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ABSTRACT

Emg1 was previously shown to be required for
maturation of the 18S rRNA and biogenesis of the
40S ribosomal subunit. Here we report the deter-
mination of the crystal structure of Emgiat 2A
resolution in complex with the methyl donor,
S-adenosyl-methionine (SAM). This structure identi-
fies Emg1 as a novel member of the alpha/beta
knot fold methyltransferase (SPOUT) superfamily.
In addition to the conserved SPOUT core, Emg1 has
two unique domains that form an extended surface,
which we predict to be involved in binding of RNA
substrates. A point mutation within a basic patch
on this surface almost completely abolished RNA
binding in vitro. Three point mutations designed
to disrupt the interaction of Emgi with SAM each
caused > 100-fold reduction in SAM binding in vitro.
Expression of only Emgil with these mutations
could support growth and apparently normal ribo-
some biogenesis in strains genetically depleted of
Emgi. We conclude that the catalytic activity of
Emg1 is not essential and that the presence of the
protein is both necessary and sufficient for ribosome
biogenesis.

INTRODUCTION

Ribosome biogenesis in the yeast Saccharomyces cerevisiae
is a highly complex process involving the coordinated
action of more than 200 cofactors, including non-
ribosomal proteins and small nucleolar RNPs
(snoRNPs) (1-4). The ribosome itself consists of 79
ribosomal proteins and four ribosomal RNAs (rRNAs),
of which 18S, 5.8S and 258 are processed in multiple steps

from a single precursor transcribed by RNA polymerase I
(Pol I), whereas the 5S rRNA is independently transcribed
by Pol III. Assembly of the ribosomal proteins onto the
rRNA is coordinated with the pathway of maturation of
the rRNAs, which involves multiple processing steps and
numerous covalent nucleotide modifications. Most
nucleotide modifications are the conversion of uridine to
pseudouridine, mediated by box H/ACA snoRNPs and
methylation of the 2’-OH of ribose, directed by box C/D
snoRNPs (5-7).

In addition to the modifications directed by snoRNPs, a
small number of base modifications are generated by
specific RNA methyltransferases (MTases). Diml is the
best-studied rRNA MTase in yeast and is required for
the dimethylation that forms a m$AmSA doublet at the
3-end of the 18S rRNA (8,9). Diml is essential for
viability and for 18S rRNA synthesis in yeast. However,
analyses of catalytically inactive mutants of Diml and
mutation of the target site in the rRNA showed that
dimethylation activity was not required for 18S rRNA
synthesis. Lack of the modification did, however, inhibit
40S subunit function in translation in vitro (9). The
requirement for Diml in 18S synthesis was suggested to
reflect the activity of a quality control mechanism that
verifies the presence of the MTase to ensure the synthesis
of fully functional ribosomes.

Emgl (also called Nepl) is a 28-kDa protein conserved
from Eukaryotes to Archaea, and is essential for cell
growth in yeast. Expression of EMGI shows the environ-
mental stress responsive pattern that is characteristic of
many ribosomal proteins (10) and Emg] is associated with
the SSU processome, a large complex required for the
production of mature 18S RNA and biogenesis of the 40S
subunit (11). Consistent with these observations, depletion
of Emgl inhibits pre-rRNA processing in the pathway
of 18S rRNA synthesis. Two-hybrid screening and
co-immunoprecipitation revealed that Emgl interacts
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with Nopl4, which is required for nuclear localization of
Emgl. The nucleolar localization of Nopl4 is dependent
on Noc4 and the Nopl4-Noc4 complex is also required
for biogenesis of the small ribosomal subunit (10,11).

Screens for suppressors of defects in EMGI have
identified mutations in several genes encoding ribosome
synthesis factors (12,13). In particular, suppression was
conferred by deletion of the gene encoding the box C/D
snoRNA snR57, which is responsible for methylation of
G570 in the 18S RNA (12). This suggested that either the
loss of methylation at Gys79 or the absence of snR57
binding at this site could compensate for the absence of
Emgl. Over-expression of the ribosomal protein Rpsl19
also partially compensated for the loss of function of
Emgl (12), indicating that Emgl may be involved in the
recruitment and/or assembly of Rpsl9 on the pre-40S
ribosome subunit. These observations correlate with
evidence from a three-hybrid screen, showing that Emgl
interacts with an 18S rRNA sequence in a loop between
helices 33 and 47 (12). This region contains Gys7g, the
target of snR57 methylation, and is in close proximity
with the proposed Rpsl9-binding site. Finally, a multi-
copy suppressor screen identified SAM2 (14), which
encodes S-adenosyl-methionine (SAM) synthase. This
suggested that the Emgl mutation was suppressed by
a high SAM concentration, and that Emgl is involved in
a methylation reaction. An extensive bioinformatical
analysis of the alpha/beta knot fold MTase proteins,
predicted Emgl as a potential member of the SPOUT
superfamily (15).

