
Crystal Structure of the 20s any other known protease (10). Site-direct- 
ed mutagenesis experiments with recombi- 
nant Thermoblasma Droteasomes exclude  rot-easome from the n Archaeon the possibility that this proteasome is an 
unusual cysteine- or serine-type protease 
(1 2) as suggested by inhibitor studies. Our 
structural studies described below and the T. acidophilum at 3.4 A Resolution 
site directed mutagenesis experiments, de- 
scribed bv Seemiiller et al. (13) show that Jan Lowe, Daniela Stock, Bing Jap,* Peter Zwickl, 

Wolfgang Baumeister, Robert Hubert the proteasome represents a novel type of 
protease. Degradation studies performed 
with the Thermoplasma proteasome have 
shown that the substrate proteins are 
cleaved rather unspecifically. Nevertheless, 
the degradation products fall into a narrow 
size range, with most of the fragments hav- 

The three-dimensional structure of the proteasome from the archaebacterium Thermo- 
plasma acidophilum has been elucidated by x-ray crystallographic analysis by means of 
isomorphous replacement and cyclic averaging. The atomic model was built and refined 
to a crystallographic R factor of 22.1 percent. The 673-kilodalton protease complex 
consists of 14 copies of two different subunits, a and 6, forming a barrel-shaped structure 
of four stacked rings. The two inner rings consist of seven 6 subunits each, and the two 
outer rings consist of seven a subunits each. A narrow channel controls access to the 
three inner compartments. The a7P7P7a7 subunit assembly has 72-point group symmetry. 
The structures of the a and 6 subunits are similar, consisting of a core of two antiparallel 
p sheets that is flanked by a helices on both sides. The binding of a peptide aldehyde 
inhibitor marks the active site in the central cavity at the amino termini of the /3 subunits 
and suggests a novel proteolytic mechanism. 

ing from six to nine amino acid residues, 
suggesting that some kind of molecular ruler 
exists (14). This is of particular relevance in 
view of the role eukarvotic Droteasomes 
have in antigen presenta;ion ( i 5 ) .  

Structure determination. We  have de- 
termined the crystal structure from t h ~  20.5 
proteasome of T .  acidophilum at 3.4 A res- 
olution. The recombinant protein was pu- 
rified from Escherichia coli as described by 
Zwickl et al. (16) and crystallized as de- 
scribed (17). Briefly, a solution of protea- 
somes (7 mglml) in 5 mM 2-morpholino- 
propane-sulfonic acid (MPS), pH 7.5, 1 
mM EDTA, and 1 mM NaN3 was mixed 
(3 : 1) with a solution of 10 percent polyeth- 
ylene glycol (PEG)-1000, 0.1 M potassium 
phosphate buffer, pH 7.5, and equilibrated 
against 15 percent PEG-1000, 0.1 M potas- 
sium phosphate, pH 7.5. Crystals grew with- 
in 1 week to a final size of 0.8 by 0.5 by 0.2 
mm3 at room tempeJature. Fresh crystals 
diffract to about 3.2 A resolution, but their 
diffraction quality decreases rapidly in the 
x-ray beam. The crystals belong to the or- 
thorhombic space group P2i2,2, and con- 
tain one proteasome in the asymmetric 
unit. The unit cell oconstants are a 
311.9 A ,  b = 209.0 A,  and c = 117.2 A 
(Table 1 ). In that the oroteasomes showed 

T h e  proteasome is now widely recognized 
as the central enzvme of nonlvsosomal Dro- 

linked to the 26s complex, whereas the 20.5 
proteasome only degrades unfolded proteins 
in an energy-independent manner (8). Elec- 
tron microscopic studies have shown that 
the quarternary structure of the 20.5 com- 

tein degradation. It is involved in the deg- 
radation of misfolded proteins (1) as well as 
in the degradation and processing of short 
lived regulatory proteins (2). Peptide alde- 
hyde inhibitors of the proteasome have been 
shown to block the degradation of most 
cellular proteins, including long-lived pro- 

plexei is conserved from Thermoplasma to 
humans 19). The cvlindrical or barrel- 

\ ,  

shaped bodi$s, with dkensions qf approxi- 
mately 150 A in height and 110 A in diam- 

teins and the generation of peptides present- 
ed on major histocompatibility (MHC) class 
I molecules in vivo (3). Thus the life-span of 
many cellular proteins seems to be con- 
trolled by this proteolytic system. These 20.5 
Droteasomes occur in the cvtosol and in the 

