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SUMMARY

Arabidopsis FLOWERING LOCUS T (FT) is a pivotal component of florigen, a long-range mobile flow-

ering signal. Here, we determined the 1.0 Å-resolution crystal structure of FT, a significantly higher-

resolution crystal structure of FT than previously reported one (2.6 Å). The present crystallographic

studies revealed 4 alternative configurations with the precise location of the surrounding water mol-

ecules. Using this structural data, computational docking simulation predicted the putative binding

sites for phosphatidylcholine (PC), an endogenous ligand that interacts with FT to modulate flower-

ing time. In vitro reconstitution of the lipid–protein interaction showed that mutations at two of the

predicted sites significantly compromised the lipid binding ability of FT. In planta, one of the mutant

FT proteins significantly affected FT function in flowering, emphasizing the involvement of PC bind-

ing in modulating FT function. Our structural, biochemical, and transgenic analyses reveal the molec-

ular mechanism of PC binding in FT-mediated flowering time control.

INTRODUCTION

Control of flowering time is crucial for successful fertilization and propagation of the species in seed

plants. Photoperiod is a primary environmental cue that affects flowering time in most plant species.

A long-day plant species, Arabidopsis thaliana, perceives day length in leaves and induces transcription

and translation of FLOWERING LOCUS T (FT). FT is a component of florigen, a long-range mobile signal

expressed in leaf companion cells and transported to the shoot apex to transmit photoperiodic

flowering signals (Corbesier et al., 2007; Mathieu et al., 2007; Tamaki et al., 2007). In the shoot apex,

FT interacts with a bZIP transcription factor, FD, and induces the expression of SUPPRESSOR OF

OVEREXPRESSION OF CONSTANS1 (SOC1) and APETALA1 (AP1), which triggers flower development

(Abe et al., 2005; Wigge et al., 2005; Searle et al., 2006). In rice, the florigen activation complex (FAC)

was proposed, in which Hd3a (a rice paralog of FT) interacts with the 14-3-3 protein GF14c and forms

a bridge with rice FD (Taoka et al., 2011). FT is homologous with mammalian phosphatidylethanol-

amine-binding protein (PEBP). We previously demonstrated that FT specifically binds phosphatidylcho-

line (PC) to promote flowering in vivo (Nakamura et al., 2014). However, phospholipid-binding sites

were not defined in the structural model of FAC (Taoka et al., 2013). Although crystal structure of FT

at 2.6 Å resolution (Ahn et al., 2006) was a milestone for mechanistic understanding of FT function,

even higher-resolution crystal structure of FT is demanded to address the in-depth molecular features

of the newly emerging FT functions.

Here, we determined the crystal structure of FT at 1.0 Å resolution, which revealed detailed structures of

FT including most of hydrogen atoms along with the precise location of the surrounding water molecules.

Using our structural data, we employed a computational modeling approach to predict a putative binding

site for PC, an endogenous regulatory ligand of FT (Nakamura et al., 2014). In vitro lipid-binding assay and

in vivo functional assay identified a PC-binding site that critically regulates FT function in flowering time

control. We propose a structural model of the FT–PC interaction in FAC.
*Correspondence:
nakamura@gate.sinica.edu.
tw (Y.N.),
kenji.inaba.a1@tohoku.ac.jp
(K.I.)

https://doi.org/10.1016/j.isci.
2019.10.045
RESULTS

High-Resolution Crystal Structures of FT Protein

We crystallized FT under four different conditions and collected X-ray diffraction data at 1.0–1.5 Å res-

olution (Table 1). Despite that no electron density was observed for PC in these crystals, the crystal
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Condition 1 Condition 2 Condition 3 Condition 4

Data Collection

Space group P212121 P212121 P212121 P321

Cell dimensions

a (Å) 39.62 48.48 48.89 53.5

b (Å) 48.72 51.53 60.96 53.5

c (Å) 73.57 56.9 63.8 103.98

Resolution (Å) 50–1.00 50–1.33 50–1.01 50–1.50

(Outer shell) (1.02–1.00) (1.36–1.33) (1.03–1.01) (1.53–1.50)

Completeness (%) 97.1 (66.1) 99.9 (98.0) 97.4 (94.9) 99.9 (100)

Total reflections 428,925 214,035 719,335 297,864

Unique reflections 75,289 33,436 97,694 28,282

Redundancy 5.7 6.4 7.4 10.5

I/s 11.9 (1.2) 12.9 (1.4) 9.8 (2.7) 14.2 (1.5)

Rmeas 9.4 (69.3) 10.0 (125) 11.6 (67.3) 7.3 (171)

CC1/2 99.8 (65.5) 99.9 (56.1) 99.4 (83.3) 99.9 (70.9)

