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Abstract

tRNA molecules contain numerous chemically altered nucleosides, which are formed by
enzymatic modification of the primary transcripts during the complex tRNA maturation process.
Some of the modifications are introduced by single reactions, while other require complex series
of reactions carried out by several different enzymes. The location and distribution of various
types of modifications vary greatly between different tRNA molecules, organisms and organelles.

We have developed a computational method tRNAmodpred, for predicting modifications in tRNA
sequences. Briefly, our method takes as an input one or more unmodified tRNA sequences and a
set of protein sequences corresponding to a proteome of a cell. Subsequently it identifies
homologs of known tRNA modification enzymes in the proteome, predicts tRNA modification
activities and maps them onto known pathways of RNA modification from the MODOMICS
database. Thereby, theoretically possible modification pathways are identified, and products of
these modification reactions are proposed for query tRNAs. This method allows for predicting
modification patterns for newly sequenced genomes as well as for checking tentative modification
status of tRNAs from one species treated with enzymes from another source, e.g. to predict the
possible modifications of eukaryotic tRNAs expressed in bacteria. tRNAmodpred is freely
available as web server at http://genesilico.pl/trnamodpred/.
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1. Introduction

tRNA molecules are known to be rich in post-transcriptionally modified nucleosides, which
play key roles for their structure and function (reviewed in [1]). This richness is reflected in
amount of chemically modified residues in tRNA (up to 25 % of residues can be modified in
certain tRNA molecules [2]) and their variety (the majority of more than 100 known types of
chemically altered nucleosides can be found in tRNA molecules [3, 4], compared to only 12
different types of modifications found so far in rRNA [5]). Location of modified residues in
tRNAs is far from random: it is tightly linked to their properties and functions. A network of
modifications located in so-called D- and T -loops is responsible for proper folding and
structural dynamics of the core of the tRNA molecule (reviewed in [6, 7]), while a great
variety of complex modifications present in the anticodon loop fine-tune mMRNA decoding
by reducing conformational dynamics of the loop and by ordering the anticodon branch
structure (reviewed in [8]). The highly conserved modification landscape of tRNA molecules
from all domains of life co-exists with specific modification patterns, characteristic for
tRNAs from different phylogenetic groups. Examination of experimentally studied tRNA
sequences revealed that different groups of organisms tend to have both specific types of
modified residues and characteristic locations of modification [2].

Nucleosides in tRNAs are modified by specific enzymes during tRNA maturation. A
chemically modified nucleoside in mature tRNA can be a product of reaction carried out by
one enzyme, an enzymatic complex, or results from a whole pathway of modification
processes (reviewed in [1]). tRNA modification enzymes are position specific — they
introduce the modification(s) in one or more defined places in the tRNA molecule, and their
substrate specificity can be defined by sequence or structure determinants, which leads to
variability in the spectrum of tRNAs modified by different enzymes. Some of the site-
specific enzymes act on essentially all tRNAs containing an appropriate target residue, like
TrmA from Escherichia coli, which methylates uridine at position 54 in practically all
tRNAs that have this residue [9]. Other enzymes act only on a subset of available substrates
that conform to their requirements of sequence, structure and/or presence of other
modifications — examples include TrmL [10] and TruA [11] from E. coli.

Nowadays we experience a fast development of high-throughput sequencing-based and mass
spectrometry-based methods that allow for detection of chemically modified nucleosides in
RNAs at the transcriptome level. Recently developed methods enable quantitative studies of
all ribonucleotide modifications in a cell [12] or identification of positions of some
modifications, such as AL-methyladenosine, AB-methylcytidine and A2-methylguanosine, in
RNA sequence [13]. However, these methods are either limited to a small subset of known
types of modifications or they do not allow to specify location of modified nucleoside in the
sequence. Hence experimental determination of all modified residues in a given tRNA
species or in a tRNA repertoire from a given cell remains laborious and difficult. On the
other hand, the success of computational prediction of modification sites in tRNA has been
limited by the difficulty in predicting enzymes responsible for modification.
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Here we present a computational tool for the prediction of chemically modified nucleosides
in tRNA sequences — tRNAmodpred (http://genesilico.pl/trnamodpred/). The prediction is
based on detection of homology to known RNA modification enzymes, and hence is
applicable for prediction of modifications that have already been discovered in some tRNAsS,
and for which the enzymatic machinery is known and is expected to be conserved in the
evolution. tRNAmodpred allows for predicting modification patterns for newly sequenced
genomes as well as for checking tentative modification status of tRNAs expressed in
heterologous systems based on input set of unmodified tRNA sequences and a set of protein
sequences corresponding to a proteome of a cell.

