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RNA modifications are widespread in biology and abundant in ribosomal
RNA. However, the importance of these modifications is not well

understood. We show that methylation of asingle nucleotide, in the catalytic
center of the large subunit, gates ribosome assembly. Massively parallel
mutational scanning of the essential nuclear GTPase Nog2 identified
importantinteractions with rRNA, particularly with the 2’-O-methylated
A-site base Gm2922. We found that methylation of G2922 is needed for
assembly and efficient nuclear export of the large subunit. Critically, we
identified single amino acid changes in Nog2 that completely bypass
dependence on G2922 methylation and used cryoelectron microscopy to
directly visualize how methylation flips Gm2922 into the active site channel
of Nog2. This work demonstrates that a single RNA modificationis a critical
checkpointinribosome biogenesis, suggesting that such modifications
can play animportantrole in regulation and assembly of macromolecular

machines.

Chemical modification of RNA is pervasive in all three domains of life
and is abundant in rRNA. Most rRNA modifications cluster around
functionallyimportantregions of theribosome, including the decoding
center and the peptidyl transferase center, where they are thought to
stabilize folding and the tertiary structure of RNA at these functionally
importantsites'. Anoteworthy example is the universally conserved
A-siteloop of rRNA helix 92 (H92), whichis highly modified and contains
the 2’-O-methylated guanosine (Gm2922 inyeast). During translation,
Gm2922 base-pairs with the 3’-end of an accommodated transfer RNA to
positionitinthe A-site for the peptidyl transferase reaction*. However,
theimportance of G2922 methylation, and indeed of any specific rRNA
modification, remains poorly understood.

Eukaryotic ribosome assembly isacomplex and intricately organ-
ized pathway spanning multiple cellular compartments®®. Over 200
assembly factors play a role in assembling the functional ribosome,
including several evolutionarily conserved ATPases and GTPases which
drive rRNA rearrangements and progression of ribosome assembly.
One such enzyme is Nog2, an essential nuclear GTPase conserved

between yeast and humans. Nog2 is required during critical RNA
rearrangements within the precursor large (pre-60S) subunit, before
nuclear export of the subunit’. However, the specific function of Nog2
has not been identified. To better understand the function of this
GTPase, we searched for functionally important regions of yeast Nog2
using massively parallel mutagenic scanning. Unexpectedly, we discov-
ered that physicalinteraction of Nog2 with H92, including recognition
of the 2’-O-methylated base Gm2922, is critical for cell viability. We
found that pre-60S subunits lacking methylated G2922 are blocked for
assembly and nuclear export, and that orthogonal 2’-O-methylation of
G2922 or single amino acid changes in Nog2 overcame the ribosome
assembly and nuclear export defects of pre-60S lacking methylated
G2922. Finally, we used cryoelectron microscopy (cryo-EM) to solve
the structure of a nascent 60S subunit from cells with unmethylated
G2922, showing that an unmethylated G2922 fails to engage with
Nog2. The present study thus demonstrates an important role for a
single rRNA modificationasastructural checkpointin the eukaryotic
ribosome assembly pathway.
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Fig.1|Essential function of Nog2 depends on physical interaction with H92.
a, Left, structure of Nog2 relative to pre-60S (accession no. PDB 3JCT) in ‘crown
view’. Right, Nog2 colored by per-residue average score of amino acid tolerance
to mutation. H92 is colored gold. b, Cumulative per-residue fitness scores for all
amino acid substitutions at H92-interacting regions of Nog2. Residues Ser208
and Arg389 are denoted by red asterisks. ¢, Cartoon representation of Nog2
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residues interacting with H92, colored asin a. d, Cutaway surface representation
of Nog2, with Gm2922 flipped into the active site channel. The y-phosphate

of GTPis also shown. e, Serial dilution assays to test complementation by the
indicated NOG2alleles in arepressible NOG2 strain (glucose, endogenous NOG2
repressed; galactose, expressed).

Results

Nog2 functionis connected to physical interaction with
Gm2922

To identify functionally important regions of Nog2, we generated a
library of -7,800 NOG2 codon variants (equal to -50% of possible amino
acid substitutions) viamutagenic PCR. We introduced thislibraryintoa
yeast strainin which we could select for functional mutants, where the

endogenous NOG2 gene was under control of the glucose-repressible
GALI promoter. We sequenced and analyzed NOG2 variants with a
deep mutagenesis scanning pipeline® (Extended Data Fig. 1a-d) and
mapped intolerance to mutation onto the structure of Nog?2 (Fig. 1a).
Surprisingly, we found a distinct resistance to mutation in the amino
acid residues interacting with H92 (Fig. 1b). More strikingly, several
mutation-intolerant residues surround Gm2922 (Fig. 1c). Published
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Fig.2|2’-0-Methylation of Gm2922 is necessary and sufficient for robust cell
growth and nuclear export of the nascent large ribosomal subunit. a, Design
of synthetic snoRNA gene SNRG2922to direct 2’-O-methylation of Gm2922,
catalyzed by the box C/D snoRNP complex at the fifth nucleotide upstream of box
D, depictedin green. b, Expression of SNRG2922 overcomes the growth defect of
the methyltransferase-defective spbI-D52A mutantin a repressible SPBI strain
(glucose, endogenous SPBI repressed; galactose, expressed). ¢, Sucrose gradient

sedimentation profiles for the indicated SPBI and snoRNA alleles. d, Primer
extension assay to probe 2’-O-methylation at G2922. Autoradiography of PAGE-
separated primer extension products of RNAse T1-digested RNA. The experiment
was repeated twice with similar results. e, Fluorescence microscopy to monitor
localization of large subunit (Rpl25-enhanced (e)GFP) and nucleolus (Nop56-
basicred fluorescent protein (mRFP)). The experiment was repeated twice with
similar results. Scale bar, 5 um. DIC, differential interference contrast.

