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ABSTRACT: The effects of P/P- and P/E-site tRRI&binding on the 16S rRNA structure in tl&scherichia

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 deacylffRNAN-acetyl-Phe-tRNA"e

using poly(U) or an mRNA analogue containing a single Phe codonNracetyl-Phe-tRNA" with

either poly(U) or the mRNA analogue, the frequency of an intramolecular cross-link €96¥400 in

the 16S rRNA was decreased in proportion to the binding stoichiometry of the tRNA. A proportional
effect was true also for deacyl-tRNi# with poly(U), but the decrease in the C967C1400 frequency

was less than the tRNA binding stoichiometry with the mRNA analogue. The inhibition of the €967
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 tRNAMU33), 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 €96¥400 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 many of the steps in tRNA and factor binding. This includes
investigated with a succession of methods over the last 20rotation and bending of the head and changes in the platform
years. Nucleotides in the rRNAs that become chemically region of the 30S subunit upon subunit associati8) 14),
nonreactive upon tRNA binding were identified, and many a tightening of the 30S subunit structure during tRNA
of these have been shown to be involved in contacts with accommodation9), concerted structural changes during the
tRNA (1—3). Many more of the details of the ribosome  translocation reaction1é¢—16), and changes induced by
tRNA interactions have been determined by crystallography initiation factor 3 binding 17).
and cryo-EM! These include the description of the arrange-  An issue that complicates structural experiments is the
ments of 16S rRNA elements that stabilize the P-site-bound known ribosome dependence on the ionic environment.
tRNA on the 30S subuni#-7), the interaction between the  Conventional buffers contained monovalent™(Kr NH,™)
16S rRNA and the A-site-bound tRNA that is dependent on and divalent cations (Mg) to maximize ribosome activity
the codor-anticodon interaction in the A-sité,(6, 8, 9), and minimize nonspecific tRNA bindingl8—22). tRNA
the conformation of the tRNA in the ternary complex during footprinting experiments done under these conditions led to
A-site accommodation1Q, 11), and 23S rRNA-tRNA the proposal of the hybrid states model for translocatiyn (
interactions that provide the orientation of the aminoacyl- 23, 24), and these conditions have been used in kinetic
and peptidyl-containing ends of the tRNAs in the peptidyl experimentsZ5, 26). The inclusion of polyamines such as
transferase cente6,(12). The ribosome has conformational spermine and spermidine increase in vitro protein synthesis
flexibility, particularly in the 30S subunit, that accompanies speed and processivit2, 28); subsequently, polyamine
buffers have also been used in tRNA protection experiments
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the subunit. Cross-linked nucleotides associated with theh on ice @0). Following acylation, the sample was ethanol

tRNA P-site were significantly and specifically affected by
changes in the Mg concentration and subunit association,
while cross-links in other parts of the 16S rRNA were
unaffected 83, 34). The two internal cross-links that were
most responsive are C96<¢ C1400 and C140x C1501.

precipitated twice, dried, dissolved in®, and stored at 20
°C.

tRNA"e Binding to Ribosome£omplexes for analytical
experiments contained 40 pmol of ribosomesud@®f poly(U)
or 200 pmol of MRNA, and either 40 or 200 pmol of tRRIA

In the present paper, the structural response in 70S ribosome@ 100uL total volume in conventional buffer or polyamine
complexed with deacylated or acylated tRNAand with buffer. The mRNA analogue used in the experiments is 54
different messenger RNA and buffers has been investigated.nucleotides containing the sequence GGCGAUAACACUC-
The data demonstrate a specific inhibition of the 16S rRNA AGGAGAUAAUAA AUGUUUACAGCUGAUCAAUCG-
cross-link C967x C1400 close to the decoding region in  UGCAUCCA in which a Shine Dalgarno sequence is
response to P/P, and in some cases, P/E-site bindingunderlined, and the codons AUG and UUU are bold. It was
indicating that an adjustment is made by the 30S subunit made by in vitro transcription using the conditions for high

during tRNA binding.
MATERIALS AND METHODS

Preparation of Ribosomes and UV Cross-Linking Proce-

dures. Escherichia colfr0S ribosomes and ribosomal sub-

yield of RNA (41). Preparative samples contained 200 pmol
of ribosomes, 5Qug of poly(U) or 1000 pmol of mRNA,
and 400 pmol of tRNA"™or NAcPhe- tRNA"in 200 uL.
Samples were incubated for 30 min at 7, stored on ice
for 10 min, and irradiated as stated previously. The stoichi-

units were prepared and stored according to Makhno et al.ometry of tRNA binding was determined by chemically
(35). Reassociation of 30S and 50S ribosomal subunits wasmodifying 70S-tRNA complexes with kethoxa2). G926
done in solutions containing either conventional buffer (20 is normally hyperreactive to kethoxal modification but

mM Tris-HCI, pH 7.5, 100 mM NHCI, 10 mM MgCk, 6
mM f-ME) or polyamine buffer (20 mM HEPES-KOH, pH
7.8, 150 mM NHCI, 6 mM MgCk, 2 mM spermidine, 0.4
mM spermine, 6 mN3-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 £#C. Irradiation was completed with a 312 nm
trans-illuminator (Fotodyne, Inc., Hartland, WI) for 20 min
as previously describe®®). After irradiation, rRNA was

becomes protected by P/P- or P/E-site bindigg5). 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

