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Abstract 

Crystals of SOS ribosomal subunits from Haloarcula rnatimortui diffracting to 2.9 A resolution were grown. 
Because of their large unit cells and the extremely weak diffracting power, almost all X-ray crystallographic analysis 
of these crystals must be performed with intense synchrotron radiation. At ambient temperature, all ribosomal 
crystals decay upon the first instance of X-irradiation. To overcome this severe sensitivity, procedures for data 
collection at cryo temperature were developed. Under these conditions the crystals can be irradiated for periods 
sufficient for the collection of more than one data set from an individual crystal (days or weeks) with no observable 
damage. They also can be stored for months, to resume interrupted measurements. To assist the interpretation of 
the anticipated electron density map, a specific internal nucleoprotein complex of protein HmaLl and a stretch of 
H23S rRNA was isolated from the halophilic ribosome. The fragments of the 23s rRNA protected by the protein 
from nuclease digestion were sequenced. Alignment of the sequences of some archaebacterial Ll-specific RNA 
fragments to the corresponding parts of eubacterial and eukaryotic rDNAs, localized the sequence identities to two 
distinct regions. Chimeric complexes were reconstituted with the corresponding E. cofi ribosomal components, 
indicating a rather high homology, despite the evolution distance. A feasible secondary structure of the rRNA 
stretch participating in this complex was found to be compatible with the one proposed for the corresponding part in 
the E. coli ribosmnal RNA. 
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1. Introduction 

The ribosome is the universal cell organelle 
which facilitates the intricate and essential pro- 
cess of the enzymatic translation of the genetic 
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Abbreviations: r-proteins stands for ribosomal proteins and 
rRNA for ribosomal RNA. E, B, T, and H in front of a name 
of a ribosomal protein shows its bacterial source (Escherichiu 
coli; Bacillus stearothermophilus; 27zermu.s Thermophilus and 
Haloada marismortui, respectively). L shows that the pro- 
tein is of the large (SOS) subunit, and S of the small (30s) one. 
The symbol: HmaL# indicates that this particular protein is 
homologous to protein # from E. coli. IUOS is the large 
subunit of H. marismortui 
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information into proteins. It is a nucleoprotein 
assembly, built of two subunits of unequal size, 
which associate upon initiation of protein synthe- 
sis. A typical bacterial ribosome (called also 7OS, 
according to its sedimentation coefficient) con- 
tains about a quarter of a million atoms and is of 
a molecular weight of around 2.3 million dalton 
(1.45 and 0.85 for the large, 5OS, and the small, 
3OS, subunits, respectively). Three chains of 
rRNA, of over 4500 nucleotides, account for about 
two-thirds of the mass of the ribosomes, the rest 
are some 57-73 different proteins, depending on 
the source. 

Intensive biochemical, biophysical and genetic 
studies shed light on several functional and evolu- 
tionary aspects of protein biosynthesis and pro- 
vided some information on the spatial in situ 
proximities between several ribosomal compo- 
nents, the secondary structure of ribosomal RNA 
and the approximate locations of some functional 
centers (reviewed in refs. [1,21). However, for 
illuminating the molecular mechanism of protein 
biosynthesis a reliable molecular model is essen- 
tial. Therefore we undertook X-ray crystallogra- 
phy studies. 

1.1. The superiority of the hulophilic ribosomes 

Numerous attempts to crystalize the tradition- 
ally studied hence well characterized E. coli ribo- 
some, carried out in several laboratories, led to 
marginal success [3]. However, intact, modified 
and complexed ribosomal particles from ther- 
mophilic or halophilic bacteria yielded crystals 
suitable for X-ray and neutron crystallographic 
studies at various resolution limits (reviewed in 
refs. [4,5]. All crystals of ribosomal particles grown 
in our laboratories were obtained from biologi- 
cally active particles and the crystalline material 
retains its integrity and activity for long periods, 
despite the natural tendency of the ribosomes to 
disintegrate. 

It was found that the quality of the crystals is 
directly related to the level of extremeness in the 
natural environment of the bacterium. Thus, ri- 
bosomes from normal eubacteria or from moder- 
ate halophiles did not crystallize, and those from 
extreme thermophiles crystallize better than those 

from moderate ones. This finding may be related 
to the higher stability of the thermophilic and 
halophilic ribosomes. 

The Dead Sea contains the highest salt con- 
centrations of any natural bodies of water in the 
world. Despite this unusual salinity, it supports 
the growth of several species of micro-organisms, 
all of which exhibit the unusual property of with- 
standing high salt concentrations and elevated 
temperatures. One of these organisms is the ar- 
chaebacterium H. marismortui. The ribosomes of 
this bacterium function at 3.5-4 M salinity at up 
to 6o”C, conditions which usually cause the disso- 
ciation of nucleoprotein assemblies and the de- 
naturation of isolated proteins. 

