1772 Biochemistry1999,38, 1772-1779

Reconstitution of Functional 50S Ribosomes from in Vitro TranscriptBaifillus
stearothermophilu®3S rRNA

Rachel Green* and Harry F. Noller
Center for Molecular Biology of RNA, Sinsheimer Laboratories,J@rsity of California, Santa Cruz, California 95064
Receied September 17, 1998; Reed Manuscript Receéd Naember 30, 1998

ABSTRACT: In vitro transcripts ofBacillus stearothermophilu3S rRNA can be reconstituted into
catalytically active 50S ribosomal subunits with an efficiency onh43fold lower than that of natural

23S rRNA. Thus, post-transcriptional modifications in 23S rRNA are not essential for the assembly or
function of the 50S subunit of the ribosome. This reconstitution sytem has been used to characterize the
peptidyl transferase activity of site-directed mutations in 23S rRNA at positions G2252, U2506, U2584,
and A2602 Escherichia colinumbering), demonstrating its potential for the analysis of the role played

by 23S rRNA in the function of the 50S subunit of the ribosome.

The 50S subunit of the ribosome is the site of its sole system has been used to characterize several site-directed
catalytic function, peptide bond formation. This macromo- mutations in the peptidyl transferase center of 23S rRNA
lecular complex is composed of two large rRNAs, 5S (15) and to identify a base-pairing interaction between G2252
[approximately 120 nucleotides (nt)] and 23S (approximately in 23S rRNA and C74 of P-site-bound tRNAG). However,
2900 nt), and more than 30 different proteins. The in vivo the chimeric reconstitution approach is experimentally
assembly of this subunit, while not yet well-characterized, awkward, and the efficiency is relatively low. Furthermore,
is clearly a complex, highly ordered event involving a series there is reason to suspect that the observed difficulties in
of noncovalent and covalent RNA and protein processing reconstitution oE. coli 50S subunits may be species-specific.
steps L, 2). Remarkably, the 50S subunit from several First, the 80 nt region oE. coli 23S rRNA that must be
organisms, including eubacterial and archaeal species, carsupplied as natural RNA for the in vitro reconstitution of
be reconstituted in vitro from the individual RNA and protein catalytically active 50S subunits contains no universally
components3—7). While the kinetics of in vitro assembly  conserved post-transcriptional modificatiori¥)( Second,
are slow and the efficiencies in different systems are variable the magnesium and temperature requirements oEtte®li
(10-90%), it nonetheless seems likely that these processeseconstitution systenil@) are more elaborate than those of
share many fundamental features with those of in vivo other 50S subunit reconstitution systems. Efficient reconsti-
assembly. tution in theE. coli system depends on a two-step procedure

These reconstitution systems are a powerful tool for the (a first step at 4 mM Mg and 44°C and a second step at
analysis of the structure, function, and assembly of the 50520 mM Mg** and 50°C) in which the first step exhibits an
subunit 8—13). An in vitro reconstitution system dependent unusually sharp magnesium dependence profile.

on in vitro-generated transcripts of 23S rRNA would provide e were interested in establishing whether the failure of
an improved approach to in vitro genetics of 23S rRNA. in vitro transcripts ofE. coli 23S rRNA to reconstitute into
Recently, we reported that in vitro transcriptsisicherichia active 50S subunits is general or whether a system based on
coli 23S rRNA are severely compromised (5 orders of another organism might provide a more tractable in vitro
magnitude) in their ability to reconstitute into catalytically reconstitution system. In this study, a DNA vector was
active 50S subunits in standard reconstitution reactiddls ( constructed for runoff transcription d@acillus stearother-
Further analysis indicated that this is likely due to the absencemophilus23S rRNA by T7 RNA polymerase and for single-
of post-transcriptional rRNA modifications critical for either  strand-based site-directed mutagenesis of this gene. Next it
the in vitro assembly or function of this subunit Bf col. was shown that in vitro transcripts Bf stearothermophilus
Mapping studies identified an 80 nt region of 23S rRNA 235 rRNA can be reconstituted into catalytically active 50S
(containing six post-transcriptional modifications) responsible sybunits with efficiencies only-34-fold lower than that of
for this deflClency, a”OWlng for the substitution of the natural rRNA. Different methods of preparation &
remainder of the 2900 nt molecule with in vitro-transcribed Stearothermophi|umta| r-proteins and rRNA were Compared
rRNA in what was termed a “chimeric reconstitution”. This  with respect to their ability to be reconstituted into catalyti-
cally active 50S subunits. Finally, transcripts containing site-
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Lucille P. Markey Charitable Trust to the Center for Molecular Biology domain V of 23S rRNA were reconstituted, and their peptidyl
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5'end of 23S rRNA in pBST7-23S

EcoRlI 23S rRNA
[Gaa TTC|[TAA TAC GAC TCA CTA TAG GTT AAG CTA GAA

T7 Promoter

3' end of 23S rRNA in pBST7-23S

Clal 23S rRNA Bbsl Pstl
-——

CGA GGG CTT AAC CTA TCE TCT TCE TGC AG|——

Ficure 1: Nucleotide sequences found surrounding thensl 3 ends of theB. stearothermophilu23S rRNA gene in pBST7-23S. Various
restriction sites and the T7 RNA polymerase promoter are boxed, and the specific ends of the 23S rRNA transcriptional unit are indicated

with arrows.

