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Abstract

Background

DAYSLEEPER is a domesticated transposase in Arabidopsis thaliana that is essential
for plant development [1]. It is not known however, which mode of action makes
DAYSLEEPER an essential gene. In this work, we discuss interaction partners of the
DAYSLEEPER protein in order to identify processes in which DAYSLEEPER plays a role.

Results

We showed the in vivo interaction of DAYSLEEPER with several proteins in a yeast
two-hybrid screen and a Bi-molecular Fluorescence Complementation (BiFC) assay
in protoplasts. Nuclear interaction was found with the proteins CSN5A, RRP6A and
DAYSLEEPER itself. DAYSLEEPER can also interact with all three VPS2-homologs present
in Arabidopsis. VPS2 is part of the ESCRT-IIl machinery. This interaction takes place in
vesicular structures and, to a lesser extent, in the nucleus. Furthermore, NPH3-family
protein NRL8 interacts with DAYSLEEPER at dedicated sites of the cell membrane. We
examined possible consequences of the interactions between DAYSLEEPER and the
CSN5A and VPS2 proteins. DAYSLEEPER does not change the CULLIN derubylation
activity of CSN5A, but CULLIN is more abundant in daysleeper mutants. We also found
that Daysleeper plantlets accumulate DNA-damage. The ESCRT-1ll complex has been
shown to be indispensable for polar auxin transport in Arabidopsis [2]. We found that
daysleeper plantlets are able to form auxin maxima, although these are irregularly
shaped.

Conclusions

We suggest that the DNA-damage found in csn and daysleeper mutants is an indication
of the functionality of the interaction between DAYSLEEPER and CSN5A. Therefore, we
speculate that DAYSLEEPER is involved in the regulation of cullin RING ubiquitin ligases
(CRLs), possibly through its interaction with CSN5A.
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Introduction

he domesticated transposase DAYSLEEPER is essential to Arabidopsis, but its

site of action in the cell’s molecular machinery and plant development remains

a mystery to date [1]. Seedlings lacking DAYSLEEPER do not progress past the
seedling stage, rarely develop photosynthetic tissue, develop excessive root-hairs,
have an increasingly disorganized root morphology and eventually die [1]. Plants with
high DAYSLEEPER overexpression grow slowly, have delayed flowering, altered cauline
leaves, fasciation and partial or total sterility [1]. The plants also display aberrant flower
morphology, since sepal and petal growth is reduced, with the margins of the sepals
often appearing petaloid. Overexpression of DAYSLEEPER also leads to increasingly
severe phenotypes in successive generations, eventually leading to lethality in the
seedling stage [1]. The defective root development in daysleeper mutants might
indicate that these plantlets have a disturbed auxin distribution. In recent years, it has
been shown that the targeting of auxin transporters, such as PIN1, relies on vesicle-
mediated trafficking, enabling targeting of these transporters to specific sides of the cell
membrane [2]. The Endosomal Sorting Complex Required for Transport 11l (ESCRT-III) is,
together with other ESCRT-systems , essential for this vesicle-mediated trafficking [3,
4].

The ESCRT-IIl machinery is highly conserved in eukaryotes [5, 6]. This complex is
involved in snaring vesicles from the membrane and has been shown to be involved in
cytokinesis as well [2, 7, 8]. In Arabidopsis, ESCRT-IIl subunits often have 2 homologs, the
exception being VPS2, which has 3 [9]. In recent years, more has become known on the
functionality of different ESCRT-IIl proteins in Arabidopsis, but the regulation of these
proteins and functional divergence between homologs remains poorly understood [2,
10-12].

The developmental arrest phenotype of daysleeper plantlets resembles the phenotype
of plantlets lacking subunits of the Constitutive Photomorphogenic-9 Signalosome
(CSN) complex. Plants with a mutation in any subunit of the CSN display almost identical
phenotypes. Plants lacking subunits of the CSN complex display light-grown seedling
characteristics, when grown in the absence of light [13, 14]. Daysleeper mutant plantlets
do not share this phenotypic trait, but resemble csn null-mutants in that these plantlets
do not progress past the seedling stage [13, 15]. Both daysleeper and csn mutants do
not develop leaves and only possess cotyledons and a short root. Csn mutants can
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form chlorophyll and accumulate anthocyanins [13, 14], whereas daysleeper plantlets
rarely develop chlorophyll and do not accumulate anthocyanins [1]. The CSN is highly
conserved in eukaryotic organisms [13, 14, 16—18]. This complex is mainly involved in
regulating CRLs, by regulating their rubylation status [16]. These complexes come in
many varieties and are involved in a plethora of processes [19-21]. CRL's control the
stability of many key regulators involved in development, transcription, cell signaling,
cell cycle progression and several other areas, by polyubiquitylation of these proteins
and thereby targeting them for degradation by the 26S proteasome [20, 22].

In this work we study the interactors of DAYSLEEPER, focusing on the interactors active
in the contexts of the CSN and the ESCRT-lIl complexes, and try to discern in which
functional domain DAYSLEEPER is active in Arabidopsis thaliana.

Results
DAYSLEEPER is found to interact with several proteins in a yeast-two-hybrid assay

Inordertoidentify processesin which DAYSLEEPER plays a role, a yeast two-hybrid screen
was performed, using DAYSLEEPER as the bait. The presence of prey clones of the genes
VPS2.3(At1g03950), FRS3(At2g27110),RRP6A/RRP6L1 (At1g54440), CSN5A(At2g22920),
NRL8/SETH6 (At4g47860), DAYSLEEPER (At3g42170) and a Forkhead-associated (FHA)-
domain protein coding gene (At2g45460) allowed growth on medium lacking histidine

and supplemented | Yeast two-hybrid AGI BiFC References
with  10mM  3-Amino- identified interactors verified
1,2,4-triazole (3-AT).

