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ABSTRACT

Arabidopsis thaliana requires a prolonged period of
cold exposure during winter to initiate flowering in
a process termed vernalization. Exposure to cold in-
duces epigenetic silencing of the FLOWERING LO-
CUS C (FLC) gene by Polycomb group (PcG) proteins.
A key role in this epigenetic switch is played by tran-
scriptional repressors VAL1 and VAL2, which specif-
ically recognize Sph/RY DNA sequences within FLC
via B3 DNA binding domains, and mediate recruit-
ment of PcG silencing machinery. To understand the
structural mechanism of site-specific DNA recogni-
tion by VAL1, we have solved the crystal structure of
VAL1 B3 domain (VAL1-B3) bound to a 12 bp oligodu-
plex containing the canonical Sph/RY DNA sequence
5’-CATGCA-3'/5-TGCATG-3'. We find that VAL1-B3
makes H-bonds and van der Waals contacts to DNA
bases of all six positions of the canonical Sph/RY el-
ement. In agreement with the structure, in vitro DNA
binding studies show that VAL1-B3 does not tolerate
substitutions at any position of the 5'-TGCATG-3’ se-
quence. The VAL1-B3-DNA structure presented here
provides a structural model for understanding the
specificity of plant B3 domains interacting with the
Sph/RY and other DNA sequences.

INTRODUCTION

Many plants that grow in a temperate climate zone re-
quire a long period of low winter temperature to initiate
flowering in a process termed vernalization. In Arabidop-
sis, prolonged cold exposure promotes flowering in spring
through epigenetic silencing of the FLOWERING LOCUS
C (FLC) gene, which encodes a potent floral repressor (1,2).
It was recently demonstrated that a key role in vernaliza-
tion is played by plant transcription repressors VAL1 and
VAL2 (3,4), which target the Polycomb repressive complex
2 (PRC2) to the region covering the junction of exon I
and intron I of FLC, termed the nucleation region, leading
to establishment of the H3K27me3 repressive mark. VAL1

and VAL?2 possess a unique domain combination, contain-
ing the plant-specific B3 DNA-binding domain, EAR tran-
scriptional repressor domain (5), and two potential histone-
binding domains, a CW domain and a PHD-like (PHD-
L) domain (6,7). The PHD-L domain was demonstrated to
read the methylation state of histone H3 via specific interac-
tions with H3K27me2 and K3K27me3 marks (3), while the
B3 DNA binding domain is implicated in recognition of the
5'-CATGCA-3'/5-TGCATG-3' sequence, termed Sph/RY
element (8), two copies of which are found within the FLC
nucleation region (3,4). This suggests that VAL1/2 proteins
might be recruited to a target gene through multivalent in-
teractions including Sph/RY recognition by the B3 domain
and PHD-L-mediated binding of a repressive histone mark
(3). Moreover, VAL1/2 proteins were demonstrated to di-
rectly interact with Polycomb component LIKE HETE-
ROCHROMATIN PROTEIN 1 (LHP1) (3) and with com-
ponents of the apoptosis- and splicing-associated protein
(ASAP) complex (4), thereby guiding epigenetic silencing
machinery to the Sph/RY and H3Kme3 sites. In addition
to vernalization, VAL proteins act in other processes, e.g.
repression of the embryonic pathway during seed germina-
tion (7), and sugar response (5).

To understand the structural basis of DNA target recog-
nition by VAL1, we have solved a 1.9 A crystal structure of
VALI1 B3 domain (VAL1-B3) bound to a 12 bp oligodu-
plex containing the canonical Sph/RY DNA sequence
5'-CATGCA-3'/5-TGCATG-3'. Structural comparison of
the VALI-B3-DNA complex with the structure of DNA-
bound plant transcription factor ARF1 (9) and structures
of bacterial B3-like domains revealed a conserved mode of
DNA binding mediated by N- and C-arm structural ele-
ments (10-13). VAL1-B3 makes base-specific contacts to all
6 bp of the canonical Sph/RY element and has little toler-
ance for any single base pair substitution within the canon-
ical Sph/RY sequence.

MATERIALS AND METHODS
DNA oligonucleotides

Oligoduplex substrates used in this study are listed in Ta-
ble 1. All oligonucleotides were purchased from Metabion
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(Germany). Radioactive labeling was performed with [y-
3PJATP (PerkinElmer) and T4 polynucleotide kinase
(Thermo Fisher Scientific). Oligoduplexes were assembled
by annealing the corresponding radiolabeled and unlabeled
strands. Construction of expression vectors, protein expres-
sion and purification are described in Supplementary Ma-
terials and Methods.

Crystallization

Protein crystallization was performed by sitting drop va-
por diffusion method at 277 K. The VAL1-B3 protein in
20 mM Tris-HCI (pH 8.0 at 25 C), 150 mM NaCl and
0.02% NaNj3 was concentrated to 350 wM concentration
(~5 mg/ml) and mixed with an equimolar concentration of
12/12SP DNA (Table 1); final concentrations of VAL1-B3
and DNA were 220 pM each. 0.25 pl of the solution was
mixed with 0.25 pl of the crystallization solution (#9 so-
lution of the Hampton Research ‘Crystal Screen Cryo’ Kkit,
0.17 M Ammonium acetate, 0.085 M Sodium citrate triba-
sic dihydrate pH 5.6, 25.5% w/v Polyethylene glycol 4000,
15% v/v glycerol). Crystals appeared after 3 months.

