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Reconstitution of Peptide Bond
Formation with Escherichia coli
23S Ribosomal RNA Domains

Itaru Nitta, Yoshie Kamada, Hiroe Noda, Takuya Ueda,
Kimitsuna Watanabe*

It was recently demonstrated that peptide bond formation can occur using an
Escherichia coli naked 23S ribosomal RNA without any of the ribosomal pro-
teins. Here, the six domains of the 23S ribosomal RNA were individually
synthesized and shown to be capable, when complexed together, of stimulating
the reaction. Omission and addition experiments indicated that the activity
could be reconstituted solely by domain V at a concentration 10 times higher
than that of the intact 23S ribosomal RNA, whereas domain VI could enhance
the activity in trans. These findings suggest that fragments of an RNA molecule
have the ability to associate into a functional whole.

The complete sequence of E. coli 23S ribo-
somal RNA (rRNA) was first determined in
1980; in the following year, a model of its
likely secondary structure was proposed (7).
Subsequent extensive studies on rRNA se-
quences of the ribosomal large subunit span-
ning a wide range of organisms revealed a
common secondary structure comprising six
domains (2). The distinctive features of the
rRNA secondary structure led to the emer-
gence of two interesting speculations con-
cerning the origin of the ribosome in relation
to “the RNA world,” in which RNA is hy-
pothesized to have acquired its genetic infor-
mation and the ability to replicate itself (3).
One is that the prototype of ribosomes was
composed solely of functional RNAs, several
parts of which remain conserved within the
present-day rRNA—and there is abundant
biochemical and genetic evidence suggesting
the direct involvement of conserved nucleo-
tides in critical ribosomal functions (4). Fol-
lowing a series of substantive studies to de-
fine the minimal components necessary for
the ribosome to carry out its functions (5-7),
we were finally able to conclude that peptide
bonds can indeed be formed solely by rRNA
without the need for any of the ribosomal
proteins (8). The second speculation advanc-
es a possible solution to the problem that
rRNA molecules are too long to have been
formed by chance in a few simple evolution-
ary events. Because conserved regions of
large subunit rRNAs are flanked by variable
regions (2), it can be inferred that RNA frag-
ments, associating through base-pairing and
tertiary interaction, are likely to have preced-
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ed the contemporary TRNA. To substantiate
this idea experimentally, the proposed six
domains of E. coli 235 rRNA were synthe-
sized individually and then assayed for the
reconstitution of peptide bond formation, one
of the main ribosomal activities, by associat-
ing some of the domains.
N-acetylphenylalanylphenylalanine (Ac-
Phe-Phe) formation from the peptidyl-trans-
fer RNA (tRNA) analog N-acetylphenylala-
nyl-tRNA (AcPhe-tRNA) and phenylalanyl-
tRNA (Phe-tRNA) allowed us to observe the
intrinsic peptidyltransferase activity of . coli
238 rRNA transcribed by T7 RNA polymer-
ase in the complete absence of ribosomal
proteins (8). To obtain a sufficient signal-to-
noise ratio to detect AcPhe-Phe formation,
the system required “self-folded” rRNA (9)
and highly purified AcPhe- and Phe-tRNA
(10). As shown (Fig. 1, A and B), peptide
bond formation activity was successfully re-
constituted using 23S rRNA transcribed in
vitro without any ribosomal proteins (/7).
Active conformation of the 235 rRNA tran-
script was a prerequisite for the activity.
Denaturing by heating at 95°C for 5 min
followed by quenching on ice completely
eliminated the activity. When all the 23S
rRNA domains that were transcribed sepa-
rately in vitro were incubated together in a
self-folding buffer at 37°C for 20 min,
peptide bond formation activity was still
evident, even though it was reduced by
half. To identify the one or more domains
directly involved in peptide bond forma-
tion, bonds were formed using total domain
complexes from which single domains were
omitted in turn. Each complex was incubat-
ed at 37°C for 20 min in the self-folding
buffer. Omission of domains I to IV did not
significantly affect the activity of the com-
plex, whereas a lack of domain V or VI,
respectively, eliminated the activity or re-
duced it by half (Fig. 1B, right). This sug-

gests that the catalytic center for peptide
bond formation might be located in domain
V or VI, or in both.

