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ABSTRACT

tRNA isopentenyltransferases (IPTases), which add an isopentenyl group to N° of adenosine-37
(16A37) of certain tRNAs, are among a minority of modification enzymes that act on both cytosolic
and mitochondrial substrates. The Caenorhabditis elegans mitochondrial IPTase impacts life
expectancy, and pathogenic mutations to human [PTase (TRIT1) that decrease i6A37 levels cause
mitochondrial insufficiency and neurodevelopmental disease. Understanding of IPTase broad
function should consider the differential identities of the tRNAs selected for i6A37 formation and
their cognate codons, which vary among species in both their nuclear- and mitochondria-encoded
tRNAs. Substrate selection is principally by recognition of the A36-A37-A38 sequence but can be
negatively impacted by certain anticodons, and by ill-defined properties of the I[PTase. Thus, tRNAs-
16A37 comprise a modification code system whose principles are incompletely understood. While
Saccharomyces cerevisiae uses alternative translation initiation to target [PTase to mitochondria, our
analyses indicate that TRIT1 uses a single initiation site to produce a mitochondrial targeting
sequence (MTS) that we demonstrate by point mutagenesis using GFP imaging in human cells. We
also examined cytosolic and mitochondrial tRNA modification by TRIT1 in Schizosaccharomyces
pombe using tRNA-mediated suppression and i6A37-sensitive northern blotting. The TRIT1 MTS
mutations indeed decrease mitochondrial-tRNA modification in S. pombe. We also show TRIT1
modification deficiency specific for tRNAT™CCA despite A36-A37-A38, consistent with the negative
effect of the CCA anticodon as was described for Mod5 [PTase. This TRIT1 deficiency can be
countered by over-expression. We propose a model of tRNA-i6A37 identity selection in eukaryotes

that includes sensitivity to substrates with YYA anticodons.
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AUTHOR SUMMARY

tRNA isopentenyltransferases (IPTases) are tRNA modification enzymes that are conserved in
bacteria and eukaryotes. They add an isopentenyl group to the Adenosine base at position 37,
adjacent to the anticodon of specific subsets of tRNAs that decode codons that begin with Uridine.
This modification stabilizes the otherwise weak adjacent codon-anticodon basepair and increases the
efficiency of decoding of the corresponding codons of the genetic code. [PTases belong to a group of
enzymes that modify both cytoplasmic and mitochondrial tRNAs of eukaryotic cells. Interestingly,
during evolution there were changes in the way that [PTases are targeted to mitochondria as well as
changes in the relative numbers and identities of [PTase tRNA substrates in the cytoplasm vs.
mitochondria, the latter consistent with phenotypic consequences of IPTase deficiencies in fission
and budding yeasts, and mammals. Pathogenic mutations to human IPTase (TRIT1) cause
mitochondrial insufficiency and neurodevelopmental disease, principally due to decreased
modification of the mt-tRNA substrates. In this study, we identify the way human TRIT1 is targeted
to mitochondria. We also show that TRIT1 exhibits a tRNA anticodon identity-specific substrate
sensitivity. The work leads to new understanding of the IPTases and the variable codon identities of

their tRNA substrates found throughout nature.

INTRODUCTION

45 different eukaryotic cytoplasmic (cy-) tRNAs contain unique sets of modifications in two groups
[1-3]; those in the body generally contribute to folding and stability, and those in the anticodon loop
(ACL) contribute to mRNA decoding by ribosomes. One ACL modification is isopentenyl addition
to N of A37 (i6A37), immediately 3' to anticodons that decode UNN codons. The i6A37 and/or its
derivative (below) has been shown to increase anticodon-codon binding efficiency, promote mRNA
decoding, and decrease frameshifting [reviewed in 4]. Modifications in the anticodon stem loop

(ASL) are more concentrated and diverse relative to the tRNA body, and are involved in
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modification circuits [5], some of which are disrupted by mutations that cause diseases [6, 7]. In one
ASL circuit, i6A37 is prerequisite for m3C32 formation by Trm140 and related enzymes [8, 9].

The tRNA isopentenyltransferases (IPTases) that form i6A37 have been highly conserved and
characterized from human (TRIT1), fission yeast S. pombe (Tit1/Sinl), budding yeast S. cerevisiae
(Mod5), roundworm C. elegans (GRO-1), bacteria Escherichia coli (MiaA), and others [4]. [PTases
are members of a minority group of modification enzymes that act on both cytoplasmic (cy)-tRNAs
and mitochondrial (mt)-tRNAs [10, 11]. Bacterial i6A37 are mostly hypermodified to 2-methylthio-
Nl-isopentenyl-A37 (ms2i6A37), whereas eukaryotic cy-tRNAs i6A37 are not. While the mt-tRNAs
of S. cerevisiae and S. pombe are not hypermodified, the mammalian mt-tRNAs i6A37 are [12-14].

Identities of tRNAs with i6A37 vary remarkably in nature. The number of cy-tRNAs-i6A37 is
highest in bacteria, intermediate in yeast and lowest in human (Table 1) [15]. The wide variable
identities of tRNAs that harbor i6A37 among species is in stark contrast to the threonylcarbamoyl-
A37 (t6A37) found on all cy-tRNAs that decode ANN codons in all species (reviewed in [16], also
see [17]). Also notably, tRNA-i6A37 identities vary highly between cytosol and mitochondria
among and within species (Table 1). Much of the documented variability in cy-tRNA-i6A37 identity
is reflected by loss of the IPTase recognition element, A36-A37-A38; as evolutionary complexity
increased, position 37 was occupied more often by G than A in cy-tRNAs that decode UNN codons
[16]. However, this doesn't account for all of the variability; absence of i6A37 from S. cerevisiae cy-
tRNATPCCA, which bears A36-A37-A38, reflects substrate-specific deficiency of Mod5 due to poor
recognition of or negative influence of the CCA anticodon [17]. S. pombe Titl, which differs from
Mod5 in the number and composition of amino acids in its anticodon recognition loop motif, can
readily modify the identical tRNAT™CCA [17]. Thus, different lines of evidence indicate that two
mechanisms have contributed to the species-specific profiles of tRNA-i6A37 identities in these
model organisms and possibly others. This led to the idea that the i6A37 modification system

represents a plastic component of the genetic code [18] and also suggests its adaptability for
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97 synthetic biology [19]. Insights into such potential will require understanding of the elements of
98 differential substrate targeting by the IPTases. Yet, the principles of tRNA identity-recognition for
99 16A37 selection are incompletely understood.

100 Work on S. pombe and S. cerevisiae IPTases used suppressor-tRNAsS*UCA and ™UAA and a
101 red -white assay based on decoding premature stop codons in mRNAs for adenine synthesis [20-22].
102 tRNA-mediated suppression (TMS) can be used to study many facets of tRNA biogenesis [23-32].
103 Human TRIT1 was identified as a tumor suppressor [33], and an allele that encodes TRIT1-
104 F202L was later found to be associated with modulation of lung cancer survival [34] [also see 35,
105 36]. IPTases use dimethylallyl pyrophosphate (DMAPP) for i6A37 formation, a substance also used
106 for sterol synthesis [37], relevant because Mod5 prions inactive for modification, support increased
107 sterol metabolism and anti-fungal drug resistance [38, 39]. Complementation of S. cerevisiae cy-
108 tRNATTUAA-TMS as a test of IPTases [33, 40, 41], showed TRIT1-F202L as active [34]. Using S.
109 pombe, substitution of invariant Thr-12 in the P-loop of Titl (Fig 1, Titl-T12A) inactivated it for cy-
110 tRNAS-TMS [4, 17]. Titl T12A is homologous to the TI9A substitution of E. coli IPTase which
111 resulted in the largest decrease in k.. (600-fold) of all mutations tested [17, 42, 43]. The
112 corresponding T23 in ModS5 is indeed positioned for catalysis [44]. Thus, an outstanding puzzle has
113 been that a TRIT1(57-467) variant missing the P-loop entirely as well as D55 (of DSMQ, Fig 1)),

114 which in Mod5 acts as a general base for catalysis [44], complemented cy-tRNA™"-TMS [33].

115 Another enigma is a predicted proteolytic cleavage site upon mitochondrial targeting which would
116 also remove the N-terminal region from TRIT1. Both of these are addressed by new data below.

117 Proper subcellular trafficking is critical for IPTase function; in yeast, the single nuclear gene-
118 encoded Mod5 localizes to nuclei, cytoplasm and mitochondria [45-47]. Nuclear ModS5 is involved

119 in tRNA gene-mediated silencing [48, 49]; its nucleolar colocalization [47] is consistent with this
120 and with transcriptionally active tRNA genes and early tRNA processing [50, 51]. For some tRNAs,
121 A36-A37-A38 is interrupted by an intron, and in yeast where tRNA splicing occurs in the cytoplasm,

122 tRNA nuclear export is prerequisite to i6A37 formation [52]. However, tRNAS"AGA has no intron
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123 and may be modified by nuclear Mod5. The Mod5 nuclear localization signal (NLS) is near its C-
124 terminus [47], following a Zn-finger motif specific to eukaryotic [PTases [4] that binds the tRNA
125 backbone [44], which has been shown to be required for Titl activity [17].

