
 1998 4: 1471-1480 RNA
  
G. M. Culver and H. F. Noller 
  

 ribosomes containing Fe(II) tethered to ribosomal protein S20
Directed hydroxyl radical probing of 16S ribosomal RNA in
 
 

 References

 http://www.rnajournal.org/cgi/content/abstract/4/12/1471#otherarticles
Article cited in: 
  

 service
Email alerting

 click heretop right corner of the article or 
Receive free email alerts when new articles cite this article - sign up in the box at the

 Notes   

 http://www.rnajournal.org/subscriptions/
 go to: RNATo subscribe to 

© 1998 RNA Society 

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org/cgi/content/abstract/4/12/1471#otherarticles
http://www.rnajournal.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=rna;4/12/1471&return_type=article&return_url=http%3A%2F%2Fwww.rnajournal.org%2Fcgi%2Freprint%2F4%2F12%2F1471.pdf
http://www.rnajournal.org/subscriptions/
http://www.rnajournal.org


Directed hydroxyl radical probing of 16S
ribosomal RNA in ribosomes containing
Fe(II) tethered to ribosomal protein S20

GLORIA M. CULVER and HARRY F. NOLLER
Center for Molecular Biology of RNA, Sinsheimer Laboratories, University of California, Santa Cruz,
California 95064, USA

ABSTRACT

The 16S ribosomal RNA neighborhood of ribosomal protein S20 has been mapped, in both 30S subunits and 70S
ribosomes, using directed hydroxyl radical probing. Cysteine residues were introduced at amino acid positions 14,
23, 49, and 57 of S20, and used for tethering 1-( p-bromoacetamidobenzyl)-Fe(II)-EDTA. In vitro reconstitution using
Fe(II)-derivatized S20, together with the remaining small subunit ribosomal proteins and 16S ribosomal RNA (rRNA),
yielded functional 30S subunits. Both 30S subunits and 70S ribosomes containing Fe(II)-S20 were purified and
hydroxyl radicals were generated from the tethered Fe(II). Hydroxyl radical cleavage of the 16S rRNA backbone was
monitored by primer extension. Different cleavage patterns in 16S rRNA were observed from Fe(II) tethered to each
of the four positions, and these patterns were not significantly different in 30S and 70S ribosomes. Cleavage sites
were mapped to positions 160–200, 320, and 340–350 in the 5 9 domain, and to positions 1427–1430 and 1439–1458 in
the distal end of the penultimate stem of 16S rRNA, placing these regions near each other in three dimensions. These
results are consistent with previous footprinting data that localized S20 near these 16S rRNA elements, providing
evidence that S20, like S17, is located near the bottom of the 30S subunit.

Keywords: 16S ribosomal RNA; directed hydroxyl radical probing; ribosomal protein S20

INTRODUCTION

The binding of ribosomal protein S20 to 16S ribosomal
RNA (rRNA), or fragments of 16S rRNA, has been in-
vestigated by a variety of methods (Sogin et al+, 1971;
Daya-Grosjean et al+, 1974; Muto et al+, 1974; Zimmer-
mann et al+, 1974, 1975;Ungewickell et al+, 1975; Ehres-
mann et al+, 1977; Mackie & Zimmermann, 1978;
Cormack & Mackie, 1991)+ Ribosomal protein S20 in-
teracts with 16S rRNA stoichiometrically (Stöffler et al+,
1971; Muto & Zimmermann, 1978) and independently
of other proteins, defining it as a primary binding pro-
tein (Mizushima & Nomura, 1970; Held et al+, 1974)+
These properties suggest that S20 plays a critical role
in nucleating the assembly of the 30S subunit+ While
the gene encoding S20 is not essential, strains lacking
S20 have a significantly reduced growth rate (Dabbs,
1979; Götz et al+, 1989; Ryden-Aulin et al+, 1993)+ De-
fects in posttranscriptional modification of 16S rRNA, in

vivo 30S subunit assembly, translational fidelity, and
subunit association have all been identified in cells lack-
ing S20 (Dabbs, 1979; Götz et al+, 1989; Ryden-Aulin
et al+, 1993)+