structures of Nog2-bound, pre-60S intermediates show that Gm2922
is flipped from its canonical position’ by a 2’-endo pucker, into a chan-
nel gating the active site of Nog2 (Fig. 1c,d and Extended Data Fig. 2a).
Modeling the 2’-O-methyl of Gm2922, which is clearly resolved in a
previous cryo-EM structure of Nog?2 (ref. '°), reveals how it is accom-
modated at the entrance to the active site (Fig. 1d and Extended
Data Fig. 2b). In addition, Arg389 of Nog2, which resisted amino
acid substitutions (Fig. 1b), stabilizes Gm2922 through a cation-tt
interaction with the guanosine base (Fig. 1c and Extended Data
Fig.2c¢)""2. On the opposite side of the channel, Ser208 forms a hydro-
gen bond with the 5’-phosphate of W2923 (Fig. 1c and Extended Data
Fig. 2c). As expected, Ser208 was also resistant to mutation in our
analysis (Fig. 1b). To directly assess the functional importance of
Nog?2 binding to Gm2922, we tested the ability of the strongly dis-
favored NOG2 variants Ser208Ala and Arg389Ser to complement
loss of endogenous NOG2. Although we observed no obvious growth

defectinthe Ser208Ala variant and amodest growth reductionin the
Arg389Ser variant, combining these mutationsrendered alethal vari-
ant (Fig. 1e). We confirmed that loss of function was not due to lack of
Nog2 expression (Extended Data Fig. 1d). Taken together, these results
demonstrate that at least two amino acids physically interacting with
Gm2922 areinterdependent and important for the essential function
of Nog2.

2’-0-Methylation of G2922 is critical for ribosome assembly

G2922is 2’-O-methylated by the conserved methyltransferase Spb1
(refs. ™), which is essential in yeast®. Previous studies showed that
a catalytically dead variant of Spbl is detrimental to cell growth™**,
but did not address the role of its target base. To specifically test the
importance of methylating G2922, we engineered an artificial small
nucleolar (sno)RNA to guide methylation of G2922 (Fig. 2a) via the
box C/D snoRNP complex’®. We introduced SNRG2922 into a yeast
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Fig.3|Single amino acid changes in Nog2 restore robust growth and nuclear
exportinthe absence of Gm2922. a, Genetic suppression of alack of Gm2922
by the indicated NOG2alleles in a repressible SPBI strain (glucose, endogenous
SPBIrepressed; galactose, expressed). b, Cartoon and surface representation
of Nog2, with suppressing amino acid changes modeled (accession no. PDB
3JCT). Leftinset, suppressing amino acid change Thr195Arg modeled to show
new electrostatic interactions with the phosphates of the H92 bases A2930 and
C2931. Rightinset, suppressing amino acid change His392Arg modeled similarly
to show new electrostatic interactions with the phosphates of the H92 bases

SPB1  NOG2
h WT - .

U2921and G2922. ¢, Sucrose gradient sedimentation profile from spb1-D52A cells
suppressed by NOG2-H392R, contrasted with empty vector (black trace same as
showninFig.2c).d, Primer extension assay to probe 2’-O-methylation at G2922in
WT cells, cells expressing methyltransferase-defective spbI-D52A and spbI-D52A
suppressed by NOG2-H392R. Lanes 2 and 3 are the same samples as loaded in

Fig. 2d. The experiment was repeated twice with similar results. e, Fluorescence
microscopy to monitor location of large subunit (Rpl25-eGFP) and nucleolus
(Nop56-mRFP) when spb1-D52A is suppressed by WT NOG2 or NOG2-H392R.

The experiment was repeated twice with similar results. Scale bar, 5 um.

strain expressing a methyltransferase-deficient mutant of SPB1,
spbI1-D52A, which cannot methylate G2922 (refs. '>'*). Strikingly,
expression of SNRG2922 supported near wild-type (WT) growth
in the spb1-D52A strain (Fig. 2b). To verify that improved growth
correlated with restoration of the ribosome assembly, we analyzed
the polysome profiles of WT SPBI, spb1-D52A and the SNRG2922-
complemented spb1-D52A strains. The strong 60S synthesis
defect of the spbI-D52A mutant, indicated by low levels of
free 60S and polysomes, was greatly alleviated by expressing

SNRG2922 (Fig. 2c). To confirm that SNRG2922 directs methylation
of Gm2922, we designed a primer extension assay, taking advan-
tage of the fact that 2’-O-methylated rRNA is resistant to cleavage by
RNAse T1 (ref. *) (Extended Data Fig. 3a). G2922 was susceptible to
cleavage in the spbI-D52A strain, but resistant to cleavage when
SNRG2922 was expressed, indicating that SNRG2922 restores
2’-O-methylation of Gm2922 (Fig. 2d). Together, these results
demonstrate that 2’-O-methylation of G2922 is critical for ribosome
biogenesis in yeast.
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Fig. 4 |Nog2 does not engage withunmodified G2922. a, Cryo-EM structure of
pre-60S in complex with Nog2 bound to H92 from methyltransferase-defective
spb1-D52A mutant cells in which G2922 is unmodified (crown view, left).

The unrotated 5S rRNA is indicated, along with Nog2, H92, Rsa4 and Bud20.
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b,c, Atomic models of unmodified G2922 and Nog2 (b) and modified G2922 and
Nog2 (accession no. PDB 3JCT) (c). d, Cartoon model for Nog2 gating of 60S
assembly and nuclear export, dependent on methylation of G2922. NPC, nuclear
pore complex.

Nog2 monitors the methylation status of G2922

We hypothesized that Nog2 directly monitors the methylation of G2922.
As Nog2 is required for export of the pre-60S"", we reasoned that
failure to methylate G2922 would interrupt nuclear export. To test this
hypothesis, we monitored the intracellular localization of Rpl25-green
fluorescent protein (GFP), an established reporter for nuclear export of
the pre-60S™. Although Rpl25 was predominantly cytoplasmicin cells
expressing WT SPBI, reflecting the localization of mature ribosomes,
the methyltransferase-deficient spbI-D52A induced nucleolar localiza-
tion of Rpl25-GFP, suggesting that lack of 2’-O-methylation leads to
nucleolarretention of the pre-60S (Fig. 2e). Remarkably, expression of
SNRG2922restored localization of Rpl25-GFP to the cytoplasm (Fig. 2e),
indicating that the single 2’-O-methylation of Gm2922 is required for
efficient nuclear export of the pre-60S.

