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Co-condensation with photoexcited cryptochromes
facilitates MAC3A to positively control hypocotyl
growth in Arabidopsis
Bochen Jiang1†‡*, Zhenhui Zhong2†, Jun Su3†, Tengfei Zhu4, Timothy Yueh1, Jielena Bragasin1,
Victoria Bu1, Charles Zhou1, Chentao Lin1,3, Xu Wang4*

Cryptochromes (CRYs) are blue light receptors that mediate plant photoresponses through regulating gene ex-
pressions. We recently reported that Arabidopsis CRY2 could form light-elicited liquid condensates to control
RNA methylation. However, whether CRY2 condensation is involved in other gene expression–regulatory pro-
cesses remains unclear. Here, we show that MOS4-associated complex subunits 3A and 3B (MAC3A/3B) are CRY-
interacting proteins and assembled into nuclear CRY condensates. mac3a3b double mutants exhibit hypersen-
sitive photoinhibition of hypocotyl elongation, suggesting that MAC3A/3B positively control hypocotyl growth.
We demonstrate the noncanonical activity of MAC3A as a DNA binding protein that modulates transcription.
Genome-wide mapping of MAC3A-binding sites reveals that blue light enhances the association of MAC3A
with its DNA targets, which requires CRYs. Further evidence indicates that MAC3A and ELONGATED HYPOCOTYL
5 (HY5) occupy overlapping genomic regions and compete for the same targets. These results argue that photo-
condensation of CRYs fine-tunes light-responsive hypocotyl growth by balancing the opposed effects of HY5
and MAC3A.
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INTRODUCTION
Cryptochromes (CRYs) are photolyase-like blue light receptors that
mediate many aspects of photoresponses in plants (1, 2). CRYs exist
as physiologically inactive monomers in the dark, and photon ab-
sorption causes conformational change and oligomerization of
CRYs, which increases CRYs’ affinities with many other interacting
partners to form diverse CRY complexes (3, 4). These CRY com-
plexes affect plant growth and development by regulating the tran-
scription or stability of photoresponsive proteins (2).
CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) identi-
fied as a CRY-signaling protein in plants (5, 6), which interacts
with its positive regulator SUPPRESSOR OF phyA-105 1 (SPA1)
to function as an E3 ubiquitin ligase (7). In Arabidopsis, both
CRY1 and CRY2 interact with COP1 regardless of light (5, 6),
while the light-dependent association of CRY1/CRY2 and SPA1 se-
verely impedes the physiological activities of COP1 (7–11). Photo-
activated CRY1 and CRY2 compete with ELONGATED HYPO-
COTYL 5 (HY5) for COP1 binding through conserved Val-Pro
motifs (12, 13) and thus stabilize HY5 protein in the light. Accumu-
lated HY5 modulates the expression of more than 3000 genes to
promote plant photomorphogenesis (14–17).

More than 30 CRY-interacting proteins have been identified so
far (2). Most of these interactions are blue light dependent. Our
recent study has found that photo-excited CRY2 undergoes
liquid-liquid phase separation (LLPS) to form photobodies, where
subunits of the m6A writer complex are co-condensed without
changing their apparent affinities with CRY2 (18). The elevated
local concentration of m6A writer complexes in CRY2 photobodies
positively correlates with a global up-regulation of m6A installation
on mRNAs (18). Accumulated evidence shows that many of the
CRY2-interacting partners colocalize with CRY2 photobodies and
regulate gene transcriptions during photomorphogenesis. For
example, CRY1 and CRY2 interact with HBI1 (HOMO LOG OF
BEE2 INTERACTING WITH IBH1) in photobodies and inhibit
the transcriptional activity of HBI1 to repress hypocotyl elongation
(19). The above findings strongly argue that photo-regulated
protein condensation may play an important role in light signaling.
However, it is still unclear how phase separation affects the molec-
ular activities of proteins.
Here, we report that MOS4-associated complex subunits 3A and

3B (MAC3A/3B), the Arabidopsis counterparts of the NINETEEN
COMPLEX or Prp19 complex in yeast and humans (20), interact
with CRYs and are assembled into CRY condensates in a blue
light–dependent manner to positively regulate hypocotyl elonga-
tion. We demonstrate that MAC3A can function as a DNA
binding protein and share thousands of common genomic
binding sites with HY5. The in vitro DNA binding assay further
reveals that MAC3A competes with HY5 for the same DNA
probes. Co-condensation with photoexcited CRYs in blue light
may facilitate MAC3A to bind DNA in plants, thus allowing
MAC3A to antagonize HY5 activities more intensely. Together,
our results argue that CRYs may fine-tune light-responsive hypo-
cotyl growth by balancing the opposed effects of HY5 and
MAC3A, and photo-condensation facilitates the refinement of
such actions of CRYs.
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RESULTS
Blue light promotes MAC3A/3B condensate into the
photobodies of CRYs
We previously reported that blue light triggered the co-condensa-
tion of the m6Awriter complex with CRY2 in liquid CRY2 conden-
sates to maintain the normal circadian rhythms in plants (18). We
wondered whether other proteins could be assembled into CRY2
condensates to regulate plant photo-responses. Therefore, we pro-
filed the components of CRY2 complexes isolated from transgenic
plants overexpressing green fluorescent protein (GFP)–CRY2 using
immunoprecipitation (IP) coupled with mass spectrometry (21)
and identified MOS4-associated complex subunits 3A and 3B as
CRY2-associated proteins (fig. S1A). MAC3A/3B are conserved
U-box–containing proteins in eukaryotes, which play essential
roles in regulating plant immunity and development (22–24). The
co-IP assays in both human embryo kidney (HEK) 293T cells (Fig.
1, A and B) and transgenicArabidopsis plants (Fig. 1C) validated the
interactions between CRY1/CRY2 and MAC3A but no light de-
pendency for the interactions was observed.
This prompted us to examine whether MAC3A/3B could co-