MATERIALS AND METHODS

Bacterial Growth and Ribosome Preparation. B. stearo-
thermophilusstrain 799 was grown and 70S ribosomes and
50S subunits were prepared essentially as described prev
ously (19), except that a French press was used instead of
alumina to lyse the bacterial cells.

Construction of Plasmid pBST7-2352.5 kilobase (kb)
BanHI—Clal 23S rRNA fragment was isolated frorB.
stearothermophilusRNA operon-containing plasmid pKW233
(20) grown in a methylation-deficient strain d. coli,
GM2163. This fragment was inserted, along with an oligo-

nucleotide cassette composed of annealed oligonucleotides

26.1 (3-GGA-AGA-CGA-TAG-GTT-AAG-CCC-TCG-AT-

3) and 32.1 (5CGA-TCG-AGG-GCT-TAA-CCT-ATC-
GTC-TTC-CTG-CA-3), into BarrHI—Pst-restricted puC118

in a three-piece ligation reaction to generate pBSTN8xt,

the B end (411 nucleotides) of the 23S rRNA gene was
amplified by polymerase chain reaction (PCR) using the
following oligonucleotide primers (53.1,-&6GT-AAC-ACG-
CAT-ATG-TAA-TAC-GAC-TCA-CTA-TAG-GTT-AAG-
CTA-GAA-AGG-GCG-CA-3; and 21.13, 5TCA-GGA-
TCC-GCT-CGG-GAG-GGA-3. Reamplification of this
product with primer 26.31 (8GCG-GAA-TTC-TAA-TAC-
GAC-TCA-CTA-TA-3) and 21.13 yielded a PCR DNA
product that was digested wiBanH| and EcaRI and ligated
into BanHI—EcaRlI-restricted pBST7-3 The product of this
ligation was pBST7-23S. Sequence data were obtained for
the B and 3 ends of the 23S rRNA gene in the final clone
covering the ligation junctions and the PCR-amplified region;

the nucleotide sequences of these regions are shown in Figur&

1.

Site-Directed Mutagenesi®ligonucleotide-directed muta-
tions were constructed in pBST7-23S as described previously
(16) using the following mutagenic primerk (coli number-
ing will be used throughout the paper): 2252 (Uy&GA-
GGC-GAC-CGC-(AT)CC-AGT-CAA-ACT-G-3 2506 (A,

C, and G), 5TGC-GAT-GAG-CCG-(CGT)CA-TCG-AGG-
TGC-C-3; 2584 (A and C), 5ACG-ACG-TTC-TGA-
(CGT)CC-CAG-CTC-GCG-T-3 and 2602 (C), 5TAG-
GGA-CCG-AAC-(ACG)GT-CTC-ACG-ACG-T-3

Preparation of Proteins and rRNA from Ribosonigstal
rRNA (urea/magnesium at pH 2.0) and TP70 (urea/
magnesium at pH 2.0) were prepared fr@nstearother-
mophilus 70S ribosomes (or 50S subunits) as described
previously @1). The B-L3 protein fraction was prepared as
described previously4j. Total rRNA (phenol) and TP70
(acetic acid) were alternatively prepared fr@nstearother-
mophilus70S ribosomes essentially as describedHocoli

subunits 22), with the following exceptions. To completely
extract theB. stearothermophiluproteins from the rRNAs
using phenol, 50 mM ethylenediaminetetraacetic acid (pH
8.0) (EDTA) was added to the standard extraction buffer
[20 mM Hepes/KOH (pH 7.6), 4 mM Mg@Jl30 mM NH,CI,

2 mM spermidine, 0.2 mM spermine, 5 mM 2-mercapto-
ethanol, and 1% sodium dodecyl sulfate] and the resulting
RNA pellet was resuspended in 30 mM Tris (pH 7.5), 20
mM MgCl,, and 6 mM 2-mercaptoethanol. TP70 prepared
with acetic acid extraction was dialyzed in the final step
against 30 mM Tris (pH 7.5 M KCI, 20 mM MgCh, and

6 mM 2-mercaptoethanol.

Preparation of in Vitro-Transcribed 23S rRNA vitro
transcripts were transcribed by T7 RNA polymerags) (
from either PCR DNA templates obtained by amplifying
wild-type B. stearothermophilu3S rRNA (8 primer for
23S rRNA, 5TAA-TAC-GAC-TCA-CTA-TAG-GTT-AAG-
CTA-GAA-AGG-GCG-CA-3; and 3 primer for 23S rRNA,
5'-TAG-GTT-AAG-CCC-TCG-ATC-GAT-3) from chro-
mosomal DNA prepared from strain 799 or froBbd-
restricted pBST7-23S and its mutant derivatives. GMP (10
mM) was included in the transcription reaction to generate
transcripts initiated with a monophosphate, mimicking the
natural processed 23S rRNA. Transcripts were separated
from unincorporated nucleotides on a G50-Sephadex (Phar-
macia) gel filtration column (1 cnx 20 cm) run in 30 mM
Tris (pH 7.5) and 20 mM MgGl Recovered RNA was
precipitated with 0.5 M ammonium acetate (pH 6.0) and
resuspended in 30 mM Tris (pH 7.5) and 20 mM MgCl
nd stored at-80 °C.

