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ABSTRACT

Biogenesis of ribosomal subunits involves enzy-
matic modifications of rRNA that fine-tune function-
ally important regions. The universally conserved
prokaryotic dimethyltransferase KsgA sequentially
modifies two universally conserved adenosine
residues in helix 45 of the small ribosomal subunit
rRNA, which is in proximity of the decoding site. Here
we present the cryo-EM structure of Escherichia coli
KsgA bound to an E. coli 30S at a resolution of 3.1 Å.
The high-resolution structure reveals how KsgA rec-
ognizes immature rRNA and binds helix 45 in a con-
formation where one of the substrate nucleotides is
flipped-out into the active site. We suggest that suc-
cessive processing of two adjacent nucleotides in-
volves base-flipping of the rRNA, which allows mod-
ification of the second substrate nucleotide without
dissociation of the enzyme. Since KsgA is homolo-
gous to the essential eukaryotic methyltransferase
Dim1 involved in 40S maturation, these results have
also implications for understanding eukaryotic ribo-
some maturation.

GRAPHICAL ABSTRACT

INTRODUCTION

During biogenesis of the bacterial small ribosomal sub-
unit (30S) the ribosomal RNA is modified in function-
ally important areas (1). KsgA, also known as RsmA,
is a universally conserved SAM-dependent dimethyltrans-
ferase, which specifically modifies nucleotides A1518 and
A1519 in the Escherichia coli 16S rRNA at position N6
(2). KsgA is the only methyltransferase involved in 30S bio-
genesis of E. coli that targets two adjacent nucleotides and
modifies each target nucleotide twice (3). These nucleotides
are located in the apical loop of helix 45, one of the most
highly conserved areas of the rRNA (4), which plays a role
in shaping the geometry of the nearby decoding center (5).
The dimethylation of the small ribosomal subunit in this lo-
cation is conserved throughout evolution (4) with very few
exceptions known in plastid (6,7) and mitochondrial ribo-
somes (8–10).

KsgA deficient E. coli strains display a higher error rate
during translation (11), increased resistance towards the an-
tibiotic kasugamycin (12), and a cold-sensitive phenotype
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during growth (13). Deletion of KsgA impedes processing
of the rRNA during ribosome maturation and leads to ac-
cumulation of the precursor 17S rRNA (13). This pheno-
type can be rescued by the overexpression of the homolo-
gous essential yeast enzyme Dim1 (14), which emphasizes a
high degree of conservation not only for the modifying en-
zymes but also for the region of rRNA that the enzyme rec-
ognizes. Inactive mutants of KsgA bind to their substrate,
do not dissociate and thereby inhibit the completion of 30S
maturation (13), which suggests that KsgA has an addi-
tional function as a checkpoint factor during 30S biogen-
esis.

KsgA has homologs in all kingdoms of life, which share
a similar structure: Dim1 in archaea (15) and eukaryotes
(14), Pfc1 in chloroplasts (16) and mtTFB1 in mitochondria
(17,18). A crystal structure of the E. coli wild type KsgA
(19) reveals a two domain architecture, which can also be
seen in the homologous structure of Thermus thermophilus
KsgA (20). The enzymatic N-terminal domain (NTD) has
a Rossmann like fold (21) and harbors the active site for
methyl transfer, and the SAM binding pocket, whereas the
smaller C-terminal domain (CTD) is involved in substrate
rRNA recognition.

The interaction of KsgA with its substrate has been stud-
ied by determining the cryo-EM structure of KsgA bound
to the submethylated 30S at 13.5 Å resolution (22). The
structure revealed that KsgA binds to the intersubunit side
at the edge of the platform close to the decoding center.
The binding site of KsgA on the 30S overlaps with the
binding site of initiation factor IF3 (23) and helix 69 of
the large ribosomal subunit (22), which prevents the KsgA
bound 30S from entering the translation cycle before mod-
ification of rRNA takes place. In addition, the position of
KsgA excludes helix 44 from adopting its mature confor-
mation and thereby blocks the formation of the decoding
center and subunit joining for translation initiation. The en-
zymatic NTD of KsgA binds to the apical loop of helix 45
harboring the substrate adenosines, whereas the CTD binds
to rRNA helices 24 and 27. KsgA likely recognizes the inter-
acting helices 24 and 27, which is consistent with biochemi-
cal data suggesting KsgA acts only on the near-mature 30S
where these helices are in close proximity (24). Structures of
Saccharomyces cerevisiae small ribosomal subunit biogene-
sis intermediates (25,26) show that Dim1 is localized on the
eukaryotic small ribosomal subunit at the platform, similar
to KsgA on the bacterial 30S. However, the mechanistic de-
tails of how KsgA methylates two adjacent adenine bases
successively, have so far not been described. Crystal struc-
tures of KsgA homologs in complex with rRNA fragments
of helix 45 were solved (27,28), however, the observed inter-
actions are unlikely to be specific since rRNA fragments are
not a physiological substrate for KsgA. In these structures
the substrate adenosine is located too far from the active site
to be methylated and the helix 45 stem loop is seen in a dif-
ferent orientation compared to the ribosome bound struc-
ture. More recently, a structure of the human mitochondrial
KsgA homolog mtTFB1 in complex with a helix 45 frag-
ment has been reported (29), which shows the rRNA bound
in a similar position as in the cryo-EM reconstruction at
intermediate resolution (22). In this structure the substrate
adenosine homologous to bacterial A1519 is flipped out of

