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SUMMARY

The overly zinc sensitive Arabidopsis thaliana mutant o0zs3 shows reduced growth of the primary root,
which is exacerbated by an excess specifically of Zn ions. In addition, 0zs3 plants display various subtle
developmental phenotypes, such as longer petioles and early flowering. Also, 0zs3 seedlings are completely
but reversibly growth-arrested when shifted to 4°C. The causal mutation was mapped to a gene encoding a
putative substrate-recognition receptor of cullin4 E3 ligases. 0OZS3 orthologous genes can be found in
almost all eukaryotic genomes. Most species from Schizosaccharomyces pombe to Homo sapiens, and
including A. thaliana, possess one ortholog. No functional data are available for these genes in any of the
multicellular model systems. CRISPR-Cas9-mediated knockout demonstrated that a complete loss of 0ZS3
function is embryo-lethal, indicating essentiality of 0ZS3 and its orthologs. The OZS3 protein interacts with
the adaptor protein DAMAGED DNA BINDING1 (DDB1) in the nucleus. Thus, it is indeed a member of the
large yet poorly characterized family of DDB1-cullin4 associated factors in plants. Mutant phenotypes of
0zs3 plants are apparently caused by the weakened DDB1-0ZS3 interaction as a result of the exchange of a
conserved amino acid near the conserved WDxR motif.
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INTRODUCTION (Andreini et al., 2006). The available knowledge mainly for
mammalian systems suggests that Zn(ll) has not only
structural and catalytic roles, but also various regulatory
functions; for example, the modulation of enzyme activities
and signaling pathways (Kambe et al., 2015). One example
is the key role of a Zn transporter in controlling the pul-
monary vascular responses to chronic hypoxia (Zhao et al.,
2015a,b). It appears highly likely that Zn(ll) influences
many cellular pathways in plants as well, given the similar
number of predicted Zn(ll) binding sites in mammalian and
plant proteins. However, whether and to what extent this is
the case currently remains unknown.

A key aspect of Zn biology is the control over labile
cytosolic Zn, such that Zn(ll) is not tightly bound by pro-
teins and available for ligand exchange (Sinclair and
Kramer, 2012; Zlobin et al., 2019). In Arabidopsis thaliana
root cells, the estimated concentration of this pool is
around 400 pm, whereas total cellular Zn amounts to

Throughout their life cycle, plants have to cope with vari-
ous abiotic stress factors. These include not only drought,
cold, heat, or hypoxia, but also inhibitory concentrations of
minerals in the soil. Besides the more common threats salt
and aluminum, plant roots can be exposed to metal pollu-
tants such as cadmium (Cd) and arsenic (As), or to an
excess of essential microelements (Clemens, 2006; Nagajy-
oti et al., 2010; Kopittke et al., 2010). Among the latter is
zinc (Zn). Potentially toxic Zn concentrations in soil are
mostly a result of human activities such as the application
of Zn-rich animal manure or sewage sludge to agricultural
fields. Although Zn deficiency is clearly a more common
problem for plant productivity, Zn excess does occur (Allo-
way, 2008; Zhao et al., 2015a,b).

Among the microelements, Zn has been recruited for a
particularly wide range of biological functions. Almost 10%
of all eukaryotic proteins are estimated to bind Zn(ll)

© 2020 The Authors. 995
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-5647-6217
https://orcid.org/0000-0001-5647-6217
https://orcid.org/0000-0001-5647-6217
https://orcid.org/0000-0001-5508-2363
https://orcid.org/0000-0001-5508-2363
https://orcid.org/0000-0001-5508-2363
https://orcid.org/0000-0003-0570-1060
https://orcid.org/0000-0003-0570-1060
https://orcid.org/0000-0003-0570-1060
mailto:stephan.clemens@uni-bayreuth.de
http://creativecommons.org/licenses/by/4.0/

996 Michael Weber et al.

around 50 um (Lanquar et al, 2014). Zn toxicity occurs
when labile cytosolic Zn(ll) exceeds 2 um. Zn(ll) then inter-
acts with nitrogen, oxygen or sulfur ligands in an uncon-
trolled way (Krezel and Maret, 2016). The ability of a plant
cell to tolerate Zn excess is largely dependent on the
capacity to suppress such potentially detrimental interac-
tions. Consequently, mutants lacking vacuolar Zn trans-
porters such as MTP1 and MTP3 (Arrivault et al., 2006;
Kawachi et al., 2009), Zn ligand transporters (e.g. ZIF1)
(Haydon and Cobbett, 2007) or Zn ligands (e.g. phy-
tochelatins) (Kiihnlenz et al., 2016) are Zn hypersensitive.
At the same time, these proteins and ligands are key fac-
tors of Zn homeostasis because they are involved in parti-
tioning Zn between plant tissues and organs. Moreover,
the biological functions of Zn(ll) depend on the controlled
modulation of cytosolic Zn(ll) (Maret, 2017), as in the
above-mentioned mammalian example. Therefore, a possi-
ble approach for identifying Zn-affected pathways and to
make inroads into mechanistically understanding Zn biol-
ogy is to screen for mutants with compromised Zn toler-
ance. This is exemplified by the recent identification of a
pathway controlling photomorphogenesis, via the charac-
terization of a Zn hypersensitive mutant (Sinclair et al.,
2017). Another Zn tolerance screen resulted in the identifi-
cation of several overly Zn sensitive (ozs) A. thaliana
mutants (Weber et al., 2013). In the present study, we
report on 0zs3. The phenotypes of this mutant are caused
by a mutation in a gene encoding a DWD (DDB1 binding
WD40) protein.

The regulation of many plant responses to abiotic stress
factors (similar to the regulation of myriad developmental
and physiological processes in eukaryotes in general) is
dependent on E3 ligases (Deshaies and Joazeiro, 2009;
Guo et al., 2013). These enzymes confer specificity to the
proteasomal degradation of proteins by mediating the
transfer of ubiquitin moieties onto target proteins. More
than 1500 different E3 ligases are encoded in the A. thali-
ana genome (Hua and Vierstra, 2011), indicating the com-
plexity of the machinery for controlled removal of proteins
from cells. Cullin-RING ubiquitin ligases (CRLs) represent
the largest class of E3 ligases, comprising E3 complexes
with more than 800 different adaptor proteins in A. thali-
ana (Hua and Vierstra, 2011). CRLs consist of cullin
proteins as scaffold, associated C-terminally with the
RING-finger protein RBX1 and N-terminally with proteins
involved in substrate recruitment. In plants, three main cul-
lin types have been found: CUL1/CUL2, CUL3a/b and CUL4
(Hua and Vierstra, 2011). They differ in terms of the sub-
strate-recruiting modules that they interact with. Typical
for the more recently identified CUL4 is interaction with
DWD proteins (Biedermann and Hellmann, 2011). DWD
proteins, alternatively referred to as DCAFs (for DDB1-
CUL4 ASSOCIATED FACTOR) (Angers et al., 2006), do not
directly bind to CUL4. Instead, DDB1 (DAMAGED DNA

BINDING1) proteins serve as adaptors linking CUL4 with
DWD proteins as the actual substrate-recognition receptors
(Lee and Zhou, 2007). In A. thaliana, two different DDB1
proteins exist, DDB1a and b (Schroeder et al., 2002; Bern-
hardt et al., 2010), which are assumed to interact with 85
different DWD proteins. In rice, the number of putative
DWD proteins is 78 (Lee et al., 2008). A defining character-
istic of DWDs is the so-called DWD box, a conserved 16-17
amino acid stretch that ends in an aspartate-arginine motif
(WDxR) (Biedermann and Hellmann, 2011). The WDxR
motif is critical for interaction with DDB1 (Angers et al.,
2006; He et al., 2006).

Few DWD proteins in plants have been functionally char-
acterized to date (Shu and Yang, 2017). The A. thaliana
homolog of human DCAF1 forms a nuclear complex with
CUL4 and DDB1. T-DNA insertion mutants showed arrest of
embryonic development, whereas DCAF1 co-suppression
caused multiple developmental phenotypes (Zhang et al.,
2008). The DWD protein WDR55 is required for gametogene-
sis and seed development (Bjerkan et al., 2012). Most other
studied DWD proteins have been implicated in responses to
abiotic factors (Seo et al, 2014; Ren et al., 2019). A DWD
protein found to be involved in metal toxicity responses is
TANMEI/ALT2 (Nezames et al, 2012). Loss-of-function
mutants were isolated in a screen for suppressors of alu-
minum hypersensitivity. TANMEI/ALT2 is involved in DNA
damage control and mediates active growth arrest when A.
thaliana roots are exposed to aluminum.