eter, show a characteristic pattern of four 
stacked rings of subunits perpendicular to 
the cylinder axis. The proteasome of the 
archaebacterium T .  acidophilum contains 
only two different subunits, a and (25.8 
kD and 22.3 kD, respectively), whereas pro- 

k c l e i  of all eukaryotic cells' examined so far, 
and thev have also been found in the ar- 

teasomes from eukaryotes have a more com- 
plex subunit pattern, consisting of multiple 
a and 6 type subunits related to either a or 
p subunits of the Thermoplasma proteasome. 
The Thermoplasma proteasome has there- 

chaebacierium Thermoplasm acidophilum 
(4). A t  least some of these functions are 
linked to a ubiquitin and adenosine triphos- 
phate (ATP)-dependent pathway of pro- 
tein degradation involving the 26.5 protea- 

sevenfold symmetry when observed by elec- 
tron microscopy ( 18), we expected seven- 
fold noncrystallographic symmetry. This 
was indeed shown bv a self-rotation func- 

fore been referred to as an "urproteasome" 
(10). The a and P subunits of the Thermo- 

some, an exceptionally large complex (M, - 
2.0 MD) (5). The 20.5 proteasome, or mul- 

plasma proteasome exhibit sequence homol- 
ogy, indicating that they evolved from a 
common ancestral gene. The hallmark of 
the a-tvoe subunits is an NH,-terminal ex- 

tion (17), and in adbition seven noncrys- 
tallographic dyads were found perpendicu- 
lar to the sevenfold axis, which was tilted by 
6.4" with respect to the crystallographic a 
axis. The structure was solved by single 
isomorphous replacement (SIR) with the 
use of noncrystallographic symmetry. The 
large number of subunits and heavy atom 
binding sites in the asvmmetric unit made 

ticatalytic protease complex, forms the cat- 
alvtic core of the 26s comolex. whereas 19s 
"caps," which associate with the termini of 
this core have regulatory functions (6). The 
26s proteasome differs in its enzymatic 
~ r o ~ e r t i e s  from the 20.5  article. The ATP- 

, . 
tension of about 35 amino acid residues not 
present in the 6-type subunits. In spite of 
numerous efforts to characterize the nature 
of the Drotease activitv, its mechanism has 

dependent degradation of ubiquitinated and 
of certain nonubiquitinated proteins (7) is 

remainkd unclear. o n '  the basis of studies 
with small synthetic peptides and protease 
inhibitors, up to five distinct proteolytic 
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- 
the localization of the heavy atom positions 
difficult. In addition. most crvstals showed 
significant nonisomorphism which was not 
indicated bv cell constant changes but be- 
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came evident by comparison of diffraction 
intensities. As an initial test of the useful- 
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was calculated for the difference Patterson 
maps and analyzed for sevenfold symmetry. 
We found some promising compounds, in- 
cluding Ta,Br, (TABR) (19), Pt-terpyri- 
dinium-chloride (20), and Cs[OsCl,(CO),] 
(OSCO), but further interpretation by 
vector-verification methods was not suc- 
cessful. Another derivative, N%HSiW,03, 
(W9) (21), showed only two sites in the 
analysis of the Harker sections, but was not 
sufficient for structure determination. To 
overcome the problem of nonisomorphism, 
we collected native and derivative data sets 
at 7 A resolution by soaking the same crystal 
in the TABR solution and measuring it 
again. The self-rotation function of the re- 
sulting difference Patterson map showed a 
very clear sevenfold symmetry. 

The positioning of the local symmetry- 

related heavy atoms was achieved by con- 
secutive rotational and translational search- 
es. Using the self-vectors, we searched for a 
heptagonal set of heavy atom sites centered 
at the origin and oriented as revealed by the 
self-rotation function. We then made a 
translational search in the cross-vectors for 
that heptagonal set. Each translational 
search was performed in two dimensions on 
the Harker sections, which gave consistent 
coordinates for the heptagon of heavy at- 
oms and determined the local symmetry 
operator. Vector verification with this local 
symmetry operator revealed no further 
heavy atom positions. The seven sites were 
refined independently without anomalous 
differences. The initial SIR-phased electron 
density map at 7 A was not interpretable, 
but difference Fourier maps of two other 

Fig. 1. Stereo view of the original SIR phased electron density at 3.5 A resolution, 14-fold averaged. The 
map is contoured at 1 IJ above background and shows residues 123 to 143 of the p subunit. Superim- 
posed is the current model at 3.4 A resolution after refinement. 