the substrate rRNA loop into the active site of the methyl-
transferase.

To investigate the nature of interactions of KsgA with
its substrate near-mature 30S ribosomal subunit we recon-
structed the structure of the KsgA:30S complex at 3.1 Å
resolution using cryo-EM. The structure reveals the key re-
gions of the enzyme responsible for binding to the rRNA on
the platform of the small ribosomal subunit. Furthermore,
the structure reveals a unique conformation of the substrate
rRNA loop of helix 45 bound to the active site of KsgA with
implications for understanding the mechanism of successive
modification of consecutive adenines.

MATERIALS AND METHODS

Material Source Identifier

Reagents
DNase I Roche 04716728001
Grapheneoxide
Suspension

Sigma 763705

HisTrap HP 5 ml GE Healthcare 17524801
HiTrap SP 5 ml GE Healthcare 17115101
HiLoadTM 16/60
SuperdexTM 75
prepgrade

GE Healthcare 28989333

Quantifoil R2/2 Cu
holey carbon grids

Agar Scientific AGS173-3

Biological resources
E. coli BL21 (DE3) Novagen 69450–3
E. coli ksgA− Keio Collection JW0050.3
pET15b-His-KsgA (30) N/A

Computational resources
Relion (31) RRRID:SCR 016274
MotionCorr 2.1 (32) N/A
GCTF (33) RRRID:SCR 016500
Batchboxer (34) N/A
Coot (35) RRRID:SCR 014222
PHENIX (36) RRRID:SCR 014224
ResMAP (37) N/A
MolProbity (38) RRRID:SCR 014226
UCSF Chimera (39) RRRID:SCR 004097
UCSF ChimeraX (40) RRRID:SCR 015872
PyMol Molecular Graphics