Here we present the crystal structure of Emgl, and
report that the protein belongs to the alpha/beta knot fold
MTase superfamily. Emgl defines a new structural class in
this superfamily as it contains the core structure char-
acteristic for members of the superfamily, but also carries
two extra domains that are conserved in Emgl orthologs,
but absent from other members of the superfamily. These
contribute to an extended surface that we predict to be
involved in binding of the RNA substrate. We further
show that Emgl displays robust SAM-binding activity
in vitro, but this activity is not required for ribosome
biogenesis or growth in vivo.

MATERIALS AND METHODS
Cloning, expression and purification of recombinant Emg1

The EMGI ORF was amplified by PCR using genomic
DNA of S. cerevisiae strain S288C as a template. An
additional sequence coding for a 6-histidine tag was
introduced at the 3’-end of the ORF during amplification.
The PCR product was then cloned into a derivative of
pETY9 vector. Expression was done at 37°C using the
Escherichia coli Rosetta strain. The His-tagged protein
was purified on a Ni-NTA column (Qiagen Inc.) followed
by gel filtration. Selenomethionine-substituted Emgl was
produced and purified as the native protein. For binding
assays the EMG1 ORF was cloned into a pQES80 (Qiagen)
derivative for expression with an N-terminal His;y-zz- or
Hiso-tag. The protein was purified as described above.

Table 1. Data collection and refinement statistics

Free Emgl SAM bound Emgl
Wavelength (A) 0.97953 (Se peak) 0.93100
Space group P2,2,2, P2,2,2,
Unit-cell parameters 42,5 76.6 87.6  42.0 787 89.6
a, b, ¢ (A),
Resolution (A) 19.0-1.94 34.2-2.0
Total number of reflections 69469 91942
Total number of 20207 20687
unique reflections
Multiplicity 3.4 (1.7) 4.4 (4.6)
Rinerge” 4.5 (14.2) 6.7 (44.2)
I/o(1) 18.2 (4.0) 15.1 (3.0)
Overall completeness (%) 93.2 (61.1) 96.6 (100.0)
Resolution refinement (A) 19.0-2.0 20.0-2.0
Reflections (working/test)  18466/990 19570/1055
Rcryst/Rﬁeeb 21.6/27.0 19.7/24.7
Non-hydrogen atoms 1941 1890
Water molecules 225 141
Bonds (A) 0.007 0.016
Angles (°) . 0.943 1.569
Mean B factor (A%) 17.4 26.6/21.5
Protein/SAM
Ramachandran analysis 94.2/5.8 91.3/8.7

Most-favored/allowed(%)

*Runerge = 2nillni — (I |3y ilni» were I, is the ith observation of the
reflection £, while (f;) is the mean intensity of reflection /.

®Rivetor = SF,| — |F||/IF,|. Reee was calculated with a set of randomly
selected reflections (5%).

Crystallization of Emg1

Crystals of Emgl were obtained from a 1:1 mixture of
protein (10mg/ml) with 25% PEG4K, 0.2M Li2SO4,
0.1 M Tris pH7.5, 20% glycerol. Crystals were transferred
to the precipitant solution with the glycerol concentration
raised to 30% prior to flash freezing in liquid nitrogen.
The selenomethionine-substituted protein crystals belong
to the P2,2,2; space group with one molecule per
asymmetric unit and diffracted_to 2A on the BM30A
beamline at the ESRF, and to 2 A on the ID14-4 beamline
for the SAM soaks. The phases were obtained by single
anomalous dispersion collected on the Selenium peak. The
Selenium sites were found using ShelX (16) and the phases
were determined using Solve (17). Eighty percent of the
protein was automatically rebuilt using Resolve (18) and
manually completed using TURBO and O. A few regions
of the protein were not visible in the electron density,
probably due to the structural disorder. Analysis of the
B-factors shows that the two Emgl-specific subdomains
are less well ordered than the rest of the protein. The
structural disorder is visible in the poorly defined Bc’—pd’
loop and the missing eight residues in the Pa’, Bb’ loop.
Two sulfate ions could also be modeled in the structure.
Cell parameters and data collection statistics are reported
in Table 1. The coordinates have been deposited at the
PDB under the codes 2v3j and 2v3k.

Dimerization analysis, RNA and SAM-binding experiments

For gel filtration, marker proteins were dissolved and the
Superose 12 column (GE Healthcare) was run in a buffer
containing 50mM Tris=HCI pH 7.5, 50mM NaCl,
5mM MgCl,.



