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CONSTANS, CONSTANS-LIKE, and TIMING OF CAB EXPRESSION1 (CCT) domain-containing proteins are a large family
unique to plants. They transcriptionally regulate photoperiodic flowering, circadian rhythms, vernalization, and other related
processes. Through their CCT domains, CONSTANS and HEADING DATE1 (HD1) coordinate with the NUCLEAR FACTOR Y
(NF-Y) B/C dimer to specifically target a conserved ‘CCACA’ motif within the promoters of their target genes. However, the
mechanism underlying DNA recognition by the CCT domain remains unclear. Here we determined the crystal structures of the
rice (Oryza sativa) NF-YB/YC dimer and the florigen gene Heading date 3a (Hd3a)-bound HD1CCT/NF-YB/YC trimer with
resolutions of 2.0 Å and 2.55 Å, respectively. The CCT domain of HD1 displays an elongated structure containing two
a-helices and two loops, tethering Hd3a to the NF-YB/YC dimer. Helix a2 and loop 2 are anchored into the minor groove of the
‘CCACA’ motif, which determines the specific base recognition. Our structures reveal the interaction mechanism among the
CCT domain, NF-YB/YC dimer, and the target DNA. These results not only provide insight into the network between the CCT
proteins and NF-Y subunits, but also offer potential approaches for improving productivity and global adaptability of crops by
manipulating florigen expression.

INTRODUCTION

Manyenvironmental cues, such as light, gravity, and temperature,
continually influence plant growth and development. A set of
CONSTANS (CO), CONSTANS-LIKE (COL), and TIMINGOF CAB
EXPRESSION1 (TOC1) or CCT domain-containing proteins, ex-
isting in awide rangeof floweringplants (Supplemental Figure 1A),
act as specific transcription factors and play crucial roles in in-
tegrating environmental signals and readjusting the reproduction
progress.Until now, theseproteinshavebeen found tobe involved
in processes related to measuring the photoperiod (Putterill et al.,
1995; Yano et al., 2000), setting the circadian rhythms (Nakamichi
et al., 2010; Para et al., 2007; Strayer et al., 2000), responding to
temperature (Yan et al., 2004), and other functioning. CCTdomain
is a conserved 41- to 43-amino acid region that was first found
in the Arabidopsis (Arabidopsis thaliana) proteins CO, COL,
and TOC1, thus this region is referred to as the CCT domain
(Supplemental Figure 1B; Strayer et al., 2000).

In the model long-day plant Arabidopsis, CO acts as a network
hub to integrate various external and internal signals into the
photoperiodic flowering pathway, triggering expression of the
florigen gene FLOWERING LOCUS T (FT) in leaves (Putterill et al.,
1995; Samach et al., 2000; Shim et al., 2017). Consequently, the
florigenmoves to the shoot apicalmeristem and forms a flowering
active complex to initiate reproductive phase transition (Liu et al.,
2012; Taoka et al., 2011; Zhu et al., 2016). The regulation of FT
expression by CO requires additional Nuclear Factor Y (NF-Y)
familymembers, suchasAtNF-YB2,AtNF-YB3,AtNF-YC3,AtNF-
YC4, and AtNF-YC9 (Ben-Naim et al., 2006; Cao et al., 2014;
Kumimoto et al., 2008, 2010; Wenkel et al., 2006). Through the
CCT domain, CO coordinates with these factors to bind the CO-
responsive DNA element (CORE, containing ‘CCACA’ motif)
within the promoter region to upregulate FT transcription
(Gnesutta et al., 2017a; Tiwari et al., 2010).
In the short-day plant rice (Oryza sativa), two main pathways

control photoperiodic flowering by regulating the expression of
two homologous florigen genes Hd3a and RFT1 (Komiya et al.,
2008; Tamaki et al., 2007). One is the HD1-Hd3a module: HD1
directly and positively regulates the expression ofHd3a, similar to
the Arabidopsis CO-FTmodule (Hayama et al., 2003). The other is
the GHD7-Ehd1-Hd3a/RFT1 module, which is unique to cereals.
Ehd1 promotes flowering independently from HD1 in both short
and long days (Doi et al., 2004). However, it is suppressed by
GHD7, which is expressed increasingly with lengthening days
(Xue et al., 2008). Thismodule enables flowering responses under
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various day-length conditions. Both HD1 (an ortholog of CO) and
GHD7 contain CCT domains. Furthermore, the CCT domain of
HD1 is able to interact with the B and C subunits of the NF-Y
complex, such as GHD8 (also named OsNF-YB11) and OsNF-
YC7, and in turn, the trimeric complex binds to a conserved re-
sponse element (OsCORE2, containing the ‘CCACA’motif) in the
Hd3a promoter (Du et al., 2017; Goretti et al., 2017).

CCT domain-containing proteins are divided into three families
according to their conserved N-terminal domain: the COL family,
the Pseudo-Response Regulator (PRR) family, and the CCTMotif
Family (CMF family; Supplemental Figure 1C; Cockram et al.,
2012). Members of the COL family, such as HD1 from rice andCO
from Arabidopsis, contain zinc finger B-box domain near their
amino-terminus and a CCT domain near their carboxy-terminus.
The PRR family members, which are represented by GHD7.1 in
rice (Yan et al., 2013), the circadian clock regulator TOC1 in
Arabidopsis (Strayer et al., 2000), SbPRR37 in sorghum (Sorghum
bicolor; Murphy et al., 2011), and PPD-H1 in barley (Hordeum
vulgare; Turner et al., 2005), are characterized by a pseudo-
receiver domain near their amino-terminus and a CCT domain
near their carboxy-terminus. CMFmembers, such asGHD7 in rice
(Xue et al., 2008) and ZCCT1 and ZCCT2 in wheat (Triticum
aestivum;Yanetal., 2004),possessasingleCCTdomain.Whether
and how CCT proteins from all three families interact with NF-YB
and NF-YC subunits is unknown. More importantly, the DNA
recognition mechanism of the CCT domain remains elusive.

The NF-Y complex is composed of NF-YA, NF-YB, and NF-YC
subunits. The latter two usually form heterodimers through their
conserved histone fold domain (HFD). NF-YA contains a con-
served ;56-amino acid domain, which is required for protein
interactionsandDNAbindingactivity (Petroni etal., 2012). TheNF-
Y complex transcriptionally regulates genes associated with cell
proliferation, immune responses, and other cellular processes
(Maity and de Crombrugghe, 1998; Mantovani, 1999). Through
the NF-YA subunit, the NF-Y complex specifically recognizes
a conserved ‘CCAAT’ DNA sequence, one of the sequence ele-
ments most frequently found in eukaryotic promoters (Bi et al.,
1997). Previous structural studies reported that NF-YB/YC in-
teracted with the DNA sugar-phosphate backbone, resembling
nucleosomeH2A/H2B-DNA assembly. NF-YA inserted ana-helix
and the followingGxGGRFmotifdeeply into theDNAminorgroove
to provide sequence-specific contacts to the core pentamer
nucleotide sequence (Huber et al., 2012; Nardini et al., 2013). In
plants, how NF-YB/YC dimer is associated with CCT domain-
containing proteins or NF-YA to recognize distinct DNA se-
quences remains largely unknown.

