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COP1 is a conserved ubiquitin ligase found in plants and animals. In plants, COP1
acts together with SPA proteins to suppress light signaling in darkness by promoting
the degradation of transcription factors involved in photomorphogenesis. Substrates of
this ubiquitin ligase share a Valine-Proline (VP) motif that interacts with the WD-repeat
domain of COP1 in plants and humans. Here, we have identified the transcription
factor TCP3 as a noncanonical substrate of COP1/SPA that lacks a VP motif. The
TCP domain of TCP3 directly interacts with the WD-repeat domains of COP1 and
SPA1. TCP3 requires the VP-binding cleft of COP1 for protein—protein interaction.
We further show that the TCP3 protein is degraded in darkness and preferentially in
short day through a COP1-dependent manner, while TCP3 is stabilized by red, far-red,
blue light, and long day conditions. COP1/SPA-mediated degradation of TCP3 inhib-
its anthocyanin accumulation by reducing the expression of anthocyanin biosynthesis
genes. COP1/SPA-mediated degradation of TCP3 is also important in regulating
flowering time. Taken together, our results have identified a noncanonical substrate of
the COP1/SPA ubiquitin ligase, thereby also uncovering TCPs as a transcription factor
family that is targeted by COP1/SPA. Since the COP1/SPA-interacting TCP domain is
conserved among TCPs, it is possible that other members of the TCP family—having
divergent functions including cell fate determination and hormone signaling—are

targets of COP1/SPA as well.

COP1/SPA complex | ubiquitin ligase | TCP transcription factor family | TCP3 | flowering time

Light has a crucial role in the growth and development of plants. Throughout the entire
developmental cycle of plants, light has an essential function in various biological processes,
such as seed germination, seedling de-etiolation, anthocyanin biosynthesis, shade avoid-
ance, and flowering time (1). Plants have evolved specialized photoreceptors that sense
ambient light conditions. Previous studies have identified different types of photoreceptors,
including phytochromes which capture red and far-red light, cryptochromes and photot-
ropins which capture blue and UV-A light and UV resistance locus 8 (UVRS8) which
captures UV-B (2-4).

Light-activated phytochrome, cryptochrome, and UVRS8 photoreceptors bind and
inhibit the CULLIN4-based CONSTITUTIVELY PHOTOMORPHOGENIC 1
(COP1)-SUPPRESSOR OF PHYA-105 (SPA1) E3 ubiquitin ligase, thereby allowing
photomorphogenesis to proceed (5, 6). The CULA“C""" complex acts as a repressor of
photomorphogenesis, working mostly in darkness or in the shade (7, 8). Most of its
substrates are factors that promote photomorphogenesis, including transcription factors
such as HY5, CO, and PAP2 (8, 9).

The COP1/SPA complex consists of two COP1 and two SPA proteins from the
four-member SPA protein family (SPA1-SPA4) (10, 11). Both COP1 and SPA are
essential for the proper function of this complex (12). Structurally, COP1 has three
main domains: the RING-finger domain, the coiled-coil domain, and the WD repeat
domain. Similarly, SPA proteins contain three structural domains: a kinase domain
(KIN domain), the coiled-coil domain, and the C-terminal WD repeats (10, 13). The
interaction between COP1 and SPA is dependent on the respective coiled-coil domains
(11, 13). The WD repeat domains of COP1 and SPA proteins interact with a VP motif
present in many substrates (8, 13, 14, 15). The VP motif was defined as VP(E/D)®G
(where @ represents a hydrophobic residue) (14). Crystallography confirmed that this
motif is directly involved in binding COP1-WD from Arabidopsis and humans, indi-
cating conservation of the COP1-WD-substrate interaction between plants and animals
(6, 15). Besides, photoactivated cryptochromes and UVR8 competitively interact with
COP1 through their VP motif, thereby weakening the interaction between COP1 and
HY5 or PAP2 (6, 16, 17).
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Significance

Light is an important
environmental cue that enables
plants to adapt to the ambient
light conditions. A key
component of the light signaling
network is the COP1/SPA
ubiquitin ligase which causes
degradation of multiple
transcription factors. These
transcription factors share

a Valine-Proline (VP) motif
responsible for binding COP1/
SPA. Here, we have identified a
degradation substrate (TCP3) that
is recognized by COP1/SPAin a
noncanonical, VP-independent
fashion. We demonstrate that
COP1/SPA promotes TCP3
degradation in darkness and
preferentially under short day.
This process inhibits the
biosynthesis of anthocyanin and
delays flowering. Our findings
not only expand the substrate
selection mode of COP1/SPA, but
also uncovered a transcription
factor family involved in the
complex COP1/SPA-dependent
signaling network.
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TEOSINTE BRANCHED 1/CYCLOIDEA/PCEF (TCP) pro-
teins are a group of plant-specific transcription factors, which are
characterized by a noncanonical basic helix-loop—helix motif, the
TCP domain, which functions as a DNA-binding and dimeriza-
tion domain (18-22). In Arabidopsis, a total of 24 TCPs is cate-
gorized into two subclasses based on sequence variation in the
TCP domain (22, 23). Subclass I is further subdivided into three
TB1/CYC-like TCPs (TCP1, TCP12, and TCP18) and eight
CINCINNATA-like TCPs (CIN-TCPs) (TCP2, TCP3, TCP4,
TCP5, TCP10, TCP13, TCP17, and TCP24). Five of the
CIN-TCPs are targeted by miR319 (24). TCP proteins can be
subject to posttranslational modifications including ubiquitina-
tion and SUMOylation (25-27). Heterodimerization among
TCPs and protein—protein interactions with other transcription
factors further enhance diversity of TCP functions (28-30).

TCPs play roles in diverse biological processes, including leaf
development, shoot branching, trichome formation, flower mor-
phology, flowering time, hormone signaling, and photomorphogen-
esis (22). Previous studies showed that TCP3, TCP4, and TCP10
promote photoperiod-induced flowering of Arzbidopsis by enhancing
the expression of CONSTANS (CO), while TCP7 interacts with
Nuclear Factor-Ys and stimulates SOCT expression to promote How-
ering in Arabidopsis (31-33). Besides, TCP3 promotes anthocyanin
accumulation by interacting with MYB proteins of the R2R3-
MYB/bHLH/WD40 (MBW) complex, thereby enhancing MYB—
bHLH interaction and expression of anthocyanin biosynthesis genes
(34). Heterologous expression of the chimeric TCP3 repressor
reduces anthocyanin accumulation in Zorenia fournieri lowers (35).
TCP4 was also reported to increase anthocyanin accumulation under
white light and UV-B via regulating JA-response genes (36). In con-
trast, TCP15 was reported to inhibit anthocyanin accumulation in
high light (37). Moreover, TCP4 promotes cotyledon opening by
weakening the binding of PIF3 to the SAURs promoters, and TCP15
induces SAUR, EXPB1, and other genes by interacting with GLK1
to promote cotyledon opening (38, 39).

In this study, we identified TCP3 as a COP1/SPA-interacting
protein which lacks a canonical VP motif for COP1/SPA inter-
action. We show that TCP3 is a degradation substrate of the
COP1/SPA ubiquitin ligase. Destabilization of TCP3 in darkness
and preferentially in short day regulates anthocyanin accumulation
and flowering time.