Understanding the role of S20 in the ribosome is
complicated not only by the multiple phenotypic effects
observed in the deletion strain but also by discrepan-
cies in the placement of S20 within the 30S subunit
from different experimental approaches+ Neutron dif-
fraction mapping has placed S20 in the head of the
30S subunit, near S3 and S10 (Capel et al+, 1987)+ In
contrast, immunoelectron microscopy (IEM) has local-
ized S20 near the bottom of the body of the 30S sub-
unit, proximal to S17 and S15 (Schwedler et al+, 1993)+
Footprinting studies using RNA-directed probes spe-
cific to either the base or sugar moieties have identified
nucleotides near positions 190, 250, 270, and 320, all
elements of the 59 domain of 16S rRNA, as being some
of the nucleotides protected by S20 (Stern et al+, 1988a;
Powers & Noller, 1995)+ Ribosomal protein S17 also
protects some of these same nucleotides from modifi-
cation with base-specific chemical probes (Stern et al+,
1988a)+ This suggests that S17 and S20 are near one
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another in the 30S subunit+ Ribosomal protein S17 has
been unambiguously positioned near the bottom of the
body of the 30S subunit (Capel et al+, 1987; Schwedler
et al+, 1993), thus it would follow that S20 should be
positioned there too, consistent with its placement by
IEM (Schwedler et al+, 1993)+ Since the observed S20
footprints could either be due to direct protection of
nucleotides at the S20 binding site or to indirect effects
such as S20-induced structural rearrangements, we
wished to directly survey the 16S rRNA environment
proximal to S20 in the ribosome using directed hy-
droxyl radical probing+

Directed hydroxyl radical probing is a method for gen-
erating low resolution (10–50 Å; Joseph et al+, 1997)
information about the nucleic acid neighborhood in the
vicinity of a defined site on a protein or nucleic acid+
Previously, this approach has been used to study the
16S rRNA environment around individual ribosomal
proteins in the 30S subunit (Heilek et al+, 1995; Heilek
& Noller, 1996a,b)+ Fe(II) is tethered to specific posi-
tions on the surface of a protein by reaction of the
Fe(II)-loaded linker, 1-(p-bromoacetamidobenzyl)-EDTA
(BABE; DeRiemer et al+, 1981; Rana & Meares, 1991),
with unique cysteine residues+ The modified protein
can then be incorporated into 30S subunits by recon-
stitution with 16S rRNA and the other 19 small subunit
proteins (Traub & Nomura, 1968)+ Hydroxyl radicals
are then produced locally by the Fenton reaction from
the tethered Fe(II) (Dixon et al+, 1991), cleaving the
rRNA backbone of accessible nucleotides in the vicinity
of the probe+ This technique generates constraints for
the three-dimensional folding of 16S rRNA elements+
Additionally, Fe(II)-derivatized 30S subunits can be as-
sociated with natural 50S subunits to generate Fe(II)-
derivatized 70S ribosomes+ This allows for functional
30S subunits to be selected and probed; this probing
data can be compared to that observed in free 30S
subunits+ Here we describe the use of this method to
probe the 16S rRNA neighborhood around four posi-
tions on S20+ Cleavage by Fe(II)-S20 was detected in
the 59 and 39 minor domains of 16S rRNA; these re-
sults are in close agreement with previous footprinting
studies, and are consistent with placement of S20 near
the bottom of the body of the 30S subunit+

RESULTS

Construction of cysteine-containing
mutants of S20

Single cysteine residues were introduced into Esche-
richia coli S20, which contains no cysteines in its wild-
type sequence+ Sites for cysteine substitution were
chosen using an amino acid sequence alignment of
S20 proteins from five organisms, targeting non-
conserved residues likely to be found on the surface of
the protein+ Six sites for cysteine substitution, positions

S14, S23, K49, I57, A72, and A77, were chosen out
of the 86 amino acids of S20+ The wild-type copy of
the S20 gene was amplified by polymerase chain re-
action (PCR) and cloned into pET24 (see Materials
and Methods), which allows both overexpression of the
recombinant protein as well as a means for generating
single-stranded DNA for use in site-directed mutagen-
esis (Kunkel, 1985)+Wild-type S20 and the six cysteine-
containing S20 mutants were overexpressed, purified,
and derivatized essentially as described for ribosomal
protein S5 (Heilek & Noller, 1996b)+

Footprinting Fe(II)-derivatized S20

The ability of the derivatized, mutant S20 proteins to
confer the previously characterized S20 footprint on
naked 16S rRNA (Stern et al+, 1988a) was used to
assess the proper folding of the recombinant protein,
as well as the effects of the mutations and derivati-
zation+ Recombinant, wild-type S20 produces the same
footprint as that observed for S20 purified from ribo-
somes either with (Fig+ 1) or without (data not shown)

