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Abstract:

MYB and bHLH transcription factors form complexes to regulate diverse metabolic
and developmental processes in plants. However, the molecular mechanisms
responsible for MYB-bHLH interaction and partner selection remain unclear. Here, we
report the crystal structures of three MYB-bHLH complexes (WER-EGL3, CPC-
EGL3, and MYB29-MYC3), uncovering two MYB-bHLH interaction modes. WER
and CPC are R2R3- and R3-type MYBs, respectively, but interact with EGL3 through
their N-terminal R3 domain in a similar mode. A single amino acid of CPC, Met49, is
crucial for competition with WER to interact with EGL3. MYB29, a R2R3-type MYB
TF, interacts with MYC3 by its C-terminal MY C-interaction motif. The WER-EGL3
and MYB29-MY C3 binding modes are widely applied among MYB-bHLH complexes

in Arabidopsis and evolve independently in plants.
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Introduction

By recognizing specific DNA elements within the genome, transcription factors (TFs)
play central roles in gene regulatory networks in multicellular organisms. In higher
plants, MYB and basic helix-loop-helix (bPHLH) TFs are among the largest groups of
TFs; for example, more than 300 MYB and 100 bHLH TFs are present in Arabidopsis!~.
MYB TFs contain a conserved DNA-binding domain (MYB domain) and extensive
intrinsically disordered regions (IDRs) at the C-terminus. MYB TFs are grouped into
different types on the basis of three imperfect repeats (R1, R2, and R3) within the MYB
domain of c-Myb, and further divided into subgroups based on the IDRs*. bHLH TFs
are defined by ~60 conserved amino acids, including a basic DNA-binding domain and
a dimerization domain®*,

Formation of complexes between MYB and bHLH TFs is widespread and different
MYB-bHLH complexes regulate diverse physiological processes, including organ
development, metabolic pathways, and biotic and abiotic stress responses!'=3>%. For
instance, WEREWOLF (WER), a well-studied R2R3-type MYB in Arabidopsis,
interacts with the bHLH TFs GL3/EGL3, directly binds to and activates GLABRA 2
(GL2), the central regulator of epidermal cell fate determination, and leads to the non-
hair cell fate during root hair development’. CAPRICE (CPC), a R3-type MYB TF in
Arabidopsis, competes with WER to interact with GL3/EGL3 and inhibits GL2
expression, leading to the hair cell fate establishment®!°. The Arabidopsis bHLH TFs

MYC2/MYC3/MYC4 interact with MYB21/MYB24 to regulate stamen development

and seed production!!. MYC2/MYC3/MYC4 play crucial roles in jasmonate (JA)
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signaling through interaction with jasmonate ZIM (zinc-finger inflorescence
meristem)-domain (JAZ) repressors and participate in both development and stress
responses'>!3, MYC2/MYC3/MYC4 also regulate glucosinolate biosynthesis by
interacting with glucosinolate-related MYBs, including MYB28, MYB29, MYB76,
MYB34, MYB51, and MYB122, which belong to MYB subgroup 12!4. In addition,
many other MYB-bHLH complexes function in plant growth and development, stress
defense, and metabolism regulation®.

The co-crystal structure of MYC3 in complex with JAZ transcriptional repressors
was resolved previously'®, and recently we resolved the complex structure of WER—
DNA', The structure of MYB-bHLH complexes remains uncertain, which precludes
understanding the molecular mechanisms that regulate the interaction and partner
selection of MYB and bHLH TFs. Here we report the crystal structures of three MYB—
bHLH complexes, WER-EGL3, CPC-EGL3, and MYB29-MY C3, which reveals two
distinct MYB-bHLH interacting modes. The WER-EGL3 and MYB29-MYC3
binding modes are widely applied among a set of MYB - bHLH complexes in
Arabidopsis. Our results shed light on the mechanisms by which different MYB and
bHLH TFs select their partners to form complexes and indicate that the two types of
MYB-bHLH interaction modes are evolutionarily conserved but evolve independently

in plants.

Results

Co-crystal structure of WER—EGL 3 complex
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Following our previous study on the crystal structure of WER in complex with its target
DNA'"S, we selected WER and EGL3 as a model to analyze the interaction of MYB and
bHLH TFs. WER contains a R2ZR3-MYB domain at the N-terminus. EGL3 contains a
JAZ-interacting domain (JID) and transcriptional activation domain (TAD) at the N-
terminus, a bHLH domain in the central region, and a C-terminal domain (CTD) at the
C-terminus (Extended Data Figs. 1a, b). Yeast two-hybrid (Y2H) and size-exclusion
chromatography (SEC) experiments showed that WER interacted with EGL3 through
the R3 domain of WER (WER 67-120) and the N-terminus of EGL3 (EGL3 1-205)
(Extended Data Figs. lc, d). To investigate the molecular basis underlying the
interaction between WER and EGL3, we determined the crystal structure of WER 67—
120 in complex with EGL3 1-205 (hereafter the WER—EGL3 complex). The complex
structure was refined to 2.90 A resolution (Table 1). The B-strands B1-B5 of EGL3 1-
205 formed a flat B-sheet in the center, flanked by helices ol and o6 on one side and
by 03, 04, and a5 on the opposite side (Fig. 1a). The EGL3 JID domain consisted of
helices al and 02, and B-strands B1, B2, and o2 located at the C-terminus of JID.
Although TAD domains are generally unstructured when not bound to their targets!6-!8,
the EGL3 TAD was well ordered. The EGL3 TAD was composed of two helices, 0.3
and o4, which packed against the JID domain and B3-B5, respectively. The R3 domain
of WER was composed of three helices ot1-03 linked by two short loops; the ol and
a2 helices of WER packed against the o2, 03, and a5 helices of EGL3 (Fig. 1a).
Structural superposition of WER-EGL3 and WER-DNA'® suggested that WER-EGL3

complex formation has no effect on WER-DNA interaction (Fig. 1b), which is
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consistent with their inherent DNA binding and gene activation activities.

The detailed interaction between WER and EGL3 was shown in Fig. 1c. The
electrostatic surface potentials of the interfaces (Extended Data Figs. 2a,b) and the
electron density maps of the key residues involved in the interaction (Extended Data
Fig. 3a) of WER-EGL3 were also shown. WER GIn77 at the N-terminus of a1 formed
hydrogen bonds (H-bonds) with the side chain of Ser153 and the main chains of Phe156
and Leul60 of EGL3. WER Leu81 nestled in the shallow hydrophobic cavity formed
by Val120, Leul60, and Leul61 of EGL3. Via the guanidine group, WER Arg84 formed
two H-bonds with EGL3 Ser123. Interestingly, the guanidine group of WER Arg84 also
formed an ion-m interaction with the side chain of EGL3 Phel24. Similar to Leu81,
WER Leu85 and Leu88 formed hydrophobic interactions with EGL3. The side chain
of Leu85 pointed toward Trp116 and Val120 of EGL3, whereas the side chain of Leu88
nestled in the pocket formed by Tyr81, Leu84, and Leull9 of EGL3. WER Arg99 at
the C-terminus of 0.2 (residues 92-99) formed a salt bridge with Asp113 and an ion-nt
interaction with Trp116 of EGL3 (Fig. 1c). The crucial residues of WER involved in
the interaction with EGL3 exactly overlapped with the previously identified R/B-like
bHLH TF binding (RB) motif, which is responsible for interactions between MYB and
R/B-like bHLH TFs '°. In vitro isothermal titration calorimetry (ITC) analysis showed
that mutations of all WER-EGL3 interacting residues weakened the binding affinity
between WER and EGL3 (Figs. 1d, e, Supplementary Table 1). Together, these results
indicated that EGL3 physically interacts with the Q77x3Ls1x2Rg4L8s5x2L8sx10R99

signature motif of the WER R3 domain.
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Structural basis of CPC competing with WER to bind to EGL 3

Y2H assay showed that, similar to WER, CPC interacted with EGL3 1-205 through the
R3 domain of CPC (Extended Data Fig. 4a). ITC analysis indicated that full-length CPC
(Kad: 48.3 nM) and CPC 30-94 (CPC R3, Kd: 50 nM) displayed similar binding affinities
to EGL3, thus CPC 30-94 was used in subsequent analyses (Extended Data Fig. 4b,
Supplementary Table 1). We determined the crystal structure of CPC 30-94 in complex
with EGL3 1-205 (hereafter the CPC-EGL3 complex) at 1.80 A resolution (Fig. 2a,
Extended Data Figs. 2c,d and 3b, Table 1). Structural superposition revealed that the
overall structure of CPC-EGL3 was similar to that of WER-EGL3 (Fig. 2b), and the
root mean square deviation (RMSD) between CPC-EGL3 and WER-EGL3 was only
0.70 A, based on the superposition of 177 pairs of Ca atoms. The low RMSD value
indicates that CPC and WER share the same binding mode to EGL3. The detailed CPC—
EGL3 interactions are depicted in Fig. 2¢c. Except for Glu41 and Met49 within CPC, all
residues involved in the CPC-EGL3 interaction were identical to those observed in the
WER-EGL3 complex (Fig. 1¢). Glu41 and Met49 of CPC corresponded to GIn77 and
Leu85 of WER, respectively. Given that CPC Glu41 mainly formed weak H-bond
interaction (3.0 A) with the side chain of EGL3 Ser153, and it is variable (Asp, Glu or
Gln) in other R2ZR3-MYB and R3-MYB TFs (Extended Data Fig. 5), thus we mainly
focused on CPC Met49 and WER Leu85 for further analysis (Figs. 2d, e). The Sé atom
of CPC Met49 substitutes the C52 atom of WER Leu85, forming stronger (3.4 A vs 3.7

A) hydrophobic interactions with the side-chain Cy2 atom of EGL3 Val120. The Ce
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atom of CPC Met49 stretches more closely (3.7 A vs 4.5 A for the C52 atom of WER)
to the indole ring of EGL3 Trp116. In addition, the side chain of CPC Met49 attracts
the side chain of CPC Arg63. Compared with WER Arg99 in the WER-EGL3 complex,
the guanidine group of CPC Arg63 is rotated ~90° in the CPC-EGL3 complex, leading
to strong Van der Waals contacts with the indole ring of EGL3 Trp116 and H-bond
interaction with EGL3 Asp113. As calculated by PDBePISA2°, CPC Met49 occupies
an interface of ~67 A2, which was ~17 A? broader than that of WER Leu85 (~50 A?).
Compared with WER Leu85, CPC Met49 stretches more closely to the indole ring of
EGL3 Trp116, probably forming a more stable hydrophobic interaction with EGL3 (Fig.
2e).

