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rRNA-modifying enzymes participate in ribosome assembly.
However, whether the catalytic activities of these enzymes are
important for theribosomeassemblyandothercellularprocesses
is not fully understood. Here, we report the crystal structure of
WT human dimethyladenosine transferase 1 (DIMT1), an 18S
rRNA N6,6-dimethyladenosine (m2

6,6A) methyltransferase, and
results obtained with a catalytically inactive DIMT1 variant.We
found that DIMT11/2 heterozygous HEK 293T cells have a
significantly decreased 40S fraction and reduced protein synth-
esis but no major changes in m2

6,6A levels in 18S rRNA.
Expression of a catalytically inactive variant, DIMT1-E85A, in
WT andDIMT11/2 cells significantly decreasedm2

6,6A levels in
18SrRNA,indicatingadominant-negativeeffectofthisvarianton
m2

6,6A levels. However, expression of the DIMT1-E85A variant
restored the defects in 40S levels. Of note, unlike WT DIMT1,
DIMT1-E85A could not revert the defects in protein translation.
We found that the differences between this variant and theWT
enzyme extended to translation fidelity and gene expression
patterns in DNA damage response pathways. These results
suggest that the catalytic activity ofDIMT1 is involved in protein
translation and that the overall protein scaffold of DIMT1,
regardless of the catalytic activity on m2

6,6A in 18S rRNA, is
essential for 40S assembly.

Ribosomes are molecular machines that are essential for
protein synthesis. In eukaryotes, ribosome assembly requires
four ribosomal RNAs (18S, 5.8S, 25S, and 5S) (1–4) as well as
;200 indispensable assembly factors.Many of these factors play
a role in the cleavage of rRNA precursor transcripts, folding of
rRNA, facilitating the binding of ribosomal proteins, and
catalyzing rRNAmodifications (1–5).
Several rRNA-modifying enzymes participate in ribosome

biogenesis (3, 6, 7). Among these rRNA-modifying enzymes,
dimethyladenosine transferase 1 (DIMT1), an SAM-dependent
methyltransferase, installs N6,6-dimethyladenosine (m2

6,6A) at
the twoadjacentadenosine sitesA1850andA1851 inhuman18S
rRNA(Fig. S1,A andB) (8–12).DIMT1-catalyzedm2

6,6A sites in
18S rRNAare conserved in all three kingdoms of life (Fig. 1A) (8,
13). As shown in a cryo-EM structure of the human ribosome
(PDB entry 6EK0) (4), the adjacent m2

6,6A sites reside between

the40S and60S subunits anddirectly interactwith tRNA(P-and
E-sites) and mRNA on the ribosome (Fig. S1B). The structural
studies of the ribosomal complex suggest that DIMT1 functions
as a checkpoint protein in translation by interacting with small
subunitsof the ribosomeandprecluding eIF1A fromengaging in
pre-mature translation (1, 14, 15).
The biological significance of theDIMT1-mediatedm2

6,6A in
18S rRNA was previously explored by the knockout studies of
DIMT1 in multiple species, including bacteria, budding yeast,
and Arabidopsis thaliana. The DIMT1 knockout leads to
increased sensitivity of these organisms to stress conditions
(16–18). Interestingly, previous studies suggested that the
expression, but not the catalytic activity, of DIMT1 is important
for rRNAprocessingandribosomebiogenesis (19).Bacteriawith
catalytically dead KsgA are more sensitive to antibiotics (20);
however, in yeast, the catalytically inactive DIMT1 variants do
not lead to obvious growth defects compared with the wild type
(WT) strain (17). Sporadic studies of human DIMT1 suggested
thatDIMT1 is important for the regulationof cell proliferation
in cancer (21–24). Elevated levels of DIMT1 correlate with the
progression of multiple myeloma and colon cancer (21–24);
however, the molecular mechanism is not understood. The
only study to investigate the mechanism by which human
DIMT1 influences 18S rRNA processing showed that the
catalytic activity of DIMT1 is not required for this process,
leaving the function of the evolutionarily conserved rRNA
modification m2

6,6A uncharacterized (19).
Whereas the finding of a noncatalytic structural role for

DIMT1 is highly credible, no evidence suggests that the catalytic
role of DIMT1 is required for ribosome biogenesis or protein
translation (10, 25–29). In addition, whereas the mechanisms
regulating partial modification and the functions of specialized
ribosomes are largely unknown, changes in the rRNAmodifica-
tion pattern have been observed in response to environmental
changes, duringdevelopment, and indisease.Most of the studies
of rRNA modifications were carried in the bacterial and yeast
systems. In human cells, the best-characterized rRNAmodifica-
tions are 29-O-methylation and pseudouridylation (30–32).
Dysregulation of these two rRNA modifications can affect
ribosome ligandbinding and translation fidelity (30, 32).However,
the biological functions of most of the rRNA modifications,
especially inmammalian systems, remains elusive.
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Figure1. CrystalstructureofhumanDIMT1.A,DIMT1-catalyzedmethylationreaction.B,gel filtrationelutionprofileofDIMT1.Elutionofthreestandardproteins
is show ingray lines,whereasDIMT1 is showninablack line.C,DIMT1contains twodomains.Shownisa ribbonrepresentationofhumanDIMT1,with theb-strands
anda-helicesnumberednumericallyandalphabetically,respectively,andaschematicrepresentationofthestructureofhumanDIMT1.D,overlappedstructuresof
KsgA in complexwith RNAandhumanDIMT1. Each domain of KsgAandhumanDIMT1, aswell as the RNA, are individually color coded. E, electrostatic surface of
humanDIMT1.Thesixpositive-chargedresiduesthatpotentially interactwiththeRNAsubstratesareannotated.F, sequencealignmentofhumanDIMT1andKsgA
showing an additionala-helix in humanDIMT1.
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Here,wecharacterizethestructureandmolecular functionsof
human DIMT1. The results reveal that residue Glu85 is
important forDIMT1-mediatedm2

6,6A installation.We studied
and compared the effects of DIMT11/2 heterozygous cells and
the catalytically inactive DIMT1 E85A variant on ribosome
assembly and protein translation. Collectively, our results
suggest the importance of the roles of both the noncatalytic
structural scaffold and the catalytic activity of DIMT1 in these
processes.

