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Abstract
Polycomb group (PcG) proteins are transcriptional repressors that control processes ranging from
the maintenance of cell fate decisions and stem cell pluripotency in animals to the control of
flowering time in plants1–6. In Drosophila, genetic studies identified more than 15 different PcG
proteins that are required to repress homeotic (HOX) and other developmental regulator genes in
cells where they must stay inactive1,7,8. Biochemical analyses established that these PcG proteins
exist in distinct multiprotein complexes that bind to and modify chromatin of target genes1–4.
Among those, Polycomb repressive complex 1 (PRC1) and the related dRing-associated factors
(dRAF) complex contain an E3 ligase activity for monoubiquitination of histone H2A (refs 1–4).
Here we show that the uncharacterized Drosophila PcG gene calypso encodes the ubiquitin
carboxy-terminal hydrolase BAP1. Biochemically purified Calypso exists in a complex with the
PcG protein ASX, and this complex, named Polycomb repressive deubiquitinase (PR-DUB), is
bound at PcG target genes in Drosophila. Reconstituted recombinant Drosophila and human PR-
DUB complexes remove monoubiquitin from H2A but not from H2B in nucleosomes. Drosophila
mutants lacking PR-DUB show a strong increase in the levels of monoubiquitinated H2A. A
mutation that disrupts the catalytic activity of Calypso, or absence of the ASX subunit abolishes
H2A deubiquitination in vitro and HOX gene repression in vivo. Polycomb gene silencing may
thus entail a dynamic balance between H2A ubiquitination by PRC1 and dRAF, and H2A
deubiquitination by PR-DUB.

A genetic screen for Drosophila mutants with PcG phenotypes recently identified calypso as
a complementation group with two lethal alleles that complemented mutations in any other
PcG gene8. We mapped the calypso mutations (see Methods), and the following findings
established that calypso corresponds to the uncharacterized gene CG8445. First, calypso1

and calypso2, two independently isolated lethal calypso alleles8, both contained a cytosine to
thymine mutation in CG8445 that creates a premature termination codon (Fig. 1a), whereas
the parental chromosome on which these mutations had been induced contained a wild-type
cytosine. Second, a transgene expressing a tandem affinity purification (TAP)-tagged form
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of the CG8445 protein under control of the α-tubulin1 promoter rescued calypso mutant
animals into viable and fertile adults (see Methods). Third, calypso1 and calypso2 mutants
did not express detectable levels of CG8445 protein (see later and Supplementary Fig. 5).
We therefore named the CG8445 gene calypso.

calypso encodes a polypeptide of 471 amino acids that is a member of the ubiquitin C-
terminal hydrolase (UCH) subclass of deubiquitinating enzymes (Fig. 1a)9. UCH domains
are cysteine proteases that hydrolyse the isopeptide bond between the C-terminal glycine of
ubiquitin and the lysine side chain in the conjugated protein9–11. The closest human
homologue of Calypso is BAP1 (Supplementary Fig. 1), a nuclear protein that possesses
tumour suppressor activity9,12,13. The Calypso protein thus represents Drosophila BAP1.

Western blot analyses of Drosophila nuclear extracts and staining of imaginal discs with
anti-Calypso antibodies showed that the Calypso protein is localized in nuclei
(Supplementary Fig. 1c and see later). To identify interaction partners of Calypso, we
purified proteins associated with a TAP–Calypso fusion protein from nuclear extracts of
embryos that carried the α-tubulin1-TAP-calypso transgene. The purified material was
separated on SDS-polyacrylamide gels and four major protein bands were identified (Fig.
1b). Sequencing of peptides from these bands by nanoelectrospray tandem mass
spectrometry identified the 55-kDa band as the Calypso bait protein, whereas the other three
bands all represented fragments of the PcG protein Additional sex combs (ASX) (Fig. 1b,
Supplementary Fig. 2 and Supplementary Table 1). Analysis of other gel regions and liquid
chromatography tandem mass spectrometry (LC–MS/MS) analysis of total purified material
confirmed that ASX was the main protein co-purifying with TAP–Calypso (Supplementary
Table 1). ASX is a PcG protein required for long-term repression of HOX genes during
Drosophila development7,8,14, but it had not been identified in previously characterized PcG
protein complexes and its molecular function has remained largely elusive. Calypso and
ASX are thus components of a new, bona fide PcG protein complex that we named
Polycomb repressive deubiquitinase (PR-DUB).