DAYSLEEPER AT3G42170 | Yest [1]
DAYSLEEPER  apparently VPS2.1 AT2G06530 | Yes [6, 12, 13]
interacts with functionally VPS2.2 ATSGA4560 | Yes j
diverse proteins (Table [\ps; 3 AT1G03950 | Yes B
1) [1, 9, 11, 16, 23-27]. |csnsa AT1G22920 | Yes [5, 28, 29]
The VPS2.3 protein is | NRLS AT2G47680 | Yes [25, 30]
one of three Arabidopsis | RRP6A AT1G54440 | Yes [23, 24, 27]
homologs of the vyeast Forkhead domain-protein | AT2G45460 No? [26, 31]
protein VPS2. This protein | FRS3 AT2G27110 | No [22]

is part of the ESCRT- Table 1. DAYSLEEPER interactors identified by yeast two-hybrid and sub-
sequently tested using BiFC. (*) DAYSLEEPER self-interaction described

[lI-machinery  which is
in Chapter 3 of this thesis. (?) Full length cDNA could not be obtained.
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involved in membrane budding and vesicle formation. FRS3 is a member of the large
FAR1/FHY-family of genes, which are involved in the red/far-red light response and are
thought to be derived from a transposase domestication event, like DAYSLEEPER [23].
RRP6A is a subunit of the Arabidopsis nuclear exosome and most likely involved in mRNA
turnover [24, 25, 28]. CSN5A is an integral subunit of the CSN, which is mainly involved in
protein degradation, through its involvement in the ubiquitin proteasome pathway [15,
16, 29]. NRL8 is a member of the NPH3/RPT2-family, which contains proteins involved
in plant development [26, 30]. Lastly, the FHA-domain protein has been suggested
to function in the DNA-damage response, but this was not shown directly [27, 31]. A
strong indication that this is actually the case, is the fact that this gene is many fold up-
regulated by the DNA double-strand break-inducing agent bleomycin [32]. The clone of
this gene contained only the sequence coding for the N-terminal 160 amino acids (data
not shown).

Verification of yeast-two-hybrid interaction candidates using BiFC in Arabidopsis cell-
suspension protoplasts

We cloned the full-length coding sequences of all identified genes in pSY BiFC vectors
[33], with the exception of the sequence of the FHA-domain protein, which we were
unable to clone. We checked for interaction with DAYSLEEPER by observing fluorescence
in transformed Arabidopsis cell-suspension protoplasts. We found BiFC signals for most
of the candidates identified in the yeast two-hybrid screen (Table 1). However, we
did not observe any indications of interaction of DAYSLEEPER with FRS3. BiFC probes
(e.g. the N-terminal part of YFP (YN), or the C-terminal part of YFP (YC)), can be fused
to both termini of the coding sequence of a gene, allowing for a number of possible
combinations of constructs. We tested all possible combinations and focused on the
combinations that yielded the best signals. We found a uniformly distributed nuclear
signal, with the exception of the nucleolus, in transformed cells with YN:DAYSLEEPER
combined with DAYSLEEPER:YC (Figure 1A; Chapter 3, this thesis) and YC:DAYSLEEPER in
combination with YN:CSN5A or YN:RRP6A (Figure 1EG). YC:DAYSLEEPER and YN:VPS2.3
co-transformation resulted in bright signals in large vesicular structures in the cytosol
(Figure 1D). Lastly, DAYSLEEPER interacts with NRL8 in discrete foci on the cell membrane
(FigurelF).

Since BiFC confirmed that DAYSLEEPER interacts with VPS2.3 in vivo, we decided to
clone the other VPS2 homologs from Arabidopsis, VPS2.1 and VPS2.2, and to test

these for interaction with DAYSLEEPER using our yeast two-hybrid set-up and BiFC in
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YN:DAYSLEEPER
DAYSLEEPER:YC

YC:DAYSLEEPER

YN:CSN5A
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YN:VPS2.2 YN:VPS2.1

YN:VPS2.3

YN:NRL8

YN:RRP6A

Figure 1. BiFC interactions of
DAYSLEEPER in  Arabidopsis
protoplasts. (A) DAYSLEEPER
dimerization  (YN:DAYSLEEPER
and DAYSLEEPER:YC). YC:DAYS-
LEEPER interaction with: (B)
YN:VPS2.1, (C) YN:VPS2.2, (D)
YN:VPS2.3, (E) YN:CSN5A, (F)
YN:NRL8 and (G) YN: RRP6A.
The left column depicts the YFP
signal, the middle column the
Differential Interference Con-
trast (DIC) image and the right
column shows a merged pic-
ture. The nucleus is indicated
in the left column with an “N”.
The scale bars in the left column
represent 10um.



protoplasts. In our yeast two-hybrid set up we found that these two VPS2 homologs
produced growing colonies when combined with DAYSLEEPER in the pAS2 vector (Table
1). DAYSLEEPER was also able to bind these two VPS2 proteins in BiFC assays (Figure
1BC). The interaction of YC:DAYSLEEPER and YN:VSP2.2 occurred predominantly in
vesicular structures, whereas the interaction of YC:DAYSLEEPER and YN:VPS2.1 displayed
a strong nuclear signal combined with vesicular localization (Figure1B). The interaction
with VPS2.1 was uniformly observed throughout the nucleus, but not in the nucleolus.

