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ABSTRACT

Bacilius stearothermophiius large ribosomal subunits were reconstituted in
the presence of 55 rRNAs from diiferent origins and tested for their biolo-
gical activities. The results obtained have shown that eubacterial and
archaebacterial 5S rRNAs can easily substitute for B. stearothermophiius 5S
rRNA in the reconstitution, while eukaryotic 55 rRNAs yield ribosomai
subunits wih reduced biological activities. From our results we propose an
interaction Dbetween nucieotides 42-47 of 55 rRNA and nucleotides 2603-2608
of 23S rRNA during the assembiy of the 50S ribosomal subunit. Other experi-
ments with eukaryotic 5.8S rRNAs reveai, if at all, a very low incorpora-
tion of these KNA species into the reconstituted ribosomes.

INTRODUCTION

The ribosomal 5S rRNAs are essentiel constituents of the large ribosomal
subunits of prokaryotes and eukaryotes (1, 2). The large ribosomal subunits
of eukaryotic ribosomes contain in addition a second small RNA designated
as 5.8 S rRNA (2).

Eubacterial and eukaryotic 5S rRNAs represent two phylogenetically dis-
tinct classes of small ribosomal RNAs (3). All reported sequences of eubac-
terial 55 rRNAs conform to a secondary structure comprising four extended
helices and a less defined fifth helix with a single stranded hairpin loop
defined by helix C (3, 4). The hairpin loop ¢ consists in most cases of 13
nucleotides and contains in eubacteria a highly conserved CGAAC-segment.

Eukaryotic 55 rRNAs display a secondary structure with five helical
regions, thus suggesting a coaxial tertiary stacking of either helices A
and D or helices B and D (3, 4, 5-8). In most published eukaryotic 55 rRNA
sequences the loop defined by helix C consists of 12 bases. At the position
of the CGAAC-sequence in prokaryotic 5S rRNAs eukaryotic 55 rRNAs manifest
a semi-conserved PyNGNNPy-sequence (3, 9).

Despite these differences, eubacterial and eukaryotic 5S rRNAs display
substantial structural similarities as the ubiquitous helices A, B and C
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and the single stranded regions defined by these helices are almost identi-
cal.

Neither the eubacterial nor the eukaryotic secondary structure can be
applied rigorously to archaebacterial 5S rRNA species (3). The 5S rRNAs
from H.cutirubrum and T.acidophilum are provided with the typical eubac-
terial CGAAC-segment in the loop enclosed by helix C. Both species exhibit
potential base pairing in the eukaryotic helix D region - with four base
pairs for the H.cutirubrum and ten base pairs for the T.acidophilum mole-
cule - and the eukaryotic feature of a looped out nucleotide in helix E
(3). In the case of the T.acidophilum 5S rRNA, a coaxial stacking involving
either helices A and D or B and D has been suggested, as proposed for the
eukaryotic species (3, 4). The 5S rRNA from T.acidophiium displays the
unique features of (i) a mispair in helix A, (ii) a very tenuous helical
segment adjacent to loop ¢, (iii) an uninterrupted helix B and (iv) the
extremely extended helix D.

In vitro reconstitution of prokaryotic ribosomal subunits (10-12) offers
the possibility of incorporating altered ribosomal 5S rRNAs (13-17). Subse-
quent structural and functional analyses can refer to mechanistic aspects

and molecular details of assembly and/or ribosomal function due to the
altered component.

Comparative structural analysis (18) and ribosomal reconstitution experi-
ments (19) with 55 rRNA from Spinacea oleracea chloroplast ribosomes esta-
blished the eubacterial character of this 5S rRNA species.

In this study, we investigated the feasibility of incorporating 5S and
5.85 rRNAs from various phylogenetic groups into 50S ribosomal subunits of

t. ophilus. Reconstituted particles were analyzed by sucrose
gradient centrifugation employing [32P]-labelled 5S and 5.8S TrRNAs and
their biological activity was determined.

MATERIALS AND METHODS
Isolation of B.stearothermophilus 799 ribosomes and 23S rRNA

Ribosomes, ribosomal subunits and 23S rRNA were prepared according to
published procedures (19). In this study the sucrose gradient buffer for
the 23S rRNA preparation was 50 mM Na-acetate, 20 mM borate (pH 7.0).
Isolation of 5S and 5.8S rRNAs

B.stearothermophilus and E.coli 5S rRNAs were isolated as described (20)
and rat liver 55 rRNA as published (21). 5S rRNA from Caulobacter sp. and
5.85 rRNA from rat liver were kindly provided by S. Leffler, New York, and
P. Wrede, Berlin, respectively.

