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Photolabile oligonucleotides (PHONTS) bind to rRNA seguences to which they are comple-
mentary and, on photolysis, incorporate into neighboring ribosomal components. Here we
report on photocrosslinking results obtained with PHONTS targeting 23S rRNA nucleotides
1882-1892, in the long lateral arm of the 50S subunit (PHONT 1892), and 1085-1093, in the
L 11 binding domain (PHONT 1093). Photolysisof the PHONT 1892.50S and PHONT 1093.50S
complexes leads to formation of ‘long-range’ crosslinks from C1892 to U1094/A1095 and
G1950, and from G1093 to U1712/1716 and U1926, that are clearly incompatible with published
crystal structures of 50S subunits. These results provide strong evidence that within the 50S
subunit (a) the L11 binding domain can extend in an arm-like fashion, accessing large areas
of the ribosome, and (b) the lateral arm can bend about the noncanonical helix at its center. Such
motions may have functional relevanceinidentifying regionsthat undergo major conformational
change as the ribosome moves through its catalytic cycle.  © 2002 Elsevier Science (USA)
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INTRODUCTION

In 1962, prior to the determination of protein structures by crystallography and
NMR, Singh, Thornton, and Westheimer introduced the use of a photolabile derivative
of the active site serine of chymotrypsin to determine, via photoinduced crosslinking,
the identity of proximal side chains at the enzyme active site (1). Since this semind
article, photoinduced crosslinking and the related approach of photoaffinity labeling
have been used extensively to explore binding sites of a large number of biological
macromolecules (2), particularly those deemed too large for direct structure elucida
tion. In recent years we have used photoinduced crosslinking to examine ribosome
structure (3—6). In our studies radioactive, photolabile derivatives of oligonucleotides
(PHONTS),? having sequences complementary to rRNA sequences, are bound to their

1 To whom correspondence and reprint requests should be addressed. Fax: (215) 898-2037. E-mail:
cooprman@pobox.upenn.edu.

2 Abbreviations used: EF-G, elongation factor G; PAGE, polyacrylamide gel electrophoresis; PHONT,
photolabile oligonuclectide; RP-HPLC, reverse phase high performance liquid chromatography; RT,
reverse transcriptase; TS, thiostrepton; XLR, long-range cross link.

163 0045-2068/02 $35.00

/ﬂ:) © 2002 Elsevier Science (USA)
All rights reserved.



164 SEO AND COOPERMAN

targeted sequences in intact ribosomes or ribosomal subunits, and, on photolysis,
incorporate into ribosomal components that can subsequently be identified. Thiswork
initially had as a goal the generation of constraints that, in concert with other kinds
of information (footprinting and other chemical modification approaches, immunoel e-
ctron microscopy, image reconstruction of electron micrographs), could be used to
construct three-dimensional models of ribosome structure (6—9). Thisgoa has largely
been rendered obsolete by the publication in the last 2 years of high resolution X-ray
structures of 30S and 50S subunits of bacterial ribosomes, and somewhat lower
resolution structures of 70S ribosomes, which provide an exquisitely detailed picture
of how various elements (proteins, RNA helices) fit together in forming thisfascinating
and important macromolecular structure (10-15).

Now that the basic structure of the ribosome is known, attention in the field is
focusing on the nature of conformational changes that occur as the ribosome exerts
its complex catalytic function, involving the movement of mMRNA and tRNAS across
its surface, in a highly choreographed sequence of events requiring catalysis by a
host of protein factors. Image reconstruction of electron micrographs of ribosomes
from Escherichia coli show clear evidence for large-scale conformational changes
between ribosomes flash-frozen in different functional forms (16—18), and similar
evidence has been obtained for eucaryotic ribosomes (19), although the limited resolu-
tion of such experiments does not permit precise identification of the ribosomal
components involved.

Againgt this background, photocrosslinking studies remain important because of
their potential for providing information about ribosome conformations that may
otherwise be difficult to obtain. As they are performed in solution, they access
conformationsthat may be different from those seenin crystals. Also, asthe probability
of a photocrosslink being formed depends on several factors (proximity, orientation,
chemical selectivity) they canreveal the presence of conformations present inrelatively
small amounts, which might be missed by image reconstruction procedures. Further-
more, intrinsic to such studiesistheidentification of specific sites within the ribosome
that may be involved in large scale motions.

The PHONT approach is particularly suitable, because it allows facile targeting of
rRNA sequences of particular interest. Detailed comparison of the crystal structures
of 50S subunits from Thermus thermophilus (12), Haloarcula marismortui (11), and
Deinococcus radiodurans (15) have, in the context of substantial overall similarity,
identified several 23S rRNA regions that are either known or thought to be conforma-
tionally labile in isolated 50S subunits. These areas are prime candidates for where
functionally relevant conformational changes might occur. Here we report on photo-
crosslinking results obtained with PHONTS (Fig. 1A) targeting two of these regions.
PHONT 1892 is complementary to nucleotides 1882—-1892, a sequence in helix 68
that falls between two functionally important regions, helix 69, which is important
for tRNA binding (20), and helix 66, which forms part of the binding site for L2
(21), a protein that appears to play an important allosteric role in controlling peptidyl
transferase activity (12,22—24). PHONT 1093 is complementary to nucleotides 1085—
1093, faling in aregion (helix 44) that has been implicated in both elongation factor
G (EF-G) and thiostrepton (TS) binding (25-28).
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TARGET 1 :23S rRNA 1882-1892 3- CGAAGCUAGUU-5'
PHONT 1892: 5'-s'dT-2'-0-methyloligoRNA-GCUUCGAUCAA-3'
CHASE 1892: 5'-dT-2'-0O-methyloligopRNA-GCUUCGAUCAA-3'
MISMATCH 1892: 5'-2'-0-methyloligoRNA-GCUAGCAUCAA-3'
TARGET 2 23S rRNA 1085-1093 3'- GCGAAAGAA-Y
PHONT 1093 5'-s‘dT-2'-O—meLhyloligoRNA—CGCU Uucuu-3'
CHASE 1093 : 5'-dT-2'-O-methyloligoRNA-CGCUUUCUU-3"
MISMATCH 1093: 5'-2'-0-methyloligopRNA-CCGUUUCUU-3'
FORMATCH 1093-1 (227-218) 5'-2"-0-methyloligopRNA-UGAUUUCUU-3
FORMATCH 1093-2 (1814-1805) 5'-2'-0-methyloligopRNA-CACUUUCGU-3"
FORMATCH 1093-3 ( 1936-1927) 5'-2'-O-methyloligoRNA-CGCUACCUU-3"

FIG. 1. (A) Targeted sites (in bold) within 23S rRNA for PHONTs 1892 and 1093. (B) The structures
of PHONT 1892 and PHONT 1093 and the sequencesof PHONT, CHASE, MISMATCH, and FORMATCH
oligonucleotides. Nonmatching nucleotides are in bold and underlined.
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MATERIALS AND METHODS

Except as specified below, materials were obtained and methods were performed
as described elsewhere (3,4).