In Vitro Reconstitution Reactioni vitro reconstitution
was performed with 23S rRNA at a concentration oAZf

per milliliter and 5S rRNA at 0.8;¢0 per milliliter (19); other
reagents, including buffers, salts, and proteins, were varied
as described. The final optimized reconstitution for both
natural and in vitro-transcribed 23S rRNA contained the
following in a 30 uL total volume: 0.2 23S rRNA,
0.01A260 5S rRNA (. coli from Boehringer Mannheim), 3
molar equiv of TP70, 3 molar equiv of B-L3 in 30 mM Tris
(pH 7.5), 0.33 M KCI, 20 mM MgCJ, 0.3 M NH,CI, and 6

mM 2-mercaptoethanol. Reactions were set up on ice by first
adding the RNA components to the buffers and salts and
then adding the protein components. The reaction mixtures
were then incubated at 6@ for 2 h, placed on ice for 10
min, and added directly to peptidyl transferase reaction
mixtures.

Activity Assays.Poly(Phe) synthesis was measured as
described previously usirig. coli 30S subunitsX9). Peptidy!
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transferase activity was measured essentially as describedragment reaction, the minimal P- and A-site substrates,
previously (5) using wild-type and mutant oligonucleotide CACCA-N-Ac-[3°S]Met and puromycin, are combined with
substrates. Reaction products were analyzed either by usinghe various reconstitution mixtures in the presence of high
high-voltage paper electrophoresis and phosphorimagersalt and magnesium and 33% methanol, and the production
quantitation or by directly quantitating the radioactivity in  of N-Ac-[**S]Met-puromycin is followed 14, 24). In both

the ethyl acetate-extracted fraction by scintillation counting. assays, the 50S reconstitution mixtures (using both protein

Sucrose Gradient AnalysiReconstitution reaction mix-

preparations, TP50 and TP50-L3/L3) have approximately

tures were layered onto 10 mL 10 to 40% sucrose gradients5—10-f0|d less activity than untreat@®l stearothermophilus

in 30 mM Tris (pH 7.5), 0.1 M KClI, and 5 mM MgGl(as

50S subunits (data not shown). Although these results are

indicated). Gradients were spun in an SW41 rotor at 22 000 generally consistent with previous observatio2d)( we

rpm for 18 h (4).

RESULTS

found certain aspects of the experimental procedure to be
undesirable. While treatment of the ribosomes with urea/
MgCl, at low pH yielded RNAs that were intact when

analyzed on urea denaturing polyacrylamide gels (data not

Reconstitution of 50S Subunits from Natural 23S and 5S gpown), it also resulted in an rRNA pellet that was extremely

rRNA and Total Proteins Extracted from B. stearothermo-
philus Ribosome<Latalytically activeB. stearothermophilus

difficult to resolubilize, even following incubation for
extended periods of time inJ@ at room temperature. For

50S subunits can be reconstituted from their individual rRNA £ ¢0i 50S subunit reconstitution, the preparation of rRNAs
(5S and 23S) and r-protein components in a single-step 60¢yat reconstitute with high efficiency has been shown to be

°C incubation in buffer containing 30 mM Tris-HCI (pH 7.5),
20 mM MgCh, 0.33 M KCI, and 6 mM 2-mercaptoethanol
(3, 4, 21). The two-step protocol found to be essential for
the reconstitution of activi. coli 50S subunits (including a
low-temperature, low-magnesium incubation followed by a
high-temperature, high-magnesium incubation) is not re-
quired for the reconstitution dB. stearothermophilus0S
subunits. Overall, the efficiency of the in vitro reconstitution
of B. stearothermophiluS0S subunits is comparable to that
of the analogoug&. coli reconstitution (using the fragment
reaction, ca. 30% reconstitution of peptidyl transferase
activity compared to that of native 50S subunit3)-b, 21,
22).

Natural ribosomal RNAs and total protein mixtures from
B. stearothermophilugere prepared from 50S subunits and

highly dependent on careful treatment at all stages of the
purification, including the continuous presence of polyamines
and divalent cations25).

Therefore, we next prepared total protein mixtures and
rRNAs from B. stearothermophilus70S ribosomes by
modification of gentler procedures adapted Eorcoli 50S
reconstitutionp, 22). Total proteins were extracted from the
ribosomes by treatment with acetic acid and magnesium
acetate, precipitated with acetone, and then dialyzed against
protein reconstitution buffer (as aboved6f. Total rRNA
was prepared by successive phenol extraction in the presence
of 0.5% SDS and 50 mM EDTA in a buffer containing 20
mM Hepes/KOH (pH 7.6), 4 mM MgGJ) 30 mM NH,CI, 2
mM spermidine, 0.2 mM spermine, and 5 mM 2-mercapto-
ethanol 26); while the presence of 50 mM EDTA obviates

70S ribosomes with several different procedures. In one the presence of the stabilizing ®fgions, the polyamines

procedure, essentially that of Cohlberg and Nom@&3,(
total proteins (TP50) were prepared frdn stearothermo-
philus 50S subunits by removing them from 23S and 5S
rRNA by treatment with 4.5 M urea/0.5 M Mg&(pH 2.0).