Here we biochemically reconstituted heterotrimers composed
of the CCT domain and the NF-YB and NF-YC subunits. Then we
determined the crystal structures of the rice NF-YB/YC dimer and
the DNA-boundHD1CCT/NF-YB/YC complex at 2.00 Å and 2.55 Å
resolution, respectively. HD1CCT displays an elongated structure
with twoa-helices and two loops, tetheringDNA to theNF-YB/YC
dimer. Helix a1 interacts with NF-YB/YC via electrostatic force.
Helix a2 and loop 2 are anchored into the minor groove of the
‘CCACA’ motif, and they are responsible for specific DNA rec-
ognition. These organizations ensure the synergistic DNA binding
activity between CCT domain and the NF-YB/YC dimer. There-
fore, our results improve our understanding of how CCT domain-

containing proteins and NF-Y subunits interact with DNA, as well
as their transcriptional roles in plant photoperiodic flowering.

RESULTS

CCT Domain-Containing Proteins from Three Families Can
Interact with the NF-YB/YC Dimer

Plants contain numerousCCTdomain-containing proteins, which
fall into the COL, CMF, and PRR families (Cockram et al., 2012)
represented in rice by HD1, GHD7, and GHD7.1, respectively
(Supplemental Figure 1A). The CCT domains of CO and HD1 can
form trimeric complexes with NF-YB/YC dimers (Gnesutta et al.,
2017a; Goretti et al., 2017). Our previous study reported that
GHD7 and GHD8 (also named OsNF-YB11) functioned syner-
gistically to cause no heading in rice (Zhang et al., 2015). We also
found that when Ghd7.1 was pyramided with Ghd8 in the
Zhenshan 97 background, the flowering was delayed by ;45 d,
which was more than the sum of the individual effects of Ghd7.1
15 d and Ghd8 9 d (Supplemental Figure 2). These findings
strongly indicated that bothGhd7 andGhd7.1 genetically interact
with Ghd8. We speculated that GHD7 and GHD7.1 might be able
to form heterotrimers with the OsNF-YB/YC dimer.
To assess whether the full-length HD1, GHD7, or GHD7.1 can

interact with GHD8/OsNF-YC dimer, we firstly conducted a lu-
ciferase complementation imaging (LCI) assay in Nicotiana ben-
thamiana. The OsNF-YC subfamily was found to contain 16
members (Supplemental Figure 3). After examining the combi-
nations of GHD8 and OsNF-YCs, we selected GHD8 and OsNF-
YC2 for subsequent experiments. CCT proteins (HD1, GHD7, and
GHD7.1) and GHD8were fused to the N- and C-terminal domains
of LUCIFERASE (NLUC and CLUC), respectively. OsNF-YC2was
cloned into the third vector pCAMBIA1301s. Co-transfections of
CCT-NLUC (HD1, GHD7, or GHD7.1), GHD8-CLUC, and OsNF-
YC2 resulted in theproduction of robust luciferase activities,while
other infiltrations lackinganyoneor twoproteinsbrought about no
or slight signals (Figure 1A). These results indicated that HD1,
GHD7, or GHD7.1 could be physically associated with GHD8 and
OsNF-YC2. Moreover, we performed pull-down assay via the
previously reportedmammalian cell system (Ma et al., 2020; Yang
et al., 2018). His-tagged CCT protein (HD1, GHD7, or GHD7.1),
Myc-tagged GHD8, and StrepII-tagged OsNF-YC2 were co-
transfected into the Expi293F cells. Both GHD8 and CCT pro-
tein were co-eluted with OsNF-YC2 from the StrepII beads, in-
dicating that HD1, GHD7, or GHD7.1 was able to interact with
GHD8 and OsNF-YC2 (Figure 1B). Deletion of the CCT domain
disrupted the above-mentioned interaction with the exception of
HD1,whoseNterminusalso interactedwithGHD8andOsNF-YC2
(Figure1B).These resultssuggested that theCCTdomainplaysan
important role in CCT/GHD8/OsNF-YC2 complex formation.
We further biochemically confirmed the interactions between

the CCT domain and the GHD8/OsNF-YC2 dimer using size ex-
clusion chromatography (SEC). We expressed maltose binding
protein (MBP)-tagged HD1CCT, GHD7CCT, and GHD7.1CCT and
analyzed their respective interactions with the co-expressed
GHD8/OsNF-YC2 dimer. The elution volume of the GHD8/
OsNF-YC2 dimer was ;15.9 mL. The elution volumes of MBP-
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tagged HD1CCT, GHD7CCT, and GHD7.1CCT were;14.7 mL, 14.4
mL, and 15.2 mL, respectively. Upon co-incubation with GHD8/
OsNF-YC2, HD1CCT, GHD7CCT andGHD7.1CCTwere co-eluted at
;13.5 mL, 13.3 mL, and 13.6 mL, respectively (Figure 2A). These
co-migrations suggested that the CCT domains form a trimeric
complex with NF-YB/YC. Taken together, all these results in-
dicated that CCT domain-containing proteins from three families
interact with NF-YB/YC.

CCT/NF-YB/YC Trimer Binds ‘CCACA’-Containing DNA
In Vitro

HD1CCT/GHD8/OsNF-YC7 was reported to specifically target
a ‘CCACA’ pentamer nucleotide sequence within the Hd3a pro-
moter (termed ‘OsCORE2’; Goretti et al., 2017). The CCT domain

possessed DNA binding activity (Ben-Naim et al., 2006). Based
on these findings, we further examined whether GHD7CCT/
GHD8/OsNF-YC2 and GHD7.1CCT/GHD8/OsNF-YC2 bound to
‘CCACA’-containing DNA by electrophoretic mobility shift assay
(EMSA). In the control group, either HD1CCT alone or the GHD8/
OsNF-YC2 dimer retained weak binding activity with the 23-bp
OsCORE2 probe, while the HD1CCT/GHD8/OsNF-YC2 complex
exhibited strongbindingactivity (Figure 2B),whichwasconsistent
with the previous study by Goretti et al. (2017). Similar to the
HD1CCT/GHD8/OsNF-YC2 complex, GHD7CCT/GHD8/OsNF-
YC2 and GHD7.1CCT/GHD8/OsNF-YC2 exhibited robust binding
activity with OsCORE2, whereas GHD7CCT or GHD7.1CCT alone
did not (Figure 2B). We further conducted isothermal titration
calorimetry (ITC) assays to quantify the DNA binding affinities
of these trimeric complexes. The HD1CCT/GHD8/OsNF-YC2,

Figure 1. CCT Domain-Containing Proteins from All Three Families Can Be Physically Associated with the GHD8/OsNF-YC2 Dimer.

(A) LCI assay shows the interactions among the full-length CCT domain-containing proteins, GHD8, and OsNF-YC2. For each representation, the
constructs used for each infiltration were listed at the left corresponding section. Fluorescence intensities represented their interaction activities. CCT
domain-containing proteins (HD1, GHD7, and GHD7.1) and GHD8 were fused to the N- and C-terminal domains of LUCIFERASE (NLUC and CLUC),
respectively. OsNF-YC2 was cloned into the third vector pCAMBIA1301s. Co-transfections of CCT-NLUC (HD1, GHD7, or GHD7.1), GHD8-CLUC, and
OsNF-YC2 could produce robust luciferase activities, while other infiltrations lacking one or two proteins brought about no or slight signals.
(B)Pull-downassayshowed the interactionsamong the full-lengthCCTdomain-containingproteins,GHD8, andOsNF-YC2.His-taggedCCTprotein (HD1,
GHD7, or GHD7.1), Myc-tagged GHD8, and StrepII-tagged OsNF-YC2 were co-transfected into Expi293F cells. The supernatant from lysed cells was
loaded onto StrepII beads. Both GHD8 and CCT proteins were co-eluted with OsNF-YC2. The proteins were detected by immunoblot with antibodies
against StrepII, His, and Myc. DCCT indicated deletion of CCT domain.

