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ABSTRACT: The effects of P/P- and P/E-site tRNAPhebinding on the 16S rRNA structure in theEscherichia
coli 70S ribosome were investigated using UV cross-linking. The identity and frequency of 16S rRNA
intramolecular cross-links were determined in the presence of deacyl-tRNAPhe or N-acetyl-Phe-tRNAPhe

using poly(U) or an mRNA analogue containing a single Phe codon. ForN-acetyl-Phe-tRNAPhe with
either poly(U) or the mRNA analogue, the frequency of an intramolecular cross-link C967× C1400 in
the 16S rRNA was decreased in proportion to the binding stoichiometry of the tRNA. A proportional
effect was true also for deacyl-tRNAPhe with poly(U), but the decrease in the C967× C1400 frequency
was less than the tRNA binding stoichiometry with the mRNA analogue. The inhibition of the C967×
C1400 cross-link was similar in buffers with, or without, polyamines. The exclusive participation of C967
with C1400 in the cross-link was confirmed by RNA sequencing. One intermolecular cross-link, 16S
rRNA (C1400) to tRNAPhe(U33), was made with either poly(U) or the mRNA analogue. These results
indicate a limited structural change in the small subunit around C967 and C1400 during tRNA P-site
binding sensitive to the type of mRNA that is used. The absence of the C967× C1400 cross-link in 70S
ribosome complexes with tRNA is consistent with the 30S and 70S crystal structures, which contain
tRNA or tRNA analogues; the occurrence of the cross-link indicates an alternative arrangement in this
region in empty ribosomes.

The interactions of the tRNAs with the ribosome have been
investigated with a succession of methods over the last 20
years. Nucleotides in the rRNAs that become chemically
nonreactive upon tRNA binding were identified, and many
of these have been shown to be involved in contacts with
tRNA (1-3). Many more of the details of the ribosome-
tRNA interactions have been determined by crystallography
and cryo-EM.1 These include the description of the arrange-
ments of 16S rRNA elements that stabilize the P-site-bound
tRNA on the 30S subunit (4-7), the interaction between the
16S rRNA and the A-site-bound tRNA that is dependent on
the codon-anticodon interaction in the A-site (5, 6, 8, 9),
the conformation of the tRNA in the ternary complex during
A-site accommodation (10, 11), and 23S rRNA-tRNA
interactions that provide the orientation of the aminoacyl-
and peptidyl-containing ends of the tRNAs in the peptidyl
transferase center (6, 12). The ribosome has conformational
flexibility, particularly in the 30S subunit, that accompanies

many of the steps in tRNA and factor binding. This includes
rotation and bending of the head and changes in the platform
region of the 30S subunit upon subunit association (13, 14),
a tightening of the 30S subunit structure during tRNA
accommodation (9), concerted structural changes during the
translocation reaction (14-16), and changes induced by
initiation factor 3 binding (17).

An issue that complicates structural experiments is the
known ribosome dependence on the ionic environment.
Conventional buffers contained monovalent (K+ or NH4

+)
and divalent cations (Mg2+) to maximize ribosome activity
and minimize nonspecific tRNA binding (18-22). tRNA
footprinting experiments done under these conditions led to
the proposal of the hybrid states model for translocation (2,
23, 24), and these conditions have been used in kinetic
experiments (25, 26). The inclusion of polyamines such as
spermine and spermidine increase in vitro protein synthesis
speed and processivity (27, 28); subsequently, polyamine
buffers have also been used in tRNA protection experiments
(29-31). Cryo-EM experiments with 70S‚tRNA‚mRNA
complexes in conventional and polyamine buffers provided
evidence for the redistribution in the equilibrium between
P/P and P/E-site binding of deacyl-tRNAf

Met (32). Thus, ionic
conditions can alter the details of some of the tRNA-
ribosome interactions.

UV cross-linking is used here to compare the 16S rRNA
conformation in the empty 70S ribosome and its conforma-
tion with P-site bound tRNA. Previously, we demonstrated
that UV-induced cross-linking can detect conformational
differences in the 16S rRNA, particularly near nucleotide
residues involved in interactions in the decoding region of
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the subunit. Cross-linked nucleotides associated with the
tRNA P-site were significantly and specifically affected by
changes in the Mg2+ concentration and subunit association,
while cross-links in other parts of the 16S rRNA were
unaffected (33, 34). The two internal cross-links that were
most responsive are C967× C1400 and C1402× C1501.
In the present paper, the structural response in 70S ribosomes
complexed with deacylated or acylated tRNAPhe and with
different messenger RNA and buffers has been investigated.
The data demonstrate a specific inhibition of the 16S rRNA
cross-link C967× C1400 close to the decoding region in
response to P/P, and in some cases, P/E-site binding,
indicating that an adjustment is made by the 30S subunit
during tRNA binding.

MATERIALS AND METHODS

Preparation of Ribosomes and UV Cross-Linking Proce-
dures. Escherichia coli70S ribosomes and ribosomal sub-
units were prepared and stored according to Makhno et al.
(35). Reassociation of 30S and 50S ribosomal subunits was
done in solutions containing either conventional buffer (20
mM Tris-HCl, pH 7.5, 100 mM NH4Cl, 10 mM MgCl2, 6
mM â-ME) or polyamine buffer (20 mM HEPES-KOH, pH
7.8, 150 mM NH4Cl, 6 mM MgCl2, 2 mM spermidine, 0.4
mM spermine, 6 mMâ-ME) (29). Complexes were formed
by incubating 70S ribosomes with mRNA and tRNA for 30
min at 37°C. They were then placed on ice for 10 min and
irradiated at 4°C. Irradiation was completed with a 312 nm
trans-illuminator (Fotodyne, Inc., Hartland, WI) for 20 min
as previously described (36). After irradiation, rRNA was
recovered from the samples by proteinase K digestion,
followed by phenol extraction, ether extraction, and ethanol
precipitation. The RNA was dephosphorylated with shrimp
alkaline phosphatase (USB, Cleveland, OH), phenol ex-
tracted, ether extracted, and ethanol precipitated. 16S rRNA
was isolated on 1% agarose gels and then was 5′ end-labeled
with [γ-32P] ATP by T4 polynucleotide kinase (MBI Fer-
mentas, Hanover, MD) or 3′ end-labeled with [5′-32P] pCp
by T4 RNA ligase (41).

