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ABSTRACT

As the largest group of MYB family transcription fac-
tors, R2R3-MYB proteins play essential roles during
plant growth and development. However, the struc-
tural basis underlying how R2R3-MYBs recognize the
target DNA remains elusive. Here, we report the crys-
tal structure of Arabidopsis WEREWOLF (WER), an
R2R3-MYB protein, in complex with its target DNA.
Structural analysis showed that the third «-helices
in both the R2 and R3 repeats of WER fit in the major
groove of the DNA, specifically recognizing the DNA
motif 5'-AACNGC-3'. In combination with mutagen-
esis, in vitro binding and in vivo luciferase assays,
we showed that K55, N106, K109 and N110 are crit-
ical for the function of WER. Although L59 of WER
is not involved in DNA binding in the structure, ITC
analysis suggested that L59 plays an important role
in sensing DNA methylation at the fifth position of
cytosine (5mC). Like 5mC, methylation at the sixth
position of adenine (6mA) in the AAC element also
inhibits the interaction between WER and its target
DNA. Our study not only unravels the molecular ba-
sis of how WER recognizes its target DNA, but also
suggests that 5mC and 6mA modifications may block
the interaction between R2R3-MYB transcription fac-
tors and their target genes.

INTRODUCTION

Transcription factors control many essential biological pro-
cesses by regulating the expression of genes. According to
the characteristics of their DNA-binding domains, tran-
scription factors can be divided into different families (1),
among which MYB domain-containing transcription fac-
tors constitute a large family and perform diverse functions
in eukaryotes (2). MYB family transcription factors share
a conserved domain architecture, with a DNA-binding do-
main (MYB domain) consisting of 1-4 imperfect repeats at
the N-terminus and transcription activation/repression do-
mains at the C-terminus. Each repeat of the MYB domain
is ~52 amino acids in length and forms a helix-turn-helix
(HTH) architecture (3). The three imperfect repeats (R) in
c-myb proto-oncogene product (c-Myb), a key regulator for
proliferation and differentiation of hematopoietic cells (4),
are referred to as R1, R2 and R3, and other MYB proteins
are classified according to their sequence similarity to these
c-Myb repeats (5). Based on their sequence characteristics,
MYB transcription factors are grouped into 1R, R2R3, 3R
and 4R classes, which contain one to four repeats, respec-
tively (3).

R2R3-MYB proteins only exist in terrestrial plants, but
they form the largest subfamily of MYB transcription fac-
tors (2). As an example, more than 100 R2R3-MYB pro-
teins have been identified in Arabidopsis (3). R2ZR3-MYB
proteins play important roles in metabolism, cell fate de-
termination, growth and development, and responses to bi-
otic and abiotic stress (3). For example, many R2ZR3-MYB
genes are involved in lignin or flavonoid synthesis in differ-
ent species, including Arabidopsis AtM YB32 (6), Triticum
aestivum TaMYBID (7), Prunus persica PpMYBIS (8),
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Chrysanthemum morifolium CmMYBI (9) and Pinus taeda
PtMYBI4 (10). In Arabidopsis, 4tMYB0 (GLABRAI,
GLI) and AtMYB23 function in trichome initiation in
shoots (11) and AtMYB66 (WEREWOLF, WER) deter-
mines root hair patterning (12). AtMYB59 (13) and At-
MYB77 (14) modulate root growth, AtMYB91/ASI reg-
ulates leaf development (15), and AtMYB21, AtMYB24
and AtMYBS57 control anther development (16). There
are also many R2R3-MYB genes involved in stress re-
sponses: AtMYB96 contributes to drought stress response
and pathogen resistance (17,18), AtM YBI02 functions in
insect defense (19), AtMYBI5 is related to cold toler-
ance (20), and A1 M YB62 regulates phosphate starvation re-
sponses (21).

Despite the broad range of studies on the biological func-
tions of R2ZR3-MYBs in plants, the molecular basis of their
recognition of target DNAs is poorly understood. Struc-
tural studies of MYB proteins have been performed mainly
in animals and viruses. The structure of c-Myb was first an-
alyzed in solution by nuclear magnetic resonance (NMR)
spectroscopy, which indicated that R2 and R3 are involved
in target DNA recognition (22,23). The crystal structures of
mouse c-Myb (MsMyb), avian myeloblastosis virus (AMYV)
v-Myb and Trichomonas vaginalis MYB3 (TvMyb3) fur-
ther revealed that the third helices of R2 and R3 recog-
nize the target DNAs in the major groove (24,25). Although
there are many more MYB members in plants than in an-
imals, only very limited structural information is available
for plant MY B proteins. The first reported plant MYB pro-
tein structure was the crystal structure of Antirrhinum majus
RADIALIS (AmRAD) (26). Recently, the crystal structure
of Arabidopsis phosphate starvation response 1 (AtPHR1)
in complex with its target DNA was also determined, show-
ing that two copies of PHR 1 M'YB domains bind to the ma-
jor groove of DNA (27). Both AmRAD and AtPHRI1 are
IR-type MYB transcription factors. However, despite being
the largest group of MYB transcription factors, no struc-
tures of plant R2ZR3-MYB proteins have been reported so
far.