Results

TCP3 Physically Interacts with COP1 and SPA1. We used a yeast
two-hybrid (Y2H) transcription factor library (40, 41) to screen
for transcription factors that interact with COP1 and/or SPAL.
This screen identified TCP3 as a COP1- and SPAl-binding
protein. We validated the interactions in a directed Y2H assay:
AD-TCP3 engaged in protein—protein interactions with both BD-
COP1 and BD-SPAL1 (Fig. 1A4). Subsequently, we confirmed these
protein—protein interactions in plants. Tobacco-based luciferase
complementation imaging (LCI) revealed that expression of
nLUC-COP1 or nLUC-SPA1 with TCP3-cLUC produced obvious
luminescence, whereas the negative controls displayed no or only
minimal luminescence (Fig. 1B). In colocalization experiments
using bombarded leck epidermal cells, YFP-COP1 and YFP-
SPAL1 formed nuclear bodies that colocalized with mCherry-TCP3
(SI Appendix, Fig. S1). mCherry-TCP3 did not form nuclear bodies
in the absence of coexpressed COP1 or SPA1 (8] Appendix, Fig. S1).
This indicates that COP1 and SPA1 recruited TCP3 into their
nuclear bodies. Using these transfected leck epidermal cells, we
also performed Forster resonance energy transfer-fluorescence
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lifetime imaging microscopy (FRET-FLIM). These results show
that coexpression of mCherry-TCP3 with YFP-COP1 resulted in a
reduction in the lifetime of the donor fluorophore (YFP) compared
to the coexpression of YFP-COP1 and mCherry. Similarly, YFP-
SPAI and mCherry-TCP3 coexpression led to a reduction in YFP
fluorescence lifetime compared to the negative control (Fig. 1C).

To confirm the TCP3-COP1 interaction in Arabidopsis seedlings,
we performed coimmunoprecipitation assays. To this end, we gen-
erated stable transgenic lines expressing GFP-tagged TCP3. Since
miR319 down-regulates 7CP3 at the mRNA level (24, 42), we
altered the DNA sequence of the miR319-binding site in 7CP3
while keeping the encoded amino acid sequence unchanged, nam-
ing this #7CP3 for miRNA-resistant 7CP3 (SI Appendix, Fig. S2 A
and B). We transformed 35S::7TCP3-GEP into the tep2tcp3tcp41cp 10
quadruple mutant (pQ) background because #p3 single mutants
do not show a mutant phenotype due to functional redundancy
among CIN-TCPs (43). The »7CP3-GFP transgene rescued the
t¢pQ mutant phenotype (see later), indicating that the transgene is
functional. In two independent homozygous rTCP3-GFP/1cpQ
lines (17-3-1 and 17-4-3), rTCP3-GFP successfully coimmuno-
precipitated endogenous COP1, whereas nontransgenic #cpQ seed-
lings did not copurify COP1 (Fig. 1D).

To further confirm that the interaction between TCP3 and
COP1 is a direct protein—protein interaction rather than an indi-
rect one, we purified GST-TCP3 and MBP-COP1 from E. coli
and performed an in vitro pull-down assay. The results show that
MBP-COP1 was able to pull down GST-TCP3 but not GST,
indicating a direct protein—protein interaction between GST-TCP3
and MBP-COP1 (Fig. 15).

Since COP1 and SPA1 function as a complex, we hypothesized
that SPA1 might enhance the complex formation between COP1
and TCP3. To test this hypothesis, we conducted yeast three-hybrid
experiments by coexpressing SPA1 with BD-COP1 and AD-TCP3
and LCl assays by coexpressing YFP-NLS-SPA1 or YFP-NLS-GUS
with nLUC-COP1 and TCP3-cLUC. The results indicate that the
presence of SPA1 enhanced the p-galactosidase activity between
BD-COP1 and AD-TCP3 in yeast and luminescence intensity
between nLUC-COP1 and TCP3-cLUC in tobacco (Fig. 1 Fand
G and SI Appendix, Fig. S3). In summary, these findings suggest
that SPA1 enhances the complex formation between COP1
and TCP3, likely by serving as a bridge protein between COP1 and
TCP3 and providing an additional TCP3-interacting WD-
repeat domain.

Taken together, these experiments demonstrate that TCP3
interacts with COP1 and SPAL1 in vivo and in vitro.

COP1 and SPA1 Exhibit Partially Distinct Interaction Domains
with TCP3. To define the interacting domains in COP1, SPAL,
and TCP3, we tested deletion-derivatives of these proteins. We
divided COP1 into its N-terminal half (COP1-N) comprising
the RING-finger (RF) and coiled-coil (CC) domains, and its C-
terminal half (COP1-C) containing the WD domain. Similarly,
SPA1 was divided into its N-terminal half (SPA1-N) which
includes the kinase (KIN) and CC domains, and its C-terminal
half (SPA1-C) which contains the WD domain (S Appendix,
Fig. S4 A and C). In Y2H assays, both BD-COP1-C and
BD-SPA1-C interacted with AD-TCP3 (S Appendix, Fig. S4 B
and D). Additionally, we observed a protein—protein interaction
between the BD-SPA1-N and AD-TCP3 (SI Appendix, Fig. S4D).
This experiment demonstrates that COP1 relies on its WD-
repeat domain to interact with TCP3, whereas SPA1 can interact
with TCP3 through both its WD-repeat domain and its N-

terminal domains.
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Fig. 1. Physical interaction between TCP3 and the COP1-SPAT complex. (A) Yeast two-hybrid (Y2H) assays studying the interaction between TCP3 and COP1 or
SPA1. BD-COP1 or BD-SPA1 was constructed as bait, and AD-TCP3 as prey. Transformed yeast cells were grown on the indicated media at decreasing OD. (B)
LCl assays. SPA1 and COP1 were fused to the C-terminal half of luciferase (cLUC), and TCP3 was fused to the N-terminal half of luciferase (nLUC). Representative
images of two tobacco leaves that were transfected with the indicated plasmid combinations. (C) FRET-FLIM analysis of leek cells transfected with the indicated
plasmid combinations using particle bombardment. Error bars represent SD of 20 analyzed cells. Asterisks indicate significant differences in lifetime of the
indicated pairs using Student's t test (**P < 0.01 and ***P < 0.001). (D) Coimmunoprecipitation of COP1 and TCP3-GFP in Arabidopsis seedlings. Seedlings of the
indicated genotypes were grown under continuous white light (Wc, 100 pmol m™s™) for 7 d, treated with 50 M MG132 and then shifted to darkness for 4 h.
TCP3-GFP was immunoprecipitated using GFP beads, and coprecipitated COP1 was detected with an «-COP1 antibody. TCP3-GFP was identified using an a-GFP
antibody. Tubulin (TUB) served as a loading control for input samples, detected by anti-a-tubulin antibody. Samples were separated on two gels: one for GFP
and TUB detection and another one for COP1 detection. MW = molecular weight marker. Asterisks indicate nonspecific signals detected in the plant extracts
and also in the MW. (E) Pull-down assays between GST-TCP3 and MBP-COP1. The GST-TCP3, GST, and MBP-COP1 proteins were purified from Escherichia coli.
The experimental setup included combinations of GST-TCP3, GST-TCP3 + MBP-COP1, and GST + MBP-COP1, which were coprecipitated using MBP-beads and
subsequently eluted. The eluates were analyzed using a-GST and a-MBP antibodies. (F) SPAT enhances the COP1-TCP3 complex formation in Y3H assay. BD-
COP1 as baitand AD-TCP3 as prey were expressed in the presence or absence of coexpressed, untagged SPA1 (“Bridge"). Error bars represent the SD from three
independent biological replicates. The asterisk indicates a significant difference between the indicated pairs (Student's t test, *P < 0.05). (G) SPA1 enhances the
COP1-TCP3 complex formation in LCI assays. nLUC-COP1, TCP3-cLUC, and respective negative controls were coexpressed with YFP-NLS-tagged SPA1 or YFP-
NLS-tagged GUS (negative control) in tobacco leaves. Representative images of two tobacco leaves transfected with the indicated construct combinations are
shown. Quantification of luciferase activities and YFP fluorescence are shown in S/ Appendlix, Fig. S2.

