Lack of tRNA-i6A modification causes mitochondrial-like
metabolic deficiency in S. pombe by limiting activity
of cytosolic tRNA™", not mito-tRNA
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ABSTRACT

tRNA-isopentenyl transferases (IPTases) are highly conserved enzymes that form isopentenyl-N°-A37 (i6A37) on subsets of tRNAs,
enhancing their translation activity. Nuclear-encoded IPTases modify select cytosolic (cy-) and mitochondrial (mt-) tRNAs.
Mutation in human IPTase, TRIT1, causes disease phenotypes characteristic of mitochondrial translation deficiency due to
mt-tRNA dysfunction. Deletion of the Schizosaccharomyces pombe IPTase (tit1-A) causes slow growth in glycerol, as well as
in rapamycin, an inhibitor of TOR kinase that maintains metabolic homeostasis. Schizosaccharomyces pombe IPTase modifies
three different cy-tRNAs**" as well as cy-tRNA™", cy-tRNA™™, and mt-tRNATP. We show that lower ATP levels in tit1-A
relative to tit1* cells are also more decreased by an inhibitor of oxidative phosphorylation, indicative of mitochondrial
dysfunction. Here we asked if the tit7-A phenotypes are due to hypomodification of cy-tRNA or mt-tRNA. A cytosol-specific
IPTase that modifies cy-tRNA, but not mt-tRNA, fully rescues the tit7-A phenotypes. Moreover, overexpression of cy-tRNAs
also rescues the phenotypes, and cy-tRNA™" alone substantially does so. Bioinformatics indicate that cy-tRNA"" is most
limiting for codon demand in tit7-A cells and that the cytosolic mRNAs most loaded with Tyr codons encode carbon
metabolilizing enzymes, many of which are known to localize to mitochondria. Thus, S. pombe i6A37 hypomodification-
associated metabolic deficiency results from hypoactivity of cy-tRNA, mostly tRNA™", and unlike human TRIT1-deficiency
does not impair mitochondrial translation due to mt-tRNA hypomodification. We discuss species-specific aspects of i6A37.
Specifically relevant to mitochondria, we show that its hypermodified version, ms2i6A37 (2-methylthiolated), which occurs on
certain mammalian mt-tRNAs (but not cy-tRNAs), is not found in yeast.
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INTRODUCTION enzymes encoded in the nuclear DNA (Yarham et al. 2010,
2014; Abbott et al. 2014).

Codon bias among mRNAs can vary dramatically (Begley
et al. 2007) and modifications in the tRNA anticodon loop
can affect their differential translation in a codon-specific
manner (Yarus 1982; Agris et al. 2007). Anticodon loop po-
sition 37 is modified by moieties specific to particular tRNA
subsets and covaries with base identity at wobble position 34
(Yarus 1982; Phizicky and Hopper 2010). A tRNA modifica-
tion in bacteria, yeast, and animals is isopentenyl-Né-A37
(i16A37). In eukaryotes, i6A37 is found on cytosolic and mi-
tochondrial tRNAs (cy- and mt-tRNAs) (Dihanich et al.

The relative levels of tRNAs and their activities set the balance
of translation efficiency, fidelity, pausing, and polypeptide
folding (Drummond et al. 2005; Reynolds et al. 2010;
Spencer et al. 2012; Manickam et al. 2014; Arimbasseril
et al. 2015). Many nucleotides in tRNAs are post-transcrip-
tionally modified and many affect tRNA stability or activity
(Phizicky and Hopper 2010). A large number of mitochon-
drial disorders are due to mutations to mt-tRNAs encoded
in the mt-DNA or to mt-tRNA modification or processing
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1987; Lakowski and Hekimi 1996), intriguingly, on different
subsets of tRNAs in different species (Lamichhane et al. 2011,
2013a,b; for review, see Maraia and Iben 2014). In bacteria,
i6A37 is hypermodified to 2-methylthio-N°-isopentenyl-
A37 (ms2i6A37). Whereas eukaryotic cy-tRNAs contain
i6A37 that is not hypermodified, the i6A37 on mammalian
mt-tRNAs are hypermodified to ms2i6A37 (Wei et al.
2015), consistent with the bacterial origin of mitochondria
(Andersson and Kurland 1999). Genetic knockout of the nu-
clear-encoded, mitochondrial enzyme, Cdk5rapl, which
converts i6A37 on mt-tRNA to ms2i6A37, causes mitochon-
drial translation associated respiratory deficiency, oxidative
stress, and myopathy in mice (Wei et al. 2015).

While the tRNA isopentenyltransferases (IPTases) that
create i6A37 are conserved, they are nonessential in bacteria
and yeasts (Smaldino et al. 2015). Yeast lacking IPTase grow
normally in standard media (Laten et al. 1978; Janner et al.
1980; Laten 1984; Dihanich et al. 1987). Schizosaccharomyces
pombe has five 16A37-cy-tRNAs, comprised of three cy-
tRNAs>" with different anticodons, cy—tRNATYr, cy—tRNATrp ,
plus mt-tRNAT™ (Chan and Lowe 2009; Lamichhane et al.
2011). An assay in S. pombe dependent on decoding of a
Tyr codon in the active center of B-galactosidase revealed
that loss of i6A37 decreased cy-tRNA™" specific activity by
approximately threefold (Lamichhane et al. 2013a). A more
facile and widely used assay is tRNA-mediated suppression
(TMS) in which the activity of a suppressor-tRNA (sup-
tRNA) to decode/suppress a premature stop codon in a re-
porter mRNA encoding a metabolic enzyme in an adenine
synthetic pathway is monitored by red-white colony color
(for review, see Rijal et al. 2015). Deletion of the IPTase de-
creases sup-tRNA activity in fission (tRNA>") and budding
yeast (tRNA"™) causing loss of TMS phenotype (Laten
et al. 1978; Janner et al. 1980; Laten 1984; Dihanich et al.
1987; see Kohli et al. 1989) with no effect on the levels of
the sup-tRNA (Lamichhane et al. 2013a). Another phenotype
of S. pombe titl-A is sensitivity to rapamycin, an inhibitor of
TOR kinase (Lamichhane et al. 2013a).

A mutation in the human IPTase, TRIT1 and resultant
i6A37 hypomodification of cy- and mt-tRNAs causes a dis-
ease phenotype characteristic of mitochondrial translation
deficiency similar to other mitochondrial diseases attributed
to defects in mt-tRNAs (Yarham et al. 2014). Deletion of
the S. pombe IPTase, Titl, causes general decrease in cyto-
plasmic translation of mRNAs enriched with i6A37-cognate
codons such as for ribosome subunits and translation factors
(Lamichhane et al. 2013a). titI-A cells also exhibit slow
growth when the carbon nutrient is glycerol (Lamichhane
et al. 2013a). This glycerol phenotype as well as the two
other titl-A phenotypes is rescued by ectopic expression of
S. pombe Titl, human TRIT1 or the S. cerevisiae IPTase,
Mod5 (Lamichhane et al. 2011, 2013a; Yarham et al. 2014).
Slow growth of S. pombe in glycerol sometimes reflects mito-
chondrial dysfunction (Boutry et al. 1984) which if so in this
case, titI-A cells might provide a model system for the study
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of human TRIT1 mt-tRNA-i6A37 function. Therefore, an
important question is whether tifI-A glycerol slow growth
phenotype reflects mitochondrial deficiency due to mt-
tRNA-i6A37 hypomodification as is for TRITI1-R323Q pa-
tient cells, and more generally to what extent the S. pombe
mt-tRNA-16A37 system may provide a model for the human
mitochondrial system.