In a modification of this procedure, the proteins were isolated
in two separate fractionst). In the first fraction, the less

may continue to stabilize the rRNAs. Following five phenol
extractions, the rRNAs were precipitated with ethanol and
resuspended in RNA reconstitution buffer (as above). No
proteins (including the extremely tightly bound B-L3) were
found to remain associated with these extracted rRNAs when
analyzed by SDSPAGE (data not shown); notably, when

tightly bound proteins were removed from the 50S subunits EDTA is not included in the phenol extraction procedure,

using 4 M urea/2 M LiCl (TP50-L3). The more tightly bound
proteins (including predominantB. stearothermophiluk3,

the homologue toE. coli L2) were removed from the
remaining core using 4.5 M urea/0.5 M Mg@bH 2.0) (the

L3 fraction). In each step, the rRNAs were removed from
the protein fraction by centrifugation and the protein-

the tightly boundB. stearothermophilugproteins remain
associated with the rRNAs. Using these differently prepared
rRNAs and r-proteins in standarél. stearothermophilus
reconstitution reactions resulted in efficiencies that were
slightly higher than those obtained with reactions using the
urea, MgC}, low-pH extraction procedures, as assessed using

containing supernatant was dialyzed into reconstitution buffer the fragment reaction (see Table 1, experiment 1-Av5-3

with 30 mM Tris-HCI (pH 7.5), 20 mM MgGl 1 M KCI,
and 6 mM 2-mercaptoethanol. Total natural rRNA (including
5S, 16S, and 23S rRNA) was prepared reciprocally by
removing all proteins from 70S ribosomes with 4.5 M urea/
0.5 M MgClk (pH 2.0), recovering the rRNAs by centrifuga-
tion, and then resuspending in,® followed by dialysis
against low-salt reconstitution buffer [30 mM Tris-HCI (pH
7.5), 20 mM MgC}, and 6 mM 2-mercaptoethanol].

The RNA and protein fractions were combined in a
standardB. stearothermophikl 50S subunit reconstitution
at 60°C for 120 min, and the efficiency of the reconstitution

A). Given the favorable comparison in efficiency, the phenol
extraction procedure for rRNAs offers a considerable ad-
vantage over the urea, LiCl, low-pH procedure in terms of
ease and yield.

Cloning of B. stearothermophilus 23S rRNA for in Vitro
Transcription by T7 RNA Polymeras&.pUC118 plasmid
derivative carrying th8. stearothermophilu83S rRNA gene
under transcriptional control of a T7 RNA polymerase
promoter, with aBbd restriction site (nonpalindromic) at
the 3 end of the gene for runoff transcription, was
constructed as follows. The rDNA plasmid pKW2330)

was tested using the “fragment” reaction assay for peptidyl was used as a source of restriction fragments and as a PCR
transferase and poly(U)-templated poly(Phe) synthesis. In thetemplate for all manipulations. In an initial three-piece
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Table 1: Peptidyl Transferase Activity of Reconstituted 50S Subunits Derived from either Natural 23S rRNA or Transcripts Generated by T7
RNA Polymerase Expressed as a Fraction of the Activity of UntreBtestearothermophilu§0S Subunits

23S rRNA 5S rRNA proteins relative activity

experiment 1

A natural natural TP50 (urea/Mggl 0.24

B T7 E. coli TP50 (urea/MgG) 0.033

C T7 B. stearo TP50 (urea/MgG) 0.025
experiment 2

A T7 E. coli TP50 (urea/MgG) 0.044

B T7 E. coli TP70 (AcOH) 0.066
experiments 35
(averaged)

A natural natural TP70 (AcOH) 0.340.11

B T7 E. coli TP70 (AcOH) 0.093t 0.026

a Reconstitution conditions included 23S rRNA atAbg per milliliter and 5S rRNA at 0.8260 per milliliter in 30 mM Tris (pH 7.5), 0.33 M
KCI, 0.3 M NH,CI, 20 mM MgCk, and 6 mM 2-mercaptoethanol. TP50 (urea/Mg@F TP70 (AcOH) and B-L3 were included at a level of 3

molar equiv relative to the RNA input in each reaction; these protein fractions were prepared as described in the text. Natural RNA consisted of

a mixture of 5S, 16S, and 23S rRNA, prepared directly from 70S ribosomes by phenol extrEctoii5S rRNA was purchased from Boehringer
Mannheim, and. stearothermophilusS rRNA was prepared as described previougl) from total rRNA.

ligation, a 2.5 kilobase (kb)BamHI—Clal 23S rRNA
fragment isolated from plasmid pKW233 (grown in a
methylation-deficient strain d. coli, GM2163) was inserted