FIGURE 1. Protection of nucleotides in 16S rRNA from modification
with kethoxal by Fe(II)-derivatized ribosomal protein S20+ Primer
extension analysis showing the 260 region of 16S rRNA using the
323 primer+ U, G: sequencing lanes; K: unmodified 16S rRNA+ RNA
in all other lanes was treated with kethoxal following complex forma-
tion with (2) no protein; N: wild-type S20, isolated from ribosomes,
treated in a mock reaction with Fe(II)-BABE; wt: recombinant wild-
type S20 treated in a mock reaction with Fe(II)-BABE; 14: Fe-C14-
S20; 23: Fe-C23-S20; 49: Fe-C49-S20; 57: Fe-C57-S20+
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treatment with Fe(II)-BABE+ The recombinant, wild-
type protein affords complete protection of the RNA
at a lower protein concentration than wild-type S20
isolated from ribosomes, suggesting that it contains
a higher fraction of correctly folded protein (Fig+ 1;
data not shown)+ Four out of the six cysteine-containing
mutants, Cys-14, Cys-23, Cys-49, and Cys-57, pro-
vide a footprint identical to wild-type S20 both with
(Fig+ 1) and without (data not shown) Fe(II)-derivati-
zation+ However, S20 substituted with cysteine at
position 72 or 77, in the underivatized state, fails
to protect any of the S20-specific nucleotides in 16S
rRNA (data not shown), in agreement with previ-
ous S20 truncation experiments that implicate the
C-terminus of S20 in binding to 16S rRNA (Donly &
Mackie, 1988)+ These two mutants were not used in
further experiments+

Reconstitution of 30S subunits
with Fe(II)-derivatized S20

Although previous work showed that omission of S20
from in vitro 30S subunit reconstitution did not affect
the sedimentation value of the reconstituted particles
(Nomura et al+, 1969), it was important to test whether
derivatization of mutant S20 proteins would interfere
with in vitro assembly+ The derivatized proteins were
reconstituted with 16S rRNA and the 19 other small
subunit ribosomal proteins; formation of 30S subunits
was monitored by sucrose gradient sedimentation
(Fig+ 2)+ Fe(II)-BABE derivatization has no significant
effect on the sedimentation properties of subunits re-
constituted with any of the four mutant proteins+ In
every case, peaks cosediment with that of natural
30S subunits (Fig+ 2)+ The Fe(II)-S20 reconstitutions
all give rise to smaller amounts of additional material
that migrates more slowly than the major peak, most
likely corresponding to partially folded or incompletely
assembled particles+

Reconstituted 30S subunits assembled
with Fe(II)-derivatized S20 are active
in tRNA binding

While previous studies showed that 30S subunits
reconstituted in the absence of S20 are competent for
tRNA binding (Nomura et al+, 1969), it was important to
test whether Fe(II)-derivatization of mutant S20 proteins
would interfere with tRNA binding+ Fe(II)-derivatization
of any of the four S20 mutant proteins had no significant
effect on the ability of the reconstituted 30S subunits to
bind tRNA in a poly(U)-dependent manner (Table 1)+
Some mRNA-independent binding of tRNA is also ob-
served, consistent with the ionic conditions used for re-
constitution, subsequent purification, and tRNA binding
(Lill et al+, 1986)+

Reconstituted 30S subunits assembled
with Fe(II)-derivatized S20 are competent
to form 70S ribosomes

E. coli strains that lack S20 produce subunits that are
defective in subunit association (Dabbs, 1979; Götz
et al+, 1989; Ryden-Aulin et al+, 1993)+ Therefore we
wished to test the capacity of subunits containing Fe(II)-
derivatized S20 to form 70S ribosomes+ Subunits re-
constituted with any of the four derivatized mutant S20
proteins were combined efficiently with 50S subunits to
form 70S ribosomes (Fig+ 3)+ Some small, slowly sed-

FIGURE 2. Sedimentation analysis of reconstituted 30S subunits
using Fe(II)-BABE-derivatized S20 proteins+ A: Natural 30S sub-
units+ B–G: 30S subunits reconstituted with 16S rRNA and (B) TP30,
(C) wild-type S20 treated in a mock reaction with Fe(II)-BABE, (D)
Fe-C14-S20, (E) Fe-C23-S20, (F) Fe-C49-S20, (G) Fe-C57-S20+ Sed-
imentation is from left to right, and absorbance was monitored at
254 nm+
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imenting peaks are observed that contain material that
does not associate with 50S subunits (Figs+ 3E–3G)+
These peaks may contain incompletely assembled sub-
units, as suggested by the trailing shoulders observed
in Figure 2+

