
REPORT

Assembly of the 30S ribosomal subunit: Positioning
ribosomal protein S13 in the S7 assembly branch
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ABSTRACT

Studies of Escherichia coli 30S ribosomal subunit assembly have revealed a hierarchical and cooperative association of ribo-
somal proteins with 16S ribosomal RNA; these results have been used to compile an in vitro 30S subunit assembly map. In single
protein addition and omission studies, ribosomal protein S13 was shown to be dependent on the prior association of ribosomal
protein S20 for binding to the ribonucleoprotein particle. While the overwhelming majority of interactions revealed in the
assembly map are consistent with additional data, the dependency of S13 on S20 is not. Structural studies position S13 in the
head of the 30S subunit > 100 Å away from S20, which resides near the bottom of the body of the 30S subunit. All of the proteins
that reside in the head of the 30S subunit, except S13, have been shown to be part of the S7 assembly branch, that is, they all
depend on S7 for association with the assembling 30S subunit. Given these observations, the assembly requirements for S13
were investigated using base-specific chemical footprinting and primer extension analysis. These studies reveal that S13 can bind
to 16S rRNA in the presence of S7, but not S20. Additionally, interaction between S13 and other members of the S7 assembly
branch have been observed. These results link S13 to the 3� major domain family of proteins, and the S7 assembly branch,
placing S13 in a new location in the 30S subunit assembly map where its position is in accordance with much biochemical and
structural data.
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INTRODUCTION

Assembly of the Escherichia coli 30S ribosomal subunit is an
elaborate process that has been under investigation for
more than three decades. In early studies it was shown that
the small subunit may be reconstituted in vitro from its
isolated constitutive parts, 16S ribosomal RNA (rRNA) and
a mixture of the Total Proteins from the 30S subunit (TP30;
S2–S21), to form a functional 30S particle (Traub and No-
mura 1968). Additionally it has been shown that the indi-
vidually purified proteins, both natural (Traub and Nomura
1968) and recombinant (Culver and Noller 1999), could
support the in vitro reconstitution. Single protein addition
and omission studies of the in vitro 30S subunit reconsti-
tution process led to the elucidation of an ordered assembly
map and the definition of distinct assembly branches (Fig. 1;
Mizushima and Nomura 1970; Held et al. 1974). For ex-
ample, the S7 assembly branch (see Fig. 1) contains not only
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FIGURE 1. The in vitro 30S subunit assembly map. Simplified in
vitro 30S subunit assembly map (Mizushima and Nomura 1970; Held
et al. 1974) highlighting the relative position of r-proteins S7 and
proteins found in its assembly branch (green), S13 (blue), and S20
(magenta). The remaining r-proteins are aqua. The primary binding
proteins have been underlined, and 16S rRNA is designated as a rect-
angle.
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S7 but also r-proteins S9, S19, S14, S10, S3, and S2. Gen-
erally, there is good agreement between the dependencies
indicated in the in vitro 30S subunit assembly map and
structural and biochemical studies that reveal interactions
and locations of proteins within the subunit. However,
there is at least one significant outlier to this correlation, the
positioning of r-protein S13 within the assembly map.

Experiments that led to the formulation of the assembly
map (Fig. 1) indicated that S13 is dependent on S20 for
association (Mizushima and Nomura 1970; Held et al.
1974); however, conflicting evidence suggested that S13 can
stably assemble into a 16S-rRNA-containing RNP without
the prerequisite stable association of S20 (Schaup et al.
1970; Lutter et al. 1974; Samaha et al. 1994). Studies that
have focused on the positions of r-proteins within the ma-
ture 30S subunit (Lake 1975; Capel et al. 1987; Pohl and

Wittmann-Liebold 1988; Wimberly et al. 2000) also suggest
that S13 is misplaced in the assembly map. In the crystal
structure of the Thermus thermophilus 30S subunit, S13 and
S20 are located > 100 Å apart with S20 residing in the body
and S13 in the head of the subunit proximal to S7 (see Fig.
4B below; Wimberly et al. 2000; Brodersen et al. 2002).
Thus, the location of S13 in the head of the 30S subunit
with all the components of the S7 assembly branch (Wim-
berly et al. 2000), and solely these components, supports
inclusion of S13 within the S7 assembly branch.