We tested whether Drosophila PR-DUB complexes could be reconstituted from
recombinant Calypso and ASX proteins. Using baculovirus vectors, we expressed Flag–
Calypso and haemagglutinin (HA)–ASX(1–1668) or HA–ASX(2–337) as individual
proteins in Sf21 cells, mixed the cell lysates and performed Flag affinity purification. This
strategy resulted in the isolation of stable Calypso–ASX complexes and showed that
Calypso interacts with the amino-terminal 337 amino acids of ASX (Fig. 1c, left, lane 3 and
Supplementary Fig. 3). ASX also formed stable complexes with Calypso(C131S), a mutant
Calypso protein in which the predicted catalytic cysteine in the UCH domain10,15 had been
substituted by serine (Fig. 1c, left, lane 4 and Supplementary Fig. 3). The interaction
between Calypso and ASX(2–337) was specific because ASX(2–337) did not bind to the
PcG proteins Flag–ESC or Flag–Sce under the same assay conditions (Fig. 1c, left, lanes 5
and 6). Using the same strategy, we found that human BAP1 also forms a stable complex
with the N-terminal domain of human ASXL1 (ASXL1(2–365)) but not with the human
PcG proteins BMI1 or RING1A (Fig. 1c, right, lanes 8–10). Like Drosophila Calypso and
ASX, human BAP1 and ASXL1 proteins could thus also be assembled into a stable PR-
DUB complex (Fig. 1c, right, lane 8), demonstrating the evolutionary conservation of this
interaction.

On polytene chromosomes, ASX protein binds at chromosome intervals encompassing the
HOX genes and at many other chromosomal sites that co-map with binding sites for other
PcG proteins14. We determined the genome-wide PR-DUB binding profile in the chromatin
of Drosophila larvae by performing chromatin immunoprecipitation (ChIP) assays with
antibodies against Calypso and ASX proteins. The precipitated material was hybridized to

Scheuermann et al. Page 2

Nature. Author manuscript; available in PMC 2011 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



high-density whole-genome tiling arrays and analysed with TileMap16, using a stringent
cutoff. We only considered genomic regions that were significantly enriched by both anti-
Calypso and anti-ASX antibodies, and thus obtained a high-confidence set of 879 genomic
sites bound by PR-DUB (Fig. 2a, b and Supplementary Table 2). We compared the PR-DUB
binding profile with the profiles of the PRC1 subunit Ph and the PhoRC subunit Pho in
imaginal disc cells17,18. PR-DUB is co-bound together with Ph and Pho at Polycomb
response elements (PREs) of a large set of PcG target genes, such as the HOX genes (Fig.
2a, b and Supplementary Table 2). PR-DUB is thus a core PRE-binding complex, like
PhoRC, PRC1 and PRC2. To extend these analyses, we compared the binding of Calypso
and ASX in wing imaginal disc cells in which the HOX gene Ultrabithorax (Ubx) is
inactive, and in haltere/third leg imaginal disc cells in which Ubx is expressed, at the same
16 locations across the Ubx transcription unit where we had previously analysed binding of
the PcG protein complexes PhoRC, PRC1 and PRC2 (ref. 19). Like these other PcG protein
complexes19, PR-DUB was bound at Ubx PREs both in cells where Ubx is repressed and in
cells where it is active (Fig. 2c).

