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A survey of green plant tRNA 3’-end processing
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Abstract

Background: tRNase Z removes the 3’-trailer sequences from precursor tRNAs, which is an essential step preceding
the addition of the CCA sequence. tRNase Z exists in the short (tRNase ZS) and long (tRNase ZL) forms. Based on
the sequence characteristics, they can be divided into two major types: bacterial-type tRNase ZS and eukaryotic-
type tRNase ZL, and one minor type, Thermotoga maritima (TM)-type tRNase ZS. The number of tRNase Zs is highly
variable, with the largest number being identified experimentally in the flowering plant Arabidopsis thaliana. It is
unknown whether multiple tRNase Zs found in A. thaliana is common to the plant kingdom. Also unknown is the
extent of sequence and structural conservation among tRNase Zs from the plant kingdom.

Results: We report the identification and analysis of candidate tRNase Zs in 27 fully sequenced genomes of green
plants, the great majority of which are flowering plants. It appears that green plants contain multiple distinct
tRNase Zs predicted to reside in different subcellular compartments. Furthermore, while the bacterial-type tRNase
ZSs are present only in basal land plants and green algae, the TM-type tRNase ZSs are widespread in green plants.
The protein sequences of the TM-type tRNase ZSs identified in green plants are similar to those of the bacterial-
type tRNase ZSs but have distinct features, including the TM-type flexible arm, the variant catalytic HEAT and HST
motifs, and a lack of the PxKxRN motif involved in CCA anti-determination (inhibition of tRNase Z activity by CCA),
which prevents tRNase Z cleavage of mature tRNAs. Examination of flowering plant chloroplast tRNA genes reveals
that many of these genes encode partial CCA sequences. Based on our results and previous studies, we predict
that the plant TM-type tRNase ZSs may not recognize the CCA sequence as an anti-determinant.

Conclusions: Our findings substantially expand the current repertoire of the TM-type tRNase ZSs and hint at the
possibility that these proteins may have been selected for their ability to process chloroplast pre-tRNAs with whole
or partial CCA sequences. Our results also support the coevolution of tRNase Zs and tRNA 3’-trailer sequences in
plants.

Keywords: tRNA precursor (pre-tRNA), endonuclease, tRNase Z, ELAC2, post-transcriptional processing, green plant,
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Background
tRNA 3’-end maturation is a process through which the
3’-trailer sequence of precursor tRNAs (pre-tRNAs) is
removed, and processed tRNAs acquire the CCA end
which is absolutely essential for tRNA aminoacylation
and protein synthesis (for reviews, see [1-3]). In

prokaryotes, this process can be either exonucleolytic or
endonucleolytic depending on whether the 3’-CCA
sequence is genomically encoded. CCA-containing pre-
tRNAs are generally processed by the exonucleases that
tend to stop removing nucleotides from the 3’-end upon
encountering the transcriptionally encoded CCA,
whereas CCA-less pre-tRNAs are processed by a 3’-
endonuclease termed tRNase Z (also termed RNase Z or
3’-tRNase; for reviews, see [4-7]) that cleaves immedi-
ately after the N73 discriminator nucleotide (the first
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unpaired base after the acceptor stem) to allow subse-
quent addition of the CCA sequence.
Unlike prokaryotic pre-tRNAs, eukaryotic nuclear and

organellar pre-tRNAs generally lack the 3’-CCA
sequence (which is added post-transcriptionally) and
their 3’-trailer sequences are removed by tRNase Z. Also
unlike prokaryotic pre-tRNAs, eukaryotic nuclear pre-
tRNAs contain oligo (U) at their 3’-ends, which are
recognized and bound by the La protein (for reviews see
[2,8]). In the budding yeast Saccharomyces cerevisiae
and fission yeast Schizosaccharomyces pombe, the endo-
nucleolytic cleavage of nuclear pre-tRNAs requires the
presence of the yeast La protein [9,10]. In the absence
of the yeast La protein, the 3’-trailer sequence of nuclear
pre-tRNAs is trimmed by 3’-exoribonucleases including
Rex1p [11]. However, organellar pre-tRNAs lack term-
inal oligo (U). Furthermore, unlike nuclear pre-tRNAs
which are typically monocistronic, most organellar pre-
tRNAs are polycistronic [12,13].
tRNase Z is present in all kingdoms of life. It exists in

two forms: tRNase ZS [300-400 amino acids (aa)] and
tRNase ZL (700-800 aa), which are encoded by different
genes. It is believed that the tRNase ZL gene has evolved
from a tandem duplication of the tRNase ZS gene, fol-
lowed by divergence of the sequence [14]. In prokar-
yotes, only tRNase ZS is identified. By contrast, all
eukaryotes possess tRNase ZL, and some have both
forms.
The species distribution of tRNase Z is complex. The

majority of eukaryotic species analyzed to date, includ-
ing S. cerevisiae, the fruit fly Drosophila melanogaster
and the nematode worm Caenorhabditis elegans contain
a single tRNase ZL [15-17]. In contrast, S. pombe have
two tRNase ZLs [18,19]. Interestingly, two tRNase ZLs
and two tRNase ZSs have been experimentally identified
in the flowering plant Arabidopsis thaliana [20]. In
humans, one tRNase ZS (also termed ELAC1) and one
tRNase ZL (also termed ELAC2) are found [14]. Our
BLAST searches against public genomic and expressed
sequence tag (EST) databases reveal that with few
exceptions, vertebrates contain one tRNase ZL and one
tRNase ZS (a detailed description of tRNase Z protein
distribution in the animal kingdom will be provided
elsewhere).
tRNase Z belongs to the metallo-b-lactamase (MBL)

superfamily [14,21-24]. The typical MBL domain con-
tains five conserved sequence motifs termed Motifs I-V.
Motifs I and IV each harbor an invariant Asp, Motif II
(HxHxDH), which is also called the His motif, is the sig-
nature motif of the superfamily, whereas Motifs III and
V each contain a conserved His residue. Structural stu-
dies of tRNase ZSs from E. coli, T. maritima and B. sub-
tilis [25-28] and mutation analyses of tRNase Zs from a
variety of species [29-35] reveal that the His and Asp

residues of Motifs II-V form the active site for coordina-
tion of two catalytic zinc ions. In particular, the Asp
residue of Motif II may participate in both zinc ion
coordination and act as a general base to generate a
hydroxide ion for nucleophilic attack on the scissile
phosphodiester bond at the cleavage site [25,29]. The
Asp residue of Motif I is also catalytically important and
appears to stabilize the catalytic site [33].
Besides tRNase Zs, some nucleic acid processing

enzymes are also members of the MBL superfamily.
Most of these proteins belong to the b-CASP (MBL-
associated CISF Artemis SNM1/PSO2) subfamily of the
MBL [23]. This subfamily includes the 73-kD subunit of
the cleavage and polyadenylation specificity factor
(CPSF-73) and its yeast homolog Ysh1p, which are
involved in endonucleolytic cleavage of pre-mRNA, the
Intergrator complex subunit 11 (Int11) involved in the
3’-end formation of small nuclear RNAs (snRNA) [36],
bacterial RNase J, which participates in rRNA 5’-end
maturation [37] and RNA decay [38], and the eukaryotic
Pso/Snm1/Artemis proteins, which function in DNA
repair and V(D)J recombination [23]. However, unlike
tRNase Zs, b-CASP proteins contain conserved b-CASP
sequence motifs in place of Motif V.
tRNase Z is distinguished from other MBL members

by their unique substrate binding domain termed the
flexible arm (also termed the exosite). Based on flexible
arm type, there are two major types (bacterial- and
eukaryotic-types) and one minor type [T. maritima
(TM)-type] of tRNase Zs [39]. The bacterial-type tRNase
Zs, which are present predominantly in bacteria, possess
the bacterial-type flexible arm. The bacterial-type flex-
ible arm is ~55 aa in length and contains the Gly- and
Pro-rich GP motif (GxPxGP, sometimes GxPPGP) [39].
The eukaryotic-type tRNase Zs, which are found only in
eukaryotes, contain the ELAC2-type flexible arm. This
type of flexible arm harbors the GP motif and is ~62 aa
long, which is slightly longer than the bacterial-type
flexible arm.
The TM-type tRNase Z was believed to be the minor

type at the time of discovery since it was found only in
T. maritima and A. thaliana [39]. The flexible arm
found in TM-type tRNase Zs appears to be shorter (~30
aa) and lacks the GP motif but instead contains one
short basic residue-rich region [39]. In addition, both
the bacterial- and eukaryotic-type tRNase Zs contain the
PxKxRN, HEAT and HST motifs, which form part of
loop structures, whereas the TM-type tRNase Z lacks
these motifs [33,40,41]. The PxKxRN motif has been
suggested to function in CCA anti-determination
(tRNase Z activity is inhibited by 3’-CCA) [25,33],
whereas the HEAT and HST motifs have been suggested
to play a role in facilitating proton transfer at the final
stage of reaction [25,29,40].
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tRNase Z has diverse functions besides its primary
role in tRNA 3’-end processing. This is perhaps best
exemplified by ELAC2, which serves a multitude of
functions within cells. Recent studies have shown that
ELAC2 is involved in the generation of MALAT1, a can-
cer-associated long noncoding RNA which participates
in regulation of pre-mRNA splicing [42], tRNA-derived
small RNAs [43,44], and viral microRNAs (miRNAs)
[45,46]. Overexpression of ELAC2 delays cell cycle pro-
gression, suggesting that ELAC2 may be involved in cell
cycle control either directly or indirectly via its role as
tRNA processing enzyme [47]. ELAC2 also potentiates
TGF-b(transforming growth factor-b/Smad-induced
transcription response, indicating a role for ELAC2 in
TGF-b/Smad signaling mediated growth arrest [48].
Interestingly, a recent study has shown that destruction
of human mitochondria through depletion of mitochon-
drial DNA results in down-regulation of ELAC2 and a
delay in cell cycle progression [49]. Since ELAC2 may
be involved in cell cycle regulation, it is likely that
ELAC2 may link mitochondrial function and cell cycle
control. It is important to note that ELAC2 is a candi-
date prostate cancer susceptibility gene as its mutations
are associated with prostate cancer [14]. However, the
underlying mechanisms are unknown. In S. cerevisiae,
either inactivating mutations or overexpression of
tRNase ZL causes a petite phenotype, suggesting that
the action of tRNase ZL may be related to mitochondrial
function [15]. In addition, the S. cerevisiae tRNase ZL

has also been suggested to play a role in 35S rRNA pro-
cessing [50].
The study of tRNase Z evolution has been facilitated

by the increasing availability of genome sequences. A
previous study showed that only tRNase ZS is found in
bacteria and that its presence in bacteria is widespread
[6]. We recently reported on a systematic survey of
tRNase Zs in fungi [51]. Our analysis reveals that while
the majority of fungal species contain one tRNase ZL, all
four sequenced Schizosaccharomyces species contain two
distinct tRNase ZLs either demonstrated or predicted to
be localized to the nucleus and mitochondria, respec-
tively. In addition, the presence of tRNase ZS in fungi is
restricted to the phylum Basidiomycota and the basal
fungal phyla.
Green plants (Viridiplantae) represent a monophyletic

group of land plants and green algae that evolved near
the base of the tree of eukaryotic life. Flowering plants
(angiosperms), which are typically polyploidy, represent
the largest, most diverse and most evolutionary
advanced phylum of land plants making up 90% of the
plant kingdom. It can be divided into two major groups:
dicotyledons (dicots), which accounts for the majority of
the angiosperm species, and monocotyledons (moncots).
At present, there are at least 27 sequenced and

annotated genomes representing the major taxonomic
groups within green plants, although the majority of
them are those of flowering plants. The public availabil-
ity of these genome sequences enabled us to identify
tRNase Zs in green plants and to study their evolution.
In this study, we undertook a comprehensive survey of

candidate tRNase Zs from annotated green plant gen-
omes. To understand the evolutionary relationships
among green plant tRNase Zs, we further conducted a
phylogenetic analysis of these newly identified candi-
dates. Finally, we presented a detailed sequence analysis
of tRNase Zs with the intent of further delineating the
distinct features of green plant tRNase Zs.

Results
Identification of candidate green plant tRNase Zs
To extend our previous study of tRNase Z diversity and
evolution, we searched public genome databases for
putative green plant tRNase Zs with significant matches
to known bacterial and eukaryotic tRNase Zs. Since
most of candidate sequences identified from the data-
bases are computationally generated without subsequent
manual annotation, it is likely that many predictions
may contain errors. Therefore, we verified each candi-
date. We first validated each prediction by reciprocal
searches against the GenBank. In back-searches, a candi-
date was confirmed if reverse BLAST also gave tRNase
Z hits in the top matches. Accuracy of prediction was
further evaluated by multiple sequence alignment. All
discordant candidate sequences were checked manually
for possible errors including sequencing errors, intron
mispredictions and existence of gaps in the genome
sequences. We found that many candidate sequences
are apparently incomplete or contain annotation errors.
For example, the predicted coding sequence of the mon-
keyflower (Mimulus guttatus) MguTRZ2 (Phytozome
accession no. mgv1a024577 m.g) in the database was
incomplete lacking the N-terminal region. We were able
to predict this region from the genomic DNA sequence
based on sequence similarity. The predicted full-length
coding region of MguTRZ2 has 364 aa. As another
example, the sequence annotated as the candidate castor
bean (Ricinus communis) tRNase ZL (Phytozome acces-
sion no. 30146.t000117) appears to be mispredicted due
to the presence of sequence gaps. Thus, this sequence
was excluded from the list.
Several incorrect predictions are apparently caused by

the presence of the non-canonic GC-AG splice site
pairs. While the GT donor splice site is a canonical 5’-
splice site for introns in eukaryotic genes, the GC donor
splice sites account for the majority of the non-canoni-
cal donor splice site. Thus, for those that cannot be
accurately predicted by the conventional FGENESH pro-
gram, we carried out gene prediction using FGENESH

Fan et al. BMC Evolutionary Biology 2011, 11:219
http://www.biomedcentral.com/1471-2148/11/219

Page 3 of 22



_GC, which is a new version of the FGENESH program
including noncanonical GC dinucleotide in donor splice
sites. Indeed, by doing so, we could predict some exons
encoding missing conserved motifs. For example, the
HEAT motif was originally missing in several annotated
candidate tRNase ZLs from flowering plants including
papaya (Carica papaya CpaTRZ3), cassava (Manihot
esculenta MesTRZ4), Medicago (Medicago truncatula
MtrTRZ3) and black cottonwood (Populus trichocarpa
PtrTRZ3). After re-evaluation of intron splice sites using
FGENESH_GC, we were able to recover their HEAT
motifs. Because the intron sequences of some candidate
sequences appear to be extremely difficult to predict
correctly, we could not conclusively rule out the possibi-
lity of errors in certain candidates.
In total, 54 candidate tRNase ZS and 32 candidate

tRNase ZL were identified from 27 green plant species
including 21 flowering plants, 1 moss, 1 lycophyte and 4
green algae (Additional file 1). The names of these can-
didates follow the A. thaliana tRNase Z nomenclature
[52]. Of these, only tRNase Zs from A. thaliana have
been experimentally characterized [20]. While most of
these sequenced genomes examined belong to the flow-
ering plants, the availability of the genome sequences
from two basal land plants (the bryophyte Physcomi-
trella patens and the lycophyte Selaginella moellendorf-
fii) and four green algae (Chlamydomonas reinhardtii,
Volvox carteri, Micromonas pusilla and Ostreococcus
lucimarinus) allows for evaluation of differences
between flowering plant tRNase Zs and those from basal
land plants and green algae.
The flowering plants examined to date appear to con-

tain multiple tRNase Zs. Foxtail millet (Setaria italica)
contains the largest number of tRNase Zs (5) so far
identified in a flowering plant. Most flowering plant spe-
cies have a single tRNase ZL. In contrast, six flowering
plants including two Arabidopsis species (A. thaliana
and Arabidopsis lyrata) harbor two tRNase ZLs. It
should be noted that the presence of two tRNase ZLs
are not species-specific since the plant species contain-
ing two tRNase ZLs come from diverse taxonomic
groups.
Unlike most flowering plants that possess two tRNase

ZSs, two members of the Panicoideae subfamily of
grasses, sorghum (Sorghum bicolor) and foxtail millet
have three tRNase ZSs and four tRNase ZSs, respectively.
The presence of multiple tRNase ZSs appears not to be
grass-specific, since three other grass plants including
rice (Oryza sativa), Brachypodium (Brachypodium dis-
tachyon) and maize (Zea mays) contain only two tRNase
ZSs. Calculation of the percentage identity and similarity
between candidate tRNase Zs from these two grass spe-
cies shows strong conservation of the proteins at the
amino acid level with the most identity (93%) and

similarity (95%) between S. bicolor SbiTRZ2 and S. ita-
lica SitTRZ2 (Additional files 2 and 3). To our surprise,
all candidate tRNase ZSs identified in flowering plants
are highly similar and belong to the TM-type tRNase ZS

(see below for a detailed discussion).
The number and type of tRNase Zs appear to be

highly variable in the two primitive plant species and
four green algae (Table 1 and Additional file 1). The lar-
gest number of tRNase Zs is found in the moss P.
patens, which contains two TM-type and one bacterial-
type tRNase ZSs, and one tRNase ZL. In contrast, two
green algae C. reinhardtii and V. carteria have the least
number of tRNase Zs, comprising one TM-type tRNase
ZS and one tRNase ZL. The two other green algae M.
pusilla and O. lucimarinus contain one TM-type and
one bacterial-type tRNase ZSs and one tRNase ZL. The
lycophyte S. moellendorffii, which has the smallest gen-
ome size of any land plant reported, contains two
tRNase ZLs in addition to one TM-type tRNase ZS.
Interestingly, tRNase Z-like proteins (TLP) which

apparently lack one or more conserved motifs of tRNase
Zs necessary for the enzymatic activity of the protein
are widespread in basal land plant and green algal gen-
omes that have been analyzed here (Table 1 and Addi-
tional file 1). Many tRNase Z-like proteins appear to
lack the flexible arm but contain all other conserved
motifs of tRNase Zs (Figure 1 and see below for a more
detailed discussion of the motifs). At one extreme, one
S. moellendorffii tRNase Z-like protein (SmoTLP2)
appears to lack all of the conserved motifs.
Based on their sizes, tRNase Z-like proteins can be

divided into tRNase ZS-like and tRNase ZL-like proteins
which are comparable in size to tRNase ZSs and tRNase
ZLs, respectively. The number and form of tRNase Z-
like proteins vary among the species, being largest in C.
reinhardtii (two tRNase ZS-like and two tRNase ZL-like
proteins) and next largest in S. moellendorffii (two
tRNase ZS-like and one tRNase ZL-like proteins). The
basal land plant P. patens and the two green algae M.
pusilla and O. lucimarinus contain one tRNase ZL-like
protein, whereas the green alga V. carteria contains one
tRNase ZS-like and one tRNase ZL-like proteins. In con-
trast, black cottonwood (P. trichocarpa) appears to be
the only species among the flowering plant genomes
examined that contains the tRNase ZL-like protein. This
species contains one tRNase ZL-like protein in which
the second His in the His motif is mutated to Gln (data
not shown).