55 and 5.85 rRNAs from Saccharomyces carlsbergensis were isolated as
published (22).
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Figure 1: Activity of reconstituted B.stearothermophilus large ribosomal
subunits in a poly(U)-dependent polyphenylalanine- sythesizing system as a
function of the molar ratio of 55 rRNA or 5.8S rRNA to 23S rRNA. ([a], 5§
rRNA from B.stearothermophilus (B.st.), E.coli (E.c.) and Caulobacter sp.
(C.); ([b], 5S rRNA from B.stearothermophilus (B.st.), Equisetum arvense
(E.a.) and Sacharomyces carlsbergensis (S.c.); [c], 5S rRNA from Halobacte-
rium cutirubrum (H.c.) and Thermoplasma acidophilum (T.a.); [d], 5S rRNA
from Thermoplasma acidophilum (T.a.) and Rattus rattus (R.) and 5.8S
rRNAs from Rattus rattus (R.(5.85)] and Sacharomyces carlsbergensis
[S.c.(5.85)]. 100% activity (corresponding to 55 phenylalanines polymerized
per 508 subunit in 30 minutes) is defined as the activity of native 50§
subunits from B.stearothermophilus in polyphenylalanine synthesis, and 0%
as the activity of a reconstitution assay without 23S and 5S rRNAs.

55 TrRNA from Thermoplasma acidophilum and Halobacterium cutirubrum were
prepared according to references 23 and 24.

Preparation of B.stearothermophilus 50S ribosomal proteins

The isolation of total ribosomal proteins (TP 50) from 50S subunits of
B.stearothermophilus has been reported (19, 25).

Reconstitution of 50S subunits, assay for biological activity and test for
incorporation of 5S and 5.8S rRNAs

The two step reconstitution of B.stearothermophilus 50S ribosomal
subunits has been described previously (19) and the biological activity of
in vitro-assembled 508 particles was determined in a poly(U)-dependent
polyphenylalanine-synthesizing system (19, 26).

Large ribosomal subunits were reconstituted with 5'-[32P]-labelled (27)
55 and 5.85 rRNAs in order to investigate the incorporation of the mole-
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cules. The

reconstituted particles were analyzed by sucrose gradient cen-
trifugation

(19). Particles in Fig. 2 were reconstituted from 860 ug [A, C,
D], 125 pg [B], 286 pug [El or 362 ug [F, G] B.stearothermophilus 23S rRNA
and 41 ypg ([A], 8,8 ug [Bl, 40 pg [C], 41 pg (D] or 13,2 pg [E] of the
respective 55 rRNA or either 13,25 pg [F] or 13,5 ug [G] 5.88 rRNA. Amounts
of added ribosomal proteins (TP 50) were optimized for each 23S rRNA prepa-
ration. Native B.stearothermophilus 505 subunits were co-centrifuged in
each sucrose gradient run. Reconstituted particle fractions of comparable
sedimentation velocity (to native 505 subunits) were analyzed in order to
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Figure 2: Sucrose gradients of B.stearothermophilus large ribosomal sub-

units reconstituted
B.stearothermophilus (A),

E.coli (B),

carlsbergensis (D),

in the presence of 5'-[32P]-labelled 5S rRNA from

Equisetum arvense (C), Sacharomyces
Thermoplasma acidophilum (E) or in the absence of 5§

rRNA and in the presence of 5.8S rRNA from Sacharomyces carisbergensis (F)

or Rattus rattus (G).

tively, see »MATERIALS and METHODS«.

For molar ratios of 23S to 5S or 5.8S rRNAs, respec-
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quantify the amount of particle formation and to evaluate the molar ratio
of 55 rRNA incorporation (Table I).

Particles reconstituted with 55 rRNA from B.stearothermophiius were mixed
with [32P]-labelled native 50S subunits from E.coli (a gift from R. Brima-
combe) and analyzed by sucrose gradient analysis as described (19).

In addition, 5'-[32Pj-labelled 5S rRNA was re-extracted from those
sucrose g¢radient fractions containing the reconstituted 50S subunits and
sequenced according to published methods (28, 29) in order to validate the
authenticity of the 5S rRNA incorporated.

RESULTS
505 ribosomal incorporation of eubacterial 5S rRNA species

Reconstitution mixtures of B.stearothermophilus 1large ribosomal subunits

yielded comparable biological activities if reconstituted in the presence

of eubacterial 5S rRNAs from B.stearothermophilus, E.coli or (aulobacter
sp. (Fig. 1 a). Sucrose gradient analyses of reconstituted particles in the
presence of [32P]-labelled native .50S ribosomal subunits from £.coii
revealed an identical migration behaviour (data not shown), thus proving
that the reconstituted particles sediment with an S-value of 50. Further-
more no differences in biological activity were observed if eubacterial 5§
rRNAs were not preincubated or were preincubated at 60°C - either followed
by immmediate cooling on ice or renaturation in steps of 1°C/1,5 min. -
(data not shown).