In S. cerevisiae, a single gene produces MOD5 mRNA,
which depending on use of either of two alternate translation
start sites, methionine-1 or methionine-12, differentially tar-
gets Mod5 protein to the mitochondria and cytosol, or to the
nucleus and cytosol but not mitochondria, respectively
(Gillman et al. 1991; Boguta et al. 1994; Martin and Hopper
1994). We used this to distinguish the importance of cy- and
mt-tRNA-16A37 in the titI-A phenotypes. Both the titl-A
glycerol and rapamycin phenotypes were fully rescued by
cy-tRNA-i6A37 modification while mt-tRNA remained se-
verely hypomodified, providing evidence that translation
of cy- rather than mt-mRNAs is the main deficiency. This
was substantiated by overexpression of cy-tRNA targets of
Titl, which differentially rescued the titl-A phenotypes.
Remarkably, threefold overexpression of tRNAT" alone
in the absence of i6A37 significantly rescued both pheno-
types. Consistent with this, bioinformatic analysis confirmed
tRNA™™ as most limiting for codon demand in #it1-A cells.
Other bioinformatic analyses identified the mRNAs most
heavily loaded with Tyr codons as encoding carbon and ener-
gy metabolism enzymes likely accounting for the phenotypes.
The data further indicate that i6A37 increases the decoding
activity of an otherwise limiting tRNA, which in S. pombe is
tRNA™", and account for specific metabolic phenotypes.

RESULTS

Rescue of glycerol phenotype despite severe i6A37
hypomodification of mt-tRNA

As noted above, mt-tRNA"™ i6A37 hypomodification might
underlie the observation that titl-A cells grow slowly in glyc-
erol (Lamichhane et al. 2013a). Accordingly, reversal of the
tit]-A glycerol phenotype should not occur if the IPTase
could not localize to mitochondria nor modify mt-tRNA.
Unlike S. cerevisiae Mod5, S. pombe Titl does not have an ap-
parent mitochondrial-targeting sequence (Supplemental Fig.
S1), and the mechanism by which it is targeted to mt-tRNA
remains unknown (Lamichhane et al. 2013a). However,
Mod5 can rescue the titl-A glycerol phenotype and its im-
port into mitochondria is understood (Boguta et al. 1994;
Tolerico et al. 1999). Mod5 mRNA has two AUG start codons
at positions 1 and 12 and produces two protein isoforms, M1
and M12 (Boguta et al. 1994; Tolerico et al. 1999). Initiating
at M1 produces a mito-targeting sequence resulting in mito-
chondrial and cytosolic localization whereas initiation at
MI12 results in cytosolic and nuclear accumulation but not
mitochondrial (Boguta et al. 1994).
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Codons 1 or 12 of Mod5 were mutated to alanine to make
Mod5-M1A and Mod5-M12A. These, Mod5 and Titl were
each cloned in S. pombe expression vector, pRep4X. Figure
1A shows that while #ifI-A cells (yNB5) grow as well as
tit] " (yYH1) in glucose, the tit1-A cells grow relatively poorly
in glycerol. This deficiency was rescued fully by ectopic Titl,
Mod5, and Mod5-M12A and -MI1A. A similar pattern was
observed for rapamycin (Fig. 1A).

We examined the modification status of i6A37-tRNAs
from the M1A, M12A, and other strains using the PHAG6 as-
say (Fig. 1B-J). By this assay, an oligo-DNA probe comple-
mentary to the anticodon loop (ACL) hybridizes better in
the absence of i6A37 than in its presence; the ACL probe sig-
nal is internally controlled by a probe to a different region of
the same tRNA, the T stem—loop (TSL probe) (Lamichhane
et al. 2011, 2013a,b; Yarham et al. 2014). Because the TSL
probe serves as a quantitative internal control on the same
tRINA, its signal intensity can be used to calibrate and mea-
sure differences in 16A37 modification efficiency (Lamich-
hane et al. 2011, 2013a,b; Yarham et al. 2014). Accordingly,
Figure 1C shows less ACL hybridization for cy-tRNA>" in
yYHI (titl", lane 1) relative to yNB5 (titI-A, lane 2), while
the same tRNA shows near equal TSL probe signal in the
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two strains, as expected (Fig. 1D, lanes 1 and 2). The lower
signals in lanes 3—10 relative to lane 2 in Figure 1C indicate
that ectopic Titl, Mod5, Mod5-M1A and -M12A each mod-
ify cy-tRNA>®" (lower signal in lanes 7-10 relative to lanes 3-6
is due to less RNA loaded; Fig. 1B). The same blot was probed
for cy-tRNA™"™ and cy-tRNA™ and showed that they were
also modified by the ectopically expressed IPTases (Fig.
1E-H), as expected. Thus, Mod5 and its variants M1A
and M12A, all of which localize to the cytoplasm (Boguta
et al. 1994; Tolerico et al. 1999), efficiently modify the
cy-tRNAs Ser, Tyr and Trp 1] a5 expected.

It is important to note that while cy-tRNA substrates of
[PTases are efficiently modified (~90%) in yeast and human
cells, the mt-tRNA substrates are found to be only partially
modified (Lamichhane et al. 2013a,b). For titl" cells, mt-
tRNA""P was the only mt-tRNA found to carry i6A37, consis-
tent with it as the only S. pombe mitochondria-encoded
tRNA sequence with the IPTase recognition sequence,
A36—-A37-A38 (Lamichhane et al. 2013a). However, because
mt-tRNA"™ modification efficiency is only ~25% (Lamich-
hane et al. 2013a), the signal intensity difference between
lanes 1 and 2 for it (Fig. 1I) is less than the difference for
the cy-tRNAs (Fig. 1C,E,G). Less signal from the mt-Trp
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FIGURE 1. Glycerol and rapamycin slow growth phenotypes of yNB5 (#it1-A) are not due to i6A37 hypomodification of mt-tRNAT™, (A) Growth of
the S. pombe cells indicated to the left (see text) were monitored by spotting serial dilutions onto Edinburgh minimal media (EMM) plates with glu-
cose, or glycerol as the carbon source, or with glucose and containing rapamycin (50 ng/mL). (B—]) RNA analysis including i6A37 modification status
of various tRNAs from cells indicated above the lanes using the PHA6 Northern blot assay; (B) EtBr-stained gel showing RNA that was transferred onto
membrane and sequentially probed with the ACL and TSL probes indicated to the right of each panel (see text). (K) Quantification of i6A37 mod-
ification efficiency of mt-tRNA™ from the data from triplicate experiments as calculated using the formula; % modification = [1 — (ACLtit1 "/
BPtit1)/(ACLtitI-A/BPtit1-A)] x 100 (see Materials and Methods). Error bars reflect triplicate experiments. (L) Quantitation of ATP in yYH1
and yNB5 cells with and without prior growth in a low pharmacological dose of CCCP (20 uM, see text). Equal amounts of protein from each
cell lysate were used for ATP colorimetric assay and absorbance was measured at 570 nm.
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ACL probe in lanes 9 and 10 relative to lanes 7 and 8 (Fig. 1I)
indicates that the mitochondria-targeted protein, Mod5-
MI12A, modified mt-tRNAT™ more efficiently than the mito-
chondria-excluded protein, Mod5-M1A (Fig. 1K). Quantifi-
cation of triplicate experiments that compare ACL and TSL
data for mt-tRNA™™ revealed that Mod5 and Mod5-M12A
exhibited activity similar to Titl while Mod5-MI1A was se-
verely deficient for mt-tRNA™™ modification (Fig. 1K), in ex-
cellent agreement with the known localizations of the Mod5
variants (Boguta et al. 1994; Tolerico et al. 1999). Full pheno-
typic rescue by Mod5-M1A, despite severe hypomodification
of mt-tRNA™, suggests that i6A37 hypomodification of mt-
tRNA does not account for the growth deficiencies of tit1-A
cells. This further suggests that i6A37 hypomodification of
cy-tRNA is responsible for the phenotypes.