126 Modification of mt-tRNA is a very important [PTase function [12]. Mt-IPTase deficiency is
127 linked to C. elegans longevity [53]. Mutations in TRIT1 cause neurodevelopmental disorder [41,
128 54]. In this case, most if not all pathophysiology is attributable to hypomodification of mt-tRNA and
129 impairment of mitochondrial translation and oxidative phosphorylation, even though the cy-tRNAs
130 are also hypomodified [41]. Human mt-tRNAs-i6A37 decode 13 codons for 5 amino acids in
131 mitochondria whereas cy-tRNAs-i6A37 decode 5 codons for 1 amino acid in the cytosol (Table 1).
132 S. cerevisiae and C. elegans use alternative translation initiation to differentially target their
133 [PTases to mitochondria and cytoplasm [45, 46, 53]. Other IPTase mRNAs do not use alternate starts
134 and their distribution mechanisms have not been scrutinized. We show that TRIT1 contains an N-
135 terminal MTS that functions in human and S. pombe cells. We employed TMS and i6A37-sensitive
136 northern blotting to show that TRIT1 modifies cy-and mt-tRNAs in S. pombe. Our data also reveal
137 severe deficiency of TRIT1 for cy-tRNAT™CCA specifically, despite the A36-A37-A38 sequence,
138 consistent with negative effects of the CCA anticodon as was described for Mod5 [PTase. We
139 present a model of eukaryotic i6A37 modification based on enzyme concentration and substrate
140 preference that extends to conditional YYN codon recognition, includes differential subcellular
141 localization, and suggests a role for prerequisite influence by U34 and C34 modification.

142

143 RESULTS

144 TRIT1 bears a mitochondrial targeting sequence (MTS) but may not undergo cleavage. As
145 noted previously [41], mitochondrial targeting of human TRIT1 was predicted with high confidence

146 by the online tool, MitoProt II (http://ihg.gsf.de/ihg/mitoprot.html) [55], which also predicted a

147 proteolytic cleavage site after amino acid 47. However, such cleavage would remove the highly

148 conserved P-loop likely important for catalytic activity (Fig 1). We also used the prediction
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149 algorithms MitoFates [56] and iPSORT [57] to analyze the human TRIT1 sequence. iPSORT
150 predicted a MTS within the first 30 amino acids but doesn't predict cleavage. MitoFates was
151 designed to be an improved method for predicting cleavable N-terminal MTSs, referred to as
152 presequences, and their cleavage sites [56]. MitoFates predicted a MTS comprised of a TOM20
153 (translocase of the outer mitochondrial membrane-20) receptor binding site at amino acids 5-10
154 (AAARAV, Fig 1) followed by an amphipathic helix at 11-23 (PVGSGLRGLQRTL), but with a low
155 probability of a cleavable presequence of 0.106, well below MitoFates default cutoff of 0.5. Low
156 probability of a cleavable presequence is consistent with biochemical subfractionation that revealed
157 no evidence of size difference between lysate and matrix-localized TRIT1 in a gel that revealed size
158 difference for matrix-localized GDH [41]. We note that the cNLS mapper [58] predicted overlapping
159 mono- and bi-partite importin-dependent nuclear localization signals at 420-453 of TRIT1.

160 We created GFP fusion constructs to test for mitochondrial localization by confocal microscopy
161 in human embryonic kidney (HEK)-293 cells (Fig 2A, B). To test for MTS activity of the TRIT1 N-
162 terminal region we fused only its first 51 amino acids to GFP, as in TRIT1(1-51)-GFP, and
163 examined it for mitochondrial targeting. Two point mutations, R17E and R21E, in the basic
164 amphipathic helix component of the predicted MTS (Fig 1) were made in two contexts, the N-
165 terminal fusion 1-51 construct, TRIT1(1-51:R17E/R21E)-GFP, and full length TRIT1(R17E/R21E)-

166 GFP. These and other constructs were transfected into HEK293 cells. After 48 hr the cells were

167 fixed and exposed to MitoTracker to stain mitochondria red and with Hoechst to stain nuclei blue
168 (Fig 2B). Cell lysates were examined for protein expression by western blot using anti-GFP antibody
169 (Fig 2C). GFP alone localized diffusely in cytosol and nuclei consistent with diffusion for its mass of

170 ~25 kDa (Fig 2B, column 1). Full length TRIT1-GFP was found localized to nuclei and cytosol with
171 some evidence of mitochondrial localization reflected by overlap of GFP and MitoTracker as a
172 stippling yellow-orange pattern in the merge (Fig 2B, column 2, lower panel). This pattern was not
173 observed with full length TRIT1(R17E/R21E)-GFP containing the MTS mutations, which

174 accumulated in nuclei and was not found to localize to mitochondria (Fig 2B, column 3). We note
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175 from these results that most cytoplasmic TRIT1 would appear to be due to mitochondrial localization
176 (Discussion). The fragment lacking the first 51 amino acids, TRIT1(52-467)-GFP, which did not
177 accumulate to the same levels as the other proteins (Fig 2C). This fusion protein was found
178 expressed in fewer transfected cells than the other constructs and although we do not know the basis
179 of this, some cells appeared to contain aggregates of GFP (data not shown). In cells in which
180 aggregates were not observed, TRIT1(52-467)-GFP was accumulated in nuclei (Fig 2B, column 6).
181 The strongest evidence of mitochondrial localization by the TRIT1 MTS came from TRIT1(1-
182 51)-GFP. First, GFP alone produced a diffuse pattern in nuclei and cytoplasm, with nuclei generally
183 more intense (column 1). By contrast, TRIT1(1-51)-GFP (column 4) was more intense in the
184 cytoplasm and with punctate foci that colocalized with MitoTracker. Second, these characteristics
185 including colocalized punctate foci were not observed with the point mutant, TRIT1(1-
186 51:R17E/R21E)-GFP (Fig 2B, column 5). The data support the predicted amphipathic helix as a part
187 of the TRIT1 MTS because substitution of R17 and R21 impaired mitochondrial targeting.

188 Data here and not shown provide evidence that TRIT1 contains multiple trafficking elements
189 that distribute it to different subcellular compartments, similar to but distinct from Mod5 [45-47, 49,
190 59, 60]. Mutation of the MTS shifts distribution away from mitochondria. Importantly, as will be
191 shown in a later section, the R17E/R21E MTS mutations specifically impair i6A37 modification of

192 mt-tRNA, but not cy-tRNA modification by TRIT1.

193
194 Complementation of cy-tRNASr-mediated suppression in S. pombe. It was shown by monitoring
195 the codon-specific insertion of an amino acid in the active site of B-galactosidase that is critical for

196 enzymatic activity, that i6A37 increases the decoding activity of cy-tRNA®GCA by ~3-fold in S.
197 pombe [42]. Here, we used a codon-specific reporter for cy-tRNASUCA-TMS, to examine if TRIT1
198 mutants can functionally complement S. pombe deleted of its IPTase, tit/A (Fig 3A). In this TMS

199 assay, isopentenylation of cy-tRNASUCA is required for suppression of premature translation
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200 termination at a UGA stop at codon position 215 of ade6-704 mRNA [61], which results in a
201 decrease in intracellular red pigment [32]. The control strain yYH]1 (#it/*) used as a reference, and
202 the test strain yNBS5 (#it]A), contain the same suppressor-tRNASTUCA allele [17]. yYHI1 (titl*) is
203 pink (moderately suppressed) whereas yNBS (tit/A) transformed with empty vector pRep82X is
204 unsuppressed, red (Fig 3A, sectors 1 and 2). Transformation of yNB5 with pRep-Titl under
205 transcriptional control of the #it/* promoter, or pRep82X-TRIT1 under the nmtl* promoter led to
206 suppressed, lighter color yeast (sectors 3 and 4). We note that pRep82X carries the weakest nmt/*
207 promoter available in the pRepX expression vectors [62, 63]. pRep-Titl-T12A is inactive [17]
208 (sector 5). pRep82X-TRIT1-T32A and pRep82X-TRIT1(57-467) are also inactive (sectors 6 and 8).
209 pRep82X-TRIT1(R17E/R21E) led to suppression (sector 7) comparable to TRIT1 (sector 4),
210 providing evidence that the mutations that interfere with mitochondrial targeting in human cells do
211 not impair cy-tRNAS"UCA-TMS in S. pombe.