Probing 30S subunits and 70S ribosomes
with Fe(II)-derivatized S20

Both 30S subunits and 70S ribosomes containing S20
derivatized with Fe(II) at positions 14, 23, 49, and 57
(Fe-C14-S20, Fe-C23-S20, Fe-C49-S20, and Fe-C57-
S20) were subjected to hydroxyl radical probing+ Primer
extension analysis identified cleavage of the rRNA back-
bone in two discrete regions of the 59 domain and in the
penultimate stem in the 39 minor domain of 16S rRNA
(Fig+ 4)+ The target sites are classified based on band
intensity, as visually compared to internal standards,
and are summarized on the secondary structure of 16S
rRNA in Figure 5+ Overlapping cleavage is observed
from Fe-C14-S20, Fe-C23-S20, and Fe-C57-S20, but
with different intensities at different targets+ Band in-
tensities for Fe-C49-S20 are much weaker than those
observed from the other three sites+

Target sites in the 59 domain of 16S rRNA are local-
ized to two discrete regions, around nucleotides 150–
200 and 320–350 of 16S rRNA (Fig+ 4A,B)+ Fe-C14-S20
and Fe-C23-S20 both cleave the RNA backbone at the
150 internal loop with similar intensities (Fig+ 4A)+ The
strongest cleavages in the 59 domain are from Fe-C23-
S20 on the 39 strand of the 160 helix (Fig+ 4A)+This same
strand of the 160 helix is targeted more weakly from po-
sition C14 (Fig+ 4A)+ Nucleotides around 175 are tar-
geted from Fe-C14-S20, Fe-C23-S20, and Fe-C57-S20

(Fig+ 4A)+ The patterns of cleavage from positions C14
and C23 are similar in this region, while a stronger and
slightly broader range of band intensities are observed
from position C57 (Fig+ 4A)+The RNA backbone extend-
ing from the 39 strand of the 190 helix and into the ad-
jacent loop is cleaved by Fe-C57-S20 and considerably
more weakly by Fe-C49-S20 (Fig+ 4A)+

A second region of the 59 domain of 16S rRNA, be-
tween positions 320 and 350, is cleaved in three dis-
tinct patches by Fe-C14-S20 and Fe-C23-S20+ Sites
targeted by Fe-C57-S20 mirror those observed from
Fe-C23-S20 although much more weakly (Fig+ 4B)+ Nu-
cleotides in both strands of the 320 helix as well as the
330 loop are cleaved by Fe-C14-S20 and Fe-C23-S20
(Fig+ 4B)+ In this region only the 59-most portion of the
330 loop is targeted by position C57+ The strongest
band intensities in this region of the 59 domain of 16S
rRNA are observed for position C14 in the 39 strand of
the 350 helix (Fig+ 4B); in this region bands of weaker
intensity are observed from positions C23 and C57+

Cleavage by Fe(II)-S20 in the penultimate stem in
the 39 minor domain of 16S rRNA is consistent with
previous footprinting data (Stern et al+, 1988a; Powers
& Noller, 1995); target sites are observed in the two
most distal internal loops of the penultimate stem and
in the 59 strand of the helix which connects them+ Some
of the most intense bands are observed for Fe-C14-
S20 in the 1430 internal loop (Fig+ 4C), with position
C57 yielding less intense bands (Fig+ 4C)+ Fe-C14-S20
and Fe-C23-S20 target sites in the 59 strand of the
1440 helix (Fig+ 4C)+ The internal loop near 1450 is
cleaved by Fe-C57-S20 (Fig+ 4C), while weaker cleav-
age is observed in this region from position C14+ The
39 side of the 1450 internal loop is targeted from posi-

TABLE 1 + tRNA binding activity of 30S subunits reconstituted with Fe(II)-S20

30S subunits

poly(U)-dependent
tRNAPhe binding

% activity

poly(U)-independent
tRNAPhe binding

% activity

Natural 100 6 5 24 6 3
Reconstituted with 16S rRNA

1 TP30a 72 6 4 19 6 2
1 S mixb

1 mock treated S20 54 6 4 24 6 4
1 Fe-C14-S20 57 6 4 14 6 2
1 Fe-C23-S20 48 6 3 19 6 3
1 Fe-C49-S20 54 6 4 24 6 2
1 Fe-C57-S20 62 6 7 19 6 3

Ribosomal subunits (5 pmol) were incubated with 10 pmol [32P] tRNAPhe and 7+5 mg
poly(U) (for poly(U)-dependent binding) in 50 mL of 20 mM MgCl2, 100 mM KCl, 80 mM
K1-HEPES (pH 7+6) for 15 min at 37 8C followed by 10 min on ice+ Binding of tRNA was
assayed by filter binding (Nirenberg & Leder, 1964; Moazed & Noller, 1986)+ 100%
activity corresponds to 0+5 pmol tRNAPhe bound/pmol ribosome+

aTP30: mixture of ribosomal proteins isolated from 30S subunits+
bS mix: stoichiometric mixture of individually purified recombinant 30S ribosomal

proteins lacking S20+
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tion C57, with the strongest sites approaching 1460
(Fig+ 4C)+ Fe-C49-S20 also targets sites in this internal
loop, but more weakly than position C57 (Fig+ 4C)+