recovered from the samples by proteinase K digestion, 16S rRNA @6). The frequency of cross-linking was deter-
followed by phenol extraction, ether extraction, and ethanol mined from phosphorimager data (Amersham, Piscataway,
precipitation. The RNA was dephosphorylated with shrimp NJ) of duplicate independent experiments. To normalize for
alkaline phosphatase (USB, Cleveland, OH), phenol ex- RNA loading, the cross-link band intensity was referenced
tracted, ether extracted, and ethanol precipitated. 16S rRNAto the same cross-link band (C54C352) in each respective

was isolated on 1% agarose gels and then Wwasd-labeled
with [y-32P] ATP by T4 polynucleotide kinase (MBI Fer-
mentas, Hanover, MD) or’ 2nd-labeled with [5%?P] pCp
by T4 RNA ligase 41).

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

Cross-linked 16S rRNA was separated by gel electro- SequencingRNA was prepared from cross-linked empty 70S
phoresis on gels made with 3.6% acrylamide/bis-acrylamide ribosomes as described previously. The oligonucleotide
(70:1), 8.3 M urea, and BTBE buffer (30 mM bis-Tris, 30 5 nCrnGmCnUdTdGdTdGCriGnGmGmCmCnC3 was used
mM boric acid, 2.5 mM EDTA, pH 6.8) as previously with RNase H to direct a specific cut between nucleotide
described 36). For purification, the locations of bands 936 and 937. Specifically, 32@g of total rRNA from
containing uncrosslinked and cross-linked 16S rRNA were irradiated 70S ribosomes and 50 pmol of oligonucleotide
detected with a Phosphorimager (Amersham, Piscataway,were mixed in 20 mM Tris HCI, pH 7.8, 63.5 mM NBI
NJ). Bands were cut out and eluted by ultracentrifugation in 200uL total volume, heated for 5 min at 5&, and cooled
through 2 M CsCl, 0.2 M EDTA, pH 7.4, for 16 h at 40 000 to 20 °C over a period of 15 min. Then, 3 of 10 mM
rpm (37). RNA pellets were redissolved in 25Q of H20, MgCl, and 20 units of RNase H (USB, Cleveland, OH) were
phenol extracted, ether extracted, and ethanol precipitatedadded in that order, and after incubation for 10 min at 55
before further analysis. °C, the sample was phenol and ether extracted and ethanol

Preparation of NAcetyl-PhetRNA® Ten Aygo units of precipitated. The RNA was treated with 45 units of shrimp
E. coli deacyl-tRNA" (Sigma, St. Louis, MO) was amino-  alkaline phosphatase in 2@ total volume in 20 mM Tris
acylated according to Rheinberger et &8)(using bovine HCI, pH 8.0, 10 mM MgC] for 15 min at 37°C and then
mitochondrial tRNA synthetase39). After two ethanol was phenol extracted, ether extracted, and ethanol precipi-
precipitations to remove excess phenylalanine, the sampletated. The 605-nucleotide fragment was isolated by separation
was purified by HPLC on a PRP-1 reverse-phase columnon 1% agarose gel. Purified fragments (usually-28 «Q)
(Hamilton) with a G-20% acetonitrile gradient in 0.1 M were 3 labeled with 60 units of T4 polynucleotide kinase
NaOAc, 10 mM MgC}, pH 5.1. After phenol extraction and  using 0.66 mCiy [3?P] ATP in 200 uL total volume
ethanol precipitation, the Phe-tRN%Ewas incubated with ~ containing 50 mM Tris HCI, pH 7.5, 1 mM Mggl10 mM
30 mg of acetic acidN-hydroxysuccinimide ester (Sigma, (-ME for 30 min at 37°C. Samples were phenol extracted,
St. Louis, MO) in 80% DMSO (0.5 mL total volume) for 2  ether extracted, and ethanol precipitated twice to remove
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unincorporated®P] ATP. Cross-linked RNA was separated c PA_buffer B C__ _PA_ buffer
by electrophoresis on 5% polyacrylamide gels (40:1 acryl- T+ + - + *tRNA s ;;ﬂ i ;;‘ ‘;::A
amide/bisacrylamide), 8.3 M urea, and BTBE buffer. Bands UM - UM mRNA

containing linear RNA and cross-linked RNA were identified = s
using a phosphorimager and were cut out and collected by

ultracentrifugation (40 000 rpm for 28 h) thrdug 4 mL . - d1 i - 8  «—co7
cushion é 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)

if
(4
"

was added to the CsCI solution to make a visible pellet. 22 === = i
Pellets were redissolved in 204 of 10 mM Tris HCI, pH -————— - - UM mRNA
8.0, 1 mM EDTA, 1% SDS and were phenol and ether
extracted, ethanol precipitated, and redissolved i@ kb
give 2000 cpmiL. Partial alkaline hydrolysis and RNase &  «C1400
T1 digestion were done as described for tRNA.