To characterize the deubiquitinase activity of PR-DUB, we tested whether the Drosophila
complex could cleave the fluorogenic substrate ubiquitin-amidomethylcoumarin (Ub-AMC).
Calypso alone hydrolysed the Ub-AMC bond, but the Calypso–ASX(2–337) complex was
substantially more active in catalysing this reaction (Fig. 3a). In contrast, Calypso(C131S)–
ASX(2–337) was virtually inactive (Fig. 3a). PR-DUB thus functions as a deubiquitinase in
vitro and the catalytic activity of Calypso is strongly enhanced by association with the N-
terminal domain of ASX. Because Drosophila PR-DUB associated with the chromatin of
target genes, we then asked whether PR-DUB deubiquitinates histone H2A or H2B.
Monoubiquitination of H2A (H2Aub1) at Lys 119 in vertebrates and Lys 118 in Drosophila
by PRC1-like and dRAF, respectively, is thought to be critical for PcG repression20–22.
Monoubiquitination of H2B (H2Bub1) at Lys 120 in vertebrates (corresponding to Lys 117
in Drosophila) is catalysed by a different E3 ligase, RNF20 (also known as BRE1), and has
been implicated in transcriptional elongation22. We reconstituted recombinant
mononucleosomes that contained either H2Aub1 or H2Bub1 (Fig. 3b) and used them as
substrates in deubiquitination assays. Notably, the Drosophila Calypso–ASX(2–337) and
Calypso–ASX(1–1668) complexes and the human BAP1–ASXL1(2–365) complex all
deubiquitinated H2Aub1 but not H2Bub1 in nucleosomes (Fig. 3c, lanes 3–5, 14–16 and
Supplementary Fig. 4c). Deubiquitination of H2Aub1 required both the presence of the
catalytic cysteine in Calypso (Fig. 3c, lanes 6–8) and the association of ASX with Calypso
(Supplementary Fig. 4) or of ASXL1 with BAP1, respectively (Fig. 3c, compare lanes 14–
16 with 11–13). Moreover, PR-DUB showed only very poor activity for cleaving
polyubiquitin chains that were linked through either Lys 63 or Lys 48 (Fig. 3d). PR-DUB
thus specifically deubiquitinated H2Aub1 in nucleosomes in these assays.

We next investigated how the lack of PR-DUB affects H2Aub1 levels in developing
Drosophila. In embryos that are homozygous for Asx22P4, ASX protein is undetectable and
Calypso protein levels are very drastically diminished (Supplementary Fig. 5). Asx22P4

mutant embryos thus have severely reduced levels of PR-DUB. We isolated bulk histones
from wild-type and Asx22P4 homozygous embryos by acid extraction, and compared the
levels of H2Aub1, H2Bub1, H3K27me3 and H4K4me3 in the two genotypes. Bulk H2Aub
levels were almost tenfold increased in Asx22P4 mutant embryos (Fig. 4a). In contrast, the
level of the PcG-specific histone tri-methylation mark H3K27me3 was comparable in
Asx22P4 mutant and wild-type embryos (Fig. 4a). Unexpectedly, we also found a weak
increase in H2Bub levels and a very slight concomitant increase in H3K4me3 levels (Fig.
4a). The higher H2Bub levels could be an indirect consequence of widespread global H2A
ubiquitination, but it is also possible that, in vivo, PR-DUB deubiquitinates both H2A and
H2B. Previous studies reported that the monoclonal antibody E6C5 specifically recognizes

Scheuermann et al. Page 3

Nature. Author manuscript; available in PMC 2011 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H2Aub1 in mammalian cells23, but we have not been able to specifically monitor H2Aub1
levels by ChIP in Drosophila using the commercially available E6C5 antibody
(Supplementary Fig. 6 and Methods).

Finally, we tested whether the deubiquitinase activity of PR-DUB is required for PcG
repression. To this end we used a transgene rescue assay and asked whether the catalytically
inactive Calypso(C131S) protein can repress the PcG target gene Ubx in Drosophila larvae,
as follows. Clones of calypso2 mutant cells in larval imaginal discs lack detectable Calypso
protein and fail to repress Ubx (Fig. 4b)8. However, a regular supply of wild-type Calypso
protein from a heat-inducible hsp70-calypso transgene fully rescues repression of Ubx in
such clones (Fig. 4b). In contrast, the catalytically inactive Calypso(C131S) protein
expressed from a hsp70-calypso(C131S) transgene failed to rescue repression, and Ubx was
misexpressed as in control animals lacking any hsp70-calypso transgene (Fig. 4b). PR-DUB
deubiquitinase activity is thus critically required for repression of PcG target genes in
Drosophila.