Refinement

Rwork/Rfree (%) 11.6/13.6 16.0/18.6 11.7/13.9 19.0/21.4

R.m.s. deviations

Bond lengths (Å) 0.013 0.011 0.015 0.009

Bond angles (�) 1.332 1.17 1.467 0.986

Ramachandran plot

Favored (%) 97.6 97.5 97.6 97.6

Allowed (%) 2.4 2.5 2.4 2.4

Outliers (%) 0 0 0 0

PDB ID 6IGG 6IGI 6IGH 6IGJ

Table 1. Data Collection and Refinement Statistics
structures at 1.0 Å resolution revealed atomic details of interactions formed within the protein and about

230 water molecules surrounding its molecular surface (Figure 1A, center panel). The overall structure of

FT consists of a central anti-parallel b-sheet flanked by short a-helices on one side and a short anti-

parallel b-sheet on the other side. A 2Fo-Fc electron density map at 1.0 Å resolution clearly showed

that a non-prolyl cis-peptide bond formed between Arg83 and Glu84, where the main-chain carbonyl

and amide groups of these two residues and the side-chain carboxyl group of the latter are hydrogen

bonded to residues Asn141-Thr144 (Figure 1A, upper right panel). The cis-peptide bond is also

observed in other PEBP family proteins (Banfield et al., 1998; Serre et al., 1998; Simister et al., 2002).

The 2Fo-Fc map indicated that the Oh of Tyr85, a key residue for flowering (Hanzawa et al., 2005), forms

a hydrogen bond with the Oε of Glu109 as part of a hydrogen bond network including five water mol-

ecules (Figure 1A, lower right panel). Gln140, located in segment B (residues 128–141), is also involved in

this hydrogen bond network, whereas His87 and Arg139 serve to stabilize the configuration of Tyr85 via

direct van der Waals contact. Thus, the region around Tyr85 likely maintains a rigid conformation

by forming a number of tight interactions with neighboring residues, and hence a Y85H mutation

would affect the segment B conformation because of the compromised interactions with Glu109 and

Arg139.
578 iScience 21, 577–586, November 22, 2019
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Figure 1. High-Resolution Crystal Structures of FT

(A) Overall structure of FT (middle). A central b-sheet (cyan) is flanked by short a-helices (magenta) on one side and a short

anti-parallel b-sheet (orange) on the other side. Segment B (residues 128–141) is shown in green. Water molecules are

represented by red spheres. Ethylene glycol molecules (cryoprotectant) are in stick representation. Insets show close-up

view of intramolecular interactions in the indicated regions. 2Fo-Fc electron-density maps at 1.5 sigma are in brown.

Hydrogen bonds and van der Waals contacts are shown by yellow and green dotted lines, respectively.

(B) Stereo view of Ca backbone superposition of five FT crystal structures under condition 1 (Form I): blue; condition 2

(Form II): magenta; condition 3: cyan; condition 4: orange; and original condition (PDB: 1WKP): green. Note a significant

conformational difference in segment B, as indicated by a black box.

(C) The square region in panel (B) is highlighted to demonstrate the different segment B conformations in FT crystal

structures under different conditions.

(D) Detailed comparison of the segment B conformations between Form I (blue) and Form II (magenta). Several key

residues are shown in stick representation.

(E) Structural correlation between the segment B conformation and 14-3-3 binding loops. 14-3-3 binding loops (32–35 and

59–62 loops) are indicated by red circles. The movements of key residues spatially intervening between these two loops

are shown by red arrows.

See also Figures S1 and S2.
The high-resolution crystal structures of FT also provide structural insight into the functional phenotypes of

several FT mutants. L128K mutant was reported to have weak activity of TERMINAL FLOWER1 (TFL1; an

inhibitor of flowering) (Ho and Weigel, 2014). The side chain of Leu128 makes van der Waals contacts
iScience 21, 577–586, November 22, 2019 579



with Asn152 and a water molecule (Figure 1A, upper left panel). Near Leu128, Arg126 forms a hydrogen

bond network with four water molecules and Glu59. Replacing Leu128 with positively charged lysine is pre-

dicted to cause electrostatic repulsion against Arg126, leading to a disruption of the hydrogen bond

network. As a result, the segment B conformation is altered, which has been proposed to discriminate

FT and TFL1 activity (Ho and Weigel, 2014). P94L is one of the loss-of-function mutations of FT (Kobayashi

et al., 1999). The side chain of Pro94 makes van der Waals contacts with Phe64, Phe101, and two water mol-

ecules that form a hydrogen bond network with the carbonyl oxygen of Ala95, Leu61, Arg62, and Asn63

(Figure 1A, lower left panel). The Pro-to-Leu substitution at this position would disrupt this hydrogen

bond network and van der Waals contacts, possibly leading to destabilization of the overall structure.

