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Ribosome-Catalyzed Peptide-Bond Formation 
with an A-Site Substrate Covalently 

Linked to 23s Ribosomal RNA 
Rachel Green,* Christopher Switzer, Harry F. Nolleri 

In the ribosome, the aminoacyl-transfer RNA (tRNA) analog 4-thio-dT-p-C-p-puromycin 
crosslinks photochemically with G2553 of 23s  ribosomal RNA (rRNA). This covalently 
linked substrate reacts with a peptidyl-tRNA analog to form a peptide bond in a peptidyl 
transferase-catalyzed reaction. This result places the conserved 2555 loop of 23s rRNA 
at the peptidyl transferase A site and suggests that peptide bond formation can occur 
uncoupled from movement of the A-site tRNA. Crosslink formation depends on occu- 
pancy of the P site by a tRNA carrying an intact CCA acceptor end, indicating that 
peptidyl-tRNA, directly or indirectly, helps to create the peptidyl transferase A site. 

Catalysis of peptlde bond formation re- 
quires precise juxtaposition of the acceptor 
ends of P (peptidyl). and A (aminoacy1)- 
site-bound tRNAs 111 the  actlve site of the  
ribosome. Accuinulating evldence points 
to a role for the 233 rRNA in the function 
of peptidyl tralnsferase (1-3). Identification of 
a peptidyl transferase-reactive crosslink be- 

tween a benzoyhenone-der~vatized peptidyl- 
tRNA and A245l-(22452 localized the cen- 
tral loop of domaul V of 23s rRNA to the 
peptidyl transferase site (2).  More recently, 
identification of a base-pairing interaction 
between C74 of P-site-bound tRNA and 
G2252 of domain V established a direct role 
for 23.5 rRNA in the function of peptidyl 
transferase (3).  Here we describe an atnino- 
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with ultraviolet (UV) light (366 nm) ,  total 
R N A  was prepared from the ribosolual 
complexes and analyzed (Fig. 1 A )  (7). 
Exclusive labeling of 23.5 r R N A  is consis- 
tent with crosslinking to the  peptidyl 
transferase center of the ribosome. Based 
on  incorporation of ''P into 23s  rRN.4, 
about 30% of ribosomes were crosslinked 
in the  presence of 20 p,M s4TCPm. T h e  
absence of substantial crosslinking to ribo- 
sornal proteins (8) provides evidence for 
the specificity of the crosslinkeii A-site 
ribosomal complex and the RNA-rich na- 
ture of tlne peptidyl transferase site (9 ) .  
This contrasts with the  recent proposal of 
a proteinaceous A-site environment (1 C ) .  

Digestion of the crosslinked E ,  coli 23.5 
rRNA species n i t h  ribonuclease (RNase) 
T 1  (1 1 )  revealed a single crosslinked prod- 
uct (Fig. 1B). T h e  efficiency and specificity 
of crosslinking was high, which indicates a n  
extremely close juxtaposition of s4TCPm 
and rRNA, comparable to that between 
positio1134 of tRNA and position (21400 of 
163 rRNA (12).  Typically, even highly ef- 
ficient crosslinks to the ribosome, such as 
those obtallned with benzophenone-derivat- 
ized Plne-tRNArl", target multiple rRN.4 
sites (2) .  

Assiglnlnent of the  site of crosslinking to 
pos1tioll G2553 was achieved with RNase 
H digestLon (13) followed by prirner-exten- 
sion analysis (Fig. 1 C )  (14).  T h e  strong stop 
induced by crosslinking with s4TCPm is 
consistent with the estimated crosslinking 
efficiency of 30%. Crosslinkilng of s4TCPm 
to Bacillus stearothe~mophilus ribosomes was 
similarly efficient and also ylelded a single 
RNase T 1  product; primer extension again 
locallzed tlne crosslinked position to nucle- 
otide G2553 (E .  coli numbering) (8). 