condense with CRY2 in light-responsive liquid CRY2 condensates.
Although MAC3A-GFP fusion protein in transgenic plants uni-
formly distributed in the nucleoplasm (fig. S1B), we found that
MAC3A partially colocalized with CRYs in the nuclear bodies
only in the presence of blue light (Fig. 1D), indicating that the lo-
cation of MAC3A-CRY interactions is light responsive at the sub-
cellular level. Consistent with this evidence, when CRY2/CRY1 and
MAC3A/3B were coexpressed as BiFC (bimolecular fluorescence
complementation) pairs in blue light–illuminated tobacco leaf epi-
dermal cells, fluorescent speckles of reconstituted yellow fluorescent
protein (YFP) were detected (Fig. 1E and fig. S1, C and D), while
this punctate pattern of BiFC signals was not observed when
MAC3A/3B were paired with the photo-insensitive CRY mutant
proteins, CRY1D390A and CRY2D387A (Fig. 1E and fig. S1D) (2).
These results suggest that MAC3A/3B might be incorporated into
CRY condensates in a light-dependent manner, although their in-
teraction affinities are light irresponsive. The mapping of the inter-
acting domain of MAC3A and CRY2 showed that full-length
MAC3A was necessary for the interaction with the full-length, N
terminus (N489, the photolyase homologous region) and C-termi-
nus (C490, cryptochrome C-terminal extension) of CRY2 (fig.
S1D). The fluorescence recovery after photobleaching (FRAP)
assay was then used to determine whether CRY-MAC3A co-con-
densates were in the liquid state. The BiFC signals of either
CRY1-MAC3A or CRY2-MAC3A recovered rapidly (within 30 s)
after photobleaching (Fig. 1, F and G), while the noncondensed
CRY1D390A-MAC3A and CRY2D398A-MAC3A BiFC signals
showed a much lower recovery rate after photobleaching (fig.
S1E), meaning that CRY-MAC3A molecules in the condensed
phase are highly mobile. This result was in line with other evidence
that small condensate droplets of CRY-MAC3A tended to coalesce
into larger droplets over time in blue light (fig. S1F) and 1,6-hexa-
nediol effectively inhibited the CRY-MAC3A condensates’ forma-
tion (fig. S1, G and H). These results strongly agree with the
liquid-like properties of CRY-MAC3A condensates. Together, we
propose that MAC3A proteins are co-condensed with photoexcited
CRYs in the liquid condensates via specific interactions.

MAC3A/3B genetically interact with CRY1 in blue light to
positively regulate hypocotyl elongation
We next investigated the role of MAC3A/3B genes in plant photo-
responses. Both mac3a and mac3b single mutants exhibit no dis-
cernable phenotypes in hypocotyl growth, but themac3amac3b (re-
ferred as mac3a3b in the following text) double mutants had much
shorter hypocotyls than wild type (WT) in the dark, blue, red, and
far-red light (Fig. 2 and fig. S2A), suggesting that MAC3A/3B pos-
itively control hypocotyl growth under both dark and light condi-
tions. Further analyses on hypocotyl growth response to different
blue light fluence rates showed that mac3a3b hypocotyls were
shorter than WT at all fluence rates tested (Fig. 2, A and B), and
the hypocotyl-length ratio between mac3a3b and WT showed a de-
crease in response to increasing fluence rates of blue light (Fig. 2C),
suggesting that mac3a3b mutants are hypersensitive to the blue
light–mediated inhibition of hypocotyl elongation. The short-hypo-
cotyl phenotype of mac3a3bmutants in blue light could be rescued
by constitutively expressing the MAC3A or MAC3B coding se-
quence in mac3a3b plants (Fig. 2, D and E), confirming that
short-hypocotyl was due to the loss of MAC3A/3B activities in
plants. It is worth noting that MAC3A overexpression lines are in-
distinguishable from WT in hypocotyl length (fig. S2B), possibly
suggesting that other players could be required for MAC3A/3B-in-
volved regulation of hypocotyl growth. Our attempt to generate
cry1cry2mac3a3b quadruple mutants failed by a genetic cross
between mac3a3b and cry1cry2, possibly due to the linkage of
CRY2 (AT1G04400) and MAC3A (AT1G04510). As the distance
between the two genomic regions is less than 40 kb, which is ap-
proximately 0.16 cM genetic distance in Arabidopsis (25), a huge
segregation population might be needed to obtain cry1cry2mac3a3b
quadruple mutants. Besides, endogenous CRY2 only has a minor
effect on light-responsive hypocotyl growth compared to CRY1
(2), and we used cry1mac3a3b triple mutants to explore the
genetic relationship between MAC3A/3B and CRYs in the control
of light-responsive hypocotyl elongation. The hypocotyls of the
cry1mac3a3b triple mutants were much longer than WT and
mac3a3b double mutants but slightly shorter than cry1 single
mutants under blue light (Fig. 2, F and G), suggesting that cry1 is
epistatic to mac3a3b. The hypocotyl-length ratio (blue light versus
dark) for WT and mac3a3b mutants was significantly different,
while this ratio for cry1mac3a3b triple and cry1 single mutants re-
mained unchanged (Fig. 2H), indicating that the hypersensitive re-
sponse to the blue light–inhibited hypocotyl elongation inmac3a3b
mutants is CRY1 dependent. However, we found that the abun-
dance of neither MAC3A proteins nor mRNA was regulated by
light (Fig. 2, I and J) (26), implying that other activities of
MAC3A might be affected by blue light.