2. Methods

2.1. Identification of homologous proteins using profile hidden Markov models

2.1.1. Preparation of the enzyme profile-HMM database in tRNAmodpred—
Sequences of all known RNA modification enzymes were obtained from the MODOMICS
database in August 2014. For each enzyme, similar sequences were collected with PSI-
BLAST [14] (3 iterations, E-value threshold = 0.001) by querying the non-redundant
sequence database obtained from the NCBI (ftp:/ftp.ncbi.nih.gov/blast/db/FASTA/) on 151
January 2014. Before the PSI-BLAST searches the database was clustered at 90 % sequence
identity using CD-HIT [15] to reduce bias due to the presence of nearly identical sequences.
Homologs of each enzyme from MODOMICS were separately clustered using CD-HIT with
sequence identity threshold set to 0.4. Clusters that contained the query enzymes from
MODOMICS were chosen and compared to each other. Sequences present in multiple
clusters corresponding to different queries were removed. For each chosen cluster, sequences
retained were aligned using MAFFT with the FFT-NS-i algorithm [16]. Profile hidden
Markov models (HMMs) were built using the hhmake program [17, 18] based on the
alignments. As a result, we obtained a set of HMMs, each corresponding to a family of
homologous proteins containing a single MODOMICS RNA modification enzyme that
catalyzes a known reaction (or a set of reactions) in a defined position (or positions) in tRNA
sequence. The obtained library of HMMs was merged with a library of HMMs representing
all protein families from the Pfam database [19] downloaded from ftp://
toolkit.genzentrum.Imu.de/pub/HH-suite/databases/ (version 27.0). A mapping between
Pfam and RNA modification enzymes from MODOMICS was made to identify Pfam
families representing known RNA modification enzymes. To this end the Pfam database was
searched with HHsearch using the above-mentioned HMMs built for MODOMICS enzymes.
Matches with E-value below 1e-3 were stored (Supplementary File 1).

2.1.2. Searches of the enzyme profile-HMM database with user-defined
sequences—Input protein sequences provided by the user are used as queries in sequence-
profile search of the HMMs library, performed using the HHsearch program from the HH-
suite package. The matches with probability below 70 % or E-value above 3.16e-18 are
discarded (the 3.16e-18 E-value threshold gave best results in the preliminary benchmark of
the method). The E-values of the remaining matches (in ascending order) are analyzed to
identify the first biggest drop of E-value between consecutive matches. The number of
matches reported before the E-value drop is compared to the number of matches reported
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with the highest probability. The bigger of these two sets of matches is chosen for further
analysis. This approach was applied to prevent rejection of matches to several homologous
modification enzymes, which may exhibit slightly different enzymatic activities. If the
matches are to profiles representing RNA modification enzymes, these enzymes are
considered in further steps of the prediction procedure. Matches to Pfam are checked for the
identified similarity to the tRNA modification enzymes, with E-value below 3.16e-28; this
particular threshold gave best results in our preliminary benchmark of the method (data not
shown).

2.2. Prediction of modifications

The set of predicted enzymes is mapped onto MODOMICS pathways that are composed of
reactions leading from completely unmodified or partially modified bases to fully modified
(or hypermodified) products. Each specific position (residue number) in tRNA sequence has
a list of possible modification pathways that have been previously reported and are stored in
MODOMICS. If a reaction depends on a protein complex, then a complex is considered to
be present only if more than 50 % of the complex components are identified (i.e., in the case
of two-protein complexes like Trm6/Trm61 from S. cerevisiae both components must be
identified). The pathways are then analyzed in order to collect all potential modifications, for
which a complete reaction path from the unmodified base exists, and intermediate products
leading to the formation of hypermodified nucleosides are also reported. The predicted
modifications are represented by their type and position in tRNA molecule.

2.3. Mapping of predicted maodifications onto input tRNA molecules

The predicted modifications are subsequently mapped onto tRNA sequences provided by the
user. The mapping is done based on the identity of the base present in the input tRNA
sequence at a given position. Modification is assigned to all sequences that contain an
appropriate target base type (i.e., adenosine modifications specific for a given position can
be introduced only in sequences that actually possess an adenosine residue at the position
considered).

