibits the
trypsin-like activity of the proteasome’s activities, does not
lead to neunte outgrowth (Figs 2,3). Taken together with
previous results using the proteasome-specific inhibitor
lactacystin [2,7], these results imply that inhibition of the
chymotrypsin-like activity is responsible for the neurite
outgrowth that results from proteasome inhibition. Since it
appears not to be necessary to inhibit the other peptidase
activities of the proteasome for neurite ourgrowth to oceur,
only the chymotrypsin-like activity appears to antagonize
neurite outgrowth. '

Z-L.L.Fal is the most potent inducer of neurite outgrowth
on the basis of the concentration required for activity,
followed by Ac-LLnLal and then Ac-LLLMal (Fig. 2
and data not shown). This order of effectiveness also
corresponds to the order of potency of these peptide
aldehydes for inhibition of the proteasome’s chymo-
trypsin-like activity [35,36]. Since the more potent
inducers of neurite outgrowth are also the more potent
inhibitors of the chymotrypsin-like activity, the neurito-
genic potency of a peptide aldehyde may be determined
by its effectiveness as an inhibitor of the proteasome’s
chymotrypsin-like activiry.

Relevance of the ceilular response

Bipolar-type neurite outgrowth in response to lactacystin
or the peptide aldehydes ending in hydrophobic residues
does not appear to be a2 non-specific cellular response
to stress. Treatment of Neuro 2ZA cells with cytotoxic
concentrations of various compounds leads to rounding
up of cells and ultimately to detachment from the sub-
stratum without any induction of bipolar morphology at
any point (data not shown). Although elevated con-
centrations of lactacystin and the neuritogenically active
peptide aldehydes are cytotoxic, lower concentrations
sufficient to induce bipolar morphology do not result in
rounding up and death of cells (Fig. 2 and data not
shown). In contrast, sub-cytotoxic concentrations of a
variety of other growth-inhibitory compounds do not
result in bipolar-type neurite outgrowth (data not
shown). Lactacystin and the neuritogenically active
peptide aldehydes examined are alone among inhibitors
of cell proliferation and inducers of differentiation in
that treatment results in a mainly bipolar type of neurite
outgrowth. While inhibition of the chymotrypsin-like
activity of the protcasome may represent a specific and
limited kind of cellular stress, the response of the cells
is unique in terms of the predominant morphology
induced. It is therefore reasonable to assume that the
chymotrypsin-like activity of the proteasome is required
cither to destroy a protein that directly or indirectly
promaotes neurite outgrowth, or to activarte a protein that
antagonizes neurite outgrowth.

Two of the peptide aldehydes that induce neurite out-
growth, Ac-L.LLnLal and Ac-LLMal, have also been shown
to inhibit cathepsin B and calpain [36]. Lactacystin,
however, inhibits neither of these proteases [7]. It is, of
course, possible that bipolar-type neurite outgrowth in
response to the peptide aldehydes occurs by a different
mechanism than with lactacystin. But as the observations
show that the morphology of the cells treared with these
compounds is comparable to that of cells treated with
lactacystin, and as neuritogenic potency of these com-
pounds correlates with their ability to inhibit the pro-
teasome’s chymotrypsin-like activity, it seems more likely
that the mechanism involved is similar.

Certain tripeptide aldehydes, including N-benzyloxy-
carbonyl-Leu-Leu-leucinal (Z-I.LLLal), induce neurite
outgrowth in PC12 rat pheochromocytoma cells, and
purification of the N-benzyloxycarbonyl-Leu-Leu-Leu-7-
amido-4-methylcoumarin-degrading activity reveals that
the proteasome is the main targer [43]. Lactacystin,
however, does not have any detectable neuritogenic effect
on PC12 cells but does exhibit a dose-dependent toxic
effect [2]. Tt is thércfore possible that the actual target that
mediates neurite outgrowth in PC12 cells in response to
Z-LLLal is a protease other than the proteasome. Itis also
possible that lactacystin, though uniquely specific for the
proteasome versus other proteases, may inhibit a broader
range of the proteasome’s peptidase activities than does
Z-L.LIal, For example, if the proteasome normally
activates a protein thar antagonizes neurite outgrowth, a
second proteasome activity mighe be required in PC12
cells to ensure its continued activity. If both activities are
inhibited by lactacystin, bur only the first is inhibited by
Z-1.1.1L.al, then Z-LLLal, but not factacystin, would
induce neurite outgrowth in these cells.

