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ABSTRACT Coordination between the activities of or-
ganelles and the nucleus requires the exchange of signals.
Using Chlamydomonas, we provide evidence that plastid-
derived chlorophyll precursors may replace light in the in-
duction of two nuclear heat-shock genes (HSP70A4 and
HSP70B) and thus qualify as plastidic signal. Mutants defec-
tive in the synthesis of Mg-protoporphyrin IX were no longer
inducible by light. Feeding of Mg-protoporphyrin IX or its
dimethyl ester to wild-type or mutant cells in the dark resulted
in induction. The analysis of HSP70A promoter mutants that
do or do not respond to light revealed that these chlorophyll
precursors specifically activate the light signaling pathway.
Activation of gene expression was not observed when proto-
porphyrin IX, protochlorophyllide, or chlorophyllide were
added. A specific interaction of defined chlorophyll precursors
with factor(s) that regulate nuclear gene expression is sug-
gested.

In eukaryotic cells, there is a complex network of regulatory
signals between the nucleus and organelles. Many of the
structural and regulatory proteins necessary for organelle
development and function are encoded by nuclear genes
resulting in the well-known dominating role of the nucleus in
biogenesis of mitochondria and plastids (1, 2). On the other
hand, intact, functional organelles are a prerequisite for the
expression of a subset of nuclear genes. Many of the nuclear
genes, dependent on functional chloroplasts, encode photo-
synthesis-related proteins (3). These genes are not expressed in
plants with defective plastids caused, e.g., by carotenoid defi-
ciency leading to photodestruction of plastids (4-7) or by
mutations resulting in ribosome-deficient plastids (8). The
concept of a signal originating in plastids or on their surface
and regulating transcription of specific nuclear genes (“plas-
tidic signal’) was derived from these studies (9, 10). The nature
of the plastidic signal remained elusive. Genetic studies have
revealed that, in Arabidopsis, at least three nonallelic loci
(GUNI-3) are necessary for signaling from plastids to the
nucleus (11). This result raised the question whether a single
or multiple compound(s) must be considered as plastidic
signal(s). In addition to light, transcription, and translation
occurring in the chloroplast were found to be necessary for the
expression of the nuclear genes CAB, RBCS, and PETH. The
plastidic signaling compounds (of unknown nature) were
believed to inactivate or modify a transcription factor, most
probably a repressor, that binds to the promoter region of the
respective genes (12).

Intermediates of chlorophyll synthesis (Fig. 1) as a plastidic
signal were first suggested to act as regulators of nuclear gene
expression in Chlamydomonas. Experimental conditions that
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were assumed to cause accumulation of Mg-protoporphyrin
monomethyl ester (MgPROTOMe) inhibited light-dependent
accumulation of CAB and RBCS transcripts (13, 14). These
results suggested that the accumulation of chlorophyll precur-
sors resulted in mRNA destabilization (13, 15). Accumulation
of MgPROTOMe though was not tested by the authors but
hypothesized to occur in Chlamydomonas reinhardtii by anal-
ogy to higher plants. In cress seedlings, an increase in Mg-
PROTOMe pool size was shown to cause decreased steady-
state levels of light-induced mRNAs (CAB, PSI2). Run-off
measurements suggested that MgPROTOMe accumulation
interfered with light-dependent transcription (16, 17).

The expression of the nuclear heat-shock genes HSP70A4 and
HSP70B, encoding cytosolic and plastid-localized heat-shock
proteins, respectively, can, in addition to induction by heat
stress, also be induced by light (18-20). We have shown
previously (21) that, for the light induction of these genes, a
pathway is utilized that is different from the one used in
response to heat shock. A clue to our biological understanding
of the light induction of HSP70 genes was provided by the
observation that, in cells incubated in the dark and then shifted
to light intensities that caused photoinhibition, photosystem II
was less damaged and recovered faster when, prior to light
stress, the cultures were pre-exposed to dim light for 60 min.
During this preincubation, the HSP70 genes were induced. For
HSP70B, the plastid-localized heat-shock protein, increased
levels were detected after light induction (20). Evidence for a
role for the HSP70B in the recovery of photosystem II activity
from photoinhibitory damage has been obtained recently by
the analysis of mutants with either reduced or elevated levels
of HSP70B (M. Schroda, O. Vallon, F.-A. Wollman, and
C.F.B., unpublished data). These data suggest that light in-
duction of HSP70 genes provides the cells with increased levels
of these chaperones that, by mechanisms not yet elucidated,
are advantageous for the chloroplast under light stress condi-
tions.

