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It was recently demonstrated that peptide bond formation can occur using an 
Escherichia coli naked 235 ribosomal RNA without any of the ribosomal pro- 
teins. Here, the six domains of the 235 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 235 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 detennined in 
1980: in the following year. a model of its 
likely secondary structure was proposed (1). 
Subsequent extensive studies on rRNA se- 
quences of the ribosomal large subunit span- 
ning a wide fange of organisms revealed a 
common secondary structure comprising six 
domains (2). The distinctive features of the 
rRXA 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 hp- 
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 rmA-and there is abundant 
biochemical and genetic evidence suggesting 
the direct involvement of consenled 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 consenred 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 rRNA. To substantiate 
this idea experimentally, the proposed six 
domains of E. coli 23s  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. 

IV-acetylphenylalanylpl~enylalanine (Ac- 
Phe-Phe) fonnation from the peptidyl-trans- 
fer RNA (tRNA) analog AT-acetylphenylala- 
nyl-tRNA (AcPhe-tRNA) and phenylalanyl- 
tRNA (Phe-tRNA) allowed us to observe the 
intrinsic peptidpltransferase activity of E. coli 
23s  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 ally ribosomal proteins (11). 
Active conformation of the 2 3 s  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 2 3 s  
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 activitp of the com- 
plex, whereas a lack of domain V or VI, 
respectively, eliminated the activitp or re- 
duced it by half (Fig. lB ,  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--though significantly re- 
duced (by - 10-fold)-peptide bond fonna- 
tion activity. especially at higher concentra- 
tions (Fig. 1C). At 10 yM. domain V en- 
hanced AcPhe-Phe formation to the same 
level as that obtained by 1 yM of the active 
complex in which all the donlains were as- 
sembled (Fig. 1. B and C). Figure 1C reveals 
that at a high concentration (10 yM), the 
other domains also showed slight but discenl- 
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 tRUA 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 (12), as well as 
our findings that neither mutations in domain 
V nor antibiotics (see below) completely 
eliminated peptide bond fonnation 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. lB, 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 tl-uiz.r-acting effect of each do- 
main with domain V. The results were basi- 
cally as expected (Fig. ID). In this reaction, 
the final concentration of domain V was kept 
constant at 1 yM, and the concentrations of 
the other domains were varied from 0 to 6 
yM. Each additional domain enhanced phe- 
nylalanine incorporation, but the activity with 
2 yM of domain VI was four times that with 
2 y M  of domains I to IV (Fig. ID). 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 (14). 

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, fonned by the 
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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 2 3 s  rRNA eliminated the ribosom- 
al activity of peptide bond formation al- 
most completely in the presence of ribo- 
somal proteins (15). 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. lC), 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 C2507UlG2581A and C2507Al 
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, hct ional ly im- 
portant site for peptide transfer (1 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 (18). 
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 

and tRNAs. In contrast, neomycin did not 
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Fig. 1. Reconstitution of peptide bond formation 
wlth in vitro-transcribed domains of 235 rRNA 40 
from E. coli. (A) Protein-free peptide bond forma- -C 
tion activity was detected as AcPhe-Phe formation 5 jo from AcPhe-tRNA and Phe-tRNA by intact 235 2 
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rRNA (lane I), the total of its domains (Lane 2), or 
235 rRNA denatured by heating at 9S°C (lane 3). 20 - 
The results for a positive control using the intact 7 
505 ribosomal subunit from E. coli are shown in 2 lo . 
lane 4 (71). (B) (Left) Phenylalanine incorporation +l,n.m,orN 

estimated from the assays shown in (A). (Right) L 
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domain complex, which was then used to  recon- 
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stitute the activity (71). (C) The reaction was 
performed with each individual domain, and its concentration dependen- adding each domain to  the reaction mixture containing only 1 p,M of 
cy on the activity was investigated (77). (D) The trans-acting effect of domaln V was examined. 
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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 (19). 