To better understand how plant R2R3-MYB proteins
recognize their target DNAs, we used Arabidopsis WER
(AtMYB66) as a model to perform structural analysis. In
Arabidopsis roots, WER is specifically expressed in non-
hair cells (N-cells) and activates GLABRA2 (GL2), a cen-
tral regulatory gene for epidermal cell fate determination
(12). Previous in vitro and in vivo studies showed that WER
specifically recognizes the cis-element WER Binding Site
(WBS) located within the GL2 promoter and inhibits root
hair formation in N-cells (28,29). Here, we report the struc-
ture of the WER-DNA complex, showing that R3 specif-
ically recognizes the AAC element and R2 associates with
the GC element in a redundant manner. The R3 residues
responsible for DNA binding are conserved in both plants
and animals, indicating that plant R2ZR3-MYBs and animal
R1R2R3-MY Bs recognize the AAC element in a conserved
manner. In contrast, the R2 residues involved in DNA bind-
ing are variable, which probably contributes to the diversity
of target DNA sequences between plants and animals. Sim-
ilar to other transcription factors (30), DNA methylation
at the fifth position of cytosine (SmC) in the AAC element
weakened the interaction between WER and DNA. Inter-
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estingly, we found that DNA methylation at the sixth po-
sition of adenine (6mA) within the AAC element also im-
paired the interaction between WER and its target DNA,
suggesting that 6mA modification is involved in target DNA
recognition by transcription factors.

MATERIALS AND METHODS
Protein expression and purification

DNAs encoding 6 x His-SUMO-tagged full-length and
truncated WER proteins were obtained by PCR and sub-
cloned into the pET28a vector (Novagen, Madison, WI,
USA). Constructs for WER mutants were generated by the
overlapping PCR method. The primers used in plasmid
construction are listed in Supplementary Table S1. A DNA
encoding MsMyb (77-193) was synthesized by the GE-
NEWIZ company (https://www.genewiz.com.cn/) and was
subcloned into the pET28a vector. The resulting constructs
were transferred into Escherichia coli BL21 (DE3) com-
petent cells for protein expression. Protein expression was
induced by adding isopropyl B-D-1-thiogalacto-pyranoside
(IPTQG) to a final concentration of 0.2 mM. The induced
cultures were then grown at 18°C for 18 h. The cells were
harvested by centrifugation and lysed by a high pressure
disruptor. The homogenate was clarified by centrifugation
(22 000 g) at 4°C for 1 h. The supernatant was loaded
onto a Ni-NTA column. The eluted sample was dialyzed
and treated with Ulpl protease to remove the 6x His-
SUMO tag. Then, the proteins were purified with a Su-
perdex 75 16/60 preparation grade column (GE Health-
care, Milwaukee, WI, USA). The proteins were concen-
trated (~30 mg/ml) and stored in a buffer of 300 mM NaCl,
and 20 mM Tris—HCI, pH 8.0.

EMSA experiment

Different quantities of WER 12-130 (from 0 to 0.8 wM)
were mixed with 0.1 M DNA in buffer (150 mM NaCl and
20 mM Tris—HC], pH 8.0). The total volume of the reaction
system was 20 wl. To investigate the effect of redox, either
2mM DTT or 5 mM H,0, were included in the WER 12—
130 (from 0 to 0.6 M) and DNA (0.1 wM) reaction. The
samples were incubated on ice for 1 h and then analyzed on
6% native PAGE gels with 0.5x TBE buffer. The gel was
stained with GelRed and imaged using a UV system.

ITC experiments

ITC experiments were performed with a MicroCal iTC200
(GE Healthcare) by injecting WER 12-130 (400 uM),
MsMyb (400 wM) or mutant protein solutions into 20 pM
DNA duplex solutions. Before reaction, all protein and
DNA samples were dialyzed against a buffer composed of
150 mM NaCl and 20 mM HEPES, pH 7.5. For all reac-
tions, 24 injections (each 1.6 wl) were performed in the ex-
periment at 25°C. Binding curves were generated by plotting
the heat change of the binding reaction, and the data were
fitted using one set of binding site model with Origin 7.0.
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Crystallization, data collection and structural refinement

Six truncated WER proteins (which contained amino acids
12-120, 12-130, 12-135, 9-120, 9-130 and 9-135 of WER)
were expressed, purified and used in co-crystallization tri-
als with various DNAs. The crystallization samples were
prepared by mixing 15 mg/ml protein (in 150 mM NacCl,
20 mM Tris-HC] pH 8.0 buffer) with DNA at a mo-
lar ratio of 1:1.2. High quality crystals were obtained in
the presence of WER 12-130 (named WER-R2R3) and
dsDNA (5-AAATTCTCCA )A11C12C13G14CisATTTTC-
3, 5-CGAAAATGgCo:G1o+Gi1+T 12+ T13xGGAGAATT-
3) containing an overhang. The crystals were grown by the
hanging drop vapor diffusion method at 18°C, the well solu-
tion is composed of 0.1 M MES pH 6.0, 30% (v/v) PEG600,
5% (w/v) PEG1000 and 10% (v/v) glycerol.

