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Abstract

Post-transcriptional modification of ribosomal RNA occurs in all kingdoms of life. The S-adenosyl-
L-me-thionine-dependent methyltransferase KsgA introduces the most highly conserved ribosomal
RNA maodification, the dimethylation of A1518 and A1519 of 16S rRNA. Loss of this dimethylation
confers resistance to the antibiotic kasugamycin. Here, we report biochemical studies and high-
resolution crystal structures of KsgA from Thermus thermophilus. Methylation of 30S ribosomal
subunits by T. thermophilus KsgA is more efficient at low concentrations of magnesium ions
suggesting that partially unfolded RNA is the preferred substrate. The overall structure is similar to
other methyltransferases but contains an additional a-helix in a novel N-terminal extension.
Comparison of the apo-enzyme with complex structures with 5’-methylthioadenosine or adenosine
bound in the cofactor-binding site reveal novel features when compared to related enzymes. Several
mobile loop regions are observed that restrict access to the cofactor-binding site. In addition, the
orientation of residues in the substrate-binding site indicates that conformational changes are required
for binding two adjacent residues of the substrate rRNA.

Keywords
ribosome modification; 16S rRNA; 30S ribosomal subunit; rRNA methyltransferase; kasugamycin

Introduction

KsgA is the S-adenosyl-L-methionine (AdoMet)-dependent methyltransferase responsible for
producing the most highly conserved ribosome modification, the posttranscriptional N8, N6-
dimethylation of two adjacent adenosines, A1518 and A1519 (Escherichia coli numbering),
in the 3" most helix of small subunit rRNAs. Loss of dimethylation of these residues in bacteria
confers resistance to the antibiotic kasugamycinl? 23 and creates an error prone phenotype
in E. coli4. The yeast ortholog, Dim1p, is essential for viability5, although this is due to a
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second functlon of Dim1p in pre-rRNA processing that is distinct from its methyltransferase
act|V|ty

The structural impact of N, Né-dimethylation of A1518 and A1519 has been examined in some
detail. Early biophysical studies indicated that dlmethylatlon by KsgA destabilizes the
conformation of the helix 45 GNRA tetraloop 8 The highly organized conformation of
GNRA tetraloops is incompatible with N8, N6-dimethylation of these two adenosines®. NMR
spectroscopy of a fully modified helix 45 oligonucleotide analog has confirmed that
dimethylation by KsgA, in conjunctlon with N2-methylation of G1516, prevents formation of
a canonical GNRA tetraloop fold10: 11 The crystal structure of the Thermus thermophilus
30S ribosomal subunit also shows a non-canonical fold for this loop in the context of the
ribosomel2. Further structural studies of the T. thermophilus 30S subunit!3 and of the E.

coli 70S ribosomel4 in complex with kasugamycin revealed that the two bases modified by
KsgA are not in direct contact with the antibiotic. In these structures, kasugamycin is observed
bound in the mMRNA channel and the location of the two modified bases A1518 and A1519
suggests that loss of dimethylation leads to an indirect destabilization of the antibiotic binding
site. KsgA function and substrate recognition are highly conserved!®: 1 |nd|cat|ng a more
fundamental requirement for base methylation. A recent report proposes that these
modifications serve as a checkpoint during ribosome biogenesis

The substrate for KsgA has also been the subject of extensive investigation. Early reconstitution
studies showed that intact 30S subunits were refractory to methylation by KsgA, with the
binding of a specific subset of ribosomal proteins being inhibitory to methylationlg. These
results suggested that an assembly intermediate is the true substrate for KsgA-catalyzed
methylation. A subsequent study concluded that of these proteins, only S21 is dlrectly
inhibitory to methyla’uon19 Interestingly, T. thermophilus lacks an S21 ortholog . These
observations have been reconciled recently with the demonstration that E. coli KsgA
recognizes the intact 30S subunit in a translatlonally inactive conformation20. The crystal
structure of the apo form of E. coli KsgA 21 combined with tethered and solution f/droxyl
radical probing, has led to a model for the KsgA binding mode on the 30S subunitl’
Conformational differences in the two monomers in the asymmetric unit of the E. coli KsgA
crystal structure led to the suggestion that a conformational change occurs upon binding
AdoMet2L, This hypothesis remains to be tested, as the E. coli KsgA crystal structure lacked
a bound cofactor, a consequence of the enzyme’s inability to bind AdoMet from solution18

Here, we report the identification of the KsgA ortholog from T. thermophilus HB8 and crystal
structures of KsgA in the apo form and with 5’-methylthioadenosine or adenosine bound in
the cofactor-binding site. We observed significant structural differences in the active site region
between the apo-enzyme and the (5’-methylthio)adenosine-bound forms.