In the present study, we report on the characterization of
the 0zs3 mutant and the identification of the causal muta-
tion. Our data show that 0OZS3 encodes an essential DWD
protein interacting with DDB1, presumably as part of a
CUL4 E3 ligase complex. The mutation in 0zs3 does not
completely abolish function, although it weakens the inter-
action with DDB1.

RESULTS
0zs3 phenotypes

The o0zs3 line belongs to group 2 of the isolated Zn?'
hypersensitive mutants (Weber et al, 2013), such that,
unlike the previously characterized 0zs7 and 0zs2 mutants,
it showed reduced root growth already under control con-
ditions. An excess of Zn?" was the only tested metal excess
condition that caused a stronger reduction in relative root
growth compared to the wild-type Col-0 (Weber et al.,
2013). Relative root growth of 0zs3 compared to Col-0 was
unaffected by approximately half-maximally inhibiting con-
centrations of Cd?', Cu?’, Fe?", Mn?', Co?" or Ni?' (Fig-
ure S1a). We studied the specific impact of Zn?" excess in
more detail with two independent backcross (BC) lines.
Zn*" hypersensitivity relative to Col-0 was apparent already
in the presence of 20 um Zn?" (Figure S2). For seedlings
assayed after 7 days, the difference between wild-type and
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0zs3 under control conditions was less pronounced than
after 12 days, the time when the ozs mutants were initially
scored (Weber et al., 2013). Zn?" hypersensitivity was again
highly significant (Figure 1a,b). When growth was moni-
tored continuously over 9 days, it became apparent that,
on control medium, 0zs3 seedlings grow like Col-0 up to
approximately day 5. From day 6 onward, the difference in
primary root length was significant (Figure 1c,d) because,
after day 4, the growth rate of Col-0 increased, whereas
that of 0zs3 decreased. In the presence of elevated Zn?"
(60 um), root growth of 0zs3 seedlings was more strongly
reduced than that of Col-0 seedlings already 2 days earlier.
Furthermore, the difference in primary root growth
between Col-0 and o0zs3 after 4 days was exacerbated by
Zn*" excess.

A typical secondary stress caused by metal exposure is an
increase in the concentrations of reactive oxygen species
(ROS). We determined ROS levels in wild-type and mutant
seedlings after growth under control conditions and in the
presence of growth-inhibitory Zn?" concentrations. Although
wild-type seedlings showed only a minor increase in H,0,
levels when exposed to Zn excess, H,0, levels in the two
0zs3 backcross lines rose to a concentration that was
approximately twice as high compared to wild-type (Fig-
ure 2a). This difference was even higher when considering
the lower background level in 0zs3 seedlings under control
conditions. O, staining qualitatively confirmed higher ROS
levels in Zn-exposed 0zs3 seedlings (Figure 2b). These data
indicated a deficiency of 0zs3 mutant seedlings in limiting
oxidative stress elicited by Zn excess. Elemental analysis of
seedlings showed that this higher level of stress was not the
result of a stronger Zn accumulation. There were no signifi-
cant differences between Col-0 and mutant in Zn contents of
roots and shoots, neither under control conditions, nor after
Zn*" exposure (Figure S3).

Next, we tested the effects of other abiotic stress factors.
Salt stress influenced the relative root growth of wild-type

Figure 1. The 0zs3 mutant is Zn?" hypersensitive and shows a root growth
defect.

(a, b) Seedlings of Col-0 (white bars) and two independent 0zs3 backcross
lines (BC) (grey bars) were grown vertically under control conditions or in
the presence of additional 60 um ZnSO, for approximately 7 days. Data in
(a) represent the mean + SD of three independent experiments (n = 52-53).
Left: absolute root growth. Significant differences from wild-type were
determined by two-way analysis of variance (anova) and Tukey's test
(***P < 0.001). Right: relative root growth of seedlings as an indicator for
tolerance, calculated as root length metal treatment/mean root length con-
trol conditions x 100. Significant differences from Col-0 were determined
by one-way anova and Tukey's test (***P < 0.001). Shown in (b) are seed-
lings after 7 days cultivation. Scale bar = 1 cm.

(c, d) Length of primary roots of Col-0 (filled symbols) and the two indepen-
dent 0zs3 backcross lines (BC) (open symbols), grown vertically under con-
trol (c) and Zn?" excess conditions (= 60 um) (d), was monitored for 9 days.
Data represent the mean + SD of three independent experiments (n = 21—
24). Statistical analysis was performed for every time point by a t-test.
Asterisks indicate significant differences of both BC lines to Col-0
(¥**P < 0.001).
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Figure 2. Zn*" excess conditions cause enhanced reactive oxygen species
(ROS) accumulation in 0zs3 seedlings. Seedlings of Col-0 (white bars) and
two independent 0zs3 backcross lines (BC) (grey bars) were grown vertically
under control conditions or in the presence of additional 60 um ZnSO, for
12 days.

(a) H,0, accumulation was quantified using 3,3'-diaminobenzidine staining.
Data represent the mean + SD of three independent experiments (n = 6).
Statistical analysis was performed by a t-test. Asterisks indicate significant
differences to Col-0 (*P < 0.05; **P < 0.01).

(b) O, accumulation was visualized by nitroblue tetrazolium chloride stain-
ing. The images show representative leaves.
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Figure 3. 0zs3 shows growth arrest at low temperatures.

Seedlings of Col-0 and two 0zs3 backcross lines (BC) were grown vertically
for 8 days at room temperature (RT) (green bars) (a), for 5 weeks at 4°C
(blue bars) (b), or for 4 days at RT followed by 5 weeks at 4°C (c). Arrows
indicate the shift to cold. Survival of seedlings was tested by transferring
seedlings shown in (b) and (c) to RT for 8 days (d and e, respectively). Scale
bar =1 cm.

and o0zs3 mutant seedlings to a similar extent, whereas
osmotic and oxidative stress affected relative root growth
of 0zs3 seedlings less than that of Col-0 seedlings (Fig-
ure S1b). By contrast, cold treatment had a dramatic inhibi-
tory effect on 0zs3. Seedlings managed to germinate,
although they were unable to grow at 4°C (Figure 3a,b).

Transfer of seedlings to cold conditions after 4 days at
room temperature caused an immediate growth arrest
(Figure 3c). However, seedlings stayed alive under these
conditions. Following transfer back to room temperature,
0zs3 seedlings resumed growth and, within 8 days, they
developed the typical control condition phenotype, com-
prising shorter primary roots compared to Col-0 (Fig-
ure 3d,e).

When 0zs3 backcross lines were cultivated side-by-side
with Col-0 under various non-stress conditions, several
morphological and developmental phenotypes became
apparent. An altered root morphology of the 0zs3 mutant
was observed when seedlings were grown on agar plates
for 12 days (Figure S4). Compared to Col-0, specifically
growth of the primary root was inhibited in 0zs3, whereas
the lateral roots grew normally (Figure S4b). This resulted
in a higher lateral root index and a higher lateral root den-
sity for the BC lines (Figure S4c,d). Flowering occurred ear-
lier in 0zs3 mutants, as was apparent from the smaller
number of rosette leaves at the time of flowering (Fig-
ure S5). After 8 weeks on the soil under short-day condi-
tions, the petiole length of 0zs3 plants was increased by
approximately 15-20% relative to Col-0 (Figure S6b).

Identification of the causal gene

Wild-type growth of F1 plants and the segregation of the
root growth phenotype in F2 backcross populations were
indicative of a recessive nature of the 0zs3 mutation. The
0zs3 mutation was localized to the lower arm of chromo-
some 2. The sequencing of 14 open reading frames within
the mapped interval revealed a single mutation in the gene
At2920330. The C to T mutation in the coding sequence of
the At2g20330 gene changes amino acid 377 from thre-
onine to isoleucine in the corresponding protein (Fig-
ure 4a). An alignment of orthologous sequences from a
wide phylogenetic range showed that amino acid 377 in
0ZS3 is highly conserved (Figure 4b). To verify that the
mutation in At2g20330 was causal for the 0zs3 phenotypes,
one of the 0zs3 backcross lines was transformed with a
DNA fragment including 1.5 kb of the promoter, the coding
sequence plus the 5’ and 3'-UTRs, and 450 bp of the termi-
nator of At2g20330. The root growth phenotype under con-
trol conditions as well as the Zn?" hypersensitivity was
fully complemented in the transformed lines (Figure 4c,d).
The same was found for the chilling sensitivity, the
increase in petiole length and the early flowering pheno-
type of mature o0zs3 plants (Figure S6). We therefore
named the gene At2g20330 OZS3.