DAYSLEEPER interacts with proteins through multiple sites in its amino acid sequence

To study which domain of DAYSLEEPER is responsible for the interaction with other
proteins, we created three shortened versions of DAYSLEEPER. These DAYSLEEPER
versions were truncated at their N-terminus (A1-142), missed the central part of the
protein (A149-589), or lacked the C-terminal part of the protein (A478-665) (Chapter 3,
this thesis). These shortened versions of DAYSLEEPER were used in a BiFC interaction
assay and tested in combination with aforementioned interaction partners. We
found that the proteins NRL8 and RRP6A did not interact with any of the shortened
DAYSLEEPER proteins in our set up. CSN5A interacted with all shortened versions, but
displayed a cytoplasmic signal with both the N- (Figure 2A) and the C-terminally (not
shown) deleted DAYSLEEPER versions, suggesting that these regions are necessary for
proper localization. The nuclear localization signal (NLS) that DAYSLEEPER possesses is
located at its N-terminus (Chapter 3, this thesis).

Interaction assays using the shortened DAYSLEEPER proteins in combination with the
VPS2 homologs showed a very diverse picture. If an interaction was identified between

Figure 2. BiFC interaction

YFP DIC — Merge g @SSAY Using deleted DAYS-
[~ LEEPER versions. (A) YC:-
w
ﬁ a ~ DAYSLEEPER A1-142 inter-
Z2 action with YN:CSNSA. (B)
U 1
2 E 2 YC:DAYSLEEPER  A149-589
7 g interaction with YN:VPS2.3.
The scale bars (left column)
represent 10pum.
&
Mma o
QR
>¢£9
=z S
£a3
4
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these proteins it was mainly localized in vesicles in combination with VPS2.2 and VPS2.3,
whereas VPS2.1 displayed pronounced interaction with DAYSLEEPER, both in the
nucleus and in vesicles. No signal was observed when DAYSLEEPER lacking either its N-
or C-terminus was used in combination with VPS2.2. The VPS2.2 protein interacted with
DAYSLEEPER lacking the central part, in a similar pattern to its interaction with the full-
length DAYSLEEPER (data not shown). When YC:VPS2.1 and YC:VPS2.3 were combined
with a central deletion of DAYSLEEPER, we found large aggregates throughout the cell,
indicating that the deleted amino acids are essential for proper localization of these
interactions (Figure 2B). YC:VPS2.1 and YC:VPS2.3, however, showed an interaction
pattern with the N-terminal and C-terminally deleted versions of DAYSLEEPER similar
to that with full-length DAYSLEEPER (data not shown). When YN:VPS2.1 was used in
combination with deleted YC:DAYSLEEPER versions, different results were obtained.
YN:VPS2.1 did not show any interaction with N-terminally deleted DAYSLEEPER.
When YN:VPS2.1 was combined with the other two shortened DAYSLEEPER versions
(Centrally and C-terminally deleted versions), a signal was visible exclusively in the
nucleus. We found that YN:VPS2.1 in combination with the centrally deleted version of
YC:DAYSLEEPER showed a nuclear signal, displaying discrete foci (Figure 3). These foci
co-localize with the signal of CSN5A:CFP, indicating that these might be foci of the CSN
(Figure 3).

YN:VPS2.1
YC:DAYSLEEPER
A1-142 CSN5A:CFP YFP-CFP Merge

Figure 3. N-terminally deleted DAYSLEEPER interaction with VPS2.1 co-localizes with CSN5A:CFP. YC:DAYS-
LEEPER A1-142 with YN:VPS2.1 shows a predominantly nuclear signal, with discrete foci that co-localize
with CSN5A:CFP. The first panel depicts the fluorescent BiFC signal (YFP), the second panel shows the CFP
signal. The third panel displays a merged YFP and CFP image. The fourth panel shows the Differential In-
terference Contrast (DIC) image and the right pattern shows a merged picture of the DIC and fluorescent
signals. The scale bars (left panel) represent 10um.

DAYSLEEPER co-localizes with PIN1 in multi vesicular bodies (MVB's)

The hormone auxin can be directionally transported through cells by targeting auxin
transporters (examples are PIN proteins or AUX1) to specific sites of the cell membrane.
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PIN proteins can move to, or from, specific sites on the membrane by vesicular transport,
but can also be targeted for degradation (reviewed in Grinewald and Friml (2010)
[34]. CMP1A and B have been found to be essential for normal auxin distribution in
Arabidopsis [2]. These proteins associate with the ESCRT-Ill-machinery proteins that are
responsible for vesicle formation and sorting of ubiquitinated cargo proteins (reviewed
in [4]). The auxin transporter PIN1 cycles from the membrane to endosomes and is
sorted in MVB’s before being targeted for degradation [35, 36]. Since DAYSLEEPER
was found to interact with the VPS2 proteins and daysleeper seedlings have a severe
developmental phenotype, we were interested to see whether auxin distribution is

affected in these plants. Since we found DAYSLEEPER in vesicular structures (Chapter
3, this thesis) we co-transformed protoplasts with TagRFP:DAYSLEEPER and PIN1:GFP
constructs (Figure 4). Although we found that these fusion-proteins generally display
a different localization pattern, we found that TagRFP:DAYSLEEPER co-localized with

TagRFP:
DAYSLEEPER PIN1:GFP Merge DIC

Figure 4. TagRFP:DAYSLEEPER and PIN1:GFP localization in Arabidopsis protoplasts. The left (first) panel de-
picts TagRFP:DAYSLEEPER, the second panel shows the PIN1:GFP signal and the third panel shows a merged
image of the first and second panel. The right (fourth) panel shows a Differential Interference Contrast
(DIC) image. The scale bar in the left column represents 10pum.

PIN1:GFP in multivesicular structures in protoplasts (Figure 4).