1.2. Crystallographic studies 

An extensive search for the suitable ionic com- 
position for crystal growth and the development 
of a sophisticated seeding procedure, led to the 
growth of six crystal forms of the 50s and one of 
the 30s subunits from this bacterium [4-81. A 
special procedure was designed which allows data 
collection from crystals immersed in solutions of 
compositions similar to those of the physiological 
environment within the cells, which were grown 
at the lowest concentrations of salts essential to 
avoid disintegration of the halophilic ribosomes 
[7,81. 

The crystals of H5OS diffract to the highest 
resolution obtained so far from crystals of riboso- 
ma1 particles: 2.9 A (Fig. 1). They are of reason- 
able mosaicity (0.2-0.3”) and adequate mechani- 
cal stability [8]. As mentioned above, a fairly 
halophilic environment is essential for crystals 
growth. Furthermore, in addition to KC1 and 
NH&l, a substantial amount of Mg2+ (50-100 
mM) and minute amounts of Cd2+ (l-2 mM) are 
required for obtaining good crystals. The influ- 
ence of Mg2+ on the quality of these crystals may 
be attributed to its involvement in maintaining 
the integrity of the ribosomal particles as well as 
to its probable participation in the crystal net- 
work [ill. However, the exceptional contribution 
of a few mM of Cd2+, at concentrations found to 
be harmless to H. matimortui ribosomes, is still 
unexplained. Thus, crystals grown under the same 
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Pig. 1. A rotation photograph of a crystal of HSOS, obtained at 
90 K at Station Fl/CHESS, operating at 5.3 Gev and 50 mA. 
Crystal to film distance = 220 mm, collimator = 0.1 mm’; 
wavelength = 0.9091 A. 

conditions which yield 2.9 A resolutio$, but with- 
out Cd2+, diffract nominally to 4.5 A but yield 
useful only to 7-9 w resolution [4,8]. 

These crystals reach average size of 0.3 X 0.3 
X 0.05 mm, have cell dimensions of 210 X 300 X 
570 A and C222, symmetry. A typical diffraction 
data set collected from these crystals contains 
over 150000 unique intensities for the resolution 
shell 3.5-50 A. The evaluation of these data is 
still not a routine task, although some sophisti- 
cated computational tools have been developed 
specifically for this purpose. Nevertheless, the 
evaluated data are of quality comparable to that 
obtained from crystalline proteins of average size. 
Thus, for above 55% compjeteness, the typical 
values for R-merge (I) at 6 A are in the range of 
5-10% [12] and at 3 A, 12-15% (A. Zaytzev- 
Bashan, H.A.S. Hansen, Z. Berkovitch-Yellin and 
A. Yonath, to be published). 

Because of the weak diffracting power and the 
large unit cells of the ribosomal crystals, virtually 
all the crystallographic studies have to be per- 
formed with intense synchrotron radiation. At 
ambient temperature the diffraction pattern of 
these crystals decay within the first instances of 

irradiation. To eliminate the extreme radiation 
damage, data are collected at cryogenic tempera- 
tures (about - 180°C) from shock frozen crystals. 
Under these conditions the crystals diffract with 
no observable decay for periods sufficient for the 
collection of a full set of data from individual 
crystals, and the irradiated crystals can be stored 
for months and still maintain their diffracting 
power. To facilitate cryogenic data collection, 
special experimental procedures had to be de- 
signed for accommodating the problematic fea- 
tures of the ribosomal crystals: fragility, sensitiv- 
ity, thin edges, etc. [12,131. 

The phasing of X-ray amplitudes remains the 
less predictable and most difficult part in struc- 
ture determination, Phase information is crucial 
for constructing electron-density maps, and can- 
not be directly measured. The classical methods 
for phasing are MIR and SIR (multiple and sin- 
gle isomorphous replacement, respectively), both 
require specific and quantitative attachment of 
heavy atoms at a limited number of sites within 
the unit cell. Useful derivatives of proteins of 
average size consist of one or a few heavy-metal 
atoms (such as Pt, Hg, Au, Ag etc.). Much heav- 
ier compounds are needed for ribosomes. There- 
fore, to reach the required electron density we 
are using a stable and water-soluble form of an 
undecagold cluster (GC, m.w. 6200 Da), with a 
core of 11 gold atoms linked directly to each 
other [14,15]. Simulation studies showed that this 
cluster is of adequate phasing power at low and 
medium resolution, providing quantitative bind- 
ing and reasonable isomorphism (N. Volkmann 
and H. Bartels, to be published). 

