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Arabidopsis TEMPRANILLO 1 (TEM1) is a transcriptional repressor
that participates in multiple flowering pathways and negatively
regulates the juvenile-to-adult transition and the flowering transition.
To understand the molecular basis for the site-specific regulation of
FLOWERING LOCUS T (FT) by TEM1, we determined the structures of
the two plant-specific DNA-binding domains in TEM1, AP2 and B3, in
complex with their target DNA sequences from the FT gene 5'-
untranslated region (5’-UTR), revealing the molecular basis for TEM1
specificity for its DNA targets. In vitro binding assays revealed that the
combination of the AP2 and B3 binding sites greatly enhanced the
overall binding of TEM1 to the FT 5'-UTR, indicating TEM1 combinatori-
cally recognizes the FT gene 5-UTR. We further showed that TEM1
recruits the Polycomb repressive complex 2 (PRC2) to the FT 5-UTR.
The simultaneous binding of the TEM1 AP2 and B3 domains to FT is
necessary for deposition of H3K27me3 at the FT 5’-UTR and for the
flowering repressor function of TEM1. Overall, our data suggest that
the combinatorial recognition of FT 5'-UTR by TEM1 ensures H3K27me3
deposition to precisely regulate the floral transition.
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he floral transition in the life cycle of plants marks a shift

from vegetative growth to reproductive growth (1, 2). Environ-
mental cues, such as day length and temperature, and developmental
signals, such as circadian rhythms, phytohormones, and aging, regulate
the floral transition via a number of different pathways including
vernalization, photoperiodic, and gibberellin (GA) pathways (3-6). In
Arabidopsis, the outputs of these flowering pathways are integrated by
flowering integrator genes, such as FLOWERING LOCUS T (FT)
and TWIN SISTER OF FT (TSF), which in turn regulate the down-
stream floral meristem identity genes that coordinate flower devel-
opment (7). The flowering pathways can regulate the expression of the
flowering-time integrators both genetically (utilizing sequence specific
transcription factors and cis-regulating elements) and epigenetically
(via various epigenetic factors) (8).

In Arabidopsis, the transcription factor TEMPRANILLO 1
(TEM1) and its homolog TEM2 function as flowering repressors.
The TEM genes are involved in regulating multiple flowering
pathways, including the photoperiodic pathway, the GA pathway, the
ambient temperature pathway, and the age-dependent pathway. In
the photoperiodic pathway, TEM1/2 antagonize the transcriptional
activator CONSTANS (CO) and bind directly to the 5’-UTR of the
FT gene to suppress its expression (9). In the GA pathway, TEM1/
2 down-regulate the expression of the GA4 biosynthetic genes GA
3-oxidase 1 (GA30X1) and GA30X2 (10). In the ambient temper-
ature pathway, SHORT VEGETATIVE PHASE (SVP) up-regulates
TEM?, which represses the expression of FT and TSF under low-
temperature conditions (11). In the age-dependent pathway, TEM1/
2 regulate the juvenile-to-adult growth transition (12). TEM1/2 also
binds directly to and represses the expression of the phase-transition
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regulator microRNA miR172 (13). Together, TEMs function as
transcriptional repressors that regulate multiple flowering pathways,
finetuning the floral transition in response to both internal and
external cues.

TEMI1 possesses two putative plant-specific DNA-binding domains,
the AP2 and B3 domains, and a C-terminal RLFGV motif (14, 15).
The AP2 domain family of plant-specific DNA-binding domains can
be subdivided into four subfamilies: AP2 (APETALA?2), ERF (eth-
ylene response factors), DREB (dehydration-responsive element—
binding proteins), and RAV (RELATED TO ABI3/VP1, to which
TEMI1 belongs) subfamilies (16). While the molecular mechanisms of
ERF subfamily proteins recognizing GCC-box have been revealed
(17), how other AP2 subfamilies specifically recognize their
targets is not known. The B3 plant-specific DNA-binding domain
can also be divided into four subfamilies: LAV (LEC2-ABI3-
VAL), ARF (AUXIN RESPONSE FACTOR), RAV, and REM
(REPRODUCTIVE MERISTEM) (18). The LAV, ARF, and
RAYV subfamilies recognizes specific DNA sequences (9, 19-24),
while the REM subfamily has not been fully characterized (25).
While the DNA recognition mechanisms of ARF and LAV sub-
families have been characterized in detail (23, 26-28), the molecular
basis for sequence-specific recognition by RAV subfamily, to which
TEM1 belongs, remains unclear.
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Fig. 1. Crystal structure of the TEM1 AP2-DNA complex. (A) Schematic representation of the domain architecture of Arabidopsis TEM1 (Upper) and the DNA
sequence of FT 5’-UTR. The two AP2 binding sequences and the B3 binding sequence are highlighted by boxes. (B) The overall structure of TEM1 AP2-CAACAC
complex with AP2 and DNA colored in green and magenta, respectively. (C) The AP2-CAACAC complex with AP2 in electrostatic surface view and DNA in ribbon
view. (D) Schematic representation of the interactions between AP2 and CAACAC DNA. Hydrophilic and hydrophobic contacts are labeled with red and blue
arrows, respectively. The core recognition sequence is highlighted in magenta. MC, main chain. (E-L) Details of the interactions between TEM1 AP2 and CAACAC
DNA. The interacting residues detailed in stick model and hydrogen bonds by dashed lines. E-/ show base-specific interactions. J-L show backbone interactions.