Identification and characterization of T. thermophilus KsgA

The unpublished genome sequence of T. thermophilus HB8 (GenBank entry AP008226)
annotates TTHAOQ083 as the likely open reading frame encoding KsgA. A BLASTp search of
this genome sequence using the E. coli KsgA sequence (GenBank entry NP_414593) as the
target corroborated this assignment (Fig.1, supplemental Fig. S1). To test this conclusion, we
constructed a mutant in which TTHA0083 was replaced with the htk gene encoding a
thermostable kanamycin adenyltransferase . That the protein encoded by TTHAO0083 is
indeed responsible for dimethylation of A1518 and A1519 was established by primer extension
of 16S rRNA using reverse transcriptase, whose elongation is strongly inhibited by N6, N6-
dimethylation of adenosine23. As shown in Figure 2, primer extension using wild-type 16S
rRNA as template produces a pair of strong stops at A1518 and A1519 (lane 1). In contrast,
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primer extension using 16S rRNA from the TTHAQ083-deficient mutant results in complete
read-through of these positions and downstream termination at m3U1498 (lane 2). Primer
extension using 16S rRNA from subunits methylated in vitro by the TTHAQ0083-encoded
enzyme, overexpressed in E. coli, shows restoration of reverse transcriptase stops at A1518
and A1519 (lanes 3 and 4). We conclude from these results that TTHAO083 encodes KsgA,
and hereafter refer to this locus as ksgA.

Incorporation of 3H methyl groups into 30S subunits in vitro with cloned KsgA also shows
that this enzyme methylates subunits from the AksgA::htk strain but not those from wild-type
T. thermophilus HB8 (Fig. 2c). This reaction is rapid at 70 °C, near the optimum growth
temperature for T. thermophilus. Methylation of 30S subunits by T. thermophilus KsgA is
much more effective at low Mg2* ion concentration (1 mM) than at high Mg2* concentration
(10 mM) (Fig. 2b, lanes 3 & 4, Fig. 2c). This behavior is similar to that of the E. coli enzyme,
for which the optimum Mg?2* concentration is around 3 mMZ20. The basis for the inhibitory
effect of Mg2* is suggested by the highest resolution (2.50 A) crystal structure of the T.
thermophilus 30S subunit?4. In this and in all other 30S subunit structures, A1518 and A1519
are buried and interact with 16S rRNA helix 44. This interaction appears to be stabilized by a
cluster of Mg2* ions at the junction between helices 44 and 45 (Fig 3a). Loss of these Mg2*
ions could facilitate the disengagement of helix 45 from helix 44, making it more accessible
to KsgA.

Structure determination and overall structure of KsgA

The structure of apo-KsgA (271 residues) was solved by single-wavelength anomalous
dispersion from seleno-methionine labeled protein in space group P2;242 to 1.51 A resolution
(data set KsgA1l). The structures of the adenosine-bound form in space group P21212; (KsgA2,
1.53 A resolution) and of the second apo-enzyme form in space group P43212 (KsgA3, 1.95
A resolution) were subsequently solved by molecular replacement. Atomic coordinates of the
KsgAZ2 structure were used for the initial refinement of the 5’-methylthioadenosine-bound
complex structure in space group P21272; (KsgA4, 1.56 A resolution). A second crystal form
of the 5’-methylthioadenosine-bound complex was solved by molecular replacement in space
group P2121241 (KsgAS5, 1.68 A resolution). There are two molecules in the asymmetric unit in
data set KsgA1, one molecule in data sets KsgA2 and KsgA4, and three molecules in data set
KsgA3 and KsgAb. The crystallographic R / Rge factors are 0.20/0.24, 0.21/0.26, 0.23/0.31,
0.20/0.23 and 0.20/0.24 for the five data sets, respectively. The majority of residues
(94.1/95.5/92.3/95.9/95.7%) are in the most favored region of the Ramachandran plot and there
are no residues in the disallowed regions. Electron density was well defined in the high-
resolution data sets KsgAl, KsgA2, KsgA4 and KsgAb. The final model consists of residues
5-268 in chain A and residues 3-268 in chain B of KsgAl, residues 6-268 in KsgA2 and KsgA4,
residues 5-268 in chains A and B, and residues 4-268 in chain C of KsgA5. Loop regions for
residues 21 — 24, and 120 — 121 were disordered in chain B and not included in the KsgAl
model. The quality of data set KsgA3 was somewhat weaker. Electron density is well defined
for chains A and B, but comparatively weak for chain C. The KsgA3 model consists of residues
6 —271, 6 — 268, and 8-268 for the three monomers. Loop regions for residues A20 — 25, B20
— 26, and C19 — 27 were disordered and not included in the model. The data collection and
refinement statistics are given in Table 1. The overall structure of KsgA consists of two
domains. The N-terminal catalytic domain (residues 6 — 200) forms a canonical Rossmann-
like methyltransferase fold, with a central seven-stranded B-sheet flanked by three helices on
each side (Fig. 3b). Two additional N-terminal helices a1 and a2 and a loop region (including
helix a11) that is inserted between strands 36 and 37 define the active site region. The smaller
C-terminal domain spanning residues 206 — 268 consists of helices 012 to a16. The surface of
the C-terminal domain contains many positively charged residues; a loop region between
helices a12 and a13 (?18KRRK?Z21) creates a positively charged surface patch that may function
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in recognition and binding of the ribosomal rRNA substrate. A similar surface charge
distribution was observed for KsgA from E. coli?1 and for the structurally related ErmC’
methyltransferase25 (discussed below).