2.4. Filtering based on phylogenetic patterns

Predicted tRNA modifications can be additionally filtered based on query sequences origin
(Gram negative bacteria; Gram positive bacteria; Archaea) and localization (cytosol of
Viridiplantae; plastids; cytosol of eukaryotic single cell organisms, Fungi and Metazoa;
mitochondria). If the query is assigned to one of the predefined phylogenetic/compartment
groups then modifications, which were not observed in a given group(s) are excluded.
Information about modifications present in each group was obtained from [2] and updated
manually (Supplementary File 2).

2.5. tRNA alignment building

The tRNA alignment utility in the tRNAmodpred webserver was built based on the HMMER
software v3.1 (http://hmmer.org/). The alignment of the input sequence(s) to the reference
tRNA sequence is calculated using a hidden Markov model built for the alignment of tRNA
sequences obtained from MODOMICS (version from September 2015).
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2.6. Implementation

tRNAmodpred was implemented in Python 3.4. The web interface was developed in the
Django framework (http://djangoproject.com). The pathway graphs analysis is performed
using the NetworkX Python library (https://networkx.github.io/index.html).

2.7. Benchmarking tRNAmodpred

The performance of the tRNAmodpred server was assessed by performing predictions for
six species: Escherichia coli K12 substr DH10B, Bacillus subtilis 168, Lactococcus lactis
subsp. cremoris MG1363, Mycoplasma capricolum ATCC 27343, Haloferax volcanii DS2,
and Saccharomyeces cerevisiae. Fasta-formatted files with complete proteomes were
downloaded from ftp://ftp.nchi.nlm.nih.gov/genomes/Bacteria/ (Please note that NCBI has
changed the FTP recently. Currently these data are available at: ftp://ftp.ncbi.nlm.nih.gov/
genomes/archive/old_genbank/Bacteria/). tRNA sequences from E. coli, M. capricolum, H.
volcanii, B. subtilis and S. cerevisiae were obtained from the MODOMICS database
(version from September 2015). tRNA sequences from L. /actis were obtained from [20].
For each species except L. /actistRNAmodpred was started either with the complete library
of HMMs (referred to as “sanity-check™) or with a library in which HMMs derived from
species for which the prediction was being done were excluded (referred to as “cross
validation”). Predictions for L. /actis were performed with the complete library only, since
the library does not contain any enzymes from this species. They are however shown
together with the cross validation predictions results. Both sanity-check and cross validation
predictions were carried with and without applying the phylogeny filter.

Predicted modifications reported by tRNAmodpred were compared to data collected in
MODOMICS and to data from [20] (for L. /actis) and precision, recall and F-measure were
calculated using the following formulas:

tp
tp+fp’
__tp
T tpt+fn>

_ XR
F=2xpip

where #pis number of true positives, fvis number of false positives, /7 is number of false
negatives, Pis precision, Ris recall and F~is F-measure. While counting Zo, foand fnnot
only final modifications were considered but also all intermediate products of the pathway.
For example, if the experimental data supported the presence of ms2t6A modification in the
position of interest, the zo number was increased by two if both tSA (the intermediate) and
ms2tSA (the final modification) were predicted by tRNAmodpred. If only t®A was predicted,
then the fp number was increased by one and at the same time the f7 number was increased
by one. If none of these were reported — then 77 number was increased by two. The 7o
number was increased by one for each predicted modification, which in MODOMICS
pathways is not an intermediate of the experimentally detected final modification. Since in
some cases the final modification could be a result of different alternative pathways, the o
number was increased by one for each predicted modification, which belongs to any of these
alternative pathways. In these cases the /7 number was calculated as the minimal number of
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intermediate modifications missing in any of the alternative pathways. For further
explanation and examples see Figure S 9 in Supplementary File 3.

