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Mg-protoporphyrin IX signaling in Cyanidioschyzon merolae

Multiple pathways may involve the retrograde signaling in plant cells
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lastids and mitochondria are

organelles in plant cells, which are
considered to have evolved from endo-
symbiotic associations of bacteria. These
organelles have their own genomes
descended from their ancestors, and
the organelle DNA replications (ODR)
of plant cells are coordinated with the
nuclear DNA replication (NDR) as
ODR precedes NDR during a cell cycle
progression. However, the underlying
mechanism for this coordination remains
largely to be determined. Recently, we
identified that a tetrapyrrole compound,
Mg-Protoporphyrin IX (Mg-Proto), is a
cell cycle coordinator from organelle to
NDR in plant cells.!" While Mg-Proto
has been suggested to be a retrograde
plastid signal to modulate transcription
of nuclear genes for plastid proteins, our
results indicated that nuclear transcrip-
tional regulation is not involved in the
NDR induction in C. merolae. Thus, our
finding for the NDR control is likely to
represent a novel signaling mechanism
independent of the conventional plastid
signal, which we named “parasitic sig-
nal”, and suggests multiple Mg-Proto-
involved pathways for the plastid-nucleus
retrograde signaling.

During long history of organelles having
endosymbiotic origin, gene transfer from
organelle to the nucleus resulted in the
organelle genome reduction. Two types
of organelles in plant cells, plastids and
mitochondria, have their own genome
but could not transcribe or replicate them
without a number of proteins encoded
by the nuclear genome. Thus, it has been
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considered that organelles have lost their
autonomy, and ODR is now under the
strict control of the nucleus. On the other
hand, several lines of recent evidence
suggest important roles and necessity of
organelles on cell proliferation and/or dif-
ferentiation of eukaryotic cells. For exam-
ple, decreased ATP production as well as
reactive oxygen species (ROS) from mito-
chondria result in the G,-S cell cycle arrest
through the modulation of relevant CDK
activity.>? Also in plant cell, crumpled leaf
mutant of Arabidopsis, which generates
a number of leaf cells devoid of plastids,
shows several abnormalities on orientation
of cell division plan, cell differentiation
and overall plant development.*>

In a recent study, we have identified a
critical role of plastid-derived signal for
the cell cycle initiation.! Based on detailed
microscopic analyses, it was previously
proposed that occurrence of mitochon-
dria and plastids DNA replication (ODR)
precedes that of nuclear DNA replication
(NDR) in plant cells as C. merolae (a prim-
itive red alga) and tobacco BY-2 cells.®’
To understand the relationship between
ODR and NDR, we specifically inhibited
ODR by an inhibitor (nalidixic acid), and
found that inhibition of ODR also results
in the inhibition of NDR in C. merolae.
This result suggested that occurrence of
ODR is monitored by a checkpoint that
controls the initiation of NDR. Our sub-
sequent analyses revealed the underlying
mechanism, in which ODR results in the
intracellular accumulation of a tetrapyrrole
compound, Mg-Proto, and this metabolite
activates CDK-A by unknown mechanism
to initiate NDR. Similar scheme was also
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Table 1. Concentration-dependence of NDR induction by Mg-Proto in C. merolae
ouM 5uM 10 uM 20 UM 50 uM 100 uM
NDR NI | | | NI NI

Various concentrations of Mg-Proto were exogenously added to the C. merolae culture after the second 18 hours dark period of the 18 h-dark/é h-light
cycles, and the cultivation was continued for 2 hours in the dark. Total DNA was extracted from the cells and qPCR analysis' was performed to check the
occurrence of NDR. Mg-Proto induced NDR in the lower concentrations (5-20 tM) while inhibited NDR in the higher concentrations (50—100 pM).

NI, not induced; I, induced.

Mg-Proto concentration

>

o 10 uM Mg-Proto, 1 h, under dark 100 uM Mg-Proto, 1 h, under dark

! Hspm?l

| Hypothetical protein |

Induction ratio
(Treated cells/ control cells)
o

0.001 0.01 0.1 1 0.001 0.01 0.1 1

Expression levels in control cells under dark (% to the total intensity of Cy3 signal)

D19 Hemin (uM) Mg-Proto (uM)
B D18 (DMSO) 10 100 10 100
Hsp90 i e —-—

rRNA

Figure I. Effects of Mg-Proto on the nuclear gene transcription. (A) Effects of Mg-Proto on the C. merolae nuclear transcriptome. C. merolae cul-
ture, after the second 18 hours dark period of the 18 h-dark/é h-light cycles with air-bubbled conditions, were incubated for | hour in the dark in the
absence or the presence of 10 UM or 100 uM Mg-Proto. Mg-Proto was added in DMSO, and therefore the same amount of DMSO without Mg-Proto
was added for the control culture. Total RNA was extracted from the cells and DNA microarray analysis® was performed to reveal the effect of Mg-
Proto on the nuclear gene expression. Dashed lines showed two times changes in the level of gene expression. Each value was obtained by the mean
of two reproductions. Gray circles in the right plot indicate the genes annotated as chaperones. (B) Northern analysis of the chaperone gene, HSP90.
Mg-Proto or hemin solved in DMSO were added to the C. merolae culture after the second |18 hours dark period of the 18 h-dark/é h-light cycles with
air-bubbled conditions, and the cultivation was continued for | hour in the dark. Total RNAs were prepared at the same timings as (A), and 10 g of
RNAs were analyzed by Northern hybridization. D18, after the second 18 hours dark period; D19, incubated for | hour with DMSO; other lanes are
samples after | hour incubation with tetrapyrroles as indicated. Probe for the HSP90 gene was prepared by PCR using following primers, HSP90F,
TAC ATG AGC GCC AAG AAG ATC A; HSP90R, ACT TCC TCC ATG GCA CTC TCG A. Labeling of probes and signal detection were performed
by AlkPhos direct labeling kit (GE Healthcare UK, Buckinghamshire, England) and the image analyzer, LAS-3000 (Fuji Film, Tokyo, Japan), respectively.