Conventional derivatization of crystals of bio- 
logical macromolecules is achieved by soaking the 
crystals in solutions of mM amount of heavy-atom 
salts. This is a rather chancy process, which, for 
structures of complexity similar to that of ribo- 
somes, is likely to lead to multi-site binding. To 
facilitate quantitative and site specific derivatiza- 
tion, a monofunctional reagent was developed 
from the undecagoldcluster. A chemically reac- 
tive non-chiral handle of a limited flexibility and 
length, imitating the peptide bond, was attached 
to the undecagold cluster [5,14,15]. Preliminary 
derivatization experiments were performed on 
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50s subunits from Bacillus stearothermophilus. 
One ribosomal protein, BLll, was removed by 
mutagenesis [16] or by a stepwise addition of salts 
[171. The cluster was bound quantitatively to the 
isolated ribosomal protein, exploiting its only -SH 
moiety. The modified protein was, in turn, recon- 
stituted into the cores of mutated ribosomes, 
lacking it, obtained by cell growth on a special 
antibiotics, thiostrepton 1161. The crystals of the 
so obtained fully derivatized particles yielded data 
of reasonable quality, currently used in phasing 
attempts (H. Bartels, H.A.S. Hansen, Z. 
Berkovitch-Yellin, I. Agmon, W.S. Bennett, A. 
Zaytzev-Bashan, I. Levin, F. Schliinzen, N. Volk- 
mann, A. Dribin and A. Yonath, to be published). 

1.3. Derivatization, biochemical and genetics of 
halophilic ribosomes 

Severe difficulties were encountered in at- 
tempts to adapt the procedure described above to 
the haiophilic ribosomes. Because of the signifi- 
cant resistance of the halophilic ribosomes to 
mutations [18] no single-protein-depleted core 
particles could be designed. Also, such core could 
not be constructed by chemical methods similar 
to those used for eubacteria, namely the elevation 
of the concentrations of salts in the media, as the 
natural environment of the halophilic ribosome is 
almost salt-saturated. Furthermore, in contrast to 
incorporation of the gold-cluster bound protein 
BLll into depleted cores of B. stearother- 
mophilus, protein HmaLll, the presumed 
halophilic homolog of BLll, can be reconstituted 
into core particles only when its sulfhydryl group 
is free. 

Procedures for selective detachment of a few 
halophilic r-proteins, exploiting dioxane, were de- 
veloped, and cores of 50s particles, depleted of 
proteins HmaLl, HmaL6, HmaLlO, HmaLll and 
HmaL12 were prepared. All detached proteins 
could be fully reconstituted and the so obtained 
particles crystallize under the same conditions as 
native 50s subunits do. However, as mentioned 
above, blocking the -SH group of one of them, 
I-hnaLll, prevented its incorporation into the 
core particles. In this way cores of SOS subunits, 
depleted of protein HmaLll, were obtained. The 
ribosomal subunits lacking protein HmaLll crys- 

tallize under the same conditions as the native 
H5OS subunits and show apparent isomorphism 
with them, indicating that the removal of this 
protein caused neither major conformation 
changes in the ribosome, nor disturbances in the 
crystal’s network. The crystals of the depleted 
particles reach average size0 of 0.2 x 0.2 x 0.05 
mm, and diffract well to 10 A resolution. In later 
stages, maps constructed from the differences 
between the diffraction of the native and de- 
pleted particle should facilitate the interpretation 
of the electron density maps, by showing the 
location of HrnaLll. 

To create potential heavy-atom binding sites, 
exposed reactive moieties are being inserted on 
the surface of the halophilic ribosome, using ge- 
netic and chemical procedures. For choosing ap- 
propriate locations for insertions of exposed reac- 
tive groups we benefit from the advanced stage of 
the sequencing of the halophilic r-proteins [19] 
and from studies on surface mapping, performed 
either by limited proteolysis [20] or by direct 
chemical determination of exposed amino and 
sulfhydryl groups under different salt concentra- 
tions (S. Weinstein, C. Paulke, I. Sagi, C. Glotz, I. 
Levin, V. Weinrich and F. Franceschi, to be 
published). As the genes of these particular pro- 
teins have been cloned [21], the insertion of 
chemically reactive side chains into the surface of 
the ribosome became feasible. 

Several mutants were produced by site di- 
rected in vitro mutagenesis. Concentrating on the 
provision of exposed sulfhydryls, a cys codon was 
inserted into protein HmaLl. The mutated genes 
were cloned into the vector, pETlld, and the 
mutated proteins were overexpressed in E. coli. 
A similar procedure was applied for protein 
HrnaLll. The natural -SH group of this protein, 
which, upon any type of modification, prevents its 
incorporation into core particles, was exchanged 
by ser. Similar to the native proteins, the mutated 
and over-expressed ones could be reconstituted 
into ribosomal cores lacking them. Screening for 
the suitability of the mutated proteins for binding 
heavy atom clusters is in progress, and indications 
for the incorporation of protein HmaLll in which 
amino acid 33 is a cysteine into core 50s parti- 
cles, have been obtained. 
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2. Au internal halophilic ribonuckoprotein com- 
plex 

Assuming that the intrinsic conformations of 
those ribosomal components which crystallize are 
maintained even when they are detached from 
the ribosomes, the atomic structures of ribosomal 
components should assist the interpretation of 
the electron density map of the entire particle. 
For the last three decades extensive efforts have 
been made in several laboratories to crystallize 
isolated ribosomal components from eubacteria. 
These include proteins, internal clusters of them, 
internal RNA/protein complexes and whole or 
fragmented RNA chains (summarized in ref. [22]). 
So far experience shows that in general assem- 
bled ribosomal particles crystallize more readily 
than their isolated components. In fact, the ma- 
jority of the r-proteins could not be crystallized, 
and the structures of most of the crystallized 
components have still not been solved, mainly 
due to the poor internal order of these crystals. 
This rather poor yield indicates that the confor- 
mations of many ribosomal components are dic- 
tated by their environment, namely by the net- 
work of internal contacts which construct the 
skeleton of the ribosome. Thus, those proteins 
that do not possess an independent intrinsic con- 
formation may loose their in situ conformation 
when detached from the scaffolding ribosome. 

