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ABSTRACT

Retroviral infection requires reverse transcription,
and the reverse transcriptase (RT) uses cellu-
lar tRNA as its primer. In humans, the TRMT6-
TRMT61A methyltransferase complex incorporates
N1-methyladenosine modification at tRNA position
58 (m1A58); however, the role of m1A58 as an RT-stop
site during retroviral infection has remained ques-
tionable. Here, we constructed TRMT6 mutant cells to
determine the roles of m1A in HIV-1 infection. We con-
firmed that tRNA3

Lys m1A58 was required for in vitro
plus-strand strong-stop by RT. Accordingly, infectiv-
ity of VSV-G pseudotyped HIV-1 decreased when the
virus contained m1A58-deficient tRNA3

Lys instead of
m1A58-modified tRNA3

Lys. In TRMT6 mutant cells, the
global protein synthesis rate was equivalent to that
of wild-type cells. However, unexpectedly, plasmid-
derived HIV-1 expression showed that TRMT6 mu-
tant cells decreased accumulation of HIV-1 capsid,
integrase, Tat, Gag, and GagPol proteins without re-
duction of HIV-1 RNAs in cells, and fewer viruses
were produced. Moreover, the importance of 5,2′-O-
dimethyluridine at U54 of tRNA3

Lys as a second RT-
stop site was supported by conservation of retrovi-
ral genome-tRNALys sequence-complementarity, and
TRMT6 was required for efficient 5-methylation of
U54. These findings illuminate the fundamental im-
portance of tRNA m1A58 modification in both the
early and late steps of HIV-1 replication, as well as
in the cellular tRNA modification network.

INTRODUCTION

Post-transcriptional RNA modifications play pivotal roles
in maintaining RNA structural integrity, function and
metabolism (1). To date, more than 150 RNA modifications
have been identified in the three domains of life, and the
majority of RNA modifications exist in tRNAs (2). tRNA
modifications are pivotal for life, and mutations or aberra-
tions in over 50 tRNA modification enzyme genes are asso-
ciated with diseases that most frequently manifest as brain
dysfunction, mitochondrial diseases, and cancer (3,4).

N1-methyladenosine at position 58 of tRNAs (m1A58)
(Figure 1A, B) is thought to be a primordial RNA mod-
ification based on its widespread presence in all domains
of life, as well as the ability of ribozymes to incorporate
m1A58 (2,5). m1A58 forms a reverse Hoogsteen base pair
with 5-methyluridine at tRNA position 54 (m5U54) (Fig-
ure 1A, C) and strengthens the A58–U54 interaction to sta-
bilize the L-shaped tRNA tertiary structure (6–8). In the
thermophilic bacterium Thermus thermophilus, m5U54 is
further modified to 5-methyl-2-thiouridine (m5s2U54) (9).
In this bacterium, a tRNA modification network exists, in-
cluding m1A58 formation promoted by m5U54, as well as
2-thiolation of m5U54 promoted by m1A58 (10,11). How-
ever, such a modification network of m1A58 and m5U54 has
not been reported in eukaryotes.

In human cells, the majority of cytoplasmic tRNAs bear
the m1A58 modification (12). TRMT61A and TRMT6 are
responsible for m1A58 modification of cytoplasmic tRNAs
(13,14). TRMT61A and TRMT6 form a heterotetramer, in
which two subunits of TRMT61A function as the catalytic
methyltransferase subunits and two subunits of TRMT6
are required to bind to the substrate tRNA (15). siRNA-
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Figure 1. Construction of TRMT6 mutant cell lines. (A) Secondary structure of the human cytoplasmic tRNAPhe with modified nucleosides: N1-
methyladenosine (m1A), 5-methyluridine (m5U), N2-methylguanosine (m2G), dihydrouridine (D), N2,N2-dimethylguanosine (m2

2G), pseudouridine (�),
2′-O-methylcytidine (Cm), 2′-O-methylguanosine (Gm), hydroxywybutosine (OHyW), 7-methylguanosine (m7G), and 5-methylcytidine (m5C). (B) Chemi-
cal structure of m1A. (C) Chemical structure of m5U. (D) TRMT6 alleles in TRMT6 mutant cells. Red lines indicate deletions. Red letters indicate insertions.
Green letter indicates base exchange. Detection of three TRMT6 alleles in TRMT6 mutant #1 may be because HEK293FT cell is a near-triploid cell. (E)
LC–MS analysis of total tRNA nucleosides from cells. Dihydrouridine level is shown as a control. WT indicates wild-type HEK293FT cells. sgCont in-
dicates a control HEK293FT cell line that was generated using negative control sgRNA that does not target the human genome. Mut 1 and Mut 2 are
TRMT6 mutant cell lines illustrated in Figure 1D. Relative abundance indicates LC-MS peak area relative to WT measurements. Means ± standard error
of means (s.e.m.) from n = 4 biological replicates. (F) LC–MS analysis of nucleosides made by digestion of purified tRNAPhe. Dihydrouridine level is
shown as a control. Relative abundance indicates LC-MS peak area relative to sgCont measurements. Means ± s.e.m. from n = 3 biological replicates.
(G) Detection of hypomodified m1A58 using primer extension of HEK293FT cell line RNA samples. The primers are shown as black lines, and nascent
cDNAs synthesized from the primers are depicted as gray lines. For reverse transcription, in addition to dATP, dTTP and dGTP, dideoxyCTP (ddCTP)
was used to terminate reverse transcription at tRNAPhe G57. ****P < 0.0001, *P < 0.05 by Welch’s t-test.

mediated knockdown of TRMT61A and TRMT6 results
in a slow-growth phenotype and cell death, as well as a de-
crease in initiator tRNAMet levels (14,16). Moreover, the cy-
toplasmic tRNA m1A58 is hypothesized to play a role in the
replication of various retroviruses (17).

