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Abstract One of the proteins targeted to the peridi-
nin plastid of the dinoflagellate Lingulodinium polye-
drum is the iron-containing superoxide dismutase
(LpSOD). Like dinoflagellate plastid proteins of class
I, LpSOD carries a bipartite presequence comprising
a signal peptide followed by a transit peptide. Our bio-
informatic studies suggest that its signal peptide is
atypical, however, and that the entire presequence may
function as a mitochondrial targeting signal. It is possi-
ble that LpSOD represents a new class of proteins in
algae with complex plastids, which are co-targeted to
the plastid and mitochondrion. In addition to the
ambiguous N-terminal targeting signal, LpSOD con-
tains a potential type-1 peroxisome-targeting signal
(PTS1) located at its C-terminus. In accordance with a
peroxisome localization of this dismutase, its mRNA
has two in-frame AUG codons. Our bioinformatic
analyses indicate that the first start codon resides in a
much weaker oligonucleotide context than the second
one. This suggests that synthesis of the plastid/mito-
chondrion-targeted and peroxisome-targeted isoforms
could proceed through so-called leaky scanning. More-
over, our results show that expression of the two iso-
forms could be regulated by a ‘hairpin’ structure
located between the first and second start codons.

A. Bodyt (IX<)

Department of Biodiversity and Evolutionary Taxonomy,
Zoological Institute, University of Wroctaw,

ul. Przybyszewskiego 63/77,

51-148 Wroctaw, Poland

e-mail: bodyl@biol.uni.wroc.pl

P. Mackiewicz

Department of Genomics, Faculty of Biotechnology,
University of Wroctaw, ul. Przybyszewskiego 63/77,
51-148 Wroctaw, Poland

Keywords Alternative translation - Dinoflagellates -
Peridinin plastid - Peroxisome targeting signal -
Signal peptide - Superoxide dismutase

Introduction

Reactive oxygen species (ROS) such as the superoxide
anion radical (O, ), hydroxyl radical (HO®) and hydro-
gen peroxide (H,0,), are normal by-products of oxida-
tive metabolism. Although some ROS may function as
important signaling molecules (Acker 2005), most of
them are toxic and cause serious damage to DNA, pro-
teins, and lipids. To minimize damaging effects of ROS,
aerobic cells evolved two kinds of antioxidant defenses:
non-enzymatic and enzymatic systems (for a review see
Scandalios 2005). The components of the former are
vitamins A and C, glutathione, flavonoids, alkaloids,
and carotenoids; the latter involves enzymes such as
catalases, superoxide dismutases, and peroxidases.

The first line of defense against ROS is represented
by superoxide dismutases (SODs) (for reviews see
Fink and Scandalios 2002; Wolfe-Simon et al. 2005).
These enzymes catalyze dismutation of superoxide rad-
icals to hydrogen peroxide and oxygen. There are three
main types of SODs. The first class utilize Cu and Zn,
the second Mn, and the third Fe in the active site. Cu/
Zn-SODs mostly are found in the cytosol and the
nucleus, Mn-SODs are characteristic of mitochondria,
whereas Fe-SODs reside mainly in plastids. Experi-
ments with SOD-deficient mutants clearly demonstrate
that these enzymes are indispensable for the normal
functioning of all cell types in aerobic environments
(Manfredini et al. 2004; Seyler et al. 2001; Woodruff
et al. 2004).
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In eukaryotic cells, the largest amounts of ROS are
generated by mitochondria, plastids, and peroxisomes
(for reviews see Blokhina et al. 2003; del Rio et al.
2002). Although each of these organelles possesses its
own antioxidant system (Blokhina et al. 2003; del Rio
etal. 2002), many components are common to all
three. Thus, it is reasonable to hypothesize that at least
some antioxidant enzymes are encoded by single
genes, but targeted to two or all three ROS-generating
compartments. A good example of such an enzyme is
catalase A of the yeast Saccharomyces cerevisiae (Petr-
ova et al. 2004). This protein has two kinds of targeting
signals, which allow it to be imported into both the
mitochondrion and the peroxisome. Another dually
targeted antioxidant enzyme is glutathione reductase
from higher plants (Rudhe et al. 2004). This protein
carries an ambiguous N-terminal targeting signal,
which is responsible for its transport into both the plas-
tid and the mitochondrion.

In this paper we present detailed bioinformatics
analyses of another antioxidant enzyme, which seems
to be targeted to as many as three ROS-generating
compartments. This enzyme is Fe-SOD encoded in the
nuclear genome of the dinoflagellate Lingulodinium
polyedrum (formerly Gonyaulax polyedra). Available
experimental data indicate that this enzyme is
imported into the plastid (Okamoto et al. 2001), but
our results provide evidence that it could be targeted to
the mitochondrion and peroxisome as well.

Typical import mechanism of nuclear-encoded
proteins into the dinoflagellate plastid

Dinoflagellates are a diverse group of unicellular
eukaryotes that constitute one of the main compo-
nents of marine and freshwater phytoplankton (Gra-
ham and Wilcox 2000). About a half of the
characterized species are photosynthetic, and carry a
variety of different kinds of plastids. The most wide-
spread of these is the so-called peridinin plastid (for a
review see Schnepf and Elbriachter 1999). This plastid
is surrounded by three membranes and contains the
accessory pigments chlorophyll c, as well as the carot-
enoid peridinin from which it gets its name (Schnepf
and Elbriachter 1999). Evolutionary origin of the
peridinin plastid remains controversial. Most authors
accept its ultimate secondary origin from a rhodo-
phyte endosymbiont (see, for example, Blanchard and
Hicks 1999; Harper and Keeling 2003; Yoon et al.
2005). It has been postulated that the peridinin plastid
evolved directly from the same secondary endosymbi-
osis that created the apicomplexan plastid, as well as
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those of cryptophytes, heterokonts, and haptophytes
(Cavalier-Smith 2003; Harper and Keeling 2003; Yoon
etal. 2005). Recent phylogenies based on plastid-
located genes, however, suggest that the peridinin
plastid is derived from a haptophyte alga that already
contained a rhodophyte-derived plastid (Salachian-
Tabrizi et al. 2006). Thus, the peridinin plastid appears
more likely to be derived from a tertiary endosymbio-
sis, as originally postulated by Gibbs (1978). Further
evidence supporting a tertiary origin of the peridinin
plastid has been discussed by Bodyt (2005) and Bodyt
and Moszczyniski (2006).