To clarify this, each domain was individ-
ually self-folded in the same manner as used
for intact 23S rRNA. Only domain V had
readily detectable—-ihough significantly re-
duced (by ~10-fold)—peptide bond forma-
tion activity, especially at higher concentra-
tions (Fig. 1C). At 10 pM, domain V en-
hanced AcPhe-Phe formation to the same
level as that obtained by 1 wM of the active
complex in which all the domains were as-
sembled (Fig. 1, B and C). Figure 1C reveals
that at a high concentration (10 wM), the
other domains also showed slight but discern-
ible levels of phenylalanine incorporation,
ranging from 10 to 25% of the activity ob-
tained with domain V. The most likely expla-
nation for the low levels of activity with
domains other than V is that unspecific inter-
actions between these domains and tRNAs
increased the effective local tRNA concentra-
tions, thereby enhancing the rates of unspe-
cific reactions. This speculation is supported
by the reported possibility that tRNAs contact
several domains, including V (72), as well as
our findings that neither mutations in domain
V nor antibiotics (see below) completely
eliminated peptide bond formation by domain
V alone, the level of remaining activity being
similar to the activities of the other domains
(13).

The fact that peptide bond formation ac-
tivity was eliminated altogether without do-
main V, whereas an absence of domain VI
caused only a modest decrease in the activity
(Fig. 1B, right), indicates that the catalytic
center for peptide bond formation was in
domain V, while domain VI enhanced the
reaction. In experiments that were essentially
the reverse of the omission experiments, we
examined the frans-acting effect of each do-
main with domain V. The results were basi-
cally as expected (Fig. 1D). In this reaction,
the final concentration of domain V was kept
constant at 1 wM, and the concentrations of
the other domains were varied from 0 to 6
wM. Each additional domain enhanced phe-
nylalanine incorporation, but the activity with
2 uM of domain VI was four times that with
2 pM of domains I to IV (Fig. 1D). This
suggests that domain V did not cooperate
with the other domains except for VI and that
domains I to IV had little involvement in
peptide bond formation (74).

To verify that the AcPhe-Phe synthesis
activity was attributable to an intrinsical cat-
alytic reaction in the rRNA transcript, the
effects on the activity of site-directed mu-
tageneses at the two universally conserved
regions close to the so-called “peptidyltrans-
ferase ring” of domain V (4) were investigat-
ed (Fig. 2). One of these regions is the eighth
helical segment in domain V, formed by the
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domain complex, which was then used to recon-
stitute the activity (77). (C) The reaction was

performed with each individual domain, and its concentration dependen-

cy on the activity was investigated (77). (D) The

nucleotides from G2246 to C2258; the oth-
er is the 16th segment from U2506 to
G2583. Both regions have been suggested
to be involved in peptidyltransferase activ-
ity (15). In the first region, replacement of
the wild-type G2252 of domain V by the
other three bases similarly suppressed
AcPhe-Phe formation to around 40% of the
activity of the wild type. In a result appar-
ently inconsistent with our findings, when a
tRNA fragment was used, the U2252 mu-
tation of 235 rRNA eliminated the ribosom-
al activity of peptide bond formation al-
most completely in the presence of ribo-
somal proteins (/5). This discrepancy can
be explained by the effect of the unspecific
gathering of tRNAs as described earlier.
Because, within the limits of experimental
error, the amounts of AcPhe-Phe synthe-
sized by these mutations were similar to
those obtained with individual domains
other than domain V (Fig. 1C), the remain-
ing low activity levels might have been due
to the relatively high concentrations of do-
main V mutants as well as of other domains
(16). All five mutants in the second region
of domain V failed to eliminate peptide
bond formation activity; only the double
mutations C2507U/G2581A and C2507A/
G2581A (where A indicates deletion of the
base) slightly inhibited it by ~10 to 20%,
in contrast to the 60% inhibition obtained
by the mutation of G2252. These findings
mean that mutation at a one or two nucle-
otides in the conserved region near the
peptidyltransferase ring affected the pep-
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tide bond formation activity and that the
variation in the amount of AcPhe-Phe de-
pended on which nucleotide was replaced.
This indicates that the activity of domain V
was not due to the effect of unspecific
interactions between domain V and tRNAs;
domain V actually participated in peptide
bond formation in an enzymatic manner,
and the tRNAs did not recognize the whole
of domain V but just several local regions,
probably around the peptidyltransferase
center.