System, Version 1.8
Schrodinger, LLC

RRRID:SCR 000305

Illustrator CC Adobe RRRID:SCR 010279

Preparation of KsgA

The purification of His-tagged KsgA from E. coli was in-
spired from a previously described purification (30). E. coli
BL21 (DE3) cells were transformed with 10 ng of plasmid
DNA and after recovery in antibiotic free LB medium (5 g/l
yeast extract, 10 g/l tryptone, 10 g/l NaCl, autoclaved) for
30 min at 37◦C an over-night pre-culture of 20 mL MDG-
medium (2.5 g/l aspartic acid, 5 g/l glucose, 2 mM MgSO4,
25 mM Na2HPO4, 25 mM NaH2PO4, 50 mM NH4Cl,
5 mM Na2SO4, filtered sterile) with 100 �g/ml ampicillin
was inoculated and incubated at 37◦C and 150 rpm over-
night in a rotary shaker. Six liters of LB medium contain-
ing 100 �g/ml Ampicillin were inoculated with dense over-
night pre-culture and grown at 37◦C until absorbance at
600 nm reached 0.6. Expression was induced with 1 mM
IPTG for 3 h. The following steps were performed at 4◦C.
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The culture was harvested at 6000 rcf in an SLC-6000 ro-
tor for 10 min. The supernatant was discarded and the cell
pellet was resuspended in 50 mL of resuspension buffer
(50 mM HEPES/KOH pH 7.6, 300 mM NaCl, 20 mM
imidazole/HCl pH 8.0, 6 mM �-mercaptoethanol) sup-
plemented with DNase I. Cells were lysed by sonicat-
ing 8 times 20 s at 50–70 W. The lysate was cleared by
centrifuging 30 min at 48 000 rcf using an SS-34 rotor.
The cleared supernatant was loaded onto a HisTrap HP
5 ml column (GE Healthcare) equilibrated in resuspen-
sion buffer using an Aekta Pure system (GE Healthcare)
and washed with 5 CV (column volumes) resuspension
buffer. Bound proteins were eluted with 5 CV elution buffer
(50 mM HEPES/KOH pH 7.6, 50 mM NaCl, 250 mM
imidazole/HCl pH 8.0, 6 mM �-Mercaptoethanol) and di-
rectly loaded onto a HiTrap SP 5 ml column (GE Health-
care) equilibrated in low salt buffer (50 mM HEPES/KOH
pH 7.6, 50 mM NaCl, 6 mM �-mercaptoethanol). The
HiTrap SP column was washed with 5 CV of low salt
buffer and the protein was eluted in a linear gradient
to high salt buffer (50 mM HEPES/KOH pH 7.6, 1 M
NaCl, 6 mM �-mercaptoethanol) within 20 CV. Fractions
of different sizes were collected throughout the purifica-
tion. Ion exchange chromatography elution fractions con-
taining KsgA were pooled and concentrated using a cen-
trifugation filter with 10 kDa molecular weight cut off (Am-
icon) to a volume smaller than 2 ml. This sample was loaded
onto a HiLoadTM 16/60 SuperdexTM 75 prepgrade col-
umn (GE Healthcare) equilibrated in SEC buffer (50 mM
HEPES/KOH pH 7.6, 150 mM NH4Cl, 10 % (v/v) glycerol,
6 mM �-mercaptoethanol) and eluted at 0.2 ml/min SEC
buffer while fractions of 1.2 ml were collected. The frac-
tions containing KsgA were combined and exchanged into
storage buffer using a centrifugation filter with a molecular
weight cut off of 10 kDa.

Isolation of ribosomal subunits

Submethylated E. coli ribosomes were purified using similar
methods described previously (41). KsgA deficient E. coli
strain JW0050.3 from the Keio collection (42) was grown
in 6 l of LB medium containing 50 �g/ml kanamycin at
37◦C until absorbance at 600 nm reached 0.6. The following
steps were performed at 4◦C. The culture was harvested at
6000 rcf in a SLC-6000 rotor for 10 min. The supernatant
was discarded and the cell pellet was resuspended in 20 ml of
lysis buffer (50 mM HEPES/KOH pH 7.6, 10 mM MgCl2,
100 mM NH4Cl, 6 mM �-mercaptoethanol, 0.5 mM
EDTA/NaOH pH 8.0) supplemented with DNase I. Cells
were lysed by passing through a French Press (Thermo
Fisher Scientific) twice at 1000 psi. The lysate was cleared
by centrifuging twice 15 min at 20 000 rpm using a SS-34 ro-
tor. The supernatant was layered on top of cushion buffer
(50 mM HEPES/KOH pH 7.6, 10 mM MgCl2, 500 mM
NH4Cl, 6 mM �-mercaptoethanol, 0.5 mM EDTA/NaOH
pH 8.0, 40 % (w/v) sucrose) and ribosomes were pelleted
by centrifuging 22 h at 29 000 rpm in a Type 70 Ti rotor
(Beckmann Coulter). The pellets were dissolved in dissoci-
ating buffer (50 mM HEPES/KOH pH 7.6, 1 mM MgCl2,
100 mM NH4Cl, 6 mM �-mercaptoethanol) by incubation
for 6 h on a rotary shaker. The subunits were separated by

centrifuging 16 h at 26 000 rpm through a density gradient
of 10 % (w/v) to 40 % (w/v) sucrose in dissociating buffer
in a SW 32 Ti rotor (Beckmann Coulter). Sucrose gradients
were prepared using a Gradient Master instrument (Bio-
Comp Instruments). The subunits were visualized by light
scattering and extracted separately from the gradients.

Inactivation of 30S

For inactivation, small ribosomal subunits were exchanged
into inactivation buffer (50 mM HEPES/KOH pH 7.6,
40 mM KCl, 0.5 mM MgCl2, 6 mM �-mercaptoethanol)
using a centrifugation filter with a molecular weight cut
off of 100 kDa (Amicon) and incubated 20 h at 4◦C. Sub-
methylated E. coli 30S were exchanged into storage buffer
(50 mM HEPES/KOH pH 7.6, 40 mM KCl, 4 mM MgCl2,
6 mM �-Mercaptoethanol) using a centrifugation filter with
100 kDa molecular weight cut off (Amicon).

