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ABSTRACT
The binding site of puromycin was probed chemically in the peptidyl-transferase center of ribosomes from Esche-
richia coli and of puromycin-hypersensitive ribosomes from the archaeon Haloferax gibbonsii. Several nucleotides of

the 23S rRNAs showed altered chemical reactivities in the presence of puromycin. They include A2439, G2505, and
G2553 for E. coli, and G2058, A2503, G2505, and G2553 for Hf. gibbonsii (using the E. coli numbering system).
Reproducible enhanced reactivities were also observed at A508 and A1579 within domains | and Ill, respectively, of

E. coli 23S rRNA. In further experiments, puromycin was shown to produce a major reduction in the UV-induced
crosslinking of deacylated-(2N 3A76)tRNA to U2506 within the P ' site of E. coli ribosomes. Moreover, it strongly
stimulated the putative UV-induced crosslink between a streptogramin B drug and m ’A2503/¥2504 at an adjacent site
in E. coli 23S rRNA. These data strongly support the concept that puromycin, along with other peptidyl-transferase
antibiotics, in particular the streptogramin B drugs, bind to an RNA structural motif that contains several conserved

and accessible base moieties of the peptidyl transferase loop region. This streptogramin motif is also likely to provide

binding sites for the 3 ' termini of the acceptor and donor tRNAs. In contrast, the effects at A508 and A1579, which are
located at the exit site of the peptide channel, are likely to be caused by a structural effect transmitted along the
peptide channel.

Keywords: 23S rRNA,; peptide channel; peptidyl transferase; puromycin

INTRODUCTION Several antibiotics have been footprinted on free ri-
bosomes within the peptidyl-transferase loop of 23S
rRNA, including some that bind competitively with pu-
romycin (reviewed in Garrett & Rodriguez-Fonseca,
1995). Moreover, for some of the antibiotics, but not
puromycin, drug-resistant mutants have been isolated
from bacteria and haloarchaea that carry single-site
mutations in the peptidyl-transferase loop (Garrett &
Rodriguez-Fonseca, 1995). This, together with recent
UV-induced crosslinking data for sparsomycin (Porse
et al., 1999b) and for the streptogramin B, pristinamy-
cin IA (Porse et al., 1999a), within this rRNA region
suggest that most, if not all, peptidyl-transferase anti-
biotics bind there (reviewed in Porse et al., 2000).
Localization of the puromycin-binding site is im-
portant for defining the position of the 3’ end of
aminoacyl-tRNA immediately prior to peptide-bond for-
Reprint requests to: Professor R.A. Garrett, RNA Regulation mation (Porse et al., 1995; Kirillov et al., 1997). How-
Centre, Institute of Molecular Biology, University of Copenhagen, . -
Solvgade 83H, DK-1307 Copenhagen K, Denmark; e-mail.  €Ver, these experiments are difficult to execute for
garrett@mermaid.molbio.ku.dk. several reasons. First, puromycin binds very weakly to
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The antibiotic puromycin has played a central role in
our understanding of the mechanism of peptide elon-
gation in the ribosome. This is because it is partially
costructural with the 3’ terminus of aminoacyl-tRNA
(Harris & Symons, 1973) (Fig. 1) and can, therefore,
function as an amino acid acceptor substrate (Traut &
Monro, 1964; Smith et al., 1965). This property of the
drug has been exploited in assays for peptide-bond
formation and elongation. These have yielded impor-
tant, albeit superficial, insight into the mechanisms of
inhibition of peptide-bond formation by many other anti-
biotics (reviewed in Pestka, 1977; Vazquez, 1979; Gale
et al., 1981).
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FIGURE 1. Chemical structures of A: puromycin, and B: the 3'-end
of a phenylalanyl-tRNA molecule.

free ribosomes (Pestka, 1970; Fernandez-Mufioz &
Vazquez, 1973). In addition, because the drug is an
analog of the aminoacyl-acceptor substrate, it is also
a potential analog of the donor substrate, and may
therefore bind weakly in the P’ site (Kirillov et al., 1997)
of free ribosomes (Bourd et al., 1983). Furthermore,
probing in the presence of an active donor substrate
will result in peptide bond formation, which will occur
coincidentally with the probable movement of the
puromycin-peptide complex (Odom et al., 1990).

Several crosslinking investigations with different pu-
romycin derivatives have provided useful information
on the location of the puromycin-binding site. In one
experiment, the derivative [*H]-p-azidopuromycin was
bound to free ribosomes and, upon irradiation with UV
light, crosslinked to positions G2502 and U2504, at the
base of the peptidyl-transferase loop. The derivative
was also crosslinked to protein L23, which binds to
domain Il of 23S rRNA (Nicholson et al., 1982a, 1982b;
Hall et al., 1988). In another experiment, an attempt
was made to locate the equivalent of C-74 of
aminoacyl-tRNA by attaching an affinity label to puro-
mycin (Green et al., 1998). A crosslink was produced to
position 2553 outside of the peptidyl-transferase loop,
some 10 A from the acceptor group of puromycin. Only
in the latter experiment was evidence provided for the
derivatized puromycin occupying a functional acceptor-
substrate site.

