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ABSTRACT - Total reconstitution experiments performed
under various conditions revealed that 55 RNA plays an im-
portant role during the last assembly step in vitro leading to an
active 508 particle. For the preceding steps this RNA species is
dispensable. However, 55 RNA can be integrated efficiently
during any of the assembly steps in vitro.

The 47S particle, reconstituted in two steps and lacking 5§
RNA, shows low but significant activity in many functional
tests. High activity could be obtained by incubating this particle
with 55 RNA alone, demonstrating the importance of the 58
RNA in generating an active ribosomal conformation. In par-
ticular, the activity of the peptidyltransferase (peptidyl-tRNA:
aminoacyl-tRNA N-peptidx;itransferase; EC 2.3.2.12) center is
drastically influenced by 55 RNA. No significant factor-de-
pendent tRNA binding to the A-site was observed with the 47S
particle, in contrast to the corresponding P-site bindin'f%. The
elongation factor G dependent GTPase activity was not affected
by the lack of 5S RNA.

58 RNA is a component of the large subunit from both proka-
ryotic and eukaryotic ribosomes (for recent reviews see refs. 1
and 2). The primary structire of the 55 RNA from Escherichia
coli and various other species is known.

508 subunits from which 55 KNA had been removed showed
greatly reduced activity (3-5), and a more detailed functional
analysis of a totally reconstituted 50S subunit from Bacillus
stearothermophilus lacking 55 RNA revealed low activities in
all ribosomal furictions tested (6). No specific correlation of 5S
RNA with a particular ribosomal function could therefore be
drawn from these experimerits. All the particles obtained either
by dissociating the 55 RNA from native 50S subunits or by total
reconstitution in the absence of 35 RNA lack some ribosomal
proteins as well as 58 RNA. Thus, the decrease of activity of
these particles cannot be unequivocally assigned to the lack of
5S RNA alone. :

Recently, we described a procedure for the total reconsti-
tution of the 50S subunit from E. coli (7). Using this system, we
describe in this paper the role of 55 RNA during assembly in
vitro and the various functional activities of a totally reconsti-
tuted particle lacking 5S RNA.

MATERIALS AND METHODS

Cells from E. coli K12, strain A19, were harvested in early
logarithmic growth phase. 508 subunits were isolated as de-
scribed (8); preparation of RNA and separation of 23S and 58
RNA followed the procedure of ref. 7. Preparation of total
proteins from the 50S subunit (TP50) was as reported recently
(Dohme and Nierhaus, manuscript submitted to J. Mol. Biol.).

Abbreviations: TP50, total proteins from the 508 subunit; EF-T,
elongation factors T (Tu + Ts); EF-G, elongation factor G; ac-, N-
acetyl-; RI, reconstitution intermediate; Aggp unit, that amount of
material that gives an absorbance of 1 when dissolved in 1 ml of solvent
when the light path is 1 cm.
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The two-step procedure for total reconstitution followed that
of ref. 7, with a slight modification, namely, RNA and TP50
were incubated at 44° for 20 min in the presence of 20 mM
Tris-HCI (pH 7.2), 4 mM Mg acetate, 400 mM NH,C], and 2
mM 2-mercaptoethanol; after the Mg** concentration was
raised to 20 mM the mixture was incubated a second time at 50°
for 90 min. ‘

The RNA content of the particles was analyzed by a step-gel
electrophoresis [5 and 10% (wt/vol) polyacrylamide], by the
method of van Diggelen and Bosch (9). RNA was isolated from
the reconstituted particles by phenol treatment (7). It was then
heated for 2 min at 70° in the presence of 1% sodium dodecyl
sulfate and quickly cooled to 0°. The ionic concentrations were
adjusted to those of the electrophoresis buffer, and % volume
of 60% sucrose was added to each sample before it was applied
to the gels. After electrophoresis the gels were soaked (15 min)
in 12.5% trichloroacetic acid in order to fix the RNA, and were
analyzed in a Gilford gel scan spectrophotometer 250. The
absorbance at 260 nm was automatically tecorded.

The binding of C-A-C-C-A-ac[*H]Leu (acLeu, N-acetyl-
leucine) to various particles was measured under conditions of
equilibrium dialysis, as described (10). The two 50-u] chambers
of a cell were separated by a cellulose acetate filter (AC 64) from
Schleicher & Schiill, Dassel, Germariy. Into one chamber were
injected 2.5 A 969 units of particles in 30 ul, and into the other,
80 ul containing 1.2 pM of C-A-C-C-A-ac[*H]Leu, equivalent
to about 30,000 cpm. (An Age unit is that amount of material
that gives an absorbance of 1 when dissolved in 1 ml of solvent
when the light path is 1 cm.) The buffer consisted of 30 mM
Tris-HCI (pH 7.2), 17 mM Mg acetate, 20 mM NH,C], and 150
mM KCl, in 50% ethanol. After 26 hr 4t 4°, duplicate 10-ul al-
iquots were removed from each chamber and assayed for ra-
dioactivity. Each dialysis assay was performed in duplicate.