The following conclusions can be drawn from the work reported here: PR-DUB is a new
PcG protein complex that comprises the Calypso and ASX proteins; PR-DUB is bound at
the PREs of PcG target genes in Drosophila; reconstituted recombinant Drosophila or
human PR-DUB deubiquitinate H2A in nucleosomes in vitro; Drosophila mutants lacking
PR-DUB show an increase in global H2Aub1 levels; and a mutation in Calypso that disrupts
H2A deubiquitinase activity in vitro impairs repression of HOX genes in Drosophila. Our
analyses identified nucleosomal H2Aub1 as the preferred PR-DUB substrate; the complex
failed to deubiquitinate nucleosomal H2Bub1 and showed only very poor activity for
cleaving polyubiquitin chains. It is possible that PR-DUB also deubiquitinates other proteins
but here we shall discuss its possible role in H2A deubiquitination. The observation that
repression of PcG target genes in Drosophila requires not only the H2A ubiquitinase activity
of PRC1 and dRAF but also PR-DUB may seem surprising. However, simultaneous
depletion of Sce (that is, the H2A ubiquitinase subunit of PRC1 and dRAF20,21,24) and PR-
DUB in embryos results in a more rapid loss of HOX gene repression and consequently
more severe transformation of body segments than the depletion of Sce or PR-DUB alone
(Supplementary Fig. 7). This suggests that appropriately balanced H2Aub1 levels in target
gene chromatin may be critical for maintaining a Polycomb-repressed state. One possibility
would be that PRC1/dRAF and PR-DUB act locally within target gene chromatin; the
presence of H2Aub1 in some regions of a gene may be critical for repression but may be
detrimental to it in others. Alternatively, H2A ubiquitination and deubiquitination may have
to occur in a temporally regulated cycle to maintain repression, similar to what has been
proposed for H2B ubiquitination and deubiquitination during transcriptional elongation25.
Interestingly, calypso and Asx mutant embryos show not only derepression of HOX genes
but also a partial loss of HOX gene expression in the central nervous system (Supplementary
Fig. 8a). This loss of HOX gene expression seems to be restricted to the nervous system and
we have not been able to detect a reduction of HOX gene expression in the embryonic
epidermis or in imaginal disc cells (Supplementary Fig. 8b). Thus, even though PR-DUB is
primarily required for repressing PcG target genes outside their expression domains, it might
also be needed to fine-tune expression levels within these domains in certain tissues, perhaps
by preventing repressive hyper-ubiquitination of H2A by PRC1 or dRAF complexes. It will
be interesting to determine whether the mammalian complex has a similar prominent role in
PcG repression during development and for maintenance of stem cell pluripotency, and to
explore how the tumour suppressor activity of BAP1 (ref. 13) relates to the H2A
deubiquitinase activity of human PR-DUB.
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METHODS SUMMARY
Mapping and molecular cloning of the calypso gene

Detailed information can be found in the Methods.

ChIP assays and genome-wide Calypso and ASX profiling
X-ChIP in Drosophila imaginal disc cells, quantitative PCR (qPCR) analysis of
immunoprecipitates and genome-wide profiling using Affymetrix whole genome tiling
arrays were performed as described17,19.

Tandem-affinity purification of Calypso complexes
The α-tubulin1-TAP-calypso transgene fully rescued the viability and fertility of calypso2/
Df(2R)Exel6063 animals. TAP was performed as described26.

Baculovirus expression of recombinant proteins
Flag-affinity purification of proteins was carried out as described26 with the only
modification that protein complexes were reconstituted by infecting cells with individual
viruses and then mixing cell lysates and incubating them for 2–3 h at 4 °C under mild
agitation before Flag-affinity purification.

Recombinant mononucleosomes containing H2Aub1
Recombinant Drosophila and Xenopus octamers were assembled on a 5′ biotinylated 288-
base-pair (bp) DNA fragment (601) by stepwise salt-dialysis. Nucleosomal H2A was
ubiquitinated as described24. H2A-ubiquitinated nucleosomes were purified by binding to
Streptavidin-coupled Dynabeads (Sigma), followed by washes and released by
endonucleolytic cleavage with EcoRV. See the Methods for details.

Deubiquitination assays
Reactions were carried out at 25 °C in deubiquitination buffer (150 mM NaCl, 50 mM Tris-
HCl, pH 7.5, 10 mM MgCl2, 1 mM ZnCl2, 1 mM dithiothreitol (DTT)) and were stopped by
the addition of SDS sample loading buffer and incubation at 95 °C for 5 min.