In the present work, three strategies are used to lo-
cate the puromycin-binding site and its effects on 23S
rRNA. First, an rRNA-footprinting approach was em-
ployed on puromycin complexed with ribosomes from
Escherichia coli and the haloarchaeon Haloferax gib-
bonsii. The latter ribosomes were included to provide
complementary data from another domain of life and,
moreover, they are hypersensitive to puromycin (Sanz
et al., 1993). Second, a study was made of the effect of
puromycin on the crosslinking of deacylated-(2N;A76)
tRNA bound to the P’ site of 70S ribosome—poly(U)
complexes. Finally, the effect of puromycin on the
putative UV-induced crosslinking of pristinamycin IA
within the peptidyl-transferase loop of 23S rRNA was
examined.
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RESULTS

In vitro rRNA footprinting of puromycin
complexed to E. coli and
Hf. gibbonsii ribosomes

Puromycin—ribosome complexes were formed by incu-
bating ribosomes from E. coli (Makhno et al., 1988) and
Hf. gibbonsii with increasing concentrations of puromy-
cin (0.1, 0.5, 1, 2, and 4 mM). The complexes and
control samples of free ribosomes were then treated
with the base-specific reagents dimethylsulfate (DMS)
[G (N-7) > A (N-1) > C (N-3)], kethoxal [G (N-1, N-2)],
and CMCT (1-cyclohexyl-3(2-morpholinoethyl)-carbo-
diimide metho-p-toluene sulfonate) [U (N-3) > G (N-1)].
After removal of excess reagent and proteins, deoxy-
oligonucleotide primers were hybridized to 23S rRNA,
3’ from the RNA region to be investigated, subjected to
primer extension, and analyzed on polyacrylamide se-
guencing gels.

The most extensive work was done on E. coli ribo-
somes where we studied puromycin complexes sys-
tematically with 70S ribosomes, 50S subunits, and
with polysomes, and for each of the complexes, the
whole range of puromycin concentrations was tested.
Moreover, puromycin aminonucleoside was included
in all of these experiments in the concentration range
0.1 to 2 mM as a control. For the halophile ribo-
somes, only puromycin complexes with 70S ribo-
somes were examined. For the 70S ribosomes of both
organisms, altered nucleotide reactivities, including
protections and enhancements, were observed.
Puromycin-induced effects were not detected at the
lowest puromycin concentration (0.1 mM), in accor-
dance with an earlier observation for E. coli ribo-
somes, which was attributed to the low binding
constant of puromycin (Moazed & Noller, 1987). Auto-
radiograms of gels illustrating some of the changes
for DMS- and kethoxal-modified samples, including
control samples modified in the absence of antibiot-
ics for E. coli and Hf. gibbonsii, are depicted in Fig-
ures 2 and 3, respectively. No reactivity changes were
observed for CMCT-modified samples.

Reactivity changes were quantified by microdensito-
metry relative to adjacent control bands. Representa-
tive scans are illustrated for the reactions at positions
A508 and G2505 at different puromycin concentrations
in Figure 4. All the effects are summarized in Table 1,
where horizontally aligned nucleotides occur at corre-
sponding positions in the two secondary structures of
23S rRNA (Figs. 5 and 6). The intensity changes be-
tween 0 and 2 mM puromycin, for all of the nucleotides,
were in the range 30—70%. There is no reason to ex-
pect that the total intensity change should be similar for
the different nucleotides, as in total they represent dif-
ferences in the accessibility of two chemicals at various
positions in the ribosome in the presence of puromycin.
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FIGURE 2. Autoradiograms showing puromycin-induced changes in nucleotide reactivities of 23S rRNA isolated from 70S
ribosomes of E. coli. Altered reactivities are indicated with arrows. 70S ribosomes and their complexes with puromycin were
modified with DMS or kethoxal (Keth). Unmodified ribosomes (R,), ribosomes modified in the absence of drug (Rn), and
ribosomes modified in the presence of puromycin (P—0.1, 0.5, 1, or 2 mM) were coelectrophoresed in the different
experiments. Identical changes in the modification patterns were also observed for puromycin complexes with 50S subunits
and with polysomes. Lanes A, C, G, and U represent dideoxy-sequencing reactions. The reverse transcription termination
effects are offset by one residue from the corresponding positions in the sequencing tracks.

Most of the altered reactivities were localized in, or
adjoining, the peptidyl-transferase loop of domain V
(Fig. 5). This domain, together with domain 1V, was
screened many times (>20) for altered nucleotide re-
activities in both organisms. The remainder of E. coli
23S rRNA was screened at least twice, and reproduc-
ible enhanced reactivities were observed in domain |
(Fig. 6A) and domain Il (Fig. 6B). The remainder of
the extreme halophile 23S rRNA was also screened,
but additional altered nucleotide reactivities were not
observed.

Similar protection effects were observed for both or-
ganisms at nt G2505 (Figs. 2D, 3B, and 4B) and G2553
(Fig. 2E), using E. coli numbering (Table 1). However,
effects were also detected that were particular to each
organism. In E. coli, enhanced reactivities were seen at
A2439 (Fig. 2C), in addition to A508 (Figs. 2A and 4A)

and A1579 (Fig. 2 B), in domains | and I, respectively.
Reactivity changes in Hf. gibbonsii were observed at
G2058 (G2084) (Fig. 3A) and A2503 (A2521) (Fig. 3B),
that correspond in identity to A2058 and m2A2503, re-
spectively, in E. coli. In vitro footprinting experiments
were also carried out systematically on 70S ribosomes
of another extreme halophile, Hf. mediterranei. Both
halophiles yielded indistinguishable results (data not
shown) for the effects summarized in Table 1, that did
not reflect the 3.5-fold higher sensitivity of the Hf. gib-
bonsii ribosomes to puromycin measured in in vitro
assays (Sanz et al., 1993).