Binding assays with RNA and for dimerization were
performed in the same buffer as above. For dimerization,
HisZZ- and His-tagged WT and R88D Emgl were
incubated in the combinations shown in Figure 4B.
After incubation, proteins were bound to IgG Sepharose
(GE Healthcare), beads were washed, proteins eluted and
separated by SDS-PAGE followed by Coomassie stain-
ing. For RNA binding, radiolabeled [**P-adenosine] 35
nucleotide in vitro transcripts either containing nucleotides
15531576 of the 18S rRNA or an unrelated sequence (19)
were generated. HisZZ-tagged WT or R88D Emgl was
incubated with the transcripts and proteins as well as
bound RNA were retrieved on IgG Sepharose. After
elution, RNA was extracted, separated on a 6% poly-
acrylamide/urea gel and analyzed by autoradiography and
phosphoimaging.

For SAM binding, recombinant HisZZ-tagged WT and
mutant Emgl were immobilized on IgG Sepharose and
incubated with [*’H-methyl] SAM in buffer containing
50mM Tris—=HCI pH 7.5, 100mM NaCl, SmM MgCl,
S5mM B-mercaptoethanol. After extensive washing in
binding buffer, elution was performed in buffer containing
80 mM Tris—HCI pH 6.8, 0.5 M sucrose, 4% SDS, 50 mM
DTT. The eluates were directly used for scintillation
counting in Ultima Gold XR (Perkin Elmer). The data
obtained were normalized to recovery from the control
(matrix without Emgl), which was set to 1.

Complementation and analysis of ribosome biogenesis

Wild-type EMG1 (including 457 nt upstream and 301 nt
downstream) was cloned BamHI-EcoRI into pRS413 for
expression from its own promoter and the indicated
mutations were made in the coding sequence by site-
directed mutagenesis. Plasmids were transformed into the
strain BY4741 (MATa; his3A1; leu2A0; metl5AO0;
ura3A0) with genomic EMGI under control of a GALI
promoter. Growth was measured in YP medium
(1% yeast extract, 2% peptone) containing either 2%
glucose for depletion of the endogenous copy or 2%
galactose at 30°C (Figure 6A—C) or 25°C (Figure 6D-F).
For analyses of ribosome biogenesis, total RNA was
isolated, separated by gel electrophoresis, transferred by
northern blot and probed for intermediates and mature
rRINA essentially as described (20). Hybridization probes
used are listed in Table 2.

RESULTS
Structure determination

The structure of S. cerevisiae Emgl was determined by
single anomalous dispersion on seleno-methionine sub-
stituted protein. The seleno-methionine crystals diffracted
to 2A resolution with one molecule in the asymmetric unit.
The seleno-methionine crystals were also used for soaking
experiments with SAM. Some regions of Emgl were not
visible in the electron density and are probably unstruc-
tured or flexible. The first region contains the 23 N-
terminal residues, which are poorly conserved in eukar-
yotes and absent in archaeal Emgl homologs. This region
is evidently dispensable for the core structure of Emgl but
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Table 2. Probes used for northern hybridization

Name Sequence

004 CGGTTTTAATTGTCCTA

005 ATGAAAACTCCACAGTG

007 CTCCGCTTATTGATATGC
008 CATGGCTTAATCTTTGAGAC
017 GCGTTCTTCATCGATGC

020 TGAGAAGGAAATGACGCT
041 CTACTCGGTCAGGCTC

306 GCATCTTACGATACCTG

might be important for in vivo function. Another
unresolved region comprises residues 56-64, which are
present in a loop that is poorly conserved in length and
sequence in higher Eukaryotes and Archaea.

The topology of the protein is shown in Figure 1A. The
structure of Emgl is built around a central eight-stranded
B-sheet with o helical insertions (Figure 1B). From the
topology of the protein and the presence of a deep trefoil
knot (Figure 2), the protein can unambiguously be
assigned to the a/p knot MTase (SPOUT) superfamily.
Secondary structure elements that belong to the core o/
knot fold are colored in red, whereas Emgl-specific
additions are shown in blue. Three o helices (aA, oFE,
ad’) pack on one face of the B sheet (from Bl to B6),
forming the conserved structural core, while the Emgl-
specific insertions (dark blue in Figure 1B) cluster on the
side of the B sheet.

The core o/f knot fold is centered on a five-stranded
parallel B-sheet with a strand order B2B1B5B4B6. The B3
strand, which extends the B-sheet after B2, is found in
most members of the superfamily but Emgl is the only
case where this strand is antiparallel to B2. This can be
attributed to the fact that the aB helix inserted between 2
and B3 is absent in Emgl, and replaced by a short hairpin
loop in order to make room for the Emgl-specific
insertions. Several o helical insertions are found in other
o/B knot MTase superfamily members (21) but only oA
(inserted between B1 and B2) and oE (at the C-terminus)
are present in Emgl. The oC helix is replaced by a short
3-10 helix (HO).

