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ABSTRACT

The 80S ribosome from Saccharomyces cerevisiae has
been reconstructed from cryo electron micrographs to

a resolution of 35 A. It is strikingly similar to the 70S
ribosome from Escherichia coli , while displaying the
characteristic eukaryotic features familiar from
reconstructions of ribosomes from higher eukaryotes.
Aside from the elaboration of a number of peripherally
located features on the two subunits and greater overall
size, the largest difference between the yeastand  E.coli
ribosomes is in a mass increase on one side of the large
(60S) subunit. It thus appears more elliptical than the
characteristically globular 50S subunit from E.coli. The
interior of the 60S subunit reveals a variable diameter
tunnel spanning the subunit between the interface
canyon and a site on the lower back of the subunit,
presumably the exit site through which the nascent
polypeptide chain emerges from the ribosome.

INTRODUCTION

Drosophila. Mammalian ribosomes differ from fungal ribosomes
mainly in the size of the large RNA of the large subunit: mammalian
28S RNAs may exceed 5000 nt in length, compared with roughly
3400 nt for the fungal (as well as higher plant) 25S RNAs.

Thus, except for the mammalian ribosome having longer RNA
molecules and slightly larger proteins, there is a remarkable
conservation of the elements of this master machine of translation.

Following our study of the three-dimensional (3D) structure of
the wheatgerm ribosome&)(we felt it valuable to examine in
detail the structure of another eukaryotic ribosome, one that
provides the opportunity of exploration using genetic methods.

MATERIALS AND METHODS

Ribosomes were isolated froM.cerevisiaestrain W303 4)
essentially as describe#l) ( Briefly, the cells were collected by
centrifugation, washed in water and resuspended in TMN
(50 mM Tris—acetate, pH 7.4, 50 mM NEI, 12 mM MgC3,

1 mM DTT) and broken by vigorous agitation with glass beads.
After two cycles of low speed centrifugation the supernatant was
centrifuged for 3 h at 50 000 r.p.m. through a cushion of TMN
containing 5% NE(SOy)2 and 10% sucrose, in order to separate the

The recent completion of the sequence of the genome dbbosomes from any soluble proteins and to strip off any loosely
Saccharomyces cerevisig®), as well as determination of the bound proteins. Subunits derived from ribosomes prepared in a
entire set of mammalian ribosomal proteir’s ((G.Wool, nearly identical way have proved to have activity in several protein
personal communication), has permitted us a look at the entisgnthesis assays,{). This was also the method used to prepare the
complement of the yeast ribosome. The yeast ribosome ribosomes used in the definition of the set of ribosomal proteins
composed of two subunits. The 60S subunit contains three RN#esent in yeasty.

molecules: 25S RNA of 3392 nt, hydrogen bonded to the 5.8SGrids were prepared for cryo microscopy according to
RNA of 158 nt and associated with the 5S RNA of 121 nt. Thergtandardized methods in our laboratory following Wagenknecht
are 42 proteins in the large subunit, plus two copies each of tveb al. (8) and Dubocheet al (9). Micrographs were recorded
acidic exchangeable proteins. Altogether there are 3671 nt ansing low dose protocols in a Philips EM420 at a magnification
7235 amino acids in the 60S subunit, giving it a ratio&if%  of 38 00(; the resulting pixel size was 5.26 A.

RNA to 39% protein. The 40S subunit has a single RNA of Twelve micrographs at°Q 35° and 50 tilts were analyzed.
1798 nt and 32 proteins with a total of 4749 amino acids, givingnalysis was of 7470 projections with a projection matching
it a ratio of 54% RNA to 46% protein. All identified yeast scheme 10). For this an initial reference was a low pass filtered
ribosomal proteins are represented by homologous proteins in tsteucture obtained previousl)(for the wheatgerm ribosome.
mammalian ribosome, which has a single protein, L28, thdathis wheatgerm structure had been obtained from tilt pair data
appears not to be present in yeast. It will be interesting to leaatcording to a random conical reconstruction scheme, with the
whether L28 is present in ribosomes of higher plants as well asissing cone information filled in by projection onto convex sets
those of intermediate species sucGasnorhabditis elegarxd  (POCS; see for examplél). After the first iteration of
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reconstruction for the initial yeast data set, however, the referen8et x 1(f A3 for theE.coli ribosome (at 25 A resolution) visualized
was successively replaced by the current highest quality yeastan analogous threshold. These volume estimates are significantly
ribosome reconstruction. higher than those obtained from simple summation of the molecular