While footprinting studies can reveal assembly relation-
ships, previous work has not dissected the requirements for
S13 binding. In prior experiments, S13 interactions with
16S rRNA were probed (Heilek and Noller 1996) and foot-
printed (Powers et al. 1988a) in the presence of all the 1°
binding proteins (S4, S7, S8, S15, S17, and S20). Therefore,

FIGURE 2. (Continued on next page)
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to understand which 1° binding protein(s) is required for
S13 assembly, chemical modification and primer extension
analysis were used to examine more minimal particles con-
taining S13. Our data support a sequential relationship be-
tween S7 and S13, not S20 and S13, resulting in a new
position in the in vitro 30S subunit assembly map for S13.
Additional interactions between S13 and other proteins
found in the S7 assembly branch, mainly S9 and S19, are
also revealed.

RESULTS AND DISCUSSION

Reconstitution of 16S-rRNA-containing RNPs

In order to determine the requirements for association of
S13 with 16S rRNA, different sets of 16S rRNA r-protein-
containing complexes were prepared for comparison. Ini-
tially, the appropriate recombinant primary binding pro-
tein, either S7 or S20, was added to 16S rRNA; after the

binary complex was formed, S13 was added to the RNP. To
investigate interactions of S13 with other proteins beyond
the primary binding proteins, sequential addition of pro-
teins, either those in the S7 assembly branch or the tertiary
binding proteins, S2, S3, S10, and S14, were added to S13-
containing complexes. In all cases the RNPs were used di-
rectly in probing reactions.

Footprinting S13 in the presence of S7 and S20

The reconstituted RNPs were subjected to kethoxal modi-
fication, which modifies guanine bases, and to dimethyl
sulfate (DMS), which modifies both adenine and cytosine
bases. Primer extension analysis was used to map the sites
of 16S rRNA modification in various complexes to deter-
mine if the addition of S13 has an effect on the modification
patterns. Association of S13 with the binary complexes
should reveal sites of altered reactivity of 16S rRNA as com-
pared to the modification pattern in the absence of S13.

FIGURE 2. Primer extension analysis of kethoxal (A–C) and DMS (A,B,D) modified reconstituted RNPs containing 16S rRNA and different
combinations of r-proteins including S13. (Lanes A,G) Dideoxy sequencing lanes; (lane 1) 16S unmodified, naked, unreacted 16S rRNA; (lane 2)
16S modified, naked 16S rRNA treated with kethoxal; (lane 8) naked 16S rRNA treated with DMS. (Lanes 3–7,9–18) RNPs that have been treated
with kethoxal or DMS, respectively, and consist of a combination of naked 16S rRNA and the r-protein(s) S7, S9, S19, S13, and/or S20, as indicated
at the top of the gels. (Lanes 3,9) S13 alone; (lanes 4,10) S20 alone; (lanes 5,11) S20 + S13; (lanes 6,12) S7 alone; (lanes 7,13,16) S7 + S13; (lane
14) S7 + S9; (lane 15) S7 + S19; (lane 17) S7 + S9 and S13; (lane 18) S7 + S19 and S13. The bases that have an increased reactivity, or enhancement,
are noted with triangles. The bases with a decreased reactivity, or protection, are noted with circles. The DMS sequencing lanes in A have been
transposed from another section of the gel. (A) Primer extension analysis using primer 945. (B) Primer extension analysis using primer 1391. (C)
Primer extension analysis using primer 323. (D) Primer extension analysis using primer 945.
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Changes attributable to S13 binding are observed only in
the presence of S7. All of the changes that are attributable to
S13 footprints in the S7/S13/16S rRNA complexes are found
in the 3� major domain (Figs. 2, 3), consistent with prior
structural and biochemical data (Powers et al. 1988a,b). The
data representing relative changes in the modification pat-
tern upon the addition of S13 to S7/16S rRNA have been
highlighted on the secondary structure of 16S rRNA (Fig. 3)
and on the 3D structure of the 30S subunit (Fig. 4B). Many
changes resulting from S13 binding can be seen in the 930
to 980 region, with the most pronounced protections oc-
curring at G944 and G945 in helix 30 and the most pro-
nounced enhancements occurring at nucleotides 977–980
in the loop connecting helices 30 and 31 (Fig. 2A). Addi-
tional changes, many of which augment a change that is
initiated by S7 binding, are observed in helices 41 and 42
(Fig. 2B). The numerous changes observed upon the addi-
tion of S13 to the S7/16S rRNA complex (Fig. 2A,B) are in
sharp contrast to the total absence of changes observed
upon addition of S13 to the S20/16S rRNA complex (Fig.
2C, lane 5).

