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The crystal structure of the 20S proteasome from bovine liver was determined by the
molecular replacement method using the structure of the 20S proteasome from the
yeast Sacccharomyces cerevisiae. The initial phases were refined by density modification
coupled with non-crystallographic symmetry averaging. The structural model was re-
fined with the program CNS. The final R-factor and R, were 0.25 and 0.29, respectively.
The constitutive proteasome without any contamination by the immunoproteasome was

identified in the crystal structure.
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The proteasome, a multisubunit proteolytic complex, is in-
volved in various biological processes (I). It consists of a
central core particle (equivalent to the 20S proteasome)
and two terminal regulatory particles, termed PA700, that
are attached to the ends of the central portion in opposite
orientations to form the enzymatically active 26S protea-
some (2, 3). The 26S proteasome breaks down polyubiquiti-
nated substrates into short peptides in an ATP-dependent
manner (4, 5). The eukaryotic 20S proteasome with a mole-
cular weight of about 700 kDa is the catalytic portion of the
26S proteasome, and can degrade unfolded proteins ATP-
independently (I, 6). The 20S proteasome from Thermo-
plasma acidophilum consists of two subunit species (a and
B), and is composed of 28 subunits arranged in a particle as
four homo-heptameric rings, o,8,B,,, with D7 symmetry
(7). The yeast 20S proteasome is composed of two copies
each of 14 different subunits, seven distinct a- and seven
distinct B-type subunits. Each a- and B-type subunit of the
eukaryotic 20S proteasome is similar to the a- and B-sub-
units of the T acidophilum proteasome in amino acid se-
quence, respectively. These subunits exhibit a unique loca-
tion, (al-a7, B1-B7),, with C2 symmetry (8). The subunit
naming proposed by Groll et al. (8) is followed in this paper.
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Mammals possess seven different o and 10 different B
proteasome subunit genes (2, 6, 9). The identity ratios be-
tween the corresponding subunits of the human and yeast
proteasomes are in the range of 42.5 to 63.7% (10). Three B
subunits, B1i, B2i, and B5i, are induced by a major immu-
nomodulatory cytokine, y-interferon (11-15). All three in-
ducible subunits are catalytically active and replace consti-
tutive active subunits Bl, B2, and B5, respectively. In
higher eukaryotes, the 20S proteasome containing the
three inducible subunits, Bli, B2i, and B5i, is called the
immunoproteasome, which i8 responsible for immunologi-
cal processing of intracellular antigens. The liver produces
both the constitutive and inducible subunits (16, 17). The
sequence identities of the human B1i, B2i, and 85i subunits
compared to human B1, B2, and B5 are 59.2, 57.7, and
68.6%, respectively. It is not known whether the pure con-
stitutive 20S proteasome without any contamination by the
inducible subunits exists or not.

We are currently engaged in crystal structural analysis
of the 20S proteasome from bovine liver in order to eluci-
date the structure-function relationships and structural
organization of the mammalian proteasome. The enzyme is
crystallized in three different forms (I8, 19). The X-ray
structure analysis of an orthorombic form II crystal at 2.75
A resolution will be described in this paper.

The isolation, purification and crystallization of the 20S
proteasome were performed by a method previously de-
scribed (18, 19). Diffraction data were collected at BL41XU
of the SPring-8 using a 186 mm Mar CCD detector with a
crystal-to-detector distance of 220 mm. The wavelength of
synchrotron radiation was 1.00 A. The oscillation angle for
each shot was 0.5°. The X-ray intensities were evaluated
using the program MOSFLM (20) and were scaled with the
program SCALA of CCP4 (21). The crystal belonged to

up P2,2,2, with cell dimensions of a = 3157A,b =
205 9 ioand c= 116 0 A It was eqmvalent to the ortho-
rombic form II crystal in the previous paper (19) judging
from the cell dimensions .and intensity distribution. The
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numbers of observed reflections and independent reflec-
tions were 733,250 and 189,429 between 100 and 2.75 A
spacing, respectively. The completeness, averaged I/o(I),
and R were 96.3, 5.6, and 9.5%, respectively, where
Ry, = S | L=L)|/50,), T, is the observed intensity, and
(I,) 18 the average intensity over equivalent measurements.
Those for the highest resolution shell between 2.82 and
2.75 A were 70.0, 1.8, and 40.6%, respectively.