To validate the importance of CPC Met49, we first analyzed competition between
WER and CPC. In vitro SEC experiments (Fig. 3a) showed that adding CPC to the
WER-EGL3 complex resulted in a shifted elution peak from 15.75 mL (corresponding
to the WER—EGL3 complex) to 15.95 mL (corresponding to the CPC-EGL3 complex)
and an additional elution peak at 18 mL (corresponding to free WER). A SDS-PAGE
analysis confirmed the SEC results (Fig. 3a, Extended Data Fig. 6). But a weak band of
WER was still detected in the CPC-EGL3 peak (Extended Data Fig. 6a). Split-
luciferase assays showed that CPC inhibited the interaction between WER and EGL3
in vivo (Fig. 3b, upper panels). Together, the SEC and split-luciferase experiments
indicated that CPC competes with WER to interact with EGL3 in vitro and in vivo. To
test whether Met49 contributes to the competition between CPC and WER, we

substituted Met49 with Leu in CPC R3 (CPC M49L) because CPC M49L mimicked
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WER R3. ITC analysis showed that the EGL3-binding affinity of CPC M49L (Ka: 137
nM) (Extended Data Fig. 7a, Supplementary Table 1) was distinctly weaker than that
of wild-type CPC R3 (Kd: 50 nM) (Extended Data Fig. 4b), but comparable to that of
wild-type WER R3 (Ka: 118.6 nM) (Fig. 1d). The mutant CPC M49A, a substitution
with Ala, showed a much lower EGL3-binding affinity (K4: 1000 nM; Extended Data
Fig. 7a, Supplementary Table 1) compared with that of wild-type CPC, suggesting that
Met49 is important for CPC interaction with EGL3. In addition to CPC mutants, we
also constructed two WER mutants, WER L85M and WER Q77E/L85M, which
mimicked CPC R3. ITC analysis showed that the EGL3-binding affinities of WER
L85M (Ka: 72.5 nM) and WER Q77E/L85M (Kad: 73.0 nM) (Extended Data Fig. 7b,
Supplementary Table 1) were similarly increased compared with that of wild-type WER
(Kd: 118.6 nM) (Fig. 1d), further supporting that Met49 not Glu41 of CPC is crucial for
competition with WER to interact with EGL3. Split-luciferase experiments in planta
confirmed the importance of CPC Met49: wild-type CPC abolished the interaction
between WER and EGL3 (Fig. 3b, upper panels) at the molecular ratio of 1:1:1, whereas
CPC M49L and CPC M49A failed to block WER-EGL3 complex formation (Fig. 3b,
lower panels), although similar amounts of wild-type and mutated CPC as well as WER
and EGL3 proteins were expressed in the split-luciferase assays (Extended Data Fig. 8).
In addition, we performed microscale thermophoresis (MST) analysis to quantify the
competitive capability of CPC against WER. CPC peeled WER from the WER-EGL3
complex with an EC50 value of ~6.03 x 107° M, whereas the competitive capability of

CPC M49L was reduced to ~5-fold to an EC50 value of ~3.01 x 10> M and the EC50
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value of CPC M49A was undetectable (Fig. 3c). Consistently, split-luciferase
experiments showed that WER failed to affect CPC-EGL3 complex formation at the
molecular ratio of 1:1:1 (Extended Data Fig. 9a), and MST analysis showed that the
competitive capability of WER against CPC is reduced to ~52-fold to an EC50 value
of ~3.19 x 107*M compared with that of CPC against WER (Extended Data Fig. 9b).
Since ITC results cannot well explain the strong competitive capability of CPC against
WER, we performed Bio-Layer Interferometry (BLI) experiments to further analyze
the binding affinities of CPC-EGL3 and WER-EGL3. BLI results (Extended Data Fig.
10) showed that the K4 value of CPC-EGL3 complex (Kd: 11.9 nM) was ~18-fold lower
than that of WER-EGL3 complex (Kd: 222 nM), supporting our SEC, split-luciferase
and MST results (Fig. 3). Together, these results proved that the Met49 residue within

CPC plays a vital role in competition with WER to interact with EGL3.

Co-crystal structure of MYB29-MY C3 complex

Recently, split-ubiquitin assays identified a new MY C-interaction motif (MIM) within
the subgroup 12 MYBs. The motif is located in the center of the non-MYB region and
is responsible for interaction with MY C2/MY C3/MY C49, suggesting that the MYB29—
MYC3 complex may represent a different interaction mode from that of WER-EGL3
and CPC-EGL3. To verify this assumption, we co-expressed the MIM motif of MYB29
(MYB29 174-222) and the N-terminal non-DNA-binding region of MYC3 (MY C3 44—
238). By extensive crystallization trials, we solved the crystal structure of MYB29 174—

222 in complex with MYC3 44-238 (hereafter MYB29-MYC3) at 2.5 A resolution
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(Extended Data Figs. 2e,f and 3c, Table 1). The MYB29 184-203 region is folded into
an ordered o helix and a short loop, whereas other regions are disordered (Fig. 4a).
MYB29 fit into the deep groove and formed extensive interactions with the TAD and
JID domains of MYC3. MYB29 Thr186 formed an H-bond with TAD Glu148 of MYC3.
MYB29 Leul90 formed extensive hydrophobic interactions with TAD Phel51 and
Leul52 of MYC3. Via the side-chain OD1 and ND2 atoms, MYB29 Asn191 formed
two H-bonds with the main chain N- and O-atoms of MYC3 JID Tyr97, respectively.
The side chain of MYB29 Ala194 fit into a shallow concavity, formed by JID Trp92 as
well as TAD Phel51 and Met155 of MYC3 (Fig. 4b). In the MYB29-MYC3 complex
structure, Leu190 and Asn191 of MYB29 formed the core platform for MYC3 binding,
which is consistent with previous findings that either Leul90 or Asn191 mutation
within MYB29 abolishes the interaction between MYB29 and MY C3, and the mutated
MYB29 fails to rescue myb29 mutant phenotypes®. MST analysis further showed that
all mutations of the interacting residues within MYC3 weakened the interaction
between MYB29 and MYC3 (Supplementary Fig. 1). To our surprise, sequence
similarity between MYB29 and JAZ proteins was very low (Supplementary Fig. 2), but
the proteins displayed the same binding mode to MYC3 (Fig. 4¢). In the structure of
the MYB29-MYC3 and MYC3-JAZ1" complexes, the MYC3 JID helices flipped
outward and attached loosely to the main body of MY C3, and the helices of MYB29 or
JAZ proteins fit into the grooves formed by TAD and JID of MYC3. Together, these
results showed that MYB29 interacts with MYC3 by its C-terminal MY C-interaction

motif, different from the binding modes of WER-EGL3 and CPC-EGL3.
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Discussion

Two MYB-bHLH binding modes are widely applied in Arabidopsis

Sequence alignment revealed that the MYB29-interacting residues within MYC3 were
conserved in EGL3 (Supplementary Fig. 3). However, MYB29 does not interact with
GL3/EGL3°. To investigate the basis for the two MYB-MYC binding modes, we
carefully compared the structures of EGL3 and MYC3. The overall structures of EGL3
and MY C3 were similar but their JID helices behaved differently (Supplementary Fig.
4). The conformation of the EGL3 JID helix was stable and formed extensive
interactions with TAD and the other regions of JID (Fig. 5a, Supplementary Fig. 4a-c).
Presence or absence of WER had no effect on the conformation of the EGL3 JID helix
(Supplementary Fig. 4d). In contrast, the conformation of the MYC3 JID helix was
highly dynamic!® and underwent substantial conformational change to expose TAD and
other regions of JID when binding to MYB29 or JAZ1 (Fig. S5a, Supplementary Fig. 4e,
f). In EGL3, the corresponding interface for adopting MYB29 was buried by the stable
JID helix, which prevented MYB29 binding to EGL3 (Fig. 5a, Supplementary Fig. 4g).
Except for certain residues within the MYC3 TAD, most residues responsible for
EGL3-WER interaction were not conserved in MYC3 (Supplementary Fig. 3),
preventing the MYC3 surface (04 and a7) from binding to WER. These results
suggested that the JID helices of EGL3 and MYC3 played critical roles in partner
selection. In detail, the conformational change of the MYC3 JID helix provided the

interface for binding to the subgroup 12 MYB TFs or JAZ repressors. The rigidity of
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the EGL3 JID helix prevented an interface forming, but the a3 and a5 helices of EGL3
formed a novel interface that specifically recognized the RB motif in the R3 domain of
MYB TFs. Thus, we uncovered two MYB-bHLH interaction modes: in the WER—
EGL3 mode, a3 and a5 of EGL3 formed an interface and specifically interacted with
the R3 domain of WER; in the MYB29-MYC3 mode, the MIM motif of MYB29 fit
into the groove formed by the TAD and JID domains of MYC3 (Fig. 5b).

To determine the number of MYB and bHLH TFs that may utilize the two MYB-
bHLH interaction modes, we searched the Arabidopsis genome for MYB and bHLH
proteins that shared the crucial interaction motifs (Fig. 5c). Fifteen WER- and seven
CPC-type MYBs and four EGL3-type MYCs were detected (Fig. 5¢). All crucial
residues within the RB motifs were highly conserved among WER- and CPC-type
MYBs, and the crucial residues, especially those within the TAD domains, were
conserved among the EGL3-type MY Cs, indicating that many MYB-bHLH complexes
likely share the same interaction mode as WER—EGL3. Similarly, eight MYB29-type
MYBs and seven MYC-type MYCs were detected in the Arabidopsis genome. The
crucial residues within the JID and TAD domains were highly conserved among MY C2,
MYC3,MYC4,MYCS5,bHLH13, AIB (bHLH17) and bHJH3. For MYB29-type MYBs,
the crucial residues within the core MIM domains were highly conserved (Fig. 5c¢),
whereas those in the loop region (corresponding to Ala197 and 1203 in MYB29) were
conserved in MYB28, MYB29, and MYB76 but varied in the other MYBs. However,
physical interaction between the eight MYBs and MYC2/3/4 has been reported

previously®!42! indicating that MYB29-type MY Bs contain a functional MIM domain
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to apply the same interaction mode as MYB29-MY C3. To prove the utilization of the
two MYB-bHLH interaction modes in Arabidopsis, we chose GL1 and MYB2S,
homologs of WER and MYB29, respectively, and predicted the structures of GL1-
EGL3 and MYB28-MYC3 complexes by AlphaFold2. Structure superposition showed
that the interaction modes of GL1-EGL3 and MYB28-MYC3 are exactly similar to
those of WER-EGL3 and MYB29-MYC3, respectively (Supplementary Fig. 5),
supporting that the interaction modes revealed by this study are conserved for other
homologous MYB-bHLH complexes. Taken together, our results indicated that the two
types of MYB-bHLH binding modes are widely applied in MYB-bHLH complexes in

Arabidopsis.

Two MYB-bHLH interaction modes evolved independently

To investigate the occurrence of the two types of MYB-bHLH interaction modes during
the evolution of land plants, we searched the genomes of representative species across
the plant kingdom (Supplementary Tables 2-4) for the genes encoding homologs of
EGL3, WER, CPC, MYC3, and MYB29 and reconstructed their phylogenies
(Supplementary Figs. 6-10). The major results were summarized in Fig. 5d, where
homologs of EGL3 and MYC3 of the bHLH family showed divergence as early as from
mosses during evolution, whereas homologs of WER, CPC and MYB29 of the MYB
family showed divergence later from gymnosperms during evolution. For the WER—
EGL3 interaction mode, we found that the crucial motifs in EGL3 homologs were

conserved in land plants (Supplementary Figs. 6 and 11), whereas those in WER
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homologs were conserved in gymnosperms (Supplementary Figs. 7 and 12), which
indicates that a functional WER-EGL3 interaction mode has co-evolved from the
formation of motifs responsible for interacting with EGL3 in WER homologs in seed
plants. For the MYB29-MY C3 interaction mode, the crucial motifs in MY C3 homologs
were conserved in land plants (Supplementary Figs. 9 and 13), whereas the MIM motif
of MYB29 was only detected in Arabidopsis among the 23 representative plant species
(Supplementary Figs. 10 and 14, Supplementary Table 2). To further trace the
origination of the MIM motif, we selected additional 20 species of eudicots
(Supplementary Fig. 15, Supplementary Table 4), and found that the MIM motif was
highly conserved in Brassicales species (Supplementary Fig. 16), indicating that the
MYB29-MYC3 interaction mode is functional since the occurrence of the Brassicales.