T h e  crosslink between s4TCPm and 23.5 
rRNA places the conserved 2555 loop at 
the site of i ~ l t e r a c t i o ~ ~  bet wee^^ the ribo- 
some and the conserved C C A  end of A-site 
tRNA. This conclusion 1s consistent with 
protection of G2553 from chemical modi- 
fication by A-slte tRNA, which depends on  
the presence of the termlnal adenosine 
(A76)  of tRNA (15) and with directed 
cleavage of this region of the R N A  back- 
bone by hydroxyl radicals generated from 
Fe(I1) tethered to the 5'  end of A-site- 
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bound tRNA (1 6). Other biochemical and 
genetic experiments are similarly consistent 
(1 7). Both G2553 and Um2552 are univer- 
sally conserved nucleotides, suggesting pos- 
sible interactions between these nucleotides 
of 23s rRNA and the similarly conserved 
CCA end of A-site-bound tRNA. 

Crosslinked E. coli 50s subunit- 
s4TCPm complexes were isolated and test- 
ed for the ability of the covalently bound 
A-site substrate to participate in peptide 
bond formation (18). The minimal P-site 
oligonucleotide substrate CACCA-(N- 
Ac-Phe) was supplied and its reaction 
with the crosslinked puromycin complex 
was followed by a shift in the electro- 
phoretic mobility of the RNase T1 frag- 
ment of 23s rRNA resulting from acquisi- 
tion of N-Ac-Phe [resulting product, 
N-Ac-Phe-(s4TCPm)-23s T1 oligonucle- 
otide] (Fig. 2A). The rate of reaction of 
the covalently bound substrate is similar 
to that observed in a standard reaction 
with 50s subunits in which free puromycin 
is supplied at a saturating concentration. 
Crosslinked B. stearothermophilus 50S- 
s4TCPm complexes were also reactive in a 
peptidyl transferase reaction (8). Thus, 
the A-site substrate s4TCPm is crosslinked 
to 23s rRNA in its biologically active 
configuration. 

A number of peptidyl transferase-spe- 
cific antibiotics, including chlorampheni- 
col, carbomycin, clindamycin, sparsomycin, 
and puromycin, specifically inhibited the 
crosslinking of s4TCPm to the 2555 loop 
of 23s rRNA; erythromycin and neomy- 
cin, two antibiotics that do not target 
peptidyl transferase, had no effect (Fig. 
2B) (1 9). However, only chlorampheni- 
col, carbomycin, and clindamycin strongly 
inhibited the peptidyl transferase reactiv- 
ity of the crosslinked complex (Fig. 2C) 
(19). Sparsomycin and puromycin, both 
known to directly compete with amino- 
acyl-tRNA binding to the A site, predict- 
ably had no effect on the peptidyl trans- 
ferase activity of the crosslinked complex 
(20, 21). These effects provide further 
evidence that the synthetic substrate, 
s4TCPm, is crosslinked to its physiologi- 
cally correct binding site. 

Crosslinking of s4TCPm is strongly de- 
pendent on occupancy of the P site with 
deacylated tRNAPhe (Fig. 3A). To deter- 
mine which particular features of P-site 
tRNA are required for binding to the A 
site, we constructed several mutant ver- 
sions of tRNAPhe containing alterations of 
the CCA terminus (22). None of the al- 
tered tRNAs, when bound to the P site, 
was able to support efficient crosslinking 
of s4TCPm in the A site (Fig. 3A). Re- 
quirement for a specific Watson-Crick in- 
teraction in the P site between C74 of 

tRNA and G2252 of 23s rRNA (3) was 
demonstrated by the inability of C74A 
mutant tRNA to stimulate efficient A-site 
s4TCPm crosslinking except in the con- 
text of G2252U mutant ribosomes (Fig. 
3B). A properly engaged, intact P-site- 
bound tRNA is required for formation of 
this highly efficient A-site crosslink. 
Thus, the A site on the 50s subunit may 
be incompletely formed (or is inaccessi- 
ble) in the absence of P-site-bound tRNA 

or the P-site tRNA itself provides one or 
more of the A-site binding determinants. 
Cooperative interactions between P-site- 
and A-site-bound tRNAs have been re- 
ported (21, 23). 