212 RNA from cells represented in Fig 3A were examined for modification of cy-tRNAT™GUA as
213 determined by an i6A37-sensitive northern blot assay (methods, Fig 3B). This confirmed that
214 TRIT1-T32A, TRIT1(57-467) and Titl-T12A were inactive while TRIT1 and TRIT1(R17E/R21E)
215 were active for i6A37 modification, and Titl was more active (Fig 3B).

216

217 Moderate over-expression does not rescue inactive TRIT1 alleles for cy-tRNAS*UCA TMS. As
218 noted in the Introduction, a TRIT1(57-467) isoform predicted to encode a protein beginning with
219 MQVYEGLD (see Fig 1) was active for cy-tRNA™UAA-TMS in S. cerevisiae [33]. Because
220 pRep82X-TRIT1(57-467) was inactive for cy-tRNAS-TMS in S. pombe (Fig 3), we suspected the
221 discrepancy between the studies might be due to expression levels; use in S. cerevisiae of a high
222 copy plasmid with a very strong promoter (GALI) would produce large amounts of TRIT1(57-467)
223 [33]. We therefore compared TMS activity from expression constructs with the weakest and

224 strongest nmtI* promoters, pRep82X and pRep4X, respectively (Fig 3C). These nmtl* promoters
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225 fused to chloramphenicol acetyltransferase (CAT) or LacZ, showed 45-75 fold differences in output
226 [62, 63]. pRep4X-TRIT1(57-467) did indeed produce substantially more accumulation of TRIT1(57-
227 467) than did pRep82X-TRIT1(57-467) (Fig 3D), although without a hint of increased TMS activity
228 relative to pRep82X-TRIT1(57-467) (Fig 3C). Likewise, TRIT1-T32A remained inactive in pRep4X
229 (Fig 3C) as did Tit1-T12A (not shown). TRIT1-F202L, was as active as TRIT1 and also not limited
230 by expression levels, and this was also true for TRIT1-(R17E/R21E) (Fig 3C).

231

232 TRIT1 is severely and specifically deficient for cy-tRNATPCCA modification. Distinct
233 combinations of tRNAs-i6A37 contribute to the cytosolic translation machineries of S. cerevisiae, S.
234 pombe and human cells (Table 1). As noted, cy-tRNAT™CCA carries unmodified A37 in S. cerevisiae
235 despite an A36-A37-A38 sequence [15], consistent with poor substrate activity for Mod5 IPTase; in
236 contrast, the S. pombe IPTase, Titl most readily modifies this and all cy-tRNAs™CCA tested [17].
237 Limited experimental data suggest that some of this discrimination resides in a variable anticodon
238 recognition loop of the IPTase [17] (Discussion). More relevant here is that both the human and S.
239 cerevisiae mt-tRNAs™ which contain i6A37 are encoded to produce UCA anticodons in which the
240 U34 obtains a bulky modification, rather than CCA (Table 1, Discussion). Therefore, we wanted to
241 examine the extent to which TRIT1 could modify S. pombe cy-tRNATCCA and mt-tRNATPCCA.
242 TRIT1 was indeed deficient for modification of cy-tRNAT™CCA, reminiscent of Mod5, but more
243 severe when compared side-by-side (Fig 4A-C). Fig 4A shows results of an i6A37-sensitive PHA6
244 blot assay for cy-tRNAs TPCCA, T"GUA and 5"AGA. The PHAG (Positive hybridization in Absence of
245 16A37) assay is based on loss of oligo-DNA probe hybridization to the ACL due to presence of
246 16A37, and is calibrated for quantitation by a body probe to the T stem loop on the same tRNA (Fig
247 4B, C) [14, 17, 42, 64]. In addition to Mod5, we included two mutants, Mod5-M1A and Mod5SMTS-
248 TRIT1, that are important below for assessing modification of the mt-tRNA™CCA. TRIT1 (and
249 ModSMTS-TRIT1) is deficient for cy-tRNATCCA modification as reflected by strong hybridization

250 signal in lane 1 relative to lanes 2 (Mod5) and lane 6 (Titl) of Fig 4A upper panel. These signal
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251 differences are less dramatic for cy-tRNA™GUA (Fig 4A, middle panel) and cy-tRNASTAGA (lower
252 panel) (Fig 4A). Thus, cy-tRNAT™CCA exhibits very low substrate activity specific to TRIT1 (and
253 ModSMTS-TRIT1), and relative to cy-tRNAs ™"GUA and S"AGA in the same cells. By contrast to
254 TRIT1, cy-tRNAT™CCA is most efficiently modified by Titl followed by Mod5 (Fig 4A, lanes 6, 2,
255 1; and compare black with gray bars in Fig 4C). The pattern obtained with ectopic pRep-Titl was
256 similar to yYH1(¢#it/*) (not shown).

257

258 TRIT1 modifies mt-tRNAT™CCA in S. pombe. Analysis of S. pombe mt-DNA by tRNAscan-SE
259 predicted 25 mt-tRNAs (including 3 for Met), of which two, mt-tRNAT™CCA and mt-tRNA®GCA
260 contain an AAA recognition element. Prior studies using standard PHA6 assay conditions accounted
261 for iI6A37 modification of mt-tRNAT™CCA at 25-30% in yYHI1(zitl*) cells but only background
262 levels on mt-tRNA®»GCA, while it was >75% on cy-tRNAs on the same blots [14, 42]. For the
263 present study, we determined that increasing the post-hybridization wash temperature, to 10-12.5°C
264 above standard conditions is necessary to reveal a difference in signal between IPTase positive and
265 negative sample mt-tRNAs (see Supp Fig S1). As shown below, these optimal conditions revealed
266 mt-tRNATPCCA modification at ~75% for Titl and Mod5 but reproducibly only ~20% for TRIT1
267 (Fig 4D-F). By contrast, cy-tRNASTAGA was modified to ~70% by TRIT1 in the same cells, and 80-
268 90% by Mod5 and Titl (Fig 4A-C).

269 We considered that multiple variables may contribute to tRNA i6A37 modification efficiency. In
270 the cytosol, cy-tRNAT™PCCA is an inherently poor substrate that must compete for IPTase activity
271 with variable-abundance multi-copy tRNA gene-derived cy-tRNATTGUA, cy-tRNASAGA, and cy-
272 tRNASUGA. In mitochondria, competition is predictably less because mt-tRNAT™™CCA and mt-
273 tRNAC¥GCA sequences are single copy in mt-DNA. Another variable for mt-tRNAs may be the

274 IPTase concentration in the mitochondrial matrix, which is likely governed by their MTS activity.
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275 It was previously shown that the MODS5S MTS is required for i6A37 modification of mt-
276 tRNAT™PCCA in S. pombe [14]. We examined MTS activity by first comparing N-terminal fusions as
277 schematized in Fig 4D; codons 1-28 of TRIT1 were replaced with codons 1-19 of MODS5. We
278 confirmed that Mod5-M1A, which initiates at M12 and lacks a MTS [45, 46], was deficient for mt-
279 tRNAT™PCCA modification relative to Mod5 (Fig 4E, F). Fig 4E, F also show that Mod5SMTS-TRIT1
280 exhibited >2-fold more modification of mt-tRNAT™CCA than TRITI. In any case, TRIT1 and
281 ModSMTS-TRIT1 led to higher levels of modification of mt-tRNAT™CCA than of cy-tRNAT™CCA
282 (Fig 4C vs. 4F, and below). These results suggest that TRIT1 can modify mt-tRNATCCA more
283 efficiently than cy-tRNAT™CCA in S. pombe as will be corroborated in Fig 6 below.

284

285 TRIT1 MTS-dependent i6A37 modification of mt-tRNATPCCA and mt-tRNASGCA. We
286 functionally validated the TRIT1 MTS in S. pombe by examining mt-tRNA modification (Fig SA-E).
287 Raising TRIT1 levels with the strongest nmtI* promoter, pRep4X-TRIT1 increased mt-tRNATPCCA
288 modification to ~45% (Fig 5A, E), higher than the ~20% achieved with pRep82X-TRIT1 (Fig 4F).
289 Importantly, biological triplicate determinations revealed that the MTS mutations in pRep4X-
290 TRIT1(R17E/R21E) lowered mt-tRNA™CCA modification to ~6% while modification of cy-
291 tRNAT'GUA was not affected by these mutations, and the negative control proteins, TRIT1-T32A
292 and TRIT1(57-467) showed negligible modification (Fig 5A, E). Similar to mt-tRNAT™PCCA, mt-
293 tRNAC¥GCA modification was negligible with pRep4X-TRIT1(R17E/R21E) (Fig 5B, E). We note
294 that mt-tRNA™CCA and mt-tRNAGCA were determined to be 80% and 90% modified
295 respectively in yYHI1(#it/*) cells (Fig 5B, E). Thus, the R17E/R21E mutations that impaired TRIT1
296 MTS-mediated localization in HEK293 cells, also impaired modification of mt-tRNAT™CCA and mt-
297 tRNASSGCA in S. pombe mitochondria, while they had no effect on cy-tRNA™GUA (Fig 5E) nor on
298 cy-tRNASrUCA-mediated TMS (Fig 3A). The data provide strong evidence that the TRIT1 MTS is
299 functional in S. pombe.

