Research Article 931

Elucidating the medium-resolution structure of ribosomal
particles: an interplay between electron cryo-microscopy and

X-ray crystallography

Jorg Harms#, Ante Tocilj2*, Inna Levin?*, llana Agmon?2*, Holger Stark3'#,
Ingo Kolln1, Marin van Heel3, Marianne Cuff3, Frank Schliinzen!, Anat Bashan?,

Francois Franceschi4 and Ada Yonathl2*

Background: Ribosomes are the universal cellular organelles that accomplish
the translation of the genetic code into proteins. Electron cryo-microscopy
(cryo-EM) has yielded fairly detailed three-dimensional reconstructions of
ribosomes. These were used to assist in the determination of higher resolution
structures by X-ray crystallography.

Results: Molecular replacement studies using cryo-EM reconstructions
provided feasible packing schemes for crystals of ribosomes and their two
subunits from Thermus thermophilus, and of the large subunits from Haloarcula
marismortui. For the large subunits, these studies also confirmed the major
heavy-atom sites obtained by single isomorphous replacement combined with
anomalous diffraction (SIRAS) and by multiple isomorphous replacement
combined with anomalous diffraction (MIRAS) at ~10 A. Although adequate
starting phases could not be obtained for the small subunits, the crystals of
which diffract to 3.0 A, cryo-EM reconstructions were indispensable for
analyzing their 7.2 A multiple isomorphous replacement (MIR) map. This work
indicated that the conformation of the crystallized small subunits resembles that
seen within the 70S ribosomes. Subsequently, crystals of particles trapped in
their functionally active state were grown.

Conclusions: Single-particle cryo-EM can contribute to the progress of
crystallography of non-symmetrical, large and flexible macromolecular
assemblies. Besides confirming heavy-atom sites, obtained from flat or
overcrowded difference Patterson maps, the cryo-EM reconstructions assisted
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in elucidating packing arrangements. They also provided tools for the
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identification of the conformation within the crystals and for the estimation of

the level of inherent non-isomorphism.

Introduction

Ribosomes, discovered in the mid-fifties, are the univer-
sal cellular organelles on which the sequential polymer-
ization of amino acids according to the genetic code takes
place. They are giant ribonucleoprotein assemblies
(called 70S in bacteria), consisting of two subunits of
unequal size (called 50S and 30S in bacteria) that associ-
ate upon initiation of protein biosynthesis. Extensive
efforts have been made to clucidate the three-dimen-
sional structure of the ribosome, using a large range of
techniques including X-ray crystallography and advanced
cryo-electron microscopy (cryo-EM).

We have grown two types of three-dimensional crystals
of ribosomal particles that diffract to around 3 A resolu-
tion: those of the large subunits from Haloarcula maris-
mortui, H50S, and those of the small subunits from
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Thermus thermophilus, T30S [1,2]. Difficulties in carrying
out crystallographic analysis of them reflect their unfa-
vorable characteristics. Not only are the ribosomes of a
huge size with no internal symmetry, they also exhibit
internal flexibility and have a surface that is rich in
readily degradable RNA and loosely attached proteins.
Moreover, most of the ribosomal crystals show extreme
radiation sensitivity, poor isomorphism and non-isotropic
mosaicity. They yield deformed spot shapes and suffer
from an increase in the unit-cell dimensions during
X-ray exposure.

Electron microscopy of ribosomal particles has undergone
significant developments over the past few years. The
introduction of single-particle cryo-EM, in combination
with powerful computational procedures such as angular
reconstitution [3-6], has yielded detailed three-dimensional
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images of bacterial ribosomal particles and their functional
complexes [7-13]. These three-dimensional reconstructions
resemble the consensus topography observed by traditional
negative-staining EM and confirm the existence of internal
features, mainly associated with vacant spaces such as
tunnels and hollows, detected about a decade ago in recon-
structions from negatively stained crystalline arrays [14-17].
They have also been interpreted along similar lines, in con-
junction with biochemical findings accumulated over three
decades [18,19]. Using the reconstructions obtained from
negatively stained arrays we have conducted combined
EM/X-ray studies at different levels [20] that clearly
pointed to the need for more detailed starting models.