To further dissect the evolution of the two interaction modes, we examined the amino
acid residues of their motifs to assess whether the interaction may be substituted by
other proteins involved in a different mode. From sequence alignment, we found that
the residues corresponding to Tyr81, Ser123, Phel24, Leul60 and Leul61 in EGL3
have been replaced by amino acids with distinctive chemical characterizations in
MY C3 homologs (Supplementary Fig. 11), which would hinder the potential for MY C3
interaction with WER/CPC homologs. Regarding the JID domain, in the major regions
that distinguish the two MYB-bHLH interaction modes, the residues corresponding to
Ser293 (neutral) and Tyr300 (hydrophobic) of EGL3 were replaced by Lys/Arg
(hydrophilic) and GIn/His/Asn (hydrophilic or neutral), respectively, in MYC3

homologs (Supplementary Fig. 17). These results suggested that at an early stage of
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land plant evolution (probably before the emergence of the mosses), the EGL3 and
MY C3 clades have already evolved distinctive MY B-binding motifs. By examining the
key residues in the alignment of all homologs of WER and MYB29, the crucial residues
corresponding to Leu81 (hydrophobic) and Arg99 (hydrophilic) in the RB motif of
WER were replaced by Thr (neutral) and His (neutral), respectively, in MYB29
homologs (Supplementary Fig. 12), and the crucial residues within the MIM motif of
MYB29 were highly variable among WER homologs (Supplementary Fig. 14). These
observations suggest that the two MYC-binding motifs had diverged prior to the
separation of the WER and MYB29 clades in gymnosperms. Taken together, the two
MYB-bHLH interacting modes are interpreted to have evolved independently.
Members applying the two MYB-bHLH interaction modes also evolved diverged
biological functions. EGL3 and WER/CPC homologs are mostly involved in
development of hairs (root hairs or trichomes) and biosynthesis of secondary
metabolites associated with antioxidation (anthocyanin and flavonol) (From TAIR on
www.arabidopsis.org) (Supplementary Table 5), implying that the WER-EGL3
interaction mode might be implemented in stress resistance, for example to cold, heat,
drought or insects, to adapt the varied environments in ancestral seed plants. For the
MYB29-MYC3 interaction mode, MYB28, MYB29 and MYB76 are functional in
regulation of aliphatic glucosinolate biosynthesis**-*°, while MYB34, MYB51 and

27, 3032 Glucosinolates are

MYB122 modulate indolic glucosinolate biosynthesis
primarily found in Brassicales and can be modified into toxins against insect herbivory.

It is possible that the MYB29—MYC3 interaction mode might be evolved to allow
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higher plants to resist to insect attacks. Taken together, probably due to the adaptation
to different environmental stress, the two MYB-bHLH interaction modes evolved

independently during plant evolution.

Methods

Yeast two-hybrid (Y2H) assay

The coding regions of full-length or truncated WER, CPC and EGL3 were PCR- or RT-
PCR-amplified and cloned into pGADT7 or pGBKT7 vectors (Clontech)
(Supplementary Table 6). The yeast two hybrid (Y2H) assay was performed following
the manufacturer’s protocol (Clontech) and protein-protein interaction was detected on
media lacking leucine (Leu), tryptophan (Trp) and histidine (His).

Protein expression and purification

The DNA fragments encoding WER 12-120, EGL3 1-205, full-length CPC, CPC 30-
94 and their mutants were generated by PCR and subcloned into pSUMO vector,
respectively (Supplementary Table 6). All the recombined proteins were expressed in
Escherichia coli strain BL21 (DE3) cells and induced with 0.2 mM isopropyl [3-D-
thiogalactoside (IPTG) when the ODesoo reached ~0.8. The induced cultures were grown
at 18°C for an additional 16-18 hours. For purification of WER and its mutants, cells
were enriched and suspended in Ni-NTA (GE Healthcare) binding buffer (500 mM
NaCl, 20 mM Tris-HCI and 25 mM imidazole, pH 8.0). The cells were lysed by high-
pressure cell disruptor and then centrifuged at 34,000 g for 1 hour. The supernatant was

loaded onto a Ni-NTA column. The target proteins were gradually eluted using elusion
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buffer (500 mM NacCl, 20 mM Tris-HCI and 500 mM imidazole, pH 8.0). The proteins
were treated by ULP1 protease for 3 hours. The cleaved proteins were diluted to 200
mM NaCl and 20 mM Tris-HCl (pH 8.0), loaded onto HiTrap S column (GE Healthcare)
and eluted by elution buffer (1 M NaCl and 20 mM Tris-HCI, pH 8.0). The eluted
proteins were concentrated and applied to a pre-treated HiLoad 16/60 Superdex 75 gel
filtration column in buffer containing 300 mM NaCl and 20 mM Tris-HCI, pH 8.0.
For co-purification of WER 67-120/EGL3 1-205, CPC 30-94/EGL3 1-205 and
MYB29 174-222/MYC3 44-238, the DNA fragments encoding WER 67-120, CPC 30-
96 and MYB29 174-222 were generated by PCR or RT-PCR and constructed into
pCDF-duet vector, respectively (Supplementary Table 6). The DNA fragment encoding
MYC3 44-238 was generated by RT-PCR and subcloned into pSUMO vector
(Supplementary Table 6). The plasmids expressing WER 67-120 and EGL3 1-205, CPC
30-94 and EGL3 1-205, or MYB29 174-222 and MYC3 44-238 were co-transferred
into Escherichia coli strain BL21 (DE3) cells. Protein expression was induced by 0.2
mM IPTC when the ODesoo reached 0.8. The cells were collected and the target
complexes were purified using the same procedures as that of EGL3 1-205.
Size-exclusion chromatography (SEC) analysis
EGL3 1-205, WER 12-120, and CPC 30-94 proteins were respectively dissolved in
SEC bufter (20 mM Tris-HCI, 150 mM NaCl, 5 mM DTT, pH 8.0). To prepare WER—
EGL3 and CPC-EGL3 complexes, EGL3 1-205 was mixed with equivalent molar of
WER 12-120 and CPC 30-94, respectively and the mixtures were incubated on ice for

30 min. For the competition assay, equivalent molar of CPC 30-94 was added into the
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pre-prepared WER-EGL3 complex and incubated on ice for 30 min. The concentration
of EGL3 1-205, WER 12-120, and CPC 30-94 were fixed at 50 pM in all samples,
which were sequentially analyzed by Superdex™ increase 200 10/300 GL column.
Crystallization and structure deter mination

The apo EGL3 1-205 crystals were grown at 18°C using the sitting-drop vapor diffusion
method. The drop contains 0.2 pl 25 mg/ml EGL3 1-205 protein and 0.2 pl reservoir
solution composed of 100 mM CAPS, 200 mM lithium sulfate, and 2 M ammonium
sulfate, pH 10.5. All crystals of protein complexes were grown at 18°C by using the
hanging-drop vapor diffusion method. For crystallization of WER 67-120 and EGL3 1-
205 complex, the co-purified protein complex was concentrated to 20 mg/ml and the
crystals were grown in well solution containing 20% PEG3350, 200 mM magnesium
formate. The crystals of CPC 30-94 and EGL3 1-205 complex (20 mg/ml) were grown
in well solution (0.1 M Tris-HCI, 20% PEG3350, 0.2 M ammonium sulfate, pH 6.5).
For crystallization of MYB29 174-222 and MYC3 44-238 complex, the co-purified
complex was concentrated to 20 mg/ml and the crystals were grown in well solution
(0.1 M HEPES, 20% (w/v) PEG 6000, 0.2 M Sodium chloride, pH 7.0).

The X-ray data were collected at BL17U and BL18U beamlines at Shanghai
Synchrotron Radiation Facility (SSRF). Diffractive data were indexed, integrated and
scaled with HKL3000 program?®*. The apo EGL3 structure and WER-EGL3 complex
were all solved by molecular replacement (MR) method using the Phaser program of
CCP4i*, using the MY C3 structure (PDB_ID: 4RRU) as the search model. The CPC—

EGL3 complex structure was solved by MR method using the apo EGL3 structure as
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the search model. The MYB29—-MYC3 complex structure was solved by MR method
using the MYC3 structure (PDB_ID: 4RRU) as the search model. The model building
and refinement were performed with COOT* and PHENIX?S. All the structural images
were generated by using the PyMOL program (http://www.pymol.org).

I sothermal titration calorimetry (1TC) assays

All ITC experiments were performed using an iTC200 MicroCalorimeter from
MicroCal. Interaction was performed in a buffer (20 mM Tris-HCL, 100 mM NaCl,
pHS.0) at 25°C. 38 ul of EGL3 1-205 (200 uM) was titrated into the cell containing
200 pl wild-type or mutated WER 12-120 (20 uM). A total of 25 injections (each of 1.5
pl) were performed. Binding curves were generated by plotting the heat change of the
binding reaction, and the data were fitted using one-site binding model with Origin 7.0
(Supplementary Table 1).

Spilt lucifer ase assays

The DNA fragment encoding C-terminus of luciferase was fused with the DNA
fragment encoding EGL3 1-205 to create p35S::3xFlag-EGL3 1-205-nLUC construct
(Supplementary Table 6). The DNA fragments encoding WER 12-120 and CPC 30-94
were respectively fused with the DNA fragment encoding N-terminus of luciferase to
create p35S::cLUC-WER 12-120-4xMyc and p35S::cLUC-CPC 30-94-4xMyc
(Supplementary Table 6). The DNA fragments encoding CPC, CPC M49A, CPC M49L
and WER were combined with DNA fragment encoding YFP and cloned into
pCAMBIA 1300 to create p35S::CPC 30-94-YFP, p35S::CPC 30-94 M49A-YFP,

p35S::CPC 30-94 MA49L-YFP and p35S::WER 12-120-YFP fusion constructs,
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respectively (Supplementary Table 6). Plasmids were transformed into Agrobacterium
strain Agrobacterium tumefaciens GV3101 with different transgenic genes and were
cultivated in LB medium at 28°C overnight. Different combinations were then co-
infiltrated into young leaves of N. benthamiana. After treated in darkness for 1 day, the
plants were exposed to light for 2 days. Luciferin were injected into the Agrobacterium-
infiltrated positions and luciferase activity was measured. To verify the expression level
of proteins, equal-size tobacco leaves were cut into small size, cells were lysed and total
proteins were extracted and analyzed by Western blotting using anti-MYC (M20002L,
Abmart, 1:5000 dilution), anti-GFP (M20004L, Abmart, 1:5000 dilution), anti-Actin
(M20009L, Abmart, 1:5000 dilution), and anti-FLAG (F1804, Sigma, 1:2000 dilution)
antibodies, respectively.

