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The three-dimensionul structure 6f proteusomes from the nrehaebacterium I‘he'rmaplcmna acidaophilom hag been determined 1o u resolution of ap-

prasimately 2 nm from election micrographs of negutively stuined preparations using the method of *random conical tilting'. The p.u'liclcs wrn

aut to be essentinlly eylinder-shaped barrels, 15 nm long and 11 nm wide, enclosing a tripartite inner compartiment, An uccount is given of some
of the present limitations which prevent ta attain whigher resmu!mn und possible ways to overcome these limitations are indicated.
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1. INTRODUCTION

The proteasome or multicatalytic proteinase (MCP)
is ‘a high molecular weight protein complex of distinct
size and shape; for recent reviews see [1-3]. By mor-
phological, biochemical and immunological ‘criteria
proteasomes are identical with prosomes [4,5], 19-20 S
ribonucleoproteins, suppased to be involved in the
regulation of gene expression, and also with cylindrin
described more than 20 years ago as a major component
of human erythrocytes [6). Proteasomes are ubiquitous
in cukaryotic cells, while there is no evidence for their
existence in cubacteria [7,8]. We have recently shown,
however, that  proteasomes occur . in the ar-

chaebacterium Thermoplasma acidophilum [9]. Unlike

eukaryotic proteasomes, which all appear to have a
rather complex subunit composition with 8-16 different
polypeptides, the archaebacterial proteasome is made
‘of two polypeptides (o and £) only. In spite of the much
simpler subunit composition of the archaebacterial pro-
teasome, which facilitates a detailed structural analysis,
proteasomes from. . eukaryotes and Thermoplasma
‘acidophilum are almost identical in size and shape as
shown by electron microscopy in conjunction with
digital image processing [9,10].

The structural models suggested so far are based on

‘the intuitive interpretation of electron micrographs,
which usually show proteasomes in two basic orienta-
“tions: ring-shaped and rectangular, the latter with a
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characteristic striation pattern. While some authors
conclude from these two projections that the molecule

{is basically a hollow cylinder [6,11,12], others describe

it as ring-shaped or as an ellipsoid {13]. Since two-
dimensional = (2:D) - crystals = suitable ' for = three-
dimensional (3-D) reconstruction by established elec-:
tron crystallographic techniques are not available so
far, we have performed a 3-D reconstruction from in-
dividual molecules using the method of random conical
tilting [14]. This method takes advantage of the obser-
vation - that proteasomes adsorb in a few preferred
orientations onto specimen  supports; morcover it

.allows the collection of a 3-D data set under low dose
“conditions.

2. MATERIALS AND METHODS

Proteasomes from: Thermoplasma: acidophilum were purified to

‘homogeneity as described previously [9). The particles were negatively

stained with 2% ammonium molybdate at a pH of 5.3, Micrographs
were taken using a Philips EM 420 at a nominal magnification of
36000 and an electron dose of about 2000 e/nm?, Two micrographs

" of a given specimen area were recorded, the first one with the

specimen tilted to 60° and the second one with the specimen untilted.

- Random- conical tilt: reconstruction was performed basically as’
outlined. in [15]. This method is particularly suitable for the 3-D
reconstruction of individual particles which occur on the specimen
support in a single or in a few preferred orientations. On'the
micrograph of the untilted specimen each particle appears as a repeat
of the same *motif’, differing from all the others only by translation,
in-plane rotation, and noise, The micrograph of the tilted specimen
provides a set of different particle projections which can be combined
in order to obtain the 3-D reconstruction. When seen from the recon-
structed body, the ‘projection directions are randomly distributed on