With the availability of cryo-EM three-dimensional recon-
structions, a fruitful interface between EM imaging and
X-ray crystallography became feasible. The suitability of
EM information for yielding adequate X-ray phases that
lead to structure determination was first shown for the
tomato bushy stunt virus, a system with a high level of
noncrystallographic symmetry [21]. Similar studies were
performed later on other viruses [22] and smaller macro-
molecules [23]. In studies of complicated structures, such
as the proteosome [24] and the chaperonin GroEL [25],
EM was useful in confirming their internal symmetry. The
overall shape of the nucleosome [26], as observed by EM,
was initially combined with the known DNA periodicity.
EM of muscle fibers and high-resolution structures of the
muscle proteins were exploited together for the determi-
nation of the structure of the actin—myosin complex [27].
Only a few molecular replacement (MR) studies of large
assemblies with no internal symmetry, such as ribosomes,
however, have been reported so far [2,19,28].

We report here three approaches to MR studies of riboso-
mal particles from 7. thermophilus and of H50S, the large
ribosomal subunit from H. marismortui. We used pure MR
searches and their verification by noncrystallographic
information for the 70S ribosomes from 7. thermophilus,
T70S. We then employed MR combined with experimen-
tal phasing, including the confirmation of heavy-
atom sites detected independently by crystallographic
methods, for the 50S subunits from 7. thermophilus, 'T50S,
and for H50S. For the latter, the exploitation of the MR
results for the estimation of the level of non-isomorphism
and the suitability of the crystallographic data for efficient
phasing is suggested. We employed MR as a tool for con-
firming independently determined packing diagrams, for
better understanding of crystal selectivity and for the
design of controlled conformational rearrangements
within the crystals for 'T30S.

Results
The whole ribosome: T70S

T'he 'T'70S reconstruction, performed at 24 A resolution as
for E70S (70S from Escherichia coli) [7,8], revealed detail

including a network of tunnels through the 50S part and a
large gap between the two subunits, similar to features
detected earlier in reconstructions from two-dimensional
arrays of 50S and 70S from Bacillus stearothermophilus
[15,16]. 'T70S crystals diffract to a comparable resolution,
20-24 A [29-31]. A complex of T'70S with two molecules
of PhetRNAPhe however, yielded crystals isomorphous to
those of T'70S but diffracting to 12-17 A [31]; the latter
were used for the MR studies.

A unique solution, with Cf (correlation coefficient, calcu-
lated using structure factors) of 72%, Ci (correlation coeffi-
cient, calculated using intensities) of 73%, agreement
factor (R) of 45% and a contrast (the ratio between the cor-
relation coefficient of the best solution and that of the fol-
lowing one) of 1.5, was obtained when the EM
reconstruction was expanded isotropically by 2% (see
Materials and methods section) and used for MR searches
at 20-40 A (Figure 1). The same solution was obtained for
a large range of resolutions and radii, but with somewhat
inferior scores. The map assembled according to this solu-
tion (Figure 2) shows no collisions or short contacts, and
the MR packing scheme agrees with the arrangement
detected in electron micrographs of positively stained thin
sections of the T70S crystals.

The large ribosomal subunits: T50S and H50S

The crystals of T'50S diffract nominally to 8.7 A [32], but
yield useful data to only 10-12 A. Rotation and translation
searches were performed using the 17 A cryo-EM recon-
struction of this particle, shrunk isotropically by 4% (see
Materials and methods section). These searches (Figure 3)
resulted in a single unique solution (Cf = 65%, Ci = 67%,
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Figure 2

(a) The packing of the whole ribosome
(T70S), assembled by positioning the 24 A
EM reconstruction in the crystallographic unit
cell according to the MR search. (b) The
packing of the large ribosomal subunit (T50S),
assembled by positioning the 17 A EM
reconstruction in the crystallographic unit cell
according to the MR results.

R =41% and contrast(i) = 1.8) exhibiting normal inter-
particle contacts without overlap (Figure 2).

Crystallographic data were collected to 10 A from native and
Ta,Br,~soaked crystals of 'T'50S. Two sites, extracted from
isomorphous and anomalous difference Patterson maps,
were used for initial SIRAS (single isomorphous replace-
ment combined with anomalous diffraction). Final statistics:
R s = 0.59 (total); 0.87 (anomalous); phasing power = 1.95;
figure of merit (FOM) = 0.58. These two sites were placed
in the map phased according to the MR results and found to
be in crystallographically sound positions [2,19]. Half a
dozen sites with heights of around 40 were detected in a
difference Fourier map on the basis of the MR phases, and
one corresponds to the main Ta/Br,, SIRAS site. These
sites might be used for extending the detail of the cryo-EM
reconstruction, from its original 17 A to the crystallographic
limit of 10 A resolution (work in progress).