300
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301 TRIT1 concentration-dependent modification of the inferior substrate, cy-tRNAT™CCA. We
302 wanted to examine if further elevation of cytosolic TRIT1 levels could lead to increased
303 modification of cy-tRNAT™PCCA. For this we made use of the Mod5SMTS sequence for its high level
304 production of cytosolic protein due to the very favorable context of its M12 ATG for translation
305 initiation [65], for TRIT1 expression in S. pombe (Fig 6A-C). Studies of MODS5 have shown that
306 suboptimal context of its first ATG (M1) accounts for relatively low levels (~10%) of the MTS-
307 containing isoform, IPPT-I, as compared to the IPPT-II isoform (~90%) that begins at ATG (M12),
308 which resides within a strong consensus for efficient initiation [65-67] (Fig 6A,B). As cloned in the
309 Xhol sites of pRep 82X and 4X, the context upstream of ATG (M1) of both TRIT1 and Mod5MTS-
310 TRIT1 constructs are identical but suboptimal because they lack A at -3, a most conserved and
311 influential position [66, 67] (Fig 6A, pRepXhol). This suggests that both pRepX-TRIT1 and pRepX-
312 Mod5SMTS-TRIT1 undergo comparable 'leaky scanning' (i.e., inefficient) initiation at their first
313 ATG, M1, and that a higher level of TRIT1 produced by Mod5MTS-TRIT1 would be due to more
314 efficient initiation at the second ATG, M12, the cytoplasmic isoform, as a result of its better context
315 (Fig 6A, B). Examination of TRIT1 expression was largely consistent with these expectations (Fig
316 6C, D, the calculated mass of full length TRIT1 is 52.7 kDa). As expected, the Mod5SMTS-TRIT1
317 constructs produced higher levels than the corresponding pRep4X and pRep82X constructs (Fig 6C,
318 lanes 1-4). Importantly, blocking initiation of the cytoplasmic-specific isoform with the substitution
319 mutation, M12A, reduced TRIT1 protein levels by ~10-fold (Fig 6C, D, compare lanes 5 and 3),
320 providing evidence that the excess TRIT1 produced by pRepX-Mod5SMTS-TRIT1 over that
321 produced by pRepX-TRIT1 represents cytoplasmic protein.

322 Indeed, cells expressing higher levels of cytoplasmic TRIT1 exhibited >7-fold increase in
323 modification of cy-tRNATPCCA compared to cells with lower levels (Fig 6E, F, compare black bars
324 for pRep4X-TRIT1 vs pRep4X-Mod5MTS-TRIT1). The cytoplasmic concentration-dependent
325 increase in modification appeared specific for cy-tRNAT™CCA which increased >7-fold whereas cy-

326 tRNAT'GUA was unaffected (Fig 6F).
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327 Because TRIT1 does not appear to use alternative translation initiation to control its [PTase
328 distribution to mitochondria and other subcellular locations (see Fig 1, 2), we cannot estimate what

329 fraction of the total TRIT1 protein in lane 1 of Fig 6C is cytoplasmic and/or mitochondrial. To
330 determine the relative concentrations in cytoplasm vs. mitochondrial matrix in human cells is beyond
331 the scope of this study. Examination of the ATG context of native TRIT1 (Fig 6A, line 7) indicates
332 that it resides in a reasonably good Kozak consensus that would direct a large fraction of TRIT1 to
333 the mitochondria, consistent with our GFP-fusion imaging.

334

335 DISCUSSION

336 In this study we demonstrated that human TRIT1 uses an N-terminal MTS for mitochondrial
337 localization in human cells and also showed it to be functional in S. pombe. As reviewed in the
338 Introduction, proper subcellular localization is critical for [PTase function; in S. cerevisiae, the
339 mechanisms by which Mod5 localizes to nuclei, cytoplasm and mitochondria have been extensively
340 investigated [45-47, 65, 68, 69]. S. cerevisiae ModS5 (as well as C. elegans GRO-1) uses alternative
341 translation initiation sites to target to mitochondria or cytoplasm [45, 46, 53]. Our analyses indicate
342 that TRIT1 uses a single translation start site. Mitochondrial activity of TRIT1 is relevant because
343 pathogenic mutations to it that decrease i6A37 modification of both cy-tRNAs and mt-tRNAs,
344 manifest in patients principally as mitochondrial insufficiency due to impairment of the
345 mitochondrial translational system [41] [also see 54]. We should note that the majority of pathogenic
346 SNPs in TRIT1 described [41, 54], do not reside within or near the MTS examined here, (one allele
347 of a compound heterozygous genotype predicts a truncation at Arg-8) [54]. Examining the N-
348 terminal MTS was also important because a popular algorithm predicts presequence cleavage at
349 position 47 which would remove residues critical for modification activity, including the conserved
350 P-loop containing the invariant catalytic T32, which we showed is required for efficient modification
351 activity of cy- and mt-tRNAs. A resolution of this problem was provided by the MitoFates algorithm

352 [56], which is an improved method for predicting cleavable N-termini MTSs, and indeed predicts a
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353 two component N-terminal MTS for TRIT1 (Fig 1) but with very low probability of cleavage.
354 Subcellular fractionation had shown that TRIT1 colocalized to the lysate, mitochondria, and the
355 mitochondrial matrix fractions but with no evidence of cleavage [41]. Thus, our data and other
356 analysis favor a model in which the N-terminal MTS directs mitochondrial import of TRIT1 but do
357 not support cleavage. Furthermore, this work has established a S. pombe system that can be used to
358 study the efficacy of TRIT1 MTS for functional mt-tRNA i6A37 modification.

359 Another conclusion is that the TRIT1 IPTase exhibits substrate-specific deficiency for cy-
360 tRNATPCCA modification relative to the Mod5 and Titl IPTases, despite the presence of the A36-
361 A37-A38 sequence identity element in this tRNA. The AAA sequence within the anticodon loop was
362 known to be a major identity element for E. coli IPTase, and to be influenced by specific base pairs
363 in the anticodon stem, as well as certain characteristics of the loop itself [70]. Our data are consistent
364 with the earlier findings but are distinct in that they show significant differences among eukaryotic
365 IPTases that are relevant to the variable identities of tRNAs-i6A37 found in nature (Table 1). We
366 show that increasing the cytoplasmic concentration of TRIT1 is able to partially overcome the poor
367 substrate activity of the cy-tRNAT™PCCA substrate (Fig 6).

368

369 The N-terminal MTS of TRIT1. As noted above, MitoProt II [55] predicted an N-terminal MTS
370 for TRIT1 with high probability, and with a post-import cleavage at position 47 which is at odds
371 with our mutagenic analysis and prior characterization of critical catalytic residues in other IPTases,
372 and supported by crystallographic studies in which Mod5 was observed bound to tRNA®GCA
373 together with a DMAPP analog substrate. TRIT1-T32A and Titl-T12A are homologous to E. coli
374 [PTase MiaA-T19A, a substitution that resulted in the largest decrease in k... (600-fold) of all
375 mutations tested [17, 42, 43]. The corresponding T23 in the Mod5 structure is positioned adjacent to
376 DMAPP for catalysis [44]. Thus, it is important to emphasize that MitoFates [56], which was
377 designed as an improved prediction method for N-terminal MTSs and their cleavage sites, predicted

378 a N-terminal MTS comprised of a TOM20 receptor binding site followed by an amphipathic helix
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379 (Fig 1) but with low probability of cleavage, 0.106, well below the default cutoff. The conclusion
380 that the N-terminal 11 amino acids of Mod5 are necessary for mitochondrial import and that the MTS
381 presequence is probably not proteolytically removed after import [45], are supported by a MitoFates
382 analysis that indeed predicts positively charged amphiphilicity within the first 11 amino acids but
383 with a very low probability of cleavage, of 0.026. That study also indicates that the Mod5 MTS is
384 not fully efficient at import, as a functional pool of N-terminal extended protein remained in the
385 cytoplasm [45]. Our data with Mod5MTS-M12A-TRIT1, are consistent with this as it retained
386 substantial i6A37 modification activity for cy-tRNAs (data not shown).

387 TRIT1 localizes to the mitochondrial matrix, where modified mt-tRNAs function in human cells,
388 although with no evidence of cleavage, whereas GDH (glutamate dehydrogenase), a matrix-specific
389 protein, exhibited evidence of cleavage [41]. Point mutagenesis of the two key basic residues in the
390 TRIT1 MTS amphipathic helix debilitated mitochondrial localization in human cells (Fig 2) and also
391 debilitated TRIT1 for i6A37 modification of mt-tRNAs, but not cy-tRNAs in S. pombe cells (Fig 5).
392 The data indicate that TRIT1 has a N-terminal MTS comprised of a TOM20 receptor binding site
393 followed by an amphipathic helix (Fig 1) but is probably not cleaved.

