
Published online 8 May 2017 Nucleic Acids Research, 2017, Vol. 45, No. 11 6945–6959
doi: 10.1093/nar/gkx324

RsgA couples the maturation state of the 30S
ribosomal decoding center to activation of its GTPase
pocket
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ABSTRACT

During 30S ribosomal subunit biogenesis, assem-
bly factors are believed to prevent accumulation of
misfolded intermediate states of low free energy that
slowly convert into mature 30S subunits, namely, ki-
netically trapped particles. Among the assembly fac-
tors, the circularly permuted GTPase, RsgA, plays
a crucial role in the maturation of the 30S decod-
ing center. Here, directed hydroxyl radical probing
and single particle cryo-EM are employed to eluci-
date RsgA´s mechanism of action. Our results show
that RsgA destabilizes the 30S structure, including
late binding r-proteins, providing a structural basis
for avoiding kinetically trapped assembly interme-
diates. Moreover, RsgA exploits its distinct GTPase
pocket and specific interactions with the 30S to coor-
dinate GTPase activation with the maturation state of
the 30S subunit. This coordination validates the ar-
chitecture of the decoding center and facilitates the
timely release of RsgA to control the progression of
30S biogenesis.

INTRODUCTION

The bacterial 70S ribosome is a large 2.4 MDa molecu-
lar machine responsible for protein synthesis that is com-
posed of two subunits, the 30S and 50S subunits. The 30S

subunit is assembled from an rRNA precursor and 21 ri-
bosomal proteins (r-proteins, bS1–bS21) in a metabolically
costly process termed ribosome biogenesis that is strictly
regulated and responsible for cell growth. Although the
30S subunit can be reconstituted in vitro from only its con-
stitutive components, the 16S rRNA and r-proteins uS2–
bS21, in Escherichia coli, there is a growing list of acces-
sory proteins, including at least five assembly factors and
15 modifying enzymes, involved in 30S biogenesis (1). Ini-
tially, the 30S assembly map (or Nomura assembly map) es-
tablished the ordered and sequential fashion in which the r-
proteins, categorized accordingly into primary, secondary,
and tertiary binders, are assembled onto the ribosome un-
der equilibrium conditions (2). The binding of r-proteins to
the 16S rRNA is generally responsible for promoting long-
range tertiary structure, while local secondary structure
(i.e. helices) forms independently of r-proteins (3,4). Subse-
quent pulse-labeling based quantitative mass-spectrometry
(PC/QMS) experiments have expanded on the Nomura as-
sembly map by providing a kinetic description of 30S sub-
unit assembly, showing that individual r-protein binding
rates vary over two orders of magnitude and generally cor-
respond to the binding order described in the classical No-
mura assembly map (5). Importantly, this study and others
(4–6) indicated that 30S assembly can follow multiple par-
allel pathways.

In line with the co-transcriptional nature of ribosome
assembly, r-protein binding rates follow the 5′ to 3′ direc-
tionality of rRNA transcription, such that r-proteins bind
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rapidly to the 5′ 16S rRNA domain that forms the 30S
body, and more slowly to the 3′ domain that forms the
30S head (5). This directionality has also been observed
in time-resolved cryo-EM experiments where assembly in-
termediates from in vitro assembly experiments were visu-
alized (6). This study, as well as subsequent studies with
in vivo assembled intermediates, has shown that the earli-
est observed particles, Group I particles, show density cor-
responding to only the 30S 5’-body and central platform
domains, while the 3’-head domain appears later, being ei-
ther detached (Group II) or attached (Group III) to the 30S
body (6,7). The fact that there are two 30S head positions
seen in the assembly intermediates suggests that there are
two alternative pathways for its maturation with the bind-
ing of r-protein S5 playing a role in promoting the attach-
ment of the head by stabilizing the h1/h28 interface (7). In
terms of r-proteins, the Group I particles lack, as expected,
3′-head domain binding proteins (uS2, uS3, uS7, uS9, uS10,
uS13, uS14, uS19) as well as the 5′-body proteins, uS5 and
uS12 (7). Note throughout the manuscript we use the r-
protein naming convention described by Ban and colleagues
(8) where the u and b prefix indicate proteins that are present
in all three domains (universal) or are specific to bacteria,
respectively. The Group II and III particles contain uS5 but
remain deficient in the 5′-body protein, uS12 (7). Finally,
the later stage Group IV and V particles, which are the most
similar to the mature 30S subunit, are deficient in only uS2,
uS3 and bS21 to varying extents.

Overall the folding of the 5′ and central domains is more
robust than that of the 3′ domain possibly due to redun-
dant, alternative assembly pathways, while assembly of the
3′ domain follows a more restrictive pathway that is suscep-
tible to interference and kinetic traps (9), accounting for the
higher number of ribosome assembly factors that intervene
in its assembly. For example, in the 3′ head domain, the as-
sembly factor RimM is proposed to avoid kinetic traps by
holding the solvent side helices in a more open conforma-
tion, allowing h43 to be transcribed and core helices 31 and
43 to fold correctly (10). Similarly, RimP is suggested to
avoid pathways leading to kinetically unfavorable Group II
intermediates by facilitating the formation of a long-range
pseudoknot interaction that lies at the core of the 30S de-
coding center to form the interface of the head and body
domains (7). RbfA significantly affects the conformation of
h44 and is thought to play a role in the maturation of this
central pseudoknot region and 30S decoding centre, by di-
recting the refolding of the 16S rRNA leader and h1 (10–
12).

In this study, we focus on the role of the GTPase, RsgA
(also called YjeQ/YloQ/CpgA) (13,14), a ribosome assem-
bly factor that intervenes during the later stages of 30S mat-
uration. RsgA is broadly conserved among bacteria (13,15),
and deletion of the protein or inactivation of its GTPase
activity strongly affects cell growth (14), ribosomal pro-
files (14,16,17), processing of 17S rRNA, a major precursor
of 16S rRNA (14,18), peptidoglycan metabolism, cell mor-
phology (19), and virulence in Staphylococcus aureus (20),
suggesting its roles in ribosome biogenesis, bacterial sur-
vival and fitness (18). RsgA in the GTP form binds tightly
to the 30S subunit, which also strongly stimulates its intrin-

sic GTPase activity (over 100-fold) (14,21,22). Since both
the RbfA-releasing activity of RsgA and activation of its
GTPase activity occur significantly on mature 30S subunit
rather than on immature 30S subunits, RsgA is thought to
act at nearly the last stage of 30S maturation (14,21,22).
RsgA promotes dissociation of RbfA from the 30S sub-
unit (21) and as such facilitates the docking of the penul-
timate 16S rRNA helix, h44, on to the body of the 30S
subunit (23,24). Indeed, ribosomes purified from RsgA de-
pleted strains (�rsgA) are characterized by a distorted de-
coding center where h44/h45/h24 are not juxtaposed, pre-
venting these particles from associating with the 50S sub-
unit and engaging in translation (25). Like other assembly
factors, RsgA is assumed to facilitate 30S assembly by pre-
venting and/or rescuing kinetically trapped 30S assembly
intermediates (22,23,26) although the structural basis for
this activity is unknown.

