water molecule. Proteasomes had been sug-
gested to be an unusual type of serine pro-
tease; however, systematic mutagenesis (13)
indicated that no serine was essential for
their activity (14). The data (12, 13), re-
ported in this issue, demonstrate a new type
of proteolytic mechanism in which the ac-
tive-site nucleophile is the hydroxyl group
on the threonine at the amino-terminus of
the B subunit. Competitive inhibitors asso-
ciate with this threonine (2), and mutagen-
esis of this residue to an alanine prevents
activity (13). Furthermore, Fenteany and
co-workers (15) have made the unexpected
discovery that the antibiotic lactacystin and
related lactones are specific, irreversible
proteasome inhibitors that covalently bind
to the terminal threonine on the B subunit
of mammalian proteasomes. Thus, the pro-
teolytic mechanisms of the mammalian
and Thermoplasma particles appear similar,
as would be expected from the strong
conservation of primary and quarternary
structures (2, 13). In the archaebacterial
proteasome, replacement of the terminal
threonine by a serine allows full proteolytic
activity (13), so it is unclear why thre-
onines (and not serines) have been con-
served in the active sites of proteasomes
from bacteria to man.

Unlike bacteria, eukaryotic proteasomes
contain diverse subunits that allow spe-
cialized catalytic functions and important
regulatory opportunities. Mammalian pro-
teasomes exhibit up to five different pepti-
dase activities, including sites that preferen-
tially cleave after basic, hydrophobic, or
acidic residues (3). Which B subunits cata-
lyze these different activities is still unclear,
and because three or four mammalian
subunits lack terminal threonine residues
(13), some probably serve structural rather
than hydrolytic functions. The particular
subunits comprising a mammalian protea-
some determine its functional properties
and are regulated by cytokines (9, 16). In-
terferon-y, which enhances antigen presen-
tation, induces the expression of three
subunits, including the MHC-encoded pro-
teins LMP-2 and -7 (10). These subunits are
incorporated into proteasomes in place of
homologous, normal subunits. The resulting
proteasomes cleave preferentially after hy-
drophobic and basic residues. Thus, inter-
feron favors the production of oligopeptides
with hydrophobic or basic carboxyl-ter-
mini—exactly those peptides that are pref-
erentially transported into the endoplasmic
reticulum and that bind tightly to MHC
class I molecules. Thus, during the evolu-
tion of the immune system, the phyloge-
netically ancient proteasome has undergone
adaptations that favor antigen presentation
(9, 16) and probably additional adaptations
that are important in other physiological
situations.
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From the Cradle to the Grave: Ring
Complexes in the Life of a Protein

Jonathan S. Weissman, Paul B. Sigler, Arthur L. Horwich

Itis an irony of nature that the chaperonin
GroEL, which promotes protein folding,
and the proteasome, which catalyzes pro-
tein degradation, have strikingly similar ar-
chitectures. Viewed at the modest resolu-
tion of the electron microscope, it takes a
skilled eye to distinguish between the two
complexes. Both are cylindrical ring struc-
tures measuring 110 to 150 A in length and
diameter. Along the cylindrical axis, the
two complexes exhibit sevenfold rotational
symmetry around a large central cavity, and
from the side both appear to have four
stacked layers. However, when revealed at
near-atomic resolution by the crystal struc-
ture of the 20S proteasome from the ar-
cheon Thermoplasma acidophilum, reported
in this week’s issue of Science (1), and by the
recently reported crystal structure of GroEL
(2), fundamental differences come into fo-
cus. As suggested by the lack of primary se-
quence homology, there is no similarity in
the secondary or tertiary structures of the
two complexes. These differences reflect the
particular functional requirements of the dis-
tinct processes these assemblies carry out.
The 20S proteasome is composed of 28
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subunits that form four stacked heptameric
rings. The rings of eukatyotic proteosome
are composed of up to 14 different species of
subunits, while those of the archeon T.
acidophilum are homo-oligomers of either o
or B-type subunits, arranged with two outer
rings of seven o subunits each and two in-
ner rings of seven P subunits (see figure).
Loéwe and co-workers took advantage of the
simplicity of this 20S complex in their
structural studies. Lest one not be left won-
dering whether the interesting cavity struc-
ture formed by these rings (see figure) is in
fact the site of action, they also examined
the structure of the proteasome with a
bound peptide-aldehyde inhibitor. These
studies revealed 14 catalytic sites deep
within the central cavity and suggested an
unusual proteolytic mechanism in which the
hydroxyl group of the § subunit’s amino-ter-
minal threonine acts as the nucleophile in
peptide hydrolysis. This mechanism is sup-
ported by mutagenesis experiments reported
in an accompanying paper (4) and by the
observation that a natural inhibitor of the
proteasome, lactacystin (5), covalently modi-
fies the amino-terminal threonine.

The action that occurs inside GroEL is of
a different sort—regulated binding . instead
of cleavage. Unfolded proteins are held, at
least in part, within ‘the central cavity
formed by the two seven-membered rings.
Although many questions remain about the
mechanism of GroEL action (6), in particu-
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lar, the extent to which a protein
folds while residing in the GroEL
cavity, recent studies indicate
that GroEL undergoes cycling
between states of high and low
affinity for peptide, which are
driven by the hydrolysis of ad-
enosine triphosphate (ATP) and
the binding and release of the hep-
tameric co-chaperonin molecule,
GroES (7, 8). These cycles result
in cycles of binding and release
of substrate proteins with a por-
tion of the molecules folding dur-
ing each round of release (7, 9).