Blue light and CRYs facilitate the association ofMAC3Awith
chromatin in plants
MAC3A/3B have been reported to function as E3 ubiquitin ligases
(22, 24); we therefore asked whether MAC3A/3B affect the protein
stability of CRYs and thus modulate CRY activities. The immuno-
blot assay clearly showed that the phosphorylation and degradation
of CRYs were not altered inmac3a3b seedlings compared to theWT
(fig. S3C). Furthermore, the short hypocotyl phenotype ofmac3a3b
mutants was fully complemented by introducing transgenes sepa-
rately expressing two MAC3A proteins with mutations in the U-
box domain, MAC3AMut1 and MAC3AMut2, both of which lacked
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ubiquitin ligase activities (24) (fig. S3, A and B), suggesting that the
ubiquitin ligase activity of MAC3A is not necessary for regulating
hypocotyl elongation, and other molecular activities of MAC3A
must be implicated in this process. As MAC3A is involved in co-
transcriptional RNA alternative splicing, we wonder whether
MAC3A is able to bind chromatin to regulate transcription. There-
fore, we performed chromatin immunoprecipitation followed by se-
quencing (ChIP-seq) assay using transgenic lines expressing Flag-
MAC3A-GFP or Flag-GFP grown under blue light or dark condi-
tions. This identified tens of thousands of MAC3A-specific
genomic binding peaks, suggesting that MAC3A is a chromatin-
binding protein. More than 47% of MAC3A-binding peaks are
located at the promoter and transcription start site (TSS) and
~12% of the peaks are enriched around the transcription terminal
site (TTS) (Fig. 3, A and B). This result uncovers a previously
unknown activity of MAC3A that binds chromatin with dual
preferences.

Notably, we also found that blue lightmight facilitate the binding
of MAC3A with chromatin based on the following results. First,
more MAC3A-binding peaks were identified from the ChIP-seq
in blue light–grown samples (n = 11,831 peaks) than in the dark-
grown samples (n = 7449 peaks), and the overall intensity of
peaks in blue light was significantly higher than that in the dark
(P < 0.0001; Fig. 3E), although the enriched motifs under these
peaks in both conditions were not varied much (Fig. 3, C and D).
Next, MAC3A bound more genes in blue light (n = 10,077) than in
the dark (n = 6552) (Fig. 3F). Among those overlapping genes (n =
5388) under both conditions, genes with increased peak intensities
in blue light (>2-fold; n = 2243) were ~11 times more than the genes
with reduced peak intensities in blue light (<0.5-fold; n = 204) (Fig.
3, G and H), and gene ontology (GO) analysis of those genes whose
MAC3A-binding peak intensities were light induced (n = 2243)
showed significant enrichment in response to light cues (Fig. 3I).
These results strongly argue for the promotion of MAC3A-

Fig. 1. MAC3A interacts with CRYs and co-condenses with CRYs in nuclear CRY photobodies. (A and B) Co-IP assays showing the interactions of MAC3A-GFP with
Myc-CRY1 (A) or Myc-CRY2 (B) in human HEK293T cells. The cells transfected with plasmids were cultured in the dark and irradiated with blue light (Blue; 100 μmol m−2

s−1) for the indicated time before harvest. GFP-trap agarose resin was used for IP. (C) Co-IP assay showing the interactions ofMAC3A-GFPwith endogenous CRY1 and CRY2
in plants. The etiolated seedlings of the 35S::F-MAC3A-GFP transgenic line were kept in the dark or irradiated with blue light (Blue; 30 μmol m−2 s−1) for 10 min before
harvesting for the assay. GFP-trap agarose resin was used for IP, and the anti-CRY1 or anti-CRY2 antibodies were used for the immunoblots to detect the endogenous CRY1
or CRY2 proteins, respectively. (D) Partial colocalization of MAC3Awith CRY1 or CRY2 in nuclear condensates in blue light–illuminated tobacco leaf epidermal cells. Three
independent experiments were performed showing similar results. Scale bar, 2 μm. (E) BiFC assays showing the interactions of MAC3A/CRY1 or MAC3A/CRY2 in nuclear
condensates in blue light–illuminated tobacco leaf epidermal cells. Photo-insensitive CRY1D390A and CRY2D387A were used as the negative control for light-induced CRY
condensation. H2B-BFP was used as the nuclear marker. Scale bar, 2 μm. (F) FRAP analysis of CRY1/MAC3A or CRY2/MAC3A BiFC signals in the nuclear condensates. The
white arrows indicate the region for photo-bleaching. Scale bar, 2 μm. (G) Fluorescence recovery of MAC3A/CRY1 or MAC3A/CRY2 BiFC signals in FRAP assay shown in (F).
The double exponential fit (solid line) of averaged recovery curves is shown (mean ± SEM, n = 5 independent FRAP experiments).
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chromatin association in blue light. We then questioned whether
CRY-mediated photo sensing might be responsible for this effect.
To this end, we measured the strength of specific MAC3A-chroma-
tin interaction in both WT and cry1cry2mutants grown in the dark
or blue light by ChIP with quantitative polymerase chain reaction
(ChIP-qPCR), and a clear increase of the MAC3AChIP signal at the
YUC8 promoter in blue light was detected in WT but not in
cry1cry2 (Fig. 3J), indicating that CRYs might mediate the blue
light–enhanced binding of MAC3A with chromatin in plants.
This might be explained by the light-dependent co-condensation

of MAC3A in CRY condensates (Fig. 1, D to G), as following the
treatment with the LLPS inhibitor, 1,6-hexanediol, the association
of MAC3A with YUC8 promoter under blue light was notably re-
pressed (fig. S3D). Thus, we propose that this concentrating mech-
anism ofMAC3A by CRY phase separation in blue light might allow
direct promotion of MAC3A-chromatin association.