Our findings have strong implications for 
the displacement and hybrid state (24) mod- 
els for the movements of tRNA substrates in 
the translational elongation cycle. Both 
models invoke coupling of the peptidyl 
transferase reaction with movement of the 

Fig. 1. Identification and localization of a crosslink A , ,, , ,,,,, 
between r2P]s4TCPm and 23s rRNA. (A) Ribo- 
somal complexes (7) were exposed for various w - n s m w  - I= A*l 

lengths of time to long wavelength (366 nm) UV i 
light. Ribosomal RNAs were extracted with phenol 

\ 
and analyzed on a 3.8% polyacrylamide gel con- 
taining 7 M urea. (B) 32P-radiolabeled A-site sub- B 1 2 

C 0*.?_2-3-' = 
strate r2P]s4TCPm (lane 1) and an RNase TI di- 
gestion of crosslinked 23S rRNA resolved on a 
24% polyacrylamide gel containing 6 M urea (lane 
2) (11). (C) Primer extension analysis of 
crosslinked E. coli 23s rRNA. Lanes: G and A, 
sequencing lanes; 1 to 3, absence of s4TCPm for 
0, 5, and 15 min of exposure, respectively, to UV 
light; 4 to 6, presence of s4TCPm for 0 , 5  and 15 
min of exposure, respectively, to UV light (15). The strong reverse transcriptase stop correlated with the 
presence of crosslinking reagent is indicated at G2553. 

Fig. 2. Peptidyl transferase activity of the A 
crosslinked s4TCPm-50s complex. (A) Peptidyl Time(min) 0 1 2 3 6 42 30 60 

transferase reactivity of s4TCPm covalently bound F"". .OO .37 .52 s2 .I6 'B5 '" 

to ribosomes with P-site substrate CACCA-(N- 
Ac-Phe). Reaction products were analyzed by 

- c l r - d  
nnacted 

RNase TI digestion of 23s rRNA and resolved on .h,mrr- - 
a 24% polyacrylamide gel containing 6 M urea (1 1, 
18). The reaction time and extent of reaction 
(Frxn.) are indicated. (B) Antibiotic inhibition of B c 
crosslinking by s4TCPm to 23s rRNA (19). Val- - 
ues were normalized to 1.0 for the reaction mix- m l - c a r m w -  

ture with no antibiotics. (C) Antibiotic inhibition of -"'mY1-B 
peptidyl transferase activity of crosslinked com- m"d'"'"UIFH 

e x  (s4TCPm-50 ( 1 9  Values were normalized TI:.::' L- ' ' 
1 t 3 

as in (B). Chlor, chloramphenicol; Carbo, carbo- ,m,, r I 
L 

mycin; Clinda, clindamycin; Erythro, erythromy- W U ~ M , ~  C- 
cin; Neo, neomycin; Sparso, sparsomycin; Puro, 

+J 
C 0 1  0 6  86  011 1 0  i -  L '  I I 

puromycin. ~ . u ~ ~ . s t k ~  
Arlsav. .chm 

Fig. 3. Crosslinking of A B 
s4TCPm to the A site of the nm wild-type G2252U 

ribosome depends on occu- 1 2 3 4  1 2 3 4  

pancy of the P site by an in- 
tact tRNA. (A) Analysis of 
tRNAPhe specles with mu- ACaa' 
tant CCA acceptor ends. Ri- c 7 * * m  

bosomal complexes were m ~ ~ ,  
.- -- --XL 

formed (7) with the indicated 
alterations of the CCA ac- 
ceptor end of deacylated 0 2 4 1 E 1 0  

