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ABSTRACT

The Arabidopsis thaliana nuclear genome sequence
revealed several open reading frames encoding
proteins related to group Il intron-encoded
reverse transcriptase/maturases. Here, we show via
sequence alignments that at least four such open
reading frames are conserved in the nuclear
genomes of A.thaliana and Oryza sativa (rice) and
that they encode putative proteins belonging to two
different classes (nMat-1 and nMat-2), neither of
which is associated with a group Il intron RNA
structure. The two nMat-1 proteins have reverse
transcriptase, maturase and DNA endonuclease
domains characteristic of canonical group Il intron-
encoded proteins, while the two nMat-2 proteins
have reverse transcriptase and maturase domains
linked to a novel C-terminal domain. Although some
nMat proteins have mutations expected to inactivate
intron mobility functions, all could potentially retain
the RNA splicing function. These nuclear maturase-
like proteins may be imported into organelles to
function in group Il intron splicing and/or they may
have assumed other cellular functions. Nuclear-
encoded maturases could regulate organellar gene
expression and may reflect a step in the evolution of
mobile group Il introns into spliceosomal introns.

INTRODUCTION

Mobile group II introns, which are present in bacterial,
mitochondrial (mt) and chloroplast (cp) genomes, are widely
believed to be the ancestors of nuclear pre-mRNA introns (1).
These mobile introns encode reverse transcriptases (RTs) that
function in intron mobility and also as maturases to promote
RNA splicing by helping the intron RNA fold into the
catalytically active structure (2,3). The mobile yeast mtDNA
all and al2 and Lactococcus lactis L1.LtrB group II introns,
which have been studied as model systems, encode proteins
with several conserved domains associated with different
activities. These are: an N-terminal RT domain, with an
upstream region Z and conserved sequence motifs (I-VII)

characteristic of the fingers and palm domains of retroviral
RTs; domain X, a putative RNA-binding domain associated
with maturase activity; a C-terminal DNA-binding region and
DNA endonuclease domain, which function in intron mobility
(4-7). The mobility of these introns occurs by a novel target
DNA-primed reverse transcription mechanism in which the
intron RNA reverse splices directly into one strand of a DNA
duplex, while the intron-encoded protein (IEP) uses the
C-terminal DNA endonuclease domain to cleave the opposite
strand and then uses the 3" end of the cleaved strand as a primer
for reverse transcription of the inserted intron RNA (8-10).

The reverse transcriptase/maturase proteins encoded by the
yeast mtDNA and L.lactis L1.LtrB introns are intron-specific
splicing factors (11-13). However, there is suggestive evi-
dence that the related matK proteins, which are encoded in
tRNALYS introns in higher plant chloroplasts and by free-
standing open reading frames (ORFs) in the residual plastid
genomes of non-photosynthetic plants, function in splicing
multiple group II introns (14,15). Highly degenerate Euglena
cp group II introns, referred to as group III introns, are also
hypothesized to use a common splicing apparatus that includes
a maturase encoded by one of the introns (16). Biochemical
studies showed that the L.lactis L1.LtrB intron protein (LtrA
protein) interacts with both idiosyncratic and conserved
regions of the group II intron catalytic core, suggesting how
maturases in some organisms could evolve into general group
IT intron splicing factors (17,18). As noted previously, the
evolution of an intron-specific maturase to function in splicing
multiple group II introns could mirror a key step in the
evolution of spliceosomal introns (2).

In this context, we noted with interest that recent genome
sequencing projects have revealed putative proteins having
similarity to group II intron maturases encoded by nuclear
genes in Arabidopsis thaliana (19) and rice (Oryza sativa)
(20,21). Here, we have analyzed four such ORFs and shown
by sequence alignments that they can be divided into two
classes, which are conserved in both A.thaliana and O.sativa.
We speculate on the possible function and evolutionary
significance of nuclear-encoded maturase-like proteins.

RESULTS AND DISCUSSION

Three ORFs in the A.thaliana genome had been annotated as
encoding putative proteins having similarity to group II intron
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Figure 1. Sequence alignment of nMat-1 putative proteins from A.thaliana (At) and rice (Os) with the mt coxII-12 protein from M.polymorpha (Mp coxII-12).

Accession nos: M.polymorpha coxII-12 protein NC_001660; At nMat

Os nMa

Os nMat-1a, translated from CL009016.101;

, which contains sequence ambiguities (indicated by X in

, BAB10231;

, NM_102741; At nMat-1b

la

Os nMat-1b, AC087599. The rice nMat-1a protein was translated from the draft genome sequence

the alignments). The nMat

but has many sequence ambiguities and therefore is

1b sequence of the Syngenta rice draft sequence is in clone CL027912.143,

not shown in the alignment. Black shading with white letters indicates identical sequences in at least three of five proteins. Gray shading indicates similar
amino acid residues according to the Henikoff matrix (32). Consensus sequences (75%) for RT motifs and domain X of mt group II encoded proteins are
shown below the alignments (6).