The peridinin plastid has a peculiar genome com-
posed of minicircles that encode only a handful of pho-
tosynthetic proteins (for a review see Koumandou
et al. 2004). Thus, almost all dinoflagellate plastid pro-
teins (~2,000-3,000) are encoded in the nuclear
genome (Hackett et al. 2004). These proteins carry
complex N-terminal targeting signals consisting of two
domains (Nassoury et al. 2003; Patron et al. 2005). The
first domain has characteristic features of a signal pep-
tide enabling co-translational import into the endoplas-
mic reticulum (ER), whereas the second resembles
transit peptides responsible for post-translational
import into the primary plastids of glaucophytes, rho-
dophytes, and chlorophytes. It should be noted that
such bi-partite presequences are also characteristic of
other algae with complex plastids, e.g. euglenoids,
chlorarachniophytes, cryptophytes, heterokonts, and
haptophytes (for reviews see van Dooren et al. 2001;
Ishida 2005). Dinoflagellates are exceptional among
eukaryotic algae, however, in that they contain two
classes of plastid transit peptides (Patron et al. 2005).
Class 1 is distinguished by the presence of a transit pep-
tide followed by a hydrophobic domain that functions
as a stop-transfer sequence. Class II possesses only the
transit peptide. Consequently, dinoflagellate plastid
proteins of class I contain tripartite pre-sequences (sig-
nal peptide, transit peptide, and stop-transfer
sequence), whereas those of class II carry bipartite pre-
sequences (signal peptide and transit peptide).

Nassoury et al. (2003) demonstrated that the co-
translational translocation into ER is the first step in
the import of class-I dinoflagellate plastid proteins.
During this transport, the signal peptide is cleaved by a
signal peptidase; each of these proteins is anchored in
the membrane by the stop-transfer domain. In this
membrane-bound form class-I proteins then are traffi-
cked to the plastid via a pathway involving not only
ER, but also the Golgi apparatus. Unfortunately, their
further transport across the two inner membranes is
still enigmatic. It is hypothesized that this final target-
ing step is dependent on the Toc-Tic supercomplex
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(van Dooren et al. 2001); however, no homologues of
Toc and Tic proteins have been found in dinoflagel-
lates, and there is not even strong evidence for Tocs in
other algae with rhodophyte-derived plastids (McFad-
den and van Dooren 2005). Thus, the existence of
unconventional Toc-Tic-independent pathways must
be considered.

In contrast to the partially characterized targeting of
dinoflagellate class-I plastid proteins, targeting of class-
IT proteins remains entirely undescribed. These pro-
teins undoubtedly are translocated into the ER lumen,
but it is unknown whether they are trafficked directly
to the plastid, or transported first into the Golgi appa-
ratus (Patron et al. 2005). It also is unknown if their
further translocation across the two inner plastid mem-
branes is dependent on a Toc-Tic supercomplex, or on
some other translocons.

Nucleus of the dinoflagellate Lingulodinium
polyedrum encodes a Fe-containing superoxide
dismutase (SOD) targeted to the plastid

The first evidence for a Fe-SOD in the peridinin plastid
of L. polyedrum was provided by Okamoto et al.
(2001). They isolated a ~32 kDa protein from plastid
extracts, which reacted with heterologous Fe-SOD
antibodies. It also exhibited characteristic features of
an iron superoxide dismutase, such as CN-resistance
and H,0O, sensitivity. Moreover, the authors obtained
cDNA of L. polyedrum SOD (AF 289824). The pre-
dicted amino acid sequence indicated the presence of
conserved residues responsible for Fe binding, and
exhibited high overall similarity to cyanobacterial,
green algal and higher plant Fe-SODs (Okamoto et al.
2001).

Additional support for the plastid localization of
L. polyedrum SOD, termed further LpSOD, comes
from its N-terminal extension. Okamoto et al. (2001)
observed that this pre-sequence has a hydrophobic
domain (presumably a signal peptide) followed by a
hydrophilic stretch (presumably a transit peptide);
however, they did not characterize it in great detail.
For example, they did not search for an additional
hydrophobic domain. We decided to perform such a
detailed characterization for two reasons. First,
LpSOD was not included in previous import (Nassoury
et al. 2003) and bioinformatic (Patron et al. 2005) stud-
ies of dinoflagellate plastid proteins. Second, the exis-
tence of superoxide dismutases in different cell
compartments suggested to us that detailed bioinfor-
matic analyses of the N-terminal extension of LpSOD
could reveal novel targeting characteristics.

Characterization of the N-terminal targeting signal
of L. polyedrum Fe-SOD

We initially characterized the N-terminal targeting sig-
nal of LpSOD by making a hydrophobicity profile.
Two hydrophobic stretches are present, which sur-
round a hydrophilic region rich in hydroxylated (S, T,
Y) and basic (H, K, R) residues (Fig. 1). This hydro-
phobicity profile resembles those of other proteins tar-
geted to the peridinin plastid, and especially ones
belonging to class I (Nassoury et al. 2003; Patron et al.
2005). This suggests that the first domain of the
LpSOD pre-sequence functions as a signal peptide, the
second as a transit peptide, and the third as a stop
transfer sequence. A closer examination of each of
these domains, however, revealed interesting features
that qualify this N-terminal extension of LpSOD as a
very peculiar targeting signal.