Determination of Cross-Linking Site in tRRIA De-
acylated tRNAM was 3 labeled with 53?P]pCp and T4
RNA ligase for use in ribosome complexes. Irradiation and
purification of 16S-sized RNA was done as described c PA buffer
previously. RNA was separated on a denaturing 3.6% ;;‘ r’:‘ ::::A

polyacrylamide gel as described previously. RNA was
isolated from gel regions containingP]-labeled tRNA"

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 NaOs, pH 9.0, 0.5

mM EDTA,) for 3 min at 90°C for partial hydrolysis 41), FIGURE 1: Inhibition of the C967x C1400 cross-link by tRNA
and RNase T1 sequencing was performed on control andbinding. (A) 70S ribosomes or 70S ribosomes incubated with excess
cross-linked tRNA as describedtl). All samples were  poly(U) (designated U) or mRNA analogue (designated M) and

immediately cooled to 0C and analyzed by gel electro- 2:1 molar ratio of deacyl-tRN&*®to 70S ribosomes were irradiated

. . . with UV light, and 16S-sized RNA was isolated, [°P]-labeled,
phoresis on denaturing 12% polyacrylamide gels. and electrophoresed on a denaturing 3.6% polyacrylamide gel. RNA

from the regions marked | and Il was isolated from the samples
RESULTS for further analysis. (B) Reverse transcription of RNA | in the

Effects of tRNA® Binding on 16S rRNA Intramolecular ~ interval 957-976. The RNA sequence is indicated by lanes marked

i i _ he U, C, G, and A. In this and subsequent reverse transcription
Cross-Link Identity and Frequencyeacyl-tRNA™ and experiments, the reverse transcription stop sites are labeled for the

N-acetyl-Phe-tRNA™ were bound to 70S ribosomes to  agjacent nucleotide at which the cross-link occurs. The arrow points
determine if they would affect the frequency or identity of to the strong reverse transcription stop at A968 corresponding to a
any UV-induced 16S rRNA cross-links. Complexes were cross-link at C967. (C) Reverse transcription of RNA | in the
prepared with poly(U) or with an mRNA analogue under interval 1389-1411. The arrow points to the strong reverse

o . . Y transcription stop at G1401 corresponding to a cross-link at C1400.
conditions in which tRNA binding is message dependent (D) Reverse transcription of RNA 1l in the interval 1388402.

(24). Both conventional and polyamine buffer systems were The arrow points to the strong reverse transcription stop at A1398
used in these experiments. corresponding to a cross-link at C1397.

In the first experiment, empty 70S ribosomes or complexes
made with either poly(U) or mRNA and deacyl-tRRiBat MRNA analogue is the appearance of a band labeled Il in
a 2:1 molar ratio of tRNA/ribosomes were irradiated. 16S- the bottom third of the polyacrylamide gel. A reverse
sized RNA was isolated on agarose gels and was fiBi transcription stop occurs at C1397 in the samples that contain
labeled and examined by gel electrophoresis on a denaturinghe mRNA analogue (Figure 1D), so this RNA species may
polyacrylamide gel (Figure 1A). One difference in samples be similar to the product from a similar location in the gel
containing tRNA, as compared to samples from empty electrophoresis pattern that was shown to contain a cross-
ribosomes, is the absence of a band labeled | in Figure 1Alink between 16S (C1397) and mRNA at positiod (with
in the top part of the gel. RNA was isolated from region | in respect to the A of AUG being-1) (44).
all six samples and was analyzed by reverse transcription. Complexes were made with poly(U) and a 1:1 and a 5:1
Reverse transcription stops occur at 16S rRNA nucleotidesmolar ratio of tRNA/ribosomes to determine if there is a
that indicate a cross-link involving C967 and C1400 in the quantitative connection between tRNA binding and frequency
empty 70S ribosome samples; these stops disappear nearlghanges in cross-linking. As shown in Figure 2A, a band in
completely in the RNA from 708RNA-mRNA and the 708 the upper part of the pattern again is decreased in samples
tRNA-poly(U) complexes (Figure 1B,C). Poly(U) or the containing tRNA. This band will be shown to contain C967
MRNA analogue incubated with 70S ribosomes without x C1400 in the next section. Bands containing other
tRNA do not alter the frequency of the C967C1400 cross-  intramolecular 16S rRNA cross-links were quantified and
link (results not shown). In this particular gel, the band at | did not change. With both molar ratios of deacyl-tRN#A
appears to be a doublet, but no additional reverse transcrip-70S ribosomes, there was almost a complete disappearance
tion stops were identified in the RNA from region I. A second of the C967x C1400 cross-link in both sets of samples
difference in the sample from the complex made with the (Figure 2A, lanes 3, 4, 9, and 10; Table 1). The C967

- S «C1397




Ribosome Conformational Response to tRNA Binding

A poly (U)
Conve ntlonal Buffer Polyamlne Buffer

c u"ﬁﬁ c tRNAaH Aﬁﬂ'e
| | I 1
1 2 34 5 6 7 8 9 10 11 12

— - - - e

Fraction

Biochemistry, Vol. 42, No. 49, 20034389

B mRNA

Polyamlrlla Buffer

C RNAMAES C  tRNAGMRIKS
I 1 1 [ L] 11 I
1234567 89101112

Fraction

Conventional Buffer

— __--.:,_...-—

€967 ra e B "* . st
iR E" D .' - - g s 1 L1 --.'- -- 3
e - e e - e e e e -
i s |
- - - - -
st sEzzsz=se
8 =
2 2 R R R R RR s se
-——..' "‘..-.’_-_. A *
4