We demonstrated that even without 5 s  
rRNA (20), a catalytic RNA-activating pep- 
tide bond formation could be assembled from 
two of the proposed domains of E. coli 23s 
rRNA ( 2 4 ,  with domain V possessing the 

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- 
i ty as 100%. One series of mutations was 
C2252 t o  A. C. and U; the other was site- 
directed mutagenesis at C2581 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 
rrans-acting activator. Extensive mapping 
studies on RNA-RNA interaction within ri- 
bosoines led to the proposal of functio~lal 
interaction between the conserved region 
spanning nucleotides 878 to 8 11  in domain I1 
and the peptidyltrailsferase ring in donlain V 
(22). In contrast to these findings. our study 
shows detectable enhancement of AcPhe-Phe 
formatioil when do~nain V was associated not 
with donlain 11, but with doinain 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- 
senred e!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 iinplicating dolllain VI in peptide 
transfer has so far been reported. Further 
argument requires structural infor~natioil 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 Tetr~cti1j;iilei7ii 
Group I self-splicing introns, in ull~icl~ it has 
been proposed that the catalytic core lies in 
two stmctural' domains. P4-P6 and P3-P9, 
which were synthesized separately and 
shown to be able to self-assemble into a 
catalytically active complex ( 2 4 ) .  In addition, 
the separately synthesized PSabc domain was 
reported to activate the AP5abc deletion mu- 
tant of the intron in a trnizs-acting manner 
(25).  This modular construction of ribozynles 
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 
P-galactosidase (26) and E. coli isoleucyl- 
tRNA synthetase (27)  are coinposed of mul- 
tiple sti-uctural domains that can be separated 
and recoilstituted in ti.nf~.c.. Consideriilg these 
results, RNA catalysts appear in some cases 
to be divided into fiulctionally i~ldependeilt 
modules, or pieces, which can associate 
through tertiary interactions after individual 
folding. 

u - 0- 
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Fig. 3. Effects of antibiotics on the peptide 
bond formation reaction. Inhibition profiles of 
peptide bond formation with 10 p M  domain V 
by sparsomycin (C) and neomycln (C) are 
shown (30). 

References and Notes 
1. H. F. Noller et al., Nucleic Acids Res. 9, 6167 (1981). 
2. H. A. Raue, J. Klootwijk, W. Musters, Prog. Biophys. 

Mol. Biol. 51, 77 (1988). 
3. C. R. Woese, The Genetic Code: The Molecular Basis 

for Genetic Expression (Harper & Row, New York, 
1967), pp. 179-195; F. H. C. Crick, J .  Mol. Biol. 38, 
367 (1968). 

4. H. F. Noller, Annu. Rev. Biochem. 60, 191 (1991); R. 
Green and H. F. Noller, ibid. 66, 191 (1997). 

5. H. Schulze and K. H. Nierhaus, EMBO J .  1,609  (1982). 
6. F. j. Franceschi and K. H. Nierhaus, J. Biol. Chem. 265, 

16676 (1990). 
7. H. F, Noller, V. Hoffarth, L. Zimniak, Science 256, 

1416 (1992). 
8. 1. Nitta, T. Ueda, K. Watanabe, RNA 4, 257 (1998). 
9. Using polymerase chain reaction (PCR) amplification, 

all the ribosomal genes were obtained from pEC23SN 
constructed in our previous study (8). Escherichia coli 
235 rRNA and its proposed domains prepared by T7 
RNA polymerase were dialyzed against a "self-fold- 
ing" buffer: 50 m M  Hepes-KOH (pH 7.5), 20 m M  
magnesium acetate, and 400 m M  NH,CI. Before the 
assay for peptide bond formation, the transcripts in 
the self-folding buffer were heated at 65°C for 10 
min and then cooled t o  37°C over a period of 90 min 
for the complete self-folding of 235 rRNA or of its 
individual domains, or at 37°C for 20 min t o  recon- 
stitute the active complex from several domains. 

10. Deacylated-tRNA specific to phenylalanine from E. 
coli MRE600 was isolated from the total tRNA by 
using a solid-phase-attached DNA probe, 5'-TGGT- 
GCCCGGACTCGCAATCC-Biotin-3'. The tRNA was 
phenylalanylated wi th the 5100 fraction from E. coli 
followed by acetylation wi th acetic anhydride. The 
Ac[14C]Phe-tRNA and [14C]Phe-tRNA obtained (spe- 
cific activity: 9.2 X 10 pmol/cpm) were purified by 
high-performance liquid chromatography (HPLC) us- 
ing a C, column, and stored at -20°C in a tRNA stock 
buffer [20 m M  potassium acetate (pH 5.5) and 5 m M  

