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The genetic system contains several levels of information.
Firstly, the sequence of the canonical bases A, C, G, and T/U
in DNA and RNA encodes amino acids through specific base
triplets. Secondly, the methylation status of the cytosine base
in DNA imprints epigenetic information into the genetic
system, thereby contributing to the division of genes into
active and inactive elements. Both information layers are
chemically well investigated. Less is known about a putative
third level of information associated with the chemical
modification of RNA nucleobases. Although RNA, and in
particular tRNA, is known to contain more than 100 different
modified nucleosides,"! the exact type of information added
by base modification is largely unknown. A number of
common modifications have been shown to improve the
maintenance of the reading frame,? influence RNA stabil-
ity,’! and to be involved in proof-reading by tRNA synthe-
tases.!”

Recently, it was discovered that the collective set of
modified tRNA nucleosides is a regulated component of
stress response and gives us a first hint that cells may actively
adjust the modification pattern in response to external
factors.”) To learn more about the function of modified
nucleobases we have investigated relationships between
species by quantification of the modification content. By
using a parallel systems-type approach we discovered that the
collective set of modified bases is highly species-specific and
linked to phylogeny. These data then enabled us to calculate a
detailed phylogenetic tree that is consistent with those
obtained from traditional data such as the homology of
rRNA sequences,® conserved orthologous genes,” sequences
of tRNA synthetases,® and tRNA-dependent amidotransfer-
ases.”’ The result shows that the set of base modifications is
not universal, but rather a highly species-specific code under
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evolutionary selection to appropriately match base triplets
with the corresponding cognate amino acids.

For the study, we applied our recently developed LC-MS-
based method for the quantification of modified nucleosides
by using isotopically labeled standards.'” For the parallel
quantification we synthesized 18 tRNA modifications in both
their natural and isotopically labeled forms (Scheme 1). A

NH,
3 NH NH, H ‘o 1
RPN N - I§ N N7 NH
<IN xy I STy o
HO. N7 HO. NN HO. NN Ho. NN [ JV
o o oy 0 HO. NN
[y
HO O HO OH HO OH HO  OH
HO  OH
Am m'A m?A m°A A
o, - ] P Ho. HO.
. N o d PN
TS . . . -
O N A N~SN N N. N N
SN al ¢ SN SN
¢l AL 2 P A ¢
Ho. <N 7 oy oY e "N o 7 HO._ <N s HO <N A
o O~ - O ] o.
HO  OH HOOH HO  OH HO  OH HO OH
mSteA ms2i°A A ms2ioA io®A

o o N N NH
- » GALA
NN N NH N Ho. NN HO. NTONT N
<L < < o
Ho. NN, HO. NSNS HOL N N
- o H o
O; ! Ho MO O wo_ HO O
HO  OH HO  OH HO  OH O~ o
HO  OH HO  OH
m'G m?G m%,G Ar Gr
HCO_ H o HCO_ H o Ho,
I r b
o © 'OCH; o © OCH; HO” %
N C N on "y 1
N N -
eIy e o
N NN Ho. N~ SN Ho. NP,
O I O I o]
HO  OH HO  OH [Par
yWw HOyW Q

Scheme 1. Modified nucleosides synthesized in both natural and
isotopically labeled forms for our parallel quantification study.

number of these nucleosides are present in the 3'-position to
the anticodon in position 37, while others are distributed
through the tRNA structure. The modifications studied are
involved in a range of biological processes such as structural
stabilization, codon binding, and translation initia-
tion.[Za,llﬂh,ll]

With these tRNA nucleosides in hand, we analyzed the
tRNA modification pattern of 16 species, so as to cover
several branches of the phylogenetic tree. These species
include five eukaryotes as well as five Gram-negative
proteobacteria and five Gram-positive bacteria of the firmi-
cutes. In addition we studied the bacterium Deinococcus
radiodurans, which has a somewhat ambiguous classification.
D. radiodurans is typically identified as Gram-positive, but
possesses additional cell walls similar to Gram-negative
species.”? Bulk tRNA was extracted from freshly collected
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B. thailandensis 0 20 | 43 0 35 0 0 0 0
Firmicutes
B. subtilis 0 43 34 0 0 0 0 0 0
L. welshimeri 0 71 0 0 0 0 0 0 0 |
S. aureus NCTC 0 69 27 0 0 0 0 0 0 |
D. radiodurans o | s [ 12 o | 2 o | o [ o | o |
Eukaryotes
S. cerevisiae 0 0 0 0 22 0 13 0
C. albicans 0 0 0 0 16 0 0 16
C. nebularis 0 3 0 68 0 0 0 0 24
F. fomentarius 0 8 0 14 0 0 0 0 13
S. scrofa (heart mitochondria) S} 12 80 0 0 0 1 0 0
S. scrofa (heart cytoplasm) 15 33 6 0 0 0 17 0 0
b)
Pathogenic/resistant bacteria
P. aeruginosa | o 37| 34 7 44 12 67 0 0 0 0 0 o I |
B. cenocepacia o | 92 | 6 0 19 39 0 34 0 0 0 0 0 0
L. monocytogenes 31 0 96 0 0 0 0 0 0 0 0 0
S. aureus Mu50 2 0 83 46 0 0 0 0 0 0 0 0