Although the crystals of H50S diffract to the highest reso-
lution obtained for ribosomal particles, 2.7 A, they possess
several undesirable properties that become less tolerable
with the increase of resolution, among them a severe sen-
sitivity to X-ray irradiation coupled with an extremely low
level of isomorphism. Hence, their structure determina-
tion is performed in stages from lower to higher resolution.
The shape of the particle as observed in the 12 A MIRAS
(multiple isomorphous replacement combined with anom-
alous diffraction) map [2], currently extended to 7.5 A, is
similar to that obtained by cryo-EM for large subunits
from various bacterial sources [2,7,8,15,19,33]. It shows
gross features that were identified by EM at lower resolu-
tion, such as the exit tunnel, but in more detail. It also
contains elongated dense regions, interpretable as single-
and double-stranded RNA chains.

The packing arrangement of these crystals is such that
H50S particles form two closely packed layers, connected
by a narrow contact region in the middle of the c¢ axis
(Figure 4). This contact area is surrounded by a very large
continuous solvent region, reaching dimensions of more
than 240 x 140 x 100 A. The limited size of the interparti-
cle contact region permits only a small number of interac-
tions. This might cause the poor isomorphism, the
unfavorable crystal habit (plates, made of sliding layers,
reaching typically up to 0.5 mm? with an average thick-
ness of a few microns in the direction of the ¢ axis), and
the variations in the ¢ axis length (567-570 /o\) as a func-
tion of irradiation [2].

The native data set used for MIRAS phasing was
exploited for MR validation tests in order to minimize the
probability of bias originating from the low level of
isomorphism. A satisfactory packing arrangement was

Figure 3
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Figure 4

The packing arrangement of H50S crystals. (a) The MIRAS compatible
MR packing arrangement of H50S crystals. (b) A slice of about 20 A
thickness of the H50S MIRAS map, showing the loose contact and the
site of the main heavy atom. (c,d) Two slices, each of about 40 A

thickness, of the MR solution overlaid on the MIRAS map (shown in
red), highlighting the main difference between the results of the two
methods. (e) For comparison, the result of the parallel MR studies (this
figure was reproduced from [28] with permission).

obtained (93% correlation, R factor 27% for 60-90 A and
39-50% correlation with R factor 42-47% for 30-95 A),
showing the packing observed in the MIRAS map
(Figure 4). For confirming the previously determined
major site of Ta/Br,,, the strongest H50S derivative [32],
we first established that it is detectable in difference Pat-
terson maps constructed at lower than 17 A, the limit dic-
tated by the cryo-EM reconstruction.

It should be mentioned that the salts required for func-
tional activity of H50S (2.5-3 M KCI and 0.5 M NH,CI)
hamper cryo-EM studies. The only available EM recon-
struction of H50S was obtained using a solution of signifi-
cantly lower salt concentration [28], close to that used at
the initial step of H50S crystallization [1,34]. We used this
low salt concentration to control the crystallization process
because the crystallization terminated after a few hours in
a shower of disordered microcrystals when the higher salt
concentration necessary for activity was employed. Hence,
we designed a procedure in which crystallization occurs in
solutions with the minimum salt needed for the integrity
of the particle (1.2-1.7 M KCl and 0.5 M NH,CI), at which
no functional activity was detected. Once the crystals are
formed they are transferred to solutions containing the
salts required for functional activity [18,34], allowing X-ray
measurements under these conditions.

We used the higher resolution cryo-EM reconstruction of
T50S (17 /ok) for MR searches of the H50S crystals because
we believed that the similarity between the active confor-
mations of 50S in the two bacteria should be a better basis
for MR searches than the similarity between active and
inactive conformations from the same bacterium. This
assumption was confirmed in our studies as well as studies
from another group using data from crystals of H50S
grown under the same crystallization conditions and an
EM reconstruction of the large subunit cut from that of
70S from E. coli [28].

Thus, it seems that the gross conformations of the large
ribosomal subunits from archea and eubacteria are rather
similar, and that this similarity is maintained even in
slightly different environments, as long as the integrity of
the particles is not harmed. The differences among the
species, however, are not negligible. Indications for them
were detected even at very low resolution, as seen by the
decrease in the scores with progression from 60-30 A.

Comparison of the MIRAS and the MR maps at comparable
resolution (Figure 4) showed the same packing arrange-
ments with the same positions of the centers of mass
(COM) of the particles. The main differences between the
MIRAS and MR maps are in the locations assigned to L1
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and L7 proteins by EM. These two proteins are well
resolved in the cryo-EM reconstructions, but diffuse into
the solvent in the MIRAS map (Figure 4), probably because
of the similarity in the electron density of the solution

within the H50S crystals (3 M KCl) and that of proteins [2].