The references to other methods used are given in Table 2.
Elongation factor G (EF-G) was a kind gift from Dr. C. v.
Meyenburg, University Institute for Microbiology, Copenha-
gen,; the preparation of elongation factors Tu + Ts (EF-T) was
kindly provided by Dr. N. Ulbrich, Max-Planck-Institut, Berlin.

RESULTS AND DISCUSSION

5S RNA and assembly in vitro

Recently we have shown that the assembly in vitro of E. coli
50S subunit proceeds via discrete intermediates (RI particles)
which can be schematically represented as follows:

23S RNA + 5S RNA + proteins —————
mM Mg
RI,(1) (S-value33 S)

e
*
RI(1) W RI* (1) (41 8)
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Table 1. Activities of particles that integrate the 58S RNA
at various assembly stages

First incu-
bation
(23S +
TP50) Poly(U)
- Second incubation system
Temp., (% of
Exp. 58 mM 58 TP- Temp., native

no. RNA Mg" RNA 50 mM Mg** 508)

1 + 0°,4 - - - <1
+ + 50°, 20 5
[RI;, (1) - - Two-step 14
particle] + - Two-step 15
- + Two-step 37
+ + Two-step 34
2 + 44°%4 - - - <1
[RI,; (2) - - 50°, 20 66
particle] + + 50°, 20 52
+ + Two-step 68
3 + Two-
step - - - 76
(reconst.
508
particle)
4 - 0%4 - - - <1
(318 + + 50°, 20 14
particle) + - Two-step 8
- + Two-step 13
+ + Two-step 57
5 — 44°% 4 - - - <1
(428 - - 50°, 20 13
particle) + - 50°, 20 44
- + 50°, 20 17
+ + 50°, 20 71
+ + Two-step 72
6 -~ Two-
step - - - 20
(478 .
particle) - - 50°, 20 19
+ - 50°, 20 46
- + 50°, 20 26
+ + 50°, 20 76
+ + Two-step 77
— Two-
step - - - 18
- Two-
step - - - +5S8 19
Con-
trols Native
508 100 (19400 cpm)
30S alone 433 cpm

The activities were measured under saturating phenylalanine
concentrations (70 pM). After the first incubation the particles
were pelleted through a sucrose cushion: 25 ml of the reconstitu-
tion mixture was layered over 10 ml of 40% sucrose containing the
same ionic concentrations (Beckman SW 27 rotor, 18 hr at 80,000
X g). The pellets were resuspended in a buffer containing 10 mM
Tris-HC] (pH 7.4) and 4 mM Mg acetate and subjected to a second
incubation as indicated. 44°, 4 meéans the first and 50°, 20 the
second step of the two-step procedure (see Materials and Methods).
During all incubations the NH4Cl concentration was 400 mM.
0.04 Asgo unit of 58S RNA and/or TP50 derived from 1.4 Az2¢o units
of 50S subunits was added per one A 260 unit of 23S RNA or particle,
where indicated. When 5S RNA was added to the poly(U) system,
the activity of the 47S particle, reconstituted in two steps and
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RI%((I) + 55 RNA + proteins —————> RI,(2) (48 S)
4 mM Mg

o

R150(2) ——i—’
20 mM

reconstituted 50S subunit
Mgt P
The optimal formation of the intermediate RI*50(1) occurs

during the first-step incubation of the two-step procedure,

whereas the conversion of the RI5o(2) particle to an active 508

subunit occurs in the second-step incubation (Dohme and

Nierhaus, manuscript submitted to J. Mol. Biol.).

The successful incorporation of 55 RNA into the reconstituted
50S subunit can be assessed by measuring the activity of the
particle in the poly(U) system, since in the absence of 55 RNA,
particles with low activities are obtained. In order to identify
the precise assembly step during which 55 RNA was integrated,
we performed the following experiment: RIso(1) and Rl50(2)
particles were isolated. These particles were themselves not
active at all in the poly(U) system. We then determined whether
the addition of 55 RNA to these particles during a second in-
cubation was required to induce activity in the poly(U) system
(Table 1, Exps. 1 and 2). It is clear from these data that both
particles already contained a full complement of 55 RNA, since
a later addition of this RNA species did not increase the activity
of the reconstituted 50S subunit. The Rlso(1) particle needs a
two-step incubation with the addition of proteins to gain full -
activity, whereas a second-step incubation alone (90 min at 20
mM Mg** and 50°) is sufficient for the RI5o(2) particle, without
addition of any 50S component.