Cross-linked 16S rRNA was separated by gel electro-
phoresis on gels made with 3.6% acrylamide/bis-acrylamide
(70:1), 8.3 M urea, and BTBE buffer (30 mM bis-Tris, 30
mM boric acid, 2.5 mM EDTA, pH 6.8) as previously
described (36). For purification, the locations of bands
containing uncrosslinked and cross-linked 16S rRNA were
detected with a PhosphorImager (Amersham, Piscataway,
NJ). Bands were cut out and eluted by ultracentrifugation
through 2 M CsCl, 0.2 M EDTA, pH 7.4, for 16 h at 40 000
rpm (37). RNA pellets were redissolved in 250µL of H2O,
phenol extracted, ether extracted, and ethanol precipitated
before further analysis.

Preparation of N-Acetyl-PhetRNAPhe. Ten A260 units of
E. coli deacyl-tRNAPhe(Sigma, St. Louis, MO) was amino-
acylated according to Rheinberger et al. (38) using bovine
mitochondrial tRNA synthetase (39). After two ethanol
precipitations to remove excess phenylalanine, the sample
was purified by HPLC on a PRP-1 reverse-phase column
(Hamilton) with a 0-20% acetonitrile gradient in 0.1 M
NaOAc, 10 mM MgCl2, pH 5.1. After phenol extraction and
ethanol precipitation, the Phe-tRNAPhe was incubated with
30 mg of acetic acidN-hydroxysuccinimide ester (Sigma,
St. Louis, MO) in 80% DMSO (0.5 mL total volume) for 2

h on ice (40). Following acylation, the sample was ethanol
precipitated twice, dried, dissolved in H2O, and stored at-20
°C.

tRNAPhe Binding to Ribosomes.Complexes for analytical
experiments contained 40 pmol of ribosomes, 10µg of poly(U)
or 200 pmol of mRNA, and either 40 or 200 pmol of tRNAPhe

in 100µL total volume in conventional buffer or polyamine
buffer. The mRNA analogue used in the experiments is 54
nucleotides containing the sequence GGCGAUAACACUC-
AGGAGAUAAUAA AUGUUUACAGCUGAUCAAUCG-
UGCAUCCA in which a Shine Dalgarno sequence is
underlined, and the codons AUG and UUU are bold. It was
made by in vitro transcription using the conditions for high
yield of RNA (41). Preparative samples contained 200 pmol
of ribosomes, 50µg of poly(U) or 1000 pmol of mRNA,
and 400 pmol of tRNAPhe or NAcPhe- tRNAPhe in 200 µL.
Samples were incubated for 30 min at 37°C, stored on ice
for 10 min, and irradiated as stated previously. The stoichi-
ometry of tRNA binding was determined by chemically
modifying 70S-tRNA complexes with kethoxal (42). G926
is normally hyperreactive to kethoxal modification but
becomes protected by P/P- or P/E-site binding (2, 5). The
extent of protection as compared to unmodified 16S rRNA
and modified empty 70S was used as an index of P-site
binding.

Determination of Cross-Link Identity and Frequency.
Cross-linked RNA was separated by gel electrophoresis on
denaturing 3.6% polyacrylamide gels as described previously.
Cross-linking sites were found by primer extension analysis
using 11 DNA primers complementary to regions throughout
16S rRNA (36). The frequency of cross-linking was deter-
mined from phosphorImager data (Amersham, Piscataway,
NJ) of duplicate independent experiments. To normalize for
RNA loading, the cross-link band intensity was referenced
to the same cross-link band (C54× C352) in each respective
lane. The C54× C352 band showed less than 10% variance
in all lanes when normalized to the uncross-linked 16S rRNA
parent band in the same lane, determined after short exposure.

Determination of the C967 Cross-Linking Site by RNA
Sequencing.RNA was prepared from cross-linked empty 70S
ribosomes as described previously. The oligonucleotide
5′mCmGmCmUdTdGdTdGmCmGmGmGmCmCmC3′ was used
with RNase H to direct a specific cut between nucleotide
936 and 937. Specifically, 320µg of total rRNA from
irradiated 70S ribosomes and 50 pmol of oligonucleotide
were mixed in 20 mM Tris HCl, pH 7.8, 63.5 mM NH4Cl
in 200µL total volume, heated for 5 min at 55°C, and cooled
to 20 °C over a period of 15 min. Then, 30µL of 10 mM
MgCl2 and 20 units of RNase H (USB, Cleveland, OH) were
added in that order, and after incubation for 10 min at 55
°C, the sample was phenol and ether extracted and ethanol
precipitated. The RNA was treated with 45 units of shrimp
alkaline phosphatase in 200µL total volume in 20 mM Tris
HCl, pH 8.0, 10 mM MgCl2 for 15 min at 37°C and then
was phenol extracted, ether extracted, and ethanol precipi-
tated. The 605-nucleotide fragment was isolated by separation
on 1% agarose gel. Purified fragments (usually 15-20 µg)
were 5′ labeled with 60 units of T4 polynucleotide kinase
using 0.66 mCiγ [32P] ATP in 200 µL total volume
containing 50 mM Tris HCl, pH 7.5, 1 mM MgCl2, 10 mM
â-ME for 30 min at 37°C. Samples were phenol extracted,
ether extracted, and ethanol precipitated twice to remove
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unincorporated [32P] ATP. Cross-linked RNA was separated
by electrophoresis on 5% polyacrylamide gels (40:1 acryl-
amide/bisacrylamide), 8.3 M urea, and BTBE buffer. Bands
containing linear RNA and cross-linked RNA were identified
using a phosphorimager and were cut out and collected by
ultracentrifugation (40 000 rpm for 28 h) through a 4 mL
cushion of 2 M CsCl, 0.2 M EDTA, pH 7.0 in a Ti 50.2
angle rotor (Beckman Coulter, Fullerton, CA). Twenty
micrograms of herring sperm DNA (Sigma, St. Louis, MO)
was added to the CsCl solution to make a visible pellet.
Pellets were redissolved in 200µL of 10 mM Tris HCl, pH
8.0, 1 mM EDTA, 1% SDS and were phenol and ether
extracted, ethanol precipitated, and redissolved in H2O to
give 2000 cpm/µL. Partial alkaline hydrolysis and RNase
T1 digestion were done as described for tRNA.