Similarities were detected between the MR packing
arrangement and that revealed by neutron diffraction
[35]. In addition, the MR-determined COMs of H50S as
determined elsewhere at comparable resolution [28] are
located at approximately the same position as in our
studies, but with different orientation (Figure 4). This
suggests a link between the variations in the orientations
of the particles and the level of non-isomorphism. We
therefore examined the MR solutions obtained for over
two dozen HS50S data sets of native, derivatized and
chemically treated particles. We found that some of the
data sets led to solutions with reasonable scores that fall
into the category described above: similar COM posi-
tions, but variability in the orientations. Other data sets
led to several unrelated solutions. The classification by
COM provided a tool to discriminate between extreme
and moderate deviations from isomorphism and assist in
the selection of consistent data sets for MIR phasing.
This approach might be unnecessary in standard cases,
but it should be increasingly useful for studies of giant
macromolecular complexes that yield overcrowded, flat
and difficult to interpret difference Patterson maps.

The resolution of the crystallographic studies of H50S is
currently being significantly extended, as a 5 A anomalous
data set of the Ta Br,, derivative gave difference Patter-
son maps that show a major site consistent with our lower
resolution results [2]. Hence we have decided to delay the
interpretation until a later stage.

The small ribosomal subunit: T30S

In contrast to the impressive progress in image reconstruc-
tion of 70S ribosomes and 50S subunits, until recently the
small ribosomal subunit was reconstructed to only 37 A res-
olution [36]. The flexibility and instability of the small sub-
units is easily demonstrated. Exposure of 70S ribosomes to
proteolytic enzymes resulted in complete digestion of the
30S subunits and left the 50S subunits essentially intact.
Furthermore, crystallization attempts with functionally
active 70S ribosomes that were formed from 7z vitro associ-
ated subunits, yielded crystals of the 50S subunits and
degradation of the 30S [18,37]. For our cryo-EM recon-
structions, therefore, we used the preparations that yielded
the best three-dimensional crystals. Nevertheless, these
yielded reconstructions at only 25 A (Figure 5), a resolution
limit that is significantly poorer than that obtained for
"T'508S, but the highest obtained from 30S to date.

T'he two crystal forms of T30S that we obtained are clearly
non-isomorphous (R scale above 60%), even though their

unit-cell parameters are virtually identical (P4,2,2,
a=b=405 A, c=176 A). The first crystal form (called
T30S-1LR) was characterized about ten years ago [38], but
was not extensively studied because its diffraction yielded
useful data to only 12-18 A [39]. Subtle modifications in
the procedures of bacterial growth and crystal treatment
recently led to a higher resolution, 3.0 A. The current
MIR 7.2 A electron-density map of these crystals (called
T'30S-HR) reveals elongated dense regions similar to
those detected in the nucleosome at comparable resolu-
tion levels [40] and globular or elliptic lower resolution
regions, appropriate to host ribosomal proteins.

Among the main features of the 7.2 A map are extensive
pairing of the particles and an internal continuous solvent
region of a fairly large size, both detected earlier by con-
ventional negative-stain EM. The large solvent region was
first observed in EM studies of positively stained thin sec-
tions of epon-embedded T30S-LR crystals (Figure 6).
The pairing contacts are extremely stable and maintained
even after the rest of the crystal network is destroyed.
Thus, EM of dissolved T30S-HR crystals showed the
majority of the particles as pairs with a typical butterfly-
like shape (Figure 6), similar to the organization in the
crystal (Figure 7). These two prominent features were also

Figure 5

(a) Two views of the 25 A cryo-EM reconstruction of the isolated (free)
T30S. (b) The bound form of T30S (the cut model, obtained by
removing the density assigned for T50S in the reconstruction of
T70S), positioned in the same orientation as (a).
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observed in the MR packing diagrams of T30S-ILR and
T30S-HR crystals, using the reconstructions of free T30S
(Figure 6). Despite the difference in scores obtained from
MR searches of T30S-LLR (Cf = 66.0%, R =46.4%, con-
trast(f) = 1.2) and of T30S-HR (Cf=40.2%, R =54.5%,
contrast(f) = 1.1), at a first glance the two solutions show a
high degree of similarity. Indeed, the COM’s of the parti-
cles are almost identical but their relative orientations
differ by approximately 80°. Thus, in the HR crystals the
upper part of T30S (called the head, and known to be
flexible) is involved in extensive contacts, whereas in the
LR form it points into the solution. It is conceivable that
free movement of the heads allowed by the LR packing
arrangement causes the lower resolution of this crystal
form. Hindrance of these movements by the crystal
network might be the reason for the higher order of the
T30S-HR crystals.