Published in vitro experiments suggested that TEM1 may bind
to the ATCAACA(N)oCACCTGTT sequence located in the 5'-
untranslated region (UTR) of the FT gene (9). How the specific
recognition of this cis-element is achieved and the mechanism un-
derlying the floral suppression function of TEM1 remain unclear.
Here, we determine how the sequence-specific recognition of F1'5'-
UTR by the TEM1 AP2 and B3 domains is mediated. Both
structural and biochemical data suggest that the dual binding of the
TEM1 domains results in stronger and more-specific recognition to
the DNA target. Genetic data reveal that both the AP2 and B3
domains are necessary for the flowering repressor function of
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TEM1 and that TEMI1 recruits the Polycomb repressive complex 2
(PRC2) to deposit repressive H3K27me3 marks that inhibit FT
expression. Overall, our studies reveal the molecular basis for the
suppression of flowering by the combinatorial readout of the FT'
5’-UTR by TEML1.

Results

Combinatorial Binding of TEM1 to FT. To explore the molecular
mechanism of floral repression by Arabidopsis TEM1, we analyzed
its primary sequence. TEM1 possess three potential functional
domains/motifs: an N-terminal AP2 domain, a central B3 domain,
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Table 1. In vitro binding assay of various TEM1 fragments with FT 5’-UTR

TEM1 protein fragments DNA probe Ko (nM)
TEM1 FL FT 5'-UTR 8.85 + 0.40
TEM1 FL with B3 pentamutant FT 5'-UTR 2,660 + 87
TEM1 FL with AP2 pentamutant FT 5'-UTR 90.8 + 3.8
TEM1 B3 domain WT FT 5'-UTR 102 +5
TEM1 B3 domain pentamutant FT 5'-UTR 3,580 + 126
TEM1 AP2 domain WT FT 5'-UTR 4,610 + 150
TEM1 AP2 domain pentamutant FT 5'-UTR NDB
TEM1 FL FT-AP2 site 1 mutation 10.6 £ 0.5
TEM1 FL FT-AP2 site 2 mutation 11.8+04
TEM1 FL FT-AP2 site 1/2 mutation 244 + 0.9

The in vitro binding assays of various WT and mutant TEM1 fragments to a 29-bp FT 5'UTR segment bearing
both the AP2 and B3 recognition sequences or its mutants. The sequences of the DNA oligos can be found in
SI Appendix, Table S1. The equilibrium dissociation constant (Kp) and SD were calculated using the ForteBio
Octet data analysis software; curves of at least five different concentrations were used in Kp calculation. FL, full
length; NDB, no detectable binding.