Inhibition of the proteasome’s chymotrypsin-like activity
may promote bipolar neurite outgrowth in Neuro 2A cells
by either preventing the degradation of a protein that
promotes bipolar neurite outgrowth or preventing the
proteolytic activation of a protein that antagonizes bipolar
neurite outgrowth. The results presented here suggest
that the chymortrypsin-like activity is involved, directly or
indirectly, in the degradation or proteolytic activation of
the putative substrate(s) of the proteasome that either

- positively or negatively regulates the induction of a

bipolar morphology. There are two simple explanations
for the importance of the chymotiypsin-like activity in the
regulation of neurite outgrowth, although more compli-
cated models can also be envisioned. The chymotrypsin-
like activity may be solely responsible for the relevant
cleavage of the substrate, most plausibly leading to an
activation of the substrate’s function. Alternatively, the
chymotrypsin-like protease activity may be required for
the first step in the processive degradation of the substrate
involved in neurite outgrowth. In the first case, it 15 the
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inhibition of a specific cleavage(s) of the substrate by the
chymotrypsin-like that leads to neurite outgrowth. In the
second case, inhibition of the chymotrypsin-like activity
prevents or significantly retards proteolysis of the sub-
strate by not only the chymotrypsin-like activity irself but
also the other activities. This could prevent either an
inactivating protcolysis of the substrate by any site or an
activaring cleavage by another site. In this case, it is
necessary to suppose that inhibidon of the trypsin-like
activity does not prevent proteolysis of the substrate by
the chymotrypsin-like or other activities.

It is not clear whether neurite outgrowth in response to
inhibition of the chymouypsin-like activity of the protea-
some reflects a normal, endogenous mechanism for che
induction of differentiation or not. Endogenous modulators
of the proteasome’s activities have been discovered (for
review, see [8]). Some affect multiple peptidase activities,
while others appear more specific. It is possible that such
regulators are expressed in a cell-specific manner and help
to determine the fate of a cell during development.

Significance

The proteasome’s chymotrypsin-like activity, but not
its trypsin-like, PGPH, BrAAP or SNAAP activities,
appears to antagonize neurite outgrowth in Neuro 2A
neuroblastoma cells. Other cellular processes may also
be promoted ov inhibited by selective inhibition of a given
peptidase activity of the proteasome. Such selective
inhibition may be useful not only in research but also in
managing disease where one proteasome activity is pri-
marily involved. This might reduce the toxicity expected
to result from the general inhibition of the proteasome.
The results reported herein demonstrate that modulation
of a specific proteolytic activity can be responsible for a
cellular phenotype. Unique peptidase activities of the
proteasome may have roles in determining the physiology
and fate of a cell.

Materials and methods

Neuro 2A cells were cultured in minimal essential medium containing
10 % fetal bovine serum, L-glutamine and non-gssential amino acids
(complete medium). The celis were piated 1o a density of ~1 x 104
celis per well in 12- or 24-well palystyrene dishes in a volume of 1 ml of
complete medium and grown for 24 h prior to treaiment, Ail the peptide
aldehydes were purchased from BACHEM Bioscience Inc. (King of
Prussia, PA), except for Z-LLFal, which was prepared by the SynPep
Corporation  (Dublin, CA}. Short-term stock sgolutions of peptide
aldehydes were stored as high concentration solutions in dimethyi
sulfoxide at -20° C, thawed prior to use and added to cell culture
dishes. Cell density and the percentage of cells exhibiting unipolar,
bipotar or multipolar morphology were determined using phase-
cantrast microscopy at various lime points following treatraent.

Acknowliedgements

We thank Professor EJ Gorey of Harvard University for kindly providing the
lactacystin used in this study. This work was supporied by a grant to SLS by
the National Institute of General Medical Sciences. SLS is an Investigator at
the Howard Hughes Medical Institute.

References
Omura, S., et al, & Sasaki, Y. (1991). Lactacystin, a novel microbial
metabohte, induces neuntogenesis of neuroblastoma cells.

1. Antibiotics 44, 113-116.

2. Fenteany, G, Standaert, RF,, Reichard, G A, Corey, E.} & Schreiber,
S.L. (1994). A 3-factone related to lactacystin induces neurite
outgrowth in a neuroblastoma cell line and inhibits cell cycle
progression in an osteosarcoma cell line. Proc. Natl. Acad. Sci. USA
91, 3358-3362.

3. Tsuji, 8., Yamashita, T, Tanaka, M. & Nagai, Y. (1988). Synthetic sialyl
compounds as well as natural gangliosides induce neuritogenasis in a
maouse neurcbiastoma cell line (Neura2A), J. Neurochem. 50, 414-423,

4. Mitsui, K., Tsuji, 8., Yamazaki, M. & Nagai, Y. {1991}. Multiple neurite
formation in neuroblastoma cell lines by griseciic acid, a potent inhibitor
of cyclic nucleotide phosphodiesterases. Neurochemn. 57, B56-561.