Initially 2348 projections from four O micrographs were masses of the rRNA and ribosomal proteinsx2.6® A3 for E.coli
processed, but multivariate statistical analysis and hierarchigdl6) and 3.41x 1(F A3 for yeast [calculated from mass data given
ascendent classification revealed the paucity of certain view ranges(17) and the RNA/protein ratios given above; see Introduction].
indicating that the 80S ribosome could not be reconstructed witholihe choice of threshold relative to the calculated theoretical mass of
tilt data, in contrast to thE.coli 70S ribosome. Subsequently tilt the components was made to enable direct comparison with the
micrographs were added two by two. These data sets were procegagalishedE.coli structures18-19). However, the volume estimate
independently, after incorporation of the original tilts allowedthat corresponds to a given threshold is extremely sensitive to several
adequate infilling of the angular space. Analysis of subsequent dégators, among which is uncertainty in the electron microscopic
increments was based on the reference derived from this stage, tagnification (6). As discussed by Frank and Agrawal)( the
the projection sets used were completely independent. This allowagpropriate choice of threshold should rather be based on innate
the quality and completeness of the® 3d 50 tilt sets to be criteria such as contiguity of the mass.
gauged. Finally, all data sets were pooled and the SIRT back-The two subunits of the yeast ribosome are clearly separated,
projection algorithm 12) was iterated until the results stabilized. as can be seen in side-by-side views (Eigyand J). In fact, a

The full data set was highly anisotropic in nature, with an extrenjg@ane can be interposed (FigK) to cut the subunits apart,
over-representation of only two or three preferred views, in strikingisecting two connecting bridges. The larger bridge links the mid
contrast to theE.coli 70S ribosome, which assumes a sufficienportions of the subunits, the interface aspect of the 40S subunit
number of orientations that tilt micrographs are not needed. For théatform structure and the flattish interface surface of the 60S
eukaryotic ribosome it was found necessary to collceB8 50  subunit directly below the interface canyon (see BE@). The
tilt images to fill in the areas of missing information in Fourier spacenorphology of this bridge (FigA and J) agrees well with that
The main consequence, beyond the necessity of recording tilt datescribed for the wheatgerm ribosorie A second, somewhat
was that a large number of iterations of the SIRT back-projecticgmaller diameter bridge links the subunit bases (Egand J).
algorithm were needed to overcome the weighting bias caused bylike the main central bridge, this bridge can be pinched off by
the preponderance @ = 0, 6 = 0 projections. For the final moderately increasing the threshold used for visualization.
reconstruction 200 iterations of the SIRT algorithm were used. TheThe ‘eukaryotic elaborations’ described for the wheatgerm
resultant structure was examined and compared with existimgposome 8) are clearly seen in the yeast ribosome, notably the
structures for the eubacterial and eukaryotic ribosomes througlongate beak and angled ear on the head of the 40S subunit, the
surface representations. The structure was further analyzed usingkheb-like back lobes superimposed on the cup-shaped platform
AVS (Advanced Visual Systems Inc., Waltham, MA) and1@) (  structure and the feet comprising the broad base of the 40S

graphics softwares. structure. Two horizontally tending structures related to the
organization of the stalk base ridge of the 60S subunit 1Hg.
RESULTS and H) are strongly developed and give a forked appearance to

this side of the large subunit.

The 80S ribosome froM.cerevisiabas been reconstructed from  The most striking point in the comparison in Figliethe extent

7470 individual ribosome images to a resolution of 35 A0 which the yeast ribosome resemblestiveli ribosome, except
according to the Fourier Shell Criterion measure, using a criticir an evident expansion of the former along one axis. The 60S large
value of 0.5 {4), corresponding to a signal-to-noise ratidf Subunit appears as though stretched along a lateral axis to a more
(15). This value closely agreed with the value obtained by the 4llipsoidal form than the compact 50S subunit shape. The yeast 40S
phase residual criterion used in previous studies. Low pa§gbunitappears as if certain vestigial protuberances discernible in the

filtration to 35 A and, for correction of the transfer function,E-Coli 30S subunit have developed into the characteristically
Wiener filtration were then applied. extended eukaryotic features (beak, feet). Beyond this impression of

localized expansions in the yeast ribosome, however, the

. resemblance to tHe.coli ribosome is quite marked.
Morphology of the yeast ribosome