Cryo-EM

70 nM submethylated E. coli 30S were mixed with 700 nM
KsgA and incubated 10 min at 37◦C. The sample was spun
5 min at 16 000 rcf and 4◦C to remove aggregates. R2/2 ho-
ley carbon grids (Quantifoil) washed with ethylacetate were
glow discharged for 30 s at negative 15 mA. For each grid
3 �l of 0.2 mg/ml grapheneoxide suspension was applied
on the carbon side of the grid and excess liquid was blot-
ted after 4 min incubation at room temperature. Grids were
washed once with 20 �l of MilliQ, excess liquid was blot
and grids were dried. The grid was transferred to a Vitrobot
(FEI Company) at 4◦C and 100% relative humidity and 5 �l
sample were incubated for 30 s on the graphene oxide coated
grids. Grids were blotted for 6 and 9 s and frozen in a 1:2
mixture of liquid ethane and propane. The grids were trans-
ferred to a Titan Krios cryo-electron microscope (FEI Com-
pany) operated at 300 kV and a magnification of 100720
× corresponding to a physical pixel size of 1.39 Å. Micro-
graphs were recorded from two grids on a Falcon III direct
electron detector in integration mode using dose fractiona-
tion with 25 frames and a total average dose of 35 e−/Å2.
Defocus values were in the range from −0.7 �m to −3 �m
(Supplementary Table S1).

Image processing

The dose fractionated image stacks were aligned, dose
weighted and integrated using MotionCorr 2.1 (32). CTF
estimation was performed using GCTF v 1.06 (33) and
power spectra showing signs of astigmatism, ice con-
tamination or drift were discarded. Particles were semi-
automatically identified and picked using Batchboxer (34),
providing a cytoplasmic, yeast pre-40S ribosome recon-
struction (43) as a reference. Particles were extracted from
all images and subjected to 2D classification using Re-
lion 2.1 (31). Projections showing small subunits were se-
lected for 3D classifications. The first classification was fo-
cused on the body and KsgA. A second classification was
focused on KsgA and its surrounding. All 3D classifications
were carried out without image alignment following a 3D
refinement of the 30S body. After sorting out micrographs
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with too low defocus, the remaining 165073 particles were
subjected to a final 3D refinement with a mask and initial
model prepared from a 3D class from earlier in the process-
ing (data processing workflow: Supplementary Figure S1;
refinement parameters: Supplementary Table S1).

Model building and validation

Model building was performed in Coot 0.9.3 (35). The
structure was built using an empty 30S from an E. coli
ribosome (44) (PDBID: 4YBB) and an E. coli KsgA
crystal structure (19) (PDBID:1QYR) as a starting base.
The rRNA domains and the individual proteins of the
body––including KsgA––were rigid body fitted into the
EM-map in UCSF Chimera (39). The modified nucleotides
and amino acids in the ribosome were replaced by their un-
modified counterpart. All residues were real space refined
into the density and removed if not resolved in the EM-map.
The resulting model was refined, running real space refine-
ment with PHENIX 1.19-4080 (45). In order to preserve the
secondary structure also in regions with lower local resolu-
tion, Ramachandran restraints were enabled. Structure val-
idation was carried out with MolProbity (46) (Supplemen-
tary Table S1) and by comparing the half map vs. half map
FSC curve at a threshold of FSC = 0.143 with the map vs.
model FSC curve at a threshold of FSC = 0.5 (Supplemen-
tary Figure S3).

The alternative conformation of the helix 45 tetraloop
with A1518 in the active site was modelled in Coot 0.9.3
(35), using the original structure as a starting point. Base
flipping and building of the alternative conformation could
be performed within the geometric restraints of coot.

Figures were prepared with PyMol and ChimeraX (40).