DNA Recognition Mechanism of CCT/NF-YB/YC Complex 3471



Figure 2. CCT/GHD8/OsNF-YC2 Complex Containing HD1CCT, GHD7CCT, or GHD7.1CCT Can Bind DNA Probe Containing ‘CCACA’ Motif.

(A)SECanalysis shows the interactionbetween theGHD8/OsNF-YC2dimer andHD1CCT,GHD7CCT, orGHD7.1CCT. The sameeluted fractions of eachSEC
injection were subjected to SDS-PAGE followed by Coomassie blue staining. CCT domains were fused with an MBP tag at the N terminus. The x axis
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GHD7CCT/GHD8/OsNF-YC2, and GHD7.1CCT/GHD8/OsNF-YC2
were bound to the OsCORE2 probe with dissociation constants
of ;267 nM, 293 nM, and 741 nM, respectively (Figure 2C;
Supplemental Table 1). Taken together, these results suggested
that all the three CCT/GHD8/OsNF-YC2 complexes could bind to
DNA containing the ‘CCACA’ motif.

Overall Structure of the DNA-Bound HD1CCT/GHD8/
OsNF-YC2 Complex

Toelucidate themechanismbywhich theCCTdomainandtheNF-
YB/YC dimer function synergistically in DNA binding and the
mechanismof thespecificDNA recognitionof theCCT/NF-YB/YC
complex, wemade a series of attempts to determine the structure
of the DNA-bound trimeric complex. Finally, we determined the
crystal structures of theGHD8/OsNF-YC2dimer (GHD8, residues
54 to147, andOsNF-YC2, residues55 to156) and theDNA-bound
HD1CCT/GHD8/OsNF-YC2 complex (HD1, residues 323 to 387;
GHD8, residues 54 to 147; and OsNF-YC2, residues 55 to 156;
Figure 3; Table 1; Supplemental Figure 4A).

The GHD8/OsNF-YC2 dimer was refined to a resolution of 2.00
Å in space-group P61 (Table 1; Supplemental Figure 4A). Both
GHD8 and OsNF-YC2 exhibit similar tertiary structures and in-
clude four helices. The first three helices display a classical
histone-like fold with two short helices, helix a1 and helix a3,
perpendicular to the longhelixa2 (SupplementalFigure4B).GHD8
and OsNF-YC2 assemble in a head-to-tail fashion and mimic the
histonedimerH2A/H2B (PDB:1AOI;Lugeretal., 1997), humanNF-
YB/YC (PDB:1N1J; Romier et al., 2003), andAtL1L/NF-YC3 (PDB:
5G49; Gnesutta et al., 2017b), where the root mean square de-
viation (RMSD) values were 4.17 Å, 1.12 Å, and 0.95 Å, re-
spectively, correspondingly covering 160, 160, and160Ca atoms
(Supplemental Figure 4C).

The structure of the DNA-bound HD1CCT/GHD8/OsNF-YC2
complex was refined to a resolution of 2.55 Å in space-group P31

21, with one quaternary complex per asymmetric unit (Figure 3B;
Table 1). The DNA probe is a 23-bp OsCORE2 sequence from the
Hd3a promoter. GHD8/OsNF-YC2 constitute a compact scaffold
providing a negatively charged surface for HD1CCT binding and
a positively charged patch for DNA binding (Figure 3C). Super-
imposition of the GHD8/OsNF-YC2 dimer onto the DNA-bound
HD1CCT/GHD8/OsNF-YC2 complex (RMSD 1.21 Å, >160 Ca
atoms) reveals that loop 1 (L1) of OsNF-YC2 exhibits a slight
conformational change upon HD1CCT binding (Supplemental
Figure 5A). In contrast to ideal B-DNA, the OsCORE2 DNA wraps
around GHD8/OsNF-YC2, which is reminiscent of nucleosomes
(Supplemental Figures 5B and 5C; Luger et al., 1997).

HD1CCT displays an elongated structure containing two
a-helices and two loops, and tethers DNA to the GHD8/OsNF-

YC2dimer. Helixa1 (residues 335 to 351) and loop1 (residues 352
to 360) are together designated as the protein interaction element
(PIE), and they interact with the GHD8/OsNF-YC2 dimer. Helix a2
(residues 361 to 369) and loop 2 (residues 370 to 379), together
referred to as the DNA recognition element (DRE), are anchored
into theminor grooveof the ‘CCACA’box (Figures 3Band4A). The
DRE widens the minor groove to 12.7 Å (P-P distance # 18.5 Å),
which is contrast to the#8.7 Å (P-P distance# 14.5 Å) groove in
nucleosomal DNA (Supplemental Figure 5C). These interactions

Figure 2. (continued).

indicates the elution volume, and the y axis indicates the protein’s absorption at 280 nm. The peaks of GHD8/OsNF-YC2, MBP-tagged CCT domain, and
CCT/GHD8/OsNF-YC2 complex are colored red, orange, and green, respectively.
(B)EMSAanalysis show that theCCT/GHD8/OsNF-YC2 complex containingHD1CCT, GHD7CCT, andGHD7.1CCT can bind toDNAcontaining the ‘CCACA’
motif. TheDNAcomes from theHd3apromoter (namedOsCORE2) andwas labeled byFAMat the 59end. The final protein concentrations in each set of four
lanes (lanes 2 to 5, 6 to 9, 10 to 13, 14 to 17, 18 to 21, 22 to 25, and 26 to 29) were 0.25, 0.50, 1.00, and 2.00 mM, respectively.
(C) ITC analysis of the interaction between DNA and the CCT/GHD8/OsNF-YC2 complex containing HD1CCT, GHD7CCT, or GHD7.1CCT.

Figure 3. Overall Structure of the DNA-Bound HD1CCT/GHD8/OsNF-YC2
Complex.

(A)DomainarchitecturesofHD1,GHD8, andOsNF-YC2.Thedottedboxes
indicate the protein boundaries used for structural determination.
(B) Crystal structure of the DNA-bound HD1CCT/GHD8/OsNF-YC2 het-
erotrimer. Thekeysecondarystructureelementsof theHD1CCTare labeled.
HD1CCT, GHD8, and OsNF-YC2 are colored green, slate, and salmon,
respectively. TheDNAOsCORE2 iscoloredgraywith ‘CCACA’nucleotides
highlighted in yellow. Two perpendicular views are presented. All structure
figures were prepared with the tool PyMOL.
(C) Electrostatic surface of the GHD8/OsNF-YC2 dimer. Blue, white, and
red colors represent positive, neutral, and negative surfaces, respectively.
The negative interface of the dimeric GHD8/OsNF-YC2 matches the polar
residues in helix a1 of HD1CCT, whereas the positive interface perfectly
matches the DNA. The relevant CCT region is shown as cartoon (main
chain) and stick (side chains) representations. DNA is shownasgray sticks.
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resulted in a strong DNA binding activity of the HD1CCT/GHD8/
OsNF-YC2 complex.