Materials

Oligonuclectides. Oligonucleotides used in photocrosslinking experiments are pre-
sented in Fig. 1B, and chimeric oligonucleotides used to generate precise cleavage
sitesfor RNase H are presented in Table 2. Each was prepared using phosphoramidite
chemistry, and purified using HPLC (Nucleic Acid Facility, University of Pennsylva-
nia). *P-labeled oligonucleotides, whether used in binding (p* CHASE 1892 and
p*CHASE 1093), photoincorporation (p*PHONT 1892 and p*PHONT 1093), or
reversetranscription experiments were prepared using T4 polynucleotide kinase (New
England Biolabs) and [y-*? P]JATP. p*PHONT 1892, p* PHONT 1093, p* CHASE
1892, and p*CHASE 1093 were shown to be radiochemically homogeneous by
autoradiography of a urea—PAGE (20% acrylamide in TBE buffer) analysis. Fortu-
itous matches to targeted sequences, FORMATCHs, were detected with the program
AMPLIFY (authored by Bill Engels, www.wisc.edu/genestest/CATG/amplify).

E. coli (Q13 strain) 50S subunits were prepared as described (29). 50S subunit
pellets were suspended in TKMy, buffer (A, 20—30), flash-frozen, and stored at
—70°C. Prior to use in binding or photoincorporation experiments, subunits were
activated by incubation at 37°C for 20 min in TKM,, buffer. Thiostrepton was
from Sigma.

Buffers. TKM,q buffer: 50 mM Tris—HCI (pH 7.6), 50 mM KCI, and 10 mM
MgCl,; Binding buffer: 40 mM Tris—HCI (pH 7.6), 60 mM KCl and 10 mM MgCl.;
Reverse transcriptase buffer: 50 mM Tris—HCI (pH 8.3), 50 mM KCI, 10 mM MgCl,,
10 mM DTT, and 0.5 mM spermidine. TBE buffer: 89 mM Tris base, 89 mM boric
acid, 2 mM EDTA, pH 8.3. T,5N125D4 o5 buffer: 25 mM Tris—HCI (pH 7.6), 125 mM
NaCl, and 1.25 mM DTT.

Methods

Photolysis. In the standard photolysis experiment, 150 pmol of 50S subunit was
incubated with 50 pmol of p*PHONT and in the absence or presence of excess
CHASE, MISMATCH or FORMATCH oligonuclectides in 100 wl of binding buffer.
After 5 minincubation at 37°C followed by 30—60 min onice, samples wereirradiated
for 5 min in a Rayonet RPR Photochemical Reactor equipped with RPR-3500 A
UV-lamps (310-370 nm, max at 350 nm—Southern New England Ultraviolet Co.,
Branford, CT). 2-Mercaptoethanol was added immediately after photolysis (final
concentration, 20 mM) and 50S subunits were precipitated in 2 volumes of 10%
2-mercaptoethanal in ethanol (v/v) at —20°C for at least 2 h.

RNA extraction from 50Ssubunits. 50S pellets were washed once with 70% ethanol,
dissolved in RNA extraction buffer (0.3 M NaOAc, 3 mM EDTA, and 0.5% SDS)
and extracted twice with phenol, once with phenol:chloroform:isoamyl alcohol
(25:24:1) and finally once with chloroform. Extracted rRNA was then precipitated
with 2.5 vol of cold EtOH (90 min, —20°C). Precipitated rRNA was washed once
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with cold 70% EtOH, and finally dissolved in appropriate volume, typically 20—30
wul, of 1 mM EDTA.

RNaseH analyses. Inatypical anaysis, 10 pmol of extracted rRNA was hybridized
with 20 pmol of one or two oligoribonucl eotides (cDNA or chimeric oligonucl eotide—
Table 2) by heating at 55°C for 5 min and annealing for 15 min at 32°C in TN 55D o5
buffer. Mg?* concentration was adjusted to 10 mM and the RNA was digested with
2 units of RNase H (Promega) for 30 min at 32°C. Following digestion, samples
were heated in 70% formamide/bromphenol blue/xylene cyanol sample buffer and
separated by urea-PAGE (5-10% acrylamide in TBE). Determination of relative
yields of RNase H fragment labeling required: (@) either quantitative scanning of the
autoradiogram or direct measurement of the 2P content of labeled gel slices (both
methods gave equivalent results), and (b) estimation of theyield of fragment formation
(i.e., cleavageefficiency) in the presence of the two added complementary oligonucleo-
tides that generate the RNase H cleavage sites. Such estimates were obtained by
hybridizing 50S rRNA with the nucleotides in question, and, following RNase H
digestion, urea—PA GE separation of products, and methylene blue staining of the gel,
quantifying the intensity of the stained band (MICROTEK, ScanMaker 9600 XL)
corresponding to the expected fragment, using the intensity of the 5S rRNA band as
aninterna standard, and assuming that band intensity/moleis proportional to fragment
length. Gels were sandwiched between two sheets of cellophane and dried thoroughly
prior to scanning.

Reversetranscriptase analyses. Preparation of PHONT-labeled 50S RNA annealed
with 32P-labeled oligo cDNA promer was carried out as described (3), except the first
heating step was carried out at 65°C rather than 70°C, and better results were obtained
with reverse transcriptase from Sekkagaku in place of that from Promega. Extracted
RNase H fragments (see below) were analyzed similarly, except that the rRNA was
labeled with p* PHONT.

RNase H fragment extraction. RNase H fragments, resolved by urea—PAGE as
described above, were eluted from the appropriate gel slice, typically 12 X 2 X 0.4
mm, with 400 ul of eluting buffer (0.3M NaOAc, 1 mM EDTA and 2% SDS)
by incubation at 42°C for 6 h. The resulting solution was extracted twice with
phenol:chloroform:isoamyl,al cohol (25:24:1) and precipitated in 2.5 vol of cold EtOH,
using glycogen (30) (Boehringer-Mannheim, 14 ug/ml) as carrier. The resulting pellet
was dissolved in 1 mM EDTA.