Wefurther predicted thatif Nog2 associates weakly withan unmodi-
fied G2922, overexpression of Nog2 would overcome cellular depend-
enceonGm2922.Indeed, overexpression of NOG2weakly suppressed the
growth defect of methyltransferase-deficient spb1-D52A cells (Fig. 3a).
Similarly, we reasoned that variants of Nog2 capable of binding more
strongly to H92 would more efficiently bypass the growth defect caused

by lack of G2922 methylation. To directly test this idea, we designed a
NOG2 variant, Thr195Arg, a positively charged substitution predicted
to bind more strongly to the negatively charged H92 phosphodiester
backbone (Fig. 3b, left). Strikingly, NOG2-T195R restored growthin the
spb1-D52A strain tonear WT levels (Fig. 3a). In parallel, we screened our
NOG2variantlibrary for randomly generated suppressors of spb1-D52A
and identified a second NOG2 variant, His392Arg, which also restored
growth to near WT levels (Fig. 3a). This variant is also predicted to
increase electrostatic binding with the phosphodiester backbone of H92
(Fig.3b, right). We confirmed that expression of NOG2-H392R restored
60S biogenesis in the spb1-D52A strain (Fig. 3¢), despite the absence of
2’-0-methylated G2922 (Fig.3d). Moreover, expression of NOG2-H392R
restored nuclear export of the pre-60S (Fig. 3e). Our finding that single
aminoacid changesin Nog2 canbypass cellular dependence on Gm2922
strongly suggests that Nog2 directly monitors formation of Gm2922to
gate nuclear export of the large ribosomal subunit.

Absence of 2’-0-methylation traps a nucleolar pre-60S
Toinvestigate the molecular defects caused by lack of G2922 modifica-
tion, we genetically tagged Nog2 and immunopurified, Nog2-bound
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Table 1| Cryo-EM data collection, refinement and validation
statistics

Nog2-3xFLAG unmodified G2922
(EMD-26485; PDB 7UG6)

Data collection and processing

Magnification x29,000
Voltage (kV) 300
Electron exposure (e"A2) 70
Defocus range (um) -1.5t0-2.5
Pixel size (A) 0.81

Symmetry imposed C1 (that is, none)

Initial particle images (no.) 403,566
Final particle images (no.) 15,954
Map resolution (A) 29

FSC threshold 0.143
Map resolution range (A) 2-10
Refinement

Initial model used (PDB accession no.) 3JCT
Model resolution (A) 29

FSC threshold 0.5

Model resolution range (A) Not applicable

Map sharpening B factor (A?) 19.0
Model composition

Nonhydrogen atoms 140,993
Protein residues 8,739
Nucleotides 3,338
Ligands Mg?:1
B factors (A%

Protein 38.9
Ligand 62.99
R.m.s. deviations

Bond lengths (A) 0.010
Bond angles (°) 0.880
Validation

MolProbity score 1.88
Clashscore 112
Poor rotamers (%) 0.01
Ramachandran plot

Favored (%) 95.37
Allowed (%) 4.62
Disallowed (%) 0.01

pre-60S subunits from cells expressing methyltransferase-deficient
spbI-D52A, or WT SPB1 as a control (Extended Data Fig. 4a). Semiquan-
titative tandem mass spectrometry (MS-MS) analysis showed that
Nog2 particles from spbI1-D52A cells are depleted of components of
the Rix1-Real complex required for maturation of the 60S central
protuberance'’, as well as of Sdal, aribosome assembly factor involved
in recruitment of the Rix1-Real complex™?, and nuclear export of the
pre-60S subunit® (Extended DataFig. 4b). Furthermore, we observed
that unmodified subunits are deficient in Arx1and Bud20, nonessen-
tial but important assembly factors that bind the nuclear subunit

and contribute to its efficient cytoplasmic export”2* (Extended Data
Fig.4a,b).Inturn, Nog2 particles from spb1-D52A cells are enriched for
nucleolar factors, including Spbl, consistent with arrest of an earlier
pre-ribosomal complex (Extended Data Fig. 4b). Failure to methylate
G2922 therefore traps a nucleolar intermediate, supporting our con-
clusion that Gm2922 is important for the pre-60S to transition from
the nucleolus to the nucleoplasm.

Unmodified G2922 does not flip into active channel of Nog2

Our results strongly suggest that Nog2 binding to H92 depends on
methylation of G2922. To directly visualize the consequences of
unmethylated G2922, we used cryo-EM to solve the structure of an
unmodified pre-60S subunit bound by Nog2 at an overall resolution
of 2.9 A (Fig. 4a, Extended Data Figs. 5 and 6 and Table 1). In our struc-
ture, density for Nog2 largely agrees with prior structure determi-
nations'>'>'"”, However, switch I and switch Il (motifs G2 and G3) are
apparently ordered around GDP in complex with a magnesium ion
(Extended Data Fig. 7a), suggesting that Nog2 has hydrolyzed GTP,
as also reported in recent unpublished work?. Most strikingly, the
unmodified G2922 is not flipped into the active site channel of Nog2,
unlike the modified Gm2922 in previously solved structures (Fig. 4b,c).
Instead, when G2922 lacks a 2’-O-methyl group, H92 closely matches
the conformationitadopts within the mature large ribosomal subunit,
where Gm2922 stacks on W2923 (Extended Data Fig. 7b)°. This result
unambiguously shows that methylation of G2922 is critical for its
engagement with the active site channel of Nog2 and suggests that
Nog2-catalyzed GTP hydrolysisistriggered inthe absence of Gm2922.
Thus, Nog2 directly assesses the methylation status of Gm2922, gating
ribosome biogenesis before nuclear export of the nascent 60S subunit.