5. Tanaka, H., Katagiri, M., Arima, S., Matsuzaki, K., [nokoshi, J, & Omura, S.
(1995). Neuronat differentiation of Neuro 2A cells by lactacystin and its
partiat inhibition by the protein phosphatase inhibitars calycufin A and
okadaic acid, Biochem. Biophys. Res. Commun, 216, 291-297.

6. Katigiri, M., Hayash:, M., Matsuzaki, K., Tanaka, H. & Omura, 8. (1995}.
The neuritogenesis inducer lactacystin arrests cell cycle at both
Giy/G, and G, phases in Neuro 2A cells, J, Antibiatics 48, 344-348.

7. Fenteany, G., Standaert, R.F, Lane, W.S., Choi, 8., Corey, E.}. &
Schreiber, S.L. {1998). Inhibition of proteasome activities and subunit-
specific amino-terminal threonine modification by lactacystin. Science
268, 726-731.

8. Peters, J-M. (1994), Proteasomes: protein degradation machines of
the cell. Trend's Biochem, Sci. 19, 377-382.

9. Goldberg, A.l., Stein, R. & Adams, J. (1995). New insights into
proteasome function: from archaebacteria to drug development.
Chemistry & Biology 2, b03-~-508.

10, Hilt, W. & Wolf, D.H, (19986). Proteasomes: destruction as a
programme. Trends Biochem. Sci, 21, 96—-102.

11. Coux, Q. Tanaka, K. & Goldberg, AL. {19986). Structure and fungtion
of the 208 and 26S proteasomes. Annu, Rev. Biochem. 65, B01-847.

12. Palombella, ¥ 4., Rando, 0.1, Goldberg, AL. & Maniatis, T. {1994).
The ubiquitin-proteasome pathway is required for processing of NF-
«B1 precursor protein and the activation of NF-kaB. Ceff 78
773-785.

13. Ordowski, M., Cardoza, C. & Michaud, C. {1993). Evidence for the
presence of five distinct proteolytic compenents in the piuitary
multicatalytic proteinase complex. Properties of two components
cleaving bonds on the carboxyl side of branched chain and smali
neutral amino acids. Biochemistry 32, 15631572,

14. Jensen, TJ, Loo, MAA, Pind, 8., Williams, D.B., Goldberg, AL. &
Riordan, J.R. {1995}, Multiple proteolytic systems, including the
proteasome, contribute to CFTR processing. Cell 83, 129-135.

15, Craiu, A, et al, & Rock, K.L. {1996}, The inhibitors lactacystin and
clasfo-lactacystin B-lactone modify multiple proteasome B-subunits
and block protein degradation and MHC class | antigen presentation.
J. Biol. Chem., in press.

16. Dick, LR, Gruikshank, A.A., Grenier, L., Melandri, F.D., Munes, S.L. &
Stein, R.L. {1998). Mechanistic studies on the inactivation of the
proteasome by lactacystin — a central role for clasto-lactacystin
B-lactone, L Biol Chem. 271, 7273-7276.

17. Libwe, J., Stock, I, Jap, B., Zwickl, O., Baumeister, W. & Huber, R.
(1995) Crystal structure of the 205 proteasome from the archaeon
T. acidophiturn at 3.4 A resolution. Science 268, 533539,

18. Seemiller, E., Lupas, A, Stock, D,, Léwe, 1., Huber, R, & Baumeister,
W. (1995). Proteasome from Thermop!asma acidophilum: a threonine
protease. Science 268, 579582,

18. Heinemeyer, W., Gruhler, A,, Mdhrle, V., Mahg, Y. & Wolf, O.H.
(1993}. PRE2, highly homologous to the human majer
histocompatibility complex-linked RING 10 gene, codes for a yeast
proteasome subunit necessary for chymotryptic activity and
degradation of ubiquitinated proteins. J. Bio/ Chemn, 268,
5115-6120.

20. Brannigan, J.A, et al.,, & Murzin, A.G. (1995). A protein catalylic
framework with an N~terminal nucleophile is capable of self- a{:twallor\
Nature 378, 416-419,

21. Qinonen, C., Tikkanen, R., Rouvinen, J. & Peltonen, L. {1995). Three-
dimensionat structure of human lysosomal aspartylglucosaminidase.
Nat, Struct, Biol 2, 1102-1108.

22, Tikkanen, R., Ritkonen, A., Qinonen, C., Rouvinen, . & Peltonen, L.
{1996). Functional analyses of active sile residues of human lysosomal
aspartyiglucosaminidase — implications for catalytic mechanism and
autocatalytic activation. EMBO 1 15, 2964-2960.



912 Chemistry & Biology 1996, Vol 3 No 11

23.

24,
25.
28,
27.
28.

29,

30.
31,

32.

33.
34.
35.
34.
37.
3.8.

39.

40.

41,
42

43.