Coordination of adenosine and 5’-methylthioadenosine in the cofactor-binding site

Parallel to the crystallization experiments with apo-KsgA, we attempted to obtain ternary
complex crystals with AdoMet in the cofactor-binding site and adenosine in the substrate
binding site by co-crystallization of KsgA with 4 mM AdoMet and 4 mM adenosine (data set
KsgA2). Unexpectedly, these crystals were found to have adenosine in the cofactor-binding
site. The observation that adenosine outcompetes AdoMet for binding in the cofactor-binding
site was unexpected considering the additional binding interactions formed with the cofactor
methionine group. We therefore repeated the co-crystallization experiments with AdoMet but
without adenosine. Data sets (KsgA4 and KsgAb) collected from these crystals showed that
5’-methylthioadenosine was bound in the cofactor-binding site instead of AdoMet. 5’-
methylthioadenosine is the major hydrolysis product of AdoMet that is obtained by incubation
at 30 °C at pH 4 to pH 7 and a minor hydrolysis product obtained at pH 8.226. KsgA complex
crystals could only be obtained after incubation at 50 °C for 10 minutes prior to crystallization,
and in both experiments the smaller compound was preferentially bound in the cofactor-binding
site.

The 5’-methylthioadenosine molecule in the cofactor-binding site is bound in a position similar
to Ado-Met in other class | methyltransferases (Fig. 3c, d). The adenine N6 atom forms a
hydrogen bond with Asp99 and the adenine N1 nitrogen atom interacts with the main chain of
Alal00. The two ribose hydroxyl groups form hydrogen bonds with Glu75, while the 2’
hydroxyl group forms an additional hydrogen bond with the side chain of GIn27. Finally,
Asnl1l17 is located in a position to interact with the carboxylate of a bound AdoMet cofactor.
All three residues (Glu75, GIn27 and Asn117) are strictly conserved in KsgA (Fig.1 and
supplemental Fig. S1). Adenosine binding induces significant structural rearrangements in the
N-terminal loop region including helix a2 and also in the region between residues Asn117 and
His121 (see below). The structures with bound 5’-methylthioadenosine and adenosine were
initially determined from the same crystal form (KsgA2 and KsgA4). The KsgA structure in
the additional 5’-methylthioadenosine bound crystal form KsgAb5 is highly similar to these two
structures. The overall rmsd between KsgA2 and KsgA4 is 0.14 A and 0.12 A between KsgA2
and KsgAb for all 263 Ca atoms. Side chain orientations in the cofactor-binding site of KsgA2
and KsgA4 remain unchanged.

Conformational differences between KsgA crystal forms

A comparison of the KsgA conformations observed in five crystal forms reveals significant
global and local structural rearrangements. Interdomain movement was observed in the
structure of E. coli ngAZl. To investigate a similar domain movement in T. thermophilus
KsgA, we performed a least-squares super-position of the catalytic domains of all monomers.
Comparison of the C-terminal domain orientation does indeed reveal a variable orientation of
the C-terminal domain with residues in the loop region between a14 and a15 shifting by up to
4 A (Fig. 4a). KsgA modifies two adjacent adenine bases and it is conceivable that interdomain
movements between the catalytic domain and the C-terminal domain are required to place the
substrate into two slightly different orientations with respect to the active site. This need for
reorientation could be the basis for both the enhanced T. thermophilus KsgA activity at low
Mg?2* concentration and the preference of E. coli KsgA for 30S subunits in an inactive
conformationl’.

In addition to these variations in interdomain orientation, the comparison of the active site
shows significant local rearrangements. All KsgA models in the five data sets contain a well-
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defined first helix a1 that is held in place by hydrophobic interactions between residues Val10,
Leul4, Leul9, Phe29, Leu57, and Phel85 (Fig. 4b). The loop region following helix al
(residues 20 to 27), however, is disordered in four chains in the KsgAl and KsgA3 apo-enzyme
structures, indicating that this loop is likely mobile in solution and in the absence of cofactor.
The length of the flexible region is well defined as both flanking residues Leu19 and Phe29
remain engaged in the hydrophobic interface.