0ZS3 transcript abundance was comparable in roots
and shoots. No up- or downregulation upon exposure to
Zn excess was detectable (Figure S7a). This is consistent
with a lack of responsiveness to abiotic or biotic stresses
apparent from data deposited in Genevestigator (https://ge
nevestigator.com). To analyze OZS3 expression patterns,
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Figure 4. The causal mutation in o0zs3 affects a highly conserved amino
acid in the DWD protein At2g20330.

(a) Domain structure of 0ZS3. Numbers indicate positions of amino acids.
Bold black line marks the amino acid change caused by the mutation in
0zs3 (Thr to lle at position 377); grey: WD40 domain; the DWD (= DDB1
binding WD40 domain) containing the WDxR motif is highlighted as a
striped box.

(b) Most eukaryotes possess one 0ZS3 ortholog. Partial amino acid sequence
alignment of the WD40 domain for OZS3 and orthologs from higher plants,
mosses, animals and yeast: Arabidopsis thaliana (NP_179623.1), Brassica
napus (XP_013652708.1), Medicago truncatula (XP_003625415.1), Malus
domestica (XP_008349006.2), Oryza sativa (XP_015614481.1), Zea mays
(NP_001147117.1), Ginkgo biloba (AlU48910.1), Physcomitrella patens
(XP_001783053.1), Drosophila melanogaster (NP_611832.1), Homo sapiens
(NP_060504.1) and Schizosaccharomyces pombe (NP_593438.1). The arrow
marks the Thr to lle change. Conserved residues are highlighted in grey;
highly conserved residues are highlighted in black.

(c) Seedlings of Col-0, one 0zs3 backcross line and two independent trans-
genic lines, generated by transforming the BC line with a genomic 0ZS3
construct, were grown vertically under control and Zn?" excess (+60 um)
conditions for approximately 7 days. Data represent the mean + SD of
three independent experiments (n =93-115). Left: absolute root growth.
Significant differences from Col-0 were determined by two-way analysis of
variance (anova) and Tukey’s test (***P < 0.001). Right: relative root growth
of seedlings as an indicator for tolerance, calculated as root length metal
treatment/mean root length control conditions x 100. Significant differ-
ences from Col-0 were determined by one-way anova and Tukey's test
(***P < 0.001). Shown in (d) are seedlings after 7 days cultivation. Scale
bar = 1cm.

reporter lines were generated by transforming Col-0 with
GUS under the control of the 0ZS3 promoter (1500 bp).
Three independent pOZS3::GUS transgenic lines consis-
tently showed staining predominantly of the vasculature in
roots and leaves (Figure S7b). According to data queried
through the eFP browser (http://bar.utoronto.ca/efp/cgi-bin/
efpWeb.cgi), 0ZS3 is uniformly expressed in rosette and
cauline leaves, roots, stems, flowers and seeds.

0ZS3is an essential gene

To obtain additional ozs3 alleles, we analyzed T-DNA inser-
tion  lines  (http://signal.salk.edu/cgi-bin/tdnaexpress).

© 2020 The Authors.
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Seedlings of line SALK_065643, carrying an insertion in the
0ZS3 promoter, and SALK_038590, carrying an insertion in
the 3'-UTR, grew normally on plates and were not investi-
gated further. The same applied to SALK_140479, which,
according to our analysis, has an insertion in the 0ZS3
promoter, too. Among all the available insertion lines, we
could identify only one line (SAIL_241_EQ9) that carries an
insertion within the coding sequence (in exon 1). Surpris-
ingly, however, the plants showed neither Zn?" hypersensi-
tivity, nor any other of the phenotypes observed for o0zs3.
Therefore, we tested the expression of 0ZS3 by a quantita-
tive reverse transcriptase-polymerase chain reaction
(gRT-PCR) using a primer pair binding downstream of the
T-DNA integration site (Figure S8a) and could detect a
much higher transcript abundance than in wild-type (Fig-
ure S8b). By contrast, using a primer pair binding upstream
of the integration site, no signal could be detected, indicat-
ing that no full-length mRNA is present in SAIL_241_EO09.
To explain the absence of 0zs3 phenotypes, we performed
rapid amplification of cDNA ends (RACE)-PCR analysis and
were able to identify several hybrid mRNAs consisting of a
part of the inserted T-DNA and a truncated version of the
0ZS3 mRNA. Such hybrid transcripts may give rise to a
protein missing the first 42 amino acids of 0ZS3. To test
whether a respective N-terminally truncated protein is func-
tional, we transformed ozs3 with a corresponding A42-
0ZS3-GFP fusion protein under control of the 35S pro-
moter. Several transgenic lines showed a full complemen-
tation of both the Zn?" hypersensitivity and the reduced
root growth under control conditions, showing clearly that
even the truncated version is functional (Figure S8c). Thus,
there are apparently no true knockout alleles of 0ZS3 avail-
able in the public T-DNA insertion line collections.

A possible explanation for the lack of null alleles could
be that the OZS3 gene is essential. This hypothesis was
investigated by employing CRISPR/Cas9 to generate trans-
genic lines with a frameshift mutation in 0ZS3 using two
independent target sites (Figure 5a). In the T1 generation,
we identified several lines that carried a wild-type and a
mutated (1 bp insertion or deletion) allele of 0ZS3. All of
the mutations appeared at the predicted position in the
first exon (Figure 5b-e). None of the lines heterozygous for
a mutated non-functional OZS3 variant showed full seed
set, in contrast to other transgenic lines harboring Cas9
but carrying wild-type OZS3 (Figure 5f-i). Thus, homozy-
gous loss-of-function mutations in 0ZS3 apparently are
embryo-lethal. Correspondingly, when we genotyped 20
individuals of the T2 generations, none of these were
homozygous for the InDel mutation. All plants were either
heterozygous or homozygous wild-type.

0ZS3 is a conserved DCAF protein

The protein encoded by 0ZS3 belongs to the WD40 super-
family. WD40 domains are characterized by several WD40
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Figure 5. Complete loss of OZS3 function causes embryo lethality. An
0ZS3 null allele was generated by CRISPR/Cas9.

(a) Exon intron structure of 0ZS3 (white boxes =exons; grey
boxes = UTRs); bold red lines mark target sites for Cas9 cleavage.

(b, c) Sequencing files of wild-type and two independent Cas9 lines (T1 gen-
eration). Two constructs differing in the target sequence for Cas9 cleavage
(target sequences 1 and 2, arrow) were used for transformation. Both target
sites are located within the first exon of 0ZS3.

(d, e) Mutations identified in these transgenic plants (T1 generation). The
PAM motif is indicated in green. Target sequences are underlined.