Fig. 2 Ribbon drawing of (A) the a subunit; a helices are labeled by H, p strands by S. The NH,-terminal 
helix HO represents the front side of the whole proteasome. The identically oriented subunit within the 
complex is indicated (shown as a yellow sphere) at the top left comer; each subunit is represented by a 
sphere around its center of gravrty, (B) the p subunit in an according orientation (drawings made with 
MOLSCRIF'T (48) and RASTER3D (49). 

derivative data sets, W9 and OSCO, clearly 
showed heavy atom sites. Those derivatives 
were used to determine the handedness of 
the TABR phases, but did not improve the 
electron density and were omitted. We as- 
sumed that the heptagon of TABR sites 
represented the central plane of the protea- 
some, thus satisfying the 72-point symmetry 
and constructed a cylindrical envelope of 
154 A in length and 115 A in diameter, the 
largest possible dimension without overlaps 
from neighboring molecules. The local sym- 
metry axis was refined by a grid search, 
wherein we varied the orientation or trans- 
lation. This grid search was followed by 
three steps of cyclic averaging about the 
sevenfold axis on a 4 A grid monitoring the 
twofold symmetry correlation in the result- 
ing electron density map. After conver- 
gence, the averaged map was used to calcu- 
late a new envelope by summing density in 
spheres of 20 A in diameter with an appro- 
priate cut-off. Starting at 7 A resolution, 26 
steps of averaging around the sevenfold axis 
and consecutive phase extensi~n~to 4.5 A 
resolution were calculated on a 2 A grid. At 
this stage, a further refinement step of the 
local symmetry axis was performed as de- 
scribed above with a 1 A grid and phases at 
4.5 A resolution. The resulting parameters 
of the sevenfold local symmetry axis were 
sufficient to extend phases from 4.5 to 3.5 

in 23 steps. The resulting twofold sym- 
metry had a correlation of 80 percent of the 
identity operation, and the electron density 
map was averaged 14-fold for final phase 
improvement. The resulting electron densi- 
ty was of very high quality, and the com- 
plete model could easily be fitted except for 
the NH,-terminal 12 amino acids of the cx 
subunit, which are not visible in the elec- 
tron density (Fig. 1 and Table 1). 

Structures of the subunits. The core of 
the cx subunit is a sandwich of two five- 
stranded antiparallel p sheets with topology 
S8, S1, S2, S9, and S10 in the upper p sheet 
and S7, S6, S5, S4, and S3 in the lower p 
sheet, respectively (Fig. 2A). These have a 
left-handed twist of about 50" and 80" be- 
tween the terminal strands. The strand di- 
rections of the two p sheets enclose an 
angle of about 30". The p sandwich is open 
at one side, where it is decorated with the 
NH,-terminal cx helix HO, which fills the 
cleft. The opposite side of the p sandwich is 
closed by four hairpin loops connecting p 
strands S1-S2, S9-S10, S5-S6, and S3-S4, 
respectively. The upper and lower f3 sheets 
of the sandwich are linked by an extended 
loop between S2 and S3, which forms a 
main contact site to the neighboring a 
subunit via H3 and S8 and the loop be- 
tween S7 and S8. The p sandwich is 
flanked by the a helices H3, H4, and H5 on 
top and by H1 and H2 at the bottom, which 
are antiparallel and tilted by 45" relative to 
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each other. Residues Met' to Ile12 were not 
visible in  the electron density and were 
therefore omitted from the model. Residues 
180 to 208 have weaker than average elec- 
tron density and the detailed backbone con- 
formation may be uncertain in some places. 
Proteasomal a subunits contain a putative 
nuclear localization sequence (NLS) and the 
complementary NLS (22), which have been 
proposed to interact with each other in a 
phosphorylation-dependent manner. These 
signals are conserved in the Thennoplasma 
proteasome (23). The  NLS sequence com- 
prising residues 49 to 56 is situated at the 
end of S2, and the following extended loop 
and is accessible from the solvent. This is 
also true for a putative complementary NLS 
(cNLS), which is located at residue 201 to 
206 in the loop connecting H4 and S9. 