No significant detectable differences between the pat-
terns of 16S rRNA cleavage in 30S subunits and 70S
ribosomes were observed; the patterns and band in-
tensities of all the target sites are very similar in 30S
subunits and 70S ribosomes for all four Fe(II)-S20+ An
example is shown for the cleavage patterns observed
in the penultimate stem, which are indistinguishable for

30S subunits (Fig+ 4C, left panel) and 70S ribosomes
(Fig+ 4C, right panel)+

DISCUSSION

Directed hydroxyl radical probing of the 16S rRNA en-
vironment in the vicinity of four different positions on
ribosomal protein S20 targets two separate regions of
the 59 domain and the penultimate stem in the 39 minor
domain of 16S rRNA (Fig+ 5)+ These data provide strong
constraints for the three-dimensional folding of these
RNA elements and for the location of ribosomal protein
S20 in the 30S ribosomal subunit+

Ribosomal protein S20 is a primary binding protein;
that is, it interacts specifically with 16S rRNA in the
absence of other ribosomal proteins+ Characterization
of its binding site on 16S rRNA has been the subject of
more than two decades of study (Sogin et al+, 1971;
Daya-Grosjean et al+, 1974; Muto et al+, 1974; Zimmer-
mann et al+, 1974, 1975;Ungewickell et al+, 1975; Ehres-
mann et al+, 1977; Rinke et al+, 1977; Mackie &
Zimmermann, 1978; Stern et al+, 1988a; Cormack &
Mackie, 1991; Powers & Noller, 1995)+ Along with S4
and S17, S20 is thought to be a critical component
in organizing the 59 domain of 16S rRNA+ Also, it
was shown that a fragment of 16S rRNA correspond-
ing to the 59 domain can form a discrete particle con-
taining ribosomal proteins S4, S16, S17, and S20
(Weitzmann et al+, 1993)+ S20 has been shown to bind
and crosslink to RNA fragments contained within the
59 end of 16S rRNA (Ehresmann et al+, 1977, 1980;
Rinke et al+, 1977; Cormack & Mackie, 1991)+ Foot-
printing experiments have also localized S20 to the 59
domain, as well as to the penultimate stem of 16S
rRNA (Stern et al+, 1988a; Powers & Noller, 1995;
Fig+ 5E,F)+Hydroxyl radical footprinting using free Fe(II)-
EDTA showed that S20 protects nucleotides 185–195,
330–335, 1434–1435, and 1447–1448 (Powers & Nol-
ler, 1995), in close agreement with the results of earlier
base-specific chemical footprinting studies (Stern
et al+, 1988a)+However, one major difference was found
between the results of the two different footprinting stud-
ies+ Base-specific footprinting showed protection of the
240–280 region by both S17 and S20 (Stern et al+,
1988a; Fig+ 5E), while a hydroxyl radical footprint was
found for this region only with S17 (Powers & Noller,
1995; Fig+ 5F)+ Most of these previous studies have
focused on the interaction of S20 with 16S rRNA, or
fragments of 16S rRNA, whereas the directed hydroxyl
radical probing has been performed in 30S subunits
and 70S ribosomes and may more accurately reflect
the RNA environment of S20 in the fully assembled
30S subunit+ The results presented here, using di-
rected hydroxyl radical probing from Fe(II) tethered to
S20 (Figs+ 5A–5D) show no cleavage in the 240–280
region of 16S rRNA, consistent with the hydroxyl rad-
ical footprinting data (Powers & Noller, 1995)+ The ab-

FIGURE 3. Sedimentation analysis of ribosomal subunit association
using 30S subunits reconstituted in vitro with Fe(II)-BABE-derivatized
S20 proteins+ A: Natural 30S (30 pmol) and 50S (30 pmol) subunits
incubated under conditions to yield a mixture of free subunits and
70S ribosomes+ B–G: Full association of 50S subunits with 30S sub-
units reconstituted with (B) TP30, (C) wild-type S20 treated in a mock
reaction with Fe(II)-BABE, (D) Fe-C14-S20, (E) Fe-C23-S20, (F) Fe-
C49-S20, (G) Fe-C57-S20+ Sedimentation is from left to right, and
absorbance was monitored at 254 nm+
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sence of cleavage in this region of 16S rRNA could be
due to the lack of derivatization of a position on S20 that
is in the vicinity of this helix+ Alternatively, it is possible
that the S20 base-specific footprint observed on naked
16S rRNA (Stern et al+, 1988a; Fig+ 1) is either indirect
or not sustained throughout 30S subunit assembly+This
latter suggestion would be in agreement with our data
and the interpretation that the 260 helix is the primary
binding site for S17, not S20 (Stern et al+, 1988a)+