DAYSLEEPER is essential for root organization and for normal auxin distribution in
roots

This colocalization triggered us to look at auxin distribution. Daysleeper mutants
develop an increasingly disorganized root, before going into developmental arrest [1].
We studied daysleeper seedlings expressing the pDR5 _ ::GFP construct to see whether
the position of auxin maxima is altered. The presence of an auxin maximum in the
root-tip is essential for normal root meristem functioning [37, 38]. We found that in
daysleeper plants, auxin maxima were formed in the root tip, but these maxima were
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daysleeper daysleeper

Wild-type

Propidium lodide

DR5

Merge

Figure 5. Auxin
distribution in
daysleeper mu-
tants. The left
column depicts
the Pl signal,
the middle
column shows
the DR5_::G-
FP signal, the
third column
shows a merged
picture of the
images from
the first and
second columns
and the last
column depicts
the Differential
Interference
Contrast (DIC)
images. (A) and
(B) show roots
of daysleeper
mutant plant-
lets, whereas (C)
shows a Col-0
wild-type root.
The scale bars in
the left column
represent 50um.
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irregularly shaped in comparison to the pattern formed in wild-type roots (Figure 5).
As reported by Bundock and Hooykaas (2005) [1] root meristems are disturbed in
daysleeper seedlings, causing the cell layer organization to be lost. The irregular shape
of the different cell layers in the root was clearly visible in the two examples (Figure
5AB). Apparently, this is not the consequence of the absence of the auxin maximum in
the root-tip.

Investigating the functional implications of the DAYSLEEPER-CSN5A interaction

According to our yeast two-hybrid and BiFC experiments, DAYSLEEPER can bind CSN
subunit CSN5A. To investigate whether DAYSLEEPER disturbs the function of the CSN,
we used a aCUL1 antibody to investigate the rubylation state of CULLIN1 (CUL1) in
daysleeper mutant seedlings and plants containing a 35S::DAYSLEEPER construct.
The COP9-signalosome has been shown to control CUL1 activity by regulating its
derubylation [39, 40]. In csn5a mutants, more rubylated CUL1 can be found (Figure
6A) [15]. We found no visible difference in the rubylation state of CUL1 between
DAYSLEEPER overexpressing seedlings and wild-type plantlets. Surprisingly, we found
that in daysleeper seedlings much more CUL1 is present, but the ratio between the
A 355::

csn5a-1 DAYSLEEPER daysleeper  wild-type

10pg

e — —a cull-rub
o —— P, "" ~acull

B 355:
DAYSLEEPER  wild-type

oo
& ~ayH2AX
-

C daysleeper  wild-type

- w [~

4pg

Figure 6. CUL1 and yH2AX in daysleeper mutants and overexpression lines. (A) Shows a western blot with
10 mg of soluble protein per lane from csn5a-1, 355::DAYSLEEPER, daysleeper and wild-type plants using
an aCUL1 antibody. Rubylated and derubylated CUL1 are indicated on the right. (B) Western blot with 16
pg of histone protein per lane from 355::DAYSLEEPER overexpression and wild-type Col-0 seedlings and
using an ayH2AX antibody. (C) Western blot with 4 pg of histone protein per lane from daysleeper mutant
and Wild-type Col-0 seedlings and using an ayH2AX antibody.
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rubylated and derubylated forms did not seem to be significantly altered (Figure 6A).
Daysleeper mutants accumulates DNA damage

DAYSLEEPER was identified as a protein binding to the A. thaliana KU70 promoter in a
yeastone-hybrid assay [1]. Also, the gene AT2G45460, which (partial) product (“Forkhead
domain protein”) binds to DAYSLEEPER in our yeast two-hybrid assay, has been proposed
to be involved in the DNA damage response after ionizing radiation and is strongly
upregulated by treatment with the DNA double-strand break inducing agent bleomycin
[27,31, 32]. In csn mutants (or COP mutants) it has been shown that genomic stability is
impaired and several DNA damage response proteins are upregulated [29]. This genomic
instability maybe partially responsible for the developmental arrest seen in csn mutants
[29]. Although the daysleeper mutant does not share the photomorphogenic phenotype
of csn mutants, these plants resemble csn mutants in their inability to progress past the
early seedling stage [1, 29, 41]. We performed a western blot using the phosphorylation
state of the histone variant yH2AX as a means to measure DNA damage in daysleeper
mutant seedlings, seedlings overexpressing DAYSLEEPER (35S::DAYSLEEPER) and wild-
type Columbia-0 (Col-0) plantlets. Phosphorylation of the histone variant yH2AX has
been widely used as a marker for DNA double-strand breaks[42]. Overexpression of
DAYSLEEPER did not result in altered levels of yH2AX (Figure 6B). Plantlets lacking
DAYSLEEPER, however, displayed a strongly increased level of yH2AX and likely had
elevated DNA damage (Figure 6C).

Discussion

We identified several DAYSLEEPER interacting proteins. RRP6A is part of the plant
exosome MRNA turnover machinery [25]. There are three RRP6-like proteins in
Arabidopsis [24]. Although RRP6A can complement a yeast rrp6 knock-out functionally,
no function has been attributed to this gene in Arabidopsis, since rrp6a mutants do
not have altered mRNA turnover or display a phenotype [24]. The yeast two-hybrid
found interaction with RRP6A was confirmed by BiFC and was present in the nucleus,
as expected.