The Interactions between HD1CCT and GHD8/
OsNF-YC2 Dimer

The PIE region of HD1CCT, which possesses polar and positively
charged residues, primarily interacts with the GHD8/OsNF-YC2
dimer by forming a series of hydrogen bonds (H-bonds). R338 of
HD1CCT forms two H-bonds with the main chain carbonyl oxygen
atoms of L129 (GHD8) and D136 (OsNF-YC2). In addition, R341,
R344, Y345, and R352 donate H-bonds to the carboxylate side
chains of E104, D107, and E96 of GHD8. R346, K348, K353, and
Y360 form H-bonds with F140, D82, A81, and R86 of OsNF-YC2,
respectively. R359 forms three H-bonds with the main chains of
E83 and V85 of OsNF-YC2 (Figure 4B). The importance of these
residues on protein interaction is supported by mutational

analysis. The SEC assay showed that HD1CCT failed to comigrate
forward with GHD8/OsNF-YC2 when R338 or Y345 was
substituted with Ala, indicating the abrogation of HD1CCT/GHD8/
OsNF-YC2 trimer formation (Figure 4C). Althoughothermutations
in the PIE region had little or slight effect on complex formation
(Supplemental Figure 6), these results suggested that R338 and
Y345 made important contributions to trimer formation.

The Interactions between HD1CCT and Target DNA

For describing the protein–DNA contacts clearly, the bases of the
‘CCACA’motif are consecutively numbered from 1 at the 59 end,
and theupstreambasesof the ‘CCACA’boxareassignednegative
numbers. The bases of the complementary strand are numbered
with a prime symbol according to their binding partner, so base 19
pairswithbase1 (Figure5A).The interactionsbetween theHD1CCT

domain and DNA are grouped into three categories. The first

Table 1. Data Collection and Refinement Statistics

Parameter DNA-bound HD1CCT/GHD8/OsNF-YC2 GHD8/OsNF-YC2

Space group P 31 2 1 P 61
Cell dimensions
a, b, c (Å) 136.08, 136.08, 62.96 89.27, 89.27, 81.34
a, b, g (°) 90, 90, 120 90, 90, 120
Wavelength (Å) 0.97914 0.97946
Resolution (Å) 45 ;2.55 (2.66;2.55) 45;2.00 (2.05;2.00)
Rmerge (%) 9.0 (80.0) 8.2 (58.0)
Rpim (%) 2.9 (26.7) 2.6 (18.1)
I/s 14.8 (2.4) 21.2(5.3)
Completeness (%) 99.5 (99.2) 99.7 (98.0)
Number of measured reflections 217, 423 (24,970) 270, 613 (19,817)
Number of unique reflections 22, 041 (2,658) 25, 020 (1,825)
Redundancy 9.9 (9.4) 10.8 (10.9)
Wilson B factor (Å2) 45.5 22.3
Rwork/Rfree (%) 19.95/22.58 17.06/21.46
Number of atoms
Protein 1,708 2,737
Main chain 840 1,356
Side chain 868 1,381
Water molecules 16 168
Other entities (DNA) 1,025 0
All atoms 2,749 2,905
Average B value (Å2)
Protein 67.9 36.7
Main chain 64.6 31.9
Side chain 71.1 41.5
Water molecules 63.0 46.3
Other entities (DNA) 77.7 0
All atoms 71.5 37.3
Root mean square deviations
Bonds (Å) 0.010 0.007
Angle (°) 1.094 0.853
Ramachandran plot statistics (%)
Most favorable 96.1 98.5
Additionally allowed 3.9 1.5
Generously allowed 0 0

Values in parentheses are for the highest resolution shell. Rmerge 5 ShSijIh,i-Ihj/ShSiIh,i, where Ih is the mean intensity of the i observations of
symmetry-related reflections of h. R 5 SjFobs 2 Fcalcj/SFobs, where Fcalc is the calculated protein structure factor from the atomic model (Rfree

was calculated with 5% of the reflections selected).
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Figure 4. Detailed Interactions between the Protein Interaction Element of HD1CCT and GHD8/OsNF-YC2 Dimer.

(A)HD1CCT sequence and the key residues interacting with the GHD8/OsNF-YC2 dimer and DNA. HD1CCT consists of two elements: the PIE and the DRE.
The magenta dots indicate the residues involved in protein interactions, and the blue dots indicate the residues interacting with DNA.
(B) Zoom-in of HD1CCT residues interacting with GHD8/OsNF-YC2 dimer. HD1CCT, GHD8, and OsNF-YC2 are colored green, slate, and salmon,
respectively.
(C) SEC analysis of the interaction between the mutated HD1CCT (R338A or Y345A) and GHD8/OsNF-YC2 dimer. The same eluted fractions of each SEC
injection are subjected to SDS-PAGE followed byCoomassie blue staining. CCTdomains are fusedwith anMBP tag at the N terminus. The x axis indicates
theelutionvolume,and theyaxis indicates theprotein’sabsorptionat280nm.Thepeakof theMBP-taggedHD1CCT (R338AorY345A) iscoloredorange,and
the peak of incubation product of MBP-tagged HD1CCT (R338A or Y345A) and GHD8/OsNF-YC2 is colored green. Mutated HD1CCT failed to comigrate
forward with GHD8/OsNF-YC2, indicating the abrogation of HD1CCT/GHD8/OsNF-YC2 trimer formation.
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category includes the nonspecific interactions between residues
and theDNAbackbone, suchas the interactionbetweenR376and
the Cyt 1 pentose ring (Figure 5B, bottom left). The second cat-
egory includes the interactions between themain chains of amino
acids and the DNAbases. Themain chain carbonyl oxygen atoms
of K374andG375 acceptH-bonds fromGua19N2andGua29N2,
respectively (Figure 5B, middle right and bottom right). The main
chain amino group of F377 donates a H-bond to Cyt 2 O2 (Fig-
ure 5B, bottom right). The third category refers to the interactions

between the side chainsof aminoacids and theDNAbases,which
determine thespecificDNA recognition. Theguanidiniumgroupof
R363 donates H-bonds to Thy 59O2 atom and the Gua 49N3 and
O29atoms (Figure5B, top left). TheR370guanidiniumgroup forms
H-bonds with Cyt 4 O2 and O29 atoms (Figure 5B, top right). The
R372 guanidinium group forms H-bonds with the N3, O29 atoms,
and phosphate groups of Gua 29 and with the O29 atom and
phosphate groups of Gua 19 (Figure 5B, middle left). Except for
these H-bond networks, stacking interactions among the F377

Figure 5. Structural Basis of Specific DNA Recognition by the HD1CCT/GHD8/OsNF-YC2 Complex.

(A) Schematic illustration of protein–DNA interactions. Amino acids of HD1CCT, GHD8, and OsNF-YC2 are colored green, slate, and salmon, respectively.
Dashed lines indicate H-bonds and salt bridges. The ‘CCACA’ motif is shaded in yellow.
(B) Specific recognition of the ‘CCACA’motif by HD1CCT residues. The main chain of amino acids is shown as cartoons and the side chains are shown as
sticks and colored green. Bases are shownas sticks and colored according to atom type (carbon, yellow; oxygen, red; nitrogen, blue; phosphorus, orange).
Amino acids and nucleotides are labeled in black and red letters, respectively. All structure figures were prepared with the tool PyMOL.
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phenyl group, Cyt 2, and Ade 3, also play important roles in the
DNA recognition (Figure 5B, bottom right).