Random sets of predicted modifications were obtained by randomly selecting (with
replacement) tRNA modification enzymatic activities from MODOMICS and taking the
products of these activities. These products (modifications) were then randomly assigned to
tRNA sequences from the species under consideration, assuring that a given tRNA sequence
contains appropriate base type in the position related to the activity associated with the
modification. The number of selected activities was equal to the number of predicted
activities in the prediction to which the random dataset was compared. For each prediction
five independently generated sets of random modifications were prepared and scored.
Mapping of tRNA modifications from experimentally studied species (“source”) onto tRNAs
of different species (“target”) was done using MODOMICS data on modification pathways
and modified tRNA sequences. For tRNA modifications from source species all possible
pathway intermediate products were collected and assigned to tRNA sequences in the target
species if source and target tRNA anticodon and decoded amino acid type agreed.

3.1. tRNAmodpred — a server for computational prediction of posttranscriptional
modifications in tRNAs

3.1.1. Method overview—tRNAmodpred is a program for the prediction of position and
type of modified residues in tRNA molecules. The prediction is performed based on input
protein and tRNA sequences, using information about tRNA modification pathways and
location of modifications in experimentally studied tRNA sequences deposited in the
MODOMICS database [3, 4]. It is assumed that the presence of a modification in tRNA
depends on the presence of appropriate tRNA modification enzymes.

The workflow of the predictions is presented in Figure 1. In the first step, the presence of
possible homologs of known tRNA modification enzymes among the input protein
sequences is detected. This step is performed using remote protein homology detection
method HHsearch [17] and a library of HMMs that contains profiles representing known
tRNA modification enzymes. In the second step, the set of identified tRNA modification
enzymes homologs is mapped onto MODOMICS pathways. The analysis of the pathways
generates a set of modifications, which can be potentially introduced in the presence of
identified enzymes. Since in the case of hypermodifications the final product of enzymatic
pathway can depend on environmental conditions and partial modifications may occur
[21-26], all sub-products of a pathway are reported as possible modifications. Next, the
predicted possible modifications are assigned to input tRNA sequences based on the
unmodified base type at the position of modification.

3.1.2. tRNAmodpred webserver—The tRNAmodpred webserver interface allows for
submission of user queries and presentation of prediction results. On the submission page
the user has to provide input protein and tRNA sequences as files in the Fasta format. Since
the prediction of modifications localization in tRNA sequences requires that these sequences
are aligned according to the rules described in [27], tRNAmodpred provides an optional
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utility which aligns input tRNA sequences. The automatically generated alignment can be
directly sent for further analyses or downloaded for manual inspection. The submission page
also provides a possibility to select whether the optional phylogeny-based filtering step is to
be performed. If the user can assign the query to one of the predefined phylogenetic groups,
then it is highly recommended to use this filtering option, since it should limit the number of
false positive results. Detailed descriptions of the input files format and available options,
together with example input files, are available on the Help page.

The results of predictions are presented in the results overview page and a collection of
detailed results pages (Fig. 2). The results overview page contains an alignment of the input
tRNA sequences with residues predicted to be modified marked in blue and clickable.
Clicking on the chosen residue allows viewing the detailed prediction for this residue.
Details of predictions are presented in a tabular form and include information about
modification types predicted for the chosen residue and identified tRNA modification
enzymes homologs that can participate in the synthesis of modifications predicted. Since it is
possible that one query protein returns significant matches to more than one tRNA
modification enzyme, the prediction is labeled as “ambiguous” if these enzymes exhibit
different activities. The enzymes are shown together with their appropriate enzymatic
activities (represented as reactions). The results can be downloaded as a text file that
contains the tabular data for all residues predicted to be modified.

3.1.3. Benchmark—The performance of tRNAmodpred was assessed by carrying out
predictions for six species: Escherichia coli, Bacillus subtilis, Haloferax volcanii,
Lactococcus lactis, Mycoplasma capricolum, and Saccharomyces cerevisiae. For each
species tRNAmodpred was run in four setups: sanity-check and cross validation, each with
and without phylogeny filter (see Methods for details). For prediction of complete
modifications set for each species the values of precision, recall and F-measure were
calculated (Fig. 3, Table S 1-4 in Supplementary File 3).