In the course of our model building, the 
structures of the a and p subunits emerged 
to be strikingly similar. The  Ca atoms of 
the two subunits can be superimposed with 
q root-mean-square (rms) deviation of 1.33 
A (Fig. 3B). The structure of the P subunit 
(Fig. 2B) deviates predominantly in its 
NH,-terminal part from the a subunit, 
where it lacks residues 1 to 35. The  
polypeptide chain of the P subunit starts 
with strand Sl. The absence of a helix HO 
provides access to the interior of the p 
sandwich. The  other major differences in 
the folding of the P subunit comprise the 
extended loop region between S2 and S3, 
the loop between H2 and S5, where the a 
subunit contains an insertion of four resi- 
dues, and the COOH-terminal helix H5, 
which is more extended and followed by an 
additional loop in the P subunit. All 203 
residues of the p subunit are well defined in 
the electron density. The a and P subunits 
appear to represent a novel fold, although a 
helices covering P sheets are a frequently 
occurring structural motif. 

The association within the a and P rings 
is rather close, such that 24 and 17 percent 
of the surface of the a and p subunits, re- 
spectively, are covered. In particular, H1 
from one a subunit forms a contact to the 
H2 helix of the neighboring a subunit. The 
connecting loop between H2 and S5 pro- 
trudes into the channel of the heptagon of a 
subunits and contacts the symmetry-related 
loops of the neighboring a subunits on both 
sides, generating a narrow constriction. The  
loop preceding H O  is situated in close prox- 
imity to this site and contacts the H O  helix 
of the next a subunit. A further contact 
between a subunits is established by the loop 
region between S4 and H1 of one subunit to 
S7 of the next subunit. The P subunits form 
a heptagon with similar contacting segments 
as described for the a subunits except for the 
contacts established by the HO helix of a, 
which is missing in the P subunit. The major 
contact between a and p rings is formed by 

the H1 and H2 a helices (Fig. 4A). The 
wedge-shaped H I ,  H2 substructure pene- 
trates an opening between subunits of the 
other ring. This interaction is quasi-symmet- 
rical by homologous segments of a and p. 
The buried surface is 10 percent and 11 
percent of each of the a and p rings. The 
dyad related contacts between the P rings 
cover 14 percent of the surface of one p ring. 
They comprise mainly dyad-related segments 
in H 3  and H4 and the loops between H4 and 
S9 and between S2 and S3, which contact 
their symmetry mate. 

General architecture and inhibitor bind- 
ing. The  overall shape of the 20s proteasome 

is an elongated cylinder having a central 
penetrating channel with large cavities and 
narrow constrictions (Fig. 4, B and D). Th: 
overall dimensions qf the complex are 148 A 
in length and 113 A in diameter. As would 
be expected from previous i m m u n ~ e l e c t r o n  
microscopy studies (24), the a subunits are 
located at  the ends, whereas the P subunits 
form the two equatorial rings. As also re- 
vealed by electron tomography (25), the 
central channel has three large cavities. Two 
of them are located at the interface between 
the a and the p rings, the third is formed by 
the p rings in the center of the molecule. 
The  maximum diameter of this cavity is 53 