Results

Structural characterization of WT and variant human DIMT1

To gain a molecular-level understanding of DIMT1, we
determined the three-dimensional structure of DIMT1 through
X-ray crystallography. We used a previously deposited but not
published structure of human DIMT1 (PDB entry 1ZQ9) as the
template in molecular replacement in our study. The crystal
structure was finally refined to 2.38-Å resolution with 99.4%
completeness. The structure of DIMT1 belongs to space group
P212121. Data collection and refinement statistics are listed in
Table S1. This structure reveals two DIMT1 copies in the
asymmetric unit, whereas DIMT1 exists as a monomer in
solution (Fig. 1B and Fig. S1C). The N-terminal domain (NTD)
exhibitstheSAM-dependentMTasefold,whichisreminiscentof
theRossmann fold,withacentral seven-strandedb sheet flanked
by threea helices on each side (Fig. 1C). TheC-terminal domain
(CTD), located on one side of the b sheet, is composed of five a
helices, which are linked to NTD by a loop (212–219) (Fig. 1C).
There is a cleft between NTD and CTD, lined with a helix D, E,
and F in theNTD andG and I in the CTD. The cleft is positively
charged, providing a potential platform to bind RNA (Fig. 1, D
and E). The structure of KsgA (PDB entry 3FTE), a prokaryotic
homolog of DIMT1, in complex with a dsRNA has already been
determined (11). Although DIMT1 and KsgA have limited
sequence identity (26.05%, calculated using Clustal2.1 [33]),
DIMT1 and KsgA have similar overall structures with a root
mean square deviation (r.m.s.d.) of 1.518 Å for 147 residues.
AlthoughthestructuralsimilaritiesoftheNTDsofDIMT1andof
KsgA are extremely close, there is an extraa helix (helix I) in the
CTD of DIMT1 (Fig. 1D). This extra a helix provides multiple
interactions with the RNA substrate. Moreover, sequence
alignment showed that this a helix is conserved in several
eukaryotic species although absent from prokaryotes (Fig. 1F).
This implies that these dimethyladenosine methyltransferases
havedifferentsubstrateaffinityorselectivitybetweeneukaryotes
and prokaryotes. The structure we determined also reveals that
several positively charged side chains onboth sides of the cleft in
human DIMT1 are potentially important for binding of the
substrate RNA. We observe the residues Arg162, Arg174, and
Lys201 in theNTDandArg228, Lys253, andArg256 in theCTD
ofDIMT1.Ofnote, bothLys253andArg256are in theahelix I of
DIMT1 (Fig. 1E).

DIMT1 deficiency leads to decreased protein translation

We next studied whether the deficiency in DIMT1 leads to
defects in 40S assembly. Thus,we attempted to generateDIMT1
KO by employing CRISPR/Cas9. We screened for DIMT12/2

homozygous knockout single colonies by using several pairs of
designed PCR primers covering the CRISPR cut sites (Fig. 2A).
However, all the single colonies we obtained were heterozygous
with cut anduncutDIMT1alleles (DIMT11/2) (Fig. S2B). These
resultssuggestthatDIMT1isessentialforHEK293Tcellviability.
Thus, we selected two DIMT11/2 single colonies from the
CRISPR/Cas9 screening and confirmed their genotype using
Sanger sequencing experiments (Fig. S2, C and D). Western
blotting results revealed that the protein levels of DIMT1
significantly decrease in the DIMT11/2 single colonies com-
pared with those in theWT cells (Fig. 2A).
Next, we quantified the m2

6,6A levels in 18S rRNA extracted
from WT and DIMT11/2 heterozygous cell lines using liquid
chromatography triple-quadruple MS (LC–MS/MS). Unsur-
prisingly, the results showed that heterozygousDIMT11/2 does
not lead toobviouschanges in them2

6,6A levels in18S rRNA(Fig.
2B andFig. S3),whichwas seen inotherRNA-modifyingenzyme
heterozygous cells. We also performed transient knockdown of
DIMT1andaknockdowncontrol for48h,reachingaknockdown
efficiency of ;95%. However, the LC–MS/MS results showed
thatDIMT1 transient knockdowndoes not changem2

6,6A levels
in 18S rRNA (Fig. S4,A and B). This is likely because of the long
lifetime of 18S rRNA (34). Strikingly, heterozygous DIMT11/2

displays a significantly decreased 40S level in polysome profiling
when comparing the ratio of 40S peaks to 60S peaks (Fig. 2C and
Fig. S4C), which is likely through the decreased protein level of
DIMT1.Weobserved decreased cell proliferation inDIMT11/2

heterozygous compared with WT cells (Fig. 2D). These results
are consistent with the fact that DIMT1 is important for 18S
rRNA processing and the biogenesis of the small subunit in the
ribosome (6, 7, 19).
To understand whether DIMT1 deficiency leads to defects in

protein translation, we performed pulse-chase labeling experi-
ments using the unnatural amino acid homopropargylglycine
(HPG) formetabolic labeling of newly synthesized proteins.WT
andDIMT11/2 cellswere incubatedwithHPG,whichwas further
fluorescently labeled. The results showed that DIMT11/2 cells
have a significant decrease in global protein translation compared
withtheWTcells(Fig.2E).Wealsoemployedan invitrotranslation
system to quantify the protein synthesis in WT and DIMT11/2

cells. In detail, cells were first lysed under hypotonic conditions to
keep the integrity and activity of the translationmachinery ofWT
and DIMT11/2 cells. A firefly luciferase mRNA and necessary
cofactors (i.e. ATP and GTP) were added to allow in vitro
translationtooccur.This systemcanmimic thecellular translation
(35). As shown in Fig. 2F,DIMT11/2 led to an;55% decrease in
protein translation. Furthermore, we performed in vivo protein
synthesis assays by incubating live cells with puromycin to label
nascent peptides and traced peptide production via Western
blotting, and GADPHwas used as a loading control. As shown in
Fig. 2G, the results are consistent with the results from the HPG
assays and the in vitro translation experiments, indicating that
DIMT11/2 exhibits significantly decreased protein synthesis. The
same experiment was carried out in DIMT1 knockdown and
knockdown control cells. The results showed that DIMT1 knock-
downleadstoan;45%reductionofpuromycinsignalcomparedto
that of the knockdown control cells (Fig. S4D). These results
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collectively show that the DIMT1 deficiency significantly impacts
40S assembly and global protein translation.