The signal peptide-like domain

To confirm that the first hydrophobic domain of
LpSOD (Fig. 1) likely functions as a signal peptide, we
used programs that predict different kinds of N-termi-
nal targeting signals (e.g. TargetP, iPSORT, Predotar)
and programs specialized in the identification of signal
peptides (e.g. PrediSi, SIGFIND, SignalP-HMM)—see
Table 1. Our analyses produced unexpected results.
None of the six software tools used to find various
kinds of N-terminal targeting signals predicted a signal
peptide. In turn, programs specially designed to predict
signal peptides gave inconsistent results. Three of
them, DetecSig in ConPred II, PrediSi and SignalP-
NN, did not find a signal peptide. Sigcleave in the
EMBOS package identified a signal peptide, but with a
score below the optimum of 3.5. Four other programs
(e.g. SIGFIND) found a signal peptide, most with simi-
larly low scores. Interestingly, each of these software
tools predicted a cleavage site between amino acids 14
and 15. This site is preceded by the AXA motif known
to be recognized by the signal peptidase (Martoglio
and Dobberstein 1998).

These results are unexpected and require further
explanation. Signal peptides represent a universal tar-
geting signal for protein translocation across RER
membranes in all eukaryotic organisms and it is diffi-
cult to explain the results we obtained as shortcomings
in existing software tools (e.g., that they were designed
and tested using sequences primarily from yeast and
animals). Indeed, the first hydrophobic domains of
other dinoflagellate plastid proteins, including those
with short pre-sequences, were recognized as signal
peptides with high scores by the programs we used
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Fig. 1 Organization of the N-terminal extension of LpSOD. In
this region, two targeting domains can be distinguished: the signal
peptide (SP) and the transit peptide (TP). At present, it is not
known whether the second hydrophobic stretch represents a
vestigial stop transfer domain (ST?). The arrow indicates the
cleavage site of SP, which is preceded by the characteristic AXA
motif. The vertical dashed line separates the presequence from
the mature protein. Basic residues (H, K, R) are underlined,

(data not shown; see also the next section). Thus, our
combined results suggest that the first hydrophobic
domain of the N-terminal extension of LpSOD repre-
sents a very peculiar signal peptide.

The characteristic feature of the LpSOD signal pep-
tide is its weak ER-targeting signal. This feature sug-
gests that the dinoflagellate superoxide dismutase may
be post- rather than co-translationally imported into
the peridinin plastid. Recent analyses of protein import
into higher plant plastids demonstrate that, in addition
to the common post-translational targeting system, a
co-translational targeting pathway also is present (Vil-
larejo et al. 2005). Two such distinct targeting systems
could also operate in the peridinin plastid. At present,
this possibility cannot be excluded. An alternative
hypothesis also should be considered, however, that
LpSOD is imported not only to the plastid but also to
another compartment. The mitochondrion is a likely
candidate for that compartment. Mitochondrial transit
peptides resemble plastid transit peptides in any case
(Zhang and Glaser 2002), suggesting that the dinofla-
gellate SOD could be imported into the mitochondrion
after modification or degeneration of the signal pep-
tide. We will elaborate on this hypothesis in a later sec-
tion of this article.

@ Springer
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basic amino acid distribution

while hydroxylated ones (S, T, Y) are in bold. In the positional
property profile, the thick line indicates hydrophobicity according
to the Kyte-Doolittle scale (Kyte and Doolittle 1982), whereas
the thin line shows the distribution of basic residues. These pro-
files were made according to the procedure used by ProtScale
(ExPASy server: www.expasy.ch): window size 9 and linear
weight variation model with 10% relative weight of the window
edges compared to the window center

The transit peptide-like domain

The presence of the AXA motif indicates that the sig-
nal peptide-like domain is cleaved off during the co-
translational translocation of LpSOD into the ER.
Thus, the nine amino acid hydrophilic domain (resi-
dues 15-24) (Fig. 1) would be responsible for the pas-
sage of this protein across the two inner plastid
membranes. If so, we would hypothesized that this
domain should resemble the transit peptides responsi-
ble for protein import into the primary plastids of glau-
cophytes, rhodophytes, and chlorophytes. To test this
prediction, we made a bioinformatic characterization
after removing the putative signal peptide. Interest-
ingly, neither of the two programs designed to predict
plastid transit peptides (ChloroP and PCLR) found
such a peptide (Table 1). Of six programs designed to
predict different kinds of N-terminal targeting signals,
only iPSORT identified a plastid transit peptide
(amino acids 21-27), but this region overlaps partially
with the sequence of the mature protein.

There are at least two explanations, which are not
mutually exclusive. (1) Transit peptides of plastids
from dinoflagellates and other algae derived ultimately
rhodophyte lineage (e.g. red algae, cryptophytes,
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heterokonts) differ from those of chlorophytes, eugle-
noids, and chlorarachniophytes belonging to the green
plastid lineage. There is evidence in support of this
argument; for example, they are characterized by the
distinctive FVAP motif (Kilian and Kroth 2005; Patron
et al. 2005; Gould et al. 2006). Moreover, dinoflagellate
transit peptides, both classes I and II, are conspicu-
ously abundant in glutamine residues (Patron et al.
2005). Thus, programs designed primarily based on
higher plant proteins (e.g. ChloroP) may overlook
transit peptides of dinoflagellates and other algae with
red plastids.

(2) Protein import into the primary plastids of glau-
cophytes, rhodophytes, and chlorophytes proceeds
post-translationally (Backer etal. 2005), and some
characteristics of their transit peptides could reflect
adaptations to prevent mistargeting of plastid proteins
into the mitochondria (Macasev et al. 2000; Bruce
2001). In the case of the co-translational transport of
LpSOD, the transit peptide-like domain would reside
in the lumen of the endomembrane system, where it
would not be at risk of mistargeting to the mitochon-
drion. Thus, its plastid-targeting domain could have
lost the characteristic features of typical plastid transit
peptides, because they no longer were under purifying
selection. It is possible, however, that these changes do
not reflect accidental degeneration.

As already suggested, the dinoflagellate superoxide
dismutase may be targeted not only to the plastid, but
also to the mitochondrion. If this is the case, modifica-
tions to its transit peptide-like domain could be specifi-
cally selected to improve mitochondrial import. In
support of this hypothesis, several programs identified
the whole pre-sequence of LpSOD as a mitochondrial
targeting signal (see discussion below).