Determination of Cross-Linking Site in tRNAPhe. De-
acylated tRNAPhe was 3′ labeled with 5′[32P]pCp and T4
RNA ligase for use in ribosome complexes. Irradiation and
purification of 16S-sized RNA was done as described
previously. RNA was separated on a denaturing 3.6%
polyacrylamide gel as described previously. RNA was
isolated from gel regions containing [32P]-labeled tRNAPhe,
and this was subjected to partial hydrolysis and sequencing
to determine the site(s) of cross-linking. RNA samples were
incubated in hydrolysis buffer (25 mM Na2CO3, pH 9.0, 0.5
mM EDTA) for 3 min at 90°C for partial hydrolysis (41),
and RNase T1 sequencing was performed on control and
cross-linked tRNA as described (41). All samples were
immediately cooled to 0°C and analyzed by gel electro-
phoresis on denaturing 12% polyacrylamide gels.

RESULTS

Effects of tRNAPhe Binding on 16S rRNA Intramolecular
Cross-Link Identity and Frequency.Deacyl-tRNAPhe and
N-acetyl-Phe-tRNAPhe were bound to 70S ribosomes to
determine if they would affect the frequency or identity of
any UV-induced 16S rRNA cross-links. Complexes were
prepared with poly(U) or with an mRNA analogue under
conditions in which tRNA binding is message dependent
(24). Both conventional and polyamine buffer systems were
used in these experiments.

In the first experiment, empty 70S ribosomes or complexes
made with either poly(U) or mRNA and deacyl-tRNAPhe at
a 2:1 molar ratio of tRNA/ribosomes were irradiated. 16S-
sized RNA was isolated on agarose gels and was then [32P]-
labeled and examined by gel electrophoresis on a denaturing
polyacrylamide gel (Figure 1A). One difference in samples
containing tRNA, as compared to samples from empty
ribosomes, is the absence of a band labeled I in Figure 1A
in the top part of the gel. RNA was isolated from region I in
all six samples and was analyzed by reverse transcription.
Reverse transcription stops occur at 16S rRNA nucleotides
that indicate a cross-link involving C967 and C1400 in the
empty 70S ribosome samples; these stops disappear nearly
completely in the RNA from 70S‚tRNA‚mRNA and the 70S‚
tRNA‚poly(U) complexes (Figure 1B,C). Poly(U) or the
mRNA analogue incubated with 70S ribosomes without
tRNA do not alter the frequency of the C967× C1400 cross-
link (results not shown). In this particular gel, the band at I
appears to be a doublet, but no additional reverse transcrip-
tion stops were identified in the RNA from region I. A second
difference in the sample from the complex made with the

mRNA analogue is the appearance of a band labeled II in
the bottom third of the polyacrylamide gel. A reverse
transcription stop occurs at C1397 in the samples that contain
the mRNA analogue (Figure 1D), so this RNA species may
be similar to the product from a similar location in the gel
electrophoresis pattern that was shown to contain a cross-
link between 16S (C1397) and mRNA at position+7 (with
respect to the A of AUG being+1) (44).

Complexes were made with poly(U) and a 1:1 and a 5:1
molar ratio of tRNA/ribosomes to determine if there is a
quantitative connection between tRNA binding and frequency
changes in cross-linking. As shown in Figure 2A, a band in
the upper part of the pattern again is decreased in samples
containing tRNA. This band will be shown to contain C967
× C1400 in the next section. Bands containing other
intramolecular 16S rRNA cross-links were quantified and
did not change. With both molar ratios of deacyl-tRNAPhe/
70S ribosomes, there was almost a complete disappearance
of the C967× C1400 cross-link in both sets of samples
(Figure 2A, lanes 3, 4, 9, and 10; Table 1). The C967×

FIGURE 1: Inhibition of the C967× C1400 cross-link by tRNA
binding. (A) 70S ribosomes or 70S ribosomes incubated with excess
poly(U) (designated U) or mRNA analogue (designated M) and
2:1 molar ratio of deacyl-tRNAPheto 70S ribosomes were irradiated
with UV light, and 16S-sized RNA was isolated, 5′ [32P]-labeled,
and electrophoresed on a denaturing 3.6% polyacrylamide gel. RNA
from the regions marked I and II was isolated from the samples
for further analysis. (B) Reverse transcription of RNA I in the
interval 957-976. The RNA sequence is indicated by lanes marked
U, C, G, and A. In this and subsequent reverse transcription
experiments, the reverse transcription stop sites are labeled for the
adjacent nucleotide at which the cross-link occurs. The arrow points
to the strong reverse transcription stop at A968 corresponding to a
cross-link at C967. (C) Reverse transcription of RNA I in the
interval 1389-1411. The arrow points to the strong reverse
transcription stop at G1401 corresponding to a cross-link at C1400.
(D) Reverse transcription of RNA II in the interval 1388-1402.
The arrow points to the strong reverse transcription stop at A1398
corresponding to a cross-link at C1397.
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C1400 frequency decrease is somewhat less whenN-acetyl-
Phe-tRNAPhe is bound using poly(U) as the messenger
(Figure 2A, lanes 5, 6, 11, and 12).