Table 1. Collection of data and statistics of structure determination and refinement. Initial collection of 
native data sets and the screening for heavy atom derivatives was done in house at 14°C with a 180-mm 
Mar research imaging plate detector (47) mounted on a Rigaku rotating anode x-ray generator operated 
at 4.8 kW (A = CuKa = 1.5418 A). Graphite-monochromatized x-rays were collimated to 0.5 mm in 
diameter. The crystal to detector distance was 350 mm to separate the spots in the a* direction. 
Absorption at this distance was reduced with the use of a helium chamber. Diffraction data of the NATl 
1 and the corresponding TABR derivative crystal were collected to 7 A resolution. The TABR-crystal was 
soaked for 1 hour in 1 mM TABR dissolved in 15 percent PEG-1 000, 15 percent propan-2-01, and 0.1 M 
potassium phosphate, pH 7.$. The final data set to 3.4 A resolution was collected at the BW6-beamline 
at DESY/Hamburg (A = 1.0 A) from six different crystals. Diffraction data were collected with a 300-mm 
Mar research imaging plate at a distance of 430 mm. The total number of measured reflections in the 
merged data set was 793,206, with 90,045 unique reflections between 10 and 3.4 a resolution. All x-ray 
~ntensities were evaluated with the MOSFLM program package version 5.2 (42). Scaling and merging 
were done with CCP4 (43), difference Patterson maps were calculated and interpreted with PROTEIN 
(44), and real space averaging was performed with MAIN (45). The initial model was built at 3.5 A 
resolution with FRODO (44) on an ESV-30 Graphic system work station (Evans & Sutherland, Salt Lake 
City, Utah). The model was completely fitted in the first density and refined by energy and 14-fold 
noncrystallographic symmetry restrained crystallographic refinement with X-PLOR (45), with parameters 
as described by Engh and Huber (47). After refinement, 2F0 - F, Fourier maps were calculated, and the 
model was checked and rebuilt. The resolution was extended from 3.5 to 3.4 A during the refinement 
procedure, Individual B factors were refined with the use of 14-fold noncrystallographic restraints and 
restraints between bonded atoms. The cudrent model has been refined to a crystallographic R factor of 
22.1 percent, with data from 10 to 3.4 A resolution, with //a, > 2.0 (86,922 unique reflections) and 
comprises 45,892 nonhydrogen atoms maintaining strict geometry with deviations from ideal values as  
shown in the table. The model comprises residues 13 to 233 of the 233 amino acids of the cx subunit and 
all the 203 residues of the P subunit. 

NATl 1 TABR W9 OSCO 

Sites (No.) 
Completeness (%) 

Overall 
7.43-7.0 A 

RISO* 
Phasing power? 
Resolution shells (A) 
NATl2-7 

Completeness (%) 
//a, 
'merge$ 

Model 
R factor 

rms bond length (a)§ 
rrns angles (")§ 
rrns NCS related atoms 
rrns B bonded atoms (a2)¶ 
rms B NCS related (A)y 
Average B cx subunit (A2) 
Average B (3 subunit (A2) 

92.6 
58.0 

0.28 
1.47 

3.4 Overall 

*R,,,: Z~F,, - FpIEFpH, where FpH and Fp are the derivative and the native structure factor amplitudes, 
respectively. tPhasing power: Fdresidual: rrns mean heavy atom contribution/rms residual, defined as: [(FpH,,,," - 
FPH)/N]'/" with the sum over all reflections, where FpH,,,, is the calculated structure factor and FpH if the structure factor 
amplitude of the heavy atom derivative, respectively. $R,,,,: Z,Z,I/ I,,, - (/,,)/]E,Z,I,,,), where I,,, is the intensity 
value of the i-th measurement of h and (I(,,,)) is the corresponding mean value of h for all i measurements of h; the 
summation runs over all measurements. §The rms deviation in bond lengths and bond angles from ideal 
values. Irhe rms deviation between noncrystallographic symmetry related atom positions. ¶The rrns deviation 
in temperature factors between bonded and noncrystallographic symmetry related atoms. 
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A. Access to these compartments is con- 
trolled by four narrow gates, which are 
formed by the loops connecting H2 and S5 
in both subunits. In the a subunit, the loop 
Tyrlz6, Glylz7, and Gly'28 protrudes into the 
channel and forms a hydrophobic ring 
around ?;le channel, leaving a passage of 
only 13 A in diameter at its entrance. The 
homologous loops of the p subunits form a 
bottleneck of 22 A in diameter in the central 
part of the complex, ringed by TyP5 and 
Met% residues, which protrude into the 
channel (Fig. 5A). 

For inhibitor binding studies, a protea- 
some crystal was soaked for 36 hours with 
acetyl-Leu-leu-norleucinal [LLnL, calpain 
inhibitor I (Bachem)] a potent inhibitor of 
the proteasome's SUC-Leu-Leu-Val-Tyr- 
AMC cleaving activity (26). This peptide 
aldehyde is an inhibitor of cysteine proteases, 
such as cathepsin B (27). Theounaveraged 
difference electron density at 4 A resolution 
shows the tripeptide bound to all 14 p sub- 
units. The tripeptide is situated with its al- 
dehyde function at the NH2-terminal threo- 
nine of the p subunit in a hydrophobic cleft 
inside the central cavity of the complex (Fig. 
5). The three amino acids of the inhibitor 
(11 to 13) are in extended codonnation, and 
form hydrogen bonds from I2 to Th?' on 
one side and from 13 to Gly47 and from I1 to 
Val49 on the other side. The bound inhibitor 
peptide thus extends the short p strand S1 of 
the p subunit. The active site flanking resi- 
dues 20,21, and 22 belong to the extended 
loop between S2 and S3, and residues 46,47, 
and 48 form the loop between S4 and HI. 
The hydrophobic cleft is formed by 
Ala46, Led8, and Val49 on one side and by 
Valzo, Th?', and Met22 on the other side. In 
addition, residues 1 12 to 120 of the neigh- 
boring P subunit come close to the active 
site, and Asp1I4 may interact with the N- 
acetyl group of the inhibitor, but this possi- 
bility is not resolved by the present electron 
density data. Residues Lys33 and GluI7 form 
a salt bridge and are in close proximity to 
Thrl. The difference electron density shows 
no conformational changes in the protein on 
binding the inhibitor. 