Discussion
Our work demonstrates how a single nucleotide modification serves
asastructural checkpointin ribosome assembly. We have shown that
recognition of Gm2922 by the essential GTPase Nog2 couples struc-
tural maturation of the ribosome to Nog2-dependent nuclear export.
Initially, methylation of G2922 by Spbl prepares the RNA of the proto
A-site for binding by Nog2. Nog2 then assesses the modification status
0of Gm2922to ensure that only ribosomes with amethylated G2922 pro-
gress through the biogenesis pathway. Stable binding of Nog2 toH92 is
aprerequisite for recruitment of the Rix1-Real complex, which drives
maturation of the central protuberance. Subsequent GTP hydrolysis by
Nog2 promotes its release from the pre-60S*. Since Nog2 occludes the
bindingsite for the exportadapter protein Nmd3, once Nog2isreleased,
Nmd3 is free to bind to escort the pre-60S to the cytoplasm (Fig. 4e).
In human cells, G4469 (the equivalent of G2922) is also
2’-0-methylated® and, since Nog2 (GNL2 in humans) is highly con-
served between yeast and humans, we anticipate a similar functional
and structural role for Gm4469 in assembly of the human large riboso-
mal subunit. Our work clearly demonstrates the importance of G2922
modification for ribosome assembly. However, as the A-loop plays
acritical role in accommodating amino-acyl tRNAs during transla-
tion elongation and chemical modification of the A-loop is found in
ribosomes from all extant organisms, it is tempting to speculate that
modification of Gm2922 or neighboring nucleotidesis alsoimportant
for translation. For example, rRNA modifications of the A-site loop
could alter the rate or accuracy of the translating ribosome. Surpris-
ingly, we found that NOG2 mutants that bypass the requirement for
G2922 methylation appear to have minimal impact on cell growth.
Nevertheless, it remains possible that modification of the A-loop has
agreater impactontranslation under suboptimal growth conditions.
Future work will address the biochemical consequences of lacking
A-site modifications, as well as the environmental conditions under
which they are most critical for survival or robust growth.
Surveillance of rRNA modification by orthologous GTPases
may well extend beyond nuclear ribosome assembly in eukaryotes.

Nature Structural & Molecular Biology | Volume 30 | January 2023 | 91-98 96


http://www.nature.com/nsmb
http://www.ebi.ac.uk/pdbe/entry/emdb/EMDB-26485
https://doi.org/10.2210/pdb7UG6/pdb
http://www.pdb.org/pdb/search/structidSearch.do?structureId=3JCT

Article

https://doi.org/10.1038/s41594-022-00891-8

Several studies examining the human mitochondrial ortholog of Nog2,
MTG1(GTPBP7), suggest that this enzyme binds to the maturing H92 of
the mitochondrial large subunit and may directly sense modifications
of universally conserved A-loop bases including Um3039 and Gm3040
(refs.”?%). Also, the Nog2 bacterial ortholog RbgA interacts closely with
H92 in Bacillus subtilis ribosome assembly*’, where the A-loop base
Gm2582 (analogous to Saccharomyces cerevisiae Gm2922) is known to
be 2’-0-methylated®*’. The structures of bacterial and mitochondrial
Nog?2 orthologs have conserved histidine residues thought to play
arole in catalysis®, either by coordinating a water molecule for the
first nucleophilic attack step of GTP hydrolysis or controlling access
to the y-phosphate (Extended Data Fig. 7c). Intriguingly, Gm2922
fills an analogous positionin the active site channel of Nog2, where it
potentially occludes water molecule access to the y-phosphate of GTP.
This hypothesis is supported by our observation that GDP is present
intheactive site of Nog2 when Gm2922 is absent, although future bio-
chemical experiments are required to fully validate this speculation.
Although these enzymes have experienced more than one billionyears
of evolutionary divergence, their common structural features and bind-
ing location on the nascent large ribosomal subunit raise the exciting
possibility that RNA modifications play a critical role in regulating
their enzymatic functions. Taken together, our results suggest a new
paradigm for rRNA modificationsin gating assembly of thisimportant
macromolecular machine.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Strains, plasmids and cell growth

Yeast strains, plasmids and oligonucleotides used in the present study
are listed in Supplementary Data 1. All yeast strains are derivatives of
BY4741 and were grown at 30 °C. Golden Gate assemblies were per-
formed using Bsal-HF or Esp3l enzymes from New England Biolabs. All
site-directed mutagenesis was performed using inverse PCR or Gibson
assembly with mutagenic oligonucleotides. All plasmid assemblies
requiringa PCR-amplified insert were verified via Sanger sequencing.
Yeast transformations were all conducted via the poly(ethylene glycol)
lithium acetate method™". Yeast Toolkit (YTK) plasmids were a gift from
J. Dueber (Addgene, kit no.1000000061)>.

Strain AJY4406 (NatR::pGAL1:3xHA-NOG2) was generated viaPCR
amplification of amodular NatR:pGAL1:3xHA cassette with oligonucle-
otides containing NOG2 promoter and coding sequence, as previously
described*®. Strain AJY4425 (KanMX::pGAL1:SBPI) was constructed
similarly. Strain AJY4427 (KanMX::;pGAL1:SPB1 NOG2Aintron-3xFLAG-
6xHis) was generated via a YTK-compatible Cas9 protocol described
previously”. A Cas9 small guide (sg)RNA (5-TTTGATTCTTTCCAAC
CAAG-3’) was designed to target theintron within NOG2and assembled
into sgRNA dropout vector pAJ4247 to construct the constitutive
Cas9-sgRNA plasmid pAJ4810; strain AJY4425 was then co-transformed
with pAJ4810 and alinearized repair template corresponding to NOG2
without an intron and containing a carboxy-terminal 3xFLAG-6xHis
tag (derived from digestion of pAJ4853 with Eagl). Candidate NOG2
Aintron-3xFLAG recombinants were screened for loss of the NOG2
intron by colony PCR and for Nog2-3xFLAG expression by western
blotting. A successful recombinant was finally streaked on yeast pep-
tone galactose medium and colonies screened for URA3 auxotrophy
to verify loss of pAJ4810.