The quantitative effects of deacyl-tRNAPhe andN-acetyl-
Phe-tRNAPhe binding to the 70S ribosome directed by the
mRNA analogue were also determined. As shown in Figure
2B, titration experiments were carried out with deacyl-
tRNAPhe in conventional (lanes 3 and 4) and polyamine
buffers (lanes 9 and 10) and withN-acetyl-Phe-tRNAPhe in
conventional (lanes 5 and 6) and polyamine buffers (lanes
11 and 12).

tRNA binding stoichiometries for deacyl-tRNAPhe and
N-acetyl-Phe-tRNAPhe in the presence of poly(U) or the

mRNA analogue were determined by measuring the degree
of protection of G926 to kethoxal reaction (results not
shown). G926 normally is hyper-reactive with kethoxal in
the empty ribosome. However, tRNA bound to the P-site in
the 30S subunit in either the P/P or the P/E states (1, 2)
blocks this reaction and can be used to quantify the binding
of tRNA regardless of the hybrid state. The fractional
occupation for each of the conditions is summarized in Table
1. In all complexes containing poly(U) andN-acetyl-Phe-
tRNAPhe or deacyl-tRNAPhe, there was a direct correlation
between the extent of tRNA binding and the decrease in the
C967× C1400 cross-link. This is also true for complexes
containing the mRNA analogue andN-acetyl-Phe-tRNAPhe.

FIGURE 2: Titration of 70S ribosomes with tRNAPhe and effects on 16S rRNA cross-linking frequency. (A) Lanes 1-6 and 7-12 contain
samples cross-linked in conventional and polyamine buffer, respectively, using poly(U) to program tRNAPhebinding. Lanes 1 and 7 contain
RNA from empty ribosomes. Lanes 2 and 8 contain samples prepared with poly(U) but no tRNAPhe. Lanes 3-4, 9, and 10 contain samples
prepared with 1:1 and 5:1 molar ratios of deacyl-tRNAPhe/70S ribosomes. Lanes 5-6, 11, and 12 contain samples prepared with 1:1 and
5:1 molar ratios ofN-acetyl-Phe-tRNAPhe/70S ribosomes. (B) Lanes 1-6 and 7-12 show samples cross-linked in conventional and polyamine
buffer, respectively, using the mRNA analogue to program tRNAPhe binding. Lanes 1 and 7 contain experiments on empty ribosomes.
Lanes 2 and 8 contain mRNA but no tRNAPhe. Lanes 3, 4, 9, and 10 contain samples prepared with 1:1 and 5:1 molar ratios of deacyl-
tRNAPhe/70S ribosomes. Lanes 5, 6, 11, and 12 contain samples prepared with 1:1 and 5:1 molar ratios ofN-acetyl-Phe-tRNAPhe/70S
ribosomes. The 16S rRNA cross-link C967× C1400 is indicated by a labeled arrow to the left. Regions of preparative gels excised to
obtain RNA for the reverse transcription experiments shown in Figure 3 are indicated to the right. The bands indicated by the asterisk (/)
were not seen in duplicate experiments.

Table 1: 16S rRNA G926 Protection and 16S rRNA Crosslink C967× C1400 Frequency Decrease Induced by tRNA

conventional buffer polyamine buffer

tRNA/mRNA ratio tRNA:ribosomes 0:1 (%) 1:1 (%) 5:1 (%) 0:1 (%) 1:1 (%) 5:1 (%)

tRNAPhe
OH + poly(U) G926 protectiona 0 93 94 0 94 94

C967× C1400 frequency decreaseb 0 90 99 0 91 99

tRNAPhe
OH + mRNA G926 protectiona 0 93 98 0 95 95

C967× C1400 frequency decreaseb 0 59 63 0 53 65

N-acetyl-Phe-tRNAPhe+ poly(U) G926 protectiona 0 48 80 0 46 79
C967× C1400 frequency decreaseb 0 56 87 0 82 98

N-acetyl-Phe-tRNAPhe+ mRNA G926 protectiona 0 43 41 0 43 50
C967× C1400 frequency decreaseb 0 32 39 0 55 65

a Values for G926 protection by P-site tRNA indicate percent of binding of tRNA into the P/P- or P/E-site. These were taken from chemical
probing experiments that evaluated the extent of reaction of kethoxal at G926.b Values for C967× C1400 cross-link frequencies were taken from
gel electrophoresis analysis of 16S rRNA cross-linking. Uncertainties are about 10% of the indicated values.
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However, in the four experiments that use the mRNA
analogue and deacyl-tRNAPhe, there was a smaller decrease
in the cross-link frequency than would be expected from the
binding stoichiometry. A-site binding may occur in the
experiments with poly(U) and the 5:1 tRNA to ribosome
input ratio. However, this should not be the case for the 1:1
input ratio or for the experiments with mRNA analogue, so
a significant effect by tRNA in the A-site can be ruled out.
For N-acetyl-Phe-tRNAPheand poly(U) in polyamine buffer
at 1:1, there was a somewhat larger decrease in the C967×
C1400 than would be expected from the amount of P-site
tRNA binding. This response was not seen for the same
tRNA in conventional buffer and was not seen with mRNA,
so the difference seen in the one case may not be quantita-
tively significant.

Deacyl-tRNAPhe binding and C967× C1400 cross-link
frequency were measured in conventional buffer with a high
Mg2+ concentration with, and without, mRNA to determine
the cross-link dependence on mRNA. tRNA binding stoi-
chiometries and the decreases in the C967× C1400 cross-
link frequency are summarized in Table 2. In the T20A100M20

buffer that was used, decreases in the cross-link frequency
are proportional to tRNA binding as contrasted to a less than
proportional response that is seen in the T20A100M10 buffer.
Furthermore, the decrease in the frequency of the C967×
C1400 cross-link is the same without or with the mRNA.