Since no changes are observed upon addition of S13 to a
complex of S20 and 16S rRNA, it is important to verify the
binding of S20 in the reconstituted RNP. In the S20/16S
rRNA complex, strong kethoxal protections can be seen at
nucleotides 251, 265–266, and 281 (Fig. 2C, lanes 4,5) in

accordance with earlier work (Stern et al. 1988). In addi-
tion, a weak enhancement may be seen at nucleotide 278
(Fig. 4A, lanes 4,5). Thus, S20 is indeed bound in these
particles, and S13 does not appear to associate with 16S
rRNA solely in the presence of S20. These data support the
inclusion of S13 in the S7 assembly branch rather than the
S20 branch.

The relative position of S13 with regard to the other
members of the S7 assembly branch (see Fig. 1) also war-
ranted further investigation. RNPs containing various com-
binations of S7, S13, and other S7-dependent binding pro-
teins were prepared and analyzed (Fig. 2D). Several in-
creased protections are observed in the 930–960 region
when S13 is added to complexes containing S7–S9 or S7–
S19 particles (Fig. 2D, lanes 17,18). In these regions the
addition of S13 appears to augment binding of S9 and S19
since these residues are partially protected in the absence of
S13 but become more protected upon S13 addition. These
results suggest a synergistic assembly relationship between
S7, S13, S9, and S19. Given the complexities of the S7 as-
sembly branch, significant further analysis will be required
to dissect the role S13 plays in the association of the 3°
binding proteins S2, S3, S10, and S14 that also bind to the
head of the 30S subunit.

This study was designed to address the assembly relation-
ship of S13 with the primary binding proteins S7 and S20 in

the course of 30S subunit assembly. As
a result, it has been shown that S13 has
an assembly dependence on S7 as its
binding predecessor to 16S rRNA, and
that S13 binding is not affected by the
presence of S20. As a consequence of
these studies, S13 has been relocated in
the assembly map downstream from S7
(Fig. 4A), localized within the group of
proteins that bind to the 3� major do-
main and form the head of the 30S sub-
unit. Previous work suggested that S7,
S9, and S19 were necessary and suffi-
cient for S13 binding (Powers et al.
1988a). Based on the results presented
here, it appears that S7 alone is neces-
sary for S13 binding (Fig. 2), thus so-
lidifying S13 as a secondary binding pro-
tein. Nevertheless, some synergistic ef-
fects between binding of S7, S13, S9, and
S19 have been observed (Figs. 2D, 4A).

Additional sites of altered reactivity
are observed when S13 is footprinted
solely in the presence of S7 (Fig. 2A,B)
and not a larger group of proteins
(Powers et al. 1988a,b). This is likely due
to the absence of the additional proteins
which could mask sites of potential
changes. A likely example of this is the

FIGURE 3. S13 footprinting data mapped on the secondary structure of 16S rRNA. The 16S
rRNA secondary structure (Cannone et al. 2002) with the 3� major domain highlighted is
shown, and the S13 footprinting data are mapped on this expanded domain. The bases that have
an increased reactivity, or enhancement, upon the addition of S13 to the S7/16S rRNA, are
noted with triangles and the bases with a decreased reactivity, or protection, are noted with
circles (in accordance with the footprinting data in Fig. 2).
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data observed in the loop connecting helices 31 and 32. In
complexes composed of S7 and 16S rRNA, nucleotides 977–
980 showed enhanced reactivity (Fig. 2A; Powers et al.
1988b). Upon addition of S19 to this complex (Powers et al.
1988b), these same nucleotides become protected from re-
activity. In our experiments, upon the addition of S13 to the
S7/16S rRNA complexes, nucleotides 977–980 become
more reactive (Fig. 2A). Thus it appears that S13 augments

the effect of S7, with S19 having the op-
posite effect. Also, these sites are further
protected upon the addition of other S7
assembly branch proteins, S2 and S3
(Powers et al. 1988a,b). These observa-
tions suggest that S13 is involved in a
series of concerted and consecutive
changes within the S7 assembly branch
that aid 30S subunit assembly.