Prediction of subcellular localization of candidate tRNase
Zs from flowering plants
To help understand the function of candidate tRNase
Zs, we predicted in silico the subcellular localization
of each of flowering plant tRNase Zs using different
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Table 1 Distribution of candidate tRNase Zs from representative green plants

Species Protein name Type Accession number Database No. aa+

DICOTS

Aquilegia coerulea AcoTRZ1 TM-type tRNase ZS AcoGoldSmith_v1.019418 m.g Phytozome 283

Aquilegia coerulea AcoTRZ2 TM-type tRNase ZS AcoGoldSmith_v1.007495 m.g Phytozome 356

Aquilegia coerulea AcoTRZ3 tRNase ZL AcoGoldSmith_v1.000749 m.g Phytozome 997*

Aquilegia coerulea AcoTRZ4 tRNase ZL AcoGoldSmith_v1.024294 m.g Phytozome 848*

Arabidopsis thaliana AthTRZ1 TM-type tRNase ZS NP_177608.2 NCBI 280

Arabidopsis thaliana AthTRZ2 TM-type tRNase ZS NP_178532.2 NCBI 354

Arabidopsis thaliana AthTRZ3 tRNase ZL NP_175628.2 NCBI 890

Arabidopsis thaliana AthTRZ4 tRNase ZL NP_188247.2 NCBI 942

Carica papaya CpaTRZ1 TM-type tRNase ZS evm.TU.supercontig_17.217 Phytozome 306

Carica papaya CpaTRZ2 TM-type tRNase ZS evm.TU.supercontig_132.51 Phytozome 359*

Carica papaya CpaTRZ3 tRNase ZL evm.TU.supercontig_34.31 Phytozome 943*

Citrus clementina CclTRZ1 TM-type tRNase ZS clementine0.9_017657 m.g Phytozome 288

Citrus clementina CclTRZ2 TM-type tRNase ZS clementine0.9_014182 m.g Phytozome 355

Citrus clementina CclTRZ3 tRNase ZL clementine0.9_001700 m.g Phytozome 938

Cucumis sativus CsaTRZ1 TM-type tRNase ZS Cucsa.369470 Phytozome 301*

Cucumis sativus CsaTRZ2 TM-type tRNase ZS Cucsa.185180 Phytozome 347

Cucumis sativus CsaTRZ3 tRNase ZL Cucsa.359360 Phytozome 977

Eucalyptus grandis EgrTRZ1 TM-type tRNase ZS Egrandis_v1_0.020509 m.g Phytozome 309

Eucalyptus grandis EgrTRZ2 TM-type tRNase ZS Egrandis_v1_0.021229 m.g Phytozome 357*

Eucalyptus grandis EgrTRZ3 tRNase ZL Egrandis_v1_0.001658 m.g Phytozome 971

Glycine max GmaTRZ1 TM-type tRNase ZS Glyma20g01480 Phytozome 279

Glycine max GmaTRZ2 TM-type tRNase ZS ACU18735.1 NCBI 353

Glycine max GmaTRZ3 tRNase ZL Glyma13g43270 Phytozome 923*

Glycine max GmaTRZ4 tRNase ZL Glyma15g02070 Phytozome 931*

Mimulus guttatus MguTRZ1 TM-type tRNase ZS mgv1a010642 m.g Phytozome 306

Mimulus guttatus MguTRZ2 TM-type tRNase ZS mgv1a024577 m.g Phytozome 364*

Mimulus guttatus MguTRZ3 tRNase ZL mgv1a000815 m.g Phytozome 976

Vitis vinifera VviTRZ1 TM-type tRNase Z S XP_002273058.1 NCBI 290

Vitis vinifera VviTRZ2 TM-type tRNase Z S XP_002277241.1 NCBI 354

Vitis vinifera VviTRZ3 tRNase ZL XP_002278956.1 NCBI 951

MONOCOTS

Oryza sativa japonica OsaTRZ1 TM-type tRNase ZS NP_001046280.1 NCBI 302

Oryza sativa japonica OsaTRZ2 TM-type tRNase ZS LOC_Os09g30466 Phytozome 365

Oryza sativa japonica OsaTRZ3 tRNase ZL B9EUI7 UniProt 964

Zea mays ZmaTRZ1 TM-type tRNase ZS GRMZM2G147727 Phytozome 302

Zea mays ZmaTRZ2 TM-type tRNase ZS ACG47847.1 NCBI 357

Zea mays ZmaTRZ3 tRNase ZL GRMZM2G379286 Phytozome 930

MOSSES

Physcomitrella patens PpaTRZ1 TM-type tRNase ZS XP_001785449.1 NCBI 295

Physcomitrella patens PpaTRZ2 TM-type tRNase ZS Pp1s17_61V6 Phytozome 420

Physcomitrella patens PpaTRZ3 Bacterial-type tRNase ZS Pp1s409_46V6 Phytozome 336*

Physcomitrella patens PpaTRZ4 tRNase ZL Pp1s126_39V6 Phytozome 984*

Physcomitrella patens PpaTLP1 tRNase ZL-like Pp1s3_568V6 Phytozome 923*

LYCOPHYTES

Selaginella moellendorffii SmoTRZ1 TM-type tRNase ZS 167717 Phytozome 299

Selaginella moellendorffii SmoTRZ2 tRNase ZL 111409 Phytozome 771*

Selaginella moellendorffii SmoTRZ3 tRNase ZL 97243 Phytozome 819*

Selaginella moellendorffii SmoTLP1 tRNase ZS-like 404484 Phytozome 303

Selaginella moellendorffii SmoTLP2 tRNase-like XP_002967989 NCBI 346

Selaginella moellendorffii SmoTLP3 tRNase ZL-like 416540 Phytozome 731
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bioinformatic prediction programs. Most flowering
plants have two tRNase ZSs (tRNase ZS1 and tRNase
ZS2). All tRNase ZS1 proteins apparently lack any pre-
dictable signal sequences and therefore predicted to be
cytoplasmic proteins, with the exception of O. sativa
tRNase ZS1 (OsaTRZ1), which is predicted to be loca-
lized in the chloroplasts (Table 2). On the other hand,
all tRNase ZS2 except P. trichocarpa tRNase ZS2

(PtrTRZ2), contain a predicted chloroplast targeting sig-
nal (Table 2). The predicted chloroplast targeting signal
of PtrTRZ2 is unusual in that it is only seven residues
long since the majority of the known chloroplast target-
ing signals consist of N-terminal 20-80 amino acid resi-
dues [53]. In the two flowering plants (S. bicolor and S.
italica) carrying multiple tRNase ZSs, only one tRNase
ZS (tRNase ZS2) from each species is predicted to be
chloroplast-localized, whereas the rest are predicted to
be cytoplasmic (Table 2).
Besides tRNase ZS, flowering plants also contain one

(tRNase ZL1) or two (tRNase ZL1 and tRNase ZL2)
tRNase ZLs. Most tRNase ZL1 proteins contain a pre-
dicted mitochondrial targeting signal between two puta-
tive translational initiation sites at the N-terminus and
also have a nuclear localization signal (Table 3). Some
tRNase ZL2 proteins have a putative mitochondrial tar-
geting signal, while others are predicted to have both
nuclear and mitochondrial targeting signals. The length
of the putative mitochondrial targeting signals found in
these candidates are within the expected size-range (20-

80 aa) [54]. Consistent with the prediction, A. thaliana
tRNase ZL1 (AthTRZ3) was found in both the nucleus
and the mitochondria [20]. However, A. thaliana tRNase
ZL2 (AthTRZ4) predicted to have both nuclear and
mitochondrial targeting signals is actually found only in
the mitochondria [20].

Phylogenetic analysis
To gain insights into the evolutionary relationship
among plant tRNase Zs, we reconstructed the phylogeny
of 86 candidate sequences using Bayesian phylogenetics.
Although most of plant species are flowering plants,
they are taxonomically diverse. In addition to tRNase Zs
from plants, we also include tRNase ZS from T. mari-
tima as outgroup. Phylogenetic analysis reveals the pre-
sences of two well-supported clades: one formed by
including all TM-type tRNase ZSs, and the other all
tRNase ZLs and bacterial-type tRNase ZSs (Figure 2).
The latter clade is further divided into two subclades, of
which one contains all tRNase ZLs, and the other bac-
terial-type tRNase ZSs. Notably, two tRNase ZLs
(AlyTRZ4 and AthTRZ4) from the two Arabidopsis spe-
cies (A. thaliana and A. lyrata) together form a group
sister to a group formed by another two tRNase ZLs
(AlyTRZ3 and AthTRZ3) from the same two species.
Likewise, the two tRNase ZLs found in some species
including Aquilegia coerulea (AcoTRZ3 and AcoTRZ4),
Glycine max (GmaTRZ3 and GmaTRZ4) and S. moel-
lendorffii (SmoTRZ2 and SmoTRZ3) are sister to each

Table 1 Distribution of candidate tRNase Zs from representative green plants (Continued)

GREEN ALGAE

Chlamydomonas reinhardtii CreTRZ1 TM-type tRNase ZS Cre10.g431400 Phytozome 335

Chlamydomonas reinhardtii CreTRZ2 tRNase ZL Cre01.g039900 Phytozome 880*

Chlamydomonas reinhardtii CreTLP1 tRNase ZS-like Cre12.g492250 Phytozome 425*

Chlamydomonas reinhardtii CreTLP2 tRNase ZS -like Cre07.g321900 Phytozome 378

Chlamydomonas reinhardtii CreTLP3 tRNase ZL-like Cre01.g068350 Phytozome 710*

Chlamydomonas reinhardtii CreTLP4 tRNase ZL-like Cre09.g394700 Phytozome 1073

Micromonas pusilla MpuTRZ1 TM-type tRNase ZS 5692 JGI 383*

Micromonas pusilla MpuTRZ2 Bacterial-type tRNase ZS 18700 JGI 398*

Micromonas pusilla MpuTRZ3 tRNase ZL 54013 JGI 953*

Micromonas pusilla MpuTLP1 tRNase ZL-like C1N4P0 UniProt 866

Ostreococcus lucimarinus OluTRZ1 TM-type tRNase ZS 26345 JGI 313

Ostreococcus lucimarinus OluTRZ2 Bacterial-type tRNase ZS XP_001416263 NCBI 369*

Ostreococcus lucimarinus OluTRZ3 tRNase ZL A4S9E8 UniProt 781*

Ostreococcus lucimarinus OluTLP1 tRNase ZL-like A4RR41 UniProt 780

Volvox carteri VcaTRZ1 TM-type tRNase Z S 80918 Phytozome 308*

Volvox carteri VcaTRZ2 tRNase ZL 118548 Phytozome 881*

Volvox carteri VcaTLP1 tRNase ZS-like 103834 Phytozome 445*

Volvox carteri VcaTLP2 tRNase ZL-like 100314 Phytozome 723*
+The number of amino acids in plant tRNase Z and tRNase Z-like proteins.

*Indicates that mispredicted sequences obtained from the databases have been corrected.
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                                                  PxKxRN                             Motif I                     Motif II        

 PpaTRZ3  ( 1 ) MTEDFCDHRAMQIVFLGTSSSMPTLSRNTSSIALRLDG----TIYMFDCGEGVQRQLHRTPFRHR---TIDNIFITHMHGDHIFGLPGL 
 OluTRZ2  ( 1 ) ---MKSNFSGAELTFLGTSSGAPSFTRNVSSVALRLEN---E-VWLFDCGEATQHQLMRSKLKYA---KITRIFITHMHGDHIFGLPGL 
 MpuTRZ2  ( 1 ) ----------MEVVFLGTSSGSPSFTRNVSSYALRLTD---E-IWLFDCGEATQHQLMRSKLRYT---KITRIFITHMHGDHIFGLPGL 
 HsaTRZ1  ( 1 ) --------MSMDVTFLGTGAAYPSPTRGASAVVLRCEG----ECWLFDCGEGTQTQLMKSQLKAG---RITKIFITHLHGDHFFGLPGL 
 slr0050  ( 1 ) ----------MEITFLGTSSGVPTRNRNVSSIALRLP--QRAELWLFDCGEGTQHQFLRSEVKIS---QLTRIFITHLHGDHIFGLMGL 
 EcoTRZ1  ( 1 ) ----------MELIFLGTSAGVPTRTRNVTAILLNLQHPTQSGLWLFDCGEGTQHQLLHTAFNPG---KLDKIFISHLHGDHLFGLPGL 
 BsuTRZ1  ( 1 ) ----------MELLFLGTGAGIPAKARNVTSVALKLLEERRS-VWLFDCGEATQHQILHTTIKPR---KIEKIFITHMHGDHVYGLPGL 
 SmoTLP1  ( 1 ) ---MAGRRRAMELVFLGTAAN-PSPRRNSSCVLLKIG----KIMQLFDCAEGSFRQLQESRHSGS---AIDRIFITHMHGDHVWGLPAL 
 VcaTLP1  ( 73) RHTGFPLRTGLALTWLGTNSGTPTLERNVSCTLVRLPG----AVQMVDCGEGTHRQLLSLEGSLD-LAEIDGIFITHLHGDHCFGLPAA 
 CreTLP1  ( 44) PAPARGAAGGLALTWLGTNSGTPTLERNVSCTLVRLPG----TVQVVDCGEGSHRQLRLTPRTLSRVALLRSIFITHMHGDHCFGLGAA 
 TmaTRZ1  ( 1 ) -------------------MNIIGFSKALFSTWIYYSP----ERILFDAGEGVSTTLGSKVYAFK------YVFLTHGHVDHIAGLWGV 
 AthTRZ1  ( 1 ) ------MEKKKAMQIEGYPIEGLSIGGHETCIIFPSLR------IAFDIGRCPHRAISQ-----------DFLFISHSHMDHIGGLPMY 
 SmoTLP2  ( 68) ISSDHSKHKGTKFAFLGTSLF---PGRTEPCLLVKNEG----RCFIFNCGDNVYRELQRASYLEK----QCTIFVTSMDINNIVGLPGL 
 CreTLP2  ( 11) DKHVGSKESGLEIVVLGTGAGATHIYSKESSSSFVVLR-DGEPVLLCDMGYGVTASCLQHVGRVP-----ACTYISHNHGDHAGELPLV 

Motif III 
                
 PpaTRZ3  ( 83) LCMIG-------MTAPSTREPIEIFGPPGLRQWIRTTLKLAHARVPIKYTVHELVLQEV[ 1 ]-VHEDKKYVVVAGLLKHSIPCW--G 
 OluTRZ2  ( 80) ICAISGARTAHSRSYGGSVVPLHIIGPPGIRQFIYSSITWS--RSVLGMPLIVTELRQP[ 18]TAYNDGNFCVRASVLRHPVPCF--G 
 MpuTRZ2  ( 73) ICALSGARAELRRVHGKDPTPLYITGPPGICDYVRAAITCS--RTVLGLPLIVTELDIA[ 21]RNGNEGGIVVRAAPLRHPVPCF--G 
 HsaTRZ1  ( 75) LCTISLQS-----GSMVSKQPIEIYGPVGLRDFIWRTMELS--HTELVFHYVVHELVPT[ 39]LLFDDEQFVVKAFRLFHRIPSF--G 
 slr0050  ( 75) LASSG---------LAGSGQGIEIYGPEGLGDYLEACCRFS--STHLGKRLKVHTVREN[ 1 ]LIYEDKDFQVHCGLLKHRIPAY--G 
 EcoTRZ1  ( 77) LCSRS---------MSGIIQPLTIYGPQGIREFVETALRIS--GSWTDYPLEIVEIGAG[ 0 ]EILDDGLRKVTAYPLEHPLECY--G 
 BsuTRZ1  ( 76) LGSRS---------FQGGEDELTVYGPKGIKAFIETSLAVT--KTHLTYPLAIQEIEEG[ 0 ]IVFEDDQFIVTAVSVIHGVEAF--G 
 SmoTLP1  ( 79) LCAAK------------FRVNAEIYGPQGIRDWLRMSLKSCRAKVPSKYKVHELILTQE[ 33]HVLQDETLDIKAGLLTHNVPCW--G 
 VcaTLP1  (157) LAVLDRAKAAG--QTDPARQRHHVYGPPGLAELVRVSILSTGLSRRLQLPVLISELLLG[ 0 ]-GCWMRRSWRYGGDLQHRVPCW--G 
 CreTLP1  (129) LALLDGAKVAR--QADPARRRHHVYGPPGLAELLRASMVVTGAAASLKLPLLITELRLA[ 1 ]LHMDDSPQLQVCLCLQHRVPCW--G 
 TmaTRZ1  ( 61) VNIRNNG-------MGDREKPLDVFYPEGNRAVEEYTEFIKRANPDLRFSFNVHPLKEG[ 5 ]RNAGGFKRYVQPFRTKHVSSEVSFG 
 AthTRZ1  ( 67) VATRG----------LYKMKPPTIIVPASIKETVESLFEVHRKLDSSELKHNLVGLDIG[ 1 ]EFIIRKDLKVKAFKTFHVIQSQ--G 
 SmoTLP2  (146) LSPGVLP-----------P-PVVIYGPQGLRQYIRATLRACFARVPTKYTVHELLLNND[ 4 ]-NQQSQDLMHEDELYGDDLLCS--G 
 CreTLP2  ( 94) LAVEGTAAAAAGRPLLALLAHPDVMAE--LRGHRLRELHSTGRPLESFASFHEVPSGTA[ 39]AAPGGCGLSVRPFRARHSETCY--G 
 

Flexible arm 
GP motif                                        Motif IV                    

               
 PpaTRZ3  (158) YVVEEQPRT-----GRFDVHRAKELGVLPGPMYAKLQEGHSVTLKDGSTVNPSDVLGPPRKGRKAVILGDTSDSR---SLLVAARGADV 
 OluTRZ2  (178) YVIDECDAS-----GRLDAEKCVEMGLPPGREYAMLKAGQSVTTKDGRVIRPEDVIGTPRPGRRLVHLGDTCDSS---SMVSLAQGADS 
 MpuTRZ2  (174) YVVDEPDQP-----GRMDVERATALGLPPGPLYKKLKNGEPVTTADGVTIRPEDVLGPTRPGRRLCLLGDTCDSV---AIAELARGADV 
 HsaTRZ1  (189) FSVVEKKRP-----GKLNAQKLKDLGVPPGPAYGKLKNGISVVLENGVTISPQDVLKKPIVGRKICILGDCSGVV-GDGGVKLCFEADL 
 slr0050  (147) YRVEEKQRP-----GRFNVEQAEALGIPFGPIYGQLKQGKTVTLEDGRRIRGQDLCEPPEPGRKFVYCTDTVFCE---EAIALAQEADL 
 EcoTRZ1  (148) YRIEEHDKP-----GALNAQALKAAGVPPGPLFQELKAGKTITLEDGRQINGADYLAAPVPGKALAIFGDTGPCD---AALDLAKGVDV 
 BsuTRZ1  (147) YRVQEKDVP-----GSLKADVLKEMNIPPGPVYQKIKKGETVTLEDGRIINGNDFLEPPKKGRSVVFSGDTRVSD---KLKELARDCDV 
 SmoTLP1  (182) YVLTEVKSE-----AE-----------------------------------KESAGETTRGSRKVVILGDTANSK---ALTTAGRDADV 
 VcaTLP1  (236) YVFVE-----------------------------------------------GRPYEEGMRRRKVVVLGDTVSSR---PIAPLAAGCDV 
 CreTLP1  (210) YVFAESVMP-----P-------------------------------------QAAAVPGARRRKVVVMGDTVSSR---AIAPLAAGCDV 
 TmaTRZ1  (143) YHIFEVRRK-----LKKEFQGLDS-----------------KEISRLVKEKGRDFVTEEYHKKVLTISGDSLALD-----PEEIRGTEL 
 AthTRZ1  (140) YVVYSTKYK-----LKKEYIGLSG-------------------NEIKNLKVSGVEITDSIITPEVAFTGDTTSDFVVDETNADALKAKV 
 SmoTLP2  (219) NDSYPLVED-----DHLNVISWSLCQ--------------------KKQSCGFIYKETGTSGNSIALVSRKSER---VPWCLKAKDVDV 
 CreTLP2  (213) LVIYDEGRPVLGWTADSGYDEELYTALAEAPLVLVDARAKGSAEHAGFSDLARIVSLPALQGRQLYVTGYGRQDEAPRPADGVPAGVRL 