Proximity of S20 to the same three regions of 16S
rRNA that were footprinted by chemical probes (Stern
et al+, 1988a; Powers & Noller, 1995), provides addi-
tional evidence that S20 interacts with these three re-
gions of the RNA in 30S subunits+ Because of the small
size of S20 (86 amino acids) these three structural
regions of 16S rRNA must be close to one another+
Since the 59 domain is the first domain of 16S rRNA to
be transcribed, S20, as a primary binding protein, may

FIGURE 4. Hydroxyl radical cleavage of 16S rRNA in 30S subunits
and 70S ribosomes containing Fe(II)-derivatized ribosomal protein
S20 detected by primer extension+ Cleavage of 16S rRNA in 30S
subunits is shown for (A) the 180 region (232 primer) and (B) the 340
region (480 primer)+ C: Cleavage of 16S rRNA in both 30S subunits
and 70S ribosomes is shown for the 1430 region (1490 primer)+A, G:
sequencing lanes; K: unprobed mock Fe(II)-BABE-treated wild-type
S20+ Samples in all other lanes were treated with H2O2 and ascor-
bate+ wt: mock Fe(II)-BABE-treated wild-type S20; 14: Fe-C14-S20;
23: Fe-C23-S20; 49: Fe-C49-S20; 57: Fe-C57-S20+
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help to nucleate 30S subunit assembly and stabilize
important intramolecular RNA interactions+ This idea is
consistent with experiments studying the dynamics of
in vitro assembly of 30S subunits (Powers et al+, 1993)

which show that different regions of 16S rRNA fold at
different rates+ The nucleotides in the 59 domain that
are protected by S20 belong to the fastest kinetic class
and thus are likely to be involved in the early stages of

FIGURE 5. Secondary structure of elements of the 59 domain and the penultimate stem of 16S rRNA, summarizing the sites
of directed hydroxyl radical cleavage from Fe(II)-derivatized S20 mutant proteins+ Filled circles indicate positions of cleavage
in 30S subunits and 70S ribosomes reconstituted with (A) Fe-C14-S20; (B) Fe-C49-S20; (C) Fe-C49-S20; (D) Fe-C57-S20+
Also shown are results of S20 footprinting experiments using (E) base-specific chemical probes (Stern et al+, 1988a) and (F)
hydroxyl radicals generated from free Fe(II)-EDTA (Powers & Noller, 1995)+ The intensities of the observed cleavages or pro-
tections were classified based on visual comparison to internal standards and are reflected in the sizes of the filled circles+

Probing 16S rRNA from S20 1477

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org


assembly+ This is also consistent with previous work
which demonstrated that S20 interacts strongly with
fragments of 16S rRNA corresponding to only the 59
end (Ehresmann et al+, 1977, 1980; Rinke et al+, 1977;
Cormack & Mackie, 1991)+ Our data also provide new
evidence for the interaction of S20 with the penultimate
stem, near the 39 end of 16S rRNA in 30S subunits+
This leads to the interesting possibility that S20 acts
to stabilize interactions between the penultimate stem
and the 59 domain of 16S rRNA, indicating a potential
role for S20 in both early and late events of ribosome
assembly+

There is interesting overlap in the data from directed
hydroxyl radical probing from Fe(II) tethered to S20
and previous S20 footprinting results (Stern et al+, 1988a;
Powers & Noller, 1995)+ Some of the 16S rRNA nucle-
otides which are protected by S20 in footprinting ex-
periments are also cleaved by Fe(II)-derivatized S20
(Fig+ 5)+ Nucleotides near 180, and in the 190 and 330
helices are both cleaved and footprinted by S20, as are
the most distal nucleotides in the penultimate stem
(Fig+ 5)+ This is an interesting observation since the
more expected result would be cleavage of nucleotides
adjacent to those which are protected, as is seen near
1430 (Fig+ 5)+ It is possible that some of the S20 foot-
prints are indirect and that the observed protections
are due to altered conformations, and therefore altered
availability, of the nucleotides+ Thus, probing from Fe(II)-
derivatized S20 would result in cleavage of the same
nucleotides which are protected+ Since derivatization
of all four mutant S20 proteins does not alter the char-
acteristic footprints, it is possible that the probing sites
are adjacent to residues responsible for the footprint
and thus, the two independent methods could result in
sampling of the same environment+ It is also possible
that the observed overlap from the two techniques is
the result of different conformations of 16S rRNA+ The
footprinting experiments were performed on naked 16S
rRNA (Stern et al+, 1988a; Powers & Noller, 1995),while
the directed hydroxyl radical probing was performed
on fully assembled 30S subunits+ Thus, the interaction
of S20 with 16S rRNA may vary at different stages of
assembly+ This possibility alone or in combination with
those offered above could account for the overlap be-
tween the footprinting and directed hydroxyl radical prob-
ing data+