Data collection and structure determination

Diffraction data were collected at 100 K at the P14 beam-
line (PETRA 1II/DESY) on an EIGER 16M detector. No
additional cryoprotection was used. Data were processed
with XDS (14), SCALA and TRUNCATE (15). The struc-
ture was solved by molecular replacement with PHASER
(16) as described in Supplementary Materials and Methods.
The resultant model was rebuilt in COOT and refined using
PHENIX (17) to final Ryok/ Rree 0f 0.170/0.217. Data col-
lection and refinement statistics are shown in Table 2.

Structure and sequence analysis

Structures of VAL1-B3 and related domains were overlaid
using Multiprot (18). Structure-based sequence alignments
were generated using the Staccato algorithm (19) and ES-
PRIPT (20). Structures were visualized and figures gener-
ated using PyYMOL (The PyMOL Molecular Graphics Sys-
tem, Version 1.7 Schrédinger, LLC). Electrostatic potential
surfaces were generated using the ‘APBS Tools’ plugin in
PyMOL. Phylogenetic trees of the aligned sequences were
generated using phylogeny.fr (21).

Electrophoretic mobility shift assay

DNA binding by wt VAL1-B3 was analyzed by the elec-
trophoretic mobility shift assay (EMSA) using **P-labeled
12 bp oligoduplexes. I pM DNA (2-4 nM of radiolabeled
DNA mixed with 1 pM of unlabeled oligoduplex) was in-
cubated with the protein (final concentration typically var-
ied from 0.5 to 10 wM) for 15 min in 20 wl of the bind-
ing buffer containing 30 mM Mes/30 mM histidine (pH
6.0 at 25°C), 0.1 mg/ml bovine serum albumin and 10%
v/v glycerol. Free DNA and protein—-DNA complexes were
separated by electrophoresis through 8% polyacrylamide
gels (29:1 acrylamide:bisacrylamide) in 30 mM MES/30
mM histidine (pH 6.0) for 45-60 min at 5 V/cm. Some
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experiments were also performed using a pH 8.3 binding
and electrophoresis buffers (MES/histidine replaced with
40 mM Tris-acetate). Low power consumption, ~2 W (110
V x ~18 mA) per electrophoretic unit containing two gels
(gel size—height:width:thickness 22:15:0.1 cm) and 1 1 of
electrophoretic buffer, ensured that the gels during elec-
trophoresis remained at room temperature (~22°C, well be-
low the melting temperature of 12 bp duplexes used in the
assay, >40°C). Radiolabeled DNA and protein—-DNA com-
plexes were detected using a ‘Cyclone’ phosphorimager and
‘OptiQuant’ software (Packard Instrument).

EMSA competition experiments

Samples contained 1 uM wt VAL1-B3, 1 M of 3*P-labeled
cognate 12/12SP DNA and variable amounts (0.6-20 wM)
of unlabeled competitor (12 bp oligoduplexes containing
either the consensus Sph/RY motif 5-TGCATG-3" (5'-
CATGCA-3'), or 18 variants containing single-base pair
substitutions at each of the six positions) in the standard
binding buffer described above (pH 6.0 MES/histidine).
Radiolabeled free DNA and protein—-DNA complexes were
separated for 45 min at 3V /cm. Analysis of the dependence
of the amount of the radiolabeled-specific complex on the
concentration of the unlabeled competitor, performed as
described in Supplementary Methods, allowed us to deter-
mine the relative affinities of VAL1-B3 to various recog-
nition sequence variants. Relative affinities were converted
into a sequence logo representation of the VAL1-B3 PWM
as described in Supplementary Methods.

RESULTS
Overall structure of VAL1-B3 domain

We have solved the co-crystal structure of VAL1 B3 DNA
recognition domain (VALI-B3) with a 12 bp cognate
oligoduplex DNA at 1.9 A resolution (data collection and
refinement statistics are summarized in Table 2). The asym-
metric unit contains two almost identical DNA-bound pro-
tein molecules (RMSD 0.3 A over 1100 protein and DNA
atoms). In the crystal the two DNA-bound VAL1-B3 sub-
units form a back-to-back dimer with a surface area of
~920 A? (determined using the PISA server (22), Sup-
plementary Figure S1A). The predominantly polar inter-
molecular contact surface between VAL1-B3 molecules in
the crystal, and the monomeric structure of VALI-B3 in
solution (Supplementary Figure S1B) imply that this in-
terface plays no role in VALI1-B3 function. The 12 bp
DNA oligoduplexes used for crystallization of VAL1-B3
form continuous double-stranded structures in the crystal
(a common observation in protein—DNA complexes involv-
ing small DNA-binding domains), thereby defining the a =
40.1 A (=12 x 3.4 A) edge of the unit cell (Supplementary
Figure S1A).