All crystals were cryo-protected using their mother liquor
supplemented with 25% glycerol and snap-frozen in lig-
uid nitrogen. The X-ray diffraction data were collected on
beamline BL17U at the Shanghai Synchrotron Radiation
Facility (SSRF) at cryogenic temperatures and maintained
with a cryogenic system. The complex structure was solved
by the molecular replacement method using the TvMyb3
structure (PDB_ID: 3ZQC) as a search model. The struc-
ture was refined using the Refmac5 program of CCP4i (31)
or the phenix.refine program of Phenix (32). The data col-
lection and refinement statistics are summarized in Supple-
mentary Table S2. All structure images were created with
PyMOL.

Dual luciferase assay

Arabidopsis protoplasts were isolated as previously de-
scribed (33). Four-week-old rosette leaves were cut into 1
mm slices and fully immersed in protoplast enzymatic hy-
drolysate (0.15% (w/v) cellulase R10, 0.035% (w/v) pec-
tolyase Y-23, 0.4 M mannitol, 20 mM KCI, 20mM MES,
10mM CacCl,, 0.02 mg/ml BSA). The protoplasts were
lightly shaken for 3-4 h at room temperature while pro-
tected from light. For the dual luciferase assay, the pro-
moter of GL2 was amplified and inserted into the pGreenlI-
0800-LUC vector. The full-length CDSs of WER and its
mutants fused with 3 x FLAG were amplified by nested
PCR and inserted into the p1300 vector. Different combi-
nations of the two types of plasmids were co-transferred
into protoplasts transiently. After 12-16 h incubation in
the dark, the protoplasts were harvested by low-speed cen-
trifugation and quantified with a dual-luciferase assay kit
(E1910.Promega). The renilla luciferase activity was used
as an internal control to normalize the vector and then to
normalize the luciferase activity. The relative activity values
are shown as means 4+ SD of three independent biological
replicates.

RESULTS

The target DNA sequences of Arabidopsis R2ZR3-MYB pro-
teins

The cis-elements of R2R3-MYB proteins can be grouped
into two distinctive motifs: 5-(C/T)AACNG-3" and 5'-
ACC(A/T)A(A/C)-3" (Figure 1A), according to the pre-

vious verification in vitro and/or in vivo (34). As revealed
in the structures of both MsMyb and TvMyb3 in com-
plex with DNA, cis-elements are recognized by the third
helices of R2 and R3 repeats. Interestingly, though their
cis-elements are different, plant R2ZR3-MY B proteins share
high sequence similarity in their third and sixth helices, cor-
responding to the third helices of R2 and R3 (Figure 1B).
These observations indicate that plant R2ZR3-MY B proteins
may be able to adopt subtle different conformation to coor-
dinate with the corresponding cis-elements.

To unravel the molecular basis of target gene recogni-
tion by plant R2R3-MYB proteins, we selected WER as a
model. Consistent with previous studies (28,29,35), our in
vitro EMSA experiment (Figure 1C) confirmed that WER
binds to its target DNA containing the 5'-(C/T)AACNG-
3’ motif within the promoter of GL2. As determined by the
ITC analysis (Figure 1D), the equilibrium dissociation con-
stant (Ky4) value between WER and its target DNA is ap-
proximately 51 nM.

The overall structure of the WER-DNA complex

To gain more insight into DNA recognition by WER, we
purified different truncated WER proteins and performed
co-crystallization trials with various DNAs. Though crys-
tals were only obtained in the presence of WER 12-130
(named WER-R2R3) and dsDNA, they diffracted well
(up to 2.15 A). The structure was solved by the molecu-
lar replacement method and is referred to as the WER-
DNA complex hereafter. The data collection and refine-
ment statistics are summarized in Supplementary Table S2.
As depicted in Figure 2A, WER-R2R3 is composed of six
a-helices, H1 (V23-H36), H2 (W41-K47), H3 (G54-L65),
H4 (E76-189), H5 (W93-R99) and H6 (D105-L116). He-
lices HI-H3 and H4-H6 belong to the R2 and R3 repeats,
respectively. R2 and R3 are connected by a 7-residue linker
(67PNVKRGN73, Supplementary Figure SIA). In addition
to other hydrophobic residues, each helix contains a con-
served aromatic residue (Phe or Trp) forming the inner hy-
drophobic core of R2 (Supplementary Figure S1B) and
R3 (Supplementary Figure S1C), respectively. Owing to
the presence of R52, R58, and R60, the outer surface of
WER-R2R3 is highly positive (Figure 2A and Supplemen-
tary Figure S2A), and the side chains of these positively
charged residues form extensive H-bond interactions with
DNA phosphate backbones. Several other residues such as
G19, W21, S56, H40, N42, N91, W93 and S94 are also in-
volved in DNA backbone recognition (Supplementary Fig-
ure S2B-E).