Evidence of some mitochondrial dysfunction
of S. pombe tit1-A cells

A cell lysate-based sensitive assay for ATP quantification re-
vealed 6% lower ATP levels in titl-A relative to titl™ cells
(n=7, P=0.42; data not shown but see below). We also
compared titl-A and tit] " cells for growth sensitivity to car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP), an inhib-
itor of oxidative phosphorylation. There was little if any
growth difference below 10 uM CCCP but both titI-A and
titl" became sensitized between 10 and 20 uM (Sup-
plemental Fig S2A). We therefore exam-
ined ATP levels in the presence of 20
uM CCCP. We note that 20 pM is a
very low pharmacological dose since
even at 30 uM, only a tiny fraction of
the cells plated were lost (Supplemental
Fig. S2A). This confirmed the 6% lower
ATP levels in tit1-A relative to tit1" ob-
served in previous experiments in the ab-
sence of CCCP (Fig. 1L, yNB5 versus
yYH1). However, treating the cells with
low dose CCCP significantly widened
their ATP differential (Fig. 1L, yNB5 +
CCCP versus yYHI + CCCP). While
CCCP decreased ATP levels in tit1™ by
~15%, it decreased ATP levels in titl-A
by ~23%. Put another way, ATP levels
were 6% lower in titl-A relative to titl™
in the absence of CCCP, but this was ex-
acerbated to 14% lower relative to tit1"*
after incubation in 20 uM CCCP. Exacer-
bation of the difference in ATP levels in
titl-A relative to tit]* with the ox-phos
inhibitor is evidence of lower ATP pro-
duction and mitochondrial respiration
in tit1-A cells as compared to titl1*. These
data provide evidence that some degree
of mitochondrial dysfunction exists in
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tit]-A cells and that this contributes to their overall metabolic
deficiency. That the tit1-A phenotypes are fully rescued by cy-
tosol-specific Mod5-M1A despite severe hypomodification
of mt-tRNA™™ suggests that the deficiency results from im-
pairment of cytosolic rather than mitochondrial translation.

Ectopic overexpression of specific cy-tRNAs
differentially rescue tit7-A phenotypes

In some cases ectopic overexpression of tRNA can rescue
phenotypes of anticodon modification enzyme-lacking
yeast (Bauer et al. 2012; Ferndndez-Vézquez et al. 2013;
Guy and Phizicky 2015). In S. pombe there are seven genes
for tRNAS'AGA, three for tRNA®'UGA, and one for
tRNA%"CGA, while tRNA™" is encoded by four genes and
tRNAT™ by three genes (Chan and Lowe 2009). We cloned
these genes in a modified pRep-ura4"* plasmid so that each
is expressed from its own promoter. Constructs that contain
combinations of the tRNA genes were tested for ability to res-
cue titl-A phenotypes [Fig. 2, yNB5 (titI-A)+ev]. One of
each together, tRNAS"AGA, tRNAS"UGA, tRNA*'CGA,
tRNA™", and tRNA'™, partially rescued both phenotypes
although more so for rapamycin than glycerol (Fig. 2A-C).
One each of the three different tRNAs>" genes (anticodons
AGA, CGA, UGA) together were ineffective in rescuing
the phenotypes as was either one or two copies of the most
high copy of these, the tRNAS"AGA gene (Fig. 2, lower

FIGURE 2. Ectopic genes encoding cy-tRNAs rescue the metabolic phenotypes of tit1-A cells. (A—
C) Growth efficiency of various S. pombe cells transformed with empty vector (ev), Tit1™,
genes for tRNAs as indicated to the left (see text) were monitored. This was done by spottlng serial
dilutions onto EMM plates with glucose (A), or with glucose and containing rapamycin at 50 ng/mL
(B),or glycerol asthe carbon source (C). +5tRNAs = one gene each for tRNAS"AGA, tRNAS"UGA,
tRNAS'CGA, tRNA™", and tRNA'™ on the same plasmid; +3 tRNAs Ser =one each for
tRNAS"AGA, tRNA®UGA, tRNA®"CGA; +2X-Ser-AGA = two genes for tRNAS"AGA. (D)
The cells were also spotted onto EMM with limiting amount of adenine (10 mg/L) to reveal suppres-
sor-tRNA-mediated opal suppression of ade6-704 in the same cells (see text).

or the
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panels). Remarkably, a combination of tRNA"" and tRNA'™
was comparable to the five tRNAs for the rapamycin and the
glycerol phenotype (Fig. 2, upper panels). The tRNA™" and
tRNA'™ combination rescued the rapamycin phenotype of
yNBS5 titl-A nearly as well as tit1" (Fig. 2, +Titl). tRNA™"
plus tRNA"™ also rescued the glycerol phenotype but less
so than +Titl. Moreover, while tRNA™" alone significantly
rescued the yNB5 titl-A phenotypes, tRNA"™ alone did
not (Fig. 2, lower). The five tRNAs and tRNAD" plus
tRNA"™ appeared to rescue the rapamycin better than the
glycerol phenotype although it should be noted that growth
in glycerol took longer than in rapamycin (3+ versus 2 d).
As expected, none of the ectopic tRNAs rescued the codon-
specific antisuppression phenotype (Fig. 2D, Ade10 column).
Northern blotting confirmed that the ectopic tRNA genes
increased the levels of the corresponding tRNAs (Fig. 3).
Quantitation using U5 snRNA as a loading control revealed
approximately threefold overexpression of the ectopic
tRNAs as indicated below the lanes of each panel (Fig. 3B—
E). This is consistent with i6A37 increasing tRNA decoding
activity by about threefold (Lamichhane et al. 2013a).
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FIGURE 3. Threefold overexpression of tRNA by ectopic tRNA genes.
Monitoring expression levels of various tRNAs by Northern hybridiza-
tion. Annotation above the lanes: (W) yYH1 (wild-type); (M) yNB5
(titl-A); (ev) empt}lr_ vector; (5tRNAs) tRNASAGA, tRNASTUGA,
tRNAS"CGA, tRNA™", and tRNA™™ on one plasmid; (2X-Ser-AGA)
two consecutive tRNAS'AGA genes. (A) EtBr-stained gel showing
RNA that was transferred onto membrane and sequentially probed for
the tRNAs indicated to the right of each panel. (B—F) Four different
tRNAs and U5 snRNA were examined using a probe specific for each
as indicated to the right. Numbers under panels B-E show quantifica-
tion, in each case relative to U5, which served as internal loading control.