Retroviruses, including HIV-1 and Moloney murine
leukemia virus (M-MLV), are positive-strand RNA viruses
(18). After retroviral entry into the host cell, reverse tran-
scription initiates at the 18-nt primer binding site on the vi-
ral RNA, using a cellular cytoplasmic tRNA as the primer,
and completes the synthesis of the minus-strand DNA copy
(detailed in Supplementary Figure S1) (17,19). HIV-1 uses
the cytoplasmic tRNA3

Lys as the primer, and M-MLV uses
cytoplasmic tRNAPro as the primer (18,20,21). RNaseH
then degrades much of the viral RNA, leaving two short
polypurine tracts of the viral RNA, which are used as the
primer for plus-strand DNA synthesis (22–24). Plus-strand
synthesis initially terminates after proceeding 18 nt into the

3′ end of the tRNA, generating the so-called ‘plus-strand
strong-stop’ DNA (25). Next, the plus-strand strong-stop
DNA transfers to the 3′ end of the template minus-strand
DNA, and the RT completes the plus-strand DNA synthe-
sis (17). Without the plus-strand strong-stop, RT contin-
ues to copy additional tRNA sequences. The additional se-
quences are not complementary to the minus-strand DNA,
resulting in an inability to complete plus-strand synthesis
and DNA integration into the host genome (Supplemen-
tary Figure S1) (26).

Since the plus-strand strong-stop occurs one nucleotide
before m1A58 of the primer tRNA, it has been hypothe-
sized that plus-strand strong-stop occurs due to the pres-
ence of methylation in m1A58 (17). However, this hypoth-
esis remains unresolved. Several groups have provided ev-
idence for this hypothesis by performing in vitro reconsti-
tution of the plus-stand strong-stop and plus-strand trans-
fer and comparing cellular modified tRNA3

Lys to T7 RNA
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polymerase-synthesized unmodified tRNA3
Lys (26–28). In

these experiments, the effect of other tRNA3
Lys modifica-

tions which may alter the local and overall tRNA struc-
tures, cannot be excluded. These modifications include di-
hydrouridine at tRNA positions 16, 20 and 47, pseudouri-
dine at positions 27, 39 and 55, mcm5s2U at position 34,
ms2t6A at position 37 and m7G at position 46. Another
group supported this hypothesis by using A58U mutant
tRNA3

Lys (29). This substitution does not prove the role
of m1A58, because the A-to-U mutation itself may affect
the plus-strand strong-stop. Another group performed a
genome-scale RNAi screen that detected TRMT6 as one of
311 host factors required for HIV-1 replication, but no fur-
ther analysis was performed (30). The hypothesis has been
opposed by a group that used an orthogonal HIV-1 expres-
sion system to express Escherichia coli tRNALys in human
cells (31), but did not test for the presence of m1A58 in the
ectopically expressed E. coli tRNALys. Therefore, whether
m1A58 plays an essential role in plus-strand strong-stop
DNA synthesis remains in question for decades.

MATERIALS AND METHODS

Cell culture

HEK293FT, HeLa and MEF cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, at 37◦C under a humidified
atmosphere with 5% CO2.

Construction of TRMT6 mutant cells

TRMT6 mutant cells were generated using the
CRISPR/Cas9 system essentially as described previously
(32). Briefly, sense and antisense oligonucleotides encoding
a single guide RNA (sgRNA) (Supplementary Table S1)
were cloned into the BsmBI sites of lentiCRISPR v2 Blast
plasmid (Addgene #83480). Lentiviruses were generated
using the sgRNA sequence-containing lentiCRISPR v2
Blast plasmid, psPAX2 (Addgene #12260), and pMD2.G
(Addgene #12259), and HEK293FT cells were transduced
with the generated viruses. After blasticidin selection of the
transduced cells, single clones were acquired by diluting
the cells in 96-well plates. The target region of the genome
in each clone was PCR-amplified and sequenced. For
sgControl cell line, human genome non-targeting oligos
were designed as previously described (33).

HIV-1 plasmids

For production of VSV-G pseudotyped HIV-1,
pRRLSIN.cPPT.PGK-GFP.WPRE (Addgene #12252)
and pCMV delta R8.2 (Addgene #12263) were used.
Vesicular stomatitis virus envelope protein G (VSV-G) was
expressed from pMD2.G plasmid (Addgene #12259) to
produce pseudotyped HIV-1 that can infect HeLa cells.