RsgA belongs to the TRAFAC class of GTPases that
comprises translational factors and Ras-like proteins (15),
and thus shares an evolutionarily conserved GTPase do-
main characterized by the presence of the G1–G5 motifs,
which are critical for GTP/GDP binding, GTP-induced
conformational changes and GTP hydrolysis (27). Interest-
ingly, the GTPase motifs in RsgA are circularly permuted
such that they follow a G4–G5–G1–G2–G3 order in the
primary sequence instead of the sequential, G1–G2–G3–
G4–G5, order. Accordingly, RsgA belongs to the subfam-
ily of circularly permuted GTPases (CP-GTPase) alongside
other ribosome biogenesis factors like RbgA(YlqF), YqeH
and YawG, (15). In the case of RsgA, the CP-GTPase is
preceded by a N-terminal oligonucleotide/oligosaccharide
binding-fold domain (OB-domain) and followed by a zinc-
binding domain (Zn-domain) on the C terminus (13,28,29).
In GTPases, the loops containing the G2 and G3 mo-
tifs, designated switch 1 and switch 2, respectively, un-
dergo a large conformational change upon GTP hydrolysis
that is important for cellular function (27). In ribosome-
dependent GTPases like EF-G and EF-Tu, the ribosome
stimulates GTP hydrolysis by helping to position a catalytic
residue in switch 2 (His84 in EF-Tu and His91 in EF-G),
corresponding to Gln61 in the prototypical GTPase Ras,
in a conformation suitable for coordinating the active site
water (30). Notably, this residue in RsgA is substituted by
a valine (Val270), which is typical of the so-called family
of HAS-GTPases (Hydrophobic Amino acid Substituted
for catalytic glutamine GTPases (31)). Because of this sub-
stitution, the HAS-GTPases are believed to use an alter-
native mechanism for GTP hydrolysis (31). For example,
it has been suggested that the catalytic histidine residue
in the circularly permuted HAS-GTPase RbgA originates
from the outside of the switch 2 region, where His9 ap-
proaches the � -phosphate group in a manner similar to the
catalytic residue of EF-Tu (32). However, for RsgA and
other ribosome-associated CP/HAS-GTPases, the struc-
tural foundation underlying the mechanism of GTP hydrol-
ysis including the role of the ribosome in activation of the
GTP pocket is unknown. In the case of RsgA, this stems
from the fact that although RsgA has been studied both in
its free form by X-ray crystallography and the ribosome-
bound form by cryo-EM (23,28,29,33), the functionally im-
portant switch 1 region is disordered in the X-ray structures,



Nucleic Acids Research, 2017, Vol. 45, No. 11 6947

while the two cryo-EM structures reported, in addition to
depicting RsgA in opposing orientations on the 30S, due to
their lower resolution, lack the molecular details to under-
stand the mechanism of GTP hydrolysis.

With the increased importance of ribosome biogenesis
as a potential anti-microbial target, the chemical basis of
RsgA activity becomes more important (34–36). Accord-
ingly, in this study, we used advanced single particle cryo-
EM and directed hydroxyl radical probing to characterize
the interaction of RsgA in its GTP and GDP form with
the 30S subunit. Taken together, the results elucidate the
overall mode of interaction of RsgA with the 30S subunit
and how it changes in response to the bound guanine nu-
cleotide. Moreover, on the 30S subunit, the GTPase pocket
of RsgA, including the functionally important switch 1 re-
gion, is ordered and observed in an activated state that
is dependent on interactions with key features of the 30S
mRNA/tRNA binding sites. The structure reveals that,
unlike other TRAFAC-GTPases, the catalytic residue in
RsgA originates in the switch 1 loop (His248) and therefore
represents a mechanistic variation of the classical GTPase
pocket. Elements of the 16S rRNA play a role in position-
ing this catalytic residue analogous to that played by the
23S rRNA in activating TRAFAC-GTPases like EF-Tu.
Finally, the 30S–RsgA reconstruction provides structural
evidence that RsgA has a role in destabilizing kinetically
trapped assembly intermediate as it induces local confor-
mational changes in the 30S structure and disrupts binding
of uS2, uS3, uS12 and bS21.

MATERIALS AND METHODS

Ribosome preparation

Cell extract from E. coli A19 (in 20 mM Tris–HCl (pH 7.5),
150 mM NH4Cl, 10 mM Mg(OAc)2 and 0.5 mM EDTA)
was centrifuged at 20 000 rpm using a Hitachi P65A ro-
tor for 30 min at 4◦C, and the supernatant was centrifuged
at 80 000 rpm with Hitachi RP80AT rotor for 30 min at
4◦C. The pellet was washed with 10 mM Tris–HCl (pH
7.6), 10 mM MgCl2, 1 M NH4Cl, 1 mM dithiothreitol, re-
suspended in 10 mM Tris–HCl (pH 7.6), 10 mM MgCl2,
60 mM NH4Cl, 1 mM dithiothreitol and 10 �g/ml 4-(2-
aminoethyl)benzenesulfonyl fluoride, and was centrifuged
through the same buffer solution containing 20% sucrose
at 80 000 rpm using a Hitachi RT80AT rotor for 30 min
at 4◦C. The resulting fraction was washed twice with 10
mM Tris–HCl (pH 7.6), 10 mM MgCl2, 1 M NH4Cl and
1 mM dithiothreitol, and was stored at –80◦C as the ri-
bosome fraction. Subsequently, this ribosome fraction was
separated into 70S ribosomes and 50S or 30S subunits by
centrifugation at 25 000 rpm with a Hitachi P28S rotor for 8
hours at 4◦C on 5–20% sucrose density gradients containing
10 mM Tris–HCl (pH 7.6), 10 mM MgCl2, 60 mM NH4Cl
and 1 mM dithiothreitol. 70S ribosomes and subunits were
concentrated by further centrifugation at 80 000 rpm with
a Hitachi RP80AT rotor for 90 min at 4◦C and stored at –
80◦C in Tris–HCl (pH 7.6), 10mM MgCl2, 60 mM NH4Cl,
1 mM dithiothreitol and 10% glycerol.

Preparation of RsgA

RsgA and the Cys mutants, with an His6-tag sequence
at the N-terminal, were overexpressed in E. coli strain
BL21(DE3) harboring a pGEMEX2 derivative contain-
ing the gene for E. coli RsgA under the T7 promoter se-
quence. The overexpression was induced by the addition
of 1 mM isopropyl-1-thio-�-D-galactopyranoside. The pro-
tein was purified by chromatography using first DEAE–
cellulose (Tosoh) and then Ni-IMAC Profinity (Bio-Rad),
and subsequently stored at –80◦C in 20 mM HEPES (pH
7.6), 10 mM MgCl2, 200 mM KCl, 1 mM EDTA and 10%
glycerol.

GTPase activity

The GTPase reaction proceeded at 37◦C in 50 �l reaction
mixtures containing 50 mM MOPS (pH 8.0), 10 mM NaCl,
10 mM MgCl2, 10% glycerol, 600 nM RsgA, 100 nM 30S
subunits and 100 �M GTP. A 10 �l aliquot was withdrawn
from the mixture at 0, 10, 30 and 60 min and the reaction
was stopped by adding 40 �l of 100 mM EDTA. The level
of GTP hydrolysis was quantified by measuring the level
of released phosphates using BIOMOL GREEN™ reagent
(BIOMOL).

Conjugation of Fe(II)-BABE to RsgA

1.5 nmol of each RsgA derivative was incubated with 20
nmol Fe(II)-BABE in 100 �l solution containing 50 mM
MOPS (pH 8.2), 10 mM NaCl, 1 mM EDTA and 5% glyc-
erol at 37◦C for 1 h. Free Fe(II)-BABE was excluded by gel
filtration.

Formation of the 30S–RsgA complex for directed hydroxyl
radical probing

Fe(II)-tethered RsgA (150 pmol) was preincubated with
2 mM GDPNP or 3 mM GDP for 15 min at 37◦C. The
30S subunit (15 pmol) was incubated with Fe(II)-tethered
RsgA–GDPNP (75 pmol) or RsgA/GDP (150 pmol) in 25
�l of 50 mM MOPS (pH 8.0), 10 mM NaCl, 0.1 mM EDTA,
10 mM MgCl2 and 10% glycerol at 37◦C for 30 min.