Attempts to fit the contour of the cryo-EM three-dimen-
sional reconstruction of the free 30S particle onto the MIR
map met with some difficulties, because the cryo-EM and
the X-ray map are different in length-to-width ratio as well
as in various finer details (Figure 7). Careful inspection of
the MIR map indicates, however, that the crystallized par-
ticles have a conformation similar to that of the small
subunit when bound to the 50S within the 70S ribosome.
To further assess this point, we computed the reconstruc-
tion of a ‘bound’ T30S by removing the density that was
originally assigned to the 50S subunit within the three-
dimensional reconstruction of the 'T70S ribosome
(Figure 5). This reconstruction, called here the ‘cut’ T30S,

Figure 6

led to a reasonable agreement with the main features of the
7.2 AMIR map (Figure 7). Indeed, using the data from the
HR crystals, MR searches gave rise to a solution with rea-
sonable scores (Cf=52.2, R =448, 40-80 A) and an
arrangement grossly fitting the MIR packing diagram. This
arrangement, however, suffers from moderate interparticle
collisions, presumably because the cut three-dimensional
reconstruction does not provide an accurate representation
of the conformation selected by the HR crystals.

The fitting experiments suggested that a part of the
pairing contacts within the crystals utilize the 30S sites
participating in the interactions with the 50S particle
within the ribosome. Support for this presumed arrange-
ment was provided recently, in a series of experiments in
which DNA oligomers, complementary to several single-
stranded segments of the 16S RNA, were diffused into
T30S-HR crystals. We found that the infiltration of the
oligonucleotide complementary to the 5" end of the 16S
RNA did not lead to any loss of crystal order. The
oligomer that binds in solution to the decoding region
[41,42], however, caused substantial disorder of the crys-
tals in accordance with its location in the region involved
in the pairing. It can also be a result of significant confor-
mational changes caused by its binding.

The assumption that the T30S conformation selected by
the HR crystals is close to that of active particles, led to
the growth of both the HR and the LR crystals from par-
ticles trapped in their functionally active state (by chemi-
cal labeling and mild cross-linking during heat activation).

(a) A negatively stained preparation of carefully dissolved T30S-HR
crystals observed by EM, showing the butterfly-like T30S pairs (in red
circles) together with isolated particles (in green circles). The MR
solutions, using the free T30S reconstruction with the X-ray

amplitudes from (b) T30S-LR and (c) T30S-HR. (d) A negatively
stained thin section of about 500 A thickness, obtained from an epon-
embedded T30S-LR crystal, in a direction approximately perpendicular
to the c axis.




Research Article Ribosome structure analysis by cryo-EM and X-ray crystallography Harms etal. 937

Figure 7

(a) The free T30S reconstruction overlaid on
a part of the 7.2 A MIR map. (b) Three
reconstructions of the ‘free’ T30S overlaid on
the 7.2 A MIR map. The arrows point to the
particles creating the extensive contact region
(the crystallographic pair). The density
between them belongs to a particle in a lower
unit cell. (c) Two reconstructions of ‘cut’
T30S are overlaid on the 7.2 A MIR map. The
density between these originates partially from
a particle belonging to a lower unit cell. In all,
the right-hand panels show the corresponding
part of the 7.2 A map.

Interestingly, when using the LR crystallization condi-
tions, the quality of these crystals grown from the trapped
particles was much higher than that of the native ones,
most probably because of their enhanced homogeneity.
Furthermore, taking advantage of the sizeable internal
solvent region within the crystal that would allow for sig-
nificant conformational rearrangements, we heat-acti-
vated [43] the crystallized particles in order to increase

the proportion of 30S particles in their active conforma-
tion. These experiments were performed on HR crystals
that were found to yield moderate resolution, that is
5-6 A instead of the expected 3-3.5 A. Indeed, the con-
trolled heating treatment led to a larger proportion of high
quality crystals in our preparations and ensured that the
main conformation studied by us is that of functionally
active '1'30S particles.
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Discussion

Several aspects of a fruitful interplay between cryo-EM
three-dimensional reconstruction and X-ray crystallogra-
phy are demonstrated in our studies of the 7. thermophilus
ribosome and its two subunits. T'he uniqueness of the MR
solution for the T'70S particle, along with the various verifi-
cation tests, indicates that the resulting packing assembly
(Figure 2) is correct. This result, by itself, does not add to
the knowledge about the ribosome’s structure, beyond
what is already known from cryo-EM, but confirms inde-
pendently the correctness of the cryo-EM three-dimen-
sional reconstruction. Studies on the large subunits, T50S
and H50S, have led to more meaningful structural results.
Enhanced detail is expected for these particles given that
the 17 A EM reconstruction of T50S might be extended to
higher resolution limits by incorporating phase information
obtained independently by SIRAS. These studies also
provide reliable tools for assessing the correlation between
crystallographically determined phases and those obtained
by MR, as well as for assessment of the level of the devia-
tion from isomorphism.