The sucrose gradient profiles for the incorporation of B.stearother-
mophilus or E.coli 5S rRNA (Fig. 2 A and B) showed no significant differen-

ces, thus supporting the exchangeability of eubacterial 5S rRNA species in
the »in vitro« assembly of B.stearothermophilus 508 ribosomal subunits.
Correlating the main absorption fractions (Fig. 2, fractions 12-17 in A and
B) with the amount of incorporated 55 rRNA, we calculated a 1:1 molar ratio
of 55 rRNA/50S particles (Fig. 2 A and B, Table I), i.e. each 50S particle
contains one B.stearothermophilus or E.coli 5S rRNA molecule.

50S ribosomal incorporation of archaebacterial 5S rRNA species

Despite the conspicuous deviations from the eubacterial 5S rRNA structure -
especially in the case of the T.acidophilum species - both archaebacterial
55 rRNA molecules clearly behaved in a eubacterial fashion in the reconsti-
tution experiments (Fig. 1 c). Biological activities of the hybrid B.stea-
rothermophilus ribosomal subunit preparations were indistinguishable from
reconstitution assays performed with eubacterial 5S rRNA species. In addi-

tion, the sucrose gradient analysis, as exemplified for the T.acidophilum
55 rRNA (Fig. 2 E), shows the incorporation of the heterologous molecule.

Again, as for the eubacterial 5S rRNAs from B.stearothermophilus and
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small ribosomal small rRNA % Particle Biological
incorporation Formation Activity
5S rRNA:
B.stearothermophilus 100% 56% 60-80%
E.coli 100% 56% 60-80%
Caulobacter sp. n.d. n.d. 60-80%
H.cutirubrum n.d. n.d. 60-80%
T.acidophilum 100% 56% 60-80%
E.arvense 708 56% 40-50%
S.carlsbergensis 70% 56% 40-50%
R.rattus n.d. n.d. 40-50%
5.8S rRNA:
S.carlsbergensis - 48% < 20%
R.rattus - 50% < 20%
- - 56% < 20%

Table I: Analyses of B.stearothermophilus large ribosomal subunits recon-
stituted with different 55 or 5.85 rRNAs. 100% incorporation corresponds to
one 5S rRNA molecule incorporated per one molecule 23S rRNA and 100% par-
ticle formation to 1 Azeo unit of large ribosomal subunits reconstituted
from 1 Azeo unit of 23S rRNA. Values for particle formation were calculated
from sucrose gradient profiles of reconstitution assays employing identical
preparations of 23S rRNA and TP 50 proteins. Biological activity values
(corresponding to plateau values in Fig. 1.) are based on multiple experi-
mental series; n.d. = not determined.

E.coli, a 1:1 molar ratio of 5S rRNA to 50S particles could be calculated
(Fig. 2 E, fractions 8-14).
50S ribosomal incorporation of eukaryotic 5S rRNA species

Reconstitution assays with eukaryotic 5S rRNAs from S.carlsbergensis, E.ar-
vense and R.rattus displayed a significantly reduced biological activity
(Fig. 1 b and d). Sucrose gradient analyses of ribosomal particles formed
in the presence of [32P]-labelled 55 rRNAs from E.arvense and S.carlsber-
gensis revealed a significant incorporation (Fig 2 C and D). However, the
proportion of reconstituted particles containing a 55 rRNA molecule (Fig.
2, fractions 13-18 in C and D) was considerably reduced, i.e. in both cases
only 70% of the particles incorporated a eukaryotic 5S rRNA molecule during
assembly (Table I). The peak fractions of the reconstituted large ribosomal
subunits (Fig. 2 C and D) displayed a reduced sedimentation velocity com-
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pared to native 50S ribosomal subunits or particles reconstituted with
eubacterial or archaebacterial 5S rRNA species (Fig. 2 A, B and E). This
observation is illustrated by a significant displacement of the 260 nm
absorption peaks relative to the radioactivity peaks of 55 rRNA incorpora-
tion (Fig. 2 € and D).

From our results, it is obvious that the decreased biological activity of
particles, which were assembled in the presence of eukaryotic 5S rRNAs, is
proportional to the formation of »minus 5S« particles (Table I)}. This
implies that B.stearothermophilus large ribosomal subunits which contain a
eukaryotic 5S rRNA molecule as an integral component, display activities
similar to those of particles reconstituted with eubacterial or archae-
bacterial 5S rRNAs, at least in the polyphenylalanine-synthesizing system
employed.