RNase T1 digestion. Inatypical digestion, extracted RNase H fragment, =0.4 uM,
was incubated at 55°C for 5 min = added cDNA (40 «M) in afinal volume of 10 ul
of RNAse T1 buffer (40 mM Tris—HCI (pH 7.6), 200 mM NaCl, 5 mM EDTA, and
1 mM DTT). After the sample was slow cooled to room temperature and incubated
for 30 min on ice, 5 units of RNase T1 (5 units, Boehringer-Mannheim) were added
and digestion was carried out for 12 h on ice. An additional 5 units of RNase T1
were then added, and incubation was continued for 2 h at 30°C. Loading dye was
added to each tube and the samples were analyzed by 20% urea—PAGE.

Chemical footprinting. Chemical footprinting was performed as described (3) ex-
cept 2 ul of DMS (1:30 dilution in ethanol) or 2 wul of kethoxal (37 mg/ml kethoxal
in 20% ethanol) were used per 50 pmol 50S subunit in atotal volume of 50 ul.
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RESULTS

Noncovalent binding CHASE 1892 and CHASE 1093 to the 50S subunit. The
2'-O-methyloligoRNASs p* CHA SE 1892 and p* CHA SE 1093 (Fig. 1B) bind nonco-
valently to the 50S subunits with similar stoichiometries of ~0.3/50S subunit and
with apparent Ky values of 5.0 = 1.5 and 2.0 = 0.2 uM, respectively (Fig. 2).
These values fall within the range of values for K4 (0.02—31 xM) and stoichiometry
(as high as 1.25, with most 0.1-0.7) found for oligonucleotide binding to ribosomal
subunits by ourselves and others (4,6,31-34). Thiostrepton (TS), which binds to E.
coli 50S subunits with a dissociation constant =0.01 uM (35-37), and appears to
interact strongly with A1067 and more weakly with A1095 (26), inhibits p* CHASE
1093 binding in a noncompetitive manner (Fig. 1). The results obtained indicate
that TS binding to the 50S subunit weakens p* CHASE 1093 binding by ~9-fold.

Ste-specific photoincorporation of PHONTs. Photolysis of non-covalent com-
plexes of 50S subunits with either p* PHONT 1892 or p* PHONT 1093 was generally
performed at excess of 50S over PHONT in order to maximize photoincorporation
from each high affinity site, as demonstrated above. No target site-specific labeling
was seen for 5S rRNA. Evidence for target site-specific crosslinking into 23S rRNA
was provided by the results displayed in Table 1, showing alarge decrease in photoin-
corporation in the presence of the corresponding CHASE oligonuclectide, which
should bind competitively to the target site. This contrasts with the lack of effect of
added MISMATCH or FORMATCH oligonucleotides of similar length (Fig. 1B). As
the name implies, MISMATCH oligonucleotides contain mismatched residues that
weaken binding to the target site. FORMATCH oligonucleotides are complementary
to nuclectide sequences within 23S rRNA or 5S rRNA that fortuitously match the
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[Probe.50S] (uM)
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FIG. 2. Noncovalent binding to 50S subunits. 15 pmoles of 50S subunits were combined with varying
amounts of *?P-labeled CHASE oligonucleotides in binding buffer (total volume,15 ul), incubated at
37°Cfor 5minandonicefor 2 h and filtered through Millipore 0.45 um nitrocel lulosefilters. Measurements
were performed in triplicate. Curves are simple binding isotherms fitted with the following Ky o, values
(uM): (O0), p*CHASE 1892-1882, 5.0 = 1.5; (0) , p*CHASE 1093 2.0 + 0.2; (A), p*CHASE 1093 +
15 pmoal of TS, 11.5 + 0.9; (A) p*CHASE 1093 + 150 pmol TS, 18 + 2.
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TABLE 1
Relative Photocrosslinking Yields?

Standard —uve CHe MM ¢ FMe
1.0
p*PHONT 1892 (13+02%)' <0009 007+ 003 099+ 008 —
(19 + 3%)9
1.0

p*PHONT 1093  (0.67 + 0.03%)' <0009 023+ 010 121 +027 099+ 0.13
(6.2 = 0.3%)9

a After photolysis and separation by urea—PAGE (3.5% polyacrylamide), bands corresponding to
[32P]-labeled 23S rRNA are excised, mixed, with scintillation fluid (Ecolite, ICN), and radioactivity is
measured. Unless otherwise indicated, relative values are given, with the value for the standard experiment
(1.5 uM 50S subunits, 0.5 uM p*PHONT in binding buffer, 5-min irradiation, 37°C) set equal to 1.0.

b Not exposed to UV light.

¢1In the presence of added corresponding CHASE oligonucleotide (9 uM).

9 In the presence of added corresponding MISMATCH oligonucleotide (9 uM).

¢1n the presence of added FORMATCH oligonucleotides (9 uM in each).

fThe absolute level of crosslinking as percentage of p*PHONT that is eluted with 23S rRNA

9 The absolute level of crosslinking as percentage of p* PHONT noncovalently bound to 50S subunits
(Fig. 2) that is eluted with 23S rRNA

target sequence with no more than two mismatches. No such sequences were found
for PHONT 1892, but three were found for PHONT 1093 (Fig. 1B). The lack of
effect of all three of these FORMATCHson PHONT 1093 photoincorporation provides
clear evidence that such photoincorporation is coming from the target site, rather than
from fortuitous sites.

Although both reverse phase HPL C and SDS—PAGE analysis showed photoincorpo-
ration into 50S proteins, neither analysis provided unambiguous evidence for target
site-specific labeling (data not shown), and this labeling was not further pursued.

Partial localization of specifically labeled regions in 23S rRNA. Using the now
standard approach (3), partia localizations of the photoincorporation sites of
p* PHONTSs 1892 and 1093 were achieved by RNase H cleavage of labeled 23S rRNA
hybridized with a series of cDNA or chimeric oligonuclectides (Table 2) that, used
together, generated fragments ~25-300 nt long over the whole 23S rRNA sequence.
Fragments excised by RNase H were analyzed by denaturing urea-PAGE and autoradi-
ography. When cDNA oligonucleotides are used, the apparent sizes of labeled frag-
ments, as determined by comparison with RNA/DNA size markers, are typically
10-20 nts larger than would be expected for calculated unlabeled fragments, due to
both the size of photoincorporated probe itself (10 or 12) and the multiple sites
of RNase H hydolysis within a given cDNA-RNA heteroduplex. Use of chimeric
oligonucleotides affords more precise fragment length, since RNase H cleavage is
confined to one or two positions (Table 2).