To further confirm that the activity of
domain V was actually due to peptidyltrans-
ferase, we examined the effects on AcPhe-
Phe synthesis of sparsomycin and neomycin.
Sparsomycin is a universal and powerful in-
hibitor of peptide bond formation. All organ-
isms so far studied are sensitive toward this
antibiotic, suggesting that the drug recogniz-
es a universally conserved, functionally im-
portant site for peptide transfer (/7). By con-
trast, neomycin belongs to the aminoglyco-
side family, members of which are well
known historically for their misreading-in-
ducing effects in bacteria. In addition, all
aminoglycosides impair translocation (/8).
However, there has been no report that neo-
mycin inhibits peptide transfer. As shown in
Fig. 3, the presence of 3 mM sparsomycin
inhibited AcPhe-Phe formation by ~70%,; at
more than 3 mM, sparsomycin reduced the
activity to the same level. The remaining
activity resistant to high concentrations of
sparsomycin might again be due to the effect
of unspecific interactions between domain V
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adding each domain to the reaction mixture containing only 1 pM of
domain V was examined.

and tRNAs. In contrast, neomycin did not
inhibit the reaction at all, whatever the con-
centration, and even showed a tendency to
slightly enhance AcPhe-Phe formation at rel-
atively high concentrations of more than 3
mM. This agrees well with the mechanism of
neomycin, which activates unspecified ami-
noacyl-tRNA binding to the ribosome and
causes codon misreading (/9).

We demonstrated that even without 55
rRNA (20), a catalytic RNA-activating pep-

tide bond formation could be assembled from -

two of the proposed domains of E. coli 23S
rRNA (21), with domain V possessing the
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Fig. 2. Sensitivity of peptide bond formation
activity toward mutations in domain V. Rela-
tive activities of AcPhe-Phe formation carried
out with the wild type or two series of 10 pM
domain V mutants, taking the wild-type activ-
ity as 100%. One series of mutations was
G2252 to A, C, and U; the other was site-
directed mutagenesis at G2581 and its neigh-
boring nucleotides in the secondary structure,
such as C2507 (29).
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essential catalytic core and domain VI as the
frans-acting activator. Extensive mapping
studies on RNA-RNA interaction within ri-
bosomes led to the proposal of functional
interaction between the conserved region
spanning nucleotides 878 to 811 in domain II
and the peptidyltransferase ring in domain V
(22). In contrast to these findings, our study
shows detectable enhancement of AcPhe-Phe
formation when domain V was associated not
with domain II, but with domain VI, suggest-
ing that the 3'-terminal region of 23S rRNA
plays a central role in our system. Although
domain VI contains a single universally con-
served é}ement, the so-called “a-sarcin loop,”
this loop is the target site of ribotoxins and is
involved in translocation, not in peptide
transfer (23). To our knowledge, no evidence
directly implicating domain VI in peptide
transfer has so far been reported. Further
argument requires structural information on
domain VI, with respect to tRNA and the
interaction site of domain V.

Another instance of a domain-like rela-
tionship has been found in the Tetrahymena
Group I self-splicing introns, in which it has
been proposed that the catalytic core lies in
two structuraldomains, P4-P6 and P3-P9,
which were synthesized separately and
shown to be able to self-assemble into a
catalytically active complex (24). In addition,
the separately synthesized P5abc domain was
reported to activate the AP5Sabc deletion mu-
tant of the intron in a frans-acting manner
(25). This modular construction of ribozymes
is analogous to the structure of some proteins
in which multiple structural regions, or do-
mains, interact to create a catalytic center.
Certain protein enzymes, such as E. coli
B-galactosidase (26) and E. coli isoleucyl-
tRNA synthetase (27) are composed of mul-
tiple structural domains that can be separated
and reconstituted in #rans. Considering these
results, RNA catalysts appear in some cases
to be divided into functionally independent
modules, or pieces, which can associate
through tertiary interactions after individual
folding.
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Fig. 3. Effects of antibiotics on the peptide
bond formation reaction. Inhibition profiles of
peptide bond formation with 10 WM domain V
by sparsomycin (O) and neomycin (OJ) are
shown (30).
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polymerase.
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