Surprisingly, the loop assumes two significantly different ordered conformations in the other
structures (Fig. 4b). In the apo-enzyme conformation of chain A in KsgAl, GIn27 partially
obstructs the cofactor ribose position. In the 5’-methylthioadenosine-bound structure, this
residue moves sideways to interact with Asp77 and a second hydrogen bond formed between
Asp22 and Arg79 stabilizes the loop in a conformation that restricts the access to the cofactor-
binding site. In contrast, Asp22 is located at a distance of 7.2 A from Arg79 and interacts with
Arg24 in the KsgAl apo-enzyme structure. In addition, the position of helix al shifts
significantly along the helix axis in the cofactor-bound structure to accommodate this loop
movement.

A second rearrangement occurs in the loop region surrounding His121. Here, the functionally
important Asn117 remains constant and the following loop region closes onto the 5’-
methylthioadenosine molecule. In the complex structure, His121 is oriented towards the 5’-
methylthioadenosine and 1le122 engages in a hydrophobic interaction with the adenine base.
In combination, both loop rearrangements fully enclose the 5’methylthioadenosine molecule
in the cofactor-binding site indicating that the observed loop flexibility is required for cofactor
binding in the Thermus enzyme. In comparing the two conformations, it should however be
noted that the loop conformation in the apo-structure is also stabilized by crystal contacts with
Pro92 from another protein molecule in the KsgAl crystal form. Therefore, the loop
conformation in the absence of cofactor represents only one of many conformations available
to this loop rather than a functionally significant conformation.

In addition to its interaction with cofactor, the conformational flexibility of the second loop
region may be relevant for substrate binding. The loop contains the methyltransferase signature
motif IV (11’NLPY120), While Asn117 remains similar in all KsgA monomers, the Tyr120
side chain assumes several different orientations (Fig. 4c). Residues equivalent to Tyr120 were
observed to coordinate the substrate base in other methyltransferases such as DNA adenine
methyltransferase M.Taql27 and the rRNA guanine methyltransferase RsmC28, The large
degree of conformational flexibility for Tyr120 may therefore aid in positioning the substrate
in two different orientations.

Discussion

Structural comparison with related enzymes

A data base search with the SSM algorithm confirmed that the structures of E. coli KsgA (Pdb
1QYR21) and of the ErmC” adenine N8-methyltransferase (Pdb 1QA029) are most closely
related to the T. thermophilus KsgA structure. The two KsgA homologs share 33 % sequence
identity with each other and the two structures align with an rmsd of 1.4 A for 216 Ca atoms.
In contrast to the T. thermophilus structure, the N-terminal region of the E. coli enzyme is
disordered and the first residue in the model is GInl17 (equivalent to T. thermophilus GIn27,
Fig. 5a). Similar structural differences are observed when comparing KsgA with ErmC’. Both
structures can be aligned with an rmsd of 1.7 A for 197 Ca atoms (Fig. 5b). The first ordered
residue in the ErmC’ N-terminus is Ser9 and the following GIn10 is equivalent to GIn27 in
KsgA. Not surprisingly, residues in the cofactor-binding site other than the N-terminal region
are well conserved between all three enzymes. His121, which indirectly coordinates to the
adenosine molecule (in KsgA2), is the only variant residue in the T. thermophilus structure
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replacing asparagine side chains in E. coli KsgA and ErmC’. For ErmC’, Maravic et al.
investigated a potential role of basic residues in the disordered N-terminal region for cofactor
binding. They concluded that Lys4 and Lys7 are not essential for catalytic activity but instead
may contribute to substrate bindingSO. Inspection of the N-terminal structure in KsgA shows
that Lys23 and Arg24 could conceivably contribute to substrate recognition in a similar fashion.
However, only Lys23 is moderately conserved in a sequence alignment of KsgA homologues
suggesting that a functional role in substrate binding is less likely (supplemental Fig. S1).