A scan of the entire length of 23S rRNA showed that p*PHONT 1892 target site-
specifically labels three 23S rRNA fragments, 1051-1274, 16801857, and 1857—
2020 (Fig. 3A). Finer localization to fragments 1080-1111, 18451868, and 1910—
1975 (Fig. 3B) was achieved using chimeric oligonucleotides (Table 2). As above,
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TABLE 2
Chimeric Oligonucleotides Used for RNase H cleavage of 23S rRNA

Oligonucleotides Expected cleavage sites with RNase H? Sequence®
1051-1042 1050-1051 CTGTCUGGGC
1060-1051 1059-1060 ACATCCUGGC
1080-1071 1079-1080 TGATGGCUGC
1111-1102 1110-1111 TCGACCAGUG
1274-1265 1273-1274 TATCGUUACU
1700-1691 1699-1700 TCTCCCGAAG
1701-1688 1700-1701 TTCTCCCGAAGUUA
1742-1733 1741-1742 AGCTCCAUCC
1764-1751 1763-1764 GCTGGUAUCUUCGA
1816-1803 1815-1816 GTCCACUUUCGUGU
1845-1836 1844-1845 GCCGUGGCCC
1868—1859 1867-1868 GCTAACCCCA
1872-1859 1871-1872 TTGCGCUAACCCCA
1910-1897 1909-1910 CGGCCGCCGUUUAC
1975-1962 1974-1975 CGCCAUUCGUGCAG
2011-1998 2010-2011 ACTGAGUCUCGGGU

aRef. (44).

b Deoxyribonucleotides (normal face) or 2'-OMe-ribonucleotides (underlined).

site-specificity isdemonstrated by the effects of added CHASE 1892 and MISMATCH
1892. Similarly, target site-specific labeling by p* PHONT 1093 was first localized
to fragments 1051—-1274, 1700—1845, and 1845—2020, and subsequently to fragments
1051-1111, 1700-1742 and 1910-1975 (Fig. 3C—3E). The relative labeling yields
of target site-specifically labeled RNase H fragments, corrected for RNase H cleavage
efficiency, are presented in Table 3.

Thiostrepton effects on the photoincorporation of PHONTs 1892 and 1093. The
effects of added TS on photoincorporation of p* PHONTs 1892 and 1093 are consistent
with its tight binding to the H43/H44 region (Fig. 1A) of 23S rRNA. Thus, added at

FIG. 3. RNase H digestion analyses of p*PHONT-labeled 23S rRNA. Photolyses were carried out
under standard conditions ([50S] = 1.5 uM, [p*PHONT] = 0.5 uM) (A-B): p*PHONT 1892. (-) lanes,
no further addition during photolysis, (CH) or (MM) lanes, photolyses carried out in the presence of a
15-uM CHASE 1892 or MISMATCH 1892, respectively. (C—E): p*PHONT 1093. (-) lanes, no further
addition during photolysis; (CH) or (M/F) lanes, photolyses carried out in the presence of a 15 uM
CHASE 1093 or of a mixture of 15 uM each of MISMATCH 1093 and all three FORMATCH 1093s,
respectively. Oligonucleotides used to generate RNase H sites are either cDNAs (complementary to
sequences 1051-1042, 1274-1265, 1680—1671, 1857—1848, and 2020—2011) or chimeric oligonucleo-
tides, aslisted in Table 2. Lanes are labeled using the highest base number for each sequence. For example,
1051-1274 is for a digestion using cDNAs 1051-1042 and 1274—-1265. Shown in parentheses are the
expected size of the fragment generated by the pair of oligpDNAS utilized and the size of the PHONTs
(12 bases for PHONT 1892 and 10 for PHONT 1093). When cDNAs are utilized, the expected size
represents the midpoint of the expected range (+ 10 nucleotides) of products, arising from possible RNase
H cleavage along the length of the RNA:DNA heteroduplexes.
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TABLE 3
Relative Yields of Target Site-Specifically Labeled RNase H Fragments

Corrected relative yield

p*PHONT Labeled fragment Cleavage efficiency of labeled fragment®
1060-1111 0.92 0.39 + 0.04
1892 1845-1910 0.40 (1.00)
1910-1975 0.85 0.20 + 0.04
1051-1111 0.55 (1.00)
1093 1701-1764 0.71 0.18 + 0.03
1910-1975 0.85 0.38 + 0.02

a Corrected for cleavage efficiency.

approximately stoichiometric levels with 50S subunits, it selectively inhibits
p* PHONT 1892 photoincorporation into 23SrRNA fragment 1051-1111, presumably
by direct steric interference, but does not affect photoincorporation into fragment
1845-2020 (Figs. 4A and 4B). On the other hand, in accord with its noncompetitive
inhibition of p* CHASE 1093 binding (Fig. 2), added TS decreases p* PHONT 1093
photoincorporation into al three fragments, 1051-1111, 1700-1816 and 1910-1975
(Figs. 4C and 4D).

Photoincorporation of PHONTs 1892 and 1093 does not proceed via 50Sdimer. The
modest yields of photoincorporation of PHONTs 1892 and 1093 (Table 2), coupled
with the surprising nature of the some of the crosslinks identified (see Discussion),
raises the question as to whether photoincorporation proceeds via a putative dimeric
formof 50S, present in small quantities, in which crosslinking occurs between subunits.
Although we have been unable to find a published report of such adimer, its possible
presence in small quantities cannot be rigorously excluded. Two approaches were
employed to investigate this question, each measuring the yields of p* PHONT 1892
photoincorporation into fragment 1080—1111 and of p* PHONT 1093 into fragments
1701-1764 and 1910-1975. In the first, yields were measured as a function of 50S
concentration (0.1-2.5 uM) at constant p* PHONT concentration (0.1 wM), and equal
quantities of ribosomeswere extracted for RNaseH digestion and SDS—-PAGE analysis.
If labeling occurred only via dimer, and dimer were present in a rapid, unfavorable
equilibrium with monomer, then raising the concentration of 50S subunits should
result in a large increase in the yields. In fact, the yields per 50S subunit show only
minor variation with 50S concentration in thisrange (Fig. 5A). In the second approach,
yields obtained for different fractions (I, I, and 111, Fig. 5B) from a sucrose density
gradient preparation of 50S subunits were compared. If 50S dimer were present in
small amounts but not equilibrating with monomer, then the percentage of such dimer
should be higher for fractions further into the gradient and the yield of labeled fraction
should follow suit. No such trend was observed. We conclude that target site-specific
labeling of the RNase H fragments in question occurs within the 50S monomer.