We note that the plasmid with one gene each for the five
tRNAs did not rescue the phenotypes as fully as did ectopic
Titl or the Mod5 constructs. We note that these ectopic
genes do not mimic the relative copy numbers of the chro-
mosomal tRNA genes. Effects of codon frequency and
context together with the natural pool of host tRNAs is opti-
mal for translation efficiency and protein folding (Spencer
et al. 2012). Nonetheless, that tRNA™" alone would be
effective at rescuing the titl-A phenotypes was unexpected.

Schizosaccharomyces pombe tRNA™" gene
copy number is limiting for codon demand
relative to tRNAs®®" TP

The ectopic tRNA data suggest that tRNA™" activity is more
limiting than tRNAs>" and tRNA™" in S. pombe titl-A cells.
To try to uncover a basis for this, we calculated a predicted
tRNA supply/codon demand index for the Titl substrate
tRNAs. In yeast and some other eukaryotes, tRNA abundance
is largely reflected by tRNA gene number (Ikemura 1985;
Percudani et al. 1997; Duret 2000; Kanaya et al. 2001; Tuller
et al. 2010; Novoa et al. 2012). We used tRNA gene number
as proxy for tRNA supply, and codon frequency as proxy for
demand (Table 1). Genome-wide Tyr codon frequency in S.
pombe is 3.38% for the two Tyr codons (2.2% UAU, 1.18%
UAC), both decoded by tRNA™"GUA produced from four
genes. Eleven i6A37-tRNAs®" genes service 6.93% codons
and three tRNA™™ genes service 1.12% codons (Chan and
Lowe 2009). Therefore, the tRNA supply/demand index for
the i6A37-containing tRNAs is calculated as 1.59 for Ser and
2.68 for Trp but only 1.18 for Tyr (Table 1, columns 1-4).
The genomic codon frequencies used above are static, as if
all mRNA-coding genes are expressed equally. Because some
genes make more mRNA copies than others, we normalized
for mRNA abundance and therefore the total number of co-
dons actually decoded (Pechmann and Frydman 2013), using
existing mRNA copy number data (Marguerat et al. 2012).
This too revealed tRNA™" to be the most limiting (Table 1,
columns 5-6). Thus, by both measures of demand, based
on genomic averages and normalized for mRNA abundance,
tRNA™" was calculated to be most limiting among the i6A37-
containing tRNAs in S. pombe, consistent with functional res-
cue of the tit1-A phenotypes by overexpression of tRNA™Y",

TABLE 1. tRNA gene/codon demand indexes

tRNA

Codon  gene/ tRNA gene/
tRNA tRNA use, codon  Codon use, codon
gene gene  static,  index-  abundance, index-
isotype  count % static % abundance
Trp-i6A 3 1.12 2.68 0.998 3.03
Ser-ibA 11 6.93 1.59 6.276 1.75
Tyr-i6A 4 3.38 1.18 3.127 1.28
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In addition to relatively low tRNA""GUA supply/demand,
it may be relevant that one of the two Tyr codons, UAU, con-
stitutes the only codon—anticodon interaction among the
S. pombe 16A37-tRNAs that is devoid of a G:C base pair.
This suggests that the interaction of tRNA™" with its codons
is further diminished relative to the other i6A37-tRNAs
in S. pombe (Lagerkvist 1978; Vendeix et al. 2009; Stadler
and Fire 2011; Ran and Higgs 2012) and therefore may ben-
efit more from i6A37 modification than the other tRNAs
(Discussion).

Evidence of differential mRNA translation
in tit7-A and tit1™ cells

Relative translational efficiencies (TE) of specific mRNAs can
be estimated by Northern analysis after polysome profile
fractionation by sedimentation in sucrose gradients. This
had shown that Ser UCY codon-enriched mRNAs exhibit
lower TE in titl-A relative to tit]™ cells although more so
for some mRNAs than others (Lamichhane et al. 2013a).
For the present study we examined the same Northern blot
fractionated samples for Tyr codon-enriched and other
mRNAs (Fig. 4). We sorted S. pormbe mRNAs according to
their enrichment for Tyr codons, normalized for mRNA
copy number, as reflected by their Z-scores (Table 2).

The sedimentation velocity of a translating mRNA in a
polysome profile is dependent on the length of the open read-
ing frame (ORF) plus its untranslated regions (UTRs), and
the density of engaged ribosomes and other factors.
mRNAs with different length ORFs will settle in different re-
gions of the gradient, some of which provide more separating
resolution than other regions. Long mRNAs that sediment
near the bottom will not be as resolved as mRNAs with short-
er ORFs that sediment toward the middle. The tef3" mRNA
(Tyr codon Z-score 3.0) is >1500 nt and sedimented toward

light, heavy,
P sedimentation —bottom
408 60/803 polysomes

-if512

tit1-A -tif512
D g _ -skpt1
tit1-A o =T o -skpt

FIGURE 4. Evidence of differential mRNA-specific translation efficien-
cyintitl-Acells. (A—D) Two Northern blots of polysome profile fractions,
one each from tit1* and titl-A cells, were sequentially probed for the
mRNAs indicated to the right. The profiles for skpI were previously re-
ported (Lamichhane et al. 2011) and are used here as a control (see text).
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the bottom of the gradient, however slightly less efficiently in
titl-A than tit1" cells suggesting lower ribosome occupancy
(Fig. 4A, quantitative tracing not shown; compare relative
intensities in lanes 9-11). A similar slight disparity was ob-
served for tdh1" which is also >1500 nt (Fig. 4B). To see dif-
ferences in a more resolving part of the gradient, we examined
Tif512 mRNA, which is enriched in two kinds of i6A37-cog-
nate codons, UCU Ser and Tyr codons (not shown). tif512*
mRNA is relatively short, 507 nt encoding an abundant trans-
lation elongation factor of 169 amino acids. The tif512"
mRNA revealed a dramatic shift in polysome profiles in
titl-A as compared to tit] " cells (Fig. 4C). In titl" cells the
peak of tif512Jr was in fraction 10, whereas it was in fractions
8 and 9 in fit]-A (Fig. 4C). As a control, the relative distribu-
tions of skp1 * mRNA, which does not have i6A37 codon bias
(Lamichhane et al. 2013a), is shown here on the same blots
for comparison (Fig. 4D). It is important to note that the
skp1™ and tif512" mRNAs have similar ORF and UTR lengths
and both peak in the same fraction in tit1* cells (upper
panels, Fig. 4C,D), whereas in tit1-A cells 1‘1‘f5ZZJr is clearly
more shifted to lower ribosome density than skpl™ (lower
panels, Fig. 4C,D). These data provide evidence that different
mRNAs are subjected to different degrees of translational in-
efficiency due to loss of i6A37 from tRNAs.

Figure 4C and D also show mRNAs in the 40S and pre-40S
fractions in tit1-A cells, consistent with deficiency in transla-
tion initiation, likely due to the effect of i6A37 absence on
translation of ribosomal proteins and initiation factors as
noted previously (Lamichhane et al. 2013a).