DIMT1 E85A is catalytically inactive

The catalytic activity of DIMT1 was suggested to not be
required for 18S rRNA processing in yeast and human cells in a
previous report (15, 17, 19, 26). To explore the catalytic role of
DIMT1,we intended to first identify a catalytic-inactiveDIMT1
variant. Thus, we performed protein sequence alignment (Fig.
S4E) of DIMT1 in multiple species. Based on the sequence
alignment and previous studies of DIMT1 in prokaryotes and
yeast (19, 36),we selectedGlu85 tomutate. An additional reason
Glu85was chosen formutational analysis is thatmutation at this

residuewasshowninpatientswithglioblastomamultiforme(37).
We cloned, expressed, and purified full-length recombinant
human WT and E85A variant DIMT1 proteins (Fig. S4F). We
thenperformed in vitromethylationassaysusing theDIMT1E85A
variant and WT DIMT1 with a synthetic RNA probe bearing the
samelocalstructureasthetwom2

6,6Asites inthe18SrRNA45helix
(Fig. 3A). The LC–MS/MS results showed that WT DIMT1
effectively installs m2

6,6A in this RNA probe (Fig. 3, A and B). In
contrast,theE58ADIMT1variantfailedtoinstallm2

6,6AintheRNA
probe (Fig.3,AandBandFig. S5). Furthermore,wedetermined the
structureoftheE58ADIMT1variant.Glu85inWTDIMT1andthe
mutatedAla85 inDIMT1E85Aare clearlymodeled in the electron
density map (Fig. 3C). The overall structures of WT DIMT1 and

Figure 2. DIMT11/2 leads to decreased 40S peak, protein synthesis, and cell proliferation. A, Western blotting of DIMT1 in WT and two DIMT11/2 single
colonies.B, LC-MS/MSquantificationofm2

6,6A in18SextractedfromWTandDIMT11/2cells.C,polysomeprofilesofWTandDIMT11/2cells.Theratiosof40Sto60S
and60Sto80Sweredetermined fromtwobiological replicates (thesecondset is inFig. S4C).D, cellproliferationassaysperformed intheWTandDIMT11/2cells.E,
imagingandquantificationof fluorescence-labeledHPGsignals inWTandDIMT11/2 cells.Nucleiwere stainedwithNuclearMask.F, in vitro translationperformed
using cell extract fromWTandDIMT11/2 cells.G, Western blotting of puromycin inWT andDIMT11/2 cells. The error bars show the integrated signals from each
Westernblottingsample intheimagequantifiedbyImageJ.pvaluesweredeterminedusingatwo-tailedStudent’s t test forunpairedsamples.Errorbars represent
mean6 S.D. **, p, 0. 01; ****, p, 0.0001; n.s., not significant.
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E58A are nearly identical; the superimposition of WT and E58A
variant yields r.m.s.d. of 0.578Å for 271 residues (Fig. 3D).
To measure the methyltransferase activity of E85A DIMT1

variant on 18S rRNA inside cells, we constructed cell lines stably
expressingeitherFLAG-HA-taggedE58A,FLAG-HA-taggedWT
DIMT1, or empty vector in our previously establishedDIMT11/2

HEK 293T cells (Fig. 3E). As shown in Fig. 3F, the cells expressing
E58A variant have a greatly decreased level ofm2

6,6A in 18S rRNA
compared with that of the cells expressing WT DIMT1. These
results suggest that the expression of E58A DIMT1 leads to a
dominant-negative effect in decreasing the level of m2

6,6A in 18S
rRNA in DIMT11/2 HEK 293T cells. Indeed, we observed a
decreasedlevelofm2

6,6Ain18SrRNAwhenweexpressedtheE85A
DIMT1 variant in WT cells as well but to a lesser extent than
expressingE85ADIMT1variant inDIMT11/2heterozygotescells
(Fig. 3F and Fig. S6,A andB).

DIMT1 E85A variant does not have amajor impact on 18S rRNA
processing and ribosome assembly but impairs protein synthesis

We further studied the catalytic role of DIMT1 on 18S
processing, ribosome assembly, and global protein synthesis. As
shown in Fig. S7A, the E85A DIMT1 variant did not lead to

noticeable changes in the ratio of 18S to 28S rRNA. The results
from qRT-PCR quantification of 18S rRNA extracted fromWT
and E85A DIMT1 variants are consistent with the results from
the agarose gel images (Fig. S7,B andC). To analyzewhether the
DIMT1 E85A variant impairs 40S assembly, we conducted
polysome profiling using cell lysate from DIMT11/2 1 WT,
DIMT11/21E85A,andDIMT11/21emptyvectorcell lines.As
shown in Fig. 4A and Fig. S7D,DIMT11/21 E85A variant cells
didnotshowobviouschanges inthepolysomeprofilescompared
with that of theDIMT11/2 1WT cells, whereas DIMT11/2 1
empty vector showed a major decrease specifically in the 40S
assembly. These results suggest that the protein scaffold but not
the catalytic role of DIMT1 is required for ribosome assembly.
We further carried out EMSA (electrophoretic mobility shift
assay/gel shift assay) to compare theRNAbinding affinity ofWT
and E85A DIMT1. As shown in Fig. S7, E and F, E85A only
displays a slight decrease of affinity to theRNAprobes (the same
as that used in m2

6,6A LC–MS/MS quantification) compared to
WTDIMT1. In contrast, bothDIMT11/2 1 E85A variant cells
andDIMT11/21 empty vector cells present decreased protein
synthesis, whereas the DIMT11/2 1 WT cells showed protein
synthesis comparable to that of the knockout control cells, as
revealed in the HPG assays and the in vitro translation assays

Figure 3. Identification of catalytically inactive E85ADIMT1 variant. A, LC–MS/MS quantification of m2
6,6A levels in an unmodified RNA probe after in vitro

methylationreactionwithWTorE85ADIMT1.SAMwassupplementedinthe invitromethylationactivityassay.B, LC–MS/MSchannelsandpeakareasofguanosine
andm2

