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ABSTRACT: KsgA is an rRNA methyltransferase important to the process of small subunit biogenesis in
bacteria. It is ubiquitously found in all life including archaea and eukarya, where the enzyme is referred to as
Dim1. Despite the emergence of considerable data addressing KsgA function over the last several years,
details pertaining to RNA recognition are limited, in part because the most accessible substrate for in vitro
studies of KsgA is the 900000 Da 30S ribosomal subunit. To overcome challenges imposed by size and
complexity, we adapted recently reported techniques to construct in vivo assembled mutant 30S subunits
suitable for use in in vitromethyltransferase assays. Using this approach, numerous 16S rRNAmutants were
constructed and tested. Our observations indicate that the 790 loop of helix 24 plays an important role in
overall catalysis by KsgA.Moreover, the length of helix 45 also is important to catalysis. In both cases loss of
catalytic function occurred without an increase in the production of N6-methyladenosine, a likely indication
that there was no critical reduction in binding strength. Both sets of observations support a “proximity”
mechanism of KsgA function. We also report that several of the mutants constructed failed to assemble
properly into 30S subunits, while some others did so with reduced efficiency. Therefore, the same technique of
generating mutant 30S subunits can be used to study ribosome biogenesis on the whole.

Ribosomes are ubiquitously present in all life, and despite
some phylogenetic differences, all ribosomes share common
architecture, structure, and function that are easily recognizable.
On the other hand, ribosome biogenesis, the cellular process of
making ribosomes, is highly divergent across domains (compare
recent reviews, for example, refs 1 and 2). In all cases, numerous
trans-acting ribosome biogenesis factors (RBFs)1 are required to
carry out diverse pre-rRNA processing, nucleotide modifica-
tions, and chaperone functions. The sole notable RBF common
to all life is a dimethyltransferase termed KsgA in bacteria and
Dim1 in eukaryotic and archaeal organisms. The enzyme was
first described in Escherichia coli, where it catalyzes the conver-
sion of two adjacent adenosines A1518 and A1519, also con-
served, in the 30S subunit rRNA to N6,N6-dimethyladenosines
(m6

2A) (3, 4). The methyltransferase has since been described in
eubacteria (5), archaebacteria (6), eukaryotes (7, 8), and in
cellular organelles (9, 10).

Connolly et al. recently reported that KsgA functions as a late
stage RBF and that the methylation triggers release of KsgA
from the assembling subunit, allowing it to finally mature and
enter the translation cycle (11). Therefore, it appears that KsgA
acts as a gatekeeper to prevent immature 30S subunits from
erroneously entering the translation cycle. Because of its critical

role in ribosome biogenesis, it is important to understand the
biochemical and structural properties of the KsgA/Dim1 family
of enzymes.

A proposed binding location of KsgA was determined by site-
directed hydroxyl radical probing (12). Accordingly, KsgA
primarily binds to a region of helix 44 and the 790 loop of 16S
rRNAwith little apparent direct interactionwith the stemof helix
45; the location of the dimethylated adenosines resides in the loop
of this helix. These observations have prompted the idea
that KsgA relies upon a “proximity” model to recognize and
dimethylate A1518 andA1519 (13). In thismodel, KsgA remains
anchored to helix 44/790 loop until a certain assembly threshold
event occurs, at which time the target adenosines of helix 45 are
brought into close proximity to the active site of KsgA. An
alternative binding model was recently proposed, which suggests
that KsgA binds directly to helix 45 (14).

We examined the 16S rRNA sites implicated by each model
using site-directed mutagenesis and in vivo assembly of mutant
30S subunits (Figure 1). Although these mutations were designed
primarily to test the “proximity” model for KsgA action, the
results are discussed in the context of both proposed models (see
Discussion). Since members of the KsgA/Dim1 family show
considerable structural and functional similarities, it is expected
that observations made for KsgA’s mechanism of dimethylation
can be extended to other KsgA/Dim1 members as well.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids. The bacterial strains used
in this study were E. coli MRE600, DH5R (Invitrogen), and
BL21-DE3 (Invitrogen).
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BL21-DE3 cells were transformed with pET15b-KsgA plas-
mid for the overexpression of His-tagged KsgA protein (15). The
plasmid pGST-MS2 (gift from Prof. Rachel Green, Johns
HopkinsUniversity) which expresses theGST-MS2 fusion protein
in large quantities was also introduced into BL21-DE3 cells.
Growth and induction were carried out according to Youngman
and Green (16).