TCP3, TCP4, and TCP10 Interact with COP1 Independently of VP-containing TCP10 could promote the interaction between
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a VP Motif. TCP3 belongs to the TCP protein family, with
TCP4 and TCP10 closely related to TCP3. Indeed, TCP4 and
TCP10 also bound COP1 and SPA1 in Y2H (87 Appendix,
Fig. S4E). Interestingly, TCP3 and TCP4 lack a canonical VP
motif (S Appendix, Fig. S2C) which is present in most COP1/
SPA targets (8, 14, 15). In contrast, TCP10 may contain a
VP motif (87 Appendix, Fig. S2C). However, when the VP
domain of TCP10 was mutated, its interaction with COP1
remained intact (Fig. 2 A and B). Additionally, since TCPs often
function as heterodimers, we aimed to determine whether the

PNAS 2025 Vol. 122 No.20 2426423122

TCP3 and COP1. Results from Y3H assays indicate that TCP10
did not affect the protein—protein interaction between TCP3
and COP1 (Fig. 2C). These observations indicate that TCP3,
TCP4, and TCP10 are noncanonical interactors of COP1-WD
because they lack a canonical VP motif. Since the interaction
between COP1 and VP-containing substrates typically relies
on the VP-binding cleft of the COP1 WD domain (6, 14, 15),
we were curious whether TCP3, which lacks a VP motif, also
binds to this region. Based on previous studies, we constructed

two COP1 mutants, COP1W467A and COP1F595A, which
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Fig. 2. TCP3and TCP10 interact with COP1 independently of a VP motif. (A and B) Y2H assays studying the interaction between AD-TCP10 or AD-TCP10VPAA and
BD-COP1. The schematic diagram shows the mutation sites of TCP10VPAA (A). Error bars represent the SD from three independent biological replicates (B). (C)
TCP10 fails to affect the protein-protein interaction between COP1 and TCP3. BD-COP1 and AD-TCP3 were expressed in the presence or absence of coexpressed,
untagged TCP10 (Bridge). Error bars represent the SD from three independent biological replicates. (D-F) Y2H assays studying the interaction between TCP3
and two COP1 mutants. Schematic diagram showing the mutations in COP1 (D). The interaction between BD-COP1W467A and AD-TCP3 is shown in E, while the
interaction between BD-COP1F595A and AD-TCP3 is shown in F. In both experiments, AD-PAP2 was used as a positive control for a VP-containing interactor.
Error bars represent the SD from three independent biological replicates. Asterisks in B, C, E, and F denote significant differences between the indicated pairs

(Student's t test, ***P < 0.001 **P < 0.01, *P < 0.05, n.s. = not significant).

disrupt the VP-binding pocket within the COP1 WD domain
(Fig. 2D) (6, 14). Y2H assays revealed that the interaction
between TCP3 and COP1 was strongly reduced when either
site was mutated, and this reduction was similar to the one
observed for the positive control, the VP-containing substrate
PAP2 (Fig. 2 E and F). These findings suggest that, despite
lacking a VP domain, TCP3 still interacts with the VP-binding
pocket of COPI.

The TCP Domain of TCP3 Is Responsible for Interacting with
COP1 and SPA1. To identify the regions of TCP3 responsible for
its interaction with COP1 and SPA1, we divided TCP3 into four
segments (S Appendix, Fig. S5A). FRET-FLIM assays showed
that coexpression of mCherry-TCP3-D1 or mCherry-TCP3-D3
reduced the lifetime of YFP-COP1 and YFP-SPAL1 (SI Appendix,
Fig. S5B). Similarly, colocalization assays confirmed these results:
mCherry-TCP3-D1 and mCherry-TCP3-D3 colocalized with
YEP-COP1 and YFP-SPA1 (ST Appendix, Fig. $5C). In Y2H
assays, both full-length BD-COP1 and BD-SPA1 interacted with
AD-TCP3-D1 and AD-TCP3-D3 (SI Appendix, Fig. S5D). Taken
together, these results indicate that COP1 and SPA1 interact with
the TCP domain of TCP3.

https://doi.org/10.1073/pnas.2426423122

TCP3 Is Degraded in Darkness and Stabilized By Red, Far-Red,
and Blue Light. To assess the impact of light conditions on
TCP3 protein abundance, we used transgenic rTCP3-GFP/rpQ
seedlings to determine TCP3-GFP protein levels during light-to-
dark transition. Arabidopsis seedlings were exposed to light for 7 d
and then transferred to darkness for 12 h or kept under light for
12 h. Immunoblot analysis indicated that exposure to darkness
decreased TCP3-GFP protein abundance (Fig. 34). Treatment
with MG132 effectively prevented the dark-induced reduction in
TCP3-GEFP levels (Fig. 3B), indicating that the TCP3 protein is
degraded in darkness via the 26S proteasome pathway.

To investigate which wavelengths of light affect TCP3 protein
abundance, we exposed dark-grown rTCP3-GFP/rcpQ seedlings
to red light, blue light, or far-red light. Sampling occurred after
1,2, 4,8, 16, and 24 h of light exposure (Fig. 3C). The immu-
noblot results show that all three light conditions enhanced
TCP3-GFP protein accumulation, with red and blue light being
more effective than far-red light (Fig. 3 Cand D).

COP1 Promotes the Degradation of TCP3 After Light-to-Dark

Transition. Since TCP3 is degraded in darkness, we hypothesized
that the E3 ubiquitin ligase COP1 may cause TCP3 degradation. To

pnas.org
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Fig. 3. TCP3 is degraded in darkness in a COP1- and proteasome-dependent fashion (A) TCP3-GFP protein levels decrease in darkness. Homozygous rTCP3-
GFP/tcpQ seedlings (lines 17-3-1 and 17-4-3) were grown under continuous white light (Wc) (100 pmol m™ s for 7 d and then transferred to darkness (D)
for 12 h. TCP3-GFP and TUB proteins were detected using o-GFP and anti-a-tubulin antibodies, respectively. rTCP3 = miRNA319-resistant version of TCP3. (B)
Degradation of TCP3-GFP depends on the 26S proteasome. Seedlings of rTCP3-GFP/tcpQ (line 17-4-3) were cultivated under Wc (100 pmol m™2s™) for 7 d, followed
by treatment with 50 M MG132 or DMSO and transfer to darkness for 8 or 16 h. (Cand D) TCP3-GFP protein is stabilized by red, blue, and far-red light. Seedlings
of rTCP3-GFP/tcpQ (line 17-4-3) grown in darkness for 7 d were exposed to red light (10 umol m™2s™"), blue light (10 pmol m™s™), or far-red light (1 pmol m™s™")
for 1 to 24 h. TCP3-GFP and TUB proteins were detected (C) and quantified (D). TCP3-GFP/TUB levels in the 0 h samples were set to 1, respectively (D). Error bars
represent SD of three biological replicates. (Eand F) COP1 promotes the degradation of TCP3-GFP in darkness. The rTCP3-GFP/Col-0 transgene (from line 23-5-5)
was crossed into the cop7-4 mutant background (resulting in line 23-5-5/cop1-4). Homozygous 23-5-5 and 23-5-5/cop1-4 were grown under Wc (100 pmol m™
s™") for 7 d and then transferred to darkness for 8 or 24 h. TCP3-GFP, COP1, and TUB levels were detected (£) and quantified (F). TCP3-GFP/TUB levels in the O h
COP1 wild type or cop -4 samples were set to 1, respectively (F). Error bars represent the SD from three independent experiments. Asterisks indicate significant
differences between the wild-type and cop7-4 backgrounds at the indicated time in darkness using Student's t test. (G) In vivo ubiquitination of TCP3-GFP is
enhanced by COP1. Homozygous rTCP3-GFP/Col-0 23-5-5, 23-5-5/cop1-4, and two controls (Col-0 and cop7-4) were grown for 7 d in Wc, then treated with 50 pM
MG132 and transferred to darkness for 8 h. Proteins were pulled-down using a-GFP beads and detected with antibodies against GFP, ubiquitin, and a-tubulin.

test this hypothesis, we first generated transgenic lines overexpressing
TCP3-GFP in the Col-0 background and then selected two
independent homozygous rTCP3-GFP/Col-0 lines (rTCP3-GFP/
Col-0: lines 23-5-5 and 23-13-2). These lines were then crossed
with the cogp1-4 mutant to obtain homozygous transgenic rTCP3-
GFP/cop1-4lines (lines 23-5-5/cop1-4 and 23-13-2/cop I-4). We did
not use the previously generated rTCP3-GFP/xcp(Q lines for these
crosses because additional segregation of the four #p mutations
would have majorly complicated the generation of respective cop1-4
lines in an otherwise uniform background.