Mason, G.G.F. & Rivett, AJ. (1984). Proteasomes: the changing face
of proteolysis. Chemistry & Biology 1 197-199.

Fehling, H.J., et al., & von Boehmer, H. (1894). MHC class |
exprassion in mice lacking proteasome subunit LMP7. Science 265,
12341237,

Sibilte, C., ef al, & De Baetsalier, P. (1995), LMP2* proteasomes are
required for the presentation of specific antigens to cytotoxic T
lymphocytes. Curr. Biol. 5, 923~930.

Driscell, L., Brown, M.G., Finiey, D. & Monaco, 1.J. {1993). MHC-linked
LMP gene products specifically alter peptidase activities of the
proteasome. Nature 365, 262-264,

Gaczynska, M., Rock, K.L. & Goldberg, AL. {1993}, y-Interferon and
expression of MHC genes regulate peptide hydrolysis by
proteasomes. Nature 3685, 264-267.

Aki, M., et al,, & lchihara, A. (1894). interferon-vy induces different
subunit organization and functional diversity or proteasomes.

J. Biochem 115, 257289,

Boes, B., Hengel, H., Ruppert, T., Maithaup, G., Koszinowski, U.H. &
Kloetzel, P.M. (1994}, interferon-y stimulation modulates the
proteolytic activity and cleavage site preference of 205 mouse
proteasomes. J. Exp. Med. 179, 801-309.

Akiyama, K.t al,, & Noda, C. {1294). ¢cDNA cloning and interferon-y
downrregulation of proteasomal subunits X and Y. Science 265,
1231-1234, :

Belich, M.P., Glynne, R.J., Sengere, G., Sheer, D, & Trowsdale, J.
{1994). Proteasome compenents with reciprocal expression to that of
the MHC-encoded LMP proteins. Curr, Biol. 4, 769-776.

Frih, K., Gossen, M., Wang, K., Bujard, H., Peterson, P. & Yang, Y.
(1994). Displacement of housekeeping proteasome subunits by MHC-
encoded LMPs: a newly discovered mechanism for modulating the
multicatalytic proieinase compléex. EMBO /. 13, 3236-3244.
Hisamatsu, H., et al., & Tanaka, K. (19986). Newly identified pair of
proteasomal subunits regulated reciprocally by interferon-y.

J. Exp. Mad. 183, 1807-1816.

Groettrup, M., Kraft, R., Kostka, S., Standera, 3., Stohwasser, R. & M.,
K.P. (1996). A third interferon-y-induced subunit exchange in the 208
proteasome. Euw, J. Immun. 26, 863-869.

Vinitzky, A., Michaud, C., Powers, J.C. & Orlowski, M. (1992).
Inhibition of the chymotrypsin-like activity of the pituitary muiticatatytic
proteinase complex. Biochemistry 31, 9421-9428.

Rock, K.L., et al., & Goldberg, A.L. (1984), Inhibitors of the proteasome
hlock degradation of most cell proteins and the generation of peptides
presented on MHC class | molecules. Cell 78, 761-771.

Wilk, 8. & Orlowski, M. {1983). Evidence that pituitary cation-sensitive
neutral endopeptidase is a multicatalytic protease complex.

A Neurachem. 40, 842-849,

Cardoza, C., Vinitsky, A., Hidalgo, M.C., Michaud, C. & Oriowski, M.
(1992). A 3 4-dichloroisocoumarin-rasistant component of the
muiticatalytic proteinase complex. Biochemistry 31, 7373-7380.
Atsma, D.E., Bastiaanse, E.M., Jerzewski, A, van der Valk, L.J, & van
der Laarse, A. {(1995). Role of calcium-activated neutral protease
(calpain} in cell death in cultured neonatai rat cardiomyocytes during
matabolic inhibition. Circ. Res. 76, 1071-1078.

Grinde, B. & Seglen, P.O. {1880). Differential effects of proteinase
inhibitors and amines on the lysosemal and non-lysosomal pathways
of protein degradation in isolated rat hepatocytes. Biochim. Biophys.
Acta 632, 73-86.

Umezawa, H. (1978). Structures and activities of protease inhibitors of
microbial origin, In Methods in Enzymology. {Lorand, L., ed.),

pp. 678-695, Academic Press, NY, USA. '

Saglen, P.O. (1983). inhibitors of lysosomal function. In Methods in
Enzymology. (Fleischer, S. & Fleischer, B., eds), pp. 737-764,
Academic Press, NY, USA.

Tsubuki, 5., Kawasaki, H., Saito, Y., Miyashita, N, Inomata, M. &
Kawashima, S, {1994). Purification and characterization of a Z-Leu-
Leu-Leu-MCA degrading protease expected io regulate neurite
formation: a novel catalytic activity in proteasome. Biochem. Brophys.
Res. Commun. 196, 1185-1201,

=