Residue substitutions in the DRE had no effect on the hetero-
trimer formation (Supplemental Figure 7). The importance of these
residues in DNA recognition was validated bymutational analysis.
R363A,R372A,orF377Amutation inHD1CCT led toasevere lossof
DNA binding activity of the HD1CCT/GHD8/OsNF-YC2 complex
(Figure 6A). Compared with that of the wild type, the dissociation
constants of mutant HD1CCT/GHD8/OsNF-YC2 containing
HD1CCT(R363A), HD1CCT(R372A), andHD1CCT(F377A) were 1325, 5682,
and 5319 nM, indicating that their DNA binding affinity declined
;5-, 20-, and 20-fold, respectively (Figure 6B; Supplemental Ta-
ble 2). By contrast, other mutations, such as R370A, K374A, and
R376A, had moderate effect on DNA binding activity (Figure 6).
Taken together, these results suggested that R363, R372, and
F377 play important roles in specific DNA recognition.

Structural Comparison between HD1CCT/GHD8/OsNF-YC2
and Human NF-Y Complex

NF-YB/YCdimerandNF-YAassemble theNF-Ycomplex to target
a conserved ‘CCAAT’ DNA motif in eukaryotes. The HD1CCT

/GHD8/OsNF-YC2 andNF-Y complexes share the similar NF-YB/
YC dimer. After superposition of the DNA-bound HD1CCT/GHD8/
OsNF-YC2 complex onto the DNA-bound human NF-Y complex
(PDB:4AWL; Nardini et al., 2013), a notable difference in con-
formations was observed between HD1CCT and HsNF-YA, es-
pecially in the PIE region (helix a1 and loop 1). Both helix a1 and
loop 1 of HD1CCT are shorter than those of HsNF-YA (Figure 7A).
HD1CCT loop 1 and HsNF-YA loop 1 exhibit different con-
formations. HD1CCT loop 1 points to theN terminus ofOsNF-YC2,
while HsNF-YA loop 1 is located at the N terminus of HsNF-YB
(Figure 7B, middle). In the HD1CCT loop1, the side chain of R352
interacts with the side chain of E96 (GHD8). The amino group of
K353 main chain donates a H-bond to the main chain carbonyl
oxygen atoms of A81 (OsNF-YC2). The side chain of R359 is
H-bonding to the main chain carbonyl oxygen atoms of E83 and
V85 (OsNF-YC2). The side chain of Y360 accepts a H-bond from
R86 (OsNF-YC2). E355 forms an internal H-bond with T357
through their main chains.

In addition to these protein–protein interactions, K356, R359,
and Y360 form salt bridges with the phosphate backbone of DNA
(Figure7B, left). Incontrast,onlyone residue in theHsNF-YAloop1,
R266, forms a hydrogen-bond network with the N-terminal resi-
duesE52,E82,Q85,andE86ofHsNF-YB.L270andH271 formsalt
bridges with the phosphate backbone of DNA. The two internal
interactionpairs, namely,K264andE257, andY269andE272, also
contribute to theconformationofHsNF-YAloop1 (Figure7B, right).

Although the conformation of the DRE region of HD1CCT and
that of theHsNF-YAare similar (Figure 7C), the sidechainsof three
residues involved in coordinating bases in this region are oriented
differently (Figure7D).R363ofHD1CCT formsH-bondswithGua49
and Thy 59 via the side chains. However, the corresponding amino
acid of HsNF-YA, R274, interacts with Cyt 6, offering the flanking
sequence selectivity of the ‘CCAAT’ motif (Figure 7D, left zoom-
in). This structural observation is consistentwith the recent finding
that NF-Y complex mainly targets the ‘CCAATC’ sequence (Kim
etal., 2020).Y366ofHD1CCTcontacts thephosphategroupofAde

5 and Gua 6 without base selectivity, whereas the corresponding
H277 of HsNF-YA specifically interacts with N3 atom of Ade 4
(Figure 7D,middle zoom-in). R370 of HD1CCT formsH-bondswith
Cyt 4, while the corresponding R281 of HsNF-YA interacts with
Ade 3 (Figure 7D, right zoom-in). Furthermore, several residues,
such asR372,K374,G375,R376, andF377 fromHD1CCT, interact
with DNA, as the corresponding R283, G286, G287, R288, and
F289 from HsNF-YA do (Supplemental Figure 8). Sequence
alignment shows that most residues in DRE involved in DNA
targeting are highly conserved between the CCT domain and the
NF-YA, but the residues in loop 1 are less conserved (Figure 7A).
Thus,we suggested that the conformation of the loop1ofHD1CCT

differed from that of HsNF-YA, and these differences made their
DREsdirect tooppositedirections, resulting in theirdivergentDNA
recognition.

DISCUSSION

Previously, due to lack in the structural informationof theCCT/NF-
YB/YC complex, Gnesutta et al. (2017a) proposed a DNA rec-
ognition model of the CCT/NF-YB/YC complex based on the
structure of the DNA-bound human NF-Y complex. It was as-
sumed that both R340 and G343 in CO (corresponding to R372
and G375 in HD1, respectively) could recognize Gua 29, and that
F345 inCO (corresponding to F377 inHD1) could interactwithCyt
2 and Ade 3 by base stacking. These were consistent with our
observation in the HD1CCT/GHD8/OsNF-YC2 structure. We also
observed that some other residues were involved in the DNA
recognition. For example, R363 was found to interact with Gua 49
and Thy 59, and R370 with Cyt 4 (Figure 5B, top-left represen-
tation). More importantly, the crystal structure revealed that dis-
tinct conformations of loop 1 in HD1CCT and HsNF-YA caused
their DREs to point to opposite directions, which determined their
DNA recognition specificity to some extent (Figure 7C).
Post-translational modifications within or near CCT domains

might influence trimer complex assembly and/or DNA binding
activity. Sarid-Krebs et al., (2015) reported that theCCTdomain of
CO could be phosphorylated, and used the NetPhos 2.0 server
(http://www.cbs.dtu.dk/services/NetPhos/) to predict four resi-
dues in the CCT domain most likely to be phosphorylated. HD1
could be phosphorylated by OsK4-HDR1 complex (Sun et al.,
2016). In our structure, we found that HD1CCT mainly interacted
with GHD8/OsNF-YC2 through the polar and positively charged
residues (Figure 3C). Thus, phosphorylation could change pro-
teins’ surface charge to possibly weaken these interactions.
Usually, the Val–Pro (VP) motifs were targets of the RING-type E3
ligase (Datta et al., 2006;Holmet al., 2001, 2002; Janget al., 2005).
In aubiquitin-dependentmanner,COP1couldbind to theVPmotif
of CO to switch on the degradation of CO (Jang et al., 2008; Lau
et al., 2019; Liu et al., 2008).Due to theVPmotifs ofCObeingclose
to theDREofCOCCT (residues, 329 to 347),we speculated that the
binding of E3 ligase might impair the DNA binding activity of the
CO/NF-YB/YC complex.
The photoperiodic flowering pathway comprises light input, the

circadian clock, and output (Shim et al., 2017). Governed by the
circadian clock, the innate photoperiodic timing mechanism in-
tegrates light information to trigger flowering gene expression
(Shim et al., 2017). In Arabidopsis, some core components of
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circadian clock are CCT proteins, such as TOC1, AtPRR3,
AtPRR5, AtPRR7, and AtPRR9 (Nakamichi et al., 2005, 2010;
Nohales and Kay, 2016; Para et al., 2007; Strayer et al., 2000).
Previous yeast-two-hybrid assay showed that TOC1 could in-
teract with the NF-YC subunit (Cao et al., 2011). We found that

AtPRRscouldbephysically associatedwithAtNF-YB2/YC3dimer
through theCCTdomain by LCI assay inN. benthamiana andpull-
down assay in mammalian cells (Supplemental Figure 9). Fur-
thermore, we expressed and purified the MBP-tagged CCT do-
mains of these five AtPRRs. SEC assay showed that the CCT

Figure 6. The DNA Binding Activity of the Mutated HD1CCT/GHD8/OsNF-YC2 Complexes Were Measured by EMSA and ITC Assay.