Production and transduction (infection) of VSV-G pseudo-
typed HIV-1

HEK293FT (WT, sgCont, Mut #1 and Mut #2) cells
were transfected with pCMV delta R8.2, pMD2.G and

pRRLSIN.cPPT.PGK-GFP.WPRE using TransIT-
LT1 (Mirus Bio, Madison, WI, USA). One day post-
transfection, the medium was changed. The medium was
collected at 48 and 72 h post-transfection. The cells were
lysed and analyzed by western blotting. The supernatants
were filtered with a 0.45 �m filter and used for HIV-1 p24
quantification and transduction of HeLa cells. Concen-
tration of the HIV-1 in the supernatants was quantified
by HIV-1 p24 ELISA (Rimco, Uruma, Japan). HeLa cells
were transduced with VSV-G pseudotyped HIV-1 equiva-
lent to 5 ng of HIV-1 p24. Two days after transduction, the
cells were collected, and the ratio of GFP-positive cells was
counted by flow cytometry SH800S (Sony Biotechnology,
Tokyo, Japan).

HIV-1 RNA collection

HEK293FT (WT, sgCont, Mut #1 and Mut #2) cells
were transfected with pCMV delta R8.2 using TransIT-
LT1 (Mirus Bio). Two days after transfection, RNA was
collected as described below. The RNA was treated with
DNase I (Invitrogen, Carlsbad, CA, USA) and used for
qRT-PCR.

RNA extraction and tRNA isolation

Total RNA from each cell was prepared using the TRI
Reagent (MRC, Cincinnati, OH, USA), according to
the manufacturer’s protocol. Total tRNA was collected
from total RNA by electrophoresis using denaturing 7 M
urea/TBE/10% PAGE, SYBR Gold staining, and gel ex-
cision of the tRNA band. For isolation of cytoplasmic
tRNA3

Lys or tRNAPhe from total RNA, 2 nmol of 3′ bi-
otinylated DNA probe (Supplementary Table S1) was first
bound to streptavidin beads (GE Healthcare, Milwaukee,
WI, USA) at room temperature in binding buffer [100 mM
NaCl, 10 mM HEPES–KOH (pH 7.5), and 5 mM EDTA]
for 1 h and washed with the binding buffer and hybridiza-
tion buffer [1200 mM NaCl, 30 mM HEPES–KOH (pH
7.5) and 7.5 mM EDTA]. The probe-bound beads were
mixed with 100 �g of total RNA in hybridization buffer
and incubated at 65◦C for 1 h with occasional agitation.
The beads were washed 10 times with wash buffer [600 mM
NaCl, 30 mM HEPES–KOH (pH 7.5), and 7.5 mM EDTA]
at 65◦C, and eluted with elution buffer [20 mM NaCl,
0.5 mM HEPES–KOH (pH 7.5) and 0.25 mM EDTA]
at 65◦C. Subsequently, the eluate was subjected to 7 M
urea/TBE/10% PAGE, followed by SYBR Gold staining
and gel excision of the tRNA band.

RNA mass spectrometry

RNA was digested to nucleosides, and the nucleosides were
subjected to RNA nucleoside mass spectrometry as previ-
ously described (34).

Primer extension

Primer extension was conducted in the same way as de-
scribed previously (35), with the following modifications. In
the primer extension experiment that used HIV-1 RT in-
stead of M-MLV RT (Invitrogen), 10 units of HIV-1 RT
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(Merck) with an additional 3 mM MgCl2 were used. The
primers used to detect tRNAPhe, tRNAPro, tRNA3

Lys and
mitochondrial (mt) tRNAMet are listed in Supplementary
Table S1. The d/ddNTP mix consisted of dATP, dTTP,
dGTP and ddCTP for tRNAPhe m1A58; dATP, dTTP and
ddGTP for tRNAPro m1A58; dATP, dCTP, dTTP and
ddGTP for tRNA3

Lys m1A58; dATP, dGTP and ddCTP for
tRNA3

Lys m5Um54; and dATP, dTTP, dGTP and ddCTP
for mt tRNAMet �55.

Quantitative reverse-transcription real-time PCR (qRT-
PCR)

qRT-PCR was performed as previously described (36). The
primers are listed in Supplementary Table S1. For quantifi-
cation of HIV-1 RNA, primers p1 and p3-10 were used as
described previously (37,38). Primer p2 was designed based
on pCMV delta R8.2 sequence.

35S-methionine labeling of nascent proteins

Cells grown in 6 cm dishes were briefly washed using 37◦C
DMEM without Met, Cys and Gln (Gibco, Paisley, Scot-
land). A total of 2 ml of 37◦C preincubation medium
(DMEM without Met, Cys and Gln, supplemented with
2% FBS, 2 mM Gln, 0.2 mM Cys) was added to the cells,
and the cells were incubated in 37◦C CO2 incubator for 15
min. The medium was then exchanged with 1.25 ml of in-
cubation medium (1.25 ml of pre-incubation medium con-
taining 3.7 MBq of 35S-labeled methionine), and the cells
were incubated in 37◦C CO2 incubator for 60 min. Subse-
quently, the medium was removed and the cells were washed
with PBS and collected using trypsin and DMEM contain-
ing 10% FBS. Cells were lysed and protein concentration
was measured using BCA Protein Assay Kit (Pierce, Rock-
ford, IL, USA), and 40 �g of total proteins were run on
Tricine PAGE gel (NOVEX, Carlsbad, CA, USA). The gel
was stained using coomassie brilliant blue (CBB) staining
solution (Bio-Rad, Hercules, California, USA), dried on gel
dryer, photographed and the radiation image was acquired
using an imaging plate and imager (Fujifilm, Fuji, Japan).