Directed hydroxyl radical probing

25 �l of the complex of the 30S subunit and Fe(II)-tethered
RsgA was probed by initiating hydroxyl radical formation
with 3 �l of 250 mM ascorbic acid and 3 �l of 1.25% H2O2.
The reaction mixtures were incubated on ice for 10 min and
quenched with 100 mM thiourea. 16S rRNA was prepared
by phenol extraction and ethanol precipitation (28). Re-
verse transcriptase reaction was carried out in a 12-�l reac-
tion mixture containing 50 mM Tris–HCl (pH 8.3), 75 mM
KCl, 3 mM MgCl2, 10 mM dithiothreitol, 0.5 mM each of
dNTP, 1 pmol of rRNA, 2 pmol of 5’ Texas Red labeled
DNA primer complementary to a portion of the rRNA se-
quence, three units of ribonuclease inhibitor from human
placenta (Takara) and 18 units of reverse transcriptase from
Molony Murine Leukemia Virus (RNase H−, Takara). Af-
ter the addition of 3 �l of a stop solution containing 7 M
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urea and 0.5% bromophenol blue, the positions of cleav-
ages were analyzed using a fluorescence DNA sequencer
(Hitachi SQ-5500).

Complex preparation for cryo-EM

To isolate the 30S–RsgA complex with high occupancy we
co-incubated RsgA with 70S ribosomes; alone these ribo-
somes are stable as 70S ribosomes in a sucrose gradient
made in buffer containing 10 mM at a Mg2+. If the 70S ri-
bosomes are co-incubated with RsgA the 70S ribosome dis-
sociates into subunits due to the action of RsgA (14,37) and
the resulting 30S subunit bound by RsgA (further stabilized
by the use a non-hydrolysable GTPase analogue (GDPNP))
can be easily separated by sucrose gradient centrifugation.
Accordingly, RsgA was bound to 70S E. coli ribosomes in
the presence of GDPNP in a reaction containing 13.1 �M
70S ribosomes, 37.8 �M RsgA, 1 mM GDPNP, 37.5 mM
Tris–HCl (pH 7.6), 15 mM MgCl2, 100 mM NH4Cl, 28
mM KCl and 6 mM 2-mercaptoethanol. After a 10 min-
incubation at 37◦C, the reaction (6 ml) was dialyzed against
a 1.5 l of basal buffer containing 10 mM HEPES–KOH
(pH 7.8), 10 mM MgCl2, 60 mM NH4Cl, and 6 mM 2-
mercaptoethanol. The reaction was diluted by an equal vol-
ume of the basal buffer containing 5% sucrose, and loaded
onto a 5–40% sucrose gradient and centrifuged at 23 000
rpm, 4◦C for 17 h by Zonal rotor Ti-15. The fractions con-
taining the 30S subunits were then sediment by centrifuga-
tion (Type 45 Ti rotor) at 39 000 rpm, 4◦C for 22 h. The re-
sulting 30S subunit pellets were re-suspended and dialyzed
against the basal buffer to a concentration of 220 A260/ml
and stored at –80◦C until use. SDS-PAGE analysis con-
firmed that RsgA was bound to the 30S subunits.

Electron microscopy

The 30S–RsgA complex purified by sucrose density gradi-
ent centrifugation was diluted in basal buffer and subse-
quently plunge frozen in liquid ethane on glow-discharged
Quantifoil R2/1 grids using a Vitrobot (FEI) set to 4◦C and
100% humidity with a 30 s incubation and 3–3.5 s blot time.
Automated data acquisition (EPU software, FEI) was per-
formed at eBIC (Diamond Light Source, UK) with a Titan
Krios microscope (FEI) at 300 kV equipped with an energy
filter (zero loss) and Falcon II direct detector (FEI). Seven-
teen movie frames were acquired from a 1.5 s total exposure
at a calibrated magnification of 59 000× (yielding a pixel
size of 1.39 Å). Dose rates of 20 electrons/Å2/s and defo-
cus ranges from 1.5 to 3.0 �m were used.

Image processing and structure determination

Whole-image motion correction and contrast transfer func-
tion (CTF) estimation for each movie was performed us-
ing MotionCorr (38) and CTFFIND4 (39), respectively. A
total of 878 976 projection images of 30S particles were
picked using the automatic picking method in RELION
(40). Initially, reference-free two-dimensional classification
in RELION (40) was used to discard poorly aligning parti-
cles and the best images subsequently employed in a three-
dimensional refinement in RELION using a 40 Å low-
pass filtered empty 30S subunit as an initial reference. The

resulting reconstruction showed obvious signs of orienta-
tion bias and was therefore subjected to reweighing using
a modified version of the reweight particle stack.py script
(https://github.com/leschzinerlab/Relion, Michael A. Cian-
frocco) to randomly remove particles from the most pop-
ulated orientations. The remaining 191 440 particles were
refined (without masking) and subsequently classified with
RELION into six groups. After classification, refinement
and particle polishing were continued with RELION for
each group independently. For the refinement of the individ-
ual groups, particles were initially refined without a mask
until convergence. A mask specific to the overall particle was
then generated by low-pass filtering the converged volume
to 15 Å, and then using an initial threshold sufficient to en-
compass the entire volume, a soft mask was generated. The
refinement was continued using this soft mask until con-
vergence generating the 6 volumes seen in Supplementary
Figure S1 including the RsgA-AI (denoting RsgA assembly
intermediate; group 1) used for model building and shown
in the all figures, unless otherwise specified. In the case of
group 1 (RsgA-AI), the converged volume was subject to a
second classification step without angular refinement and
using a mask around the ribosome head to generate three
groups. The resulting volumes from the two largest groups
were again subjected to the refinement and masking proto-
col described above, generating the RsgA-AI-S3 and RsgA-
AI+S3 maps (Supplementary Figure S1). It should be noted
that our 3D classification/refinement process revealed other
volumes that show increased disorder in the 30S head and
decoding site (top of h44; Supplementary Figure S1), as
well as weaker or more disordered density for RsgA. We at-
tribute these maps to complexes where RsgA is bound to the
30S subunit but either prematurely dissociates due to strong
dilution during sample preparation or is bound in a less sta-
ble or dynamic conformation. Further work is required to
address these dynamic 30S–RsgA-states, which may repre-
sent the initial encounter or accommodation complexes hy-
pothesized above.

Model building, refinement and validation

A homology model of E. coli RsgA (sequence P39286), us-
ing Salmonella typhimurium RsgA (PDBID 2RCN) as a
template, was built into density corresponding to RsgA (iso-
lated from the RsgA-AI map) using Rosetta (41). The re-
sulting model was merged with a model corresponding to
the E. coli 30S subunit (PDB ID: 4YBB; (42)). The result-
ing E. coli 30S–RsgA refined using a jelly-body refinement
in Refmac v5.8 with external restraints derived from ProS-
MART and LIBG (43) into the RsgA-AI map. Poorly fitting
elements like the switch-1 and switch-2 regions were manu-
ally rebuilt into the density using Coot (44) and finally sub-
jected to a local refinement using Phenix real space refine
(45,46). Ribosomal proteins were left unmodeled when they
lacked corresponding density in the map when set at a
threshold where the remaining ribosomal elements where
generously accommodated.

Quantification and structure analysis

Reported global resolutions are based on the gold-standard
FSC = 0.143 criterion (47) as determined in RELION while

https://github.com/leschzinerlab/Relion
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local resolution was estimated with RESMAP (48) using de-
fault parameters. Presented maps are corrected according to
the detectors MTF, sharpened with negative B factors ini-
tially estimated using automated procedures (49) and low-
pass filtered to the estimated local resolution.

The 30S head rotation was measured using the
Euler–Rodrigues formula implemented as a PyMOL
plugin (http://rna.ucsc.edu/rnacenter/erodaxis.py;
(50)). RsgA domain rotation was estimated using
the angle between domains PyMOL plugin (https:
//pymolwiki.org/index.php/Angle between domains).