Implications of structural rearrangements for substrate recognition

A structural comparison of KsgA with its E. coli ortholog and with ErmC’ reveals differences
in the orientation of the C-terminal domains, in the conformation of the loops connecting both
domains, and in several short loop regions between secondary structure elements (Fig. 5a, b).
The comparison with the DNA adenine-N6 methyltransferase M.Tagl shows the strong
conservation of the catalytic domain among class | methyltransferases. Similar to the closely
related E. coli KsgA and ErmC’, the N-terminal region of M.Tagl is disordered and Val21 is
the first ordered residue (Fig. 5¢). Both enzymes contain unique additional domains, which in
the case of M.Tagql, bind the substrate DNA and form extensive interactions with the non-
substrate DNA strand. An analogous function was proposed for the C-terminal domain of KsgA
based on two observations2L. First, the interdomain movement observed in E. coli KsgA would
be consistent with substrate binding in two orientations for modification of the two substrate
bases. Second, the interface region between both domains is highlg gaositively charged in the
E. coli enzyme and this charge distribution is conserved in ErmC’4°. In addition, a model of
the interaction of KsgA with the 30S subunit places the C-terminal region in closegproximity
to rRNA, which would be consistent with a functional role in substrate bindingl7; 1 similar
to the E. coli structure, we observed an interdomain movement in the T. thermophilus KsgA
structure and a positively charged surface patch in the domain interface region (residues
Lys218, Arg219, Arg220, Lys221, and Arg249). However, the position of residues contributing
to this charged surface region is not fully conserved between the E. coli and the T.
thermophilus enzymes. Alternatively, the C-terminal domain may have an independent
function. Inoue et al. reported that overexpression of KsgA in E. coli suppresses a cold-sensitive
phenotype induced by a mutation in the Era GTP-binding protein. From mutation studies, the
authors concluded that this KsgA function is mediated by the C-terminal domain of KsgA and
inde:?endent of the methyltransferase activity15. Era is an essential ras-like protein in E.
coli®2 that binds to 16S rRNA and 30S subunits33. The protein was located in the region
between the neck and the shoulder in direct contact with nucleotides 1530 — 1534 of the 16S
rRNA in a cryo-electron microscopy study of an Era-30S complex34. Further experiments will
be required to define the orientation of KsgA on the 30S subunit in order to understand this
functional interaction between KsgA and Era.

Catalytic mechanism of methylation by KsgA

The comparison of the active site of KsgA with the substrate bound complex structure of
M.Tagl may provide a model for substrate placement in KsgA. The catalytic domains of both
enzymes are quite similar with an overall rmsd of 1.4 A for 108 Ca atoms. In the comparison
between the two cofactor-binding sites, it can be seen that the ribose position is shifted in KsgA
relative to the cofactor analog bound in the M.Taql ternary complex structure because of the
interaction with GIn27, which is not present in M.Tagl. In the substrate-binding region, it can
be seen that the side chain of the flexible Tyr120 in KsgA is oriented away from the substrate-
binding site whereas the equivalent Tyr108 in M.Taqgl is engaged in a base-stacking interaction
with the substrate adenine. We did not observe a comparable inward orientation among the
different Tyrl20 orientations in KsgA, but it seems quite likely that this residue will assume
a similar orientation in the substrate-bound form. In E. coli KsgA, the side chain of the
equivalent Tyr116 was not modeled presumably because it was disordered in this
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structure?L. The orientation of the equivalent Tyr104 in ErmC’ corresponds to the orientation
of Tyr120 as observed in the KsgA3 crystal form. Tyr104 was found to be indispensable for
ErmC’ function3® and computational docking calculations with ErmC’ indicated that a similar
rearrangement of Tyr104 is likely to occur in this enzyme36. Together, these observations
suggest that the conformational flexibility that we observed for the loop region near Tyr120
may have a function in coordinating the substrate base analogous to Tyr108 in M.Tagq|l.

Similar to other methyltransferases, there is no basic residue present in the active site of KsgA
that could serve to deprotonate the substrate amino group during catalysis. In the M.Tagql
complex structure, the adenine amino group forms hydrogen bonds to the side chain of Asn105
and to the main chain carbonyl group of Pro106 of the methyltransferase signature motif V.
Goedecke et al. proposed that deprotonation might occur after methylgroup transfer via either
Asn105 or the main chain carbonyl group in this enzyme27. The sequence and position of motif
IV residues in the active site are highly conserved and similar interactions have also been
observed for other enzymes. For example, the coordination of the substrate amino group with
a main chain carbonyl has been observed in complex structures of the N5—glutamine
methyltransferase PrmcC37 and of the protein lysine methyltransferase PrmA38, The main
chain carbonyls of Leu118 in KsgA, Pro198 in HemK, and Leu192 in PrmA are all in positions
equivalent to that of Pro106 in M.Taql, and might interact with the substrate amino group in
a similar manner. Interestingly, PrmA contains a unique truncated motif IV (1*INLY193) that
results in an outward orientation of Tyr193 similar to the Tyr120 orientation in KsgA. The
Tyr193 side chain is observed in different orientations in PrmA — substrate complex structures,
reminiscent of the mobility of Tyr120 reported in this study. In addition, the Leu192 carbonyl
group rotates by about 120 degrees in two PrmA structures in complex with a dimethylated
and a trimethylated substrate amino group suggesting that rotation of a carbonyl group that
contacts the substrate amino group may occur during catalysis38. The catalytic mechanism for
multiple methylation (processive or consecutive) of both KsgA and PrmA is currently
unknown, and a sequential mechanism, which would not require amino group rotation in the
active site, was found for ErmC’39. Further structural and functional studies will be required
to investigate the catalytic mechanism of dimethylation by KsgA.