394 Amounts of TRITI in mitochondrial and submitochondrial fractions, and sensitivity to
395 proteinase treatment relative to GDH raised the possibility that a significant fraction of cytoplasmic
396 TRIT1 may be associated with the outer mitochondrial membrane [41]. We note that such a
397 possibility is consistent with our GFP-fusion construct imaging in which a substantial amount of
398 cytoplasmic TRIT1(1-51)-GFP and TRIT1-GFP would appear to be associated with mitochondria
399 (Fig 2B).

400

401 IPTase function and the variable identities of their associated tRNAs-i6A37. Data reported here
402 support the idea that [PTases can discriminate against substrate tRNAs in an anticodon identity type
403 manner, at least with regard to the TrpCCA anticodon, consistent with Mod5 structural studies that

404 show base-specific contacts to G34 of tRNA®* [44]. Biochemical and in vivo data showed that a
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405 point substitution to the anticodon of cy-tRNATPCCA from C34 to G34 rescued its substrate activity
406 for Mod5 [17]. A question that arises is how might this relate if at all, to the variable identities of
407 tRNAs-16A37 that are found in different eukaryotes?

408 The 16A37 modification was known to increase ribosome binding [71] and functional efficiency
409 of several suppressor-tRNAs derived from natural tRNAs that decode UNN codons, although to
410 different extents [72]. Early work led to the proposal that i6A37 could stabilize the otherwise weak
411 base pairing between the codon Ul base and anticodon base A36, and structural evidence supports
412 this for tRNAP*GAA-ms2i6A37 bound to a UUC codon in the decoding center of the ribosome [73].
413 Studies in S. pombe supported the conclusion that i6A37 increases the translational activity of
414 tRNAs by 3-to-4 fold generally [42]. This is consistent with the idea that i6A37 increases the affinity
415 for ribosome binding and the functional efficiency for translation of tRNA [71]. Recent high
416 resolution data from mod5-deletion cells that revealed dramatic decreases in A site ribosome
417 occupancies over all of the S. cerevisiae tRNA-i6A37-cognate codons [74], fit with a model in which
418 absence of i6A37 decreases the affinity of the associated tRNAs for the translating ribosome.

419 However, apart from increasing the general translation activity of associated tRNAs, i6A37 may
420 exert other, specific activities, for example, protection against frameshifting and mistranslation by
421 near-cognate tRNAs, in a codon-specific and/or context-specific manner [42, 75, 76]. Lines of
422 evidence indicate that i6A37 and/or its derivatives can exhibit such tRNA-specific and codon- and/or
423 context-dependent effects [see 72]. We should therefore suspect that some of the variability of
424 tRNA-i6A37 identities may reflect that in eukaryotes, in which tRNA gene copy number is variable
425 and dynamic [77-81], other mechanisms may compensate for lack of i6A37 on some tRNAs.

426 Differences in the identities of tRNAs that have been selected or not for i6A37 modification can
427 be due to sequence differences in the 37 and 38 positions, which contribute to the major IPTase
428 identity element, A36-A37-A38 or to species-specific characteristics of the IPTase, the latter as first
429 reported for Mod5 [17] and extended in this study to TRIT1. Thus, cumulative data now more firmly

430 indicate that both mechanisms contribute to tRNA-specific selection for i6A37 modification in the
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431 cytosolic and mitochondrial translation systems of eukaryotes (Table 1), and that this identity
432 appears to reside at least to some extent, i.e., for cy-tRNAT™CCA, in the anticodon itself.
433 The 16A37 modification is found on nine of ten bacterial tRNAs that bear NNA anticodons

434 (Table 1). This suggests that ancient [PTases had broad recognition accommodation of tRNAs with
435 UNN codons [70] with the exception of tRNAS'GGA even though it bears A36-A37-A38, although
436 this is not a substrate in eukaryotes which do not have functional genes for this tRNA [16, 81-83].
437 The data that show that both Mod5 and TRIT1 exhibit low activity for cy-tRNATPCCA relative to
438 Titl and to other cy-tRNAs with the A36-A37-A38 identity element is consistent with the idea that
439 eukaryotic IPTases and their translation systems evolved decreased requirements among the UNN
440 decoding tRNAs for i6A37 modification (Table 1).

441

442 Insight into discrimination against CCA anticodon recognition by eukaryotic IPTases. It was
443 previously reported that budding yeast IPTase, ModS discriminates against the cy-tRNAT™PCCA
444 substrate whereas fission yeast Titl does not [17]. It is clear from the present work that mammalian
445 TRIT1 IPTase also discriminates against the cy-tRNATPCCA substrate. Although humans have a
446 naturally limited cy-tRNA substrate repertoire [64] (Table 1), examining TRIT1 in S. pombe along
447 with Mod5 afforded us the opportunity to assess its activity on an array of substrates not otherwise
448 readily available in an in vivo setting. This revealed two interesting results, that MODS exhibited
449 more activity for S. pombe cy-tRNAT™PCCA in S. pombe than it exhibits for S. cerevisiae cy-
450 tRNAT™PCCA in S. cerevisiae, and that TRIT1 was more severely impaired than Mod5 for
451 modification of S. pombe cy-tRNAT™CCA. With regard to the former we note that Mod5 expression
452 in S. pombe was directed by the strong nmtl* promoter from the high copy plasmid (~20/cell).
453 Because accumulation in vivo can be influenced by protein sequence as well as mRNA determinants,
454 comparison of different [PTases at the same concentration is not expected. Nonetheless, the low
455 activity of S. pombe cy-tRNAT™PCCA as a Mod5 substrate as compared to cy-tRNA™GUA, cy-

456 tRNASUCA and cy-tRNASAGA, and as compared to Titl which modifies cy-tRNAT™CCA as well as
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457 the other substrates, was evident (Figs 3A, 4C). It was further evident that TRIT1 was more severely
458 specifically impaired for cy-tRNATPCCA modification than Mod5 (Fig 4C).

459 An unexplained observation is the ~10-fold disparity with which pRep4X-TRIT1 modifies the
460 mitochondrial and cytoplasmic tRNAs ™CCA, at 50% and 4%, respectively in S. pombe (Fig 6F).
461 Although the basis for this is unknown, as described below, we suspect differential position 34
462 modification. This in part because the DNA encoding the anticodon loops and the proximal base pair
463 at the stem are identical in these tRNAs, and each of the other stem-loops share the same number of
464 nucleotides (Fig 7A-C). As noted, the exact sequence of the anticodon stem of the poor substrate,
465 tRNASGGA significantly impacts activity for the MiaA IPTase [70]. However, this system of
466 nucleotide identity that is applicable to MiaA:tRNAS'GGA anticodon stem recognition cannot
467 account for the disparity here since the most negative element in that study, a G30-U40 base pair, is
468 present in the more favorable TRIT1 substrate, mt-tRNAT™PCCA but replaced by G30-C40 in the less
469 favored cy-tRNAT™CCA, and the second most positive feature, purines at positions 29 and 30, is
470 lacking in mt-tRNAT™CCA but present in cy-tRNAT™CCA (Fig 7A, B). Thus, either TRIT1 does
471 exhibit anticodon stem recognition but is very different from that of MiaA or another basis explains
472 the apparent discrimination by TRIT1 observed for cy- relative to the mt- tRNAT™PCCA.

473 Because the mt- and cy- tRNAs™CCA exhibit 10-fold difference in substrate activity for TRIT1
474 in the cytosol and mitochondria of S. pombe, but are identical in their anticodon loops and of similar
475 structure elsewhere with ~50% sequence identity (Fig 7C), based on available data, it should be
476 considered that they may be differentially modified on C34. First, the C at position 34 most strongly
477 sensitizes Mod5 to the negative influence of the CCA anticodon [17].

478 Although the modification status of S. pombe mt- and cy- tRNAs™CCA are unknown, S.
479 cerevisiae cy-tRNATPCCA carries Cm at 34 whereas E. coli and some other prokaryotes carry

480 unmodified C34 [84]. As noted (Table 1), mammalian and S. cerevisiae mt-tRNAT™UCA are

481 encoded with U at position 34 and are modified with the bulky groups, tm’U and cmnmsU,
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482 respectively (Table 1) [12, 84, 85]. Because Mod5 doesn't modify S. cerevisiae cy-tRNAT™CCA

483 bearing Cm34 and A36-A37-A38, but does modify mt-tRNATPUCA bearing cmnm’U34 and A36-
484 A37-A38, it is tempting to speculate that the bulky modified uridines specifically enhance the
4385 activities of their substrate tRNAs for the Mod5 and TRIT1 IPTases. Data and observations that are
486 consistent with this perspective follow.