Variable reactivity changes were observed at posi-
tion 2062 in both E. coli and the haloarchaeal ribo-
somes. These weak effects are not included in Table 1
because not all of the criteria for significance (outlined
in Materials and methods) were met. A weak enhance-
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FIGURE 3. Selected puromycin-induced changes in nucleotide re-
activities in 23S rRNA isolated from Hf. gibbonsii. Altered reactivities
G2058 (G2084), A2059 (A2085), A2503 (A2521), and G2505 (G2523)
are indicated with arrows. 70S ribosomes and their complexes with
puromycin were modified with DMS or Keth. Unmodified ribosomes
(Ry), ribosomes modified in the absence of drug (Rn), and ribo-
somes modified in the presence of puromycin (P—0.1, 2, or 4 mM)
were coelectrophoresed in the different experiments. The lanes la-
beled Sp are a reaction with ribosomes modified in the presence of
sparsomycin (1 mM), included as a negative control. Lanes A, C, G,
and U represent dideoxy-sequencing reactions. The reverse tran-
scription termination effects are offset by one residue from the cor-
responding positions in the sequencing tracks.

ment was observed at 2062 of E. coli relative to the
effects at A2058 and A2059 that could not be quantified
because of the lack of strong adjacent control bands.
Moreover, a very weak protection effect was observed
at 2062 for the extreme halophiles (Fig. 3A).

The E. coli experiments were also done on 50S sub-
units and polysomes, and for the latter, two types of
experiments were performed. In one, a mixture of poly-
some peaks was isolated from a gradient before the
addition of puromycin and chemical modification. In the
other, the samples were rerun on a gradient, after in-
cubation with puromycin and chemical modification, and
the stable polysome peaks were again pooled and pre-
cipitated. For each of the ribosomal complexes, the
patterns of altered reactivities were indistinguishable
from those of the 70S ribosomal particles (Fig. 2;
Table 1). In all of these experiments, puromycin amino-
nucleoside was included, which is an analog of puro-
mycin with an amino group replacing the modified
aminoacyl group at the 3’ position. No altered reactiv-
ities were detected in the 23S rRNAs of any of the E.
coli ribosomal particles (data not shown). Control foot-
printing experiments were also carried out on mixtures
of puromycin and free 23S rRNA for E. coli, and on
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FIGURE 4. Microdensitometry scans illustrating the effects at A508
and G2505 over a 0.1-2.0 mM puromycin-concentration range. The
plots represent portions of scanned autoradiogram lanes, with the
ordinate and abscissa in arbitrary units of signal intensity and length,
respectively. Peaks showing enhancement at A508 (A) and protec-
tion at G2505 (B) are indicated with arrows. The labeled control
bands are G496 (a), A504 (b), G518 (c), A2497 (a’), A2503 (b’), and
C2510 (c’). The intensity change at a given position was calculated
using the peak heights with a subtracted baseline correction for each
peak. The total changes in peak intensity for A508 and G2505 were
44% and 52%, respectively. The scans at 0.1 mM puromycin were
indistinguishable from those of samples with no puromycin added.

puromycin complexes with E. coliribosomes from which
the 5S rRNA was subsequently extracted and exam-
ined for chemical modification. No altered nucleotide
reactivities were observed at a puromycin concentra-
tion of 2 mM.

Effect of puromycin on the crosslinking
of a P-site bound tRNA substrate

It has been demonstrated that tRNA substrates substi-
tuted with an azido group at the 2 position of the 3'-
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TABLE 1. Nucleotide positions exhibiting altered reactivities in the
presence of 0 and 2 mM puromycin within E. coli and Hf. gibbonsii
23S rRNAs.

E. coli Hf. gibbonsii
Nucleotide — puromycin + puromycin — puromycin + puromycin
A508 + ++
A1579 + ++
A2058 (G2084) ++ (+)
A2439 (A2458) (+) +
m2A2503 (A2521) ++ +++
G2505 (G2523) + (+) (+) -
G2553 (G2571) + (+) + (+)

The intensities of the autoradiographed bands were quantified by
microdensitometry and are denoted as: ++ + strong, ++ medium, +
weak, and (+) very weak. Intensities were assigned through visual
inspection of several sets of films in combination with microdensito-
metry. The total intensity changes summarized above represent min-
imum total intensity changes of 25—-30% (see legend to Fig. 4 and
Materials and methods). The total percentage changes observed for
E. coliribosomes, between 0 and 2 mM puromycin, were A508 (44%),
A1579 (71%), A2439 (37%), G2505 (52%), and G2553 (32%). Error
limits were estimated at £10% of the number given. Experiments
were performed with 70S ribosomes, from which 23S rRNA was
isolated (see Materials and methods). For E. coli, similar reactivity
changes were observed with 50S subunits and polysomes. Nucleo-
tide positions are given using E. coli 23S rRNA numbering (Egebjerg
et al., 1990), with the corresponding H. halobium numbering given in
parentheses.