PCR mutagenesis of NOG2
Plasmid pAJ4395 was constructed by amplifying the NOG2 locus
(-500 nt upstream of the NOG2 start codon to ~80 nt downstream of
the NOG2 stop codon) from genomic DNA purified from yeast strain
BY4741and cloningitinto vector pAJ5103 (CONS-sfGFP dropout-CON1
LEU2 CEN AmpR) assembled from YTK parts®. The internal Bsal site
in the NOG2 coding sequence was replaced with a synonymous cod-
ing sequence (G444>A), and the single intron within the NOG2 locus
was removed. The NOG2 open reading frame was mutagenized using
Taq polymerase (New England Biolabs), with amplifying primers
AJO3460 (5-TAGCGGTCTCAACTAAATATCAGGGGAGGAATAATACA-3")
and AJO3461 (5-TAGCGGTCTCACGGTTGTCCGTTTTTACCTCTA-3'),
containing Bsal sites for Golden Gate assembly. To alleviate bias in
the type and rate of mutations, dNTP concentrations were adjusted
to 0.2 mM dATP and dGTP and 1 mM dTTP and dCTP?%, After five
amplification cycles, manganese chloride was added to a final con-
centration of 500 uM*. PCR was then continued for another 20
cycles. The promoter (-500 nt) and terminator (-200 nt) regions
of NOG2 were amplified separately from BY4741 genomic DNA,
with a high-fidelity polymerase, using oligonucleotides AJ03454
(5-TAGCGGTCTCAAACGCGGAAAAGAAGGAGAGTCTG-3’) x AJO3459
(5"-TAGCGGTCTCATAGTGGTTTTGCTGCAAGTC-3’) (NOG2 promoter)
and AJO3458 (5’-TAGCCGTCTCATCGGTCTCAACCGGTGTATAATAT
TAATTTAAGATTACA-3’) x AJO3455 (5-TAGCGGTCTCACAGCTCTAGAGG
ATCTAACAATGAACTTAAATCAACAACACG-3’) (NOG2 terminator),
all of which contain compatible 5’-Bsal sites for directional assembly.
Mutagenized NOG2 was combined with the PCR products
encoding its promoter and terminator regions in a Bsal Golden Gate
assembly reaction and with the YTK ConS/1 GFP dropout vector
pAJ5103. The assembled product was used to transform competent
DH5a Escherichia coli (New England Biolabs) and transformants
(-10°) were selected on ampicillin plates. Fewer than 1in 10* colonies
expressed GFP, indicating successful library assembly. Several colo-
nies were sequenced to verify the presence, quantity and uniformity

of mutations, and the rest were pooled and bulk DNA prepared via
Midiprep (QIAGEN).

The mutagenized library prep was digested with Bsal to elimi-
nate any remaining vector background and used to transform strain
AJY4406. Transformants (-5 x 10*) were selected on synthetic solid
medium containing galactose and lacking leucine, pooled and frozen
in a glycerol stock. Cells from this stock were plated on to synthetic
medium containing glucose and lacking leucine, thereby selecting
transformants that could complement repression of the endogenous
NOG2locus. Colonies viable on glucose (-5 x 10*) were pooled and
frozenin aglycerol stock.

To estimate sequencer errors, a WT control was carried out in
which strain AJY4406 was transformed with plasmid pAJ4395, harbor-
ing the unmutagenized NOG2 coding sequence. These transformants
were grownin synthetic liquid mediumlacking leucine, with galactose
or glucose as a carbon source for the input and selection controls,
respectively.

Sequencing and analysis of mutagenized yeast libraries

Plasmid extraction and all subsequent steps were performed in
duplicate. Briefly, plasmid DNA was extracted from ~3 x 10° cells
(Zymoprep Yeast Plasmid Miniprep, Zymo Research) and amplified
with vector-specific oligonucleotides AJO3514 (5’-TAACTGCCTTGA
TCTGTCGG-3’) and AJO3515 (5'-TGGTAGAGCCACAAACAGC-3’). These
amplicons were subsequently PCR amplified using 15 interleaved
primer pairs (Supplementary Data 1), each yielding an amplicon of
150 bp, flanked by sequence for lllumina adapter priming. Amplicons
for sequencing were pooled according to sample and multiplexing
NEBNext Multiplex Illumina adapters (New England Biolabs) were
attachedin afinal PCR step. The pools were sequenced in a single run
onanllluminaNextSeq platform, using 150-bp paired-end reads. Reads
were aligned to the NOG2 open reading frame using BowTie2 (ref. *°)
andsplitinto their correspondingtiles with a customized Pythonscript.
Mutations were counted and normalized using the TileSeq Analysis
package (v.1.5)%. These mutational counts were analyzed and the com-
plete phenotypic profile imputed and displayed using the POPCode
Analysis Pipeline®. Customized Python scripts were used to calculate
median fitness scores from the complete analysis and these scores
were mapped onto the atomic model of Nog2. Evolutionary conserva-
tion scores were obtained from a ConSurf* prediction based on 495
orthologs of NOG2 obtained from the eggNOG database, v.4.5 (ref. ).

Westernblotting

Strain AJY4406 was transformed separately with plasmids pAJ5125,
pAJ4853, pAJ5402, pAJ5403 and pAJ5404. Transformants were grown
tostationary phase, diluted 1:20 and grown for 5h at 30 °C. Cells were
harvested and proteins extracted by incubating in 100 mM NaOH for
20 min onice, then boiling in sodium dodecylsulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE) loading buffer for 5 min. Protein
extracts were resolved on a 6-18% polyacrylamide gel, transferred
to a nitrocellulose membrane and incubated overnight at 4 °C in
tris-buffered saline (TBS) supplemented with 1% casein, containing
primary antibodies rabbit anti-glucose-6-phosphate dehydrogenase
(diluted 1:20,000) and rat anti-FLAG (Agilent, diluted 1:20,000). After
two washes with TBS + Tween 20 (TBS-T) and one with TBS, the mem-
branewasincubated for 30 minin TBS containing secondary antibodies
goatanti-rabbit 680RD and goat anti-rat 8S00CW (LiCOR, each diluted
1:20,000). After three washes with TBS, secondary antibodies were
visualized ona LiCOR Odyssey infrared scanner.