487 Investigation of S. cerevisiae cy-tRNAT™CCA ASL revealed that the single most important
488 determinant of its low substrate activity for Mod5 was identity at position 34 [17], consistent with a
489 cocrystal structure of Mod5 side chain-purine specific contact to position 34 of bound tRNAGCA
490 [44]. A unique feature of the CCA anticodon among other nuclear-encoded eukaryotic [PTase tRNA
491 substrates that is associated with low activity for Mod)5 is that it bears pyrimidines at both the 34 and
492 35 positions [17]. Two substitutions to C34 that activated the ASL substrate most were G followed

493 by U [17]. A single C34G substitution to cy-tRNATPCCA greatly rescued its substrate activity for

494 Mod5 in vivo [17]. Presumably, the bulky cmnm® modification of U34 on S. cerevisiae mt-

495 tRNATPUCA [85] may enhance binding in a pocket that otherwise better accommodates G or A [44]

496 as compared to unmodified U or C [17]. Similarly, the 5-taurinomethyl modification of U34 (tmsU)
497 on mammalian mt-tRNATPUCA [12] may also enhance binding to TRITI1. Likewise, bulky
498 modifications to U34 may also be important for other tRNAs that carry a pyrimidine at 35, such as S.
499 cerevisiae suppressor-cy-tRNA™UAA and the mem®U34 found on the S. pombe suppressor-cy-
500 tRNAS'UCA [86] used in our TMS assay, as it is a substrate for i6A37 modification even when
501 TRIT1 is expressed from the weak mmtl* promoter in pRep82X (Fig 3A), and mcmU34 on
502 mammalian cy-tRNASeriSeclyca [87].

503 Examination of the cocrystal structure of Mod5-tRNA®*GCA and sequence alignment of [PTases
504 reveals that all of the four key side chains that contribute to the tRNA G34 binding pocket of Mod 5
505 are varied among the S. pombe, S. cerevisiae and human IPTases (Supp. Fig S2). Of these, K127 of

506 Mod5 may be most significant as its side chain makes purine-specific contact (<3A) with the
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507 tRNASGCA G34 [44]; the homologous position residues are D in S. pombe Titl and Q in TRIT1
508 (Supp. Fig S2A, B; see spTitl, HSTRIT1 and scMod5p). This would be consistent with the general
509 pattern that Titl is the most divergent of the three IPTases and most efficient for tRNAT™CCA
510 modification. K127 resides in the anticodon binding loop of Mod5p (F120-E130, colored white in
511 Supp Fig 3A) and the sequence alignment reveals that this is one of the diverged regions among the
512 IPTases (underlined blue in Supp Fig 2B). The cumulative data suggest that different [PTases may
513 exhibit differences in substrate preferences based on anticodon recognition and may have coevolved
514 with their corresponding patterns of i6A37-tRNAs. Based on these observations and the pattern of
515 sequences within the blue rectangle of Supp Fig 2B, it would be interesting to systematically test
516 representative IPTases for relative activity toward a panel of different tRNAMA substrates bearing
517 A36-A37-A38.

518 Data and observations in this report lead to a model in which eukaryotic IPTases vary widely in
519 ability to efficiently modify tRNA substrates with the A36-A37-A38 element and pyrimidines at
520 positions 34 and 35. This appears most severe for TRIT1 and the cy-tRNATPCCA. Cumulative data
521 and observations suggest that modifications to the wobble base can impact those [PTases that are

522 sensitive to such substrates, and that bulky modifications to the mt-tRNAT™UCA U34 can offset the

523 negative impact of the pyrimidine in this context.
524
525 Cytosolic versus mitochondrial requirements for IPTase activity. The patterns of i6A37 on mt-

526 tRNAs and cy-tRNAs differ strikingly among S. pombe, S. cerevisiae, and human (Table 1). In the
527 cytoplasm these species' cy-tRNAs-i6A37 decode 7, 8 and 5 codons respectively, most limited in
528 human to cy-tRNASNGA and cy-tRNASerSeclycA (Table 1). In addition to differences between yeast
529 and human in numbers of cy- and mt- tRNAs-i6A37, they also differ in that human mt-tRNAs
530 contain ms2i6A37 whereas yeast mt-tRNAs contain i6A37 (Table 1) [12-14].

531 There are multiple notable points regarding the relative numbers of codons cognate to tRNA-

532 16A37. This number is greater in human mitochondria than in human cytoplasm (13 vs. 5, Table 1).
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533 Second, the reverse is true for the yeasts (Table 1). Perhaps relevant to this we note that whereas
534 deletion of S. cerevisiae Mod5 does not cause a detectable mitochondrial phenotype, and deletion of
535 S. pombe Titl leads to a metabolic phenotype that can be largely rescued by overexpression of cy-

536 tRNAT'GUA [14], a relatively moderate loss of TRIT1 activity due to a point mutation that likely

537 impairs tRNA-binding, has substantial negative impact on mitochondrial translation and function
538 [41]. The data in Table 1 are consistent with the idea that the human mitochondrial translation
539 system is more sensitive to loss of [PTase activity than the cytoplasmic translation system, and that

540 this may be due to the relative cognate codon load as well as the relative dependency on ms2i6A37.
541

542 MATERIALS AND METHODS

543 Yeast transformation was by standard methods. A colony of the desired strain, yYH1, yNBS5, was
544 picked and inoculated in 10 mL of YES broth (yeast extract 5 g/L, dextrose 30 g/L, adenine 0.05
545 g/L, L-histidine 0.05 g/L, L-leucine 0.05 g/L, L-lysine HCI 0.05 g/L, uracil 0.05 g/L) and grown
546 overnight at 32°C with shaking (250 rpm). The culture was diluted to an ODgy of 0.1-0.2 in fresh
547 YES media and then grown to an ODgy of 0.45-0.5. For each transformation, 10 mL of the culture
548 was pelleted at 3,000 rpm for 5 min., the media decanted and the cells were washed with 40 ml of
549 deionized water. Cells were resuspended in deionized water and pelleted at 8,000 rpm for 1 min in a
550 1.5 mL microcentrifuge tube. Residual water was removed and cells were resuspended in 1/100" of
551 the primary culture volume of freshly made TE-LiOAc (0.1 M LiOAc, 1X TE); aliquots of 100 uL
552 were made for each transformation containing 5 uL of herring sperm DNA (Clonetech, 10 mg/mL).
553 1 ug of the desired plasmid DNA was added to each, followed by 700 uL. of PEG-LiOAc (0.1 M
554 LiOAc, 1X TE, PEG 8000 40% (w/v)) and vortexing. Reactions were heat shocked for 15 min at
555 42°C then cells were pelleted at 8,000 rpm for 1 min. The supernatant was removed and cells
556 resuspended in 1 ml of deionized water before spreading 200 uL on desired agar plate containing

557 selective media using glass beads. Plates were incubated at 32°C in a convection incubator.
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558

559 DNA constructs. The different TRIT1 mutants and wild-type for mammalian transfection (see
560 Figure 1A) were cloned in the HindIII and Agel sites of the pEGFP-N1 vector. A linker of 5 glycine
561 residues was introduced between the TRIT1 sequences and GFP.

562 For yeast, Titl and Titl-T12A, both with a C-terminal HA tag were expressed from the tit/*
563 promoter in a pRep vector in which the nmt/* promoter had been excised [17]. TRIT1 and Mod5
564 were expressed from the nmtl* promoters in pRep82X or 4X, cloned such that their ATG
565 immediately followed the Xho I site. Mutants were made using site-directed mutagenesis or PCR. To
566 create ModSMTS-TRIT1, a DNA fragment corresponding to TRIT1(29-467) was PCR amplified
567 using TRIT1 forward and reverse primers. TRIT129-467 Fwd: CTCGGGGCCACGGGCAC,
568 TRIT1_Rev: TTAAACGCTGCATTTCAGCTC. The double stranded DNA sequence of Mod5SMTS
569 along with TRIT1 overhangs, ATGCTAAAGGGACCGCTTAAAGGTTGCTTAAATATGTCT
570 AAAAAAGTTATAGTGATTCTCGGGGCCACGGGCACC, were obtained from Eurofins
571 Genomics. The TRIT1 PCR fragment and the Mod5MTS DNA were annealed and reamplified using
572 Mod5 MTS forward and TRIT1 reverse primers that included restriction sites; Xhol-Mod5 Fwd
573 (ATTACTCGAGATGCTAAAGGGACCGCTTAAAGG) and Xmal-TRIT1 Rev
574 (ATTACCCGGGTTAAACGCTGCATTTCAGCTC). The final product was digested with Xhol
575 and Xmal, purified, and ligated into pRep4X and pRepP82X. The Mod5MTS-M12A-TRIT1
576 construct was generated by site directed mutagenesis using the Q5® Site-Directed Mutagenesis kit
577 (New England Biolabs) and Mod5MTS-TRIT1 and forward and reverse primers. All constructs were
578 sequence verified.