Like other plant B3 domains, VAL1-B3 is composed of
seven [ strands making a pseudo barrel decorated by short
a helices (Figure 1A and B). VAL1-B3 is most similar to
B3 DNA recognition domains of plant transcription fac-
tors ARF5 (PDB ID: 11du, DALI (23) Z-score 16.4), ARF1
(41dx, 14.9) and RAV1 (1wid, 13.5). This reflects significant
sequence similarity: VAL1-B3 shares ~30% identical and
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Table 1. Oligoduplex substrates

Name Sequence Comment
12/12NSP 5-CGACAGGTGGCT-3 12 bp oligoduplex lacking the canonical Sph/RY
3-GCTGTCCACCGA-5 motif. Used as non-cognate DNA in EMSA
experiments.
12/12SP 5-CGGTGCATGGCT-3¥ 12 bp oligoduplex containing the canonical
3-GCCACGTACCGA-Y Sph/RY motif (underlined). Used for
crystallization of VAL1-B3 and as cognate DNA in
EMSA experiments.
12/12SP_2 5-CGCTGCATGCCT-3' As 12/12SP, but contains two G:C to C:G

12/12_1(AIGIC)
12/12.2(CIAIT)
12/12_3(GIAIT)
12/12_4(TICIG)
12/12_5(AICIG)
12/12_6(AITIC)

3-GCGACGTACGGA-5Y

5-CGGTGCATGGCT-3'
3-GCCACGTACCGA-5

replacements adjacent to the Sph/RY motif
(shown in italic).

18 variants. As 12/12SP, but contain 3 possible
single bp substitutions at positions 1, 2, 3,4, 5 or 6.

A N-arm
Bl al B2 1) B3 puC-arm g o3 B6 B7
VAL1-B3 —————— 0000 __ — 0000000 g TT TT 0200000 TT
VAL1-B3 288 NLN[I[VPFE SRIT GL VIRBAAICESAAIY(FIFP|T|S Q S[E[E T|P(LIK|T|QIIVIR G . [RIEQIT FIQ[F R Y|P N NIN|S )3IMp4 V| SIMMIL Q A[IT[VIT FSRVDP GG[K|L|II MGS RKAAN
VAL2-B3 279 NSK|I|[IPMFE AICESAAIY|F)4P|I|S LP(E[ELIP(LIK|I|QII|KG . |KIEQIV FJQ[F RFYP N NIN|S I3IMFY V| SIMQILQA[TIVITFSRTEP EGK|LIVMGY RKAITN
VAL3-B3 321 ESV[VTPMFE L VIRBUK|YESAAF|LIFO(L|S H TIK[E V(P |L{T|VIQIPMG . [KIEYR FIQIF RFIQYP S SIKIGIAT p4V] TILQLQAEMITVIIFSRLDP ER[K|L|I LIGFRKA|S I
FUS3-B3 85 PRK|LRFHMF Q) M IR AKALNAAH|LIFA(LIE CKIE[GIP(I|RIMEPILD GF(H|VIYT FfK|Y RY 3P N NN|S)5Mp4 V| TGD|F VINAHG|L QO L[JF|IMVYQDLY SN|N|[Y|V I|QAR[KA[SE
LEC2-B3 164 NKK|LRVIACEJSEMKN(SV G[S|LGIAT ViRBARDESAAINILIZK|L|S D K[E[E I|VV|QMRV|E SM|Q|SIYS FIK|Y K F S N NIK|S )5MpY V| TGEF VIKIQINGAE I{EF|LITIYEDE SKN|L|Y[F AIMNG[N S|GK
VP1-B3 510 DKN[LRFPL Q| SV G|S|LGIAT VIRBAKELSAVIHILIFE(LK T RD[E I|S|I|PMEPI TG T S[RIVIYNMR|Y RFQYP N NK|S )M L TGEF VIRISINE[L QE[EIF|I|VIY SDVKSGIK|Y|L I[RGVKV|IRP
ABI3-B3 565 EKN[LRFIL Q| SV GIN|L GJAT VIRBUKIELSAT H|LIJE|LE ARD[E T|S|LIAMEPBIT|G T SIRIVIIN MR|Y R F[YP N NIK|S )AIMP4 1| TGD|E VIK|T|NGLQE[F|I[VIYSDVKCGK|Y|LIJRGVKVIRQ
id./sim./gap chrg.
B VAL1-83 100 100 0 +4
VAL2-B3 83 90 0 +4
VAL3-B3 59 76 20/ +6
[——Fuss-83 35 60 1(%) +3
Lec2B3 40 60 1 +3 D
‘—| [ veies 36 55 1 +6 ~
ABI3-B3 36 54 1 +5 VAL1-B3—DNA