Emgl contains an additional prominent subdomain
composed of two short B-strands (Ba’, fb’), helix aa’ and
a short 3-10 helix (Hb’), which is inserted between f1 and
aA. A second insertion between B3 and HC is composed of
ac’, Bc’, Bd’. The Bc’, Bd’ strands are antiparallel and extend
the B-sheet after B3 to form a continuous eight-stranded
B-sheet. Helix ac’ stacks against the Bc’, fd’, B3 and B2
strands and oA helix forming extensive hydrophobic
interactions. The antiparallel fa’ and Bb’ strands are
sandwiched between aa’ and ac’, so that the two insertions
create a continuous surface on one side of the protein.

Emgl is a novel member of the alpha/beta knot
fold MTase family

Consistent with the topology and trefoil knot present
in Emgl, a search for structural neighbors on the EBI
SSM server (22) found hits with rRNA and tRNA MTase
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Figure 1. The structure of Emgl. (A) Topology diagram of the Emgl protein. The secondary structure of the core alpha/beta knot fold of the
methyltransferase is colored in red and the Emgl-specific insertions are in blue. The 3-10 helices are indicated by the capital letter H, while canonical
helices and strands are indicated by Greek letters. (B) Ribbon representation of the Emgl protein with the same color code as panel A. The SAM is
shown in stick representation. The right view is turned by 180° in respect to the left view. (C) Surface representation of the Emgl protein. The surface
is colored in shades of red corresponding to sequence conservation, from white (less conserved) to dark red (most conserved). Only eukaryote
sequences were included in the determination of the degree of conservation [calculated with ratedsite (31)]. The two orientations are identical to those
shown in panel B and the SAM is represented as sticks. (D) Electrostatic potential surface representation of the Emgl protein. The two orientations
are identical to panel B and C and the SAM is represented as sticks. The Emgl-specific insertion (blue in panel B) is highly conserved (panel C) and
displays a strong positive surface, ideal for RNA binding. Two sulfates bound to this surface are shown in stick representation. The potential was
calculated using MEAD (32).
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Figure 2. Emgl SAM-binding site. Stereo representation of the SAM-binding site. SAM is shown in yellow. The most relevant residues of Emgl are
shown in stick representation. Hydrogen bonds are shown in dashed lines. The numbering of residues mutated below is colored in red. The

conformation of Asp214 in the apo protein is shown in blue sticks.

proteins, notably the Rlmb 23S rRNA Gjs
2'O-methyltransferase (pdb code 1gz0, Z-score 5.9 and
rm.s.d. 2.64A for 119 aligned residues), TrmH tRNA
(guanosine-2'0-) methyltransferase (pdb code 1v2x,
Z-score 5.3 and r.m.s.d. 2.64 A for 109 aligned residues),
TrmD tRNA (guanosine-1) MTase (pdb code 1p9p,
Z-score 4.1 and r.m.s.d. 2.55 A for 101 aligned residues).

The core of Emgl superimposes well with the same
region of all members of the alpha/beta knot fold
superfamily, whose core fold also comprises Bl to 6
and oA, oF and HC (regions colored in red in Figure 1A
and B). However, Emgl has a unique topology outside
the core fold (15), and comparisons with all other
alpha/beta knot fold proteins failed to identify proteins
containing insertions structurally similar to Emgl. We
therefore propose that Emgl represents the founding
member of a new subfamily of alpha/beta knot fold
MTases.

Emgl directly interacts with RNA

The Emgl protein is conserved in Eukaryotes and
Archaea. The sequence alignment is shown in Figure 3.
In Figure 1C, the surface of Emgl is colored in increasing
shades of red reflecting residue conservation in
Eukaryotes. Emgl has an extended conserved surface
patch, which includes surface residues on the entire
circumference of the protein: the putative catalytic site,
the oA and oE helical surface, the HC helical surface and
the Emgl specific insertions. The electrostatic potential
mapped on the surface of the protein (shown in
Figure 1D), shows that this conserved surface is mostly
basic. The most basic region comprises the Emgl-specific
insertions and extends to the putative catalytic site. This
surface is therefore ideally suited to bind nucleic acids.
To confirm this hypothesis, the RNA-binding activity of
Emgl was analyzed in vitro. HisZZ-tagged Emgl was
incubated together with the in vitro transcribed 18S rRNA

fragment (labeled 18S in Figure 4A) with which the
protein was proposed to interact (12), or a transcript from
pBluescript (labeled pBS in Figure 4A) (19). WT Emgl
retrieved both transcripts, but the RNA with the sequence
of 18S was more enriched than the pBS transcript
(Figure 4A).