(PCR or plasmid) used for generating transcript (data not
shown).E. coli 5S rRNA is known to effectively substitute
for B. stearothermophiluSS rRNA inB. stearothermophilus

with an oligonucleotide cassette (see Materials and Methods)50S subunitsZ7, 28); we confirmed these results initially

into BanHI—Pst-restricted pUC118. At this stage, nucleo-
tides extending from position 411 in the 23S rRNA gene
through its 3end were in place, includingBbd restriction
site at the 3end of the gene, in a vector designated pBST7-
3. In a subsequent cloning step, theehd (approximately
400 nt) of the 23S rRNA gene was amplified by polymerase

usingB. stearothermophilusS rRNA purified on 10 to 30%
sucrose gradients from the total rRNA mixture (Table 1,
experiment 1) 26). Omission of 5S rRNA from the
reconstitution reaction mixtures resulted in a-12fold
decrease in peptidyl transferase activity (data not shown).
We subsequently varied the reconstitution conditions in

chain reaction (PCR) (see Materials and Methods). The search of parameters that would increase the level of peptidyl

resulting PCR fragment was digested wiganH|—EcaRl
and inserted intoBamHI—EcdRI-digested pBST7-3to
generate the final plasmid, pBST7-23S. The final clone,
pBST7-23S, was sequenced at both tharl 3 ends of the
23S rRNA gene to confirm that no mutations were incor-
porated during the PCR amplification or ligation steps.
Restriction of plasmid pBST7-23S wibd and subsequent
transcription with T7 RNA polymerase result in the genera-
tion of B. stearothermophilu23S rRNA with a sequence

transferase activity associated with the particles containing
both natural and in vitro transcripts Bf stearothermophilus
23S rRNA. While not exhaustive, the search included
alteration of incubation temperature and length of incubation
(including two-step procedures similar to those usedsor
coli), high-temperature preincubation of the rRNAs (prior
to addition of proteins), variation of mono- and divalent
cations and their concentrations, addition of methanol, and
supplemental 5S rRNA or B-L3 protein fraction. Several

identical to that of the in vivo-processed transcript; the exact alterations resulted in an increase in reconstitution efficiency

sequences of pBST7-23S at thieahd 3 ends of the 23S

of about 3-fold for the natural rRNA and about 9-fold for

rRNA gene are described in Figure 1. This vector also carriesthe in vitro transcript. The optimized conditions include the

an F1 origin, allowing for the preparation of single-stranded
DNA for site-directed mutagenesis approaches.

50S Reconstitution Reactions Using in Vitro-Transcribed
23S rRNAPrevious results indicated that in vitro transcripts
of E. coli 23S rRNA are unable to reconstitute efficiently
into catalytically active 50S ribosomal subunits4). To

addition of 3 equiv of TP70 (rather than 1.5 equiv), extra
B-L3 protein (3 equiv), and the addition of 0.3 M NEI to

the standard 0.33 M KCI (Figure 2). Complete substitution
of the monovalent ion with either Nj&l or KCI did not
improve the efficiency of the reconstitution reaction. Multiple
cation requirements have also been documented for the in

determine whether this property was general for 50S subunitvitro reconstitution of 50S subunits in the archaebacterium

reconstitution or specific td. coli, we prepared in vitro
transcripts ofB. stearothermophilu23S rRNA using T7

Haloferax mediterrane(7). Thus, the reconstituted particles
derived from natural 23S rRNA are 30% as active, and the

RNA polymerase and either a PCR-derived DNA template particles derived from in vitro transcripts &. stearother-

or a Bbd-digested version of plasmid pBST7-23S. Tran-
scripts were incubated with 5S rRNA (fron coli) and TP50
in a standardB. stearothermophiluss0S reconstitution

mophilus 23S rRNA are 10% as active, as natuil
stearothermophiluS0S subunits (Table 1). The final activity
associated with a reconstitut&®l stearothermophilu$0S

reaction, and the peptidyl transferase activity of the resulting subunit containing an in vitro transcript of 23S rRNA (ca.
mixture was assayed. Reconstituted peptidyl transferasel0%) is enhanced 10000-fold compared to that observed with

activity was readily detected from reaction mixtures contain-
ing the in vitro transcripts, although the signal was ap-
proximately 10-fold lower relative to those from reconsti-

similar E. coli in vitro reconstitutions 14).
The structural compactness of tBe stearothermophilus
50S subunits reconstituted from natural and in vitro-

tution reaction mixtures containing natural 23S rRNA transcribed 23S rRNA was compared by sucrose gradient
transcripts. Notably, the reconstituted peptidyl transferase centrifugation analysis. As seen in Figure 3, both natural and
activity was the same independent of the DNA template in vitro-transcribed 23S rRNA are incorporated into 50S-
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0.10
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0.08

natural 23S rRNA

0.06

0.04 —

PT activity

0.02 4

natural 23S rRNA
+
TP50

0.6

0.15 03 0.45

[NH,CI]

Ficure 2: Dependence of the peptidyl transferase activity (ex-
pressed as a fraction of the activity of untreated natial
stearothermophilus§0S subunits) oB. stearothermophilusecon-
stitution reaction mixtures on the concentration (in molarity) of
NH,Cl added as a supplement to the standard reconstitution reaction
mixture at 0.33 M KCI.