579

580 Cell culture. HEK293 cells were maintained in DMEM plus Glutamax (Gibco) supplemented with
581 10% heat-inactivated FBS in a humidified 37°C, 5% CO, incubator. HEK?293 cells were transfected

582 using Lipofectamine 2000 according to manufacturer’s instructions using 1.5 ug of plasmid DNA
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583 and 3 ul of lipofectamine 2000 to transfect cells that were 70% confluent in 6-well plates. 24-hour
584 post transfection, cells were harvested and lysed for protein analysis on western blot or seeded onto
585 coverslips for confocal microscopy the next day (see below).

586

587 Western blots. Total protein was extracted from transfected HEK293 cells lysed in RIPA buffer
588 (Pierce) containing protease inhibitors (Roche) 24 hours post transfection and size separated using
589 SDS-PAGE. Proteins were then transferred to a nitrocellulose membrane and subsequently analyzed
590 using anti-GFP antibody (Santa Cruz, sc-8334). For protein isolation from S. Pombe cells were
591 grown in EMM Ura-minus media. Anti-TRIT1 antibody was generated in rabbits using the peptide

592 KLHPHDKRKVARSLQVFEE as an antigen and was affinity purified using the same peptide

593 (Pierce protein research).
594 Western blots for yeast protein: S. pombe cells grown in liquid were transferred to a 1.5 mL
595 microcentrifuge tube. An equal volume of 0.7 N NaOH solution was added, mixed, then incubated at

596 room temperature for 3 minutes. The tube was centrifuged at 5,000 rpm for one min and the
597 supernatant discarded. SDS-PAGE sample buffer was added, mixed well and the sample was heated
598 at 95°C for 5 min centrifuged again and the resulting supernatant recovered for analysis. Proteins
599 were then transferred to a nitrocellulose membrane and subsequently analyzed. Anti-B-actin was

600 from Abcam (mAbcam 8224) and used at a 1:5000 dilution. Quantifications were by the Odyssey

601 CLx imaging system (LI-COR Biosciences) after calibration with quantification standards.
602
603 Confocal microscopy. 24 hrs after transfection cells were seeded onto coverslips. The next day the

604 live cells were treated with MitoTracker (ThermoFisher) at 200 nM in PBS for 20 min. at 37°C.
605 Cells were then fixed with 4% paraformaldehyde for 15 min. at room temperature and washed with
606 PBS. PBS containing 1 ug/ml Hoechst 33342 (Sigma) was added and allowed to sit for 10 min,

607 followed by a final PBS wash. Imaging was with a Leica DM IRE2 confocal microscope using a


https://doi.org/10.1101/714972

bioRxiv preprint doi: https://doi.org/10.1101/714972; this version posted July 25, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also
made available for use under a CCO license.

25

608 HCX PL APO CS 63.0x1.32 oil UV objective. Images were scanned in sequential mode in Hoechst,
609 GFP and MitoTracker channels.

610

611 Northern blots and the PHAG6 assay were as described [64]. Briefly, after polyacrylamide-urea gel
612 electrophoresis and transfer to GeneScreen plus, the blot is UV crosslinked and then baked in a
613 vacuum oven at 80°C for 1-2 hrs prior to hybridization in buffer containing 2x SSC (1x SSC is 0.15
614 M NaCl plus 0.015 M sodium citrate). The Ti (hybridization incubation temperature) is calculated
615 as follows: Ti = T,, - 15°C where T, is equal to 16.6 log[M] + 0.41[P,] + 81.5 — P,, — (B/L) — 0.65,
616 where M is the molar salt concentration, Py is the percent G+C content in the oligonucleotide DNA
617 probe, P, is the percentage of mismatched bases, if any, B is 675, and L is the oligonucleotide DNA
618 probe length [88]. Blot were washed with 2x SSC, 0.2% SDS two times at room temperature (10
619 min each) followed by final 30 min. wash at Ti +10°C or +15°C (determined empirically for each
620 ACL probe). Before the next hybridization, blots were stripped with 0.1x SSC, 0.1% SDS at 85-
621 95°C, and the nearly complete removal (=90%) of *P was confirmed by PhosphorImager analysis.
622 Supplementary table S1 provides sequences of the oligo-DNAs used as ACL and body probes (BP)
623 and their incubation temperatures (Ti).

624 The formula used to calculate % A37 modification is [1-(ACLtit/-A(transformed with Titl or

625 TRIT1 constructs)/BPtit/-A(transformed with Titl or TRIT1 constructs))/(ACLtitI-A(empty

626 vector)/BPtit]1-A(empty vector))] x 100, where % modification in yNBS5 (tit1-A) = Q.

627
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848 FIGURE LEGENDS
849 Figure 1. N-termini sequence alignment of representatives of phylogenetic groups of IPTases.

850 Sequences of N-termini of [PTases. scMod5: S. cerevisiae; GRO-1: IPTase from C. elegans; spTitl:
851 S. pombe; Sz = S. octosporus; dr: D. rerio; mus mus: M. musculus; canis fam: C. familiaris Hs: H.
852 sapiens. The region necessary as a mitochondrial targeting sequence (MTS) of Mod5 is indicated
853 [45]. The second methionine that may be used as alternative translation start sites for cytoplasmic
854 localization are boxed in blue. The invariant Threonine within the conserved P-loop that functions in
855 catalysis is in the yellow rectangle. Asterisks indicate the conserved DSMQ sequence that forms a
856 network of contacts that mediate A37 recognition; the D of which in Mod5 acts as a general base for
857 catalysis [44] and the M of which is M57 of TRIT1(57-467). As predicted by MitoFates [56], the
858 TOM20-binding site of human TRIT1 is underlined with a blue bar and the amphipathic helices of
859 TRIT1 and Mod5 are indicated with green bars. The two key basic residues in the amphipathic
860 helices of the conserved mammalian MTSs that were mutated in human TRIT1 are in red rectangles.
861

862 Figure 2. Human TRIT1 contains an N-terminal mitochondrial targeting sequence (MTS). A)
863 Cartoon of the GFP-fusion constructs used. Numbering represents amino acids; black stripes indicate
864 positions of two mutated residues in the R17E/R21E constructs. B) Representative confocal
865 microscopic images from HEK?293 cells transfected 48 hours prior with the constructs in A and
866 stained with Hoechst and MitoTracker. Arrowheads in Merge panels point toward colocalized GFP
867 and MitoTracker. C) Western blot from cells transfected with constructs in A) using anti-GFP

868

869 Figure 3. Critical determinants of TRIT1 activity for cy-tRNA substrates. A) cy-tRNASrUCA-
870 mediated suppression (TMS) assay of S. pombe 1PTase-deleted strain yNBS (tit] A) transformed with
871 empty plasmid pRep82X or plasmids expressing the proteins indicated (see text), and the fit/*
872 control strain, yYHI1. B) Results of PHA6 assay (Methods) that shows relative i6A37 modification

873 efficiency for S. pombe endogenous cy-tRNA™'GUA in transformed strains as indicated, calculated
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874 as described in methods; error bars represent the spread in two replicates. C) TMS assay as in A but
875 displayed as dilution spot assay, for plasmids expressing TRIT1 and variants from the weak

876 (pRep82X) or strong (pRep4X) nmtI* promoter as indicated on the left. D) Western blot of extracts
877 of the cells in C) detected with anti-Trit]l antibody (top panel), and anti-actin antibody (bottom).

878

879 Figure 4. TRIT1 is specifically deficient for cy-tRNAT™CCA modification. A) i6A37-sensitive
880 PHAG northern blot assay for three tRNAs from S. pombe cells with pRep82X expression constructs
881 indicated above the lanes. The blot was sequentially probed with i6A37-sensitive ACL probes to the
882 cy-tRNAs indicated to the left of each panel. B) The body probes, to the T stem loop, for each of the
883 cy-tRNA shown in A. C) Quantitation of % i6A37 modification of the three cy-tRNAs from
884 biological duplicate PHA6 northern blots as for A & B; n =5 for cy-tRNA™CCA and all others
885 except n=1 for cy-tRNA™" in Mod5 and Mod5M1A. D) Schematic showing constructs used for
886 analysis of mt-tRNATPCCA i6A37 modification in S. pombe. Left: amino acid sequence depiction of
887 N-termini only, similar to Fig 1; invariant Thr is demarcated by yellow rectangle. Alternative
888 translation initiation sites are shown in red. Right: linear representation of the constructs with
889 landmarks in the N-terminal regions indicated. E) The same blot as in panels A-B, probed for mt-
890 tRNAT™CCA using ACL and body probes as indicated. F) Quantitation of % i6A37 modification of
891 mt-tRNATPCCA from biological duplicate PHA6 northern blots.