Sucrose gradient sedimentation

Strain AJY4425 was co-transformed with the following paired combi-
nations of plasmids: pAJ4841/pAJ5136, pAJ4842/pAJ5136, pAJ4842/
pAJ4852 and pAJ4842/pAJ4881. The transformants were inoculated
into synthetic medium lacking leucine and histidine and containing
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galactose and grown overnight at 30 °C to saturation. The transfor-
mants were then diluted 1:200 into synthetic medium lacking leucine
and histidine and grown overnight at 30 °C to repress the expression
of genomic SPBI. Cells from these cultures were finally diluted into
the same synthetic medium, grown to mid-log phase (optical density
at 600 nm (ODy,,) = 0.6,) then treated with 100 pg ml™ of cyclohex-
imide and shaken for 30 min at 30 °C. Treated cells were centrifuged
and stored at —80 °C. Thawed cells were washed and resuspended
in lysis buffer (20 mM Hepes-KClI, pH 7.4, 100 mM KCI, 2 mM MgCl,,
5mM 2-mercaptoethanol, 100 pg ml™ of cycloheximide, 1 mM each
of phenylmethylsulfonyl fluoride and benzamidine, and 1 uM each
of leupeptin and pepstatin). Extracts were prepared by glass bead
lysis (two 30-s rounds of vortexing) and clarified by centrifuging for
15 min at 18,000g and 4 °C. Then, 4.5 OD,, units of clarified extract
were loaded onto a 7-47% sucrose gradient made in the same buffer
lacking the protease inhibitors. Gradients were centrifuged for 2.5 hat
202,000g in a Beckman SW40 rotor and the RNA content monitored
at 254 nmusing an ISCO Model 640 fractionator.

RNAse T1digestion and primer extension

Strain AJY4425 was co-transformed with the following paired combi-
nations of plasmids: pAJ4841/pAJ5136, pAJ4842/pA)5136, pAJ4842/
pAJ4852 and pAJ4842/pAJ4881. The transformants were inoculated
into synthetic medium lacking leucine and histidine and contain-
ing galactose and grown overnight at 30 °C to saturation. To repress
the expression of genomic PGALI-SPBI, the cells were diluted 1:200
into pre-warmed medium containing glucose and grown overnight
at 30 °C to saturation. Finally, to dilute mature ribosomes synthe-
sized before Spbl depletion, the cells were again diluted 1:2,000 into
fresh, pre-warmed SD-Leu/His medium containing glucose and cul-
tured at 30 °C until the early exponential phase (OD¢y, = 0.3). Cells
were harvested and stored at —80 °C. Total RNA was prepared using
the acid-phenol-chloroform method as previously described®. To
assay the methylation status of G2922, equivalent amounts of 25S
rRNA were dried by speed vacuuming and resuspended in annealing
buffer (40 mM 1,4-piperazinediethanesulfonic acid, pH 7.0, 400 mM
NaCl and 1 mM EDTA). A mixture of RNA and *P-labeled AJ03925
(5’-CCCAGCTCACGTTCCC-3") was heated at 95 °C for 3 min and cooled
to 4 °C using aramp-down rate of 10 s per °C to promote annealing in
afinal volume of 25 pl. After annealing, 2 units of RNase T1 (Ambion)
were added to 10 pl of the annealing reaction and incubated at 25°C
for 60 min. Reverse transcription reactions using MMLYV reverse tran-
scriptase (Invitrogen) were performed according to the manufacturer’s
instructions, using 4 plof each RNase T1digest reaction asatemplatein
afinal reaction volume of 10 pl. Reactions were carried out at 37 °C for
50 minfollowed by inactivation at 70 °C for 15 min. One volume (10 pl)
of 2x Tris-borate-EDTA (TBE)-urea sample buffer (89 mM Tris, 89 mM
boricacid,2 mMEDTA, pH8.0,7 Murea, 12%Ficoll, 0.01% Bromophenol
Blue and 0.02% xylene cyanol FF) was added to each sample and heated
at 70 °C for 15 min. Then, 2 pl of each sample was separated on a 12%
TBE-urea gel, dried on filter paper and exposed to a phosphoscreen
overnight. Signal was detected by phosphorimaging ona GE Typhoon
FLA9500.

Fluorescence microscopy

Strain AJY4425 harboring pAJ4890 was co-transformed with the fol-
lowing paired combinations of plasmids: pAJ4841/pAJ5136, pAJ4842/
pAJ5136, pAJ4842/pAJ4852, pAJ4842/pAJ4872 and pAJ4842/pAJ4881.
Strains were grown to saturation in synthetic medium containing
galactose and lacking uracil, leucine and histidine, then subcultured
for 16 h in medium containing glucose to deplete endogenous Spbl.
Cells were then freshly diluted 1:20 and grown for 4 h in medium con-
taining glucose. Cells were fixed for 30 min with 3.7% freshly prepared
formalin, washed 3x with cold 100 mM potassium phosphate, pH 6.4
and incubated for 5 min at room temperature with 0.1% Triton X-100.

DAPIwas added to 2 pg ml™”and cells were incubated for another 3 min
at room temperature, then washed 3x with cold phosphate-buffered
saline, pH 7.4 and stored at 4 °C. Fluorescence and brightfield micro-
graphs wererecorded on a Nikon ESO0 microscope fitted witha x100
Plan Apo objective and aPhotometrics CoolSNAP ES camera controlled
by NIS-Elements software.