MgCI2I. 
11. Assay for peptide bond formation: AcPhe-Phe synthe- 

sis was carried out at 37°C for 60 min in 25 p l  of a 
reaction mixture containing 1.0 t o  10.0 p M  235 rRNA 
or its one or more domains, 1.0 p M  Ac[14C]Phe- 
tRNA, 50.0 nM [14C]Phe-tRNA, 50 m M  Hepes-KOH 
(pH 8.2), 30 m M  MgCI,, and 160 rnM NH,CI. Both the 
AcPhe- and Phe-tRNAs were labeled wi th [14C]phe- 
nylalanine so they could be detected during purifica- 
t ion by HPLC. Unlike in previous work, SDS was not 
added because AcPhe-Phe formation from the highly 
purified AcPhe- and Phe-tRNA was sufficiently effi- 
cient. Taking the reaction wi th 1.0 p.M domain V as 
an example, the mixture was made up of 1.25 p.1 of 
1.0 M Hepes-KOH (pH 7.8). 1.06 p1 of 500 m M  
MgCl,, 2.5 p1 of 10.0 ILM domain V in the self-folding 
buffer, 2.5 p1 of 10.0 p M  AcPhe-tRNA in the tRNA 
stock buffer, 1.25 p.1 of 1.0 p M  Phe-tRNA in the tRNA 
stock buffer, 7.5 p1 of self-folding buffer, 0.25 p1 of 
tRNA stock buffer, 1.0 pI of 1 N KOH, and 7.69 PI of 
ddH,O. The following factors of pmoliA,,, were used 
t o  estimate the concentrations of the RNAs: 36 for 
235 rRNA; 228 for domain 1; 189 for 11; 335 for 111; 347 
for IV; 222 for V; 757 for VI: 1500 for tRNA. After 
incubation for peptide bond formation, the reaction was 
stopped and the aminoacyl bond was hydrolyzed by 
heating for 60 min at 95°C. The products contained in 
25 p l  of the reaction mixture were analyzed by thin- 
layer chromatography (TLC) (silica gel plate, developed 
with n-butanollacetic acidlH,O = 410.911). The activity 
of peptide bond formation was assessed by the incor- 
poration of ['4C]phenylalanine from [14C]Phe-tRNA 
into Ac[14C]Phe-Phe, which was calculated as the con- 
version of Phe-tRNA to AcPhe-Phe using the following 
formula: (half the amount of the radioactivity of the 
spot corresponding to AcPhe-Phe)i(the amount of ra- 
dioactivity from Phe - half the amount of the radio- 
activity from AcPhe-Phe). In every assay, the reproduc- 
ibility and background level were confirmed by simul- 
taneous reactions with 1 y M  self-folded and denatured 
wild-type 235 rRNAs, respectively. All the quantitative 
results are mean values from experiments repeated at 
least three times. In the reaction shown in Fig. 16, right, 
the domains were preincubated at 37°C in the self- 

folding buffer. By contrast, before the reaction shown in 
Fig. lC, each individual domain was heated at 65°C for 
10 min and then slowly cooled. Since the concentration 
of each domain in Fig. 1B was 1 pM, the total for all the 
domains except V was 5 p.M fragments, which gave less 
than 1% of the phenylalanine incorporation. In Fig. 1C. 
however, the average activity with 5 p M  of each do- 
main was shown to be around 5%. The most likely 
explanation for this inconsistency is the difference in 
the preheating of the domains, Identification of the 
products: The reaction products-AcPhe-Phe, AcPhe, 
and Phe-were identified by TLC with two different 
solvent systems (n-butanoliacetic acidiH,O and CHCI,I 
methanol) as well as by HPLC with an octadecylsilane 
column using authentic materials synthesized chemical- 
ly. In addition, the spot corresponding to AcPhe-Phe was 
extracted from the TLC plate [j. C. Seidman, 8. G. 
Barrell, W. H. McClain, j. Mol. Biol. 99, 733 (1975)l and 
acid hydrolysis of AcPhe-Phe was carried out in 6N HCI 
for various time periods (1 t o  12 hours) at 105°C [W. H. 
McClain, C. Guthrie, B. C. Barrell, J. Mol. Biol. 81, 157 
(1973)l. After the reaction of 1 hour, not only Phe but 
AcPhe could be detected on the TLC plate, the latter of 
which disappeared quickly in the longer reaction peri- 
ods. After 12 hours of reaction, AcPhe-Phe was com- 
pletely converted t o  Phe. This means that AcPhe-Phe is 
degraded into Phe and acetic acid, pattly via AcPhe. We 
then examined what happened if only one of the two 
input tRNAs was used. When only AcPhe-tRNA was 
incubated with domain V, AcPhe was solely recovered 
by the above procedure, whereas Phe and a very small 
amount of Phe-Phe were detected in the case of using 
only Phe-tRNA, suggesting that the peptide transfer can 
occur between two Phe-tRNAs, but not between two 
AcPhe-tRNAs. For futther confirmation of the products, 
we carried out the following experiments. When pep- 
tide bond formation was performed with domain V 
using radiolabeled AcPhe-tRNA and unlabeled Phe- 
tRNA, we found only spots corresponding to AcPhe-Phe 
and AcPhe. In contrast, two spots for AcPhe-Phe and 
Phe were observed in the cases of unlabeled AcPhe- 
tRNA and labeled Phe-tRNA, which are the same results 
as already reported (8). This also serves to confirm that 
the product is really AcPhe-Phe. 