T

- *
& =

1

Ficure 2: Titration of 70S ribosomes with tRNAcand effects on 16S rRNA cross-linking frequency. (A) Lane$ind 712 contain
samples cross-linked in conventional and polyamine buffer, respectively, using poly(U) to prograrf'tRiNding. Lanes 1 and 7 contain
RNA from empty ribosomes. Lanes 2 and 8 contain samples prepared with poly(U) but n6"RIN¥es 3-4, 9, and 10 contain samples
prepared with 1:1 and 5:1 molar ratios of deacyl-tRX¥0S ribosomes. Lanes%, 11, and 12 contain samples prepared with 1:1 and
5:1 molar ratios ofN-acetyl-Phe-tRNA"Y70S ribosomes. (B) Lanes-b and 7-12 show samples cross-linked in conventional and polyamine
buffer, respectively, using the mRNA analogue to program tRRAinding. Lanes 1 and 7 contain experiments on empty ribosomes.
Lanes 2 and 8 contain mRNA but no tRRA& Lanes 3, 4, 9, and 10 contain samples prepared with 1:1 and 5:1 molar ratios of deacyl-
tRNAPhY70S ribosomes. Lanes 5, 6, 11, and 12 contain samples prepared with 1:1 and 5:1 molar mitmsetfi-Phe-tRNA70S
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 thegsterisk (
were not seen in duplicate experiments.

Table 1: 16S rRNA G926 Protection and 16S rRNA Crosslink C26Z1400 Frequency Decrease Induced by tRNA
conventional buffer

polyamine buffer

tRNA/mMRNA ratio tRNA:ribosomes 0:1 (%) 1:1 (%) 5:1(%) 0:1(%) 1:1 (%)  5:1 (%)
tRNA™%4 + poly(U) ggésf rg:tlez‘?(gi(())i?requency decredse 8 gg gg 8 8411 gg
(RNA"%, + mRNA Cob7x Cla0Dfrequency decredse 0 55 63 0 s 6o
N-acetyl-Phe-tRNA™+ poly(U) ggésf rg:tlez‘?(gi(())i?requency decredse 8 gg 2(7) 8 gg ;g
N-acetyl-Phe-tRNA™+ mRNA ggégf ré):tlez‘?(gi(())i‘?requency decredse 8 gg ‘3% 8 ég gg

aValues 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 G92éues for C967x C1400 cross-link frequencies were taken from
gel electrophoresis analysis of 16S rRNA cross-linking. Uncertainties are about 10% of the indicated values.

C1400 frequency decrease is somewhat less Whaoetyl- MRNA analogue were determined by measuring the degree
Phe-tRNA"® is bound using poly(U) as the messenger of protection of G926 to kethoxal reaction (results not
(Figure 2A, lanes 5, 6, 11, and 12). shown). G926 normally is hyper-reactive with kethoxal in
The quantitative effects of deacyl-tRN& andN-acetyl- the empty ribosome. However, tRNA bound to the P-site in
Phe-tRNA"e binding to the 70S ribosome directed by the the 30S subunit in either the P/P or the P/E stale2)
mRNA analogue were also determined. As shown in Figure blocks this reaction and can be used to quantify the binding
2B, titration experiments were carried out with deacyl- of tRNA regardless of the hybrid state. The fractional
tRNAP"® in conventional (lanes 3 and 4) and polyamine occupation for each of the conditions is summarized in Table
buffers (lanes 9 and 10) and witlracetyl-Phe-tRNA"in 1. In all complexes containing poly(U) and-acetyl-Phe-
conventional (lanes 5 and 6) and polyamine buffers (lanestRNAP" or deacyl-tRNA" there was a direct correlation
11 and 12). between the extent of tRNA binding and the decrease in the
tRNA binding stoichiometries for deacyl-tRNiE¢ and C967 x C1400 cross-link. This is also true for complexes
N-acetyl-Phe-tRNA" in the presence of poly(U) or the containing the mRNA analogue ahdacetyl-Phe-tRNA""
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FiIGURE 3: Reverse transcription analysis of UV induced cross-links in 16S rRNA intRO&\P"e complexes. Panels A and B contain
analyses of experiments performed on empty ribosomes (control), and with deacyf"RNRNAoH) and N-acetyl-Phe-tRNAM (NAc-
Phe-tRNA) using poly(U) in conventional buffer. Samples in lane$ Jre from fractions excised from preparative gels according to
Figure 2A. (A) Primer extension in the 16S rRNA interval 1389%10. 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 paielsré sequence
lanes and unirradiated control lanes, respectively. (B) Reverse transcription analysis in the inter@f@®5Panels C and D contain
samples from experiments on empty ribosomes (control), with deacyl-BRNIRNAH), N-acetyl-Phe-tRNA (NAc-Phe-tRNA), and
MRNA in conventional and polyamine buffer as indicated. Lane8 in each set use RNA fractions excised from the preparative gel in
Figure 2B. (C) Reverse transcription analysis in the 16S rRNA interval -13860. Reverse transcription stops are indicated on the side
of the gel at positions C1397, C1400, and C1402. (D) Reverse transcription analysis in the interval 3@®5The reverse transcription
stop for the cross-link C1501 is indicated.
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However, in the four experiments that use the mMRNA Table 2: Dependence of G926 Protection and C96Z1400
analogue and deacyl-tRN there was a smaller decrease Decrease on mRNA under Conditions of High MdConcentratiof

in the cross-link frequency than would be expected from the tRNA:70S input stoichiometry 11 5:1

binding stoichiometry. A-site binding may occur in the —mRNA

experiments with poly(U) and the 5:1 tRNA to ribosome G926 protectioh (%) 34 62

input ratio. However, this should not be the case for the 1:1 C967 x C1400 decreas¢%) 33 53

input ratio or for the experiments with mRNA analogue, so +mRNA

a significant effect by tRNA in the A-site can be ruled out. G926 protectioh(%) 54 90
C967x C1400 decreasé) 58 88