Microscale thermophoresis (MST) analysis

MST experiments were performed according to the published methods *7. All proteins
were dialyzed into MST reaction buffer (20 mM HEPES and 150 mM NacCl, pH 7.5),
labelled and purified using the Protein labelling kit RED-NHS (Nanotemper, cat. no.
L001) and the recommended procedures. WER protein was labeled with cy5. 60 nM
EGL3 1-205 and 30 nM cy5-labelled WER were mixed in reaction buffer (20 mM
HEPES, 150 mM NaCl and 0.03% tween-20, pH 7.5) and incubated on ice for 30 min.
Then diluted CPC or mutants (from 0.4 mM to 1.22x10 mM) were added into the
reaction. For the MYB29-MYC3 interaction, Fluorescein amidites (FAM) labeled
MYB29 (184-205) was purchased from Scilight-Peptide company (http://www.scilight-

peptide.com/) and were dialyzed into MST reaction buffer before reaction. 50 nM



458  FAM-MYB29 were incubated with MYC3 (from 25 uM to 0.763 nM) in reaction buffer
459  and incubated on ice for 30 min. The MST experiments were conducted with Monolith
460  NT.115 instrument (NanoTemper Technologies) and the data were collected under 100%
461  infrared laser power and 20% light-emitting diode power at 25°C. The data were
462  analyzed by MO.Affinity Analysis v2.3 software and the EC50 determined.

463  Bio-Layer Interferometry (BL1) analysis

464  BLI (OctetRed96) assay was performed for measuring the binding affinities and kinetic
465  parameters of WER-EGL3 and CPC-EGL3 complexes, by using 6xHis-SUMO tagged
466  WER 12-120, 6xHis-SUMO tagged CPC 30-94, EGL3 1-205 and 6xHis-SUMO as a
467 negative control with Octet RED96 instrument (ForteBio). Experiments were
468  conducted at 30 °C with a shaking speed of 1000 rpm. Nitrilotriacetic acid (NTA)
469  capture tips were soaked into the kinetics buffer (20 mM Tris, 100 mM NacCl,
470  0.02%Tween 20, pH 8.0) for 10 min to baseline equilibration. 6xHis-SUMO tagged
471 WER 12-120 or CPC 30-94 was immobilized on the biosensor tips for 300 s, then
472 washed by kinetics buffer till all the parameters were stable. Next, the association of
473 EGL3 1-205 was determined at 500, 125, 31.3, 15.6 nM for 300 s, followed by 300 s
474  of dissociation in kinetics buffer. Affinity constants were calculated by a 1:1 global fit
475  model via ForteBio 10.0 data analysis software.

476  Structure prediction by Alphafold

477  Alphafold 2.0.1 was used to predict the structures of GL1-EGL3 and MYB28-MYC3
478  complexes according to the published methods3®-3°.

479  Homologs searching in Arabidopsis thaliana
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Genes encoding homologous proteins of EGL3 (AT1G63650), WER (AT5G14750),
CPC (AT2G46410), MYC3 (AT5G46760) and MYB29 (AT5G07690) were searched
by all-against-all BLASTP with the E-value of le->, and the identity >20% in
Arabidopsis thaliana. Sequences were aligned by MAFFT*’ with accurate aligning
options “- maxiterate 1000 - localpair”, adjusted manually with the use of AliView*!.
Those candidate homologs were carefully examined for their interaction motifs. The
homologs with opposite chemical characteristics in the key residues with our query
proteins were filtered out. Due to the great variability, the Alal97 and Ile203 in
MYB29s homologs were not selected during this step.

Phylogenetic reconstruction and logo comparison

We selected a total of 23 publicly-available genomes (Supplementary Table 2)
representing major plant lineages including seven eudicots, two monocots, two of ANA
clade, two gymnosperms, three moniliophytes/lycophytes, three
mosses/liverworts/hormworts, and four algae for phylogenetic reconstruction and logo
comparison of key motifs. Genomes were retrieved from the Phytozome
(https://phytozome.jgi.doe.gov/pz/portal.html), NCBI (https://www.ncbi.nlm.nih.gov),
FernBase (https://www.fernbase.org), GIGADB datasets (http://gigadb.org/), Spruce
Genome Project (http://congenie.org/), MarpolBase (https://marchantia.info) and from
files in previous studies****. Genes encoding homologous proteins of EGL3, WER,
CPC, MYC3 and MYB29 were searched and aligned as above, and then trimmed by
trimAl1* with -gt 0.1. We used RAXML to reconstruct the phylogenetic trees*® with

default settings (-m PROTGAMMAIJTT). We examined the phylogenetic trees,
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extracted the clades containing the query sequences (EGL3, WER, CPC, MYC3 and
MYB29) with bootstrap value > 90, and repeated the steps of alignment and
phylogenetic reconstruction. By repeating these steps, the sizes of the trees were
gradually reduced until each tree contains only the clade including the query sequences
and its sister clade. In order to reveal the evolutionary history of CPC and MYB29, 43
and 21 species were selected for further analysis, respectively (Supplementary Table 3,
4). The logo comparison analyses were performed on WebLogo3
(http://weblogo.threeplusone.com/create.cgi). The same method was also applied for

homologs in Arabidopsis for Fig. 5d.

Data availability

Structural factors and coordinates have been deposited in the Protein Data Bank (PDB)
under accession codes 7FDL, 7FDM, 7FDN and 7FDO for WER-EGL3, MYB29-
MYC3, EGL3, and CPC-EGL3. And the structure of WER-DNA complex is available

in the PDB by accession code 6KKS.
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Table 1. Data collection and refinement statistics.

EGL3 WER-EGL3 CPC-EGL3 MYB29-MYC3
Data collection
Space group P32 C2221 C121 P32
Cell parameter
a(h) 70.4 75.9 86.0 85.2
b(A) 70.4 193.2 50.3 85.2
c(®) 88.5 224.6 81.6 57.0
a(®) 90.0 90.0 90.0 90.0
B (°) 90.0 90.0 97.2 90.0
v(©) 120.0 90.0 90.0 120.0
Wavelength(A) 0.97930 0.97930 0.97915 0.97930
Resolution (A) 30.0-1.90 30.0-2.90 30.0-1.80 30.0-2.50
Last shell (&) 1.97-1.90 3.0-2.90 1.89-1.80 2.59-2.50
Completeness (%) 99.8(99.2) 99.7(98.4) 97.5(98.8) 97.5(91.3)
Redundancy 9.7(7.7) 8.2(6.1) 6.1(5.7) 6.2(3.2)
1/o(I) 37.9(2.0) 12.4(2.0) 60.8(7.5) 32.1(2.0)
Rmerge (%) 5.9(95.2) 14.8(70.8) 2.4(18.2) 4.1(42.1)
CC(1/2) 0.998(0.876) 0.994(0.114) 0.997(0.983) 0.999(0.114)
Refinement
Resolution (A) 30.0-1.90 30.0-2.90 30.0-1.80 30.0-2.50
Ruork (%) / Reree (%) 18.5/22.7 25.4/29.9 18.8/21.5 23.0/28.4
No. of atoms
Protein 2671 8858 1715 2840
Ligand/ion 25 0 5 0
Water 126 0 139 14
R.m.s. deviations
Bond length (A) 0.012 0.009 0.013 0.006
Bond angle (°) 1.689 1.061 1.557 0.935
Ramachandran plot
(%)
Most favored 97.54 95.15 95.0 97.71
Additional allowed 2.46 4.85 5.0 2.29
PDB number 7FDN 7FDL 7FDO 7FDM

*Values in parentheses are for the highest-resolution shell.
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Figure Legends
Figure 1. Co-crystal structure of the WER—EGL 3 complex. a, Overall structure of

the WER-EGL3 complex. The JID and TAD domains of EGL3 are shown in cyan and
green, respectively, and WER is shown in pink. The invisible regions (aa 55-66 and 87-
96) of EGL3 in electron density map are indicated by dashed grey lines. b, Structural
superposition of the WER-EGL3 complex with the WER-DNA complex (PDB:6KKS).
The WER-EGL3 complex is colored as in a. DNA and WER in the WER-DNA
complex are colored in brown and yellow, respectively. WER R2 and R3 domains are
indicated by arrows. C, Interactions between WER and EGL3. H-bonds are indicated
by dashed black lines. For clarity, the detailed hydrophobic interactions are not shown.
d, ITC results showing the binding affinities between EGL3 and wild-type or mutated
WER proteins. €, ITC results showing the binding affinities between WER and wild-

type or mutated EGL3 proteins.

Figure 2. Co-crystal structure of the CPC-EGL 3 complex. a, Overall structure of
the CPC-EGL3 complex, in which the JID and TAD domains of EGL3 are shown in
cyan and green, respectively, and CPC is shown in purple. Invisible regions (aa 55-63
and 87-104) of EGL3 are indicated by dashed grey lines. b, Structure superimposition
of the CPC-EGL3 complex with the WER-EGL3 complex. The CPC-EGL3 complex
is colored in grey and purple, whereas the WER-EGL3 complex is colored in yellow
and magenta. C, Interactions between CPC and EGL3. H-bonds are indicated by dashed
black lines. For clarity, the detailed hydrophobic interactions are not shown. d,
Structural superimposition of WER R3 and CPC R3, which are colored in magenta and
purple, respectively. Residues involved in EGL3 interaction are shown, and CPC M49
and WER L85 are highlighted by a black dashed cycle. e, Close-up view of the crucial
amino acids differing between WER and CPC, and the Van der Waals surfaces are

shown by dots at the bottom.

Figure 3. Functional importance of Met49 of CPC in competition with WER to
bind to EGL 3. a, CPC peels WER from the WER-EGL3 complex in a SEC analysis,



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

which is further detected by SDS-PAGE. For CPC competition assay, an equivalent
concentration of CPC was incubated with the prepared WER-EGL3 complex on ice for
30 min and analyzed by SEC experiment. The SEC fraction of WER-EGL3 plus CPC
was analyzed by SDS-PAGE, which was repeated independently twice with similar
results. b, Split-luciferase assay to detect the competition of wild-type and mutated CPC
against WER to interact with EGL3. Tobacco leaves were co-infiltrated with
Agrobacterium containing EGL3-nLUC and cLUC-WER with or without CPC-YFP,
and the luminescence images were captured by a CCD imaging system. €, Quantitative
measurement of the competitive capabilities of CPC and its mutants against WER to
form a complex with EGL3 by a microscale thermophoresis (MST) assay, and the data

were presented as mean values = SD of three independent experiments (n=3).

Figure 4. Co-crystal structure of the MYB29-M Y C3 complex. a, Overall structure
of the MYB29-MYC3 complex. The JID and TAD domains of MYC3 are shown in
cyan and green, respectively, and MYB29 is shown in brown. b, Interactions between
MYB29 and MYC3. H-bonds are indicated by dashed black lines. For clarity, the
detailed hydrophobic interactions are not shown. C, Structural superposition of the
MYB29-MYC3 complex with the JAZ1-MYC3 complex (PDB:4YZ6). MYB29 and
MYC3 in the MYB29-MYC3 complex are colored in brown and grey, respectively.
JAZ1 and MYC3 in the JAZ1-MYC3 complex are colored in blue and cyan,

respectively.