Protein BLll is an example of a ribosomal 
protein which undergoes significant, albeit re- 
versible, conformational changes upon isolation 
from the 50s subunit. On the ribosome its -SH 
group is exposed and reactive, whereas in solu- 
tion this group is burried and can become reac- 
tive only under denaturating conditions (6 M 
urea). However, the lost native conformation can 
be regained upon reconstitution into core parti- 
cles, even when large chemical moieties are bound 
to its -SH group [14,15]. 

Although it remains to be seen whether the 
structures of the crystallized isolated r-proteins 
do reflect their in situ conformations, the mere 
ability to crystallize may indicate the existence of 
intrinsic fold. The superiority of the tbermophilic 
isolated r-proteins for crystallographic studies is 
evident. This shows that under proper conditions 

these components can be trapped in a unique 
conformation. Encouraged by these findings, we 
focused our efforts on the purification and the 
crystallization of isolated components from 
halophilic ribosomes. Internal small and defined 
ribonucleoprotein complexes, may be more suit- 
able for crystallographic studies than isolated 
proteins or rRNA fragments, as they are more 
likely to maintain the native conformation, since 
in such complexes the micro environment may be 
kept. 

The isolation of an internal riboprotein com- 
plex benefitted from investigations on the in- 
tegrity of the halophilic ribosomes. Illuminating is 
the dependence of the number of exposed 
sulfhydryls in the 50s subunits on the relative 
concentrations of the potassium and the magne- 
sium ions. Thus, up to 15 sulfhydryls become 
exposed upon lowering the KC1 concentration 
from 3 to 1.5 M, in the presence of about 10 mM 
Mgzf. However, even at low KC1 (1.2-1.5 M), the 
presence of 20-25 mM Mg2+ was sufficient to 
keep the number of exposed sulfhydryls close to 
its minimum, namely 2-3 (S. Weinstein, I. Sagi 
and V. Weinrich, to be published). Since the 
increase of exposed sulfhydryls may indicate par- 
tial “opening” (or unfolding) of the structure of 
the ribosome, it seems that a few mM of Mg*+ 
have the same influence on the compactness of 
the halophilic ribosomes as l-l.5 M KC1 do. 

A ribonucleoprotein complex of protein 
HmaLl and a stretch of H23S rRNA was isolated 
by decreasing the salt concentration below the 
minimum which is needed for preserving the 
structure of the entire 50s subunit. This 23s 
rRNA-protein complex was separated from the 
dissociated r-proteins and the 5S rRNA on a 
linear sucrose gradient. Fractions containing the 
23s rRNA were pooled and the proteins were 
extracted from the complex and analyzed on a 
SDS gel (Fig. 2). For demonstrating quantitative 
separation, the gels were loaded with equal 
amounts of equivalent units of r-proteins. Essen- 
tially only one protein, HmaLl, was consistently 
detected, in a few preparations trace amounts of 
two other proteins, HmaLl2 and HmaL18, were 
also observed. In addition, it was found that 
protein HmaLl was missing in the fractions of 
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the free proteins and the SS rRNA (Fig. 3). This 
indicates that among the 23s RNA binding pro- 
teins, protein HmaLl has the highest specific 
affinity, so that it remains bound in quantitative 
amounts to the 23s rRNA throughout the extrac- 
tion procedure. 

The isolation of the HmaLl-specific rRNA 
fragments was performed by subjecting the com- 
plex to a limited RNase-A digestion. Since the 
ribonucleoprotein complex was found to be stable 
in solutions of rather high salt concentrations, the 
resulting complex of protein HmaLl and the 
specifically bound RNA fragments could not be 
fractionated from the digested RNA and the ri- 
bonuclease on a polyacrylamide gel by the proce- 
dure that was established for RNA-protein com- 
plexes from non halophilic sources [23]. Instead, 
the digest was separated on a Sephacryl S-200 
column. The elution profile of the column indi- 
cated that HmaLl was bound to specific RNA 
fragments (Fig. 4). The substantial co-migration 
of protein HmaLl and the RNA-fragment on the 
column is most probably due to tight protein-RNA 

LS HLl 
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Fig, 2. SDS-gel analysis of the proteins present in the 23s 
rRNA ribonucleoprotein complex of H. marismortui. The 
proteins were extracted from the isolated 23s rRNA ribonu- 
cleoprotein complex and directly loaded ‘on a l&22% poly- 

acrylamide gel. A lengths standard was included as a marker. 

interactions. Thus, protein HmaLl was detected 
in aliquotes of the rRNA containing fraction 
which were loaded on linear sucrose gradients 
and subjected to extensive centrifugation. 