12. H. A. Raue, W. Musters, C. A. Rutgers, J. V. Riet, R, J. 
Planta, rRNA: From Structure to Function, W. E. Hil l  et 
a/., Eds. (American Society for Microbiology, Wash- 
ington, DC, 1990), pp. 217-235. 

13. Additional experimental results indicated that the 
reaction was completely suppressed by denaturing at 
95°C any of the 235 rRNA domains as well as by 
digestion of the domains wi th either pyrimidine- 
specific ribonuclease A (RNase A) or guanine-specific 
RNase T1 (28). Furthermore, RNAs unrelated t o  
rRNA, such as polyuridylate and polyadenylate, were 
found t o  never enhance AcPhe-Phe synthesis at high 
concentrations on either a mole or weight basis, 
whereas 165 rRNA did so at the same level as that of 
the domains other than V (28). These findings give 
weight to the proposition that tRNAs are unspecifi- 
cally gathered by 235 rRNA domains other than 
domain V. 

14. Effective activation in the presence of domain VI was 
further supported by the following facts. First, the 
amount of AcPhe-Phe formed by domain V together 
wi th domain I, 11, Ill, or IV was similar t o  that formed 
by each of these domains without domain V (com- 
pare Fig. 1, C and D), whereas the amount formed by 
domain V wi th VI reached about the same level as 
that formed by the tota l  domain complex when the 
concentration of domain VI was 4 p.M or more. 
Second, at relatively low concentrations of additional 
domain VI, the incorporation of phenylalanine in- 
creased linearly wi th increments in the concentration 
of domain VI, but leveled off at around 5 p.M, indi- 
cating that domain V was the central module for 
peptide bond formation and VI was the activator. 
Finally, the activity wi th 1 p M  of domain V and 2 p M  
of domain VI was twice that wi th 3 p M  of domain V 
only (Fig. 1, C and D). 

15. D. Moazed and H. F. Noller, Cell 57, 585 (1989); R. R. 
Samaha, R. Green, H. F. Noller, Nature 377, 309 
(1995); C. M. T. Spahn, J. Remme, M. A. Schafer, K. H. 
Nierhaus, j. Biol. Chem. 271, 32849 (1996); C. M. T. 
Spahn, M. A. Schafer, A. A. Krayevsky, K. H. Nierhaus, 

668 31 JULY 1998 VOL 281 SCIENCE www.sciencemag.org 



R E S E A R C H  A R T I C L E  

;bid., p. 32857; B. T. Porse, H. P. Thi-Ngoc, R. A. 
Garrett,]. Moi. 9/01, 264, 472 (1996): R. Green, R. R. 
Samaha, H. F. Noller, ibid. 266, 40 (1997). 

16. In our experiment, we used native tRNA instead of a 
tRNA fragment. According t o  footprinting data, in- 
tact tRNA has multiple contact sites wi th rRNA [M. 
Dabrowski, C. M. T. Spahn, K. H. Nierhaus, EM90 J. 
14, 4872 (1995)], so local mutation of the 235 rRNA 
did not seem t o  be critical wi th regard t o  tRNA-rRNA 
interaction, and high domain V mutant concentra- 
tions resulted in an increment of local concentrations 
of tRNAs due t o  unspecific tRNA-rRNA interactions. 
In support of this notion, the AcPhe-Phe synthesis 
reaction was completely eliminated by digesting the 
domain V wild type or its mutants wi th either RNase 
A or RNase T I  (28). 