We analyzed the TCP3-GFP protein abundance in the Col-0
and cop 1-4 backgrounds during light-to-dark transition. The deg-
radation of TCP3-GFP in the cop -4 background was significantly
slower than in the Col-0 background. Specifically, in the Col-0
background, the abundance of TCP3-GFP fell below 50% after
8 h of darkness, whereas it took approximately 24 h to reach this
level in the copI-4 background (Fig. 3 £ and F). In seedlings that
were continuously grown in darkness or white light for 7 d, the
cop1-4 mutation also led to higher TCP3-GFEP levels (SI Appendix,
Fig. S6 A and B). Additionally, we compared the polyubiquitina-
tion levels of TCP3-GFP between Col-0 and cop I-4 backgrounds.
The transgenic seedlings were grown under light and then trans-
ferred to darkness in the presence of MG132. TCP3-GFP protein
was immunoprecipitated using anti-GFP antibodies, and poly-
ubiquitination levels were detected with an anti-ubiquitin anti-
body. The results show a much stronger polyubiquitination of
TCP3-GFP in the Col-0 background when compared to the
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cop1-4 background (Fig. 3G). Our findings therefore indicate that
COP1 promotes the degradation of the TCP3 protein in darkness
through polyubiquitination.

TCP3 and COP1 Have Opposite Effects on Anthocyanin
Accumulation. To assess the biological relevance of COP1-induced
TCP3 degradation, we investigated anthocyanin accumulation
in Arabidopsis seedlings. Previous studies have demonstrated that
TCP3 enhances anthocyanin accumulation, while COP1 reduces
anthocyanin biosynthesis (34, 35, 44, 45). We first confirmed
the opposing effects of TCP3 and COPI1 on anthocyanin
accumulation. We compared anthocyanin levels in Col-0, #pQ,
rTCP3-GFP/#cpQ, and cop1-4 seedlings grown under continuous
white light. The results indicate that, compared to Col-0, zpQ
seedlings exhibited reduced anthocyanin levels, whereas copl-4
seedlings showed increased anthocyanin levels. All three rTCP3-
GFP/zcpQ lines showed higher anthocyanin levels than the 7pQ
mutant progenitor, indicating that TCP3-GFP complemented the
t¢pQ mutant phenotype (SI Appendix, Fig. S7A). Transcript levels
of anthocyanin biosynthesis structural genes, including CHS, CHI,
DFR, and LDOX, were consistent with the observed anthocyanin
levels (SI Appendix, Fig. S7 B—F). In contrast, the transcript levels
of two transcription factors, PAPI and PAP2, which induce the
expression of the structural genes, did not differ among the various
genotypes (S Appendix, Fig. S7 G and H). Taken together, these
results show that TCP3 is a positive regulator of anthocyanin
accumulation under the conditions used in these experiments.
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TCP3 Genetically Interacts with COP71 in the Accumulation
of Anthocyanins. Based on our finding that COP1 negatively
regulates TCP3 protein stability, we predicted that the copl-4
mutation enhances the anthocyanin-promoting phenotype of
TCP3 overexpression. To test this prediction, we compared the
anthocyanin content of two TCP3-GEFP lines in the Col-0 and
copl-4 mutant backgrounds. When grown in darkness, neither
Col-0 nor the two rTCP3-GFP/Col-0 lines accumulated detectable
anthocyanins. In contrast, rTCP3-GFP/cop1-4 lines accumulated
more anthocyanin than copl-4 (Fig. 44). This shows that TCP3
overexpression only enhanced anthocyanin accumulation in the
cop1-4 mutant background of dark-grown seedlings and not in
a COP1 wild-type background. Thus, 7CP3 genetically interacts
with cop -4 which is consistent with our observation that the cop -4
mutation stabilizes the TCP3 protein in darkness (Fig. 3). The
transcript levels of anthocyanin biosynthesis structural genes (CHS,
CHI, DFR, and LDOX) correlated with the respective anthocyanin
levels while the abundance of PAPI and PAP2 transcripts was
extremely low and did not differ among all genotypes (Fig. 4B and

SI Appendix, Fig. S8A). Also, the copI-4 mutation did not affect
rTCP3-GFP transcript levels (S Appendix, Fig. S8A).

When seedlings were grown in continuous light, both inde-
pendent rTCP3-GFP/Col-0 lines accumulated higher anthocya-
nin levels compared to Col-0 wild type (Fig. 4C), which is in
agreement with the results observed in rTCP3-GFP/#pQ lines
(SI Appendix, Fig. S7A). Also, both rTCP3-GFP/copi-4 lines
accumulated almost 1.5-fold more anthocyanin than copl-4
(Fig. 4C). Transcript levels of CHS, CHI, DFR, and LDOX mir-
rored the anthocyanin content; these transcripts were upregulated
following the introduction of copI-4. Again, the PAPI and PAP2
transcript levels were not upregulated by »7CP3-GFP overexpres-
sion nor by the copl-4 mutation (Fig. 4D and S/ Appendix,
Fig. S8B). It is worth mentioning that rTCP3-GFP/cop -4 inflo-
rescences were purple at the stem, pedicel, and sepal tissues. This
phenotype was barely observed in rTCP3-GFP/Col-0 and not
observed in Col-0 and cop -4 (SI Appendix, Fig. S9).

To further investigate whether TCP3 acts in the COP1 path-
way, we generated #cp copI-4 mutants. This was not possible by
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Fig. 4. TCP3 promotes anthocyanin biosynthesis in the COP1 pathway. (A) Anthocyanin content of Arabidopsis seedlings of the indicated genotypes grown in
darkness for 9 d. Error bars represent the SD from three biological replicates. Asterisks denote significant differences between the indicated pairs (Student's ¢
test, **P < 0.01, *P < 0.05, n.s. = not significant). (B) Transcript levels of DFR, LDOX in seedlings grown in darkness for 7 d. Transcript levels were normalized to
ACTIN. Statistical analysis as in A (n = 3). (C) Anthocyanin content of Arabidopsis seedlings of the indicated genotypes grown in white light (Wc) for 9 d. Statistics
as in (A). (D) Transcript levels of DFR, LDOX in seedlings grown in Wc for 7 d. Statistics as in (A). (E and F) Anthocyanin content of Arabidopsis seedlings of cop1-4
and two cop1-4 tcp CRISPR-Cas9 mutants. tcp3 tcp10" carries CRISPR mutations in TCP3 and TCP10; tcpQF carries CRISPR mutations in TCP2, TCP3, TCP4, and
TCP10. Anthocyanin content of seedlings grown in darkness (E) or Wc (F) for 9 d. Statistical analysis as in A (n = 3). (G) TCP3 enhances the effect of MBW proteins
on DFR and LDOX promoter activities. Plasmid combinations expressing the indicated effector proteins were coinfiltrated with reporter plasmids into tobacco
leaves, and FLUC and RLUC activities were determined on the third day postinfiltration. + indicates presence and - indicates absence of effector plasmids. Error
bars represent the standard deviation from four biological replicates. Different letters denote significant differences between genotypes; genotypes sharing
the same letter do not significantly differ, as determined by one-way ANOVA (P < 0.05).
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crossing zcpQ with cop -4 because 7CP10 and COPI loci are very
closely linked. We therefore used CRISPR-Cas9 to mutate 7CPs
in the cop1-4 background. Given the potential functional redun-
dancy among TCPs, we selected triple and quintuple mutants,
including 7¢p3, to better understand thelr roles Through geno-
typing, we obtained two hnes tcp3 tepl 0°¢ cop] -4 (mutated
TCP3 and TCPI0) and tch cup] -4 (mutated 7CP2, TCP3,

TCP4, and TCP10) (SI Appendix, Fig. S10). We quantlﬁed antho-
cyanin content in these lines. The results show that tch muta-
tions significantly reduced the anthocyanin content in copl-4
under both dark and light conditions, while in the presence of
only two f¢p mutations, the reduction in anthocyanin content
when compared to copl-4 was not statistically significant (Fig. 4
Eand F).