RESULTS

Structure of the KsgA:30S complex

Ribosomes lacking the dimethylations on 30S helix 45 were
isolated from a KsgA deficient E. coli strain and subunits
were separated by magnesium depletion and subsequent su-
crose gradient centrifugation. The isolated small subunits
were brought into a translationally inactive conformation
mimicking an assembly intermediate state by further mag-
nesium depletion (47), which allows binding of KsgA and
has been shown to function as a substrate in methylation
assays (22,24,48,49). The inactivation step was described
to cause destabilization of helix 44, which possibly mimics
a 30S biogenesis intermediate and provides required space
for KsgA to bind to the 30S platform (22,50). The destabi-
lized helices 44 and 28 at the head to body junction further-
more cause extraordinary flexibility of the 30S head (22,50).
KsgA was produced and isolated from E. coli and assem-
bled with the 30S by mixing 10-fold excess of the enzyme
with the ribosomal subunit. The structure of the KsgA:30S
complex was determined to a resolution of 3.1 Å using sin-
gle particle cryo-EM. The high resolution of the reconstruc-
tion for most parts of the 30S body allowed rebuilding and
refinement of a molecular model for the ribosomal proteins
and RNA, and KsgA (Figure 1B, Supplementary Figures
S2 and S5C). The 30S head displays high flexibility and
the density for helix 44 is missing, as observed before for

the magnesium depleted 30S subunit (22,50), therefore no
molecular model was built for these parts (Figure 1A and
B). KsgA is bound on the 30S ribosomal subunit platform
(Figure 1B). The high-resolution reconstruction reveals that
KsgA binds exclusively rRNA helices 24, 27 and 45. The
catalytic NTD of KsgA binds to the substrate helix 45,
whereas the CTD binds to an rRNA helices 24 and 27 (Fig-
ure 1C).

KsgA-CTD:h24:h27 interaction confers substrate specificity

The KsgA-CTD confers substrate specificity by recogniz-
ing helices 24 and 27 that are positioned next to each other
in a conformation defined by the near mature fold of the
30S subunit (Figure 2A). This is consistent with biochemi-
cal results indicating that KsgA does not act on isolated 16S
rRNA (51). The structure reveals that positively charged
amino acids in the CTD of KsgA (Arg222, Lys223, Arg226,
Arg248) interact with the negatively charged backbone of
helix 24 (nucleotides 769–771) (Figure 2B). Furthermore,
amino acids Thr224 and Asn227 are in hydrogen bond-
ing distance to helix 24. The negatively charged backbone
of helix 27 (nucleotides 899–902) interacts with positively
charged amino acids (Lys155, Arg222, Arg248) of KsgA
(Figure 2C).

KsgA binds to substrate adenosine A1519 in flipped out con-
formation

A positively charged cleft on the surface of KsgA stretches
out from the CTD across the NTD where the active-site
is located. This cleft is lined with positively charged amino
acids of KsgA (Arg147, Lys155, Arg159, Arg221, Arg222)
that interact with the negatively charged phosphate back-
bone of helix 45. The helix 45 loop, including the two sub-
strate adenosines, is bound by the catalytic NTD of KsgA
in the area of the active site (Figure 3A and Supplemen-
tary Figure S5A). The nucleobase of G1516 is bound in a
pocket where it �-stacks onto amino acid Phe124 on the one
side and is involved in �-cation interactions with Arg159 on
the other side, whereas its phosphate interacts with Arg147.
The ribose of G1517 is in hydrogen bonding distance with
Asn117. The nucleobase of A1518 stacks onto G1515 of
helix 45, whereas the ribose-phosphate backbone is in hy-
drogen bonding distance with Asn117 and Gln141. One of
the substrate residues, A1519, is positioned in the active site
by �-stacking of the adenine onto Tyr116 and through hy-
drogen bonding of the N6 and N7 to the peptide backbone
of amino acids Leu114 and Tyr116, respectively. A1519 is
positioned in the active site of KsgA such that it could
be methylated by a bound SAM. Although SAM was not
present in the sample, its position could be modelled with
confidence into the structure by using the crystal structure
of the archaeal homologue Dim1 in complex with SAM
as a guide (52). The position is in line with the structure
of the eukaryotic mitochondrial homolog mtTFB1 in com-
plex with SAM and helix 45 (29) (Supplementary Figure
S4). The fitted SAM is in close proximity to the active site
pocket (Figure 3A) and the distance between donor methyl
group of SAM and acceptor N6 of the adenosine is 2.7 Å,
which would be optimal for enzymatic transfer of the methyl
group. The structure of the complex reveals that SAM could
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Figure 1. Structure of the KsgA:30S complex. (A) Secondary structure diagram of the E. coli 16S rRNA highlights helices 24 (turquoise), 27 (dark blue)
and 45 (orange) which form the interaction patch for KsgA in the context of a near mature 30S. Nucleotides that are not included in the molecular structure
are shown in light grey. (B) Map of KsgA (green) in complex with the hypomethylated 30S. The rRNA is colored in grey, helices that interact with KsgA
are highlighted (helix 24 turquoise, helix 27 dark blue, helix 45 orange) and ribosomal proteins are colored in purple. Head and toe of the 30S could not
be built, due to high flexibility in these regions, in these areas the map is colored in light grey. Platform, body and head of the 30S and KsgA are indicated.
(C) Molecular model of KsgA interaction with the 30S seen from the direction of the small ribosomal subunit shows rRNA helices 24, 27 and 45 bound
to KsgA.