The finding that the RI5o(1) particle already contains 5S RNA
is in agreement with previous results on the assembly in vivo,
where the first precursor p;50S was found to contain stoichio-
metric amounts of this RNA species (11, 12).

Reconstitution experiments were performed without 5 RNA
under analogous conditions to those used for the intermediates
and the reconstituted 508 subunit (Table 1, Exps. 4-6). Fig. 1
illustrates the sedimentation properties of the resulting particles.
After incubation at 4 mM Mg*+ and 0°, a 31S particle is found
(Fig. 1A). At the end of the first-step incubation (20 min at 4
mM Mg+ and 44°), the 31S particle is converted to a 425
particle (Fig. 1B), which shows a further increase in S-value to
478 after the second-step incubation (90 min at 20 mM Mg*+
and 50°; Fig. 1C).

The 318 particle requires both a two-step incubation and the
addition of 58 RNA and proteins in order to form a particle that
is active in the poly(U) system (Table 1, Exp. 4). This is a similar
requirement to that of the Rlzo(1) particle (compare with Exp.
1). Furthermore, the conformational change of the RIso(1)
intermediate to the RI*5o(1) particle can occur in the absence
of 55 RNA. Without 58 RNA but in the presence of all other 508
components, the first-step incubation causes conversion of the
31S particle to a 42S particle (Fig. 1A and B), a process equiv-
alent to the conversion found in the presence of 55 RNA. The
428 particle lacking 5S RNA only needs the second-step incu-
bation and the addition of 55 RNA to be converted to a 50S
particle with good activity [Table 1, Exp. 5; compare with the
RI50(2) particle, Exp. 2].

Similarly, the assembly step RI*50(1) — Rls0(2) seems to be
independent of 55 RNA. This is indicated by the result obtained

lacking 58 RNA, was not affected (Table 1, controls), indicating
that 58 RNA was not integrated under the conditions of the
poly(U) system. Therefore it follows that the components used for
the poly(U) system [e.g., tRNA (E. coli) or S-150 enzymes] do not
have to be freed from traces of 58 RNA. An additional control
experiment showed that assays carried out with tRNA and S-150
enzymes both freed of 55 RNA gave similar residual activities of
20% for the 47S particle.
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Sucrose gradient profiles of particles assembled without 5S RNA. TP50 and 23S RNA were incubated together, and 40 ul containing

1 Aseo unit were applied to a 5-20% sucrese gradient (ionic conditions identical to those of the respective incubation mixture; SW 40 rotor, 5
hr at about 150,000 X g). Incubation conditions: (A) 0° and 4 mM Mg**; (B) 20 min at 4 mM Mg** and 44°; (C) standard two-step incubation.
Other components were those of the standard two-step procedure (see Materials and Methods). Each tube in addition contained 0.1 A ¢ unit
of 508 [3H]subunits as a marker (see small A g peak at the 50S position in A and B). The calculation of the S values followed the method of

McEwen (13).

with the 478 particle (two-step reconstituted without 55 RNA).
This particle has an S-value similar to that of the Rls¢(2) particle
(48 S) and can be converted to a highly active particle by a
repetition of the second-step incubation in the presence of 58
. RNA (Table 1, Exp. 6). The addition of 55 RNA alone to the 47S
particle is not sufficient, as the second-step incubation was
found to be indispensable (see controls in Table 1). This may
indicate that the incorporation of 55 RNA at this stage is ac-
companied by a structural rearrangement. We conclude that
5S RNA is not required for the first three steps of assembly in
vitro but plays an important role during the conversion of the
RI50(2) particle to a 50S particle. In spite of this specific in-
volvement of 55 RNA in the course of assembly, this RNA
species can be integrated at each step. This suggests that the
attachment site for 5S RNA on the reconstituted particle is easily
accessible throughout the assembly process in vitro.