Fig. 2.MAC3A/3B genetically interact with CRY1 in blue light to positively regulate hypocotyl elongation. (A and B) Measurements of hypocotyl length of indicated
genotypes grown in the blue light with different intensities (0, 0.2, 1, 5, 10, 20, and 40 μmol m−2 s−1) for 6 days. The hypocotyl phenotypes of different genotypes are
shown in (A), and hypocotyl length measurements (B) are shown as mean ± SD. (n ≥ 20). Scale bar, 2 mm (A). (C) Hypocotyl-length ratio of mac3a3b versus WT at each
fluence rate in the assay shown in (A) and (B). Asterisks indicate significant differences between dark and various blue light intensities (P < 0.0001) based on two-tailed
Student’s t test. (D to G) Measurements of the hypocotyl length of different genotypes grown in the dark or blue light (25 μmol m−2 s−1) for 6 days. The hypocotyl
phenotypes of indicated genotypes are shown in (D) and (F), and hypocotyl-length measurements are shown as mean ± SD (n ≥ 20) in (E) and (G). P value calculated
by two-tailed Student’s t test is used to determine the statistical significance between genotypes. Scale bars, 2 mm [(D) and (F)]. (H) Hypocotyl-length ratio (blue versus
dark) for each genotype in the assay shown in (F) and (G). P value calculated by two-tailed Student’s t test was used to determine the statistical significance between
genotypes. (I)MAC3AmRNA levels in WT seedlings treated with different wavelengths for the indicated time (45 and 240min). TheMAC3A expression data were obtained
from the Arabidopsis eFP Browser. (J) Immunoblot assay showing the MAC3A protein levels in response to blue light. Seven-day-old etiolated seedlings of the 35S::F-
MAC3A-GFP transgenic linewere treated with blue light (25 μmol m−2 s−1) for the indicated time and used for protein extraction and immunoblot analysis. Actin was used
as the loading control. n.s., not significant.
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MAC3A and HY5 share overlapping binding regions on the
chromatin
We interrogated sequences under MAC3A peaks for enriched
motifs and identified the G-box (CACGTG) as one of the top hits
(Fig. 3, C and D). This motif primarily associates with the basic
region/leucine zipper motif (bZIP) transcription factors, such as
ELONGATED HYPOCOTYL5 (HY5), a key regulator of transcrip-
tional networks for photomorphogenesis (27, 28). Using the pub-
lished HY5 ChIP-seq dataset (fig. S4, C and D) (17), we observed
a notable overlap of HY5-binding sites and MAC3A-bound pro-
moters (Fig. 4A and fig. S4, A and B). About 62% of the HY5-
bound promoters were co-occupied by MAC3A (Fig. 4A); in addi-
tion, the binding peaks of both proteins on those promoters were in
proximity to each other (fig. S4, A and B). A close examination

allowed us to divide the MAC3A-bound promoter peaks in blue
light into four groups (Fig. 4, A to D): group 1, MAC3A-specific
peaks in both dark and blue light (n = 3355); group 2, HY5 and
MAC3A co-occupied peaks only in blue light (n = 648); group 3,
MAC3A-specific peaks only in blue light (n = 3541); and group 4,
HY5 and MAC3A co-occupied peaks in both dark and blue light (n
= 1028). Consistent with this high co-occupancy of HY5 and
MAC3A on specific chromatin sites, we found that the top five en-
riched motifs under group 4 promoter peaks were G-box and its
variants (Fig. 4E). These results well demonstrate the functional
connection of MAC3A and HY5 at the molecular level.

Fig. 3. Blue light and CRYs enhance the association of MAC3Awith chromatin. (A) Metaplots and heatmaps of MAC3AChIP-seq reads over genes. The 35S: F-MAC3A-
GFP or 35S: F-GFP transgenic line grown in the dark (Dark) or blue light (Blue; 25 μmolm−2 s−1) were used for ChIP-seq assays. TSS, transcription start site; TTS, transcription
terminal site;−2K, 2 kb upstream of TSS; 2K, 2 kb downstream of TTS. (B) Pie charts showing the genomic distributions of MAC3A-binding peaks identified in the ChIP-seq
assays (A). (C and D) Top three enriched de novo motifs under the MAC3A-binding peaks, which were located at the promoter and TSS regions. (E) Boxplot of the overall
peak intensities of MAC3A ChIP-seq in the dark and blue light. P value (P < 0.0001) calculated by two-tailed Student’s t test indicated the significant difference between
dark and light conditions. (F) Venn diagram showing the overlap of MAC3A-bound genes in the dark and blue light. (G) Boxplot showing the ratios of peak intensities in
blue light over the dark. Only genes with the ratio >2 (n = 2243) or <0.5 (n = 204) were shown in the plot. The heatmap shows the ChIP-seq peak intensities in the dark or
blue light of the selected genes in the boxplot. (H) Representative snapshots of MAC3A occupancy over the selected genes showing the blue light–promoted MAC3A-
chromatin binding. (I) Top five enriched biological processes from GO analysis of the selected genes [n = 2243, (G)]. (J) Snapshot of MAC3A binding to YUC8 promoter
(top) and the ChIP-qPCR analysis showing the occupancy of MAC3A with YUC8 promoter region in different genotypes (bottom). The seedlings grown in dark and blue
light (25 μmol m−2 s−1) were harvested for ChIP-qPCR assay. At4g26900 locus was used as the negative control. qPCR data are shown as mean ± SD (n = 3).
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Direct competition of MAC3A with HY5 for DNA binding
might antagonize HY5 activities in plants
We next tested whether MAC3A could directly bind DNA like HY5
by fluorescence-linked immunosorbent assay (FLISA). Basically,
the purified recombinant proteins were incubated with the biotin-
labeled DNA probes, which were then captured by neutravidin-
coated plates. Protein-specific primary antibodies and fluorescent
secondary antibodies were used to quantify the strength of DNA-
protein binding (Fig. 5A). Two DNA probes were selected from
the promoter regions of YUC8 and IAA19, which were identified
as MAC3A and HY5 co-occupied peaks in ChIP-seq assays (Figs.
3J and 4D). In addition, both YUC8 and IAA19 have well-estab-
lished roles in control of hypocotyl elongation (29). The biotin-
labeled YUC8 and IAA19 probes (pYUC8biotin and pIAA19biotin)
and purified recombinant MAC3A proteins fused to Glutathione-
S-transferase (GST) were used for FLISA. The FLISA results
showed the direct binding of MAC3A with both DNA probes
(Fig. 5B); moreover, the binding signals could be quenched by
adding unlabeled DNA probes (i.e., cold probes) to the binding re-
actions (Fig. 5B). Besides, mutations in the G-box of the two DNA
probes (pYUC8Mut and pIAA19Mut) notably reduced the binding