6,6Ainthe invitroreactionswithWTorE85ADIMT1variant.C, final2Fo2FcelectrondensitymapsofGlu85inWTDIMT1andAla85inE85ADIMT1contouredat
1.0sandingray.D,overlappedstructuresofWTandE85ADIMT1.E,WesternblottingshowingtheexpressionofFLAG-taggedDIMT1inDIMT11/21E85A,DIMT11/

21WT(wt),andDIMT11/21emptyvector.F, LC–MS/MSquantificationofm2
6,6Ain18S rRNAextractedfromDIMT11/21E85A,DIMT11/21WT(wt),andDIMT11/

21emptyvector.pvaluesweredeterminedusingatwo-tailedStudent’sttestforunpairedsamples.Errorbarsrepresentmean6S.D.***,p,0.001;n.s.,p.0.05;N.
A., not determined.
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Figure4. Catalytically inactiveE85ADIMT1 leads todecreased40Sand impairedprotein synthesis.A, polysomeprofiles ofDIMT11/21 E85A,DIMT11/21
WT, andDIMT11/21 empty vector cells. The ratios of 40S to 60S and 60S to 80Swere determined from twobiological replicates (the second set is in Fig. S7D). B,
imaging and quantification of fluorescence-labeledHPG signals inDIMT11/21 E85A,DIMT11/21WT, andDIMT11/21 empty vector cells. Nucleiwere stained
withNuclearMask.C, invitro translationperformedusingcellextract fromDIMT11/21E85A,DIMT11/21WT,andDIMT11/21emptyvectorcells.Thesignalswere
normalized totheknockoutcontrol cells.D, volcanoplots showinggeneexpression inDIMT11/21E85AandDIMT11/21WTcells.Differentiallyexpressedgenes
are shown in red and blue (adjusted p, 0.05, log2 fold change of.0.5, or log2 fold change of,20.5). GO enrichment analysis of the downregulated (E) and
upregulated (F) genes betweenDIMT11/21 E85A andDIMT11/21WTcells.p valueswere determined using a two-tailed Student’s t test for unpaired samples.
Error bars represent mean6 S.D. *, p, 0.05; **, p, 0.01; ****, p, 0.0001; n.s., p. 0.05.
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(Fig. 2, E and F, and 4,B andC). TheHPG results obtained using
WTcells expressing empty vector, E85AvariantDIMT1, orWT
DIMT1 are consistent with the results obtained from the cells
with theDIMT11/2 genetic background (Fig. S7G). These data
have lent support to the conclusion that the catalytic role of
DIMT1,althoughnot required for40Sassembly, is important for
protein translation.

The catalytic efficiency of human DIMT1 is important for the
expression of genes involved in DNA damage response

To better understand the role of DIMT1 catalysis in gene
regulation and cellular function, we performed RNA-seq with
purified poly(A)-RNA fromDIMT11/21WTcells and1E85A
variant cells. The biological replicates of the RNA-seq showed
strong concordance between replicates, and the RNA-seq was
validatedbyusingqRT-PCR(Fig.S8,AandB).Noenrichmentfor

nonspecific RNA fragments, such as rRNA fragments, was
observed in thesequencingresults.TheRNA-seq identified1464
codinggenesthatwereupregulated(p,0.05andlog2foldchange
of.0.5) and 1350 coding genes that were downregulated (p ,
0.05 and log2 fold change of,20.5) in DIMT1 variant cell lines
comparedwith theWTcell line (Fig. 4D).Geneontologyanalysis
of the upregulated genes in DIMT1 variant cell lines revealed a
strong enrichment for DNA damage repair and cell cycle arrest
(Fig.4E).Thedownregulatedgenesrevealedastrongenrichment
for energy metabolism regulation, which is expected because
DIMT1 is a ribosome assembly factor and important for
ribosome functions (Fig. 4F).

Defects in 18S rRNAm2
6,6A impair internal ribosomal entry site

(IRES)-dependent translation and translation fidelity in
mammalian cells

One important function of the ribosome is to faithfully
maintain the translational reading frame. In this process, cis-
acting mRNA elements (21 PRF signals) direct translating
ribosomes to slip on an mRNA by one base in the 59 direction,
thereby establishing a new reading frame (30). Viral mRNA
signals thatabrogate this functionbyprogrammingribosomes to
shift frames(programmedribosomal frameshifting,orPRF)have
proven to be of tremendous utility as readouts of translation
fidelity (38). This phenomenon has been previously reported in
mammalian cells, especially under ribosomal defects anddisease
conditions.AsshowninFig.S1,DIMT1-mediatedm2

6,6Asites in
18S rRNA are at the interface between 40S and 60S subunits.
These sites have contacts with both mRNA and tRNA on the
ribosome and may be important for preventing frameshifting.
Thus,tostudywhetherDIMT1-mediatedm2

6,6Aisimportantfor
preventing frameshift, we used Dual-Luciferase reporters to
quantify changes in PRF signals guided by the HIV-1 PRF. As
showninFig.5A,DIMT11/21E85AvariantDIMT1promotesa

Figure5. E85ADIMT1leadstoincreased21frameshiftanddecreasedIRESassociation.A, theE85ADIMT1variantpromotes21PRF.21PRFmediatedbythe
HIVframeshiftsignalandwithouttheinsertionofHIV-1signalwererecordedfromDIMT11/21E85A,DIMT11/21WT,andDIMT11/21emptyvectorcells.B,EMCV
IRES-dependent translation is inhibited in cells expressing the E85A DIMT1 mutant. EMCV IRES activity was measured using a Dual-Luciferase reporter using
DIMT11/21 E85A,DIMT11/21WT, andDIMT11/21 empty vector cells.p valuesweredeterminedusinga two-tailed Student’s t test for unpaired samples. Error
bars represent mean6 S.D. *, p, 0.05; **, p, 0.01; n.s., p. 0.05.