For N-acetyl-Phe-tRNAand poly(U) in polyamine buffer
at 1:1, there was a somewhat Iarger decrease in the €967 a All measurements were done in buffers t_hat contained 100 mM
C1400 than would be expected from the amount of P-site NH«Cl and 20 mM MgCj as well as 20 mM Tris HC, pH 7.5 (or 80
o . mM NH, cacodylate, pH 7.2, for the kethoxal reactiortsyalues for
tRNA binding. This response was not seen for the same ggg protection by P-site tRNA indicate percent of binding of tRNA
tRNA in conventional buffer and was not seen with mRNA, into the P/P- or P/E-site. These were taken from chemical probing
so the difference seen in the one case may not be quantitaexperiments that evaluated the extent of reaction of kethoxal at G926.
tively significant. ¢Values for C967x C1400 cross-link frequencie_s were taken f_ror_n
Deacyl-tRNA"® binding gnd C967>§ C1400 cros_s-link_ gre(l (:sggf ﬁgf;g eosf'fhaenﬁ%isc'ztzzl\?jur;'_\‘A cross-linking. Uncertainties
frequency were measured in conventional buffer with a high
Mg?" concentration with, and without, mMRNA to determine determine cross-linking sites. RNA from the irradiated
the cross-link dependence on mRNA. tRNA binding stoi- complexes was first separated by gel electrophoresis, and
chiometries and the decreases in the C96Z1400 cross-  RNA from regions 1-6 designated in Figure 2A was isolated
link frequency are summarized in Table 2. In thgAl1edM2o for analysis. All samples were prepared from the same
buffer that was used, decreases in the cross-link frequencystarting amounts of 70S ribosomes, and the RNA from all
are proportional to tRNA binding as contrasted to a less thanfractions (except fraction 1) was isolated and redissolved in
proportional response that is seen in thgAkodM 1o buffer. the same volume prior to reverse transcription, so the
Furthermore, the decrease in the frequency of the C867 intensity of the reverse transcription stops are a semiquan-
C1400 cross-link is the same without or with the mRNA. titative measure of cross-link frequency. The RNA in fraction
Reverse Transcription Analysis of Cross-Links in the 16S 1 was redissolved in a 10-fold larger volume due to the large
rRNA Decoding RegiorReverse transcription analyses were amount of linear 16S rRNA in the samples. Reverse
performed on RNA from complexes that were made in transcription analysis in the 16S rRNA interval 1382410
reactions containing a 2:1 molar ratio of deacyl-tRN%or in the decoding region is shown in Figure 3A. The control
N-acetyl-Phe-tRNA"and poly(U) in conventional bufferto  empty ribosome samples produce reverse transcription stops
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Ficure 4: Confirmation of C967 as cross-linking site by RNA analysis. (A) Denaturing polyacrylamide gel electrophoresis of cross-linked
molecules in 16S rRNA fragment 9371.542. RNA from empty irradiated 70S ribosomes was subjected to RNase H breakage between 16S
rRNA nucleotides 936 and 937, and the 93542 fragment was isolated antdl&beled with $2P] before electrophoresis on a denaturing

5% polyacrylamide gel. RNA from bands marked4 was isolated for subsequent analysis. RNA from ban€3 dontains internal cross-

links, and RNA from band 4 contains linear RNA. (B and C) Identification of the band containing the @400 cross-link. Reverse
transcription of fractions 44 through intervals 955974 and 13911411 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 thé &nd 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.