Comparison of the five crystal structures of FT including the previously reported one (Ahn et al., 2006) re-

vealed that segment B, a key regulatory element of FT activity, can adopt two conformations (Forms I and II)

(Figures 1B and 1C). Relative to Ca atoms in Form I, those of Try134 and Pro136 in Form II are moved by

3.1 Å and 2.1 Å, respectively (Figure 1D). The Ca atom of Thr132 in Form II is also moved by 3.7 Å from

that in Form I, and its side chain is flipped out and exposed to the solvent. By contrast, Asn131 in Form

II is flipped in, forming a hydrogen bond with the carbonyl oxygen of Tyr151 and the nearby water mole-

cules. The relative positions of Tyr134 and Trp138, which are proposed to interact with a putative co-acti-

vator of FT (Ho andWeigel, 2014), significantly differ between Forms I and II. Superposition of the two forms

suggests that the observed alterations in the segment B conformation is caused by the slight but significant

displacement of the distant loop composed of residues 32–35 (Figures 1E and S1). The small rotation of the

loop is transmitted intramolecularly to segment B via van der Waals contacts, which results in a conforma-

tional change in another distant loop of residues 59–62 (Figures 1E and S1). Notably, these two distant

loops are involved in the interaction with 14-3-3 protein in the FAC complex (Taoka et al., 2011). Although

the local displacement of the loop (residues 32–35) appears to be caused by different crystal packings (Fig-

ure S2), the observed structural correlation between segment B and the two 14-3-3 binding loops suggests

that the segment B conformation plays a critical role in regulating the FAC complex formation. In this

context, the segment B is suggested to be involved in recruitment of a transcriptional coactivator in

plants (Taoka et al., 2013). Thus, a third-party protein such as transcription factors may possibly bind the

segment B, regulating the formation or dissociation of the FAC complex through conformational changes

in the 14-3-3 binding loops.

Identification of FT-PC-Binding Sites by Computational Modeling

The anion-binding pocket of FT was originally proposed on the basis of the crystal structure of the PEBP in

complex with phosphorylethanolamine (Figure S3) (Serre et al., 1998; Ahn et al., 2006). However, our recent

study revealed that FT actually binds PC, not phosphatidylethanolamine (PE), to accelerate flowering.

Notably, the larger head group of PC seems unlikely to be accommodated in the proposed anion-binding

pocket of FT. In line with this, our docking simulation predicted other potential PC-binding sites (Figures 2A

and 2B). In all docking models, the glycerophosphoric acid moiety of PC interacts with charged residues of

FT, whereas the acyl groups interact with hydrophobic patches or clefts of FT (Figures 2C–2G). The choline

moiety in site 1 interacts with charged residues, whereas those at the other three sites weakly interact with

FT through van der Waals contacts with the nearby residues. To verify whether the predicted amino acid

residues are important in PC binding in vitro, we performed lipid binding assay with four different versions

of mutant FT (FTm1 to FTm4). Figure 3A illustrates amino acid substitutions by Ala in each FT mutant. We

expressed recombinant FT proteins fused N-terminally to maltose-binding protein (MBP) and purified

them for liposome association assay with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, liposome

size: 400 nm) (Cabrera et al., 2010). In this assay, PC liposomes were incubated with purified MBP-tagged

FT protein, then precipitated by centrifugation. Because proteins that bind the liposome can be co-precip-

itated and thus recovered from the precipitates after centrifugation, the FT-PC binding can be analyzed

quantitatively. A control experiment with MBP precipitated a negligible amount of PC (Figure 3B), indi-

cating that MBP had no PC binding under this assay condition. As compared with wild-type FT, PC binding

was significantly compromised for FTm1 and FTm3 but not FTm2 and FTm4, which suggests that amino

acid residues mutated in FTm1 or FTm3 are involved in PC binding in vitro. Collectively, we identified

two sites (Site 1 and Site 3) important for PC binding in vitro.

PC Binding at Site 1 Is Required for FT Function In Vivo

To examine whether the FT-PC binding is required for FT function in flowering time control in vivo, we used

Pro35S:FT ft-10 transgenic line for the following reasons. First, overexpression of wild-type FT leads to very
580 iScience 21, 577–586, November 22, 2019



Figure 2. Docking Model of the FT–PC Complex

(A) Four potential PC-binding sites in FT. PC molecules are represented by stick models.

(B) Superposition of putative PC (yellow stick)-bound FT (cyan ribbon) onto the phosphorylethanolamine-bound PEBP

(magenta ribbon, PDB ID: 1B7A).