Figure 6. Schematic summary of the catalytic and structural roles of human
DIMT1.
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30% increase of21 PRF compared with DIMT1/2 1 WT cells
and1 empty vector cells, which both show no change ofm2

6,6A
levels in 18S rRNA (Fig. 3F). Thus, the results suggest that
DIMT1-mediated m2

6,6A sites in 18S rRNA participate in the
regulation of translation fidelity in mammalian cells, which is
consistent with the previous findings that Dim1 inactivation
produces fidelity defects in yeast (39).
Furthermore, it has been reported that defects in rRNA

modifications affect IRES-dependent translation (30). To
investigate whether m2

6,6A sites in 18S rRNA impact IRES
association, we employed an encephalomyocarditis virus
(EMCV) IRES reporter (40) to investigate whether DIMT1-
mediatedm2

6,6Ain18SrRNAplaysaroleinribosomeassociation
with IRES sequences. The EMCV IRES directly binds the eIF4G
subunit of the eIF4 complex andbypasses the requirement of the
cap and cap-binding factor eIF4E. We transfected the EMCV
IRES reporters inDIMT11/21WT,1E85AvariantDIMT1, or
1 empty vector cell lines. As shown in Fig. 5B, only cells
expressingtheE85Avariantbutnotcellsexpressingemptyvector
present decreased luciferase signals. Of note, E85A-expressing
cellsbutnotemptyvector-expressingcells showdecreased levels
of m2

6,6A in 18S rRNAs. Instead of using DIMT11/2 cells, WT
HEK293Tcells1E85AvariantDIMT1, butnot cells expressing
empty vector, showed decreased luciferase signals (Fig. S9A). In
addition, we obtained similar results in cells under transient
knockdown of DIMT1 compared with the knockdown control
(Fig. S9B).Thus, these results suggest thatDIMT1-mediated18S
m2

6,6A can influence ribosomeassociationwith theEMCVIRES
sequence.

Discussion

Previous studies have suggested theoverall scaffold ofDIMT1
is important for 18S processing and ribosome assembly.
However, the functionofDIMT1-mediatedm2

6,6A in 18S rRNA
remainselusive. In thiswork,weshowthat lackof suchacatalytic
activity of human DIMT1 significantly decreases protein
synthesis and translation fidelity, although this catalytic role of
DIMT1 isnot required for ribosomesmall subunit assembly.We
found that DIMT1 ablation impairs 40S assembly and global
translation. Furthermore, we have also studied the biological
significance of the overall protein scaffold of DIMT1, including
both the catalytic and noncatalytic domains, in ribosome
assembly and translation. We also identified and characterized
acatalytically inactiveDIMT1variantE85Athathasadominant-
negative effectondecreasingm2

6,6A levels in18S rRNA.Ofnote,
expressing E85A DIMT1 leads to significantly decreased 40S
assembly and global protein synthesis. These results, together
with those of previous studies, support amodel inwhichDIMT1
has a structural role in 18S rRNA processing and ribosome
biogenesis and a catalytic role in protein synthesis and the
regulation of translation fidelity, conferring amore comprehen-
sive picture (Fig. 6).
Because previous studies show the high prevalence and

progressively increased levels of DIMT1 in myeloma and acute
leukemia (22, 23), small molecules inhibiting DIMT1 catalytic
efficiencies should be pursued. DIMT1-mediated m2

6,6A
dimethylation sites are in the interface between the 40S and

60S ribosomes, which makes these sites accessible to the small-
molecule inhibitors.Wedeterminedthecrystal structuresofWT
DIMT1 that will facilitate rational inhibitor design. There is a
deposited but not published structure of human DIMT1 in
complexwith SAH(PDBentry 1ZQ9).The ligand-free structure
ofhumanDIMT1solvedinthisstudysuperimposedwellwiththe
cofactor-bound structure (Fig. S10),which suggests that binding
SAH does not cause major structural changes of DIMT1.
Furthermore, we solved the structure of a catalytically inactive
variant E85ADIMT1, which shows nomajor structural changes
fromWTDIMT1.E85GmutationofDIMT1was frequentlyseen
in patients with colon adenocarcinoma (41). We predicted that
themutationat theGlu85 site (eitherE85AorE85G)also slightly
impairs the stability of the protein using bioinformatic algo-
rithms (42). These studies suggest the catalytic residues of
DIMT1may contribute to the pathological mechanism.
The finding of the biologic consequence of m2

6,6A modifica-
tions in 18S rRNA by DIMT1 is important and potentially
inspiring, because there are several other similar rRNA-
modifying enzymes (e.g. Emg1/EMG1 and Bud23/WBSCR22)
that are suggested to function as a scaffold in preribosomal
complexes, andwhether their catalytic activities arenot required
for pre-rRNA processing is still unknown (14, 28). Given that
most of themechanistic studies were carried out in prokaryotes
andyeast,ourunderstandingof themolecular functionsof rRNA
modifications in mammals is limited. Thus, the study of these
rRNA-modifying enzymes and their functions will likely reveal
previously uncharacterized regulatory mechanisms.
The rRNA species are extensivelymodified. The downstream

effects of most of the modifications remain elusive. DIMT1-
mediated m2

6,6A dimethylation in the two adjacent sites in 18S
rRNA is conserved fromprokaryote tomammals.However, only
thestructural roleofDIMT1was thought tobe important for18S
rRNAprocessing and ribosome assembly in yeast. One previous
studycarriedoutinhumancellsusingsiRNAtotransientlyknock
down DIMT1 drew essentially the same conclusion that the
catalytic role of DIMT1 is nonessential (19). The t1/2 of rRNAs
range from 3–8 days among different human cell lines (43).
Notably, we constructed stable cell lines expressing DIMT1
inactive variants that have a dominant-negative effect in
decreasing the level ofm2

6,6A in 18S rRNA.Our system removes
thepossibility that thenondecayed18SrRNAstill functions.Our
results are consistent with the previous discoveries and suggest
that thecatalytic-inactiveDIMT1variantsdonot alter18S rRNA
processing. However, the catalytic-inactive DIMT1 variants
showed significant defects in 40S assembly and global protein
synthesis.Furtheranalysesrevealedapreviouslyuncharacterized
function of the catalytic role of DIMT1 in the regulation of IRES
association, translation fidelity, and the expression of genes
involved in DNA repair. The expression of the catalytically
inactive E85A variant DIMT1 leads to a modest decrease of
EMCV IRES signals compared with the cells expressing WT
DIMT1; however, this modest change cannot fully explain the
drastic defects in protein synthesis. The transcriptional change
shownintheRNA-seqdataandother factorsmayalsocontribute
to the difference in protein synthesis between E85A- and WT
DIMT1-expressing cells.
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In summary, this study began to uncover both the catalytic,
i.e. m2

6,6A in 18S rRNA, and noncatalytic biological conse-
quences of human DIMT1. The results highlighted the
significant impact of DIMT1 on ribosomal small subunit
assembly and translation. It is possible that DIMT1 possesses
otherundiscoveredactivities that need tobe further investigated
in future studies. Ribosome assembly and translation are
complex processes involving many components and regulated
bymany factors.The findings described in this reportwill open a
new avenue to study these critical biological processes.