Based on the crystal structure, Arg 88 is a residue of the
Emgl-specific insertion, conserved in Eukaryotes and
Archaea, which lies in the putative RNA-binding site
(Figure 1D) near the SAM-binding site (Figure 2). Emgl
with an R88D mutation was strongly compromised for
RNA binding on both substrates, with recovery reduced
almost to background levels (see quantification in
Figure 4A). These results confirmed the prediction that
Arg 88 is involved in RNA substrate binding.

We also tested for the putative MTase activity of Emgl
in vitro, using the conditions under which RNA binding
was observed. The wild-type protein and mutants lacking
SAM-binding activity were incubated with the 18S and
pBS RNA substrates in the presence of [*H]-labeled SAM.
Following incubation, the RNA was re-extracted and
methylation was either directly analyzed by scintillation
counting or the RNA separated on a polyacrylamide gel
followed by northern transfer and Phosphorlmager
analysis. No [°’H]-methyl incorporation into the RNA
substrates by wild-type or mutant Emgl was detected
under any condition tested (data not shown), which could
indicate a lack of the correct substrate in the assay or that
the protein is active only in the context of the pre-
ribosome.

Dimerization of Emg1

Other members of the alpha/beta knot fold MTase
superfamily have been shown to dimerize, and two
different homodimerization modes were found in the
structures of TrmD and TrmH (15). In these cases,
dimerization always involves the oA and oE helical side of
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Figure 3. Sequence alignment of Emgl proteins of two different phylogenetic groups. (1) Eukaryotes and (2) Archaea. The secondary structure of
Emg]l is shown above the alignment. Residues mutated in the SAM-binding site are indicated with a triangle. The figure was generated with a special

version of ESPript (33).

the protein, but the orientation of the two monomers
varies. Dimerization provides an extended surface for
RNA binding and completes the catalytic site, with the
catalytic residue being provided by the opposing monomer
(23,24). As the crystal structure did not provide evidence

for a similar dimeric form for Emgl, dimerization was
analyzed by binding experiments and gel filtration
(Figure 4B and C). Two Emgl fusion constructs were
expressed separately; a fusion of Emgl with two copies of
the Z-domain of protein A and His;y (Hzz-Emgl) and
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Figure 4. Emgl dimerizes and directly binds RNA. (A) Emgl binds RNA directly. In vitro transcribed, [**P]-labeled RNA was incubated with
HisZZ-tagged wild-type (WT) or R88D Emgl and retrieved on IgG Sepharose. RNA was extracted from eluates, separated on a 6% polyacrylamide/
urea gel and analyzed by autoradiography and phosphoimaging. An autoradiograph is shown with relative intensities measured by phosphoimager
indicated below. While the WT protein binds RNA efficiently, binding is strongly compromised for the R88D mutant. (B) Dimerization of Emgl
analyzed by binding experiment. Recombinant HisZZ-tagged WT (lanes 1-3) or R88D Emgl (lanes 4-6) was incubated with His-tagged Emgl and
retrieved on IgG Sepharose. Eluted samples were analyzed after SDS-PAGE and Coomassie staining, with inputs shown on the right. The HisZZ-
tagged WT Emgl pulls down the His-tagged fusion, showing dimerization of Emgl. The R88D mutation reduces dimerization. (C) Gel filtration to
analyze the dimerization status of Emgl. Gel filtration was performed on a Superose 12 column with marker proteins of 25 (Chymotrypsinogen), 43
(Ovalbumin), 67 (Albumin), 158 kDa (Aldolase) and HisZZ-Emgl. An overlay of the elution profiles is shown. The fusion protein has a calculated
molecular weight of ~46kDa for the monomer, but the large majority of it elutes between the 158 and the 67 kDa markers, showing that it forms a
homodimer in solution.

a fusion with Emgl only a His;-tag (His-Emgl). The two Dimerization of Emgl was independently confirmed by
constructs were mixed and incubated together, and the gel filtration. Hzz-Emgl was used in these analyses, as
Hzz-Emgl was then specifically retrieved on IgG Emg]l alone lacks sufficient UV absorbing residues to give
Sepharose. Co-precipitation of His-Emgl with Hzz- a strong signal. As shown in Figure 4C, Hzz-Emgl elutes

Emgl was clearly seen by SDS-PAGE (Figure 4B, lanes at an appropriate position for the dimer, between the
1-3), showing that the differentially tagged variants 67kDa (Albumin) and the 158 kDa (Aldolase) marker
formed heterodimers. We note that His-Emgl carrying proteins. Only a small shoulder can be detected at the
the R88D mutation resulted also in reduced dimerization expected position for the monomer, slightly before the
(Figure 4B, lanes 4-6). The reduction in dimerization 43-kDa marker (Ovalbumin). Together, these data demon-
efficiency was, however, clearly less than the reduction in strate that Emgl forms a homodimer in solution, which
RNA binding, suggesting that it is not causal. is probably the active form of the protein.
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Location of the catalytic site

All the members of the alpha/beta knot fold family are
predicted or known to be SAM-dependent MTases. For
several proteins, the location of the SAM-binding site was
determined by co-crystallization with either SAM or SAH.
In all solved complexes, the SAM molecule binds in the
knotted region [for example, YibK (25) and TrmD (23)].
The particular structure of the knot is at the center of the
catalytic site of the enzyme and therefore necessary for
its function.