Materials and Methods

Growth and genetic manipulation of T. thermophilus

T. thermophilus HB8 (ATCC27634) was cultivated aerobically at 72 °C using Thermus
Enhanced Medium (TEM), ATCC Medium 1598. Two segments of T. thermophilus HB8
chromosomal DNA surrounding TTHAQ0083 were amplified by PCR using Pfu DNA
polymerase (Stratagene) and cloned into pUC18. The upstream segment was amplified using
the oligonucleotide primers Tth ksgA-1 (5°-
GCTCCGCAACCTTCTGAAGGGATGAGG-3’) and Tth ksgA-2 (5°-
AGGCTGCAGGCGAGCGAGCTTACTCATGGAGG-3’) and cloned as a BamHI/Pstl
fragment while the downstream segment was amplified using the primers Tth ksgA-3 (5’-
CGCCTGCAGCCTCGAGGCCTTCCGCCGGCTGAGG-3’) and Tth ksgA-4 (5’-
CGAAGCTTCCAGCTCCTGGACGTCCCGCTC-3) and cloned asa Hindlll/ Pstl fragment.
The htk gene, amplified using primers HTK-18 (5’-
GAACTGCAGTACCCGTTGACGGCGGATATGG-3’) and HTK-19 (5°-
GCTTGCATGCCTGCAGCGTAACCAAC-ATG-3’), was inserted into the Pstl site between
the two cloned chromosomal DNA fragments. Transformation with plasmid or chromosomal
DNA was performed by the method of Koyama40. Recombinants were selected on TEM plates
containing 25 pg/ml kanamycin sulfate (Sigma). Transformants were purified by restreaking,
and chromosomal DNA was used to re-transform T. thermophilus HB8. The structure of the
null allele was confirmed by PCR and DNA sequencing.
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Preparation of 30S ribosomal subunits, primer extension analysis and in vitro methylation

assays

30S subunits were prepared by dissociation of 70S ribosomes (prepared as described
previously41) in 1 mM MgCl, buffer followed by fractionation on 10-35 % sucrose gradients
in an SW28 rotor at 18,000 rpm for 18 hrs. Primer extension was carried out using the 32P-end
labeled oligonucleotide primer Tth 16S-Z2 (5’- AAAGAGGTGATCCAG -3’) complementary
to positions 1542 to 1527 of T. thermophilus 16S rRNA. Extension was performed using AMV
reverse transcriptase (Promega). Extension products were resolved on 13 % acrylamide 8 M
urea gels. 150 pmol of 30S subunits were methylated with 6 pmol of KsgA using 2 pl of [3H]-
S-adenosyl-L-methionine (2 mM; 100 cpm/pmol) at 70 °C in 150 pl of a buffer containing 20
mM HEPES-KOH pH 7.6, 200 mM NH4CI and MgCl, (1 mM - 10 mM). At each time point
(0, 2, 10, 30 and 60 minutes) 20 pul aliquots were removed and the reactions were terminated
by addition of 10% trichloroacetic acid. Samples were filtered through fiberglass filters
(Whatman) and washed three times with 1ml of 5% trichloroacetic acid. The filters were dried
and counted in a Beckman scintillation counter.

Protein expression and purification

The full-length ksgA gene (Genbank NC_006461) from T. thermophilus HB8 was cloned into
the expression vector pET26b (Novagen) and over-expressed in E. coli strain BL21Star
(Invitrogen). Bacterial cells were grown to mid-log phase in LB medium at 37 °C in the
presence of 35 ug/ml kanamycin. Protein expression was induced at 20 °C with 400 uM IPTG.
Cellswere pelleted after 18 hours by centrifugation at 4000 rpm for 20 minutes at 4 °C. Bacterial
cells were lysed by ultrasonification on ice in a buffer containing 20 mM Tris-HCI (pH 6.8),
5 mM B-mercaptoethanol, 0.1% Triton-X 100 and 5% glycerol. Cell debris and membranes
were pelleted by centrifugation at 15000 rpm for 30 minutes at 4 °C. The lysate was heat treated
at 65 °C for 30 minutes and precipitated E. coli proteins were removed by centrifugation at
15000 rpm at 4 °C for 30 minutes. The soluble native T. thermophilus KsgA was further purified
by cation exchange chromatography (SP) (GE healthcare) at pH 6.8, using a linear gradient of
10 mM to 1 M NaCl concentration. KsgA fractions were concentrated and applied to a size-
exclusion S200 column equilibrated with buffer containing 20 mM Tris-HCI (pH 6.8) and 200
mM NacCl. The purified KsgA was buffer exchanged in 20 mM Tris-HCI (pH 8.0) and
concentrated to 14 mg/ml for crystallization trials. For the production of selenomethionyl
proteins, the expression construct was transformed into B834 (DE3) cells (Novagen). Cells
were grown in defined LeMaster medium#2, and the protein was purified using the same
protocol as for the native protein. To form the KsgA-adenosine complex, purified KsgA was
mixed with 4 mM adenosine and 4 mM AdoMet chloride (Sigma), incubated at 50 °C for 10
minutes, and slowly cooled to room temperature. For the formation of KsgA-5’-
methylthioadenosine complex, purified KsgA was incubated with 4 mM AdoMet chloride at
50 °C for 10 minutes and slowly cooled to room temperature. Incubation at 50 °C was the only
experimental approach to obtain complex crystals. Co-crystallization with AdoMet, S-
adenosyl-homocysteine, or sinefungin at 4 °C without prior incubation at 50 °C or soaking of
KsgA crystals from different crystallization conditions was not successful.