terminal adenosine residue, and bound at the ribosomal
P-site, generate crosslinks with 23S rRNA and ribo-
somal proteins L27 and L33 upon UV irradiation at
365 nM (Wower et al., 1995). The RNA crosslinks have
been localized on previously characterized 23S rRNA
fragments F1', F2', and F4’ at nt C2601/A2602 and
U2584/U2585 (F1'), U2506 (F2'), and A2062/C2063
(F4") (Kirillov et al., 1999). Puromycin was tested for
its ability to alter the yields or identities of these
crosslinks. It was added to 70S ribosome-poly (U) com-
plexes before addition of azidoadenosine tRNA sub-
strate and irradiation. Unlike experiments performed
with other antibiotics (Kirillov et al., 1999), those with
puromycin were done only in the presence of deacyl-
ated tRNA substrate. The use of an active peptidyl-tRNA
donor substrate was avoided, as this, in conjunction
with puromycin, would complicate the interpretation of
results owing to peptide-bond formation and the sub-
sequent dissociation of peptidyl-puromycin.
Puromycin did not change the level of tRNA binding
to the ribosome, but it did produce significant decreases
in crosslinking yields at two of three rRNA sites. In
addition, no new crosslinks were detected with puro-
mycin. The changes in crosslinking yields for each rRNA
fragment are depicted in Figure 7 and the quantified
yields are summarized in Table 2. In the presence of
the drug, no crosslink was formed with F4’, and the
crosslink to F2" was reduced by about 50%. The cross-
link to F1' was not significantly affected by puromycin
averaged over four independent experiments (Table 2).
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FIGURE 5. The location of puromycin-induced effects in the peptidyl-
transferase loop and adjoining regions of domain V of 23S rRNA.
The sequence shown is that of E. coli 23S rRNA. Nucleotides af-
fected by puromycin in E. coli and Hf. gibbonsii 23S rRNAs are
boxed and labeled. Altered reactivities are indicated with circles and
squares, for E. coli and Hf. gibbonsii, respectively. Protections are
denoted with filled symbols, whereas open symbols indicate enhance-
ments. Where corresponding nucleotides in the two rRNAs differ, the
identity and numbering of the halophile nucleotide is given in paren-
theses. Nucleotides joined by lines are base paired, and posttran-
scriptional modifications are indicated (Smith et al., 1992).

Moreover, no significant changes in the crosslinking
yields to ribosomal proteins were observed in the pres-
ence of the drug (data not shown).

Effect of puromycin on pristinamycin
IA-dependent rRNA modifications

The streptogramin B drug pristinamycin IA produces
modifications in E. coli 23S rRNA at m?A2503/¥2504
and G2061/A2062 upon irradiation with 365 nM light,
where the former sites, at least, are likely to involve a
drug—rRNA crosslink (Porse et al., 1999a). Given the
proximity of the footprinting sites to m2A2503/¥2504,
the ability of puromycin to influence these pristinamy-
cin IA-dependent rRNA modifications was investigated
(Fig. 8). Puromycin was added to a preformed complex
of pristinamycin IA and 70S ribosome—poly (U) com-
plexes before irradiating and analyzing the peptidyl-
transferase-loop region by primer extension. Puromycin
enhanced the pristinamycin |IA-dependent reverse tran-
scriptase stops at m?A2503/¥2504 by 2.5-fold (Fig. 8,
lanes 2 and 3), but had no detectable effect on those at
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FIGURE 6. Putative allosteric effects dependent on puromycin in domains | and Ill of E. coli 23S rRNA. Nucleotides
exhibiting enhanced reactivities in the presence of puromycin are boxed in (A) domain | and (B) domain Ill. The shaded
regions are binding sites for ribosomal proteins L24 (Egebjerg et al., 1987) and L23 (Egebjerg et al., 1991).

G2061/A2062 (data not shown). Control experiments
in which the order of drug addition was reversed yielded
identical results (data not shown). The yields of the
rRNA modifications were enhanced another twofold in
the presence of both drugs with a P-site bound deacyl-
ated tRNAP"® substrate (Fig. 8, lanes 5 and 6). This is
consistent with deacylated tRNA producing a threefold
increase in the pristinamycin IA-dependent modifica-
tion yields at m2A2503/¥2504 (Porse et al., 1999a).
Moreover, the puromycin-induced enhancement of the
PIA modification in both the presence and absence of
a P-site bound tRNA suggests that puromycin resides
in the A-site in both ribosomal complexes.
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FIGURE 7. The effect of puromycin on the crosslinking yields of
deacylated (2N3A76)tRNAP" bound at the ribosomal P site, to
fragments of 23S rRNA. Complexes were prepared in the absence
(control) or presence of puromycin (1 mM), before binding of
[3?P](2N3A76)tRNAP" and irradiation (see Materials and methods).
The specific activity of [32P](2N3A76)tRNAP"® was 3,000 dpm/pmol.
The crosslinked fragments were generated by RNase H digestion
with a set of deoxyoligonucleotides (see Materials and methods),
and analyzed on polyacrylamide gels. The positions of the three
main labeled fragments F1', F2’, and F4' are indicated. Although the
intensity of the F1' crosslink appears reduced in the puromycin lane,
when the counts are adjusted for the degree of tRNA binding to
ribosomes, the differences are minimal (Table 2).