Plasmids pSpurMS2 (AmpR) and pcI857 (KanR) were also a
generous gift from Prof. Green. pSpurMS2 had been constructed
by inserting a tag that allows specific binding to the coat protein
of the MS2 bacteriophage in the E. coli rrnB operon of plasmid
pLK35 (16). pSpurMS2 carries the rrnB operon under the control
of the lambda operator/promoter, thus allowing inducible ex-
pression of tagged ribosomes (16, 17). Mutations A1418C,
A1483C, 790-loop-, G791A, G791C, G791U, add2bp (adding

two G-C base pairs in helix 45), del2bp (deleting two G-C base
pairs in helix 45), and Hel45- were introduced in the 16S rRNA
of pSpurMS2 by site-directed mutagenesis (QuikChange XL,
Stratagene, and Phusion, Finnzymes). DH5R cells were first
transformed with pcI857, which contains the temperature-
sensitive cI857 allele of the λ repressor gene. The λ cI857

repressor completely represses transcription from rrnB of
pSpurMS2 at 30 �C but is inactivated at 42 �C allowing
transcription from rrnB (18).

To obtain 30S subunits unmethylated at A1518 and A1519 for
KsgA methylation assays, a standard procedure of selecting
strains resistant to the antibiotic kasugamycin (>600 μg/mL)
was followed (6). One such resistant DH5R strain (DH5RR þ
pcI857) was then transformed with nonmutant or mutant
pSpurMS2 to obtain tagged, unmethylated 30S subunits that

FIGURE 1: Annotated 16S rRNAsecondary structure fromE. coli. Boxed regions are segments predicted to interact withKsgA in the context of a
fully assembled 30S subunit. The figure of 16S rRNA is adapted from the work of Gutell (35).
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respectively are mutation-free (30STag,UM) or bear one of the
above-mentioned mutations (30STag,UM[mutation]).
Purification of His-Tagged KsgA. KsgA was affinity

purified on a HiTrap chelating column (Amersham Pharmacia)
as previously described (6). Purity was assessed by SDS-PAGE.
Purified protein was dialyzed into storage buffer containing 50
mM Tris (pH 7.4), 400 mM NH4Cl, 6 mM BME, and 10%
glycerol. Concentration was estimated using the Bradford meth-
od. KsgA was then aliquoted and stored at 4 �C.
Purification of GST-MS2 Fusion Protein. GST-MS2

fusion protein was purified as previously described (16). Briefly,
clarified lysate from 2 L of induced cell culture was mixed with
10 mL of glutathione-Sepharose resin (Amersham Biosciences)
preequilibrated in PBS buffer (140 mM NaCl, 2.7 mM KCl,
10.2 mM Na2HPO4, and 1.8 mM KH2PO4) and stirred at room
temperature for 30 min. The mixture was then loaded onto a
gravity flow column, and the settled columnwas washedwith 100
mL of PBS buffer. GST-MS2 protein was eluted with 40 mL of
elution buffer [50 mM Tris-HCl (pH 8.0), 10 mM reduced
glutathione], dialyzed against three 1 L changes of storage buffer
(1� PBS, 20% glycerol), and stored in aliquots at -80 �C.
Purification of Submethylated 30S Ribosomal Subunits.

Untagged,A1518-A1519unmethylated 30S subunits (30SUnTag,UM)
were purified from kasugamycin-resistant E. coli MRE600 strain
via ultracentrifugation across a sucrose gradient using standard
techniques (19).

In order to obtain pure, in vivo derived 30S ribosomal subunits
for our assays, we used the MS2 affinity purification system
developed by Youngman andGreen (16). Briefly, a single colony
of kasugamycin-resistant DH5R cells transformed with the
plasmids pcI857 and either nonmutant or mutant pSpurMS2
was used to inoculate 10mLof LBmedia withAmp (100 μg/mL),
Kan (100 μg/mL), andKsg (400 μg/mL) and grown to saturation