strength with MAC3A (fig. S5A), suggesting that G-box could be
one of the sites bound with MAC3A. The in vitro binding of
MAC3A to the DNA probes was orthogonally validated by electro-
phoretic mobility shift assays (EMSA) as well (Fig. 5C and fig. S5B).
Last, we applied the FLISA to explore whether MAC3A could in-

fluence HY5-DNA binding. The results revealed that HY5-DNA
binding signals drastically decreased with the increased amount of
GST-MAC3A proteins added to the binding reactions, while this
influence was not seen when GST proteins were used instead (Fig.
5D). These evidence suggest thatMAC3A as a DNA binding protein
could compete with HY5 for DNA binding. This finding was also in
line with the in vivo ChIP-qPCR results. The ChIP was performed
with anti-HY5 antibodies to capture chromatin regions bound with
endogenous HY5 in different genotypes grown in blue light. The
ChIP-qPCR analyses showed that HY5 bound to YUC8 and
IAA19 promoters in WT and mac3a3b but not in hy5 mutants
(Fig. 5E). Furthermore, the enrichment of HY5 at YUC8 and
IAA19 promoters was significantly higher in mac3a3b mutants
than that in WT (Fig. 5E), suggesting that MAC3A might impede
the HY5-chromatin association in plants. The competition of
MAC3A and HY5 for binding at YUC8 and IAA19 promoters led

Fig. 4. MAC3A and HY5 share overlapping binding regions on the chromatin. (A) Venn diagram showing the overlap of HY5 and MAC3A-bound genes in the dark
(MAC3A dark) and blue light (MAC3A blue; 25 μmol m−2 s−1). (B) Heatmaps of MAC3A-bound genes in blue light, which are divided into four groups. (C) Metaplots of
MAC3A and HY5 ChIP-seq reads over the genes in the groups shown in (B). (D) Representative snapshots of MAC3A and HY5 binding to promoters of the genes in group 2
and group 4 defined in (B). (E) Top five enriched motifs under the MAC3A and HY5-binding peaks, which were located at the promoter and TSS regions of the genes in
group 4.
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to the alteration of light-responsive expressions of both genes. qPCR
analysis revealed that light-suppressed YUC8 and IAA19mRNA ex-
pressions were significantly up-regulated in hy5mutants and down-
regulated inmac3a3bmutants compared with the WT (Fig. 6C and
fig. S6, A and B); this gene expression pattern is well consistent with
the hypocotyl phenotypes for both mutants. The contrary influenc-
es of MAC3A andHY5 on regulating gene expression were also seen
on other MAC3A and HY5 cotarget genes, such as SAUR10 and
CHS (fig. S6, C to H). The functional relevance of MAC3A and
HY5 was also supported by genetic evidence. In contrast to the
light-hypersensitive short-hypocotyl phenotype of mac3a3b, the
hy5mac3a3b triple mutants showed light-hyposensitive long hypo-
cotyls in blue light (Fig. 6, A and B). Besides, anthocyanin content in
mac3a3bwas significantly higher in blue light thanWTand hy5-215
mutants displayed low anthocyanin phenotype, while additional
mutation of HY5 strongly repressed the high anthocyanin pheno-
type of mac3a3b mutants (fig. S6I). These results suggest that
MAC3A/3B might act antagonistically toward HY5 in plants. To-
gether, our results indicate that MAC3A might compete with
HY5 for DNA binding, thereby attenuating the HY5-chromatin as-
sociation to modulate gene expressions and positively regulate hy-
pocotyl elongation in blue light (Fig. 6D).

DISCUSSION
We previously reported that CRY2 and the m6Awriter complex are
co-condensed in the liquid CRY2 photobodies to mediate the light-
dependent regulation of mRNA methylation and circadian clock
entrainment (18). In this study, we uncover the function of CRY
condensation in regulating gene transcription. Two DNA binding
proteins, MAC3A/3B, have been identified and characterized to
co-condense with photoexcited CRYs to directly compete with
HY5 for DNA binding and positively modulate hypocotyl elonga-
tion in blue light.

Arabidopsis MAC3A and MAC3B are the core subunits of the
MAC complex. Many of the components in the MAC complex
are involved in alternative splicing of mRNA (22, 30). Through
their E3 ubiquitin ligase activity, MAC3A/3B also regulate micro-
RNA (miRNA) levels by influencing pri-miRNA transcription, pro-
cessing, and stability (23, 24). In addition, it has been shown that
MAC3A/3B interact with PLEIOTROPIC REGULATORY LOCUS
1 (PRL1) and SNW/SKI-INTERACTING PROTEIN (SKIP) to
modulate the splicing of pre-mRNAs transcribed by circadian
clock and abiotic stress response–related genes (24, 31, 32). More
recently, histone deacetylases 15 (HDA15) has been reported to reg-
ulate abscisic acid (ABA) responses by interacting with MAC3A/3B,
which control the intron splicing (33). The global splicing defect
caused by the loss of function of MAC3A/3B is detected not only