RESULTS

Structure determination and overview

RsgA was bound to the 30S subunit as it shows significantly
higher GTPase activity (14) and higher affinity for ma-
ture subunits rather than immature subunits isolated from
�rsgA�rbfA, �rsgA and �rimM E. coli null strains that
accumulate ribosomal assembly intermediates (21,22). This
was done by utilizing the ability of RsgA–GDPNP to dis-
sociate 70S ribosomes into a 50S and a RsgA-bound 30S
subunit, which can be purified by sucrose gradient fraction-
ation (14), to prepare a highly-occupied E. coli 30S–RsgA
complex for study by cryo-EM (see Materials and Meth-
ods). With data collected from this sample, we used 2D
and 3D classification routines to select particles with well-
defined density for RsgA and generated a reconstruction at
an overall resolution of 5.2 Å (RsgA-AI; RsgA-Assembly
Intermediate; Supplementary Figure S1), showing RsgA
bound to the 30S subunit with the highest local resolution in
the core of the 30S body and lower local resolution at the pe-
riphery and within the 30S head (Figure 1A–F; Supplemen-
tary Movies S1 and S2). Local resolution in the cryo-EM
density corresponding to RsgA ranges largely within 4.5–
5.5 Å, and therefore we built a backbone model (residues
18–346) of E. coli RsgA using the homologous Salmonella
typhimurium RsgA crystal structure (94% identity; PDB ID:
2RCN) as the starting point (Figure 1F and G; see Materi-
als and Methods). Importantly, the cryo-EM map resolved
and allowed us to model residues in the switch 1 region
which are often disordered and consequently absent in X-
ray structures of TRAFAC-GTPases including the RsgA-
GDP structure we used as a starting model.

In the RsgA-AI map, RsgA–GDPNP is bound to the
subunit interface of the 30S subunit where the OB and CP-
GTPase domains of RsgA interact with the 30S body, while
the Zn-domain contacts the 30S head (Figure 1A and B).
This orientation contrasts the binding mode of RsgA pro-
posed in a previous cryo-EM study where RsgA is rotated
roughly 180◦ on the surface of the 30S subunit such that the
OB-domain contacts the 30S head and the Zn-domain is po-
sitioned on helix 44 (h44; Supplementary Figure S5; (33)).
The binding mode observed here does mirror the overall
orientation seen in a second cryo-EM reconstruction from
Guo et al. (Supplementary Figure S5), although the im-
proved resolution of the RsgA-AI map affords a detailed
understanding of the interaction surface and mechanism
by which the GTPase pocket is activated (discussed below).
Additionally, the RsgA-AI map indicates that although ini-
tially bound to a mature 30S subunit, RsgA induces con-

formational changes in the 30S subunit that destabilize r-
proteins uS2, uS3, uS7, uS12 and bS21 such that they are
significantly underrepresented in the RsgA-AI map. This
profound underrepresentation of r-proteins was not ob-
served in the previous reconstruction of the 30S–RsgA com-
plex (23) and may be attributable to improvements in cryo-
EM methodology (51) or to the purification of the sample
via a sucrose gradient before cryo-EM analysis which yields
a more homogenous 30S–RsgA sample. In the RsgA-AI
map, h44 is stably docked in its canonical position as seen
in a mature 30S subunit which is in line with the idea that
RsgA binding is associated with h44 assuming its mature
conformation during the last stages of ribosome assembly
(7,23,24). Finally, the 30S head is rotated ∼12◦ around an
axis that is roughly perpendicular to the axis characteristic
of 30S head rotation seen in the 70S (50) and its movement
can be described as a nodding rather than a rotation (Sup-
plementary Figure S2A). Although unusual, a similar nod-
ding of the 30S head was recently described in the structures
of the 30S initiation complexes (52) (Supplementary Figure
S2B).

Tertiary binding proteins are underrepresented in the RsgA-
AI cryo-EM map

Typically, the Group IV and V particles associated with the
late stages of 30S assembly are deficient in r-proteins uS2,
uS3 and bS21 to varying extents (7). These proteins as well
as uS7, uS12, are strongly underrepresented in the RsgA-AI
map when the threshold is set close to the level of the sol-
vent that generously accommodates the rest of the subunit
(Figure 1H and I). Even if the map is low pass filtered (i.e.
to 12 Å) to accentuate disordered elements in the density,
the bulk of uS2, uS3, uS12 and bS21 remain the weakest ele-
ments in the map (Supplementary Figure S6). The weakness
or underrepresentation of r-proteins in the cryo-EM map
can stem from either substoichiometric binding and/or lo-
cal disorder in the r-proteins indicating that they are bound
in a dynamic fashion; two possibilities that cannot be dis-
tinguished in the cryo-EM map. Secondary structure ele-
ments of r-proteins uS10 and uS14 that are in proximity
of the uS3 binding site show weak, fragmented density at
high thresholds but the density becomes more evident as the
threshold is lowered (Supplementary Figure S6). This sug-
gests that there is local disorder in these proteins resulting
from the lost interactions with uS3, which as mentioned, is
completely absent in the map.

Among the underrepresented proteins, uS12 is the closest
to the RsgA binding site and its underrepresentation can be
rationalized by a direct steric clash between the loop of uS12
(residues 39–49) that is deeply inserted between h18 and h44
and the N-terminal extension (NTE) of RsgA. Ribosomal
proteins uS2, uS3 and bS21 are more remote from RsgA
and accordingly RsgA-induced conformational changes in
the 30S subunit structure must lead to their destabiliza-
tion. To address the structural variability in the 30S head,
we employed a focused 3D classification/refinement rou-
tine to separate the dataset into two populations with an
overall resolution of 5.4 and 5.8 Å, respectively (Supple-
mentary Figure S1, volumes RsgA-AI-S3 and RsgA-AI+S3).
These two volumes differ most obviously in the orientation

http://rna.ucsc.edu/rnacenter/erodaxis.py
https://pymolwiki.org/index.php/Angle_between_domains
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Figure 1. Overview of 30S–RsgA–GDPNP structure. (A and B) The overall structure of the 30S–RsgA–GDPNP complex is shown with density corre-
sponding to the 30S subunit (gray) and the RsgA OB-domain (orange), CP-GTPase domain (green) and Zn-domain (blue) colored distinctly. Fragmented
density corresponding to the NTE of RsgA is shown in red. The map is low-pass filtered to the overall resolution of 5.2 Å and shown from the subunit
interface (A) and A-site side (B). See Supplementary Movie S1 for additional views. (C) The local resolution of the 30S–RsgA–GDPNP structure as de-
termined by ResMap is projected onto the cryo-EM map (5.2 Å) and colored per the key in the panel. See Supplementary Movie S2 for additional views.
(D and E) The cryo-EM maps filtered to the local resolution (4.5 Å) around r-proteins uS5 and uS15 are consistent with resolution estimates. Namely in
panel E the density begins to separate according to the �-strands and in panel D bulkier side chains become visible. (F) Local resolution is projected onto
the isolated density corresponding to RsgA, colored per the key in panel C and low pass filtered to the overall resolution of 5.2 Å. (G) Model of RsgA
highlighting the different domains of the protein. Domain boundaries and secondary structure designations are based on Shin et al. (29). (H and I) The
30S–RsgA–GDPNP cryo-EM map is rendered at a low threshold to highlight r-proteins that are most significantly unaccounted for by the density. In panel
H the map is shown from the subunit interface with RsgA colored blue and in panel I the map is shown from the solvent side (see inset) with a focus on
the 30S head region. In Supplementary Figure S6, the maps are rendered at additional thresholds and with a low pass filter applied to further illustrate the
underrepresentation of the r-proteins in the map.

of the 30S head (Supplementary Figure S2C) and the rela-
tive strengths of density corresponding to ribosomal protein
uS3 (Figure 2A and B). Specifically, density correspond-
ing to uS3 is significantly weaker in the map designated
RsgA-AI-S3. As seen in Figure 2C–E where individual 16S
rRNA residues are colored according to their relative dis-
placement, when models corresponding to the two maps are
compared (i.e. RsgA-AI-S3 versus RsgA-AI+S3), it can be
seen that 16S rRNA residues surrounding the uS3 binding
site undergo a significant conformational change; specifi-
cally, in the RsgA-AI-S3 map the 16S rRNA has a more open
structure with the backbone of h34 shifting by ∼7 Å. The

observed displacement of the rRNA residues is most signifi-
cant around the irregular backbone structure of h34, which
forms part of the uS3 binding site (Figure 2C–E). Although
the open conformation can be both the cause and effect of
the observed underrepresentation of r-proteins, the change
in h34 could disrupt the uS3 binding site and prevent the
C-terminal �-sheet of uS3 from packing against the minor
groove of h34 as seen in the structure of the mature 30S sub-
unit.