Taken together, our findings indicate that copI-4 enhances
anthocyanin biosynthesis through TCPs, a phenotype that is par-
ticularly evident under dark conditions. Thus, COP1 inhibits
anthocyanin accumulation at least in part through inhibiting the
actions of these TCDs.

TCP3 Enhances the Effect of MBW Proteins. To further understand
how TCP3 increases anthocyanin accumulation, we conducted
dual-luciferase assays in transfected tobacco leaves (46). Firefly
luciferase was expressed under the control of DFR or LDOX
promoters in the presence or absence of coexpressed TCP3 and
members of the MBW complex. This allowed us to investigate
whether TCP3 coacts with the MBW complex, as suggested
previously (34). The results indicate that the MYB transcription
factor PAP2 alone enhanced the promoter activities of DFR and
LDOX, while rTCP3 and the bHLH TT8 alone had no effect on
proDFR::LUC and proLDOX::LUC expression. The coexpression
of rTCP3 significantly increased the activities of PAP2 and TT3,
resulting in a marked induction of DFR and ZDOX promoters
(Fig. 4G). This suggests that TCP3 might enhance the activity of
the MYB-TT8 complex.

TCP3 Plays a More Prominent Role in Promoting Flowering in LD
Compared to SD. Previous research has demonstrated that TCP2,
TCP3, TCP4, and TCP10 are involved in photoperiodic flowering,
acting as flowering-promoting factors, while the COP1/SPA complex
functions as a negative regulator in this process (31, 32, 47-50).
To investigate the activity and stability of the TCP3 protein during
flowering, we grew three rTCP3-GFP/zpQ lines and respective
controls in LD and SD. Under LD conditions, we observed that
both #cp3/4 and 7cpQ mutants exhibited a late-flowering phenotype
compared to Col-0, with more rosette leaves formed at the time
of bolting and an increased number of days needed to bolting, as
reported previously (87 Appendix, Fig. S11 A and B) (31, 32). In
contrast, the cgp1-4 mutant exhibited the previously reported early-
flowering phenotype (SI Appendix, Fig. S11 A and B) (49, 50). The
expression of 77CP3-GFP in transgenic rcpQ accelerated flowering,
indicating partial complementation of the #pQ mutant phenotype
(SI Appendix, Fig. S11 A and B). The cutled leaf phenotype of
7¢pQ mutants was also partially complemented by »7CP3-GFP
(81 Appendix, Fig. S11C).

Under SD conditions, the #¢p3/4 and #cpQ mutants exhibited
a weaker phenotype than under LD conditions (S Appendix,
Fig. S11 D and E). tcp3/4 mutants flowered with the same number
of leaves as Col and the #pQ mutant showed only a slight delay
in flowering time when analyzing the number of rosette leaves
formed at bolting. Nevertheless, #p3/4 and #¢pQ mutants flowered
later than the wild type with respect to DAG (SI Appendix,
Fig. S11 D and E). This indicates that these #p mutants grew more
slowly than the wild type, while flowering at a similar stage of
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development. The expression of »7CP3-GFP in rcpQ had little
effect in rescuing the curled leaf phenotype of 7pQ under SD,
and statistical analysis of flowering time showed no significant
difference between the rTCP3-GFP/zcpQ lines and #pQ
(SI Appendix, Fig. S11 D-F). This demonstrates that in the 7pQ
background, expression of r7CP3-GFP accelerated Arabidopsis
flowering under LD but had less function under SD.

To elucidate the underlying mechanism of TCP3 action, we
determined the mRNA levels of CONSTANS and FLOWERING
LOCUS T (FT). In LD, the CO and FT transcript levels were
lower in 7¢pQ than in Col wild type which is consistent with the
late-flowering phenotype of zpQ. In rTCP3-GFP/#cpQ lines, CO
and F7°'mRNA levels were higher than in #pQ, indicating that
TCP3 led to a higher expression of CO and FT'in LD (81 Appendix,
Fig. S11G). In SD, the CO transcript levels were lower in the #pQ
mutant than in the wild type, while F7 transcript levels were
unchanged (8] Appendix, Fig. S11H). However, rTCP3-GFP over-
expression in the #pQ mutant background did not lead to an
increase in CO or FT transcript levels (S Appendix, Fig. S11H)
which is consistent with the failure of »7CP3-GFP to rescue the
slight early flowering of 7cpQ. Thus, the slight early flowering of
tcpQ in SD is likely due to the lack of 7CP2, TCP4, and/or
TCPI10, and less due to the lack of 7CP3. Taken together, the
results show that TCP3 is a positive regulator of flowering time
in LD, but less in SD, and likely acts via increasing CO and FT'
expression in LD.

LD Causes an Increase in TCP3 Protein Levels. We next
investigated whether the LD-enhanced effect of »7CP3-GFP
may be due to a higher transcript accumulation of »7CP3-GFP
and/or a higher protein accumulation of TCP3-GFP in LD than
in SD. 87 Appendix, Fig. S11 shows that 7CP3-GFP transcript
levels were approx. 30% higher in LD than in SD, suggesting
that daylength has a mild effect on the transcript stability of
rTCP3-GFP derived from the 358::#TCP3-GFP transgene. We
also isolated proteins at corresponding time points from aliquots
of the identical plant material that we used for the isolation of
RNA. TCP3-GFP protein was clearly detected in LD-grown
plants of all three transgenic lines, with protein levels increasing
under light conditions and decreasing after transition to darkness
(SI Appendix, Fig. S111). In SD-grown plants, the TCP3-GFP
protein was not detectable in line 17-2-6, and only weak TCP3-
GFP signals were observed at ZT7 and ZT15 in lines 17-3-1 and
17-4-3 (SI Appendix, Fig. S11]). To determine whether the reduced
rTCP3-GFP mRNA levels in SD contributed to the lower TCP3-
GFP protein accumulation in SD compared to LD, we included
the ZT7 protein extract from LD-grown plants (undiluted and
10-fold diluted) as a control. The results show that the TCP3-
GFP protein levels in SD-grown plants were less than 10% of
that from LD-grown plants, indicating that not only mRNA
levels but mainly TCP3 protein levels were negatively regulated
by SD conditions when compared to LD conditions (S Appendix,
Fig. S11)). In conclusion, TCP3 protein accumulated under LD
conditions to promote flowering by increasing the expression of
CO and FT. Under SD conditions, the protein levels of TCP3
were very low, preventing TCP3-GFP from restoring the zpQ
phenotype and hindering TCP3’s ability to promote flowering,.