03

ARF1-B3-DNA

Figure 1. DNA recognition domain of Arabidopsis transcriptional repressor VAL1. (A) Sequence alignment of Arabidopsis thaliana LAV family B3 DNA
binding domains and the B3 domain of maize ABI3 ortholog VP1. Residues forming the N-arm (green box) and C-arm (orange box) structural elements
involved in DNA recognition are indicated. Secondary structure elements of VAL1-B3 are shown. Circles mark VAL1-B3 residues mutated in this work. (B)
Phylogenetic tree of the aligned sequences. The theoretic charges (chrg.) at neutral pH of the aligned sequences, and % identity (id.)/similarity (sim.)/gaps
of all family members relative to VAL1-B3 are given at the right-hand side of the alignment. (C) Overall structure of VAL1-B3-DNA complex. Secondary
structure elements are numbered as in (A), N-arm is colored green, C-arm is orange, DNA strand containing the 5'-TGCATG-3’ sequence is colored blue,
the complementary strand is colored white. (D) Superimposition of DNA-bound structures of VAL1-B3 (yellow) and ARF1-B3 (pink, PDB ID: 4ldx,
residues 119-225). Overlay was generated with Multiprot (18). The N-arm residues of VALI and ARF1 are colored green and pale green, respectively;
the C-arm residues of the corresponding B3 domains are colored orange and light orange. The DNA fragments of the cognate recognition sequences are
shown in cartoon representation. The 5'-TGCATG-3'/5-CATGCA-3' fragments of VAL1-B3-DNA are blue/gray, the 5-GAGACA-3'/5'-TGTCTC-3'
fragments of ARF1-B3-DNA are light blue/white.



Table 2. Data collection and refinement statistics

Data collection

Space group P12;1
A(A) 40.091
B (A) 86.577
C(A) 65.16
a/B/y . 90.000/94.135/90.000
Wavelength (A) 0.9763
X-ray source DESY/PETRAIII/P14
Total reflections 118 797 (12 131)
Unique reflections 34 337 (3404)
Resolution range™* (A) 43.29-1.90 (1.968-1.90)
Completeness* (%) 99 (99)
Multiplicity* 3.5(3.5)
Mean I/o()* 18.81 (2.69)
R(merge)* (%) 3.294 (52.4)
B(iso) from Wilson (AZ) 39.11

) Refinement
Resolution range (A) 43.29-1.9
Reflections work 34 551/3471
(non-anomalous)/test
Macromolecule/solvent atoms 2690/193
R-factor/R-free (%) 0.1699/0.2174
R.m.s.d. bond lengths 0.013/1.33
(A)/angles (deg)
PDB ID 6fas

~42% similar aa over a 104 aa region with ARF1/ARFS5,
and 38% identical 61% similar aa over a 116 aa region with
RAVI.

Mode of DNA binding

In the crystal VALI-B3 binds DNA as a monomer. The
protein approaches DNA from the major groove side, and
makes all of the base-specific and most DNA backbone
contacts via structural elements termed N-arm (helix «l,
strand B1 and the connecting loop), and C-arm (strands
B4-B5, part of the pseudo-barrel), which form a wrench-
like DNA-binding cleft (Figure 1A and B). Identical DNA
binding orientation and DNA binding determinants are
also employed by the B3 domain of plant transcription fac-
tor ARF1 (ARF1-B3, Figure 1C) (9) and all structurally
characterized bacterial B3-like domains (DNA recogni-
tion domains of restriction endonucleases EcoRII, Bfil,
NgoAVII and UbaLAI (10-13)). Like the above proteins,
VAL1-B3 does not distort the DNA. The overall bend
for the 12 bp oligoduplex, as determine by the Curves+
web server (24), is only ~5° (Supplementary Figure S2);
in comparison, the DNA fragment directly interacting with
ARF1-B3 (PDB ID: 41dx) is also bent by ~3-5°, albeit the
overall DNA axis direction relative to the protein is slightly
different than in VAL1-B3-DNA complex (Supplementary
Figure S2). The inter- and intra-base pair parameters deter-
mined by Curves+ for the VAL1-B3-DNA and ARFI1-B3-
DNA complexes are summarized in Supplementary Tables
S1 and 2.

Sph/RY element recognition by VAL1-B3

VALI-B3 directly interacts with all 6 base pairs of
the canonical Sph/RY DNA sequence 5'-CATGCA-3'/5-
TGCATG-3' (Figure 2A). For convenience, we will hence-
forth number base pairs of the 5-TGCATG-3' Sph/RY
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DNA strand from 1 to 6 (this strand is colored blue/light
blue in Figure 1 and all subsequent figures; the complemen-
tary 5'-CATGCA-3' strand is colored gray).

All base-specific contacts are made by the N-arm and C-
arm residues, which primarily contact the 5'- and 3’ parts
of the 5-TGCATG-3' sequence, respectively (Figure 2A).
In particular, N-arm residue 1307 makes a van der Waals
(vdW) contact to the methyl group of T1 in the T1:A6 base
pair, and N-arm arginine R309 makes direct H-bonds to O6
and N7 atoms of guanine G2 of the G2:C5 base pair (Figure
2A). R309 also makes a water-mediated contact to O6 of
the complementary strand guanine G4 of the C3:G4 base
pair, while N4 and C5 atoms of the ‘blue’ strand cytosine C3
make vdW contacts to the C-arm tryptophan W349 (Figure
2A).

N6 atoms of two adenines in the subsequent A4:T3 and
T5:A2 base pairs are contacted by the C-arm methionine
M356; the methyl group of the T3:A4 base pair thymine
also makes vdW contacts to N-arm residues S302 and V311,
while O4 atom of the T5:A4 base pair thymine makes a di-
rect H-bond to C-arm asparagine N351 (Figure 2A). The
same asparagine makes a direct H-bond to N4 group of
cytosine C1 in the G6:C1 base pair, and an adjacent as-
paragine N352 makes a water-mediated contact to O6 atom
of guanine G6.