The stop transfer-like domain

The second hydrophobic domain of LpSOD is com-
posed of six amino acids only (residues 24-30), of
which as many as five occur within the mature protein
(Fig. 1). This clearly contrasts with the length of classi-
cal transmembrane (TM) domains, which are made of
~20 residues forming a-helix. In accordance with this
observation, none of the 12 programs that predict
hydrophobic domains [e.g. TMHMM (Krogh et al.
2001), TMpred (Hofmann and Stoffel 1993), TopPred
(von Heijne 1992)] found such a domain in the N-ter-
minal portion of LpSOD (data not shown).

Kuroiwa et al. (1991) demonstrated that the stop
transfer domain can be composed of as few as seven
amino acid residues. In such cases of short stop-trans-
fer domains, however, all residues must be highly

hydrophobic, and must be followed by positively
charged amino acids to anchor the protein in the mem-
brane (Kuroiwa et al. 1991). In the light of this, it is
doubtful that the second hydrophobic region of
LpSOD could function as a stop transfer sequence.
This domain has only five hydrophobic residues, and
they are split by a polar glutamine (Fig. 1). Moreover,
only one positively charged residue occurs in their
vicinity. Consequently, these overall sequence charac-
teristics point to the conclusion that LpSOD is most
similar to bipartite class-II dinoflagellate plastid pro-
teins.

Comparison of the presequence of L. polyedrum
Fe-SOD with those of classes I and II proteins
reveals its unusual character

The presequence of LpSOD is composed of only 25
amino acids (Fig. 1). This clearly contrasts with the
length of the N-terminal extensions of dinoflagellate
plastid proteins belonging to both classes I and II. The
average length of pre-sequences in class-I proteins is 66
residues, whereas in class-II proteins it is 71 residues
(data from Patron etal. 2005). The shortest pre-
sequence (49 amino acids) in class I is found in subunit
C of ATP synthase (ATP H). In class II, the shortest
pre-sequence (40 amino acids) is carried by beta keto-
acyl reductase (bKAR).

The signal peptide-like domain of LpSOD com-
prises only 14 amino acids (Fig. 1), the shortest signal
peptide to date among dinoflagellate plastid proteins.
The mean length of signal peptides in classes I and 11
proteins is 24 residues (data from Patron et al. 2005).
In class I, the shortest is a 16 aa-signal peptide carried
by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH); in class II, it is the 15 aa-signal peptide
found in carbonic anhydrase (CA). Although these
short sequences resemble the LpSOD signal peptide in
overall length, they possess strong ER-targeting signals
according to programs designed to predict signal pep-
tides as well as various kinds of N-terminal targeting
signals (data not shown). These data provide addi-
tional support for our hypothesis that LpSOD has a
peculiar signal peptide with an abnormal ER-targeting
signal.

The inferred transit peptide-like domain of LpSOD
is composed of only nine amino acids (Fig. 1). The aver-
age length of transit peptides in class-I proteins is 28
residues, and in class-II proteins it is 47 residues (data
from Patron etal. 2005). The shortest class-1 transit
peptides (nine amino acids) are found in ATP H and
LHPb, while in class-1T acyl carrier protein (ACP) has
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only 18 amino acids in its transit peptide. In addition to
its extremely short length the LpSOD transit peptide
lacks the FVAP motif found in most classes I and 11
proteins (Nassoury et al. 2003; Patron et al. 2005).

The stop transfer-like domain of LpSOD comprises
only six amino acids (Fig.1). In class-I proteins, this
domain typically is almost three times longer (15 amino
acids), the same length found in all kinds of proteins
(data from Patron et al. 2005). This is additional evidence
against the second LpSOD hydrophobic domain func-
tioning as a stop transfer sequence, and further support
for its similarity to class-1I dinoflagellate plastid proteins.

One additional feature of the LpSOD presequence
bears consideration. In dinoflagellate plastid proteins
that carry a very short signal (or transit) peptide, the
second domain generally is longer. For example, the
signal peptide of CA comprises 15 residues, but its
transit peptide is as long as 72 residues. The nine aa-
transit peptides of ATP H and LHPD also are accom-
panied by 72 aa-signal peptides. In the case of LpSOD,
both the signal peptide- and the transit peptide-like
domains are extremely short.

Is the N-terminal extension of L. polyedrum Fe-SOD
used as a mitochondrial targeting signal?

Considering the unusual character of the N-terminal
extension of LpSOD, and its abnormal ER-targeting
signal, we suggest that this entire pre-sequence func-
tions as a single targeting signal, allowing import of this
dismutase into the mitochondrion. This hypothesis is
supported by several lines of evidence. First, an argi-
nine occurs two positions upstream of the methionine
that signals the start of the mature portion of LpSOD
(Fig. 1); this sequence motif is specifically recognized
by the mitochondrial processing peptidase (Glaser
etal. 1998). Second, the apicomplexans Toxoplasma
gondii and Plasmodium falciparum, which are closely
related to dinoflagellates (for a review see Leander and
Keeling 2004), contain a mitochondrion-targeted Fe-
SOD that is equipped with a bipartite pre-sequence
composed of a signal peptide followed by a hydrophilic
domain resembling a mitochondrial targeting signal
(Brydges and Carruthers 2003; Sienkiewicz et al. 2004).
Third, mitochondria maintain high concentrations of
superoxide dismutases (Blokhina etal. 2003), and
these enzymes are targeted not only to the mitochon-
drial matrix, but also to the periplasmic space (Okado-
Matsumoto and Fridovich 2001).

To test the hypothesis that LpSOD could be targeted
to the mitochondrion, we applied programs that predict
different kinds of N-terminal targeting signals, along
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with programs specialized in identification of mitochon-
drial targeting signals (e.g. MITOPRED) (Table 1).
Interestingly, nearly all programs predicted a mitochon-
drial transit peptide and most of them gave moderate or
high scores. To further test of the mitochondrial
hypothesis, we used programs predicting different sub-
cellular localizations of a protein (Table 1). Nine of
these programs identified a mitochondrial localization
of the LpSOD protein. Moreover, we found that even
more programs predicted a mitochondrial localization
when three C-terminal residues that represent a strong
competing signal for peroxisome targeting (see next
section) were removed (data not shown).

