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Definition of bases in 23S rRNA essential
for ribosomal subunit association

ÜLO MAIVÄLI and JAANUS REMME
Department of Molecular Biology, Tartu University, Tartu, Estonia

ABSTRACT

The ribosome is a two-subunit molecular machine, sporting a working cycle that involves coordinated movements of the
subunits. Recent structural studies of the 70S ribosome describe a rather large number of intersubunit contacts, some of which
are dynamic during translocation. We set out to determine which intersubunit contacts are functionally indispensable for the
association of ribosome subunits by using a modification interference approach. Modification of the N-1 position of A715,
A1912, or A1918 in Escherichia coli 50S subunits is strongly detrimental to 70S ribosome formation. This result points to 23S
rRNA helices 34 and 69, and thus bridges B2a and B4, as essential for ensuring stability of the 70S ribosome.
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INTRODUCTION

All ribosomes consist of two unequal subunits. Although

the large subunit catalyses the peptidyl transferase reaction

and the small subunit catalyses decoding of mRNA codons,

the two-subunit organization itself is a prerequisite for dy-

namic ribosome functioning, for example, translocation

(Spirin 2002). The ribosome stays together by virtue of

tRNAs that interconnect the subunits and a number of in-

tersubunit bridges. Nevertheless, tRNAs are not needed for

subunit association per se (e.g., Blaha et al. 2002).

The presence of various rRNA regions in intersubunit

contacts was determined by the use of footprinting (Chap-

man and Noller 1977; Herr and Noller 1979) and modifi-

cation interference technologies (Herr et al. 1979). The first

unambiguously located intersubunit contact was placed by

chemical cross-linking between 23S rRNA helix 69 and 16S

rRNA helices 44 and 45 (Mitchell et al. 1992). More recent

footprinting studies determined a number of rRNA posi-

tions that participate in intersubunit contacts (Merryman et

al. 1999a,b). Recent medium-resolution X-ray crystallogra-

phy (Yusupov et al. 2001) and cryo-EM-based models of

the 70S ribosome (Gabashvili et al. 2000; Gao et al. 2003)

define, in addition to RNA–RNA bridges, several protein–

protein and protein–RNA intersubunit bridges. Generally,

intersubunit bridges as defined by structural studies are in

good agreement with data obtained by chemical methods.

The Yusupov et al. (2001) model incorporates 12 bridges,

which translate into more than 30 individual interactions

between 50S and 30S subunits. These bridges seem to be

largely conserved between the three kingdoms of life (Spahn

et al. 2001; Gao et al. 2003). Notably, the more central

positions (as defined by proximity to peptidyl transferase

[PT] and decoding centers) in both 30S and 50S are occu-

pied by bridges, consisting entirely of RNA (bridges B2a,

B2b, B2c, B3, and B7a), whereas protein–protein and pro-

tein–RNA bridges (B1a, B1b, B7b, and B8, plus elements of

B4, B5, and B6) are more peripheral (Yusupov et al. 2001;

Gao et al. 2003). Centrally located RNA–RNA bridges con-

tribute more than 80% of the intersubunit contacts (Gao et

al. 2003). Recently, it has been shown that central RNA–

RNA bridges are static during EF-G-GTP binding whereas

some peripheral protein-containing bridges change confor-

mation, resulting in a major ratchetlike movement of ribo-

somal subunits (Gao et al. 2003; Valle et al. 2003). This

implies that the core interactions between ribosomal sub-

units in the 70S ribosome might consist of the centrally

located RNA–RNA bridges as opposed to a more regulatory

role for the peripheral bridges.

We have used chemical modification of 23S rRNA inside

the 50S subunits in combination with selection of func-

tional 50S to determine the nucleotides in 23S rRNA that

are functionally important for the stability of the 70S ribo-

some. We found that dimethyl sulfate (DMS) modifications

of N-1 positions of adenines 715 in helix 34 and 1912 as well
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as 1918 in helix 69 interfere with 70S ribosome formation.

These results point to two intersubunit bridges, B2a and B4,

as essential for the stability of ribosomal subunit interac-

tion.

RESULTS AND DISCUSSION

Our intention was to chemically modify 50S ribosomal sub-

units at a low level, so that the majority of the 50S popu-

lation would retain its ability to bind 30S subunits. After

modification with DMS or 1-cyclohexyl-3-(2-morpholino-

ethyl)carbodiimide metho-p-toluene sulfonate (CMCT),

50S subunits were reassociated with unmodified 30S sub-

units to determine which modified positions are excluded

from the 70S ribosomes. Ribosomal subunit reassociating

and subsequent sucrose gradient centrifugation was carried

out in 6 mM MgCl2 to obtain partial 70S formation. Under

these conditions, native subunits reassociate with 50%–60%

efficiency (Fig. 1A). All reassociation experiments that were

performed in 6 mM MgCl2 exhibited ribosome sedimenta-

tion rates of ∼60S (Fig. 1A–D), in accordance with Blaha

et al. (2002). To avoid overmodification, we used two con-

centrations of DMS, 17 mM and 85 mM. This corresponds

to DMS/50S molar ratios of 8.5 × 103 and 4.25 × 104. 50S

subunits, modified with the lower concentration of DMS or

with CMCT, reassociated with 30%–40% efficiency in 6

mM MgCl2 and sedimented with velocities similar to un-

modified ribosomes (Fig. 1B,C). Therefore, modification of

50S subunits with CMCT or with 17 mM DMS reduces its

reassociation efficiency by 20%–50%. Such an intermediate

level of counterselection makes it likely that (1) a specific

interference pattern can be found and (2) positions that are

counterselected in our assay are indeed relevant as major

contributors to 70S stability. 50S subunits that were modi-

fied with 85 mM DMS and reassociated in 6 mM MgCl2
produced two partially overlapping peaks in the 70S region