The majority of S13-dependent changes
in reactivity are localized in the area sur-
rounding S7 and S13 (Fig. 4B; Wimberly
et al. 2000). Some of the S13 binding
interactions observed correspond with
direct backbone and base-specific inter-
actions between S13 and 16S rRNA ob-
served in the 30S subunit (Brodersen et al.
2002). Also, association of S13 with the
S7/16S rRNA complex results in changes
in reactivity of many nucleotides that
interact with S7 within the 30S subunit
(Brodersen et al. 2002). For example, in
the presence of S7 minor changes in re-
activity in helices 28 and 29 due to the
addition of S13 are observed (Figs. 2A,
3). Various other sites show similar
trends upon S13 binding. These results
suggest that S13 association with the S7/
16S rRNA complex enhances the asso-
ciation of S7 with 16S rRNA during 30S
subunit assembly (see Fig. 4A). Since
there are no direct contacts between S7
and S13 in the 30S subunit (Wimberly
et al. 2000; Brodersen et al. 2002), the
observed changes are most likely orches-
trated by protein-dependent RNA con-
formational changes that then allow ad-
ditional protein binding. Overall our data
are highly consistent with the position of
elements within the fully formed 30S sub-
unit (Wimberly et al. 2000; Brodersen
et al. 2002) and prescribe the inclusion
of S13 in the S7 assembly branch.

MATERIALS AND METHODS

Natural 16S rRNA was extracted and puri-
fied from MRE600 as previously described (Moazed et al. 1986).
Recombinant small subunit ribosomal proteins were purified as
previously described (Culver and Noller 2000).

Preparation of complexes

The reconstitution was performed with 40 pmol of 16S rRNA and
280 pmol of recombinant r-proteins S7, S9, S13, S19, and S20 in

FIGURE 4. Positioning S13 in the S7 assembly branch of the in vitro 30S ribosomal subunit
assembly map. (A) Revised in vitro 30S subunit assembly map. Color coding is as in Figure 1.
S13 has been repositioned to show interaction with S7 and other r-proteins in this branch. (B)
S13 footprinting data mapped on the tertiary structure of the 30S subunit. The enhancements
are blue and protections are orange (in accordance with Figs. 2, 3). S13 is blue and S7 is green.
This figure was produced with Ribbons (Carson 1997) using PDB 1J5E (Wimberly et al. 2000;
Brodersen et al. 2002).
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appropriate combinations. 16S rRNA was heat-activated at 42°C
for 15 min and cooled on ice for 20 min. The reconstitution was
performed in Recon A buffer (80 mM K+-HEPES 7.6, 20 mM
MgCl2, 330 mM KCl, and 0.01% Nikkol), with the final KCl con-
centration of 330 mM at each reconstitution stage. The first stage
consists of 16S rRNA and a 7 M excess of the appropriate 1°
r-protein (S7 or S20) in Recon A buffer and 1 mM �-mercapto-
ethanol (BME), which was incubated at 42°C for 20 min. Next, a
7 M excess of the appropriate 2° r-protein(s) (S9, S13 and S19) is
added with conditions adjusted to those of Recon A buffer, fol-
lowed by a 42°C incubation for 20 min. Protein storage buffer
(1 M KCl, 20 mM MgCl2, and 80 mM K+-HEPES 7.6) was added
in place of the r-protein to achieve a final KCl concentration of
330 mM.

Chemical probing and primer extension analysis

The resulting RNPs were cooled on ice for 20 min, and subjected
to kethoxal or dimethyl sulfate (DMS) modification on ice for 2 h
(as described by Moazed et al. 1986). The rRNA was then extracted
as previously described (Culver and Noller 2000). The resulting
RNA-modified complexes were used for primer extension analysis
with �-32P-TTP and primers (Moazed et al. 1986).
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