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Recombinant Whirly1 translocates from transplastomic chloroplasts to the nucleus
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Whirly1 was shown to be dually located in chloroplasts and nucleus of the same cell. To investigate
whether the protein translocates from chloroplasts to the nucleus, we inserted a construct encoding
an HA-tagged Whirly1 into the plastid genome of tobacco. Although the tagged protein was synthe-
sized in plastids, it was detected in nuclei. Dual location of the protein was confirmed by immuno-

cytological analyses. These results indicate that the plastidial Whirly1 is translocated from the
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plastid to the nucleus where it affects expression of target genes such as PR1. Our results support

a role of Whirly1 in plastid-nucleus communication.
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1. Introduction

Whirly proteins belong to a small family present in all higher
plants. Each species has at least two Whirly proteins. Originally,
Whirly1 has been described as the transcriptional activator p24
of the PR10a gene of potato [1]. Later it has been shown that the
sequence of Whirly1 has an N-terminal extension encoding a plas-
tid targeting peptide enabling the import of the protein into chlo-
roplasts [2]. Fluorescence of a Whirly1:GFP fusion protein was
found to be associated with speckles resembling nucleoids [2].
Accordingly, Whirly1 has been identified as a protein of the trans-
criptionally active chromosome [3]. These findings are in accor-
dance with the recently proposed function as an anti-
recombination protein in plastids [4]. In chloroplasts of maize
and barley Whirly1 has been detected in addition in the stroma
where it binds to intron containing RNA species [5,6].

Immunological analyses with an antibody directed against the
Whirly1 protein of barley revealed that Whirly1 is located in chlo-
roplasts and the nucleus of the same cell [7]. Only few proteins
were described to have a dual localisation in an organelle and
the nucleus. One example is the mitochondrial pentatricopeptide
repeat (PPR) protein localised to the nucleus and mitochondria
(PNM1) [8]. Such proteins were proposed to be stored in the orga-
nelle and to be redirected to the nucleus in response to certain
stimuli [9].
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Targeting of dually located proteins might depend on the cell
type or the developmental stage of the plant. For barley Whirly1
it has been clearly demonstrated that it is located in chloroplasts
and in the nucleus, respectively, of exactly the same cell [7].
Intriguingly, its nuclear form was observed to have the same
molecular weight as the mature plastid form [7]. To investigate
whether Whirly1 might get translocated from plastids to the nu-
cleus, a gene cassette encoding an HA-tagged version of Arabidopsis
thaliana Whirly1l was inserted into the tobacco plastid genome.
Immunological analyses with leaves from the transplastomic to-
bacco plants revealed that the tagged Whirly1 is recruited from
chloroplasts to the nucleus where it was shown to affect expres-
sion of target genes.

2. Materials and methods
2.1. Plant material

A gene cassette including the cDNA sequence of Atwhirly1 (TAIR
ID: AT1G14410) lacking the plastid targeting peptide was inserted
into pBluescript-SK (Supplementary Fig. S1A; see Supplementary
Table S1A for sequence of primers). Cloning of the construct and
transformation of tobacco, cv. Petite Havana, were carried out as
described [10-12].

Tobacco seeds were grown on selective half-strength MS med-
ium (Duchefa, Haarlem, The Netherlands) containing 3% (w/v) su-
crose and spectinomycin (500 mg/l). Plants were cultivated under
controlled conditions at 22 °C with a photoperiod of 16 h light
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Fig. 1. Immunological detection of HA-tagged AtWhirly1 in chloroplasts and nuclei.
Chloroplasts and nuclei fractions were isolated from leaves of transplastomic
tobacco line 5. As controls protein extracts from an Arabidopsis line overexpressing
an AtWhirly1:HA construct (A. th.) and E. coli cells expressing the cassette used for
plastid transformation (E. coli) were used. Loading of the gel was shown by
Coomassie staining. Purity of the chloroplast fraction was shown by immunode-
tection of cytochrome bssg. Purity of the nuclear fraction was shown by immuno-
detection of histone H2B. TP: total protein; C: chloroplasts; N: nuclei.

(100 LE x m~2 x s~ 1). After three weeks of growth seedlings were
transplanted to soil and further cultivated in a glass house under
natural light conditions.

2.2. Protein extraction and immunological gel blot analysis

Details are given in the Supplementary material and methods.
2.3. Fixation and embedding for microscopy

Details are given in the Supplementary material and methods.
2.4. Immunofluorescence and immunogold labelling

Details are given in the Supplementary material and methods.
2.5. Quantitative RT-PCR analyses

Details are given in the Supplementary material and methods.