Fig. 5. MAC3A competes with HY5 for DNA binding and attenuates the HY5-chromatin association. (A) The diagram of the FLISA used to detect the protein-DNA
binding. (B) Left: The FLISAs showing the binding kinetics of GST-MAC3A (0.5 μM) to DNA probes with various concentrations. pYUC8biotin and pIAA19biotin indicate the
biotin-labeled YUC8 and IAA19 promoter DNA probes. The competition kinetics of unlabeled promoter DNA probes (cold pYUC8 and pIAA19) with biotin-labeled DNA
probes (1 μM) in binding to GST-MAC3A proteins (0.5 μM) is shown in the right panel. The data are presented as mean ± SD (n = 3). The fitting curves are shown as colored
lines. (C) EMSAs showing the binding of GST-MAC3A to the promoter DNA probes of YUC8 and IAA19. pYUC8biotin and pIAA19biotin indicate the biotin-labeled YUC8 and
IAA19 promoter DNA probes. The unlabeled promoter DNA probes are shown as cold pYUC8 and pIAA19. MBP-HY5-His and GST proteins were used as the positive control
and negative control, respectively. (D) The FLISA shows the compromised HY5-DNA binding in the presence of GST-MAC3A proteins. The standard DNA-binding reaction
composed of biotin-labeled DNA probes (1 μM) and MBP-HY5-His proteins (0.5 μM) were incubated with different amounts of GST-MAC3A proteins. GST proteins were
used as a negative control. Each data point was shown as mean ± SD (n = 3). The fitting curves are shown as colored lines. (E) ChIP-qPCR analysis showing the association
of the endogenous HY5 proteins with YUC8 and IAA19 promoters in genotypes. The seedlings grown in blue light (25 μmol m−2 s−1) for 6 days were harvested for ChIP-
qPCR analysis using anti-HY5 antibodies. At4g26900 locus was used as the negative control. The data are shown as mean ± SD (n = 3). Asterisks indicate significant
difference between WT and mac3a3b mutants (P < 0.01) based on two-tailed Student’s t test.
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in mature RNAs but also in nascent RNAs, suggesting a widespread
role of MAC3A/3B in co-transcriptional splicing (34). However, the
lack of significant correlation between intron retention and gene
misexpression in mac3a3b mutants argues that MAC3A/3B may
have separated functions in regulating gene expression and RNA
splicing (23). In this study, we show that the E3 ubiquitin ligase ac-
tivity of MAC3A/3B is not essential for controlling hypocotyl
growth (fig. S3, A and B), instead the DNA binding activity of
MAC3A reported here might play important roles in control of hy-
pocotyl growth (Figs. 3 to 6). However, it is still not clear which
domain of MAC3A mediates the DNA binding and whether the
DNA binding activity of MAC3A is sufficient for regulating hypo-
cotyl elongation. More biochemical and genetic evidence might
help to answer these questions. MAC3A ChIP-seq results revealed
that MAC3Awere preferentially enriched near TSSs and TTSs (Fig.
3, A and B), which is not common for typical transcription factors,
such as HY5. For example, more than 52% of HY5-bound peaks
were located near promoter and TSS, whereas only 1.1% were iden-
tified around TTS (fig. S4, C andD). Therefore, it is conceivable that
promoter and TSS-bound MAC3A are required for modulating
gene transcription. Whether and how TTS-bound MAC3A is in-
volved in the regulation of gene expression remains elusive. In ad-
dition, both TSS and the 200–base pair (bp) downstream regions are

associated with histone H4 lysine 16 acetylation (H4K16ac) marks
(35), and it would be interesting to investigate whether MAC3A
could affect the H4K16ac level to regulate gene expressions.
To fine-tune the HY5 activity during photomorphogenesis in

blue light, plants have developed elaborate yet delicate regulatory
mechanisms. CRY1 and CRY2 interact with SPA proteins in a
blue light–dependent manner to suppress COP1/SPA activity, par-
tially resulting in the blue light–dependent stabilization of HY5 pro-
teins (2, 10, 11). In addition, CRY1 promotes H2A.Z deposition to
regulate HY5 target gene expression in blue light via the enhance-
ment of both SWR1 complex activity and HY5 recruitment of the
SWR1 complex to HY5 target loci (36). Blue light–activated CRY1
competes with G-protein β subunit (AGB1) for the binding of HY5,
to restore the DNA binding activity of HY5 (37). Furthermore,
COLD REGULATED GENE 27 and 28 (COR27/28) physically in-
teract with HY5 and associate with the promoters of HY5 target
genes, to regulate their transcription (16). Here, we demonstrate
that MAC3A works as a DNA binding protein and co-condenses
with photoexcited CRYs in CRY photobodies, which might facili-
tate MAC3A to compete with HY5 for binding to promoters of
target genes. Thus, CRY-adjusted balancing of the positive effects
of HY5 and the negative effects of MAC3A might help to optimize
the photomorphogenic growth of plants. Besides,mac3a3bmutants