RsgA-induced conformational changes in the 30S head
may destabilize or slow incorporation of the tertiary r-
proteins to promote a favorable maturation pathway, in-line
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Figure 2. Classification of the 30S–RsgA dataset results in two 30S subunit conformations. (A and B) The two reconstructions that result from the 3D
classification procedure, namely an RsgA Assembly Intermediate without uS3 (RsgA-AI-S3) and an RsgA Assembly Intermediate with uS3 (RsgA-AI+S3)
are shown. The density corresponding to uS3 becomes stronger after classification, although it is still weaker than the surrounding proteins. Here, the
density corresponding to the 30S head (dark gray) and body (light gray) are colored distinctly. Additionally, density corresponding to the r-proteins uS2
(orange) and uS3 (blue) have been isolated using a mask generated from an aligned 30S subunit structure (PDBID 4ybb). These isolated densities are set at
an equivalent threshold such that they have the same strength as seen in the originating map. (C) To highlight helices discussed in the text, the 16S rRNA
component of the 30S head is shown in the same orientation as panel E with selected 16S helices colored distinctly. The Zn-domain of RsgA is shown
as a blue ribbon to indicate the position relative to the highlighted helices. (D and E) The 16S rRNA component of the 30S head corresponding to the
RsgA-AI-S3 (colored) and RsgA-AI+S3 (gray) have been aligned and colored according to the key to illustrate the displacement (in Å) of corresponding
residues in the two structures. The structures are shown from the solvent side (D) and subunit interface side (E). uS3 is shown as a transparent grey ribbon
to illustrate its binding site on h34. The Zn-domain of RsgA is shown as a blue ribbon (panels C and E) to indicate its position relative to residues that
experience increased displacement.

with the notion that assembly factors act by delaying spe-
cific folding steps to avoid kinetic traps (10). In this respect,
previous work from Mulder and colleagues demonstrates
that premature binding of tertiary proteins to the 3′ do-
main, in particular rapid binding of uS2 prior to uS3, results
in kinetically trapped assembly intermediates that convert
slowly to mature 30S subunits (6).

RsgA is positioned to monitor key features of the 30S
mRNA/tRNA binding sites

The overall positioning of RsgA on the 30S subunit (Fig-
ure 3) indicates that RsgA monitors residues that play key
roles in mRNA decoding at the A- and P-tRNA binding
sites. For example, in the A-site the OB-domain of RsgA is
positioned between h18 and h44, with the loop connecting
�1 and �2 of RsgA (Phe48- His51; Figure 3A, Supplemen-
tary Figure S3A) inserted into the minor groove of h44 near
A1410 and the bulged A1492/A1493 which are essential for
monitoring correct mRNA decoding in the 30S A-site (30).

The displacement of A1492-93 from h44 is consistent with
chemical probing experiments showing that the reactivity
of their base-paring partner, A1408, increases in the pres-
ence of RsgA–GDPNP (53). Overall the binding mode of
RsgA with h44 is similar to that of initiation factor IF1 in
that both factors bind to overlapping sites on h44 and dis-
place A1492 and A1493 from the helical stack into a pocket
formed by the OB domain (Supplementary Figure S3B). In
the case of IF1, its interaction with h44 serves as anchor-
ing point for the other two initiation factors (IF2 and IF3)
during the initiation phase of protein synthesis (52,54), sug-
gesting that the OB domain of RsgA may similarly act as
anchoring point for its remaining two domains.

Preceding the OB domain, there is a weakly conserved
N-terminal extension (NTE, residues 1–33 in E. coli, Sup-
plementary Figure S4, red bar) of variable length, which
is generally longest in gammaproteobacteria including E.
coli (28). By low pass filtering the cryo-EM map, den-
sity corresponding to the unstructured NTE (Figure 1A
and B, red density) can be observed as continuous den-
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Figure 3. RsgA binds to the 30S mRNA/tRNA binding sites. The RsgA binding site is shown from the subunit interface (A) and E-site side (B) to highlight
sites of potential interaction important for RsgA function. RsgA is shown in a ribbon representation with the domains colored as in Figure 1G. Residues
of switch 1, switch 2 and the �6/7 hairpin are colored marine blue, deep teal and light purple, respectively. The backbone CA atom of selected residues
are rendered as spheres. Cryo-EM density (5.2 Å lowpass filter, –100 B-factor) has been segmented and colored according to the underlying 30S subunit
elements (purple, h44; yellow, h45; magenta, h24; cyan, h29/30; red, S13; gray, all else). The density corresponding to RsgA has been omitted for clarity but
can be seen in Supplementary Figure S3. (C) The mRNA (yellow ribbon/sticks) and P-tRNA (brown ribbon/sticks) from a 70S-fMet-tRNAfmet cryo-EM
structure (PDBID 5LZA) have been superimposed on the 30S–RsgA structure to illustrate how the �6/7 hairpin and C-terminal �-helix (�6) of RsgA
enter the 30S P-tRNA site. Density corresponding to h18 is not shown to facilitate visualization of the 30S P-tRNA binding site.

sity running from the N-terminal of the OB-domain, to-
ward the A-tRNA decoding site where it loops up over
h18 (C518/G529–G530, Supplementary Figure S3C) and
finally emerging near h34 of the 30S head. This placement
of the NTE is consistent with chemical probing experiments
that show G530 is protected from chemical modification by
RsgA–GDPNP (53).

In the 30S P-site, the CP-GTPase domain of RsgA
clamps around h44 near the interface formed between the
minor groove of h44, the tetraloop of h45 and the tip of
h24 (Figure 3B; Supplementary Movie S3). One arm of this
clamp is formed by the �-hairpin (�6 and �7 of RsgA),
which approaches the major groove of h44 near the modi-
fied m3U1498 (Figure 3B and Supplementary Figure S3D).
This residue, besides being one of the rRNA residues modi-

fied in the E. coli 16S rRNA, is also important for position-
ing the mRNA in the 30S P-site (55). The second arm of the
clamp is formed by the switch 1 region (238–250) connecting
�4 and �12, which approaches the minor groove of h44 near
A1408 (Thr251), G1517 in the loop of h45 (His248; Figure
3A and B and Supplementary Figure S3E and F) and fi-
nally the bulged U793 in h24 (Leu245). In the 30S–RsgA
model, h44 and the loop of h45 appear completely docked
onto the 30S subunit in the so-called “engaged” conforma-
tion characterized by a hydrogen bond network between the
minor groove of h44 and G1517–A1519 forming the loop of
h45 (56–58). This is significant as the loop of h45 contains
3 modified residues, m2G1516, m6

2A1518 and m6
2A1519,

and its interaction with h44 is conformationally dynamic;
namely the hydrogen bond network between h44 and h45
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can be disrupted leading to a disengaged conformation of
the loop in response to the antibiotic streptomycin, which
stabilizes the near-cognate codon-anticodon interaction at
the A-site, and more importantly by the lack of dimethyl
modifications on A1518 and A1519 (56–58). The functional
significance of the RsgA h44/45 interface is evidenced by
the observation that the antibiotic streptomycin inhibits the
ribosome-dependent GTPase activity of RsgA without af-
fecting binding (14,16).

The Zn-domain forms a bridge with the head of the 30S
subunit where Tyr299 approaches G1338 (h29) and Arg300
extends between the backbones of G945–A946 and A1229–
C1230 (Figure 3A and B and Supplementary Figure S3G).
Although remote from the mRNA decoding site these ele-
ments are involved in P-tRNA binding with G1338, specifi-
cally, participating in a universally conserved A-minor in-
teraction with the stem of P-site bound initiator tRNA
(52,59,60). The C-terminal �-helix (�6) of the Zn-domain
does extend back into the mRNA channel where the P-
tRNA binds, and approaches the �6/�7 hairpin of RsgA
and C1400 (h44) of the 16S rRNA (Figure 3B and C) which
positions the P-site codon–anticodon complex by stacking
against the last base pair (52,61). Notably �6 shares a highly
conserved interface (Arg325) with the CP-GTPase domain
(Asp142) and approaches switch 2 (Figure 3B) which sup-
ports the observation that truncating RsgA to remove its C-
terminal extension including �6 hinders the 30S-dependent
GTPase activity of RsgA (24).