‘the surface of a virtual circular cone with its vertex centered in the

reconstrucled body. While the half angle of the cone equals the
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specimen (I gagle, the adimuhal angles of the prejection diveetions
eun be caleulated from (the inspline rotdlion angles uad (rom the
azimuthal angle of the (il axks The methed requines o 250 alignmen
with respeet to tramlaton and rotation for all the individual paricle
imagey extracted from the micrograph of the umitied specimen.
Pairs of micrographs were selecied for dighal hmage processing ax-
cording to the Tollowing criterin; both micrographs must vover the
sAme or averluppling speeiimen drcis and Hvése must show o ressonable
partiele density nnd distribution, The focus xetting and, ik the ease of
the micrograph Fram the dlted specimen; the Todux range must remain
within tolerstble Hmits, Sueh arens were digitized vsing an Eikonix
412 camera system. The digitized ploturex were reprovented by
2048 % 2048 pixel arcays with a pixel sigeal {5 povwhich correapands

to- (h42 nm at the speeimen level, Fram the mierograph with 0° xilv:
typicilly 300-300 pavticles werg extracted interactively after suitable’

high und tlow pass filtering, As 8 result, w set af 64 % 64 pixel sub-
frames was olitained, each one showing an fndividual proteasone,
This set of daia wax subjedted to o procedure far: (rmul.mun.\l and
rotational alignment using ¢ross-correlition funciions.

In order o define the tHt axis, the positions of about 10 particles
were measured, both in the image of the tilted and of the untiled
specimen, Assuning these eaordinates 1o be related by alinear mapp-
ing, actual tileangles and dlt axis azimuths were estimated by means
of a least squaves approximation. This procedure carrecty for any off-

sets from nominal tilt angles, ehanges of the Gl axis azimuth and dif- -

ference  of - magnification  between the two  Images. With the
knwlcdge al‘ xhcsc mnmelcrs the posumn ‘of each p.\mclc‘ on thc
um.u"G;,i'i‘l;“)h of the iilied ‘.puu‘uii‘l WHS um.m.ucu fraii dis position i
the correspotiding 0° projection, making use of the positional refine-
ment obtained in the course of the alignment.: After extricting the
subframes (64x 64 pixel) from the nominal &0% tlt image, a'set of
projections was available for the 3-D reconstruction,

The 3-D reconstruction itself was efTected by means of filiered
back-projection. Because of the random distribution of pro_uuion
dircctions, an exact filter function way caleulated using the sine-
function {14}, Instead of handling cach projection separately, the
filtering was performed only onee in three dimensions, thus reducing
computing time. The software package 'EM' was used for the align-
ment-and the 3-D reconstruetinn [16],

‘3 RESULTS AND DISCUSSION

On electron murographs rccordcd wnth untnltcd

specimens, the proteasomes  from Thermoplasma
acidophilum exhibit two basic aspects; ring-shaped,

with a diameter of approximately 11 nm, and rec-

tangular, with long and short axes of 15 and 11 nm,
respectively. The preponderance of one or the other
aspect apparently depends on a complex. interplay of
factors; amongst them are the pretreatment or ‘condi-
tioning’ of the supporting carbon film, the particular
negative stain used as well as the presence or absence of

specific ions such as calcium. Tanaka et al. {13} con-

clude from electron. micrographs of proteasomes
negatively stained with uranyl acetate that the mole-
cules are basically ting-shaped with a diameterof 16 nm
and a central hole of 1-2 nm, They claim that phos-
photungstate when used ‘as negative stain induces the
rings to assemble to cylinder-shaped structures of four
rings [17]. We have previously shown that the low pH
of uranyl acetate significantly alters the shape and the
dimensions of the particles [10], On the other hand, the
use of several other negative stains as well as of embed-

118

- FEBS LETTERS

May 1991

ding media sueh as mxmthlaglumsc hax invariably
yielded images in which rectangular side-views and ring-
shaped end-on views: coexist, aithough at somewhat

~variable proportions. The same holds for freeze-dried

and metal shadowed preparations [11]. Hence there is
ample evidence that the twe views are related to each
other and represent one and the same particle In dif-

ferent orientations with respeer o the supperting film,

Therefore ane ¢an envisage the particle to a first ap-
proximation as ¢ylinder-shaped, i.e. the ring-shaped