Materials and methods

Construction, expression, and purification

Human DIMT1 gene (gene ID 27292) was cloned from a
humancDNAlibraryand ligated intopET-28avector forprotein
expression, and pPB vector was used for overexpression in
mammalian cells. On the basis of this WT plasmid, the E85A
mutant was constructed using fusion PCR and validated by
Sanger sequencing.Theprimers used are listed inTable S2.pET-
28a plasmids were transformed into Escherichia coli BL21(DE3)
for purification. Expression of all recombinant proteins was
induced with 0.5 mM IPTG when the cell density reached an
optical density at 600 nm between 0.6 and 0.8. After growth for
;20hat16 °C,thecellswerecollectedand lysed inthe lysisbuffer
(25 mM Tris, pH 7.5, 500mMNaCl). After centrifugation at 4 °C
for 30 min, the supernatant was loaded onto a Ni21-affinity
chromatography column (GEHealthcare), whichwas preequili-
brated using the lysis buffer. The column thenwaswashed three
timeswith wash buffer (50mM imidazole in lysis buffer), and the
bound target protein was eluted with elution buffer (500 mM

imidazole in lysis buffer). The eluted proteins were further
purified with a HiTrap SPFF (GE Healthcare) column using a
gradientelutionformedby low-saltbuffer(25mMTris,pH7.5,50
mMNaCl)andhigh-saltbuffer(25mMTris,pH7.5,1MNaCl)and
aHiLoadSuperdex200(GEHealthcare)columnwithS200buffer
(25mMTris, pH 7.5, 200mMNaCl).

Crystallization, data collection, and structure determination

CrystalsofboththeWTandE85AmutantDIMT1weregrown
at 12 mg/ml using the hanging-drop vapor diffusion method at
290 K and grew to maximum size in ;1 day in the buffer
containing0.2Mammoniumsulfate,0.1MTris-HCl,pH8.5,20%
PEG 3350. Crystals were transferred to cryoprotectant solution
consistingoftherespectivereservoirsolutionsupplementedwith
25% (v/v) glycerol and then flash-cooled in liquid nitrogen. Data
sets for all crystals were collected at the ID-17 beamline of the
National Synchrotron Light Source II (NSLS-II) of theBrookha-
venNational Laboratory at awavelength of 0.920Åand at 100K.
The data sets were processed and scaled with HKL-3000. The
structures were determined by the molecular-replacement
method using MOLREP (44) as implemented in the CCP4 (45)
package. All of the initial models were refined using the
maximum-likelihood method implemented in REFMAC5 (46)
as part of theCCP4program suite and rebuilt interactively using
Coot (47).The finalmodelswere evaluatedwithMolProbity (48)
andPROCHECK(49).Thecrystallographicparametersarelisted
in Table S1. The structure figures shown in this work were

prepared with PyMOL. For the structures of WT and E85A
DIMT1, the resolution cutoff was decided based on themean I/
s(I) of the highest-resolution shell of.2 and an overallRmerge of
,20%.

In vitro methylation assay

The in vitro methylation assays were performed in a 30-ml
reaction mixture containing the following components: 4 mg
biotinylated RNA probes, 24 mg protein (WT DIMT1 or E85A
mutant), 1mMSAM, 50mMTris, pH7.5, 5mMMgCl2, and 1mM

DTT. The reaction mixture was incubated at 16 °C overnight.
After incubation, streptavidin beads (Thermo Scientific) were
used to purify the RNA probes, following the instructions from
themanufacturer, andelutedwithRNase-freewaterat75 °Cfor5
min. The purified RNA probes then were digested and depho-
sphorylated to singlenucleosides usingnucleosidedigestionmix
(NEB,M0649S) forLC–MS/MSquantification. The sequenceof
the RNA probe is listed in Table S2.

EMSA

TheRNAprobewaspurchased fromIDTwith thesequenceof
59- rUrUrCrCrGrUrArGrGrUrGrArArCrCrUrGrCrGrGrArA-
39, which stemmed from human 18S rRNA sequence. The RNA
probewasdissolvedbyRNase-freewaterat4mManddilutedto40
mM in EMSA binding buffer (25 mM Tris, pH 7.2, 150mMNaCl,
and 40 U/ml RNasin). The RNA probe then was heated at 75 °C
for 5min to denature it.WT and E85ADIMT1were diluted to a
concentration series of 5mM, 10mM, 20mM, 40mM, and 80mM in
EMSAassaybindingbuffer.1mlRNAprobeand1mlproteinwere
mixedwith3mlbindingbuffer, andthemixturewas incubatedon
ice for30min.Theentire5-ml RNA–proteinmixturewas loaded
to the10%TBEgelwith 1ml loadingbuffer (1%bromphenol blue
and 50% glycerol) and then subjected to electrophoresis for 50
min at 120 V in a 4 °C cold room. The gel was stained by SYBR
Gold (Invitrogen, S11494) at room temperature for 5 min.
Quantificationwascarriedoutusing ImageJ toquantify intensity
of thebottomfreeRNAband.TheKD (dissociationconstant)was
calculated with nonlinear curve fitting (function Hyperbl) of
Origin8 softwarewith y= (P13 x)/(P21x),where y is the ratioof
[RNA–protein]/[total RNA], x is the concentration of the
protein, P1 is set to 1, and P2 isKD.