at 30 �C. To obtain natively methylated tagged 30S subunits for
the negative control, wild-type (kasugamycin sensitive) DH5R
cells carrying pcI857 and nonmutant pSpurMS2 were inoculated
in media lacking kasugamycin. These cultures were then diluted
100-fold into LB media containing Amp (100 μg/mL), and
expression of tagged ribosomes was induced by incubation at
42 �C with vigorous shaking until an OD600 of 0.6-0.7 was
reached. Total crude ribosomes were obtained by pelleting
clarified cell lysate through a sucrose cushion. To isolate tagged
30S subunits from the crude ribosomal mixture, a 5 mL GSTrap
FF FPLC column (Amersham Biosciences) was used. Per 70 mg
of crude ribosomes, 3 mg of GST-MS2 was loaded onto the
column and washed with 10 mL of binding buffer [20 mM Tris-
HCl (pH 7.5), 100 mM NH4Cl, 0.3 mM MgCl2, 6 mM BME].
Crude ribosomes were then applied to the column and washed
with 40 mL of binding buffer. Due to the low concentration of
Mg2þ (0.3 mM) in the binding buffer, 70S ribosomes separate
into constituent subunits (19), allowing selective retention of
tagged 30S subunits on the column. These tagged 30S subunits
were eluted using 20 mL of elution buffer [50 mM Tris-HCl (pH
7.5), 100 mM NH4Cl, 0.3 mM MgCl2, 10 mM reduced glu-
tathione, 6 mM BME] and dialyzed against buffer K [40 mM
Tris-HCl (pH 7.4), 40 mMNH4Cl, 4 mMMgOAc, 6 mMBME].
The subunits were then concentrated to at least 1 nmol/mL
(1 A260 = 67 pmol) using Amicon Ultra centrifugal filters
(Millipore, MWCO 100000) and stored at -80 �C in aliquots.
Alternatively, to assess their structural integrity, eluted 30S
subunits were dialyzed into a low magnesium buffer [50 mM
Tris-HCl (pH 7.5), 150 mM NH4Cl, 0.3 mM MgCl2, and 6 mM
BME] and loaded on 10-30% sucrose density gradients pre-
pared in the same buffer. For some mutants, the fractions
containing 30S subunits or precursor particles were pooled,

FIGURE 2: Sucrose density gradient profiles and in vitro time course KsgA methylation assay of 30S subunit substrates. (A) Sucrose gradient
profile of 30S subunits isolated fromMRE600E. coli strainmadekasugamycin-resistant (30SUnTag,UM). (B) Sucrose gradient analysis todetermine
the structural integrity of 30S subunits isolated fromkasugamycin-resistantDH5R strain expressingMS2-tagged 16S rRNA(30STag,UM). (C) The three
curves are time courses of KsgA transferring tritiated methyl groups from S-adenosyl-L-methionine to three types of 30S subunits. Blue diamonds:
30SUnTag,UM.Red squares: 30STag,UM.Green triangles: Same as red squares but froma strain sensitive to kasugamycin, therefore nativelymethylated at
A1518 and A1519 (30STag).
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dialyzed against buffer K, and stored at -80 �C to be used later
for in vitro methylation assays.
In Vitro Methylation Assay of KsgA. The in vitro assays

were carried out according to O’Farrell et al. (6). Reactions
contained 200 nM ribosomal subunits (10 pmol/50 μL reaction),
200 nM KsgA (10 pmol/50 μL reaction), 0.02 mM 3H-methyl-
SAM (780 cpm/pmol; PerkinElmer), and reaction buffer K [40
mMTris (pH 7.4), 40 mMNH4Cl, 4 mMMgOAc, 6 mMBME].
Total reaction volume and components were adjusted based on
the number of time points intended. Volume for each time point
was typically 50 μL. Buffer and subunits were preheated to 37 �C
for 5 min to avoid any lag in reaction onset. Reactants were
mixed, and the reaction was initiated by addition of SAM. At
each designated time point, 50 μL of reaction mixture was
withdrawn and quenched by adding to a prechilled tube contain-
ing 10 μL of 100 mMunlabeled SAM (Sigma-Aldrich). After the
last time point, the quenched reactionswere deposited ontoDE81
filter papers (Whatman), washed twice with ice-cold 5% TCA,
and rinsed briefly with ethanol. Filters were air-dried for 1 h,
placed into scintillation fluid, and counted in a Packard 1500 Tri-
Carb liquid scintillation analyzer. Alternatively, at each desig-
nated time point, 50 μL of reaction mixture was withdrawn and
added to prechilled phenol/chloroform/isoamyl alcohol mixture