“aspect shows the evlinder end-on and the rectangular

aspect shows it side-on with the eylinder axis pnrallel to
the supporting film,

Previous 2-D analysis gave very distinct mass distri-
butions within the parmlcs upon: averaging over large

“numbers of side-views of individual molecules. This in-

dicates that particles in the side-on orientation do not
freely rotate or wobble around the cylinder axis but
rather prefer one or a few stable positions. Thisis a pre-
requisite for succesful use of the random conical nltmg
approach;

- We have pert‘ormed several: mdcpenclcnt reconstruc-
tions from particles in the side-ont orientation; they all
gave very similar results and therefore only one of them
is fully documented in this communication. In Fig. la,b
the same specimen area is shown as it appears in both,
the image of the untilted object and the tilt image,
These pictures represent: the raw data of the 3-D
reconstruction shown in ‘Fig. 2. A total of 227 pro-
teasome side-views was available after extracting par-

ticles from the whole 0° tilt image and subjecting them

to the 2-D alignment procedure. The 2-D correlation
average (Fig. 3a) of these 227 proteasome images is vit-
tually identical with previously published averages [9].
Using the radial correlation function as a criterion the
resolution is approximately 1.5 nm. Correction of tilt’
angle offsets as described in Materials and ‘Methods
gave an actual tilt angle of 57.2° for the micrograph of
the tilted specimen, from which the coxrespondmg 227
particle projections were extracted.

Although the reconstructions performed with several
independent data seéts turned out to be quite reproduci-
ble, the results are not yet entirely satxsfactory When
2-D averages of proteasome side views are compared
with- the corresponding projections through thé 3-D
reconstructions there is obviously some loss of resolu-
tion (Fig. 3a,b). As a result, several features of the 3-D
reconstruction  appear somewhat - blurred, . hitherto
preventing a detailed interpretation of subunit shapes
and positions. Some reasons for the loss of resolution
encountered in proceeding from two dimensions to
three dimensions are discussed below. Moreover, it is
evident from the horizontal sections of the reconstruc-
tion displayed in Fig. 2 that in proceeding from top to
bottom section the structure tends to fade out some
distance below the plane of the cylinder axis, i.e. the-
bottom part of the molecule remains invisible. This is
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-Fig. 1. Electron micrographs of negatively stained praicasomes from TIwmmplasnm acidophilom, Both imnges show the same specimen area, e
tracted (a) from the Smn,c of the umtilted specimen, (b) from the image of the specimiziy tled by 57.2%, The straight Hine in Fig. twindicates the
diveetion of the tilr axis, D.\r 100 nm.

Fig. 2. 3-D reconstruction of the Thermoplasma acidophilum proteasome, represented as a gallery of sections 0,42 nm apart through the
reconstructed object Smce the particle is in side-on orientation, the sections are parallel to the cylinder axis as well as to the specimen’ support.
. Bright regions 1nd1cale the presence of stain c\cludlm7 material, i.e. pxotem.
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an 3. Commrlson of 0® projections: (:1) 2D uorrel.mon wcmge of all mrmles e\lrm:!s.d from theimage ot thc unuhcd spcumen (by Cor rcspon
‘ clmg projection caleulated frony the 3.D reconstruction shown in Fig. 2

probably clue to an mcomplctc cmbeddmg of thc paru-
cle in'negative stain,

Nevertheless, the rcconstrucuon revcals some new
structural features of the proteasome which significant-
ly change the prevailing structural concepts. The most
important finding is that the proteasome cannot be pic-
tured as a hollow cylinder with open ends made of four
rings but rather as-a cylinder- shaped barrel that is clos-
ed by two ‘discs’ containing most of the particle mass,
This is in line with an earlier observation based on end-
on viéws of molecules conically coated with platinum

[11]. The inner ‘discs’ or ‘rings’, forming the central

part of the particle, are less densely packed structures
and apparently allow the negative stain to penetratein:
side the particle. Although the ‘rings’ and ‘discs’ are too
blurred to be interpreted in terms of subunit organiza-
tion, a tripartite inner compartment can clearly be
recognized: the central compartment is the largest and
is bounded by the inner ‘rings’, and the two peripheral
compartiments are each ‘delimited by one mner ‘ring’
and one outer ‘disc’.