Western blotting

Western blotting was performed essentially as described
previously (36). The antibodies and their used conditions
are listed in the Supplementary Table S2.

Statistical analysis

All numerical data were analyzed by GraphPad Prism 9
software. Welch’s t-test was used to assess differences be-
tween the two groups. A two-tailed P-value of 0.05 was con-
sidered significant. Data are presented as means ± standard
error of means (s.e.m.).

RESULTS

Loss of m1A58 decreases 5-methylation of m5U54 and
m5Um54 modifications

To explore the roles of tRNA m1A58 modification in human
cells and retrovirus replication, we initially attempted to

knock out TRMT61A or TRMT6 using the CRIPSR/Cas9
system in HEK293FT cells. Although we obtained knock-
out cells of other tRNA modification enzyme genes that we
were simultaneously generating (data not shown), we did
not obtain TRMT61A or TRMT6 null cell lines. TRMT61A
or TRMT6 null cell lines could not be obtained even af-
ter repeated trials, suggesting that TRMT61A and TRMT6
are essential for cell viability. However, we obtained two
TRMT6 mutant cell lines (Figure 1D). TRMT6 mutant cell
line #1 had 13 bp deleted in its first allele, 12 bp deleted in
the second allele and 3 bp deleted in the third allele. Thus,
the second allele produces TRMT6 protein with a 4 amino
acid deletion and the third allele produces TRMT6 with
a 1 amino acid deletion. The second TRMT6 mutant cell
line, TRMT6 mutant #2, had an allele with a 1 bp inser-
tion and another allele with a 6 bp insertion, thus mutant
#2 produces TRMT6 protein with a two amino acids in-
sertion. Using the crystal structure information of the hu-
man TRMT6–TRMT61A–tRNA complex (15), homology
modeling predicted that these mutant TRMT6 amino acid
deletion/insertions likely alter the association interface of
TRMT6 and tRNA anticodon stem (Supplementary Fig-
ure S2).

We then isolated total cellular tRNA fraction by gel ex-
cision, digested the tRNAs to nucleosides, and analyzed
the m1A level by liquid chromatography–mass spectrome-
try (LC–MS) (Figure 1E). In the total tRNA nucleosides,
we observed a 59% decrease of m1A in TRMT6 mutant #1
and 82% decrease of m1A in TRMT6 mutant #2. m1A is
present not only in the cytoplasmic tRNA at position 58,
but also in the cytoplasmic tRNAAsp at position 9, and
mitochondrial tRNA at positions 9 and 58, which are in-
corporated by TRMT10B, TRMT10C and TRMT61B, re-
spectively (35,39–41). In addition, m1A is present at the
tRNAPhe position 14; the enzyme responsible for this mod-
ification has not been reported (3,4). The remaining m1A
in the TRMT6 mutant cell total tRNA may have resulted
from the m1A present in these tRNA species as well as
residual TRMT6 activity, with TRMT6 mutant #2 retain-
ing less m1A58 modification activity than TRMT6 mutant
#1. To further clarify m1A status, we isolated tRNAPhe

from TRMT6 mutant #2 using a biotinylated oligo DNA
probe complementary to tRNAPhe, digested tRNAPhe to
nucleosides, and subjected to LC–MS analysis. As a re-
sult, we observed a 73% reduction of m1A in tRNAPhe in
TRMT6 mutant #2 (Figure 1F). To confirm the m1A reduc-
tion at position 58, primer extension analysis of tRNAPhe

was performed. It showed a reduction in tRNAPhe m1A58
in TRMT6 mutant cells, especially in TRMT6 mutant #2
(Figure 1G).

To elucidate the potential role of m1A58 modification in
the formation of other tRNA modification(s), we quanti-
fied tRNA modifications by reanalyzing LC-MS data from
Figure 1E (Figure 2A). Among the various tRNA modifi-
cations, we noticed that 5-methyluridine (m5U), which ex-
ists at tRNA position 54 within various tRNAs, decreased
in TRMT6 mutant cells in correlation with the degree of
m1A reduction (Figure 2A). Moreover, a decrease of 5,2′-
O-dimethyluridine modification (m5Um) was also observed
in TRMT6 mutant cells (Figure 2A). m5Um is a ribose 2′-
O-methylation derivative of m5U (Figure 2B), and m5Um
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LC–MS result in Figure 1F was reanalyzed. Relative abundance indicates LC–MS peak area relative to sgCont measurements. Means ± s.e.m. from n = 3
biological replicates. (E) LC–MS analysis of nucleosides made by digestion of purified tRNA3

Lys. Means ± s.e.m. from n = 3 biological replicates. (F)
Detection of hypomodified m5Um54 using primer extension. The primers are shown as black lines, and nascent cDNAs synthesized from the primers are
depicted as gray lines. In addition to dATP and dGTP, ddCTP was used to terminate reverse transcription at tRNA3

Lys G53. (G) Primer extension analysis
of mitochondrial (mt) tRNAMet of HEK293FT cell lines to confirm that reverse transcription-stop does not occur at �55. In addition to dATP and dTTP,
ddCTP was used to terminate reverse transcription at mt tRNAMet G53. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 by Welch’s t-test.
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exists at the position 54 in a subset of tRNA species includ-
ing mammalian tRNA3

Lys (Figure 2C) (2,42). These results
strongly suggest that TRMT6-mediated m1A58 modifica-
tion is required for m5U54 and m5Um54 modifications. To
further confirm these results, we re-analyzed the LC-MS re-
sult of tRNAPhe in Figure 1F, and observed 65% decrease of
m5U in tRNAPhe, while other modifications except for m1A
were not decreased in tRNAPhe (Figure 2D). These results
strongly suggest that TRMT6/61A-mediated m1A58 modi-
fication promotes 5-methylation of U54 to produce m5U54.