The cop1-4 Mutation Enhances the Effect of TCP3 on Flowering
Time and Increases TCP3 Protein Levels in Leaves. The above
results suggest that SD may downregulate TCP3 protein
accumulation when compared to LD. We therefore investigated
the role of the ubiquitin ligase COP1 in regulating TCP3 protein
levels and TCP3 activity as an inducer of flowering in LD. To this
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end, we analyzed TCP3-GFP protein levels and flowering time
in rTCP3-GFP/Col-0 (lines 23-5-5 and 23-13-2) and in rTCP3-
GFP/cop1-4 lines in which the »7CP3-GFP transgene had been
crossed from the Col wild-type background into the copI-4 mutant
background (23-5-5/cop1-4 and 23-13-2/cop1-4). rTCP3-GFP/
Col-0 plants flowered earlier than Col-0 under LD conditions,
confirming that TCP3 promotes flowering in LD (Fig. 5 A and
B). rTCP3-GFP/cop1-4 plants flowered earlier than the copl-4
mutant, suggesting that the cop/-4 mutation enhances the effect
of TCP3-GFP overexpression on flowering time (Fig. 5 Band D).
Indeed, the early flowering correlated with higher rTCP3-GFP
protein levels in the copl-4 mutant background when compared
to the Col background, using protein isolated from individual
plants as biological replicates (Fig. 5C). Similarly, CO transcript
levels were much higher in RNA isolated from the same individual
plants of LD-grown rTCP3-GFP/cop1-4 than in rTCP3-GFP/Col
lines (SI Appendix, Fig. S12A4). Thus, TCP3-GFP protein levels
were positively correlated with CO transcript levels and flowering
time. In contrast, the cop -4 mutation did not change r7CP3-GFP
transcript levels (87 Appendix, Fig. S12B). This suggests that the
cop1-4 mutation leads to reduced degradation of the TCP3-GFP
protein in LD, thereby enhancing CO expression which causes
carlier flowering. »7CP3-GFP overexpression also reduced the
plant size and changed the leaf shape to more narrow leaves in
LD. This was observed in both the Col and the copl-4 mutant
backgrounds (Fig. 5D).

When grown in SD conditions, two independent rTCP3-GFP/
cop1-4 lines flowered earlier than cop -4, indicating that in a cop1-4
mutant background »7CP3-GEP overexpression further accelerates
flowering also in SD (Fig. 5 E'and F). This earlier flowering correlated
with increased CO transcript levels in rTCP3-GFP/copl-4 plants
compared to copl-4 mutant plants (S Appendix, Fig. S134).
TCP3-GFEP protein levels were also much higher in the cop /-4 mutant
background than in the Col wild-type background (Fig. 5G).
However, we noticed that both 77CP3- GEP overexpression lines in
the Col wild-type background consistently displayed two different
phenotypes in SD: some plants showed no change in leaf shape or
plant size (“Col-like”), flowered at the same time as the wild type,
showed no change in CO transcript levels when compared to the wild
type and almost no detectable accumulation of TCP3-GFP protein
(SI Appendix, Fig. S14 A-D and Fig. 5G), as we had observed when
analyzing TCP3-GFP lines in the #pQ mutant background in
SD (81 Appendix, Fig. S11 D—F and J). In contrast, some rTCP3-
GFP/Col plants did show an effect of TCP3-GFP overexpression in
SD. These plants had narrow leaves (“NLF”), flowered earlier, and
had higher CO transcript levels than the wild type (S Appendix,
Fig. S14 A-E). They also accumulated some TCP3-GFP protein in
SD, though still considerably less than rTCP3-GFP/copI-4 lines
(Fig. 5G). When analyzing individual plants, we found that plants
lacking a TCP3-GFP overexpression phenotype showed lower
rTCP3-GFP transcript levels than those showing a TCP3-GEP over-
expression phenotype in SD (S Appendix, Figs. S13Band S14F). This
suggests that high 77CP3-GFP expression followed by TCP3-GFP
accumulation is needed to cause the narrow leaf phenotype and early
flowering in SD. We do not know the reason for this plant-to-plant
variability in rTCP3-GFP expression and why we only observed this
in SD and not in LD (S Appendix, Fig. S15 A and B). However, it is
evident that TCP3-GFP protein only accumulates in SD when
TCP3-GFP expression is very high, thereby likely—at least in part—
escaping COP1-mediated degradation.

To investigate whether cop -4 promotes flowering through TCPs,
we examined flowering time of cop/-4 and two previously men-
tioned copl-4 tcp CRISPR-Cas9 lines (tcp3CR tepl OCRcopI—4 and
1epQ“®cop1-4) in LD and SD (SI Appendix, Fig. S10). We found

https://doi.org/10.1073/pnas.2426423122

that as the number of mutated 7CP loci increased, flowering in
cop1-4 plants was progressively delayed. Notably, mutating just two
TCPs was sufficient to delay flowering in cop -4, and this delay was
observed under both LD and SD (Fig. 5 H-)). These findings indi-
cate that TCPs have additive effects in promoting flowering. In
summary, TCPs play a functional role in the COP1 pathway.
Taken together, our results demonstrate that cop -4 promotes
flowering in part through inhibiting TCPs. Specifically, the cop1-4
mutation causes a stabilization of the TCP3 protein, thereby caus-
ing an increased expression of CO and earlier flowering in both

LD and SD.

The Action of TCP3 on Flowering Time Depends on CO. Our
data suggest that TCP3 accelerates flowering by increasing the
expression of the CO gene. To corroborate this hypothesis, we
conducted dual luciferase assays in transfected tobacco leaves
(SI Appendix, Fig. S16A). Coexpression of 7CP3 increased the
activity of the proCO::LUC construct, indicating that TCP3 has
a promoting effect on the CO promoter. To investigate whether
TCP3 action depends on CO we constructed TCP3-GFP/co-10
plants by crossing the 7CP3- GFP transgene of two independent
rTCP3-GFP lines into the co-10 mutant background (23-5-
5/co-10 and 23-13-2/co-10). TCP3-GFP was unable to accelerate
flowering in the co- 10 mutant background (S Appendix, Fig. S16
Band C). These experiments demonstrate that TCP3-dependent
expression of CO promotes flowering in LD.

Discussion

TCP transcription factors represent a family of proteins with very
diverse functions in plant growth and development (29). Here,
we have shown that the class II TCP transcription factor TCP3
interacts with the COP1/SPA ubiquitin ligase in vivo, thereby
causing degradation of TCP3 in darkness and preferentially under
short day conditions. Importantly, TCP3 lacks a canonical VP
motif, which is a previously identified COP1-interacting motif
present in many COP1/SPA substrates. This indicates that COP1/
SPA also recognizes motifs other than VP. We further defined the
activity of COP1 in TCP3-mediated control of anthocyanin accu-
mulation and flowering time. Taken together, our results have
uncovered TCP as a transcription factor family that is targeted
by COP1/SPA via a noncanonical protein—protein interaction

(Fig. 6).

TCP3 Lacking a Canonical VP Motif Is a Substrate of the COP1/
SPA1 Ubiquitin Ligase. We have shown through Y2H, LCI,
FRET-FLIM, in vivo coimmunoprecipitation, and in vitro
pull-down that TCP3 directly interacts with COP1 and SPA1
proteins (Fig. 1 A-E). We have further shown that TCP3 levels
decrease in darkness in a COP1- and proteasome-dependent
fashion, while TCP3 is stabilized by exposure to red, far-red, and
blue light (Fig. 3 A-F). Similarly, polyubiquitination of TCP3 in
Arabidopsis seedlings is strongly dependent on COP1 (Fig. 3G).
Taken together these results support that TCP3 is a degradation
substrate of the COP1/SPA complex.