Evolutionary aspects. The sequences of the 
fragments of the 23s rRNA which were protected 
by protein HmaLl from RNase-A digestion were 
directly determined by enzymatic RNA sequenc- 
ing of the 3’-termini and 5’-termini. Three dis- 
crete fragments were detected (157, 164 and 178 
bases in lengths) and isolated, all share an identi- 
cal internal sequence of 1.54 nucleotides (Fig. 5) 
and two of them have a common S-terminus. The 
rRNA component of this complex shows two re- 
gions of a high homology to its corresponding 
stretch in E. coli, despite the significant evolu- 
tionary distance. Thus, it was found that stable 
heterologous complexes can be formed between 
the halophilic 23s RNA and protein Ll from E. 
coli, and between the E. cd 23s rRNA fragment 
and HmaLl [5]. It remains to be seen whether 
the preservation displayed by this complex indi- 
cates that the structural elements of the ribosome 
have been rather conserved throughout evolution. 

To assess the uniqueness of this complex, we 
investigated heterologous complexes. Increasing 
amounts of either protein HmaLl or El1 were 
incubated with a constant quantity of RNAs pre- 
viously extracted from 70s ribosomes of either H. 
marismortui or E. cob. In each reconstitution 
experiment the salt concentrations were adjusted 
to the physiological salt conditions of the proteins 
in the halophilic ribosomes. The reconstitution 
mixtures were fractionated on a sucrose gradi- 
ents. The fractions of 5s RNA, 16s RNA and 23s 
RNA were analyzed for bound proteins. HmaLl 
and EL1 were exclusively found in the fractions 
containing the 23s RNA. For a quantitative anal- 
ysis of the bound proteins in particular ribonucle- 
oprotein complexes, the ribosomal proteins were 
analyzed on SDS gels and scanned spectrophoto- 
metrically. Limited digestion of the ribonucleo- 
protein complexes was carried out with RNase A. 

The association of protein EL1 with 23s RNAs 
and 26s RNAs from organisms remote in evolu- 
tion from E. cob was reported earlier [24]. In 
these studies the specificity of the binding was 
based on the following criteria: (a) the protein 
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Fig. 4. Isolation of the HmaLl-specific rRNA fragments. The 23s RNA complex was digested with RNaseA, and the resulting 
products were separated on a Sephacryl S-200 column. The elution of the nucleic acids was monitored at A260. The quantity of the 
protein containing fractions were estimated according to Lowry. The highest concentration of HmaLl was found in fraction 27, 
where the peak of the RNA fragments was found. RNaseA was found in fractions 34-36, showing that it was clearly separated 
from the HmaLl-protected fragments. The last nucleic acids peak consisted of the fractions including the RNA digestion products. 
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: ----~~~~Tn~C~~~~T~TffiG~~C-- ___________________________CCGAC~ 
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Fig. 5. Sequences from H. marismortui 23.5 rDNA comprising the 178 nucleotide fragment of the HmaLl-binding site aligned to 
the 23s rDNA region that encodes for the homologous protein binding region in RNA from E. co/i and the corresponding segment 
of D. discoideum 26s rDNA. Sequence identities are marked with asterisks. The first and the last nucleotide of the rRNA fragment 
masked by protein Ll in the homologous [32] and in the heterologous complex 1231 are underlined in the 23s rDNA and 26s rDNA 
sequences. Arrows (1: 178 nucleotides, 2: 164 nucleotides, 3: 157 nucleotides) define the sequence of the three 23s rRNA segments 
from H. morismortui, which were protected by protein HmaLl during the partial hydrolysis of the HmaLl-2% rRNA complex with 
RNaseA. 
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bound exclusively to its cognate RNA when incu- 
bated with a mixture of different RNA molecules, 
(b) the molar protein: RNA ratio in the complex 
reached plateau values between 0.2: 1 and 1.3 : 1 
in the presence of an excess of protein and Cc) 
bound protein remained attached to a specific 
RNA fragment in a mixture of digestion products 
resulting from limited RNase hydrolysis of a com- 
plex containing intact ribosomal RNA. Fig. 6 
shows all possible variations of the homologous 
and heterologous reconstitution experiments (EL1 
binding to the 23s rRNA of E. coli, EL1 binding 
to the 23s rRNA of H. marismortui, HmaLl 
binding to the 23s RNA of H. marismortui and 
HmaLl binding to the 23s rRNA of E. coli). In 
all cases the binding of the protein component to 
the 23s RNA reached saturation, although in the 
heterologous complexes the stoichiometry was 
rather low. Interestingly, it was shown that the 
protein recognizes specifically the 235 rRNA in 
the mixture of different RNAs, although the yield 
of the heterologous complexes is not always 
quantitative. Hence, we concluded that the ar- 
chaebacterial protein HmaLl and the eubacterial 
protein EL1 can recognize their cognate binding 
sites on both archaebacterial and eubacterial 235 
RNA chains, despite the evolutionary distance 
and the substantial differences in the physiologi- 
cal environment and standard binding conditions 
for the ribosomes of these two bacteria. 