(f-i) Siliques of Col-0 (f), a transgenic control (Cas9 line without mutation in
0ZS3) (g) and two independent transgenic lines (h, i), with an insertion or a dele-
tion within the first exon of 0253 (0Z53-Cas9-1 and 0ZS3-Cas9-2, respectively).
Scale bar = 1 mm.

repeats that fold into B-propellers consisting of blades
comprising four anti-parallel B-strands. They lack enzy-
matic activity and are instead often involved in the assem-
bly of functional protein complexes (Stirnimann et al.,
2010). OZS3 carries six or seven WD40 domains according
to predictions by SMART (http://smart.embl-heidelberg.de)
and the WD40 protein database WDSPdb (Wang et al.,
2015), respectively. No other characterized protein
domains were predicted for OZS3. A search among all A.
thaliana WD40 proteins placed 0ZS3 among 85 putative
DWD proteins (Lee et al., 2008). The DWD box including
the characteristic WDxR motif at the end is found in amino
acids 388-403 (Figure 4a). A second incomplete DWD box
lacking the terminal arginine (designated DWDAR) (Lee
et al., 2008) is found in amino acids 294-309. According to
BLAST searches, no 0ZS3 homolog exists in A. thaliana,
whereas orthologs appear to be present in every higher
plant species. This is illustrated when constructing a phylo-
genetic tree of OZS3-like sequences (Figure 4a; Figure S9).
Sequences from a wide range of organisms are more simi-
lar to 0ZS3 than the closest A. thaliana sequence
At2g19540 (Lee et al., 2008). Also, searches of the Homolo-
Gene (www.ncbi.nlm.nih.gov/homologene) and YOGY
(bahlerweb.cs.ucl.ac.uk/YOGY/index.shtml) databases
revealed that most eukaryotes with sequenced genomes,
for example Homo sapiens, Rattus norvegicus, Drosophila
melanogaster, Caenorhabditis elegans, Dictyostelium dis-
coideum, Plasmodium falciparum, Neurospora crassa and
Schizosaccharomyces pombe possess exactly one putative
0ZS3 ortholog. Among the few exceptions are Oryza sativa
and the pufferfish Takifugu rubripes with three putative
homologs. Many of the predicted proteins are named after
H. sapiens WDR70 (for WD40 repeat-containing protein 70).
None of the putative 0ZS3 orthologs in model systems is
functionally characterized, with the recent exception of the
S. pombe ortholog Wdr70 (SPAC343.17c) (Zeng et al.,
2016).

0ZS3 interacts with DDB1

The presence of a DWD box and the characteristic WDxR
motif suggested that OZS3 is a component of a CUL4-E3
ligase complex and serves as a substrate receptor
(= DCAF). In testing this hypothesis, we first determined
the subcellular localization of OZS3 because it is known,
for several DWD proteins, that they are localized in the
nucleus (Zhang et al., 2008). We expressed an 0ZS3-GFP
fusion protein under 35S control in 0zs3. The fusion pro-
tein was fully functional (Figure 6a). Using confocal micro-
scopy, a signal consistent with nuclear localization was
detected in root cells (Figure 6b—e). The OZS3-GFP fusion
protein appeared to be stable because no cytosolic GFP
signal was seen. Nuclear localization was independently
confirmed through transient expression of CFP-OZS3
fusion proteins in Nicotiana benthamiana (Figure 6f-h).
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Figure 6. 0ZS3 is a nuclear protein.

(a) Complementation of 0zs3 Zn?" hypersensitivity by expressing an 0ZS3-
GFP fusion protein under control of the 35S promotor. Seedlings of Col-0,
one 0zs3 backcross line (BC) and a respective transgenic line were grown
vertically with and without additional 60 um ZnSO, for 7 days. Data repre-
sent the mean + SD of three independent experiments (n = 58-73). Left:
absolute values. Significant differences from Col-0 were determined by a
two-way analysis of variance (anova) and Tukey's test (***P < 0.001). Right:
relative root growth of seedlings as an indicator for tolerance, calculated as
root length metal treatment/mean root length control conditions x 100. Sig-
nificant differences from Col-0 were determined by one-way Anova and
Tukey's test (***P < 0.001).

(b—e) Representative confocal images of the root tip of the transgenic 0zs3
plant tested for functionality of the OZS3-GFP fusion protein as shown in
(a). (b) GFP fluorescence, (c) propidium iodide staining, (d) bright field and
(e) overlay. Scale bar =50 pm. (f-h) Representative confocal images of
Nicotiana benthamiana leaf epidermal cells transiently expressing a CFP-
0ZS3 fusion construct under control of the 35S promotor.

(f) CFP-fluorescence, (g) bright field and (h) overlay. Scale bar = 20 um.
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When a version with the amino acid exchange caused by
the 0zs3 mutation was expressed, no effect on subcellular
localization was found (Figure S10). For DDB1a, localiza-
tion in the cytosol and the nucleus was observed in accor-
dance with previous studies (Zhang et al., 2008).

As a DCAF protein, OZS3 has to interact with DDB1
in vivo. This was investigated first in yeast two-hybrid
assays. The results indicated a weak interaction (Fig-
ure 7a). Next, we tested interaction by co-expressing
0ZS3-mVenus and HA-DDB1a in A. thaliana protoplasts.
Co-immunoprecipitation assays then showed that OZS3-
mVenus (calculated molecular weight 98.3 kDa) can effec-
tively precipitate HA-DDB1a (calculated molecular weight
125 kDa), whereas mVenus cannot (Figure 7b). These find-
ings were confirmed after co-infiltrating constructs for
GFP-0ZS3 and HA-DDB1a into N. benthamiana leaves.
Again, HA-DDB1a was co-precipitated with GFP-OZS3 (Fig-
ure S11). To substantiate the interaction between 0ZS3
and DDB1a in planta, we performed bimolecular fluores-
cence complementation experiments. A strong YFP signal
was detectable in the nucleus of N. benthamiana epider-
mal cells expressing one half of YFP fused to OZS3 and the
other half of YFP fused to DDB1a (Figure 7c). As negative
controls, we expressed, in accordance with recommenda-
tions by Waadt and Kudla (2008), (i) an OZS3 version with
a deletion of the entire DWD box and (ii) an OZS3 version
with alanine substitutions of amino acids in the WDxR
motif essential for interaction of DCAFs with DDB1 (He
et al., 2006). To rule out a defect in protein accumulation
as a result of mis-folding or a mis-localization of the
mutated variants, we checked levels of the recombinant
proteins (Figure 7e) and their nuclear localization (Fig-
ure S10). No differences to the wild-type protein were
detectable. Fluorescence intensity was strongly reduced
for 0ZS3-ADWD and OZS3-ADxA, indicating that 0ZS3 and
DDB1a indeed interact in planta. Furthermore, interaction
of the 0ZS3 variant corresponding to the protein
expressed in the 0zs3 mutant, such as with an amino acid
exchange in position 377 from threonine to isoleucine,
appeared much weaker than that of the wild-type protein
(Figure 7c,d). We concluded from the protein interaction
studies that OZS3 is a DCAF, that is, an adaptor protein
recruiting substrates to CUL4 E3 ligases via interaction
with DDB1.

UV stress sensitivity of the 0zs3 mutant

The only functionally characterized putative 0ZS3 ortholog
in any biological system is S. pombe Wdr70. It has been
implicated in DNA damage repair. Loss-of-function
mutants are more sensitive to UV and genotoxic treat-
ments (Zeng et al, 2016). We therefore tested the
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Figure 7. OZS3 interacts with DDB1a in vivo.

(a) Yeast two-hybrid assay with BKT-DDB1a (= DDB1a-pGBKT7) and ADT-
0ZS3 (= 0ZS3-pGADT7AD). The combination of BKT-DDB1a and ADT-
empty served as a negative control. Serial dilutions of yeast cultures
(ODggo = 1.0, 0.1 and 0.01) were spotted onto YNB medium plus histidine
(top) and YNB medium without histidine (bottom).

(b) Co-immunoprecipitation of HA-DDB1a (calculated molecular weight
125 kDa) and OZS3-mVenus (calculated molecular weight 98.3 kDa) tran-
siently co-expressed in Arabidopsis thaliana protoplasts. Total protein
extracts of protoplasts expressing either 0ZS3-mVenus alone or 0ZS3-mVe-
nus and HA-DDB1a were used for co-immunoprecipitation with an anti-GFP
antibody. Cells expressing mVenus served as negative controls. The west-
ern blot was immunostained using anti-HA (Sigma-Aldrich) and anti-GFP
(Roche) antibodies.

(c-€) Bimolecular fluorescence complementation with YN-DDB1a and differ-
ent variants of YC-OZS3. (c) Confocal image, bright field and overlay of the
lower epidermis of Nicotiana benthamiana leaves infiltrated with YN-DDB1a
and either YC-0ZS3 (wild-type sequence) (top) or YC-0zs3 (mutated version)
(bottom). Scale bar = 20 um. (d) Quantification of fluorescence intensity for
YN-DDB1a combined with YC-OZS, YC-0zs3, YC-ADWD (DWD box deleted)
or YC-ADxA (WDxR motif mutated). Data represent the mean + SD of three
independent experiments (n = 56-225). Significant differences from wild-
type were determined by one-way analysis of variance and Tukey's test,
**¥P < 0.001. (e) Immunodetection of the OZS3 variants with an anti-HA
antibody. Transformation with P19 alone served as negative control; load-
ing control: Amido black staining.

sensitivity of the 0zs3 mutant to UV-C radiation as a form
of genotoxic stress. After all exposure times, the survival
of 0zs3 seedlings was significantly lower than that of Col-0
(Figure S12), suggesting that OZS3 is also involved in the
response to genotoxic stress.