The NPH3/RPT2-family protein NRL8 is essential in Arabidopsis, since homozygous
T-DNA insertion mutants fail to produce pollen [26]. Although sterility is part of the
DAYSLEEPER overexpression phenotypic traits [1], we chose not to pursue NRL8 further,
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since our primary focus was to find mechanisms involved in producing the daysleeper
phenotype, though it is interesting to note that NRL8 possesses a BTB-domain [26].
BTB-domains can interact with CULLIN-proteins, as constituents of CRL's[43]. NRL8
family member NPH3, which is involved in phototropism, has been extensively studied
in context of the CULLIN3A (CUL3A)-based E3 ubiquitin ligase, CRL3"P"3[44, 45]. It is
likely that NRL8 can also bind a CULLIN protein through its BTB-domain. We observed
interaction of DAYSLEEPER with NRL8 in discrete foci on the cellular membrane. Other
NPH3-like proteins, such as MAB4 and its homologs MEL1 to 4, have also been shown
to be localized on the plasma membrane, where they function in controlling polarity
and endocytosis of PIN-proteins [46]. The nri8 (seth6) mutant is sterile [26], but no
function has been attributed to this gene to date. We did not identify interaction of
DAYSLEEPER with FRS3 using BiFC. We tested all possible confirmations of fusing the
BiFC-probes to the coding sequences of these genes, but no signal was observed. This
could indicate that this interaction does not occur in Arabidopsis, or that the interaction
can’t be found using BiFC, possibly because of conformational effects.

We confirmed the interaction of DAYSLEEPER with the signalosome subunit CSN5A
in vivo. This interaction occurs in the nucleus. As DAYSLEEPER binds to the subunit
responsible for the derubylation for CULLINS, namely CSN5A [16, 39, 40], we investigated
the rubylation state of CUL1 (Figure 6A), which is regulated by the CSN. We found that
DAYSLEEPER has no clear effect on the activity of the CSN, since the ratio between
rubylated and derubylated CUL1 was more or less equal. Surprisingly, we found that
the total amount of CUL1 was much higher in daysleeper, than in wild-type seedlings.
This might suggest that CUL1 is transcriptionally upregulated in the daysleeper mutant
background, or that CUL1 degradation is inhibited (Figure 6BC). It has recently been
reported that a protein encoded by Geminiviruses, C2, can alter the CSN-mediated
derubylation of SCF-complexes and thereby suppress the plants jasmonate response
[47]. DAYSLEEPER might also influence CSN-mediated derubylation of CULLINS other
than CULL. We also have indications, from initial western blot experiments, that not
only CUL1 levels are altered in daysleeper mutants, but that this is also the case for
CUL3A (data not shown). This suggests that DAYSLEEPER influences the abundance of
at least two CULLINSs.

In csn mutants, DNA damage and as a consequence, cell cycle arrest have been suggested
to be the cause of the growth arrest seen in these plantlets [29]. CRLs containing CUL4
and DDB1 have been reported to be involved in DNA damage repair [19, 29, 48]. The
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CRL CUL4-DDB1°"®2 triggers the removal of histones and DDB2 bound to damaged
DNA, which destabilizes the lesion-containing nucleosomes, allowing binding of XPC
(Xeroderma pigmentosum complementation group C) and subsequent repair by the
nucleotide excision repair system [49-51]. This suggests a possible role for DAYSLEEPER
in chromatin remodeling and DNA damage repair. Indeed we have indications that ds/
mutants accumulate more DNA damage as visualized by the presence of increased
levels of yH2AX in chromatin.

We showed that DAYSLEEPER can interact with all three VPS2 proteins present in
Arabidopsis (Figure 1BCD). VPS2.1 is regarded as the canonical VPS2, acting as a subunit
of the plants ESCRT-1Il machinery, which is responsible for vesicle budding and sorting
of ubiquitylated cargo proteins [12, 52]. A difference between csn mutants and the
daysleeper mutant is the fact that root organization is lost in daysleeper seedlings,
but not in csn mutants [29, 53]. This defect in proper development of the cell-layers
suggests a defect in cytokinesis (Figure 5). We obtained a heterozygous T-DNA insertion
line in VPS2.1 (CS818561 [54]) and were unable to find any homozygous progeny of this
line, indicating that VPS2.1 is essential (Figure S1, data not shown). It has recently been
shown that vps2.1 mutants are embryo lethal, in contrast to vps2.2 and vps2.3 mutants
which both have a short root phenotype [10, 12, 55]. The HYADE mutant described by
Muller et al. (2002) [55] is in fact a vps2.2 mutant. This HYADE mutant has severe issues
with cytokinesis in the root and develops aberrant roots with many multi-nucleate
cells [55]. Recently, a vps2.3 mutant was briefly described by Katsiarimpa et al. [12].
vps2.3 mutant plants also have shorter roots, albeit less reduced in length than those of
vps2.2 mutants [12]. We speculate that the irregular cell divisions in roots of daysleeper
plantlets, might be due to the lack of interplay between DAYSLEEPER and (one of) the
VPS2 proteins. We found an interesting pattern when we compared the expression
patterns of the VPS2 genes and DAYSLEEPER using the BAR eFP Browser (Figure 7) [32].
Both DAYSLEEPER and VPS2.1 are specifically expressed in the columella stem-cells, just
below the quiescent center (QC) (Figure 7A,B). VPS2.2 is highly expressed at, and right
above, the QC (Figure 3C), whereas VPS2.3 is expressed at a low level in the root tip
(Figure 3D), but maximally expressed in the maturation zone of the root (not shown).
This suggests that VPS2.1 might be the VPS2 homolog that interacts with DAYSLEEPER
in roots. If this is the case, then this might suggest that VPS2.1, like VPS2.2 and VPS2.3,
has a role in cell division, because of the irregular root phenotype of ds/ mutants (Figure
5). This has not yet been shown, since vps2.1 mutants do not develop [12] (Figure S1).
It must also be noted that the expression levels between the VPS2 homologs differ
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quite significantly. VPS2.1 is most highly expressed followed by VPS2.2 and VPS2.3
(Figure 7BCD). It is also striking to see the difference of expression levels in the other
organs of the plant (not shown) [32]. VPS2.1 is highly expressed in leaves, sepals and
petals, whereas VPS2.2 has expression maxima in the apical meristem, flower bud
and developing fruit. Lastly, VPS2.3 has high expression levels in petals en sepals, but
also seems increased in senescent leaves [32]. This could point to a spatio-temporal
differentiation of the various VPS2 homologs. Promoter swap experiments in various
mutant backgrounds could address this hypothesis. It would also be interesting to see
whether the reduced size of petals and sepals found in flowers of plants expressing
a 35S5::DAYSLEEPER construct might be related to DAYSLEEPER interplay with VPS2
homologs.