ReVerse Transcription Analysis of Cross-Links in the 16S
rRNA Decoding Region.Reverse transcription analyses were
performed on RNA from complexes that were made in
reactions containing a 2:1 molar ratio of deacyl-tRNAPheor
N-acetyl-Phe-tRNAPheand poly(U) in conventional buffer to

determine cross-linking sites. RNA from the irradiated
complexes was first separated by gel electrophoresis, and
RNA from regions 1-6 designated in Figure 2A was isolated
for analysis. All samples were prepared from the same
starting amounts of 70S ribosomes, and the RNA from all
fractions (except fraction 1) was isolated and redissolved in
the same volume prior to reverse transcription, so the
intensity of the reverse transcription stops are a semiquan-
titative measure of cross-link frequency. The RNA in fraction
1 was redissolved in a 10-fold larger volume due to the large
amount of linear 16S rRNA in the samples. Reverse
transcription analysis in the 16S rRNA interval 1389-1410
in the decoding region is shown in Figure 3A. The control
empty ribosome samples produce reverse transcription stops

FIGURE 3: Reverse transcription analysis of UV induced cross-links in 16S rRNA in 70S‚tRNAPhe complexes. Panels A and B contain
analyses of experiments performed on empty ribosomes (control), and with deacyl-tRNAPhe (tRNAOH) andN-acetyl-Phe-tRNAPhe (NAc-
Phe-tRNA) using poly(U) in conventional buffer. Samples in lanes 1-6 are from fractions excised from preparative gels according to
Figure 2A. (A) Primer extension in the 16S rRNA interval 1389-1410. Reverse transcription stops at C1397, C1400, and C1402 are
indicated to the right of panel A by arrows. The lanes to the left of the gel, indicated by A, G, C, U, and O, in panels A-D are sequence
lanes and unirradiated control lanes, respectively. (B) Reverse transcription analysis in the interval 959-976. Panels C and D contain
samples from experiments on empty ribosomes (control), with deacyl-tRNAPhe (tRNAOH), N-acetyl-Phe-tRNAPhe (NAc-Phe-tRNA), and
mRNA in conventional and polyamine buffer as indicated. Lanes 1-3 in each set use RNA fractions excised from the preparative gel in
Figure 2B. (C) Reverse transcription analysis in the 16S rRNA interval 1386-1410. Reverse transcription stops are indicated on the side
of the gel at positions C1397, C1400, and C1402. (D) Reverse transcription analysis in the interval 1495-1506. The reverse transcription
stop for the cross-link C1501 is indicated.

Table 2: Dependence of G926 Protection and C967× C1400
Decrease on mRNA under Conditions of High Mg2+ Concentrationa

tRNA:70S input stoichiometry 1:1 5:1

-mRNA
G926 protectionb (%) 34 62
C967× C1400 decreasec (%) 33 53

+mRNA
G926 protectionb (%) 54 90
C967× C1400 decreasec (%) 58 88

a All measurements were done in buffers that contained 100 mM
NH4Cl and 20 mM MgCl2 as well as 20 mM Tris HCl, pH 7.5 (or 80
mM NH4 cacodylate, pH 7.2, for the kethoxal reactions).b Values for
G926 protection by P-site tRNA indicate percent of binding of tRNA
into the P/P- or P/E-site. These were taken from chemical probing
experiments that evaluated the extent of reaction of kethoxal at G926.
c Values for C967× C1400 cross-link frequencies were taken from
gel electrophoresis analysis of 16S rRNA cross-linking. Uncertainties
are about 10% of the indicated values.
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at C1402 (control lane 2) and at C1400 (control lane 6)
indicating the presence of cross-links C1402× C1501 and
C967× C1400 (36). In the samples containing deacyl-tRNA
or N-acetyl-phe-tRNA, reverse transcription stops were still
seen at C1402 (tRNAOH lanes 2 and NAc-Phe-tRNA lanes
2); however, the stops at C1400 that would be part of the
C967× C1400 cross-link were not seen (tRNAOH, lane 6)
or are seen at reduced intensity (NAc-Phe-tRNA, lane 6).
RNA from fraction 4 produced a stop at C1400 (to tRNAPhe,
described next). In addition, stops at C1397, A1396, and
C1395 are present and may be due to cross-linking with
poly(U). In the samples that contained NAc-Phe-tRNA,
reverse transcription stops in the same pattern as those seen
in the deacyl-tRNAPhe lanes were obtained (lanes 2 and 4).
The region containing the C967 stop of the C967× C1400
cross-link was also analyzed (Figure 3B), and the behavior
of RNA in fraction 6 mirrored that of the C1400 stop in the
fraction 6 RNA, confirming the inhibition of the C967×
C1400 cross-link in samples containing tRNA.

Reverse transcription analyses were also performed on
fractionated samples from complexes containing the mRNA
analogue and 2:1 molar ratios of deacyl-tRNAPheor N-acetyl-
Phe-tRNAPheover 70S ribosomes. The reverse transcription
analyses of 16S rRNA in the interval 1386-1410 and in the
interval 1494-1506 are shown in Figure 3C,D. RNA from
fractions 1-3 were obtained from the gel regions indicated
to the right of the gel in Figure 2B. The relative intensity of
the stops at position 1400 in fraction 3 in this set of samples
is related to a cross-link frequency for the C967× C1400

cross-link and decrease in the samples containing tRNA.
Reverse transcription stops in fraction 2 at C1402 (part of
the C1402× C1501 cross-link) were present in the samples
containing deacyl-tRNAPhe andN-acetyl-Phe-tRNAPhe. Re-
verse transcription stops at 1397 in fraction 2 were seen and
are consistent with 16S rRNA cross-linking to mRNA.
Reverse transcription analysis in the interval 1494-1506
(Figure 3D) showed a stop at C1501 in fraction 2 that
confirms the presence of the cross-link C1402× C1501 in
all of the samples.