COP1 is an evolutionarily conserved ubiquitin ligase, with its three
structural domains present across mammals and plants (9, 15). Its
WD-repeat domain interacts with substrate transcription factors as
well as with photoreceptors, such as CRY1, CRY2, and UVR8 which
inhibit COP1 activity in the light by displacing substrates from COP1
(6, 16, 17). These photoreceptors and substrates contain a common
VP motif responsible for direct interaction with the WD-repeat
domain of COP1 (6, 14, 16). Further crystallographic studies by Lau
etal. (6) and Uljon et al. (15) revealed that the core residues of the
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Fig. 5. COP1 negatively regulates TCP3 protein abundance during flowering. (A and B) cop7-4 enhances the effect of TCP3 on flowering time in LD. (A) Visual
phenotypes of Col-0 and two rTCP3-GFP/Col-0 lines cultivated in LD for 4 wk. (B) Rosette leaf numbers and days after germination (DAG) at bolting time of rTCP3-
GFP lines in Col-0 wild-type and cop7-4 mutant backgrounds. The respective rTCP3-GFP transgenes were transferred from the Col-0 to the cop7-4 background
by crossing. Error bars represent the SD of 15 plants. Asterisks denote significant differences between the indicated pairs (Student's t test, ***P < 0.001, **P
< 0.01, *P < 0.05). (C) TCP3 protein levels in Col-0- and cop7-4 backgrounds in LD. TCP3-GFP protein levels were analyzed in extracts from individual plants of
the indicated genotypes grown in LD and harvested at ZT15. Individual Col-0 and cop7-4 plants were used as negative controls. TCP3-GFP and TUB proteins
were detected using o-GFP and anti-a-tubulin antibodies, respectively. TCP3 transcript levels using tissue aliquots of the same individual plants are shown in
Sl Appendix, Fig. S12B, demonstrating that cop7-4 does not affect TCP3 transcript levels. (D) Visual phenotypes of rTCP3-GFP/Col-0 and rTCP3-GFP/cop1-4 grown
in LD. Plants in the Col background were 2 wk old, in the cop7-4 background 3 wk old due to slower growth. (Scale bar, 1 cm.) (E and F) TCP3 accelerates cop1-4
flowering time in SD. (E) Visual phenotype of cop7-4 and rTCP3-GFP/cop1-4 (Lines 23-5-5/cop1-4 and 23-13-2/cop1-4) grown in SD for 4 wk. (Scale bar, 1 cm.) (F)
Rosette leaf numbers and DAG at the time of bolting of the indicated genotypes grown in SD. Statistical analysis as in (B), n = 15 plants. (G) TCP3 protein levels
in Col-0 and cop7-4 backgrounds grown in SD. TCP3-GFP protein levels were analyzed in extracts from individual plants of the indicated genotypes grown in SD
and harvested at ZT7. Individual Col-0 and cop7-4 plants were used as negative controls. TCP3 transcript levels using tissue aliquots of the same individual plants
are shown in S/ Appendix, Figs. S13B and S14F. NLF: plants showing the narrow-leaf phenotype reminiscent of TCP3 overexpression. Col-0: plants exhibiting a
wild-type leaf phenotype. (H-/) tcp mutations delay flowering in cop7-4. (H) Visual phenotypes of Col-0 wild type, cop7-4, and two tcp cop1-4 CRISPR-Cas9 mutants
grown in LD (Top) and SD (Bottom). tcp3 tcp10® carries CRISPR mutations in TCP3 and TCP10; tcpQ®® carries CRISPR mutations in TCP2, TCP3, TCP4, and TCP10.
Plants grown in LD were 4 wk old, while plants in SD were 6 wk old. (Scale bar, 1 cm.) (/ and J). Flowering time was quantified as rosette leaf numbers and DAG
at bolting time in LD (/) and SD ()). Statistical analysis as in (B) (n = 15).
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VP motif form the center of the COP1 binding site in Arabidopsis
and human interactors, with the VP motif residues linking these
proteins to COP1 by deeply inserting into the VP binding pocket
of COP1. Our study identified TCP3 as a COP1 substrate that lacks
a canonical VP modf (Figs. 1 A-E and 2 A-F and SI Appendix,
Fig. S2C). Similar to TCP3, both TCP4 and TCP10 interact with
COP1/SPAL in the yeast two-hybrid system (8] Appendix, Fig. S4E).
Notably, TCP4, like TCP3, lacks the VP motif, while the interaction
between TCP10 and COP1 remains unaffected even when the puta-
tive VP motif is mutated (Fig. 2 A and Band SI Appendix, Fig. S2C).
Similar to previously discovered substrates of COP1, TCP3 interacts
with the WD-repeat domains of COP1 and SPAL (SI Appendix,
Fig. S4 B-D). Surprisingly, when comparing the COP1 WD-repeat
domain regions interacting with TCP3 and VP-containing substrates,
we found that TCP3 appears to share the same binding region as
PAP2, a VP-containing substrate (6, 14, 44) (Fig. 2 £ and F). This
suggests that even in the absence of a VP domain, TCP proteins may
interact with COP1 in a manner similar to VP-containing substrates.
This finding is of importance because it suggests that UVR8 and
CRY2 photoreceptors may stabilize also TCPs by competitively dis-
placing them from the COP1 WD-repeat domain (6, 16). Notably,
TCP3 is not the only COP1 substrate that lacks a VP domain; other
examples include BIT1, EBF2, and TZP (51-53). It will be particu-
larly intriguing to explore these interactions in greater depth through
protein crystallization and structural analyses. Another observation
is that the N-terminal domain of SPA1 containing the kinase domain
also interacted with TCP3 (S/ Appendix, Fig. S4D). This raises the
question whether SPA1 not only participates in the degradation of
TCP3 but also phosphorylates TCP3. Indeed, the close TCP3
homolog TCP4 was previously shown to be potentially phosphoryl-
ated at multiple sites in vivo (31).

We experimentally defined that the TCP domain of TCP3 medi-
ates the interaction with COP1 and SPA1 (S/ Appendix, Fig. S5
A-D). The TCP domain of TCP transcription factors is generally
associated with dimerization and DNA binding of TCP proteins
(22). This domain is conserved among TCP transcription factors,
implying that other TCPs, besides TCP3, may also interact with
the COP1/SPA complex and, therefore, present degradation sub-
strates of COP1/SPA. Indeed, we found that TCP4 and TCP10 -
two TCPs very closely related to TCP3 - also interact with COP1
and SPAL in the yeast two hybrid assay. Previous reports showed
that TCP2 and TCP4 are degraded in darkness and stabilized by
light (38, 47). Also, TCP5, TCP13, and TCP17 were reported to
be stabilized by light (54), though another report showed accumu-
lation of TCP17 in the dark and degradation in the light (55). With
the exception of TCP17, these TCPs have in common that they
belong to the CIN-type class IT TCPs. It remains to be clarified
whether the class I TCP17 is indeed stabilized or destabilized by
light conditions (54, 55). Thus, it remains to be investigated whether
there is a difference in light regulation between class I and class II
TCPs. Anyhow, it is apparent that the TCP domain has multiple
functions: dimerization, DNA-binding, and being a degron for
COP1/SPA. Moreover, it is involved in other protein interactions.
One example is the interaction between TCP5 and PIF4. Researchers
found in yeast that the interaction between TCP5 and PIF4 was
greatly weakened when the TCP domain was removed (56).

TCP3 Is Involved in COP1/SPA1-Mediated Anthocyanin Biosyn-
thesis. The regulation of anthocyanins biosynthesis in Arabidopsis
mainly depends on the MBW complex formed by the transcription
factors MYB (PAP1, PAP2, MYB113 and MYB114), bHLH (GL3/
EGL3/TTS8), and the WD-repeat protein TTG1 (57). The MBW
complex binds to the promoters of anthocyanin biosynthesis
structural genes to promote their expression in light-grown plants

https://doi.org/10.1073/pnas.2426423122

(58). In dark-grown Arabidopsis, anthocyanin accumulation is
suppressed by the COP1/SPA complex (11, 44, 45). TCP family
members are also involved in anthocyanin accumulation in opposite
ways: on the one hand, several CIN-TCPs are positive regulators of
anthocyanin biosynthesis (34—36, 48). On the other hand, TCPs
can also act as inhibitors of anthocyanin accumulation under
excessive light conditions, likely mediated by redox regulation of
TCP (37, 54). In dark-grown seedlings, TCP3 overexpression did
not increase anthocyanin accumulation, unless we introduced the
copl-4 mutation (Fig. 4A). This is consistent with the increased
accumulation of TCP3 protein observed in the copI-4 background
(81 Appendix, Fig. S6). In the light, the effect of TCP3 overexpression
on anthocyanin levels was enhanced by the cop/-4 mutation,
indicating that COP1 reduces TCP3 function in the light (Fig. 4C).