Conformational changes in RsgA activate the GTP binding
pocket

In the current 30S–RsgA structure the GTP binding pocket
is well-ordered with the switch 1 and 2 regions readily vis-
ible in the cryo-EM map. Comparing the structure of free
RsgA in its GDP form (28) with the 30S-bound RsgA–
GDPNP form presented here (Figure 4A) reveals that the
�-hairpins formed by �6/�7 and �12/�13, together with
the OB-domain, undergo a concerted movement relative
to the core of the CP-GTPase domain, which can be de-
scribed as transformation involving a small displacement
(6.4 Å) and 22◦ rotation around a single axis (blue cylin-
drical arrow in Figure 4A). This rotation has a significant
effect on �6 and �13 (Figure 4A), resulting in conforma-
tional changes that close the GTP-binding pocket around
the GDPNP molecule (Figure 4B). For example, the invari-
ant glycine residue (Gly269 in RsgA) following �13 is dis-
placed by ∼8 Å relative to its position in the GDP structure
(Figure 4B). This is significant because in GTPases residues
homologous to Gly269 typically form a hydrogen bond with
the � -phosphate (27) and the observed GDPNP-dependent
displacement correctly positions Gly269 to form such an in-
teraction. In the GTPase family of proteins, conformational
changes in this glycine residue, driven by the � -phosphate
interaction, influence the conformation of residues in the
adjacent switch 2 region (27). Accordingly, switch 2 residues
that form a short 310 helix in the RsgA–GDP structure
(28) unravel into an extended conformation in the RsgA–
GDPNP model (Supplementary Movie 4). In this confor-
mation switch 2 residues approach A790 at the tip of h24.

The rotation of the OB-domain further contributes to the
closing of the GTP pocket through displacement of �6 (or-
ange arrow, Figure 4B) which flanks switch 2 and can thus
influence its conformation. Moreover, opposite the �6/�7
hairpin, switch 2 is buttressed by the C-terminal �6 which
therefore couples the relative arrangement of the Zn do-
main to the GTP pocket in agreement with the previous re-
ports that �6 is essential for RsgA´s GTPase activity (24).
Interactions between RsgA and h44 (Thr251/A1408), h45
(His248/G1517) and h24 (Leu245/U793) (Figure 3A), as-
sist in ordering the long switch 1 region, which is disordered
in the RsgA-GDP structure, further closing the GTP bind-
ing pocket and moving Thr250 of the G2 motif (Figure 4B)
into a position where it can interact with the � -phosphate of
GDPNP and the Mg2+ ion as characteristic of the GTPase
family proteins. In summary, the closing of the GTP pocket
is dependent on (i) the relative positions of the �6/�7 hair-
pin, OB- and Zn-domain, which in turn influence the G3
and the switch 2 region, and (ii) the conformation of helices
44, 45 and 24 that form an interface with the ordered switch
1 region.

As mentioned, RsgA belongs to the HAS-GTPase sub-
family, and therefore, the catalytic residue in switch-2 that
positions the active site water in typical GTPases (Gln61 in
Ras and His85 in EF-Tu) is replaced by a hydrophobic va-
line residue in RsgA (Supplementary Figure S4, black star),
which indicates that RsgA employs an alternative mecha-
nism of GTP hydrolysis (31). As seen in Figure 4C, a com-
parison between the GTP binding pockets of EF-Tu (62)
and RsgA highlights their similarities but also reveals that
the backbone position of the highly conserved His248 in
switch 1 of RsgA (Supplementary Figure S4, black star) al-
lows its side chain to occupy a position that overlaps with
the catalytic His85 of EF-Tu (found in switch-2). Moreover,
in the 30S–RsgA model, G1517 (h45 of the 30S subunit) is
placed such that it can position His248 (Figure 4C) similar
to the role played by the �-sarcin loop in the activation of
EF-Tu’s GTPase activity. Namely in EF-Tu, GTP hydrol-
ysis is stimulated by the correct positioning of His85 rela-
tive to the active site water via an interaction with the phos-
phate group of A2662 located in the �-sarcin loop of the
23S rRNA (62). Accordingly, RsgA uses a unique mecha-
nism for GTP hydrolysis where the catalytic residue origi-
nates in switch 1 rather than from switch 2 as in prototypical
GTPases, and it parallels the classical TRAFAC-GTPases
like EF-Tu in that the rRNA plays the role of an activator
by correctly positioning the catalytic histidine residue. This
difference in the architecture of the GTP binding pocket can
be exploited when designing RsgA-specific anti-microbials.

Mapping RsgA interaction sites during GTP hydrolysis using
directed hydroxyl radical probing

To understand how the interaction of RsgA with the
30S subunit changes in response to GTP hydrolysis, we
employed directed hydroxyl radical probing with Fe(II)-
BABE. For this purpose, each mutant of RsgA is preferred
to have only a single cysteine residue, whereas wild type
RsgA has total five cysteine residues, the last three of which
might be critical for ribosome-dependent GTPase activ-
ity due to their direct involvement in binding the zinc ion
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Figure 4. Activation of RsgA GTPase pocket. (A) Aligning the GTPase domain of the isolated RsgA–GDP (PDB ID: 2rcn) structure and the current
ribosome-bound RsgA–GDPNP model indicate that the OB-domain and the two �-hairpin elements (�6/7 and �12/13) undergo a displacement of 6.4 Å
with a rotation of 22◦ around the indicated axis (blue cylindrical arrow). (B) The rotation of �13 results in an ∼8 Å displacement of G269 (G3/switch-2)
such that it becomes poised to interact with the � -phosphate as typically observed in GTPases. Switch 1 and Switch 2 are abbreviated as sw-1 and sw-2,
respectively. (C) Comparison of the GTPase pocket active site residues as seen in the EF-Tu-GDPCP X-ray structure (light gray, PDB ID: 4v5l, (62))
and the RsgA–GDPNP model (green). Key active site residues are drawn as sticks. The active site Mg2+ ion and water molecule are drawn as seen in the
EF-Tu-GDPCP structure.

(28,29). Since these three cysteine residues were expected
to be resistant to modification with Fe(II)-BABE due to
its tight binding to a zinc ion, only the former two cys-
teine residues at positions 64 and 148 were substituted with
alanine. This mutant RsgA, designated RsgA(-Cys), has a
ribosome-dependent GTPase activity about half of that for
wild type RsgA. Based on this background, we designed
33 RsgA mutants, each having only one exposed cysteine
residue. The mutant RsgA proteins were overexpressed, and
purified by anion exchange and affinity column chromatog-
raphy. They were subjected to directed hydroxyl radical
probing.

To mimic two different steps of RsgA binding and ac-
tion on the ribosome, each RsgA variant to which Fe(II)
was tethered was incubated with the 30S subunit in the

presence of either GDPNP or GDP. It has been shown
that RsgA·GDPNP but not RsgA·GDP stably binds to the
30S subunit at a normal salt concentration containing 100
mM ammonium chloride, while both RsgA·GDPNP and
RsgA·GDP bind to the 30S subunit at a low salt concen-
tration containing 10 mM ammonium chloride (53). In the
present study, Fe(II)-tethered RsgA was mixed with the 30S
ribosomal subunit in the presence of GDPNP or GDP to
form a complex at a low salt concentration, and cleavages of
16S rRNA by hydroxyl radicals generated from Fe(II) were
detected by primer extension. We confirmed that Fe(II)
tethered to RsgA(-Cys), as well as to wild type RsgA,
yields no detectable 16S rRNA cleavages in the presence
of GDPNP or GDP. Cleavage signals were identified from
17 of the 33 variants in the presence of GDPNP or GDP
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(Figure 5); these included nine variants in the OB-domain,
two variants in the GTPase domain and six variants in the
Zn-binding domain (Figure 5A). We confirmed that these
17 variants retained a ribosome-dependent GTPase activity
(Supplementary Figure S7). No signals were detected when
we used the remaining variants each having a mutation at
residues 48, 57, 80, 121, 152, 171, 194, 202, 204, 226, 294,
298, 309, 322, 324 or 331 (E. coli numbering).