Figure 7. Overview of the
DAYSLEEPER and  VPS2
gene expression pattern in
the root tip. (A) DAYSLEEP-
ER, (B) VPS2.1, (C) VPS2.2
and (D) VPS2.3. The leg-
ends indicate the absolute
expression levels per gene,
as determined by microar-
ray analysis (Yellow=low
expression, Red=high ex-
pression) [63]. VPS2.1 has
the highest expression lev-
els followed by VPS2.2 and
VPS2.3. This graphic was
created with the Arabidop-
sis eFP browser online tool
[63].
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Material and Methods

Cloning
cDNA isolation

A A-phage cDNA library obtained from auxin-treated Arabidopsis root [56] was used
as a template for the PCR amplification of the full length coding sequences of all three
VPS2-homologs, FRS3, NRL8, CSN5A and RRP6A. Genes were amplified using primers,
compatible with either Gateway® technology (Invitrogen) containing vectors, or with
pSY series vectors [33]. These primers and plasmids can be found in Table S1 and S2,
respectively.

BiFC constructs

PCR isolated genes were cloned into pJET1.2 (Fermentas ®) and subcloned into pSY728,
738, 735 and 736 vectors [33] and using appropriate restriction enzymes, giving rise
to translational fusions between the coding sequences and BiFC probes in all possible
orientations (Table S1 and S2).

Yeast two-hybrid constructs

The full length DAYSLEEPER coding sequence was obtained by PCR and cloned into the
vector pAS2-1 (CLONTECH®). In order create a shortened version of the DAYSLEEPER
coding sequence the plasmid was digested with Agel and AlwNI (New England
Bioscience; NEB®), blunted with T4 polymerase (Fermentas®) and ligated, giving rise to
a shortened DAYSLEEPER coding sequence (A149-589).

The following method was used to create a C-terminal deletion of the DAYSLEEPER coding
sequence (A478-665). The DAYSLEEPER coding sequence was amplified using RedTAQ
(Sigma Aldrich®) and primers PB1 and PB2 and ligated into pGEMtEASY (Promega®)
to give rise to pGEMtEASY::At3g42170 (pSDM2099). The plasmid was digested with
the restriction enzyme Aval (NEB®) and subsequently ligated, deleting the sequence
between the 2 Aval sites. The coding sequence was subsequently isolated with Ncol
and Smal (Fermentas®) and cloned into pAS2-1 (CLONTECH®). To join the A149-589
and A478-665 shortened coding sequences with the native DAYSLEEPER promoter,
the pAS2-1 vectors containing the C-terminal or central truncated DAYSLEEPER coding
sequence were cut using Ncol and Hpal (NEB®) and cloned into pSY vectors for BiFC
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analyses, as described above.

To create an N-terminal deletion of the DAYSLEEPER coding sequence (A1-142), PCR
primers MK39.1 and MK40 were used to amplify bases coding for amino acid 142 until
the stop codon, adding an Ncol restriction site at the 5’end of the fragment and an EcoRI
site flanking the stop codon at the 3’end (Chapter 3, this thesis).

Gateway cloning

PCR-amplified genes were recombined into pDONR207 using BP clonase Il (Invitrogen®).
Primer combinations for the different amplicons can be found in Table S1. The
resulting pENTR clones were recombined into a pART7-derived plasmid containing
the appropriate Gateway cassette in frame with a YFP:HA coding region [57], using LR
Clonase Il (Invitrogen®). For N-terminal fusions to fluorophores the pSYSAT6 vectors
were used. These vectors were created by cutting the expression cassette from pSITEII
2C1 and 6C1 vectors, using Hindlll digestion and ligating these cassettes in the backbone
of pSY vectors using the Hindlll sites [33, 58]. This gave rise to the pSYSAT6 2xp35S
TagRFP Gateway and pSYSAT6 2xp35S Cerulean Gateway vectors, respectively.

Yeast two-hybrid selection

The pAS2-1/pACT system was used to perform the yeast two-hybrid assay (CLONTECH®)
in the yeast strain PJ69-4A. A A-phage cDNA library obtained from auxin-treated
Arabidopsis roots [56] was used and cloned in the pACT vector. The full length
DAYSLEEPER coding sequence was obtained by PCR and cloned into the vector pAS2-
1. Positive clones were able to grow on SD medium lacking leucine, tryptophan and
histidine, with the addition of 10 mM 3-AT. Plasmids that were obtained from positive
colonies can be found in Table S1.

Arabidopsis plant and protoplast transformation and microscopic analysis

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used for floral dip transformation
according to Clough and Bent, 1998 [59]. Arabidopsis thaliana (Col-0) suspension cells
were used to isolate and transform protoplasts [60]. Protoplasts were observed after
16-18 hours of incubation at 25°C in the dark on a Zeiss Observer (Zeiss®) confocal

microscope.
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Observation of fluorescent constructs in Arabidopsis tissues and protoplasts

Seedlings were taken directly from % MS solid plates and observed on a Zeiss Imager
confocal microscope (Zeiss®) prepared on a glass slide with cover slip [61]. Older plants
were dissected using a razor blade to allow observation of tissues using a glass slide and
cover slip. Propidium lodide (PI) staining of plant material was performed by incubating
plant material in 10 pug/ml Pl for 15-30 minutes. Plant material was then mounted on
a glass slide in dH,0 and covered by a cover slip. Fluorescent signals were visualized
using a 63x oil objective on the Zeiss Imager and a 63x water objective with the Zeiss
Observer confocal microscope. An Argon laser at 514 nm for excitation and a 530/600
nm band pass emission filter was used for GFP, YFP and FM4-64 (Invitrogen®) signals.
Cerulean was excited using a 458 nm laser and the emission collected using a 475/525
nm band pass filter. TagRFP was visualized using a 543 nm laser and a 560/615 nm band
pass filter. Images were processed using Imagel) (Imagel, NIH) and Adobe Photoshop
CS5 (Adobe®).