0.75

Cc

T7 23S rRNA

like peaks on sucrose gradients with comparable efficiencies.
Further, the 50S-like particles derived from natural and in
vitro-transcribed 23S rRNA are observed with magnesium
concentrations varying from 5 to 20 mM (data not shown),
unlike the 50S-like particles observed with in vitro-
transcribedE. coli 23S rRNA which dissociate in the
presence of lowered Mg concentrations1(d). These data
are consistent with the significant levels of peptidyl trans-
ferase activity associated with these in vitro reconstitution
reactions, although there is no direct structural correlation
to the 3-fold higher activity associated with natural RNA.
Effect of Mutations at G2252, U2506, U2584, and A2602 FIGURE 3: Sucrose gradient analysis of in vitro reconstitution

T7 23S rRNA
+
TP50

; ; ; reactions using natural (a and b) and in vitro-transcribed (T7) (c
(E. coli Numbering) of 23S rRNA on Peptidyl Transferase and d) 23S rRNA. Panels a and c contain data for only 23S rRNA

(natural or T7), and panels b and d represent data for complete
reconstitutions including 23S rRNA (natural or T7), 5S rRNA, and
TP50. The magnesium concentration included in these gradients
was 5 mM; an arrow indicates the mobility of a 50S subunit, and

Activity. To test the utility of such an in vitro reconstitution
system, site-directed mutations were incorporated Bito
stearothermophilus23S rRNA at positions G2252 (U),
U2506 (A, C, and G), U2584 (A and C), and A2602 (C),

nucleotides previously implicated as interacting, directly or Top indicates the top of the gradient.

indirectly, with the 3 terminus of P-site-bound tRNALG, in the presence of A76 mutant tRNA oligonucleotide
29, 30) (the B. stearothermophilusiumbering for these  substrates 15). Finally, nucleotide A2602 displays an
nucleotides is G2280, U2534, U2612, and A2630, respec-interesting modification pattern in the presence of tRNA
tively). In theE. colichimeric reconstitution system, G2252 substrates. In the presence of P-site-bound tRNA, the
was shown using in vitro genetics to interact directly with chemical reactivity of A2602 is enhanced, whereas in the
C74 of P-site-bound tRNA in a WatseiCrick pairing presence of A-site-bound tRNA, its reactivity is decreased
interaction (6). In 70S ribosomes, nucleotides U2506, (i.e., it becomes protected); both the enhancement and
U2584, and U2585 are protected from chemical modification protection are dependent on the presence of the acyl moiety
by carbodiimide in the presence of P-site-bound tRNA; of the bound tRNA 29). Intriguingly, in the presence of
protection is lost, however, when the terminal adenosine of hybrid (A/P)-bound aminoacyl tRNA (non-puromycin-reac-
tRNA is selectively removed?Q). In addition, these nucleo- tive), A2602 is protected from chemical modification,
tides are efficiently cross-linked by benzophenone-derivatized consistent with this nucleotide behaving as an indicator of
A- and P-site-bound tRNA3Q). These data suggest the the “reactive” state of the P-site-bound tRNA1J. It has
possibility of direct pairing interactions between these been speculated that A2602 is intimately involved in the
positions and the terminal adenosine of the P-site tRNA. catalysis of peptide bond formation or in the mechanism of
Previously, using theE. coli chimeric reconstitution, we tRNA movement.

characterized the effects of mutations at position U2585, The mutant 23S rRNA transcripts described above were
where 3-10-fold decreases in peptidyl transferase activity reconstituted with 5S rRNA and TP70, and peptidyl trans-
were observed; no suppression of these defects was observefiérase activity was assayed (Figure 4). G2252U mutant
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not shown). Recent site-directed mutagenesis of these same
positions and an analysis of peptidyl transferase function
negative <0.001 using in vivo-generatedt. coli ribosomes yielded similar
results 82). Finally, mutation of A2602 to C resulted in a
10-fold decrease in peptidyl transferase activity, consistent
with this nucleotide playing an important, though not
. wild-type 1.0 essential, role in the catalysis of peptide bond formation.
These data indicate the potential of this reconstitution system,
dependent on in vitro-transcribed 23S rRNA, to rapidly
screen mutant species for peptidyl transferase phenotypes
A2602C 0.12 worthy of further characterization.

DISCUSSION

The inability to reconstitute 50S ribosomal subunits using
G2252U 0.08 in vitro-transcribed 23S rRNA has been a barrier to the use
of in vitro genetic approaches for the study of ribosomes. In
most organisms, ribosomes carrying mutagenized rRNAs can
only be produced in a background of wild-type ribosomes
because of the multiple rRNA genes located in the chromo-
'. U2506A 0.52 some. And, while the incorporation of antibiotic resistance
mutations in plasmid-borne rRNA genes has allowed for
some analysis of the effects of expression of mutant ribosome
populations in vivo 83), the isolated study of specific
- U2506C 0.63 translational processes is not possible. Analysis of ribosomes
using the rRNA operon-based transformation systerH.in
halobium where there is a single-copy rRNA gene, is limited
by the requirement that only mutations with nonlethal, or

U2506G 0.08 conditionally lethal, phenotypes can be maintain@4).(
Several clever approaches that take advantage of the
differential sensitivities of mutant 23S rRNA populations to
peptidyl transferase and translocation specific antibiotics have
been developed for studying mixed populations of ribosomes
‘ U2584A 1.28 in vitro (35, 36). Yet, while these systems offer important
advantages (in particular, the high yield and quality of in
vivo-generated ribosomes), they are generally limited by the
fact that they only reduce the background signal from the
. U2584C 1.22 wild-type ribosome population by 20-fold (ca. 5%). In
situations where a mutant 23S rRNA species of interest has
diminished, but significant, activity, it may be impossible