In the present paper, we provide evidence that MgPROTO
or MgPROTOMe, added to a Chlamydomonas culture in the
dark, can replace light in inducing genes HSP70A and HSP70B
and thus qualify as plastidic signal.

MATERIALS AND METHODS

Algal Strains. Strain CC-124 (wild type) of C. reinhardtii was
obtained from the Chlamydomonas Genetics Center (Duke
University, Durham, NC). The brs-1 and brc-1 mutants, which
both accumulate PROTO in darkness, have been described
(22). The double mutant PC-1/Y-7 accumulates protochloro-
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Fic. 1. Pathway of chlorophyll synthesis. Dashed arrows represent
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phyllide (PCHLD) and cannot form chlorophyllide (CHLD)
due to a deletion mutation in the light-dependent NADPH:
PCHLD oxidoreductase (PC-1) (23) and a defect in one of the
steps required for light-independent CHLD formation (Y-7)
(24). The mutant strains were kindly provided by W.-Y. Wang
(University of Iowa, Iowa City).

Culture Conditions. Strain CC-124 was grown in Tris/
acetate/phosphate (TAP) medium (25) with aeration and
continuous irradiation (30 pmol-m~2s~1) at 23°C to a density
of 4 X 10° cells per ml (26). For light induction, the cultures
were then divided into subcultures of 50 ml each, and incu-
bation continued in the dark. After 20 h of dark incubation,
these cultures were again exposed to white light (30
wmol-m~2s~1) and samples were taken for RNA isolation (18).
Mutant cultures, due to their light sensitivity, were grown in
the dark and treated like wild-type cells after reaching a
density of 2-4 X 10° cells per ml.

RNA Gel Blot Analyses. Ten micrograms of total RNA per
lane were separated on formaldehyde-containing agarose gels
and transferred to nylon membranes (Hybond N*, Amer-
sham). Prehybridization (3 h) and hybridization (18 h) were
performed at 65°C in 0.1 M NaCl, 50 mM Tris-HCI (pH 7.5),
0.1% sodium pyrophosphate, 10X Denhardt solution, 1%
SDS, 10% dextran sulfate, 60% formamide, and 100 ug/ml of
sheared, denatured herring sperm DNA. The probes were
labeled with [@-*?P]dCTP (3,000 Ci/mmol; 1 Ci = 37 GBq) by
the random priming protocol. After hybridization the mem-
branes were washed twice in 2X standard saline citrate (SSC)
for 5 min at room temperature and once in 2X SSC, 1% SDS
for 30 min at 65°C.

Hybridization Probes. Genomic clones of HSP704 and
HSP70B were used as HSP70 probes (ref. 18; described as
hsp70-2 and hsp80-35, respectively). Plasmid Ba295, contain-
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ing a 4.4-kb genomic DNA fragment of the C. reinhardtii 18S
and 23S rRNA genes (27) was provided by J.-D. Rochaix
(University of Geneva, Switzerland).

Induction by Porphyrins. Porphyrins were dissolved in
dimethyl sulfoxide (final concentration 15 mM). For induction
experiments, the compounds were added to subcultures that
had been preincubated in the dark for 20 h (see above).
Subsequent incubation with the compounds was performed in
the dark for 1 h (unless otherwise stated) followed by cell
harvest and RNA extraction (18).

Synthesis of Various Porphyrins. For the preparation of
MgPROTO, 100 mg of PROTO were dissolved in 20 ml
dimethyl sulfoxide and heated to 150°C under a stream of
nitrogen. Magnesium acetate (2.5 g) was added and the
mixture was heated until insertion was complete, as tested by
the absorption spectrum of small aliquots. The product was
extracted with n-butanol. The butanol phase was thoroughly
washed with water, dried with Na,SO4, and evaporated. The
purity of the product was checked by HPLC. MgPROTO
dimethyl ester (MgPROTOMe,) was prepared as described
above using PROTOMe; as the starting material. PCHLD a
and CHLD a were prepared according to standard procedures
(28).