WER-R2R3 contains two Cys residues (C53 and C57),
which are highly conserved in plant R2R3-MYB proteins
(Figure 1B). Previous studies suggested that, via change of
their redox state, these Cys residues can affect DNA binding
activity of plant R2R3-MY B proteins (36). Consistent with
the previous report, our EMSA analysis showed that no ef-
fect was observed on WER-DNA interaction by adding re-
ducing agent DTT, whereas oxidizing agent H,O, signifi-
cantly blocked the interaction between WER and its tar-
get DNA (Supplementary Figure S3). In the WER-DNA
complex, the CB-SG bond of C53 points toward the DNA
duplex, but does not directly interact with the DNA (Sup-
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Figure 1. DNA motifs recognized by R2R3-MYB proteins in Arabidopsis. (A) Sequences of R2R3-MYB target motifs that have been verified by in
vitro and in vivo assays. (B) Sequence alignment of typical R2R3-MYB proteins. The secondary structure of WER was predicted by Phyre? program
(http://www.sbg.bio.ic.ac.uk/phyre2). (C) EMSA (Electrophoretic Mobility Shift Assay) assay showing the interaction between WER and its target DNA
(5-AAATTCTCCAACCGCATTTTC-3, 5-GAAAATGCGGTTGGAGAATTT-3'). The DNA concentration was fixed at 0.1 .M and the protein con-
centration was increased from 0 to 0.8 wM. (D) ITC (Isothermal Titration Calorimetry) experiment measuring the binding affinity between wild-type WER
and its target DNA (5-AAATTCTCCAACCGCATTTTC-3, 5-GAAAATGCGGTTGGAGAATTT-3').

plementary Figure S4A). C57 of WER corresponds to the
C130 residue of MsMyb (Supplementary Figure S4A). The
CB-SG bond of C57 points toward the hydrophobic core of
R2 and inserts into the pocket formed by the side chains of
W21, L29, 144, 1L.50 and R52 (Supplementary Figure S4B).
Like C130 in MsMyb (24), the reduced C57 residue might
also stabilize the conformation of the R2 repeat of WER.

Sequence-specific recognition between WER and its target
DNA

The WER-DNA complex structure showed that the third
helices (H3 and H6) of R2 and R3 are inserted into the ma-
jor groove of the DNA, producing a sequence-specific in-
teraction with the 5-AACCGC-3" motif (Figure 2B-G and
Supplementary Figure S2E). A10:T13* (the first base pair
of the 5-AACCGC-3" motif) forms two H-bonds with N110
of R3; one (2.9 A) is between the N7 atom of A10 and the
ND2 atom of N110 and the other (3.0 A) is between the
N6 atom of A10 and the OD1 atom of N110 (Figure 2C).
A11:T12* (the second base pair of the 5'-AACCGC-3' mo-

tif) is also recognized by one Asn residue (N106), through
two similar H-bonds between the nucleobase of A11 and the
side chain of N106 (Figure 2D). To stabilize the conforma-
tion of A11:T12* base pair, the nucleobase of T12* forms
two water-mediated H-bonds: one with N110 and the other
with N113 (Figure 2D).

The third base pair of the 5-AACCGC-3 motif,
C12:G11*, is recognized by K109 of R3 (Figure 2E). In-
stead of C12, K109 interacts with the nucleobase of the pair-
ing G11*, The NZ atom of K109 forms H-bond interactions
with both the O6 and the N7 atoms of G11*; the average
distance is around 2.9 A (Figure 2E). The side chain of L59
points toward the nucleobase of C12, and the distance be-
tween the CD2 atom of L59 and the C5 atom of C121s 3.7 A
(Figure 2E). The nucleobases of C13:G10* do not have any
direct interaction with WER. G14:C9* and C15:G8* (the
fifth and sixth base pairs of the 5-AACCGC-3" motif) are
both recognized by K55 of R2. The NZ atom of K55 forms
one H-bond (2.7 A) with the O6 atom of G14, and mediated
by one water molecule, the NZ atom of K55 also interacts
with the N7 atom of G14 (Figure 2F). Instead of C15, K55
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Figure 2. Structure of the WER-DNA complex. (A) The overall folding of WER-DNA complex. DNAs are shown as sticks. In the left and right panels,
WER-R2R3 is shown in cartoon and as an electrostatic surface potential map, respectively. The 2F,-F electron density map was contoured at the 1.0 o
level. (B) Close-up view showing the relative orientations of the H3 and H6 helices of WER-R2R3 and DNA. The helices are shown in cartoon-and-stick
form. The DNA is shown as spheres. (C-G) Sequence-specific recognition of A10:T13*, A11:T12*, C12:G11*, G14:C9* and C15:G8*, which correspond
to the first, second, third, fifth, and sixth base pairs of the DNA, respectively. DNA base pairs and WER residues responsible for base recognition are
shown as sticks. The C-atoms of R2 and R3 residues are magenta and cyan, respectively. Water molecules are shown as red spheres. The distances of the