Superposition of Emgl on the structure of knotted
MTase proteins in complex with SAH or SAM revealed
that Emgl contains an appropriate cavity to accommo-
date the methyl-donor. We confirmed that Emgl binds
SAM at this site by binding experiments (see below) and
by soaking Emgl crystals in mother liquor containing
2mM SAM and solving the structure of the Emgl/SAM
binary complex (Figure 2). The residual electron density
unambiguously showed the presence of SAM in the
expected pocket. The SAM-binding site in Emg] is located
in the knotted region and is composed of residues from the
B4-ad’, B5-B6 and B6-oE loops (Figure 2). The adenine
base is deeply buried in a cavity lined with hydrophobic
residues. The ceiling of the cavity is closed by stacking
interactions between Phel82 from the P4-ad’ loop and
Pro231 from the PB6-oE loop. The transferred methyl
group of SAM is oriented towards the oA and oFE face.
Comparison of Apo Emgl and SAM-bound Emgl
showed only limited structural rearrangements; a slight
movement of the B5—p6 loop and a 180° reorientation of
the Asp214 side chain which swings around to form a
hydrogen bond with the 3O of the SAM ribose moiety
and a salt bridge with the nitrogen of the SAM methionine
moiety (Figure 2). Although Asp214 is conserved in fungal
Emgl homologs, it is absent in mammals and Archaea.
Six other hydrogen bonds are formed with the SAM
moiety, all involving backbone atoms of Gly207, Gly212,
Leu232, Ser228 and Tyr230. All of these residues are
conserved in Eukaryotes and the glycines are also
conserved in Archaea.

Mutations in the catalytic site of Emgl abolish SAM
binding

Based on the crystal structure (Figures 1 and 2), residues
around the predicted catalytic site were selected to
generate Emgl mutants that are defective in the binding
of SAM. As the SAM-binding pocket is largely lined by
hydrophobic residues, single mutations were chosen that
introduce longer side chains which protrude into the
cavity or bring in charges. All hydrogen bonds to SAM
are formed with the peptide backbone, with the exception
of Asp214 (Figure 2), which was mutated to arginine for
charge inversion. The mutations analyzed were D214R,
L232D, L232S, A237D and A237R. All recombinant
proteins except L.232D were soluble and remained in the
supernatant during ultracentrifugation (data not shown),
suggesting that general folding was not affected by the
other mutations. The mutations D214R, L232S and
A237D (labeled in red in Figure 2) were chosen for
further analysis.
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Figure 5. Mutations in residues flanking the hydrophobic cavity in
Emgl abolish SAM binding. Recombinant wild-type Emgl and mutant
proteins were immobilized and incubated with [*H] SAM. After
washing, bound fractions were eluted and the recovery of [*H] SAM
was determined by scintillation counting. The results were normalized
to the control (matrix without Emgl). All Emgl mutants analyzed had
almost entirely lost the ability to bind SAM.

The ability of the WT and mutant forms Emgl to bind
[*H]-labeled SAM was analyzed in vitro (Figure 5).
Mutation of residues lining the SAM-binding site resulted
in almost complete loss of SAM binding. This strongly
indicates that these mutants will be catalytically inactive,
since SAM is required as the methyl-donor for the MTase
reaction.