Identification of S. pombe mRNAs enriched
in Tyr codons

The data suggest that the glycerol and rapamycin phenotypes
of titl-A cells are due to impaired translation of cytoplasmic
mRNAs, in a Tyr codon load-sensitive manner. We sorted
all S. pombe mRNAs on the basis of their content of the
two Tyr codons, normalized for mRNA copy number using
existing quantitative data (Marguerat et al. 2012) to derive
a log,-transformed Z-score that reflects Tyr codon load rela-
tive to average Tyr codon content (Table 2). The plotted
distribution of the log,-transformed copy number-corrected
Tyr codon mRNAs was fairly normal (Supplemental Fig. S3),
indicating that the highest Z-score mRNAs in Table 2
represent the top small percentage of a large spread. The
highest ranking mRNA is Fbal (fructose-bisphosphate
aldolase) with a Z-score of 3.5. Thirty-six mRNAs represent
log, Z-scores of 2.5 or higher (Table 2). The top eight of
these (Z-scores >3.0) produce proteins involved in energy
metabolism and four of these are localized to mitochondria
(indicated by asterisks, Table 2) according to the searchable
database, MitoMiner (Smith et al. 2012).

The top 36 mRNAs (Z-scores >3.0, Table 2) were used for
gene ontology (GO) analysis for “biological process” and “cel-
lular component” (Table 3). The “biological process” results
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TABLE 2. mRNAs enriched in Tyr codons (Z-score), normalized for abundance

Z-score

Name Product

fbat Fructose-bisphosphate aldolase Fba1l

enol101* Enolase (predicted)

SPAC1F8.07¢c Pyruvate decarboxylase (predicted)

pyk1* Pyruvate kinase (predicted)

tdh1* Glyceraldehyde-3-phosphate dehydrogenase Tdh1

pmat* P-type proton ATPase, P3-type Pmal

nmt1 4-Amino-5-hydroxymethyl-2-methylpyrimidine phosphate synthase Nmt1
adh1 Alcohol dehydrogenase Adh1

tef3 Translation elongation factor eEF3

hsp90 Hsp90 chaperone

ssa2 Heat shock protein Ssa2 (predicted)

fas1 Fatty acid synthase beta subunit Fas1

actl Actin Act1

met26 Homocysteine methyltransferase Met26

gpm1 Monomeric 2,3-bisphosphoglycerate (BPG)-dependent phosphoglycerate mutase (PGAM), Gpm1
thi2 Thiazole biosynthetic enzyme

but2 But2 family protein But2

cut6 Acetyl-CoA/biotin carboxylase

plb1 Phospholipase B homolog Plb1

SPBC2G5.05 Transketolase (predicted)

sam1 S-adenosylmethionine synthetase

ural Carbamoyl-phos synthase (glutamine hydrolyzing), aspartate carbamoyltransferase Ural
pfl2 Sequence orphan

fas2 Fatty acid synthase alpha subunit Lsd1

asl1 Cell wall protein Asl1, predicted O-glucosyl hydrolase

SPCC1281.06¢c
sks2

Acyl-coA desaturase (predicted)
Heat shock protein, ribosome-associated molecular chaperone Sks2

bgs4 1,3-B-glucan synthase subunit Bgs4
tef103 Translation elongation factor EF-1 alpha Efla-c
tef101 Translation elongation factor EF-1 alpha Efla-a

SPAC24c9.12c
SPAC27E2.11¢

Glycine hydroxymethyltransferase (predicted)
Sequence orphan

rps2 40S ribosomal protein S2 (predicted)

sual Sulfate adenylyltransferase

tef102 Translation elongation factor EF-1 alpha Ef1a-b
glt1 Glutamate synthase Glt1 (predicted)

3.500459653
3.480023925
3.458910321
3.424389429
3.333448351
3.228656141
3.182820495
3.179933584
2.977217821
2.977217821
2.961101449
2.956185883
2.94874062

2.923274717
2.892216719
2.869066433
2.827669189
2.825905508
2.818546319
2.782311528
2.75017186

2.734055488
2.70299749

2.692506156
2.668733315
2.634907966
2.610962474
2.572702559
2.567044186
2.567044186
2.551704584
2.543893901
2.543893901
2.519869816
2.503334791
2.502496657

Asterisks indicate proteins localized to mitochondria according to the searchable database, MitoMiner (Smith et al. 2012).

indicate enrichment for involvement in carbon metabolism
including glucose and pyruvate relevant to mitochondrial
function (Table 3). Intriguingly, the top ranked “cellular com-
ponent” result indicated enrichment for translational elonga-
tion complex 1 (Table 3), a tetrameric GTP exchange complex
that mediates enzymatic delivery of aminoacyl tRNAs to the
A-site of the ribosome during translation (Negrutskii and
El’'skaya 1998; see also Huang and Hopper 2015).

Differential i6A37-cognate codon distributions
among S. pombe mRNAs

Incorporation of copy number into bioinformatic mRNA
sorting revealed different classes of i6A37-cognate codons.
The four UCN Ser codons are decoded by three i6A37-
tRNAs**C/U/AGA and are used at higher frequency than
the two AGY Ser codons decoded by tRNAS"GCU, which
is not a substrate for i6A37. The UCY Ser codons were known

to be highly enriched in high copy mRNAs (Bennetzen
and Hall 1982; Forsburg 1994; Lamichhane et al. 2013a).
In S. pombe the high abundance mRNAs accumulate to 10—
500 copies per cell (Marguerat et al. 2012).

The distribution of i6A37-cognate codon-enriched
mRNAs is shown in Figure 5 for which the mRNA copy num-
ber is on the x-axis. The mRNAs were sorted according to
i6A37-cognate codon bias, and in each case the top 160 co-
don-biased genes of each codon or codon combination set
is represented by a different color (Fig. 5). The Ser UCU co-
don alone (Fig. 5, black bars) or this plus the other UCN co-
dons (all Modified Ser; green bars) are skewed for
enrichment as they are found almost exclusively in high
abundance mRNAs. The mRNAs with the highest degree of
Trp codon bias are mostly limited to low copy number
mRNAs (1-10 copies per cell, purple bars) although some
are found in the 10—40 copies per cell range, very similar to
the distribution profile for all S. pornbe mRNAs (not shown).
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TABLE 3. Gene ontology of top 36 Tyr-enriched mRNAs (log, Z-scores >3)

Background frequency Sample frequency P-value
“Biologic process” term
Carboxylic acid metabolic process (GO:0019752) 309 17 1.35x 1079
Oxoacid metabolic process (GO:0043436) 314 17 1.74x107%
Organic acid metabolic process (GO:0006082) 315 17 1.83 x 107
Small molecule metabolic process (GO:0044281) 583 21 2.76 x 107%°
Monocarboxylic acid metabolic process (GO:0032787) 90 11 8.67x107%
Coenzyme metabolic process (GO:0006732) 135 11 6.24 x 1077
Pyruvate metabolic process (GO:0006090) 29 7 8.65x107%7
Ribonucleoside metabolic process (GO:0009119) 110 10 1.56 x 1079
Glucose catabolic process (GO:0006007) 17 6 1.69 x 107%°
“Cellular component” term
Eukaryotic translation elongation factor 1 complex (GO:0005853) 4 3 1.31x107%
Fatty acid synthase complex (GO:0005835) 2 2 4.13x107%
Organelle part (GO:0044422) 2367 5 1.67 x 107"
Cytosol (GO:0005829) 2260 25 1.69 x 107"

The Ser and Trp codon-enriched mRNAs were found
mostly in one or another copy number class, high and low,
respectively (Fig. 5). In contrast to Ser and Trp, the Tyr codon
enriched mRNAs exhibit more of a bimodal distribution with
most in the low copy group (<3 copies per cell) and others in
the moderate to high copy group (Fig. 5, orange).