Of special interest is the interplay between cryo-EM and
crystallography of T30S that intersects several aspects of
electron microscopy. The 7.2 A map, in conjunction with
the cryo-EM reconstructions, indicates that the conforma-
tion selected by the HR crystals is closed to that of the
30S particle within the assembled ribosome. It also shows
pairing of the crystallized particles, an observation that
was confirmed by negative-stain EM investigations of par-
tially dissolved crystals. So far no functional relevance can
be assigned to the crystallographic or to the previously
observed induced pairing [43,44], but it is conceivable that
the extensive interparticle interactions emulate some of
the contacts in which the small subunit is involved at the
intra-ribosomal subunit interface and/or the contacts
needed for the formation of intermediates along the path
of the translation cycle.

The solvent content of the ribosomal crystals falls within
the range observed for other macromolecules (55-70%);
the distribution of the solvent regions, however, is rather
unique. Sizeable continuous solvent regions were detected
in three out of the four crystal forms of the thermophilic
ribosomal particles (all of space group P4,2,2) as well as in
the form diffracting to the highest resolution, H50S, that
has a different space group (C222,). Interestingly, the
lowest resolution crystals, those of T70S, show smaller
solvent cavities, whereas an unusually large continuous
solvent region, held rather loosely by one interparticle
contact area, was found by MIRAS phasing in the crystals
of H50S, the form diffracting to the highest resolution.

The usefulness of cryo-EM reconstructions in phasing
data collected from crystals of large particles with no inter-
nal symmetry, such as the ribosomes, remains to be seen.

Limiting factors stem from the weak diffraction power,
the radiation sensitivity and the low level of isomorphism
of the crystals, as well as from the character of the EM
three-dimensional reconstruction. Thus, flexible particles
are likely to yield reconstructions that represent the
average of large spectrums of conformations that might
differ from the conformation selected by the crystals and
consequently might be of little help for MR phase deter-
mination. Complications, specific to low-resolution MR
studies, arise from difficulties in the verification of the
MR solutions. The powerful tool for assessing the reliabil-
ity of the MR results, namely the correctness of bond
lengths and bond angles, that emerges while refining
high-resolution structures is missing at low resolution.
Even parameters that are normally available for simpler
macromolecular systems, such as their volume, bear uncer-
tainties in the case of ribosomes. In addition, maps origi-
nating from MR phases lack information about a large
fraction of the crystals, namely the non-crystalline solvent,
because their structure factors are obtained by back
Fourier transformation of the MR assembled map. At high
resolution the solvent part of the structure factors might
be negligible, but at low resolution (below 8-10 A) the
non-crystalline part might reach values similar to that of
the crystalline material.

The H50S crystals pose a further problem because of the
high electron density of the solvent, which reaches that of
proteins [45], significantly reducing the contrast between
the ribosomal proteins (which account for about 35% of
the total particle mass) and the solvent. Consequently, in
our 12A MIRAS map the RNA chains are readily
detectable, whereas the outline of the surface ribosomal
proteins is less well resolved [2]. Furthermore, it was
found that the main differences between the MIRAS map
of H50S and the MR solution are in the vicinity of the
regions assigned as the locations of the external ribosomal
proteins (Figure 4).

The MR searches performed for the verification of the
X-ray results proved to be useful for the assessment of the
level of structural heterogeneity, using their relative orien-
tations as a guide. Although the orientation information —
by itself — might be a rather poor indicator, when com-
bined with the knowledge about the positions of the
centers of mass, it was found to be quite useful. The ability
(or inability) of the MR phases to reveal heavy-atom sites
that were extracted independently by non-MR methods
adds to the usefulness of the orientation information.