Additional support for targeting of LpSOD to the
mitochondrion comes from the amino acid composition
of its pre-sequence. In Table 2, we compared its pre-
sequence to 15 dinoflagellate presequences of class II,
two dinoflagellate pre-sequences with very short signal
peptides, two mitochondrial bipartite pre-sequences
from the apicomplexans 7. gondii and P. falciparum,
and classical mitochondrial pre-sequences of P. falcipa-
rum and other eukaryotes. Like bipartite pre-sequences
of apicomplexans and those of known mitochondrial
proteins from P. falciparum and other eukaryotes, the
LpSOD pre-sequence is very rich in basic residues. It
also contains no acidic residues, resembling mitochon-
drial pre-sequences that generally have few acidic
amino acids. In contrast to the LpSOD presequence,
dinoflagellate presequences with short signal peptides
are very poor in basic residues, and pre-sequences of
their class-1I proteins have, on average, fewer basic resi-
dues than do mitochondrial presequences.

The above analyses suggest that LpSOD is targeted
to the mitochondrion, but do not provide an indication
as to which mitochondrial sub-compartment it is finally
delivered. The presence of arginine at the —2 position
upstream of the second methionine suggests that this
enzyme is imported into the mitochondrial matrix, and
that its N-terminal targeting signal is cleaved off by the
mitochondrial processing peptidase. However, an alter-
native hypothesis should be considered; that is, LpSOD
is targeted to the periplasmic space. It has been sug-
gested that targeting a protein to the periplasmic space
should be much simpler than to the mitochondrial
matrix, because the former does not require as many tar-
geting signals (Lucattini et al. 2004; Murcha et al. 2005).

Does L. polyedrum Fe-SOD represent a new protein
class in algae with complex plastids?

The evidence we have advanced suggest that LpSOD
represents a new protein class in dinoflagellates. The
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Table 2 Percentage of acidic and basic residues in different kinds
of plastid and mitochondrial presequences

Analysed presequences Acidic Basic
(D,E) (H,K,R)

LpSOD 0.0 16.7

Dinoflagellate plastid 4.6 11.3
proteins of class I1*

ptCA of Heterocapsa triquetra® 6.9 8.0

ptGAPDH of Heterocapsa triquetra® 2.0 4.0

mtFe-SOD of Plasmodium falciparum® 5.7 14.3

mtFe-SOD of Toxoplasma gondii® 2.4 13.1

Mitochondrial proteins 2.4 25.6
of P. falciparum®

Mitochondrial proteins 1.4 17.8

of eukaryotes!

pt plastid; mt mitochondrion

4 Averaged over 15 pre-sequences published by Patron et al.
(2005)

b The pre-sequence of carbonic anhydrase (class-II protein) with
a very short signal peptide published by Patron et al. (2005)

¢ The pre-sequence of glyceraldehyde-3-phosphate dehydroge-
nase (class-I protein) with a very short signal peptide published
by Patron et al. (2005); in the case of this pre-sequence, only sig-
nal peptide and transit peptide domains without the transmem-
brane region were analysed

4 The apicomplexan bipartite pre-sequence targeted to the mito-
chondrion

¢ Data for 40 pre-sequences published by Bender et al. (2003)

! Data for 282 sampled pre-sequences published by Bender et al.
(2003)

characteristic feature of this class would be the pres-
ence of a combined signal-transit peptide presequence,
but with a weak ER-targeting signal. This would per-
mit them to be targeted not only to plastids, but also to
mitochondria. Deviation from a standard ER-targeting
sequence in the signal peptide would reduce the proba-
bility of an interaction between LpSOD and the signal
recognition particle (SRP). This sequence, rather,
would cause it to associate with an alternative targeting
complex [e.g. nascent polypeptide-associated complex
(NAC) (George etal. 1998)], which would enable
delivery of the dinoflagellate superoxide dismutase to
the mitochondrion (Fig.2). Consistent with this
hypothesis, NAC is capable of effective competition
with SRP, and of targeting a bound protein to the mito-
chondrion (Fiinfschilling and Rospert 1999; George
et al. 2002).

In higher plants an analogous class of mitochon-
drion/plastid-targeted proteins has been characterized
(Chew et al. 2003; Peeters and Small 2001; Rudhe et al.
2002). A diagnostic feature is the presence of an
ambiguous N-terminal targeting signal, which enables
their import into both plastids and mitochondria. It is
possible that further representatives of this hypotheti-
cal class of mitochondrion/plastid-targeted proteins

will be found as more sequences become available, not
only in dinoflagellates but also in other algae with com-
plex plastids.

Peroxisome: a third ROS-generating compartment
to which L. polyedrum Fe-SOD is targeted?

When characterizing the targeting signals of L. polye-
drum Fe-SOD, Okamoto et al. (2001) scrutinized only
the N-terminal targeting signal; however, this protein
contains one other potential targeting signal. Its C-ter-
minus is equipped with the SKL tripeptide that repre-
sents a classical and conserved peroxisome targeting
signal of type-1 (PTS1) (Gould et al. 1987, 1989), sug-
gesting that L. polyedrum Fe-SOD may be targeted to
the peroxisome as well. This would make sense given
that peroxisomes (and their specialized forms such as
glyoxysomes and glycosomes) generate large amounts
of ROS (for a review see del Rio et al. 2002), which are
scavenged by different kinds of superoxide dismutases
including Fe-SODs (Bueno et al. 1995; Plewes et al.
2003).