to begin extraction of 16S rRNA for HPLC nucleoside analysis
(see below).
HPLCAnalysis. Labeled 16S rRNAwas extracted from 30S

subunits, digested to individual nucleosides, and separated on an
HPLC system as previously described (6). Each sample was
spiked with nonlabeled N6-methyladenosine and N6,N6-dimethyl-
adenosine nucleoside standards (Sigma-Aldrich) for ease of identi-
fication in the UV chromatogram. Prior to subjecting the samples
to HPLC analysis, the concentration of total nucleosides in each
was determined by UV spectroscopy. For each sample, 80 μL of
nucleoside mixture was applied onto the column.

RESULTS

Youngman and Green developed a method of preparing a
subset of cellular ribosomal subunits in E. coli that can contain
site mutations, deletions, and insertions in the rRNA (16). The
design of these engineered particles features a tag RNA sequence
inserted into the rRNA, which is located at the “spur” (helix 6) of
16S rRNA. The presence of the tag can be recognized by a fusion
protein composed of theMS2 coat protein andGST (glutathione
S-transferase), thus allowing tagged subunits to be purified from
a mixture of all cellular ribosomal subunits. Using reagents and

FIGURE 3: Disruptionof sheared basepairings in helix 44andKsgAactivity. (A)TheA1418CandA1483Cmutations in helix 44were constructed
and tested for substrate activity. (B) and (C), respectively, represent the sucrose gradient profiles of A1418C and A1483C mutants. (D) Time
course activity assays for KsgA catalyzed transfer of methyl groups to 30STag,UM subunits (red) and the mutant subunits, 30STag,UM[A1418C]
(green) and 30STag,UM[A1483C] (blue).
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protocols from the laboratory of Rachel Green, we replicated the
production of tagged 30S subunits (16). However, to use 30S
particles with KsgA in in vitro methylation assays, we needed to
produce similarly tagged 30S subunits from an E. coli strain
lacking active KsgA. To remain as close as possible to the
published protocol, we did this by selecting the parent strain
resistant to the antibiotic kasugamycin. Using this modified
strain, we produced tagged 30S subunits lacking methylation at
A1518 and A1519 (30STag,UM). Sucrose density gradient analysis
reveals that small ribosomal subunits produced in this manner
retain overall structural integrity despite migrating as heavier
species, as reported by Youngman and Green (16), than their
untagged counterparts (30SUnTag,UM) purified from kasugamycin-
resistant MRE600 strain (Figure 2A,B). Further, 30STag,UM

subunits show comparable methylation to the untagged control in
in vitro KsgA activity assay (Figure 2C). Therefore, tagged 30S
subunits isolated from this kasugamycin-resistant strain provide a
robust system to test the role of specific 16S rRNA nucleotides in
KsgAmethylation.Themost obvious shortcomingof thismethod is
that on the basis of sucrose gradient analysis it appears that some
mutants are incapable of forming stable 30S subunits. Therefore,
some desiredmutants could not be successfully prepared and tested.
On the other hand, we have identified new 16S rRNA residues
critical to 30S assembly.
Creation and Testing of Helix 44 Mutants. The proposed

mechanism of KsgA action according to the proximity model
posits that KsgA binds principally to helix 44 and helix 24 of 16S
rRNA (12) and remains anchored there until A1518 and A1519

are brought into close proximity to the active site of KsgA during
the course of 30S assembly and maturation.

The abovemodel predicts that KsgA interacts extensively with
nucleotides 1406-1420 and 1482-1497 (E. coli numbering) of
helix 44 near the decoding region (12). Moreover, most of these
RNA/protein interactions are predicted to involve the backbone
of the rRNA and not the nucleobases themselves. Therefore, to
disrupt a local region of RNA backbone conformation predicted
to interact with a positively charged patch of residues (R221,
R222, K223, and R248) on the C-terminal domain of KsgA, we
mutated the tandem, sheared G/A base pairs formed by G1417:
A1483 and A1418:G1482 (Figure 3A). We generated tagged 30S
particles containing the single mutations A1418C (30STag,UM-
[A1418C]) and A1483C (30S