To analyze m5Um status in detail, we isolated tRNA3
Lys

from total RNA of control cells or TRMT6 mutant #2
and subjected tRNA3

Lys nucleosides to LC-MS analysis.
We observed a complete loss of m1A in tRNA3

Lys, as well
as 62% decrease of m5Um, in TRMT6 mutant #2 (Fig-
ure 2E). In addition, we observed a marked increase of 2′-
O-methyluridine (Um) in TRMT6 mutant #2, which was
found only at a low level in control cell tRNA3

Lys (Fig-
ure 2E). Collectively, these results strongly suggest that
TRMT6/61A-mediated m1A58 modification promotes 5-
methylation of Um54 to produce m5Um54.

Based on a primer extension experiment using cellular
tRNA3

Lys in a previous study, another group detected the
presence of a reverse-transcription stop at one nucleotide
before m5Um54, implying that m5Um54 may terminate re-
verse transcription (27). To confirm the position specificity
of m5Um, we performed primer extension of tRNA3

Lys, and
observed an RT-stop at one nucleotide before position 54
in control cells (Figure 2F), in accordance with the previ-
ous study. This RT-stop was reduced in TRMT6 mutants
and increased RT read-through was observed (Figure 2F),
strongly suggesting that TRMT6-mediated m1A58 modifi-
cation promotes m5Um modification at position 54. This
RT-stop is unlikely to be due to pseudouridine at position
55 (�55) as previously proposed (43), because primer ex-
tension of mitochondrial tRNAMet, which has �55 and
not m5Um54 (44), did not stop reverse transcription at
�55 (Figure 2G). Taken together, these data suggest that
m1A58 modification by TRMT61A-TRMT6 complex pro-
motes m5U54 formation in the cell.

Host cellular tRNA m1A58 is required for the retroviral RT
to make a plus-strand strong-stop in vitro

Retroviruses use host cellular tRNA as the primer to initi-
ate minus strand DNA synthesis. During plus-strand DNA
synthesis, the plus-strand strong-stop occurs one nt before
m1A58 (Supplementary Figure S1) (17). However, the role
of tRNA m1A58 modification in plus-strand strong-stop
has remained in question for decades, due to the use of inad-
equate tRNA materials. To formally investigate the role of
host tRNA m1A58 in plus-strand strong-stop, we started by
investigating whether M-MLV RT stops reverse transcrip-
tion at its primer tRNA m1A58 in vitro. M-MLV, a mouse
retrovirus, uses tRNAPro to prime reverse transcription.
We decided that tRNAPro from the wild-type and TRMT6
mutant HEK293FT cells could be used, since mouse and
human proline tRNAs have the same sequences. Using a
primer extension in vitro reverse transcription experiment,
we observed a halt of reverse transcription by M-MLV RT
at one nt before position 58 of tRNAPro of wild-type cells.
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Figure 3. Requirement of tRNA m1A58 for plus-strand strong-stop by
M-MLV RT and HIV-1 RT using retroviral primer tRNAs in vitro.
(A) Investigation of the requirement for m1A58 in tRNAPro for reverse
transcription-stop during plus-strand cDNA synthesis by M-MLV RT on
primer tRNAPro in vitro. In addition to dATP and dTTP, ddGTP was used
to terminate reverse transcription at tRNAPro C56. Mouse embryonic fi-
broblast (MEF) RNA was used to confirm that reverse-transcription stops
at m1A58 of wild-type mouse tRNAPro. (B) Investigation of the necessity
of m1A58 in the HIV-1 primer tRNA3

Lys for reverse transcription-stop
during plus-strand cDNA synthesis by HIV-1 RT in vitro. In addition to
dATP, dTTP and dCTP, ddGTP was used to terminate reverse transcrip-
tion at tRNA3

Lys C56.

This halt was substantially alleviated in m1A58-lacking
tRNAPro from TRMT6 mutant cells, especially in TRMT6
mutant cell #2 (Figure 3A). Thus, plus-strand strong-stop
was recapitulated in vitro using a minimal substrate-enzyme
system.

Similar to M-MLV, HIV-1 uses tRNA3
Lys as the primer

to initiate its minus strand DNA synthesis. Using the
tRNA3

Lys primer and HIV-1 RT, we observed that reverse
transcription indeed stopped at one nt before position 58 of
tRNA3

Lys of wild-type cells, but did not stop at one nt be-
fore position 58 of m1A58-lacking tRNA3

Lys from TRMT6
mutant cells (Figure 3B). The only tRNA modifications
absent in the TRMT6 mutant cell-derived tRNA3

Lys were
m1A58 and m5Um54 (Figure 2E), thus it is likely that much
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of the secondary and tertiary structures of tRNA3
Lys in

TRMT6 mutant cells were maintained.
Collectively, these results demonstrate that the host

tRNA m1A58 is indeed required for retroviral RTs to make
the plus-strand strong-stop during the synthesis of plus-
strand DNA in vitro.