508 ribosomal assembly in the presence of eukaryotic 5.8S rRNA and in the
absence of 5S rRNA

The large ribosomal subunit of eukaryotes contains a third 5.8S rRNA spe-
vies which has been included in our studies.

Reconstitution assays performed in the presence of increasing amounts of
5.85 rRNA and in the absence of 55 rRNA showed a corresponding decrease in
biological activity below the background activity of »minus 5S« particles
(Fig. 1 d). This is in accordance with a 10-14% reduction of particle
formation (Table I) compared to equivalent reconstitution assays performed
in the absence (»minus 5S« assays [19], data not shown) or presence of any
investigated 5S rRNA. Clearly, eukaryotic 5.85S rRNAs cause severe per-
turbations of prokaryotic assembly.

In the case of 5.8S rRNA from R.rattus small amounts of radioactively
labelled 5.8S5 rRNA comigrated with the peak of assembled particles (Fig. 2
G). This latter finding may be due to the fact that 5.85 rRNA has a certain
affinity to the E.coli binding proteins E-L18 and E-L25 (22).

DISCUSSION

In summary, our reconstitution experiments have given clear evidence that
eubacterial and archaebacterial 5S rRNAs are more related to each other
than to eukaryotic 55 rRNAs (Fig. 1 and 2). This result had not been
anticipated since the 5S rRNA species from T.acidophilum displays, as
outlined above, structural features which imply an even less overall simi-
larity to eubacterial 5S rRNAs than for any of the eukaryotic 5S rRNAs
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Figure 3: Directionality of 55 rRNA incorporation in the assembly of 50S
subunits. As discussed under »DISCUSSION« the 5S rRNA interacts with 23§
rRNA and ribosomal proteins in an early 50S precursor ('A’'). If the inter-
action is perfect, it will lead to the formation of precursor 'B' to which
the 55 rRNA is firmly bound. Alternatively, if this interaction is not
optimal significant amounts of »dead end« particles 'b' are formed, which
do not retain the 5S rRNA and which cannot revert to precursor 'A'. Only
precursor 'B' undergoes a conformational change that leads to the formation
of functional 50S subunits.

employed in these studies. The only exception is loop ¢ of the [I.acido-
philum 55 rRNA which displays all eubacterial features such as the size of
13 nucleotides and the conserved bases including the two adjacent base
pairs of helix C (3). Thus the data suggest that loop ¢ is involved in
crucial intermolecular contacts during early assembly, which can include
RNA/protein and/or RNA/RNA interactions. This is consistent with the im-
paired incorporation of eukaryotic 5S rRNAs (Fig. 1 and 2) which manifest a
different loop c¢ structure (3).

Recent experiments employing deoxyhexanucleotide hybridization to comple-
mentary single stranded regions of 5S rRNAs and subsequent hydrolysis by
RNase H (30) indicate that the CCGAAC-segment (or the corresponding sequen-
ce in eukaryotic 5S rRNAs) of loop ¢ is the most pronounced region suscep-
tible to RNase H hydrolysis in eubacterial and eukaryotic 55 rRNAs (S.Lo-
renz et al., manuscript in preparation), thus supporting its inferred
importance as an exposed target site for intermolecular contacts.

A positive activation entropy has been reported for both rate-limiting
steps of the »two step« reconstitution procedure of E.coli 508 ribosomal
subunits (31). This high positive entropy of activation is especially
pronounced for the first incubation, thus indicating a low degree of order
in the initial phase of »in vitro« assembly. The initial course of particle
formation is easily disturbed and suggests the existence of labile interme-
diates (31). The existence of a variety of crucial intermolecular contacts
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EUBACTERIA POSITIONS REFERENCES
Anacystis nidulans 2580-2585 35
Bacillus stearothermophilus 2603-2608 36

23s 5'-GUUCGG
Escherichia coli ss ! 1 1 A ! ! s 2603-2608 37
Pseudomonas aeruginosa 2593-2598 38
Thermus thermophilus 573-578 39