Figure 5. Two interaction modes of MYB-bHLH complexes. a, Structural
superposition of the WER-EGL3 and MYB29-MYC3 complexes. WER and MYB29
are colored in magenta and brown, respectively. Both EGL3 and MYC3 are colored in
grey, whereas their JID helixes are colored in cyan and pink, respectively. b, The
different interaction modes of the WER-EGL3 and MYB29-MYC3 complexes. C,
Sequence alignment of homologs of EGL3, WER, CPC, MYC3, and MYB29 in
Arabidopsis. For each panel, the uppermost sequence is the logo comparison, with the

x-axis scaled to the position of amino acids of EGL3, WER, CPC, MYC3, and MYB29,
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respectively. The hydrophilic, neutral, and hydrophobic nature for the amino acids is
indicated in blue, green, and black, respectively. Stars indicate the residues crucial for
MYB-bHLH interaction. d, Evolution of EGL3, WER, CPC, MYC3, and MYB29
among land plants. Genes able to utilize the EGL3—WER interaction mode are shown
in green, and those capable of the MYC3-MYB29 interaction mode are shown in

orange.
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Abstract:

MYB and bHLH transcription factors form complexes to regulate diverse metabolic
and developmental processes in plants. However, the molecular mechanisms
responsible for MYB-bHLH interaction and partner selection remain unclear. Here, we
report the crystal structures of three MYB-bHLH complexes (WER-EGL3, CPC-
EGL3, and MYB29-MYC3), uncovering two MYB-bHLH interaction modes. WER
and CPC are R2R3- and R3-type MYBs, respectively, but interact with EGL3 through
their N-terminal R3 domain in a similar mode. A single amino acid of CPC, Met49, is
crucial for competition with WER to interact with EGL3. MYB29, a R2R3-type MYB
TF, interacts with MYC3 by its C-terminal MY C-interaction motif. The WER-EGL3
and MYB29-MY C3 binding modes are widely applied among MYB-bHLH complexes

in Arabidopsis and evolve independently in plants.
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Introduction

By recognizing specific DNA elements within the genome, transcription factors (TFs)
play central roles in gene regulatory networks in multicellular organisms. In higher
plants, MYB and basic helix-loop-helix (bPHLH) TFs are among the largest groups of
TFs; for example, more than 300 MYB and 100 bHLH TFs are present in Arabidopsis!~.
MYB TFs contain a conserved DNA-binding domain (MYB domain) and extensive
intrinsically disordered regions (IDRs) at the C-terminus. MYB TFs are grouped into
different types on the basis of three imperfect repeats (R1, R2, and R3) within the MYB
domain of c-Myb, and further divided into subgroups based on the IDRs*. bHLH TFs
are defined by ~60 conserved amino acids, including a basic DNA-binding domain and
a dimerization domain®*,

Formation of complexes between MYB and bHLH TFs is widespread and different
MYB-bHLH complexes regulate diverse physiological processes, including organ
development, metabolic pathways, and biotic and abiotic stress responses!'=3>%. For
instance, WEREWOLF (WER), a well-studied R2R3-type MYB in Arabidopsis,
interacts with the bHLH TFs GL3/EGL3, directly binds to and activates GLABRA 2
(GL2), the central regulator of epidermal cell fate determination, and leads to the non-
hair cell fate during root hair development’. CAPRICE (CPC), a R3-type MYB TF in
Arabidopsis, competes with WER to interact with GL3/EGL3 and inhibits GL2
expression, leading to the hair cell fate establishment®!°. The Arabidopsis bHLH TFs

MYC2/MYC3/MYC4 interact with MYB21/MYB24 to regulate stamen development

and seed production!!. MYC2/MYC3/MYC4 play crucial roles in jasmonate (JA)
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signaling through interaction with jasmonate ZIM (zinc-finger inflorescence
meristem)-domain (JAZ) repressors and participate in both development and stress
responses'>!3, MYC2/MYC3/MYC4 also regulate glucosinolate biosynthesis by
interacting with glucosinolate-related MYBs, including MYB28, MYB29, MYB76,
MYB34, MYB51, and MYB122, which belong to MYB subgroup 12!4. In addition,
many other MYB-bHLH complexes function in plant growth and development, stress
defense, and metabolism regulation®.

The co-crystal structure of MYC3 in complex with JAZ transcriptional repressors
was resolved previously'®, and recently we resolved the complex structure of WER—
DNA', The structure of MYB-bHLH complexes remains uncertain, which precludes
understanding the molecular mechanisms that regulate the interaction and partner
selection of MYB and bHLH TFs. Here we report the crystal structures of three MYB—
bHLH complexes, WER-EGL3, CPC-EGL3, and MYB29-MY C3, which reveals two
distinct MYB-bHLH interacting modes. The WER-EGL3 and MYB29-MYC3
binding modes are widely applied among a set of MYB - bHLH complexes in
Arabidopsis. Our results shed light on the mechanisms by which different MYB and
bHLH TFs select their partners to form complexes and indicate that the two types of
MYB-bHLH interaction modes are evolutionarily conserved but evolve independently

in plants.

Results

Co-crystal structure of WER—EGL 3 complex
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Following our previous study on the crystal structure of WER in complex with its target
DNA'"S, we selected WER and EGL3 as a model to analyze the interaction of MYB and
bHLH TFs. WER contains a R2ZR3-MYB domain at the N-terminus. EGL3 contains a
JAZ-interacting domain (JID) and transcriptional activation domain (TAD) at the N-
terminus, a bHLH domain in the central region, and a C-terminal domain (CTD) at the
C-terminus (Extended Data Figs. 1a, b). Yeast two-hybrid (Y2H) and size-exclusion
chromatography (SEC) experiments showed that WER interacted with EGL3 through
the R3 domain of WER (WER 67-120) and the N-terminus of EGL3 (EGL3 1-205)
(Extended Data Figs. lc, d). To investigate the molecular basis underlying the
interaction between WER and EGL3, we determined the crystal structure of WER 67—
120 in complex with EGL3 1-205 (hereafter the WER—EGL3 complex). The complex
structure was refined to 2.90 A resolution (Table 1). The B-strands B1-B5 of EGL3 1—
205 formed a flat B-sheet in the center, flanked by helices ol and o6 on one side and
by 03, 04, and a5 on the opposite side (Fig. 1a). The EGL3 JID domain consisted of
helices al and 02, and B-strands B1, B2, and o2 located at the C-terminus of JID.
Although TAD domains are generally unstructured when not bound to their targets!6-!8,
the EGL3 TAD was well ordered. The EGL3 TAD was composed of two helices, 0.3
and o4, which packed against the JID domain and B3-B5, respectively. The R3 domain
of WER was composed of three helices ot1-03 linked by two short loops; the ol and
a2 helices of WER packed against the o2, 03, and a5 helices of EGL3 (Fig. 1a).
Structural superposition of WER-EGL3 and WER-DNA'® suggested that WER-EGL3

complex formation has no effect on WER-DNA interaction (Fig. 1b), which is
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consistent with their inherent DNA binding and gene activation activities.

The detailed interaction between WER and EGL3 was shown in Fig. 1c. The
electrostatic surface potentials of the interfaces (Extended Data Figs. 2a,b) and the
electron density maps of the key residues involved in the interaction (Extended Data
Fig. 3a) of WER-EGL3 were also shown. WER GIn77 at the N-terminus of a1 formed
hydrogen bonds (H-bonds) with the side chain of Ser153 and the main chains of Phe156
and Leul60 of EGL3. WER Leu81 nestled in the shallow hydrophobic cavity formed
by Val120, Leul60, and Leul61 of EGL3. Via the guanidine group, WER Arg84 formed
two H-bonds with EGL3 Ser123. Interestingly, the guanidine group of WER Arg84 also
formed an ion-m interaction with the side chain of EGL3 Phel24. Similar to Leu81,
WER Leu85 and Leu88 formed hydrophobic interactions with EGL3. The side chain
of Leu85 pointed toward Trp116 and Val120 of EGL3, whereas the side chain of Leu88
nestled in the pocket formed by Tyr81, Leu84, and Leull9 of EGL3. WER Arg99 at
the C-terminus of 0.2 (residues 92-99) formed a salt bridge with Asp113 and an ion-nt
interaction with Trp116 of EGL3 (Fig. 1c). The crucial residues of WER involved in
the interaction with EGL3 exactly overlapped with the previously identified R/B-like
bHLH TF binding (RB) motif, which is responsible for interactions between MYB and
R/B-like bHLH TFs '°. In vitro isothermal titration calorimetry (ITC) analysis showed
that mutations of all WER-EGL3 interacting residues weakened the binding affinity
between WER and EGL3 (Figs. 1d, e, Supplementary Table 1). Together, these results
indicated that EGL3 physically interacts with the Q77x3Ls1x2Rg4L8s5x2L8sx10R99

signature motif of the WER R3 domain.
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Structural basis of CPC competing with WER to bind to EGL 3

Y2H assay showed that, similar to WER, CPC interacted with EGL3 1-205 through the
R3 domain of CPC (Extended Data Fig. 4a). ITC analysis indicated that full-length CPC
(Kad: 48.3 nM) and CPC 30-94 (CPC R3, Kd: 50 nM) displayed similar binding affinities
to EGL3, thus CPC 30-94 was used in subsequent analyses (Extended Data Fig. 4b,
Supplementary Table 1). We determined the crystal structure of CPC 30-94 in complex
with EGL3 1-205 (hereafter the CPC-EGL3 complex) at 1.80 A resolution (Fig. 2a,
Extended Data Figs. 2c,d and 3b, Table 1). Structural superposition revealed that the
overall structure of CPC-EGL3 was similar to that of WER-EGL3 (Fig. 2b), and the
root mean square deviation (RMSD) between CPC-EGL3 and WER-EGL3 was only
0.70 A, based on the superposition of 177 pairs of Ca atoms. The low RMSD value
indicates that CPC and WER share the same binding mode to EGL3. The detailed CPC—
EGL3 interactions are depicted in Fig. 2¢c. Except for Glu41 and Met49 within CPC, all
residues involved in the CPC-EGL3 interaction were identical to those observed in the
WER-EGL3 complex (Fig. 1¢). Glu41 and Met49 of CPC corresponded to GIn77 and
Leu85 of WER, respectively. Given that CPC Glu41 mainly formed weak H-bond
interaction (3.0 A) with the side chain of EGL3 Ser153, and it is variable (Asp, Glu or
Gln) in other R2ZR3-MYB and R3-MYB TFs (Extended Data Fig. 5), thus we mainly
focused on CPC Met49 and WER Leu85 for further analysis (Figs. 2d, e). The Sé atom
of CPC Met49 substitutes the C52 atom of WER Leu85, forming stronger (3.4 A vs 3.7

A) hydrophobic interactions with the side-chain Cy2 atom of EGL3 Val120. The Ce
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atom of CPC Met49 stretches more closely (3.7 A vs 4.5 A for the C52 atom of WER)
to the indole ring of EGL3 Trp116. In addition, the side chain of CPC Met49 attracts
the side chain of CPC Arg63. Compared with WER Arg99 in the WER-EGL3 complex,
the guanidine group of CPC Arg63 is rotated ~90° in the CPC-EGL3 complex, leading
to strong Van der Waals contacts with the indole ring of EGL3 Trp116 and H-bond
interaction with EGL3 Asp113. As calculated by PDBePISA2°, CPC Met49 occupies
an interface of ~67 A2, which was ~17 A? broader than that of WER Leu85 (~50 A?).
Compared with WER Leu85, CPC Met49 stretches more closely to the indole ring of
EGL3 Trp116, probably forming a more stable hydrophobic interaction with EGL3 (Fig.
2e).