and a C-terminal RLFGV motif (Fig. 14). Both the AP2 and B3  5’-UTR of the FT gene, respectively (9). The FT 5'-UTR CAACA
domains are plant-specific DNA-binding domains. In vitro elec- and CACCTG sequences occur within a 20-base pair (bp) region
trophoretic mobility shift assays have demonstrated that the AP2  (Fig. 14), suggesting there could be combinatorial interactions be-
and B3 domains bind to CAACA and CACCTG sequences in the  tween factors bound at these sites. To investigate the relationship
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Fig. 2. Crystal structure of the TEM1 B3-DNA complex. (A) The overall structure of TEM1 B3-DNA complex with the TEM1 B3 and DNA colored in cyan and
magenta, respectively. (B) Electrostatic surface view of TEM1 B3, showing the positively charged DNA binding interface. (C) Schematic representation of the
interactions between TEM1 B3 and DNA. Hydrophilic and hydrophobic contacts are labeled with red and blue arrows, respectively. The core recognition
sequence is highlighted in magenta. MC, main chain. (D-J) Details of the interactions between TEM1 B3 and DNA. The interacting residues are highlighted by
stick model, and hydrogen bonds are highlighted by dashed silver lines. D-G show base-specific interactions. H-J show backbone interactions.
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between the AP2 and B3 domains of TEM1, we measure the
binding affinity (Kp) between different TEM1 fragments and an FT
5’-UTR probe encompassing both the AP2 and B3 binding sites (S/
Appendix, Table S1) using a Bio-layer interferometry—based in vitro
binding assay. While the B3 and AP2 domains bind to the FT 5'-
UTR probe with binding affinities of 102 and 4,610 nM, respec-
tively, the full-length TEM1 binds to this DNA probe with an af-
finity of 8.85 nM (Table 1). Although the AP2 domain binds to the
FT 5'-UTR much more weakly than the B3 domain, the combi-
nation of the AP2 and B3 domains substantially increased the
overall binding, indicative of a combinatorial effect.

Structure of TEM1 AP2 Domain and AP2-DNA Complex. To under-
stand how TEM1 specifically recognizes the FT 5'-UTR, we carried
out structural studies. We first determined the crystal structure of
the TEM1 AP2 domain at 1.05-A resolution (SI Appendix, Fig. S14
and Table S2). The TEM1 AP2 domain adopts a canonical AP2
fold consisting of a three-stranded antiparallel p-sheet and three
C-terminal a-helices forming a triangle-like helical subdomain (S7
Appendix, Fig. S14). We also determined the crystal structure of the
TEM1 AP2 domain in complex with an FT 5’-UTR-derived DNA
at 2.7-A resolution (Fig. 1B and SI Appendix, Tables S1 and S2).
There are four AP2-DNA complexes in the asymmetric unit, with
all 11 bp of the DNA used in crystallization clearly interpreted (S/
Appendix, Fig. S1B). The superimposition of the free and DNA-
bound AP2 structures yielded an RMSD of 0.8 A, indicating no
significant conformational changes (SI Appendix, Fig. S1C). TEM1
AP2 binding does not induce major changes in DNA curvature (S/
Appendix, Fig. S1D). Overall, TEM1 AP2 binds to DNA with the
antiparallel p-strands inserting into the DNA major groove, while
the helical subdomain is opposite against the DNA binding inter-
face and has few interactions with the DNA (Fig.1B). The DNA
binding interface of AP2 is highly positively charged, suggesting
electrostatic interactions play a key role in binding (Fig. 1C).

A

Structural Basis for the TEM1 AP2-DNA Interaction. The TEM1 AP2
domain has been shown to bind the CAACA motif (9). However,
in our crystal structure, the four AP2-DNA complexes in the
asymmetric unit adopt two different DNA binding patterns. While
two of the AP2 domains recognize the CAACAC maotif, the other
two AP2 molecules recognize the ACACAG motif displaced 2 bp
downstream (Fig. 14 and SI Appendix, Fig. SIE). To determine
which the canonical TEM1 AP2 domain binding motif is, we
maintained the CAACAC or ACACAG motif and mutated the
flanking sequences of two sides to TTTT (SI Appendix, Table S1).
In vitro binding assays showed that the keeping of a single po-
tential AP2 binding site only slightly decrease the overall bind-
ing (Table 1). Mutation of both the CAACAC and ACACAG
AP2 binding motifs to poly T significantly weaken the binding
(Table 1). The overlay of the two binding modes results in serious
steric conflict (ST Appendix, Fig. S1E). Overall, our data suggest
that both AP2 binding motifs can be recognized by TEM1 but not
at the same time.