The yeast ribosome is a bipartite structure that varies fromarge subunit tunnel
roughly equidimensional to somewhat elongate depending on
viewing angle (Figl). In the orientation shown in Figuté the  Although a number of low density internal features can be
two subunits are seen side by side, 40S subunit on the left and 688ognized in the yeast ribosome; features continuous between
subunit on the right, with their ‘heads’ at the top. In this view thé¢he interface surface and the back of the large subunit are of
height of the ribosome 8254 A, the widthi278 A and the particular interest. These represent candidates for the postulated
thickness[267 A. These height and width dimensions ardunnel through which the nascent polypeptide chain exits the
11-14% smaller than those calculated for the ribosome fromrébosome (see Discussion). In the following we make use of
higher eukaryote, wheatgerrd), but greater than those for the surface representations (FRA and B) and a cutaway stereo
70S E.coli ribosome (Figl). That the thickness dimension is representation (Fi@) to investigate two low density features that
significantly greater for the yeast structure than for wheatgermsue from a deep depression in the IC and traverse the subunit to
could be a result of experimental differences (see Discussion)debouche at sites on its back. The lower tunnel feature is
At the threshold used for surface representation (e.gl)Rlge  strikingly goblet-shaped (Fig), tapering rapidly to a narrow
volume of the yeast ribosome reconstruction is calculated to lseem that ends as a small hole on the lower back of the subunit
[14.34x 10° A3, This figure may be compared with a volume of(Fig. 2B). The upper tunnel feature is broader and less variable in
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Figure 1. Comparison of ribosome structur&scoli 70S (upper row in each panel, structure from 18,19) and yeast 80S (lower row in each panel) ribosomes, bott
limited to 35 A resolution.A-J) Rotational series, with a rotational increment around the vertical axi$ 088éle bar 100 AK() Exploded views oE.coli and

yeast ribosomes, showing close correspondence of features of interface surfaces of ribosomal subunits, most notably taeyatere). CP, central protuberance;

S, stalk; L1 or ‘L1’, L1 or L1 analog arm; h, head; g, neck groove; p, platform. Note that the lower right portion of theteamiland the lower left portion of the

large subunit are surfaces where the sectioning plane has cut a mass that is merged between the two subunits at this resolution
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Figure 2. Structural features of the yeast ribosorAeardB) Surface low density features of the large subujtcomparison with cytoplasmic ribosome structure from

a higher eukaryote. Labels of features as in the legend to Figure 1K; f, feet; b, beak; e, ear; Br, main bridge betvgeéA anduBjt Two views of the yeast ribosome

(at a slightly elevated threshold), related by a rotation ¢f &Rfund the horizontal axis in the image, showing the two ends of a small but clearly resolved low density feature
through the large subunit, as seen from (A) the interface side of the 60S subunit and (B) the back or membrane fabm@@&iswdfunit. In (A) the hole (marked by

an arrow) into the interface surface of the 60S subunit is seen in the deepest portion of the IC. In (B) a rotetiaroohtig® horizontal axis has been applied, to reveal

the opposite end of the low density feature seen in (A). An arrow indicates the small hole that represents the putaialeehét &xtremely large cavity (C) above the

hole is the site of emergence of the large diameter upper tunnel. (C) Comparison of yeast ribosome structure with whsaitgerstruitiure. Yeast structure is shown

as a green solid surface; the envelope of the wheatgerm structure (3) is shown as a red net. Structures are showe siliignbyl 8idkh orientation. The greater height

and width of the wheatgerm structure but greater (front-to-back) thickness of the yeast structure can be seen. Aludfrthdeaires, such as the back lobes of the