Predictions from tRNAmodpred are characterized by high recall (above 0.7 for all cases
except cross validation predictions from £. coli) and moderate precision (around 0.4 for
predictions without phylogeny filter and 0.5 for predictions with phylogeny filter). In the
sanity-check setups all predictions except for B. subtilis without phylogeny filter have F-
measure above 0.5. In cross validation the F-measure drops down below 0.5 also for £. coli
in the setup without the phylogeny filter. For L. /actis, for which no tRNA modification
enzymes are present in the tRNAmodpred profiles library, the F-measure is 0.401 and 0.493
for predictions without and with phylogeny filter, respectively.

tRNAmodpred performance was compared to results obtained by random assignment of
modified residues to tRNA sequences of a species under consideration (see Methods). In the
cross validation setup tRNAmodpred is better than random assignment with respect to both
precision and recall for all species except £. coliand B. subtilis (Figure 4). F-measures for
all predictions done by tRNAmodpred are higher than for random studies. In the sanity-
check setup tRNAmodpred predictions obtain higher precision and recall for all tested
species except for £. coliin the setup without the phylogeny filter (Figure S 1 in
Supplementary File 3).
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Performance of tRNAmodpred was also compared to results obtained by considering
experimentally confirmed tRNA modifications of one species (source) as predictions in
another (target) (Fig. 5 and Figures S 2-6 in Supplementary File 3). The assignment of
modifications between source and target species was done based on tRNAs anticodons.
Since different species have different isoacceptors sets, not all tRNAs in the target species
have their counterparts in the source species. Figure 5 shows scores calculated for complete
sets of tRNAs of the target species, compared to predictions in the cross validation setup
(with and without phylogeny filter). The scores vary considerably depending on the source
and target species and can be both higher and lower than scores obtained by tRNAmodpred
predictions. For B. subtilis F-measures for tRNAmodpred predictions are higher than F-
measures calculated for modifications mapped from H. volcaniiand S. cerevisiae, but lower
than F-measures calculated for modifications mapped from E£. cofiand L. /actis, and
comparable to M. capricolum. For E. colitRNAmodpred performance is comparable to
mapping modifications from B. subtilis and better than mapping from any other species. For
L. Jactis mapping from B. subtilis scores better than predictions from tRNAmodpred.
Finally, for S. cerevisiae, M. capricolum and H. volcaniitRNAmodpred always outperforms
the mapping. In the sanity-check setup the F-measure calculated for the tRNAmodpred
predictions is always higher than F-measure calculated for modifications mapping, except
for B. subtilis for which mapping from E. coli, M. capricolumand L. lactis obtain
comparable scores (Figure S 2 in Supplementary File 3). The performance of tRNAmodpred
was also compared to predictions which could be done based on experimental data from
closely related species in detail for five randomly chosen L. /actistRNAs (Table S 9 in
Supplementary File 3).

3.2. Prediction of pseudouridine modifications in L. lactis

The experimental study of L. /actistRNAome did not include identification of
pseudouridines in tRNA sequences from this species [20]. In Table 1 we present the
predictions of pseudouridine locations done by tRNAmodpred with the phylogeny filter.

4. Discussion

In this work we describe tRNAmodpred — a tool for computational prediction of post-
transcriptionally modified residues in tRNAs. The post-transcriptional RNA modifications
are synthesized in cells by a variety of enzymes with different activities and specificities.
Since the availability of appropriate enzymes is crucial for the synthesis of modifications,
tRNAmodpred predicts the presence of modified residues based on identification of
homologs of known tRNA modification enzymes. tRNAmodpred allows to use the
knowledge about tRNA modification enzymes and pathways that were studied
experimentally to infer expected patterns of modifications in tRNAs of any species with
fully sequenced genome or in tRNAs expressed in heterologous system.

We tested tRNAmodpred by performing predictions for six model species, in several setups:
“sanity-check” (with complete library of sequence profiles) or “cross validation” (after
excluding from the library profiles representing enzymes from the target species) and with or
without use of an additional filtering step based on the phylogeny of the organism. We
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observed that in the cross validation setups the recall of the predictions tends to drop,
however except for E. coli, this drop is not significant. Our results show that phylogenetic
origin of the species and subcellular localization are important factors influencing prediction
of modifications and applying the phylogeny-based filtering allows for improving the
precision.

The benchmarking of tRNAmodpred was performed on currently available, known tRNA
sequences from the chosen six model species. However, these sets of tRNA sequences are
not always complete (e.g. not all tRNAs from B. subtilis or from S. cerevisiae mitochondria
have been sequenced). Although it is possible that after including the yet unknown tRNA
sequences the scores obtained by tRNAmodpred would change slightly, we believe that the
general conclusions regarding the applicability of the method would remain valid.