Figure 2. Substrate specificity through tripartite interaction between KsgA-CTD:h24:h27 (A) KsgA binds at the intersection of helices 24 (turquoise) and
27 (dark blue) to the backbones of both. (B) Interactions of KsgA (green) and helix 24 (turquoise). Residues involved in interaction are indicated. (C)
Interactions of KsgA (green) and helix 27 (dark blue). Residues involved in interaction are indicated.

dissociate and associate from KsgA while bound to the 30S,
allowing the sequential dimethylation of both target ade-
nine bases without dissociation of KsgA, as the access to
the binding pocket is not obstructed by the small subunit.
This is in agreement with biochemical data indicating that
KsgA is a processive enzyme which produces primarily the
dimethylated adenosines without releasing the monomethy-
lated intermediate (49,53).

Model for modification of the second substrate adenosine
A1518

In our structure adenosine A1519 is bound in the active site
of KsgA (Figure 3A and Supplementary Figure S5A, B),
which indicates that KsgA dimethylates A1519 first. This is

in agreement with biochemical studies, where under limiting
SAM levels KsgA was observed to methylate only A1519
(6) and where rRNA mutation studies indicated that A1519
is the kinetically preferred substrate (54). Furthermore, the
crystal structure of human mitochondrial KsgA homolog
mtTFB1 in complex with SAM and helix 45 displays the
same conformation of flipped out A1519 (29) (Supplemen-
tary Figure S4). Based on mutational studies it has been
suggested that the first methylation weakens the hydrogen
bonding with the conserved KsgA motif IV, while the sec-
ond methylation abolishes all hydrogen bonding interac-
tions of the substrate adenosine and would expel the mod-
ified nucleotide from the active site pocket (3). Successive
modification of A1518 requires it to be positioned into the
active site. The conformation of the helix 45 - KsgA in-
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Figure 3. Binding of Substrate helix 45 by KsgA-NTD and its possible alternative conformation (A) Position of the helix 45 apical loop (orange) at the
KsgA (green) interface. The residues involved in interaction of KsgA and helix 45 apical loop are indicated. The modelled binding pocket of SAM (grey)
is in proximity to the nucleotide A1519, which is proposed to be modified first. The active site pocket is indicated. (B) Alternative conformation of helix
45 with A1518 in the active site pocket, A1519 moved out of the pocket and G1517 replacing the former position of A1518.

terface suggests a plausible alternative conformation with
A1518 placed in the active site (Figure 3B). It requires re-
arrangement of the positions of nucleotides G1517–A1519,
which is geometrically reasonable and shows no clashes af-
ter regularization. The geometry in the active site occupied
by A1518 in this proposed model is comparable to that
of A1519 in our reconstruction, which would allow SAM-
dependent dimethylation of A1518 by a similar mechanism.

DISCUSSION

Base flipping mechanism of successive modification

Our structure reveals a partly flipped out conformation
of the substrate loop bound to KsgA suggesting that the
methylations occur by sequential base flipping rearrange-
ments in helix 45. Base flipping has first been described
to make a single base from a DNA double helix accessi-
ble for modification in the bacterial HhaI DNA cytosine-
5-methyltransferase (55). It has since been discovered to
be a well-established mechanism among DNA methyltrans-
ferases and other single base targeted enzymes (56,57).
Among RNA methyltransferases base flipping has also
been discovered for example in RumA (58), TrmA (59) and
METTL16 (60). The more versatile secondary structures of
RNA allow a wider variety of base flipping conformational
changes than discovered in DNA. The mechanism we sug-
gest for KsgA:h45 uses two coupled base flippings upon
KsgA binding, substrate relocation and reorganization into
the mature conformation:

KsgA binding. Comparison of the conformation in the
hypo-methylated 30S of T. thermophilus (61) with the con-
formation of helix 45 bound to KsgA reveals two base flip-
ping rearrangements (Figure 4A and B). The hypomethy-
lated helix 45 tetraloop, folds into a classical GNRA
tetraloop conformation (62), where G1516 stacks onto
G1515 in the loop and nucleobases 1517–1519 form a three
base stack in flipped out conformation (61) (Figure 4A).