at C1402 (control lane 2) and at C1400 (control lane 6) cross-link and decrease in the samples containing tRNA.
indicating the presence of cross-links C1492°1501 and Reverse transcription stops in fraction 2 at C1402 (part of
C967 x C1400 @6). In the samples containing deacyl-tRNA the C1402x C1501 cross-link) were present in the samples
or N-acetyl-phe-tRNA, reverse transcription stops were still containing deacyl-tRNA® and N-acetyl-Phe-tRNA" Re-
seen at C1402 (tRN4y lanes 2 and NAc-Phe-tRNA lanes verse transcription stops at 1397 in fraction 2 were seen and
2); however, the stops at C1400 that would be part of the are consistent with 16S rRNA cross-linking to mRNA.
C967 x C1400 cross-link were not seen (tR¥4 lane 6) Reverse transcription analysis in the interval 143806
or are seen at reduced intensity (NAc-Phe-tRNA, lane 6). (Figure 3D) showed a stop at C1501 in fraction 2 that
RNA from fraction 4 produced a stop at C1400 (to tRNA confirms the presence of the cross-link C1402Z21501 in
described next). In addition, stops at C1397, A1396, and all of the samples.
C1395 are present and may be due to cross-linking with  Determination of the C967 Cross-Linking Site by RNA
poly(U). In the samples that contained NAc-Phe-tRNA, AnalysisBecause the involvement of C967 with C1400 was
reverse transcription stops in the same pattern as those seeconsidered unlikely given the arrangement of this region in
in the deacyl-tRNA"lanes were obtained (lanes 2 and 4). the crystal structure (see Discussion), an additional deter-
The region containing the C967 stop of the C3671400 mination of the C967 cross-linking site was done by RNA
cross-link was also analyzed (Figure 3B), and the behavior sequencing. RNA from irradiated empty 70S ribosomes was
of RNA in fraction 6 mirrored that of the C1400 stop in the digested with RNase H with a mixed DNARNA oligo-
fraction 6 RNA, confirming the inhibition of the C96% nucleotide to induce strand breakage between nucleotides
C1400 cross-link in samples containing tRNA. 936 and 937. After purification of the 605-nucleotide RNA
Reverse transcription analyses were also performed onby agarose gel electrophoresis, thesd at 937 was labeled
fractionated samples from complexes containing the mRNA with [32P]. The RNA was then separated on a denaturing
analogue and 2:1 molar ratios of deacyl-tRN%or N-acetyl- polyacrylamide gel (Figure 4A), and RNAs were isolated
Phe-tRNAM¢over 70S ribosomes. The reverse transcription from three prominent bands that might contain the C367
analyses of 16S rRNA in the interval 1386410 and inthe ~ C1400 cross-link. The RNA from band 3 was determined
interval 1494-1506 are shown in Figure 3C,D. RNA from by reverse transcription to contain the C3671400 cross-
fractions -3 were obtained from the gel regions indicated link (Figure 4B,C). The exact location of the cross-link
to the right of the gel in Figure 2B. The relative intensity of around C967 was determined by partial alkaline hydrolysis
the stops at position 1400 in fraction 3 in this set of samples and partial RNase T1 digestion (Figure 4D). The cross-
is related to a cross-link frequency for the C987C1400 linking site was identified by the disappearance of the regular
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pattern of linear RNA fragments because of the branched A B RNA
structure at the cross-linked nucleotide. The patterns show UGCA 123
corresponding bands in the cross-link and control sample 70S-mRNA- 70S-p(U)- = _ =¥
up to and including G966, but after that position, the partial _>2P tRNA 32P tRNA ——

alkaline hydrolysis pattern abruptly disappeared in the RNA

iy : : ; g PR S ' «C1400
containing the cross-link. Densitometry of the band intensity = e’ « = G R
as compared to the control sample indicated that all cross-© = ¢ oY - rl.
linking in fraction 3 RNA involves C967. ;' -
Analysis of the 16S rRNARNA Cross-LinkThe increase  ©. =+ ' o
in frequency of the C1400 reverse transcription in fractions ~ : - b eive C RNA
close to the bottom of the polyacrylamide gel when tRNA i ! . 1 2HT,C

was present in complexes suggested that 16S rRNA position

C1400 was involved in a tRNA&® cross-link. To further :
investigate this possibility, deacyl-tRNi# was 3-labeled »
with 5" [¥P]pCp and was bound to 70S ribosomes in the =«
presence of either the mRNA analogue or poly(U). The

&18

G22
G24

samples were irradiated as in previous experiments, and 16S: A <] G34
sized RNA was purified on agarose gels. The RNA was E
analyzed by polyacrylamide gel electrophoresis without é ‘ i G44
additional P2P] labeling. The pattern of cross-linking in RNA RNA = s
complexes with the mRNA analogue or poly(U) is shown 2g ! G52
in Figure 5A. For the 70S complex containing the mRNA ﬁ%c e G53
analogue, one band of modest intensity, labeled 1 on the gy . & . * > =
right of the gel, was seen in the bottom part of the gel but ‘-‘:P kf"’*-“"""fa""' Attt 2 - il
above the position of uncrosslinked linear 16S rRNA. For . =
the 70S complexes containing poly(U), a series of bands was _ ; ggg
seen in the gel, the most frequent of which, labeled 2, was S A it 3 rd
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- i
somes that had not been dissociated and reassociated, 2a,

2b, and 2c were absent, and the presence of 2a, 2b, and 2€iGure 5: Analysis of 16S rRNAx tRNAP cross-links. (A)

is correlated to a low degree of breakage of the 23 S rRNA Pegf_iwf(ijng PO:yanylamid_e_ gelme'ggrolpgolre;ig of leﬁwferom
during handling of the ribosomes. Therefore, only RNA from e Ir%?N?Q%ﬁﬁ%?%ﬁ??%m ti:{énd]s privensh ‘fagy atnd 2 were
bands 1 and 2 was further characterized as products involvingjspjated from the gel for further study. (B) Reverse transcription
cross-links between 16S rRNA and tRNA. The RNA from analysis on RNA samples—B in the interval 13931409. The
band 3 should contain some tRNA, but the majority of its reverse transcription stop at G1401 at the position of the arrow
mass should be uncrosslinked linear 16S rRNA. indicates the cross-link at C1400 present in RNA from bands 1

o and 2 but not 3. The reduced signal in lane 1 occurs because of the
Reverse transcrlp_tlon was done on the RNA fr_om bands small amount of RNA recovered from that region of the gel, and
1, 2, and 3 to confirm the 16S rRNA C1400 site as the the |arge signal in lane 3 is due to the large amount of linear
nucleotide involved in the tRNA cross-link. The pattern of unlabeled 16S rRNA from region 3 of the gel. (C) Partial hydrolysis
reverse transcription in the interval between 1391 and 1409 analysis of the cross-linking sites in tRNA. Samples 1 and 2 were
for the samples 1, 2, and 3 is shown in Figure 5B. Reverse subjected to partial hydrolysis and were electrophoresed with control