The main limitation of our approach that may lead to false negative predictions is that the
predictions are based on homology, i.e. the procedure implemented in tRNAmodpred can
predict only modifications that were previously characterized and that are introduced by an
evolutionarily conserved process. Thus, tRNAmodpred cannot predict any new
modifications or known modifications at new positions or introduced by analogous enzymes.
Another assumption that may lead to false positive predictions is that all tRNA modification
enzymes can modify any tRNA species that encodes the correct target nucleotide at the
position to be madified. In reality, tRNA modification enzymes often have specificity
determinants like sequence patterns or presence of other modifications, which narrow down
the repertoire of tRNAs that are actually used as substrates for a given enzyme. This results
in the relatively low precision of our method, which could be improved in the future by
introduction of additional parameters that allow for capturing the enzymes specificities (e.g.,
addition of filters that consider specificity determinants for particular enzymes or mutual
dependencies between different modifications).

It should be kept in mind that the set of input protein sequences should represent the proteins
that are expected to be able to interact with the input tRNAs. It is especially important if the
aim is to predict tRNA modifications in organelles. Since it is beyond the scope of
tRNAmodpred to predict the subcellular localization of proteins or tRNAs the user should
provide input data appropriate for the task: e.g., the input should consist of a set of
sequences of proteins expected to be present in mitochondria (both encoded by the
mitochondrial genome and imported), and a set of mitochondrial tRNA sequences, if the
goal is to predict tRNA modifications in mitochondria. We have provided a short description
and scores for the prediction of S. cerevisiae mitochondrial tRNAs in Supplementary File 3
(page 9, Table S 10).

We compared tRNAmodpred performance to random predictions and to an approach in
which tRNA modifications in one species (target) are predicted by assignment of
modifications known to exist in different species (source). We observed that while
tRNAmodpred in general performs better than an approach with random assignment of
modified residues to tRNAs from the target species, the outcome of comparison between our
method and the mapping of tRNA modifications from another species depends highly on the
case under consideration. We observe that in cases when experimental data are available for
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an organism closely related to the target species, the mapping approach gives better results
than predictions done by tRNAmodpred (for example as in the case of B. subtifisand L.
lactis, Fig. 5). However, when no data from close relatives are available, tRNAmodpred
rather than mapping from distant organism should be used.

Apart from tRNAmodpred there is another computational tool that deals with the problem of
the prediction of tRNA modifications. tRNAmod is a machine-learning based program
which predicts modifications of uridine based on tRNA sequence [28]. The reported
performance of the method is very good — AUC (area under the curve) of about 0.9.
However, it must be noted that tRNAmod has limited application: it can only predict
localization of three most common uridine modifications (pseudouridine, dihydrouridine and
5-methyluridine) or report that a particular uridine residue is modified or not. We checked
whether combining tRNAmod and tRNAmodpred results improves the accuracy of
predictions, but unfortunately we have not observed significant improvement compared to
predictions done by tRNAmodpred alone (Tables S 5-8 in Supplementary File 3). This is
presumably due to the fact that predictions for pseudouridine, dihydrouridine and 5-
methyluridine obtained by tRNAmod and tRNAmodpred achieve comparable precision and
recall values (Figures S 7-8 in Supplementary File 3).

5. Conclusion and future perspectives

We present here a computational method to predict structure and localization of modified
nucleosides in tRNA molecules based on identification of homologs of known tRNA
modification enzymes and knowledge about tRNA modification pathways. tRNAmodpred is
freely available to the scientific community as a web server. It can provide valuable initial
predictions that could be a starting point for experimental analyses. The quality of
tRNAmodpred predictions depends on the data about modified tRNA sequences and RNA
modification enzymes, hence it is expected to improve with time, with the accumulation of
experimental data. The approach used in tRNAmodpred is in principle applicable to other
conserved RNA molecules, such as rRNA, and we intend to develop this tool in this
direction in the future. Another direction of potential future development, which would be
particularly relevant for prediction of rRNA modification is the consideration of guide RNAs
that introduce methylation and pseudouridylation [29-31], reviewed in [32].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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USER INPUT

protein sequences
(fastafile)

tRNA modification

[tRNA sequences}
enzymes

(fastafile)

Enzyme activities

Possible modifications

phylogeny based filtering

alignment
Predicted modifications
in tRNA sequences

Figure 1.
The workflow of the tRNAmodpred program. Optional steps are in italics.
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Results for job: Escherichia coli