TRMT6 is required for the early steps of HIV-1 replication

The primer tRNA3
Lys for HIV-1 replication, which is

incorporated into the HIV-1 particles, derives from the
virus-producer cell (20). After HIV-1 infection, the virus-
producer cell-derived tRNA3

Lys is used as the primer to
initiate HIV-1 minus-strand DNA synthesis in the infected
cell, followed by the synthesis of plus-strand DNA copy of
the HIV-1 genome and integration of the double-stranded
DNA into the host genome (17).

We next decided to investigate whether tRNA m1A58
modification in the virus-producer cell affects the early steps
of HIV-1 replication, which are the steps between viral en-
try and HIV-1 DNA integration in the infected cells. To
this end, control cells or TRMT6 mutant cells were trans-
fected with plasmids to produce a vesicular stomatitis virus
envelope protein G (VSV-G) pseudotyped HIV-1 contain-
ing genomic RNAs encoding the GFP gene. VSV-G pseu-
dotyped HIV-1 from the control cells or TRMT6 mutant
cell lines were quantified, and the same concentration of
the HIV-1 was used to transduce HeLa cells. Subsequently,
the genome integration rate was evaluated by the number
of GFP-positive cells (Figure 4A). Instead of HIV-1 Enve-
lope (Env), VSV-G was used as the envelope protein, to en-
able HIV-1 infection of the HeLa cells. Upon transduction
(infection) of equal concentration of VSV-G pseudotyped
HIV-1 from TRMT6 mutant cell #1, we observed a 54%
decrease of GFP-positive cells compared to control cells
(Figure 4B). Upon infection of VSV-G pseudotyped HIV-1
from TRMT6 mutant cell #2, we observed a 73% decrease
of GFP-positive cells (Figure 4B), demonstrating that HIV-
1 genome integration into the host cells substantially de-
creased when the virus was produced from TRMT6 mutant
cells. Thus, TRMT6 in virus-producer cells is required for
the early steps of HIV-1 replication.

Requirement of TRMT6 for the late steps of HIV-1 replica-
tion

During the HIV-1 infection experiment shown in Figure
4, we realized that upon transfection of the plasmids that
produce VSV-G pseudotyped HIV-1, TRMT6 mutant cells
produced less HIV-1 than control cells. This result was un-
expected, since other than the possibility of tRNA m1A58
modification stopping reverse-transcription, no other role
has been reported. Repeated quantification of HIV-1 cap-
sid protein p24 in the supernatant of the transfected cells
showed that the amount of virus released from the cells
was reduced in the TRMT6 mutant cell supernatant (Fig-
ure 5A, B). The amount of virus in the cell culture super-
natant of TRMT6 mutant #2 was less than that of TRMT6
mutant #1 (Figure 5B), which correlates with the reduced
amount of tRNA m1A58 in TRMT6 mutant #2 compared
to TRMT6 mutant #1 (Figure 1E).
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Figure 4. Requirement of TRMT6 for the early steps of HIV-1 replica-
tion in vivo. (A) Outline of VSV-G pseudotyped HIV-1 production and
transduction experiment. (B) After transduction of HeLa cells using equal
concentrations of the HIV-1 particles (equivalent to 5 ng of HIV-1 p24)
produced from WT, sgCont, TRMT6 mutant #1, or TRMT6 mutant #2
HEK293FT cells, HeLa cells in which the HIV-1 GFP gene was inte-
grated were quantified. Means ± s.e.m. from n = 4 biological replicates.
***P < 0.001, **P < 0.01 by Welch’s t-test.

HIV-1 RNA levels were similar in TRMT6 mutant cells
and control cells transfected with the HIV-1 RNA expres-
sion plasmid pCMV delta R8.2 (Figure 5C, D; Supplemen-
tary Figure S3). Thus, it was unlikely that the decreased vi-
ral production observed in TRMT6 mutant cells was caused
at the RNA level. In human cells, m1A58 is present in al-
most all cytoplasmic tRNA species (12). Generally, loss
of a tRNA modification that critically affects tRNA func-
tion or stability results in decreased translational efficiency
of the mRNA codons translated by that particular tRNA.
To monitor the cellular global protein synthesis rate, we
performed pulse-labeling of nascent proteins by adding
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Figure 5. Requirement of TRMT6 for efficient HIV-1 protein accumulation and virus production. (A) Outline of VSV-G pseudotyped HIV-1 production
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35S-methionine into the cell culture medium for 60 min.
A comparison of cellular proteins in the TRMT6 mutant
cells and control cells showed that the overall cellular pro-
tein synthesis rate and steady-state level of cellular proteins
were unaffected in the mutant cells (Figure 5E). In addi-
tion, the steady-state levels of endogenous proteins such
as �-Tubulin, GAPDH, Histone H3 and �-actin were un-
changed with or without transfection of HIV-1 proteins-
encoded plasmids (Figure 5F, Supplementary Figure S4A).