Mammalian cell culture, siRNA knockdown, and plasmid
transfection

HEK 293T cells were cultured in Dulbecco’s modified Eagle
medium (GIBCO, 11995065) supplemented with 10% FBS
(GIBCO, 26140-079) and 1% penicillin-streptomycin (Corning,
30-002-CI) in a 37 °C, 5% CO2 incubator. Negative-control
siRNA from Ambion (AM4611) was used as a control siRNA in
theknockdownexperiments.DIMT1siRNAwaspurchasedfrom
Ambion (AM16708). Lipofectamine 2000 (11668019) and
Lipofectamine RNAiMax (13778150), from Invitrogen, were
used for plasmid and siRNA transfection, respectively, by
following themanufacturer’s instructions. It took48h for siRNA
knockdown and 24 h for plasmid overexpression.
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Quantitative analysis of the m2
6,6A level using LC–MS/MS

For transient knockdown, cells were seeded in 6-well plate at
40% confluence, and 2ml of 20 nM siDIMT1 or control RNAwas
transfected to each corresponding well using Lipofectamine
RNAiMax by following the manufacturer’s instructions on the
next morning. After 48 h of culturing in a 37 °C, 5% CO2

incubator, cells were collected with cell lifter and the 18S RNA
was extracted as indicated in the RNA isolation section below.
Purified RNA or RNA probes were digested and dephosphory-
lated to single nucleosides using nucleoside digestionmix (NEB,
M0649S) at 37 °C for 1 h. The detailed procedure was as
previouslydescribed (50).Thenucleosideswerequantifiedusing
retention time and nucleoside-to-base ion mass transitions of
268.0!136.0 (A), 284.0!152.0 (G), and 296.0!164.1 (m2

6,6A).
All quantifications were performed by converting the peak area
fromtheLC–MS/MStomolesusingthestandardcurveobtained
from pure nucleoside standards. The percentage ratio of m2

6,6A
toG thenwas used to compare the differentmodification levels.

Construction of knockout cell lines using CRISPR

Two pairs of single guide RNAs (sgRNAs) for DIMT1 were
designed by using a website tool. These sgRNAs were then
individually cloned into a pX459 vector (51). The plasmids
containing these sgRNAswere subsequently transfected toHEK
293T cells using Lipofectamine 2000 (Invitrogen). After 24 h, 2
mg/ml puromycin was administered for another 48 h. The
survivingcellswereculturedassinglecolonies into96-wellplates
to screen for the positiveDIMT1monoclonal knockout. 2weeks
later, single colonies were screened by PCR. Further validation
was conducted using Western blotting with an antibody from
Abcam (ab184978) and Sanger sequencing. The colonies
showing as WT DIMT1 in Sanger sequencing are considered
control knockout cells. The sequences of sgRNAs and primers
employed used in the PCR screening are listed in Table S2.

Construction of stable overexpression cell lines

FLAG-HA-tagged WT DIMT1, FLAG-HA-tagged E85A
mutant, or empty overexpression vector (pPB backbone) were
transfected intoWTHEK293TcellsorDIMT11/2heterozygous
HEK 293T cells. The cells were selected under 2 mg/ml
puromycin for 2 weeks. During the selection period, cells were
resuspended every 2 days with freshDMEMsupplementedwith
10%FBSand2mg/mlpuromycin.After7days, the survivingcells
were separated intosingle cells ina96-well plateandsubjected to
puromycin selection for another 7 days. The stable over-
expression was confirmed by Western blotting using an anti-
FLAG antibody (Thermo,MA1-91878-HRP).

Cell proliferation assay

The cells were first trypsinized and counted using a cell
counting chamber slide (Invitrogen, 100078809). 1000 cells then
were seededintoeverywell ina96-wellplate in100ml cell culture
medium. The next day, 20 ml of CellTiter 96® AQueous One
solution (Promega)was added to eachwell at 37 °C, 5%CO2 for 2
h. Absorbance at 490 nm was then measured using a GloMax
plate reader (Promega).

Polysome profiling

Cells were seeded in a 10-cm plate 1 day before at 70%
confluence. Before collecting cells, cycloheximide (CHX) was
added to the cell culture medium at 100 mg/ml for 7 min. The
mediumthenwasdiscarded,andthecellswerewashedoncewith
ice-cold 13 PBS containing CHX (100 mg/ml). The cells were
collected by a cell lifter with 5ml cold PBS containing CHX (100
mg/ml). Cells were pelleted at 500 3 g for 3 min at 4 °C and
resuspendedwith500ml lysis buffer (10mMTris, pH7.4, 150mM

KCl, 5 mM MgCl2, 100 mg/ml CHX, 0.5% Triton-X-100, freshly
added protease inhibitor, 40 U/ml SUPERasin). After lysing on
ice for 15min, the supernatantwas collected by centrifugation at
15,0003 g for 15min.The cell lysatewas then layeredon topof a
linear10–50%sucrosegradient (10mMTris,pH7.4, 150mMKCl,
5 mM MgCl2, 100 mg/ml CHX, 40 U/ml SUPERasin) and
centrifuged at 4 °C for 150 min at 35,000 rpm (Beckman, rotor
SW-40Ti). The samples then were fractioned and analyzed by a
Gradient Station (BioCamp) equipped with a TRIAX flow cell
(BioCamp).Theratiosofthe40Speakto60Speakand80Speakto
60Speakwere calculated for each polysomeprofile. These ratios
were normalized to knockout control cells for DIMT11/2 cells
(Fig. 2C and Fig. S4C) or normalized toDIMT11/21 vector for
DIMT11/21wtandDIMT11/21E85A(Fig.4AandFig.S7D)to
remove batch effect for each experiment.

HPG assay

TheHPG assay was performed using the Click-iTHPGAlexa
Fluor 594 protein synthesis assay kits (Life Technologies,
C10429) by following the manufacturer’s instructions. Briefly,
cells were cultured in 6-well plates, with one coverslip in each
well. On the day of the experiment, the regular cell culture
medium was replaced by 1 ml of L-methionine-free RPMI 1640
medium containing 1 ml Click-iT reagent for 45 min. The cells
then were washed once with 13PBS and fixed with 3.6%
formaldehyde in 13PBS at room temperature for 15 min. After
washing twice with 3% BSA, the cells were permeabilized using
0.5%TritonX-100at roomtemperature for20min.TheClick-iT
reaction was carried out at room temperature for 30 min,
followedbyaquenchingstep.TheDNAthenwas stainedbyHCS
NuclearMask blue stain reagent for 3min. Finally, the coverslips
were mounted with antifade reagent (Invitrogen, P36970), and
the images were captured using a Leica DM6000 motorized
upright microscope with the same settings for all the images
(Alexa Fluor 594 exposure time for all images was 500 ms, and
NuclearMask Blue exposure time for all images was 2.5ms). For
quantification, six cells were unbiasedly selected in each HPG
figure to intensify quantification of the integrated area using
ImageJ. The regions next to the cells without fluorescence were
similarly selected and quantified as the background. The
following formula then was used to calculate the corrected cell
fluorescence intensity: integrated intensity – (area of selected
cell 3 mean integrated intensity of backgrounds). Finally, the
fluorescence intensities of DIMT11/2, DIMT11/2 1 wt,
DIMT11/2 1 vector, and DIMT11/2 1 E85A cells were all
normalized to the one in knockout control cells.
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In vitro translation assay