direct or water-mediated H-bond interactions are indicated by numbers.

forms a direct H-bond interaction with the pairing G8* of
the sixth base pair (Figure 2G).

Verification of WER—-DNA interaction in vitro and in vivo

To verify the specific interactions observed in the WER-
DNA complex, we constructed and purified five WER
single-point mutants, in which K55, L59, N106, K109, or
N110 were substituted by an Ala (A) amino acid, and per-
formed ITC analysis (Figure 3A). Compared to that of wild-
type WER, DNA binding affinities of N106A, K109A, and
N10A mutants were approximately 20~30-fold decreased,
and K55A mutant caused more dramatic reduction (>40-
fold). Different from other mutants, the DNA binding affin-
ity of L59A mutant (K4: 47 nM) is comparable to that of

wild-type WER (Ky: 51 nM) (Figure 3A), probably because
of the long distance (3.7 A) between the CD2 atom of L59
and the C5 atom of C12 (Figure 2E).

In addition to WER, we also made systematic muta-
tions of the DNA cis-element 5-AACCGC-3/, in which
the five WER-interacting base pairs (A10:T13*, A11:T12%*,
C12:G11*, G14:C9* and C15:G8*) were replaced by other
Watson-Crick base pairs (Figure 3B and Supplementary
Figure S5). As revealed by ITC analysis, any substitution
within the A10:T13*, A11:T12*, or C12:G11* base pairs
significantly decreased (~20-50-fold) the binding affinity
between WER and DNA. The most dramatic reduction
was observed for the C10:G13* and A12:T11* mutants, Ky
values of which are 2004 and 2590 nM, respectively. Re-
placement of G14:C9* base pair with A14:T9* or T14:A9*
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Figure 3. Verification of sequence-specific interactions. (A) ITC experiments showing the impact of mutation of WER residues involved in dsDNA (5'-
AAATTCTCCAACCGCATTTTC-3, 5-GAAAATGCGGTTGGAGAATTT-3') binding. (B) ITC experiments showing the impact of DNA core motif
(5-AACCGC-3") mutation on WER binding. The detailed sequence of the target DNA is shown on the top of the table. For mutated DNAs, only the
mutated base pairs are listed in the table for clarity. (C) Dual luciferase assay of the GL2 promoter activation activity of wild-type and mutated WER
proteins. Values are means £+ SD of three independent biological replicates. * and *** indicate statistically significant differences between the wild type
(WT) and mutant at P < 0.05 and P < 0.001, respectively. (D) ITC experiments showing the binding affinities of WER L59A mutant to the A12:T11*,

G12:C11* and T12:A11* mutants of the 5-AACCGC-3" motif, respectively.

has no obvious impact on WER-DNA interaction, but
C14:G9* mutation caused a 40-fold decrease in the DNA
binding affinity of WER. Substitution of C15:G8* by all
other Watson-Crick base pairs did not affect the interaction
of WER-DNA (Figure 3B and Supplementary Figure S5).
G14:C9* and C15:G8* are both recognized by K55 of R2.
Different from many other residues, the side chain of lysine
is long and flexible. We speculate that K55 of WER may
undergo certain conformational changes to interact with
different base pairs at either 14th or 15th position of the
target DNA, such as A14:T9* and T14:A9*, and maintain
the binding affinity between WER and the mutated DNAs.
Taken together, these results indicated that WER specifi-
cally recognizes the 5-AACNDN-3' (D: A or T or G) motif.

To further verify the sequence-specific interactions iden-
tified in the structure, we used a dual-luciferase reporter as-
say to compare the GL2 promoter activation activities of the
wild-type and mutated WER proteins in planta. The GL2
promoter containing the 5-AACCGC-3’ motif was trans-
ferred into a luciferase reporter vector linked with the fire-
fly luciferase reporter (Figure 3C). When the effector con-
struct Psss.. WER and the reporter construct Pgy,. . Firefly
luciferase were co-transferred into Arabidopsis protoplasts,
the activity of firefly luciferase was enhanced to 7-fold com-
pared with the negative control (Figure 3C). Compared
with wild-type WER, the GL2 promoter activities of the
WER K55A, N106A, K109A and N110A mutants (Fig-
ure 3C) were dramatically decreased, indicating that K55,
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N106, K109 and N110 are all essential for WER to asso-
ciate with its target DNA in planta.