A number of hydrophilic and hydrophobic interactions contribute
to DNA binding. In the CAACAC binding mode, Tyr88 forms a
hydrogen bond with A3 and hydrophobic stacking interactions with
A3 and C2 of the DNA forward strand (Fig. 1 D and E). Arg93
forms hydrogen bonds with both bases of the A4-T8§’ pair and G7’ of
reverse strand and cation—r interaction with T6’ of the reverse
strand (Fig. 1 D and F). GIn86 forms a water-mediated hydrogen
bond with A4 (Fig. 1 D and G). Trp95 forms hydrophobic stacking
interactions with G5’, T6’, and the sugar ring of G5’ of the reverse
strand (Fig. 1 D and H). GIn78 forms a hydrogen bond with G5’
(Fig. 1 D and I). Besides base-specific interactions, there are mul-
tiple backbone interactions encompassing the recognition sequence
(Fig. 1D). Several polar residues including Arg65, Lys66, Ser69,
Lys73, GIn78, Asn80, Arg82, GIn86, Thr98, Argll7, and Argl52
and the main chain of Ser70, Gly74, and Val75 form extensive
hydrogen bonding and/or electrostatic interactions with the DNA
phosphate backbone, further strengthening the overall interaction
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Fig. 3. A cis-regulatory region in FT 5’ UTR mediates FT repression in long days. (A) lllustration of the FT promoter (containing 5’ UTR) in fusion with the GUS
reporter gene. The mutant (MT) fragment lacks a 20-bp sequence recognized by TEM1, consisting of putative AP2 and B3 binding motifs. WT, GUS driven by a
WT promoter region. (B) Types of GUS staining of transgenic seedlings (T, first generation) grown under long days. Shown are the seedlings expressing GUS
driven by WT FT promoter (harvested at ZT12). (Scale bars, 0.1 mm.) (C) Analysis of GUS staining of transgenic seedlings. Total number (n) of T, plants scored
for each line is indicated. (D) Relative GUS messenger RNA (mRNA) levels in the indicated T, transgenic plants grown in long days. A total of 25 to 30 in-
dependent T, seedlings from each line were harvested at ZT12 and pooled for RNA extraction. A two-tailed Student'’s t test was conducted (**P < 0.01). Data

are mean = SD, n = 3 biological replicates.
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Fig. 4. TEMI1 recruits CLF-PRC2 to deposit H3K27me3 and repress FT expression. (A) TEM1 interacts with an N-terminal fragment of CLF (residues 1 to 556) in
yeast cells. CLF and the full-length TEM1 were fused to the GAL4 AD and BD, respectively. Yeast cells were spotted onto a stringent selection medium. The
synthetic dropout medium lacks Trp, Leu, His, and adenine (-WLHA) or a nonselective medium lacking Trp and Leu (-WL; control). (B) ColP assay of TEM1 with
CLF. HA-TEM1 was immunoprecipitated by anti-FLAG that recognizes CLF-FLAG. Nicotiana benthamiana leaves were coinfiltrated with mixed Agrobacteria
cells containing 355-HA-TEM1 or 355-CLF-FLAG plasmids. (C) Relative FT expression level in WT and tem1/2 seedlings grown under long days. FT expression
was normalized to TUBULINZ (TUB2). (D) Schematic diagram of the FT locus. Arrow, transcription start site; gray boxes, UTR; filled black boxes, exons. (Scale
bar, 0.5 kb.) ChIP-examined regions are indicated with black bars. The P3 region contains TEM1-recognized elements. (E) ChIP analysis of CLF enrichment at FT
in wild-type (Col-0) and tem1/2 seedlings at ZT8. Genomic fragments immunoprecipitated by a rabbit polyclonal antibody recognizing the native CLF were
quantified by gPCR and normalized to TUB2. The fold enrichments of CLF over CK (c/f-29) in each examined region in WT or tem1/2 are shown. (F) ChIP
analysis of H3K27me3 on FT chromatin in WT and tem1/2 seedlings at ZT8. Ratios of each examined FT region to the endogenous control TUB2 were shown. In

C, E, and F, bars indicate SD of three biological replicates, and two-tailed Student's t tests (**P < 0.01) were conducted (ns, not significant).

between TEM1 AP2 and DNA (Fig. 1 D and J-L). Overall, the
AP2 has a DNA b1nd1ng surface area of 791 A%