Transcriptome changes in 0zs3

To obtain leads as to cellular pathways OZS3 may be
involved in, we performed root transcriptome comparisons
of Col-0 and 0zs3 backcross lines. For the sake of easier
access to material, hydroponically grown plants were used.
A general growth defect of the 0zs3 mutant was apparent
also in 4-week-old plants cultivated hydroponically (Fig-
ure S13), allowing for a comparative analysis under control
conditions to find constitutively mis-regulated genes in
0zs3. Furthermore, we investigated the effects of the
environmental factor that caused the most dramatic

phenotypes in 0zs3, namely exposure to cold. Plants were
exposed to 4°C for 24 h.

The root transcriptomes of Col-0 and o0zs3 plants
showed pronounced constitutive differences under control
conditions. In total, 183 genes were differentially expressed
(69 with higher transcript abundance; 114 with lower tran-
script abundance in 0zs3). The only Gene Ontology (GO)
terms enriched in this group were ‘cellular response to
hypoxia’, ‘response to osmotic stress’ and ‘oxidation-re-
duction process’.

Given the metal hypersensitivity of 0zs3, we specifically
looked at annotated metal homeostasis genes (Suryawan-
shi et al., 2016). Five genes belonging to this group were
found to be less active in 0zs3 under control conditions:
OPT3, CDF2, bHLH39, NAS4 and the defensin gene AFP1.
However, metal homeostasis genes were not significantly
enriched among the genes mis-regulated in 0zs3 under
control conditions.

Both genotypes responded strongly to the cold treat-
ment (Figure S14). The o0zs3 cold response was inspected
by comparing it to the robust cold response for Col-0,
which we defined as the overlap between our Col-0 data
set and two previously reported transcriptome analyses
(Vogel et al., 2005; Kilian et al., 2007). In total, 311 genes
were cold-responsive according to all three data sets. Of
these, 91% were responsive in 0zs3 as well, suggesting
that the 0zs3 growth arrest at 4°C is not caused by a gen-
eral inability to acclimate to cold.

DISCUSSION

A typical plant genome encodes hundreds of proteins with
one or predominantly multiple WD domains. Most of them
are widely conserved across the Eukarya, indicating basic
cellular functions (van Nocker and Ludwig, 2003). Among
the WD domain proteins, a large group consists of putative
DCAFs, comprising proteins assumed to be associated with
CUL4-DDB1 E3 ligases. One of the putative DCAFs is 0ZS3.
The mutation causing Zn?" hypersensitivity (Figure 1) and
the other phenotypes of the isolated 0zs3 line, including
compromised growth specifically of the primary root (Fig-
ure S4), growth arrest at 4°C (Figure 3), longer petioles
(Figure S6) and early flowering (Figure S5), is located in
the gene At2920330, one of at least 85 DCAF genes pre-
dicted in A. thaliana (Lee et al., 2008). This was demon-
strated by full complementation of the 0zs3 phenotypes
with a construct driving expression of the 0ZS3 gene
under control of its own promoter (Figure 4; Figure S6).

A typical feature of DCAFs is the presence of several WD
domains and the DWD box within one or two of the WD
domains. The DWD box mediates interaction with DDB1. A
motif within the DWD box is WDxR. Because the conserved
aspartate and arginine residues are critical for the docking
to DDB1, the WDxR motif is considered a signature
sequence of substrate-recruiting WD40 proteins within
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CUL4 E3 ligase complexes (Angers et al., 2006; He et al.,
2006). OZS3 and its orthologs from O. sativa, P. patens, H.
sapiens and D. melanogaster all possess the WDxR motif
(amino acids 400-403 in OZS3). More importantly, 0ZS3
was shown here to bind to DDB1a in vivo. Comparatively
weak interaction with DDB1 in yeast two-hybrid assays as
found for OZS3 was reported previously for other A. thali-
ana DCAFs. An example is MSI1, a DCAF essential for
reproductive development in A. thaliana (Dumbliauskas
et al, 2011). Independent evidence for interaction was
obtained through in vivo co-immunoprecipitation experi-
ments in two different experimental systems, namely A.
thaliana protoplasts (Figure 7b) and N. benthamiana leaves
(Figure S11). Tagged OZS3 specifically co-precipitated HA-
tagged DDB1a. Furthermore, BiFC experiments showed
interaction of OZS3 and DDB1a in the nucleus, where
0ZS3 is localized according to the results obtained with
transiently expressed CFP-OZS3 fusions, as well as with
the functional OZS3-GFP fusion stably expressed in 0zs3
(Figure 6). Other DCAF proteins have also been detected in
the nucleus before (Zhang et al., 2008; Seo et al., 2014).
The same applies to the detection of a DDB1 fusion protein
in both cytosol and nucleus (Zhang et al., 2008).

The intensity of the fluorescence signal derived from
BiFC proteins was strongly reduced when different
mutated versions of 0OZS3 were tested lacking either the
complete DWD box or carrying alanines instead of the tryp-
tophan and the arginine in the WDxR motif. Because B-pro-
pellers typical for WD40 proteins are prone to mis-folding,
we checked that the mutant versions can be detected by
immunoblotting (Figure 7e) and are localized to the
nucleus (Figure S10). Taken together, OZS3 adds to the
limited number of plant DCAF proteins for which interac-
tion with DDB1 has actually been experimentally demon-
strated to date. Site-directed mutagenesis confirmed the
essential role of the DWD box and especially the WDxR
motif for interaction of DCAFs with DDB1 that was shown,
for example, in A. thaliana and human DCAFs (Rapic¢-Otrin
et al., 2003; Pazhouhandeh et al, 2011). Moreover, the
much lower YFP fluorescence detected upon co-expression
of the 0zs3 protein version relative to the wild-type 0ZS3
protein in BiFC experiments, suggested that the mutation
in 0zs3 weakens the interaction with DDB1 and thereby
compromises function.

In an early classification of A. thaliana WD40 domain
proteins, OZS3 was placed in its own class with putative
orthologs from H. sapiens and D. melanogaster (van
Nocker and Ludwig, 2003). Indeed, OZS3 orthologs can be
found in most eukaryotic genomes, although no homolo-
gous sequences are present within the A. thaliana genome
(Figure S9). The same applies to most other eukaryotic
model systems. According to the YOGY database (Penkett
et al., 2006) and HomoloGene searches, species from S.
pombe to H. sapiens possess (with very few exceptions)
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one ortholog. A similar situation was reported for the A.
thaliana DCAF WDR55 (Bjerkan et al., 2012).

With the exception of the S. pombe gene discussed
below, no functional data are available for any of the 0ZS3
orthologs. Loss of the C. elegans orthologous gene gad-1
is embryo-lethal because no gastrulation is initiated
(Knight and Wood, 1998). The lack of information on bio-
logical functions of WDR70 proteins in animals and plants
may indicate that loss-of-function mutants are not viable.
The existing evidence supports the notion that 0ZS3 is
indeed an essential gene and thus the 0zs3 allele isolated
in our mutant screen represents a weak allele. Apparently,
there is no T-DNA insertion line available for 0ZS3 that
results in a true knockout. In a large-scale screening of
putative A. thaliana DCAFs, no phenotype was observed
for line SALK_ 140479 homozygous for an insertion
upstream of the 0ZS3 coding sequence (Lee et al., 2010).
This was confirmed by our analysis for all lines with pro-
moter or UTR insertions. The only line with an exon inser-
tion (SAIL_241_E09) does not appear to represent a null
allele. We expressed a protein in 0zs3 that was truncated
according to insertion site and transcript sequences found
in SAIL_241_E09. This protein fully complemented the
growth defect of the 0zs3 mutant (Figure S8), suggesting
at least partial functionality of a truncated OZS3 protein in
SAIL_241_E09. Similar findings had been reported for the
DCAF ABD1. One of the mutant alleles, abd7-2, produces a
truncated transcript which is suspected to give rise to a
partially functional protein (Seo et al., 2014).