DISCUSSION

For both the bacterial and archaeal ribosomes, most of
the puromycin-induced effects lie within, or adjacent to,
the peptidyl-transferase loop of domain V of 23S rRNA
(Fig. 9). Of these effects, all except one are at univer-
sally conserved nucleotides, which is consistent with
puromycin-inhibiting bacterial, archaeal, and eukary-
otic ribosomes. Moreover, the fact that the effects ap-
peared within the same concentration range suggests
that they derive from a single drug-binding site.

The protection effects common to E. coliand Hf. gib-
bonsiioccur at the universally conserved nt G2505 and
G2553. G2505 is the site of altered nucleotide reactiv-
ity in the presence of several other antibiotics, includ-
ing the macrolides carbomycin and tylosin, and the
streptogramin A drugs (Garrett & Rodriguez-Fonseca,
1995; Porse & Garrett, 1999). In a recent investigation,
G2553 was specifically crosslinked to the A-site tRNA
analog, 4-thio-dT-p-C-p-puromycin (Green et al., 1998).
In another study, all possible mutations made at G2553
in E. coliresulted in dominant growth defects in vivo, as
well as reduced peptidyl transferase activity in vitro
(Kim & Green, 1999). In addition, complementation analy-
sis of mutant A-site substrate analogs and ribosomes
established a specific interaction between C75 of the
aminoacyl-tRNA and G2553 of 23S rRNA (Kim & Green,
1999). An important role for this rRNA loop in puromy-
cin binding is also suggested by mutagenesis and
damage-selection experiments, in which changes at
2550, 2552, 2555, and 2557 interfered with the transfer

TABLE 2. Summary of the crosslinking yields of deacylated
(2N3A76)tRNAPMe to rRNA fragments F1', F2', and F4'.

Antibiotic F1 F2' F4'
none 13 +£2 25+ 3 71
puromycin 100+1 13+£2 n.b.2

Data are presented as counts per minute of crosslinked deacyl-
ated (2N3A76)tRNAPM per picomole of ribosome-bound deacylated
(2N3A76)tRNAP™, The specific activity of the (2N3A76)tRNAP" was
normalized to an initial activity of 10,000 dpm/pmol or about 1,800
cpm/pmol estimated in an Instant Imager. The data were averaged
from four separate experiments.

an.b.: no band detected.
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FIGURE 8. The effect of puromycin (puro) on UV-induced modifica-
tions of E. coli 70S ribosomes that are dependent on pristinamycin IA
(PIA). Pristinamycin 1A (10 M) was complexed to 70S ribosome
(0.15 uM) —poly(U) complexes in the absence or presence of de-
acylated tRNA and was incubated at 37°C for 10 min. Puromycin
(1 mM) was added and incubation was continued for 10 min. The
samples were then irradiated at 365 nM for 20 min. Primer extension
analyses were performed by using EC2621 (5'-CAGTTCTCCAGC
GCCCAC-3’), a primer complementary to positions 2638—-2621 of
E. coli23S rRNA. The primer extension stops at 2503 and 2504 were
quantified in an Instant Imager, using the stop at 2497 as a reference,
and the results are shown below the gel, relative to a control sample
in the absence of puromycin. G, A, U, and C represent dideoxy-
sequencing reactions.

of peptidyl moiety to puromycin (Porse & Garrett, 1995;
Bocchetta et al., 1998). Taken together, the data sug-
gest that the loop containing G2553 folds into the cat-
alytic center and is in close proximity with the 3" end of
the aminoacyl-tRNA substrate.

The region between 2058 and 2062 of the peptidyl-
transferase loop is an area of diverse reactivity changes
for many antibiotics and is known to be conformation-
ally labile. In the case of puromycin, there is strong
protection of G2058 (G2084) in the halophiles but no
effect at A2058 in E. coli. Differences in the chemical
footprint of the streptogramin A drugs, bound to ar-
chaeal and bacterial ribosomes, have also been ob-

C. Rodriguez-Fonseca et al.

K
U-A
U A
C-G
C-G
A U
2070-A—U C\mo
ndG—C
F4. G-C
C mG
C—-G
2000  ACCTGG, a0
'AG, Dy
2050 © pIA A
1A c gf ¢
5GGC AGACG A 2460
LT 0 G ug X
3’CCG UCUAUCC (IB(I:\V AUzl\('l(f(I}? 3
' _ e
2620 26107y CGG  UGUGGCG 5
) G & YU 2490
sparsomycin @ G "
C U.
ndl ¥ N
hAGU\ A\G PIA C Msoo
2600~AC ~ AATA @@3\
AG \\GC \ UU @\y
s \CU 2590 ﬂﬂUGG—CU W p-azidopuromycin
UG F1 g\" G
2580 C—G F2
G—C=2510
A-U ,
—
U—A
2560-A—U
C—=G
C—G-2550
G—C
C J
w, @

u

FIGURE 9. Summary of the puromycin effects in the peptidyl-
transferase loop of 23S rRNA. The sites of altered nucleotide reac-
tivities for E. coliand Hf. gibbonsii are boxed on the E. coli 23S rRNA
sequence (see Fig. 5). Sites of drug-dependent UV-induced cross-
links or modifications are labelled with boxed crosses. The sites of
crosslinks with P-site bound tRNA substrate are denoted with open-
headed arrows. Filled arrows indicate sites of crosslinking with
p-azidopuromycin.

served at this position (Rodriguez-Fonseca et al., 1995;
Porse & Garrett, 1999). In the presence of pristinamy-
cin IIA, protection at G2058 (G2084) is observed in
Halobacteria halobium, whereas enhancements are
seen at A2058 in Bacillus megaterium, both in vitro and
in vivo (Porse & Garrett, 1999). The conformational
flexibility of this region is underscored by the variable
weak effects at position 2062 that were observed in
E. coli and Hf. gibbonsii in the presence of puromycin.