In accordance with the lack of sequence 
similarity to other proteins, the a and p 
subunits appear to exhibit a novel topology. 
The folding of the two subunits is strikingly 
similar, despite the insignificant amino acid 
sequence similarity (Fig. 3A). Differences 
are seen at the NH2- and COOH-termini, 
notably the NHz-terminal a helix HO of 
the a subunit, and in loop regions (in par- 
ticular at the S2-S3 and the H2-S7 loop). 
Eukaryotic proteasornal subunits related to 
the archaebacterial a subunit display highly 
conserved NH2-terminal regions (23, 28). 
This a helix may be crucial for the interac- 
tion with regulatory complexes such as the 
19s complex. The helix is situated near the 

entrance gate to the channel; the preceding 
12 amino acid residues, which have no de- 
fined electron density, are disordered so that 
their precise role is uncertain. The a sub- 
units assemble spontaneously to form seven- 
membered rings, whereas P subunits do not. 
Since deletion of the first 35 amino acid 
residues in the a subunit abolishes this abil- 
ity, the NH2-terminal extension appears to 
have a critical role in assembly (28). The 
predicted position of HO within the chan- 
nel (29) is at variance with the observed 
structure. The four protein disks stack to 
form tight contacts between the alp and 
PIP rings, respectively. The alp contact is 
established mainly by the a helices H1 and 
H2, and the contact is formed by a 
helices H3, H4, and loops H4S9 and S2S3. 
The and alp double disks have strict 
and approximate dyad symmetry, respective- 

ly. The tight packing appears to make the 
particle impenetrable from the outer walls of 
the cylinder (Fig. 4C), allowing access only 
through the central channel (Fig. 4, B and 
D). The more constricted outer gates are 
formed by the loop between H2 and S5 of 
the a subunit, which is more extended than 
in the p subunit and allows the passage of 
extended polypeptide chains only. The in- 
ner gates are formed by equivalent segments 
of the p subunits. The outer and inner gates 
control the exchange between solvent and 
the Droteasome and between outer and in- 
ner proteasomal cavities, respectively. The 
conserved tyrosine residues of those loops 
which protrude into the channel may play a 
crucial role in structuring the gates and in 
assisting the passage of substrates and prod- 
ucts. The unfolded state of the substrate 
may be maintained by the hydrophobic en- 

. . . . . . : I I . : . .  . . .  : . I  . I 1  I 1 .  . I 1 1  . : ( * - I  
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Fa. 3. (A) Sequence alignment of the a and of the p subunit [BESTFTT, WGCG package (50)] with a 
sequence identity of 26 percent. The secondary structure deduced from the refined model, calculated 
with DSSP (51), is superimposed. Abbreviations for the amino acid residues are A, Ala; C, Cys; D, Asp; 
E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; 
V, Val; W, Trp; and Y, Tyr. (B) The backbone of the two subunits superimposed with an rrns deviation of 
1.33 A with 84 percent of the aligned sequence (GRASP) (52). The rrns fit was done with MAIN (43), 
including residues a35-a52/81 -81 8, a66-a123/p33-p90, a1 30a142/p93-8105, a1 45-a202@107- 
8164, and a209-~2334172-8196. The orientation of the molecules is the same as in Fig. 2. 
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vironment of the channel's interior. GroEL (30). The x-ray structure of GroEL 
The 20s proteasome has some features (31) allows a more detailed comparison of 

in common with the bacterial chaperonin the two proteins. GroEL is an 850-kD com- 