GenBank (release 131.0) are the proteins encoded by
Marchantia polymorpha mt group II introns coxII-12 and

maturases (denoted here nMat-1b, nMat-2a and nMat-2b;

i

NP_054444 and NP_177575

accession nos BAB10231,

cob-13, respectively (25-31% identity based on the initial

respectively). The fourth ORF (nMat-1a) had been annotated

BLAST alignments). We also detected other weak matches to
the M.polymorpha mt group II intron ORFs in the rice genome

as an unknown protein (accession no. NM_102741) and we

identified it as encoding a maturase

related protein by a

sequences, but the contigs were either incomplete or riddled
with stops, so their significance could not be evaluated. All of
the A.thaliana nMat ORFs and the rice nMat-1b ORF have

BLAST search (22) of GenBank (release 131.0) with a

conserved region of the LtrA protein encoded by the L.lactis
LL.LtrB group II intron (amino acids 303—489, encompassing

conserved RT sequence motifs V-VII and domain X; acces-

putative mt import sequences and are classified as mt proteins

by the TargetP computer program (v.1.0.1, available at http://

sion no. Q57005). We also found four homologous ORFs in
the draft rice genome sequence (public access at http://

portal.tmri.org/rice/RiceAccess.html) (20);

www.cbs.dtu.dk/services/TargetP/) (23). The rice nMat-1a,

nMat-2a and nMat-2b ORFs have sequence ambiguities at

identity,

67%

80-82% similarity for nMat-1 proteins and 44-48% identity,
63-67% similarity for nMat-2 proteins. Based on BLAST
searches of GenBank with the full-length ORFs, the closest

their N-termini, which prevented similar characterization.

Figures 1 and 2 show refined sequence alignments for the
two different ORF classes with the most closely related
M.polymorpha group II intron-encoded protein. The nMat-1

relatives of the A.thaliana nMat-1 and nMat-2 proteins in
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s), but their C-terminal
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DNA endonuclease domain or any other protein in the
The nMat-1 proteins have deviations in the RT domain that

are expected to inactivate RT activity (e.g. the conserved
YGDD sequence of RT motif V is changed to YGGH, FGGH

consensus sequences for the RT and X domains are as in Figure 1. Key amino acids in the DNA endonuclease domain based on analysis of the L.lactis LtrA
or FGSH), while the nMat-2 proteins have better matches to

Figure 2. Sequence alignment of nMat-2 putative proteins from A.thaliana and rice with the cob-13 protein from M.polymorpha. Accession nos:
protein are also shown below the alignment (7).

proteins are homologous to the M.polymorpha coxII-12 protein
throughout the RT and X domains (26-30% identity, 37-42%
36-41% similarity). None of the nMat ORFs are associated

with a recognizable group II intron RNA structure.
the RT consensus sequences, but have mutations in the DNA

endonuclease domain that are expected to inactivate DNA

The rice proteins were translated from the draft genome sequence.

database. The nMat-2 proteins are homologous to the
M.polymorpha cob-13 protein throughout the RT, X and
DNA-binding/DNA endonuclease regions (23-29% identity,

M.polymorpha cob-13 maturase, NC_001660; At nMat-2a,

similarity in the refined alignment
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Figure 3. Phylogenetic analysis. The regions encompassing RT motifs
V-VII and domain X (~100 amino acids each) were aligned using the
CLUSTAL program (33) and the alignment was refined by hand. The
boundaries of the aligned sequence blocks are as defined previously (5),
with the variable spacer between the RT and X domains omitted. The tree
was constructed using a Hidden Markov Model method, with the PROML
and DRAWTREE programs of the PHYLIP 3.6a3 package with default
parameters (http://evolution.gs.washington.edu/phylip.html). Accession nos:
A.thaliana matK, AP000423; A.thaliana matR, X98300; L.lactis LtrA,
Q57005; M.polymorpha matK, NC_001319; M.polymorpha mt proteins,
NC_001660; O.sativa matK, NC_001320; O.sativa mat-r, AB0O76665;
S.cerevisiae all and al2, NC_001224. nMat-1 and nMat-2 accession nos are
indicated in the legends of Figures 1 and 2, respectively.

including the A.thaliana and O.sativa cp matK and mt matR/
mat-r proteins; all the M.polymorpha mt group II IEPs and the
free-standing ORF 732 maturase-related protein; and the well
characterized yeast all and al2 and L./actis L1.LtrB IEPs. The
tree was constructed based on alignment of RT regions V-VII
and domain X, which are present in all of the proteins, using
the PROML and DRAWTREE programs of the PHYLIP 3.6a3
package with default parameters (http://evolution.gs.
washington.edu/phylip.html). Changing the amino acid
similarity matrices (Jones—Taylor-Thornton model or
Dayhoff PAM matrix model; 24,25) or other parameters
gave substantially the same tree. The tree shows that the
nMat-1 and nMat-2 proteins cluster with themselves and their
closest relatives from M.polymorpha mitochondria. The
branching order suggests that each nMat class was subjected
to a sequence duplication after the divergence from the mt
protein sequence. Further, each of the four nMat proteins in
A.thaliana is more closely related to its homolog in rice than it
is to the other A.thaliana nMat proteins, suggesting that all
four proteins had already diverged in the last common
ancestor of both plants (>100 000 000 years) (26). The branch
lengths for the nMat-1a, nMat-1b and nMat-2a proteins appear
generally similar to those of mt and cp group II IEPs, while the
branch lengths for the nMat-2b proteins are somewhat longer,
but still similar to the cp matK proteins, suggesting similar