A working model called the streptogramin motif has
been proposed based on footprinting and mutagenesis
data (Porse & Garrett, 1999). The model juxtaposes
the upper (2058-2062) and lower (2500-2506) re-
gions of the peptidyl-transferase center, that are linked
in many antibiotic footprints, in an irregular helix. The
model includes A2060°G2505 and G2061-U2504 base
pairings that are supported by several lines of muta-
genesis evidence (see Porse & Garrett, 1999). Another
feature of the model is that U2506 can form base pairs
with either A/G2058 or A2059. Thus, the differences in
the footprints between the two organisms may reflect
two alternative, and perhaps functional, RNA conform-
ers in this region.

The puromycin footprint obtained in Hf. gibbonsii ri-
bosomes is similar to that obtained with pristinamycin
IA complexed to H. halobium ribosomes (Porse & Gar-
rett, 1999). Identical effects include an enhancement at
2503 and protections at 2058 and 2505. In addition,
protection of position 2062 is a common feature if the
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weak puromycin effect on Hf. gibbonsii ribosomes is
included. Furthermore, there is a correspondence be-
tween the enhancement at position A2439 by pristina-
mycin 1A in H. halobium and by puromycin in E. coli.
The common effects of these drugs may be explained
by the drugs inducing the same conformational change
within the rRNA, perhaps in the context of the strepto-
gramin motif described above. The only differences be-
tween the two drug footprints at the peptidyl-transferase
center are the puromycin protection at G2553 and the
pristinamycin 1A effects at U2585 (protection) and A2059
(enhancement).

No enhancement effects were common to both E.
coli and Hf. gibbonsii. An enhancement detected at
A2521 in the halophile ribosomes corresponds to the
modified m2A2503 in E. coli (Kowalak et al., 1995). The
latter modified nucleotide produces a weak primer ex-
tension stop (Fig. 2D) that precludes the observation of
altered nucleotide reactivity, in the E. coli 23S rRNA, in
the presence of DMS. A second enhancement at A2439
was only observed in E. coli ribosomes, neighboring
the site in which the U2438A and U2438C mutations
produced amicetin resistance in H. halobium (Leviev
et al.,, 1994). These mutations caused a disruption in
the local conformation because the reactivities of both
A2439 and A2071 were enhanced in each of the mu-
tants. In the same study, amicetin protected position
A2070 in E. coli. Thus, the puromycin-induced effect at
A2439 observed in E. coli may reflect weaker base
stacking of the bulged loop nucleotides on the A2070-
U2440 base pair in E. colicompared with the G-C base
pair in the halophile.

In E. coli, enhancement effects were also observed
outside the peptidyl-transferase center in domains | and
I1l, at positions 508 and 1579, respectively. A new model
of the three-dimensional arrangement of 23S rRNA
within the 50S subunit is currently emerging from fitting
the RNA to maps derived from cryo-electron micros-
copy using crosslinking, footprinting, and mutagenesis
data from several laboratories (Muller et al., 2000). This
model of 23S rRNA places nt 508 and 1579 in the lower
back portion of the subunit and away from the peptidyl-
transferase center. Nucleotide 508 is in a flexible loop
connecting helices 2 and 24, whereas nt 1579 lies in
helix 54. Importantly, both sites directly border the exit
site of the nascent peptide.

The effects at A508 and A1579 may be because of
(1) an allosteric effect transmitted along the peptide
channel; (2) the presence of a secondary puromycin
binding site that may or may not have functional rele-
vance; or (3) peptidyl-puromycin release along the pep-
tide channel. We favor explanation (1), the allosteric
effect, for the following reasons. First, any binding of
puromycin to a secondary ribosomal site is very weak
and would probably not yield a footprint (Bourd et al.,
1983). Second, although both nucleotides lie close to
the peptide exit site (Mdiller et al., 2000), as a major
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effort was made to prepare 70S ribosomes and 50S
subunits that were free of peptidyl-tRNA (Mahkno et al.,
1988), the identities and relative yields of all the nucle-
otide protections and enhancements were unaltered
for E. coli 70S ribosomes, 50S subunits, and poly-
somes. This renders it very unlikely that the A508 and
A1579 effects are the result of puromycin-mediated pep-
tide release along the peptide channel in our experi-
ments. However, such a process could explain the earlier
puzzling result, obtained in more crudely prepared ri-
bosomes, of a direct crosslink of [*H]-p-azidopuromycin
to L23 (Nicholson et al., 1982a), which directly borders
A508 and A1579 at the peptide-exit site (Fig. 6B).