Assuming one molecule with the (al-a7, B1-87), struc-
ture in the unit cell, V,, was estimated to be 2.62 A¥Da, i.e.
in the acceptable range for protein crystals (22). A self-rota-
tion function was calculated using the observed reflections
between 20 and 5 A resolution with the program POLAR-
RFN in CCP4 (21). No isolated peak implicating a non-
crystallographic twofold axis was detected in the contour
map. A broad ridge of the rotation function along ¢ = 90°
suggested that one two-fold axis and six quasi two-fold axes
within the (al-a7, B1-87), were in the b-c¢ plane. The
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Patterson functions calculated at 20, 10, and 5 A resolution
exhibited no significant peak in any Harker section. The
rotation function and the Patterson function suggested that
the two-fold axis within the 20S proteasome was in the b-c
plane, and inclined from both the b and c-axes. The cross-
rotation function calculation and molecular replacement
analysis were performed with the program X-PLOR (23)
using the yeast 20S proteasome truncated to polyalanine as
a search model. The cross-rotation function showed a two-
fold axis within the truncated 20S proteasome model on
the local twofold axis at (¢ = 80°, ¢ = 90°, and x = 180°) in
the b-c plane, as suggested by the self-rotation function.
The translation function gave a unique solution of (0.082,
0.127, 0.431) in fractional coordinates. The rotation and
translation parameters were refined by rigid body refine-
ment using the observed reflections between 20 and 4 A
resolution (24). An R-factor, R = 3, | F\,(obs)}-F,(calc) |/ 2, F,-
(obs), in the refinement converged to 44.8% at 4 A resolu-

Fig. 1. Structural models of subunits 81, B2, and
B5 superposed on composite omit maps (2F -F,)
contoured at 1.5 o are depicted as stereoscopic
pairs. The atomic parameters around the polypeptide
segments were excluded from several cycles of the re-
finement prior to the electron density calculation to
avoid biased electron density distribution for these re-
gions. (a) The amino acid sequence of Leu-Phe-Lys-Glu
for 82—85 of subunit g1 was clearly distinguished from
Val-Val-Arg-Asn of B1i in the electron density map. (b)
Ser-Ile-Tyr for 112-114 of subunit B2 exhibiting a B
structure was superposed well on the electron density
map. The corresponding amino acid sequence of Gly-
Val-His of subunit B2i was not accommodated in the
electron density cages. (c) Tyr-Ser-Tyr-Asp from 143 to
146 of subunit 85 was fitted well to the electron den-
sity map. Argl44-Prol45 of subunit f5i was not suit-
able for the map.
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tion. The initial phases were calculated at a 5 A resolution
with atomic parameters obtained by means of the refine-
ment. Further phase extension and refinement were car-
ried out by density modification coupled with non-crystal-
lographic symmetry (NCS) averaging with the program
DM (25) in CCP4. At the final stage of the phase extension,
the correlation coefficient and R,,, were 0.890 and 0.285,
respectively, where R, is the R-factor determined for the
5% of reflections that were excluded from the density modi-
fication procedure. Model building was performed using the
program TURBO-FRODO (26). Since those of the bovine
enzyme were not known, the amino acid sequences of the
human proteasome were used for the model building. Most
parts of the electron density map were so clear that side
chains were unambiguously assigned, but small parts,
mostly in a subunits, were too poor to build side chain
structures. Alanine residues were left at these parts with
poor electron density. Out of the 6,454 amino acid residues,
the side chain structures of 5,980 residues were assigned in
the electron density map, 332 residues being left as alanine
residues. Since some N-termini and C-termini lost electron
density, structural models of these 142 residues were not
built.

The NCS restraint of (¢ = 784°, ¢ = 91.4°, and « =
180.0°) was imposed on the whole molecule except for the
residues from 40 to 43 and from 49 to 54 of subunit a2, and
those from 236 to 241 of subunit a6 during the refinement
with the program CNS (27). All the residues assigned
except for the 91st residue of the B2 subunit were consis-
tent with those of the human sequences. Glu91 of human
B2 was replaced by an Arg residue in the bovine B2 sub-
unit, judging from the electron density map. The final R-
factor and R, were 25.0 and 29.4%, respectively. Out of
5,027 non-glycine residues, only 7 (0.1%) are in the disal-
lowed region, 71 (1.4%) in the generously allowed regions,
725 (14.4%) in the additional allowed regions, and 4,224
(84.0%) in the most favoured regions in the Ramachandran
plot (28). The electron density map clearly distinguished
the constitutive subunits from the +y-interferon inducible
ones, as shown in Fig. 1, a, b, and c. The B-factors of the
residues that are replaced by different amino acids in the
inducible subunits were as low as those of the other resi-
dues of 8 subunits. Consequently, the constitutive protea-
some without any contamination by the inducible subunits
was identified in the crystal structure of the liver 20S pro-
teasome. This X-ray structure of the bovine 20S proteasome
proved that the yeast and mammalian proteasomes have
the same subunit arrangement. The atomic parameters of
the entire molecule and structure factors have been depos-
ited in the Protein Data Bank under accession codes 1IRU
and rIRUsfent, respectively.
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