40S subunit, in the wheat structure have counterparts in the yeast structure. However, the latter is markedly more giotypdert and

diameter and it is situated more to the stalkward side of thdentified unambiguously. Although the.coli 30S subunit is
subunit, i.e. in a plane closer to the viewer in FiQuihis latter now recognized as having a broad nose-like front portion to the
broad tunnel is sectioned by the clipping plane in this figurehead, with a very marked bend to the tip, the beak or bill of the
whereas the lower tunnel is further from the viewer (closer to theukaryotic subunit differs in its greater degree of extension.
midline of the subunit), behind the sectioning plane. The broddkewise, the crest described for the eukary@=-?4) remains
tunnel ends as a very large cavity in the mid back of the subumit key identification element, even subsequent to recognition
(Fig. 2B). (e.g. Fig. 4E and F ib8) of a comb- or wattle-like feature trailing
Comparison of large subunits from the eubactefueoliand  down the back of the neck of thecoli subunit (sed.9, fig. 4A
the eukaryot&.cerevisia€18,21; Malhotraet al, submitted for  and B). The eukaryotic crest is a feature of the peadeand has
publication; Verschooet al, work in progress) reveals that the not been observed to lie along the neck.
lower tunnel is a highly conserved morphological feature and thusThe features that do differ tend to be peripherally located. In the
merits particular attention. It provides a strikingly direct conduit0S subunit we see no trace of the spur feature noted fouctile
between the interface and back aspects of the subunit. As cansbéunit (L0,18-19), but rather a broad square base. The classical
seen from Figur®, it appears to represent the shortest possibleukaryotic feet ,25) are recognizable, though not highly
connection, in geometric terms, between the interface ar@aborated in this yeast structure; a small conical front foot can be
cytoplasmic surfaces of the subunit or between the classiadikcerned (FiglA and H-J). Also, the platform, while now
translational and exit domains. recognized as a well-developed feature in eukaryote8)(d
nevertheless not as extended in the yeast structure agicolie
structure (FiglD).
DISCUSSION Recent E.coli ribosome reconstructions118-19) have
Comparison with the E.coli ribosome revealed some surprising features, which in fact serve to increase
the resemblance to the 40S subunit, with all of its so-called
Overall the yeast ribosome is strikingly similar to #eoli  eukaryotic additions. Among the most marked similarities are
ribosome at a comparable resolution (Ejglt is somewhat larger comparable morphologies of the head, platform and the groove
and more elaborated morphologically, but the degree of agreeméimat constitutes the interface surface of the small subunit neck.
in the shapes as the structures are rotated is remarkable. For marploded views (FidLK) reveal virtually identical morphologies
features the difference is a matter of degree; generallg.ttei  in this key region of the translational domain (see below).
ribosome has a counterpart feature to the yeast, but it is less strongllfor rotations in which there is a difference in overall form
expressed. Particularly notable is the small subunit beak. between the two ribosome structures this difference is usually
In most of the views shown in Figutdexcept for panels B, F attributable to the larger and more ellipsoidal form of the 60S
and G) the yeast ribosome strongly resembles theE/@38i  subunit, as compared with the globular 50S subunit dt tbali
ribosome. The principal difference is in the shape of the smaibosome. The 60S subunit is characterized by its obliquity
subunit. In views where the small subunit is seen in lateral viegrelative to an axis in which the central protuberance is directed
(e.g. Fig.1B and C) the characteristically eubacterial versusertically), with a trapezoidal rather than circular outline. On the
eukaryotic features of this subunit allow the two ribosomes to tsde of the ribosome bearing the so-called L1 analog arm the base
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Figure 3. Low density internal features of the 60S subunit. Stereo representation of the yeast ribosome in a side by side vie@ f@fidkégtification of features
in the same view), with a portion of the structure in front cut away. This allows recognition of two of the principal ltyWfenses, or presumptive tunnels, that
traverse the 60S subunit between the IC (upper left ends of dashed lines) and the mid and lower back (lower right eddises)dafstiee subunit. The straight
dashed line indicates the axis of the very large tubular feature that is bisected by the clipping plane in this repritseavatirs the subunit in a plane markedly
to the stalkward side of the midline of the subunit (i.e. the top-to-bottom axis when the subunit is in the crown onétitétie;P at the top). Although it is roughly
linear, it has one notable branch (not shown) that runs nearly vertically to a point behind the CP. The curved line mdiestleoagh the more variable tunnel,
from the IC into a goblet-shaped wide segment that then rapidly tapers and emerges via a small hole in the lower baokiof Tie gioblet portion has a ruffled
lip but is completely open to the IC entry region. This variable tunnel runs more or less parallel to the midline of thé subleairly homologous to the tunnel
seen in theéE.coli ribosome (18,19; Penczek al, submitted for publication) and recent ligand studies on yeast ribosomes (see text) implicate it in co-translational
movement of the nascent polypeptide chain. Note that the resolution limitation has been relaxed slightly in this représetitatiavptimal delineation of the
internal features. However, the same morphology is clear at the reproducible resolution of 35 A.