FicUre 4: Peptidyl transferase assay. Phosphorimager exposureto detect such a signal over the 5% background level of the
of paper electrophoresis analysis of the peptidyl transferase reactionyi|q type.

catalyzed by the 50S subunits reconstituted from wild-type and . . .
mutant in vitro transcripts oB. stearothermophilu3S rRNA. Previous work demonstrated that in vitro transcript&of

Spots represent the prodidtAc-[3°S]Met-puromycin; the fractional ~ coli 23S rRNA are compromised severely (5 orders of
activity relative to subunits reconstituted from wild-type transcripts magnitude) in their ability to be reconstituted in vitro into
of B. stearothermophilug3S rRNA is indicated. catalytically competent 50S ribosomal subunitgl)( The

ribosomes had 8% of the activity of wild-type ribosomes; cause of this deficiency was localized to an 80 nt region of
this level of activity is consistent with the 7% activity the E. coli 23S rRNA, containing six post-transcriptional
previously reported for this mutant in the chimegc coli modifications, one or more of which is likely to be involved
reconstitution systemlf) and confirms the authenticity of  in in vitro assembly or subunit function. However, the low
this in vitro reconstitution system. Of the three mutations at degree of phylogenetic conservation of these six post-
U2506, U2506G had the most severe peptidyl transferasetranscriptional modificationsl{?) and the elaborate recon-
defect (8% of the wild-type activity) while U2506A and stitution procedure required for thE. coli 50S subunit
U2506C had activities comparable to that of the wild type (relative to, for example, that oB. stearothermophilys
(52 and 63%, respectively). Neither of the mutations at suggested that the difficulties might be peculiar to Ehe
U2584 (U2584A and U2584C) had any detectable effect on coli system 8, 5).