In the absence of a three-dimensional structure for
ribosomal protein S20, detailed modeling of its inter-
action with 16S rRNA is precluded+ Nevertheless, some
clues regarding the interactions are suggested by our
data+ Because of the small size of S20 and the ob-
served overlap in the cleavage targets from the four
probing positions, it is possible that the observed cleav-
age targets provide a comprehensive picture of the
16S rRNA environment of S20, with the possible ex-
ception of its C-terminal region+ We were unable to
substitute cysteine residues in the C-terminus of S20

without disruption of binding, consistent with previous
work implicating this region of the protein in rRNA bind-
ing (Donly & Mackie, 1988)+ The weak cleavage ob-
served from Fe-C49-S20 is most easily explained by
its orientation away from RNA targets, because its bind-
ing does not appear to be impaired (Fig+ 1)+ Fe-C14-
S20 and Fe-C23-S20 cleave only one face of the helix
ranging from 150–180, suggesting that the opposite
face of the helix is protected by other interactions+Cleav-
age patterns in two distinct regions suggest juxtaposi-
tion of S20 with the minor groove of two different helices;
Fe-C14-S20 produces a 39-staggered cleavage in the
320/330 helix, as does Fe-C57-S20 in the 1450–1460
region+ These data suggest potential modes of inter-
action between S20 and 16S rRNA+

The data presented here have significant bearing on
conflicting reports concerning the three-dimensional lo-
cation of S20 in the 30S subunit+ Neutron mapping
experiments have placed S20 in the head of the 30S
subunit, near ribosomal proteins S3 and S10 (Capel
et al+, 1987)+ In contrast, S20 has been localized near
the bottom of the body of the subunit by IEM studies
(Schwedler et al+, 1993)+ The IEM data locate S20 prox-
imal to S17, consistent with conclusions drawn from
footprinting experiments (Stern et al+, 1988a; Powers &
Noller, 1995) and with the directed probing results pre-
sented here+ Both IEM and neutron diffraction studies
localized S17 to the bottom of the body of the 30S
subunit (Capel et al+, 1987; Schwedler et al+, 1993)+
The RNA regions in the 59 domain that are targeted by
Fe(II)-derivatized S20 directly flank RNA elements that
are cleaved by Fe(II)-S17 (G+M+ Heilek & H+F+ Noller,
unpubl+ results) and Fe(II)-S15 (G+M+ Culver & H+F+ Nol-
ler, unpubl+)+ Taken together, the data are most consis-
tent with the placement of S20 near the bottom of the
body of the 30S subunit+

MATERIALS AND METHODS

Reagents

Preparation of 16S rRNA, 30S, 50S, and 70S ribosomes was
as described (Moazed & Noller, 1986)+ Synthesis of BABE
and preparation of the Fe(II)-BABE complex were done as
previously described (DeRiemer et al+, 1981)+ Buffer A con-
sists of 80 mM K1-HEPES (pH 7+6), 20 mM MgCl2, 330 mM
KCl, and 0+01% Nikkol+

Cloning, expression and purification
of ribosomal protein S20

The gene encoding ribosomal protein S20 was amplified
by PCR of E. coli MRE600 genomic DNA with restriction
sites included in the DNA primers for convenient cloning:
primer #1, 59 end of the S20 gene with NdeI restriction en-
zyme site (underlined),GGGGCGCGGATCCCATATGGCTTAT
ATCAAATCAGCTAAG; primer #2, 39 end of the S20 gene
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with HindIII restriction enzyme site (underlined), GGCGGGA
AGCTTTTAAGCCAGTTTGTTGATCTGTGC+ PCR products
were cleaved with NdeI and HindIII and ligated into identically
restricted pET24b (Novagen)+ Restriction enzyme digestion
and DNA sequence analysis was used to identify wild-type
S20 clones+ Single stranded DNA was produced directly from
the wild-type construct, and cysteines were introduced at six
sites (14, 23, 49, 57, 71, and 74) by site-directed mutagen-
esis (Kunkel, 1985)+Wild-type and mutant S20 proteins were
overexpressed from an inducible T7 RNA polymerase pro-
moter in the pET24b vector (Studier et al+, 1990)+ S20 pro-
teins were purified by FPLC cation exchange chromatography
on a Resource S (Pharmacia) column run at 4 8C in 6 M Urea,
20 mM K1-HEPES (pH 7+0) with a 120 mL elution gradient
from 20–400 mM KCl with S20 eluting at 160 mM+