S [32P]-labeled tRNA samples to determine the sites of cross-linking.
transcription of samples 1 and 2 produced stops correspondy; ang T1 lanes contairfdP]-labeled tRNA subjected to partial

ing to a cross-link at C1400 not seen in the control sample hydrolysis or partial digestion with RNase T1, respectively. The
3. No other stops were seen in the samples attributable tolane C contains thé?P]-labeled tRNA with no additional treatment.

tRNA cross-linking. This result is consistent with oligo- The sequence is numbered as indicated by the G residues.
nucleotide-directed RNase H digestion of the cross-linked
5' [3%P]-labeled tRNA and 16S rRNA, which determined that
all of the tRNA cross-linking to 16S rRNA is in the DISCUSSION
nucleotide interval 13941417 in 16S rRNA (T. Shapkina These experiments were conducted to determine if there
and S. Kirillov, unpublished data). were changes in the UV-induced cross-links in the 16S rRNA
The cross-linked RNA samples containing thg%p]- within the 70S ribosome upon elongator tRNA binding that
labeled tRNA were analyzed by partial hydrolysis to might indicate a conformational adjustment in the 30S
determine the location of the cross-link in the tRNA (Figure subunit. tRNA"¢binding affected the intramolecular cross-
5C). Control 33?P]-labeled unirradiated tRNA was subjected link between C967 and C1400 but not others in the decoding
to partial RNase T1 digestion and partial hydrolysis to help region or elsewhere. Fdi-acetyl-Phe-tRNA" which binds
determine the sites of cross-linking. In the samples from to the P/P-siteZ), the decrease in the C967C1400 cross-
RNA 1 and 2, the pattern of tRNA partial hydrolysis matched link frequency was directly proportional to the amount of
the pattern seen in the control tRNA, but it terminated at tRNA bound with either poly(U) or the mRNA analogue. In
nucleotide G34, indicating that they both have a cross-link the case of deacyl-tRNA¢ which should bind to the P/E-
at U33. site or P/P-site depending on the buffer conditiad®,(the
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relationship was proportional in the presence of poly(U) but, made between C1400 and the modified U34 of acetylvalyl-
under mRNA dependent conditions, was less than expecteddRNA;® (48), but it still is consistent with the proximity of
when the mRNA analogue was used. We previously deter- C1400 and U33/U34 in the tRNA anticodon loop.
mined that the response for initiator tRN& binding to the Crystal structures oT. thermophilus70S and 30S ribo-
30S subunit resulted in a decrease in the C9671400 somes show the details of the interactions of 966 and 1400
cross-link @4), but the extent of decrease was less than evenwith the tRNA anticodon. The 70S crystal structure was
the decrease induced by deacyl-tRN®in the presence of  determined with complexes that contained tRIA4, 6),
the mRNA analogue that was observed in these experimentsand in the 30S crystal structure, each 30S subunit has a
These data indicate that the geometry around C967 andhairpin from an adjacent 30S subunit bound in the P-3ite (
C1400 is altered by tRNA, but the extent of the change 50). Therefore, both of the structures represent the 30S
depends on the identity of the tRNA and on the type of subunit with an occupied P-site. Cate et d).described six
MRNA in the complex. RNA bridges between 16S rRNA and tRNA anticodon stem/
The degree of the C96% C1400 cross-link inhibition loop, two of them to the anticodon. Yusupov et &) (
for tRNAPPe binding in 70S ribosomes did not depend on identified those two contacts as the 16S rRNA G966 base
the use of the conventional versus polyamine buffers. Cryo- interacting with tRNA nucleotide 34 backbone and the C1400
EM observations made by Agrawal et é82 indicated that base stacking onto the tRNA nucleotide 34 base. From the
conventional and polyamine buffers affect the equilibrium 30S crystal structure, Carter et ab) described a possible
between the P/P versus P/E arrangement, and as a conseran der Waals interaction between the G966 base and the
quence, in polyamine buffer the tRNA position on the 50S mRNA-anticodon base-pair and a stacking interaction be-
subunit is shifted about 30 A toward protein L1 as compared tween C1400 and the base that corresponds to the tRNA
to its arrangement in conventional buffer. However, the nucleotide 34 base.
tRNA shift does not alter the position of the anticodon loop ~ The arrangement of C967, C1400, and the tRNA anticodon
in the 30S subunit32), and this is consistent with the similar  stem in theT. thermophilusl6S rRNA 60) is shown in
C967x C1400 cross-link frequency response in those buffer Figure 6. In this structure, G966, C967, and A968 (yellow,
systems. Additional experiments done in conventional buffers red, and yellow) are stacked together and are separated from
with high Mg?" concentration that allow mRNA-independent C1400 (blue) by the cleft between the top of helix 44 (green)
tRNA binding show that the inhibition of the C96« C1400 and the loop of helix 31 (yellow-green). The measured
cross-link is correlated to the tRNIEbinding stoichiometry  distances from C1400 (midpoint between C5 and C6) to
regardless of the presence of mMRNA. This indicates that the G966 (midpoint between N7 and C8) and C967 (midpoint
alteration of the geometry is attributable to the tRNA. In between C5 and C6) and A968 (midpoint between N7 and
addition, high M@* changes the C96% C1400 cross-link C8) are 9.4, 12.1, and 15.1 A, respectively. These atoms were
frequency response to make it proportional to the tRNA picked for distance measurement because these cross-links