Fig. 6. MAC3A/3B positively control hypocotyl growth partly through antagonizing HY5 activity. (A and B) Hypocotyl lengthmeasurements of the seedlings grown
in the dark or blue light (25 μmol m−2 s−1) for 6 days. The hypocotyl phenotypes of indicated genotypes are shown in (A), and hypocotyl-length measurements (B) are
presented as mean ± SD (n ≥ 20). P value calculated by two-tailed Student’s t test was used to determine the statistical significance between genotypes. Scale bar, 5 mm
(A). (C) qPCR analysis showing the light-responsive expressions of YUC8 and IAA19 in different genotypes. The etiolated seedlings of indicated genotypes were kept in the
dark or treated with blue light (25 μmol m−2 s−1) for the indicated time and were used for gene expression analysis. The expression level for each gene at each time point
was normalized to the expression level in the dark (i.e., 0 hours in blue light) to obtain the ratio for each time point. The data are presented as means ± SD (n = 3). (D) A
hypothetical model depicting the mechanism of CRYs-mediated photo-regulation of MAC3A on antagonizing HY5 and positively controlling hypocotyl growth. In blue
light, accumulated HY5 proteins repress hypocotyl elongation by regulating gene expressions. Meanwhile, CRYs undergo LLPS to condense MAC3A into photobodies;
this concentrating mechanism facilitates MAC3A to compete with HY5 for DNA binding, thus attenuating the HY5 transcription-regulatory activity and positively con-
trolling hypocotyl growth.
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also exhibit short-hypocotyl phenotypes in the dark, red, and far-
red light (fig. S2A), and it is tempting to investigate whether
MAC3A/3B mediate the co-action of phytochromes and CRYs
under natural light conditions and the additional role of MAC3A/
3B in the darkness.

MATERIALS AND METHODS
Plant materials and growth conditions
All WT, mutants, and transgenic lines used in this study were Ara-
bidopsis thaliana Columbia (Col) accessions. cry1-304, cry1cry2,
mac3a3b (mac3a allele is SALK_089300; mac3b allele is
SALK_050811), pro35S::MAC3AMut1-GFP transgenic line,
pro35S::MAC3AMut2-GFP transgenic line, and hy5-215 are de-
scribed previously (22–24, 38, 39). To prepare transgenic lines over-
expressing 35S::F-MAC3A-GFP or 35S::F-MAC3B-GFP, constructs
were introduced into Col-4 and mac3a3b mutants through Agro-
bacterium-mediated floral dipping (40). Light-emitting diode was
used to obtain monochromatic blue light, and cool white fluores-
cent tubes were used as the source for the white light. To prepare
35S::F-MAC3A-GFP or 35S::F-MAC3B-GFP binary plasmid, the
coding sequence ofMAC3A orMAC3B, which were PCR amplified
from Arabidopsis complementary DNA (cDNA), was cloned into
Xma I–digested 35S::Flag-GFP vector through in-fusion reaction.
The primers used are listed in table S1.
All seeds were sterilized in 10% sodium hypochlorite solution

and washed five times with deionized water and then grown on
Murashige and Skoog medium (Sigma-Aldrich) supplemented
with 0.8% agar and 1.5% sucrose. Seedlings used for the experi-
ments in this study were grown either in the growth chamber
(model no. E7/2, Conviron) or in a greenhouse at 22°C with differ-
ent light regimes.

Protein expression and co-IP assays in HEK293T cells
Assays were performed as described previously (21). HEK293T cells
were routinely cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) fetal bovine serum, 100 IU penicillin,
and streptomycin (100 mg/liter) in humidified 5% (v/v) CO2 in the
air, at 37°C. The coding sequences of Arabidopsis CRY1, CRY2, and
MAC3A were subcloned into modified pEGFP-N1 vectors (Clon-
tech) resulting in genes fused with the DNA sequence encoding
the Myc or Flag-GFP epitope tags. The primers used are listed in
table S1. Cells transfected with different plasmid DNA were lysed
in 800 μl of 1% Brij buffer [1% Brij-35, 50 mM tris-HCl (pH 8.0),
150 mM NaCl, 1 mM EDTA, and 1× protease inhibitor cocktail]
rotating at 4°C for 20 min. Cell lysates were centrifuged at 16,000
relative centrifugal force (RCF) for 10 min at 4°C, and the superna-
tants were incubated with 20 μl of anti-FLAG M2 affinity gel
(Sigma-Aldrich) at 4°C for 2 hours with rotation. Beads were
washed with 1% Brij buffer five times. Proteins were competed
from the beads with 35 μl of 3× Flag peptide solution (200 ng/μl
in 1% Brij buffer) for 30 min at room temperature with mixing.
Elution was transferred to a new tube, mixed with 4× SDS sample
buffer, denatured at 100°C for 5 min, and subjected to Western blot
analysis. Primary antibodies used here were anti-Flag (1:1500;
Sigma-Aldrich), and anti-Myc (1:5000; Millipore) secondary anti-
bodies used were anti-mouse horseradish peroxidase (HRP) (1:
10,000; Thermo Fisher Scientific) and anti-rabbit HRP (1:10,000;
catalog no. 31460, Thermo Fisher Scientific).

co-IP assays in Arabidopsis plants
The 35S::F-MAC3A-GFP transgenic plants were grown in the
growth chamber for 6 days. The total proteins were extracted with
extraction buffer containing 150 mM NaCl, 10 mM tris-HCl (pH
7.5), 2 mM EDTA, 0.5% NP-40, and 1× protease inhibitor cocktail
(Roche). Then, the protein extracts were incubated with GFP-trap
resin at 4°C for 2 hours. Samples were washed five times with the
extraction buffer and competed from the beads with 35 μl of 3× Flag
peptide solution and then used for immunoblotting with anti-Flag,
anti-CRY1, and anti-CRY2 antibodies (41), respectively.

Confocal image acquisition and analysis
The microscopic pictures were acquired using the Zeiss LSM 780
confocal microscope equipped with a Plan-Apochromat 40×/1.40
oil differential interference contrast (DIC) M27 objective. To
observe CRY1 or CRY2 photobodies, the slide was put under a mi-
croscope, and a 488-nm laser (2% of the laser power) was used to
illuminate the samples for the blue light treatment. The images were
captured with the 488-nm laser turned off (as dark), and the re-
maining images were captured with the 488-nm laser on (2% of
laser power) as blue light. FRAP tests of photobodies were conduct-
ed as previously reported (2).