 
HEAT                 HST                      Motif V 

               
 PpaTRZ3  (239) LVHEATVIEQES--DLAAHRGHSTASMAGKFARMIDAKSLVLTHFSGKLEGS[ 11]DLVWAAKRTFGKQ-----SVMAAYDF[ 16] 
 OluTRZ2  (259) LIHESTFEAKKV--SEALYKGHSTARMAGKFAAQVNARALILTHFSNRYAGG[ 7 ]RLVEEAKEAKGDS-----RVIAASDF[ 33] 
 MpuTRZ2  (255) LVHESTFAAFKR--DEALYKGHSTSAMAGAFARLIRARNLLLTHFSNRYGAS[ 19]GLVREAAHAKGDD-----RVVAASDF[ 54] 
 HsaTRZ1  (272) LIHEATLDDAQM--DKAKEHGHSTPQMAATFAKLCRAKRLVLTHFSQRYKPV[ 12]ELKKQAESVLDLQ-----EVTLAEDF[ 9 ] 
 slr0050  (228) LVHEATFAHQDA--QLAFDRLHSTSTMAAQVALLANVKQLIMTHFSPRYAPG[ 6 ]NLLAEAQAIFPNT-------RLARDF[ 24] 
 EcoTRZ1  (229) MVHEATLDITME--AKANSRGHSSTRQAATLAREAGVGKLIITHVSSRYDDK[ 3 ]HLLRECRSIFPAT-------ELANDF[ 5 ] 
 BsuTRZ1  (228) LVHEATFAKEDR--KLAYDYYHSTTEQAAVTAKEARAKQLILTHISARYQGD[ 3 ]ELQKEAVDVFPNS-------VAAYDF[ 8 ] 
 SmoTLP1  (228) VVHEATLG-------NCNKETHSTPEMAGSFAKSINAKLLVLTHLNRNAGTS[ 5 ]AYLDPAKRAFGRDS-----VVLAEDF[ 5 ] 
 VcaTLP1  (275) MSHEATFARGME--AKARIAQHSTGWMAGAFAAAVGARSLVLTHFSARYREG[ 26]GLLKEAAATYG---RPNH-LFAASDF[ 73] 
 CreTLP1  (254) MAHEATFAAGME--QKARIAQHSTGAMAGAFAAAVGARALVLTHFSARYREA[ 24]ALIREAAEAWGPRKTPPP-ITAASDF[ 73] 
 TmaTRZ1  (205) LIHECTFLDAR----DRRYKNHAAIDEVMESVKAAGVKKVILYHISTRYIRQ[ 3 ]VIKKYREEMPD---V---EILYMDPR[ 5 ] 
 AthTRZ1  (205) LVMESTFLDDSVSVEHARDYGHIHISEIVNHAEKFENKAILLIHFSARYTVK[ 0 ]-EIEDAVSALPPP--------LEGRV[ 7 ] 
 SmoTLP2  (280) LVHEIDNTIHG-------------AQIAGDQAKAINAKSLVMSGCSRTGSQE[ 0 ]-LEAAKSRFGKAS------VALSMDH[ 9 ] 
 CreTLP2  (302) ARPGLRIALQPAPAARAEAQAGAGASRAGCGGAAGGDEGLQGRSKEAAAASE[ 2 ]RPGGHAFEAGSGG---TSGVRAAVRV[ 0 ] 

Figure 1 Alignment of bacterial-type and tRNase ZS-like candidates in green plants. Bacterial-type tRNase ZSs are from P. patens (PpaTRZ3),
O. lucimarinus (OluTRZ2), M. pusilla (MpuTRZ2), Synechocystis sp. PCC 6803 (slr0050), E. coli (EcoTrz1) [72], B. subtilis (BsuTrz1) [60] and humans
(HsaTrz1) [14]. Plant tRNase ZS-like (TLP) candidates are from S. moellendorffii (SmoTLP1 and SmoTLP2), V. carteri (VcaTLP1), C. reinhardtii (CreTLP1
and CreTLP2). TM-type tRNase ZSs from T. maritima (TmaTrz1) [30] and A. thaliana (AthTRZ1) [20] are included for comparison. The alignment
was constructed using Clustal W [68]. Identical residues are on a black ground and conserved residues shared in gray. Also indicated above the
alignment are the conserved motifs of tRNase Zs, which are labeled according to references [33,40,41]. The numbers in brackets indicate the
length of the region in the protein, which are species-specific and could not be correctly aligned. Hyphens represent gaps introduced into
sequences for maximum alignment. Amino acid residues predicted to be critical for activity are indicated by a star.
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Table 2 Prediction of the chloroplast targeting signals in candidate TM-type tRNase ZSs from flowering plants

Protein name Form Chl Chloroplast targeting signal

AcoTrz1 AcoTrzS1 -

AcoTrz2 AcoTrzS2 C MKISLGISTSPILLPFSKPTLKIPHNRVCIP (31)

AlyTrz1 AlyTrzS1 -

AlyTrz2 AlyTrzS2 C MQLSSFPISPSKIFPFTKYHAPPVIIHQLAAQIQSHRSNFVSPVKVSGYFSSISRAIEEEEEYRKAR (67)

AthTrz1 AthTrzS1 -

AthTrz2 AthTrzS2 C MQLSSSFPISPPKIFPSTKHHKPPVITHQLAAQIQSNRRHFVSPVKVSGYFSSISRAIEEEEEYRKAR (68)

BdiTrz1 BdiTrzS1 -

BdiTrz2 BdiTrzS2 C MATISLFSLPPLRLTRGLLSPSSGPASRFQTL (32)

CpaTrz1 CpaTrzS1 -

CpaTrz2 CpaTrzS2 C MLTSVPILPSKLQSVFPFGHHHYHSISHKPTPIHQFSFLV (40)

CclTrz1 CclTrzS1 -

CclTrz2 CclTrzS2 C MQLSLPTSPSKLPTIFPFHPSSIPKTPQSPHHLSLQSHVGPLNALKSAGFLSSISRAIDEEEEYRKAR (68)

CsiTrz1 CsiTrz S1 -

CsiTrz2 CsiTrz S2 C MQLSLPTSPSKLPTIFPFHPSSIPKTPQSPHHLSLQSHVGPLNALKSAGFLSSISRAIDEEEEYRKAR (68)

CsaTrz1 CsaTrzS1 -

CsaTrz2 CsaTrzS2 C MQISIPISPLRPPQVFPFHQPLLHTPKPPGVALQSHLNPVNSFRDSGLLSTIGVE (55)

EgrTrz1 EgrTrzS1 -

EgrTrz2 EgrTrzS2 C MRISIPISPSKSPQIFPFHHHHRRRHQIPDLRRRPPALSLPASAVNPLKSSGYLSTIHR (59)

GmaTrz1 GmaTrzS1 -

GmaTrz2 GmaTrzS2 C MQISLSDLAFKTPQLFPIHHPIFPPKPPLNHQVST (35)

MesTrz1 MesTrzS1 -

MesTrz2 MesTrzS2 C MQTSFPVSPSKIPSIFPFNHPILHNPTAPTNHHQLPLQTYLKRPINSTSLKSSGFLSAIGRAIEEEEEYKKAR (73)

MtrTrz1 MtrTrzS1 -

MtrTrz2 MtrTrzS2 C MQIPLTNPTFKPPQIFPFHHTIPSPKQQLSFPT (33)

MguTrz1 MguTrzS1 -

MguTrz2 MguTrzS2 C MITLNPTTSNLLNLHPFHPTPATHKHHLPPQTRRSVIACVSDAVV (45)

OsaTrz1 OsaTrzS1 C MANSGKSSPAATSTTAPPPGRPKAKAPPLTVEGYPVEGISIGGQETCVIFPT (52)

OsaTrz2 OsaTrzS2 C MAATSLLSLPSLRLTHRLLVPASSSAPASRSQFQTL (36)

PtrTrz1 PtrTrzS1 -

PtrTrz2 PtrTrzS2 C MQISIPL (7)

PpeTrz1 PpeTrzS1 -

PpeTrz2 PpeTrzS2 C MQIFLTISPCKAPLILPFHPPISKTPKTQRTSLKTLSKPYRLARSQVLRKGV (52)

RcoTrz1 RcoTrzS1 -

RcoTrz2 RcoTrzS2 C MQTSLPISHSKFPSIFPFNHPISHKPTTTR (30)

SitTrz1 SitTrzS1 -

SitTrz2 SitTrzS2 C MATASLFSPPSLRLLSRTTARLSRFQTLAARKPP (34)

SitTrz3 SitTrzS3 -

SitTrz4 SitTrzS4 -

SbiTrz1 SbiTrzS1 -

SbiTrz2 SbiTrzS2 C MATASLFSLPSLRALSRTSARCSRFQTLAARKPVESSSSTATS (43)

SbiTrz3 SbiTrzS3 -

VviTrz1 VviTrzS1 -

VviTrz2 VviTrzS2 C MQISLPFSTSKVPYLSPLPNPTPQPPLTIPKPHPKSYIT (39)

ZmaTrz1 ZmaTrzS1 -

ZmaTrz2 ZmaTrzS2 C MVTASLFSLPSLRVLSRTSAHGPRFQILAARKPVESSTATSGSRRGGSKGAGLLSVLDR (59)

Identification of the putative chloroplast targeting signals was made by using ChloroP http://www.cbs.dtu.dk/services/ChloroP/. Chl stands for the chloroplast. C
indicates chloroplast localization. “-”, the localization could not be predicted. The numbers refer to amino acid positions starting from the N-terminus.
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other with a posterior probability value of 1. These
observations suggest that tRNase ZL gene duplication
took place in certain species.

Conservation of candidate green plant tRNase ZSs
To assess the presence and conservation of motifs in
candidate green plant tRNase Zs, we performed multiple
sequence alignments of identified tRNase Zs sequences.
Candidate tRNase ZSs are analyzed first. A list of aligned
tRNase ZSs from representative green plants is shown in
Figures 1 and 3. For comparison, tRNase ZSs from T.
maritima, B. subtilis, E. coli, the cyanobacterium Syne-
chocystis sp. PCC 6803 and humans are included as
needed. A full list of all aligned green plant tRNase ZSs
is presented in Additional file 4.
Sequence comparison reveals that except for the N-

terminal regions, tRNase ZSs from the flowering plants
appear to be more similar to each other than to either
the basal land plants or green algae (Figure 3). Further-
more, the sequences of the green plant tRNase ZSs are
highly divergent from those of T. maritima, B. subtilis,

E. coli and human tRNase ZSs. For example, A. thaliana
tRNase ZS1 (AthTRZ1) and tRNase ZS2 (AthTRZ2) exhi-
bit only 17% - 24% and 16% - 21% identity (25% - 35%
and 27% - 31% similarity), respectively, with those from
T. maritima, B. subtilis, E. coli and humans. Overall, the
sequence conservation between the green plant tRNase
ZSs and non-plant species is largely confined to the
highly conserved motifs of tRNase Zs.
Unexpectedly, careful examination of the sequences of

green plant tRNase ZSs reveals that most of the proteins
possess several unique features that distinguish them
from bacterial-type tRNase ZSs and thus justify their
classification as TM-type tRNase ZS. The sequence
logos for motifs unique to TM-type tRNase ZSs are pre-
sented in Figure 4. First, most green plant tRNase ZSs
harbor the TM type flexible arm. The plant TM-type
flexible arms show only weak protein sequence homol-
ogy to the bacterial-type flexible arms, and have distinc-
tive features including the absence of the GP motif and
the presence of a consensus sequence KLKxxYxxLxGx-
xIxxLK, here termed the KL motif (Figures 3 and 4).

Table 3 Prediction of the nuclear and mitochondrial targeting sequences in tRNase ZLs from flowering plants

Protein
name

From Nuc Mito Predicted mitochondrial targeting sequences

AcoTrz3 AcoTrzL1 N -

AcoTrz4 AcoTrzL2 - M MPQISSNLKLFFSKTNHSPLFQFSFKASFCSSFLLSSKTPYKPLSSVTVISSSSSSSSSSRKGPKFPPLRSRS (73)

AlyTrz3 AlyTrzL1 N M MINSMPYLHKNLRLLLLLSSKSSPFPLSLRPFSPRSFSLSTLFS (44)

AlyTrz4 AlyTrzL2 N M MLTSSMPHRHVPQNLSLFGFSPLKSSSFALFLRPFSLYPPIFASSSPSPSRRPPRTAGYRRS (62)

AthTrz3 AthTrzL1 N M MINSMPYLHKNLRLLRLLSSKSSPFPLSLRPFSPRSFSLSTLFS (44)

AthTrz4 AthTrzL2 N M MLTSSMPQNLSLFGFSPLKSSSFALILRPFSLYPPIFASSSPAPSRRPPRTAGYRRSGPSPPRRK (65)

BdiTrz3 BdiTrzL1 - M MPQVAAPLRLLLPLSQTLAPPAPLLHLSRRLLSFCSPASFRRAASLRALAYRRSRHPEPRRG (62)

CpaTrz3 CpaTrzL1 N M MFLIYPNLRLLLNPPLFLFSKPNSTPLSLFTVFASSSHKRHRSVSYRDSPFGLHRRRRNFTTFKERD (67)

CclTrz3 CclTrzL1 N M MPFITPNLRLLFSSSSSSLFPLKLSVPLLSTKPTNRHRSLFTILSYSKRQRSTPFPQQNQRRN (63)

CsiTrz3 CsiTrzL1 N M MPFITPNLRLLFSSSSSSSLFPLKLSVPLLSTKPTNRHHSLFTILSYSKRQRSTPFPQQNQRRN(64)

CsaTrz3 CsaTrzL1 N M MPLPHLSTLRFLFFSPSKLPFSPSLYSPKSHSLFTVLASSPPKRRRSATAPPSLNFKRRN (60)

EgrTrz3 EgrTrzL1 N M MPCVYSNLRLLFSSSATAAAATATAAASPFLSPLKLKLRRPSSSSSAFPLLPLPPLSSLRS (61)

GmaTrz3 GmaTrzL1 N M MAQVSKFGYFLLHSSLPKPSNIQFRSLLTVLASSSKRHRRK (41)

GmaTrz4 GmaTrzL2 N M MAQVSKFGHLLLHSSLPKPSNSNIQFRSLLTLLASSSKRHRSIPPFRRKS (50)

MesTrz3 MesTrzL1 N M MPQISNLRFLLSPIKPSLPFPFSKPKPYSLFTVLCSSSSSRRHRTTPNHQSLNFRSRS (58)

MesTrz4 MesTrzL2 - M MPNVLNFKLCLSDLLTQCCKICLQHYILTFSSLSHVLVSGKLQSSNPQTYFSINNPLPRSKNSRT (65)

MtrTrz3 MtrTrzL1 N M MAQILNFRNFLFLPSYKPTTHFRLRFLSTLVSSSSRRSNINAPPLHLRRRS (51)

MguTrz3 MguTrzL1 N M MPQSTNLRLLLSSANCHRRHPFSAASNFFPKHLSFSSSFQFFLKPQFKTREIPLLFATFSSYSKKPYATNNNSNNNNKNSRSFNRN
(86)

OsaTrz3 OsaTrzL1 - M MPQLPSPLRRLLPLSQTLAAATPAPLLHLSRRLFSSSSSPSPSPSPRAACLRALAYRGGQAGGGGRRGHHNNLLRRG (77)

PtrTrz3 PtrTrzL1 N M MSHISNLRLLLSPLNPTLRFPFSSKHRPYSLLTILSSSSPYPKRRHRTTPNHPSLNFRSRS (61)

PpeTrz3 PpeTrzL1 N M MPQVTNLRLLFFSPFPRLSLSSLSFKPLKPRTLFTALASSYRKRHRPIPNQSPNTGARN (59)

SitTrz5 SitTrzL1 - M MPQVAAPLRLLLPLSQTLAPAPLLHLSRRLFTSSSPSFGRAASLRALAYRRHHHPRRGSSTLRK (64)

SbiTrz4 SbiTrzL1 N M MPQVAGPLRRLLPLSQTLASAPAPLLHLSRRLLSSCSPASFGRAASLRALAYRRRRHPEPRRG (63)

VviTrz3 VviTrzL1 N M MPHLTSFRLLYCSPLLSPFKSPFLSFSTLSKSKSPLLNPPSFFTVLSSSSGRYPKLRRHPHHLRRRN (67)

ZmaTrz3 ZmaTrzL1 N M MPQVAAPLRLLLPLSQTLAAPAPLLHHSRRLLSSCPASLSRAAGLRALAYRRRRHTEPRRG (61)

The putative nuclear localization signals were predicted using PSORT http://psort.hgc.jp/form.html, while the putative mitochondrial targeting signals were
predicted using MITOPROT http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html. Nuc: stand for the nucleus; Mito: mitochondria. N indicates nuclear localization
and M denotes mitochondrial localization. “-”, the localization could not be predicted. The numbers refer to amino acid positions starting from the N-terminus.
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This Lys- and Leu-rich motif was previously unappre-
ciated in A. thaliana, likely due to the limited number
of plant sequences available at the time analysis was
performed [39]. As might be expected, there are varia-
tions in the consensus sequence (Figures 3 and 4).
Second, most green plant tRNase ZSs lack the

PxKxRN motif normally present on the amino side of
Motif I. Instead, they share a Gly-rich consensus
sequence EGxSxxG in an analogous position to the
PxKxRN motif (Figure 3). In some cases, variants in the
consensus sequence are found (Figures 3 and 4). Nota-
bly, there is very weak sequence similarity between this
motif and the corresponding region in T. maritima
tRNase ZS.
Third, most green plant tRNase ZSs contain conserved

xExT and HxH motifs in place of the HEAT and HST
motifs, respectively. The xExT motif is related to the
HEAT motif except that the invariant His is replaced by
a Thr/Met/Val/Leu residue and the invariant Ala is
often replaced by Ser, or occasionally Met, Thr and Cys
(Figures 3 and 4). In contrast, the HxH motif is related
to the HST motif, except that the conserved Ser is
mostly replaced by Thr, and the conserved Thr is sub-
stituted by His (Figures 3 and 4). Based on the struc-
tural and mutagenesis studies, it has been suggested that
the Glu of the HEAT motif and His of the HST motif
play a role in facilitating proton transfer at the final
stage of reaction [25,29,40]. In particular, the His resi-
due is implicated as the proton donor. It is highly likely
that the conserved Glu-His pair from the xExT and
HxH motifs in the TM-type tRNase ZSs may also parti-
cipate in the terminal proton transfer reaction.
Multiple sequence alignment of bacterial-type tRNase

ZSs from the basal plant P. patens (PpaTRZ3) and green
algae reveals that in addition to the well conserved
Motifs I-V, these candidates possess a bacterial-type
flexible arm containing the GP, HEAT and HST motifs,
and the variant PxKxRN motif, in which Lys is replaced
with Leu (Figure 1).