I 

1 
a 

Fig. 4. (A) Ca drawing of two a (red) and two p subunits (blue) showing the major contacts between the 
subunits. (6) Top view of the 20S proteasome showing Ca atoms only. (C) Side view of the 20S pro- 
teasome. The overall dimensions are 148 A in length, 113 A maximum diameter and 75 A minimum 
diameter. (D) View of the proteasome cut open along the sevenfold axis; the three compartments and 
tFe gates are clearly visible. Dimensions: entrance to the channel: 13 A, bottlenecks in the center: 4 22 
A, left and right cavity: 4 50 A and length 40 A, central cavity: 4 53 A and length 38 A. 

plex consisting of one 14-fold repeating 
subunit satisfying 72 point group symmetry, 
and participates in ATP-dependent poly- 
peptide chain folding. Indeed both protein 
complexes have a central channel through 
the whole molecule. However, while the 
interior is divided into three distinct com- 
partments and access to these compartments 
is controlled bv narrow channels in the Dro- 
teasome, the GroEL channel is more or less 
continuous. GroEL has relativelv laree side , - 
windows, while the proteasome is tightly 
sealed. Moreover, there is no similarity in 
the tertiary structure of the subunits. 

Although the LLnL inhibitor model was 
fitted to a 4 A resolution map, its position 
and conformation is well defined by electron 
density and stereochemical considerations 
except for the I1 and I2 side chains, which 
are solvent exposed and may be mobile (Fig. 
5C). The inhibitor is bound in a P-sheet 
conformation between residues 46 to 48 and 
20 to 22, which belong to the extended loop 
between S2 and S3. This loop is stabilized by 
five main contacts of which four are contacts 
to symmetry-related P subunits. This may 
explain why monomeric processed p sub- 
units are not active (28). The aldehyde func- 
tion of the LLnL inhibitor is situated close to 
the side chain of Thrl of the P subunit, and 
may form a hemiacetal with the hydroxyl 
group of Thrl. In conjunction with the site 
directed mutagenesis experiments described 
by Seemiiller et al. (13), this suggests that the 
ThrlOy acts as the nucleophile in peptide 
hydrolysis. Close to it is Lys33 N& and Glu17 
OE. We propose that together with the NH2- 
terminal amino group, these residues form a 
catalytic tetrad. In the prototypical serine 
proteases, the alcoholic function of a Ser 
residue is activated by a neighboring His, 
which acts as proton acceptor (32). Analo- 
gous functions could be provided in the pro- 
teasome by Thrl Oy and Lys33 NE or Thrl N; 
Glu17 orients Lys33 in analogy to the role of 
AsplS9 in chymotrypsin. As Lys" is probably 
~rotonated and unlikelv to act as Droton 
acceptor, we propose the Thrl amino group 
for this role. Thrl Oy-H . . N may form a 
five-membered ring structure in favorable 
hydrogen bonding geometry. The positively 
charged Lys33 could further lower the pK, of 
Thrl N by electrostatic effects. The carbonyl 
groups of Ala168 and Arg19 form a hydrogen 
bond to the NH2-terminus, thus orienting 
and polarizing it. The oxyanion of the tetra- 
hedral transition state, which develops in 
the acylation reaction may be stabilized by 
the main chain amide of G1y47, which points 
toward the aldehyde group of the bound 
inhibitor. ----- ~ ~~ 

The substrate specificity of the archae- 
bacterial 20s Droteasome is not vet clearlv 
defined, but cleavage seems to be rather 
unspecific (14). Indeed, the structure of the 
complex shows a large pocket for the P1 
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norleucine, mainly because of GI?'. Other chain is not in direct contact with the 
residues in contact with the norleucine at  rotei in and is ~robablv unrestricted in size. 

proteasome's ability to generate peptides of 
defined length. In eukaryotes, these pep- 
tides are exported to the cell surface and 
 resented bv MHC class I molecules to 