So far, only two of the large number of searches performed
for H50S have yielded MR phases that confirmed heavy-
atom sites at low resolutions [2,28]. As mentioned above,
these are similar in position, but different in orientation. If
indeed this shows two different conformers, it is conceiv-
able that both will lead to structure determination. The



Research Article Ribosome structure analysis by cryo-EM and X-ray crystallography Harms etal. 939

T'a Br,, site, revealed originally at approximately 10 A by
MIRAS [2], reconfirmed by MR, and shown to be stable at
a relatively high resolution (i.e. about 5 A) by anomalous
crystallography, raises the expectations for further
progress. The key for reliable structure analysis at high
resolution, however, is increasing the level of isomorphism
of the H50S crystals. We aim at reducing the conforma-
tional variability of the crystallized H50S particles by
inducing controlled rearrangements within the crystals,
along the lines found useful for the T30S crystals, namely
by heat activation, or cross-linking prior to crystallization.
The halophilic system poses a greater challenge in the
design of such experiments, because of the high salt con-
centration in the crystallization solution.

Biological implications

Among all ribosomal particles that we examined, H50S
and T30S yield the crystals diffracting to the highest reso-
lution: 2.7 A [1] and 3.0 A [2], respectively. Whereas the
crystals of H50S are highly non-isomorphous [2], we
benefitted from the conformational variability of T30S in
the growth of two crystal families (LR and HR), each
exhibiting normal isomorphism. Consequently, an inter-
mediate 7.2 A multiple isomorphous replacement (MIR)
map of T30S-HR was constructed, showing particles with
elongated dense chains that were interpretable as rRNA,
and regions fitting the size of average ribosomal proteins.

Cryo-EM reconstructions were found useful in assisting
the X-ray crystallography of ribosomal particles and in
highlighting several unusual aspects concerning their
conformational variability. Thus, inspection of the T30S
MIR map indicated that the conformation of the crys-
talline particles resembles that assigned to the small
subunit within the reconstruction of T70S ribosomes. It
is conceivable that part of the intensive interactions of
T30S within the crystals (seen as pairs) exploits part of
the high-affinity binding sites of T30S, such as those
forming the interface between the small and large sub-
units within the assembled ribosome. Indeed, diffusion of
DNA oligomers complementary to the 16S rRNA in the
decoding region caused severe crystal damage. The
destruction of the crystals suggests that the decoding
region lies in the vicinity of the extensive interparticle
contacts and can also indicate conformational changes
that occur upon binding of this oligomer.

Following these observations, we were able to increase
the number of crystals diffracting to around 3 A from
preparations showing somewhat lower quality (that is
diffracting to 5-6 A) by heat activation of the crystal-
lized particles. We also obtained crystals of T30S that
were chemically trapped in their activated state prior to
crystallization and showed that the functionally active
trapped particles are still sufficiently flexible to undergo
further conformational changes within the crystal.

Finally, our studies are in agreement with the principle
of ribosomal universality [13-17,19,45-47]. The MIRAS
and MIR maps obtained by us for H50S and T30S show
internal and external features revealed in ribosomes
from other sources. Furthermore, we and others [28],
have shown that the EM reconstructions of eubacterial
ribosomal particles (E50S and T50S) are suitable for
MR studies of ribosomes from archaea (H50S).

Materials and methods

Cryo-EM reconstruction

Ribosomes and subunits from the same preparations that gave the best
three-dimensional crystals have been subjected to the cryo-EM and
angular reconstruction procedures. Electron micrographs of the vitreous
ice embedded specimens were taken in the liquid helium cooled micro-
scope (SOPHIE) at a magnification of 66.000 and a defocus of about
0.9 microns. The Emil densitometer (Image Science GmbH, Berlin) was
used to digitize the micrographs using a sampling step size of 14 pm.
The pixel size was coarsened by a factor of 2 resulting in a sampling of
4.48 A per pixel on the specimen scale. All image processing was per-
formed with the IMAGIC-V software package [4]. Approximately 4000
individually boxed particles (of T30S, T50S and T70S) were aligned
using an iterative multireference alignment (MRA) scheme. Upon subse-
quent application of multivariate statistical analysis (MSA) data com-
pression and classification procedures, characteristic views of
ribosomes could be obtained with improved signal-to-noise ratio. The
Euler angles of these two-dimensional projection images were deter-
mined using the angular reconstruction approach [3].

The data set was submitted to several rounds of iterative refinement
including retrojection of the three-dimensional reconstruction, MRA
using reprojections as reference images, MSA/classification, Euler
angle determination, and three-dimensional reconstruction as per-
formed previously in the reconstruction of 70S from E. coli [7]. The
resolution of the resulting three-dimensional reconstructions was deter-
mined using the Fourier Shell Correlation [48] function with a threshold
value of 30. The differences in resolution obtained for the various
samples can be explained mainly by their different degrees of confor-
mational variability.