The strongest evidence for an essential function of 0ZS3
comes from the generation of 0ZS3 mutants via CRISPR/
Cas9. Transgenic plants were generated in Col-0 back-
ground. No lines homozygous for a frame shift mutation in
0ZS3 were obtained. Abortion of approximately 25% of
the seeds was consistent with embryo-lethality.

0ZS3 is not transcriptionally responsive to Zn excess
(Figure S7). Furthermore, given the essentiality of 0ZS3,
we hypothesize that OZS3 is not part of the Zn homeosta-
sis network per se, such that it is not primarily functioning
in the distribution of Zn between organs, tissues, cells and
cellular compartments. Loss of known Zn homeostasis
components such as transporters (e.g. HMA4) (Hussain
et al., 2004), enzymes involved in chelator synthesis (e.g.
nicotianamine synthase) (Schuler et al., 2012) or transcrip-
tion factors activating metal responses (e.g. bZIP19/23)
(Assuncao et al., 2010) has, to date, not been associated
with severe phenotypes or even lethality in the absence of
a metal excess or deficiency condition. Even in the pres-
ence of such conditions, respective loss-of-function
mutants usually survive and only show growth defects
and/or ionome changes. This can be explained by the
robustness of metal homeostasis networks. Rather than
0ZS3 being a Zn homeostasis factor, Zn excess aggravates
a general growth defect especially of the primary root in
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0zs3 (Figure 1). This is reminiscent of the dez1 mutant,
which shows de-etiolated hypocotyl growth in the dark
when exposed to Zn excess (Sinclair et al., 2017). Consis-
tent with a role outside of Zn homeostasis, the 0zs3 Zn
hypersensitivity is not caused by a deregulation of Zn
uptake or distribution (Figure S3). Instead, ROS detection
and quantification suggested that, in 0zs3 root cells, the
oxidative stress triggered by high external Zn?" is less well
contained than in wild-type cells. In agreement with previ-
ous studies, we did not detect an increase in H,0, concen-
trations in Zn?" exposed wild-type roots that already
showed massively elevated Zn content (Remans et al.,
2012). However, 0zs3 roots accumulated significantly more
H,0, and O, under these conditions (Figure 2). On the
other hand, abiotic stress phenotyping did not produce evi-
dence for a general deficiency of 0zs3 plants to cope with
oxidative stress. Indeed, other oxidative stress treatments
such as paraquat affected 0zs3 less than the wild-type (Fig-
ure S1). Such an apparent gain in relative growth could be
a result of reduced growth under control conditions. Cur-
rently, we cannot explain the Zn specificity of higher ROS
production. It may indicate a loss of control over the
cytosolic Zn pool, which would not be detectable when
analyzing total Zn levels.

Although high Zn?" concentrations exacerbated the
growth defect specifically of the primary root, chilling
stress caused a complete growth arrest of 0zs3 mutant
plants. Several chilling sensitive (chs) A. thaliana mutants
have been described that are unable to grow when shifted
to temperatures lower than between approximately 12 and
18°C (Schneider et al., 1995). Causal genes were often
found to represent disease resistance genes of the TIR-
NBS class, for example, chs1 (Wang et al., 2013; Zbierzak
et al., 2013), chs2 (Huang et al., 2010) and chs3 (Yang et al.,
2010). All of these mutants show an over-activation of
defense-related cell death pathways during exposure to
cold. By contrast to chs1, chs2 and chs3, 0zs3 mutants do
not die after transfer to low temperatures. Even after
6 weeks of complete growth arrest at 4°C, plants were able
to resume growth when shifted back to permissive temper-
atures (Figure 3), which is similar to the cold-conditional
dwarf phenotype reported for a mutant with a defect in
REIL1T and REIL2, homologs of a yeast ribosome biogenesis
factor (Beine-Golovchuk et al, 2018). Similar to this
mutant, 0zs3 showed a wild-type-like transcriptional
response to cold (Figure S14). However, unlike for reill
reil2, which activates cold acclimation prematurely at 20°C,
we were unable to detect any informative enrichment of
GO terms among the genes constitutively mis-regulated in
0zs3. Thus, following the differentiation between chilling
sensitivity caused by a mutation in a cold tolerance gene
versus chilling sensitivity as a result of a cold sensitive
mutation of an essential gene product (Hugly et al., 1990),
we hypothesize that 0zs3 represents an example for the

latter category. The mutation apparently renders the
encoded protein nonfunctional at low temperature.

Besides a defect in primary root elongation, the 0zs3
mutant shows rather subtle phenotypes at different devel-
opmental stages, namely longer petioles and early flower-
ing. This is consistent with a basic cellular function that is
perhaps only partially impaired because of the amino acid
exchange in OZS3. The diversity and range of 0zs3 pheno-
types is reminiscent of another A. thaliana DCAF, WDR55.
Loss of the WDR55 gene is lethal because WDR55 function
is required for gametogenesis and embryogenesis (Bjerkan
et al., 2012). Mutants carrying a weak wdr55 allele, how-
ever, display various less severe phenotypes, such as
shorter roots, reduced apical dominance and oddly shaped
cotyledons (Bjerkan and Grini, 2013). Furthermore, WDR55
null mice embryos do not develop beyond day 9.5 (Youn-
gren et al., 2005), a finding that we tentatively predict for
respective mammalian WDR70 mutants.

At present, it is only possible to speculate about the
exact physiological function of 0ZS3. No domains other
than WD40 can be found in OZS3. Thus, it most probably
acts by mediating the interaction between proteins. Plant
Cul4-DDB1 E3 ligases and DCAFs have been associated
with a wide range of processes, including root develop-
ment, photomorphogenesis, flowering, circadian rhythm,
ABA response, DNA repair and UV response (Choi et al.,
2014). Generally, Cul4 E3 ligases can have both proteolytic
and non-proteolytic activities. Although DWA1 and 2, as
well as ABD1, are hypothesized to act as negative regula-
tors of ABA signaling by triggering the degradation of
ABI5 (Lee et al., 2010; Seo et al., 2014), the DCAF MSI1 may
be involved in epigenetic processes through non-prote-
olytic ubiquitylation of unknown targets (Dumbliauskas
et al., 2011). A plant DCAF involved in tolerance of a toxic
element is ALT2. It is one of several DNA damage response
genes required for the growth arrest of roots exposed to
aluminum (Chen et al., 2019). ALT2 is hypothesized to be
involved in DNA integrity control. DNA damage triggers
cell cycle arrest. Loss of ALT2 function can thus partially
rescue the growth inhibition of an Al-hypersensitive
mutant (Nezames et al., 2012).

Several Cul4 E3 ligases in mammals and a few other
species have been implicated in chromatin regulation and
genome stability (Jackson and Xiong, 2009). In plants, not
only MSI1, but also the DCAF MSI4 have been shown to be
involved in gene repression through association with Poly-
comb-repressing complex2 (Pazhouhandeh et al., 2011).
The importance of DDB2 for DNA repair is functionally con-
served in Metazoa and plants (Molinier et al., 2008).
Recently, the putative OZS3 ortholog from S. pombe,
SPAC343.17¢, was isolated in a genetic screen for mutants
with altered sensitivity to genotoxic agents. Schizosaccha-
romyces pombe Wdr70, as it was named, is recruited to
double strand breaks as part of a Cul4-DDB1 complex and

© 2020 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 103, 995-1009



stimulates the ubiquitylation of lysine 119 in histone 2
(Zeng et al., 2016). A similar function was proposed for
human WDR70. It remains to be determined whether this
applies to OZS3 as well. Experimental support that 0ZS3
may indeed be contributing to DNA integrity was provided
by the higher sensitivity of ozs3to UV-C exposure, a clas-
sic DNA-damaging treatment (Figure S12). The recent
observation that chilling stress causes DNA damage pre-
dominantly of root stem cells (Hong et al., 2017) possibly
connects the cold sensitivity of 0zs3 to DNA damage, too.
By contrast, it remains unknown whether Zn excess condi-
tions harm the DNA (Angelé-Martinez et al., 2014).

Identifying potential targets of the putative substrate
docking protein 0ZS3 will be of key importance. However,
achieving this has to date been possible for only a small
number of DCAFs (Guo et al., 2013; Serrano et al., 2018),
especially considering the large number of putative DCAFs
in plants and other eukaryotes. For OZS3, it will probably
require the isolation or generation of additional alleles,
unbiased in-depth analyses of many different plant pro-
cesses including early root development, and proteomic
approaches to directly identify OZS3 targets.