Tag,UM

[A1483C]), in which the corre-
sponding sheared G/A pairing was replaced by a G-C base pair.
In doing so, the backbone is expected to be significantly altered as
the remaining sheared pairing has a high propensity to adopt a
Watson-Crick edge from being a single G/A pairing flanked by
Watson-Crick base pairs (20). Structural integrity and assembly
completeness of the particles were assessed by ultracentrifugation
through a sucrose gradient (Figure 3B,C). Results of this analysis
indicated that full 30S particles, as well as pre-30S particles, are
produced. In vitro time courseKsgA activity assays indicated that
themutant 30S subunits served as substrates forKsgA, exhibiting
only slightly less activity compared to 30STag,UM subunits
(Figure 3D).

There are several possibilities for the reduced methylation of
the A1418C and A1483C mutants by KsgA. First, total affinity

FIGURE 4: HPLC nucleotide analysis of KsgAmethylated substrates mutated at A1418 and A1483. (A), (C), and (E), respectively, represent the
traces of 30STag,UM, 30STag,UM[A1418C], and 30STag,UM[A1483C] reactions at the 2min timepoint. (B), (D), and (F) represent products involving
the same substrates but at the end of 2 h. The top trace in each panel is measured absorbance at 254 nm of a collection of nucleoside standards
including m6A and m6

2A, while the bottom trace in each panel is measured 3H levels.
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purified material was used, which included the small fraction of
pre-30S particles that might not serve as a substrate. Thus, the
overall amount of suitable substrate present might have been
lower. Second, KsgA might have reduced affinity for the mutant
30S subunits, thereby reducing catalytic rate. Third, substrate
binding might be unaffected, but catalytic efficiency might be
reduced. To gain further insight, we relied on the observation that
reducedKsgA affinity for substrate can generate larger quantities
of monomethyladenosine (H. C. O’Farrell, G. M. Culver, and
J. P. Rife, unpublished data). Therefore, we monitored the ratios
of monomethyladenosine vs dimethyladenosine at various time
points during the reaction (Figure 4). As can be seen, vanishingly
small amounts of monomethyladenosine are produced at early
and late time points. While KsgAmight have reduced affinity for
the 30S mutant subunits, the threshold of disrupting KsgA’s
processive nature was not achieved. Therefore, the reduced
activity likely comes from reduced amounts of active substrate
or overall reduced catalytic efficiency.

Helix 24 Mutations. A second prediction made by the Xu
et al. binding model is that significant interactions occur between
KsgA and loop nucleotides of helix 24, also known as the “790-
loop” (12). Detailed understanding of loop 790/KsgA interac-
tions are lacking because in themodel byXu et al. this loop region
clashes with KsgA. Incompatibility in this region is likely an
artifact arising from the fact that KsgA was docked onto a
crystal structure of the 30S subunit in its translationally
active conformation. Nevertheless, the prediction was made
that the 790 loopmakes direct interaction withKsgA (12, 21).
Two strategies were adopted to probe the importance of the
790 loop to KsgA catalysis, the first being a large-scale
change and the second a series of point mutations involving
G791 (Figure 5A). G791 is predicted to make direct interac-
tions with the target adenosine pocket of KsgA (12). Further,
G791 was previously mutated by others to the three remain-
ing nucleotides and shown to be at least partially active in
translation (22).