demonstrated in tobacco BY-2 cells, and
therefore, we postulated a novel signaling
mechanism in plant cells, involvement of a
plastid-derived tetrapyrrole compound in
NDR initiation.!

While our finding is the tetrapyrrole
signal coordinating DNA replications, the
same signaling molecule, Mg-Proto, has
been suggested to be the plastid signal that
communicates the plastid status to the
nucleus and thus regulates the transcrip-
tion of nuclear genes for plastid proteins.®
Although these two schemes share a com-
mon metabolite as the key signal, it was not
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clear whether these are different aspects of
the same pathway or represent different
signal pathways. Here, we compare effects
of Mg-Proto on NDR and nuclear tran-
scriptome, and argue the independency of
the two signal transduction mechanisms.

Distinct Signaling Pathways for
the NDR Induction and for the
Nuclear Transcriptional
Regulation

In the previous study, it was exam-
ined in detail that addition of Mg-Proto
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(10 uM) into the culture medium in the
dark induced NDR of C. merolae. Since
the effect of Mg-Proto as the plastid sig-
nal has been considered through the
nuclear transcriptional regulation, we
analyzed changes of the nuclear tran-
scriptome in the presence or absence
of Mg-Proto addition using C. merolae
nuclear microarray.’ As the result, we
found almost no significant change of
nuclear gene expression at the Mg-Proto
concentration for NDR  induction
(10uM, Fig.1A),withanexceptionalinduc-
tion of a hypothetical gene (CMR210C).
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Figure 2. Independent pathways for Mg-

Proto activity. A suitable concentration of

Mg-Proto could induce NDR, while excess
Mg-Proto concentration is likely to induce

cellular stress to activate stress-responsive
gene expression.

This gene was not likely involved in NDR
because it was also induced at the higher
Mg-Proto condition (100 pM, data not
shown and see below). When the dose
effect of Mg-Proto was examined for the
NDR induction, NDR was not observed
at the higher concentrations (50 UM,
Table 1), indicating a range of Mg-Proto
concentration iscritical for the replicational
control. On the other hand, induction of
chaperone genes, HSP90 (CMQ224C)
and HSPIOI (CMCI25C) (Fig. 1A
and B), was observed at the NDR inhibi-
tory concentration (100 pM). Excess
amount of hemin also provoked induction
of the HSP90 gene (Fig. 1B). These results
suggest that addition of excess amount of
tetrapyrroles could be perceived as a stress
by the cell to induce stress-responsive
genes (Fig. 2). Tetrapyrrole molecules are
well known as generator of reactive oxygen
species (ROS) under light irradiations.
Even in the absence of light, the present
results suggest high concentration of free
tetrapyrroles could be perceived as a stress
for photosynthetic organisms.
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Apparently, effective concentrations
for the NDR induction and the chaperone
gene induction are distinctive from each
other in C. merolae, and thus, the under-
lying mechanisms are also likely to be dif-
ferent. Thus far, three types of responses
by Mg-Proto have been proposed in plant
cells: First is the plastid signal suggested
based on genetic analysis of Arabidopsis,®
which is involved in transcriptional repres-
sion of nuclear genes for plastid proteins.
Although Mg-Proto was proposed as the
signaling molecule,® evidence against the
working model was presented recently,'*"!
and the physiological relevance of
Mg-Proto should be further investigated.
Second is the signal to induce some nuclear
genes in Chlamydomonas reinbardtii. In
this case, addition of Mg-Proto as well as
hemin into the cultivation medium results
in the transcriptional activation of genes
such as HEMA and HSP70A,'*"* and our
observation for the stress gene expression
in C. merolae could be categorized here.
And third is the signal that we found on
the NDR induction; Given that plastids
are descendants of ancient cyanobacte-
ria, DNA replication of the nucleus and
the endosymbiont should have acquired a
coordination mechanism to maintain the
cell integrity. Especially in the absence
of light, the engulfed plastid is almost
a kind of parasite consuming resources
and energy of the host cell, and therefore
could be easily removed from the host cell.
Thus, a mechanism to inhibit NDR under
dark and restore NDR in the presence of
light would have been critical to maintain
the endosymbiotic association. Because
we consider the third type of Mg-Proto
signaling was evolved to stabilize the plas-
tid-nucleus relationship in case of such
parasitic dark phase, we here propose to
name this signaling “parasitic signal”.

Further analysis including identifica-
tion of the components of the Mg-Proto
signaling pathways, such as Mg-Proto
receptor(s) in the cytosol, will uncover
the interrelationship between organ-
elles and the nucleus for the cell cycle
progression.
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