Conservation of tRNase ZLs in green plants
Since tRNase ZL can be divided into the N-terminal and
C-terminal halves, which are related by weak sequence
similarity, we aligned these two halves separately. The
alignment of the N-terminal and C-terminal halves of
representative candidate tRNase ZLs from diverse green
plant species are shown in Figures 5 and 6, respectively.
Two non-plant eukaryotic tRNase ZLs from D. melano-
gaster and humans were included for comparison. A
complete list of all aligned green plant tRNase ZLs iden-
tified here is given in Additional file 5.
Except for the N-terminal regions, candidate tRNase

ZLs from land plants share a high degree of overall
sequence similarity to each other. In contrast, candidate

tRNase ZLs from the four green algae show relatively
low overall sequence similarity to each other and to the
land plant tRNase ZLs. In particular, their N-terminal
halves are highly divergent compared to those from the
land plants. Furthermore, sequence similarity between
land plant tRNase ZLs and their homologs in green
algae, D. melanogaster and humans is limited to the
conserved motifs identified in tRNase Zs.
The N-terminal halves of all green plant tRNase ZLs

contain a conserved eukaryotic-type flexible arm domain
containing the GP motif. In addition, the N-terminal
halves of the proteins also contain a pseudo-PxKxRN
motif and pseudo-Motifs I and II, which differ from
their original motifs in many positions including critical
residues for tRNase Z functions (Figure 5). These
pseudo-motifs were previously identified in candidate
fungi tRNase ZLs [51]. In contrast, the C-terminal halves
of green plant tRNase ZLs harbor conserved Motifs I-V
and the PxKxRN, HEAT and HST motifs (Figure 6).
These motifs appear in the same relative order in all the
sequences in which they are present.

Many chloroplast tRNA genes encode a portion of the 3’-
CCA sequence
It has been suggested that many chloroplast tRNA genes
encode partial CCA sequences [55]. However, this conclu-
sion was primarily based on the examination of the 3’-
flanking sequences of tRNA genes from three chloroplast
genomes. To determine if this conclusion holds true when
more chloroplast genome sequences are now available for
analysis, we examined the presence of tRNA genes encod-
ing whole or partial CCA sequences in 15 chloroplast gen-
omes. The results obtained were tabulated in Table 4.
Indeed, we found that many tRNA genes in the chlor-

oplast genomes encode partial CCA sequences, which
could serve as part of the CCA sequence (Table 4). For
instance, in the A. thaliana chloroplast genome, 31% of
tRNA genes encode the whole or partial CCA
sequences. Moreover, many chloroplast tRNA genes
encode the first base of the CCA sequence. For example,
of the 37 A. thaliana chloroplast tRNA genes examined,
11 had C after the discriminator.

Discussion
The presence of multiple tRNase Zs in green plants
Unlike C. elegans, D. melanogaster, humans and most
fungal species examined to date, green plants are unique
in that they possess multiple tRNase Zs. Of the 27 com-
plete green plant genomes analyzed, the majority of
them encode two tRNase ZSs and one or two tRNase
ZLs. It is reasonable to expect that the existence of mul-
tiple tRNase Zs would be common to green plants. This
phenomenon appears to have arisen from genome dou-
bling (polyploidy), which seems to be a driving force in
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EGxSxxG                     Motif I                    Motif II 

 CreTRZ1  ( 50) DTRQTKLAVSGWELEGISISGQETSIIVPRAK---VTFDIGRCPQRACF--------QQTVLLSHTHLDHVGGLPFHVCTRNMLQ-----LPPSKVVVPQGFSAGVRKLMDAVL------------- 
 VcaTRZ1  ( 23) DSRQNKIIVCGMELEGVSISGQETSIIFPRGK---VTFDIGRCPQRACF--------QQTVLLSHAHLDHVGGLPFHVCTREMLS-----LPASRVVVPQGFAAGVRKLVDAAR------------- 
 MpuTRZ1  ( 99) KERHAVHTLAGFRVEGVSVGGQETCVILPQLK---IAFDSGRCPQRAVY--------ADTLCLSHTHMDHVGGAGFYIASRALVS-----LPPPSVLIPAERAAAFDAFIRSLR------------- 
 OluTRZ1  ( 32) RDRHAVHELAGYKIEGVSVGGRETSVVLPALG---VAFDSGRCPQRCVY--------ADVMCLSHTHMDHVGGCGMYIATRGLLS-----LTPPTVLLPSARREAFGTFIESLR------------- 
 PpaTRZ1  ( 16) RSKTGALEVDGLSIEGVSVGGQETCILIPALK---LAFDIGRCPERAIS--------QDFLFISHAHMDHIGGVCMYVATRGLFK-----MKPPTVIVPKCLKPTVEKLFDVHR------------- 
 PpaTRZ2  (141) RPTTGELEVGGFSIEGVSVGGQETCVMLPALK---VAFDSGRCPGRIID--------MDYVFITHAHMDHIGGLTMYIASRGLKK-----KKVPTVIVPKCIKATVEKLLAVQR------------- 
 SmoTRZ1  ( 19) RRDLASVNAGGFAVEGISIGGHETCVIVPSMK---IAFDIGRCPQRAIS--------QDFLFISHSHMDHIGGIAMYVATRGLYS-----MKPPTIFVPSSIKATVEKLFDVYR------------- 
 OsaTRZ1  ( 23) KAKAPPLTVEGYPVEGISIGGQETCVIFPTLS---AAFDIGRCPQRAVS--------QEFLFISHAHLDHIGGLPMYVATRGLYR-----QRPPTIFIPACLRDPVERLFELHR------------- 
 ZmaTRZ1  ( 23) PKAKHRIEIEGYPVDGVSIGGQETCVIFPTLS---LAFDIGRCPQRAVS--------QEFLFVSHGHLDHIGGLPMYVATRGLFR-----LRPPTIFVPACLRDLVERLFEVHR------------- 
 CclTRZ1  ( 10) -KSGRGMQLQGYKVEGLSIAGHETCIIFPSLD---LAFDIGRCPSRALS--------QNFLFISHAHMDHIGGLPMYVATRGLYR-----MKPPTIIVPSCIKEDVEQLFEIHR------------- 
 EgrTRZ1  ( 30) RRSGKKLMIQGYPIEGLSIAGHETCVILPSLK---LAFDIGRCPQRAIS--------QDFLFISHAHMDHIGGVAMYVASRGLFS-----LKPPTVIVPKCVKEDVERLFDVHR------------- 
 GmaTRZ1  ( 1 ) -MTGKDLEIEGYTVGGLSIGGHETCVIFPTLK---VAFDIGRCPPRAVS--------QNFLLITHAHMDHIGGLPMYVATRGLYR-----MKPPTIIVPISVKEDVEKLFEIHR------------- 
 MguTRZ1  ( 27) KASEEELRIEGYSIDGLSIAGHETCVILPTLN---LAFDIGKCPQRAVS--------QQFLFISHGHMDHIGGLPMYVATRGLYR-----MAPPTIFVPKVIKENVEKIFEAHR------------- 
 AcoTRZ1  ( 5 ) -KKKENLEIEGYPIEGLSISGHETCIIFPSLK---IAFDIGKCPQRAIF--------QEFLFISHGHMDHIGGLPMYVATRGLYS-----LKPPTIIVPMEIKESVEKLLQVHR------------- 
 VviTRZ1  ( 11) TKKEKGIQIEGYPVEGLSIGGQETCIILPSLK---LAFDIGRCPQRAIS--------QDFLFISHGHMDHIGGLPMYVATRGLYR-----MKPPIIIVPKAIKENVEMLFQVHR------------- 
 AthTRZ1  ( 1 ) MEKKKAMQIEGYPIEGLSIGGHETCIIFPSLR---IAFDIGRCPHRAIS--------QDFLFISHSHMDHIGGLPMYVATRGLYK-----MKPPTIIVPASIKETVESLFEVHR------------- 
 CsaTRZ1  ( 18) MEMSKGIQIEGYPIKGLSIGGHETCIIFPTLN---LAFDIGRCPQKAIS--------QDFLFISHGHMDHIGGLPLYVATRGLYK-----MGPPTIIVPKSIKNDVENLLEVHR------------- 
 AthTRZ2  ( 70) AVNRKGVELESYAIEGISVGGHETCVIVPELK---CVFDIGRCPSRAIQ--------QKFLFITHAHLDHIGGLPMYVASRGLYN-----LEPPKIFVPPSIKEDVEKLLEIHR------------- 
 MguTRZ2  ( 79) EVNRKGVGLDGYSVEGLSIGGHETCVIVPELK---TAFDIGRCPSRAVQ--------QNFLFITHAHLDHIGGLPMYIATRGLYN-----LKPPTVFVPPCIKEDVERLIDIHR------------- 
 CclTRZ2  ( 70) AVVRKGIDLEGYTIEGVSIGGHETCVIIPELK---CAFDIGRCPTRAIQ--------QNFVFITHGHLDHIGGLPMYVASRGLYN-----LKPPTIFVPPSIKEDVEKLFEIHR------------- 
 EgrTRZ2  ( 73) EVARKGVDVEGFSIEGVSVGGHETCVIVPEFK---CAFDIGRCPTRAIH--------QNFVFITHAHLDHIGGLPMYVAFRGLYN-----LKPPTVFVPPCIKEDVEKLLDIHR------------- 
 CsaTRZ2  ( 64) QVNRKGVDLEGYSIEGISVGGQETCVIIPEFK---CAFDIGRCPSRAIQ--------QNFVFITHAHLDHIGGLPMYVASRGLYS-----LSPPTVFLPASIKEDVEKLLEIHR------------- 
 VviTRZ2  ( 70) EVARNGVDLEGYSIEGISIGGHETCVIIPELK---SAFDIGRCPSRAIQ--------QNFLFITHAHLDHIGGLPMYVATRGLYN-----LKPPTIFVPPCIKEDVEKLFDIHR------------- 
 GmaTRZ2  ( 69) QVSRKVLDLEGYSIEGLSVGGQETCIIIPEFK---CSFDIGRCPSRAIQ--------QNFLFITHAHLDHIGGLPMYVASRGLFN-----LKPPTVFVPPCIKEDVEKLLDIHR------------- 
 OsaTRZ2  ( 81) QVHRKGVEVEGYAIEGVSVGGHETCVTVPSLN---VAFDIGRGPLFAVS--------QDYLFITHAHLDHIGGLPMYIATRGLYN-----LKPPVVFVPPCIKDDVEDLLQIHR------------- 
 ZmaTRZ2  ( 73) QVQRKGVEVEGYAIEGISVGGHETCITVPSLN---VAFDIGRGPQFAVS--------QDYLFITHAHLDHIGGLPMYIATRGLYN-----LKPPTVFVPPCIRDDVEDLLQVHR------------- 
 TmaTRZ1  ( 1 ) -----------MNIIGFSKALFSTWIYYSPER---ILFDAGEGVSTTLG---SKVYAFKYVFLTHGHVDHIAGLWGVVNIRNNGM--GDREKPLDVFYPEGNRAVEEYTEFIKR------------- 
 BsuTRZ1  ( 1 ) --MELLFLGTGAGIPAKARNVTSVALKLLEERRSVWLFDCGEATQHQILHTTIKPRKIEKIFITHMHGDHVYGLPGLLGSRSFQG----GEDELTVYGPKGIKAFIETSLAVTK------------- 
HsaTRZ1  ( 1 ) MSMDVTFLGTGAAYPSPTRGASAVVLRCEGEC---WLFDCGEGTQTQLMKSQLKAGRITKIFITHLHGDHFFGLPGLLCTISLQSGSMVSKQPIEIYGPVGLRDFIWRTMELSHTELVFHYVVHELV 
 

Motif III                        KL Motif  

 CreTRZ1  (148) -------------------ELQSSPPIDYEVLELEAGQDFELPSG----FLCRTFPTTHAIPSQGYVLYS------QRK-KLKAELQGKSQAEIKELRFS-------GVDVSETHQVPE------IA 
 VcaTRZ1  (121) -------------------ELQGSPPLDYQVLELQLGEDHVLPSG----YLCRCFPTTHTITSQGYVLYS------QRR-KLKAELQGKSQEEIRQLRLA-------GQDVTDTVAVPE------IA 
 MpuTRZ1  (197) --------------------ELDASELPHHLVPISPGETHVVSKL----HVVRPFQTIHPVASQGYVVYG------TKE-KLKAEHAGKTGAQIKALRDA-------GAKVTDTIEVPE------VA 
 OluTRZ1  (130) --------------------ALDDSELNHRAIGIDPGERYAMNKL----FEIAAFRTRHPVPSQGYVVYG------TKQ-KLKPAYAGLSGPEIKRLRDD-------GEQVTDKVEVPE------VA 
 PpaTRZ1  (114) --------------------ELDGSELKHQLIGLDIGEEFNMGKN----LVVKAFKTYHVVPSQGYVVYS------VKN-KLKPEYLGLPGQKIKELKMS-------GVQITDTLRVPE------VA 
 PpaTRZ2  (239) --------------------ELDESPLPVNLIGMDIGEEFDLGKG----LIVKAFKTYHVVPSQGYVIYT------VKQ-KLKAEHVGLPGKEIKALRES-------GVEVSETVRISE------VA 
 SmoTRZ1  (117) --------------------ELDQAELSMKLVGLDIGEEYDLGKG----YIVKPFKTYHVIPSQGYIIYA------VKN-KLKPEYVGLPGDKIKSLRFS-------GVEVTNVTRSPE------VA 
 OsaTRZ1  (121) --------------------SMDQSELSHNLVPLEIGQEHELRRD----LKVKAFKTYHAIPSQGYVIYT------VKQ-KLKPEYLGLPGSEIKQLKLS-------GVEITNTLTVPE------IA 
 ZmaTRZ1  (121) --------------------AMDQSELNHNLVPLEVGEEYELRRD----LKVRAFRTYHAIPSQGYVIYS------VKQ-KLKQEFIGLPGSEIKRLKLS-------GVEITNTVSTPE------IA 
 AthTRZ1  ( 99) --------------------KLDSSELKHNLVGLDIGEEFIIRKD----LKVKAFKTFHVIQSQGYVVYS------TKY-KLKKEYIGLSGNEIKNLKVS-------GVEITDSIITPE------VA 
 CsaTRZ1  (116) --------------------RLDQSELRCNLIGLEVGEELSLRRD----LKVRVFRTYHVIDSQGYLLYS------VKQ-KLKKDYLGLSGNEIKKLRLS-------GVEITYTITEPE------VA 
 GmaTRZ1  ( 98) --------------------KMDQSELKHNLIGLDVGEEFYLRKD----LKVKAFRTYHVIPSQGYILYS------EKQ-KLKPEYVGLSGNEIKNLKSS-------GVEITYTLTEPE------IA 
 CclTRZ1  (107) --------------------RMDHSELNHTLVGLDVGEEFCMRKD----LFVKAFKTYHVIQSQGYVVYS------VKQ-KLKQEYLGLPGDEIKKLKSS-------GTEITYTVTTPE------VA 
 MguTRZ1  (125) --------------------AMDHSELNHTLIGLDVGEEFYLRRD----LKVRAFRTYHVIPSQGYIVYS------VRQ-KLKQEYVGLTGAEIKNLKQS-------GVEITDTYTSPE------VA 
 AcoTRZ1  (102) --------------------DMDQSELKCNIIGLNIGEEYQLRKD----LVVKAFRTYHVIPSQGYIVYC------VKH-KLKQEYVGLPGNEIKKLKLS-------GVEITETSTSPE------IA 
 VviTRZ1  (109) --------------------AMDESELKHNLIGLNVGEEFYLRKD----LKVRAFRTYHVIPSQGYVVYS------VKQ-KLKQEYVGLPGNEIKNLKLS-------GVEITYTMTTPE------IA 
 EgrTRZ1  (128) --------------------KMDNSELKHNLIGMDVGEEIYIRRD----VKVRAFRTYHVIPSQGYVVYS------VKE-KLKQDYMGLPGNKIRDLKLS-------GVEITYTTTTPE------VA 
 AthTRZ2  (168) --------------------TMGQVELNVELIPLAVGETYELRND----IVVRPFATHHVIPSQGYVIYS------VRK-KLQKQYAHLKGKQIEKIKKS-------GVEITDTILSPE------IA 
 MguTRZ2  (177) --------------------VMGRVELNVDLVPLDVGETYEMRND----IVVRPFETHHVIPSQGYVIYS------VRK-KLRKQYTHLKGKQIEKLKKS-------GVEITDTILSPE------VA 
 CclTRZ2  (168) --------------------SLGNVELNLDLVALDVGETYEMRND----IVVRPFKTHHVIPSQGYVIYL------LRK-KLKKQYIHLKGKQIEKLKKS-------GVEITDIILSPE------VA 
 EgrTRZ2  (171) --------------------TMSQVELNLDLVALDVGETYELRNN----LVVRPFKTNHVLPSQGYVIYS------VRK-KLKKRYIHLKGNRIENLKKS-------GVEITDTILSPE------VA 
 CsaTRZ2  (162) --------------------NMGQVELDVDLVALDVGETYEMRNN----LVCRAFETHHVIPSQGYVIYS------VRK-KLKKQYMHLKGKQIEKLKKS-------GVEITDTILSPE------VA 
 VviTRZ2  (168) --------------------ALSQVELKLDLVALDVGETYEMRNN----LVVRPFKTHHVIPSQGYVIYT------VRK-KLKKQYIHLKGKQIEKLKNS-------GIEITDTILSPE------VA 
 GmaTRZ2  (167) --------------------TMGQVELNAEVVALDVGETYEIRNN----LVVRPFKTQHVIPSQGYVVYS------IRK-KLRKQYAHLNGKQIEKLKKS-------GVEITDMMLSPE------VA 
 OsaTRZ2  (179) --------------------RMSQVDLKVELVALDLGETFEIRND----LVARPFETHHAIPSQGYVIYS------VRR-KLKKQYAHLKGNQIMKMKQS-------GAEITDTILYPE------VA 
 ZmaTRZ2  (171) --------------------RTSQIELKVELVALDLGETYEIRND----LVARPFQTYHTIPSQGYVIYS------IRR-KLKKQYAHLKGSQIMKLKQT-------GTEITDTILYPE------VA 
 TmaTRZ1  ( 96) --------------------ANPDLRFSFNVHPLKEGERVFLRNAGGFKRYVQPFRTKHVSSEVSFGYHIF----EVRR-KLKKEFQGLDSKEISRLVKE------KGRDFVTEEYHKKV-----LT 
 BsuTRZ1  (109) ------------------------THLTYPLAIQEIEEGIVFEDD---QFIVTAVSVIHGVEAFGYRVQEKDVPGSLKADVLK-EMNIPPGPVYQKIKKGETVTLEDGRIINGNDFLEPPKKGRSVV 
HsaTRZ1  (125) PTADQCPAEELKEFAHVNRADSPPKEEQGRTILLDSEENSYLLFDD-EQFVVKAFRLFHRIPSFGFSVVEKKRPGKLNAQKLK-DLGVPPGPAYGKLKNGISVVLENGVTISPQDVLKKPIVGRKIC 
 

Motif IV                         xExT                  HxH                        Motif V 
 