Figure 1. tRNA modification pattern of all the samples investigated. The level of tRNA modification is presented as the number of modified
nucleosides per 1000 tRNAs, with an average standard deviation of 7%. Darker shading represents a higher modification level. a) Eukaryotic and
nonpathogenic/resistant bacterial species grouped on the basis of taxonomy. b) Pathogenic/resistant bacteria. The lines on the right side link
these bacterial strains with the corresponding nonpathogenic/resistant strains.

tissues as well as from bacteria and yeast samples grown in
complex media under optimum conditions. This was followed
by digestion and subsequent analysis of the resulting nucleo-
side mixture by using our established quantitative LC-MS
method.['%!

The results for all the species investigated are depicted in
Figure 1. The first key result from this data is that the
modification levels vary dramatically between species. For
example, m*A varies from 1 (modification per 1000 tRNA
molecules) in the fungus Clitocybe nebularis to 314 in the
Gram-negative bacterium Pseudomonas aeruginosa, and m*G
varies from 38 in the Gram-positive bacterium Bacillus
subtilis to 723 in the mammal Sus scrofa. High levels of
certain modifications characterize particular groups of organ-
isms. For example, m?A is generally high in Gram-negative
bacteria, while m'A, m'G, m?G, and m?,G are all abundant in
eukaryotes. These initial observations show evolutionary
relationships related not only to the presence, but also to
the abundance of each tRNA modification.

As four N'-isopentenyladenosine derivatives (i°A, ms*i’A,
i0°A, and ms’io®A) were quantified in parallel, the relation-
ship between these modifications can be analyzed in detail.
While i°A itself is present in all the species investigated, the
more complex i®A derivatives are not always observed. The
ms’i®A modification is present in all bacteria except Listeria
and P. putida, and is found in eukaryotes in S. scrofa but not in
any of the fungal species investigated. According to the
literature, the hydroxy derivatives i0°A and ms%io®A are
predominantly present in y-proteobacteria such as Pseudo-
monas."¥ Surprisingly, we detected large quantities of these
compounds also in the B-proteobacteria Burkholderia. Addi-
tionally, traces of ms%io®A were found in D. radiodurans,
which is surprising as the sequence of the modifying enzyme
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MiaE was not found in genomic analysis.'"¥! This result
indicates that an enzyme with a significantly different
sequence might be responsible for this modification. Both
complex fungi C. nebularis and Fomes fomentarius predom-
inantly utilize io®A, which differentiates them from the other
eukaryotes analyzed.

Our data show that the m'G and t°A modifications are
present at high levels in all the species studied. In particular,
these modifications are abundant in the unusual bacterium
D. radiodurans, where they represent the major proportion of
all the modifications quantified in this species. These two
modified nucleosides are the only tRNA nucleosides present
in all three kingdoms of life as well as in mitochondria, and
chloroplasts.l'”! We, therefore, conclude from our study that
they belong to the oldest RNA modifications, which likely
contributed to the very early development of life.l'! The
observation that these nucleosides are highly abundant in
D. radiodurans suggests an ancient evolutionary divergence
of this bacterial species, in agreement with evolutionary
conclusions based on other data.l"”

We applied a hierarchical clustering algorithm to the data
using the programs Cluster and Treeview to statistically
analyze the differences in modification levels between
species.'® These calculations group together species with
similar modification levels. We used an Euclidean distance
algorithm without normalization, and since this measures
absolute differences in abundance, it should, therefore,
represent overall tRNA functionality and assess fine varia-
tions in modification levels between species. Fascinatingly, the
clustering result for our quantitative modification data (Fig-
ure 2a) produces a highly accurate phylogenetic tree. Boot-
strap support is very strong for the bacterial clustering, and
somewhat weaker for the clustering of the eukaryote species
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and p-proteobacteria (Burkholde-
ria) are distinguishable. Interest-
ingly, D. radiodurans does not fit
into either of the two bacterial
groups, thus highlighting its ambig-
uous character.