EXPERIMENTAL PROCEDURES
Plant material and cultivation conditions

All of the A. thaliana plants used in the present study were in the
Col-0 background. The 0ZS3 T-DNA insertion lines (SAIL_241_E09,
SALK_140479, SALK 065643, SALK_038590 and SALK_132762)
were obtained from NASC (http://arabidopsis.info). For transient
expression N. benthamiana was used.

Arabidopsis thaliana seeds were surface-sterilized and then
stratified for 48 h at 4°C in the dark. Plants were cultivated in a
modified 1:10 Hoagland medium [0.28 mm Ca(NOs3),, 0.1 mm (NH,)
H,PO4, 0.2 mm MgSOy, 0.6 mm KNO3, 5 um of a complex of Fe(lll)
and  N,N'-di-(2-hydroxybenzoyl)-ethylenediamine-N, N -diacetate
(ABCR GmbH, Karlsruhe, Germany), 5 mm MES, 1% (w/v) sucrose,
1% (w/v) Type-A agar (Sigma-Aldrich, St Louis, MO, USA), pH 5.7].
For root architecture analysis, images were captured after 10—
12 days and the length of all primary and secondary roots was
determined using imaces (NIH, Bethesda, MD, USA).

For UV stress treatments, 4-5-day-old seedlings (24 seedlings
per Petri dish) were exposed to UV-C light (254 nm, 15 W, at a dis-
tance of 80 cm above the seedlings) for 30, 60 or 90 min. After
additional cultivation for 5-7 days, survival was scored.

Liquid culture of seedlings was employed to obtain material for
the comparison of transcript abundance in different genotypes.
Surface-sterilized and stratified seeds were transferred to 50-ml
Falcon tubes filled with 10 ml of modified 1:10 Hoagland medium.
Seedlings were cultivated at 23°C under long-day conditions
(16:8 h light/dark photocycle) and with gentle shaking (60 rpm).
After 7-9 days, seedlings were harvested.

For transcriptome comparisons Col-0 wild-type and o0zs3 back-
cross lines were cultivated in hydroponic culture (modified 1:10
Hoagland medium) under short-day conditions (8:16 h light/dark
photocycle) at 23°C in a growth chamber (Percival, Perry, IA,
USA). For cold treatment, plants were transferred to 4°C for 24 h
prior to root harvest, with control plants remaining at 23 °C.
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DNA constructs were transformed into A. thaliana Col-0 or the
0zs3 mutant using Agrobacterium tumefaciens strain GV3101 and
floral dip. For transient expression in N. benthamiana, leaves of 5
6 week old plants cultivated on soil under long day conditions
(16 h light, 8 h dark) were infiltrated with A. tumefaciens suspen-
sions and analyzed after 3 days.

Map-based cloning of 0zs3, complementation analysis and
reporter lines

Genomic DNA isolation and PCR-based mapping were performed
using established procedures. Candidate genes from the identified
region on chromosome 2 were amplified by PCR and sequenced.
For complementation analysis, 1500 bp of the promoter, the cod-
ing sequence plus UTRs and 450 bp of the terminator of
At2920330 were cloned into pMDC123 (Curtis and Grossniklaus,
2003). GFP-fusions with full-length or N-terminally truncated OZS3
were generated by amplifying either the complete coding
sequence or a sequence lacking the first 126 nucleotides from
cDNA, and cloning into either pMDC83 or pMDC43 (Curtis and
Grossniklaus, 2003).

The promotor of 0ZS3 (approximately 1.5 kb upstream of ATG)
was amplified (for primers, see Table S1) and cloned into pCR8/
GW/TOPO (Invitrogen, Carlsbad, CA, USA). For GUS staining,
transgenic seedlings were cultivated on agar plates with 1:10
modified Hoagland medium under long day conditions (16:8 h
light/dark photocycle, 23°C) for 7-12 days and then stained. For
this, seedlings were incubated in 100 mm NaPO, (pH 7.0) for 1 h.
Afterwards, seedlings were transferred to the staining solution
[100 mm NaPO,, pH 7.0; 1 mm KylFe(CN)elx3H,0; 1 mm Ks[Fe
(CN)gl; 0.1% (v/v) Triton-X-100; 1 mm X-Gluc] and incubated at 37°
for 2-9 h.

ROS detection and quantification

Seedlings grown on agar plates for 15 days were transferred to
DAB staining solution [277.7 um 3,3'-diaminobenzidine; 10 mm
Na,HPO,, 0.05% (v/v) Tween20, pH 3.0] or NBT staining solution
(4.28 mm nitroblue tetrazolium chloride, 10 mm KH,PO,, 10 mm
NaNs3, pH 7.8) and vacuum infiltrated for 5 min. After vacuum
infiltration, seedlings were incubated for additional 4 h in DAB or
2.5 h in NBT staining solution under shaking at room tempera-
ture in the dark. Staining solution was replaced by bleaching
solution [60% (v/v) ethanol, 20% acetic acid (v/v), 20% glycerol (v/
v)] and samples were boiled for 30 min in the dark. Next, bleach-
ing solution was renewed and seedlings were incubated for addi-
tional 30 min under shaking at room temperature and in the
dark. Afterwards, NBT stained samples were examined under a
light microscope. For DAB quantification, seedlings were dried
on filter paper and the weight was determined. Samples were
than frozen in liquid nitrogen, ground and mixed with 1 ml 0.2 m
HCIO,. After 5 min of incubation on ice, samples were cen-
trifuged for 10 min at 16 000 g at 4°C. The absorption of the
supernatant was measured photometrically at 450 nm. H,0, con-
centration was determined using a standard curve (H,0, in DAB
staining solution).

Elemental analysis

Roots and shoots of approximately 20-day-old seedlings, grown
on plates, were harvested separately. Roots were desorbed using
the protocol: 1 x Millipore water, 2 x 20 mm CaCl,, 1 x 10 mm
ethylenediaminetetraacetic acid (EDTA), pH 5.7; 1 x Millipore
water; each time for 10 min at 4°C. After drying and determination
of dry weight, the plant material was digested in 2 ml of 65%
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HNO3; and 1 ml of 30% H,0, using a microwave (START 1500;
MLS GmbH, Leutkirch im Allgau, Germany). Element concentra-
tions were measured with an iCAP 6500 (Thermo Fisher Scientific,
Waltham, MA, USA).

Subcellular localization

0ZS3 and o0zs3 coding sequences without stop codon were PCR
amplified using cDNA from roots of Col-0 or 0zs3, respectively.
The DDB1a coding sequence without stop codon was PCR ampli-
fied using cDNA from roots of Col-0. DNA fragments were cloned
into pGEM-T. All cloning PCRs were performed with Phusion
DNA-Polymerase (Thermo Fisher Scientific). Then, 5-6-week-old
N. benthamiana plants were infiltrated with Agrobacteria carrying
different CFP-OZS3 fusion constructs.

For experiments with A. thaliana 0zs3 complemented by expres-
sion of a functional OZS3-GFP fusion (see above for complemen-
tation analysis), seedlings were cultivated using the plate assay
set-up. After 7 days of cultivation, seedlings were incubated in a
propidium iodide (10 mg I-") solution to stain the cell wall. GFP,
CFP and propidium iodide fluorescence was visualized with a SP5
confocal laser-scanning microscope (Leica Microsystems, Wetzlar,
Germany).

Bimolecular fluorescence complementation

DNA fragments of all 0ZS3 variants and DDB1a were subcloned into
pSPYCE(MR) or pSPYNE173 (Waadt et al., 2008) via Spel and Xmal.
Agrobacterium tumefaciens strains (GV3101) carrying the BiFC con-
structs were used together with the p19 strain to infiltrate 5-6-week-
old N. benthamiana plants. Three days after infiltration, epifluores-
cence in the lower epidermis was analysed using a SP5 confocal
laser-scanning microscope (Leica Microsystems). All images were
captured with identical instrument settings. Fluorescence intensities
(at the position of the nucleus) were quantified using imaces (NIH).