Although the overall nascent protein synthesis and the
steady-state protein levels did not show observable changes
(Figure 5E, F, Supplementary Figure S4A), it is still possi-
ble that the protein synthesis rate of individual proteins or
translation fidelity of individual amino acids can be affected
by loss of tRNA m1A58. To investigate possible changes in
HIV-1 protein accumulation, the level of HIV-1 viral capsid
protein p24, transcriptional activator Tat, as well as the viral
integrase and their precursor and processing intermediates
within the virus-producer cells were observed and quanti-
fied using western blot analysis (Figure 5F, Supplementary
Figures S3 and S4B). As a result, we observed a reduction
of the protein level of HIV-1 capsid p24 and its precursors
GagPol pr160 and Gag pr55 in the TRMT6 mutant cell
lines. Moreover, substantial reductions of the HIV-1 inte-
grase, as well as its precursor GagPol pr160 and the pro-
cessing intermediates, were also observed. In addition, we
observed a reduction of Tat in TRMT6 mutant cell lines,
although the house-keeping protein levels were unchanged
within the same amount of total cellular protein (Figure 5F,
Supplementary Figure S4B). Accumulation of GFP pro-
tein expressed from the pRRLSIN.cPPT.PGK-GFP.WPRE
plasmid confirms that the four cell lines retained transla-
tional capacity even upon transfection of HIV-1 proteins ex-
pression plasmids (Figure 5F, Supplementary Figure S4B).
The reductions of HIV-1 capsid p24, integrase and their pre-
cursors and processing intermediates, as well as Tat, were
more prominent in the TRMT6 mutant #2 than in TRMT6
mutant #1, correlating with the greater reduction of tRNA
m1A in the TRMT6 mutant #2 (Figure 1E). Together, these
data indicate that TRMT6 is required for efficient HIV-1
protein accumulation and virus production in the late steps
of HIV-1 replication.

DISCUSSION

The role of tRNA m1A58 in stopping reverse transcription
has been proposed several decades ago, but has remained
unclear, due to the lack of definitive methodologies and ma-
terials used in the previous studies. In the present study, we
have confirmed that m1A58 is indeed required for RT to
make a plus-strand strong-stop in vitro and have also shown
that TRMT6 is required for the early steps of HIV-1 repli-
cation in vivo (Figure 6B, middle).

Moreover, we unexpectedly found that apart from the
early steps of the HIV-1 replication, TRMT6 is also re-
quired for the late steps of HIV-1 replication. TRMT6 mu-
tant cell lines accumulated smaller levels of HIV-1 proteins
such as the precursor GagPol pr160 and Gag pr55, inte-
grase, capsid p24 and Tat proteins, and produced substan-
tially smaller levels of the virus particles (Figure 6B, bot-
tom).

A mechanistic understanding of HIV-1 protein reduction
awaits elucidation. Tat is the transcriptional activator of
HIV-1, but a decrease in Tat protein levels is unlikely to be
the cause of corresponding decrease in HIV-1 protein levels
in our system. Tat activates transcription from the natural
HIV-1 LTR promoter, but the HIV-1 plasmid (pCMV delta
R8.2) does not have an LTR and instead uses the CMV pro-
moter to drive transcription. Accordingly, HIV-1 RNA lev-
els were similar in all four cell lines (Figure 5C, D). While
HIV-1 RNA is known to contain the N6-methyladenosine
(m6A) modification (45), it has been confirmed in a previ-
ous study using RNA LC-MS that the m1A modification
is absent in packaged HIV-1 genomic RNA (46). Thus, it
is possible that instead, the tRNA m1A58 modification is
important for proper translational rate or fidelity during
the translation of specific codons by specific tRNA species.
The codon usage of HIV-1 late genes is significantly dif-
ferent from the codon usage of the host (47), and the pro-
teins made from HIV-1 late genes include the long GagPol
pr160 and Gag pr55. However, reduction of Tat, an HIV-
1 early gene also occurred in TRMT6 mutant cells (Fig-
ure 5F, Supplementary Figure S4B), showing that codon
frequency bias within HIV-1 genes may not be the cause
of HIV-1 protein reduction. One possibility is that transla-
tion of specific cellular factors that are important for HIV-1
protein accumulation may be regulated by TRMT6/61A-
mediated m1A modification within tRNAs, or mRNAs with
tRNA T-loop-like structures (48). To objectively investigate
the role of m1A in translation, the use of ribosome profiling
and tRNA-sequencing would be useful. These techniques
can detect the critical loss of tRNA function or stability, as
well as translational decrease of specific codons and mR-
NAs at the level of individual codons, mRNA, and tRNA
(49–51).

Although m1A58 modification of tRNA3
Lys is almost

completely absent in TRMT6 mutant #2 (Figures 2E and
3B), we observed some residual transduction ability of the
VSV-G pseudotyped HIV-1 produced from TRMT6 mutant
cell #2 (Figure 4B). This activity may be due to a second
reverse-transcription stop caused by residual m5Um54. A
previous in vitro study indicated that the HIV-1 RT stops
at m5Um54 (27). Although the m5Um54 level decreased in
TRMT6 mutants, about 40% of the m5Um54 in tRNA3

Lys

remained compared to control cells (Figure 2E). The RT
stop at remaining m5Um54 might account for the resid-
ual infectivity of the HIV-1 produced from TRMT6 mu-
tant cells (Figure 6B, middle). Since the RT product that
extends to one nucleotide before position 54 of tRNA3

Lys is
still complementary to the HIV-1 genome, this RT product
can be used for plus-strand transfer (Figure 6A).