RESULTS

Induction of HSP70A and HSP70B Does Not Occur or Is
Delayed in Mutants Defective in MgPROTO Synthesis. In
Chlamydomonas, light induces increased expression of the
nuclear heat-shock genes HSP70A (encoding a cytosolic pro-
tein) and HSP70B (encoding a chloroplast-localized protein)
by a mechanism that is independent of the normal heat-shock
response (18, 19, 21). Light induction of HSP70 genes was not
observed in a mutant blocked in chlorophyll synthesis (Fig. 1).
Thus, in mutant brs-1, which is unable to convert PROTO into
MgPROTO and thus accumulates PROTO (22), induction of
neither HSP70A nor HSP70B was detected upon light exposure
(Fig. 2). Mutant bre-1, defective in the synthesis of MgPROTO
only in the dark (22), accumulated these HSP70 mRNAs upon
light induction only after a delay of ~0.5 h as compared with
the wild-type strain (Fig. 2). In both mutants, the HSP70 genes
were normally inducible following a heat shock in the light or
in the dark (data not shown). A mutant (PC-1/Y-7) blocked
in the conversion of PCHLD to CHLD in the light and in the
dark (24) exhibited normal light induction of the HSP70 genes
(Fig. 2). From these results we conclude that either a reaction
catalyzing the synthesis of MgPROTO or intermediates of
chlorophyll biosynthesis after PROTO and before CHLD may
be involved in light induction of HSP70 genes.

Addition of MgPROTO in the Dark Induces the HSP70
Genes. If indeed intermediates of chlorophyll biosynthesis
played a role in the induction pathway, the feeding of chloro-
phyll precursors would be expected to substitute for the light
signal. This can be tested by the addition of MgPROTO to
cultures in the dark. Addition of these precursors in the light
caused cell death due to severe photooxidative damage (data
not shown). As shown in Fig. 3, addition of MgPROTO
resulted in a transient induction of the HSP70 genes. The
kinetics of mRNA accumulation were similar to those ob-
served upon dark-light shift. To further characterize the
inducing activity of this chlorophyll precursor, different
amounts of MgPROTO were added to cells in the dark. The
results reveal a clear correlation between the degree of
HSP704A mRNA accumulation and the concentration of the
inducing porphyrin (Fig. 44).

Since, depending on the genotype used, mutants defective in
the synthesis of MgPROTO showed no or delayed light
induction of the HSP70 genes (Fig. 2), supplementation of
MgPROTO should restore induction. Indeed, feeding of Mg-
PROTO to either the brs-1 or the brc-1 mutant in the dark
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Induction of HSP70A4 and HSP70B expression by light in C. reinhardtii wild-type cells (WT), and mutants impaired in the synthesis of

MgPROTO (brs-1 and bre-1), or in the conversion of PCHLD to CHLD (PC-1/Y-7). At time 0, cultures were shifted from dark into light (30
pmol'm~2s~1). For Northern blot analyses, 10 ug of total RNA were hybridized with HSP704 and HSP70B genomic probes. As a control, an 18S
rDNA probe was used. Conditions for hybridization, washing, and exposure to x-ray films were identical for all probes.

resulted in an increased expression of HSP70A (Fig. 4B) and
HSP70B (not shown).

HSP70 Gene Induction by MgPROTO Uses the Light-
Specific Signaling Pathway. Although various chlorophyll
precursors are well known for their potential to cause damage
to cells in the light, such effects have not been observed in the
dark (29). However, the addition of MgPROTO to cells of C.
reinhardtii in the dark may still elicit the general stress re-
sponse. To test whether feeding of MgPROTO in the dark
activates the general stress response or the light-specific sig-
naling pathway we made use of an HSP70A4 promoter deletion
mutation (A-138) that essentially abolished light induction of
the HSP70A gene. This mutated promoter still normally
responds to heat stress (21). As a control, a second HSP70A4
promoter deletion construct (A-209) that responds normally to
light as well as heat stress was chosen. These promoter mutant
constructs, fused to a tagged HSP70A gene (21), were rein-
troduced into C. reinhardtii cells and tested for their response
to the addition of MgPROTO in the dark. Feeding of Mg-
PROTO to A-209 in the dark resulted in an induction of the
tagged HSP70A gene (Fig. 5). In contrast, A-138 responded
neither to the addition of MgPROTO nor to light. Induction
of the endogenous HSP70A gene in these transformants by
MgPROTO, light, or heat stress turned out to be normal (Fig.