Invitrotranslationwasperformedusingapreviouslydescribed
protocol (35). Briefly, cells were seeded in a 10-cm plate at 70%
confluence 1 day before, and cells were then trypsinized and
collected by centrifugation for 5 min at 1,000 3 g at 4 °C and
washed once with ice-cold 13PBS. The cells then were
resuspendedwith an equal volume of freshlymade ice-cold lysis
buffer [10 mM HEPES-KOH, pH 7.6, 10 mM KOAc, 0.5 mM Mg
(OAc)2, 5 mM DTT, and 1 tablet of complete EDTA-free
proteinase inhibitor mixture (Roche) per 10 ml of buffer]. After
hypotonic-induced swelling for 45 min on ice, cells were
homogenized by forcing the cell suspension through a 27-G
needleabout10–15timesuntil;95%ofcellsburst.Thecell lysate
was centrifuged at 14,000 3 g for 1 min at 4 °C, and the
supernatant was collected. The protein concentration in the
extractwasmeasuredusingaBradfordassay.Anequalamountof
cell lysate was used in the in vitro translation assays. Each
translationreactioncontained50%cell lysate,0.84mMATP,0.21
mM GTP, 21 mM creatine phosphate (Roche), 45 U/ml creatine
phosphokinase(Roche),10mMHEPES-KOH,pH7.6,2mMDTT,
2mMMg(OAc)2, 50mMKOAc,8mMaminoacids (Promega), 255
mMspermidine,and1U/mlRNaseinhibitor.Translationreaction
mixtures were incubated for 90 min at 30 °C, after which
luciferaseactivitywasmeasuredusingaDual-Luciferasereporter
assay (Promega) with a GloMax plate reader (Promega). All
measurements were normalized to the knockout control cells.

Protein quantitation and Western blotting

Protein concentration for samples was calculated using the
Bradford assay (5000006, Bio-Rad). Protein samples were boiled
at 95 °C with Laemmli sample buffer for 10 min. After brief
centrifugation, samples were loaded onto SDS-PAGEgels. After
running at 180 V for 1 h, the gel was transferred to PVDF
membranesbysemidrytransferapparatusat20Vfor50min.The
PVDFmembranes then were blocked with 5%milk in 13 PBST
for 30 min at room temperature and incubated with 3% milk in
13PBST containing the corresponding antibody overnight at
4 °C. After washing three times with 13PBST, horseradish
peroxidase (HRP)-conjugated secondary antibody (1:20,000)
in1%milkwasapplied and incubate at roomtemperature for1
h. After washing three times with 13 PBST, the membrane
was visualized using an ECL Western blotting detection kit
(Thermo Fisher).

Protein synthesis assay

The rate of global protein synthesis was determined using
puromycinto labelnascentpeptidesasdescribedpreviously (52).
Briefly, cells were split into a 6-well plate 1 day before the
experiment. After culturing overnight, 1 mM puromycin was
added to the medium for 1 h. The cells then were washed twice
with 13 PBS and collected using a cell lifter. Samples were then
analyzed by SDS-PAGE followed by Western blotting using an
anti-puromycin antibody (Sigma-Aldrich, MABE343). The
intensity for each sample was quantified by ImageJ and normal-
ized by the intensity of GAPDH as the loading control. The final
signals were normalized to the control.

Dual-Luciferase reporter assay

For testing translation fidelity, we constructed an in-frame
control, encodingaRenilla-firefly luciferase fusionprotein,anda
5921-reading-frame reporter, with HIV 5921 frameshift signal
(listed in Table S2) between Renilla and firefly luciferases. 5921
frameshift percentages are calculated by calculating the ratio of
firefly to Renilla luciferase reads and then normalized to the in-
frame control.
For IRESreporterassay,EMCVIRESDual-Luciferasereporter

(30)wasused.Cellswere split into a6-wellplate1daybefore, and
then 1mg reporter plasmidwas used to transfect cells. 24 h later,
the Dual-Luciferase reporter assay system kit (Promega) was
used to examine the expression of the luciferases. The relative
luciferase activity was calculated by dividing Fluc by Rluc and
normalized to the individual control.

RNA isolation

For total RNA extraction, TRIzol reagent (Invitrogen) was
usedbyfollowingthemanufacturer’sinstructions.For18SrRNA,
5 mg total RNA was subjected to further separation on a 1.5%
agarosegel. 18SrRNAinthegel sliceswere thenextractedusinga
Zymoclean gel RNA recovery kit (R1011). Poly(A)-RNA was
extracted from the total RNA by using a Dynabeads mRNA
purification kit (Ambion) by following the manufacturer’s
instructions.

RNA-seq

Purifiedpoly(A)-RNAwas fragmentedby sonicationat30 son
and 30 s off per cycle, for 30 cycles, using a Bioruptor Pico
(Diagenode). TheRNA-seq library thenwas constructed using a
TruSeq stranded mRNA kit (Illumina). The samples were
sequenced by Illumina NextSeq 550 with single-end 75-bp read
length. Raw reads were mapped to the reference genome (hg38)
usingHisat2 (53).Parametersusedwere–no-unal (notreport the
unaligned reads), –known-splicesite-file (generated from the
UCSC hg38 annotation file), and –k 1 (report one alignment).
Afterward, genomic alignments were counted in R using the
GenomicAlignments package (54). Gene expression levels were
normalized using DEseq2 (55). A significance threshold of
adjustedp valueof,0.05was classified as statistically significant
differential expression. Gene ontology analysis was carried out
with the Database for Annotation Visualization and Integrated
Discovery (DAVID) tool (56, 57).
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numbers 6W6C and 6W6F.
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