Puromycin perturbs the position of the 3’ end of a
deacylated tRNA substrate bound in the P-site, leading
to strong reductions in the tRNA crosslinks to F2’ and
F4’'. Other peptidyl-transferase antibiotics also affect
the yields of crosslinking, but only chloramphenicol and
pristinamycin IIA produce such dramatic, albeit differ-
ing, effects (Kirillov et al., 1999). Pristinamycin IIA abol-
ished the F2' and F4' crosslinks and reduced the
crosslink to F1', whereas chloramphenicol selectively
abolished F2'. Therefore, most of the peptidyl-trans-
ferase drugs, including those previously assigned to
the A-site, directly affect the positioning of the 3’ end of
P’-site-bound tRNA.

Because puromycin is considered to be a structural
analog of the 3’ end of an aminoacyl-tRNA substrate, it
is reasonable to expect that there might be some cor-
relation between the chemical footprints of puromycin
and that of a tRNA substrate bound in the ribosomal A
site. Removal of the 3'-terminal adenosine from yeast
tRNAPMe, although not from E. coli tRNAP", bound in
the presence of P-site-bound deacylated tRNA, re-
sulted in increased modification of G2553 on E. coli
ribosomes (unpubl. data cited in Moazed & Noller, 1989).
Moreover, removal of the acyl moiety led to increased
reactivities of ¥2555, A2602, and U2609 in E. coli 23S
rRNA (Moazed & Noller, 1989). Although G2553 is pro-
tected by puromycin, none of the other nucleotides are
affected. This may reflect the fact that puromycin in-
cludes adenosine and 3’-linked aminoacyl moieties
(Fig. 1), rather than a tRNA population containing a
mixture of 2’- and 3’-linked aminoacyl groups in rapid
equilibration via acyl transfer (Symons et al., 1978;
Moazed & Noller, 1989).

Little is known about the molecular specificity of
puromycin interactions with the ribosome. It is unlikely
to be from base pairing because the analogs, 1-N°-
ethenoadenosine-Phe (Chladek et al., 1976), inosine-
L-Phe, cytidine-L-Phe, and 3-N*-ethenocytidine-Phe
(Rychlik et al., 1970), are all effective acceptor sub-
strates. It is more likely that weaker interactions occur
within the rRNA, including base stacking.

In conclusion, the most likely puromycin-interaction
sites are in the region of 2502-2506 of the peptidyl-
transferase loop and in the terminal loop containing
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G2553 (Fig. 9). Given that puromycin can act as a
structural analog of an aminoacyl-tRNA substrate, both
of these RNA regions must be closely juxtaposed at the
catalytic center. Evidence supporting this hypothesis
not only includes the common protections at G2505
and G2553 in bacteria and archaea, but also the strongly
enhanced reactivity at A2503 (A2521) in the halophile
that would have remained undetected in the E. coli 23S
rRNA. Moreover, the effects of puromycin on the F2’
crosslink of deacylated (2N;A76)tRNA at U2506 and
on the putative UV-induced crosslinking yields of pris-
tinamycin IA at m?A2503/¥2504 further support the
binding of puromycin to this putative “streptogramin mo-
tif” of the peptidyl-transferase loop (Fig. 9). In addition,
these results correlate directly with the earlier finding
that G2502 and U2504 are the principal crosslinking
sites of p-azidopuromycin with rRNA (Hall et al., 1988).

MATERIALS and METHODS

Preparation of ribosomes

Tight-couple ribosomes and 50S subunits were prepared from
E. coli MRE 600 as described (Makhno et al., 1988), except
that particles were harvested at all preparative steps by cen-
trifugation in a fixed angle rotor at 100,000 X g. The Makhno
et al. (1988) procedure aims to remove endogenous mRNA
and peptidyl-tRNA through dissociation of the ribosomes into
subparticles, followed by reassociation. Briefly, tight-couple
ribosomes, defined as those that remain associated between
4—-6 mM Mg?*, are initially purified in an associated state.
The complexes are heated at 37 °C for 15 min in 3 mM MgCl,
and 300 mM NH,4CI, followed by sedimentation in a sucrose
gradient to dissociate the particles into subunits. Equimolar
amounts of subunits are then combined and subjected to
repeated sedimentation in the above buffer used for isolation
of purified 30S and 50S subunits. Alternatively, they are re-
sedimented through a sucrose gradient in 5 mM MgCl, and
50 mM NH,CI for final selection of tight-couple 70S ribo-
somes. Polysomes were isolated essentially as described by
Powers and Noller (1991).

Hf. gibbonsii (ATCC 33959) and Hf. mediterranei (ATCC
33500) ribosomes were prepared from cells that were grown
to Asso = 0.5, spun down, and lysed by alumina grinding
(1.5 g alumina/g cells) in high-salt buffer (20 mM Tris-HCI,
pH 7.4, 60 mM magnesium acetate, 3 M KCI, and 6 mM
2-mercaptoethanol). The lysate was centrifuged at 15,000
rpm for 15 min in a Sorvall SS34 rotor. Because of the inac-
tivation of DNAse | by the high salt concentration used, the
DNA was pelleted by centrifugation at 45,000 rpm for 30 min.
The supernatant from the second centrifugation was then
recentrifuged at 48,000 rpm for 2.5 h in a Beckman Ti 65
rotor. The ribosomal pellet was gently resuspended with a
glass rod and washed twice in high-salt buffer before repel-
leting by ultracentrifugation for 3 h at 45,000 rpm, and 15 h at
30,000 rpm. The ribosomes were clarified by centrifugation at
15,000 rpm for 10 min, divided into small aliquots and stored
at —80°C. All ribosomal preparations were highly active in
poly(U)-dependent poly(Phe)-synthesis, where an assay op-
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timized for halo archaea was used for both halophiles (Sanz
et al., 1988).