5)

Porphyrin Compounds That May Mediate HSP70A Induc-
tion. Our mutant analysis has provided evidence for an in-
volvement of porphyrin intermediates between MgPROTO
and PCHLD in the light induction of HSP70 genes (Fig. 2). To
identify the specific compound(s) involved, different chloro-
phyll precursors (Fig. 1) were used in feeding experiments. No
induction was observed when PROTO was added to cultures

Mg-PROTO DLS
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F1G. 3. Induction of HSP70A4 and HSP70B by exogenous addition

of MgPROTO. Northern blot analyses show the kinetics of mRNA
accumulation after addition of MgPROTO at a final concentration of
4 uM in the dark (MgPROTO) or after shift from dark into white light
in the absence of MgPROTO (DLS).

in the dark (Fig. 6). Also, the addition of Mg?* alone as well
as in combination with PROTO did not cause induction (data
not shown). Presence of Mg?" in the tetrapyrrole ring thus
appears to be required for induction. PCHLD and CHLD were
also unable to induce the HSP70A gene. Since the difference
between MgPROTOMe and PCHLD rests in the side groups
at the third ring of the tetrapyrrole, an involvement of this part
of the molecule in determining specificity may be deduced.
MgPROTO and MgPROTOMe; (used instead of the naturally
occurring monomethyl ester) were thus the only chlorophyll
precursors tested that had inducing potential.

DISCUSSION

Here we report on experimental evidence for a role of the
chlorophyll precursors MgPROTO and MgPROTOMe as
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FiG. 4. Induction of HSP70A by exogenous addition of Mg-
PROTO. (4) Dependence of HSP704 mRNA accumulation on the
concentration of MgPROTO. MgPROTO was added in the dark at the
final concentrations indicated and after 1 h of incubation cells were
harvested and RNA was isolated. (B) HSP70A mRNA accumulation
in mutants impaired in the synthesis of MgPROTO after the addition
of MgPROTO at a final concentration of 4 uM in the dark.
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Fi1G.5. Test of HSP70A promoter deletion constructs for induction
by MgPROTO. Two 5'truncations into the upstream region of the
HSP70A promoter (A-209 and A-138) were converted into reporter
genes by insertion of a 299 bp DNA fragment (TAG) into the
3’untranslated region of HSP70A4 (21) and co-transformed with a
plasmid containing the ARG7 gene into an arg7 mutant. After an
incubation for 20 h in the dark samples for RNA isolation were taken
from subcultures that either had received MgPROTO (4 uM final
concentration) for 1 h, were shifted from dark to light for 1 h (DLS),
were shifted from 23°C to 40°C for 30 min (HS), or were incubated in
the dark for another hour (CD). Ten micrograms of total RNA (2 ug
for heat shock) was hybridized with the TAG probe, thereby specifi-
cally detecting the mRNA encoded by the promoter deletion con-
structs, or an HSP70A probe that hybridized to both HSP704 mRNAs.

intermediates in the signaling pathway by which light activates
the expression of the nuclear heat-shock genes HSP70A4 and
HSP70B. MgPROTO is the product of Mg-chelatase, the first
enzyme specific for chlorophyll synthesis after the branching
point between chlorophyll and heme biosyntheses (30, 31). As
a “bottleneck” enzyme, it appears to play a regulatory role in
chlorophyll metabolism. According to recent investigations
(32), it is a chloroplast-localized, soluble stromal protein.
Being synthesized in the chloroplast compartment, the reac-
tion product, MgPROTO, must thus be considered as a true
“plastidic factor,” i.e., a compound originating within the
plastids.

Mutant brs-1, which is unable to form MgPROTO (22) and
did not show light induction of HSP70 mRNA (Fig. 2),
provided a first indication for the participation of the chloro-
plast in the light control of the HSP70 genes. However, the
inducibility of the HSP70 genes in a mutant blocked in a later
step of chlorophyll synthesis, i.e., the conversion of PCHLD to
CHLD (mutant PC-1/Y-7), showed that, for light induction,
neither chlorophyll nor a functional photosynthetic apparatus
are needed, an observation corroborated by the competence of
various photosynthetic mutants for HSP70 light induction (J.K.
and C.F.B., unpublished data). The crucial role of MgPROTO
and MgPROTOMe in the light signaling pathway was con-
firmed by the feeding of MgPROTO or MgPROTOMe; to C.
reinhardtii cells in the dark that resulted in the transient
accumulation of HSP70A4 and HSP70B mRNAs, very similar to
that observed after dark-light shift (Fig. 3). Neither earlier
(PROTO) nor later (PCHLD, CHLD) chlorophyll precursors
had the potential to induce the HSP70 genes. The observation
that the defect in light induction of HSP70 genes in mutant
brs-1 that does not synthesize MgPROTO can be restored by
feeding of MgPROTO provides experimental support for the
involvement of this compound in the transcriptional regulation
of these genes. Thus, in contrast to previous indirect evidence
(13, 14), we present here direct evidence for a regulation of
nuclear genes by defined chlorophyll precursors.