(A) EMSA analysis of the interaction between DNA and HD1CCT/GHD8/OsNF-YC2 complex containing mutated HD1CCT (R363A, R370A, R372A, K374A,
R376A, or F377A). All the mutated residues are located in the DRE region of HD1CCT. Protein was added with increasing final concentrations of 0.25, 0.50,
1.00, and 2.00 mM in each set of four lanes (lanes 2 to 5, 6 to 9, 10 to 13, 14 to 17, 18 to 21, 22 to 25, and 26 to 29).
(B) ITCanalysis of the interactionbetweenDNAand themutatedHD1CCT/GHD8/OsNF-YC2. TheDNAsequenceused for EMSAand ITC is 59-CTCACTCTC
AACCACAGCTCGAT-3, similar to that in Figure 2B.
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Figure 7. Structural Comparison of DNA-Bound HD1CCT/GHD8/OsNF-YC2 and Human NF-Y Complex.

(A)Sequence alignment ofCCTdomain andDNAbinding domain ofNF-YA.CCTdomains come fromHD1 (O. sativa, LOC_Os06g16370), CO (Arabidopsis,
At5g15840), EgCOL2 (Eucalyptus grandis, XP_010029446.1), CrCO (Chlamydomonas reinhardtii, Cre06.g278159), and PpCOL1 (Physcomitrella patens,
XP_001783619.1). NF-YA proteins are from OsNF-YA7 (O. sativa, XP_015631822.1), HsNF-YA (Homo sapiens, NP_002496.1), CeNF-YA (Caenorhabditis
elegans, NP_509999.1), HAP2 (Saccharomyces cerevisiae, NP_011277.1), and DmNF-YA (Drosophila melanogaster, NP_648313.1). The alignment was
performedby theClustal Omegawebsite service (https://www.ebi.ac.uk/Tools/msa/clustalo/). Secondary structural elements are shownabove. Sequence
identity is indicated in white letters against a red background, and sequence similarity is shown in red letters. Loop 1 was highlighted by gray background.
(B)Structural comparison of DNA-boundHD1CCT/GHD8/OsNF-YC2 and humanNF-Y complex (PDB:4AWL). Middle representation: overall superposition
of DNA-bound HD1CCT/GHD8/OsNF-YC2 and human NF-Y complex (PDB:4AWL). HD1CCT and HsNF-YA are shown as cartoons and colored green and
magenta, respectively. NF-YB/YC are shown as surface representation. GHD8 and HsNF-YB are colored in slate. OsNF-YC2 and HsNF-YC are colored in
salmon. Both DNAs are shown as cartoon representation and are respectively colored wheat and gray. Left inset exhibits the enlarged image showing the
detailed interactions between HD1CCT loop 1 andGHD8/OsNF-YC2. Right inset displays the enlarged image showing the detailed interactions between of
HsNF-YA loop1 and HsNF-YB/YC.
(C) Superposition of the DREs of HD1CCT and HsNF-YA. HD1CCT and HsNF-YA are colored in green and magenta, respectively.
(D)Comparison of the side chains of residues interacting with DNA in HD1CCT andHsNF-YA. Partial DNA sequences recognized by HD1CCT andHsNF-YA
are listedat left. TheDNAbasesareconsecutivelynumbered from1at the59end, andDNAbaseson thecomplementary chain arenumberedaccording to its
partner startingwith 19. The coremotifs ‘CCACA’ and ‘CCAAT’ are colored red and the flanking bases are colored black. Top representation shows zoom-in
of residuesofHD1CCT, andbottomrepresentationshowszoom-inof residuesofHsNF-YA. In thezoom-in images, aminoacidsare indicatedasblack regular
letters followedby thenumbers indicating theirpositions.TheDNAbasesare indicated ingray italic letters followedby thenumbers indicating theirpositions.
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domains could form a trimer with AtNF-YB2/YC3 (Supplemental
Figure 10). Previous ChIP analyses revealed that four AtPRRs
(TOC1, AtPRR5, AtPRR7, and AtPRR9) could target the promoter
of the LATE ELONGATED HYPOCOTYL (LHY) gene (Gendron
et al., 2012; Huang et al., 2012; Liu et al., 2013, 2016; Nakamichi
et al., 2012). Then we examined the DNA binding activity of these
trimeric complexes by ITC assay. We selected a DNA sequence
containing ‘CCACA’motif within the LHY promoter. As expected,
these four AtPRR/AtNF-YB2/YC3 complexes bound to DNA with
the dissociation constants ; 1.0 to 1.5 mM, while the trimer
containing AtPRR3 did not bind (Supplemental Figure 11;
Supplemental Table 1). This result was consistent to our structure
observation. In HD1, R372 played a key role in the DNA co-
ordination (Figures 5B and 6). Sequence alignment showed that
the residue of AtPRR3 corresponding to R372 of HD1CCT is H503
(Supplemental Figure1B),whichmight be the reason for the failure
of AtPRR3 in DNA binding. Moreover, R376 of HD1CCT interacts
with the phosphate backbone of DNA (Figure 5B), while the
corresponding residue of AtPRR is Gln. These amino acids var-
iations may result in the lower DNA binding affinity of AtPRR/NF-
YB/YC complex. Taken together, these results suggested that
CCT proteins might interact with NF-YB/YC dimer to regulate the
plant circadian clock to some degree. However, this needs to be
further investigated in vivo.

In addition to previously reported CO and HD1 (COL family),
hereweconfirmed thatbothGHD7 (CMF family) andGHD7.1 (PRR
family) also could form heterotrimers with NF-YB/YC (Figures 1
and2A). This indicated thatCCTdomain-containing proteins from
three families could form trimers with NF-YB/YC. More than 40
CCT domain-containing proteins were reported in rice and similar
numbers were reported in other angiosperms (Cockram et al.,
2012). Meanwhile, each NF-Y subfamily had 8 to 16 members
in plants (Supplemental Figure 3; Laloum et al., 2013; Petroni
et al., 2012). Therefore, the interactions between CCT domain-
containing proteins and NF-YB/YCs would generate a large
number of trimer combinations to target numerous genes. Some
studies of the target sequences of CCT domain-containing pro-
teins have identified a common ‘CCACA’ motif with slightly di-
vergent sequences (Gendron et al., 2012; Gnesutta et al., 2017a,
2018;Goretti et al., 2017;Huang et al., 2012; Liu et al., 2013, 2016;
Nakamichi et al., 2012; Nemoto et al., 2016). We speculated that
the other domains of the CCT domain-containing proteins might
contribute to DNA recognition. Despite this, it was necessary to
elaborate target genes and transcriptional regulatory network of
distinct CCT/NF-YB/YC complexes so as to deeply understand
the functions of CCT family members.