Crystallization

All crystals were obtained using the microbatch technique under oil at 4 °C. To obtain the
KsgAl crystal form, 1 pl of protein solution was mixed with a reservoir solution containing
200 mM di-ammonium hydrogen phosphate and 20% w/v polyethylene glycole 3350. Crystals
grew over the course of 3 - 6 weeks with maximum dimensions of 600 x 600 x 600 um. To
obtain the KsgA2 crystal form, 1 pl of protein solution was mixed with a reservoir solution
containing 50 mM magnesium chloride hexahydrate, 100 mM HEPES (pH 7.5) and 30% v/v
polyethylene glycol monomethyl ether 550. Initial crystals grew over the course of 3 - 6 weeks
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with maximum dimensions of 500 x 500 x 500 um. To obtain the KsgA3 crystal form, 1 pl of
protein solution was mixed with a reservoir solution containing 160 mM magnesium chloride
hexahydrate, 80 mM TRIS (pH 8.5), 24% w/v polyethylene glycol 4000 and 20% v/v anhydrous
glycerol. Crystals grew over the course of 3-6 weeks with maximum dimensions of 300 x 300
% 300 um. To obtain the KsgA4 crystal form, 1 ul protein solution was mixed with a reservoir
solution containing 17% w/v polyethylene glycol 4000, 85 mM HEPES-NaOH (pH 8.5), 8.5%
v/v isopropanol and 15% v/v anhydrous glycerol. Crystals grew over the course of 3 - 4 days
with maximum dimensions of 300 x 300 x 200 um. To obtain the KsgA5 crystal form, 1 pl of
protein solution was mixed with reservoir solution containing 20% v/v polyethylene glycol
300, 100 mM TRIS-HCI (pH 8.5), 5% wi/v polyethylene glycol 8000, 10% v/v anhydrous
glycerol. Crystals grew over the course of 3-6 weeks with maximum dimensions of 400 x 400
% 300 pm. Crystals of KsgAl were cryo-protected by rapid soaking in mother liquor
supplemented with 30% v/v glycerol before freezing. Crystals of KsgA2 were cryo-protected
by rapid soaking in a solution containing mother liquor supplemented with the addition of 30%
w/v ethylene glycol before freezing. KsgA3, KsgA4 and KsgAb crystals were flash-frozen by
plunging into liquid nitrogen directly from their mother liquor.

Data collection

X-ray diffraction data for KsgAl, KsgA2, KsgA3, KsgA4 and KsgAb5 crystals were collected
on a MAR CCD detector at the X4C beamline of the National Synchrotron Light Source in
Brookhaven. For the initial structure determination, a selenomethionyl single wavelength
anomalous dispersion data set (KsgA1) to 1.51 A resolution was collected at a wavelength of
0.979 A at -180 °C. The crystals belong to the space group P2,2;2, with cell dimensions of a
=137.0A,b=53.7 A, and c = 69.4 A. The diffraction images were processed and scaled with
the HKL2000 package 43, Diffraction data to 1.53 A for KsgA2 were collected in space group
P2,212; with cell dimensions a=53.2 A, b =61.3 Aand ¢ =82.7 A. Diffraction data for KsgA3
in space group P432,2 were collected to 1.95 A resolution with cell dimensions a = 85.1 A,
b=85.1Aandc=215.9 A. Diffraction data to 1.56 A for KsgA4 were collected in space group
P2,2121 with cell dimensions a =53.4 A, b =61.0 A and ¢ = 82.5 A. Diffraction data to 1.68
A for KsgA5 were collected in space group P21212; with cell dimensionsa=79.9 A, b= 186.4
Aand c =56.1 A. A single crystal was used for each data set. The data processing statistics
are summarized in Table 1.