In our structure, G1516 is in a flipped out conformation
tightly anchored in a small KsgA binding pocket (Figure
4B) as well as the substrate base A1519 is in the active
site, which is in line with the structural findings in the hu-
man mitochondrial KsgA homolog mtTFB1 with helix 45
(29) (Supplementary Figure S4). It allows the hypothesis
that G1516 anchoring is likely required for correct posi-
tioning of the substrate bases. Its flipping is probably en-
ergetically compensated by (a) the stronger interaction of
G1516 with its KsgA binding pocket than with G1515 and
(b) the second base flip of A1518 to replace G1516 on top
of the last base pair of h45 stem. While replacement of
original base stacking interactions with amino acid side
chains has been observed in several nucleic acid modify-
ing enzymes to compensate the energetically expensive base
flipping process (55,63,64), the RNA methyltransferases
RumA and TrmA also utilize replacement with other bases
as seen here for KsgA (58,59). A1519 inserts into the ac-
tive site of KsgA, and the third member of the orginal
base stack G1517 interacts with the surface of the enzyme
(Figure 4B).

Substrate relocation. After A1519 is dimethylated, con-
suming two SAM molecules, resulting changes in polarity
and dimension of the nucleobase likely cause its expulsion
from the active site (Figure 4B and C) (58,65). A1519 move-
ment then might be able to build up a tension on the helix 45
backbone, which causes A1518 to flip out of the tetraloop
into the active site and G1517 into the tetraloop, replacing
A1518 (Figure 4B). According to this scenario G1516 still
remains in its flipped-out conformation, anchoring KsgA
to helix 45 (Figure 4C). A relatively higher conformational
flexibility of bases G1517 and A1518 compared to G1516
bound to KsgA was also observed in crystal structures of
the homologous mitochondrial system (29), supporting our
mechanistic model.

Reorganization into mature conformation. After A1518
has been dimethylated consuming further two SAM
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Figure 4. Proposed Base Flipping Mechanism for Successive Dimethylation Left panels: Mechanistic representation indicating helix 45 (orange) confor-
mational changes upon KsgA (green) binding (A, B), substrate relocation (B, C) and adoption of the mature conformation (C, D) with helix 44 (brown)
interaction. Base-flipping is indicated by blue arrows and base expulsion from the active site by grey arrows. Co-factor SAM is depicted in yellow and
methyl groups are represented by red triangles. Right panels: (A) Structure of the hypomethylated helix 45 (61), (B) observed structure of KsgA bound
helix 45 and (C) modelled structure of relocated RNA, (D) structure of mature helix 45 (67). The conformation of mature helix 45 allows––in contrast
to the hypomethylated conformation––hydrogen bond interactions with helix 44 (brown). Helix 45 is depicted in orange, helix 44 in brown, KsgA in pale
green, SAM in yellow, methyl groups are indicated by red spheres.

molecules, it would be expected to be expelled from the ac-
tive site similar to the first-modified A1519. At this stage
the extent of interactions with KsgA would be sufficiently
reduced, to allow dissociation of the factor and formation
of a three-base stack between G1517, A1518 and A1519,
closing of the tetraloop through insertion of G1516, where
it would replace G1517 (Figure 4C and D). Helix 45 in its
fully folded conformation will then form interactions with

the backbone of folded helix 44 as seen in the mature 30S
subunit (Figure 4D) (66,67).

The ability of the helix 45 RNA loop to adopt different
conformations by base flipping appears to be a pre-requisite
for the successive dimethylation to occur, indicating that the
flexibility of the RNA substrate is critical for the modifica-
tion mechanism. A related RNA-structure specific recogni-
tion mechanism has been reported for the RumA catalyzed
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23S U1939 methylation (58). The concept that conforma-
tional changes mediated by the flexibly disposed loops or
single stranded ends of RNA/DNA substrates are critical
for a number of important cellular reactions have been de-
scribed previously, including the processes catalyzed by the
CCA-adding enzyme that modifies immature tRNAs (68),
and proofreading mechanisms of tRNA synthetases (69)
and DNA polymerases (70,71).