Analysis of PR-DUB function in Drosophila
Induction of homozygous mutant cell clones in imaginal discs of Drosophila larvae, rescue
experiments with hsp70-calypso transgenes and immunofluorescence staining were
performed following previously established protocols27.

Generation of H2Bub1-containing mononucleosomes
Xenopus octamers containing H2Bub1 were generated as described28 and mononucleosomes
were assembled as described earlier.

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Polycomb group proteins BAP1 and ASX form a conserved complex in vivo and in
vitro
a, Domain architecture of the Drosophila Calypso protein and molecular lesions in calypso
mutant alleles. UCH, ubiquitin C-terminal hydrolase domain. b, Calypso complexes isolated
by TAP26 from wild-type (WT) or TAP-calypso transgenic embryos. Input material for
purification was normalized by protein concentration, and equivalent amounts of eluate from
calmodulin-affinity resin were separated on a 4–12% polyacrylamide gel and visualized by
silver staining together with a molecular mass marker (M). Calypso bait protein containing
the calmodulin-binding tag (CBP–Calypso), and bands representing ASX fragments were
identified by mass spectrometry (Supplementary Table 1 and Supplementary Fig. 2). No
band corresponding to full-length ASX (180 kDa) was detected in several independent
purifications, even though ASX is present as a single polypeptide of 180 kDa in total
embryo extracts (Supplementary Fig. 5). This suggests that ASX is degraded during nuclear
extract preparation or TAP purification. c, Reconstitution of recombinant Calypso–ASX and
BAP1–ASXL1 complexes. Proteins were extracted by Flag-affinity purification from cell
lysates containing the indicated Flag-tagged proteins and HA–ASX(2–337) (left) or HA–
ASXL1(2–365) (right). Experiments with full-length ASX are shown in Supplementary Fig.
3. Proteins were visualized by Coomassie staining or western blotting analysis, as indicated.
Input material for experiments in lanes 3–6 (left) and 7–10 (right) were probed by western
blotting to ensure that comparable amounts of proteins were present in cell lysates. On the
Coomassie-stained gel, Flag-tagged proteins are marked with an asterisk, HA–ASX(2–337)
and HA–ASXL1(2–365) are marked with a hash symbol.
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Figure 2. PR-DUB is bound at Polycomb target genes in Drosophila
a, PR-DUB is bound at PREs of PcG target genes in Drosophila. ChIP profiles of PR-DUB
subunits ASX (dark blue) and Calypso (light blue), and of Ph18 (grey) and Pho17 (grey) at
the Antennapedia HOX gene cluster in imaginal disc and CNS tissues from third instar
Drosophila larvae. Hybridization intensities for oligonucleotide probes are plotted as
coloured bars above the genomic map (release 5, kilobase coordinates) of Drosophila
melanogaster; significantly enriched regions are marked below plots. HOX genes labial
(lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Antp)
and other genes on the plus (above) or minus (below) strand are represented with exons
(black boxes) and introns (thin black lines). b, Venn diagrams showing the overlap of 879
PR-DUB-bound regions with 1,681 Ph-bound and 670 Pho-bound regions in larval cells. c,
PR-DUB is bound at the inactive and at the active Ubx gene. ChIP analyses monitoring ASX
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and Calypso binding in wing and haltere/third leg imaginal discs from wild-type third instar
Drosophila larvae. Graphs show results from independent ChIP reactions (n = 3 ChIP
reactions) with ASX or Calypso antibodies. ChIP signals, measured by qPCR, are presented
as the mean percentage of input chromatin precipitated at each region; error bars indicate
±s.d. (see Methods). Locations of Ubx PREs (boxes) and other regions relative to the Ubx
transcription start site are indicated in kilobases. As control, binding was monitored at two
euchromatic (eu) and one heterochromatic (het) region elsewhere in the genome, and at the
PREs of the HOX genes Abd-B and Scr that are both inactive in wing and haltere/third leg
imaginal discs. Calypso and ASX are bound at Ubx PREs both in wing and in haltere/third
leg disc cells; at the −30-kb PRE, Calypso and ASX ChIP signals were comparable in wing