Immunopurification

Strain AJ)Y4427 (KanMX::;pGAL1:SPBI NOG2-3xFLAG-6xHis) was trans-
formed with WT SPB1(pAJ4841) or spbI-D52A (pAJ4842) and grown for
24 hin medium lacking histidine and containing galactose, followed
by 24 h of growth in medium containing glucose to deplete endog-
enous Spbl. Cells were then diluted in the same medium and grown to
mid-log(phase) (ODgq, 0f 0.6). For analysis by PAGE and MS, cells were
harvested and frozenat—80 °C. All subsequent steps were performed at
0-4°C.Cell pellets were thawed and resuspended inimmunoprecipita-
tion (IP) binding buffer (50 mM Tris, pH 7.6,100 mM NaCl, 5 mM MgCl,,
0.05%NP-40 and 0.5 mM tris(2-carboxyethyl)phosphine hydrochloride
(TCEP)) and brokenwith glass beads. The cell lysate was clarified by two
subsequent centrifugation steps of 5 min at 3,000g followed by 20 min
at18,000g, and the lysate wasincubated with aFLAG-conjugated aga-
rose beads (Millipore-Sigma) for 2 h with rotation at 4 °C. The lysate
wasremoved and the beads were washed 3x with IP wash buffer (50 mM
Tris pH 7.6, 100 mM NacCl, 5 mM MgCl,, 0.01% octyl-p-glucoside and
0.5 mM TCEP), after which the Nog2-3xFLAG complex was eluted for
90 minwith IP wash buffer containing 350 pg ml™ of 3xFLAG peptide.
For analysis by cryo-EM, cells were flash frozen as a 75% cell slurry in IP
buffer and broken under cryogenic conditions in a Retsch mixer mill
with 6 cycles of 3 minat 15 Hz. Subsequent steps were as described for
analysis by PAGE and MS above. Eluates were either frozen and stored
for PAGE and MS analysis or else directly applied to cryo-EM grids.

Mass spectrometry

Protein identification was provided by the University of Texas at
Austin Center for Biomedical Research Support Proteomics Facility
(RRID:SCR_021728).Samples were excised from SDS-PAGE gels, trypsin
digested, desalted and run on a Dionex LC and Orbitrap Fusion 2 for
liquid chromatography-tandem MS for 30 min (single band) or 120 min
(whole lane) and analyzed using PD 2.2 and Scaffold 5. For semiquan-
tiative analysis, peptide spectral counts were normalized to protein
molecular mass and P values for enrichment were calculated from
a paired, two-sided Student’s ¢-test using the Cyber-T web server**
without Bayesian correction.

Cryo-EM

Quantifoil R1.2/1.3 grids coated with an ultrathin layer of amorphous
carbon (Electron Microscopy Sciences) were glow discharged for1 min
at25mA. UsingaMark IV VitroBot (FEI), asample was applied to freshly
glow-discharged grids at4 °C and100% humidity,immediately blotted
for2 sataforcesetting of 0, then plunged into liquid ethane and stored
under liquid nitrogen until data collection. Microscopy data were col-
lectedintwo separate rounds at the University of Texas at Austin Sauer
Structural Biology Center on a Titan Krios microscope (FEI) operating
at300 kV, equipped witha K3 Summitdirect electron detector (Gatan).
To alleviate particle orientation bias observed in the first collection,
6,768 videos wererecorded at 0° tiltand 6,732 videos at 30° tilt. In the
second round of data collection, 12,456 videos were collected at 0° tilt,
for atotal of 25,956 videos. Videos were acquired using SerialEM v.3.8
(ref.*)and recorded as 20 frames over 4 s for a total electron dosage of
~70 e” A2, Videos were recorded at a nominal magnification of 22,500,
a pixel size of 0.81 A and over a defocus range of -1.5 pm to —2.5 pm.
Using cryoSPARC Live for on-the-fly processing, videos were motion
corrected and dose weighted, contrast transfer function estimates per-
formed and atotal 0f293,350 particles picked using a 60S template. Fol-
lowing on-the-fly two-dimensional (2D) classification to separate clean
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pre-60S projections from unassignable or junk’ classes, particles were
exported to cryoSPARC*® (v.3.2), where multiple subsequent rounds of
2D classificationresulted in atotal of 194,497 particles. These particles
were used for the initial reconstruction and three-dimensional (3D)
heterogeneous refinement to separate a total of 120,722 nucle(ol)ar
particles with at least partial Nog2 occupancy, which were subjected to
consensus nonuniform refinement. Using the csparc2star.py function
in pyEMY, these particles were exported to RELION**v.3.1.3, where a
3D classification scheme using a soft mask around Nog2/H92 was used
tofurther separate 86,273 Nog2-bound particles. These particles were
re-importedinto cryoSPARC v.3.2 for a3D classification scheme with a
soft mask around Rsa4, which separated 15,954 particles with Nog2 at
high resolution. Separation of Rsa4-bound Nog2 particles was key to
obtaining the highest-possible resolution map of both Nog2 and the
5Sparticle, whichis flexible before Real-mediated rotation. To further
improve the map, four separate masks were generated covering the
5S particle and three other sections of the complex (‘Core & L1-stalk’,
‘Foot” and ‘P-stalk’) and used for particle subtraction combined with
local refinementin cryoSPARCv.3.2 (Extended Data Fig. 5). The result-
inglocal maps were combined in ChimeraX*’. Fourier shell correlation
(FSC) calculations were also carried out in cryoSPARC v.3.2 after final
refinement (Extended Data Fig. 6).

Modeling, refinement and graphics

The Protein Data Bank (PDB) accession no. PDB 3JCT (ref.'°) was first
rigid-body docked into the final, unsharpened map, using UCSF
ChimeraX v.1.0 (ref. *). Chains for uL11 and Albl were added from
accession no. PDB 6YLH (ref.'). The rRNA of H92 was fit by hand into
the corresponding map density using COOT v.1.0 (ref.*°). The model
was relaxed using flexible molecular dynamics fitting with ISOLDE v.1.4
(ref.”"), then finally subjected to real-space refinement asimplemented
in PHENIX v.1.19.1 (ref. *?). All molecular graphics were prepared with
UCSF ChimeraX v.1.0 (ref.*).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Therawsequencing dataare deposited in the Sequencing Read Archive
with BioProject accession no. PRJNA892951. The structure of the
Nog2-3xFLAG unmodified pre-60S subunit and its associated atomic
coordinates have been deposited into the Electron Microscopy Data
Bank (EMDB) and the PDB as accession nos. EMD-26485and PDB 7UG6,
respectively. All other data are available in the manuscript or supple-
mentary materials. Requests for strains or plasmids will be fulfilled by
thelead contact author, AW.].,uponrequest.Source dataare provided
with this paper.
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Extended Data Fig. 1| Massively parallel mutagenesis of NOG2. A. Scheme for
high throughput mutagenesis and analysis of functional variants of NOG2.