In the copl-4 background, mutating TCPs led to a greater
reduction in anthocyanin levels under both dark and light condi-
tions as the number of mutated 7CPs increased (Fig. 4 E and F).
This indicates that TCPs play a promotive role in anthocyanin
biosynthesis within the COP1 pathway. Thus, degradation of at
least three distinct transcription factor families (HY5/HYH,
PAP1/PAP2, and TCP3) are under the control of COP1/SPA to
limit anthocyanin accumulation (9, 44).

It is worth noting that while anthocyanin content decreases with
the reduction in the number of TCPs, the decrease is limited com-
pared to the almost complete loss of anthocyanins observed when
all four MYBs (PAPI, PAP2, MYB113, MYBI14) are silenced in
the cop1-4 background (44). This could be explained in two ways.
First, the limited reduction might be due to the insufficient number
of mutated 7CPs, and mutating additional 7CPs could reveal their
greater importance in anthocyanin biosynthesis. Second, it is pos-
sible that TCPs, while involved in anthocyanin biosynthesis, func-
tion as “assistants” rather than “primary players”. This is supported
by our dual-luciferase assay results, which show that TCP3 alone
cannot activate the expression of DFR or LDOX but requires the
PAP2-TT8 complex (Fig. 4G). This is consistent with previous
studies, showing that TCP3 can enhance the interaction between
PAP2 and TT8 in yeast (34). This finding is moreover consistent
with research in apple (Malus domestica), where it was demonstrated
that MATCP46 depends on MdMYB1 (homolog to PAP1) to acti-
vate the expression of MdDFR or MAUF3GT (59). Furthermore,
the role of TCPs in either activating or repressing anthocyanin bio-
synthesis may rely on specific MYB proteins they interact with in
a particular spatial or temporal context. Previous studies (34) have
shown that TCP3 can also interact with the repressive protein
MYBL2, suggesting that investigating the functional outcomes of
different MYB-TCP combinations presents intriguing research.

LD Regulates TCP3 Protein Accumulation Through COP1/SPA in
the Control of Flowering Time. Multiple members of the TCP
family are involved in flowering time regulation. TCP2, 3, 4, and
10 of the class II TCP family promote flowering by inducing the
expression of CO, while TCP5, 13, and 17 promote flowering by
inducing the expression of API (31, 32, 60, 61). In the class I TCP
family, TCP7, TCP14, and TCP15 promote flowering by inducing
SOC] expression, while TCP18, TCP20, TCP22, and TCP23 are
inhibitory factors of flowering time (61, 62). In agreement with
prior research findings, we found that TCP3 is a positive regulator
of flowering time and leads to higher transcript levels of CO (31,
32) (SI Appendix, Fig. S11 A, B, D, E, and G). The effect of TCP3-
GFP overexpression on flowering time was dependent on the CO
gene. Moreover, TCP3 coexpression activated the CO promoter in
transient transactivation assays (SI Appendix, Fig. S16A). This is
in agreement with a previous study showing that TCP3 can bind
the CO promoter (31).
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Fig. 6. A working model for the COP1/SPA-TCP3 pathway. In darkness (Left
panel), the COP1/SPA complex promotes the ubiquitination and subsequent
degradation of HY5 and PAP2 (as examples for canonical, VP-containing
substrates) and TCP3 (as a noncanonical substrate lacking a VP motif). Their
degradation prevents photomorphogenesis in darkness. In the light (Right
panel), the activity of the COP1/SPA complex is inhibited. This inhibition
prevents the ubiquitination and degradation of TCP3, allowing TCP3 to
accumulate and to promote flowering and anthocyanin biosynthesis by
inducing the expression of CONSTANS (CO) and anthocyanin biosynthesis
genes, respectively.

In our study, #p3/4 and #pQ exhibited late flowering in LD,
whereas only 7pQ showed late flowering in SD (S] Appendix,
Fig. S11 A, B, D, and E). Overexpression of TCP3 in the #pQ
background can partially rescue the flowering time phenotype in
LD but fails to do so in SD (87 Appendix, Fig. S11 A, B, D, and E).
Here, we have shown that the preferential activity of TCP3 in LD
correlates with TCP3 protein accumulation in LD, while TCP3 is
mostly degraded under SD (8] Appendix, Fig. S11 Iand ). In LD,
TCP3 protein abundance is high during the light phase, while it
declines upon transition to darkness, suggesting that light exposure
stabilizes the TCP3 protein, as we had observed for seedlings (Fig. 3
A and B and SI Appendix, Fig. S111). Degradation of TCP3 is
reduced in leaves of the copI-4 mutant, indicating that the ubig-
uitin ligase COP1 targets TCP3 also during flowering process
(Fig. 5C). In SD, COP1 also negatively regulates the protein sta-
bility of CO to inhibit flowering (50, 63, 64). Thus, our study
shows that COP1 also participates in negatively regulating the
stability of TCP3—in addition to CO—to allow earlier flowering
in LD than in SD. The #p3/4 and #¢pQ mutants also carry a muta-
tion in the 7CP4 gene. TCP4 protein levels were previously shown
not to be altered throughout the LD photoperiod, i.e. no decline
in TCP4 protein levels was observed during the night in LD (31).
However, TCP4 protein abundance in SD has not yet been ana-
lyzed. Interestingly, TCP3-overexpression also at least partially
rescued the leaf shape phenotype only in LD and not in SD
(SI Appendix, Figs. S11 C and F, S14B, and S15 A and B). This
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suggests that the light duration may also play a role in leaf shape
determination.

Materials and Methods

tcp3/4, tcpQ, cop1-4, and co-10 (also called co-SAIL) were described previously
(24, 43, 45, 64). Seedlings were grown on Murashige and Skoog (MS) media
(without sucrose) in growth chambers equipped with light-emitting diode (LED)
light sources (CLF Plant Climatics, Wertingen, Germany) producing white, red,
far-red, or blue light at a temperature of 21 °C. For analysis of adult phenotypes,
plants were grown on soil in a climate-controlled walk-in growth chamber under
long day (16 h light/8 h darkness) or short day (8 h light/16 h darkness) at 21 °C.
White light was supplied by Fluora L58W/77 fluorescent tubes. Fluence rates for
each experiment are detailed in the corresponding figure legends.

To generate rTCP3-GFP overexpressing plants, the rTCP3-pFAST-R05 plas-
mid was introduced into Agrobacterium tumefaciens GV3101(PMP90), followed
by Agrobacterium-mediated transformation of tcpQ or Col-0 plants via floral
dip method. For the selection of transgenic lines, we utilized the RFP fluores-
cence in the pFAST plasmid as marker (65), with seed fluorescence detected
using a ZEISS Axio Zoom fluorescence microscope (Carl Zeiss AG, Germany). For
constructing of rTCP3-GFP/cop 7-4 plant, pollen from mature rTCP3-GFP/Col-0
(23-5-5and 23-13-2) flowers was placed onto the stigma of the emasculated
cop1-4 plants (23-5-5/cop1-4 and 23-13-2/cop1-4).The RFP fluorescence and
dwarf architecture were used to select rTCP3-GFP/cop1-4 plants (31, 43, 65).
The transgenic lines were numbered as follows: The first number (e.g., 17)
refers to the construct used for transformation and the background used (e.g.,
tcpQ or WT), the second number refers to independent lines (i.e., 17-1 and
17-2 are two independent transgenic lines). The third number refers to the
homozygous line identified in T3.

Adetailed description of the methods used for plasmid construction, protein-
protein interaction, protein extraction and detection, RNA extraction and gene
expression analyses, anthocyanin content measurements, and flowering time
analysis can be found in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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