As noted above, a single tRNAT"GUA decodes both Tyr
codons, UAC and UAU; a G:C pair forms the wobble pair

L

Gene Count for Z-Scored mRNAs (red, black, green, orange, purple)
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of one while the other uses a G:U wobble. The genomic
codon frequency ratio for Tyr UAC relative to Tyr UAU is
0.54 for all S. pombe genes (Chan and Lowe 2009).
Strikingly, this ratio is increased nearly eightfold, to 4.25
for the top 10 mRNAs listed in Table 2 (data not shown).
This is a greater difference than previously noted for S. pombe
in which the ratio was 0.56 for all genes and 3.0 for a small set
of highly expressed genes (Forsburg 1994). This is in
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FIGURE 5. Different i6A37-cognate codons are uniquely different among mRNA classes of different copy numbers in S. pombe. The top 160 mRNAs
sorted according to load enrichment for a particular codon or combination of codons (corrected for mRNA abundance) were plotted as a function of
mRNA copy number indicated on the x-axis; number of genes is indicated on the y-axis. ModSer (green bars) represents all codons decoded by i6A37-
modified tRNAs>" (NGA codons), and the tit] codon enrichment (red bars) represents all codons decoded by all i6A37-modified tRNAs. The other

single codons are also color coded as indicated (see text).
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agreement with evidence that indicates that highly expressed
genes avoid slowly translated wobble-decoded codons
(Stadler and Fire 2011).

While mammalian mt-tRNAs contain ms2i6A37,
yeast mt-tRNAs do not

The above analyses feasibly account for how lack for i6A37
on cy-tRNAs leads to phenotypes of metabolic deficiency,
including mitochondrial dysfunction. However, rescue of
these phenotypes in the absence of mt-tRNA-i6A37 was un-
expected because TRIT1-mutation and human mt-tRNA-
i6A37 hypomodification clearly impaired mitochondrial
translation with characteristic disease pathophysiology
(Yarham et al. 2014). One plausible reason for more severe
effects of i6A37 deficiency on human as compared to S. pombe
mitochondrial translation, is the several more i6A37-mt-
tRNAs in the former and therefore the greater number of
i6A37-cognate codons in the mt-mRNAs (Discussion).
There is also another consideration.

Recent work has shown that Cdk5rap1, a homolog of bac-
terial MiaB, is a mitochondrial enzyme that hypermodifies
the i6A37 found on several human mt-tRNAs to ms2i6A
(Wei et al. 2015), in agreement with the finding of ms2i6A
on bovine mt-tRNAs (Suzuki and Suzuki 2014). However,
cy-tRNAs from eukaryotes contain i6A37 that is not fur-
ther modified. We wanted to know if yeast mt-tRNAs contain
ms2i6A37. RNA from S. pombe and S. cerevisiae revealed no
ms2i6A37, whereas the same method readily revealed ms2i6A
from mouse RNA, reflecting the mt-tRNA-ms2i6A37 (Fig.
6). We have searched the database but could not find a
Cdk5rap1-like homolog in yeast.

DISCUSSION

A conclusion from this work is that the growth phenotypes
of IPTase-lacking S. pombe (titI-A cells) which lack i6A37
on both cy- and mt-tRNAs are due to hypoactivity of the
cy-tRNAs with little if any detectable contribution from
mt-tRNA. We provided evidence that tit]-A cells exhibit a
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FIGURE 6. Absence of 2-methylthio modifications in yeast. Total RNAs purified from mouse liver, S. pombe, and S. cerevisiae were subjected to mass
spectrometry analysis to detect ms?i°A (m/z382) and i°A (m/z 336) modifications. Peaks represent the chromatograms of ms?i°A and i°A, respectively.

Note that ms*i°A was not present in S. pombe or S. cerevisiae.
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degree of mitochondrial dysfunction that presumably con-
tributes to the metabolic deficiency reflected by slow growth
in glycerol and rapamycin. It was unexpected that mt-tRNA-
i6A37-hypomodification would not be a contributing factor,
because slow growth in glycerol often reflects mitochondrial
dysfunction, and there was a clear precedent from TRIT1
deficiency.

A second conclusion is that some tRNAs, namely tRNAT"
in this case, appears to depend on i6A37 more than others
that carry this modification. The data show that in S. pombe
lacking Titl and i6A37, tRNA™" appears most limiting for
function. The ectopic tRNA devoid of i6A37 when overex-
pressed by approximately threefold nicely fits with and sig-
nificantly extends previous results that indicate that i6A37
increases the activity of tRNA by about threefold (Lamich-
hane et al. 2013a). It is important to note here that S. cerevi-
siae, S. pombe and humans modify different subsets of tRNAs
with i6A37, both the cy- and mt-tRNAs (Lamichhane et al.
2011, 2013b; Horvath and Chinnery 2015; Wei et al. 2015).
Differences in tRNA-i6A37 subsets is part of a wider variabil-
ity in the overall tRNA gene content of different eukaryotic
genomes and in the tRNA anticodon modification systems,
which together with corresponding codon-content may con-
tribute to plasticity of genetic information (Iben and Maraia
2012; Maraia and Iben 2014). That tRNA™" is most limiting
in S. pombe should not necessarily be expected to be extra-
polable to other species. For example, the ratio of tRNA™-
i6A37 to tRNA>"-i6A37 in S. cerevisiae is 40% higher than
in S. pombe (not shown) and these yeast also differ in the
i6A37 status of their tRNA®"* and tRNAT™ (Lamichhane
et al. 2011). Related to this is another conclusion from this
study, that mt-tRNA-i6A37 hypomodification may affect
mitochondrial function differently in different species, due
to differential isopentenylation of the mt-tRNAs based on
whether or not they carry the [PTase recognition sequence
motif, A36—A37-A38.

Although we note that import of cy-tRNAs into mitochon-
dria can conceivably occur in tit1-A cells (Rubio and Hopper
2011), the evidence does not support that this contributes
to the rescue by the ectopic tRNAs. If the tit1-A phenotype
resulted from hypomodification of mt-tRNAT™®, and the
cy-tRNA™™ could enter mitochondria and functionally sub-
stitute for it, then ectopic cy—tRNATrP alone should rescue the
phenotype, but it does not.

We note that Mod5 and its variants as well as Titl rescued
the #it]-A phenotypes fully and more so than the ectopic
tRNAs. This may likely be due to disturbance of the natural
relative amounts of the different tRNAs that constitute the
total cellular tRNA pool. We believe this is a significant
consideration because optimality for translation efficiency
and protein folding relies on tRNA pool balance (Spencer
et al. 2012). In any case it is important to emphasize that
Mod5-MI1A does not localize to mitochondria or modify
mt-tRNA, but efficiently modifies cy-tRNA and fully rescues
the glycerol phenotype because this provides strong evidence
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that this phenotype is due to deficiency of cytoplasmic trans-
lation rather than deficiency of mitochondrial translation.