Finally, modification levels in
mitochondrial tRNA from S. scrofa
heart tissue were found to cluster
with the bacterial data, while the
cytoplasmic modification levels
clustered, as expected, with the
other eukaryotes. These results
show that mitochondrial tRNA
retains prokaryotic character in
terms of tRNA modification levels,
in line with qualitative analyses of
tRNA sequence and modifica-
tion."! Our result additionally sug-
gests that mitochondria may retain
prokaryotic systems for the regula-
tion of modification levels.

The high resolution of the anal-
ysis indicated that quantification of
tRNA modifications could be appli-

S. scrofa

D. radiodurans
E. coli
E P. aeruginosa
P. putida

B. thailandensis
B. cenocepacia

Figure 2. Cluster analysis of species variation. a) Species clustering based on our quantitative tRNA
modification data. Branch point labels represent smooth bootstrap values for the least strongly
supported clusters. All unlabeled branch points have very strong bootstrap support (>95). The
horizontal scale represents the relative Euclidean distance between clusters at each branching point.
b) Phylogenetic trees based on analysis of a set of orthologous genes. Branch point labels represent
resampling bootstrap values for less strongly supported clusters. All unlabeled branch points have
very strong bootstrap support (100). The length of the branch represents relative frequency of amino

acid substitution between species/branch points.

analyzed here. To compare with established methods, we also
calculated a conventional phylogenetic tree based on genetic
variation (Figure 2b). This tree was constructed on the basis
of a reported method!" using genome data for all possible
species present in our study.

Surprisingly, the two clustering experiments produce very
similar grouping patterns, thus confirming that modified
nucleoside levels are closely linked to genetic variation of
species. Eukaryotes are clearly separated from bacteria, and
there is also a clear distinction between Gram-negative and
Gram-positive bacteria. At a more detailed level, distinct
differentiation of the firmicute Gram-positive bacteria (Bacil-
lus, Listeria, and Staphylococcus) demonstrates the resolution
and accuracy of our analysis. Similarly, the eukaryotes cluster
in excellent correlation with the phylogenetic tree, with a
distinction between mammals and fungi, and even a separa-
tion between complex fungi and yeasts. The Gram-negative
bacteria clustering also shows similarity to the phylogenetic
groupings, with the exception of Pseudomonas aeruginosa,
which clusters with E. coli rather than the more closely
related P. putida. However, the closely related bacterial
classes of y-proteobacteria (Escherichia and Pseudomonas)
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cable for use in reliably distinguish-
ing pathogenic bacteria from
related nonpathogenic species. To
assess the potential of this approach,
we compared the three pairs of
pathogenic and nonpathogenic bac-
teria from the genera Pseudomonas,
Burkholderia, Listeria, and one pair
of methicillin-resistant and non-
resistant S. aureus strains
(Figure 1). These bacteria represent
a selection of the most dangerous
clinical pathogens, which are responsible for many deaths.

Indeed, pathogenic and nonpathogenic bacteria are
clearly distinguishable. The two Pseudomonas species even
contain different sets of modified tRNA nucleosides. While
the pathogenic species P. aeruginosa contains all four i°A
derivatives (i’A, ms*°A, io°A, and ms*0°A), the nonpatho-
genic species P. putida contains only i®A and io®A, which lack
the methylthio group. Additionally, nucleoside m'A is only
present in the nonpathogenic species. In the case of Listeria
and Staphylococcus, the modification content was consider-
ably higher for the pathogenic and the resistant species,
respectively. This hints at an altered translational process with
an increased need for modifications. Only the Burkholderia
species were not significantly distinguishable by their modi-
fication pattern. However, in general our method provides a
novel possibility for differentiation between pathogenic and
nonpathogenic bacteria.

In summary, we have measured 18 tRNA modifications in
16 species quantitatively. The presented results offer a deeper
insight into the evolution of tRNA modifications, and shows
that they characterize species at a very fine level and are
linked to phylogenetic variation. Additionally, the data can be

www.angewandte.org

ewandte

Chemie

9741


http://www.angewandte.org

Communications

9742

used to differentiate between species, and even pathogenic
from nonpathogenic bacteria.
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