148A )

20S Proteasome

o0

146A

113A 137A

Both GroEL and the pro-

GroEL chaperonin

tively low, because the reactants
confined to a box with 45
sides will have an apparent con-
centration of ~ 100 mM.
Despite the diametric differ-
ences in the reactions carried
out by the proteasome and
GroEL, these complexes both
use ring structures to create a
cavity that houses the active
sites, allowing them to act on
unfolded substrates in a pro-
tected environment. The differ-
ences in function so apparent in
the structures reflects the need

ILUSTRATION: K. SUTLIFF

for the proteasome to sequester

teasome exploit the ring archi-
tecture to create an internal pro-
tected environment that houses
the functional sites and protects
them from interacting with am-
bient proteins, as well as each
other. In the proteasome, these
functional domains are the cata-
lytic sites, and placing them in-
side the ring prevents the indis-
criminate hydrolysis of folded
cellular proteins. In GroEL, the
functional domains are the hy-
drophobic patches that form the polypep-
tide binding site (10). Their location inside
the ring prevents the patches from interact-
ing with each other and aggregating GroEL.

The ring motif is also exploited by the
proteasome and GroEL to produce an array
of functional sites that can act coopera-
tively on different regions of a single sub-
strate. For example, although the
proteasome has broad proteolytic specific-
ity, the resulting peptides fall into a narrow
size range, seven to eight amino acids (11).
The length spanned by a peptide of this size
in an extended conformation is ~28 A,
which corresponds to the distance separat-
ing catalytic sites in adjacent monomers in
the crystal structure. This “molecular ruler”
model is also supported by biochemical
studies indicating that polypeptide sub-
strates can be channeled between different
catalytic sites within a single 20S complex
(12). This channeling would be facilitated
if the rate of proteolysis were slow relative
to binding. Interestingly, classic studies
(13) suggest that the same feature that al-

"lows the proteasome to act on the protein
with broad specificity may also result in a
relatively low degradation rate.

A fundamental difference between the
GroEL and proteasome rings is that the en-
trance to the GroEL cavity is unobstructed.
This large opening (~45 A) allows ready ac-
cess to the peptide-binding regions and pre-
sumably reflects the need for a large number
of substrates to bind to GroEL shortly after
synthesis. By contrast, most proteins must
be protected from entering the proteasome
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Ring complexes: The 20S proteasome and GroEL. (Left) The 20S
proteasome is composed of four stacked, seven-membered rings. In the
20S proteasome from T. acidophilum (7) , the two outer rings comprise
seven copies of a 25.9-kilodalton o subunit, and the two inner rings com-
prise seven copies of a 22.3-kilodalton B subunit. These rings form a central
channel with three chambers: Two antechambers flank an inside chamber
that houses the catalytic sites (yellow spheres). (Right) The GroEL
chaperonin is a homo-oligomer formed by two seven-membered rings of
57-kilodalton subunits stacked back to back. The GroEL rings form a wide
channel open at either end of the cylinder but likely to be blocked at the
equator (2). The GroEL subunit is composed of an apical (A), intermediate
(1), and equatorial (E) region. The putative polypeptide binding sites (yellow
ovals) are hydrophobic patches on the inside face of each apical domain.

cavity, since this would lead to irreversible
degradation. Accordingly, the structure of
the proteasome reveals an elaborate gating
mechanism consisting of four narrow axial
constrictions lined with hydrophobic resi-
dues. These constrictions create three dis-
tinct cavities (see the figure)—two ante-
chambers located on opposite sides of a cen-
tral chamber that houses the catalytic sites.
Thus a polypeptide must pass through two
narrow constrictions (14) before it can be
hydrolyzed, explaining the preference of the
208 particle for unfolded substrates.

In the 26S proteasome, the 20S particle
functions together with the 19S complex in
the ATP-dependent degradation of ubiquiti-
nated proteins. This requirement for ATP
hydrolysis suggests that the 19S partner of
the proteasome actively unfolds appropriate
substrates in a chaperone-like manner.

Although unfolding would give the pro-
tein enough flexibility to pass through the
narrow constrictions into the central cavity,
it is not clear how the complete degradation
of a polypeptide chain is achieved. Given
the limited space in the catalytic chamber,
it is likely that the substrate must be fed

continually into the inner chamber and-

processively proteolyzed. The antechamber
is well situated to store a portion of the sub-
strate, maintaining it in an unfolded state as
it awaits entry into the catalytic inner
chamber. Threading into the inner chamber
could be driven by binding to multiple cata-
lytic sites. The effective force generated by
this binding might be quite great, even if
the affinities of the individual sites are rela-
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these sites behind an elaborate
gating system, while for GroEL
this cavity must be readily ac-
cessible to trap nonnative pep-
tides before they aggregate. The
gating in the proteasome, how-
ever, presents certain logistical
problems. For example, how are
hydrolyzed peptides removed
from the central cavity? The
only apparent egress is through
the ends of the cylinder since,
unlike in GroEL, there are no
significant side windows. Also, how is com-
mitment to the complete degradation of a
polypeptide chain achieved when ubiqui-
tination is confined to a limited number of
positions along the substrate? Conversely,
what is the mechanism by which this com-
mitment is terminated at a specific residue,
for example, in the proteasome-mediated
partial degradation of the p105 subunit of
NFkB to p50 (15)? With the rapid pace of
biochemical analysis of the proteasome
aided now by the existence of a crystal
structure, the answers to these and other
questions are likely to be forthcoming.
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