Structure determination and refinement

The locations of two selenlum atoms (out of four expected selenium atoms) were determined
with the program Solve™*4 based on the anomalous differences in the single wavelength
anomalous KsgA1l data set. Reflectlon phases to 1.51 A were calculated with Solve. An initial
model was built with Resolve®> and ARPAWARP#6 was used for subsequent model building.
The KsgA2, KsgA3 and KsgAb structures were solved by molecular replacement with the
programs Phaser4/ and Como"’8 respectively. The atomic coordinates from the KsgA2 model
were then used as initial models for refinement against KsgA4. All models were checked and
completed with Coot49, Crystallographlc refinement was performed with the program
Refmac50 from the CCP4 package . The stereochemical quality of the models was assessed
with Procheck®2. The Ramachandran statistics (most favored / additionally allowed /
generously allowed / disallowed) are 94.1/5.9/0.0/0.0% for KsgAl, 95.5/4.5/0.0/0.0% for
KsgA2, 92.3/7.5/0.2/0.0% for KsgA3, 95.9/4.1/0.0/0.0% for KsgA4 and 95.7/4.3/0.0/0.0% for
KsgAb5. The refinement statistics are summarized in Table 1. Figures were generated using
Pymol (httg :/lpymol.org and JalView°3 Sequence alignments were generated with
Clustalw224, MultiProt>® and Staccato56
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Accession codes

Atomic coordinates and structure factors have been deposited in the Protein Data Bank with
accession codes 3FUT, 3FUU, 3FUV, 3FUW, 3FUX for data sets KgsAl - 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure-based sequence alignment

Alignment of KsgA from T. thermophilus with KsgA from E. coli (°PDB code 1QYR).
Secondary structure elements of T. thermophilus KsgA are indicated on top. The color scheme
for secondary structure elements is as in Fig. 3b. Residues in the cofactor-binding site are
indicated with green boxes, and the methyltransferase signature motif IV is indicated with a
red box.
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Figure 2. Identification of the T. thermophilus KsgA ortholog

A, Secondary structure diagram of helix 45 in 16S rRNA. The annealing position of the
oligonucleotide used for primer extension analysis is indicated. B, Primer extension analysis
of Tth HB8 wt (wild type) and Tth HB8 AksgA::htk 16S rRNA. A, U, C and G are sequencing
lanes made using AksgA::htk 16S rRNA as template for reverse transcription reaction. Lane 1,
wt 16S rRNA,; lane 2, AksgA::htk 16S rRNA,; lane 3, AksgA::htk 16S rRNA after in vitro
methylation of the 30S subunit at 10mM MgCly; lane 4, AksgA::htk 16S rRNA after in vitro
methylation of the 30S subunit at 1mM MgCl,. C, 3H-AdoMet in vitro methylation assay of
Tth HB8 wt and Tth HB8 AksgA::htk 30S subunits. Methylation of wt 30S subunits at 10mM
MgCl,(-e=) and 1mM MgCl,(-8-); methylation of Tth HB8 AksgA::htk 30S subunits at 10mM
MgCly(-4) and ImM MgCly(-¥).
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Figure 3. Overall structure of KsgA

A, Schematic representation of helix 45 in 16S rRNA. The substrate bases A1518 and A1519
are colored in dark blue. Coordinated magnesium ions are shown as orange spheres. B,
Schematic representation of the overall structure of KsgA. Secondary structure elements are
colored in orange and yellow in the catalytic domain and in salmon in the substrate recognition
domain. The bound 5’-methylthioadenosine molecule is shown as blue sticks. C, Cofactor-
binding site in KsgA. 5’-methylthioadenosine is shown in purple sticks. Hydrogen bonds
formed with the bound 5’-methylthioadenosine molecule are indicated. D, Final ca-weighted
2 Fo - F¢ electron density map of the cofactor-binding site contoured at the 1 o level.
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Figure 4. Conformational flexibility of KsgA

A, Comparison of conformational changes observed in data sets KsgAl (chain A in teal) and
KsgA4 (yellow). The position of major differences is indicated with black arrows. B, stereo
diagram showing the different conformations observed for the cofactor-binding site of the apo-
enzyme (KsgAl, cyan) and the 5’-methylthioadenosine-bound structure in KsgA4 (yellow).
C, Comparison of four different conformations of the 11’NLPYH21 loop in the active site
region observed in data sets KsgA1 chain A (teal), KsgA2 (yellow), and KsgA3 chain A
(orange) and chain C (grey).
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Figure 5. Comparison with other methyltransferases

A, Differences between the overall structures of KsgA from T. thermophilus (yellow) and E.
coli (cyan). Adenosine is shown with blue sticks. B, Structural differences between KsgA
(yellow) and ErmC’ (blue). C, Comparison of the overall structure of KsgA with the DNA-
bound complex structure of M.Taql (PDB code 1G38). M.Tagql is colored in light green, DNA
is colored in salmon. D, Comparison of the active site of KsgA with M.Tagl. KsgA is colored
as before, the AdoMet analog bound in M.Tagl is shown in light green sticks, and the substrate
adenosine is shown in salmon sticks.
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