Taken together, VAL1-B3 makes direct contacts to § out
of 12 bases of the Sph/RY motif (6 H-bonds and 3 vdW in-
teractions), and 3 water-mediated H-bonds to 2 more bases
(Figure 2A); no contacts to DNA bases outside the canon-
ical Sph/RY hexanucleotide are present.

DNA binding by VAL1-B3 in vitro

To date, specific binding of VAL1-B3 to Sph/RY sequence
was detected in vivo (3,4), but experiments in vitro so far
were inconclusive (7). We have failed to detect any protein—
DNA complexes of VAL1-B3 in EMSA using a standard
pH 8.3 Tris-acetate buffer, even with micromolar protein
and DNA concentrations (Supplementary Figure S3A).
Auspiciously, VAL1-B3-DNA complexes were detected in
EMSA performed in a pH 6.0 Mes-histidine buffer (Figure
2B). Under these experimental conditions VAL1-B3 forms
low-mobility DNA complexes with both cognate and non-
cognate DNAs (Figure 2B, wt VAL1-B3), and an additional
higher mobility band with cognate DNA. We presume that
the latter band corresponds to the specific VAL1-B3-DNA
complex (highlighted by red rectangles in Figure 2B), with a
single protein bound to the Sph/RY sequence at the center
of the 12/12SP oligoduplex. The low mobility band (yellow
rectangles) most likely is a non-specific complex, formed
by multiple protein copies bound to a single DNA. Due to
positive charge (+4) of VALI1-B3 (Figure 1A) and the ex-
tra size, this complex fails to enter the gel. Noteworthy, the
amount of specific complex with cognate DNA decreases
at higher protein concentrations. Presumably, this happens
due to non-specific binding of additional protein copies to
the cognate complex.

We also find that formation of the specific complex in
our experimental setup is observed only with the standard
protein containing a C-terminal (His)s tag, as protein vari-
ants with a C-terminal Strep-tag or lacking any tags failed
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B 12/12NSP DNA 12/12SP DNA Nonspecific complex
5'-CGACAGGTGGCT-3' 5'-CGGTGCATGGCT-3' m Specific complex
3'-GCTGTCCACCGA-5' 3'-GCCACGTACCGA-5' m Free DNA
wt VAL1-B3 VAL1-B3(I307A) VAL1-B3(R309A)
12/12NSP 12/12SP 12/12NSP 12/12SP 12/12NSP 12/12SP
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Figure 2. Recognition of the Sph/RY sequence by VAL1-B3. (A) The cartoon schematically depicts 12/12SP DNA used for VAL1-B3 crystallization
and positions of the protein N- and C-arms. Numbering of the nucleotides forming the canonical Sph/RY sequence (5'-TGCATG-3'/5-CATGCA-3/,
blue/gray) is shown. Individual panels show contacts made by VAL1-B3 N-arm (green) and C-arm (orange) residues to 6 bp of the Sph/RY sequence. The
2mFo-DFc electron density map contoured at a 2.0 ¢ level for the corresponding residues, and distances of direct base-specific H-bond and van der Waals
interactions (in A) are also shown. Asterisks denote residues that make contacts to multiple base pairs. (B) DNA binding by wt VAL1-B3 and mutants.
Sequences of 12/12NSP (non-cognate DNA) and 12/12SP (cognate) oligoduplexes used in EMSA are depicted. DNA concentration was 1 wM, protein
concentrations were 1, 2, 4 and 10 wM, gel lanes marked ‘0’ contained no protein. EMSA experiments were performed in a pH 6.0 buffer as described in
the ‘Materials and Methods’ section. Positions of the free DNA, specific complex and non-specific complex are marked by blue, red and yellow rectangles,

respectively.

to form a clearly defined specific band under identical con-
ditions (Supplementary Figure S4). Presumably, the (par-
tially) protonated C-terminal (His)q tag at pH 6.0 provides
just enough electrostatic attraction to the DNA to promote
specific binding. Nevertheless, low stability of the cognate
complex implies its formation should be highly sensitive
to the loss of any DNA contacts. We have therefore mu-
tated several residues implicated in base-specific contacts
of VAL, and tested the ability of VAL1 mutants, all con-
taining an identical C-terminal (His)s tag, to form the cog-
nate complex (Figure 2B). We have found that alanine re-
placements of 1307 (vdW contact to T1) and N352 (an
indirect contact to G6) did not abolish formation of the
high-mobility band, while mutations of R309 (H-bonds to

G2), M356 (H-bonds/vdW contacts to A4:T3 and T5:A2
adenines) and N351 (2 H-bonds to TS5 and C1 in the com-
plementary strand, Figure 2A) compromised formation of
the specific complex (Figure 2B).