peptidyl transferase activity (128 and 122%, respectively). We therefore extended the reconstitution approach to 50S
Peptidyl transferase assays were performed with the U2506subunits fronB. stearothermophilysa thermophilic eubac-
and U2584 mutant reconstituted ribosomes and A76 mutantterial species that is significantly distant fro. coli
tRNA oligonucleotide fragments [CACCX-Ac-[**S]Met phylogenetically, and whose ribosomes and their reconstitu-
where X is A, C, G, and U15)]; no evidence for altered tion have been extensively characteriz&l 4). In initial
substrate specificity using these substrates was observed (datstudies, urea/LiCl precipitation was used to remove a
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majority of bound proteins from the ribosomal RNA3),( reaction). This level of activity can be contrasted with the
and the remaining tightly bound proteins [in particulBr, extremely low levels of activity associated wikh coli in
stearothermophilug3 (B-L3), the homologue oE. coliL2] vitro-transcribed 23S rRNA<0.001%) in an analogous in
were removed with a subsequent urea/magnesium treatmentitro reconstitution {4). Thus, the one or more post-
at pH 2.0 @). RNA and proteins recovered from these transcriptional modifications i&. coli 23S rRNA identified
treatments were dialyzed against appropriate buffers (con-as critical to the assembly or function of those 50S subunits
taining potassium as the monovalent cation) and used directlydo not appear to be essential in tBe stearothermophilus
in a single-step (2 h at 6TC) reconstitution. The efficiency  system. Notably, while there are clearly post-transcriptional
of the reconstitution is high; using poly(Phe) synthesis, modifications present in thd. stearothermophilu23S
activities can approach 100% of that of untreated 50S rRNA, their location and identity have not been thoroughly
subunits 87), and using the “fragment” peptidyl transferase characterized (P. F. Crain and J. A. McCloskey, personal
reaction, activities vary between 10 and 20% of that of communication). And, while it is possible that post-
untreated 50S subunitg,(21). transcriptional modifications might occur during the actual
Following the success of th@®. stearothermophilus reconstitution reaction with the total protein mixture, in the
reconstitution, Nierhaus and Dohntg) 6uccessfully recon-  case ofE. coli, we have previously shown that no significant
stituted theE. coli 50S subunit from the individual protein  level of modification takes place during this incubation (R.
and RNA components using a substantially different protocol. Green, P. F. Crain, and J. A. McCloskey, unpublished
R-Proteins were removed from the rRNAs using an acetic observations). With few exceptions (including the example
acid extraction and were then dialyzed directly against of pseudouridine), the known post-transcriptional modifica-
appropriate buffer (containing ammonium as the monovalent tions are generated in biosynthetic reactions requiring the
cation). The rRNAs were isolated by phenol extraction of energy of ATP or Sadenosylmethionine, reagents not
the associated proteins (initially in the presence of SSC- supplied in the in vitro reconstitution reactions. These data
EDTA and 10% SDS), ethanol precipitation, and resuspen- are consistent with general observations made in other
sion in buffer. These components were then combined andsystems indicating that the post-transcriptional modifications,
subjected to a two-step reconstitution procedure; step 1which are important for fine-tuning the specificity or rates
proceeded at 40C for 20 min in 4 mM magnesium, and  of biological functions, are not essential for RNA function
step 2 proceeded at 3C for 90 min in 20 mM magnesium. (38, 39). For example, in vitro transcripts d&. coli 16S
Single-step reconstitution protocols in tBecoli system were rRNA lacking all 11 post-transcriptional modifications can
extremely inefficient (ca. 3%) when compared with the two- be reconstituted into 30S subunits with structure and function
step protocols where up to 50% activity was reported. In nearly indistinguishable from those of an untreated particle
the initial study, these authors compared the quality of urea/ (40). Similarly, in vitro transcripts of various tRNAs are
LiCl- and phenol-extracted rRNAs, and urea/LiCl- and acetic efficiently aminoacylated by their cognate synthetases, are
acid-prepared r-proteins, and concluded that the purity of bound in a ternary complex by EF-Tu, and are recognized
the phenol- and acetic acid-treated components, respectivelyas substrates by the ribosordd), Our previous results with
exceeded that of the urea/LiCl-treated components, and wereE. coli 23S rRNA transcripts are likely an exception to a
equally effective in reconstitution assays 21). general rule which can be explained by the unusually specific
Total reconstitution of the 50S subunit has also been requirements of th&. coli in vitro reconstitution reaction
reported for two archael species]. mediterraneiand (18). It should be noted that there have been reports of low
Sulfolobus solfataricués, 7). While the ionic requirements  levels of peptidyl transferase activity (assayed under non-
of the halophile and thermoacidophile are quite distinct from fragment conditions with two intact tRNAs for the aminoacyl
those of the mesophilic and moderately thermophilic eubac- and peptidyl substrates) associated with natural and in vitro
teria, in both cases the RNA and protein components weretranscripts of. coli 23S rRNA incubated in the absence of
prepared essentially according to tBecoli procedures of  ribosomal proteins and 5S rRNAZ, 43). Using our reaction
Nierhaus and Dohme (rRNAs by phenol extraction and TP70 conditions and substrates, we have not observed any detect-
by acetic acid extraction)sj. In this study,B. stearother- able peptidyl transferase activity associated with protein-free
mophilusrRNA and r-protein components were prepared rRNAs (data not shown).
both according to the LiCl/urea extraction procedures of Independent of the biological significance of post-
Nomura and according to the phenol and acetic acid transcriptional modifications in functional RNAs, the recon-
extraction procedures of Nierhaus. Due to clearer partitioning stitution system dependent on in vitro transcripts of 23S
of RNA and protein components using phenol for RNA rRNA described here yields functionally active 50S subunits,
isolation and acetic acid for protein extraction, the purity of and has tremendous potential for addressing questions
the components is higher using these procedures, and theegarding the role of 23S rRNA in its function. Similar
components were equally effective in the in vitro reconstitu- success was recently obtained in the reconstitution of
tion reactions (Table 1, experiment 2). Due to the extreme Thermus aquaticu§0S subunits from in vitro-transcribed
insolubility of the rRNAs following the urea/LiCl/magnesium 23S rRNA @4). Interestingly, in theB. stearothermophilus
(pH 2.0) treatment, we found the phenol extraction procedure system, there was only a £2-fold stimulation of recon-
to be more satisfactory for rRNA preparation. stituted peptidyl transferase activity by 5S rRNA whereas
In vitro-transcribedB. stearothermophilu23S rRNA absolute dependence was observed in Theaquaticus
reconstitutes into catalytically active 50S subunits with an system. The modest effect of 5S rRNA observed inBhe
efficiency only 3-4-fold lower than that of naturaB. stearothermophiluseconstitution system is consistent with
stearothermophilug3S rRNA (10 vs 30% of the activity of ~ our similar analysis irE. coli (R. Green and H. F. Noller,
untreated 50S subunits in the fragment peptidyl transferaseunpublished data).
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The utility of such an in vitro reconstitution approach was
demonstrated with the construction of several 23S rRNA site-
directed mutants at positions potentially involved in donor
tRNA substrate binding or catalytic functio®d) (nucleotides
G2252, U2506, U2584, and A2602 according Eo coli
numbering). Mutation at G2252 (U) resulted in substantial
decreases in peptidyl transferase activity, consistent with
earlier studiesX6). Neither mutation at U2584 (A or C) had
a substantial effect on peptidyl transferase activity, whereas
the G mutation, but not the A or C, at position U2506 had
a substantial (20-fold) effect. No detectable changes in
specificity for A76 mutant tRNA substrates were observed
for the mutations at U2506 and U2584; these data are
consistent with earlier results of Porse et @2)( Last,
mutation at A2602 (C) resulted in a substantial decrease in
peptidyl transferase activity (ca. 10-fold), but not one
consistent with a fundamental role for this nucleotide in the
chemistry of peptide bond formation. Apparently, these and
other (L5, 32, 45) highly conserved and highly accessible
nucleotides in domain V of 23S rRNA are not involved in
simple suppressible Watserick interactions with the
CCA end of P-site tRNA, nor do they appear to be essential
to catalysis of peptidyl transfer. More sophisticated genetic
approaches may be required to identify such nucleotides in
the peptidyl transferase center of the 50S subunit.
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