P1 are mainly hydrophobic as described Our study provides no information on pos- 
above. The S1 pocket is open toward the sible binding sites beyond P3, and longer 
solvent and may accept side chains of dif- peptides may be relatively free to move. 
ferent size and charge. The Leu P2 side This may be important in explaining the 

initiate the T cell immune response (33). 
The Thennobhrna Droteasome also shows a 
distribution bf pepGde products centered at 
hepta- or octapeptides. In line with previ- 
ous considerations, we suggest that this is 
achieved by the spatial distribution of the 
active sites (14). If the acylenzyme interme- 
diate generated in the initial proteolytic 
reaction has sufficient lifetime. the bound 
substrate might pass through 'the central 
cavitv until it meets 1 of the other 13 
symmetry related active sites. The shortest 
distance between two active sites is 28 A. 
which may be spanned by a hepta- or oc- 
tapeptide in extended conformation. Long- 
er peptides may be generated by two active 
sites at a wider distance, shorter ones could 
be due to premature deacylation, rebinding, 
and processing. A relatively stable acylen- 
m e  intermediate could also ex~lain the 
complete sequential degradation of proteins 
by eukaryotic proteasomes (34) as the resid- 
ual polypeptide chain remains bound to an 
active site of the proteasome. Our model 
also predicts an oligo(octa)peptidyl car- 
boxypeptidase activity. It is obvious that 
the inhibitor peptide cannot be continued 
in regular conformation in the P' direction 
(Fig. 5, A and B); therefore, it may turn 
away from the protein where it would have 
freedom to move or it mav have bindine " 
sites on the protein surface. Data with suit- 
able analog inhibitors should provide an- 
swers to these possibilities. These structural 
features explain the lack of specificity of the 
proteolytic action of the proteasome. The 
implication of lysine and hydroxyl groups is 
not without precedent and has been report- 
ed for the leader peptidase from E. coli (35). 
Lvsines and serines in the active sites of 
Lrine proteases have been classified by 
Rawlings and Barrett (36) and shown to 
occur in a family containing the serine-type 
D-Ala-D-Ala carboxypeptidase and P lacta- 
mase by crystal structures. The latter en- 
zyme opens P-lactam rings, which mimic 
peptide bonds. The active site of f3 lacta- 
mase from Staphylococcus aweus consisting 
of Ser70, Lys73, and G1u16'j (37) shows a 
geometry similar to that of Thrl, Lys33, and 
Glu17 in the proteasome although in a to- 
tally different structural context. The D- 
Ala-D-Ala carboxypeptidase catalyzes the 
crosslinking of peptidoglycans in bacterial 
cell walls by transpeptidation. These 
transpeptidases contain lysine, serine, and 
glutamate in their active sites (38). The 
aanspeptidase reaction requires a long- 
lived acylenzyme intermediate (39), possi- 
bly also important for the proteasome. The 
structure of a penicillin acylase suggests the 
NH,-terminal serine residue as the catalytic 

Fig. 5. (A) Fo - F, dirence Fourier map of the Ac-Leu-Leu-norleucinal inhibitor (LLnL) at 4 A resolution. 
Superimposed is the current model of the p subunit. Fourteenfold averaged dirence electron density 
showing seven inhibitors sitting around the central cavity formed by p subunits. Distances beween actii 
sites within one p ring are 28 A, 51 A, and 64 A. (6) Stereo drawing of the accessible surface of the central 
cavity built by two rings of p subunits cut open along the sevenfold axis. Superimposed is a space-filling 
model of the LLnL inhibitors (GRASP) (52). (C) Stereo drawing of the active site with a 14-fold averaged 
Fo - F, map. Superimposed is the nonrefined inhibitor model (MAIN) (45). Data collection of the inhibitor 
data set: a proteasome crystal was soaked in 5 mM LLnL dissolved in 15 percent PEG-1000, 15 
percent propan-2-01, 0.1 M potassium phosphate, pH 7.5, for 36 hours. A complete data set to 4 A 
resolution was collected and evaluated as described in Table 1 for NATl with a 300-mm imaging plate 
[Mar research (4 111. 
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nucleophile similar to the NH2-terminal 
threonine of the nroteasome 140). , , 

The Thermoplasma 20s proteasome close- 
ly resembles in size, shape, and functional 
properties the eukaryotic 20s proteasome. 
All subunits of the eukaryotic proteasomes 
are related by amino acid sequence simiiarity 
to the a or p subunit of the T. acidophilum 
proteasome, suggesting a very similar catalyt- 
ic mechanism (1 3). The much simpler sub- 
unit composition and internal symmetry of 
the archaebacterial proteasome was the key 
to structure determination, which now Dro- 
vides a detailed model for ;he elucidation of 
the structure and biochemical roles of eu- 
karyotic proteasomes. 
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