Ribosomes were found to be highly conserved 
throughout evolution. Numerous phylogenetic 
studies were based on the comparative analysis of 
individual ribosomal components. Thus, it was 
found that protein EL1 recognizes defined bind- 
ing sites on 23s rRNA and 26s RNA chains from 
various organisms of the three kingdoms (eubac- 
teria, archaebacteria and eucaryotes) and forms 
specific heterologous ribonucleoprotein com- 
plexes with those chains [24]. Little is known 
about the function of protein Ll in the ribosome. 
However, it was suggested that the capability of 
protein Ll to bind to its mRNA transcript may 
facilitate a feedback translational regulation for 
its own synthesis [24-291. 

For a better insight into some evolutional as- 
pects of the rRNA features recognized by protein 
HmaLl, these archaebacterial rRNA fragments 
were compared to the sequence of E. coli 23s 
rDNA [30] and to the 26s rDNA sequence from 
the eucaryote Dictiostelium discoideum [31] Fig. 5. 
The protein Ll binding site was determined by 
limited nuclease digestion of a heterologous com- 
plex of D. discoideum 26s rRNA and protein Ll 
from E. coli [231, whereas the E. coli specific 
rRNA segment was obtained from nuclease di- 
gestion of the homologous complex 1321. The Ll 
binding sites on the rRNAs of these three differ- 
ent organisms exhibit two regions of highly con- 
served sequences (nucleotides 2110-2128 and 

protein: RUA ratio in incubation 

Fig. 6. Saturation curves of the binding of Ll to 23s RNA. 
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2161-2179, E. coli numbering), which are as- 
sumed to be part of the conserved Ll binding 
site. 

Although the rRNA fragments share highly 
conserved sequences in their central part, they 
have extended ends of different lengths. Among 
these, the archaebacterial sequences are the 
longest. Recent attempts to characterize the Ll 
binding sites of defined RNA fragments, ob- 
tained by bacteriophage RNA polymerase tran- 
scription of cloned DNA sequences, showed that 
the minimal size of the 235 rRNA fragment from 
E. cd’ that recognizes protein EL1 (nucleotides 
2120-2178) lies within this conserved region (P. 
Dong, P.B.F. Cahill and R.A. Zimmermann, pri- 
vate communication). The variations in the 
lengths of the fragments and the fact that they 
extend the minimum recognition site of Ll may 
indicate that parts of the longer nuclease resis- 
tant fragments possess inherent RNA folds which 
cannot be hydrolyzed by nucleases. 

The compatibility of several potential sec- 
ondary structures with the sequences that encom- 
pass the Ll-binding site in H. marismortui 2% 
rRNA was assessed. Fig. 7 shows that an ex- 
tended stem and loop can be formed, analogous 
to the proposed secondary structure of the Ll- 
binding site in E. coli [291. The primary se- 
quences of these loops revealed two highly con- 
served consensus regions consisting of a SGGAG 
and a SUGAAAUAC. Within the S’GGAG se- 
quence A2126 is considered to make direct con- 
tact with protein Ll in E. co/i, whereas the 
homologous purine rich region seems to be im- 
portant for maintaining the conformation of the 
Ll binding site (P. Dong, P.B.F. Cahill and R.A. 
Zimmermann, private communication). 

It was proposed that in E. coli the competitian 
between protein Ll binding sites on the rRNA 
and mRNA regulates the translation of the Lll- 
Ll polycistronic m-RNA. The homologous ribo- 
somal protein genes from halophilic bacteria are 
clustered in the same order as in E. coli. How- 
ever, the transcription was found to be different; 
in halobacteria protein Ll is translated from a 
Ll-LlO-L12 tricistronic mRNA [21,33,341. Recent 
results suggest that in the archaebacterium 
Methanococcus uannielii, the Ll binding region 

Fig. 7. (A) Possible secondary structures of the Ll-binding site 
on the H. matimortui 23s rRNA. (B) The model of the 
secondary structure of the corresponding sequence from E. 
coli [29]. 

seems to be located within the structural gene 
[35]. Thus, protein Ll can act as a feedback 
repressor, by abolishing the translation of the 
Ll-mRNA even when the leader sequence was 
deleted (Hanner, Mayer, Stoeffler and Piendl, 
private communication), in contrast to E. cob, 
where the homologous binding site is located in 
the untranslated leader region. 