 CreTRZ1  (232) FTGDTTSAFLDA-ETNATLEDALKAKVLCIEMTFISEDVTVEEARGKGHMHITDFVAHA--HRFQNETIVLIHFSPRYKR--------SEILHQLDIMLPPALRAKCVPLLNGIE-------- 
 VcaTRZ1  (205) FTGDTTAGFLDG-PGCATLEDALKARVLIMEMTFLCDDVTVDEARDKGHMHIADFVANA--HRFQNEAIVLIHFSPRYKR--------TDIITTLNTMLPPSLMAKCVPLLNGIE-------- 
 MpuTRZ1  (280) FTGDTSAEWIRRA----TATDALRAKLLICECTFVDDAVSPEGARDFGHTHIDELAAAARDGKFQNEAVLLIHFSARYRG--------REIEDAIAEKFPEEFAKRVTPLLVGFAP------- 
 OluTRZ1  (213) FTGDTTGDWIDDP----ANADALRAKLLIMECTFIDDAVSKHDAERFGHTHIDDIVARA--DKFQNEAILLIHFSARYKA--------EEVRAALKAKLPRALYEKCTPMLVGFD-------- 
 PpaTRZ1  (197) FTGDTTPDFILDD----ANIDALQAKLLIMETTFLDDAVTIQHAREYGHTHLSEVIKYA--NRLLNKSILFIHFSARYK---------REEILRAVEELPPPLQGRVAALTEGF--------- 
 PpaTRZ2  (322) FTGDTTSGFFLDE----ANEDVLHAKLLIMESTFLDDSTSVEDANKYGHMHLFEVLAHA--DKFKNKDILFIHFSARYQ---------QEDICKAIENIPAPLQGRVHALTEGF--------- 
 SmoTRZ1  (200) FTGDTTVDFIGDE----NNADVLRAKLLIMEATFINDSGTVEHAREYGHSHLSEIVALS--DKFQNKAILLIHFSARYS---------KQEIIEAIEKLPETLKSRTYALTEGFF-------- 
 OsaTRZ1  (204) FTGDTMADFILDP----DNADVLKAKILVVESTFVDDSVTIEHAREYGHTHLFEILNQC--DKLENKAILLIHFSARYT---------AEEIDIAINKLPPSFRSRVHALKEGF--------- 
 ZmaTRZ1  (204) FSGDTTADFILDP----DNADVLQAKILVVESTFLDDSISVEHAREYGHTHLFEITSQA--DKLQNKAILLIHFSARYT---------TEEIDAAINKLPPSFRSRVYALKEGF--------- 
 AthTRZ1  (182) FTGDTTSDFVVDE----TNADALKAKVLVMESTFLDDSVSVEHARDYGHIHISEIVNHA--EKFENKAILLIHFSARYT---------VKEIEDAVSALPPPLEGRVFALTQGF--------- 
 CsaTRZ1  (199) FTGDTTSDFIVDE----NNIDVLRAKILVMESTFLENRVKVEHAREYGHTHLFEIINHA--KKFKNKAILLIHFSARYTT--------EVFYYLFDRYGCCGLRNYSTSLKEAGFSC------ 
 GmaTRZ1  (181) FTGDTMSDFIVDE----NNTDVLRARILVLECTFVNNSITVEHARDYGHTHLSEIISYA--ESLQNRAILLIHFSARYT---------VEEIQHAVSALPPSLSGRTFALTEGF--------- 
 CclTRZ1  (190) FTGDTMSDFIVDE----ANIDVLRARILVMESTYVDDSTTVEQARDYGHTHLSEIVEYA--EKFENKAILLIHFSARHK---------VDEIRRAVDAVPAPLAGRVFALTEGF--------- 
 MguTRZ1  (208) FTGDTMSDFIVDP----ENIDALRAKILIMESTFVEDSSKVEDAREYGHTHLSEIIGYA--DMFQNKAILLIHFSARYQ---------LDVIEKAISGLPPPLAGRVFALTKGF--------- 
 AcoTRZ1  (185) FTGDTMSDFIVDP----NNVDALSAKILVLESTYVDNTMTVQNARDYGHIHLSEIKYHA--DRFHNKAILLIHFSARYK---------LDEIKAAVSAMPPSLEGRVFALTNGF--------- 
 VviTRZ1  (192) FTGDTMSDFILDH----TNVDALMARVLIMESTFVDNTVTVEHAREYGHTHLSEIVSYA--DRFQNKAILLIHFSARYT---------TDEIQEAVSALPPPLGGRVFALTEGF--------- 
 EgrTRZ1  (211) FTGDTTSDFIHDE----NNADVLRAKILIMESTFVDDKVTVEHAKDYGHTHLSEIVGCA--DRFANKAILLIHFSARHK---------REEIEAAISALGPPLAGRVFAMTEGF--------- 
 AthTRZ2  (251) FTGDTTSEYMLDP----RNADALRAKVLITEATFLDESFSTEHAQALGHTHISQIIENA--KWIRSKTVLLTHFSSRYH---------VEEIREAVLKLQSKVSAKVIPLTEGFRSRYS---- 
 MguTRZ2  (260) FTGDTTSDFFLDP----RSADALRAKILITEATFLDESVSVEHAREHGHTHLSEIMEHA--QWIRNQTVVLTHFSSRYH---------IEDIRQAVSKLQSKVSAKVIGLTEGFKSLYNT--- 
 CclTRZ2  (251) FTGDTTSEFMLNP----RNADALRAKILITEATFLDDEMSIEHAQQHGHTHLSEIIENA--KWIRNKAVLLTHFSSRYH---------IEDIRQAVLKLQSKVSAKVVPLTEGFKSVYTS--- 
 EgrTRZ2  (254) FTGDTTSDYMLNP----RSADALRAKVLITEATFLDDNISIEHAQQHGHTHLFEIIEHA--QWIRSKAILLTHFSSRYN---------VEDIRQAASKLQSKVSAKVVTLTEGFKSAYS---- 
 CsaTRZ2  (245) FTGDTTPDFMLDP----RNADALRAKILITEATFLDEAVSIEHARQHGHTHIFEIIENA--QWIRNKAILLTHFSSRYH---------IEDIRKAVSKLQSNLTAKVVPLTEGFKSEY----- 
 VviTRZ2  (251) FTGDTRSDFMLEP----RNADALRAKVLITEATFLDNGISIDHAREHGHTHLFEIIENA--EWIRNKAVLLTHFSSRYH---------IEDIRKAVSKLQSKVSARVVPLMEGFKSMYA---- 
 GmaTRZ2  (250) FTGDTTSDFMLDP----CNADALRAKIFITEATFLDDSFSIDHARQHGHTHLFEIIANA--QWIRNEAVLLTHFSPRYT---------IEDIRQAASKLQSRLSAKVVPLTEGFKSMYS---- 
 OsaTRZ2  (262) FTGDTKSDFILDP----RNADALRAKVLITEATFLDDQIDVDHAREHGHMHLSEIMEHS--QWFRNKAIVLTHFSNRYS---------LEDIRQAVSKLQSKLSSKVVALTEGFKSDYR---- 
 ZmaTRZ2  (254) FTGDTKSDFILDP----RNADALRAKVLITEATFLDDHVDVEHAREHGHMHLSEIMEHF--QWFRNETIVLTHFSNRYS---------LEDIRQAVSRLQPKLNSKVVALTEGFKSDYR---- 
 TmaTRZ1  (187) ISGDSLA---LDP------EEIRGTELLIHECTFLDARDR----RYKNHAAIDEVMESV--KAAGVKKVILYHISTRYIR-------QLKSVIKKYREEMPDVEILYMDPRKVFEM------- 
 BsuTRZ1  (208) FSGDTRV---SDK----LKELARDCDVLVHEATFAKEDRK--LAYDYYHSTTEQAAVTA--KEARAKQLILTHISARYQG-----DASLELQKEAVDVFPNSVAAYDFLEVNVPRG------- 
 HsaTRZ1  (250) ILGDCSGVV-GDG----GVKLCFEADLLIHEATLDDAQMD--KAKEHGHSTPQMAATFA--KLCRAKRLVLTHFSQRYKPVALAREGETDGIAELKKQAESVLDLQEVTLAEDFMVISIPIKK 

Figure 3 Amino acid sequence alignment of the representative TM-type green plant and non-green plant tRNase ZSs. Plant TM-type
tRNase ZSs are from C. reinhardtii (CreTRZ1), V. carteri (VcaTRZ1), M. pusilla (MpuTRZ1) O. lucimarinus (OluTRZ1), P. patens (PpaTRZ1 and PpaTRZ2),
S. moellendorffii (SmoTRZ1), O. sativa japonica (OsaTRZ1 and OsaTRZ2), Z. mays (ZmaTRZ1 and ZmaTRZ2), A. thaliana (AthTRZ1 and AthTRZ2) [20],
C. sativus (CsaTRZ1 and CsaTRZ2), G. max (GmaTRZ1 and GmaTRZ2), C. clementina (CclTRZ1 and CclTRZ2), M. guttatus (MguTRZ1 and MguTRZ2),
A. coerulea (AcoTRZ1), V. vinifera (VviTRZ1 and VviTRZ2) and E. grandis (EgrTRZ1 and EgrTRZ2). Non-green plant tRNase ZSs are from T. maritima
(TmaTRZ1) [30], B. subtilis (BsuTRZ1) [60], humans (HsaTRZ1) [14]. Protein accession numbers are shown in Table 1. Alignment presentations are
as described in the legend to Figure 1.
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Figure 4 Sequence logos of unique motifs found in candidate TM-type tRNase ZSs from green plants. The sequence logos of motifs
specific to candidate TM-type tRNase ZSs from green plants were derived from the 51 alignments. The sequence logos were created using
WebLogo http://weblogo.berkeley.edu. The height of each amino acid indicates the level of conservation at that position. Amino acids are
colored as follows: red, basic; blue, acidic; orange; polar; and green, hydrophobic.

Fan et al. BMC Evolutionary Biology 2011, 11:219
http://www.biomedcentral.com/1471-2148/11/219

Page 13 of 22

http://weblogo.berkeley.edu


ψ PxKxRN moitf                 ψ Motif I                ψ Motif II 
 OsaTRZ3   ( 96) VAFNKTRAEGKDGRKGR--SMELKSR----KLNPINTICYVQILGTGMDTQDTSPS-ILLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLTRVCSETAGGLPGLVLTL 
 ZmaTRZ3   ( 78) VAFNRKRAEGKDGGKRG--SMELKTR----RLNPVNTTCYVQILGTGMDTQDTSPS-ILLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLTRVCSETAGGLPGLVLTL 
 AthTRZ3   ( 68) FVFNKRRAEGFDITDKKKRNLERKSQ----KLNPTNTIAYAQILGTGMDTQDTSSS-VLLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-IDHVFLSRVCSETAGGLPGLLLTL 
 AthTRZ4   ( 95) FEFNKRRAEGLDKVDKPKKNLKRNTR----TLNPTNTIAYVQILGTGMDTQDTSPS-VLLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-VDHIFLSRVCSETAGGLPGLLLTL 
 MguTRZ3   (127) FGFNRKRAEGRDDSDRPKKHLQLKSR----KLNPANTISYVQILGTGMDTQDTSPS-VLLFFDKQRFIFNAGEGLQRFCSEHKIKLSK-IDHIFLSRVCSETAGGLPGLLLTL 
 GmaTRZ3   ( 55) SSFNKRRAQGRDKNDISKKNLLLKVR----KLNPINTISYVQILGTGMDTQDTSPS-VLLFFDNQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLSRVCSETAGGLPGLLLTL 
 CsaTRZ3   ( 84) FGFNKRRAEGRDKTDLPKKNLQLKVR----KLNPANTISYVQILGTGMDTQDTSPS-VLLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLSRVCSETAGGLPGLLLTL 
 CclTRZ3   ( 87) FGFNKRRAEGRDKDVHDKKKLQLKVR----KLNPINTLSYVQILGTGMDTQDTSPS-VLLFFDNQRFIFNAGEGLQRFCTEHKIKLSK-VDHIFLSRVCSETAGGLPGLLLTL 
 CpaTRZ3   ( 86) FGFNKRRAEGLDKNDRPKKNLQLKVR----KLNPTNTIAYVQILGTGMDTQDTSPS-VLLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-VDHIFLSRVCSETAGGLPGLLLTL 
 EgrTRZ3   (112) AGFNRKRAEGRDRSDGPRKELQLKKRP---RANPVSTISYVQILGTGMDTQDTSSS-VLLFFDHQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLSRVCSETSGGLPGLLLTL 
 VviTRZ3   ( 91) VGFNKRRAEGRDKNDRP-KTLQLKAR----KLNPVNTICYVQILGTGMDTQDTSSS-VLLFFDKQRFIFNAGEGLQRFCTEHKIKLSK-IDHIFLSRVCSETAGGLPGLLLTL 
 AcoTRZ3   ( 98) IGFNKRRAEGKDKNDKF-KNLQLKTR----KLNPVNTISYVQILGTGMDTQDTSPS-VLLFFDKQRFIFNAGEGLQRYCTEHKIKLSK-IDHIFLSRVCSETAGGLPGLLLTL 
 AcoTRZ4   ( 15) ---KKRKAKGKDKPINCSS---KKVR----TMDSNNSTAYFQILGNGMDTQDTSPS-ILLFFEKQRFIFNAGEGLQRYCTEHGIKLAK-IDHILLSRVCSETAGGLPGILLTL 
 SmoTRZ2   ( 1 ) -------MAVEAMRLPRAVSLRPPQR-----S-SKLGTSYIQILGTGMDSEDTMPS-VLLFFDNKRFIFNAGEGMQRFCVEHKIKLSK-IDHILFTRVCSETCGGLPGALLTL 
 SmoTRZ3   ( 1 ) ------MRDPREASATSRFDSLLFLL-----C-DAHSGELLQIFGTGMDTGETSPC-VLLFFDSKRFVFNAGEGLQRFCQENKIKLSK-VDHVLLTRVCSETAGGLAGALLTL 
 PpaTRZ4   ( 50) RGSSFFSSASSSLLLRGSWFGRIGVR-----S-SSTQSFSLQILGTGMDTGDTSPC-VLLFFDQRRFIFNAGEGLQRFCIEHKIKLSK-IDHIFLTRVCSETAGGLPGLLLTL 
 OluTRZ3   ( 1 ) -------MSTRRVVETLARRMSGPSR------ARRVGGAYVQVLHPGADARDATCASVLLCTDDARVVFNVGEGFQRLCVERRVKALKRCERVLLTRADSRAAGGLVGTLLTM 
 MpuTRZ3   ( 34) --RRAKKAPGAGYEVCARDGRVYDARGGELGRKQVGGDAYAQVVALGVDAGEDTSPGVLIFTNRRRYVFNVGEGFQRFCVEHGVALRK-LERVFLTRASARTSGGLTGMLLTV 
 CreTRZ2   ( 15) -AKQDKKGKQKQE-RQPQQ---RFERK---EGGLTHYSSFLQVLP--MDIEHTSPA-VLLFFDKERYLFNAGEGIQRLFREHRLKIRQ-VNAYFITRVSTETMSGLAGMALSV 
 VcaTRZ2   ( 14) -TKQDGKRKQKQQQTQPQAQQKRSERS---AGGMRHYSSYLQVLA--LDINHTSPS-VLLFFNNERYLFNAGEGIQRLFREHKIKISQ-INAYFITRITTETLGGLPGMALSV 
 DmeTRZ1   ( 23) -LMAATIASAKDPLTGPRYEREPNVLR-KKLASVVPGTVNLQVLG---SGANGAPAAVYLFTDQARYLFNCGEGTQRLAHEHKTRLSR-LEQIFLTQNTWASCGGLPGLTLTI 
 HsaTRZ2   ( 21) -TISQAPARRERPRKDPLRHLRTREKRGPSGCSGGPNTVYLQVVAAG---SRDSGAALYVFSEFNRYLFNCGEGVQRLMQEHKLKVAR-LDNIFLTRMHWSNVGGLSGMILTL 

 OsaTRZ3   (201) AG[ 0 ]IGEEGMSVNIWGPSD-LDFLASAMRSFIPNRAMLHTHSFGVEQNVSSSQ--------SKDATVIVDDEVVRISAMFVKP[ 12]NLKPGNTAIIYACELPELKGKF 
 ZmaTRZ3   (183) AG[ 0 ]IGDEGMSVNIWGPSD-LDFLAGAMRSFIPNRAMLHTHSFGADRNASSPQ--------STDSVIVLDDEVVRVSAMFVKP[ 12]DMKPGDTAIVYACELPEIKGKF 
 AthTRZ3   (175) AG[ 0 ]IGEEGLSVNVWGPSD-LNYLVDAMKSFIPRAAMVHTRSFGPSS--------------TPDPIVLVNDEVVKISAIILKP[ 7 ]GNKSGDLSVVYVCELPEILGKF 
 AthTRZ4   (202) AG[ 0 ]IGEQGLSVNVWGPSD-LKYLVDAMRSFIPRAAMVHTRSFGPSLNISDSAPQIGLSKPKDDAYVLVDDEVVKISAILLEP[ 6 ]GSKPGETAVIYVCELPEIKGKF 
 MguTRZ3   (234) AG[ 0 ]MGDEGMSVNVWGPSD-LKYLVDAMKSFIPNAAMVNTRSFGPTPDSNESS--RSMPHRIDEPFVLIDDEVVKLSAILLRP[ 12]SSANGDISVVYICELAEIKGKF 
 GmaTRZ3   (162) AG[ 0 ]MGEEGMSVNIWGPSD-LKYLVDAMRSFIPNAAMVHTKSFGPISNIDGPI--VQCQSKLLDPIVLIDDEVVKISAIILQP[ 16]AAKPGDMSVVYVCELPEIKGKF 
 CsaTRZ3   (191) AG[ 0 ]IGDVGMSVNVWGPSD-LKYLVDAMKSFIPNAAMVHTRSFGPTVSSDADA--VHELSKCREPIVLVDDEVVKISAILVHP[ 37]TVKPGDMSVVYVCELPEIKGKF 
 CclTRZ3   (194) AG[ 0 ]IGDEGLSVNVWGPSD-LKYLVDAMKSFIPHAAMVHTHCFGPAPSSDAS---LPDSAKSANHIILVDNELAKISAILLKP[ 6 ]PVKPGETSVIYVCELPEITGKF 
 CpaTRZ3   (193) AG[ 0 ]IGEEGMTVNVWGPSD-LKYLVDAMRSFIPRAAMVHTRSFGPESCSDTNI--LPDPSKFVDPIVLVDDEVVKVSAILLRS[ 6 ]AVKPGEMSVLYVCELPEIMGKF 
 EgrTRZ3   (220) AG[ 0 ]IGDEGMSVNIWGPSD-LKYLVDAMKSFIPNAAMVHTNSFGPAPSSDAAA--VPDLNQFADPIILVDDDVVKISAVLMWP[ 11]AMRPGDMSVVYVCELPELKGKF 
 VviTRZ3   (197) AG[ 0 ]MGDEGMSVNIWGPSD-LKYLVDAMRSFIPNAAMVHTRSFGQALGSDGAP--IPDLREFSDPIVLIDDEVVKISAILLRP[ 8 ]MVKPGDISVIYVCELPEIKGKF 
 AcoTRZ3   (204) AG[ 0 ]MGDAGMSVNIWGPSD-LKFLVDAMRSFIPNAAMVHTHSFGSTSSADGAK--VSSQEKFAEPIVLIEDEVVKISALLIRP[ 21]SLKPGDISVIYVCELPEIKGKF 
 AcoTRZ4   (116) AG[ 0 ]MGEEGLSVEVWGPSD-LHHLGEAMESFIS-ANVIHTRCFGPTPEGDGAT----DSGFGKLVNLPIPGQAVKISAIPIKP[ 29]ALKTDVISVIYVCELPEIKGKF 
 SmoTRZ2   ( 99) AR[ 0 ]--DLEATVNIWGPSK-LQFLLNAMSTFIPNSSILHAHIFGSDTMPQ--------------GGTIIDDDVVKISGTLLQP[ 14]-------SVVYVCELPEVKGRF 
 SmoTRZ3   (100) A-[ 0 ]-GDVGLTLNIWGPSD-LQCLITAMSTYLPNASFFYTHAFGKDGKLLPEH--AKD-PN---IAVLLEDDLVKISAVLLVP[ 14]---PGDVAVVYVCELPEVRGKF 
 PpaTRZ4   (155) AG[ 0 ]IGDAGMAVNIWGPSE-LKYLVDAMRTFVPGASVVHTHSFGGSVGSRNEG--TKA-QAEKSSEVLLEDDVVKITAVLLRS[ 25]ADESYDVSVAYVCELPEVKGRF 
 OluTRZ3   (101) SD[ 9 ]AGVERRRVEVCGPDGRLRALTRAVRTLFGSGRAVELTTRGAARRAR---------------SVVADDGKVAISAVVLGG[ 20]DEDASDEVASYDVKLAAIPGKF 
 MpuTRZ3   (144) AD[ 13]EACDIPELTVHGPPR-VGRLLGAFHTLVGTNRNVKVNSRPFELTAPGGP-TERHPHAHKDEQMEVTPVVISLPATTATR[ 54]LDETEAEAVCYGLQMAPSAGKF 
 CreTRZ2   (116) TP[ 5 ]LLGKQVSANIKGPRG-LAGYVAAFRTYVNKENTVAVEEFDSNTTEPLLKSDVVSITPFLVHSAVSSGSAAAAAEAEAAK[ 47]ADLSPPATAVYLVRLSGRPGKF 
 VcaTRZ2   (119) LP[ 5 ]LLSKQVACAVKGPPG-LSSYVAAFRNYINQENTVAVEEFDHATSTPVLQTDVVSITPILVRVGETNISSEGPPVAADGD[ 33]AGLSHPDIAIYAIQLAGRPGKF 
 DmeTRZ1   (130) QD[ 2 ]----VRDIGLHGPPH-LGSMLQSMRRFVVLKNLQVRPNDCSEG-------------------ACFEDSILKVDSLPLIN[ 0 ]SEDPTKSVINYICQLKPRAGAL 
 HsaTRZ2   (129) KE[ 2 ]----LPKCVLSGPPQ-LEKYLEAIKIFSGPLKGIELAVRPHSAPEYEDETMTVYQIPIHSEQRRGKHQPWQSPERPLSR[ 26]GVRDSSLVVAFICKLHLKRGNF 