tRNAPhe in the P site and Relative nctivlty 

limiting r2P]s4TCPm in the A 
site and exposed to UV light. Radioactivity incorporated into 23s rRNA was normalized to the amount 
incorporated in the absence of any tRNAPhe. (B) Suppression of C74A tRNAme crosslinking deficiency 
with mutant ribosomes [G2252 to U (G2252U)l. Ribosomal complexes were formed with saturating 
s4TCPm and various tRNAPhe species [lane 1, none; lane 2, wild type (CCA); lane 3, C74A (ACA); lane 
4, C75A (CAA)] and exposed to UV light. Allele-specific primer extension (PSII) was used to compare the 
extent of 23S rRNA crosslinking in wild-type and G2252U mutant ribosomal populations (3). 
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acceptor end of A-site-hound tRNA into 
the P site of the 50s subunit. The efficient 
catalysis performed by the crosslinked com- 
plex suggests that either the crosslinked 
product retains sufficient mobility to under- 
go movement (which may be modest), that 
movement is coupled to intratnolecular rear- 
rangement of 23s rRNA, or that peptidyl 
transfer and ~no\~ement  are sequential rather 
than concerted. 

The active site of the ribosome is thus 
colllposed of at least three distal elements of 
23s rRNA dispersed across the secondary 
structure of domain V (Fig. 4): the 2451- 
2452 region of the central loop of domain V 
must be located near the arninoacyl moiety 
of P-site-hound tRNA ( 2 ) ,  the 2250 loop 
interacts directly with C74 of P-site-bound 
tRNA ( 3 ) ,  and, here, the 2555 loop has 
been localized to the A-site-bound tRNA. 
Such data argue for a primary role for 23s 
rRNA in peptidvl transferase and force con- 
sideration of the steric limitations on  the 
potential involvement of other 23s rRNA 
or rihoso~nal protein elements in this cata- 
lvtic site. 

A and P IRNA faalpr#ntr 
RNArnoIefy 

,? o.,, , 

" u  0, 

2553 

Fig. 4. Secondary structure of domans IV (pari) 
and V of 23s rRNA. The footprnts of A and P site 
tRNAs (closed circles for RNA-protected moeties 
and open circles for acyl-protected moieties) are 
ndicated (15). Several s~tes crosslinked by the 
acceptor end of P- and A-site-bound tRNAs are 
indicated with small arrows (29). Two specific n u -  
cleotides. G2252 and G2553, known to form 
close contact wth the CCA end of P- and A-site- 
bound tRNAs, respectively, are indicated; the 
loops in which these nucleotides are found are 
desgnated the P loop (30) and the A loop. 
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on 12% acrylamde gels (55 cm long, 1 mm thick) 
containing 7 M urea and w ~ t h  the xylene cyan01 dye 
marker run to the bottom (26). Transcripts were pas- 
s~vely eluted Into 0 3 M NaOAc, extracted w~ th  phe- 
nol and chlo:oform, and prec~p~tated. RNAs were 
then labeled w ~ t h  [3T]Cp and TL RNA gase  and 
digested to completion w ~ t h  1 unit of RNase T2 ~n 
100 mM NH40Ac (pH 5 4) at 37°C for 120 mn .  Np 
(Ap, Cp, Gp, and Up) products were resolved by 
paper electrophoresis at pH 3.5 (pyridlne acetate) 
(30 m n at 3000 V) The ntegrlty of the 3'  termin ot 
the mutant tRNAs was at least 75% correct (8). 
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Visual Input to the Efferent Control System 
of a Fly's "Gyroscope" 

Wai Pang Chan, Frederick Prete, Michael H. Dickinson* 

Dipterous insects (the true flies) have a sophisticated pair of equilibrium organs called 
halteres that evolved from hind wings. The halteres are sensitive to Coriolis forces that 
result from angular rotations of the body and mediate corrective reflexes during flight. 
Like the aerodynamically functional fore wings, the halteres beat during flight and are 
equipped with their own set of control muscles. It is shown that motoneurons innervating 
muscles of the haltere receive strong excitatory input from directionally sensitive visual 
interneurons. Visually guided flight maneuvers of flies may be mediated in part by efferent 
modulation of hard-wired equilibrium reflexes. 