There are several possible reasons fox the loss of
resolution encountered in the 3-D reconstruction, each
of which must be analyzed carefuily in order to improve
the situation. The three main factors are probably inac-
curacies it the alignment, the influence of the focus gra-
dient and inter-particle orientational changes. From im-
age analysis- including image classification = by
multivariate statistical analysis of the 0° tilt projection,
it is unlikely with the present preparation that orienta-
tional changes, i.e. rotations around the cylinder axis,
are a major cause for the loss of resolution since they
would affect the 2-D averages equally. The accuracy of
the allg,nment was exammed in the course of an addl-
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‘tional refinement of thc‘B-D alignment: calculating pro-

jections from the model with the use of all 227 actual
projection directions permitted a comparison with the

~measured projections: by - cross-correlation functions

(Fig. 4). The displacements indicated by the shifts of
the cross-correlation peaks did not exceed one pixel in
the average and, correspondingly there was essentially
no improvement in the refined reconstruction. Apart
from confirming a correct alignment, this result also

‘proves that the specimen support -is flat. Otherwise

larger displacements should occur in some regions of
the original image area. ‘

Concerning the focus gradient, we have to expect a
significant limitation of the resolution. The area of the
digitized image corresponds to-a square with a side
length of 853 nm at the object level. Tilting the object
by an angle of 60° creates a difference in height of 740
nm between two opposite sides of the square, assuming
the tilt axis to be parallel to these sides (actually there is
a 14° deviation). The effect of the corresponding focus
difference depends on the absolute value of the focus,
Calculating the contrast transfer function for extreme
positions within the tilt image yields, in the worst case,
a resolution limit of 2.5 nm due to intruding zeros.
Although only a subset of the particles was imaged
under these extreme conditions, - the reconstruction
probably suffers from degradatlon dueto thc focus gra-
dient.

Due to these 1imitations, the result is in some aspects
preliminary. We have attempted to overcome the in-
completeness of the recenstructed particle originating
from the imperfect stain embedding by a variation of
the preparation technique, e.g. by mixing negative stain
and particle suspension prior to the absorption onto the
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Fig. 4, Test of alignment. Upper row: three particles with different

orientations eatracred from the image of the tilted specimen. Middle

row: projections calculatad from the 3-D reconstruction using cor-

responding projection directions. Lower row: cross-correlation fune-

tion between the ‘measured projm.tmns of the upper row and the
calculated projections in the middle row.

carbon film. The resulting 3-D reconstructions, not
shown in this communication, appear to be more com-
plete at the expense, however, of reduced resolution.
This is probably caused by an increasing freedom of
rotation around the cylinder axis and the resulting com-
bination of misaligned particles in the 3-D reconstruc-
tion. Future work will involve a more sophisticated
strategy including two essential improvements: firstly,
negative staining must be replaced by preparation
methods ensuring more complete embedding of the par-
ticles as well as an improved structure preservation, e.g.
by using aurothioglucose. Secondly, the recently
developed technique of dynamic focussing [18,19] will
be used to correct for the focus gradient during image
recording. With this method, a considerably larger
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number of molecular images can be extracted frow the
micrographs and used for image processing, due to the

~almost constant defocus everywhere in the tilt image.

This is important because undesirable orientational
changes are more likely to occur with such prepara-

tions. The availability, however, of a large number of
‘particles, will allow to select particles sufficiently

similar in orientation following classification by means
of multivariate smusucal analysis,
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