Overall, the sites of cleavage originating from the indi-
vidual domains of RsgA correspond well with the domain
placement observed by cryo-EM (Figure 5C and D). In
the presence of GDPNP, cleavages occurred from nine OB-
domain variants: they cleaved 16S rRNA predominantly
around the A-site, in particular, within h18 and h44 of the
30S body, and within h34 of the 30S head (Figure 5C; or-
ange spheres). In comparison, CP-GTPase domain vari-
ants cleaved 16S rRNA regions towards the P-site includ-
ing residues in h24, h28 and h30 (Figure 5C; green spheres).
Finally, the sites of cleavage from the six variants in the
Zn-domain were distributed around the P-site and E-site:
variants closest to the Zn binding motif cleaved predomi-
nantly in the 30S head (i.e. helices 29, 30 and 34) while those
originating from the C-terminal helix (�6) where more dis-
tributed in both the head and platform (helices 24, 28, 29,
30, 34 and 44) (Figure 5C; blue spheres). When GDPNP was
substituted by GDP, the region of cleavage in the 30S sub-
unit from each domain of RsgA did not alter significantly;
namely the region of contact with each RsgA domain is
unchanged after GTP hydrolysis (Supplementary Table S1,
Figure 5C and D). However, the pattern of cleavages origi-
nating from the individual domains in the presence of GDP
is different from that in the presence of GDPNP. For ex-
ample, 25% of cleavage sites from the OB-domain variants
increased in intensity, while only 38% showed lower inten-
sity. By contrast, variants in the CP-GTPase domain and
Zn-domain did not show any increased cleavage intensity,
while 66% and 90% of the associated cleavage sites showed
decreased intensity, respectively (Supplementary Table S1).
Likewise, when Figure 5C and D are compared, it is ev-
ident that the number of strong cleavage sites from the
CP-GTPase domain and Zn-domain variants (+++ in the
OB- or CP-GTPase domain and ++ in the Zn-domain) are
markedly reduced in the presence of GDP. These results in-
dicate that in the GDP form of RsgA, the predominant in-
teraction interface for RsgA is the OB domain, which re-
mains closely associated with the ribosome, while in the
GTP form, all three domains are similarly associated with
the 30S subunit. Reduction in the number of cleavages in the
GDP form of RsgA might reflect lower affinity of the GDP
form of RsgA with the 30S subunit than that of the GDPNP
form (53). Furthermore, as seen in Figure 5C cleavage sites
in the 30S head are more widely dispersed than those in the
30S body which is consistent with conformational changes
observed in h30/h32/h34 (Figure 2C and D).

DISCUSSION

Taken together, the single particle cryo-EM and directed hy-
droxyl radical probing experiments provide insight into the
molecular mechanisms underlying the ability of RsgA to in-
teract with and sense the state of the 30S subunit to guide

its maturation. First, the RsgA-AI maps indicate that in the
30S–RsgA structure the 16S rRNA forming the 30S head
has a more open conformation and the binding of tertiary r-
proteins uS2, uS3, uS12 and bS21 is destabilized (Figure 2).
Second, the RsgA-AI structure reveals that the main points
of interaction between RsgA and the 30S subunit are medi-
ated by ribosomal elements that are also involved in binding
and decoding of the mRNA/tRNA (Figure 3). Importantly,
these contact sites often involve or are dependent on rRNA
residues that are modified (methylated) during the 30S mat-
uration process and their modification generally contributes
to fine-tuning ribosome structure and function often by sta-
bilizing interactions in the P site (55). Moreover, the di-
rected hydroxyl radical probing experiments reveal that in
the GDP form the OB-domain is the dominant interface
for 30S contact, while in the GTP form all three domains
are involved in 30S binding (Figure 5). Finally, the RsgA-
AI structure reveals that RsgA uses a structural variation
of the prototypical GTP binding pocket where the catalytic
residue originates from switch 1 rather than from switch 2.
Moreover, the 16S rRNA of the maturing 30S subunit plays
an activating role in the GTPase activity of RsgA by influ-
encing the ordering of switch 1 and directly positioning the
catalytic residue. This shows that the 16S rRNA can func-
tion in GTPase activation like the 23S rRNA of the 50S sub-
unit does with other TRAFAC-GTPases like EF-Tu (Figure
4) (30).

Prior work has established that RsgA integrates into the
30S assembly pathway after the action of RbfA, a 30S as-
sembly factor that facilitates correct folding of the cen-
tral pseudoknot region (10), where RsgA actively promotes
the release of RbfA from the 30S subunit (21,24). Cryo-
EM studies indicate that, similar to the RsgA-30S struc-
ture presented here, uS12 and uS3 are underrepresented in
the 30S–RbfA complex (23), and additionally h44 is pulled
out of its canonical binding site (11), which is significant
as h44/h45/h24 serves as a large interaction surface for
RsgA (Figure 3). Our directed hydroxyl radical probing ex-
periments indicate that the OB-domain of RsgA can inter-
act with the 30S subunit independent of the CP-GTPase
and Zn-domain (Figure 5). Accordingly, during the initial
encounter of RsgA with the 30S subunit, the OB-domain
may act as an anchoring point to tether RsgA to the un-
docked h44, and in turn to the 30S subunit. Moreover, the
N-terminal extension of RsgA, which inserts between h44
and h18 (Supplementary Figure S3C), may substitute for
the missing uS12 and facilitate h44 docking into its canon-
ical site. The importance of the OB domain for mediating
initial contact with the assembling 30S subunit is supported
by the work of Jeganathan and colleagues showing that ef-
ficient RsgA binding to immature subunits is dependent on
the OB-domain (24). As mentioned, RsgA, specifically the
C-terminal extension, triggers the release of RbfA from the
30S subunit (21,24). The earlier cryo-EM structure of the
RbfA–30S complex indicates that RbfA displaces h44 from
its canonical position (11), while the present cryo-EM struc-
ture of the 30S–RsgA complex indicates that RsgA pro-
motes h44 docking by clamping around the h44/h45/h24
interface to stabilize the docked h44 conformation. Accord-
ingly, the RsgA-induced conformational changes in h44
may weaken RfbA-30S interactions to facilitate its release.
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Figure 5. Directed hydroxyl radical probing of the 30S subunit upon binding of RsgA in the presence of GDPNP or GDP (A) The position of the 17 Cys
mutants (CA atoms drawn as spheres) used for tethering Fe(II) to RsgA are highlighted on the structure of RsgA–GDPNP. As seen in Supplementary
Figure S7 the 17 Cys mutants also show detectible 30S-dependent GTPase activity indicating that the mutation does not significantly hinder interaction
with the subunit. Individual domains are colored as in Figure 1G. (B) Sites of cleavage in the 16S rRNA by hydroxyl radicals from Fe(II) tethered to each
RsgA variant were detected by primer extension. The 30S subunit was probed with a bound RsgA variant in the presence of GDPNP or GDP (left and
right lanes, respectively). The lanes with the -Cys label indicate the parental RsgA variant containing no cysteine residues other than those in the C-terminal
domain that are involved in zinc binding. The numbered lanes correspond to the residue number at which an additional cysteine residue is introduced into
the -Cys variant. The sequencing lanes (middle) with the same primer are designated by U, G, C and A. The positions of selected 16S rRNA nucleotides,
together with their associated helices, are shown on the left, while bands of interest are marked by bars on the right. (C and D) The cleavage sites detected
by the directed hydroxyl radical probing of the RsgA–GDPNP–30S complex (C) or the RsgA–GDP–30S complex (D) are mapped on a model of the 30S
subunit. The sites of cleavage are highlighted by rendering the corresponding backbone phosphate atom as a sphere and coloring the sphere according to
the domain in which the Fe(II) is tethered. The domain coloring scheme is as illustrated in panel A where additionally dark orange and green are used to
indicate cleavage sites designated with an +++ intensity in Supplementary Table S1 and lighter orange, green and blue indicate sites designated with ++
intensities. Spheres that have two colors are cleaved by variants in multiple domains.
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Underrepresentation of uS12 in both the RbfA (11,23)
and RsgA complexes indicates that these factors work to-
gether to delay stable incorporation of uS12 until the very
late stages of 30S maturation. uS12 is adjacent to both
h44 and the central pseudoknot and its absence may al-
low flexibility in these elements as required during the ear-
lier stages of 30S maturation; for example, access of the
rRNA modification enzymes (i.e. the methyltransferases
like RsmA(KsgA)) to their target residues which predom-
inantly lie within the 30S mRNA/tRNA decoding channel
(55). It is important to point that Sashital and colleagues
observe a relatively high abundance of uS12 in late stage in-
termediates purified from wild type cells (7). In this regard,
it is most likely that uS12 underrepresentation in the RsgA-
AI map reflects that uS12 is dynamically bound in the pres-
ence of RsgA–GDPNP such that it is tethered to the 30S
subunit by its long N-terminal extension that reaches into
the core of the 30S subunit but not stably accommodated in
its canonical binding site. In fact, density corresponding to
the short N-terminal helix is evident in the RsgA-AI-S3 and
RsgA-AI+S3maps.