RNA footprinting of puromycin-ribosome
complexes

Puromycin-ribosome complexes were prepared as follows.
Ribosomes (20 wg) were incubated at 30°C for 20 min in
100 ulL of the appropriate buffer (E. coli 50 mM HEPES-
KOH, pH 7.8, 10 mM MgCl,, 15 mM KCI, 15 mM NH,CI,
1 mM DTT, and 0.1 mM EDTA; Hf. gibbonsii and Hf. medi-
terranei: 70 mM HEPES-KOH, pH 7.8, 60 mM magnesium
acetate, 3 M KCI, and 6 mM 2-mercaptoethanol). Puromy-
cin (Sigma) was then added to a final concentration of 0.1,
0.5, 1, 2, or 4 mM, and the mixture was incubated at 30°C
for 30 min before cooling slowly and placing on ice. Ali-
quots of ribosomes and puromycin-ribosome complexes
(100 wlL) were then reacted with the following chemical
probes as described earlier (Christiansen et al., 1990): 1 uL
DMS (1:1 dilution in ethanol), 5 uL kethoxal (35 mg/mL in
20% ethanol), and 100 uL CMCT (42 mg/mL in the appro-
priate buffer). For the DMS and kethoxal reactions, sam-
ples were incubated at 30°C for 10 min, and the CMCT
reaction mixture was incubated at 30°C for 20 min. Reac-
tions were stopped by standard procedures (Christiansen
et al,, 1990), and the RNA was precipitated by ethanol.
Modified sites were identified by extension from 32P-end-
labeled oligodeoxynucleotide primers using reverse tran-
scriptase (Life Sciences, Florida). The primers were
hybridized to sites localized 150-200 nt apart along each
23S rRNA. Altered nucleotide reactivities were quantified
by microdensitometry (Hoeffer, California). Autoradiograms
were scanned and peak heights and areas determined. The
total intensity change at a particular nucleotide position was
calculated from the peak heights with a subtracted baseline
correction for each peak.

The criteria for evaluating the significance of the footprint-
ing results included the following: (1) reproducible observa-
tion of the effects in several different sets of experiments; (2)
for E. coli, identical effects were observed for 70S ribosomes,
50S subunits, and polysomes; (3) the halophile effects were
observed for two different organisms: Hf. gibbonsii and Hf.
mediterranei; (4) the effects considered to be significant had
a minimum total intensity change of 25—-30%, whereas weaker
total intensity changes were not accepted as significant; and
(5) minor variations in the intensities of certain peaks ob-
served from experiment to experiment were judged to be
insignificant.

Binding and crosslinking of tRNA
to ribosomes

The 2-azidoadenosine tRNA substrates and the poly (U)
templates were prepared as described previously (Kirillov
et al., 1999, and references therein). Tight-couple 70S ribo-
somes (2 uM) were incubated with poly (U) (1 wg/pmol
ribosomes) in 20 mM Tris-Cl (pH 7.5), 50 mM NH,4CI, 10 mM
MgCl,, and 0.5 mM EDTA for 5 min at 37 °C. Puromycin
(1 mM) was added and incubated for 5 min at 37 °C before
adding the azido-tRNA derivative at molar ratios of 0.5-1.1
and incubating another 30 min at 37 °C. The level of tRNA
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binding was measured by nitrocellulose filter binding as de-
scribed earlier (Kirillov et al., 1999). Crosslinks were gen-
erated by diluting the samples in cold buffer, and irradiating
with 365 nM light at 0°C, at a distance of 5 cm from the
UV source. Analysis of the crosslinking products, including
preparation of the rRNA fragments F1', F2’, and F4' by
oligonucleotide-directed RNase H digestion, is detailed in
Kirillov et al. (1999).

Interaction of PIA with 70S ribosomes

Pristinamycin IA (10 M) was incubated with 70S ribosomes
(150 nM) in 20 mM Tris-chloride, pH 7.5, 50 mM NH,4CI, and
10 mM MgCl, at 37 °C for 10 min. Where indicated, deacyl-
ated tRNA (1.2 mol/mol ribosomes) was included in the pres-
ence of poly(U) (1 xg/pmol ribosomes). Puromycin (1 mM)
was added either to preformed PIA-ribosome complexes or
directly to 70S ribosomes before adding PIA. Following ad-
dition of puromycin or PIA, the samples were incubated at
37°C for 10 min. Samples were maintained as droplets on a
microtiter tray, placed on an ice-water bath, and subjected to
UV irradiation in a Stratalinker 1800 (5 X 8 W bulbs, Strata-
gene, California) for 20 min at 365 nM. Samples were ex-
tracted with phenol, (1:1) phenol:chloroform, and chloroform,
prior to ethanol precipitation to remove protein and antibiot-
ics. The rRNA was subjected to primer extension using AMV
reverse transcriptase (Life Sciences, Florida) and deoxyoligo-
nucleotide primers complementary to rRNA 3’ to the modifi-
cations. The extension products were separated on denaturing
polyacrylamide gels and autoradiographed.
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