Analysis of the 47S particle lacking 5S RNA

Aliquots of a large-scale preparation of 478 particles (600 A g
units) were submitted to both structural and functional tests.
The protein content was determined by two-dimensional
electrophoresis (14). Four proteins (L5, L16, L18, and L25)
were found in reduced amounts, whereas all the other proteins
were present in normal amounts. In order to detect any residual
55 RNA, we examined the RNA by gel electrophoresis (Fig. 2).
The RNA content of 16 Asggg units of native 50S subunits was
compared with that of the same quantity of 47S particles. No
significant absorbance due to 55 RNA was found in the 47S
sample, whereas the native 508 subunits showed a distinct 5S
RNA peak (Fig. 2B). A significant 58 RNA peak could be seen
even with an input of 0.2 Az unit of 508 subunits (absorbance
profile not shown). We conclude that the 47S particle used for
the following tests contained less than 1% 5S RNA as compared
to native 508 subunits. When incubated with 5S RNA alone this
particle became highly active (Table 1, Exp. 6), indicating that
the low activity of the 47S particle is due to the lack of 55 RNA
and not to the reduced amounts of some proteins.

The totally reconstituted 508 particle forms 708 couples with
the same efficiency as native 508 subunits (Fig. 3A and B).
However, the formation of couples is greatly reduced under our
experimental conditions when 478 particles are substituted for
508 subunits (Fig. 3C), and a heavy shoulder of about 62 is seen
instead of a 70S peak.

Other functional tests are compiled in Table 2. The totally
reconstituted 508 particle containing 58 RNA was highly active

in all tests (75-120%, as compared to native 50S subunits) except
in the chloramphenicol binding assay, where about 50% activity
was found.

The general importance of 55 RNA in maintaining an active
50S conformation is indicated by the reduction of various ri-
bosomal activities of the 47S particle. (i) As already described,
the capacity to form 70S ribosomes with native 30S subunits is
greatly reduced (Fig. 3), in contrast to a previous report (5). (#)
The 47S particle shows low but significant activity in protein-
synthesizing systems using both natural (R17) and artificial
[poly(U)] mRNA (Table 2, Exps. 1 and 2, respectively). Little
activity was found in the puromycin reaction. This reaction was
performed after initiation-factor-dependent binding of
acPhe-tRNA to 708 ribosomes, or with C-A-C-C-A-acLeu using
the large subunit only (Table 2, Exps. 6 and 7, respectively). In
both cases a significant activity was found (8 and 14%, respec-
tively). However, substrates known to bind to the peptidyl-
transferase (peptidyl-tRNA:aminoacyl-tRNA N-peptidyl-
transferase; EC 2.3.2.12) center, i.e., chloramphenicol (A-site
region) and the fragment C-A-C-C-A-ac Leu (P-site region) did
not bind to the 47S particle in significant amounts under the
conditions used, whereas some binding of the fragment (15%)
was detected in the presence of chloramphenicol. This drug
markedly stimulates the binding of substrates to the P-site re-
gion of the peptidyltransferase center (ref. 21 and Table 2, Exp.
9). Thus, 55 RNA strongly influences the activity of the pepti-
dyltransferase center.

Some detailed information on the role of 55 RNA with re-
spect to ribosomal function can be obtained from the experi-
ments presented in Table 2. Nonenzymatic binding of tRNA
was tested by the RNase assay (16), in which [14C]Phe-tRNA
in the ternary complex 30S-poly(U){14C]Phe-tRNA is protected
against RNase attack in the presence of functional 508 subunits.
In this test system the 47S particle showed some effect (17%;
Table 2, Exp. 3). To differentiate between binding to the A-site
(entry site of aminoacyl-tRNA) and the P-site (binding site of
peptidyl-tRNA) tRNA was bound enzymatically to the A-site
or to the P-site, respectively. No significant EF-T-dependent
binding of tRNA to the A-site of the 47S particle was observed,
whereas the initiation-factor-dependent binding to the P-site
of the 478 particle was rather efficient (24%, compare Exps. 4
and 5 in Table 2). This finding implies a more direct involve-
ment of 5S RNA in the binding of tRNA to the A-site, whereas
the P-site binding, like other functions tested, is affected indi-
rectly. Our experiments are in full agreement with the hy-
pothesis (22) and with evidence (23, 24) indicating that the
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FIG. 2. Agg profiles of RNA gels. The interface between the 10% (left) and 5% (right) acrylamide gel is indicated by an arrow. (A) Control
gel with 0.5 Agg unit of tRNA and 0.5 Az unit of 5S RNA. (B) Gels of 16 Aggp units of phenol-extracted RNA from native 50S subunits (--)
and 478 particles lacking 5S RNA (—); the Aggo profiles of both gels are presented together.

T-¥-C-G loop of tRNAs interacts with 5S RNA. The T-¥-C-G
sequence is found in all tRNAs except eukaryotic initiator
tRNAs and tRNAs needed in cell wall synthesis (for review see
ref. 2), suggesting that the proposed interaction is specific for
tRNA bound to the A-site.