BiFC assay
BiFC assays in tobacco were performed as previously described (2)
with modifications. The coding sequences of Arabidopsis CRY1,
CRY2, CRY2-N489 (indicates 1 to 489 amino acids of CRY2
protein), CRY2-C490 (indicates the 490 to 612 amino acids of
CRY2 protein), MAC3A, MAC3A-N130 (indicates 1 to 131 amino
acids of MAC3A protein), and MAC3A-C131 (indicates 131 to 523
amino acids of MAC3A protein) were amplified for in-fusion into
restriction enzyme Xma I–digested 35S::nYFP or 35S::cYFP vectors.
The resulting vectors were introduced into Agrobacterium strain
AGL0, which were used for tobacco infiltration (18). Tobacco
leaves transformed with BiFC plasmids were incubated in the
dark for 24 hours before confocal microscopy. At least three inde-
pendent BiFC experiments were performed for each combination of
vectors tested.

Immunoblot assay
Total proteins of Arabidopsis seedlings were extracted using protein
extraction buffer [120 mM tris (pH 6.8), 100 mM EDTA, 4% (w/v)
SDS, 10% (v/v) β-mercaptoethanol, 5% (v/v) glycerol, and 0.05%
(w/v) bromophenol]. The total proteins were then separated on
10% SDS–polyacrylamide gel electrophoresis gels and subsequently
transferred to nitrocellulose membranes (Pall Life Sciences). Immu-
noblotting was performed using anti-Flag antibodies
(Sigma-Aldrich).

RNA extraction and qPCR assays
The seedlings grown in the dark and then treated with blue light
were harvested for total RNA extraction. cDNA was synthesized
from 1 μg of total RNA with oligo(dT) primers using the Super-
Script IV First-Strand Synthesis System (catalog no. 18091050, In-
vitrogen). qPCR was performed with gene-specific primers and
SYBR Green qPCR SuperMix-UDG (catalog no. 11733-038, Invi-
trogen) on the Mx3005P Real-Time PCR System (Stratagene).
The primer sequences are listed in table S1.
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Fluorescence-linked immunosorbent assay
The proteins (1 μM) were incubated with biotin-labeled DNA
probes (with different concentrations) in the reaction buffer con-
taining 20 mM tris-HCl (pH 7.4) at 25°C for 30 min, and then
the reaction mixtures were transferred to neutravidin-coated 96-
well plates and incubated for 30 min at 22°C. The plate was incubat-
ed with anti-GST or anti-His antibodies as primary antibodies, and
then the fluorescence-conjugated secondary antibody (Thermo
Fisher Scientific) was used for detection. The fluorescence signal
was measured as the binding activity. Reactions without the DNA
probe were used to measure the background signals.

Electrophoretic mobility shift assays
EMSA was performed using the LightShift Chemiluminescent
EMSA Kit (Thermo Fisher Scientific) with minor modifications.
Briefly, 1 μM purified protein was added to the binding reaction.
The binding reactions were kept at 25°C for 25 min in a thermal
cycler (Bio-Rad). The sequences of the complementary oligonucle-
otides used to generate the biotin-labeled and unlabeled DNA
probes are shown in table S1.

ChIP assays
Transgenic lines expressing MAC3A-GFP or GFP were used in par-
allel for ChIP-seq assays. About 2 to 4 g of plant materials was col-
lected and ground with liquid nitrogen. Nuclei isolation buffering
(50 mMHepes, 1 M sucrose, 5 mM KCl, 5 mMMgCl2, 0.6% Triton
X-100, 0.4 mM phenylmethylsulfonyl fluoride, and 5 mM benzami-
dine) containing 1% formaldehydewas used to fix the chromatin for
10 min. Freshly prepared glycine was used to terminate the cross-
reaction and sheared via Bioruptor Plus (Diagenode) and immuno-
precipitated with the antibody at 4°C overnight. Magnetic Protein A
and Protein G Dynabeads (Invitrogen) were added into the samples
and incubated at 4°C for 2 hours. The reverse cross-link was per-
formed at 65°C overnight. The protein-DNA mix was treated with
protease K (Invitrogen) at 45°C for 4 hours, and then the DNAwas
purified and precipitated with 3 M sodium acetate (Invitrogen),
GlycoBlue (Invitrogen), and ethanol at −20°C overnight. The pre-
cipitated DNA was used for qPCR using the primers listed in table
S1 or library preparation with an Ovation Ultra Low System V2 kit
(NuGEN) following the manufacturer’s instructions and sequenced
on Illumina NovaSeq.

ChIP-seq data analysis
ChIP-seq reads from this study and published previously (17) were
mapped to the TAIR10 reference genome with Bowtie2 (v2.1.0) and
allowed reads with one best hit and no mismatches (42). Duplicated
reads were removed by SAMtools. ChIP-seq peaks were called by
model-based analysis of ChIP-Seq (MACS2) (v2.1.1) and annotated
using ChIPseeker (43). Genes with binding peaks at −1000 to +100
bp of the TSS were defined as bound genes. The metaplots were
plotted by deeptools (v2.5.1) (44). Differentially bound peaks
between MAC3A and HY5 were identified by comparing peak
files with the merge Peaks function in Homer2, and peaks with a
distance of more than 500 bp were defined as differential peaks.
Motif enrichment analysis was performed with peak summit
extend up and down sequences of 50 bp.

Measurement of anthocyanin contents
The anthocyanin content was determined as described with minor
modifications (45). Twenty to 30 seedlings were soaked in the ex-
traction buffer (methanol:water:concentrated HCl = 80:20:1) with
gentle shaking in the dark. At the end of 24 hours, the extract was
read at 530 and 657 nm. Anthocyanin concentration was deter-
mined by the formula [A] = A530 − 1/3 × A657 and was given as
A/g fresh weight of leaf tissue.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Legends for tables S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S4
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