stoichiometry. are all formed with UV light in the range of 25(B00 and

The C967 x C1400 cross-link observed i&. coli is are photoreversed with UV light in the same range, indicating
present in other eubacteria. A cross-link identicaEtacoli the presence of cyclobutane or azocyclobutane photodimers
C967 x C1400 is seen iBacillus subtilis16S rRNA @5) (52). These types of photodimers are known to involve the
and irradiation of ribosomes fromhermus aquaticu¢45) C5—-C6 atoms in pyrimidines and the NT8 atoms in

and Thermus thermophilugunpublished results) result in  purines 62, 53).
cross-linked 16S rRNA with species that have electrophoretic  The cross-link C96% C1400 made in the empty ribosome
mobilities and reverse transcription stops at C1400 similar would require a C967 to C1400 distance smaller than seen
to those seen ik. coli. In both Thermusspecies, however, in the crystal structure and disruption of the G966/C967/
G966 is hypermodified, preventing reverse transcription A968 stack. Twelve of 18 long-range UV-induced cross-
analysis of the C967-site. In addition, complexes with links detected irkE. coli 16S rRNA occur at C5/C6C5/C6
thermophilus70S ribosomes and poly(U) and tRNA and have or C5/C6-N7/C8 distances of 3-77.9 A (average 5.5t
been analyzed, and the long-range cross-link containing1.4 A) in theT. thermophilusatomic structure; this indicates
C1400 was specifically inhibited (unpublished results). an average distance between the bonds that participate in
There is ample biochemical and structural evidence for UV-induced cross-linking (unpublished results). If this
the involvement of the 966/967 and 1400/1401 intervals in distance were the case for C967 and C1400, their separation
interactions with the anticodon loop of the tRNA in the P-site. would be aboti7 A closer in the empty 70S ribosome than
G966 and C1401 both are protected from chemical modifica- they are in the crystal structure. There is evidence from cryo-
tion by tRNA bound in the P-site2( 24), and modification EM for structural changes in this region of the subunit. Lata
at either of those positions interferes with mMRNA-dependent et al. 66) and Agrawal et al. 3) compared the 30S
tRNA P-site binding 46). Also, diazirine-derivatized nucle-  conformation in 30S subunits and in 70S ribosomes by cryo-
otide 32 in tRNAY9 has been shown to cross-link to 16S EM and described a tipping of the head and rising of the
rRNA nucleotide G96647). Cross-linking of 16S rRNA  shoulder of the 30S subunit to decrease the space between
nucleotide C1400 to position 34 in acetylvalyl-tRNA (48) the head and the shoulder enough to create a channel for
is very efficient 49). In the present experiments, we have the mRNA at a position close to the tRNA A-site. The
demonstrated a cross-link between 16S rRNA (at C1400) closing of the distance between C967 and C1400 during
and tRNA (at U33). This is identical to the cross-link detected subunit association may be part of that change and would
between 16S rRNA and tRNXt, which also involves the  be consistent with the increase in the C36TC1400 cross-
nucleotide adjacent to the first nucleotide of the anticodon link frequency in 70S ribosomes as compared to 30S
(44). These are different than the high-frequency cross-link subunits. Ogle et al.9§f and Baucom and Noller5{) in
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Ficure 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 approximatélyt®€hat in panel A. The tRNA
analogue is orange, and the mRNA codon is purple. The program RIBBG8Svas used for the illustration.

comparing the crystal structures obtained for 30S subunitsalignment of its base and the C1400 base needed for
in different complexes have discussed 30S movementsphotoaddition.
that included tipping and rotation of the head with respect There are several possibilities for the functional signifi-
to the body and changes in the decoding region during cance of the alternate 30S arrangement. The GO9€7.400
subunit association and during tRNA A-site binding that also cross-link does not arise merely from conformational het-
must involve differences in the proximity of C967 and erogeneity in the 70S ribosome. The frequency of the cross-
C1400. link is higher in the 70S ribosome than in the 30S subunit
The conformational difference between the ribosome (33), but there is less conformational flexibility in the 70S
with the P-site filled and the empty ribosome may involve ribosome than in the isolated 30S subud, (54, 55). The
changes in addition to the domain movement of the 30S C967 x C1400 cross-link also is dependent on the?Mg
subunit head. In the presence of tRNA, nucleotides G966, concentration, increasing as the Wgoncentration increases
C967, and A968 are stacked together with G966 extendingup to 20 mM (33). Therefore, the 30S arrangement associated
out from the helix 31 end-loop in a position close to with the cross-link is part of the default structure in the empty
tRNA nucleotide 33 and C1400. This makes it more likely 70S ribosome rather than arising from a general increased
that G966 would be able to interact with C1400 because of flexibility. If the subunit adopts this arrangement or even
its position and because C967 is sandwiched between G96@8indergoes part of the conformational change to decrease the
and A968 in this arrangement (Figure 6). The exclusive C967 to C1400 distance of 12.1 A present in the structure
participation of C967 with C1400 rather than G966 with with P-site bound tRNA bound, or undergoes a structural
C1400 would require a disruption of the 96868 stack in change to alter the 967069 base stacking arrangement, it
the empty ribosome to allow access to C967. A reorientation would likely affect critical contacts between the 16S rRNA
of the base of C967 would also be needed to allow for the and the tRNA.
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