Although the presence of the PTS1 tripeptide sug-
gests that LpSOD is imported into the peroxisome,
such a short sequence could originate by chance. In
fact, when searching the SWISS-PROT database,
Emanuelsson et al. (2003) found that among 62 pro-
teins carrying the C-terminal SKL tripeptide, 20 did
not have any annotation indicating peroxisomal
location. However, Neuberger et al. (2003a, b) and
Reumann (2004) demonstrated that, in peroxisome-
targeted proteins, the region adjacent to the C-termi-
nal tripeptide also shows several conserved properties
that can be used to predict peroxisomal localization of
a protein. Interestingly, we have found all these prop-
erties in the region upstream of PTS1 in LpSOD. The
3-mer directly upstream PTS1 lacks acidic residues but
contains a basic R residue at position —5 counting from
the C-terminal end. This gives the region of the last six
residues a high positive net charge (+2) and a high p/
value (11.0). There also are several strongly hydropho-
bic residues (A and L) in the C-terminal 18 residues as
well. Finally, a proline is present further upstream
(position —10), as is expected in SKL-carrying pro-
teins.

Further support for the peroxisome localization of
LpSOD is provided by a variety of computational
tools, including PSORT, PSORT II, WoLF PSORT,
PeroxiP, and PTS1 predictor (Table 1). The first three
programs predict the subcellular localization of a given
protein, whereas the last two are specialty programs
for predicting peroxisome-targeted proteins. All of
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Fig. 2 A hypothetical model for Fe-SOD targeting within the
L. polyedrum cell. The mRNA for L. polyedrum Fe-SOD contains
two in-frame AUG start codons and a probable 'hairpin' struc-
ture located downstream of the first AUG codon. Translation ini-
tiation at the first start codon enables synthesis of the longer
isoform which carries a bipartite presequence composed of the
signal peptide followed by the transit peptide. Since the first do-
main represents a weak ER-targeting signal, there may be com-
petition between the signal recognition particle (SRP) and
nascent polypeptide-associated complex (NAC). If the newly syn-
thesized L. polyedrum Fe-SOD is bound by SRP, it is imported
into the plastid. The first targeting step in this pathway involves
co-translational translocation into the endoplasmic reticulum
(ER). During this transport, the signal peptide is removed by the
signal peptidase. In the next vesicle-mediated targeting step, the
imported protein is delivered to the plastid, but it is not known
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whether this pathway involves the Golgi apparatus (GA). After
fusion of the ER (or GA)-derived vesicle with the outer plastid
membrane, L. polyedrum Fe-SOD is translocated across the two
inner membranes with the help of the Toc/Tic translocon. After
reaching the stroma, the transit peptide is cleaved off by the stro-
mal processing peptidase. If the newly synthesized L. polyedrum
Fe-SOD is bound by NAC, it is imported into the mitochondrion.
This import may occur post-translationally or co-translationally.
After reaching the mitochondrial matrix, the bipartite targeting
signal is removed in a single step by the mitochondrial processing
peptidase. Translation initiation at the second start codon enables
synthesis of the shorter isoform which is devoid of the N-terminal
targeting signal, but contains the C-terminal peroxisome target-
ing signal of type 1 (PTSI). After translation in the cytosol,
L. polyedrum Fe-SOD is bound by the Pex5 receptor. The Fe-
SOD/Pex5 complex is then delivered to the peroxisome
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these programs predicted peroxisome localization of
LpSOD with moderate to high probability.

Transcripts of L. polyedrum Fe-SOD contain
alternative sites for translation initiation: additional
evidence for peroxisome targeting of the protein

The bioinformatic results we have obtained support
the hypothesis that LpSOD is targeted to three distinct
compartments within the dinoflagellate cell: the plas-
tid, the mitochondrion, and the peroxisome. The first
step in protein import into the peridinin plastid
involves the co-translational transport into ER (Nasso-
ury et al. 2003). Interestingly, an identical transport
mechanism, but engaging Sec-unrelated proteins, was
shown for mitochondria (Mukhopadhyay et al. 2004;
Verner 1993). Thus, the existence of such a co-transla-
tional LpSOD import mechanism is compatible with
import into both of these organelles, but could prevent
the PTS1 signal from being available in the cytosol for
recognition by the Pex5 receptor, and import of the
LpSOD-Pex5 complex into the peroxisome matrix.
Eukaryotic cells have evolved mechanisms, however,
that enable nuclear-encoded proteins to be targeted to
several compartments, each via a distinct targeting sys-
tem (Silva-Filho 2003; Small et al. 1998). Alternative
transcription, alternative exon-splicing, and alternative
translation are especially relevant from the standpoint
of possible differential targeting of LpSOD to the plas-
tid/mitochondrion or the peroxisome. Unfortunately,
at present only the cDNA of LpSOD is available
(Okamoto et al. 2001), which precluded our computa-
tional analyses the first two mechanisms. To look for
evidence of alternative translation, we searched for an
additional ATG codon in the available cDNA
sequence. Such a codon could function as an alterna-
tive start site for translation and enable synthesis of a
peroxisome-targeted isoform, which lacks an N-termi-
nal targeting pre-sequence.

According to our predictions, the mRNA for
LpSOD contains two in-frame AUG codons (Fig. 2).
The first, termed AUGI, occupies positions 9-11 in
the cDNA sequence and encodes the methionine
beginning the N-terminal targeting signal (Met-1).
The second potential start codon (AUG?2) is encoded
by nucleotides 81-83 at the beginning the mature
LpSOD protein (Met-25). The presence of AUG2 in
this location could be coincidental, and not necessarily
mean that it functions as an alternative start site for
translation. An AUG is recognized by 40S ribosome
as a start codon only when it resides in a specific oligo-
nucleotide context (Kozak 2002). A purine (prefera-

bly A) at position —3 and a G at position +4 are the
key nucleotides for providing such a translation initia-
tion context (Joshi etal. 1997; Kozak 1987; Zhang
1998), where the +1 position refers to A in the AUG
codon. Interestingly, the nucleotide sequence sur-
rounding AUGT1 indicates that it resides in a very
weak context: each of the two key positions is occu-
pied by U instead of A or G (Fig.2). In contrast,
AUG?2 is positioned in a strong initiation context, with
a purine in both the —3 position and the +4 position
(Fig. 2). Moreover, the —3 position is occupied by A,
as it is preferred for strong contexts. These data are
entirely consistent with AUG2 function as a strong
alternative start site for translation.