Arguments against a specific role of the chlorophyll inter-
mediates in the light induction of the HSP70 genes may be
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F1G. 6. Analysis of different chlorophyll precursors for their po-
tential to induce HSP704 mRNA accumulation. After 20 h of incu-
bation in the dark cultures of the wild-type strain were supplemented
with different chlorophyll precursors at final concentrations of 4 uM
and incubation was continued in the dark. Samples for RNA isolation
were taken at the time points indicated.

based on a possible activation of the general stress response by
these compounds. Using HSP70A promoter mutants, we could
demonstrate that loss of light-specific induction also abolished
the induction by MgPROTO (Fig. 5). This result suggests that
light and MgPROTO have the same targets in the HSP70A
promoter; targets that are different from those utilized by the
cell’s general stress response system (21).

As a model, we propose that the signal chain for the
induction of HSP70 genes is activated by light within the
chloroplast or its envelope. Following this activation, Mg-
PROTO and/or MgPROTOMe become accessible on the
cytoplasmic side of the chloroplast. We entertain two alter-

Chloroplast
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transport Nucl
ucleus
MgPROTO / MgPROTOMe ( .0 expression
/
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Hypothesis 2
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LIGHT
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Fi1G. 7. Model for the light signaling pathway from chloroplast to
nucleus. The model is explained in the text. ALA, §-aminolevulinic
acid; CHL, chlorophyll.
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native hypotheses for mechanisms by which light may mediate
the increase of these chlorophyll precursors in the cytoplasm
(Fig. 7). Firstly, a dark-light shift may cause an increase in the
levels of various chlorophyll precursors. These precursors may
diffuse from the chloroplast to the cytoplasm and activate
there the downstream branch of the signaling pathway. A
transient 30-200-fold increase of MgPROTO and MgPRO-
TOMe pools within 30—60 min following a dark-light shift has
been observed in tobacco and barley seedlings (G. Popperl,
U.O., and W.R., unpublished results). A similar, but smaller
increase has also been observed in C. reinhardtii (G. Popperl,
U.O., and W.R., unpublished results). However, a strict cor-
relation between an increase in the amount of porphyrins and
the induction of HSP70 genes remains yet to be established.
Secondly, a light activated mechanism for the transport of
MgPROTO and/or MgPROTOMe from the chloroplast to the
cytoplasm could also account for an increase in cytoplasmic
porphyrin levels following a dark-light shift. In the cytoplasm,
MgPROTO and/or MgPROTOMe may be recognized by
factor(s) that either regulate the expression of nuclear genes
directly or stimulate a signaling pathway that controls gene
expression. MgPROTO and MgPROTOMe thus qualify as
plastidic factors involved in the communication from the
chloroplast to the nucleus.

This light regulatory system for the HSP70 genes in C.
reinhardtii has certain features in common with the proposed
mechanism for the regulation of nuclear genes CYCI and
CYC7, encoding iso-1-cytochrome ¢ and iso-2-cytochrome c,
respectively, in S. cerevisiae. The two yeast genes are activated
by a regulatory protein, HAP. HAP1 is activated by binding to
heme provided by the mitochondria and then binds to up-
stream activating sequences of both CYC genes (33-35).

In Chlamydomonas, the chlorophyll precursors presumably
represent just one of a number of plastidic factors involved in
the regulation of nuclear genes. It has been shown recently that
the redox status of the plastoquinone pool in the chloroplast
represents a photon-sensing system that, linked by a phosphor-
ylation cascade, regulates CAB gene transcription in response
to light intensity (36). With the identification of MgPROTO
and MgPROTOMe as signaling intermediates, compounds are
at hand that should facilitate the isolation of protein(s) from
the cytoplasm or nucleus that bind to these porphyrins. The
molecular characterization of the photoreceptor involved pre-
sents another challenge.
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