A thorough search for primary and secondary 
sequences that may generate the Ll binding site 
on the Ll mRNA of H. marismortui, did not 
reveal a definite homologous structure. The fact 
that the motif of SGGAG occurs five times within 
the Ll transcript renders a reliable prediction to 
be more difficult. Comparison of the homologous 
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Ll mRNA sequences from H. marismortui with 
the recently predicted Ll binding site on the 
leader sequence of the related organism Halo- 
bacterium cutirubrum [34] showed that within this 
region only the conserved stretch is the Shine- 
Dalgarno sequence. Since it is assumed that the 
regulatory function of the EL1 binding sequence 
on its own mRNA is expressed only when the 
amount of the newly synthesized protein EL1 
exceeds the stoichiometry needed for the assem- 
bly of the ribosome, the low level of conservation 
in the halophilic bacteria may reflect a lower 
regulating potential of the halophilic homolog to 
ELI. 

3. Concluding remarks 

Bearing in mind the potential contribution of 
the detailed three-dimensional structures of iso- 
lated ribosomal components to the crystallo- 
graphic studies of assembled ribosomal particles, 
we developed procedures for the preparation of 
in situ complexes with defined compositions. We 
concentrated on the particles which yield the best 
crystals, the 50s ribosomal subunits from H. 
matimortui. We report here the isolation and the 
characterization of a highly stable ribonucleopro- 
tein complex containing protein HmaLl, the 
halophilic homolog to Ll from E. coli and a 
stretch of the 23s rRNA, masked by it. 

This ribonucleoprotein complex displays un- 
usual integrity at extreme salt concentrations, as 
does the ribosome from which it was extracted. 
High resolution structures of such complexes 
should also be instrumental for the analysis of the 
forces holding together proteins and nucleic acids 
at high salt concentrations and shed light on the 
intriguing questions of stability and integrity of 
multi-components cellular assemblies. 

Furthermore, the object of our studies, ribo- 
somes from halophilic bacteria, may be exploited 
for evolution investigations. Indeed, the forma- 
tion of heterologous complexes with the counter- 
parts of E. coli ribosomes and the comparisons of 
the sequence of the stretch of the rRNA compos- 
ing this complex, yielded some interesting infor- 
mation. 

4. The procedures 

Ribosomes were prepared according to ref. [6]. 
Crystals of 50s subunits from H. murismortui 

were grown by vapor diffusion in Linbro dishes at 
19°C from 6-8 ~1 of 80-120 OD,, H5OS sub- 
units in solution of 1.6 M KCl, 0.5 M NH&l, 0.01 
M MgCl,, containing traces of non-physiological 
additives: 5-7% polyethylene glycol (m.w. 6000) 
and l-2 mM CdCl,. The crystals were stored in 
solutions of 3 M KCl, 0.5 M NH&I and 0.01 M 
MgCl,, 10% polyethylene glycol (m.w. 6000) and 
l-2 mM CdCl,. For data collection 18% ethylene 
glycol were added, serving as a cryogen. The 
procedures for crystallographic data collection 
and for the evaluation of these data are described 
in refs. [4,8,131. 

The monofunctional undecagold cluster was 
prepared and bound to ribosomal particles ac- 
cording to refs. [5,14,15]. 

Exposed sulfhydryls were determined as de- 
scribed in refs. [14, 201. Preliminary attempts to 
label and identify exposed amino groups are cur- 
rently being developed. 

Two-dimensional gel electrophoresis of iso- 
lated ribosomal proteins was performed accord- 
ing to [36]. 

The detachment of selected ribosomal proteins 
from the 50s and 30s subunits of H. marismortui 
by dioxane is described in refs. [5,8]. The de- 
tached proteins were incorporated into the de- 
pleted core particles by incubating both compo- 
nents at 55°C for 40 min. A few proteins could 
also be detached from the 50s subunits by lower- 
ing the salt concentrations to 0.5 M KCL, 0.05 M 
MgCl, and 0.10 Tris-HCI pH = 7.0. 

The sequencing of the halophilic ribosomal 
proteins is described in refs. [5,37]. For overex- 
pression of selected r-proteins, their genes were 
cloned from a genomic-library or by the poly- 
merase chain reaction [38]. The genes were cloned 
in pETlld and overexpressed in E. coli BL21 
(DE3 pLysS) [391. The overexpressed proteins 
were purified by ion-exchange chromatography 
1401. 

Extraction of the complex of protein HmaLl 
and the 23s rRNA: the ribonucleoprotein com- 
plex was released from SOS-ribosomal subunits by 
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dialysis against buffers containing low Mg con- 
centration. The 50s subunits were diluted to 200 
A260/ml in extraction buffer EB (1.2 M KCI, 10 
mM Tris-HCl pH 7.8, 0.3 mM MgC12) and dia- 
lyzed extensively at 4°C over night against the 
same buffer. The resulting ribonucleoprotein 
complex, containing 23SrRNA, was separated on 
a linear sucrose gradient (5-25% sucrose in ex- 
traction buffer). Centrifugation was carried out 
using a TST414-rotor for 3.5 h at 39000 rpm and 
10°C. The rRNA peaks were located by measur- 
ing the absorption at 260 nm. 