| dentification of nucleotides target site-specifically labeled by PHONT 1892 target
site. Specific sites of photoincorporation within the labeled fragments 1060-1111,
1845-1868, and 1910-1975 were identified by reverse transcriptase primer extension
on 23S rRNA extracted from 50S subunits that were photolabeled by PHONT 1892.
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FIG.4. Thiostrepton (TS) effects on the formation of PHONT-labeled RNase H fragments. Photolyses
were carried out under standard conditions ([50S] = 1.5uM, [p*PHONT] = 0.5 uM) in binding buffer
containing 1% DM SO unless otherwise specified. (A) Labeling by p* PHONT 1892. Lanes 1, no added
DMSO; lanes 2, no TS; lanes 3, 1.5 uM TS; lanes 4, 15 uM TS; lanes M, size standards. (B) Plots of
band intensity in part (A) vS. [TS]iota/[50S]iota- (C) Labeling by p*PHONT 1093. Lanes 1, no added
DMSO; lanes 2, no TS; lanes 3, 0.15 uM TS; lanes 4, 1.5 uM TS; lanes 5, 15 uM TS, lanes 6, 150 uM
TS lane M, size standards. (D) Plots of band intensity in part (C) vs. [TS]ita/[50S]iota- [N (B) and (D),
the band intensities were normalized against the intensity of the corresponding band in lane 2. Values
shown are the average of data from 3-5 experiments.

These experiments were carried out at a PHONT 1892:50S ratio of 2:1 in order
to maximize the stoichiometry of probe photoincorporation, thereby increasing the
visibility of autoradiographic bands arising from primer extension stops or pauses
(Fig. 6). Sites of photoincorporation were identified as the nts immediately following
stop or pause sites (—1 in the 23S rRNA sequence). Three primers were employed
to identify PHONT 1892 crosslinked sites. Primer extension using cDNA 1156-1140
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FIG. 5. Réative yields of p*PHONT-labeled RNase H fragments. (A) As a function of [505].
Photolyses were carried out in the presence of 0.1 uM p*PHONT and the indicated [50S]. Apparent size
of main band shown is given in parentheses. Lanes 1-3, p*PHONT 1892, fragment 1080—1111 (43 nts);
Lanes 4-6, p*PHONT 1093, fragment 1701-1764 (73 nts); Lanes 7-9, p*PHONT 1093, fragment
1910-1975 (75 nts). (B) As a function of fraction in sucrose density gradient. 50S subunits used in
photolyses were taken from different fractions (I, 11, and I11) of a 7.4-50% sucrose gradient, formed in
a zona rotor, as shown. Photolyses were carried out under standard conditions ([50S5] = 1.5 uM,
[p*PHONT] = 0.5 uM), using the indicated 50S fraction. Apparent size of main band shown is given
in parentheses. Lanes 1-3, p*PHONT 1892, fragment 1080—1111 (43 nts); Lanes 4—6, p* PHONT 1093,
fragment 1701-1764 (73 nts); Lanes 7-9, p* PHONT 1093, fragment 1910-1975 (75 nts).
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FIG. 6. Reverse transcription analyses of PHONT 1892-labeled 23S rRNA. Photolyses were carried
out at as indicated with [50S] = 1.5 uM. When present, PHONT 1892 was added to a concentration of
3 uM, and CHASE 1892, MISMATCH 1892, and TS were each added to a concentration of 15 uM.
Experiments containing TS were carried out in 1% DMSO. The cDNAs used as primers were: (A)
1156-1140; (B) 1922—1906; (C) 2042—2026. Lanes A, C, G, and U are sequencing products generated
from control 23S rRNA in the presence of ddTTP, ddGTPR, ddCTP, and ddATP, respectively. Arrows mark
decreases in stop or pause intensity resulting from CHASE 1892 or TS addition.

identified U1094/A 1095 as major sites of photoincorporation (Fig. 6A). Similar analy-
sis with cDNA 1922-1096 and 2042—2026 permitted identification of G1850 (Fig.
6B) and G1950 (Fig. 6C), respectively, as photoincorporation sites. Each of these
sitesislabeled target site-specifically, as demonstrated by the effects of added CHASE
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1892 and MISMATCH 1892. Consistent with the results presented in Fig. 4A, the
intensity of the stops or pauses reflecting U1094/A1095 labeling decreased in the
presence of thiostrepton, but stops reflecting G1850 and G1950 labeling were unaf-
fected.

I dentification of nucleotides site-specifically labeled from the PHONT 1093 target
site. Identification of labeled nucleotides by direct reverse transcriptase primer exten-
sion on 23S rRNA was not possible in this case, in part because of the lower yield
of photocrosslinking from PHONT 1093 than from PHONT 1892 (Table 1). Rather,
we employed two approaches based on the recovery and utilization of the 3?P-labeled
RNase H fragments. The first subjected the excised fragments to reverse transcriptase
primer extension. Here the logic was to prepare a sample enriched in labeled fragment
by exploiting the resolution afforded by SDS—PAGE in separating labeled and unla-
beled fragments on the basis of their size difference. In such a sample, the pauses or
stops due to crosslinking will be enhanced relative to what is seen for total 23SrRNA.
In practice, primer extension was carried out on both labeled fragment, identified by
autoradiography, and unlabeled fragment migrating dlightly faster, as identified by
methylene blue staining. For the results displayed in Fig. 7, the labeled fragments
were 1051-1274, 1680—1845 and 1845—-2002. Stops or pauses seen with the labeled
fragments but not with the unlabeled fragments indicate sites of crosslinking. This
approach led to identification of nts C1072, U1097, and U1101 (Fig. 7A), U1712,
U1716, and C1748 (Fig. 7B), U1926 and U1931 (Fig. 7C) as crosslinked sites.