To validate the importance of CPC Met49, we first analyzed competition between
WER and CPC. In vitro SEC experiments (Fig. 3a) showed that adding CPC to the
WER-EGL3 complex resulted in a shifted elution peak from 15.75 mL (corresponding
to the WER—EGL3 complex) to 15.95 mL (corresponding to the CPC-EGL3 complex)
and an additional elution peak at 18 mL (corresponding to free WER). A SDS-PAGE
analysis confirmed the SEC results (Fig. 3a, Extended Data Fig. 6). But a weak band of
WER was still detected in the CPC-EGL3 peak (Extended Data Fig. 6a). Split-
luciferase assays showed that CPC inhibited the interaction between WER and EGL3
in vivo (Fig. 3b, upper panels). Together, the SEC and split-luciferase experiments
indicated that CPC competes with WER to interact with EGL3 in vitro and in vivo. To
test whether Met49 contributes to the competition between CPC and WER, we

substituted Met49 with Leu in CPC R3 (CPC M49L) because CPC M49L mimicked
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WER R3. ITC analysis showed that the EGL3-binding affinity of CPC M49L (Ka: 137
nM) (Extended Data Fig. 7a, Supplementary Table 1) was distinctly weaker than that
of wild-type CPC R3 (Kd: 50 nM) (Extended Data Fig. 4b), but comparable to that of
wild-type WER R3 (Ka: 118.6 nM) (Fig. 1d). The mutant CPC M49A, a substitution
with Ala, showed a much lower EGL3-binding affinity (K4: 1000 nM; Extended Data
Fig. 7a, Supplementary Table 1) compared with that of wild-type CPC, suggesting that
Met49 is important for CPC interaction with EGL3. In addition to CPC mutants, we
also constructed two WER mutants, WER L85M and WER Q77E/L85M, which
mimicked CPC R3. ITC analysis showed that the EGL3-binding affinities of WER
L85M (Ka: 72.5 nM) and WER Q77E/L85M (Kad: 73.0 nM) (Extended Data Fig. 7b,
Supplementary Table 1) were similarly increased compared with that of wild-type WER
(Kd: 118.6 nM) (Fig. 1d), further supporting that Met49 not Glu41 of CPC is crucial for
competition with WER to interact with EGL3. Split-luciferase experiments in planta
confirmed the importance of CPC Met49: wild-type CPC abolished the interaction
between WER and EGL3 (Fig. 3b, upper panels) at the molecular ratio of 1:1:1, whereas
CPC M49L and CPC M49A failed to block WER-EGL3 complex formation (Fig. 3b,
lower panels), although similar amounts of wild-type and mutated CPC as well as WER
and EGL3 proteins were expressed in the split-luciferase assays (Extended Data Fig. 8).
In addition, we performed microscale thermophoresis (MST) analysis to quantify the
competitive capability of CPC against WER. CPC peeled WER from the WER-EGL3
complex with an EC50 value of ~6.03 x 107° M, whereas the competitive capability of

CPC M49L was reduced to ~5-fold to an EC50 value of ~3.01 x 10> M and the EC50
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value of CPC M49A was undetectable (Fig. 3c). Consistently, split-luciferase
experiments showed that WER failed to affect CPC-EGL3 complex formation at the
molecular ratio of 1:1:1 (Extended Data Fig. 9a), and MST analysis showed that the
competitive capability of WER against CPC is reduced to ~52-fold to an EC50 value
of ~3.19 x 107*M compared with that of CPC against WER (Extended Data Fig. 9b).
Since ITC results cannot well explain the strong competitive capability of CPC against
WER, we performed Bio-Layer Interferometry (BLI) experiments to further analyze
the binding affinities of CPC-EGL3 and WER-EGL3. BLI results (Extended Data Fig.
10) showed that the K4 value of CPC-EGL3 complex (Kd: 11.9 nM) was ~18-fold lower
than that of WER-EGL3 complex (Kd: 222 nM), supporting our SEC, split-luciferase
and MST results (Fig. 3). Together, these results proved that the Met49 residue within

CPC plays a vital role in competition with WER to interact with EGL3.

Co-crystal structure of MYB29-MY C3 complex

Recently, split-ubiquitin assays identified a new MY C-interaction motif (MIM) within
the subgroup 12 MYBs. The motif is located in the center of the non-MYB region and
is responsible for interaction with MY C2/MY C3/MY C49, suggesting that the MYB29—
MYC3 complex may represent a different interaction mode from that of WER-EGL3
and CPC-EGL3. To verify this assumption, we co-expressed the MIM motif of MYB29
(MYB29 174-222) and the N-terminal non-DNA-binding region of MYC3 (MY C3 44—
238). By extensive crystallization trials, we solved the crystal structure of MYB29 174—

222 in complex with MYC3 44-238 (hereafter MYB29-MYC3) at 2.5 A resolution



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

(Extended Data Figs. 2e,f and 3c, Table 1). The MYB29 184-203 region is folded into
an ordered o helix and a short loop, whereas other regions are disordered (Fig. 4a).
MYB29 fit into the deep groove and formed extensive interactions with the TAD and
JID domains of MYC3. MYB29 Thr186 formed an H-bond with TAD Glu148 of MYC3.
MYB29 Leul90 formed extensive hydrophobic interactions with TAD Phel51 and
Leul52 of MYC3. Via the side-chain OD1 and ND2 atoms, MYB29 Asn191 formed
two H-bonds with the main chain N- and O-atoms of MYC3 JID Tyr97, respectively.
The side chain of MYB29 Ala194 fit into a shallow concavity, formed by JID Trp92 as
well as TAD Phel51 and Met155 of MYC3 (Fig. 4b). In the MYB29-MYC3 complex
structure, Leu190 and Asn191 of MYB29 formed the core platform for MYC3 binding,
which is consistent with previous findings that either Leul90 or Asn191 mutation
within MYB29 abolishes the interaction between MYB29 and MY C3, and the mutated
MYB29 fails to rescue myb29 mutant phenotypes®. MST analysis further showed that
all mutations of the interacting residues within MYC3 weakened the interaction
between MYB29 and MYC3 (Supplementary Fig. 1). To our surprise, sequence
similarity between MYB29 and JAZ proteins was very low (Supplementary Fig. 2), but
the proteins displayed the same binding mode to MYC3 (Fig. 4¢). In the structure of
the MYB29-MYC3 and MYC3-JAZ1" complexes, the MYC3 JID helices flipped
outward and attached loosely to the main body of MY C3, and the helices of MYB29 or
JAZ proteins fit into the grooves formed by TAD and JID of MYC3. Together, these
results showed that MYB29 interacts with MYC3 by its C-terminal MY C-interaction

motif, different from the binding modes of WER-EGL3 and CPC-EGL3.
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Discussion

Two MYB-bHLH binding modes are widely applied in Arabidopsis

Sequence alignment revealed that the MYB29-interacting residues within MYC3 were
conserved in EGL3 (Supplementary Fig. 3). However, MYB29 does not interact with
GL3/EGL3°. To investigate the basis for the two MYB-MYC binding modes, we
carefully compared the structures of EGL3 and MYC3. The overall structures of EGL3
and MY C3 were similar but their JID helices behaved differently (Supplementary Fig.
4). The conformation of the EGL3 JID helix was stable and formed extensive
interactions with TAD and the other regions of JID (Fig. 5a, Supplementary Fig. 4a-c).
Presence or absence of WER had no effect on the conformation of the EGL3 JID helix
(Supplementary Fig. 4d). In contrast, the conformation of the MYC3 JID helix was
highly dynamic!® and underwent substantial conformational change to expose TAD and
other regions of JID when binding to MYB29 or JAZ1 (Fig. 5a, Supplementary Fig. 4e,
f). In EGL3, the corresponding interface for adopting MYB29 was buried by the stable
JID helix, which prevented MYB29 binding to EGL3 (Fig. 5a, Supplementary Fig. 4g).
Except for certain residues within the MYC3 TAD, most residues responsible for
EGL3-WER interaction were not conserved in MYC3 (Supplementary Fig. 3),
preventing the MYC3 surface (04 and a7) from binding to WER. These results
suggested that the JID helices of EGL3 and MYC3 played critical roles in partner
selection. In detail, the conformational change of the MYC3 JID helix provided the

interface for binding to the subgroup 12 MYB TFs or JAZ repressors. The rigidity of
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the EGL3 JID helix prevented an interface forming, but the a3 and a5 helices of EGL3
formed a novel interface that specifically recognized the RB motif in the R3 domain of
MYB TFs. Thus, we uncovered two MYB-bHLH interaction modes: in the WER—
EGL3 mode, a3 and a5 of EGL3 formed an interface and specifically interacted with
the R3 domain of WER; in the MYB29-MYC3 mode, the MIM motif of MYB29 fit
into the groove formed by the TAD and JID domains of MYC3 (Fig. 5b).

To determine the number of MYB and bHLH TFs that may utilize the two MYB-
bHLH interaction modes, we searched the Arabidopsis genome for MYB and bHLH
proteins that shared the crucial interaction motifs (Fig. 5c). Fifteen WER- and seven
CPC-type MYBs and four EGL3-type MYCs were detected (Fig. 5¢). All crucial
residues within the RB motifs were highly conserved among WER- and CPC-type
MYBs, and the crucial residues, especially those within the TAD domains, were
conserved among the EGL3-type MY Cs, indicating that many MYB-bHLH complexes
likely share the same interaction mode as WER—EGL3. Similarly, eight MYB29-type
MYBs and seven MYC-type MYCs were detected in the Arabidopsis genome. The
crucial residues within the JID and TAD domains were highly conserved among MY C2,
MYC3,MYC4,MYCS5,bHLH13, AIB (bHLH17) and bHJH3. For MYB29-type MYBs,
the crucial residues within the core MIM domains were highly conserved (Fig. 5c¢),
whereas those in the loop region (corresponding to Ala197 and 1203 in MYB29) were
conserved in MYB28, MYB29, and MYB76 but varied in the other MYBs. However,
physical interaction between the eight MYBs and MYC2/3/4 has been reported

previously®!42! indicating that MYB29-type MY Bs contain a functional MIM domain
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to apply the same interaction mode as MYB29-MY C3. To prove the utilization of the
two MYB-bHLH interaction modes in Arabidopsis, we chose GL1 and MYB2S,
homologs of WER and MYB29, respectively, and predicted the structures of GL1-
EGL3 and MYB28-MYC3 complexes by AlphaFold2. Structure superposition showed
that the interaction modes of GL1-EGL3 and MYB28-MYC3 are exactly similar to
those of WER-EGL3 and MYB29-MYC3, respectively (Supplementary Fig. 5),
supporting that the interaction modes revealed by this study are conserved for other
homologous MYB-bHLH complexes. Taken together, our results indicated that the two
types of MYB-bHLH binding modes are widely applied in MYB-bHLH complexes in

Arabidopsis.