Emg1 mutants that fail to bind SAM can support growth

A yeast strain was generated in which the genomic EMG1
was under the control of the repressible GALI promoter
(see Materials and Methods section). Plasmids that
expressed either wild-type Emgl or one of the mutants
defective in binding of SAM (Figure 6A-C) or RNA
(Figure 6D-F) were introduced into this strain. The ability
of these constructs or the empty plasmid (vector) to
support growth was tested following depletion of Emgl
by transfer to glucose medium. Serial dilutions of the
yeast cultures were spotted on solid medium containing
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Figure 6. Emgl mutants can complement for growth upon depletion of
endogenous Emgl. Growth complementation in a background where
the genomic EMGI gene is under control of the GALI promoter was
tested with plasmid-derived wild-type or mutant Emgl, or empty
plasmid. Three SAM-binding mutants (A-C) and the RNA-binding
mutant R88D (D-F) were tested for growth complementation.
Dilutions of cultures were spotted on plates containing galactose
(A and D) or under depletion conditions on glucose (B and E). Growth
of the strains was also analyzed in liquid culture (C and F). Both wild-
type Emgl as well as the RNA- and SAM-binding defective mutants
complement the growth phenotype of Emgl depletion, whereas cells
containing only the empty plasmid show strong growth impairment.
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Figure 7. Mutations in the SAM-binding site of Emgl do not affect
ribosome biogenesis. As described in Figure 6, strains depleted of Emgl
were complemented with plasmid-derived wild-type or mutant Emgl, or
with the empty vector (control). Total RNA was isolated before
depletion (0h) and after Emgl depletion for 8, 16 and 24h. RNA was
separated on 1.2% agarose glyoxal gels (A) or 8% polyacrylamide/urea
gels (B), and analyzed by northern hybridization. Probe numbers are
shown on the left of the corresponding panels. rRNA intermediates and
mature TRNAs are labeled on the right. In the control strain, depletion
of Emgl leads to strong ribosome biogenesis defects, whereas the
strains complemented with wild-type Emgl or the mutants do not show
such effects.

galactose (Figure 6A and D) or glucose (Figure 6B and E).
Expression of plasmid-borne, wild-type Emgl or any of
the mutants tested fully complement for growth, whereas
cells containing the empty vector showed strong growth
inhibition. These results were confirmed in liquid culture
in the presence of glucose (Figure 6C and F). Control cells
carrying only the vector showed a clear growth pheno-
type upon depletion of endogenous Emgl in glucose-
containing medium, whereas cells expressing wild-type or
mutant Emgl showed no growth defects.

The catalytic activity of Emg]1 is not required for
ribosome biogenesis in yeast

Emgl is required for ribosome synthesis in yeast
(10,11,14), and the mutants were also tested for comple-
mentation of the ribosome biogenesis defect. Cells were
grown in galactose medium and transferred to glucose
medium to allow depletion of Emgl. Samples were taken
for analysis during growth on galactose (0 h sample) and
8, 16 and 24 h after transfer to glucose. Total RNA was
isolated and analyzed for the levels of rRNA and pre-
rRNA by northern hybridization (Figure 7). In the control
cells transformed with the empty vector clear accumula-
tion of 35S and 23S was observed, together with depletion
of 27SA, and 20S pre-rRNA and mature 18S rRNA.
Notably, all mutants defective in SAM binding fully
complemented the pre-rRNA and rRNA defects seen on
Emgl depletion (Figure 7). This strongly suggests that the



10 Nucleic Acids Research, 2007

proposed SAM-dependent MTase activity of Emgl is not
required for ribosome biogenesis, even though the
presence of the protein is essential.

DISCUSSION

The crystal structure of Emgl revealed that it is a novel
member of the alpha/beta knot fold MTase superfamily
(Figure 1). The alpha/beta knot fold in SCOP (26)
currently encompasses five families: (i) The YbeA-like
family (pdb code 1ns5), with four uncharacterized
members, which do not contain any specific additions to
the core fold. (ii)) The TrmD tRNA (m1G37)-MTases
methylate the N1 position of guanine in tRNA. Their fold
is similar to the YbeA-like family but contains an all-alpha
C-terminal subdomain. (iii) The SpoU-like RNA 2'-O
ribose MTase family contains both tRNA (TrmH) and
rRNA (RImB) MTases, which methylate the ribose 2’-OH
of guanosine at specific positions of tRNA or rRNA,
respectively. RImB contains an N-terminal domain with
analogy to the L30 ribosomal protein linked to the
catalytic subunit by a flexible linker. (iv) The archaeal
Methanobacterium  thermoautotrophicum MT1 protein
family, which is unique due to the insertion of an OB
fold subdomain between B2 and 3. (v) The Yggl-like
family that contains a N-terminal L5 ribosomal like
domain. The core of Emgl could be superimposed well
with the core region of all members of the alpha/beta knot
fold MTase superfamily. However, the Emgl structure
shows insertions that make it clearly distinct from each of
these families. We therefore confirmed the prediction that
Emg] is the founding member of an additional alpha/beta
knot fold MTase subfamily (15).

The Emgl-specific insertions consist of two subdomains
that form an extended surface on one side of the protein.
This contributes to a basic patch around the active site,
which is very likely involved in substrate rRNA binding
(Figure 1D), and Emgl was indeed shown to bind RNA
directly (Figure 4C). Mutation of Arginine 88 (R88D),
which is located within the basic patch, almost completely
abolishes the interaction with the RNA, supporting the
proposed function of this region in substrate binding. This
conclusion is further supported by the finding of two
sulfate ions in the structure that could mimic phosphates
of the RNA backbone. The two sulfates are bound to the
protein by salt bridges to Lys135/Argl36 and Argl36/
Argl29. These three residues are located on the Emgl-
specific region, ac’ helix and ac’-B3 loop and Argl36/
Argl29 are absolutely conserved in both Eukaryotes and
Archaea. This strongly suggests that this extended Emgl-
specific region is also involved in RNA binding.