16A37 molecular activity

Evidence from yeast (and bacteria) indicates that the absence
of 16A37 does not affect tRNA charging (Laten et al. 1978).
The presence of 16A37 increases ribosome binding by the
tRNA (Gefter and Russell 1969; for review, see Persson
etal. 1994). This fits with data from S. pombe on two different
tRNAs; hypomodified tRNA™" competed less effectively than
i6A37-tRNA"" for a near cognate codon, and hypomodified
tRNA®"* competed less effectively than i6A37-tRNA" for
its cognate codon (Lamichhane et al. 2013a). In any case,
the loss of i6A37 from cy-tRNA leads to a decrease in its
codon-specific mRNA decoding. This is most clearly ex-
emplified by suppressor-tRNAs of Ser and Tyr identity in
budding and fission yeast that suppress premature stop co-
dons in specific marker genes (Laten et al. 1978; Janner
et al. 1980; Laten 1984; Dihanich et al. 1987; Lamichhane
et al. 2011).

Insight into the molecular function of hypermodified
ms*i°A37 came from the crystal structure of the bacterial
ribosome-decoding center. The methyl-sulphur group of
ms*i®A37 was seen to stabilize the codon—anticodon inter-
action by cross-strand stacking with the intrinsically weak
adjacent U-A base pair formed by the first nucleotide of
the mRNA codon and A36 of the tRNA anticodon (Jenner
et al. 2010). It is unclear how i6A37 functions in the absence
of the methylthiol hypermodification as no high-resolution
structure of a i6A37-tRNA in the decoding center presently
exists. In the absence of the methylthiol group, i6A37 may
simply increase the affinity of tRNA for the ribosome-decod-
ing center.

16A37 species-specific function

The species-specific functions of i6A37 will be dependent on
which tRNAs are modified and which mRNAs are most bi-
ased in the use of the cognate codons. The growth deficiency
phenotypes of titI-A cells are proposed to be due to ineffi-
cient translation of a set of cy-mRNAs, in a codon-specific
manner (Lamichhane et al. 2013a). The model is that the
most sensitive mRNAs are those with high abundance of
i6A37-cognate codons. This is in general agreement with
findings in bacteria, that the rpoS coding sequence is overly
enriched for codons decoded by tRNAs modified by
Escherichia coli IPTase, MiaA, in the absence of which, ex-
pression of RpoS is reduced (Thompson and Gottesman
2014). Escherichia coli substrates of MiaA include a subset
of tRNAs"". In this case, two of the six synonymous Leu co-
dons are each decoded by a different tRNA modified by MiaA
while the tRNAs for the other four Leu codons are not sub-
strates of MiaA. In S. pombe, human and other eukaryotes,
no tRNAs"" are substrates for i6A37 modification. This
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exemplifies that while the genetic code is “universal,” mRNA
translation follows species-specific rules governed by biased
codon use, tRNA gene variability, and anticodon modifica-
tion activities that distinguish synonymous decoding, such
that different types of information can be extracted from
the same coding sequence in different genomic contexts
(Maraia and Iben 2014).

As reported here for S. pombe, high copy mRNAs with Tyr
codon enrichment include many enzymes involved in carbon
metabolism and energy production; most are highly enriched
in the Tyr UAC relative to UAU codon, at a ratio of nearly
8 to 1. It was noted previously that Adhl and others of a
small set of high copy mRNAs were enriched for UAC relative
to UAU Tyr codon, although at a ratio of about 3 to 1
(Forsburg 1994). tRNA™"GUA, the only tRNA for Tyr in
S. pombe, decodes UAC by direct Watson-Crick base-pairing
whereas it would have to wobble decode UAU codons, unfa-
vorable for efficient translation because wobble decoding is
slower (Stadler and Fire 2011). The data and observations
support the idea that i6A37 is a positive determinant of effi-
cient translation of most abundant mRNAs, which in S.
pombe are specifically enriched in the most highly used cog-
nate Ser and Tyr codons (Lamichhane et al. 2013a).

Codon context may also be important for i6A37 effects.
mRNAs with average or low load of i6A37-cognate codons
may be susceptible if they reside in special context. Another
possibility is that miscoding may occur in the absence of
i6A37, producing misfolded aggregates that trigger growth
deficiency, although available data do not indicate this.
[6A37 increased fidelity at cognate codons and decreased fi-
delity at noncognate codons (Lamichhane et al. 2013a).
The data suggest that i6A37 has little net effect on fidelity
but more on translational efficiency and because this is most-
ly on the abundant mRNAs, this is the pathway of most sig-
nificant impact.

Absence of i6A37 leads to decreased translation efficiency
of mRNAs heavily enriched for UCU and other i6A37-cog-
nate Ser codons, including those that encode ribosomal
proteins and translation factors (Lamichhane et al. 2013a).
By impairing production of ribosome components, the
translation machinery may become limiting. Indeed, analyses
reported previously and here suggest that there is a general
translational deficiency in titI-A cells. However, while this
applies to S. pombe, it may be species-specific depending
on the match of tRNAs that bear i6A37 and which mRNAs
exhibit biased use of the cognate codons (Maraia and Iben
2014).

According to our understanding of the basic function of
16A37, we expect that translation elongation is compromised
in its absence. A finding of interest in this regard is a differ-
ence in apparent translational efficiency of tif512" mRNA
in tit] " and tit1-A cells (Fig. 4). The difference in distribution
of tif512" mRNA in tit] " vs. titl-A cells was greater than for
any other mRNA examined (Lamichhane et al. 2013a). The
tif512* mRNA is quite highly enriched in Ser UCU and Tyr

UAC codons and this may render its translation unusually
sensitive to the absence of i6A37. Although the significance
of this is unclear, it is tempting to speculate that translation
of tif512" mRNA, which encodes a translation elongation
factor, is especially sensitive to deficiencies of translation
elongation as suspected exist in titl-A cells, and that the dif-
ferential distribution on polysomes reflects a heretofore un-
recognized part of a stress response.

Growth deficiency on glycerol

While glycerol catabolism in yeast can be an indicator of mi-
tochondrial function, it may be due to defects of mitochon-
dria-encoded or nuclear-encoded components. We provided
evidence that the S. pombe titl-A cells are impaired for ATP
production, which was greatly exacerbated by a small phar-
macological dose of CCCP, an inhibitor of oxidative phos-
phorylation. Our data provide evidence that deletion of
tit] " and lack of i6A37 from cy-tRNAs cause a modest degree
of mitochondrial dysfunction and that this contributes to the
overall metabolic deficiency of S. pombe titl-A cells. The pre-
sent study provides a particularly noteworthy case for which
slow growth on glycerol does not reflect significant deficiency
of a mitochondria-encoded component. This is notable be-
cause a previously described human TRITI-mutation caused
16A37 deficiency of a mitochondria-encoded mt-tRNA, which
did cause impairment of mitochondrial translation and as-
sociated respiratory deficiency of human cells (Yarham
et al. 2014). Thus, even though mt-tRNAT™ lacks i6A37 in
S. pombe titl-A cells, this is not the principal cause of dys-
function. As discussed in the next section, differences in yeast
and human mt-tRNA-i6A37 systems that have been illumi-
nated by the present study provide plausible explanations
for the less severe effects of mt-tRNA-i6A37 hypomodifica-
tion on S. pombe mitochondria.