In addition to the preferred purines at positions —3
and +4, other nucleotides typically occur upstream and
downstream of a strong initiation codon (Joshi et al.
1997; Kozak 1987; Zhang 1998). Therefore, we
extended our analyses of the AUG1 and AUG?2 con-
texts to positions —8 to +6, and compared them with
the same positions for known initiators in different
organisms, including lower plants, dicotyledons, and
vertebrates (Table 3). To increase objectivity, we con-
verted the available base fraction matrices to scoring
matrices (taking logarithms from fraction/0.25) and
counted the sum of log odd scores for AUG1 and
AUG?2 contexts. We also included in these analyses the
contexts of AUG start codons found for 81 non-redun-
dant dinoflagellate coding sequences retrieved from
GenBank (Table 4). In the case of all matrices, and
especially those for dinoflagellate sequences, AUG2
obtained higher scores than AUG1 (Table 3), thereby
demonstrating that it contains more appropriate attri-
butes for a translation initiator than does the first
potential start codon. In agreement with these results,
the ATG program (Pesole etal. 2000) ranked the
AUCAUGGC (AUG?2) 23th among 77 872 analyzed
contexts, whereas UGCAUGUU (AUGI1) was placed
at a distant 766th position. Additional support for
AUQG? as a good translation start site comes from the
ATGpr, AUG evaluator, Geneid, HMMgene, Net-
Start, and TIS Miner programs (Table 5). Using all
these software tools, we were able to analyze the suit-
ability of AUG1 and AUG2 contexts in 20 model
organisms. The second start codon obtained higher
scores than the first in almost all cases, including in a
member of the Apicomplexa (P. falciparum), the
group thought to be most closely related to dinoflagel-
lates.

The data presented above suggest that the mRNA
for LpSOD is used for synthesis of not only a plastid/
mitochondrion-targeted isoform, but also one targeted
to the peroxisome (Fig. 2). The first isoform beginning
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Table 3 Alignment of the contexts of AUG start codons characteristic for different organism groups with those of AUG1 and AUG2

codons of LpSOD mRNA
Group Reference AUG start codon context Scores
-8 -7 -6 -5 -4 -3 -2 -1 AUG +4 +5 +6 AUG1 AUG2

Drosophila Cavener (1987) a a a u C/A A A A/IC AUG a c c -2.8 -0.3
Vertebrates Salzberg (1997) c c g c C A C/A C AUG G/A ¢ g —44 2.6
Plant kingdom Joshietal. (1997) a a a c a A A/IC a AUG G C g —4.6 2.0
Dicotyledons Joshi et al. (1997) a a a a a A A/IC a AUG G C u 5.4 1.8
Monocotyledons  Joshi et al. (1997) ¢ g g c alc A/G A/IC c AUG G cC G -42 1.7
Non-angiosperms Joshi et al. (1997) u u g c a A/G A/IC alc AUG G C g -9.1 24
Lower plants Joshi et al. (1997) ¢ a g c A/IC A A/IC a AUG G C «cg 54 23
Dinoflagellates Table 4 u c g c a G/A C C AUG G C g —6.2 3.6
LpSOD contexts AUG1 A A A C C U G C AUG U U C

AUG2 cC C C G A A U C AUG G CcC A

The plant kingdom includes all green plants, i.e. green algae, bryophytes, pteridophytes, gymnosperms, and angiosperms; non-angio-
sperms include bryophytes, pteridophytes, and gymnosperms; lower plants are mostly represented by green algae. Position +1 refers to
A in the AUG codon. A score is the sum of logarithms took from fraction/0.25. Consensus sequences fulfill the 50/75 consensus rule

described by Cavener (1987)

Table 4 Nucleotide frequencies at positions flanking AUG start
codons found for 81 dinoflagellate coding sequences

Nucleotides Positions

—8 -7 —6 =5 —4 -3 -2 —1 AUG +4 +5 +6

A 8 20 18 23 36 40 23 21 AUG 10 6 16
C 30 33 24 30 35 9 53 57 AUG 5 72 23
G 19 22 35 20 14 49 14 20 AUG 67 9 36
U 43 25 23 28 15 2 10 2 AUG 19 14 25
Consensus u ¢ g c a G/AC C AUG G C g

Position +1 corresponds to A in the AUG codon. The identified
consensus sequence fulfils the 50/75 consensus rule described by
Cavener (1987)

at AUG1 would be equipped with both the N-terminal
plastid/mitochondrion targeting signal and the C-ter-
minal peroxisome targeting signal. Synthesis of the sec-
ond isoform, beginning at AUG2, would result in the
presence of the C-terminal peroxisome targeting signal
only.

Leaky scanning, ‘hairpin’ structure, and synthesis of
the plastid/mitochondrion-targeted isoform of LpSOD

Synthesis of the peroxisome-targeted isoform of
LpSOD would be made possible by the so-called leaky
scanning (Kaipio et al. 2005; Kozak 2002; Outten and
Culotta 2004). During mRNA scanning by 40S ribo-
some, if AUG1 were to be bypassed, translation would
start at AUG?2 resulting in the synthesis of a peroxi-
some-targeted isoform (Fig.2). Because the first start
codon resides in a very weak context (see the previous
section), however, it could easily be bypassed in almost
all cases, thereby making impossible synthesis of the
plastid/mitochondrion-targeted isoform. Therefore,
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LpSOD transcripts should possess additional charac-
teristics that encourage translation initiation from
AUGI.

One way to compel the ribosome to start translation
at an AUG residing in a weak context is though gener-
ation of a ‘hairpin’ structure downstream of such a
codon (Frolov and Schlesinger 1996; Kozak 1990;
Takahashi et al. 2005). This structure pauses mRNA
scanning by the 40S ribosome, which increases the
probability that a weak start codon will be identified.
In her classical paper, Kozak (1990) demonstrated that
efficiency of a ‘hairpin’ structure depends on its posi-
tion in relation to the first start codon. The strongest
effect is observed with a hairpin located 14 nucleotides
from the first AUG codon (Kozak 1990). However, this
localization disables synthesis of alternative isoforms,
because protein synthesis starts at the first start codon
in almost all cases. The further the ‘hairpin’ structure
occurs from its optimal location, the more often the
first codon is bypassed and protein synthesis begins at a
second start codon. This leads to production of respect-
able amounts of a second isoform (Kozak 1990).