(Fig. 1D). Therefore, we also reassociated these 50S subunits

in 13 mM MgCl2, where 70S ribosomes sedimented as one

peak (Fig. 1E). We could not perform the selection experi-

ment by including tRNA because under stable tRNA bind-

ing conditions, for example, 13 mM MgCl2 (Schilling-Bar-

tetzko et al. 1992), all modified 50S reassociates into 70S

ribosome (data not shown). Hence no selection was possible.

Scanning of the domains II–V of 23S rRNA by reverse

transcriptase-directed primer extension revealed that modi-

fications at two regions were strongly counterselected in

reassociated 70S subunits.

First, modification of A1912 and A1918 at their N-1 po-

sitions by DMS strongly interfered with 70S ribosome for-

mation (Fig. 2). The interference was more pronounced if

70S ribosomes were formed in 6 mM MgCl2 (Fig. 2, lanes

3–6). When 13 mM MgCl2 was used for 70S reassociation,

somewhat less interference was observed (Fig. 2, lanes 7,8).

A1912 and A1918 are a part of the loop of 23S rRNA helix

69, contributing to the intersubunit bridge B2a.

Second, DMS modification of A715 conferred strong in-

terference to 70S reassociation at 6 mM MgCl2, but did not

interfere at 13 mMMgCl2 (Fig. 3). A715 is a part of the loop

of helix 34 and intersubunit bridge B4.

No CMCT-specific interferences were found in 23S

rRNA, although a number of CMCT-modified uridines

were detected. The number of positions accessible to DMS

FIGURE 1. Sucrose gradient patterns of modified and subsequently
reassociated 50S subunits. Ribosomal particles were separated by su-
crose gradient centrifugation. (A) unmodified 50S reassociated in
6 mM MgCl2. (B) 50S, modified with CMCT were reassociated in
6 mM MgCl2. (C) 50S, modified with 17 mM of DMS, were reasso-
ciated in 6 mM MgCl2. (D) 50S, modified with 85 mM DMS, were
reassociated in 6 mM MgCl2. (E) 50S, modified with 85 mM DMS,
were reassociated in 13 mM MgCl2.
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and CMCT modification in 50S subunits was similar to the

results summarized in Egjeberg et al. (1990).

We have determined three positions in 23S rRNA that are

functionally indispensable for 70S ribosome formation. The

interfering positions, being a subset of modifiable positions

at or near intersubunit contact areas, are located at two

known intersubunit bridges, B2a and B4. This implicates

bridges B2a and B4 as having a central role in the stability

of 70S ribosomes (rather than a dynamic or regulatory

role). This is in accordance with their recent assignment as

immobile in the large-scale intersubunit rearrangement that

accompanies ribosomal translocation (Gao et al. 2003; Valle

et al. 2003). Although bridge B2a is one of the central RNA-

only bridges (Yusupov et al. 2001), bridge B4 is more pe-

ripheral and, in addition to RNA (helix 34 of 23S rRNA and

helix 20 of 16S rRNA), has a protein component in the 30S

side (positions 59–63 and 86–87 of S15; Culver et al. 1999;

Gao et al. 2003). However, what they have in common is

that interfering positions at both helices 69 and 34 protrude

from the main body of 50S subunit (Fig. 4).

In the medium-resolution X-ray crystallography-based

model of Thermus thermophilus 70S ribosome, nucleotides

A1913, C1914, and A1918 are in contact with the 16S rRNA

helix 44 (Yusupov et al. 2001) whereas cryo-EM studies of

Escherichia coli 70S ribosome point to A1912 and A1913 as

the 50S component of B2a (Gao et al. 2003). We have found

that N-1 modifications of A1912 and A1918 cause disrup-

tion of intersubunit association whereas modification of

A1913 does not (Fig. 2). N-1 positions of adenine have been

shown to be involved in minor groove RNA interactions

(Nissen et al. 2001). Indeed, bridge B2a, which is made of

the loop of helix 69 (23S rRNA positions 1912–1918) on

the 50S side, has been found to dock

into helix 44 of 16S rRNA by minor

groove–minor groove interactions (Yu-

supov et al. 2001). Therefore, we have

good reason to believe that observed in-

terferences with 70S ribosome formation

are caused by disruption of specific in-

teractions of A1912 and A1918 with 16S

rRNA helix 44. Accordingly, N-1 posi-

tions of A1912 and A1918 are likely to

be involved in B2a formation via minor

groove interaction with helix 44 of 16S

rRNA.