Concerning the underrepresentation of uS2, uS3 and
bS21 in the 30S–RsgA–GDPNP complex, it is important
to note that they represent the slowest binding tertiary pro-
teins in both, in vitro assembly reactions, and when 30S as-
sembly intermediates are purified from wild type cells (5,7).
Furthermore, assembly intermediates purified from strains
specifically depleted in RsgA (�rsgA) show a low abun-
dance of uS2, uS3 and bS21 (17,22). In general, particles
purified from these depleted strains are presumed to be in-
termediates of low free energy that are slow to convert into
mature ribosomes, and RsgA destabilizes their structure to
guide them onto a kinetically favorable assembly pathway
(17). The RsgA-AI maps show structural evidence of this
destabilization, indicating that RsgA–GDPNP can signif-
icantly alter the structure of h34 around the uS3 binding
site (Figure 2). It should be noted that the cryo-EM exper-
iments cannot distinguish if the r-proteins are underrepre-
sented because they are depleted from the sample or dis-
play local disorder that weakens their corresponding den-
sity. To drive 30S maturation, after destabilizing the subunit
structure, RsgA should direct it towards a favorable assem-
bly pathway. This direction could be evidenced by the two
RsgA-AI-S3 and RsgA-AI+S3 maps (Figure 2), such that the
RsgA-AI-S3 map, with the altered h34, represents a desta-
bilized intermediate state and the RsgA-AI+S3 map repre-
sents a subsequent state where the 30S head is refolding with
h34 and uS3 in a canonical state. This interpretation is in
line with the work of Mulder and colleagues indicating that
binding of uS3 prior to uS2 avoids formation of kinetically
trapped assembly intermediates that convert slowly to ma-
ture 30S subunits (6).

Recently, connections have been drawn between 30S mat-
uration and 30S initiation and it has been suggested that the
maturation of the small ribosomal subunit involves a ’test
drive’ consisting of an initial round of initiation that yields
a 70S initiation complex on which the rRNA undergoes the
final processing steps (17,63). In this light, it is important
to point out that there are substantial parallels between the
30S–RsgA complex presented here and 30S initiation com-
plexes (52,54). This includes, for example, the similarity in

the 30S head rotation (Supplementary Figure S2C) and in
the binding position of IF1 and the OB-domain described
above (Supplementary Figure S3B). At the structural level,
there are parallels between the interface formed by either
switch 1 of RsgA, or the C-terminal domain of IF3, and
helices 44, 45 and 24 of the 16S rRNA (52,54). Moreover,
RsgA approaches C1400 and U1498, which are important
for positioning the codon-anticodon complex in the initia-
tion complex (Figure 3C and Supplementary Figure S3D;
(52,55)), and G1338 (Supplementary Figure S3G), which
makes a universally conserved contact with the stem of the
initiator tRNA and has been implicated as being critical for
triggering rRNA processing in the ’test drive’ round of initi-
ation (59,60,63). Accordingly, RsgA may probe the matur-
ing 30S subunit for its ability to form initiation-like interac-
tions before triggering its own GTPase activity, dissociating
from the subunit and allowing maturation to progress to the
next step, i.e. the initial initiation ’test drive’.

Activating the GTPase pocket of RsgA is driven by con-
formational changes in RsgA that are promoted or stabi-
lized by interactions with the ribosome. For example, the
relative arrangement of the OB- and CP-GTPase domain
in the ribosome bound structure reposition �6 and �13,
which in turn restructure the G3 and switch 2 motifs in
the GTP pocket (Figure 4). Importantly, several modified
rRNA residues lie at the center of many of the potential in-
teraction sites with the CP-GTPase domain of RsgA. For
example, the hairpin formed by �6/7 approaches m3U1498
(Supplementary Figure S3D), while switch 1 residues inter-
act with G1517 in the loop of h45 (Figure 3A and B, and
Supplementary Figure S3F) whose conformation varies de-
pending on the methylation state of the neighboring nu-
cleotides, m6

2A1518 and m6
2A1519 (57). In this regard, if

these residues in the loop of h45 are unmodified, G1517
would not be positioned to form suitable interactions with
switch 1, which in turn could prevent switch 1 from or-
dering and forming the larger interface that clamps h44
in its canonical position. Preventing premature h44 dock-
ing would be important in the situation where docking pre-
cludes subsequent access of the modifying enzyme to its tar-
get residue. In fact, this is the case with the methyltrans-
ferase RsmA(KsgA), which requires h44 to be displaced to
access and modify residues in the loop of h45 (m6

2A1518
and m6

2A1519; (64)). The ability of RsgA to respond to
the conformation of the 30S decoding center is further sup-
ported by the observation that antibiotics targeting the 30S
decoding center dramatically affect the GTPase activity of
RsgA (14,16). Taken together these results provide a struc-
tural basis to rationalize RsgA´s suggested role as a check-
point protein by indicating how RgsA probes the matura-
tion state of the decoding center before activating its own
GTPase activity and triggering its release from the ribo-
some. Generally, in TRAFAC-GTPases like EF-Tu, GTP
hydrolysis and subsequent Pi release is associated with un-
raveling conformational changes in the switch-1 and -2 re-
gions, which in turn disrupt the ribosomal interface and re-
sults in dissociation of the factor from the ribosome (30). In
the case of RsgA, Pi release would also disrupt interaction
between the switch regions and the � -phosphate that con-
tribute to the ordering of switch-1 and switch-2. As switch-
1 forms a major interaction surface with the 30S subunit,
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its unraveling would lead to the dissociation of RsgA from
the 30S subunit and allow maturation to proceed. This is in
line with the presented directed hydroxyl radical probing re-
sults suggesting that GTP hydrolysis and Pi release weaken
the interaction of CP-GTPase domain and Zn-domain with
the 30S subunit to reduce the affinity of RsgA with the 30S
subunit, allowing its dissociation from the 30S subunit.

In conclusion, the cryo-EM and hydroxyl radical prob-
ing experiments contribute to our understanding of RsgA´s
role in 30S biogenesis by providing structural evidence that
RsgA destabilises the 30S head structure, including tertiary
r-protein binding, to rescue kinetically trapped assembly in-
termediates. Moreover, they reveal the mechanism by which
RsgA evaluates the maturation state of the 30S decoding
state and couples this to the activation of its GTPase pocket
and subsequent dissociation from the subunit such that the
30S maturation can continue.
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