We noticed that although the in vitro DNA binding affin-
ity of WER L59A mutant was comparable to that of wild-
type WER (Figures 1D and 3A), the GL2 promoter activa-
tion activity of WER L59A was weaker than that of wild-
type WER in planta (Figure 3C). We were puzzled by this
observation, so we measured the binding affinities of WER
L59A to the A12:T11*, G12:C11* or T12:A11* mutants of
the 5-AACCGC-3' DNA motif (Figure 3D). Although they
were poor substrates for wild-type WER, the A12:T11%,
G12:C11* and T12:A11* mutants were all good substrates
to WER L59A (Figure 3D). Besides the 5'-AACCGC-3’
motif within the GL2 promoter, we speculate that WER
L59A might bind to other genes containing the sequences
of -AANCGC-3, probably leading to its weak GL2 pro-
moter activation activity in planta.

5mC modification of the DNA blocks its interaction with R2
repeat of WER

As revealed by structural superposition (Supplementary
Figure S6A), the overall folding of WER-R2R3 is simi-
lar to that of MsMyb (PDB code: 1H8A), TvMybl (PDB
code: 2KDZ) and TvMyb3 (PDB code: 3ZQC) with root-
mean-square derivations of 0.900, 1.861 and 0.673 A, re-
spectively. WER-R2R3 shares up to 40% sequence similar-
ity with MsMyb, TvMybl and TvMyb3 (Supplementary
Figure S6B). Of the six DNA-recognizing residues (K55,
L59, N106, K109, N110 and N113) of WER, five are con-
served in MsMyb, TvMybl and TvMyb3; whereas L.59 of
WER is substituted by a Glu (E) amino acid in all the other
proteins (Supplementary Figure S6B).

The side chain of L5359 points toward the
nucleobase of Cl12 (the 12" cytosine of 5-
AAATTCTCCA 10A11C12C13G14CisATTTTC-3') in
the WER-DNA complex (Figure 4A). In eukaryotes, cyto-
sine can be methylated at the fifth position (SmC), which
acts as an important epigenetic mark (37). As confirmed by
complex structures, SmC is recognized by one Ile (I) residue
in many proteins (Supplementary Figure S6C). Thus, we
wonder whether MY B-type transcription factors can inter-
act with SmC-modified DNA. To answer this question, we
first performed ITC analysis using WER-R2R3 and DNA
with or without methyl modification at the C5 position of
the nucleotide C12. Compared to the unmodified DNA
(Figure 1D), the binding affinity between the SmC modified
DNA (5-AA5SmC-3’) and WER decreased to more than
45-fold with a Kq value of 2336 nM (Figure 4B). Different
from wild-type WER, ITC analysis showed that SmC
modification has no obvious impact on DNA binding to
the WER L59A mutant (Figure 4B). Both Leu and Ile
residues contain two methyl groups and are hydrophobic in
nature. However, unlike Ile in which the methyl groups are
attached to its CB and CG atoms, both methyl groups of
Leu are attached to the CG atom, which may cause close
contact with the methyl group of 5SmC as remodeling in
Supplementary Figure S6D, leading to decreased binding
affinity between WER and SmC-modified DNA.

Although the percentage is low, some plant R2ZR3-MYB
members (Figure 4C upper panel) have a Glu (E) residue

in the position corresponding to L59 of WER. The Leu
residue is also substituted by Glu in MsMyb, TvMyb1 and
TvMyb3 (Supplementary Figure S6E). In fact, evolutionary
analysis revealed that this Glu residue is highly conserved
in animals (Figure 4C, lower panel). In the MsMyb struc-
ture, the Glu residue (E132) forms one H-bond with the N4
atom of C20 (Figure 4A). To test whether the Glu residue
can tolerate SmC modification in the target DNA, we con-
structed one L— E mutant of WER (WER L59E) and per-
formed ITC analysis. Compared with wild-type WER (Fig-
ure 1D), the WER L59E mutant showed a similar bind-
ing affinity (47.8 nM) to the unmodified DNA (Figure 4B).
SmC modification caused an ~4-fold decrease in the DNA
binding affinity for WER L59E (Figure 4B), and similar re-
sults were also observed in a previous MsMyb study (24).
The L59A mutation did not affect the interaction between
WER and its target DNA (Figures 1D and 3A), indicating
that L59 of WER is not critical for DNA binding, which
can explain why L59E mutation has no obvious impact on
DNA binding by WER. Compared to Leu, the side chain
of Glu is more flexible. As shown in the modeling figure
(Supplementary Figure S6D), the side chain of Glu59 can
easily undergo conformational change to accommodate the
methyl group of SmC, which may explain why L59E is less
efficient in blocking SmC binding. Together, our results sug-
gested that DNA 5mC modification may block the binding
of MYB transcription factors to their target DNAs in both
plants and animals.