Determination of the C967 Cross-Linking Site by RNA
Analysis.Because the involvement of C967 with C1400 was
considered unlikely given the arrangement of this region in
the crystal structure (see Discussion), an additional deter-
mination of the C967 cross-linking site was done by RNA
sequencing. RNA from irradiated empty 70S ribosomes was
digested with RNase H with a mixed DNA-RNA oligo-
nucleotide to induce strand breakage between nucleotides
936 and 937. After purification of the 605-nucleotide RNA
by agarose gel electrophoresis, the 5′ end at 937 was labeled
with [32P]. The RNA was then separated on a denaturing
polyacrylamide gel (Figure 4A), and RNAs were isolated
from three prominent bands that might contain the C967×
C1400 cross-link. The RNA from band 3 was determined
by reverse transcription to contain the C967× C1400 cross-
link (Figure 4B,C). The exact location of the cross-link
around C967 was determined by partial alkaline hydrolysis
and partial RNase T1 digestion (Figure 4D). The cross-
linking site was identified by the disappearance of the regular

FIGURE 4: Confirmation of C967 as cross-linking site by RNA analysis. (A) Denaturing polyacrylamide gel electrophoresis of cross-linked
molecules in 16S rRNA fragment 937-1542. RNA from empty irradiated 70S ribosomes was subjected to RNase H breakage between 16S
rRNA nucleotides 936 and 937, and the 937-1542 fragment was isolated and 5′-labeled with [32P] before electrophoresis on a denaturing
5% polyacrylamide gel. RNA from bands marked 1-4 was isolated for subsequent analysis. RNA from bands 1-3 contains internal cross-
links, and RNA from band 4 contains linear RNA. (B and C) Identification of the band containing the C967× C1400 cross-link. Reverse
transcription of fractions 1-4 through intervals 955-974 and 1391-1411 are shown in panels B and C. RNA from band 3 produces
reverse transcription stops for C967 and C1400 as indicated by the arrows. (D) Partial alkaline hydrolysis of cross-linked RNA fragments.
Bands 1-3 were subjected to partial alkaline hydrolysis H to determine the location of any cross-links that interfere with the pattern of
linear fragments originating from the 5′ end of the 937 nucleotide-sized RNA. Partial alkaline hydrolysis (H) and partial RNase T1 digestion
(T1) of the band 4 linear RNA were used to determine the identity of the steps indicated by the identity of G residues in the ladder. The
arrow points to position C967 that is the first nucleotide absent in the partial alkaline hydrolysis ladder in band 3 RNA.
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pattern of linear RNA fragments because of the branched
structure at the cross-linked nucleotide. The patterns show
corresponding bands in the cross-link and control sample
up to and including G966, but after that position, the partial
alkaline hydrolysis pattern abruptly disappeared in the RNA
containing the cross-link. Densitometry of the band intensity
as compared to the control sample indicated that all cross-
linking in fraction 3 RNA involves C967.

Analysis of the 16S rRNA-tRNA Cross-Link.The increase
in frequency of the C1400 reverse transcription in fractions
close to the bottom of the polyacrylamide gel when tRNA
was present in complexes suggested that 16S rRNA position
C1400 was involved in a tRNAPhe cross-link. To further
investigate this possibility, deacyl-tRNAPhe was 3′-labeled
with 5′ [32P]pCp and was bound to 70S ribosomes in the
presence of either the mRNA analogue or poly(U). The
samples were irradiated as in previous experiments, and 16S-
sized RNA was purified on agarose gels. The RNA was
analyzed by polyacrylamide gel electrophoresis without
additional [32P] labeling. The pattern of cross-linking in
complexes with the mRNA analogue or poly(U) is shown
in Figure 5A. For the 70S complex containing the mRNA
analogue, one band of modest intensity, labeled 1 on the
right of the gel, was seen in the bottom part of the gel but
above the position of uncrosslinked linear 16S rRNA. For
the 70S complexes containing poly(U), a series of bands was
seen in the gel, the most frequent of which, labeled 2, was
at the same position as band 1 the mRNA experiment.
Additional bands above this are labeled 2a, 2b, and 2c.
However, in subsequent experiments done with 70S ribo-
somes that had not been dissociated and reassociated, 2a,
2b, and 2c were absent, and the presence of 2a, 2b, and 2c
is correlated to a low degree of breakage of the 23 S rRNA
during handling of the ribosomes. Therefore, only RNA from
bands 1 and 2 was further characterized as products involving
cross-links between 16S rRNA and tRNA. The RNA from
band 3 should contain some tRNA, but the majority of its
mass should be uncrosslinked linear 16S rRNA.

Reverse transcription was done on the RNA from bands
1, 2, and 3 to confirm the 16S rRNA C1400 site as the
nucleotide involved in the tRNA cross-link. The pattern of
reverse transcription in the interval between 1391 and 1409
for the samples 1, 2, and 3 is shown in Figure 5B. Reverse
transcription of samples 1 and 2 produced stops correspond-
ing to a cross-link at C1400 not seen in the control sample
3. No other stops were seen in the samples attributable to
tRNA cross-linking. This result is consistent with oligo-
nucleotide-directed RNase H digestion of the cross-linked
5′ [32P]-labeled tRNA and 16S rRNA, which determined that
all of the tRNA cross-linking to 16S rRNA is in the
nucleotide interval 1394-1417 in 16S rRNA (T. Shapkina
and S. Kirillov, unpublished data).

The cross-linked RNA samples containing the 3′[32P]-
labeled tRNA were analyzed by partial hydrolysis to
determine the location of the cross-link in the tRNA (Figure
5C). Control 3′[32P]-labeled unirradiated tRNA was subjected
to partial RNase T1 digestion and partial hydrolysis to help
determine the sites of cross-linking. In the samples from
RNA 1 and 2, the pattern of tRNA partial hydrolysis matched
the pattern seen in the control tRNA, but it terminated at
nucleotide G34, indicating that they both have a cross-link
at U33.