(C–G) Detailed structure of each potential PC-binding site. FT is shown in molecular surface representation, with

hydrophobic residues in green (except main chain amide and oxygen). Residues that are predicted to interact with PC are

represented by stick models.

See also Figure S3.
early flowering with narrow distribution of flowering time (Kobayashi et al., 1999) and thus is useful to map

functionally important amino acid residues (Ho and Weigel., 2014). Second, endogenous FT protein is

barely detectable in wild type due to its extremely low expression level but is clearly detected in Pro35S:FT

plants by immunoblotting (Kim et al., 2016). Expression level of a mutant protein can thus be analyzed by

using Pro35S:FT ft-10 transgenic line. We constructed Pro35S:FT ft-10, Pro35S:FTm1 ft-10, and

Pro35S:FTm3 ft-10 transgenic lines.

For each transgenic plant, we observed the flowering time phenotype in at least 60 independent T1 trans-

genic lines for Pro35S:FT ft-10 and Pro35S:FTm1 ft-10 and 26 lines for Pro35S:FTm3 ft-10 to obtain average

flowering time. Under long-day condition, as compared with Pro35S:FT ft-10, Pro35S:FTm1 ft-10, but not

Pro35S:FTm3 ft-10, plants showed significantly delayed flowering time (Figures 4A and 4B). To assess

the levels of the FT mutants, we performed immunoblot assay with a commercially available antibody

against FT (AS06 198, Agrisera). We examined two representative transgenic lines for each overexpressing
iScience 21, 577–586, November 22, 2019 581
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Figure 3. Mutation of Putative PC-binding Domains Compromised FT–PC Binding In Vitro

(A) A schematic illustration of amino acid residues substituted by Ala in four different versions of mutated FT protein

(FTm1 to FTm4). Scale bar = 10 amino acid residues.

(B) Quantitative analysis of FT-PC binding by protein–liposome association assay. The recombinant FT–maltose-binding

protein (FT–MBP) fusion protein including different mutations (shown in panel A) was examined for binding to liposome

consisting of dioleoyl (18:1)-PC. Binding withMBP (without FT) was a control. Data are relative to binding with wild-type FT

(set as 1), with mean G SD from three biologically independent experiments. *p < 0.05, ***p < 0.001 by Student’s t-test.
plant line (Pro35S:FT ft-10, Pro35S:FTm1 ft-10, and Pro35S:FTm3 ft-10) and found no marked reduction in

FT protein level (Figure 4C). Thus, altered flowering time observed in the plants overexpressing FTmutants

was not likely due to a considerable reduction in FT protein level.

Next, to examine whether the altered flowering time was associated with FT function, we analyzed the

expression of 2 effector genes of FT, AP1 and SOC1, in shoot apices of 7- and 14-day-old seedlings. Over-

expression of FT (Pro35S:FT ft-10) upregulated SOC1 and AP1 as compared with the wild type (Figure 5A).

Conversely, the expression levels of SOC1 and AP1 were reduced in Pro35S:FTm1 ft-10, indicating that the

ability of FT to promote flowering was compromised in the transgenic plants expressing the FT Site 1

mutant. Taken together, our data suggest a PC-binding site in FT protein that is required for the flowering

time control in vivo.
DISCUSSION

The present crystal structures of FT reveal atomic details about the protein. Dockingmodels and systematic

mutation analyses suggest that Site 1 in FT is involved in PC binding. Compromised PC binding of FTm1

and FTm3 in vitro is consistent with computational modeling. In vivo, the ability of FT to promote flowering

was compromised in the transgenic plants expressing the FTm1 but not the FTm3. This observation is not

likely due to the altered stability of themutant protein because a comparable amount of FT was detected in
582 iScience 21, 577–586, November 22, 2019



Figure 4. Functional Assay of Mutated FT with Reduced PC Binding In Vivo

(A) Distribution of flowering time in T1 transgenic plants of Pro35S:FT ft-10, Pro35:FTm1 ft-10, and Pro35:FTm3 ft-10. At

least 26 independent T1 transgenic lines were tested for each. Statistical significance was examined by Student’s t-test

(**p < 0.01; ****p < 0.0001).

(B) A representative image of each transgenic plant analyzed in (A) at the onset of flowering.

(C) Detection of endogenous FT protein in 8-day-old seedlings of Pro35S:FT ft-10, Pro35:FTm1 ft-10, and Pro35:FTm3 ft-

10. Two independent lines were examined for each transgenic line. Image is representative of three biological replicates.
transgenic plants that expressed different versions of mutant FT (Figure 4C). Although the remaining PC-

binding property of FTm1 suggests the presence of yet unidentified PC-binding site(s) in FT, our in vivo and

in vitro data demonstrate that FT-PC interaction at Site 1 is involved in flowering time control.