The AP2 domain is shifted 2 bp along and around the DNA to
form the ACACAG binding mode, compared to the CAACAC
binding mode (SI Appendix, Fig. S1E). Overall, the AP2 ACA-
CAG binding mode is similar to the CAACAC binding mode, with
many of the backbone and base interactions largely conserved (S/
Appendix, Fig. S1F). For example, recognition of the central ACA
(position 3 to 5) consensus of both motifs are the same in the two
binding modes (Fig. 1D and SI Appendix, Fig. S1I). Major differ-
ences are seen at position 1, 2, and 6. In position 1, the first A of
the ACACAG motif, which is equivalent to the first C of the
CAACAC motif, is recognized by AP2 via stacking interactions
(F1g 1D and SI Appendix, Fig. S11). Slight conformational changes
in AP2 Tyr88 promote recognition of the A in the CAACAC
motif or the C in the ACACAG motif (SI Appendix, Fig. S1G),
suggesting a tolerance for different bases. Conformational changes
in AP2 GIn78 enable the recognition of G5’, which pairs C7 of the
CAACAC motif, or C3’, which pairs with the G9 of the ACACAG
motif (SI Appendix, Fig. S1H). Given recognition of position 1 is
mediated by stacking interactions, which is not base specific, and
positions 2 and 6 can tolerate purine—pyrimidine switches through
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conformational changes in AP2 residues, we suggest a plausible
model that the TEM1 AP2 domain can slide along the DNA.
When it meets the central tandem ACA motifs (ACACA) via
either of the two binding states, it will steadily bound at only one
of the ACA motifs mutually exclusively.

Structural Basis of the TEM1 B3-DNA Interaction. To investigate
recognition of the FT gene 5'-UTR by the TEM1 B3 domain, we
determined the structure of the TEM1-B3 in complex with an FT
5'-UTR~derived 14-bp DNA at 2.7-A resolution (Figs. 14 and 24
and SI Appendix, Tables S1 and S2). There are two TEM1-B3
proteins and one DNA segment in an asymmetric unit, with one
protein bound via base-specific interactions and the other one
bound nonspecifically (SI Appendix, Fig. S24). The 14-bp DNA
segment is clearly traced in the crystal structure and adopts a
classical B-form (SI Appendix, Fig. S2 B and C).

The TEM1 B3 domain adopts a typical p-barrel-like structure
flanked by two short a-helices, resembling other reported B3 do-
main proteins (23, 25-28) (Fig. 24). The DNA binding interface
of the B3 domain is highly positively charged, similar to the AP2
DNA binding interface (Fig. 2B). There are extensive backbone
and base-specific interactions between the B3 domain and DNA
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Fig. 5. AP2 and B3 domains are critical for TEM1-mediated floral repression.
(A) Phenotypes of Col, tem1, and the indicated transgenic lines. TEM1:TEM1,
WT TEM1; TEM1:TEM1-AP2MT, AP2 domain mutated; TEM1:TEM1-B3MT, B3
domain mutated; TEM1:TEM1-AP2MT B3MT, mutations in both AP2 and
B3 domains; TEM1:TEM1AAP2, AP2 domain deleted; and TEM1:TEM1AB3, B3
domain deleted. (Scale bars, 1 cm.) (B) Box plots of the flowering times of the
indicated lines. Number (n) of T, plants scored for each line is indicated.
Flowering time was measured by the number of total leaves at flowering.
Letters mark statistically distinct groups (one-way ANOVA, P < 0.01). (C) A
molecular model for FT regulation by TEM1. TEM1, via the AP2 and B3 do-
mains, specifically recognizes FT 5'-UTR and recruits PRC2 to deposit the
repressive H3K27me3 mark to suppress FT expression.
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(Fig. 2C). In particular, Trp259 forms hydrophobic stacking in-
teractions with C8 of the DNA forward strand (Fig. 2 C and D).
Arg209 forms hydrogen bonding and cation—r interactions with
G8 of the DNA reverse strand (Fig. 2 C and E). Ser262 forms
hydrogen bonding interactions with A7 of the forward strand and
T10’ of the reverse strand (Fig. 2 C and F). Leu207 forms hy-
drophobic stacking interactions with G9’ (Fig. 2 C and G). Many
charged and hydrophilic residues including Lys197, Ser202,
Lys214, Lys238, Arg255, Thr268, Lys269, and Lys276 contribute to
hydrogen bonding and/or electrostatic interactions with the DNA
backbone (Fig. 2 C and H-J), The TEM1 B3 domain has a DNA
binding surface area of 917 A2, which is larger than the AP2 do-
main. The larger DNA bmdmg surface of B3 than AP2 domain
results in more interactions, plausibly explaining our biochemical
data that B3-DNA interaction is stronger than AP2-DNA interaction
(Table 1).