Co-immunoprecipitation

Mesophyll protoplasts were prepared from 6-week-old 0zs3
rosette plants as described by Wu et al. (2009). Per construct com-
bination, 1.8 ml of protoplast suspension containing approxi-
mately 5 x 107 cells was transfected with the indicated plasmid
combinations at final plasmid concentrations of 16.7 pg ml™"
(0ZS3-mVenus and mVenus) and 27.8 ug ml~" (3xHA-DDB1a).
After overnight expression, cells were pelleted in two aliquots per
sample, frozen in liquid nitrogen and resuspended in 300 ul of
lysis buffer [50 mm Tris-Cl, pH 7.5; 150 mwm NaCl; 5% (v/v) glycerol;
2 mm NaF; 1 mm NaysP,07; 1 mm dithiothreitol (DTT); 1 mm EDTA;
0.05 mm ethylene glycol tetraacetic acid (EGTA); 0.1 % (v/v) Noni-
det P-40; 0.05 % sodium deoxycholate; 2 x concentrated Roche
cOmplete™ protease inhibitor cocktail; Roche, Basel, Switzerland].
After 30 min of extraction with agitation at 4°C, extracts were
diluted with one volume of lysis buffer lacking NaF, Na,P,0,
EGTA and detergents, and the cell debris was pelleted twice at
15 000 g for 10 min. Supernatants derived from corresponding
protoplast pellets were combined. Sepharose beads (GE Health-
care, Chicago, IL, USA) coupled with an anti-GFP camel nanobody
expressed in Escherichia coli and purified via Ni-NTA were equili-
brated in wash buffer (adapted from Seo et al., 2014) [50 mm Tris-
Cl, pH 7.5; 150 mm NaCl; 5 % glycerol (v/v); 1 mm EDTA; 1 mm
DTT] and 15 ul of bead volume was mixed with each sample. The
beads were incubated with the extracts under rotation at 4°C for
3 h, and then subsequently washed twice with each 800 pl of
wash buffer, and eluted by resuspension in 3x sodium dodecyl-
sulphate (SDS) sample buffer and incubation at 95°C for 5 min.

Next, 2.5% of input fractions and 20% (for GFP-detection) or 80%
(for HA-detection) of the IP fractions were loaded on SDS-poly-
acrylamide gels. Western blots were developed using monoclonal
anti-GFP antibody (catalog no. 11814460001; Roche) or mono-
clonal anti-HA antibody (catalog no. H9658; Sigma-Aldrich), in
combination with HRP-coupled anti-mouse secondary antibody
(catalog no. 4759.1; Carl Roth, Karlsruhe, Germany).

Agrobacterium tumefaciens GV3101 cells carrying OZS3-barll-
UT-mTn and 3xHA-DDB1a-pMDC32 were used for transient trans-
formation of 5-6 week old N. benthamiana plants. After 3 days,
infiltrated leaves were harvested and ground in liquid nitrogen.
For extraction of total soluble protein 1.5 ml of extraction puffer
(25 mm Tris-HCI, pH 7.5, 150 mm NaCl, 5% (v/v) glycerol, 0.05% (v/
v) octylphenoxypolyethoxyethanol, 2.5 mm EDTA, 1x protease
inhibitor) was added to 0.5 g of plant material. The suspension
was centrifuged for 20 min (16 000 g, 4°C). Supernatant was incu-
bated with GFP-Trap®_MA (Chromotek, Munich, Germany). Pro-
tein pull-down was carried out in accordance with the
manufacturer’s instructions. Washing steps after protein binding
were omitted. For elution, precipitates were resuspended in
2 x SDS loading buffer [100 mm Tris-HCI, pH 6.8, 100 mm DTT,
20% (v/v) glycerol, 0.2% bromophenol blue, 2% (w/v) SDS] and
boiled for 10 min. Then, 8 pl of total soluble protein (= input) and
20 ul of eluted precipitates were loaded. For immunostaining, pri-
mary anti-GFP antibody (11 814 460 001; Roche) was diluted
1:1000, anti-HA (H9658; Sigma-Aldrich) was diluted 1:3000 and
secondary antibody (anti-mouse, A9044; Sigma-Aldrich) coupled
to peroxidase was diluted 1:10 000. Signals were detected using
an enhanced chemiluminescence kit (GE Healthcare).

Yeast two-hybrid assays

Full-length coding sequences of 0ZS3 and DDB1a were subcloned
into pGADT7AD or pGBKT7 (Clontech, Mountain View, CA, USA),
respectively. Yeast two-hybrid assays were performed in accor-
dance with the manufacturer’s instructions. pGAT7 AD/pGBKT7
combinations were co-transformed into Y2H-Gold cells (Clontech).
Transformants were selected by growth on YNB -leu -trp plates.
For drop assays, different dilutions were spotted on YNB -leu -trp
plates with (control) or without histidine.

RNA extraction, qRT-PCR and RACE-PCR

RNA was extracted with Trizol (Invitrogen) in accordance with the
manufacturer's instructions. RNA quality was checked with a
NanoPhotometer (IMPLEN, Munich, Germany). DNasel treated RNA
(0.5 pg) was used for cDNA synthesis (PrimeScript™ RT Master
Mix; Clontech). gRT-PCR reactions were performed in 96-well plates
in a Bio-Rad iCycler with a MyiQ real-time PCR detection system
using SYBR Green (iQ SYBR Green supermix; Bio-Rad, Munich, Ger-
many) as described previously (Deinlein et al., 2012). Primers
(Table S1) were designed using PrIMER3 (http://primer3.sourceforge.
net). 5-RACE was carried out in accordance with the manufacturer’s
instructions (SMART™ RACE cDNA amplification Kit; Clontech).

Microarray protocol

Hybridization data from three independent biological replicates
were generated for each plant line and condition. Total RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA,
USA). Microarray analyses with an Affymetrix ATH1 chip (Thermo
Fisher Scientific) were performed as described previously (Dein-
lein et al., 2012). As confidence threshold, an adjusted A value of
P<0.05 was used and a gene was considered as up- or
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downregulated when a > 2-fold change was given. Microarray
data were deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo) under accession GSE113547.
For the identification of overrepresented GO terms, the ‘Panther
Classification system’ was used (Mi et al., 2019). GO terms were
classified as significantly overrepresented when adjusted P < 0.05.

Generation of an 0zs3 knockout by CRISPR/Cas9

For the identification of CRISPR/Cas9 target sites in OZS3, the
CCTop online tool (Stemmer et al, 2015) was used. Two
sequences in the first exon were chosen that do not overlap and
for which no off target sites were predicted (Target sequence 1:
TTAATGTTCCCGAGTCCCTTAGG; target sequence 2:
TGCGTCCGTTTAGATGACGGTGG). For each target sequence, pri-
mer pairs were designed that form a dimer with two Bsal over-
hangs (Table S1). These dimers were ligated separately into
pKSE401 (Xing et al., 2014). Col-0 plants were transformed with
the two independent constructs differing in target sequence. To
check for mutations in 0ZS3, genomic DNA was extracted from
leaves and a fragment was PCR amplified that included both Cas9
target sites. These PCR products were sequenced to detect frame-
shift mutations in 0ZS3. PCR products indicating a frameshift
were cloned into pGEM-T (Promega, Madison, WI, USA) and sev-
eral resulting plasmids were sequenced to identify the different
0ZS3 variants.
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Figure S1. The 0zs3 mutant shows metal hypersensitivity specifi-
cally toward Zn?** and is not more sensitive than wild-type to
osmotic, salt and oxidative stress.

Figure S2. Dose-dependence of 0zs3 Zn?* hypersensitivity.

Figure S3. Zn accumulation and distribution are not altered in
0zs3.

Figure S4. 0zs3 seedlings show altered root morphology.
Figure S5. 0zs3 plants flower early.

Figure S6. Complementation of 0zs3 phenotypes by a genomic
0ZS3 construct.

Figure S7. 0ZS3 expression analysis.

Figure S8. SAIL_241_E09 is a pseudo knockout line.

Figure S9. Phylogenetic tree of 0ZS3-like sequences.

Figure S$10. Subcellular localization of OZS3 variants and DDB1a.

Figure S11. Independent confirmation of co-immunoprecipitation
results for 0ZS3 and DDB1a.

Figure S12. The 0zs3 mutant is UV hypersensitive.

Figure S$13. Growth defect of hydroponically grown o0zs3 mutant
plants.

Figure S14. The cold responses of Col-0 and 0zs3 showed sub-
stantial overlaps.

Table S1. Primer sequences.
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