Glycerol catabolism has been well characterized in Saccha-
romyces cerevisiae, but less so in S. pombe (Matsuzawa et al.
2010 and references therein). Comparative genome sequenc-
ing revealed a loss of otherwise conserved enzymes by S.
pombe and other fission yeasts relative to budding yeasts, ex-
plaining some documented differences in nonfermentable
carbon catabolism (Rhind et al. 2011). The data reported
here are consistent with reliance of numerous genes encoding
mitochondria-associated carbon and energy metabolic en-
zymes on i6A37 codons (Table 2).

Differences in S. pombe and human mitochondrial
i6A37 systems

Several considerations are notable regarding apparent dis-
parities of mt-tRNA-i6A37 hypomodification in S. pombe
and human cells (Yarham et al. 2014). While multiple mt-
tRNAs carry i6A37 in human cells, only one mt-tRNA in
S. pombe, mt-tRNAT™, has the sequence motif, A37-A37—
A38, required for i6A37 modification (Lamichhane et al.
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2013a,b; Wei et al. 2015). Moreover, Trp is infrequent in mi-
tochondria-encoded proteins relative to all other amino ac-
ids. While Trp alone would account for only 2.8% of the
codons in mitochondrial mRNAs, the combination of co-
dons cognate to all i6A37-mt-tRNAs in human mitochondria
account for ~20%. This suggests that lack of i6A37 on mt-
tRNAs would compromise human mitochondrial translation
more than S. pombe mitochondrial translation. Second,
i6A37 hypomodification was associated with a significant
decrease in the levels of the human mt-tRNA>" but not the
S. pombe mt-tRNAT™ (Lamichhane et al. 2013a,b; Yarham
et al. 2014). Third, an additional activity, catalyzed by
Cdk5rapl, a mitochondrial enzyme, hypermodifies i6A37
to ms2i6A37 on human mt-tRNAs (Wei et al. 2015) while
as shown in this study, ms2i6A37 is absent from yeast (Fig.
6). This suggests that human mitochondrial translation
may be more dependent on ms2i6A37 than yeast mitochon-
dria is dependent on i6A37.

MATERIALS AND METHODS

Strains and plasmids

yYHI and yNBS5 strains of S. pombe have been described (Lamich-
hane et al. 2011). The genes for five cy-tRNAs were PCR amplified
from S. pombe genomic DNA including about 300 bp upstream and
100 bp downstream regions of the tRNA and inserted into the mul-
tiple cloning site (MCS) of pREP4X plasmid that was modified by
removal of the nmt1* promoter. To clone multiple tRNA genes in
tandem, the PCR products were cloned into different sites of the
MCS of pUCI19. This was followed by PCR amplification using a
new set of primers that includes the Pstl/Xhol sites, which was
then inserted into the same sites in the pREP4 lacking nmt1™ pro-
moter. Titl and Mod5 were cloned in pREP4X under control of
the nmtl™ promoter as described previously (Lamichhane et al.
2011). Site-directed mutagenesis was used for Met to Ala at posi-
tions 1 and 12 of Mod5 to create Mod5-M1A and Mod5-M12A.
All constructs were confirmed by sequencing.

RNA isolation, Northern hybridization, and PHA®6 assay

Total RNAs were isolated and separated on 10% polyacrylamide—
urea gel, transferred to nylon membrane (GeneScreen Plus;
PerkinElmer) using IBlot (Invitrogen). The membrane was then
UV cross-linked and vacuum dried at 80°C for 2 h. It was hybridized
with specific 32P-labeled DNA oligos as described previously
(Lamichhane et al. 2011). Blots were exposed to a phosphorimager
screen, scanned, and quantified using a Phosphorimager FLA-3000
(Fujifilm). The PHAG6 assay was used to assess the level of i6A37
modification (Lamichhane et al. 2013a,b; Yarham et al. 2014).
Quantification of the efficiency of i6A37 modification used the
formula: % modification = [1 — (ACLtit1 */TSLtit1")/(ACLtit1-A/
TSLtit1-A)] x 100, where “ACL” indicates the ACL probe and
“TSL” indicates the TSL probe. As previously described, this formula
includes an internal normalization from the tit]-A samples
(Lamichhane et al. 2013a,b; Yarham et al. 2014). However, it should
be noted that given the principle of PHA6 assay, which depends on
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the amount of hypomodified adenosine (A37), the modification ra-
tio calculated by this formula thus represents the relative amount of
i6A, but not absolute modification rate.

Growth assays

Overnight cultures grown in EMM lacking uracil (EMM-ura) were
diluted into fresh media and grown until the OD600 increased to
0.6. Five microliters of logarithmically growing cells were diluted
and spotted onto EMM-ura agar plates containing 50 ng/mL rapa-
mycin (AG Scientific Inc.). For glycerol plates, yeast nitrogen base
lacking leucine and uracil but with 3% glycerol instead of 3% glu-
cose (also known as yNBGly) was used. For the tRNA-mediated
suppression assay, cells were spotted onto EMM-ura containing
10 mg/mL adenine. EMM-ura contains 225 mg/L of amino acid sup-
plements. For each growth assay, the plates were incubated at 32°C
and at least three independent experiments were performed.

ATP assay

The colorimetric/fluorimetric assay for ATP levels (BioVision Cat.#
K354-100) was performed according to the manufacturer’s direc-
tions. Briefly, overnight cultures were diluted into 50 mL of fresh
YES media £20 uM CCCP. After growth to an OD600 of 1.0, cells
were pelleted (~0.2 g), washed with 50 ml water, and lysed in
ATP assay buffer (0.1 g cells/100 pL) (provided with kit) and 0.1 g
glass beads using a mini bead beater. After centrifugation, the super-
natant was taken and protein concentration was measured using
Thermo Fisher BCA protein assay. The ATP assay was performed
on equal amounts of total protein as described. Absorbance was
measured at 570 nm.

Polysome profiles

Polysome profiles were described previously. Cells were grown in
rich media, YES (yeast extract with supplements). After 15 min of
cycloheximide (100 pg/mL) treatment, the cells were collected by
centrifugation and lysed with 10 mM HEPES, pH 7.0, 100 mM
KCl, 5 mM MgCl,, 5% NP-40. The cell lysates (150 uL; 2 mg total
protein) were placed atop the 5 to 45% sucrose gradients prepared
using a gradient master (Biocomp) and centrifuged at 39,000¢ for
2 h. Analysis and fractionation used a programmable density gradi-
ent fractionation in line spectrophotometer system (Foxy Jr.;
Teledyne Isco). Specific mRNAs were analyzed by Northern blotting
of RNA prepared from the fractions. The previously reported distri-
bution of skpl " mRNA was used as a control.

Gene ontology

Gene ontology is as described in The Gene Ontology Consortium
(2000). Our analysis was performed using AmiGO 2 (http:/amigo.
geneontology.org/amigo) on May 5, 2015.

Mass spectrometry analysis

Total RNAs purified from mouse liver, S. pombe, and S. cerevisiae
were adjusted to 1 pg/pL. Twenty micrograms RNA was then digest-
ed with RNase P (Wako, Japan) in the presence of bacterial alkaline
phosphatase (TAKARA, Japan) for 3 h at 37°C. The digested RNA
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was directly subjected to Triple Quadrupole LC/MS system (Agilent
6460) as described previously (Wei et al. 2015).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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