The last five of these crosslinks provide important evidence for conformational
change in 50S subunits, and were examined by a second approach in which excised
32P-labeled RNase H fragments 17011764 and 1910—-1975 were subjected to RNase
T1 digestion in the absence and presence of added oligo cDNAS, spanning the labeled
RNAse H fragments (Fig. 8). Digestion of RNase H fragment 1701-1764 gives two
labeled products, a major one migrating at 19 nt and a minor one migrating at 15 nt.
As PHONT 1093 is 10 nts long, these products correspond to PHONT 1093-labeled
RNase T1 fragments that are 9 and 5 nts long, respectively. The 1701-1764 sequence
yieldsaunique 5 nt RNase T1 fragment, 1711-AUAUG-1715. Thereisno 9-nt RNase
T1 fragment, but if one assumes that incorporation into U1716 would interfere with
RNase T1 digestion at G1715, and then a strong candidate for the 9 nt fragment is
1711-AUAUGUAGG-1719, since digestion at a GG sequence is often difficult (38).
This assignment is supported by the effects of added cDNAs (39). Formation of both
the 15 and 19 nt fragments is strongly inhibited when RNase T1 digestions are carried
out in the presence of cDNA 1718-1703, whereas addition of cDNAs 1735-1714
and 1752—-1734 have lesser or negligible effects. These results strongly support the
identification of U1712 and U1716 as crosslinked sites. On the other hand, the
failure of RNase T1 digestion to generate a labeled fragment corresponding to 1745-
AAAUCAG-1751 cdlls into question whether C1748 is a genuine crosslinked site.
Furthermore, in contrast to added cDNA 1718-1703, added cDNA 1752-1734 does
not affect the RNase T1 digestion pattern. However, both of these results may reflect
false negatives, since covalently incorporated PHONT 1093 could interfere with
RNase T1 digestion and with cDNA hybridization (see below).

RNase T1 digestion of 3P-labeled RNase H fragment 1910-1975 generates one
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FIG. 7. Reverse transcription analyses of RNase H fragments derived from p* PHONT 1093-labeled
23S rRNA. Photolyses were carried out at [50S] = 1.0 uM and [p*PHONT 1892] = 1.0 uM. RNase H
fragments of labeled 23S rRNA were generated and resolved as in Fig. 3, and gel slices containing
p* PHONT-labeled fragments (lanes X) and unlabeled fragments (lanes Un) were eluted as described (see
Methods), and used as templates for reverse transcription. (A) Fragment 1051-1274, primer cDNA
1156-1140; (B) Fragment 1680-1845, primer cDNA 1776-1750; (C) Fragment 1910-2011, primer
cDNA 1983-1967. Lanes A, C, G, and U are sequencing lanes using 23S rRNA as template and lanes
A* and G* are sequencing lanes using extracted unlabeled fragment as template.

major labeled product, which is 17 nt long, and corresponds uniquely to labeled 1923-
UCCUAAG-1929. This result provides direct confirmatory evidence for crosslinking
into residue U1926. Interestingly, added cDNA 1922/1934 did not inhibit formation
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FIG.8. RNaseT1 digestion of RNase H fragments derived from p* PHONT 1093-labeled 23S rRNA.
Labeled fragments, prepared as described in Fig. 7, were digested as described (see Methods) in the
presence or absence of the indicated cDNAs. Fragment 17011764, lanes 1-5; Fragment 1910-1975,
lanes 6—10. Arrows indicate sizes of RNase T1 fragments.

of this labeled product, illustrating the possibility of a false negative result using
this approach.

Effect of CHASE oligonucleotides on chemical footprinting of 23SrRNA. To assess
whether CHA SE oligonucl eotide binding caused structural distortion at regions neigh-
boring photoincorporation sites, we examined whether addition of CHASE 1892 or
CHASE 1093 in 10-fold excess (10 uM) over 50S subunits altered chemical foot-
printing (dimethyl sulfate and kethoxal) patterns in regions 990—-1130 and 1700—1980
of 23SrRNA. No significant changes in chemical reactivity towards either modifying
reagent was detected at sites other than the respective target sites (data not shown).
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DISCUSSION

The results summarized in Table 4 identify four crosslinks, two each from PHONTS
1892 and 1093, that are incompatible with all three known 50S crystal structures
(10,12,15), raising the question of whether such long-range crosslinks (denoted XL Rs)
are artifactual or are rather indicative of specific large scale motions within the 50S
subunit. The crosslink formed between PHONT 1093 and U1926 (XLR 4), which
may be considered as a quasi-reciprocal crossink vis-a-vis XLR 1 (PHONT 1892 to
U1094/A1095) since U1926 isonly 28 = 3 A from C1892, argues in favor of the
latter interpretation. Below we summarize the additional evidence that the observed
XLRs are not artifacts, before considering their relationships to both conformational
change and ribosome function.

XLRsarenot artifacts. The most likely potential artifactsin XLR identification are:
(a) misidentification of thesitesof PHONT photoincorporation; (b) photoincorporation
from a PHONT not bound to its targeted site; and (c) photoincorporation within a
50S subunit grossly perturbed by PHONT binding. Less likely are (d) that XLRs
arise via crosslinking within a putative 50S dimer, from a PHONT bound in one
monomer to a neighboring site within the second monomer and second, and (€) that
apparent XLRs are due to large differences in the structure of E. coli 50S subunits
vis-avis those from T. thermophilus, H. marismortui, or D. radiodurans.

We consider potential artifacts (a) and (b) first. Our strategy for identifying a cross-
linking siteisto first narrow down the potential site of crosslinking using progressively
smaller RNase H fragments, and then to use RT analysis of the limited region of 23S
rRNA so identified to locate incorporation sites with precision. As the RNase H
cleavage sites generated by added cDNAs or chimeric oligonucleotides lead to frag-
ments of predictable size, thereislittle possibility that the fragments are misidentified.

TABLE 4

Summary of Crosslinks and Distance M easurements

From To Distance? (/3\)
C1892 (Helix 68) U1094-XLR 1A 108/116/107
A1095-XLR 1B 112/118/106
G1850 18/18/19
G1950-XLR 2 707170
G1093 (Helix 44) C1072 15/15/13
u1097 14/14/12
U1101 15/16/15
U1712-XLR 3A 123/129/113
C1716—XLR 3B 124/129/121
(C1748) 109/115/107
U1926—-XLR 4 83/91/85
(U1931) 80/87/79

a1st distance: T. thermophilus 50S subunit within 70S ribosome (12); 2nd distance: H. marismortui
isolated 50 subunit (11); 3rd distance: D. radioduransisolated 50 subunit (15). All distances are phosphorus
to phosphorus.
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It isreasonableto expect that modification of rRNA accompanying PHONT incorpora-
tion would yield a pause or a stop on RT analysis. As in al cases the nucleotides
reported as crosslinked represent the only stops or pauses seen (—1) in the regions
of sequence corresponding to the labeled RNase H fragments, there is little basis for
a misidentified crosslink. For PHONT 1892, this conclusion is further buttressed by
the various controls shown in Fig. 6. Thus, XLRs 1A/B and 2 (Table 4) are only seen
on irradiation of the PHONT 1892.50S complex. They are not seen in the absence
of irradiation or of PHONT 1892, and they are blocked by addition of CHASE 1892,
which should compete with PHONT 1892 for binding to the target site, but not by
MISMATCH 1892, which should compete less well, if at all. These results provide
strong evidence against potential artifact (b). Here it is important to note the closest
fortuitous matches to nts 1882—1892 in 23 S rRNA had =3 mismatches, so binding
of PHONT 1892 to such sites is extremely unlikely.