Our analyses of the nucleotides between AUG1 and
AUG?2 in the LpSOD mRNA indicate that they have
the ability to form a stable ‘hairpin’ structure (Fig. 2).
The palindrome program in the EMBOSS 3.0.0 pack-
age (Rice et al. 2000) located palindromic sequences
(nucleotides 18-24 and 43-37). Moreover, all of the
nucleotides involved are cytosine and guanine, indicat-
ing high stability of the predicted ‘hairpin’ structure. In
agreement with this finding, the RNA structure 4.2
program (Mathews etal. 2004) and RNAfold from
Vienna RNA package (Hofacker 2003) predicted sta-
ble secondary structure (nucleotides 15-43) with free
energy —20.2 kcal/mol in this region (Fig. 2). Although
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Table 5 Results of the evalu- - -

ation of AUGI and AUG? Program and its reference Organism/group AUG1 AUG2

contexts as translation initia- ATGpr, Salamov et al. (1998) Homo sapiens 0.96 0.67

tion sites by different software AUG evaluator, Rogozin et al. (2001) Arabidopsis sp. - 79

tools Aspergillus sp. - 78
Drosophila sp. - 83
Gallus sp. - 82
Homo sapiens - 86
Mus sp. - 87
Rattus sp. - 86
Saccharomyces sp. - 75
Xenopus sp. - 88
Zea sp. - 75

Geneid 1.2, Blanco et al. (2002) Arabidopsis thaliana —3.86 2.48

Aspergillus nidulans —1.46 1.63
Caenorhabditis elegans —-1.82 1.60
Coprinus cinereus —1.95 —1.55

Cryptococcus neomorfans 0.29 1.74

Dictyostelium discoideum —3.52 3.50
Drosophila melanogaster —1.02 2.13
Homo sapiens —-1.74 2.76
Neurospora crassa —-0.22 —-0.49
Oryza sativa 0.70 —0.97
Plasmodium falciparum —4.08 0.53
Tetraodon nigroviridis 3.92 7.30
Triticum aestivum —4.59 1.37

HMMgene 1.1a, Krogh (1997) Caenorhabditis elegans - 1.000
Homo sapiens 0.062 0.938

NetStart, Pedersen and Nielsen (1997) Arabidopsis thaliana 0.680 0.649
Vertebrates 0.596 0.839

TIS Miner, Liu and Wong (2003) Vertebrates 0.433 0.669

Perspectives

the presence and precise localization a ‘hairpin’ struc-
ture must be determined empirically, the palindrome
program in the EMBOSS package suggests that it is
located only 6 nt from AUGI. This location seems
optimal for the synthesis of the two LpSOD isoforms.
Were the ‘hairpin’ structure further away from the first
AUG codon (e.g. nucleotides 10-14), it could seriously
limit (or even disable) synthesis of the peroxisome-tar-
geted isoform.

Gel electrophoresis suggests existence of several
Fe-SOD isoforms in L. polyedrum

The detailed bioinformatic analyses presented here
indicate that LpSOD transcripts encode the plastid/
mitochondrion-targeted isoform, as well as a peroxi-
some-targeted isoform (Fig. 2). Additional support for
the possibility of two isoforms comes from electropho-
retic analyzes of the crude extracts of L. polyedrum
cells made by Okamoto et al. (2001). Interestingly, on
their gel (see Fig. 1 in their paper), Fe-SODs are repre-
sented not by one but by several bands. Thus, it is pos-
sible that one of them corresponds to the plastid/
mitochondrion isoform, and another to the peroxisome
isoform.

Dinoflagellates are an understudied group of protists.
Many questions remain, not only regarding the import
mechanism of plastid proteins of class II, but also
about the targeting of plastid proteins to compartments
other than plastid, such as the mitochondrion or the
peroxisome. Until now, no protein had been identified
with characteristics indicating it could be targeted to
two or three compartments, either in dinoflagellates
and in any other algae with complex plastids. LpSOD
is the first candidate for such a protein. Although we
do not as yet have experimental data confirming the
dual (or triple) targeting of this protein, the compre-
hensive bioinformatic analyses presented here cer-
tainly suggest that the dinoflagellate superoxide
dismutase is targeted not only to the plastid, but also to
the mitochondrion and the peroxisome.

These data provide an important starting point for
future experimental studies. The first step in such
experiments should be empirical analyses of the struc-
ture and expression of the LpSOD gene and protein. It
will be interesting to determine whether, in addition to
the two start codons, it contains other mechanisms for
regulating isoform expression. Experiments, such as
primer extension analyses and RNase protection
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assays, should demonstrate how many transcript types
are generated from the LpSOD gene. In turn, in vitro
translation of the LpSOD mRNA should show
whether it is used to synthesize two proteins with dis-
tinct molecular masses and different targeting proper-
ties. Key tests for the targeting hypotheses presented in
this paper would be provided by import experiments
with Green Fluorescent Protein (GFP). It would be
important to determine whether (1) the bipartite pre-
sequence of LpSOD is able to render GFP targeting to
mitochondria; (2) how efficient the signal peptide-like
domain is in the import of GFP into the ER, and (3)
whether the C-terminal domain of LpSOD is able to
target GFP to peroxisomes. Moreover, modification
and/or deletion of the putative ‘hairpin’ structure in the
LpSOD mRNA should demonstrate its influence on
the synthesis of LpSOD isoforms. In turn, mutations of
the nucleotides surrounding AUG1 and AUG2 codons
could be used to examine how these contexts influence
the synthesis of the plastid/mitochondrion-targeted
and peroxisome-targeted isoform. Thus, our extensive
computational investigation provides a clear roadmap
for exciting new avenues of empirical research into
protein trafficking in these important, but enigmatic
and poorly understood organisms.
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