6mA modification of the DNA inhibits its interaction with R3
repeat of WER

In the structure of the WER-DNA complex,
A10 and A1l (the 10" and 11" adenines of 5'-
AAATTCTCCAI()Al1212213914215ATTTTC-3/) Wwere
bound by two Asn residues (N106 and N110) of WER
R3 repeat. The amino groups at the 6 position in the two
adenines both form direct H-bond interactions with the
side chains of N106 and N110 (Figure 5A), and similar
interactions were also observed in the MsMyb-DNA and
TvMyb-DNA structures (Supplementary Figure S7TA-C).
Similar to cytosine, adenine can also be methylated. Like
SmC, methylation at the sixth position of adenine (6mA)
can also function as an epigenetic mark in eukaryotes (38).
To investigate whether 6mA modification can affect DNA
binding by MYB proteins, we synthesized 6mA-modified
DNA and performed ITC analysis (Figure 5B). Compared
with the unmodified DNA, methylation of the first adenine
(5’-6mAAC-3’) decreased the binding affinity between
WER and its target DNA by 12-fold, and methylation of
the second adenine (5-A6mAC-3') reduced the affinity of
WER for its DNA site by 5-fold. Double methylation (5'-

6mA6mMAC-3') caused more serious (>20-fold) inhibition

on WER-DNA interaction. These results indicated that
WER is incompatible with DNA 6mA modification.

In addition to WER, we also measured the binding
affinities between MsMyb and 6mA-modified DNAs. As
shown in Figure 5C, 6mA modification of either of the two
adenines caused a dramatic reduction of the DNA bind-
ing affinity to MsMyb. Besides WER and MsMyb, the two
adenine-interacting Asn residues are also highly conserved
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Figure 4. R2 repeat is incompatible with DNA 5mC modification. (A) The interactions between L59/E132 and the C5 atom of cytosine in WER—
DNA/MsMyb-DNA (PDB code: IH8A) complexes. (B) ITC analysis showing the impact of SmC modification on DNA binding by WER and its mutants.
(C) Consensus sequence and conservation analysis of the R2 motif involved in DNA recognition of MY B family proteins. Plant and animal MY B proteins

are shown in the upper and lower panels, respectively.

in other plant and animal MY B proteins (Figure 5D), sug-
gesting that 6mA modification might be a conserved mech-
anism for regulating the expression of genes targeted by
MY B proteins in both plants and animals.

Our WER-DNA complex structure and ITC analysis
showed that WER specifically recognizes the 5-AACNDN-
3 (D: A or T or G) motif (Figures 2 and 3). To analyze
if the potential target elements of WER are methylated
in vivo, we analyzed the AACNDN motifs genome-wide
within the promoter regions by searching the Arabidop-
sis DNA methylation databases (GSM2807190 for SmC,
GSM2157793 for 6mA), considering that WER is a tran-
scription factor. We found 1467251 AACNDN motifs lo-
cated at gene promoter regions (0-3 kb upstream of tran-
scription start site) of 33322 genes in Arabidopsis. Among
them, 111984 AACNDN motifs are methylated including
110021 motifs with SmC modification at the third cyto-
sine, 605 and 1941 motifs with 6mA modification at the
first and second adenine, respectively. Some motifs contain
both types of methylation, for example 272 motifs with SmC
modification at the third cytosine and 6mA modification at
the first adenine, 310 motifs with SmC modification at the
third cytosine and 6mA modification at the second adenine,
and 1 motif with 5SmC modification at the third cytosine and
6mA modifications at both the first and second adenines.

Together, our results indicated that AACNDN motifs are
subject to methylation in planta (Figure 5E).

DISCUSSION

In this study, we determined the crystal structure of WER
in complex with its target DNA, representing the first
structure of R2R3-type MYB proteins. Although most of
the residues involved in DNA binding are conserved, one
residue (Leu versus Glu) of the R2 repeat is the major differ-
ence between plant and animal MY B proteins, which prob-
ably contributes to the variety in their target DNAs. Inter-
estingly, we found that not only SmC but also 6mA modifi-
cations inhibit the interactions between MY B transcription
factors and their target DNAs.