PEBP proteins have a putative anion-binding pocket, and the phosphate-containing polar head group of

phospholipids was considered to be a possible ligand for this pocket (Taoka et al., 2013). However, the

amino acid residues we demonstrated to be involved in PC binding indicate that this putative anion-bind-

ing pocket is not likely a primary site that accommodates the polar head group. This notion is supported by

the fact that phosphocholine, a polar head group of PC that binds to FT, is not anionic and also by the

observation that no anionic phospholipid (e.g., phosphatidylglycerol) was capable of binding to FT (Naka-

mura et al., 2014). Moreover, FT–PC binding involves specificity toward the hydrophobic acyl chain of PC,

which can hardly be explained by only the anion-binding pocket (Nakamura et al., 2014). Although the

current crystallographic study and in silicomodeling cannot fully address the differential interaction of diur-

nally changing acyl species of PC (Nakamura et al., 2014), our proposed model of PC binding at the periph-

eral region of FT agrees with the finding that the phospholipid acyl chains as well as the polar head group

confer binding specificity in the FT–PC interaction (Nakamura et al., 2014).

It remains an important open question how the FT-PC interaction triggers FT function in flowering time

control. The previously proposed model in rice (Taoka et al., 2013) suggests that the bZIP domain of

OsFD1 tightly interacts with DNA, and FT appears to serve as an additional DNA binding protein that

further stabilizes the FAC complex. In this regard, the positively charged surface of the FT Site 1 likely plays

an auxiliary role in DNA binding in the complete FAC complex (Figure 5B). Of note, PC is predicted to bind

to the positively charged surface (Site 1) situated close to DNA. Indeed, FTm1, with compromised PC bind-

ing, significantly affected the upregulation of effector gene expression (Figure 5A). Although several
iScience 21, 577–586, November 22, 2019 583
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Figure 5. FT–PC Interaction Affects Regulation of Effector Genes

(A) The expression of SOC1 and AP1 in shoot apices of 7- and 14-day-old seedlings, respectively. Data are mean G SD of

three biological replicates. Different letters indicate significant difference at p < 0.05 determined by one-way ANOVA

with Tukey’s post-test.

(B) A proposed structural model of florigen activation complex (FAC) comprising two Hd3a (FT homologue) molecules, a

14-3-3 dimer (yellow and magenta), bZIP domains of OsFD1 (green), and DNA (orange). The proposed model is based on

the crystal structure of Hd3a in complex with the 14-3-3 protein and the C-terminal region of OsFD1 peptide (PDB: 3AXY).

A present structure of FT is superposed onto the right-side Hd3a, as shown in surface representation colored by

electrostatic surface potential. A complex model of the bZIP domain of OsFD1 and DNA was built based on the complex

structure of the mouse CREB bZIP region (residues 285–339) and C-box DNA (Taoka et al., 2011; PDB: 1DH3). The

predicted bound PCmolecule is shown in a ball-and-stick model on the right-side FT molecule. Segment B and the 34–37

and 61–64 binding loops of Hd3a (the 32–35 and 59–62 loops in FT) are shown in red and cyan, respectively, on the left-

side Hd3amolecule. The interaction between the binding loops of Hd3a and 14-3-3 protein is highlighted in the inset. Van

derWaals contacts between them are shown by green dashed lines. Other interactions at the interface between Hd3a and

14-3-3 are omitted for clarity.
alternative mechanisms can be inferred, these observations suggest a possibility that PC binding may facil-

itate the interaction of FT with DNA, likely serving for the gene regulation in flowering time control. This

notion awaits further experimental verification by cell biological approaches including an imaging of

cellular FT movement under altered PC content. In conclusion, we revealed higher-resolution crystal struc-

tures of FT than previously reported one and used the data to elucidate the molecular mode of FT-PC inter-

action in flowering time control.
584 iScience 21, 577–586, November 22, 2019



Limitations of the Study

Although our structural, biochemical, and transgenic analyses reveal the molecular mechanism of PC bind-

ing in FT-mediated flowering time control, the proposed model (Figure 5B) requires thorough experi-

mental verification by testing the interaction between protein and DNA in the presence or absence of

PC and observing the actual movement of the FT-PC complex into the nucleus. Also, the model needs

to be developed so that it can account for the differential interaction of diurnally changing acyl species

of PC (Nakamura et al., 2014).

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

Coordinates and structure factors have been deposited in the Protein Data Bank with accession codes

6IGG (condition 1), 6IGI (condition 2), 6IGH (condition 3), and 6IGJ (condition 4), respectively.