The results from the RNA-binding experiments are
consistent with the findings of Buchhaupt et al. (20006),
where a modified yeast three-hybrid approach was
performed to identify a sequence derived from the 18S
rRNA that was bound by Emgl with high affinity. Our
in vitro analyses showed that Emgl binds to this 18S
sequence more strongly than an RNA of unrelated
sequence. However, in vitro binding was clearly not
highly specific.

There is a striking difference between the sequence
conservation of Emgl in Eukaryotes (on average 50%
identical) versus that in Archaea (on average 30%
identical) (Figure 3). The alignment suggests that the
archaeal and eukaryotic Emgl orthologs have the same
characteristic fold but constitute two separate families,
which might indicate that Emgl has overlapping but not
identical functions in both kingdoms of life. Surface
residues conserved between Eukaryotes and Archaea
cluster on one side of the protein: the SAM-binding site,
the region immediately proximate to the methyl donor, the
oA and oE face of the protein and the Emgl-specific
extensions (Figure 1C, left panel). In contrast, residues on
the opposite side of the protein (Helix HC side, Figure 1C
right panel) are much less conserved between Eukaryotes
and Archaea. While the oA and oE conserved face of
Emgl is likely involved in dimerization and/or substrate
binding, the opposite, less conserved face, may interact
with additional factors that are not conserved between
Eukaryotes and Archaea. A candidate for such a factor
could be Nopl4, which binds to Emgl in yeast (10) but
has no clear archaeal homolog.

A feature shared between all previously characterized
members of the alpha/beta knot MTase families is the
presence of dimers in the crystal forms, and some
members were confirmed to form dimers in solution
(27). The detailed dimerization mode varies, but always
involves the oA and oE helical surface of the protein.
Moreover, mutants of the SpoU family protein Yibk,
engineered to be monomeric rather than dimeric, were
unable to bind SAH, suggesting that dimerization is
required for structure and function of alpha-beta knot
MTase (28). In contrast, Emgl crystallized as a monomer,
possibly due to differences in the dimerization interface,
the composition of the active site or disruption of the
dimer by the crystallization liquor. Stable dimerization
was, however, confirmed for Emgl in solution, both by gel
filtration and binding experiments (Figure 4).

Based on the structure of the SAM-binding region of
Emgl, site-directed mutagenesis was performed to obtain
mutants defective in SAM binding. All mutants analyzed
were found to be defective in binding SAM in vitro
(Figure 5), confirming predictions based on the structural
data. The almost complete loss of affinity for SAM, the
MTase cofactor, strongly indicates that these mutants
have lost the capacity to perform a MTase reaction.

Emgl is essential for viability in yeast, and we assessed
whether the essential function requires its MTase activity
or RNA binding. Three emg/ mutants that had lost SAM
binding as well as the R88D mutant that lacks RNA-
binding activity were able to fully complement the growth
defect seen upon depletion of endogenous Emgl, suggest-
ing that the presence of the catalytically inactive protein
was sufficient to support growth (Figure 6). Analysis of
ribosome biogenesis in the SAM-binding mutants revealed
that expression of only the inactive forms of Emgl also
supported normal pre-rRNA processing and ribosome
synthesis (Figure 7). We conclude that the putative SAM-
dependant MTase activity of Emgl is not required for
ribosome biogenesis or growth in yeast.



Similar results were previously obtained for the MTase
Diml and for methylation guide snoRNPs. Diml
dimethylates two adjacent adenosine residues in the 18S
rRNA (9). Analyses of Dim1 showed that, as for Emgl,
the presence of catalytically inactive protein was sufficient
for ribosome biogenesis (9). This leads to two possible
interpretations. Both MTases may play structural roles in
the pre-ribosome that are distinct from their enzymatic
activities. Alternatively, or in addition, quality control
mechanisms may have evolved to check for the presence of
the protein rather than for the successful modification of
the rRNA. Methylation guide snoRNPs carry out 2’-OH
methylation at several sites on the rRNA. Strains lacking
the activity of any individual methylation guide snoRNA
were also viable (29), whereas loss of the activity of the
snoRNA-associated MTase Nopl, was lethal (30). These
data reveal that loss of rRNA methylation at any single
site tested has little effect on ribosome biogenesis or
function in yeast, whereas loss of methylation at multiple
sites impairs ribosome synthesis and/or translation.
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