TEM1 Binding Motifs Are Essential for FT Repression. To determine
whether the TEM1-binding cis-elements in the FT 5’-UTR are
required for to TEM1-mediated transcriptional repression of F7,
we constructed a transgene in which the coding region for the
B-GLUCURONIDASE (GUS) reporter gene was driven by an FT
promoter region. It has been previously shown that a genomic FT'
fragment containing a 5.7-kb FT promoter region is sufficient to
rescue the late flowering of an ff null mutant (29). In this study, we
fused a 6.9-kb FT promoter segment containing 5'-UTR with the
reporter gene GUS (Fig. 34), and the FT-GUS expression patterns
are similar to what have been described in previous studies (29,
30). The FT promoter segment repressed GUS expression in the
first true leaf vasculature, whereas removal of the TEM1 binding
fragment (CAACACAGAGAAACCACCTG) resulted in GUS
expression (Fig. 3 B-D), suggesting that the motifs function as FT-
silencing elements.

TEM1 Recruits PRC2 to Deposit H3K27me3 on FT Chromatin. To ex-
plore the role of TEM proteins in FT repression, we used yeast
two-hybrid assays to identify potential TEM-interacting partners
and observed that TEM1 interacted with an N-terminal fragment of
CURLY LEAF (CLF) (Fig. 44). We further found that the AP2
domain mediated the interaction of TEM1 with CLF in yeast cells
(SI Appendix, Fig. S3). CLF is the catalytic subunit of the PRC2,
which deposits repressive H3K27me3 histone marks (31). PRC2 is
known to suppress the FT gene expression (32-36). We confirmed
the interaction by coimmunoprecipitation (ColP) using proteins
extracted from Nicotiana benthamiana leaves transiently coex-
pressing 35S:HA-TEM1 and 35S: CLF-FLAG plasmids. HA-tagged
TEM1 was able to pull down the FLAG-tagged CLF, verifying that
TEML1 associates with CLF to form a complex in vivo (Fig. 4B).

Consistent with TEM1 and TEM2 controlling flowering via
transcriptional regulation of FT (10), we confirmed that there
was significantly increased expression of FT in ferml/2 at midday
(ZT8) under long day conditions compared to wild type (WT)
(Fig. 4C). Given that TEM1 specifically binds the FT 5’-UTR
and forms a protein complex with CLF, we asked whether CLF
enrichment on FT chromatin depends on TEM proteins. Using
chromatin immunoprecipitation (ChIP) with an antibody that
recognizes the native CLF protein (26, 37), we observed that the
TEM-binding region (P3 in Fig. 4D) has reduced levels of CLF in
teml/2 relative to WT (Fig. 4E and SI Appendix, Fig. S4), consistent
with TEM1/2 recruiting CLF to the FT 5-UTR. Furthermore,
H3K27me3 levels at the TEM1 binding site were significantly re-
duced in the feml/2 mutant relative to WT (Fig. 4F). Thus, the
TEM genes are required for CLF-mediated H3K27me3 deposition
at the FT 5’-UTR.

AP2 and B3 Domains Are Required for Floral Repression. Based on

our structures, we selected five key DNA-binding residues in the
AP2 or B3 domains and mutated them to negatively charged
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residues to disrupt the DNA binding. Both the S202E/K214E/
K238E/R255E/K269E B3 domain mutant (B3 pentamutation)
and K73E/YS88E/R93E/R117E/R152E AP2 domain mutant (AP2
pentamutation) significantly decreased the DNA binding affinity of
the corresponding domains (Table 1). In addition, TEM1 protein
bearing the B3 pentamutions or AP2 pentamutions had substantially
reduced DNA binding affinities (Table 1). TEM1 genes bearing
B3 pentamutions (B3MT), AP2 pentamutions (AP2MT), B3/AP2
pentamutions (AP2MTB3MT), B3 deletion (AB3), and AP3 deletion
(AAP2) were engineered into a TEM1 construct (pTEM1:TEM1I)
and transformed into a femI-I mutant background (Fig. 54).
Transgenic plants carrying TEM1 with DNA-binding domain
mutations or TEMI with domain deletion were unable to com-
plement the fem1-induced early flowering phenotype, compared to
a full rescue of teml by WT TEMI (Fig. 5 A and B). Thus, the
TEM1 AP2 and B3 domains are critical for flowering regulation.