SUPPLEMENTAL INFORMATION
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Figure S1 Details of structural correlation between the segment B conformation and 14-3-3 
binding loops (shown in Fig. 1E), Related to Figure 1. Insets show close-up views of the square 
regions. Hydrogen bonds and van der Waals contacts are represented by dashed red and green lines, 
respectively. Red arrows depict the displacement of the indicated residues upon the small rotation 
of the 32-35 loop. 
   



 
Figure S2 Comparison of crystal packings of Form 1 (left) and Form 2 (right), where 
symmetric molecules are shown in gray, Related to Figure 1. Segment B, 32-35 and 59-62 
loops of the asymmetric molecule are colored in cyan, magenta and green, respectively. 
   



Figure S3 Structure of phosphorylethanolamine (PEtn)-bound PEBP, Related to Figure 2. Left:
Ribbon diagram of crystal structure of PEtn-bound PEBP (PDB ID: 1B7A). The bound PEtn is shown in a
yellow stick model. The anion binding site is indicated by a red circle. Right: Close-up view of the anion
binding site.



Table S1 List of oligonucleotide primers used in this study, Related to Figures 1, 3, 4 and 5 

Name   Sequences (5' to 3') 

FTm-F  GAGGGAAGGATTTCACATATGTCTATAAATATAAGA 

FTm-R  ACCTGCAGGGAATTCGGATCCCTAACTCTCTCCCTC 

JL393  AGAGACCCTCTTATAGTAAGCGCAGTTGTTGGAGCCGTTCTTGATCCGTTTAATAGATC 

JL394  TCCAAGTCCTAGCAACCCTCACCTCGCAGAATATCTCCATTGGTTGGTGACTG 

JL395  GCACCAGGGTGGCGCCAGAACTTCGCCACTCGCGCGTTTGCTGAGATCTACAATCTCGG 

JL396  TGTTGGAGACGTTCTTGATCCGTTTGCTAGATCAATCACTCTAAAGGTTAC 

JL397  AGGGTGGCGCCAGAACTTCAACACTGCCGAGTTTGCTGAGATCTACAATCTCG 

JL398  TGGAGACGTTCTTGATCCGTTTAATGCATCAATCACTCTAAAGGTTACTTATG 

JL399  CTAAAGGTTACTTATGGCCAAAGAGCGGTGACTGCTGGCTTGGATCTAAGGCCTTCTCAG 

JL439  CCGCTCGAGATGTCTATAAATATAAG 

JL440   CGTCTAGACGGCTAAAGTCTTCTTCCT 

KK63  GAACAACCTTTGGCAATGAGATTGTGTCTTACGAAAATCCAAGTCCCACTGCAGG 

KK64  GCAGTTTTCTACAATTCTCAGAGGGAGAGTTAGGGTACCCCGGGTCGACCTGCAGCCAAG 

KK175  ACTGCATGCTCTATAAATATAAGAGACCCTCTTATAGTAAGCAG 

KK176  GTCGGTACCCTAAAGTCTTCTTCCTCCGCAGCCAC 

 



Transparent Methods  

Cloning of mutagenized FT constructs 

The protein coding sequence of FT was amplified with Arabidopsis leaf cDNA using 

primers KK175 and KK176, digested with SphI and KpnI, and ligated into the corresponding 

cloning site of pQE30 (Qiagen) to obtain pYN1041. Next, site-directed mutagenesis was 

performed to pYN1041 with primers KK63 and KK64 to replace Cys107 and Cys164 with Ser, 

remove Cys170, and the last 7 amino acid residues at C-terminus as previously reported (Ahn et 

al., 2006). Using the resulting plasmid (pKK512) as a template, we next amplified FT without the 

last 24 bp before the stop codon by the primers FTm-F and FTm-R and cloned into NdeI/BamHI 

sites of pMAL-c5X (pJL116), which expresses FT fused N-terminally to maltose-binding protein 

(MBP) in E. coli. The substitution of respective amino acid residues with Ala involved PCR-based 

site-directed mutagenesis to pJL116 (Sawano and Miyawaki, 2000): R13A, D17A and R83A with 

the primers JL393 and JL394 to obtain pMAL-c5X-FTm1 (pJL124); N143A and E146A with the 

primer JL395 to obtain pMAL-c5X-FTm2 (pJL125); N23A and R145A with the primers JL396 

and JL397 to obtain pMAL-c5X-FTm3 (pJL127); and R24A, E36A and N39A with the primers 

JL398 and JL399 to obtain pMAL-c5X-FTm4 (pJL126).  