DISCUSSION

These experiments were conducted to determine if there
were changes in the UV-induced cross-links in the 16S rRNA
within the 70S ribosome upon elongator tRNA binding that
might indicate a conformational adjustment in the 30S
subunit. tRNAPhebinding affected the intramolecular cross-
link between C967 and C1400 but not others in the decoding
region or elsewhere. ForN-acetyl-Phe-tRNAPhe, which binds
to the P/P-site (2), the decrease in the C967× C1400 cross-
link frequency was directly proportional to the amount of
tRNA bound with either poly(U) or the mRNA analogue. In
the case of deacyl-tRNAPhe, which should bind to the P/E-
site or P/P-site depending on the buffer conditions (32), the

FIGURE 5: Analysis of 16S rRNA× tRNAPhe cross-links. (A)
Denaturing polyacrylamide gel electrophoresis of RNA from
irradiated complexes containing 70S, 3′[32P]-labeled deacyl-tRNAPhe

and mRNA or poly(U). RNA from bands labeled 1, 2, and 3 were
isolated from the gel for further study. (B) Reverse transcription
analysis on RNA samples 1-3 in the interval 1391-1409. The
reverse transcription stop at G1401 at the position of the arrow
indicates the cross-link at C1400 present in RNA from bands 1
and 2 but not 3. The reduced signal in lane 1 occurs because of the
small amount of RNA recovered from that region of the gel, and
the large signal in lane 3 is due to the large amount of linear
unlabeled 16S rRNA from region 3 of the gel. (C) Partial hydrolysis
analysis of the cross-linking sites in tRNA. Samples 1 and 2 were
subjected to partial hydrolysis and were electrophoresed with control
[32P]-labeled tRNA samples to determine the sites of cross-linking.
H and T1 lanes contain [32P]-labeled tRNA subjected to partial
hydrolysis or partial digestion with RNase T1, respectively. The
lane C contains the [32P]-labeled tRNA with no additional treatment.
The sequence is numbered as indicated by the G residues.
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relationship was proportional in the presence of poly(U) but,
under mRNA dependent conditions, was less than expected
when the mRNA analogue was used. We previously deter-
mined that the response for initiator tRNAfMet binding to the
30S subunit resulted in a decrease in the C967× C1400
cross-link (44), but the extent of decrease was less than even
the decrease induced by deacyl-tRNAPhe in the presence of
the mRNA analogue that was observed in these experiments.
These data indicate that the geometry around C967 and
C1400 is altered by tRNA, but the extent of the change
depends on the identity of the tRNA and on the type of
mRNA in the complex.

The degree of the C967× C1400 cross-link inhibition
for tRNAPhe binding in 70S ribosomes did not depend on
the use of the conventional versus polyamine buffers. Cryo-
EM observations made by Agrawal et al. (32) indicated that
conventional and polyamine buffers affect the equilibrium
between the P/P versus P/E arrangement, and as a conse-
quence, in polyamine buffer the tRNA position on the 50S
subunit is shifted about 30 Å toward protein L1 as compared
to its arrangement in conventional buffer. However, the
tRNA shift does not alter the position of the anticodon loop
in the 30S subunit (32), and this is consistent with the similar
C967× C1400 cross-link frequency response in those buffer
systems. Additional experiments done in conventional buffers
with high Mg2+ concentration that allow mRNA-independent
tRNA binding show that the inhibition of the C967× C1400
cross-link is correlated to the tRNAPhebinding stoichiometry
regardless of the presence of mRNA. This indicates that the
alteration of the geometry is attributable to the tRNA. In
addition, high Mg2+ changes the C967× C1400 cross-link
frequency response to make it proportional to the tRNA
stoichiometry.

The C967× C1400 cross-link observed inE. coli is
present in other eubacteria. A cross-link identical toE. coli
C967× C1400 is seen inBacillus subtilis16S rRNA (45)
and irradiation of ribosomes fromThermus aquaticus(45)
and Thermus thermophilus(unpublished results) result in
cross-linked 16S rRNA with species that have electrophoretic
mobilities and reverse transcription stops at C1400 similar
to those seen inE. coli. In bothThermusspecies, however,
G966 is hypermodified, preventing reverse transcription
analysis of the C967-site. In addition, complexes withT.
thermophilus70S ribosomes and poly(U) and tRNA and have
been analyzed, and the long-range cross-link containing
C1400 was specifically inhibited (unpublished results).

There is ample biochemical and structural evidence for
the involvement of the 966/967 and 1400/1401 intervals in
interactions with the anticodon loop of the tRNA in the P-site.
G966 and C1401 both are protected from chemical modifica-
tion by tRNA bound in the P-site (2, 24), and modification
at either of those positions interferes with mRNA-dependent
tRNA P-site binding (46). Also, diazirine-derivatized nucle-
otide 32 in tRNAArg has been shown to cross-link to 16S
rRNA nucleotide G966 (47). Cross-linking of 16S rRNA
nucleotide C1400 to position 34 in acetylvalyl-tRNA1

Val (48)
is very efficient (49). In the present experiments, we have
demonstrated a cross-link between 16S rRNA (at C1400)
and tRNA (at U33). This is identical to the cross-link detected
between 16S rRNA and tRNAfMet, which also involves the
nucleotide adjacent to the first nucleotide of the anticodon
(44). These are different than the high-frequency cross-link

made between C1400 and the modified U34 of acetylvalyl-
tRNA1

Val (48), but it still is consistent with the proximity of
C1400 and U33/U34 in the tRNA anticodon loop.