Flexible arm 
GP motif     

 OsaTRZ3   (307) DPA-KAAALGLKPG-----PKYRELQLGNSVQSDAFDKMVHPSDVLGPSIPGPTVLLVDCPTKYHMHELFSLQS[ 11]AGSPKKVNCVIHLGPSSVTEALDY--QNW[ 0 ] 
 ZmaTRZ3   (289) DPS-KAAALGLRPG-----PKYRELQLGNSVQSDQFDEMVHPSDVLGPSIPGPTVLLVDCPTQYHMPELFSLHP[ 11]SG--KKVNCIIHLGPSPVTRSVDY--QNW[ 0 ] 
 AthTRZ3   (270) DLEKAKKVFGVKPG-----PKYSRLQSGESVKSDERDITVHPSDVMGPSLPGPIVLLVDCPTESHAAELFSLKS[ 11]TIGAKFVNCIIHLSPSSVTSSPTY--QSW[ 0 ] 
 AthTRZ4   (310) DPK-KAMALGLRAG-----PKYSYLQSGQSVKSDFKDITVHPSDVMGPSVPGPVVLLVDCPTESHAEELLSIPS[ 11]TDGAKLVNCIIHLSPASVTNSSTY--RSW[ 0 ] 
 MguTRZ3   (346) DPK-KAIALGLRPG-----PKFRELQLGNSVKSDNQDVMVHPSDVLGPSVAGPIVILVDCPTSSHLHELSSLKC[ 12]PEGSKLVNCVIHLTPESVSKTEDY--RMW[ 0 ] 
 GmaTRZ3   (278) DPE-KAKALGLRPG-----PKYRELQLGNSVKSDRQNIMVHPSDVLGPSVPGPIVLLVDCPTESHLEALLSVQS[ 11]PEAGKSVTCVIHLTPSSVVSCSNY--QKW[ 0 ] 
 CsaTRZ3   (328) DPS-KAAALGLKPG-----PKYRELQLGNSVMSDHQKIMVHPSDVLGPSVPGPVVLLIDCPTESHLSELMSLES[ 12]TETGKVVTCVIHLSPASILGNPNY--QKW[ 0 ] 
 CclTRZ3   (299) DPK-KAVALGLKPG-----PKYRELQSGKSVKSDTLDIMVHPSDVLGPSLPGPIVLLVDCPTESHVLELLSAES[ 11]PQCAKTVNCIIHLSPVSVTGTSNY--QKW[ 0 ] 
 CpaTRZ3   (299) DPK-KAVALGLKAG-----PKYGQLQSGKSVKSDRLDIMVHPSDVMGPSVPGPIVFLVDCPTEHHAQELLSTES[ 12]EGTTKTVNCIIHLTPASVIHTQSY--QEW[ 0 ] 
 EgrTRZ3   (331) HPE-RAKEKGLRPG-----PEYRELQLGKSVFSKKLNITVHPSDVMDPSIPGPVVLLVDCPTQSHFQRLSSLGS[ 10]KETQKAVTCVIHLSPASVVSSPDY--TNW[ 0 ] 
 VviTRZ3   (305) DPQ-KAVALGLKAG-----PKYRELQLGKSVVSDRKNIMVHPSDVMGPSIPGPLVLLVDCPTESYLQDLLSVES[ 12]PESAKTVNCVIHLSPASVVRAPNY--QVW[ 0 ] 
 AcoTRZ3   (325) DPA-KAAALGLKPG-----PKYRELQLGNPVKSDKQNIMVHPSDVLGPSIRGPIVLLIDCPTPSHVQGLLSIQS[ 12]PDDVKSVDCIIHLSPSSVTTTAIY--QKW[ 0 ] 
 AcoTRZ4   (242) DVN-KAKALGVPQG-----PKYGKLQCGYSVMSDDQNIMVHPSDVLAPSRPGPIVLLVDCPTIMHLQELVTIQS[ 11]--GSKSVNFIIHLSPPSVTTTVTY--QKW[ 0 ] 
 SmoTRZ2   (192) DPA-KAVSLGLQPG-----QKYGQLQRGMTVETDDGARTIHPDDVMEPSTSGPVFIVVDCPTVSHIPALTSAAS[ 9 ]--TKAEVVCVVHLSPSPVVEDAGY--SCW[ 0 ] 
 SmoTRZ3   (205) DPV-KAAALGLRPG-----RKYALLQSGTSVLSDDGTTEILPESVMEPSSPGPKVILVDCPTMFHIPSLLTANG[ 8 ]--GAASVACIVHMSPAIVVNDSKY--QDW[ 0 ] 
 PpaTRZ4   (279) DIE-KARKFFNRPG-----PHYGLLQSGKSVLASDGVTMVHPEDVMDPSSPGPIFILVDCPTAAYIPALITN-P[ 8 ]--GSKQVTLVVHISPASISQLPEY--QSW[ 0 ] 
 OluTRZ3   (218) DMR-AAVELGVPNG-----PQRGRLVRGESITLDDG-SVVSPEMCVGPEQPGPRVVVFDAPTTAHVREATTR--[ 9 ]-----DLSVVVHLASAAIVSTKEY--AAL[ 5 ] 
 MpuTRZ3   (312) DNA-KAEALGIPKG-----PWCSDLVHGYSITLENG-TVIEPSMVVGAPTTGARIFIADVPTTRHLAEITREGS[ 30]AFPIGDLGCVFHLTPSSVANTPEY--EAW[ 8 ] 
 CreTRZ2   (270) LPD-KARQLGVKPG-----PLFGELQRGHSVTLEDG-RVVTGADVCEPPVPGPAVMVVDTPDAASLAAVAAHPR[ 12]-DGAGRLCLVVHLLPAALAADGAA-LAAW[ 1 ] 
 VcaTRZ2   (259) MPE-KAIELGVEPG-----PLFGQLQRGLSVTTKSG-RVVSPGEVMEAAVPGPAVLLLDTPSLESLRAVAKDER[ 21]SGGSPRVCVAIHLMPAELAVNGAEDLAAW[ 1 ] 
 DmeTRZ1   (211) NLV-KCVEQGVPPG-----PLLGQLKNGNDITLPDG-KVVRSVDVTEASETALSFVFLDVPSENYLPALLTHGK[ 9 ]---LTEVALVVHFTPYHISSRQVYKD-FV[ 1 ] 
 HsaTRZ2   (255) LVL-KAKEMGLPVGTAAIAPIIAAVKDGKSITHEGR—-EILAEELCTPPDPGAAFVVVECPDESFIQPICENAT[ 11]------VALVVHMAPASVLVDSRY--QQW[ 1 ] 
                  
 OsaTRZ3   (413) MRKFGATQHIMAGHEIKN-MEIPILKGSARISSRLHFVCPHLFP-SSGFWPVEPINDVDSEKNKVS[ 4 ]CESVSAAN[ 0 ]LLKFHLRPYAQLGLDR---SSIPS[ 85] 
 ZmaTRZ3   (393) MKKFGATQHIMAGHEIKN-MEIPILKGSARISSHLNFVCPQLFP-SSGFWSEQPSNDVMEN-DKSV[ 4 ]CGSVSAQN[ 0 ]LLKFHLRPYAQLGLDR---TSIPN[ 79] 
 AthTRZ3   (377) MKKFHLTQHILAGHQRKN-MAFPILKASSRIAARLNYLCPQFFP-APGFWPSQLTDNSIIDPTPSN[ 7 ]AESISAEN[ 0 ]LLKFNLRPVAIRGIDR---SCIPA[ 49] 
 AthTRZ4   (416) MKRFHSAQHILAGHEAKN-MEFPILRASSRITARLNYLCPQFFP-APGFWSHQH-DNNSINPTSLS[ 7 ]GESISAEN[ 0 ]LLKFTLRPHGNLGVDR---SSIPS[ 47] 
 MguTRZ3   (453) MSKFGGAQHIMAGHEMKN-IEVPILKASARIAARLNYLCPQFFP-SPGFWSLQNLNLLPSEAMASP[ 8 ]SALIPAEN[ 0 ]LLKFQLRPYANLGLDK---SSIPS[ 52] 
 GmaTRZ3   (384) MKKFGSAQHIMAGHEKKN-VEIPILKASARIATRLNYLCPQFFP-APGLWSLPNHNSSKFGCLASS[ 7 ]SEVISAEN[ 0 ]LLKFTLRPYAHLGLDR---SCIPT[ 58] 
 CsaTRZ3   (435) ARRFESAQHIMAGHHRKN-VAIPILRASAKIAARLNHLCPQLFP-APGFWSHQQLTMPGSDSCAST[ 7 ]YKSTLAEN[ 0 ]LLKFTLRPYAQLGFDR---SNIPS[ 57] 
 CclTRZ3   (405) MKRFGSAQHIMAGHEMKN-VEIPILKSSARITTRLNYLCPQLFP-ASGFWSLPHFNTSAAESSASE[ 2 ]VPSICAEN[ 0 ]LLKFTLRPLANLGIDR---TNIPS[ 57] 
 CpaTRZ3   (406) MKRFGSAQHIIAGHEMQN-VEVPILKASARIAARLNYLCPQFFP-APGFWSLHHSNNSAVEPITSI[ 7 ]CESVSAEN[ 0 ]LLKFTLRPHAHLGLDR---SSIPT[ 47] 
 EgrTRZ3   (436) MKRFGSAQHIIAGHEMKN-IEIPILSSSSRIAARLNYLCPQLFP-ASGFWSLEQSDSVHLSEGTSL[ 1 ]CPSISAEN[ 0 ]LLKFTLRPRDKIGLDK---SYIPN[ 52] 
 VviTRZ3   (412) MKRFGAAQHIMAGHEMKN-VEIPILKSSARIAARLNYLCPRFFP-APGFWSLRHLNHSIPELIASS[ 12]CESVAAEN[ 0 ]LLKFHLRPYAQLGLDR---SGIPS[ 58] 
 AcoTRZ3   (432) MKRFGGVQHIMAGHEIKN-TEIPILKSSARIAARLNYLCPQFFP-APGFWSLQNLKDFAPDSSEGS[ 4 ]CDSISAEN[ 0 ]LLKFHLRPYAQLGLDR---SGIPS[ 97] 
 AcoTRZ4   (346) MARFGEAKHIMTGHEIKN-MKIPILQASVRVETQLNYLCPQFFP-ASGFLSLQHIQDNNDLSKGSG[ 3 ]CDSISGEN[ 0 ]LMKIQLLPQPRLNEENQHTKLIPE[ 82] 
 SmoTRZ2   (294) MTRFAAAQHVLAGPGWSK-TRCPIFKSSALLLAKLNMVCPRVFP-FNLGV-DKSDTKFSEVKHSPV[ 14]ALWLLTTF[ 0 ]SRQFQLLPLPLLGLEK---SPAVE[ 36] 
 SmoTRZ3   (306) MRLFGSTEHILAGSGCSN-SLSPILKSSAKILSKLNFACPYVFP-VPGYGYESSKNQQILLQQQNN[ 0 ]LSVTIAKN[ 0 ]LLKFRLLPLSGLGMDG---SSVPE[ 60] 
 PpaTRZ4   (379) MSRFAGAQHVMTGHGTLN-MSQPVLKSSARVVSRLNRICPQVFP-ISGLQSSGRQDQIKDTQEKDS[ 2 ]DLISVGEN[ 0 ]LLKFRLRPLSSLGLDR---SAVPE[111] 
 OluTRZ3   (319) GGAPKDAAHVFANSDA--MDDVPVFASSARIQARLHAVSATVFP-ENNVPRSPPPSPSKDDKRRDG[ 5 ]PNALAGKN[ 0 ]MFKFTLIPTKNAGADMS---AVPR[ 43] 
 MpuTRZ3   (444) PGVSLRPSHLAFN------PDTPRRLSAPPDAFQLHPD-NKVFPPRSAKAAWTQRIAWATDRAKVA[ 1 ]DN------[ 0 ]WVRYVLMPVDKQRVDATDARAPPA[ 60] 
 CreTRZ2   (377) GALGPAWRHVVVSSGQ---HQPSAIPRATVFQAQLHAVHPTAFP-LFALDNAGAAAAAAVAAVLAP[ 3 ]APVLPLPE[ 9 ]ALRVNLVPPARQGLEYGDVFRRVY[ 86] 
 VcaTRZ2   (377) AQLGPSWRHVVVSSGA---QQPSSIPRATVFQAKLHALSAACFP-VFALGNAVAPPPVAEAELDP-[ 0 ]GSVIQAAS[ 0 ]AVRVNLMPLTRLGLEYGDVFK---[ 98] 
 DmeTRZ1   (313) ESFSSEAQHIYLSSPLN---QFSGYAAAHRIQHQLHQLAPQVFP-LLGEQLSCQSQTLSLNLKKTK[ 7 ]DKANAKAN[ 9 ]MTNYHLRP--RKGLDR--------[ 33] 
 HsaTRZ2   (359) ERFGPDTQHLVLNENCAS----VHNLRSHKIQTQLNLIHPDIFP-LLTSFRCKKEGPTLSVPMVQG[ 0 ]--------[ 2 ]LLKYQLRPRREWQRDAIITCN---[ 28] 

Figure 5 Sequence alignment of N-terminal halves of representative green plant and non-green plant tRNase ZLs. Green plant tRNase
ZLs are from O. sativa japonica (OsaTRZ3), Z. mays (ZmaTRZ3), A. thaliana (AthTRZ3 and AthTRZ4) [20], M. guttatus (MguTRZ3), G. max (GmaTRZ3),
C. sativus (CsaTRZ3), C. clementina (CclTRZ3), C. papaya (CpaTRZ3), E. grandis (EgrTRZ3), V. vinifera (VviTRZ3), A. coerulea (AcoTRZ3 and AcoTRZ4), S.
moellendorffii (SmoTRZ2 and SmoTRZ3), P. patens (PpaTRZ4), O. lucimarinus (OluTRZ3), M. pusilla (MpuTRZ3), Chlamydomonas reinhardtii (CreTRZ2)
and V. carteri (VcaTRZ2). Non-green plant D. melanogaster (DmeTRZ1) [16] and humans (HsaTRZ2) [14] are included for comparison. The
annotation of the alignment is as described in the legend to Figure 1.
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PxKxRN                             Motif I                          Motif II 