Protein isolation and western blotting

Soluble protein was isolated from 2-week-old seedlings for western blotting. Soluble
protein was isolated by grinding tissue under liquid nitrogen in a Tissue Lyser (Qiagen®).
Per sample, 100 pl of protein extraction buffer, 50mM Tris-HCI pH 7.5, 2 mM EDTA,
0.2 mM PMSF, 1 mM DTT, 1x Protease inhibitor cocktail Complete Mini (Roche®) was
added. The samples were centrifuged at 4°C. The concentration was determined using
Bio-RAD protein assay reagent (BioRad®). Proteins were separated on a 10% SDS-PAGE
[62] and semi-dry blotted onto a BA85 nitrocellulose membrane (Whatman®). Equal
loading of the gels and quality of the protein preparations were checked by staining
duplicate gels with Coomassie Brilliant Blue R250 (not shown). For yH2AX detection,
histone proteins were isolated from ~1 gram of 2-week-old wild-type seedlings or ~80
daysleeper seedlings. Tissue was ground under liquid nitrogen and 10 ml of NIB buffer
(0.25 M Sucrose, 60 mM KCI, 15 mM NaCl, 5 mM MgCl,, 1 mM CaCl,, 15 mM PIPES
pH 6.8, 0.8% Triton X-100, 0.1 mM PMSF and 1x Complete mini protease inhibitor
(Roche®)). The obtained slurry was filtered twice with Miracloth (Milipore®). The filtrate
was spun twice for 20 minutes at 10000 G at 4°C. The supernatant was discarded and
0.5 ml 0.4 M Sulphuric acid was added and the pellet resuspended. This mix was left
on ice for 1 hour and spun at 15000 rpm in a microcentrifuge for 5 minutes at 4°C.
This step was repeated and the supernatant from both extractions was pooled and 12

ml of acetone was added. The proteins were precipitated overnight in a glass Corex
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tube (Corning®). Proteins were spun down at 7000 rpm for 15 minutes at 4°C. The
supernatant was removed and the pellet air dried. The pellet was resuspended in 4M
urea. The protein concentration of the sample was quantified using Bio-RAD protein
assay reagent (BioRad®). Finally, Laemmli buffer was added and the sample was boiled
for 3 minutes and loaded on a 10% PAGE gel [62]. The rabbit a-CUL1 antibody was
diluted 1000x and the rabbit a-yH2AX antibody was diluted 100x; both antibodies
were detected using a secondary mouse a-rabbit HRP-conjugated antibody, which was
7500x diluted (Invitrogen®).
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Supplemental Figures and Tables

At2g06530 (VPS2.1)

0 E 1910

vps2.1 (CS818561)
GCGTTTCGTATCTCTCACCG—AAGGAA—LB-T-DNA-T-DNA—LB—GACAC—CTAATTCGTCGCCTTAATTT

Figure S1. Graphical depiction of the T-DNA insertion in the VPS2.1 (At2g06530) locus of insertion line
CS818561. Grey boxes represent the untranslated regions of the transcript. The arrow indicates the inser-
tion site of the T-DNA in the 5’ untranslated region of the gene. White boxes represent exons. The black
arrow indicates the start codon (ATG). The total length of the predicted transcript is indicated (1910 bp).
The insertion site has been sequenced and revealed a tandem of T-DNA’s that are situated head-to-head.
So-called “filler” DNA is indicated in italic light grey. LB = Left border.
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Collection number

Description

Purpose

pSDM4300 PART7 p35S Gateway YFP:HA DAYSLEEPER C-terminal YFP-tagging
pSDM4325 PART7 p35S Gateway YFP:HA CSN5A vectors for protoplast
pSDM4326 pART7 p35S Gateway YFP:HA NRL8 transformation
pSDM4334 pART7 p35S Gateway YFP:HA RRP6A

pSDM4358 pSYSAT6 2xp35S TagRFP Gateway N-terminal TagRFP/Cerulean-
pSDM4359 PSYSAT6 2xp35S Cerulean Gateway tagging vectors for protoplast
pSDM4324 pPSYSAT6 2xp35S TagRFP Gateway DAYSLEEPER transformation
pSDM4360 PSYSAT6 2xp35S Cerulean Gateway VPS2.1

pSDM4361 PSYSAT6 2xp35S Cerulean Gateway VPS2.2

pSDM4362 PSYSAT6 2xp35S Cerulean Gateway VPS2.3

pSDM4345 pSY 736 DAYSLEEPER (35S::DAYSLEEPER:YN:EE) BiFC vectors for protoplast
pSDM4346 pSY 738 DAYSLEEPER (35S::HA:YC:DAYSLEEPER) transformation
pSDM4347 pSY 728 DAYSLEEPER (35S::EE:YN:DAYSLEEPER)

pSDM4348 pSY 735 DAYSLEEPER (35S::DAYSLEEPER:YC:HA)