Derivatization of S20 proteins

Conjugation of Fe(II)-BABE to cysteine-containing mutants
of S20 and purification of derivatized proteins from unreacted
reagent was done essentially as described (Heilek et al+, 1995);
2 nmol protein in 80 mM K1-HEPES (pH 7+7), 1 M KCl, and
1 mM B-mercaptoethanol were incubated with 100 nmol Fe(II)-
BABE in 100 mL buffer containing 80 mM K1-HEPES (pH
7+7), 1 M KCl, and 0+01% Nikkol (Nikko Chemicals, Japan) at
37 8C for 30 min+ Free Fe(II)-BABE was separated from de-
rivatized protein on Microcon 3 microconcentrators using mul-
tiple washes with a buffer containing 80 mM K1-HEPES (pH
7+7), 1 M KCl, and 0+01% Nikkol+ Wild-type S20, which con-
tains no cysteines, was treated identically to the cysteine-
containing mutants in mock reactions to control for possible
derivatization of non-cysteine side chains+

Footprinting S20 on naked 16S rRNA

Complexes of 16S rRNA and S20 were formed and probed
with kethoxal essentially as described by Stern et al+ (1988a)+
Briefly, 20 mg of 16S rRNA was incubated at 42 8C for 60 min
with a fivefold molar excess of Fe(II)-S20 in buffer A+ Control
samples of 16S rRNA alone were treated identically to those
containing protein+ After incubation at 42 8C, samples were
incubated at 0 8C for 10 min+ For kethoxal modification, 4 mL
of kethoxal (37 mg/mL) were added to each 100-mL sample
followed by incubation at 0 8C for 60 min+ Samples were ad-
justed to, and maintained at, 25 mM K1-borate (pH 7+0)+
Samples were precipitated with 2+5 volumes of ethanol and
0+1 volume 3 M sodium acetate (pH 5+2)+ RNA was isolated
and analyzed by primer extension as previously described
(Stern et al+, 1988b)+

Reconstitution of 30S subunits and subunit
association

Reconstitution of 30S particles was done using sequential
addition of a four-fold molar excess of purified recombinant
proteins (S2–S21) to 16S rRNA following the ordered assem-
bly pathway (Traub & Nomura, 1968; Held et al+, 1974; G+M+
Culver & H+F+ Noller, submitted)+ Reconstituted 30S subunits
were purified from unincorporated proteins by centrifugation
in Microcon 100 microconcentrators at 3,000 rpm for 5 min

with three consecutive washes of 400 mL each with Buffer A
(80 mM K1-HEPES (pH 7+6), 20 mM MgCl2, 330 mM KCl,
and 0+01% Nikkol)+ Reconstituted 30S subunits were incu-
bated with natural 50S subunits in 80 mM K1-HEPES (pH
7+6), 20 mM MgCl2, 100 mM KCl, and 0+003% Nikkol at 37 8C
for 30 min+

Purification of 30S subunits
and 70S ribosomes

Wild-type or Fe(II)-derivatized S20 containing 30S subunits
or 70S ribosomes were purified by sedimentation through a
10–40% sucrose gradient (in 20 mM K1-HEPES (pH 7+6),
20 mM MgCl2, and 100 mM KCl) at 32,000 rpm (SW41) for
15+5 h at 4 8C+ Sucrose was removed from 30S subunits and
70S ribosomes by centrifugation at 4 8C for 60 min at 2,400
rpm (JA20) in Centricon 100 ultraconcentrators with 3–4 se-
quential 2+0 mL washes with buffer A+

Hydroxyl radical probing and primer extension

Isolated 30S and 70S ribosomes were probed by initiating
hydroxyl radical formation with 0+05% H2O2 and 5 mM ascor-
bic acid, and incubated for 10 min on ice+One-third volume of
thiourea (20 mM) was added to quench the reaction+ Sam-
ples were precipitated with 2+5 volumes of ethanol and 0+1
volume 3 M sodium acetate (pH 5+2)+ RNA was isolated and
analyzed by primer extension as previously described (Stern
et al+, 1988b)+
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