KsgA CTD provides substrate specificity and stability in bind-
ing

The organization of KsgA in two separate but closely con-
nected domains and the proposed reaction mechanism that
involves exchange of the modified nucleobases in the active
site of the enzyme, suggest that the CTD has some level of
affinity for the rRNA on its own. This is in accordance with
mutation studies, where positively charged amino acids of
the CTD were mutated to alanine (R248A and 221RRK223

to 221AAA223) and resulted in reduced substrate binding
affinity (22). Generally, a two-domain architecture is com-
mon not only among SAM dependent RNA methyltrans-
ferases, but also in SAM dependent DNA, protein and
small molecule methyltransferases, where also one domain
has a conserved methyltransferase fold and the other is a
recognition domain that confers additional substrate speci-
ficity (56).

A structurally homologous two domain architecture has
been discovered for ErmC’, an N6-methyltransferase, which
targets the large bacterial subunit 23S rRNA at helix 73
(72,73). The KsgA and Erm families carry the same con-
served methyltransferase motifs in the N-terminal domain,
while the C-terminal domains differ. The conserved posi-
tively charged amino acids of KsgA CTD involved in he-
lix 24 and 27 binding (R248 and 221RRK223) are not con-
served in the Erm family, consistent with the observation
that the two CTD are responsible for recognition of dif-
ferent substrates (19,22). Furthermore, the M. tuberculo-
sis variant Erm37 is lacking the CTD and initially targets
the conserved Erm substrate A2058, but then proceeds to
less specifically methylate neighboring adenosines (Madsen
et al. 2005). Studies with KsgA-ErmC’ chimeras show that
switching the KsgA CTD and two additional loop regions
to the respective ErmC’ sequences in vivo results in a methy-
lation of the ErmC’ target nucleoside by the KsgA methyl-
transferase domain (74).

The KsgA CTD binds via stretches of positively charged
amino acids to the adjacent backbones of helix 24 and 27,
which suggests that the interaction is specific for the RNA
fold rather than sequence. This explains the observations
that KsgA can only use 16S rRNA as a substrate if it is
folded in the context of the close-to-mature 30S (24,51). Ad-
ditionally, our data suggest that G1516 acts as an anchor
for the precise positioning of A1519 and A1518 in the cat-
alytic pocket of KsgA, both during initial enzyme attach-
ment and the switching of A1519 with A1518. Together,
these results suggest that binding specificity is conferred by
three 16S RNA helices in close proximity, which probably
only happens at a specific point during SSU maturation. A
recognition site built from sequentially distant modules but
located in spatial proximity in the context of the 30S has
been termed ‘proximity model’ (75).

KsgA/Dim1 might have a checkpoint and timer function dur-
ing small subunit biogenesis

KsgA introduces a unique rRNA modification by dimethy-
lating two adjacent nucleobases, the reason for which is not
clear. Our data provide some indications for why this might
be the case. First, KsgA is capable of detecting a particu-
lar stage of SSU maturation by sensing the spatial proxim-
ity of helices 24, 27 and 45, which then allows binding of
G1516 into its KsgA binding pocket triggering a cascade of
methylation reactions. Second, since the enzyme needs to
dimethylate two adjacent bases with a putative substrate re-
arrangement in between, this process likely requires more
time than a more common rRNA monomethylation. Con-
sequently, as long as KsgA is bound, subunit joining is im-
paired (13) and helix 44 cannot adopt its position as in the
mature 30S ribosomal subunit (22), potentially providing
time for other 30S modifications, re-arrangements or fold-
ing processes to occur. Once KsgA finished the dimethyla-
tion reactions and dissociates from the ribosome, helix 45
adopted its mature conformation and provides an interac-
tion site for helix 44. Therefore, KsgA binding may serve as
a checkpoint for the integrity of the platform fold, whereas
successive methylation reactions may function as a timer to
provide a time window for other maturation processes to
occur before KsgA dissociates.

The high conservation between KsgA and its eukaryotic
cytosolic homologue Dim1 suggests that the eukaryotic en-
zymes modify rRNA by a similar mechanism, which is in
line with a complementation analysis that showed KsgA
deletion phenotypes in E. coli can be rescued by overex-
pression of the homologous S. cerevisiae enzyme Dim1 (14).
Consequently, the mode of interaction between KsgA and
the rRNA that we observe is consistent with previous low
resolution studies on eukaryotic ribosomal complexes that
include Dim1 (25,43). Therefore, our structural data and the
proposed mechanism have implications for understanding
ribosome maturation in general.
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