 

Expression and purification of recombinant protein 

For protein expression, E. coli strains C41 were cultured with Terrific Broth (TB) medium 

containing 100 μg/mL ampicillin and 25 μg/mL chloramphenicol. The expression of recombinant 

proteins was induced by adding 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at OD600 

about 0.5. Protein purification was conducted according to the manufacturer’s instructions for the 

pMAL-c5x expression system (New England Biolabs). The purified proteins were concentrated 

with ultracentrifugation filters (Amicon, Merck-Millipore). The concentration of proteins was 

determined by using the BCA protein assay kit (Pierce, Thermo Scientific). For crystallization, 

MBP-tag was cleaved off with Factor Xa, and the proteins were applied onto a size exclusion 

column (Superdex75 10/300 GL) equilibrated with buffer containing 20 mM HEPES pH 7.5 and 

150 mM NaCl. 

 

Crystallization of FT in the presence of phospholipids 



1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Cat. No. 850375) or 1,2-dipropionyl-

sn-glycero-3-phosphocholine (Cat. No. 850302, both Avanti Polar Lipids, Alabaster, AL) was 

suspended in MilliQ water and the suspension was sonicated for a few minutes. Crystallization 

samples were prepared by mixing purified FT (5~10 mg/ml in 20 mM HEPES pH 7.5 and 150 mM 

NaCl) with 1~1.6 mM phospholipid suspension. Crystals of FT in the presence of phospholipid 

were grown in 4 different forms by the sitting drop vapor diffusion method at 20˚C: Condition 1: 

9.9% (v/v) polyethylene glycol (PEG) 1500, 2.64% (v/v) 2-methyl-2,4-pentanediol (MPD), and 

0.1 M Tris-HCl, pH 8.5; condition 2: 9.9% (v/v) isopropanol 4.95% (w/v) PEG 3350 and 0.2 M 

ammonium citrate/citric acid, pH 7.5; condition 3: 0.33% (v/v) PEG 4000 and 0.33 M ammonium 

citrate/citric acid, pH 5.5; condition 4: 2 M NaCl, 20% (w/v) PEG 3350, 0.1 M MgCl2 and 0.1 M 

imidazole HCl, pH 6.5. In each condition, drops were made by mixing 0.2-1.0 µL protein solution 

with an equal volume of reservoir solution and equilibrated against 80 µL reservoir solution for 1 

week.  

Before data collection, reservoir solution with 25% (v/v) ethylene glycol was added into 

the drops several times, then crystals were flash-cooled in a nitrogen stream at 100 K. 

 

Data collection and structure determination 

The X-ray diffraction data were collected on the BL1A beamline at the Photon factory 

and the BL44XU beamline at SPring-8. Diffraction images were processed with the HKL2000 

package (Otwinowski and Minor, 1997) or XDS (Kabsch, 2010). The FT structures at 1.0~1.5 Å 

resolution were determined by the molecular replacement method with Molrep (Vagin and 

Teplyakov, 1997) by using the previously determined FT structure (PDB ID: 1WKP) as a search 

model. The structures were refined with several cycles of manual model-building with COOT 

(Emsley and Cowtan, 2004) and refinement with PHENIX (Adams et al., 2010), and were 

validated with MolProbity (Chen et al., 2010). Structural figures were prepared by using PyMOL 

(http://www. pymol.org). 

 

Molecular docking of FT-phospholipid interaction 

   Molecular docking of DOPC into FT was performed using Autodock Vina (Trott and Olson, 

2010). Docking models were first calculated by removing all bound water molecules and using 



whole areas of the FT molecule, which predicted 4 possible binding sites. Docking models were 

further optimized by limiting the search area to each predicted binding site. 

 

Liposome preparation and liposome co-precipitation assay 

To make 10 mM liposome, 120 μg DOPC dissolved in chloroform was dried under an N2 

stream and under a vacuum pump overnight. The dried lipid film was rehydrated in 300 μL HK 

Buffer (50 mM Hepes-KOH, pH 7.2, 120 mM KOAc) at 50 °C for 1 h, followed by 5 cycles of 

freezing and thawing. The liposome was prepared by using Mini Extruder (Avanti Polar Lipids, 

Alabaster, AL) with 400-nm size-exclusion membranes. For protein-liposome precipitation assay, 

1 mM DOPC liposome was incubated at 500 rpm with 2 μg purified protein in HKM buffer (HK 

buffer containing 1 mM MgCl2) at 30oC for 30 min (Lu and Benning, 2009; Cabrera et al., 2010). 