PLASTIDS

Zea mays 23s 5'-6GUUCGG 2698-2703 40
ss sildllos

Nicotiana tabacum 23s 5'-AGUUCGG 2614-2620 41
s LI

ARCHAEBACTERIA

Methanococcus vannielii 238 5'~-AGGUUGG 2660-2666 42
s ddolell.s

Halobacterium halobium 23s 5'-GGUCGG 2621-2626 43

Halobacterium maris mortui 58 ! A l ! ! ! -5 44

EUKARYOTA
Homo sapiens 4508-4514 45
Mus musculus 288 5'-AGGUUAG 4199-4205 46
Rattus rattus 58 & ! 6 1 é & ! -5 4278-4284 47
Xenopus laevis 3675-3681 48
Saccharomyces cerevisiae 25s 5'-GGUUAG 2968-2973 49
Saccharomyces carlsbergensis 5s ! 6 l é [ ! -5 2969-2974 50
Physarum polycephalum 26S 5'-AGGUUAG 3291-3297 51

s ddodaclos

Table II: Complementarities between 55 rRNA loop ¢ nucleotides (cor-
responding to positions 42-47 of procaryotic 5S rRNAs) and nucleotides of
the respective 23S equivalent rRNA located in the »peptidyltransferase«
region (corresponding to positions 2603-2608 of E.coli 23S rRNA). Positions
within 23S equivalent rRNAs are given according to the references indi-
cated. The 5S rRNA sequences are taken from ref. 3.

during early assembly, provides a plausible explanation for the impaired
incorporation of eukaryotic 55 rRNAs in the reconstitution procedure for
B.stearothermophilus 50S ribosomal subunits. From the data presented in
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rRNA species Sequences involved in Biological
the interaction activity
23S B.stearo- 3'-GUUCGG-5" -
thermophilus
(INARN
RRKRAK
5S B.stearo- 5'~CAAGCC-3"' 60-80%
thermophilus
RRRRRR
5S E.coli 5'-CAAGCC-3' 60-80%
RRRKARR
5S H.cutirubrum 5'-CAAGCC-3"' 60-80%
ARRRRR
5S T.acidophilum 5'-CAAGCC-3" 60-80%
RRRR R
5S E.arvense 5'=CAAGAC-3' 40-50%
R RARR
58 S.carlsber- 5'-CUAGCC-3"' 40-50%
gensis
* RRAR
5S R.rattus 5'-CUAGUC-3"' 40-50%

Table III: Complementarity between nucleotides 2603-2608 of B.stearo-
thermophilus 23S rRNA and nucleotides 42-47 of the 5S rRNAs used for recon-
stitution. Biological activity values are taken from Table I. Asterisks
indicate nucleotides which are capable to basepair with the 23S rRNA
sequence.

Fig. 1 Db and 4 it is clear that even the presence of a 3-molar excess of
eukaryotic 5S rRNA does not lead to the formation of particle populations
with biological activities comparable to those obtained with eubacterial or
archaebacterial species. We conclude that the deterioration of critical
intermolecular contacts observed for eukaryotic 55 rRNAs results in a
significant formation of »dead end« particles from which the 55 rRNA mole-
cule has been irreversibly excluded (Fig. 3).

A search for conserved sequences in 55 rRNAs, which at the same time are
complementary to conserved 23S rRNA sequences, revealed that nucleotides at
position 42-47 in loop ¢ (3) of eubacterial 5S rRNAs are complementary to
nucleotides located in the 23S rRNA »npeptidyltransfer« region, correspond-
ing to position 2603-2608 (helix 81) of E.coli 23S rRNA (Table II). An
extended search including large ribosomal subunit RNAs from plastids and
eukaryotes (Table II) supports the proposed interaction which, if existent,
might be stabilized by ribosomal proteins, especially in cases where the
proposed base pairing would include a mismatch. In Table III the extents
of complementarity between the B.stearothermophilus 23S rRNA hexanucleotide
sequence (GUUCGG, position 2603-2608) and the different loop ¢ sequences of
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the 55 rRNAs used in these experiments are summarized. The eubacterial and
archaebacterial 55 rRNA sequences permit the construction of six Watson-
Crick base pairs, while the three eukaryotic 5S rRNAs only permit the
formation of five base pairs, and then a G/U base pair for the R.rattus 58
rRNA has to be included. Since the prokaryotic 5S rRNAs yielded ribosomal
particles displaying 60-80% activity compared to 40-50% activity for the
eukaryotic 55 rRNAs (Fig. 1, Table I and III), the data would support the
hypothetical interaction between 5S rRNA and 23S during early ribosomal
assembly.

Other previously proposed interactions, i.e. between nucleotides 72-81 of
E.coli 55 rRNA with nucleotides 143-154 of 235 rRNA (32) or nucleotides 69-
78 of E.coli 55 rRNA with nucleotides 1759-1768 of 23S rRNA (33) and
between nucleotides around position 95 of 55 rRNA with the 3'-end of 165 or

18S rRNAs (34) are not supported by our computer comparison studies (data
not shown).
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