3. Results
3.1. Accumulation of plastid-encoded Whirly1 in leaves

To allow to pursue the translocation of plastid Whirly1 to the
nucleus a construct encoding an HA-tagged version of AtWhirly1
lacking the transit peptide was inserted into the plastid genome
of tobacco according to described methods [10-12]. For selection
of transplastomic plants the cassette included the aadA gene con-
ferring resistance towards spectinomycin (Supplementary
Fig. S1A). In order to ensure insertion into an appropriate position
of the inverted repeat by homologous recombination, the cassette
was flanked by fragments encoding the 3’ region of the rps12 gene
and orf131, respectively (Supplementary Fig. S1A). Genomic DNA
from five independent transplastomic lines was digested with
EcoRI and analysed by DNA blot analysis using a probe specific
for rps12 (Supplementary Fig. S1B). A 1038 bp fragment obtained
by digestion with EcoRI indicated integration of the transgene cas-
sette whereas a fragment of 3136 bp was derived from the
untransformed plastid genome. Transplastomic lines 1, 2 and 3
seemed to be homoplastomic, whereas line 5 was heteroplastomic
(Supplementary Fig. S1B).

Quantitative PCR with DNA from line 5 and primers specific for
the AtWhirly1 gene as well as for selected plastidic (23SrDNA, psbD)
and nuclear genes (actin, EF-1a) showed that more than 50% of the

plastid genome copies contained the transgene (Supplementary
Fig. S1C). Protein extracts from leaves of the five lines were tested
for accumulation of the AtWhirly1:HA fusion protein by immuno-
blot analysis using an antibody specific for the HA-tag. Lines 1, 2, 3
and 5 previously shown to have the correct insertion (Supplemen-
tary Fig. S1B) accumulated AtWhirly1:HA having a molecular
weight of 25 kDa (Supplementary Fig. S1D). Line 5 was the only
line producing seeds and hence was chosen for further analyses.

3.2. Detection of plastid-encoded AtWhirly1 in nuclei

Whirly1 has previously been shown to have the same size in
chloroplasts and the nucleus indicating a possible retrograde trans-
fer of the processed protein from chloroplasts to the nucleus [7]. In
order to test this hypothesis, chloroplasts and nuclei from leaves of
transplastomic tobacco line 5 were prepared. Immunoblot analysis
with an antibody specific for the HA-tag revealed that AtWhirly1:-
HA synthesised in plastids is contained both in the chloroplast frac-
tion as well as in the nuclear fraction (Fig. 1). As controls a protein
extract from rosette leaves of Arabidopsis plants overexpressing the
processed form of the HA-tagged AtWhirly1 and a protein extract
from Escherichia coli cells expressing the gene cassette used for
transformation of tobacco were used (Fig. 1). To demonstrate purity
of the fractions analogous blots were incubated with antibodies di-
rected against cytochrome bssg and histone H2B, respectively.
These analyses showed that the plastid fraction does not contain
detectable levels of nuclear proteins and the nuclei fraction vice ver-
sa does not contain detectable levels of plastid proteins (Fig. 1).

To further confirm the dual localisation of the plastid-encoded
AtWhirly1:HA in chloroplasts and nucleus, we investigated its sub-
cellular localisation by immunofluorescence using an antibody di-
rected against the HA-tag. Semithin sections were prepared from
specimens excised between the major veins of mature leaves of
transplastomic tobacco line 5. For detection of AtWhirly1:HA by
confocal laser scanning microscopy we used secondary antibodies
coupled to Alexa Fluor 568. Immunofluorescence was found to be
associated with structures in the cytoplasm and nuclei (Fig. 2A).
Nuclei were identified by counterstaining with the DNA-specific
fluorescent dye TO-PRO-1 iodide (Fig. 2B). The overlay of fluores-
cence and phase contrast showed that fluorescence from immune
complexes was associated with chloroplasts and nuclei (Fig. 2C).
In order to rule out any false signals due to autofluorescence, label-
ling was additionally performed with gold-coupled secondary anti-
bodies. For visualisation by light microscopy, gold particles were
enlarged by silver enhancement and detected by confocal reflec-
tion microscopy. By these analyses gold particles were clearly de-
tected in nuclei and chloroplasts (Fig. 2D and E). Taken together
these results confirm the presence of HA-tagged AtWhirly1 in both
chloroplasts and the nucleus of each cell. Immunogold labelling of
ultrathin sections from the same specimen confirmed the presence
of AtWhirly1:HA in the nucleus where it seems to associate with
the dense chromatin (Fig. 2F). This distribution resembled the dis-
tribution of gold particles previously obtained with the antibody
directed against the endogenous Whirly1 protein of barley [7].