Crystal growth, X-ray data collection and MIR studies

The preparations of ribosomal particles, their crystallization and treat-
ment were performed as described earlier [1,2,31,37] with minor modi-
fications, associated mainly with mild treatment. Activation was
achieved by heating [41]. For trapping the activated state, mild cross-
linking was performed. Negatively stained, epon-embedded thin sec-
tions of three-dimensional crystals and negatively stained dissolved
crystals were inspected using a Philips CM-100 as in [15,16]. Syn-
chrotron radiation (SR) crystallographic data were collected at cryo-
temperature and processed using the progams DENZO and
SCALEPACK [49].

Data from the 70S complex crystals were collected at F1/CHESS
(Rimerge = 4.7% and completeness = 96% over the range 17-77 A) and
from T50S crystals at BW7b/EMBL/DESY. To exploit anomalous
phase information, data from the TagBr,, derivative were collected at
two wavelengths: 1.2537 A (LIll, maximum f’ peak) and 1.2547 A (LIlI
near its inflection point, i.e. at maximum f'). The deviation from the Ta
edge, namely 1.25530 A, is caused by the chemical environment within
the crystals and to the parameters of BW6/MPG/DESY, where these
measurements were performed. Typical Ry (for the three data
sets) = 8.1% with completeness of 95-99%.

Data from T30S-LR crystal were collected at BWG6/DESY
(Rierge = 7:9%, completeness = 99.0% up to 12 A), and from T30S-HR
(and its derivatives) at F1/CHESS and ID2/ESRF. For the MR studies
the shell up to 12 A was used (R = 6.2%, completeness = 99.6%).

merge
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For the construction of the 7.2 A MIR map 20688 reflections in the
range of 7.2—30 A were included. The sites of the four derivatives were
verified by difference Patterson and difference Fourier procedures
(FOM =0.671, phasing power up to 1.4, R ;s = 0.8-0.91).

Data from 59 crystals of H50S, collected at several resolution ranges
between 3 A and 300 A, were used for the MIRAS and MR studies
reported here. These were collected at wavelengths 0.78-1.5 A at the
SR stations reported in the Acknowledgements section, on film, offline
and online imaging-plate detectors or CCD cameras. The construction
of the 12 A MIRAS electron-density map is described in [2].

Molecular replacement

MR studies, exploiting cryo-EM three-dimensional reconstructions and
SR data, rotation and translation searches, followed by rigid-body
refinement, were performed using the program AMoRe [50]. The
reconstructions were presented as envelopes of uniform density. Inte-
gration radii of lengths comparable to the assumed size of the riboso-
mal particles (i.e. 70-200A) were used. In order to resolve
uncertainties between the X-ray and the cryo-EM data sets, the recon-
structions were isotropically expanded or contracted by up to 20%,
and each of the thus computed models was subjected to a full run of
AMoRe. Several parameters, such as resolution shells and different
integration radii, were fitted and optimized at each stage. The transla-
tion searches were performed for both enantiomorphic space groups,
P4,2,2 and P4,;2,2. A map of the unit-cell content was assembled by
placing the optimized EM model according to the MR results followed
by the application of the symmetry operations. Structure factors and
phases were calculated by back transforming the MR assembled map
(subroutine gendd in AmoRe). Agreement factors were computed by
RSTATS and FOM by SIGMAA [51]. This test was not performed for
T30S because neither of its MR results was fully satisfactory.

The searches for T70S were performed as follows. Rotations: 20—40,
20-50, 30-40, 20-34, 25-40 and 20-27A; integration radii
106-242 A; translations: 20—-40 and 20-60 A; rigid-body refinement:
20-40, 20-60 and 20-80A; expansion/shrinkage = 0-20%. For
T50S, rotation: 20-40, 17-35 and 18-67 A; translation 20-40,
16-47 and 18-30A; rigid-body refinement 20-40 A; integration
radii = 113-133 A; shrinkage 4%. For T30S, rotation: 25—40 A; inte-
gration radii=70-160 A; translation and rigid-body refinement at
25-50 and 25-95A. For the ‘free’ model, optimal solution was
obtained with 6% shrinkage (LR) and 0% (HR). No contraction/expan-
sion was needed for the ‘cut’ T30S because it was obtained from opti-
mized T70S and T50S. Over two dozen H50S data sets were
searched, using rotation radii of 17-90 A.
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