pSDM4388 pSY 728 NRL8

pSDM4389 pSY 728 RRP6A

pSDM4390 pSY 728 CSN5A

pSDM4391 pSY 728 VPS2.1

pSDM4392 pSY 728 VPS2.2

pSDM4393 pSY 728 VPS2.3

pSDM4422 pSY 738 NRLS

pSDM4423 pSY 738 RRP6A

pSDM4424 pSY 738 CSN5A

pSDM4425 pSY 738 VPS2.1

pSDM4426 pSY 738 VPS2.2

pSDM4427 pSY 738 VPS2.3

pSDM2304 pAS2.1 (At3g42170) DAYSLEEPER Vectors used in yeast two-
pSDM4414 pAS2.1 DAYSLEEPER A1-149 hybrid

pSDM4415 pAS2.1 DAYSLEEPER A149-589

pSDM4416 pAS2.1 DAYSLEEPER A478-665

pSDM4417 pACT2 At2g27110 (FRS3)

pSDM4418 pACT2 At2g06530 (VPS2.1)

pSDM4419 pACT2 At5g44560 (VPS2.2)

pSDM4420 pACT2 At1g03950 (VPS2.3)

pSDM4421 pACT2 At2g45460 (Forkhead domain protein)

pSDM4394 pACT2 At1g54440 (RRP6a)

pSDM4343 pACT2 At2g47860 (NRL8)

pSDM4402 pACT2 At1g22920 (CSN5a) clone #1

pSDM4340 pACT2 At1g22920 (CSN5a) clone #2

pSDM4342 pACT2 At3g42170 (DAYSLEEPER)

pSDM2099 pPGEM-T Easy::At3g42170

Table S1. Plasmids used for the BiFC analysis, creating fluorescent fusion proteins in Arabidopsis and the

yeast two-hybrid assay. Collection number, description and purpose in this work are shown.
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Primer Description Restriction | Sequence
sites
FWO01 CSN5A CDS cloning into pSY728/38, Sall GTCGACATGGAAGGTTCCTCGTCAGCCATCG
forward primer
FWO02 CSN5A CDS cloning into pSY728/38, Notl GCGGCCGCGATGTAATCATGGGCTCTGGATC
reverse primer
AS04 DAYSLEEPER CDS cloning into Notl GCGCGGCCGCTGTGCTTCAGATTTGATGGTAGCAC
pSY728/38, reverse primer
AS03 DAYSLEEPER CDS cloning into Ncol CGCGCCATGGATATGGAAGTGTACAATGACGATAC
pSY728/38, forward primer
AS02 DAYSLEEPER CDS cloning into Spel CTACTAGTCTATGCTTCAGATTTGATGGTAG
pSY735/36, reverse primer
ASO1 DAYSLEEPER CDS cloning into Sall CAGTCGACTATGGAAGTGTACAATGACGATAC
pSY735/36, forward primer
FW13 NRL8 CDS cloning into pSY728/38, Sall GTCGACATGGGTGTTGTTACTGTTCCTG
forward primer
FW14 NRL8 CDS cloning into pSY728/38, Notl GCGGCCGCAGAGAAACAGAGTGACATCTTC
reverse primer
FWO09 RRP6A CDS cloning into pSY728/738, Sall GTCGACATGAGATTTGATGATCCCATG
forward primer
FW10 RRP6A CDS cloning into pSY728/738, Notl GCGGCCGCGTAATGTTAAGAAAGCCACGTTTC
forward primer
SHO7 VPS2.1 CDS cloning into pSY728/38, Sall GTCGACATGATGAATTCAATCTTCG
forward primer
SH08.1 VPS2.1 CDS cloning into pSY728/38, Notl GCGGCCGCCCCATTTTTCTAAGGTTATCCA
reverse primer
MK117 VPS2.2 CDS cloning into pSY728/38, Sall GTCGACCATGAACATTTTCAAGAAGAAG
forward primer
MK118 VPS2.2 CDS cloning into pSY728/38, Sall GTCGACTCAGATTCGTCGTAGCGAAGCC
reverse primer
AS14 VPS2.3 CDS cloning into pSY728/38, Ncol GAGACCATGGAGGTGGTACAGAGTCTCCGTGTTC
forward primer
AS15 VPS2.3 CDS cloning into pSY728/38, Notl CCGCGGCCGCGCTCTAAGCGCCGCCAACCGCTTCTC
reverse primer
SH10 Gateway primer N-terminal tagging - GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGATGAATTCAATCTTCGGAAAGC
of VPS2.1, forward primer
SH11 Gateway primer N-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGTCCATTTTTCTAAGGTTATCCAACCTT
of VPS2.1, reverse primer
FW23 Gateway primer N-terminal tagging - GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAACATTTTCAAGAAGAAGACCA
of VPS2.2, forward primer
FW24 Gateway primer N-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGTTGATTCGTCGTAGCGAAGCCAACCTC
of VPS2.2, forward primer
FW21 Gateway primer N-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGTTCGATGTAATCATGGGCTCTGGATCT
of VPS2.3, reverse primer
FW22 Gateway primer N-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGTCTCTAAGCGCCGCCAACCGCTTCTCC
of VPS2.3, forward primer
MK60 Gateway primer N-terminal tagging - GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAAGTGTACAATGACGATACTG
of DAYSLEEPER, reverse primer
MK136 Gateway primer N-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGCTATGCTTCAGATTTGATGGTAGCACTT
of DAYSLEEPER, forward primer
FW17 Gateway primer C-terminal tagging - GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAAGGTTCCTCGTCAGCCATCG
of CSN5A, forward primer
FW18 Gateway primer C-terminal tagging - GGGGACCACTTTGTACAAGAAAGCTGGGTTCGATGTAATCATGGGCTCTGGATCT
of CSN5A, reverse primer
PB1 Forward DAYSLEEPER - ATGGAAGTGTACAATGACGATAC
PB2 Reverse DAYSLEEPER - CTATGCTTCAGATTTGATGGTAG

Table S2. PCR Primers. Primer names, purpose, added restriction site, descriptions and sequences are

shown.
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