 OsaTRZ3   (595) IPCCVENATREDMEITFLGTGSSQPSKYRNVSSIYINLFT---QGGILLDCGEGTLGQLKRRFG-VSGADDAVKSLKCIWISHIHADHHTGVARVLALRSKLLKG--VPHKP- 
 ZmaTRZ3   (568) IPCCVEDATREDMEITFLGTGSSQPSKYRNVSSIYINLFE---RGGILLDCGEGTLGQLKRRFG-VNDADEAVKGLRCIWISHIHADHHTGLARILALRSKLLKG--VPHKP- 
 AthTRZ3   (526) LPNCLEKIRRDDMEIVILGTGSSQPSKYRNVSAIFIDLFS---RGSLLLDCGEGTLGQLKRRYG-LDGADEAVRKLRCIWISHIHADHHTGLARILALRSKLLKG--VTHEP- 
 AthTRZ4   (562) VPSCLENIRRDDMEIVLLGTGSSQPSKYRNVTAIYIDLFS---RGSILLDCGEGTLGQLKRRYG-LEGADEAVRNLRCIWISHIHADHHTGLARILARRRELLKG--LAHEP- 
 MguTRZ3   (606) LPPCLENLTRKDMEIVLLGTGSSQPSKYRNVSSIFIDLFS---KGSLLLDCGEGTLGQLKRRFG-VQGADEAVRKLRCIWISHIHADHHTGLARILALRRDLLKG--TSHEP- 
 GmaTRZ3   (542) IPACLENIRRDDLEIVLLGTGSSQPSKYRNVSSIYINLFS---RGGLLLDCGEGTLGQLKRRYG-VTGADDAVRTLRCIWISHIHADHHTGLARILALRRDLLRG--VPHEP- 
 CsaTRZ3   (592) VPSCLENIRRDDLEIVLLGTGSSQPSKYRNVSSIYINLFS---KGSMLLDCGEGTLGQLKRRYG-VEGADAAVRSLRCIWISHIHADHHTGLARILALRRDLLRE--VPHEP- 
 CclTRZ3   (557) LPNCLDNVRRDDLEIVLLGTGSSQPSKYRNVSSIYVNLFS---KGSLLLDCGEGTLGQLKRRYG-VEGADSAVGKLRCIWISHIHADHHAGLARILALRRDLLKG--VPHEP- 
 CpaTRZ3   (553) APNCLENISRDDLEIVLLGTGSSQPSKYRNVSSIYLNLFS---KGSLLLDCGEGTLGQLKRRYG-VEGADNAVKNLRCIWISHIHADHHTGLARILALRRDLLQG--VPHEP- 
 EgrTRZ3   (582) LPNCLENIRRDDLEIVLLGTGSSQPSKYRNVSSIYINLFA---KGGMLLDCGEGTLGQMKRRFG-VGGADDAVKGLRCIWISHIHADHHSGLARILAQRRDLLKG--VPHEP- 
 VviTRZ3   (575) LPGCLENITREDMEIVLLGTGSSQPSKYRNVTSIYINLFS---KGSLLLDCGEGTLGQLKRRFS-VEGADNAVRGLRCIWISHIHADHHAGLARILTLRRDLLKG--VPHEP- 
 AcoTRZ3   (620) LPSCLENITKEDMEVVLLGTGSSQPSKYRNVSSIYVNLFS---KGSLLLDCGEGSLGQLKRRFG-VKGADDAIRSLKCIWISHIHADHHTGLARILSLRRELLKG--VSHEP- 
 AcoTRZ4   (527) LPSSLEKISREDMEIVLLGTGSSQPSTFRNVSSIFVNLFS---KGGLLLDCGEGTLGQLKRRYG-IRGADDVVRSLRCIWISHIHADHHTGLTRILALRCELLRG--VPHEP- 
 SmoTRZ2   (436) TAPACISSKADDLEIVFLGTGSMHPSKHRNVSAIYLHLFE---RGGMLLDCGEGTYGQLKRRYG-IQGADSVLANLKCIWISHIHADHQSGLTRILTARKALLQA-QGRVQP- 
 SmoTRZ3   (459) IPDTLKAIGRKEVELIFLGTGSSQPSTYRNVSAIYVHLFA---NGGMLLDCGEGTYGQLLRRYR-VFRTDSVVAGLRLIWISHIHADHHGGLSRILSVRRQLLSK-SGNVEP- 
 PpaTRZ4   (585) IPPCLQGITREEMEIVFLGTGSSQPSKYRNVSAIYMHLFE---RGGIILDCGEGSYAQLRRRY--GSQTDDVLAGLKLVWISHIHADHHTGLVRILAVRKAILEA-RGAFSP- 
 OluTRZ3   (459) P-EYLRKLKPGDVELVFLGTGSAVPAKYRNVSGFSMQFGGEGYRGNIMLDTGEGSLAQMIRRFG-ASAVDEKLREMRMVWISHIHADHHVGLPRILTARAEIFRR--DGVEPP 
 MpuTRZ3   (597) TPRALRGLREGDVELSFLGTGSSAPAKYRNVSGIFLDVPS---RGCMFLDAGEGTFGQLNRLYG-AAGADARLRRLKMIWISHVHADHHVGVPTLLAERRARMIA-SGIENPP 
 CreTRZ2   (562) PPSTVASGDRRQAELTFLGTASSQPSKFRNVSGCYVDLFE---RGGLLVDCGEDAMGQLARRYGGAGAAARL-EELALVWVSHMHADHHGGLYRLLEWRARRGCP------P- 
 VcaTRZ2   (565) VPEPLTSGDRRMAELTFLGTASSQPSKYRNVSGCYVDLFE---AGGLLVDCGEDAMGQMKRRFGVQEAERRLGEQLAAVWVSHMHADHHGGLYRLLEWRARRGAP------P- 
 DmeTRZ1   (446) ---FPDNSADSYPKIIFLGTGSCIPNKTRNVSSILIRTAID---AYVLLDCGEGTYGQIVRLYG-HEKGQLILRQLQAIYVSHLHADHHIGLIGLLRERRQLKPR----ADP- 
 HsaTRZ2   (471) --PAPAEKRSQYPEIIFLGTGSAIPMKIRNVSATLVNISP---DTSLLLDCGEGTFGQLCRHYG--DQVDRVLGTLAAVFVSHLHADHHTGLPSILLQRERALASLGKPLHP- 

Motif III

 OsaTRZ3   (701) -LLVIGPRPLERFLNAYSTLEDLDMQFLDCRQTLKPSIEAFLSD[ 9 ]LGSTIFAPGSKMENYSRK[ 0 ]PASPRDTT----ALTNLKDVLHESGLEVLYSVPVLHCPQAF 
 ZmaTRZ3   (674) -LLVIGPRPLERFLNAYSTLEHLDMQFLDCRHTLKSSVEAFLSE[ 9 ]LETTMFAPGTRMENYNRK[ 0 ]PASPRDTT----ALANFKEVLQESGLEILYSVPVLHCPQAF 
 AthTRZ3   (632) -VIVVGPRPLKRFLDAYQRLEDLDMEFLDCRSTTATSWASLESG[ 2 ]AEGSLFTQGSPMQSVFKR[ 0 ]SDISMDNSSVLLCLKNLKKVLSEIGLNDLISFPVVHCPQAY 
 AthTRZ4   (668) -AIVVGPRSLKNFLDAYQRLEDLDMEFLDCRNTTTTSWASVETS[ 10]AEGSLFSKGSLMQSIYKR[ 1 ]SSPLTDNSSALPFLKKLKKVLGEMGLEHLISFPVVHCPQAF 
 MguTRZ3   (712) -VIVVGPRQLKRFLAAYQRLEDLDMQFLDCSQTTEASIESNQGD[ 12]ADSTLFTRGVPMQSYWKR[ 0 ]PISPSQVAAALPILESLKKVLNEAGLEALISFPVIHCPQAF 
 GmaTRZ3   (648) -LLVVGPRQLKRYLDAYQRLEDLDMLFLDCKHTTAASLEAFEDD[ 22]VDSTLFARGSRMQTYFKR[ 0 ]PGSPVDKDVVSPILKKFKEVIQEAGLKALISFPVVHCPQAF 
 CsaTRZ3   (698) -VLVIGPRQLRRYLNAYQRLEDLDMQFLDCKDTTEASLEAFQKL[ 30]TESSLFVKGSRMQSYWKG[ 0 ]PSSPVDINAAVPLLKCLNEVLNEAGLEALISFPVVHCPQAY 
 CclTRZ3   (663) -LLVVGPGPLKRYLDAYERLEDLDMQFLHCRYTREASWNDFEGN[ 22]TEANLFAKGSCMQSVWKG[ 0 ]PGIPVDNNAAFPLLKNLKNVLNEAGLETLISFPVVHCPQAF 
 CpaTRZ3   (659) -LLVVGPRQLKRFLDAYQRLEDLDMLFLDCKYTTEVSWNSFESD[ 26]TQGSLFARGSPMQSIWKK[ 0 ]PGSPTDNNAAFPFLKTLRRVLNEAGLESLISFPVVHCPQAY 
 EgrTRZ3   (688) -LLVIGPRQLKRFLDAYQRLEDLDMQFLDCRNTTEASLNFFEEA[ 30]PDSTLFARGAPMQSFWKR[ 0 ]PGSPPDISVAFPVLQNMKKMLKEAGLDALVSFPVVHCPQAF 
 VviTRZ3   (681) -LLVIGPRQLKRYLDAYQKLEDLDMQFLDCRHTTEVSLNAFECS[ 18]IDSSLFAKGSRMQSYWKR[ 0 ]PGSPVDHSVAFPILKNLKKVLCEAGLEALISFPVVHCPQAF 
 AcoTRZ3   (726) -LLVIGPRQLKRFLDAYQRLEDLDMQFVDCRHTTEASLASFESS[ 21]SETSLFARGSRMQSYLNR[ 0 ]PSSPVDIAMGLEILRNLKKVLGEAGLEALVSVPVVHCPQAY 
 AcoTRZ4   (633) -LLVIGPIQLEKFLEAYQKLEDLDMQFLDCRRTTEASMTDFEST[ 0 ]------------------[ 0 ]---------------HLKKVLVEANLDSLVSIPVLHCPNAF 
 SmoTRZ2   (543) -ILVIGPMFLRRYLTAYERLETLAMDFLDCSQTTIAAGSYNSKF[ 3 ]----LSLLCGGKRKHIDT[ 2 ]TGYDLATGLDATGRKKLDQVLQELGLKSLLSIPVIHCAHSF 
 SmoTRZ3   (566) -LLVVGPKLLKRVLEAYDMVEDLGVEFLDCSQTTLEASDIAAGG[ 3 ]--GFVSSIVSGSQEG-RS[ 7 ]RGYHLRNGLDEAGRSKLQDTLQALGLSSLVSVPVIHCPHAF 
 PpaTRZ4   (691) -VLVIGPKQLKRFLDAYGQLEDLGMEFVDCSQTTYDADDIAEVE[ 30]RIGLVRRSYSNSKTSPKK[ 9 ]PGANLMEGIDWSGRDKLRKTLSSLKLASLTSVPVVHCPHAF 
 OluTRZ3   (568) IIPVVGPRALRRFLDYYEDLERLHCDFIDLSETTQDKWS-----[ 0 ]------------------[ 0 ]--S----ETMSPQVARLRTALMGSDLDEIVAVPVHHCAHAY 
 MpuTRZ3   (705) PLVVVGPPALRRYLLAYEQVQPLCYHFVACHEVREDRWAAAAAD[ 2 ]-------RFPSLGFYEER[ 0 ]------------SLNLVRAACEEMELARVVSAPVVHCAQSY 
 CreTRZ2   (664) -LLVVGPQRLFEVLVKYSSVVPIQFTFVPNLALSNASAD-----[ 0 ]------------------[ 1 ]QLPPAVQRVLESTLARLGLGWRRLPPRGFRPFYVHHIHDAH 
 VcaTRZ2   (668) -LLIIGPTSLFEILLRYSAVVPMQFLFCRNVSLWGG--------[ 0 ]------------------[ 1 ]VGARGMSVMPKAVAAAYEAAKERLGLAALAPFPVEHIKDAH 
 DmeTRZ1   (547) -LILLAPRQIEPWLEFYNRQIETVEDAYTLVGNGELLASPLS--[ 0 ]------------------[ 0 ]-----------------GEQVERLGITSISTCLVRHCPNSF 
 HsaTRZ2   (576) -LLVVAPNQLKAWLQQYHNQCQEVLHHISMIPAKCLQEGAEISS[ 1 ]------------------[ 0 ]-----------AVERLISSLLRTCDLEEFQTCLVRHCKHAF 
                 

Motif IV                  HEAT               HST                     Motif V 
                                                                                           
 OsaTRZ3   (808) GVVLRAKEKVSSAGKAIPGWKVVYSGDTRPCPALVDASRDATVLIHEATFEDSMKDEAIARNHSTTKEAIAVGTSAGAYRIILTHFSQRYPKIP-VFDEVDMQKTCIAFDLMS 
 ZmaTRZ3   (781) GVVLKAMEKANSTGKVIPGWKVVYSGDTRPCPGLIDASRDATVLIHEATFEDSMKDEAIARNHSTTKEAIEVGTSAGAYRIILTHFSQRYPKIP-VIDEVDMEKTCIAFDLMS 
 AthTRZ3   (736) GVVIKAAERVNSVGEQILGWKMVYSGDSRPCPETVEASRDATILIHEATFEDALIEEALAKNHSTTKEAIDVGSAANVYRIVLTHFSQRYPKIP-VIDESHMHNTCIAFDLMS 
 AthTRZ4   (781) GVSLKAAERKNIAGDEIPGWKMVYSGDTRPCPEMVEASKGATVLIHEATFEDALVEEAVAKNHSTTKEAIKVGSSAGVYRTVLTHFSQRYPKIP-VIDESHMHNTCIAFDMMS 
 MguTRZ3   (826) GVAIRAADRVNAAGKNIPGWKIVYSGDTRPCPELVRASQGATVLIHEATFEDSMIDEAVARNHSTTKEAVEVGNSAGAYRIILTHFSQRYPKIP-VFEESHMHKTCVAFDMMS 
 GmaTRZ3   (772) GVVLKAEERTNTVGKVIPGWKIVYSGDTRPCPELIEASGGATVLIHEATFEDAMVEEAIARNHSTTNEAIEMGQSANAYRTILTHFSQRYPKIP-VFDETHMHKTCIAFDMMS 
 CsaTRZ3   (830) GVVLKAAERVNLDGKVIPGWKIVYSGDTRPCPKLMEASRGATLLIHEATFEDSLVDEAMAKNHSTTSEAIDIGNSAGAYRIILTHFSQRYPKIP-VVDEKHMHKTCIAFDLMS 
 CclTRZ3   (787) GFALKAAERINSVGKVIPGWKIVYSGDTRPCPELVEASRGATVLIHEATFEDGMMEEAIAKNHSTTKEAIDVGSSAGVYRIILTHFSQRYPKIP-VVDETHMHKTCIAFDLMS 
 CpaTRZ3   (787) GIVLKAAERINSVGKVIPGWKVAYSGDTRPCPELVEASCGATILIHEATFEDSMVEEAVTKNHSTTKEAVEVGSSAGAYRIILTHFSQRYPKIP-VVDETYMHKTCIAFDMMS 
 EgrTRZ3   (820) GVVLKASERLNSDGKLIEGWKIVYSGDTRPCPELTEASRGATVLIHEATFEDSMVDEAIARNHSTTEEAIQMGASAGVYRIVLTHFSQRYPKIP-VFDEAHMHKTCIAFDLMS 
 VviTRZ3   (801) GVVLKASERINSVGKVIPGWKIVYSGDTRPCPELIEAARGATVLIHEATFEEGMVDEAIARNHSTTNEAIEVGNSAGAYRIILTHFSQRYPKIP-VFDDAHMHKTCIAFDLMS 
 AcoTRZ3   (849) GLVLRAAERTNSAGKIIPGWKLVYSGDTRPCPELIEASRGATVLIHEATFEDGMVEEAIARNHSTTKEAIDVGDSAGAYRIILTHFSQRYPKIP-VFDETHMHKTCIGFDLMS 
 AcoTRZ4   (702) GLVVKAAERINSIGKTIPGWKLVYSGDTRPCPELEKAADGATVLIHEATFEDGMEKDADAKNHSTTKQAIKVGDKA--YRIILSHFSQRYPKIP-VFDETHMHKTCIGFDLMS 
 SmoTRZ2   (646) GIVLE---------SAQSGWKFAFSGDTRPCDAFVEAAKGATIFVHEATFDDGLLAEALEKNHSLTCEAVQAGAAAGAYRTILTHFSQRYPQIP-VFDASYNERTCIAFDMMS 
 SmoTRZ3   (675) GVVLEAQNKADTS---KAGWKLAYSGDTRPCKAFIEASYGATVFIHEATFEDGMSEEAVSKMHSSTHEAIQAGALARAYRTILTHFSQRYSKVP-VFDDSYNDRTCVAFDLMS 
 PpaTRZ4   (832) GVVLESEARTQPDGKRRKGWKIVYSGDTRPCQALVDASEGATVLIHEATFDDSMPEEAYAKKHSLTREAIETGVSAGVYRTILTHFSQRYPKIP-VFDDSYTSQTCIAFDMMS 
 OluTRZ3   (642) GAKLVG----------KRGWTMVYSGDTRPCPSLVAAARDATLLVHEATFENGMEEEAVKKRHSTTKEAVQTGIDAGAYRTILTHFSQRYPKIP-IFDGTYTERTAVAFDLMS 
 MpuTRZ3   (791) AVSVEAAD-------VVPGWKLVYSGDTRPCESLTRLATDATVLVHEATFENDMDEDAIKKRHSTTRDAVRTGVEARAYRTILTHFSQRYPKIP-VLDESVSERTAVAFDMMR 
 CreTRZ2   (744) GLRLEG----------EAGWSIVFSGDTRPCNETIAAARGATLLVHEATFEESMVGEAKAKKHSTTAEAVSVGERAGAYRIILTHFSTRYPTLP-ELDLAPHPRVSVAMDLQV 
 VcaTRZ2   (745) GLVLEG----------RAGWRLVFSGDTRPCRQTVEAARGATLLVHEATFEESMEGEARAKRHSTTAEAVGVGEEAGVYRTVLTHFSTRYPTLP-ELDLSRHPRVAVAMDLMS 
 DmeTRZ1   (612) GISLTLAAKHNS-----EPVKITYSGDTMPCQDLIDLGRDSTVLIHEATMEDDLEEEARLKTHSTVSQAIQQGRNMNARHTILSHFSQRYAKCPRLPSDEDMQRVAIAFDNME 
 HsaTRZ2   (650) GCALVHTS----------GWKVVYSGDTMPCEALVRMGKDATLLIHEATLEDGLEEEAVEKTHSTTSQAISVGMRMNAEFIMLNHFSQRYAKVP-LFSPNFSEKVGVAFDHMK 
               

 OsaTRZ3   (920) VNLA-DLPVLPKVLPHLKLLFKDEMVVDESDEIQEAVM-------------------------------------- 
 ZmaTRZ3   (893) VNLA-DLPVVPKVLPHLKVLFKDELVVDEAEEVQEAAVY------------------------------------- 
 AthTRZ3   (848) INMA-DLHVLPKVLPYFKTLFRDEMVEDEDADDVAMDDLKEEAL-------------------------------- 
 AthTRZ4   (893) INMA-DLHVLPKILPYFKTLFRNQVVEEEEEEEETDDDSLIRDKVPSFFIN------------------------- 
 MguTRZ3   (938) VNLA-DVHVLPRVVPYLKLLFRDEMIVDESEDVDLVTAIA------------------------------------ 
 GmaTRZ3   (884) VNVA-DLSVLPKALPYLKLLFRNEMMVDESDDVVEAVTSAS----------------------------------- 
 CsaTRZ3   (942) VNVA-DLSVLPKVLPYLTLLFRDEMMVDESDDVTMES--------------------------------------- 
 CclTRZ3   (899) INLA-DLPILPKVLPYFKLLFKDEMPVDESDDVVDAVSAAS----------------------------------- 
 CpaTRZ3   (899) INIA-DLSVLPKVVPYLKLLFRNEMALDESDDVYRCYNCSFIINIY------------------------------ 
 EgrTRZ3   (932) INIA-DLPMLPRVLPYLKMLFRNEMIVDESDDTGDSVSVAS----------------------------------- 
 VviTRZ3   (913) VNMA-DLPVLPKVLPYLKLLFRNEMTVDELDDVISAGLAS------------------------------------ 
 AcoTRZ3   (961) INIA-DLPVLPKILPHIKLLFRDEMITDEVDDIVDSVL-------------------------------------- 
 AcoTRZ4   (812) INIA-DLHVLPKILPYLKLLFRDKITAPESEDMQDTLE-------------------------------------- 
 SmoTRZ2   (749) VNLV-DLPLLPKLVPVMKLMFKEE---------------------------------------------------- 
 SmoTRZ3   (784) IDLV-DLPLLPSLIPVLKLLFKDDQAEEQAVPEAVAQ--------------------------------------- 
 PpaTRZ4   (944) VNLA-DLPLLPSLLPALKLLFKDDMASMEEEKEEVTEEAMVL---------------------------------- 
 OluTRZ3   (744) VDFA-GLSSLPKLLPAVRSLFESDDEIAREAQIDGDDDE------------------------------------- 
 MpuTRZ3   (896) VDFARDLPRLPSLVPAVQAVFLDPEEVFGGGGNNTAAANKKKKWGPPPRGGSKSPPRR------------------ 
 CreTRZ2   (846) VNLA-DLPWQPALVRPLGLLFKQLEAEKLKDDDDDE---------------------------------------- 
 VcaTRZ2   (847) INLA-DLPWLPRLVRPMGLLFKHLEAEKLAADDDDD---------------------------------------- 
 DmeTRZ1   (720) VTVE-DLQHYHKLYPALFAMYAEYTEELEQRAVKRELKQERKRKLAET---------------------------- 
 HsaTRZ2   (752) VCFG-DFPTMPKLIPPLKALFAGDIEEMEERREKRELRQVRAALLSRELAGGLEDGEPQQKRAHTEEPQAKKVRAQ 