Discussion

AP2 domain proteins are a large group of plant-specific tran-
scription factors. In this study, we demonstrate that the TEM1
AP2 domain recognizes a core ACA motif. The presence of tan-
dem ACA motifs in the FT 5’-UTR increases AP2-DNA binding
slightly (Table 1). We compared the TEM1 AP2-CAACAC
complex with the AtERF1-DNA structure [Protein Data Bank
(PDB): 1GCC]. Both AP2 domains adopt a similar topology (S
Appendix, Fig. S54) (17). In the two structures, most of the key
residues participating in base-specific interactions occupy very similar
positions (SI Appendix, Fig. S5 A and B). In the antiparallel p-sheets
-1 and p-2, base-interacting residues are highly mutable, resulting in
distinct sequence preferences among the different AP2 subfamilies.
For example, while ERF1 Trpl54 interacts with both the DNA
backbone and DNA base, the Asn80 of TEM1 at the equivalent
position only recognizes the DNA backbone (SI Appendix, Fig. S5 A
and B) (17). However, DNA-contacting residues in p-3 are highly
conserved (SI Appendix, Fig. S5 A and B). Thus, selective changes in
B-1 and p-2 are responsible for the distinct DNA sequence prefer-
ence of AP2 domains.

The TEM1 B3 domain belongs to the RAV subfamily of B3
domains that recognize the CACCTG motif. This subfamily in-
cludes TEM2, RAV1, RAVI-like, RAV3, RAV3-like, NGA1/2/
3/4, NGALI1 (AT2G36080), NGAL2 (AT3G11580), and NGAL3
(AT5G06250) (18). Our TEM1 B3-DNA complex represents a
protein-DNA complex structure in this subfamily, enabling us to
analyze the basis of their sequence specificity. We compared TEM1
B3 with our recently reported VALI1 B3 structure, which belongs to
the TGCATG-specific LAV subfamily (26). TEM1 B3 has an
overall similar topology with VAL1 B3, with an RMSD of 1.4 A.
However, the bound DNA is shifted slightly between TEM1 and
VALL1 (SI Appendix, Fig. S5C). In both the VAL1 B3-DNA and
TEM1 B3-DNA structures, o-1 to -2 and p-4 and p-5 bind the
DNA major groove (SI Appendix, Fig. S5C). However, in the
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TEM1 B3-DNA structure, -3 also interacts with the DNA
backbone, which results in the shift in DNA orientation. On the
other side of the major groove, the antiparallel p-sheets -4 and
B-5 of TEM1 B3 are shorter than p-4 and B-5 in VAL1 B3,
resulting in an altered DNA recognition pattern in this region and
therefore a different recognition sequence (SI Appendix, Fig. S5 C
and D). The structure-based sequence alignment of the RAV
subfamily B3 domains indicates that all the base-interacting resi-
dues are highly conserved, suggesting the TEM1 B3 domain and
other members in this subfamily will have a similar sequence prefer-
ence (SI Appendix, Fig. SSE).

Unlike prokaryotic transcription factors, which achieve sequence
specificity by binding long cis-elements, eukaryotic transcription
factors bind short cis-elements (38). Aligning multiple short cis-
elements may help eukaryotic transcription factors achieve suffi-
cient specificity to mediate sequence-specific regulation. In TEMI,
the presence of both an AP2 and B3 domain overcomes the relatively
limited specificity of a single short cis-binding sequence motif. In
addition, although AP2 binds to the target DNA with a ~45-fold
lower affinity compared to the B3 domain, AP2 and B3 together
bind in a combinatorial manner to the F7'5'-UTR, thereby increasing
overall binding affinity ~11-fold compared to the single B3 domain
(Table 1). Recently, we reported that the flowering regulator CO may
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multiple cis-elements may be a common mechanism by which
eukaryotic transcription factors are able to achieve high binding af-
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locus targeting and more-dynamic activity than eukaryotic transcrip-
tion factors. Here, we showed that the transcription factor TEM1
bridges these two processes, targeting epigenetic modifiers to regulate
limited gene(s) in a specific biological process. Overall, we suggest
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and recruits PRC2 to deposit repressive H3K27me3 histone marks to
suppress FT expression and the floral transition (Fig. 5C).

Materials and Methods

Details are provided in S/ Appendix, SI Materials and Methods, including
protein expression and purification, crystallization and structure determina-
tion, in vitro protein-DNA binding assay, plant materials and growth condi-
tions, yeast two-hybrid analysis, plasmid construction, ChIP, ColP, histological
analysis of GUS staining, and RNA analysis.
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