DNA backbone contacts

VALI1-B3 binds DNA in a positively charged cleft and
makes multiple direct and water-mediated contacts to DNA
phosphates both within and adjacent to the Sph/RY se-
quence (Figure 3). Backbone contacts are not limited to
N-arm and C-arm residues, as several direct contacts are
made by residues from other structural elements, e.g. K297
(B1 strand) and K314 (a2 helix, Figure 3). Alanine replace-
ments of K297, S302 and R347 abolished formation of
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Figure 3. Contacts of VALI1-B3 to the DNA phosphates. Top: the 12/12SP oligoduplex used for VAL1-B3 crystallization. DNA phosphates making
contacts to the protein are marked as orange ‘p’ letters. Center: an electrostatic potential surface of VAL1-B3 and a cartoon representation of the 12/12SP
DNA (colored as in Figure 2). Phosphates that make contacts to VAL1-B3 are shown as orange spheres, VAL1-B3 residues making direct contacts to the
phosphates are shown in stick representation. Left: direct and water-mediated contacts to the phosphates of the ‘blue’ strand. Right: direct and water-
mediated contacts to the phosphates of the ‘gray’ strand. In all panels, N-arm residues are green, C-arm residues are orange, residues from other parts of
the protein are yellow. The side chain of R306 (unresolved in the electron density map) is white.

the specific complex or reduced its amount (Supplementary
Figure S3B; as above, all mutants contained the C-terminal
(His)s tag). Though electron density of the N-arm R306
side chain was not resolved, we reasoned that it may form
electrostatic or H-bond contacts to DNA backbone phos-
phate. In agreement with this model, the R306A mutant lost
its ability to form a specific complex (Supplementary Fig-
ure S3B). Interestingly, VAL1-B3 residue Q345 occupies a
position that in many other B3-domains contains an argi-
nine; examples include ABI3-B3 (Figure 1A), RAVI fam-
ily domains (G. Sasnauskas et al., manuscript in prepara-
tion), EcoRII (R81) and Bfil (R272, the residue implicated
in recognition of the ‘clamp’ phosphates (11)). Restoration
of the positive charge at this position in the Q345R mutant
enabled DNA binding under standard (pH 8.3) EMSA con-
ditions (Supplementary Figure S3A).

Recognition stringency of Sph/RY sequence by VAL1-B3

To assess the stringency of Sph/RY sequence recognition
by VALI-B3, we have tested the effect of single base pair
substitutions within the canonical Sph/RY hexanucleotide
5'-TGCATG-3' on the ability of VAL1-B3 to form a specific
complex. For that purpose we used a set of 12 bp oligonu-
cleotides containing three possible replacements at each po-
sition of the Sph/RY element (3 x 6 = 18 variants, Table
1), and performed EMSA experiments using standard con-
ditions (pH 6.0 buffer). We found that any single base pair
replacement within the 5'-TGCATG-3' sequence abolished
specific complex formation by wt VAL1-B3, while replace-
ments adjacent to the Sph/RY hexanucleotide had no effect
(Supplementary Figure S5).

Based on the structure, T1:A6 base pair is recognized by
a single vdW contact of 1307 side chain to the methyl of
T1. The 1307A mutation did not abolish specific binding
by VAL1-B3 (Figure 2A). Under our experimental condi-

tions this mutant even formed a higher amount of the spe-
cific complex than wt VAL1-B3 (Figure 2B), suggesting that
an alanine at this position may be sufficient for vdW inter-
actions and residual specificity. Concomitantly, a truncated
side chain could release some steric hindrance (not resolved
in our structure), resulting in a more stable specific com-
plex. But despite the non-critical nature of the 1307 con-
tact, wt VAL1-B3 did not form specific complexes with se-
quences containing replacements of the T1:A6 base pair. We
reasoned that lack of binding in this case was due to low
stability of VAL1-B3-DNA complexes under our EMSA
conditions. To assess the relative preference of VAL1-B3
to all substituted variants of the Sph/RY element we have
employed an EMSA-based competition assay (details de-
scribed in Supplementary Methods) to determine the PWM
(position weight matrix) for the VAL1-B3-DNA interac-
tion. As expected, the experimentally determined PWM is
consistent with the least stringent recognition of the T1-A6
base pair (WebLogo (25) representation in Figure 4). The
FoldX algorithm (26) also predicts significant degeneracy
in the T1:A6 recognition by VAL1-B3 (Figure 4).

DISCUSSION
Base readout by VAL1-B3

The co-crystal structure of VALI uncovers the molecular
basis of Sph/RY element recognition by plant B3 domains.
VALI1-B3 makes direct hydrogen bonds, water-mediated hy-
drogen bonds or vdW contacts to all 6 base pairs of the
canonical Sph/RY hexanucleotide (Figure 2). Of particu-
lar interest are base-specific contacts made by tryptophan
W349 and methionine M356, residues that rarely partici-
pate in recognition of undistorted DNA.