Query tRNA sequences:

accept| | D-domain Ilanticodon demain ||  variable region || T-domain |laccept|
10 201 301 0] 501 601 701

Sequence name

RNA Ala VGC Esch

tRWA Ala GG Esch —scaceccomeoanfocfiocraas |
tRNA Arg 16 Esch -
£RWA Azg CCG Esch
£RWA Arg UCU Esch
tRWA Arg CCU Esch
£RYA Asn GOU Esch
Results for job: Escherichia coli
Possible modifications for position 37 in sequence: tRNA Arg ICG Escherichia coli prokaryotic cytosol which pass the applied phylogeny filtering
mBA i6A BA m2A MEI6A ms2i6A
Detailed information about predicted enzyme activities
Reaction Predicted enzyme Query protein Probability [%] Evalue Ambiguous prediction®
AmEA TrmM Escherichia coli i[170082184|ref]YP_001731504.1 100.0 7.5e-95 False
'S-adenosyl-L-methionine-dependent
methyltransferase [Escherichia coli str. K-12
substr. DH108]
A6A MiaA Escherichia coli 0i[170083617|ref|]YP_001732937.1] RNA 1000 se-141 False
delta(2)-isopentenylpyrophosphate transferase
[Escherichia coli sir. K-12 substr. DH108]
Al6A TsaD Escherichia coli 9i|170082607|ref]YP_001731927.1| putative 100.0 1e-156 False

DNA-binding/iron metalloprotein/AP
endonuclease [Escherichia coli str K-12 substr
DH108]

Figure 2.
Example results pages from tRNAmodpred. A. Results overview page with aligned input

tRNA sequences, in which residues predicted to be modified are marked in blue. B. Detailed
results page for a chosen residue.
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Figure 3.

Page 15

Precision, recall and F-measure obtained for predictions for the six tested species in four
prediction setups. Species are indicated by symbols: B — Bacillus subtilis, @ — Escherichia

coli, @ Haloferax volcanii, O — Lactococcus lactis, O Mycoplasma capricolum,

Saccharomyces cerevisiae.
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Precision Recall F-measure
LI S B N 11 ¥ I
IR AR Te e SR
T A N 19 e el i A
Lo ..................... B ......... ...... __D ............ S_
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o o u] v : : oo o
P S TR ERE PRI b -_'?.-».ﬁ,».-»;-»----»o 3]
. - . . X .
—[-j----g----o -------------- T IE ----- T S SRR h
' u 6 : : = E
P R S T P R T s T 7
IS SPUIR AN SO i L I T .
) :
| | | | | | | | | | | | | | | | | |

Bsub Ecol Hvol Llac Mcap Scer Bsub Ecol Hvol Llac Mcap Scer Bsub Ecol Hvol Llac Mcap Scer

< Cross validation
O  Cross validation with phylogeny filter
9 Random

Comparison of the tRNAmodpred performance to results obtained by random assignment of
modified residues to tRNA sequences from the target species. Scores for tRNAmodpred
predictions done in the cross validation setup are shown (for the comparison to sanity-check
setup see Figure S 1 in Supplementary File 3). Error bars for random probes depict standard
deviation of scores between five random modifications sets. Species names acronyms: Scer —
Saccharomyces cerevisiae, Hvol — Haloferax volcanii, Ecol — Escherichia coli, Bsub —
Bacillus subtilis, Mcap — Mycoplasma capricolum, Llac — Lactococcus lactis.
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Precision Recall F-measure

Bsub Ecol Hvol Llac Mcap Scer Bsub Ecol Hvol Llac Mcap Scer Bsub Ecol Hvol Llac Mcap Scer
Target species

Figure 5.
Comparison of precision, recall and F-measure calculated for cross validation predictions

and results of mapping modifications from different species, for all tRNAs from the target
species. Different point shapes and colors represent different species used as source of
modifications: — Bacillus subtilis, [uni25CF] — Escherichia coli, — Haloferax volcanii,
[uni25A1] - Lactococcus lactis, — Mycoplasma capricolum, — Saccharomyces cerevisiag,
“x” and “+” markers — predictions done by tRNAmodpred with and without the phylogeny
filter, respectively. Species names acronyms — same as in Fig. 4.
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