of the subunit has a strongly diagonal facet that seems to repredagiteve, from the data described thus far, that they will be
a local concentration of ribonucleoprotein not seen in the 50&ppreciably different.
subunit. The principal difference between the two 80S ribosome
While these external aspects of the large subunit show whsttuctures, wheatgerm and yeast, is a difference in proportions.
appear to be evolution-related mass increases, the interface aspagative to the wheatgerm structure, the yeast ribosome appears
strikingly does not. From the interface side exploded views of thore compact in height and width (FBC) and notably more
E.coliand yeast ribosomes (FitK) show the 60S subunit to be globular. It is also greater in thickness (see below). Compared with
highly similar to the 50S subunit. The central IC feature ishe wheatgerm structure, resolution into two separate subunits is
virtually identical in form and trend in the two structures and theuperior for the yeast structure in the lower or body portion of the
three peripheral protuberances characteristic of the classic&losome. Except for the central bridge and the bridge between the
‘crown’ orientation of the subunit show an excellent match. Ibases, the two subunits are completely distinct, at least at the
may well be significant that in terms of features of the interfacthreshold used in this study.
region the 50S and 60S subunits are very similar, while in regionsThe notable difference in thickness between the yeast and
more distant from this surface they diverge. wheatgerm structures points up a cautionary note. Several
In orthogonal rotations around the vertical axis the 60S suburdifferences in methods exist between the studies, which make a
appears little different from the 50S subunit, notably in the kidnegtrict comparison problematical. The wheatgerm data had a
view seen when the subunits are in a side-by-side rotation of th@ssing cone of angular information, due to the random conical

ribosome (FiglE and J). tilt geometry used, which was compensated for by the use of
POCS techniques (see for examfp®. In the yeast study,
Comparison with ribosomes from higher eukaryotes however, angular space was completely (albeit unevenly) infilled

and POCS was not applied. Moreover, a different back-projection
This report characterizes the third medium resolution eukaryotalgorithm was used, in which a constraint similar to one of the
ribosome structure to be achieved by cryo electron microscopROCS constraints was in effect. As well as this difference in data
methods, after the wheatger®) &nd rabbit (40S subunitonB4)  collection geometry and computational techniques between the
ribosomes. In comparing the constituents of these three ribosonstgdies, one preparational difference cannot be excluded as
we note that the yeast and plant rRNAs are quite similar in sizBaving some bearing on the comparison. The yeast ribosomes
while the mammalian rRNAs are larger, by0% for the 40S were high salt washed, in order to ensure that non-ribosomal
subunit and by nearly 33% for the 60S subufi).(The current components were not present. This could possibly give rise to an
catalog of ribosomal proteins is probably complete for yeast amshhanced openness of the upper intersubunit space. However, the
mammals. The latter have only a single additional proteirgbility to visually separate the subunits is probably due more to
although many mammalian ribosomal proteins are slightly largdrigher effective resolution (due to the far larger number of
than their yeast homologs. While we as yet lack sufficient data pwojections in the image data set used for reconstruction) than to
fully evaluate the plant ribosomal proteins, there is no reason s$tripping off of factors and ligands.
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One final comparison with a 40S ribosome structure from rabbieconstruction of the yeast sec61lp-ribosome comgéx the
reticulocytes 24) is surprising. The yeast small subunit structurecentral pore of the sec61p complex, which is involved in signal
in both frontal and lateral views more strongly resembles thsequence recognition and binds directly to the ribosome, aligns
mammalian 40S subunit structure than it does the wheatgerm 40@cisely with the hole marking the debouchement of this tunnel
structure. (Intermediate views of the rabbit structure werteature, suggesting that the nascent chain is conducted successively
compromised by loss of information in certain angular ranges ddisrough tunnel and pore after its formation at the PTC.
to the missing cone.) Particularly for the crest, beak, enrolled frontThus we are able to use the strong structural conservation of the
lobe @3), cupped platform and pointed front foot the agreement isbosome to delineate internal features that are strikingly alike in
unexpectedly good. Why the details of the morphology of the yea#bosomes from different taxa. Ligand experiments such as the
40S subunit should resemble those seen for a mammalian subonié just described can then confirm that these well-characterized
(which has a slightly larger 18S RNA) more closely than those searorphological features interact with ligands of known function,
for a higher plant (with an 18S RNA very similar in size to that ofvhich demonstrates that we are indeed justified in assigning
yeast) is unclear. The data collection and methods of analysis of fhactional roles to such features.
two earlier structures, rabbit and wheatgerm, were closely similar
to one another, whereas the methods for yeast ribosome anal@SBNCLUSIONS