These controlsat the RT analysislevel could not readily be carried out for p* PHONT
1093. Rather, the approach used was to show that labeling of limited size RNase H
fragments (1700-1742 and 1910-1975) containing XLRs was target site-specific
(blocked by CHASE 1093, but not by MISMATCH 1093 or any of the FORMATCH
1093s) and then to use extracted *?P-labeled RNase H fragments for RNase T1
and RT analyses. The former analyses clearly show target site-specifically labeled
oligonucleotides 1711-1715, 1711-1719, and 1923-1929, consistent with the results
of the latter analyses showing crosslinking into U1712 , U1716 (XLR 3A/B), and
U1926 (XLR 4). The identifications of C1748 and U1931 as site-specifically labeled
must be considered moretentative, sincethey are not confirmed by RNase T1 analysis,
although eachisclosein the three-dimensional structure of 50S subunitsto a confirmed
labeled site (C1748 to U1712/1716, U1931 to U1926).

With respect to potential artifact (c), while conformational change at the immediate
site of PHONT binding is expected, chemical footprinting shows no evidence for
conformational change accompanying PHONT 1892 or PHONT 1093 binding in the
regions containing long-range crosslinks. Similar results have been obtained in chemi-
cal footprinting studies of other complementary oligonucleotide binding to 30S or
50Sribosomal subunits (4). Furthermore, electron microscopy studies at aresol ution of
~25 A (40,41) show no evidencefor conformational change following complementary
oligonucleotide binding to 30S subunits. The relatively high affinities of PHONT
1892 and PHONT 1093 for 50S subunits (Fig. 2) also argues against large-scale
conformational change induced by oligonucleotide binding since, as pointed out
elsewhere (3), the energy required to induce such change would necessarily have to
be taken from the intrinsic binding energy for PHONT binding.

As there are no published reports of 50S dimers, potentia artifact (d) is quite
hypothetical. Clearly, if 50S dimers exist, they are present in very small quantities.
The experiments presented in Fig. 5, showing little or no dependence of crosslink
yields on either 50S concentration or the sucrose gradient fraction of a50S preparation,
effectively rule out putative 50S dimers as the source of the observed XLRs. Last,
concerning potential artifact (e), the crystal structures of 50S subunits from three
different bacteriaconfirm the high degree of conservation of the bacterial 50S structure.
While it is true that specific regions may show differences, especialy where 23S
rRNA 2° structureis not conserved, such differences are unlikely to account for XLRs
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1A/B, 2 and 4, which involve nucleotides that are within highly conserved rRNA
regions. In contrast, XLR 3A/B involves crosslinks to U1712 and U1716, which fall
within a nonconserved portion of helix 63 stem-loop that is considerably longer in
E. coli 23S rRNA (35 nts) than in T. thermophilus (29 nts), H. marismortui (23 nts),
or D. radiodurans (19 nts). Whilethislack of conservation introduces some uncertainty
into the 1093-1712/1716 distances shown (Table 4), the distances are so large that,
despite this uncertainty, classification of the 1093—1712/1712 crosslinks as an XLR
is secure.

Mechanism of XLR formation. If XLRs are not artifacts, how are they formed?
From the published 50S structures it is clear that al of the nucleotides involved in
XLRs 1-4 are found on the surface of the 50S particle, in regions that are relatively
free of protein (Fig. 9A). We surmise that such regions could be inherently flexible,
allowing large-scale movements leading to alternative 50S conformations that permit
XLR formation. In this context four questions are of particular interest. What is the
evidence that the pertinent regions are flexible? How much movement from the
conformation(s) seen in the crystal structure is required for XLR formation? What
evidence is there for the presence of aternative conformations giving rise to XLR
formation? What else is known about ribosome structure that could account for
XLR formation?

Of the nucleotides involved in XLRs 1-4 (Table 4), 10931095 and U1926 are
clearly within flexible regions of the 50S subunit. Thus, Yusupov et al. (12) describe
four 23S rRNA regions showing high disorder in the 50S crystal structure. Nucleotides
1093-1095 fall within one of these, the L11 RNA binding domain, comprising nts
1030-1124 and including helices 42—44. A second such region is the 1915 stem loop
(H69—nts 1906—1924), which is immediately adjacent to U1926. Additional X-ray
and electron microscopy evidence for the flexibility of these two regions has been
summarized recently (12,15,16). As well, there is evidence from footprinting experi-
ments for the hinge-like nature of helix 42 (4). In addition, C1892 and G1950 fall
within an important structural feature of the 50S subunit known as the lateral arm,
which includes helices 68, 70, and 71 (the only connection of the 1915 stem loop to
the rest of 23S rRNA is via a single-stranded loop to the lateral arm, accounting, at
least in part, for its flexibilty). Although there is no direct evidence for the flexibility
of thelateral arm, itsimportancefor function (see bel ow) has prompted specul ation that
movement of tRNA during the translational cycle could be coupled to conformational
rearrangement of the noncanonical H70 segment (12).

, Although the distances between the nucleotidesinvolved in XL Rsvary from 70-129
A in the known crystal structures (Table 4), there are three factors which could
decrease the movement required for XL R formation. Thefirst isthat, in both PHONTS,
the sulfur of the photolabile s*U group is up to 20 A from the nearest base (C1892
and G1093, respectively) in the 23S structure (Fig. 1). Allowing for some fraying at
the terminus of the new heteroduplex that accompanies PHONT binding to its target
sSite, it is reasonable to consider that nuclectides approaching within 25 A of C1892
or G1093 as being crosslinkable by the corresponding PHONT. The second factor is
that there may be structural differences between the E. coli 50S subunit and those
50S subunits whose structures have aready been determined, especially in flexible
regions of the structure. It is reasonable to assume that such changes will be of the
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FIG. 9. Theinvolvement of the L11 RNA binding domain in long-range crosslinks (XLRs). (A) 50S
structure (11) indicating positions of nts U1094 (red), C1030 (purple), A1111 (purple), U1712 (red),
C1892 (red), U1926 (red) and G1950 (red). Each of the specified nucleotides is in the middle of three
continuous colored nucleotides. (B) Cartoon version of (A), emphasizing arm-like nature of L11 RNA
binding domain. (C) Possible movement of L11 RNA binding domain arm, allowing formation of XLR
4. (D) Possible movement of L11 RNA binding domain arm, alowing formation of XLR 1.

same order of magnitude as the differences observed between the structures aready
determined (Table 4). Finally, formation of the new heteroduplex formed on PHONT
binding will necessarily involve the breaking of some of the hydrogen bonds linking



184 SEO AND COOPERMAN

the targeted sequence to the rest of the 50S subunit, allowing some displacement of
this sequence from its origina position. We estimate that the latter two factors might
introduce an uncertainty of up to 25 A in comparing XLRs to the known crystal
structures. Adding al three factors together, lower limits of the relative movements
required to form the four XLRs in Table 4 vary from 20—-80 A, athough the actual
movements could be somewhat larger.