B. Complete fitness landscape for variants in the core GTP-binding motifs of
NOG2(G4,G1,G2,G3; amino acids 260-369). Yellow squares indicate the WT
amino acid identity. C. Distributions of observed fitness scores (®) for nonsense

(red), missense (gray) and synonymous (green) mutations. D. Correlation
between per-residue median fitness score and ConSURF * score (evolutionary
conservation: scores1-3, low; scores 4-6, medium; scores 7-9, high conservation).
The statistical analysis used was performed in TileSeq and described in
Weileetal. (ref. ®).
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Extended Data Fig. 2| Details of interactions between Nog2 and H92/
Gm2922. A. Modeling of active site of Nog2 with Gm2922 (accession no. PDB
3JCT) shown and Switch1(G2) and Switch 11 (G3) colored. B. Cryo- EM map of
Nog2 (EMDB-6615) showing clear density for 2’-O-methyl group at G2922.

C. Two-dimensional map of interactions between Nog2 amino acids and RNA
elements of H92. Nucleotides and amino acids are depicted as rectangles,
relevant phosphates are shown as orange circles. Hydrogen bonds between bases

NOG2-3xFLAG

\0
o X P b°$°
O Q Q)
& & & & of
50 kD> — — — — | F| AG

areshown as dashed lines, and the wobble base pair between A2919 and C2927 is
shownasadot. Interactions between amino acids and H92 are depicted as dotted
lines. Threonine 195 (T195) was selected as a candidate for a suppressing amino
acid substitution (Fig. 3). D. Western blots to verify expression of WT NOG2-
3xFLAG and variants S208A, R389S and double mutant. Glucose-6-phosphate
dehydrogenase (G6PD) was used as aloading control.
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Extended Data Fig. 3 | Schematic of primer extension probing After cleavage with RNase T1, reverse transcription will generate a 30 nt product
2’-0-methylation at G2922. A. RNase T1 cleaves 3’ to guanosines in single- ifG2922is sensitive to cleavage (that is not methylated), or a34 nt productif
stranded RNA. However, 2’-O-methylated guanosine is resistant to cleavage. G2922is protected from cleavage (that is methylated).

Guanosines base-paired with the reverse transcription primer are also protected.
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Extended Data Fig. 4 | Nog2-3xFLAG immunopurifications and protein with Nog2-3xFLAG, inunmodified G2922 (spb1-D52A) versus modified Gm2922
identification. A. Immunopurifications from the indicated strains, stained (WT SPBI). Dashed lines intersecting x-axis indicate a log, fold change of 1, and
with Coomassie blue. Proteins identified by mass spectrometry are indicated. intersecting y- axis indicate a-log,, (p) value of 1.3 (p = 0.05).

B. Volcano plot showing log, fold change of factors that co-immunopurify
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Extended DataFig. 5| Details of cryo-EM data collection and processing. A. Raw micrograph of Nog2-3xFLAG particlesimmunopurified from the pGAL:SPBI strain AJY4425
expressing spbI- D52A. Representative of 25,956 micrographs. Scale bar =100 nm. B. Cryo-EM data processing scheme by which the Nog2-3xFLAG structure was obtained.
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Extended Data Fig. 7 | Details of the unmodified G2922 structure and
structural comparison between Nog2 and orthologs. A. Active site of Nog2
in complex with pre-60S lacking G2922 methylation. Densities for GDP, Mg
and ordered regions Switch1and Switch Il are clearly observed. B. Cryo-EM
map corresponding to H92 in the unmodified G2922 structure. C. Cartoon
comparisons between H92 with amodified Gm2922 engaged with Nog2 (left,
accession no. PDB 3JCT), an unmodified G2922 (middle, this work) and the

Modified,
mature H92

MTG1

Um3039

mature H92 from the yeast ribosome crystal structure (right, accession no. PDB
4V88).D.Comparison between the active sites of Nog2 (left, accession no.

PDB 3JCT), bacterial ribosome biogenesis GTPase RbgA (middle, accession no.
PDB 6PPK) and human mitoribosome biogenesis GTPase MTGI (right, accession
no.PDB 7PD3). The position of Gm2922, or locations of histidine residues
implicated in catalysis, are indicated by dashed circles.
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The raw sequencing data are deposited in the Sequencing Read Archive (SRA) with accession number PRINA892951. The structure of the Nog2-3xFLAG unmodified
pre-60S subunit and its associated atomic coordinates have been deposited into the Electron Microscopy Data Bank (EMDB) and the Protein Data Bank (PDB) as
EMDB-26485, and PDB 7UG6, respectively. All other data are available in the manuscript or supplementary materials. Requests for strains or plasmids will be
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Data exclusions  No data was excluded.

Replication Genetic screens, biochemical assays, and cell imaging are representative of two independent experiments. Multiple structures were obtained
at various time points that resembled one another.

Randomization  No randomization was performed. Randomization was not relevant to this study because it didnot involve human subjects or live animals
where bias is possible.

Blinding No blinding was performed. Blinding is not relevant to this study because it did not involve human subjects or liver animals where bias is
possible.
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Antibodies

Antibodies used Primary antibodies used included rabbit anti-G6PD and rat anti-FLAG (Agilent). Secondary antibodies included goat anti-rabbit 680RD
and goat anti-rat 800CW.

Validation Primary antibodies have been verified by relative expression and knockdown to confirm specificity.
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