Interestingly, helix 69 contains three

pseudouridines (�1911, m�1915, and

�1917; Ofengand 2002). Modified nu-

cleosides are often found in functionally

important regions of rRNA (Ofengand

2002). The fact that �1915 and �1917

are well conserved in all three kingdoms

stresses the importance of the helix-loop

69 in ribosome functioning. Indeed, he-

lix 69 contacts tRNAs at both the A site

and the P site (Yusupov et al. 2001; Stark et al. 2002; Bashan

et al. 2003). This makes it both a central structural compo-

nent of the 70S ribosome and a good candidate for a mediator

FIGURE 3. Reverse transcriptase analysis of the positions of the DMS
and CMCT modifications in the 23S rRNA. Position A715, whose
modification interferes with 50S reassociation, is denoted by an arrow.
The dideoxy sequencing lanes are indicated by A, C, G, and T. (+)
17 mM DMS; (++) 85 mM DMS. (Lanes 1–3) selection experi-
ments done in 6 mM MgCl2; (lanes 4,5) selection experiments done in
13 mM MgCl2.

FIGURE 2. Reverse transcriptase analysis of the positions of the DMS and CMCT modifica-
tions in the 23S rRNA. Positions A1912 and A1918, whose modification interfere with 50S
reassociation, are denoted by arrows. The dideoxy sequencing lanes are indicated by A, C, G,
and T. (+) 17 mM DMS; (++) 85 mM DMS. (Lanes 1–6) selection experiments done in 6 mM
MgCl2; (lanes 7,8) selection experiments done in 13 mM MgCl2.
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of signals between 50S and 30S subunits during the elon-

gation cycle. Mutations in the helix 69 have been found to

affect translational fidelity (O’Connor and Dahlberg 1995),

supporting its role in coordinating crosstalk between two

ribosomal subunits. Also noteworthy is the observation,

based on hydroxyl-radical footprinting, that the ribosome

anti-association factor IF3 and 23S rRNA helix 69 appears

to contact overlapping areas in the 30S subunit (Dallas and

Noller 2001). This suggests that disrupting bridge 2a may

also be the way to ribosomal subunit dissociation in situ.

Conformational flexibility of helix 69 (Ban et al. 2000;

Harms et al. 2001; Yusupov et al. 2001) might enable it to

carry the A site peptidyl-tRNA acceptor stem during trans-

location, making it effectively a molecular crane (Bashan et

al. 2003). Nevertheless, our results clearly show that helix 69

can productively participate in intersubunit contacts in the

absence of tRNAs. Thus, the essentially static structural role

of helix 69 in ensuring the stability of the 70S ribosome and

the aforementioned more dynamic tRNA-dependent roles

appear to be separable.

MATERIALS AND METHODS

50S subunits were dissociated from tight-coupled 70S ribosomes

by sucrose gradient centrifugation in 1 mM MgCl2 (Bommer et al.

1996). Modification of 50S subunits was conducted as in Stern

et al. (1988). Eight A260 units of 50S and 1.2 µL or 6 µL of DMS

stock (4 µL DMS, 16 µL ethanol) were used per 150 µL DMS

reaction (17 mM and 85 mM DMS, respectively) and 75 µL of

CMCT stock (126 mg/mL) per 150 µL CMCT reaction (149 mM

CMCT). Modification reactions commenced for 5 min at 37°C

and were stopped by addition of 15 µL 0.1% adenine on an ice

bath. Stern et al. (1988) state that under conditions similar to our

low DMS (17 mM) or CMCT modification

protocols, no more than a few modifications

per 23S rRNA molecule occur. Ribosomes

were further purified from modifying agents

by Sephacryl S400 spin columns (Amersham

Pharmacia), equilibrated in buffer M6 (6

mM MgCl2, 60 mM NH4Cl, 30 mM Tris-

HCl at pH 7.5, 60 mM KCl, 5 mM 2-mer-

capto ethanol) or M13 (same as M6, except

with 13 mM MgCl2; Maiväli et al. 2002). 70S

ribosomes were reassociated in buffer M6 or

M13 by adding 8 A260 units of unmodified

30S subunits to modified 50S subunits in

1 mL final volume. Reassociation was car-

ried out for 30 min at 37°C. 70S ribosomes

and 50S subunits were fractionated by 10%–

20% sucrose gradient centrifugation in M6

or M13 (Beckmann rotor SW 28, 20.4k rpm,

17 h) and rRNA was purified by silica bind-

ing as in Maiväli et al. (2002). Primer exten-

sion was done as in Stern et al. (1988). 23S

rRNA domains II–V were scanned for modi-

fications. Domains I and VI are not suspect

as intersubunit contact areas (Yusupov et al.

2001). The identity of interfering positions

was ascertained by at least five independent replications of the

modification–selection experiment. Band densitometric analysis

and quantification of observed interferences at 6 mM MgCl2 re-

vealed a 70%–90% reduction of band intensities in reassociated

70S ribosomes if compared with the 50S fractions (data not

shown).
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