After incubation, liposomes were precipitated by centrifugation at 20,000g for 15 min at 4°C to 

separate the precipitate from supernatant. After 2 washes with HK buffer, the pellet was denatured 

with 2x sample buffer at 80oC for 3 min for analyzing the amount of liposome-bound protein by 

quantitative immunoblotting. Protein bands corresponding to MBP-FT were detected with anti-

MBP monoclonal antibody (New England Biolabs, 1:5,000 dilution) and the ECL Plex goat-anti-

mouse IgG-Cy3 secondary antibody (1:1,250 dilution). Fluorescent signals were quantitatively 

detected by using LAS 4000 (GE Healthcare Life Sciences). 

 

Construction and phenotype observation of transgenic plants 

Pro35S:FT ft-10: A 528-bp fragment of the FT coding sequence was amplified with the 

primers JL439/JL440, then cloned into the XhoI/XbaI sites of pYN2047 (Lin et al., 2015) to obtain 

pENTR-Pro35S:FT (pJL132). The substitution of amino acid residues with Ala was performed as 

described above with the same primers: R13A, D17A and R83A with the primers JL393 and JL394 

to obtain pENTR-Pro35S:FTm1 (pJL135); and N23A and R145A with the primers JL396 and 

JL397 to obtain pENTR-Pro35S:FTm3 (pJL136). These constructs were then recombined into the 

pBGW destination vector by using LR Clonase (Invitrogen, Thermo Fisher Scientific, Watham, 

MA) (Karimi et al., 2005) to obtain pBGW-Pro35S:FT (pJL144), pBGW-Pro35S:FTm1 (pJL145), 

and pBGW-Pro35S:FTm3 (pJL139). These plasmids were transduced into ft-10 by 

Agrobacterium-mediated transformation. Transformants were selected on soil by spraying 0.1% 

Basta solution. Resistant plants were genotyped to confirm transgenic constructs. At least 60 



independent T1 transgenic lines for Pro35S:FT ft-10 and Pro35S:FTm1 ft-10, and 26 lines for 

Pro35S:FTm3 ft-10 were analyzed to obtain the distribution of flowering time.  

 

qRT-PCR 

Total RNA was isolated from 4 to 5 shoot apices of 7- or 14-day-old seedlings by use of 

TRIzol reagent (Thermo Fisher Scientific) including DNase treatment, and cDNA was synthesized 

by use of the SuperScriptIII First-Strand Synthesis kit (Invitrogen). For qRT-PCR, primer sets 

used for SOC1, AP1, and PEX4 (control) were as previously described (Nakamura et al., 2014). 

 

Immunoblotting 

For immunoblot analysis, total protein was extracted from 8-day-old seedlings. Twenty 

seedlings were ground with 100 μL ice-cooled extraction buffer (2 mM K2HPO4/KH2PO4, pH 7.4, 

1 mM EDTA, 1% Triton 100, 1 mM PMSF, 100x diluted protease inhibitor cocktail, 2% β-

mercaptoethanol) and incubated on ice for 1 h. The protein extract was centrifuged at 4 oC for 1 h 

at 13,200 rpm. Protein concentration was determined by using the BCA protein assay kit (Pierce, 

Thermo Fisher Scientific). The supernatant was denatured with 2x sample buffer at 80oC for 3 min. 

An amount of 300 µg protein was separated on 16% SDS-PAGE and blotted on PVDF membrane, 

which was blocked for 80 min with blocking solution containing 5% skim milk in TBS-T (0.1% 

Tween 20) buffer and probed with the primary anti-FT/TSF antibody (AS06 198, Agrisera, 1:1000 

dilution) and horseradish peroxidase (HRP)-conjugated secondary goat anti-rabbit IgG (Santa 

Cruz Biotechnology, 1:10,000) or anti-actin antibody (A0480, Sigma-Aldrich, 1:5,000) and HRP-

conjugated secondary goat anti-mouse IgG antibody (Santa Cruz Biotechnology, 1:10,000) in 

blocking solution. Signals were detected with SuperSignal West Pico chemiluminescent substrate 

by using ImageQuant LAS 4000 (GE Healthcare Life Sciences). 

 

Plant culture and phenotype observation 

Arabidopsis thaliana (Columbia-0 ecotype) was used for in planta assays. Plants were 

grown under long-day conditions (16-h light/8-h dark) with light intensity 150 μmolm-2s-1 and 

temperature 22 oC. Flowering time was measured by counting the number of rosette leaves when 

the inflorescence stem reached about 1 cm high (Koornneef et al., 1991). 

 



Accession Number 

AP1 (At1g69120), FT (At1g65480), SOC1 (At2g45660) 

 

Data Availability 

Coordinates and structure factors have been deposited in the Protein Data Bank with accession 

codes 6IGG (condition 1), 6IGI (condition 2), 6IGH (condition 3) and 6IGJ (condition 4), 

respectively. 
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