and haltere/third leg chromatin, at the kb PRE, the signal in haltere/third leg chromatin is
about 2–4-fold lower than in wing chromatin, paralleling PRC1 and PRC2 binding at both
these PREs19.
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Figure 3. Recombinant Drosophila and human PR-DUB deubiquitinate H2A in nucleosomes in
vitro
a, Cleavage of Ub-AMC by Calypso and Calypso–ASX(2–337) complexes. Reactions (n =
4) contained 25 pmol Ub-AMC and 10 pmol of the indicated protein (complex); release of
AMC was monitored by fluorescence spectroscopy at 436 nm; error bars indicate ±s.d. a.u.,
arbitrary units. b, Mononucleosomes were reconstituted with recombinant Xenopus histone
octamers and were unmodified (lane 1), monoubiquitinated at H2AK119 (lane 2) (see
Methods) or monoubiquitinated at H2BK120 (lane 3) (see Methods). The material was
analysed on a 4–12% polyacrylamide gradient gel and histones were visualized by
Coomassie staining. c, Drosophila and human PR-DUB deubiquitinate H2Aub1 in
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nucleosomes. Xenopus mononucleosomes (15 pmol) containing 30 pmol of either H2Aub1
(top gels left and right) or H2Bub1 (bottom gels left and right) were incubated without
(lanes 2 and 10) or with 30 pmol of the indicated Drosophila PR-DUB complexes (lanes 3–
8) or human BAP1 or PR-DUB complex (lanes 11–16), respectively, and deubiquitination
was monitored at indicated time points by western blot analysis with anti-H2A (top gels left
and right) or anti-H2B (bottom gels left and right) antibody (5 pmol nucleosome per lane).
Unmodified mononucleosomes (lanes 1 and 9) served as a control. Comparable results were
obtained with Drosophila mononucleosomes containing H2Aub1 (Supplementary Fig. 4).
PR-DUB containing full-length ASX(1–1668) also specifically deubiquitinated H2Aub1 but
not H2Bub1 in nucleosomes (Supplementary Fig. 4). d, K48- or K63-linked hexameric
polyubiquitin chains (160 ng; corresponding to maximally 17.5 pmol ubiquitin linkage
bonds) were incubated for 40 min with 10 pmol of the indicated protein or protein complex
under the same assay conditions as in c, followed by western blot analysis with an anti-
ubiquitin antibody.
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Figure 4. PR-DUB is required for H2A deubiquitination in Drosophila and its catalytic activity is
essential for HOX gene repression
a, PR-DUB is required for H2A deubiquitination in Drosophila embryos. Serial dilutions
(1:3:9) of histone extracts from 16–18-h-old wild-type or Asx22P4 homozygous embryos
were separated on 4–12% polyacrylamide gels and analysed by western blotting with the
indicated antibodies. H2Aub1 levels in lanes 3 and 4 are comparable, suggesting that
H2Aub1 levels are almost tenfold higher in Asx22P4 mutants than in wild type. H2Bub1
levels in Asx22P4 mutants are less than threefold increased compared to wild type (compare
lane 3 with lanes 5 and 6). The band detected by an anti-ubiquitin antibody represents the
combined signal of H2Aub1 and H2Bub1. H3K4me3 levels appear very slightly increased in
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Asx22P4 mutants. b, Calypso deubiquitinase activity is required for HOX gene repression.
Wing imaginal discs with clones of calypso2 homozygous mutant cells from animals that
carried no transgene or the indicated hsp70-calypso transgenes. calypso2 mutant cells are
marked by the absence of GFP and discs were stained with antibodies against UBX or
Calypso protein, as indicated. In all cases, clones were induced 96 h before analysis and
larvae were repeatedly heat-shocked for 1 h every 12 h over a 96-h period to provide a
continuous supply of Calypso protein from the transgene. In the absence of an hsp70-
calypso transgene, Ubx is misexpressed in most calypso2 mutant clones in the pouch of the
disc but remains repressed in the notum and hinge (left). Wild-type Calypso protein rescues
repression of Ubx in mutant clones (middle), whereas the Calypso(C131S) protein fails to
rescue (right), even though both transgene-encoded proteins are expressed at comparable
levels and show nuclear localization like endogenous Calypso protein (bottom row).
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