Our previous studies showed that although both GHD7 and
GHD7.1 could delay flowering time and increase plant height and
grain yield, GHD7 exhibited larger effects than GHD7.1. In long-
dayconditions,bothof themwerehighlyexpressed in leaves in the
morning to inhibit the expression of the florigen gene Hd3a (Xue
et al., 2008; Yan et al., 2013). In this study, our results showed that
both GHD7 and GHD7.1 could form trimers with GHD8/OsNF-
YC2 to bind theHd3a promoter (Figure 2). The ITC assay revealed
that the DNA binding affinity of GHD7CCT/OsNF-YB/YC complex
was three times as high as that of the GHD7.1CCT/OsNF-YB/YC
complex with the dissociation constants of 293 nM and 741 nM,
respectively (Figure 2C). Taken together, these results suggested

that the effects on multiple traits of GHD7 and GHD7.1 were
positively correlated to their DNA binding activity.
It is important to elucidate the molecular mechanism of

photoperiod-dependent flowering for modifying agricultural
crops. Our crystal structure of the DNA-bound HD1CCT/GHD8/
OsNF-YC2 revealed the details of the interaction among DNA,
CCT domains, and OsNF-YB/YC (Figures 3, 4, and 5). We iden-
tified the conserved R338 and Y345 located in helix a1 of HD1CCT

as essential residues for trimeric complex formation. R363, R372,
and R377 positioned at the DRE of HD1CCT were identified as key
residues for DNA recognition. Our resultswere consistentwith the
previous findings of functional defects in some natural variants,
suchasco-7 (Robsonetal., 2001) and zcct1 (Distelfeldet al., 2009;
Yan et al., 2004), in which the conserved Arg (corresponding to
R372 HD1CCT) was replaced with Gln and Trp, respectively
(Supplemental Figure 12). Additionally, we identified some resi-
dues moderately involved in trimer formation or DNA binding,
whichprovided thepossibility tocreatevariousalleleswithdesired
heading date by mutating these residues. Taken together, the
structural information potentially makes it rational to manipulate
flowering time in rice andother cropsandaccelerate themolecular
breeding of new varieties adapted to wider areas.

METHODS

Plant Materials and Growth Conditions

A rice (Oryza sativa) near isogenic line NIL-F2 population was generated
based on NIL-Ghd7.1TQ and NIL-Ghd89311 against the ZhenShan97
background (Yan et al., 2011, 2013) and was grown in natural field con-
ditions during normal rice growing seasons at Huazhong Agricultural
University, Wuhan, China in 2012.

Nicotiana benthamiana plants were grown in the greenhouse at 25°C
under a 12 h light/dark cycle.

Phylogenetic Analysis

Reported CCT domain containing genes from Arabidopsis thaliana, O.
sativa, Zea mays, Sorghum bicolor, Triticum aestivum, and Hordeum
vulgarewere aligned using the tool ClustalX2 (Larkin et al., 2007). UPGMA
tree was constructed with full-length amino acid sequences with the
softwareMEGA6 (Tamura et al., 2013). Thesequencealignment file and the
tree file are provided in Supplemental Files 1 and 2. Bootstrap percentages
at thebranchpointswere estimated from1,000bootstrap replications. The
evolutionary distances were computed using the Poisson correction
method and the units are the number of amino acid substitutions per site.

Protein Expression and Purification

HD1, GHD8, and OsNF-YC2 were codon-optimized and synthesized by
Qinglan Biotech. OsNF-YC2 (residues 55 to 156) was cloned into the
pET15b vector (Novagen) with anN-terminal 63His tag and an engineered
cleavage site for the caspasedrICE (pET15b-D).GHD8 (residues 54 to 147)
was cloned into the pBB75 vector without any tag. GHD8 and OsNF-YC2
were produced by co-expression in Escherichia coli BL21 (DE3). HD1CCT

(residues 323 to 387) was cloned into the engineered pET15b-D vector
(Novagen), preceded by an N-terminal maltose-binding protein (MBP).
Between HD1CCT and MBP was a PreScission Protease site. HD1CCT was
expressed in E. coli BL21(DE3) individually.

One liter of LB medium was supplemented with the corresponding
antibiotics (100 mg mL21 of ampicillin and 50 mg mL21 of kanamycin for
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GHD8/OsNF-YC2 dimer; 100 mg mL21 of ampicillin for HD1CCT) and in-
oculated with a transformed bacterial preculture and shaken at 37°C until
the optical density at 600 nm reached 1.0. Then the culture was cooled to
16°Cand inducedwith 0.2mMof isopropyl-b-D-thiogalactoside. After 16 h
of growth at 16°C, the bacterial pellet was collected and homogenized in
buffer A (25 mM of Tris-HCl at pH 8.0, and 150 mM of NaCl). After high-
pressure cell disruption and centrifugation at 23,708g at 4°C, the super-
natantwas loadedonto a columnequippedwithNi21affinity resin (Ni-NTA;
Qiagen), washed with buffer B (25 mM of Tris-HCl at pH 8.0, 150 mM of
NaCl, and 15mMof imidazole), and elutedwith buffer C (25mMof Tris-HCl
at pH 8.0 and 250 mM of imidazole).

TheGHD8/OsNF-YC2dimer andHD1CCTwere further purifiedbyheparin
HP (HiTrap, 5mL;GEHealthcare), respectively, and thenmixedat a 1:1 ratio.
After an additional step of drICE and PreScission Protease cleavage, the
mixturewas loadedonto amylose resin (NewEnglandBiolabs) to remove the
MBP tag. The flowthroughwas concentrated to1mL immediately before gel
filtration chromatography (Superdex-20010/300;GEHealthcare). Thebuffer
forgelfiltrationcontained25mMofTris-HClatpH8.0,100mMofNaCl,5mM
of MgCl2, and 5 mM of DTT. The flow rate of gel filtration is 0.5 mL/min. The
peak fractions were incubated with target DNA oligonucleotides at a molar
ratio of 1:1.5 at 4°C for ;40 min before crystallization trials.

AtNF-YB2 (residues 24 to 116) and AtNF-YC3 (residues 56 to 148) were
co-expressed in E. coliBL21 (DE3), and then were purified same asGHD8/
OsNF-YC2 dimer. GHD7 (residues 175 to 239), GHD7.1 (residues 669 to
724), TOC1 (residues 522 to 578), AtPRR3 (residues 462 to 513), AtPRR5
(residues 604 to 661), AtPRR7 (residues 657 to 713), andAtPRR9 (residues
399 to 464) were purified the same as HD1.

DNA Duplexes for Crystal Formation

The OsCORE DNA duplexes contained two overhanging bases on each 59
end (two deoxyadenylates for one strand, 59-aaCTCACTCTCAACCACA
GCTCGAT-39, and two deoxythymidylates for the complementary strand,
59-ttATCGAGCTGTGGTTGAGAGTGAG-39). Single-stranded oligonu-
cleotides were synthesized and dissolved in buffer A. The ssDNA was
mixed with a complementary strand at equal molar amounts, heated at
95°C for 3 min and annealed by slow cooling to 20°C over a period of 5 h.
The double-stranded DNA was stored at 220°C.