3.3. Alteration of pathogen response gene expression

Previously, the nuclear form of Whirly1 has been predicted to
be a trans-acting factor of pathogen response genes (PR genes)
[1,13]. Quantitative real-time PCR with RNA derived from leaves
of wild-type and transplastomic line 5 revealed that relative tran-
script levels of PR1 and PR2 genes were enhanced by factors of
more than 700 and 70, respectively, in leaves of transplastomic to-
bacco line 5 (Fig. 3). In comparison, expression of a nuclear control
gene encoding elongation factor 1o (EF-1a) was enhanced in the
transplastomic line by a factor of 1.5 only (Fig. 3).
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Fig. 2. Immunocytological detection of AtWhirly1:HA in leaves of transplastomic tobacco. (A-C) Immunoflourescence detection with a primary antibody directed against the
HA-tag and a secondary antibody coupled to Alexa Fluor 568 (A). Nuclei were counterstained by TO-PRO-1 iodide (B). Overlay of fluorescence of Alexa Fluor 568 (A), of TO-
PRO-1 iodide (B), and phase contrast (C). Scale bar: 10 um. (D and E) Semithin sections after immunogold labelling and silver enhancement as seen by confocal reflection
microscopy. The secondary antibody was coupled to 5 nm-gold particles and gold labelling of semithin sections of tobacco leaves was detected after silver enhancement by
confocal reflection microscopy. Overlays of phase contrast, TO-PRO-1 iodide fluorescence (nuclei) and reflection (silver-enhanced gold particles) are presented. A control
section without treatment with primary antibody (D) and a section treated with primary and secondary antibody (E) are compared. Scale bar: 5 pm. (F) Immunogold labelling
of AtWhirly:HA in an ultrathin section detected by transmission electron microscopy. The secondary antibody was coupled to 15 nm-gold particles. Scale bar: 500 nm.
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Fig. 3. Expression of PR genes in leaves of transplastomic line 5. Quantitative real-
time PCR assays were performed with RNA from mature leaves of wild-type and the
transplastomic tobacco line 5 having higher relative transcript levels of the
pathogen response genes PR1 and PR2 although the relative transcript level of the
gene encoding EF-1o was barely altered. The standard deviations of three technical
replicates were less than +0.5. The results of a biological repetition were similar.

4. Discussion

Whirly1 in barley was shown to have the same molecular
weight in nuclei as well as in chloroplasts [7]. In this study we
show that in leaves of a transplastomic line producing an HA-
tagged version of AtWhirly1 in plastids the tagged protein is trans-
located into the nucleus. Few proteins were reported to be located
both in the nucleus and in one of the DNA containing organelles
(mitochondria and plastids) [9]. It has been proposed to coin such
proteins “echoproteins” [14]. Similar to Whirly1, most of these
proteins bind to DNA and/or RNA such as MFP1 which is a plant
specific coiled-coil protein with non-specific DNA binding activity
[15,16]. So far, the mechanism underlying its dual localisation has
not been elucidated. Another protein showing dual localisation in
plastids and the nucleus is HEMERA (pTAC12). As Whirly1 and
MFP1 it has been identified as a component of the transcriptionally
active chromosome [3]. In the nucleus HEMERA was detected in
phytochrome containing nuclear bodies indicating a role in light

signalling [17]. Immunological analyses with protein fractions
from plastids and nuclei revealed that HEMERA is a plastid/nucleus
located protein apparently showing the same molecular size in
both compartments [17]. It is however not known whether
HEMERA similarly as Whirly1 is dually located in plastids and
the nucleus of the very same cell, and not in either nucleus or plas-
tids depending on the cell type or the developmental stage.

In our study we showed that the translocated AtWhirly1:HA in
the nucleus stimulates the transcription of PR genes previously
predicted to be targets of nucleus located Whirly1 in potato and
Arabidopsis [1,13]. Our results indicate that recombinant AtWhir-
ly1:HA in nuclei functions likewise as endogenous Whirly1. Other
dually located proteins have been implicated in pathogen reactions
as well. Recently, chloroplast located NRIP1 (N receptor-interacting
protein 1), an interactor of the N immune receptor involved in rec-
ognition of tobacco mosaic virus (TMV), was shown to be recruited
by p50 to the cytoplasm and nucleus where it was shown to bind
to the N immune receptor [18]. The authors speculate about pro-
tein transfer from plastids to the nucleus via stromules which are
strongly induced upon infection with viruses [18,19]. The trans-
plastomic lines here described are an excellent tool to investigate
the mechanism of protein export from chloroplasts, because the
tagged Whirly1 in these lines is not associated with the import
machinery.

Whirly1 being located in two DNA containing compartments of
the same cell is an excellent candidate for transducing information
from the organelle to the nucleus. The potential role of Whirly1 in
retrograde signalling and the mechanisms of its translocation from
plastids to the nucleus remain to be investigated.
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