FIGURE 5: Effects of helix 24 loop mutations on 30S assembly efficiency and methylation by KsgA. (A) The loop nucleotides (787-795) were
replaced with GAAA, a member of the GNRA tetraloop family. G791 was mutated to each of A, C, and U. (B) and (C), respectively, show the
sucrose gradient analysis for the 790-loop-mutant and the G791Umutant, which is representative of all three single G791mutations. For G791
mutants, material corresponding to the 30S peak (peak 4 inG791U profile) was used for KsgA time course activity assays, while sucrose gradient
fractions of earlier peaks (peaks 1, 2, and 3)were used in a 2 h end pointmethylation assay. Fractions pooled for each peak are indicated by arrows
matching in color to the peak number. (D) Time course activity assays for 30STag,UM subunits (red) and the three mutant subunits, 30STag,
UM[G791A] (green), 30STag,UM[G791C] (blue), and 30STag,UM[G791U] (purple). (E) 2 h end pointmethylation assay of sucrose gradient fractions
of 30STag,UM (red), 30STag,UM[G791A] (green), 30STag,UM[G791C] (blue), and 30STag,UM[G791U] (purple).
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The 790-loop construct wherein the entire 790 loop
(nucleotides 785-797) was replaced with the GNRA tetraloop
GAAA yielded no fully formed 30S subunits (Figure 5B),
indicating that this loop is critical to the 30S ribosomal biogenesis
and assembly pathways. However, we were able to produce 30S
particles containing the G791A (30STag,UM[G791A]), G791C
(30STag,UM[G791C]), and G791U (30STag,UM[G791U]) muta-
tions (Figure 5C). In each case, several precursor 30S particles
were observed in addition to 30S subunits. To better understand
the suitability of the precursor particles and fully assembled 30S
subunits as substrates, individual peaks isolated from the sucrose
gradient were tested for their ability to support KsgA activity.
Precursor peaks 1-3 for all three mutants did not support
methylation, while the fourth peak, corresponding to the fully
assembled 30S subunit, was clearly a substrate for KsgA
(Figure 5D,E). For all threemutants, overall activity was reduced
by about 50-60%. Again, to understand the nature of this
reduced activity, we determined the amount ofmonomethyladen-
osine generated at the 2 h end point, and as with the helix 44
mutations, no significant amount of monomethyladenosine was
produced (Figure 6). Therefore, reduction in catalytic activity is
likely the result of reduced catalytic efficiency and not a
significant reduction in substrate binding. According to the Xu
et al.model, the 790 loop is poised to interact with structuremotif

VIII which forms part of the target adenosine binding site, which
may explain whymutation of G791 leads to reducedmethylation
by KsgA (12, 23).
Helix 45 Mutations. The third group of mutations was

located within helix 45, the terminal loop of which contains the
target adenosines A1518 and A1519. The stem of helix 45 is
composed of nine base pairings, where eight are Watson-Crick
base pairs and one is an internal G 3U wobble pairing. The
terminal loop itself contains the sequence GGAA, where the two
adenosines are dimethylated by KsgA and the leading guanosine
is methylated by an unknown methyltransferase.

Several mutations were constructed and tested, including the
radical deletion of helix 45 to test the ability of KsgA to bind
mutant 30S subunits that lacked helix 45 altogether. Unfortu-
nately, removal of helix 45 prevents detectable 30S particle
assembly. Two mutants were created to test the importance
of helix 45 length on KsgA activity. The “add2bp” construct
(30STag,UM[add2bp]) contained two additional G-C base pairs
between the base pairs C1510:G1525 and G1511:C1524
(Figure 7A). We also constructed a “del2bp” mutation to test
the consequences of shortening helix 45 by removing the C1509:
G1526 and C1510:G1525 base pairs of helix 45. Shortening helix
45 by two base pairs resulted in no detectable 30S particles being
formed, while lengthening the same helix by two base pairs
allowed for the formation of 30S subunits (Figure 7B). Therefore,
helix 45 appears to be important to the formation of the full 30S
subunit. In case of add2bp, particles corresponding to full size
30S subunits showed very small amounts of KsgA methylation
(Figure 7C), revealed primarily to be the dimethylated product by
nucleoside analysis (Figure 7D). From these data, it appears that
KsgA function is dependent on the length of helix 45, which is
consistent with the proximity model.

DISCUSSION

Many rRNA modification enzymes require very complex
substrates, which makes structure/function studies at the level
of RNA sequence difficult. For example, in vitro reconstitutions
suggest that the smallest substrate identified to date for KsgA is
all of 16S rRNA and eight ribosomal proteins (24). In vivo,
methylation by KsgA appears to require something like the size
and complexity of the 30S subunit and therefore approximately
0.9 million Da (25). To study the effect of rRNA mutations on
KsgA activity, we chose to use a tagged ribosome system
developed by Youngman and Green (16) to circumvent short-
comings associated with other methods of creating and testing
rRNAmutations. Other systems suffer from either the lack of cell
viability when critical residues are altered (26) or low reconstitu-
tion yields when in vitro transcribed rRNA is used (27). We have
successfully used a tagged ribosomemethod to createmutant 30S
subunit substrates by using a strain lacking activeKsgA. In doing
so we confirmed that KsgA is sensitive to the composition of the
loop of helix 24.