Figure 6 Sequence alignment of C-terminal halves of representative green plant and non-green plant tRNase ZLs. Same legend as in
Figure 5.
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plant evolution and variation [56]. However, there seems
to be no correlation between the number of tRNase Zs
and genome size (Table 5).
An unexpected observation in this study is that most

green plant tRNase ZSs, which are clearly distinct from
the bacterial-type tRNase ZS, represent the TM-type
tRNase ZS. A comparison of motifs found in three dif-
ferent types of tRNase Zs from green plants is provided
in Figure 7. Our phylogenetic analysis also supports the
existence of both the TM- and bacterial-types of tRNase
ZSs in green plants (Figure 2). The TM-type tRNase ZS

was previously found only in the hyperthermophilic bac-
terium T. maritima and the flowering plant A. thaliana,

and thus, it was originally thought to be a minor type.
Our data greatly expand the repertoire of this type of
tRNase Z. Although it remains to be determined if the
TM-type tRNase ZS is also widespread in other taxo-
nomic groups, the prevalence of the TM-type tRNase ZS

in green plants suggests that this type might be plant-
specific.
In contrast to the TM-type tRNase ZS, which is wide-

spread in the green plants, the bacterial-type tRNase ZS

is only present in the basal land plants and green algae.
Sequence analysis reveals that the two types of tRNase
ZSs are related to but distinct from each other, suggest-
ing that they likely arose from the same ancestral

Table 4 The distribution of the trinucleotide sequences immediately after the discriminator nucleotide in chloroplast
tRNA genes

Species 74CCA76 74CCN76 74CNN76 Total genes examined %+

Arabidopsis thaliana 0 1 11 37 32

Brachypodium distachyon 1 1 8 38 26

Carica papaya 0 1 8 37 24

Citrus sinensis 2 1 7 37 27

Cucumis sativus 0 1 7 37 22

Eucalyptus grandis 0 1 8 36 25

Glycine max 0 1 9 37 27

Manihot esculenta 0 1 7 37 22

Medicago truncatula 0 0 5 29 17

Oryza sativa japonica 1 2 7 38 26

Populus trichocarpa 0 0 10 37 27

Prunus persica 0 1 8 37 24

Sorghum bicolor 0 2 7 38 24

Vitis vinifera 0 1 8 37 24

Zea mays 1 2 7 37 27

Nucleotide sequences of chloroplast tRNA genes and their 3’ flanking regions were obtained from the GenBank genome database http://www.ncbi.nlm.nih.gov/
genomes/genlist.cgi?taxid=2759&type=4&name=Eukaryotae%20Organelles, the Chloroplast Genome Database (ChloroplastDB; http://chloroplast.cbio.psu.edu/
organism.cgi), and the Organelle Genome Database (GOBASE; http://gobase.bcm.umontreal.ca/searches/gene.php). The discriminator nucleotide was predicted
using tRNAscan-SE 1.21 http://lowelab.ucsc.edu/tRNAscan-SE/. +Percentage of chloroplast tRNA genes encoding 74CNN76, 74CCN76 and 74CCA76.

Table 5 The genome size and ploidy level of representative green plants and the number of tRNase Zs encoded by
their genomes

Species Common name No. tRNase Z# Ploidy level Genome size (Mbp) Refs

Arabidopsis thaliana Mouse-ear cress 4 Diploid 125 [73]

Brachypodium distachyon Purple false brome 3 Diploid 272 [74]

Carica papaya Papaya 3 Diploid 372 [75]

Cucumis sativus Cucumber 3 Diploid 367 [76]

Glycine max Soybean 4 Diploid 1100 [77]

Oryza sativa japonica Rice 3 Diploid 389 [78]

Populus trichocarpa Black cottonwood or poplar 3 Diploid 485 [79]

Ricinus communis Castor bean 3 Diploid 350 [80]

Setaria italica Foxtail millet 5 Diploid 490 [81]

Sorghum bicolor Sorghum 4 Diploid 730 [82]

Vitis vinifera Grape 3 Diploid 505 [83]

Zea mays Maize 3 Diploid 2300 [84]

The genome size and ploidy level were obtained from the Plant DNA C-values database http://www.kew.org/cvalues/.
#The number of tRNase Zs
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tRNase ZS gene, followed by sequence divergence. Since
the flowering plants possess only the TM-type tRNase
ZS, the bacterial-type tRNase ZS has apparently been
lost during the course of plant evolution whereas the
TM-type tRNase ZS has been maintained. Interestingly,
the bacterial-type tRNase ZS is also found in humans.
Although the precise function of human tRNase ZS is
unknown, it may play a role in degradation of a subset
of microRNAs (miRNA) in the cytoplasm [57].
It is likely that multiple tRNase Zs found in the flow-

ering plants are localized in different subcellular com-
partments. In most of the flowering plants examined,
the two TM-type tRNase ZSs (tRNase ZS1 and tRNase
ZS2) are predicted to be either in the cytosol or in the
chloroplast, whereas one of tRNase ZL (tRNase ZL1) is
predicted to contain both nuclear and mitochondrial
targeting signals. The second tRNase ZL (tRNase ZL2)
found in some plants either contains or lacks a

predicted mitochondrial targeting signal. These predic-
tions are generally supported by recent subcellular loca-
lization studies of A. thaliana tRNase Zs [20]. A.
thaliana tRNase ZS1 (AthTRZ1) and tRNase ZS2

(AthTRZ2) are localized in the cytoplasm and chloro-
plast, respectively, whereas A. thaliana tRNase ZL1

(AthTRZ3) and tRNase ZL2 (AthTRZ4) are targeted to
both the nucleus and mitochondria, and the mitochon-
dria, respectively [20].
Based on their predicted subcellular localization, it is

most likely that tRNase ZS2 and tRNase ZL1 are involved
in the 3’-ends processing of pre-tRNAs in the chloro-
plasts, and both the nucleus and mitochondria, respec-
tively, whereas tRNase ZL2 either serves as a back-up for
mitochondrial pre-tRNA 3’-end processing or plays a
specialized, yet to be discovered function. The function
of tRNase ZS1 is unknown. It may play a role in repair
of incorrectly processed 3’-ends of tRNAs in the cytosol.

TM-type

Bacterial-type

Eukaryotic-type-N
ψ−PxKxRN ψ−Motif IIψ−Motif I

Eukaryotic-type-C
HEAT Motif V

xExT HxH
N

N

N

C

C

C

C

N

Motifs                                    Predicted functions
EGxSxxG, PxKxRN             cleavage specificity
xExT, HEAT                         catalytic
HxH, HST                             catalytic 
GP, KL                                  substrate binding, cleavage specificity
Motif I                                   catalytic, cleavage specificity
Motifs II-V                            catalytic

EGxSxxG KL

Motif III Motif IVMotif IIMotif I

Motif V

Motif V

Motif IV
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Figure 7 Schematic representation of the three different types of tRNase Zs identified in green plants. The N-terminal half (eukaryotic-
type-N) and C-terminal half (eukaryotic-type-C) of the eukaryotic-type tRNase ZL are shown separately. Motifs are indicated by colored boxes:
red, specific to TM-type; green, specific to both bacterial- and eukaryotic-type; and blue, common to all three types. N and C denote N and C
terminus, respectively. Relative positions of these motifs are not drawn to scale. The predicted functions of each motif are also indicated.
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Alternatively, tRNase ZS1 could also participate in
nuclear pre-tRNA 3’-end processing, as suggested by the
observation that deletion of both A. thaliana tRNase
ZS1 (AthTRZ1) and tRNase ZL1 (AthTRZ3) results in a
lethal phenotype [20].

The plant TM-type tRNase ZSs may not recognize the CCA
sequence as an anti-determinant
The CCA triplet following the discriminator generally
inhibits tRNase Z activity, with the first C at nucleotide
position 74 having the greatest effect [25,33,58]. This
anti-determinant property of the CCA sequence is
thought to prevent removal of the 3’-terminal CCA
sequence from mature tRNAs, and thus avoids futile
cycles of CCA addition and removal [33,58-60]. How-
ever, unlike other types of tRNase Zs, the TM-type
tRNase Z does not appear to recognize the CCA
sequence that is downstream the discriminator and pre-
sent in the trailer sequence as an anti-determinant. The
recombinant T. maritima tRNase ZS cleaves after the
CCA sequence which is encoded by all but one tRNA
gene, leaving the CCA sequence intact [30]. Similarly,
the recombinant A. thaliana tRNase ZS can process pre-
tRNAs with the 3’-terminal CCA sequences embedded
in the trailer sequence, albeit at a different position [61].
Like the recombinant proteins, a partially purified spi-
nach chloroplast tRNase Z fraction can also cleave pre-
tRNAs containing complete or partial CCA sequences
after the first C74 regardless of the sequence of the
flanking region [55]. Importantly, the remainder of the
CCA sequence can be added by chloroplast tRNA
nucleotidyltransferease [55].
However, A. thaliana tRNase ZS appears to be unu-

sual in that it can also cleave off the 3’-terminal CCA
sequence from mature tRNAs in vitro [61]. Since mature
tRNAs must be protected from counterproductive clea-
vage by tRNase ZS in vivo, it is likely that the plant
chloroplast protein may acquire the ability to recognize
the 3’-terminal CCA sequence as the mature tRNA 3’-
end via cofactors [61].

Sequence determinants potentially involved in cleavage
specificity
The mechanisms responsible for cleavage site selection
and CCA inhibition are not fully understood, but appear
to involve a combination of sequence features. First, the
flexible arm has been suggested to contribute to clea-
vage site selection and the inhibitory effect of the CCA
sequence [62]. This tRNase Z-specific element is located
on the opposite side of the active site and binds primar-
ily the D and T loops of the pre-tRNA [28,39,63]. Nota-
bly, the flexible arms of the T. maritima and plant
tRNase ZSs lack the GP motif but contain the KL motif.
Additionally, they are significantly smaller in length

relative to those of other tRNase Zs possessing the anti-
determinant function. Structural studies reveal that
although TM- and bacterial-types of flexible arms share
a similar overall structure which is composed of a com-
pact globular domain and an extended two-stranded
stalk and protrudes from the protein core, they have dif-
ferent globular domains [25-28,64]. In the TM-type flex-
ible arm, the globular domain consists of one very short
a-helix, one long helix and one 310-helix, whereas in the
bacterial-type flexible arm, it is composed of two a-
helices, two b-strands and one 310-helix. It would be
interesting to know how the differences in the sequence
feature, length and topology of the flexible arm may
contribute to cleavage specificity by the enzymes.
Another possible motif involved in selection of the

cleavage site has been suggested to be Motif I which
appears to participate in binding the acceptor stem of
pre-tRNA substrates [33,62]. In vitro studies using the
recombinant T. maritima tRNase ZS has suggested that
the Ser31 and Thr33 residues of Motif I are involved in
the cleavage site selection, with the former residue being
more critical [30]. However, only individual, but not
simultaneous mutations of these two non-Gln residues
to Gln (which are found at the corresponding positions
in other tRNase Zs with the CCA anti-determinant) in
T. maritima tRNase ZS affects the cleavage site selection
[62].
In addition to the flexible arm and Motif I, the

PxKxRN motif, in particular, the two basic residues in
the motif, has also been suggested to be involved in the
cleavage specificity and, by inference, CCA inhibition of
tRNase Zs, since this motif is absent from T. maritima
and A. thaliana [33]. Strikingly, tRNase ZSs found in all
flowering plants examined so far also lack this motif
(Figure 3). However, since the archaeon Methanococcus
jannaschii tRNase ZS harbors a PxKxRN motif but can-
not recognize the CCA sequence as an anti-determinant
in vitro, suggesting that other sequence elements may
also be involved in the cleavage specificity of tRNase Z
[61]. Alternatively, it has been suggested that a high
enzyme concentration used in the assay may contribute
to the lack of a CCA anti-determinant effect with the
M. jannaschii tRNase ZS [33].

Why is the TM-type tRNase ZS developed for chloroplast
pre-tRNA 3’-end processing?
The discovery that the TM-type tRNase ZS is wide-
spread in green plants raises a question as to why plants
adopt the TM-type tRNase ZS over other types of
tRNase Z for the 3’-end processing of chloroplast pre-
tRNAs. One possible explanation is that the TM-type
tRNase ZS identified in plants has evolved to adapt to
chloroplast pre-tRNA 3’-end processing. It has pre-
viously been suggested that many plant chloroplast
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tRNA genes encode C74 based on a limited number of
available chloroplast tRNA genes [55]. To see if this
conclusion could be extended to more flowering plants,
we have examined the 3’-flanking region for tRNA
genes in additional chloroplast genomes. Indeed, many
chloroplast tRNA genes seem to encode partial CCA
sequences (Table 4).
The development of the TM-type tRNase ZS may be

particularly important for chloroplasts, which have a
limited but sufficient number of self-encoded tRNA spe-
cies and do not import tRNAs [65,66]. As all possible
codons are used in the chloroplast protein-encoding
genes, all chloroplast tRNA species appear to be used in
protein synthesis [66]. Thus, efficient 3’-end processing
of each pre-tRNA by tRNase Z may be critical in ensur-
ing maximum efficiency in chloroplast protein synthesis.

The presence of candidate tRNase Z-like proteins in green
plants
tRNase ZS-like proteins have previously been found in
cyanobacteria including Synechocystis sp. PCC 6803 [67]
and fungi [51], whereas tRNase ZL-like proteins have
not been reported. In Synechocystis, one tRNase ZS-like
protein (sll1036) has been identified. This protein does
not exhibit any tRNase Z activity in vitro, consistent
with the lack of some of the most conserved motifs of
tRNase Zs in the protein sequence [67]. Since candidate
tRNase Z-like proteins found in basal land plants and
green algae either lack all or some of the conserved
motifs of tRNase Zs, they most likely possess no tRNase
Z activity.
It has been suggested that tRNase ZL has arisen from

the fusion of duplicated tRNase ZS genes with further
sequence diversification. It is possible that tRNase ZS-
like proteins found in the basal land plants and green
algae may represent relics of original tRNase ZS that
were mutated during diversification of eukaryotic
tRNase Z genes. Alternatively, these proteins may play
species-specific functions as suggested for cyanobacterial
tRNase ZS-like proteins [67]. The predominant presence
in the basal land plants and green algae of tRNase Z-
like proteins also suggests that duplication of ancestral
tRNase ZS genes may occur early in green plant
evolution.

Conclusions
This study represents the first large-scale identification
and analysis of green plant tRNase Zs. Our survey of
current plant genome databases shows that green plants
are represented by multiple tRNase Zs, which include
one or two tRNase ZLs and two tRNase ZSs. One
tRNase ZL is predicted to participate in 3’-end proces-
sing of nuclear and mitochondrial pre-tRNA, whereas

the other is likely to provide a backup for mitochondrial
pre-tRNA processing. It appears that most tRNase ZSs,
which is widespread throughout the green plants, belong
to a minor but highly distinct type of tRNase ZS (TM-
type). In contrast, the typical bacterial-type tRNase ZS is
restricted to basal land plants and green algae. The
apparent lack of the bacterial-type tRNase ZS in flower-
ing plants suggest that while both types were present in
the basal land plants, the bacterial-type tRNase ZS was
discarded in favor of TM-type during plant evolution.
Based on our results and previous studies, we propose
that like T. maritima tRNase ZS, TM-type tRNase ZSs
found in green plants seem not to recognize the CCA
sequence as an anti-determinant and that the rise of this
type of tRNase ZS appears to accommodate the 3’-end
processing of chloroplast pre-tRNAs with partial or
whole CCA sequences. This unusual property of green
plant tRNase ZSs is likely due to multiple sequence
determinants including the TM-type-specific flexible
arm comprising the KL motif, Motif I and lack of the
PxKxRN motif.
However, it should be noted that bioinformatics analysis

alone cannot resolve possible differences in cleavage speci-
ficity among TM-type tRNase ZSs. The complete under-
standing of the mechanisms of the cleavage specificities of
the TM-type tRNase ZSs awaits the determination of the
structures of these enzymes bound to pre-tRNA and the
accumulation of more precise biochemical data.

Methods
Plant genome database search and protein sequence
analysis
Candidate tRNase Zs were identified by BLAST and
PSI-BLAST searches against the genome databases using
known tRNase Zs as query sequences. The databases
used include Phytozome http://www.phytozome.net/, the
NCBI nonredundant protein sequence database http://
blast.ncbi.nlm.nih.gov/Blast.cgi, Joint Genome Institute
(JGI; http://www.jgi.doe.gov/ and Universal Protein
Resource (Uniprot; http://www.uniprot.org/. An E-value
cutoff of 0.001 was used in all searches. With this value,
no b-CASP protein or other MBL protein was found.
The resulting sequences were subject to validation as
described [51]. The splicing pattern was verified using
the FGENESH and FGENESH_GC programs provided
at the Softberry website http://linux1.softberry.com/
berry.phtml?topic=fgenesh. Prediction of subcellular
localization of proteins was made using web-based pre-
diction programs such as MITOPROT http://ihg2.helm-
holtz-muenchen.de/ihg/mitoprot.html, PSORT http://
psort.hgc.jp/form.html and ChloroP http://www.cbs.dtu.
dk/services/ChloroP/. Multiple sequence alignments
were done by Clustal W [68].
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Phylogenetic analysis
Phylogenetic analysis was performed using the Bayesian
approach, with T. maritima tRNase ZS (TmaTrz1) as an
outgroup as described [51]. Briefly, full-length amino acid
sequences of candidate plant tRNase Zs and TmaTrz1
were aligned by using Clustal W implemented in MEGA
5.0 [69]. After excluding gaps and the ambiguous sites,
we used ProtTest 2.4 [70] to choose the most appropriate
evolutionary model for our data set. The phylogenies
were estimated by Bayesian inference with MrBayes 3.1.2
[71] using a mixture of the fixed amino acid models and
I + G distribution. Statistical confidence was assessed by
using Markov Chain Monte Carlo (MCMC) sampling
approaches. Two separate runs including a total of four
independent tree searches were conducted. All searches
consisted of one ‘cold’ and three ‘heated’ Markov chains
estimated for 107 generations, and every 1000 generations
were sampled. The burn-in parameter was estimated by
plotting -lnL against the generation number using Tracer
1.4.1 http://beast.bio.ed.ac.uk/Tracer, and the retained
trees were used to estimate the consensus tree and the
Bayesian posterior probabilities.

Additional material

Additional file 1: Distribution of candidate tRNase Zs identified in
green plants. Abbreviations for species names are indicated in the
parentheses. +The number of amino acids in plant tRNase Z and tRNase
Z-like proteins. *Indicates that mispredicted sequences obtained from the
databases have been corrected. ?Indicates the sequence could not be
correctly predicted.

Additional file 2: Pairwise sequence comparisons of S. bicolor and S.
italica tRNase ZSs. The accession numbers for proteins are listed in
Additional file 1. The pairwise percent identity (I) and percent similarity
(S) between tRNase ZSs from S. bicolor and S. italica were calculated
using the Clustal W program [68].

Additional file 3: Alignment of candidate tRNase ZSs from S. bicolor
and S. italic. The accession numbers for the candidates are listed in
Additional file 1. The annotation of the alignment is described in the
legend to Figure 1.

Additional file 4: Alignment of candidate TM-type tRNase ZSs
identified in green plants. The accession numbers for the candidates
are listed in Additional file 1. Annotation is as described in the legend to
Figure 1.

Additional file 5: Alignment of candidate tRNase ZLs identified in
green plants. The accession numbers for the candidates are listed in
Additional file 1. The annotation of the alignment is as described in the
legend for Figure 1.
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