Surprisingly, the 47S particle was nearly as active as the na-
tive 50S subunit in the EF-G-dependent GTPase reaction (Table
2, Exp. 10), and the kinetics of this GTPase activity were similar
both for the native 50S subunit and the 47S particle (Fig. 4). It
follows that 58 RNA is neither directly nor indirectly involved

Table 2. Activities of reconstituted particles compared to native 50S subunits

Rec. Rec.
50S(+58) 47S(—58)
Controls (cpm) (% of (% of
Exp. Ribosomal function native native
no. System tested Background Native 50S 508) 508) Ref.
1 R17 system Natural mRNA-depen- (308) 179 10150 79.5 23.4 15
dent protein systhesis
2 Poly(U) system Poly(U)-dependent (308) 157 20890 97.9 20.5 12
poly(Phe) synthesis .
3 ['*C]Phe-tRNA binding Nonenzymatic binding (30S) 256 4258 74.3 174 16
(RNase assay) -to ribosome, associa-
tion of subunits
4 EF-T-dependent tRNA binding to the (308) 2405 15530 91.2 4.3 17
[**C]Phe-tRNA A-site
binding
5 IF-dependent tRNA binding to the (30S) 2522 8796 88.4 23.8 18
ac['*C]Phe-tRNA P-site
binding
6  PM reaction with IF- P-site binding and (308) 1310 26230 79.6 8.0 18
dependent bound peptidyltransferase
ac['*C]Phe-tRNA activity
7  PM reaction with Peptidyltransferase (—Particle) 305 25571 83.1 10.0 19
C-A-C-C-A-ac[*H]Leu activity '
8 ['"“C]CAM binding CAM binds to the (—Particle) 61 994 48.5 24 10
(equilibrium dialysis) peptidyltransferase
center (A-site)
9 C-A-C-C-A-ac[*H]Leu Fragment binds to the (—Particle) 11 738 123 0 This paper

binding (equilibrium peptidyltransferase
dialysis) center (P-site)
(+ CAM)

10 EF-G-dependent GTPase

(24) (1512) (129)  (14.5) This paper
(308) 1174 21983 102 82.1 20

The background values in each test were obtained with 30S subunits only (30S) or without ribosomal particles (—particles). The back-
ground was subtracted before the % activities of the reconstituted (Rec.) particles were calculated. All data are average values from two deter-
minations. In Exp. 1 the RNA from phage R17 was used as natural mRNA. (+CAM) in Exp. 9 méans that the C-A-C-C-A-ac[3H]Leu-binding
was measured in the presence of chloramphenicol (0.3 mM). The references for the various test systems are given in the last column. PM,

puromycin; IF, crude initiation factors.
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FIG. 3. Association of 30S subunits with 50S subunits or recon-
stituted particles. 1 A2go unit of 30S subunits was mixed with 1 Azg
unit of 50S subunits (A) or reconstituted 50S subunits (B) or 47S
(—58) particles (C) in the presence of 10 mM Tris-HCI (pH 7.6), 10
mM Mg acetate, 60 mM NH,CI, and 6 mM 2-mercaptoethanol. After
incubation at 37° for 10 min the mixture was applied to a sucrose
gradient (10-30%) containing the same ionic concentrations. Cen-
trifugation was performed in a Beckman SW 40 rotor for 21 hr at

about 40,000 X g.

in this GTPase activity. A factor-independent GTPase activity
of a 5S RNA-protein complex containing L5, L18, and 125 was
found (25, 26). Furthermore, analysis of ribonucleoprotein
fragments derived from 50S subunit- after RNAse digestion

20 T 1 T T
nat.50S
5 151 »
(?o 7" rec.50S
-
x P
€ " 7S
a -
]
2
T 10+ -
= 7
o )
° s
3
u
o
i
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1
1 2

time (min)

FIG. 4. Kinetics of EF-G-dependent GTPase activity using 30S
subunits and native 50S subunits (nat. 50S), reconstituted 50S par-
ticles (rec. 50S) containing 5S RNA, or 47S particles (47S) lacking 58
RNA. The assay was performed as described (20).
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revealed that protein L18 is involved in this factor-independent
activity, whereas intact 55 RNA was not required (27). How-
ever, it is not clear whether this activity is related to the fac-
tor-dependent GTPase activity. EF-Tu seems to carry its own
GTPase center (28), and evidence for a similar center on EF-G
was recently reported (29). It remains open whether the center
of the EF-G-dependent GTPase activity is located on ribosomal
protein or on the factor or on both. However, the involvement
of 58 RNA in this activity can be specifically excluded in view
of the experiments reported here.
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manuscript. We are grateful to Drs. G. Mertens, B. Ulbrich, and G.
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