When considering only 16S rRNAmethyltransferases from E.
coli, it is anticipated that all but one enzyme will require their
substrates to have present at least multiple ribosomal proteins in
the pre-30S complex or 30S subunit. It is important to note that
this method is only suitable for enzymes that require nearly fully
formed or fully formed 30S subunits. Fortunately, at least 8 of 10
16S rRNA methyltransferases in E. coli can utilize fully formed
30S subunits (28-34). Therefore, generating substrates with

FIGURE 6: HPLCnucleoside analysis ofKsgAmethylated substrates
mutated in the loop of helix 24. (A), (B), and (C), respectively, are
chromatograms involving nucleosides derived from 30STag,UM-
[G791A], 30S

Tag,UM

[G791C], and 30STag,UM[G791U] substrates of
the 2 h end point reaction. The top trace in each panel is themeasured
absorbance at 254 nm of a collection of nucleoside standards includ-
ing m6A and m6

2A, while the bottom trace in each panel is measured
3H levels.
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rRNA mutations can be readily accomplished for the study of
many other rRNA methyltransfersases.

The most significant shortcoming of this strategy is that some
mutations, including several documented here, lead to aborted
ribosome biogenesis. An unanticipated outcome of this work is
the identification of previously unreported residues of 16S rRNA
critical to the assembly of 30S subunits. Therefore, this method is
clearly well suited to the study of mutational effects on ribosomal
assembly.
KsgA Binding and the Proximity Model. Any satisfactory

model of KsgA activity needs to explain howKsgA can sense the
overall 30S conformation, as well as provide insight into how

two adjacent adenosines can gain access into the active site pocket
of KsgA in a processive manner. This binding mode, and the
understanding that KsgA can sense the degree of 30S assembly,
led us to propose a proximitymodel forKsgA (13). In thismodel,
KsgA binds pre-16S rRNA at some early to intermediate
time point in the ribosome biogenesis cascade and awaits a
late assembly threshold event. This assembly threshold is gov-
erned by the close approach of helix 45 and specifically
A1518 and A1519 to the active site of KsgA. Work presented
supports the involvement of the 790 loop in substrate recog-
nition and catalytic function and reinforces the importance of
the length of helix 45. On the other hand, mutations to two helix

FIGURE 7: Effects of lengthening helix 45 by two base pairs onmethylation byKsgA. (A)Amutant composed of the addition of two base pairs in
helix 45was constructed and tested for substrate activity. (B) Sucrose gradient analysis for the add2bpmutant.Material corresponding to the 30S
peak, indicated by arrows, was used for the activity assay. (C) KsgA time course activity assay of 30STag,UM (red) andmutant 30STag,UM[add2bp]
(green) subunits. (D) Nucleoside analysis of the 2 h end point reaction product. The top trace is measured absorbance at 254 nmof a collection of
nucleoside standards including m6A and m6

2A, while the bottom trace is measured 3H levels.



862 Biochemistry, Vol. 50, No. 5, 2011 Desai et al.

44 G/A pairings only marginally reduced over all methylation
activity, suggesting that this region is of less importance to KsgA
function or that the binding model of Xu et al. requires refine-
ment (12).

At about the time of completion of the experiments reported
here, there was only one experimentally derived binding model
forKsgA, one inwhichKsgAbinds principally to helix 44 and the
790 loop (12). A competing bindingmodel was recently published
by Tu et al. and is based on the crystal structure of KsgA bound
to an RNA homoduplex composed of an oligonucleotide en-
compassing helix 45 of 16S rRNA (14). Seriously confounding
these results is the fact that KsgA is binding to a structural
artifact that results from a dimerization reaction commonly
observed in the attempted crystallization of short RNA hairpins.
The high concentration of RNA typically found in crystallization
solutions sometimes favors the energetically accessible duplex
form, which was reported by Tu et al. For proteins that bind to
the helix region of a hairpin, a shift to a duplex in the crystal
lattice is not a problem because the binding site is preserved (28).
However, in the Tu et al. structure, KsgA binds principally to the
internal loop that is only present in the duplex form of the
RNA (14). The authors note that although their structure is not a
catalytically relevant assembly, it shows how KsgA can bind to
double-stranded RNA. The experiments described herein were
not specifically designed to address the question of whether or not
KsgA binds principally to helix 45. Thus, future work should
address this competing model directly.
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