The structure of the WER-DNA complex showed that
the R2 and R3 repeats of WER specifically recognize the 5'-
AACCGC-3' motif. The first adenine, second adenine and
the third cytosine interact with R3, and the fifth guanine
and sixth cytosine are recognized by R2. However, com-
pared to DNA containing 5-AACCGC-3’' motif (Figure
1D), the -ACCCGC-3' containing DNA binding affinity
of WER is much weaker (Figure 3B). Interestingly, though
sequence alignment showed that the key residues responsi-
ble for DNA recognition are highly conserved in all R2R3-
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Figure 5. R3 repeat is incompatible with DNA 6mA modification. (A) The interactions between R3 Asn residues and the AA element in WER-DNA
and MsMyb-DNA (PDB code: |H8A) complexes. ITC analysis shows the impact of 6mA modification on DNA binding by (B) WER and (C) MsMyb,
respectively. (D) Consensus sequence and conservation analysis of the R3 motif involved in DNA recognition of MYB domain proteins. Plant and animal
MY B proteins are shown in the upper and lower panels, respectively. (E) The potential target motif AACNDN (D: A or T or G) recognized by WER can
be methylated in vivo by searching the Arabidopsis DNA methylation databases (GSM2807190 for SmC, GSM2157793 for 6mA).

MY B proteins (Figure 1B), nearly half R2ZR3-MYB mem-
bers recognize DNA with a 5-ACC-3’ element (Figure 1A),
suggesting that these R2ZR3-MYB members may undergo
subtle conformational changes or possesses some unidenti-
fied features to favor 5'-ACC-3’ element.

DNA cytosine methylation (DNA 5mC) is a conserved
epigenetic modification in eukaryotes. Specifically, DNA
5SmC is often associated with transcription factor binding

sites. For example, the transcription factor NRF1 selec-
tively binds to unmethylated target DNA, and SmC methy-
lation disrupts the protein-DNA interaction in vitro (39).
In vivo, NRF1 can efficiently recognize the Aszl promoter
to active the luciferase expression. When the Aszl pro-
moter is methylated by a CpG methyltransferase, the activa-
tion activity of NRF1 is significantly reduced (39). Consis-
tently, deletion of three DNA methyltransferases (Dnmt3a,



Dnmt3b and Dnmtl) creates a large number of novel bind-
ing sites for NRF1 in mouse ES cells (30), suggesting that
DNA 5mC modifications have widely hidden NRF1 bind-
ing sites across the genome. In Arabidopsis, investigation
of the global impact of DNA 5mC modification by calcu-
lating the ratio of DAP-seq or ChIP-seq binding strength
at cis-clements showed that 72% (234 out of the total 327
analyzed members) of transcription factors are sensitive to
the DNA 5mC modification and 24% (79 members) are
weakly impacted, while only 4% (14 members) preferen-
tially bind to methylated motifs (40). Our data showed that
the L59 residue of the WER R2 repeat is incompatible with
DNA 5mC modification in the core AAC element (Fig-
ure 4B). Indeed, DNA 5mC modifications and MYB tran-
scription factors display opposite functions in many plant-
specific processes, especially fruit ripening (41,42). Apple
fruit skin anthocyanin accumulation is negatively related to
the DNA methylation level but positively correlated with
MYB transcription factors (43). Many R2R3-MYB pro-
teins have been shown to promote anthocyanin accumula-
tion (44-48), but DNA hypermethylation resulted in col-
orless or non-ripening fruits (49). Importantly, the L—A
mutation (WER L59A) resulted in slightly stronger bind-
ing affinity than that of wild-type WER and the mutated
protein was not sensitive to DNA 5mC modification (Fig-
ure 4B). This observation may provide a potential way to
improve the agronomic traits of flowers or fruits.

In addition to DNA 5mC, DNA 6mA modification has
been discovered in various eukaryotes, including vertebrates
(frog, fish, pig, mouse and human) (50-53), plants (Ara-
bidopsis and rice) (54-56) and fungi (57). Compared to
mammals, the DNA 6mA modification level is higher in
plants. In the rice genome, approximately 0.2% of adenines
are modified by 6mA (56) and a similar level was also ob-
served in Arabidopsis (54). DNA 6mA is not randomly
distributed but rather located around transcription start
sites in Arabidopsis (54). Additionally, increasing evidence
has shown that DNA 6mA modification acts as a gene
expression-associated epigenetic maker that participates
in multiple cellular processes including stress responses
(55,58,59), tumorigenesis (53), and neuronal development
(60). However, how DNA 6mA modification affects gene
expression regulation is still unclear. As revealed by the
structures of both WER and MsMyb, the R3 repeat specif-
ically recognizes the AAC element, and our ITC analysis
showed that DNA 6mA modification on AAC element sig-
nificantly weakens the interaction between WER /MsMyb
and their target DNAs (Figure 5B and C). Searching
the Arabidopsis DNA methylation databases, we find that
AACNDN (D: A or T or G) motifs recognized by WER
can be methylated in planta (Figure SE). Taken together, our
study suggests that both DNA 5SmC and 6mA modifications
may regulate gene expression by impairing the interaction
between MYB transcription factors and their target DNAs
during plant growth and development.
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