892

893 Figure 5. TRIT1 MTS-dependent i6A37 modification of mt-tRNA™CCA and mt-tRNA*GCA.
894 A-C) Northern blot panels probed for mt-tRNAT™CCA, mt-tRNA®*GCA and cy-tRNA™GUA with
895 ACL and body probes as indicated; and D) EtBr panel. E) Quantitation of % i6A37 modification of
896 the mt-tRNAs and the cy-tRNA from biological replicate PHA6 northern blots as indicated.

897

898 Figure 6. Concentration-dependent i6A37 modification of cy-tRNAT™™CCA. A) Translation

899 initiation contexts of ATG codons; the first two lines show consensuses derived for S. cerevisiae
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900 [highly expressed genes 67, 89] and the last line shows a consensus derived for vertebrate [90].
901 Lines 3 and 4 are for the alternative ATGs that encode MODS5 M1 and M12 in their native context;
902 lines 5 and 6 are for the MODS M1 and TRIT1 M1 after cloning into the Xhol site of S. pombe
903 expression vectors pRep4X or pRep82X (pRepXhol). Line 7 shows the native TRIT1 M1 ATG
904 context. B) Nucleotide sequence of MOD5 including its M1 and M12 ATG sites and the M12A
905 substitution mutation in the Mod5SMTS-M12A-TRIT1 construct. C) Western blot of TRIT1 protein
906 developed using anti-TRIT1 Ab, from cells with constructs indicated above the lanes containing the
907 strong (pRep4X) or weak (pRep82X) nmtI* promoter (see text). Lanes are numbered below. MW
908 markers are indicated in kDa. The common band below 25 kDa is an internal control. Lower panel
909 shows B-actin as loading control used for quantitative normalization. D) Determination of TRIT1
910 levels in C by quantitative Odyssey CLx imaging (Methods); numbers above bars indicate TRIT1/p-
911 actin levels in each sample. E) Northern blot of 2 cy- and 2 mt- tRNAs by TRIT1 and Mod5MTS-
912 TRIT1 each from the strong promoter, pRep4X and weak promoter pRep82X, as indicated above the
913 lanes. The top four panels show the ACL probings as indicated to the left, and the bottom four panels
914 show the corresponding body probings. F) Quantitation of % i6A37 modification of the mt-tRNAs
915 and the cy-tRNAs as indicated. G) Clover leaf representations of S. pombe cy-tRNA™CCA and mt-
916 tRNA™®CCA as encoded by the nuclear and mitochondrial DNA and folded by tRNAscan-SE [81]
917 (Table 1, Discussion).

918

919 Figure 7. Secondary structures of the cy- and mt- tRNAs™ as predicted by the tRNAscan-SE-folding
920 algorithm for S. pombe (A, B), S. cerevisiae (D, E) and Bovine/Human (F, G). Known modifications, to the
921 anticodon loop only, are annotated as blue text, as indicated; black annotated text indicates encoded nucleotide
922 identity that differs among species [12] [15]. C) Sequence alignment of S. pombe mt- and cy- tRNAs™.

923

924 Supplementary Figure S1. Optimizing the PHAG6 assay for quantification. A) PHA6 northern

925 blot probed for mt-tRNA™(CCA ACL then sequentially washed at increasing temperatures as
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926 indicated. B) Quantitation of northern blots; % modification calculated as described in the materials
927 and methods.

928

929 Supplementary Figure S2. A) Structure from PDBxxx from Zhou and Huang [44] showing
930 anticodon nucleotide G34 (red) of tRNAC¥*GCA in complex with Mod. Note stacking with H86 and
931 base-specific contact with side chain of K127 (<4A). B) Sequence alignment of IPTases; the red
932 rectangles enclose amino acids in blue boxes (Mod5) mentioned in the text; the blue underline
933 represents the variable anticodon recognition loop.

934
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935 Table 1
(aEsRsl\é?t? nte'ﬁzgg?n E. coli S. PO’"’:’be S. cerevisiae human or bovine
DN A 9 MiaA tit1 MOD5 TRITT
cy-Ser GGA A - - -

.6 .6 .6
cy-Ser AGA - ia, ia, ia,
cy-Ser CGA| ms'i'A_ i'a_ i'a_ i'a_
cy-Ser UGA| ms'i'A_ i'a_ i'a_ i'a_

SeC .6 .6
cy-Ser  UCA ia, - - 14,
cy-Tyr GUA| ms’i‘a i’a i’a mG
37 37 37 37
2,6 .6 1
cy-Cys GCA ms iA_ G ia, mG,
Trp CCA i’a i’A A @
cy-Trp ms iA_ ia - mG,,
cy-Phe GAA| ms'i‘A_ YW, YW, YW,
2,6 1 1
cy-Leu CAA ms i A G mG mG
37 37 37
2,6 1 1
cy-Leu UAA ms iA G mG mG
37 37 37
.6
# of i A cy- 12 7 3 5
cognate codons
# .6
mt-Trp CCA 1A, - -
# , 6 2,6
mt-Trp UCA - iA ms iA_
.6 2,6
mt-Tyr GUA G ia, ms iA_
1 2,6
mt-Ser UGA G mG, ms iA_
1 2,6
mt-Phe GAA G mG, ms iA
t-Cys GC i° i’A i°
mt-Cys A iAa 1A, ia,
mt-Leu UAA N m'G,, N
.6
# of i A mt- 4 6 13
cognate codons

936 #Position 34 of S. pombe mt-tRNA"™ is encoded as C [91] whereas in S. cerevisiae [92, 93], bovine and human

937 [94], it is encoded to be U, and was determined to be 5-taurinomethyluridine (tmsU) in bovine [12], and

938 cmnm’U in S. cerevisiae [85] (see tRNAmodViz server [84]). All entries with subscript 37 have been verified
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939 as modified or unmodified; entries without 37 show encoded nucleotide but have not been validated [12, 17, 42,

940 64]. S. cerevisiae mt-tRNAT i6A37 was reported in [95]. *A is not in an A36-A37-A38 context. yW:
941 ybutosine; dash “-” indicates there is no gene for a tRNA with this anticodon [81]. Sup-3e [25] (encodes cy-
942 tRNASeruCA, also referred to as pSer tRNA [32, 96]) contains mecm3U [86] as does mammalian selenocysteine-
943 inserting cy-tRNASeSeclyca [87]. See E. coli tRNASSe«clyca [97]. The mt-tRNAs™™ recognize 2 sense codons
944 in yeast and animal mitochondria [98] [12].

945
946 Table 2. Oligo-DNAs used for PHAG6 assay; ACL (anticodon loop), BP (body probe).

Probe name sequence 5'> 3' Ti 048
mt-tRNA-TrpCCA ACL CAATGTCTAATTTGGAATCAGAAGT | 43.9
mt-tRNA-TrpCCA BP GAGCAGTCCGACTTGAACGAACAAT | 50.5
cy-tRNA-SerAGA ACL CGCAACAGATTTCTAGTCTGTCCCT | 50.4%(
cy-tRNA-SerAGA BP CACCAGCAGGATTTGAACCTGCGC 53.6
cy-tRNA-TyrGUA ACL | ACCAACCGGTTTACAGCCGGGTGT 53.%)1
cy-tRNA-TyrGUA BP CCTGAGCCAGAATCGAACTAGCG 51 6’52

cy-tRNA-TrpCCA ACL | CTTTGAGATTTGGAATCTCACAC 44.5
cy-tRNA-TrpCCA BP ACCCCTAAGTGACTTGAACAC 45 B>
cy-tRNA-cysGCA ACL | TCAAATTTTGCAAATTCAATTTCAG | 40 .554
cy-tRNA-cysGCA BP TAATGATGAGAATTGAACTCATA 39.2
mt-tRNA-cysGCA ACL | TCAAATTTTGCAAATTCAATTTCAG | 40965
mt-tRNA-cysGCA BP TAATGATGAGAATTGAACTCATA 39 '9256

957 Table 3. PCR Primers used in this study

Name Sequence 5’-3°

TRIT1_Fwd ATTACTCGAGATG GCG TCC GTG GCG GCT
TRIT1_Rev ATATGGATCCTTAAACGCTGCATTTCAGCTCTTG
TRIT129-467_F CTCGGGGCCACGGGCAC

Xmal-TRIT1_R ATTACCCGGGTTAAACGCTGCATTTCAGCTC
Xho1Mod5MTS_F ATTACTCGAGATGCTAAAGGGACCGCTTAAAGG
Mod5SMTSM12A-TRIT1_F | TTGCTTAAATgctTCTAAAAAAGTTATAGTGATTCTCGGG
Mod5SMTSM12A-TRIT1_R | CCTTTAAGCGGTCCCTTTAG

958
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Figure 2, Khalique et al
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Figure 3, Khalique et al.
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Figure 5, Khalique et al
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Figure 7, Khalique et al
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SUPPLEMENTARY DATA FIG S1, Khalique et al.
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SUPPLEMENTARY DATA FIG S2A, Khalique et al.

(192-199 hidden for clarity)
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