To detect the presence of proteins in fractions 
containing dissociated r-proteins after low salt 
treatment, the upper fractions of the sucrose 
gradient which contain both r-proteins and the 5s 
rRNA, were analyzed on two dimensional poly- 
acrylamide gels. For a quantitative comparison, 
each gel was loaded with equal amounts of equiv- 
alent units (one equivalent unit corresponds to 1 
A(260) 50s subunits) of r-proteins as shown in 
Fig. 2. 

For large scale production of this complex, 
HmaLl was cloned, overexpressed and isolated 
by DEAE-sepharose CL6BP chromatography. 
The DNA coding for the fragment of rRNA 
protected by HmaLl was obtained from chromo- 
somal DNA using PCR. One of the oligo-nucleo- 
tides used for this reaction contained at the 5 
end sequence a T7 RNA polymerase promoter. 
The fragment, obtained by the PCR reaction, was 
subsequently transcribed in vitro with T7 RNA 
polymerase using the procedure of ref. [411. 

Preparation of HmaLl-specific rRNA frag- 
ments. To isolate the HmaLl-specific rRNA frag- 
ments, the complex was subjected to a limited 
RNase-A digestion. Pancreatic RNaseA (United 
States Biochemical Corporation) was added to 
the HmaLl-RNA complex at an enzyme/ 
substrate concentration of 9 units/200 e.u. (1 e-u. 
corresponded to 1 A (260) 50s subunit) in diges- 
tion buffer (1.2 M KCl, 0.5 M NH&l, 20 mM 
Tris-HCl pH 7.8,30 mM MgCl,). Incubation was 
continued for 3 h at 20°C. The digest was loaded 
directly on a Sephacryl S-200 column of 200 ml 
bed volume equilibrated in the digestion buffer. 
Fractions of 3.7 ml were collected at a flow rate 
of 0.3 ml/min. Aliquotes from the effluent were 

precipitated in trichloroacetic acid (10% wt/v 
final concentration) and analyzed on SDS gels 
[421. 

Sequence analysis of protein HmaLl-specific 
rRNA fragments. The rRNA fragments were ex- 
tracted from the ribonucleoprotein complex with 
phenol, dephosphorylated with alkaline phos- 
phatase (calf intestinal mucosa, Pharmacia) at a 
ratio of 15 pmol RNA: 0.1 unit enzyme and 
separated on a 10% polyacrylamide gel made in 
8.3% urea. The methylene blue-stained RNA 
bands were eluted from the minced gel according 
to ref. [431. Methylene blue was removed by ex- 
tracting the elution-buffer three times with IZ- 
butanol and the RNA-fragments were recovered 
by precipitation with 2.2 volume of absolute 
ethanol at -80°C. 5’-end-labelling of the RNA 
with T4 polynucleotid kinase (Pharmacia) and 
gamma-32PATP (New England Nuclear) was 
based on the procedure of [44]. 3’-end-labelling of 
the RNA with T4 RNA ligase (Pharmacia) and 
5’32PpCp (New England Nuclear) was carried out 
according to ref. [45]. The labelled fragments 
were then purified by electrophoresis on 20% 
polyacrylamide gels in 50 mM Tris-borate, pH 
8.3, 1 mM EDTA, 7 M urea, located by autora- 
diography, and eluted as described above in the 
presence of yeast carrier tRNA. Individual frag- 
ments were subjected to enzymatic sequence 
analysis as described [46-481, alkaline hydrolysis 
of the RNA fragments were carried out according 
to ref. [491. 

Formation of homologous and heterologous 
protein-RNA complexes protein HmaLl was ex- 
tracted from the complex with 23SrRNA using 
dioxane according to [40]. The RNAs were ex- 
tracted with phenol from 70s subunits of E. coli 
and H. marismortti. Protein EL1 together with 
either 23s rRNA from E. coli H. marismortui 
were incubated in Rec4 buffer (20 mM Tris-HCl 
pH 7.8, 4 mM MgCl,, 400 mM NH&l, 4 mM 
2-mercaptoethanol) at 44°C for 20 min [50]. Both 
HmaLl-H23S rRNA and HmaLl-E23S rRNA 
complexes were reconstituted in 3 M KCl, 0.5 M 
NH&l, 20 mM MgCl,, 20 mM Tris-HCl pH 7.8, 
4 mM 2-mercaptoethanol and incubated for 60 
min at 55°C. The ribonucleoprotein complexes 
were fractionate by sucrose-gradient sedimenta- 
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tion (5-25% sucrose made in the appropriate 
reconstitution buffers). Protein HmaLl and EL1 
were extracted from the corresponding complexes 
with acetic acid (2.2 V/V glacial acetic acid and 
10 mM MgCl, final concentration) and loaded on 
SDS gels. The gels were scanned spectrophoto- 
metrically and the amounts of the proteins were 
determined from standards relating staining in- 
tensity of known quantities of protein HmaLl 
and protein ELI. 
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