Crystal structures ofT. thermophilus70S and 30S ribo-
somes show the details of the interactions of 966 and 1400
with the tRNA anticodon. The 70S crystal structure was
determined with complexes that contained tRNAPhe (4, 6),
and in the 30S crystal structure, each 30S subunit has a
hairpin from an adjacent 30S subunit bound in the P-site (7,
50). Therefore, both of the structures represent the 30S
subunit with an occupied P-site. Cate et al. (4) described six
RNA bridges between 16S rRNA and tRNA anticodon stem/
loop, two of them to the anticodon. Yusupov et al. (6)
identified those two contacts as the 16S rRNA G966 base
interacting with tRNA nucleotide 34 backbone and the C1400
base stacking onto the tRNA nucleotide 34 base. From the
30S crystal structure, Carter et al. (5) described a possible
van der Waals interaction between the G966 base and the
mRNA-anticodon base-pair and a stacking interaction be-
tween C1400 and the base that corresponds to the tRNA
nucleotide 34 base.

The arrangement of C967, C1400, and the tRNA anticodon
stem in theT. thermophilus16S rRNA (50) is shown in
Figure 6. In this structure, G966, C967, and A968 (yellow,
red, and yellow) are stacked together and are separated from
C1400 (blue) by the cleft between the top of helix 44 (green)
and the loop of helix 31 (yellow-green). The measured
distances from C1400 (midpoint between C5 and C6) to
G966 (midpoint between N7 and C8) and C967 (midpoint
between C5 and C6) and A968 (midpoint between N7 and
C8) are 9.4, 12.1, and 15.1 Å, respectively. These atoms were
picked for distance measurement because these cross-links
are all formed with UV light in the range of 250-300 and
are photoreversed with UV light in the same range, indicating
the presence of cyclobutane or azocyclobutane photodimers
(51). These types of photodimers are known to involve the
C5-C6 atoms in pyrimidines and the N7-C8 atoms in
purines (52, 53).

The cross-link C967× C1400 made in the empty ribosome
would require a C967 to C1400 distance smaller than seen
in the crystal structure and disruption of the G966/C967/
A968 stack. Twelve of 18 long-range UV-induced cross-
links detected inE. coli 16S rRNA occur at C5/C6-C5/C6
or C5/C6-N7/C8 distances of 3.7-7.9 Å (average 5.5(
1.4 Å) in theT. thermophilusatomic structure; this indicates
an average distance between the bonds that participate in
UV-induced cross-linking (unpublished results). If this
distance were the case for C967 and C1400, their separation
would be about 7 Å closer in the empty 70S ribosome than
they are in the crystal structure. There is evidence from cryo-
EM for structural changes in this region of the subunit. Lata
et al. (56) and Agrawal et al. (13) compared the 30S
conformation in 30S subunits and in 70S ribosomes by cryo-
EM and described a tipping of the head and rising of the
shoulder of the 30S subunit to decrease the space between
the head and the shoulder enough to create a channel for
the mRNA at a position close to the tRNA A-site. The
closing of the distance between C967 and C1400 during
subunit association may be part of that change and would
be consistent with the increase in the C967× C1400 cross-
link frequency in 70S ribosomes as compared to 30S
subunits. Ogle et al. (9) and Baucom and Noller (57) in
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comparing the crystal structures obtained for 30S subunits
in different complexes have discussed 30S movements
that included tipping and rotation of the head with respect
to the body and changes in the decoding region during
subunit association and during tRNA A-site binding that also
must involve differences in the proximity of C967 and
C1400.

The conformational difference between the ribosome
with the P-site filled and the empty ribosome may involve
changes in addition to the domain movement of the 30S
subunit head. In the presence of tRNA, nucleotides G966,
C967, and A968 are stacked together with G966 extending
out from the helix 31 end-loop in a position close to
tRNA nucleotide 33 and C1400. This makes it more likely
that G966 would be able to interact with C1400 because of
its position and because C967 is sandwiched between G966
and A968 in this arrangement (Figure 6). The exclusive
participation of C967 with C1400 rather than G966 with
C1400 would require a disruption of the 966-968 stack in
the empty ribosome to allow access to C967. A reorientation
of the base of C967 would also be needed to allow for the

alignment of its base and the C1400 base needed for
photoaddition.

There are several possibilities for the functional signifi-
cance of the alternate 30S arrangement. The C967× C1400
cross-link does not arise merely from conformational het-
erogeneity in the 70S ribosome. The frequency of the cross-
link is higher in the 70S ribosome than in the 30S subunit
(33), but there is less conformational flexibility in the 70S
ribosome than in the isolated 30S subunit (13, 54, 55). The
C967 × C1400 cross-link also is dependent on the Mg2+

concentration, increasing as the Mg2+ concentration increases
up to 20 mM (33). Therefore, the 30S arrangement associated
with the cross-link is part of the default structure in the empty
70S ribosome rather than arising from a general increased
flexibility. If the subunit adopts this arrangement or even
undergoes part of the conformational change to decrease the
C967 to C1400 distance of 12.1 Å present in the structure
with P-site bound tRNA bound, or undergoes a structural
change to alter the 967-969 base stacking arrangement, it
would likely affect critical contacts between the 16S rRNA
and the tRNA.

FIGURE 6: Arrangement of G966-A968, C1400, and tRNA in the 30S subunit. The 16S rRNA structure, determined by Wimberly et al.
(50) that represents the 30S subunit with a filled P-site. The orientation is a view with the 30S interface side facing the viewer in panels
A and B. The 16S rRNA backbone is shown in a gray ribbon except for helix 31 (yellow) and helix 44 (green). The positions of G966
(yellow), C967 (red), A968 (yellow), and C1400 (blue) are shown in a close view in panel A and in the long view in panel B, in which
G966-A968 and C1400 are approximately in the same plane. (C) Stereoview of the P-site including the location of the tRNA analogue.
The view, which looks at the tRNA P-site from the direction of the tRNA A-site, is approximately 90° to that in panel A. The tRNA
analogue is orange, and the mRNA codon is purple. The program RIBBONS (58) was used for the illustration.
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