Since both TRMT6 and TRMT61A mRNA levels are
substantially lower in whole blood compared to various or-
gans (52), it is possible that m1A58 levels are low in HIV-1
host macrophage and CD4+ T cells. In such cells, the re-
maining m5Um54 may promote reverse-transcription stop
and HIV-1 infection. The importance of the second RT-
stop site is supported by the sequence conservation and
tRNA3

Lys complementarity of the retroviral RNA genome
in not only the 18-nt primer binding site, but also until
one nt before the m5Um54 (Figure 6A). The conservation
of the second RT strong-stop site extends from various
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Figure 6. Model of TRMT6-mediated regulation of m5U54 modification and HIV-1 replication. (A) Sequence alignment of tRNALys and the genome
RNA of HIV-1, HIV-2, simian immunodeficiency virus (SIV), and feline immunodeficiency virus (FIV), all of which use tRNALys as their primers. tRNALys

sequences are common in human, macaque, and cat. ** and * indicate 100% and >80% conservation, respectively. (B) TRMT6-mediated m1A58 modifi-
cation has three roles: 1) TRMT6-mediated m1A58 modification promotes 5-methylation of m5Um54 and m5U54 modifications. 2) In the early steps of
HIV-1 replication, TRMT6-mediated m1A58 halts reverse transcription at m1A58, and m5Um54 functions as the 2nd reverse transcription stop site when
m1A58 modification is absent. Without an RT-stop at either of these positions, plus-strand cDNA synthesis continues beyond tRNA position 54, and
the cDNA becomes uncomplementary to the other stand of HIV-1 DNA-copy after plus-strand transfer and cannot be integrated into the host genome
(Supplementary Figure S1). 3) In the late steps of HIV-1 replication, TRMT6 is required for efficient accumulation of HIV-1 proteins and virus particles.
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HIV-1 strains to HIV-2, and simian and feline retroviruses,
suggesting the evolutionary importance of the second RT
strong-stop site (Figure 6A).

Among the hydrogen bond network within tRNAs, the
reverse-Hoogsteen base pair between A58-U54 is one of
the most conserved interactions that support the L-shaped
tRNA tertiary structure (53). The m1A modification at po-
sition 58 stabilizes the A58-U54 reverse Hoogsteen base
pair (7). The A58–U54 base pair stacks with the conserved
G53–C61 base pair, and the increased hydrophobicity re-
sulting from 5-methylation of m5U54 is thought to increase
base stacking with G53 (53). Unlike many tRNA modi-
fication enzymes for which knockout cells can be gener-
ated without difficulty using the CRISPR/Cas9 system,
we did not obtain TRMT61A or TRMT6 knockout cells,
implying that TRMT61A and TRMT6 may be essential
for human cells. In the present study, we demonstrated
that the TRMT6 mutation greatly reduced m5U54 mod-
ification. TRMT6-mediated promotion of m5U54 methy-
lation may support tRNA maturation in two ways. First,
5-methylation in m5U54 may increase the stacking of G53
and U54. Second, TRMT2A, the m5U54 methyltransferase,
might promote proper tRNA folding. Both the E. coli and
yeast m5U54 methyltransferases are postulated to be tRNA
chaperones (54,55). Distinguishing between the two possi-
ble roles of m5U54 merit investigation in human, to further
understand the role of TRMT6.

The role of TRMT6 in promoting m5U54 forma-
tion, however, cannot explain the possible essentiality of
TRMT61A and TRMT6, because m5U54 methyltrans-
ferase TRMT2A can be knocked out in human cells (56).
Thus, there is likely other mechanism(s) that relies on
m1A58 to support tRNA function or stability. In yeast, the
Trm61–Trm6 complex is required to prevent degradation of
initiator methionine tRNA (tRNAiMet) (57,58). Also, in hu-
man cells, siRNA-mediated knock down of TRMT61A and
TRMT6 reduced tRNAiMet (16). However, since tRNAiMet

functions in translation initiation, a decrease in tRNAiMet

should affect all proteins and cannot account for the spe-
cific decrease in HIV-1 proteins (Figure 5E, F, Supplemen-
tary Figure S4B). Thus, there must be other functions than
tRNAiMet stabilization, such as stabilization of other cellu-
lar tRNAs. To elucidate basic cellular m1A58 function in
tRNA stabilization and translation, unbiased methods such
as AlkB-tRNA sequencing to monitor the level of all tR-
NAs (12) and ribosome-profiling to reveal the translation
level of all codons (59) would be useful in future studies.

In summary, we first confirmed that m1A58 in tRNA is
required for in vitro plus-strand strong-stop by the HIV-
1 RT. Accordingly, infection of VSV-G pseudotyped HIV-
1 that contained m1A58-less tRNA3

Lys primers caused
poor HIV-1 genome integration. Moreover, TRMT6 mu-
tant cells decreased accumulation of HIV-1 capsid, inte-
grase, their precursor proteins and Tat in the cells, followed
by poor virus production from the cells, revealing unex-
pected roles for TRMT6 in HIV-1 protein and viral par-
ticle accumulation. In addition, TRMT6-mediated m1A58
promoted tRNA m5U54 formation. These findings illumi-
nate the fundamental importance of m1A58 modification
in retrovirus replication and tRNA modification network
(Figure 6).
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