The S8 atom of M356 contacts the amino groups of
adenines located on complementary strands in two subse-
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Figure 4. WebLogo representations of PWMs of wt VAL1-B3 domain.
PWMs were either generated by analysis of the VALI-B3-DNA struc-
ture using FoldX software, or determined experimentally using an EMSA-
based competition assay as described in Supplementary Materials and
Methods.

quent base pairs (Figure 2A). The role of hydrogen bonds
involving sulfur in protein structures, with cysteine thiol
group as H-bond donor/acceptor and methionine sulfur
as H-bond acceptor, was recognized decades ago (27). Due
to the radius of sulfur atoms such H-bonds are signifi-
cantly longer (3.3-3.7 A between heavy atoms) than H-
bonds involving N and O atoms (28). Interestingly, though
sulfur was considered to be a very poor H-bond acceptor,
and, consequently, methionine a poor candidate for making
strong H-bonds, recent spectroscopic and computational
studies revealed that amide-N—H---S H-bonds involving me-
thionine S8 are even stronger than amide-N-H---O = C H-
bonds (29). Not surprisingly, interaction with main-chain
amides is the major type of H-bonds involving methionine
sulfur in proteins (28). In our structure, we find that M356
S8 atom is located 3.52/3.33 A (chains ACD) or 3.57/3.40
A (chains BEF) away from the adenine amino group nitro-
gen atoms of the A4:T3 and T5:A2 base pairs (Figure 2A).
These findings, together with the loss of specific DNA bind-
ing by the VAL1-B3 mutant M356A (Figure 2B), and im-
paired specific binding by the M356L and M3561 mutants,
(Supplementary Figure S6) indicate that M356 makes legiti-
mate H-bonds to 6-amino groups of both adjacent adenines
(Figure 2A).

The flat surface of W349 side chain contacts the N4-C4-
C5-C6 edge of cytosine in the C3:G4 base pair (Figure 2A).
Replacement of C3:G4 with a T:A base pair would be in-
compatible with specific interaction due to a steric clash
between the methyl of T and W349 (a similar effect would
be expected in the case of C3 methylation in the asymmet-
ric 5-CHH-3' context); on the contrary, C3:G4 replace-
ments with either G:C or A:T would considerably reduce
the extent of vdW interactions. This tryptophan—cytosine
contact is also conserved in RAV family B3 domains (G.
Sasnauskas et al., manuscript in preparation). Interestingly,
a similar contact is present in the B3-like domain of re-

striction endonuclease Bfil, where tryptophan W229 makes
a vdW interaction to the 3rd cytosine in the sequence 5'-
CCCAGT-3 (11). However, the latter contact is not con-
served: Bfil W229 is an N-arm arm residue (VAL1-B3 W349
is a C-arm residue), and the contacted cytosine is located on
the opposite DNA strand.

Sph/RY recognition stringency

VALI1-B3 makes the smallest number of contacts to the
T1:A6 base pair—a single vdW interaction by the 1307
residue (Figure 2A). This agrees well with mutational anal-
ysis (I307A mutant retained the ability to form a cognate
complex, Figure 2B), and the PWM of VAL1-B3-DNA in-
teraction determined either in silico by the FoldX algorithm
or using the competition-based EMSA assay (less stringent
recognition of the T1:A6 base pair in comparison to other
positions, Figure 4). Relaxed recognition of one terminus of
the consensus sequence by the N-arm resembles ARF1-B3
and ARF5-B3, which both interact with a wide set of hex-
anucleotide sequences 5'-NNGACA-3’ as identified by sat-
urating binding site selection, with the ‘canonical’ auxin re-
sponse element sequence 5'-GAGACA-3' found among the
enriched motifs (9).

Stability of the cognate complex

VALI1-B3 makes 6/3 direct/water-mediated H-bonds and
4 vdW contacts to DNA bases of the hexanucleotide se-
quence (Figure 2A). This number is comparable to the num-
ber of interactions made by ARF1-B3 (5 H-bonds and 5
vdW contacts, PDB ID: 41dx), but is considerably smaller
than the number of interactions formed by the B3-like
domains of bacterial restriction endonucleases known for
their extraordinary DNA binding specificity. For example,
Bfil makes 14 direct H-bonds and 3 vdW interactions to
a hexanucleotide sequence, essentially saturating the ma-
jor groove H-bonding potential of DNA bases (11). Rela-
tively low number of direct VAL1-B3 interactions with the
DNA might account for the low stability of cognate VALI-
B3-DNA complex. Indeed, under our experimental condi-
tions cognate binding of VAL1-B3 was detectable only with
micromolar protein and DNA concentrations in a pH 6.0
buffer, where protonation of the C-terminal HisTag pro-
vides additional attraction to the DNA (Supplementary
Figure S4); no cognate complex was detected in a pH 8.3
buffer, or if lower protein and/or DNA concentrations were
used. In contrast, B3-like domains of REases bind cog-
nate DNA with nanomolar or lower Kps (10-13). We there-
fore believe that an important role in VAL1 binding to the
Sph/RY elements in vivo is played by multivalent interac-
tions involving B3 and other functional domains, in partic-
ular the PHD-L domain capable of H3K27me3 recognition
(3). Interestingly, the wt FLC locus in A4. thaliana contains
two Sph/RY eclements separated by 27 bp (3,4). The pro-
posed dimerization of full-length VAL1 (3), or potentially
formation of a heterodimer with VAL?2 (4) may therefore re-
sult in cooperative DNA binding of a single VAL1/2 dimer
to both Sph/RY sequences. Such mechanism would be rem-
iniscent of homodimeric ARF1 and ARFS proteins, which
bind bipartite auxin response (AuxRE) sites as molecu-