Flies are among the most maneuverable of 
all flying animals and generate elaborate 
flight behaviors under visual control ( I ) .  For 
example, a male housefly initiates a correc- 
tive tracking maneuver within 30 ms of de- 
tecting a deviation in the flight trajectory of 
a female that it is chasing (2).  Flies have 
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Fig. 1. (A) Lateral view of a blow fly show- 
ina the haltere (in black) and the anterior 

several uniaue snecializations that enable . L 

them to detect and respond to moving tar- 
gets with such rapidity. These specializations 
include a visual system with a flicker fusion 
rate of 300 Hz (3) and wings capable of 
achieving an aerodynamic performance that 
is two to three times greater than that gen- 
erated bv conventional steadv-state mecha- 
nisms (4\. Perhaps the most rimarkable spe- 
cialization of the flieht svstem of flies is the " ,  
evolutionary transformation of the hind 
wings into equilibrium organs called hal- 
teres, tiny club-shaped organs that beat an- 

neso 
Ph 

\ pleural 
apophys~s 

'PSI 

man for helpful dlscussons. Supported by grants from 
the Natlonal lnst~tutes of Health, the National Sclence 
Foundaton, the Lucle P. Markey ChartabeTrust to the 
Center for Molecular Biology of RNA, and a Burroughs- 
Welcome Career Award to R.G. 

21 November 1997; accepted 10 February 1998 

tiphase to the wings during flight (5). Al- 
though the halteres have lost their aerody- 
namic role throueh evolution, the sensorv " 

fields at their base have hypertrophied rela- 
tive to their ho~nologs at the base of the 
wings (6). In the blow fly Calliphora uicina, 
the haltere is equipped with about 335 
strain-sensitive campanifom sensilla orga- 
nized in five distinct fields on the haltere 
base (7). Sensory cells innervating a sub- 
population of these sensilla encode Coriolis 
forces that result from the cross nroduct of 
the haltere's h e a r  veloc~ty w ~ t h  the angular 
veloc~tv of the flv's bodv around the vaw, 
pitch, or roll axes'(8). %rough their stiong 
connections with steering lnotoneurons of 
the wing, the haltere afferents mediate sta- 
bilizing flight control reflexes (9, 10). With 
their halteres removed, flies are unstable and 
quickly crash to the ground ( 1  1). 

In many animals, efferent regulation 
modulates the sensitivity of sensory systems. 
In mammals, mechanical feedback mediated 
through efferent control of the outer hair 
cells within the cochlea is res~onsible for the 
sharp tuning of the primary auditory recep- 
tors (12). In vertebrate muscle spindles, fusi- 
motor efferents can adjust the length of in- 
trafusial fibers to set the sensitivity of the 
spindle sensory afferents (13). Similarly, in 
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(right) and posterior (left) sp~racles. The 
arrows in thls and subsequent figures in- 
dicate the haltere hinge. (B) Internal vlew DVM 
of the right metapleural region showing 
the origin and lnsert~on of the haltere con- 
trol muscles. The mesothoracic phragma 
was trimmed to expose the muscle ~nser- 1111 
t~on s~tes at the base of the haltere. (C) 
Close-up view of the haltere base show- \ 100 pm 
ing the inseltion sites of the direct control metathoracic coxa 
muscles. The first pterale (PTI) llnes the 
dorsal posterior margin of the haltere - 
base. The second pterale (PT2) IS located 100 pm 

med~ally at the haltere base and bridges 
the dorsal and ventral margin of the haltere's alt~culation with the metathorax, anterior and ventral to the haltere. These four scler~tes are surrounded ante- 
The thlrd pterale (PT3) forms the posterlor corner of the haltere base. The riorly and dorsally by the anterior notal process, posteriorly by the posterior 
largest sclerite, the basalare, IS fused to the pleural process and sits just notal process, and ventrally by the pleural process. 
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