Two MYB-bHLH interaction modes evolved independently

To investigate the occurrence of the two types of MYB-bHLH interaction modes during
the evolution of land plants, we searched the genomes of representative species across
the plant kingdom (Supplementary Tables 2-4) for the genes encoding homologs of
EGL3, WER, CPC, MYC3, and MYB29 and reconstructed their phylogenies
(Supplementary Figs. 6-10). The major results were summarized in Fig. 5d, where
homologs of EGL3 and MYC3 of the bHLH family showed divergence as early as from
mosses during evolution, whereas homologs of WER, CPC and MYB29 of the MYB
family showed divergence later from gymnosperms during evolution. For the WER—
EGL3 interaction mode, we found that the crucial motifs in EGL3 homologs were

conserved in land plants (Supplementary Figs. 6 and 11), whereas those in WER
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homologs were conserved in gymnosperms (Supplementary Figs. 7 and 12), which
indicates that a functional WER-EGL3 interaction mode has co-evolved from the
formation of motifs responsible for interacting with EGL3 in WER homologs in seed
plants. For the MYB29-MY C3 interaction mode, the crucial motifs in MY C3 homologs
were conserved in land plants (Supplementary Figs. 9 and 13), whereas the MIM motif
of MYB29 was only detected in Arabidopsis among the 23 representative plant species
(Supplementary Figs. 10 and 14, Supplementary Table 2). To further trace the
origination of the MIM motif, we selected additional 20 species of eudicots
(Supplementary Fig. 15, Supplementary Table 4), and found that the MIM motif was
highly conserved in Brassicales species (Supplementary Fig. 16), indicating that the
MYB29-MYC3 interaction mode is functional since the occurrence of the Brassicales.

To further dissect the evolution of the two interaction modes, we examined the amino
acid residues of their motifs to assess whether the interaction may be substituted by
other proteins involved in a different mode. From sequence alignment, we found that
the residues corresponding to Tyr81, Ser123, Phel24, Leul60 and Leul61 in EGL3
have been replaced by amino acids with distinctive chemical characterizations in
MY C3 homologs (Supplementary Fig. 11), which would hinder the potential for MY C3
interaction with WER/CPC homologs. Regarding the JID domain, in the major regions
that distinguish the two MYB-bHLH interaction modes, the residues corresponding to
Ser293 (neutral) and Tyr300 (hydrophobic) of EGL3 were replaced by Lys/Arg
(hydrophilic) and GIn/His/Asn (hydrophilic or neutral), respectively, in MYC3

homologs (Supplementary Fig. 17). These results suggested that at an early stage of
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land plant evolution (probably before the emergence of the mosses), the EGL3 and
MY C3 clades have already evolved distinctive MY B-binding motifs. By examining the
key residues in the alignment of all homologs of WER and MYB29, the crucial residues
corresponding to Leu81 (hydrophobic) and Arg99 (hydrophilic) in the RB motif of
WER were replaced by Thr (neutral) and His (neutral), respectively, in MYB29
homologs (Supplementary Fig. 12), and the crucial residues within the MIM motif of
MYB29 were highly variable among WER homologs (Supplementary Fig. 14). These
observations suggest that the two MYC-binding motifs had diverged prior to the
separation of the WER and MYB29 clades in gymnosperms. Taken together, the two
MYB-bHLH interacting modes are interpreted to have evolved independently.
Members applying the two MYB-bHLH interaction modes also evolved diverged
biological functions. EGL3 and WER/CPC homologs are mostly involved in
development of hairs (root hairs or trichomes) and biosynthesis of secondary
metabolites associated with antioxidation (anthocyanin and flavonol) (From TAIR on
www.arabidopsis.org) (Supplementary Table 5), implying that the WER-EGL3
interaction mode might be implemented in stress resistance, for example to cold, heat,
drought or insects, to adapt the varied environments in ancestral seed plants. For the
MYB29-MYC3 interaction mode, MYB28, MYB29 and MYB76 are functional in
regulation of aliphatic glucosinolate biosynthesis**-*°, while MYB34, MYB51 and

27, 3032 Glucosinolates are

MYB122 modulate indolic glucosinolate biosynthesis
primarily found in Brassicales and can be modified into toxins against insect herbivory.

It is possible that the MYB29—MYC3 interaction mode might be evolved to allow
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higher plants to resist to insect attacks. Taken together, probably due to the adaptation
to different environmental stress, the two MYB-bHLH interaction modes evolved

independently during plant evolution.

Methods

Yeast two-hybrid (Y2H) assay

The coding regions of full-length or truncated WER, CPC and EGL3 were PCR- or RT-
PCR-amplified and cloned into pGADT7 or pGBKT7 vectors (Clontech)
(Supplementary Table 6). The yeast two hybrid (Y2H) assay was performed following
the manufacturer’s protocol (Clontech) and protein-protein interaction was detected on
media lacking leucine (Leu), tryptophan (Trp) and histidine (His).

Protein expression and purification

The DNA fragments encoding WER 12-120, EGL3 1-205, full-length CPC, CPC 30-
94 and their mutants were generated by PCR and subcloned into pSUMO vector,
respectively (Supplementary Table 6). All the recombined proteins were expressed in
Escherichia coli strain BL21 (DE3) cells and induced with 0.2 mM isopropyl [3-D-
thiogalactoside (IPTG) when the ODesoo reached ~0.8. The induced cultures were grown
at 18°C for an additional 16-18 hours. For purification of WER and its mutants, cells
were enriched and suspended in Ni-NTA (GE Healthcare) binding buffer (500 mM
NaCl, 20 mM Tris-HCI and 25 mM imidazole, pH 8.0). The cells were lysed by high-
pressure cell disruptor and then centrifuged at 34,000 g for 1 hour. The supernatant was

loaded onto a Ni-NTA column. The target proteins were gradually eluted using elusion
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buffer (500 mM NacCl, 20 mM Tris-HCI and 500 mM imidazole, pH 8.0). The proteins
were treated by ULP1 protease for 3 hours. The cleaved proteins were diluted to 200
mM NaCl and 20 mM Tris-HCl (pH 8.0), loaded onto HiTrap S column (GE Healthcare)
and eluted by elution buffer (1 M NaCl and 20 mM Tris-HCI, pH 8.0). The eluted
proteins were concentrated and applied to a pre-treated HiLoad 16/60 Superdex 75 gel
filtration column in buffer containing 300 mM NaCl and 20 mM Tris-HCI, pH 8.0.
For co-purification of WER 67-120/EGL3 1-205, CPC 30-94/EGL3 1-205 and
MYB29 174-222/MYC3 44-238, the DNA fragments encoding WER 67-120, CPC 30-
96 and MYB29 174-222 were generated by PCR or RT-PCR and constructed into
pCDF-duet vector, respectively (Supplementary Table 6). The DNA fragment encoding
MYC3 44-238 was generated by RT-PCR and subcloned into pSUMO vector
(Supplementary Table 6). The plasmids expressing WER 67-120 and EGL3 1-205, CPC
30-94 and EGL3 1-205, or MYB29 174-222 and MYC3 44-238 were co-transferred
into Escherichia coli strain BL21 (DE3) cells. Protein expression was induced by 0.2
mM IPTC when the ODesoo reached 0.8. The cells were collected and the target
complexes were purified using the same procedures as that of EGL3 1-205.
Size-exclusion chromatography (SEC) analysis
EGL3 1-205, WER 12-120, and CPC 30-94 proteins were respectively dissolved in
SEC bufter (20 mM Tris-HCI, 150 mM NaCl, 5 mM DTT, pH 8.0). To prepare WER—
EGL3 and CPC-EGL3 complexes, EGL3 1-205 was mixed with equivalent molar of
WER 12-120 and CPC 30-94, respectively and the mixtures were incubated on ice for

30 min. For the competition assay, equivalent molar of CPC 30-94 was added into the
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pre-prepared WER-EGL3 complex and incubated on ice for 30 min. The concentration
of EGL3 1-205, WER 12-120, and CPC 30-94 were fixed at 50 pM in all samples,
which were sequentially analyzed by Superdex™ increase 200 10/300 GL column.
Crystallization and structure deter mination

The apo EGL3 1-205 crystals were grown at 18°C using the sitting-drop vapor diffusion
method. The drop contains 0.2 pl 25 mg/ml EGL3 1-205 protein and 0.2 pl reservoir
solution composed of 100 mM CAPS, 200 mM lithium sulfate, and 2 M ammonium
sulfate, pH 10.5. All crystals of protein complexes were grown at 18°C by using the
hanging-drop vapor diffusion method. For crystallization of WER 67-120 and EGL3 1-
205 complex, the co-purified protein complex was concentrated to 20 mg/ml and the
crystals were grown in well solution containing 20% PEG3350, 200 mM magnesium
formate. The crystals of CPC 30-94 and EGL3 1-205 complex (20 mg/ml) were grown
in well solution (0.1 M Tris-HCI, 20% PEG3350, 0.2 M ammonium sulfate, pH 6.5).
For crystallization of MYB29 174-222 and MYC3 44-238 complex, the co-purified
complex was concentrated to 20 mg/ml and the crystals were grown in well solution
(0.1 M HEPES, 20% (w/v) PEG 6000, 0.2 M Sodium chloride, pH 7.0).

The X-ray data were collected at BL17U and BL18U beamlines at Shanghai
Synchrotron Radiation Facility (SSRF). Diffractive data were indexed, integrated and
scaled with HKL3000 program?®*. The apo EGL3 structure and WER-EGL3 complex
were all solved by molecular replacement (MR) method using the Phaser program of
CCP4i*, using the MY C3 structure (PDB_ID: 4RRU) as the search model. The CPC—

EGL3 complex structure was solved by MR method using the apo EGL3 structure as
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the search model. The MYB29—-MYC3 complex structure was solved by MR method
using the MYC3 structure (PDB_ID: 4RRU) as the search model. The model building
and refinement were performed with COOT* and PHENIX?S. All the structural images
were generated by using the PyMOL program (http://www.pymol.org).

I sothermal titration calorimetry (1TC) assays

All ITC experiments were performed using an iTC200 MicroCalorimeter from
MicroCal. Interaction was performed in a buffer (20 mM Tris-HCL, 100 mM NaCl,
pHS.0) at 25°C. 38 ul of EGL3 1-205 (200 uM) was titrated into the cell containing
200 pl wild-type or mutated WER 12-120 (20 uM). A total of 25 injections (each of 1.5
pl) were performed. Binding curves were generated by plotting the heat change of the
binding reaction, and the data were fitted using one-site binding model with Origin 7.0
(Supplementary Table 1).