17. D. Vazquez, inhibitors of Protein Biosynthesis (Spring- 
er-Verlag, Berlin, 1979); E. Cundliffe, Antibiotic lnhib- 
itors of Ribosome Function, E. F. Gale, E. Cundliffe, 
P. E. Reynolds, M. H. Richmond, M, J. Waring, Eds. 
(Wiley, London, 1981), pp. 402-545; C. T. Tan, A. 
DeBlasio, A. S. Mankin, 1. Moi. Bioi. 261, 222 (1996). 

18. T. P. Hausner, U. Ceigenmuller, K.  H. Nierhaus,]. Bioi. 
Chem. 263, 13103 (1988). 

19. The lowest concentration of sparsomycin needed t o  
almost suppress peptide bond formation wi th the 
naked rRNA, 3 mM, was much higher than the con- 
centrations required in the in vitro system containing 
intact ribosomes, which are on the order of less than 
100 p.M. A likely explanation is that the binding of 
antibiotics affecting ribosomes probably requires 
some of the ribosomal proteins. This likelihood is 
supported by the result obtained previously (8). In 
the conventional puromycin reaction wi th intact r i- 
bosomes which follows the formation of a single 
peptide bond uncoupled from the numerous other 
processes of translation [R. R. Traut and R. E. Monro, 
1. Moi. Bioi. 10, 63 (1964)], 0.5 m M  was a sufficient 
concentration of puromycin for use as an aminoacyl- 

tRNA analog in peptide transfer: however, even high- 
er concentrations of the antibiotic had no effect in 
the previous system wi th naked 235 rRNA. 

20. Although E, coii 55 rRNA is essential for reconstitut- 
ing the active 505 subunit, 55 rRNA had no effect on 
peptide bond formation wi th the naked 235 rRNA or 
its domains (28). The most likely explanation is that 
55 participates not  in peptide transfer but in associ- 
ation of the subunit or translocation, or both, prob- 
ably cooperating wi th ribosomal proteins. By analogy 
wi th known interactions of 55 and 185 rRNA in 
eukaryotes, i t  has been proposed that 55 rRNA is 
involved in an interaction wi th 165 rRNA in the 
ribosome function [A. A. Azad, Nucieic Acids Res. 7, 
1913 (1979)l. 

21. It has been recently reported that modifications of E. 
coli 235 rRNA are essential for peptide bond forma- 
t ion between N-acetylmethionine-(3')ACCAAC(5') 
and puromycin [R. Green and H. F. Noller, RNA 2, 
1011 (1996)l; by contrast, unmodified 235 rRNA can 
work in the system wi th AcPhe-tRNA and Phe-tRNA, 
but our unpublished data revealed that the system 
was abolished by replacement of Phe-tRNA wi th 
puromycin. These findings imply that the role of 
modified nucleotides is not  peptide transfer itself but 
interaction wi th the antibiotic. 

22. W. Stiege, C. Glotz, R. Brimacombe, Nucleic Acids Res. 
11, 1687 (1983); D. Moazed and H. F. Noller, Bio- 
chimie 69, 879 (1987). 

23. 1. C. Wool, A. Cluck, Y. Endo, Trends Biochem. Sci. 17, 
266 (1992). 

24. J. A. Doudna and T. R. Cech, RNA 1, 36 (1995). 
25. G, van der Horst, A. Christian, T. Inoue, Proc. Nati. 

Acad. Sci. U.S.A. 88, 184 (1991). 
26. R. H. Jacobson, X. J. Zhang, R. F. DuBose, B. W. 

Matthews, Nature 369, 761 (1994). 
27. K. Shiba and P. Schimmel, Proc. Nati. Acad. Sci. U.S.A. 

89, 1880 (1992). 

28. 1. Nitta and K. Watanabe, data not shown. 
29. Using an in vitro mutagenesis kit (Bio-Rad), which 

follows the conventional Kunkel's method, plasmids 
carrying 235 rRNA genes mutated in the first region 
were prepared from pEC23SN. On the other hand, 
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