were in some respects closer to the methods used farabie

reconstructions (where data from a larger angular range could bae Structure calculated for the yeast ribosome leaves no question
used; see for exampi, 19). that the architecture of the translational machinery of the cell has

been strongly conserved from one kingdom to another. The degree
_ _ of resemblance to the eubactertakoli ribosome is considerable,
Internal structure of the yeast ribosome: the exit tunnel while the similarity of this lower eukaryotic ribosome to the

i i , ribosome of a higher eukaryote (wheatgerm) is also unambiguous.
Since completion of the reconstruction reported here recefihs the task of tracing fundamental translational processes, such as
continued studies at improving resolution onEhepliand yeast e tineraries of the mRNA and tRNAs into and out of the ribosome,
ribosomes 11, Malhotra et al, submitted for publication; s to some degree simplified if we are able to recognize the same
Verschooret al, work in progress) have led to the consistenyctyral landmarks on evolutionarily divergent ribosomes and to
finding of a low density ‘tunnel’ feature extending from the IC toyngerstand how they delineate functional domains that are strongly
the lower back of the large subunit. Although other prominent loW,,served. Then conversely, we can also idendfyconserved
density features can be discerned in individual reconstructiongqayres and begin to explore their possible functions in terms of
the siting and orientation of what is apparently a conserveghown inter-kingdom differences or variations in the translational
feature is of primary interest. rocess.

Although we are interested in eukaryotic specializations relat«fd-rhe data presented above will serve as a baseline for future
to, for example, membrane attachment, we must first identify gies Saccharomyces cerevisiaeperhaps the one eukaryote
features related to the most universal functions in the translatiggy \yhich we have both the genetic data and the genetic tools to
process. If we accept the experimental evidence that a tunnglnroach a structure—function study of the ribosome. There are a
traverses the large ribosomal subunit for the purpose of condugtimper of yeast ribosomal proteins which are not essential for life
ing the nascent chain fror_n the_ peptldyltransferase center (PTgét which “are important for optimal assembly, stability and
then we should be able to identify this tunnel feature in eubacteri@yction of the ribosome2€). In addition, there are mutant
Archaea and eukaryotes. The existence of such a tunnel throygfhsomal proteins that have a substantial effect on the accuracy
the large subunit is strongly implied by studies involving iodid&y the riposome’s translational capabilitiés) There exist more
ion quenching of nascent chain photoreactive probes (See {@&neral mutations, such as those that biecetylation of
example27), in which the nascent chain is shown not to b&ymerous ribosomal proteirdj without having much apparent
exposed to the cytoplasm in membrane-bound ribosomes.  effect on ribosome function. As cryo electron microscopy

It is surprising, at the moderate resolution of this study, that & niinues to advance it is likely to become the method of choice
feature as small as the exit hole should be so distinct. The 6Q3 nderstanding the subtle effects of mutations such as these and

subunit can be sighted through from the IC side #Ag.to the 1o reconciling the differences that inevitably appear between
back (Fig2) at an only slightly elevated threshold. There is a cle rokaryotic and eukaryotic ribosomes.

qualitative difference between this unique feature and the larger,

smooth holes or cavities that appear as the structure pinches dﬂ@KNOWLEDGEMENTS
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