Crystallization

GHD8/OsNF-YC2 and DNA-bound HD1CCT/GHD8/OsNF-YC2 were crys-
tallized using the hanging-drop vapor-diffusion method at 18°C by mixing
1 mL of sample with an equal volume of reservoir solution. For the GHD8/
OsNF-YC2dimer, crystalswere observed in the conditions containing 20%
w/vpolyethyleneglycol 3350 and0.2Mof sodiummalonate at pH7.0. After
screening of the pH buffer, high-resolution crystals were obtained in 17%
w/v polyethylene glycol 3,350, 0.2 M of sodium malonate at pH 7.0, and
0.1 M of sodium citrate tribasic dihydrate at pH 6.7. The HD1CCT/GHD8/
OsNF-YC2 complex was subjected to crystallization trials in complex with
23-bp OsCORE2 DNA duplexes. Crystals appeared overnight under the
conditionsof10%(w/v)polyethyleneglycol4,000,0.1Mofsodiumcitrateat
pH 5.5, and 0.2M of sodium acetate trihydrate. The best crystals diffracted
to ;5.0 Å. To further improve the diffraction quality, magnesium acetate
tetrahydratewasadded to thewell buffer, and then, one roundof anadditive
screen was performed under the selected conditions. Finally, the best
crystals were obtained under the following conditions: ;7.0 to 9.0% (w/v)
PEG 4,000, 0.1 M of sodium citrate at pH 5.2, 0.2 M of sodium acetate
trihydrate, 0.2 M of magnesium acetate tetrahydrate, and 0.1 M of Gly. The
crystals were flash-frozen in liquid nitrogen using 20% (v/v) glycerol as the
cryoprotective buffer and diffracted to 2.55 Å at the Shanghai Synchrotron
Radiation Facility beamline BL17U (Wang et al., 2018).

Data Collection and Structural Determination

All data sets were collected at the Shanghai Synchrotron Radiation Facility
beamline BL19U or BL17U and processed with the HKL3000 or HKL2000
package (Otwinowski andMinor, 1997). Furtherprocessingwasperformed
with programs from the CCP4 suite (Collaborative Computational Project
Number 4, 1994; Winn et al., 2011). Data collection and structure re-
finement statistics are summarized in Table 1. The structure of the DNA-
bound HD1CCT/GHD8/OsNF-YC2 complex was solved by molecular re-
placement with the NF-Y structure (PDB:4G92; Huber et al., 2012) as the
search model using the program PHASER (McCoy et al., 2007). The
structurewasmanually iteratively refinedwith the tools PHENIX andCOOT
(Adams et al., 2002; Emsley and Cowtan, 2004).

EMSA

ForEMSA, the forwardsingle-strandedDNAoligonucleotides (59-CTCACT
CTCAACCACAGCTCGAT-39)labeledat the59endwith6-Carboxyfluorescein
(FAM) were synthesized by General Biosystems and annealed with an
equimolar amount of the complementary strand (59-ATCGAGCTGTGG
TTGAGAGTGAG-39) as described above. Proteins were incubated with 10
nM of FAM-labeled probe for 20 min on ice in final solution containing 25
mM of Tris-HCl at pH 8.0, 5 mM of MgCl2, 5 mM of DTT, 0.1 mg mL21 of
BSA, 60 mg mL21 of salmon sperm DNA, and 10% (v/v) glycerol. The
obtained products were then resolved on 8% (v/v) native acrylamide gels
(37.5:1 acrylamide: bis-acrylamide) in 0.5 3 Tris-Gly buffer under an
electric field of 10 V cm21 for 2.5 h. Gels were visualized using the tool
Typhoon (Amersham).

ITC

The DNA binding measurement of the CCT/NF-YB/YC complex was
performed at 25°C using an Auto-iTC200 titration calorimeter (MicroCal).
TheOsCORE (250mM,59-CTCACTCTCAACCACAGCTCGAT-39, forCCT/
NF-YB/YCcomplexes fromrice) or LHY-P1 (250mM,59-ATTGTGGACCAC
CACACTCACTT-39, forCCT/NF-YB/YCcomplexes fromArabidopsis)was
dissolved in reaction buffer (25mMofHEPES at pH7.4, and 150mMNaCl)
and titratedagainst 200mLof30-mMwild-typeCCT/NF-YB/YCcomplexor
themutants in the same buffer. The first injection of 0.5mLwas followed by
19 injections of 2 mL. The heat of dilution was measured by injecting DNA
into the buffer alone in each experiment. The values were subtracted from
the experimental curves before data analysis. The stirring rate was 750
r.p.m. The software MicroCal Origin, which was supplied with the in-
strument, was used to determine the site-binding model that produced
a good fit (low 3 2 value) for the resulting data.

Assessment of Heading Date in Near-Isogenic Lines

The NIL-F2 population based onNIL-Ghd7.1TQ and NIL-Ghd89311 against
the ZhenShan97 background (Yan et al., 2011, 2013) was generated and
wasgrown innaturalfield conditionsduringnormal ricegrowingseasonsat
Huazhong Agricultural University, Wuhan, China in 2012. Four
homozygous-type individual plants, i.e., ZS, ZSGhd8, ZSGhd7.1, and ZSGhd8

Ghd7.1, were genotypedwith functional marker Z9M and 37indel (Yan et al.,
2013; Zhang et al., 2015), and heading dates were recorded from the
sowing day to first-panicle–emerged days. More than 10 plants from each
of the four typeswere used for statistical analysis.Multiple comparisons of
the heading-date mean values were performed based on Duncan’s mul-
tiple range test.

Pull-Down Assays

Genes used in pull-down assay were cloned into the engineered pMlink
vectors with different tags (His, Flag, and StrepII [Sigma-Aldrich], or Myc).
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The Expi293F cells transfected with corresponding constructs were in-
cubatedunder dark condition.Cellswere harvested andwashedwithPBS.
Then thecellswere resuspended inStrepII buffer (100mMofTris-HCl at pH
8.0, 150 mM of NaCl, and 1 mM of EDTA) and were repeatedly freeze-
thawed three times. The lysed cells were centrifuged at 12,000g for 30min
at 4°C. The supernatant was incubated with StrepII beads at 4°C for 1.5 h.
Beadswerewashed five timeswithStrepII buffer. The boundproteinswere
eluted with StrepII buffer containing 2.5 mM of D-Desthiobiotin. The pro-
teins were detected through immunoblots with antibodies against StrepII
(lot no. 41246; Sigma-Aldrich), His (cat. no. 66005-1-Ig; Proteintech), Myc
(cat. no. 60003-2-Ig; Proteintech) or Flag (cat. no. 66008-3-Ig;Proteintech).

LCI Assay

The LCI assay was performed according to the previously described
protocol with littlemodification (Chen et al., 2008). CCT geneswere cloned
into the pCAMBIA-NLuc vector. GHD8andAtNF-YC3were cloned into the
pCAMBIA-CLuc vector. OsNF-YC2 and AtNF-YB2 were cloned into the
pCAMBIA1301s vector. Each construct was transformed into Agro-
bacterium tumefaciens strain EH105. Through the Agrobacterium-
mediated transformation, pCAMBIA-NLuc, pCAMBIA-CLuc, and pCAM-
BIA1301s constructs were co-expressed in 5-week–old N. benthamiana
leaves. Two days after infiltration, the 1 mM of luciferin was smeared onto
the leaves and the images were captured using the 5200 Chemilumi-
nescent Imaging System (Tanon Science and Technology).

Accession Numbers

Coordinates for theatomic structureshavebeendeposited in theResearch
Collaboratory for Structural Bioinformatics Protein Data Bank under
PDB:7C9O (DNA-bound HD1CCT/GHD8/OsNF-YC2) and PDB:7C9P
(GHD8/OsNF-YC2).
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