Evidence that alternative conformations giving rise to XLR formation are present
in solution comes from results presented in Table 3. Since photoincorporation into
the target region will occur in all 50S conformations, the yields of photoincorporation
into regions containing XLRs relative to the yields of photoincorporation into the
target region provides some indication of the prevalence of conformations leading to
XLR formation. For PHONT 1892, photoincorporation into fragments 1060—1111
(dominated by labeling of 1094/1095) and 1910-1975 (dominated by labeling of
1950) proceed at 39 and 20%, respectively, of the level seen in the target fragment
(1845-1910). Similarly, for PHONT 1093, photoincorporation into fragments 1910—
1975 (dominated by labeling of 1926, and, possibly, 1931) and 1701-1764 (dominated
by labeling of 1712/1716 and, possibly, 1748) proceed at 38 and 18%, respectively,
of the level seen in the target fragment (1051-1111). Because of the multiple factors
that control photoincorporation yield, these percentages do not provide a direct meas-
ure of alternative conformations leading to XL R formation. Nevertheless, such confor-
mations do not appear to be rare.

We envisage XLR formation as proceeding via Scheme 1, in which the dominant
conformation, 50S,, is in equilibrium with an alternative conformation, 50S,, from
which the XLR is formed, giving rise to the crosslinked subunit, 50S,. It isimportant
to note that distances between the nucleotides involved in the crosslink may be greater
in 50S, than in 50S,; the free energy change accompanying bond formation could
provide the necessary driving force for crosslinking sites in 50S, that are too far apart
for crosslink formation in 50S,,.

50§, 2 50S, - 50S;

SCHEME 1

Nucleotides 1093-1095 fall within a particularly propitious region of the 50S
subunit for XLR formation. In the 50S subunit crystal structure, the L11 domain
extends asabent arm from the body of the 50S subunit, with the upper arm correspond-
ing to H42 having a length of 44 + 2 A (C1030 to A1111) and the lower arm,
corresponding to H43 and H44, and their loops, having a length of 46 + 1 A (A1111
to A1094) (11,12,15). The positions of the shoulder (G1124, C1030), elbow (A1111),
and finger (A1094) are positioned so as to form an approximately equilateral triangle,
with the elbow extending furthest away from the body of the 50S subunit (Figs. 9A
and 9B). Movement of this arm toward U1926 as shown in Fig. 9C, or, in a more
extended form, toward C1892 (Fig. 9D), could be sufficient for formation of XLRs
1 and 4. Formation of XLR 1 (and of XLR 2) could aso be aided by the local
disruption in ribosome structure accompanying PHONT 1892 binding. Less dramatic
movements of the L11 domain would be required if nucleotides U1926 and C1892
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were also able to move toward nucleotides 1093-1095. Such movement of U1926
is quite likely, given the known plasticity of the 1915 stem loop region (15). Possible
movement of C1892 is suggested by formation of XLR 2, which necessarily involves
relative movement of C1892, in H68, toward G1950, in H71. Such movement could
be accomplished by a bending of the lateral arm at the noncanonical helix, consistent
with a previous proposal (12). Formation of XLR 3A/B (Table 4) requires the largest
change from the known X-ray structures. Here even full extension of the L11 domain
arm may be insufficient for crosslink formation, and it is likely that movement of
the H63 stem-loop, which includes U1712 and U1716, is necessary. Such putative
flexibility may be linked to the nonconserved length of the H63 stem-loop, as
noted above.

Possible functional relevance of XLRs. Although other evidence for large-scale
movement within the 50S subunit has been reported recently, particularly in the L1
and L11 regions (15—17), the XL Rs characterized herein provide thefirst identification
of specific nucleotides involved in such large-scale movements in solution. Even
though the specific motions demonstrated in this study are unlikely to be directly
relevant for an elongating 70S ribosome, because of steric clashes they would be
expected to have with 30S subunit and with bound tRNAs and protein factors, they
are nevertheless of interest in revealing the inherent flexibility of specific regions of
23S rRNA within the 50S subunit. It is possible that more limited motions of these
regions are involved in the large conformational changes that the ribosome undergoes
as it moves through its catalytic cycle (12,15-18). In this connection it is of interest
that, with the exception of U1712 and U1716, the 23S rRNA nts involved in the
XLRs have al been strongly linked to function. The L11 binding domain, including
nts 1093—1095, binds thiostrepton [with a possible direct contact at A1095 (26)] and
forms part of the binding site for EF-G, and movement of this domain has been
implicated as an important part of the tRNA translocation process (16). The lateral
arm, and its attached 1915 stem-loop region, includes nts C1892, U1926, and G1950,
as well as four bridges to the 30S subunit. There is a direct interaction of C1892
with E-site bound tRNA position 71 that has been shown to be important for transloca-
tion (42) and the 1915 stem loop region contacts the D-stems of A- and P-tRNA, as
well as the top of the penultimate stem (H44) of 16S rRNA, at the site of codon-
anticodon interaction (12). In addition, the lateral arm interacts directly with the 2600
stem loop (H93) and the A loop (H92) of 23S rRNA (12), each of which is directly
involved in the peptidyl transferase center (20,43).

In conclusion, our present results demonstrate the utility of the PHONT approach
in identifying regions of intrinsic conformational lability in rRNA, some of which
areknown to beimportant for ribosomal function. The next step will beto use PHONT
1093 to probe 70S ribosomes, in both the absence and presence of tRNAs and factors
(PHONT 1892 does not bind to 70S ribosomes because of the overlap of its target
site with a bridge linkage to 30S subunits). Other regions of suspected conformational
lability in both the 50S and 30S subunits are also amenable to the PHONT approach.
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