2b
1a
1b
2a
| 1] 1] v \
B 1kb
« mannosidase (ER) nMat
1a
p58 like protein kinase Receptor protein kinase

2a

2b = )_ﬁ-::>_¢>_[:>

Invertase inhibitor
1b -tx::{)—ﬁ—(}]—(}:—d:l—
7] unknown/putative
= =
a ——] ——
22— S
e
2b A —
- -
b —— =

Figure 4. Chromosomal locations of and T-DNA insertions in or near the
A.thaliana nMat ORFs. (A) Map of A.thaliana chromosomes I-V. The
position of the nMat ORFs are indicated. (B) Genetic organization of a
10 kb region centered on the nMat ORFs. Genes are indicated by open
arrows and identified according to GenBank annotation of the A.thaliana
genome. Unknown proteins and potential proteins are shaded gray. (C) T-DNA
insertions in and close to nMat ORFs. The T-DNA Express (http://signal.
salk.edu/cgi-bin/tdnaexpress) and  Garlic  (http://www.tmri.org/pages/
collaborations/garlic_files/GarlicDescription.html) datbases were searched
using nMat ORFs and flanking sequences and positive hits were mapped.
ORFs are represented by open boxes with the ATG on the left. The
orientations of the T-DNA insertions are indicated by arrows.

degrees of evolutionary constraint. The phylogenetic tree
confirms the initial classification of the two related nMat
classes based on BLAST similarity. The relatively close
relationship between the nMat-2 proteins and the
M.polymorpha cob-13 IEP suggested by the tree is additionally
supported by the presence of similar distinctively sized
spacers between RT regions IV and V (~50 amino acids)
and RT region VII and domain X (~180 amino acids) (6). In
contrast, the neighboring A.thaliana and O.sativa mt matR/
mat-r proteins lack RT regions Z and I and have a longer (~150
amino acid) spacer between RT regions IV and V.

Figure 4 shows the chromosomal location of the four nMat
OREFs in the A.thaliana genome. Two are on chromosome I
and the other two are on chromosome V. All four ORFs have
available T-element insertions, whose analysis may provide
insight into function (Fig. 4C). Since maturase-encoding
group II introns are present in plant mt and cp genomes, the
most likely possibility is that the nMat ORFs were transferred
from an organelle to the nucleus, as has been documented for
other organellar genes (27). However, none of the ORFs are
flanked by mt or cp protein genes, indicating either that they
were not transferred with large segments of organelle DNA or
that the surrounding regions have diverged. One particularly
interesting possibility is that the ORFs were transferred by



direct nuclear integration of mobile group II introns, whose
conserved RNA structure subsequently degenerated. It is also
possible that the RT/maturase proteins were associated with
another type of mobile element that was ancestral to the group
IT intron ORFs (28,29). Dot plots comparing all eight
A.thaliana and rice nMat genes and 2 kb flanking regions
showed no extended DNA sequence similarity outside of the
ORFs, and the neighboring genes differ in the two plant
species.

The high degree of conservation of the nMat proteins in
A.thaliana and rice suggests that they have an essential
function. Further, cDNA clones have been obtained for
A.thaliana nMat-1b and nMat-2b, indicating that these genes
are expressed (accession nos AF372929 and AY(094457,
respectively; http://signal.salk.edu/cgi-bin/sspsearch). Since
the ORFs have mt localization signals and their maturase
domains appear conserved, the most likely hypothesis is that
the putative maturase proteins are transported into organelles
to function in the splicing of group II introns. In addition,
some or all of the proteins could have adapted to perform other
cellular functions utilizing their putative RNA-binding
activity (e.g. nuclear pre-mRNA splicing) and it remains
possible that nMat?2 proteins retain RT activity. In A.thaliana,
only one of 22 mt group II introns (nadi-14, which encodes
matR, accession no. X98300) and only one of 26 cp group II
introns (trnK-I11, which encodes matK) harbor a potential
maturase (30,31). Thus, the nuclear-encoded maturases could
potentially function as part of a common splicing apparatus for
multiple organelle group II introns. The transfer of group II
intron maturases to the nucleus has the potential advantage of
facilitating the regulation of organelle gene expression by
linking the splicing of one or more organellar introns to global
signals that regulate gene expression in response to cellular
energy state or environmental stimuli. In addition, transfer to
the nucleus and the adaptation of maturases to function in
splicing of multiple group II introns could reflect steps in the
evolution of a common spliceosomal splicing apparatus for
nuclear pre-mRNA introns.
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