lar calipers with ARF-specific spacing preferences (9). En-
hanced binding of longer VAL1 (252 aa) constructs to DNA
fragments containing two Sph/RY sequences was recently
demonstrated on an oligoduplex mimicking DNA frag-
ment upstream of the AGAMOUS-LIKE 15 (AGL15) cod-
ing region (30). However, an important difference between
ARF1/5 and VALI1/2 recognition sites is that AuxREs rec-
ognized by the ARF1/5 B3 domains are in an inverted re-
peat orientation (9,31), whereas Sph/RY elements in the
FLC locus are in direct repeat orientation. Inverted orien-
tation of AuxREs enables formation of a symmetric com-
plex with an ARF1/5 dimer (e.g. PDB ID: 4ldx (9)). In
contrast, formation of a symmetric complex in the case of
VAL1/2 would require bending of the intervening 27 bp
DNA into an ‘U’-shaped loop; alternatively, VAL1/2 could
form an asymmetric ‘head-to-tail’ heterodimer that could
bind an undistorted FLC locus. Experimental validation of
the FLC locus recognition mechanism and stoichiometry
by VAL1/2, however, will require binding studies performed
with longer protein constructs not analyzed in the current
study.

The role of DNA backbone contacts in site-specific DNA in-
teractions

As discussed above, the low stability of the specific VALI-
B3-DNA complex implies that any loss of positively
charged DNA-contacting residues may abolish specific
VALI1-B3 binding; in contrast, introduction of extra posi-
tively charged residues could stabilize specific interactions.

Indeed, mutations of several charged (K297, R306, R347)
and even uncharged (S302) residues that make direct con-
tacts to DNA phosphates abolished or severely impaired
formation of the specific complex (Supplementary Figure
S3B). In contrast, mutation Q345R, which restores an argi-
nine found in many other B3 and B3-like domains, and in-
creases the overall charge of VALI1-B3 to +5, enables DNA
binding by VAL1-B3 at higher pH (Supplementary Figure
S3A).

A similar effect was also observed upon mutation of neg-
atively charged VAL1-B3 residues E328 and E360, which
are both adjacent to the DNA phosphate 5'-TpGCATG-3'
(Supplementary Figure S3A). The fact that addition of a
single positive charge/removal of a single negative charge in
the vicinity of the DNA backbone enable specific complex
formation at pH 8.3 (i.e. under conditions that preclude pro-
tonation of the hexahistidine tag) indicates that the key fac-
tor enabling formation of the cognate complex in our exper-
imental system is sufficient electrostatic attraction, which
may be achieved either via charge-increasing mutations or
by protonation of protein residues. Interestingly, the VALI-
B3-DNA crystals were grown in a pH 5.6 buffer (‘Materi-
als and Methods’ section), i.e. conditions that favor cognate
complex formation by the standard VAL1-B3 protein con-
taining the C-terminal (His)q tag.

Base-specific contacts of other B3 domains

VALI1-B3 belongs to the LAV B3 family, which includes
other transcriptional regulators capable of Sph/RY se-
quence binding (32). Despite of a limited sequence similar-
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ity to some family members (Figure 1A), all key residues in-
volved in direct DNA contacts are conserved among VALI,
VAL2, FUS3, LEC2, ABI3 and maize ABI3 ortholog VP1,
suggesting a conserved Sph/RY DNA recognition mech-
anism (Figure 1A). Modeling, mutational analysis and in
vitro DNA binding studies of the most distant Arabidopsis
LAV family member ABI3-B3 (36% identical, 54% similar
aaresidues to VAL1-B3, Figure 1A) confirm this conclusion
(G. Sasnauskas et al., manuscript in preparation).

An obvious exception is VAL3-B3. Despite high overall
sequence similarity to VAL1-B3 (59% identical, 76% simi-
lar residues), it has no counterparts for VAL1-B3 residues
N351, N352 (both replaced by smaller serines), M356 (re-
placed by an isoleucine) and 1307 (N-arm contains a dele-
tion; this deletion may also perturb the position of adjacent
R340, an equivalent of VAL1 R309). Given the detrimen-
tal effect of similar replacements on the cognate complex
formation by VAL1-B3 (Figure 2B), we believe VAL3-B3
has no ability to specifically recognize the full Sph/RY se-
quence. This is in agreement with recent in vivo studies that
failed to detect a role for VAL3 in vernalization (low expres-
sion level and no enrichment at Sph/RY elements (3.,4)).
Overall conservation of residues making DNA backbone
contacts, and the highest positive charge (+6, Figure 1A)
among Arabidopsis LAV B3 domains suggests it may be a
DNA binding protein with reduced sequence specificity.

In conclusion, the co-crystal structure of VALI-B3
provides molecular details for the Sph/RY sequence
recognition by VAL1/2 transcriptional repressors and
ABI3/FUS3/LEC2 transcriptional activators, key factors
in vernalization, embryo maturation program and other
phenomena central to plant life (7,8,33). This structure also
helps rationalize target recognition by RAV family B3 do-
mains that are specific for a different DNA sequence 5'-
CACCTG-3' (G. Sasnauskas et al., manuscript in prepara-
tion).
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