Spilt lucifer ase assays

The DNA fragment encoding C-terminus of luciferase was fused with the DNA
fragment encoding EGL3 1-205 to create p35S::3xFlag-EGL3 1-205-nLUC construct
(Supplementary Table 6). The DNA fragments encoding WER 12-120 and CPC 30-94
were respectively fused with the DNA fragment encoding N-terminus of luciferase to
create p35S::cLUC-WER 12-120-4xMyc and p35S::cLUC-CPC 30-94-4xMyc
(Supplementary Table 6). The DNA fragments encoding CPC, CPC M49A, CPC M49L
and WER were combined with DNA fragment encoding YFP and cloned into
pCAMBIA 1300 to create p35S::CPC 30-94-YFP, p35S::CPC 30-94 M49A-YFP,

p35S::CPC 30-94 MA49L-YFP and p35S::WER 12-120-YFP fusion constructs,
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respectively (Supplementary Table 6). Plasmids were transformed into Agrobacterium
strain Agrobacterium tumefaciens GV3101 with different transgenic genes and were
cultivated in LB medium at 28°C overnight. Different combinations were then co-
infiltrated into young leaves of N. benthamiana. After treated in darkness for 1 day, the
plants were exposed to light for 2 days. Luciferin were injected into the Agrobacterium-
infiltrated positions and luciferase activity was measured. To verify the expression level
of proteins, equal-size tobacco leaves were cut into small size, cells were lysed and total
proteins were extracted and analyzed by Western blotting using anti-MYC (M20002L,
Abmart, 1:5000 dilution), anti-GFP (M20004L, Abmart, 1:5000 dilution), anti-Actin
(M20009L, Abmart, 1:5000 dilution), and anti-FLAG (F1804, Sigma, 1:2000 dilution)
antibodies, respectively.

Microscale thermophoresis (MST) analysis

MST experiments were performed according to the published methods *7. All proteins
were dialyzed into MST reaction buffer (20 mM HEPES and 150 mM NacCl, pH 7.5),
labelled and purified using the Protein labelling kit RED-NHS (Nanotemper, cat. no.
L001) and the recommended procedures. WER protein was labeled with cy5. 60 nM
EGL3 1-205 and 30 nM cy5-labelled WER were mixed in reaction buffer (20 mM
HEPES, 150 mM NaCl and 0.03% tween-20, pH 7.5) and incubated on ice for 30 min.
Then diluted CPC or mutants (from 0.4 mM to 1.22x10 mM) were added into the
reaction. For the MYB29-MYC3 interaction, Fluorescein amidites (FAM) labeled
MYB29 (184-205) was purchased from Scilight-Peptide company (http://www.scilight-

peptide.com/) and were dialyzed into MST reaction buffer before reaction. 50 nM



458  FAM-MYB29 were incubated with MYC3 (from 25 uM to 0.763 nM) in reaction buffer
459  and incubated on ice for 30 min. The MST experiments were conducted with Monolith
460  NT.115 instrument (NanoTemper Technologies) and the data were collected under 100%
461  infrared laser power and 20% light-emitting diode power at 25°C. The data were
462  analyzed by MO.Affinity Analysis v2.3 software and the EC50 determined.

463  Bio-Layer Interferometry (BL1) analysis

464  BLI (OctetRed96) assay was performed for measuring the binding affinities and kinetic
465  parameters of WER-EGL3 and CPC-EGL3 complexes, by using 6xHis-SUMO tagged
466  WER 12-120, 6xHis-SUMO tagged CPC 30-94, EGL3 1-205 and 6xHis-SUMO as a
467 negative control with Octet RED96 instrument (ForteBio). Experiments were
468  conducted at 30 °C with a shaking speed of 1000 rpm. Nitrilotriacetic acid (NTA)
469  capture tips were soaked into the kinetics buffer (20 mM Tris, 100 mM NacCl,
470  0.02%Tween 20, pH 8.0) for 10 min to baseline equilibration. 6xHis-SUMO tagged
471 WER 12-120 or CPC 30-94 was immobilized on the biosensor tips for 300 s, then
472 washed by kinetics buffer till all the parameters were stable. Next, the association of
473 EGL3 1-205 was determined at 500, 125, 31.3, 15.6 nM for 300 s, followed by 300 s
474  of dissociation in kinetics buffer. Affinity constants were calculated by a 1:1 global fit
475  model via ForteBio 10.0 data analysis software.

476  Structure prediction by Alphafold

477  Alphafold 2.0.1 was used to predict the structures of GL1-EGL3 and MYB28-MYC3
478  complexes according to the published methods3®-3°.

479  Homologs searching in Arabidopsis thaliana
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Genes encoding homologous proteins of EGL3 (AT1G63650), WER (AT5G14750),
CPC (AT2G46410), MYC3 (AT5G46760) and MYB29 (AT5G07690) were searched
by all-against-all BLASTP with the E-value of le->, and the identity >20% in
Arabidopsis thaliana. Sequences were aligned by MAFFT*’ with accurate aligning
options “- maxiterate 1000 - localpair”, adjusted manually with the use of AliView*!.
Those candidate homologs were carefully examined for their interaction motifs. The
homologs with opposite chemical characteristics in the key residues with our query
proteins were filtered out. Due to the great variability, the Alal97 and Ile203 in
MYB29s homologs were not selected during this step.

Phylogenetic reconstruction and logo comparison

We selected a total of 23 publicly-available genomes (Supplementary Table 2)
representing major plant lineages including seven eudicots, two monocots, two of ANA
clade, two gymnosperms, three moniliophytes/lycophytes, three
mosses/liverworts/hormworts, and four algae for phylogenetic reconstruction and logo
comparison of key motifs. Genomes were retrieved from the Phytozome
(https://phytozome.jgi.doe.gov/pz/portal.html), NCBI (https://www.ncbi.nlm.nih.gov),
FernBase (https://www.fernbase.org), GIGADB datasets (http://gigadb.org/), Spruce
Genome Project (http://congenie.org/), MarpolBase (https://marchantia.info) and from
files in previous studies****. Genes encoding homologous proteins of EGL3, WER,
CPC, MYC3 and MYB29 were searched and aligned as above, and then trimmed by
trimAl1* with -gt 0.1. We used RAXML to reconstruct the phylogenetic trees*® with

default settings (-m PROTGAMMAIJTT). We examined the phylogenetic trees,
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extracted the clades containing the query sequences (EGL3, WER, CPC, MYC3 and
MYB29) with bootstrap value > 90, and repeated the steps of alignment and
phylogenetic reconstruction. By repeating these steps, the sizes of the trees were
gradually reduced until each tree contains only the clade including the query sequences
and its sister clade. In order to reveal the evolutionary history of CPC and MYB29, 43
and 21 species were selected for further analysis, respectively (Supplementary Table 3,
4). The logo comparison analyses were performed on WebLogo3
(http://weblogo.threeplusone.com/create.cgi). The same method was also applied for

homologs in Arabidopsis for Fig. 5d.

Data availability

Structural factors and coordinates have been deposited in the Protein Data Bank (PDB)
under accession codes 7FDL, 7FDM, 7FDN and 7FDO for WER-EGL3, MYB29-
MYC3, EGL3, and CPC-EGL3. And the structure of WER-DNA complex is available

in the PDB by accession code 6KKS.
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Table 1. Data collection and refinement statistics.

EGL3 WER-EGL3 CPC-EGL3 MYB29-MYC3
Data collection
Space group P32 C2221 C121 P32
Cell parameter
a(h) 70.4 75.9 86.0 85.2
b(A) 70.4 193.2 50.3 85.2
c(®) 88.5 224.6 81.6 57.0
a(®) 90.0 90.0 90.0 90.0
B (°) 90.0 90.0 97.2 90.0
v(©) 120.0 90.0 90.0 120.0
Wavelength(A) 0.97930 0.97930 0.97915 0.97930
Resolution (A) 30.0-1.90 30.0-2.90 30.0-1.80 30.0-2.50
Last shell (&) 1.97-1.90 3.0-2.90 1.89-1.80 2.59-2.50
Completeness (%) 99.8(99.2) 99.7(98.4) 97.5(98.8) 97.5(91.3)
Redundancy 9.7(7.7) 8.2(6.1) 6.1(5.7) 6.2(3.2)
1/o(I) 37.9(2.0) 12.4(2.0) 60.8(7.5) 32.1(2.0)
Rmerge (%) 5.9(95.2) 14.8(70.8) 2.4(18.2) 4.1(42.1)
CC(1/2) 0.998(0.876) 0.994(0.114) 0.997(0.983) 0.999(0.114)
Refinement
Resolution (A) 30.0-1.90 30.0-2.90 30.0-1.80 30.0-2.50
Ruork (%) / Reree (%) 18.5/22.7 25.4/29.9 18.8/21.5 23.0/28.4
No. of atoms
Protein 2671 8858 1715 2840
Ligand/ion 25 0 5 0
Water 126 0 139 14
R.m.s. deviations
Bond length (A) 0.012 0.009 0.013 0.006
Bond angle (°) 1.689 1.061 1.557 0.935
Ramachandran plot
(%)
Most favored 97.54 95.15 95.0 97.71
Additional allowed 2.46 4.85 5.0 2.29
PDB number 7FDN 7FDL 7FDO 7FDM

*Values in parentheses are for the highest-resolution shell.
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Figure Legends
Figure 1. Co-crystal structure of the WER—EGL 3 complex. a, Overall structure of

the WER-EGL3 complex. The JID and TAD domains of EGL3 are shown in cyan and
green, respectively, and WER is shown in pink. The invisible regions (aa 55-66 and 87-
96) of EGL3 in electron density map are indicated by dashed grey lines. b, Structural
superposition of the WER-EGL3 complex with the WER-DNA complex (PDB:6KKS).
The WER-EGL3 complex is colored as in a. DNA and WER in the WER-DNA
complex are colored in brown and yellow, respectively. WER R2 and R3 domains are
indicated by arrows. C, Interactions between WER and EGL3. H-bonds are indicated
by dashed black lines. For clarity, the detailed hydrophobic interactions are not shown.
d, ITC results showing the binding affinities between EGL3 and wild-type or mutated
WER proteins. €, ITC results showing the binding affinities between WER and wild-

type or mutated EGL3 proteins.

Figure 2. Co-crystal structure of the CPC-EGL 3 complex. a, Overall structure of
the CPC-EGL3 complex, in which the JID and TAD domains of EGL3 are shown in
cyan and green, respectively, and CPC is shown in purple. Invisible regions (aa 55-63
and 87-104) of EGL3 are indicated by dashed grey lines. b, Structure superimposition
of the CPC-EGL3 complex with the WER-EGL3 complex. The CPC-EGL3 complex
is colored in grey and purple, whereas the WER-EGL3 complex is colored in yellow
and magenta. C, Interactions between CPC and EGL3. H-bonds are indicated by dashed
black lines. For clarity, the detailed hydrophobic interactions are not shown. d,
Structural superimposition of WER R3 and CPC R3, which are colored in magenta and
purple, respectively. Residues involved in EGL3 interaction are shown, and CPC M49
and WER L85 are highlighted by a black dashed cycle. e, Close-up view of the crucial
amino acids differing between WER and CPC, and the Van der Waals surfaces are

shown by dots at the bottom.

Figure 3. Functional importance of Met49 of CPC in competition with WER to
bind to EGL 3. a, CPC peels WER from the WER-EGL3 complex in a SEC analysis,
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which is further detected by SDS-PAGE. For CPC competition assay, an equivalent
concentration of CPC was incubated with the prepared WER-EGL3 complex on ice for
30 min and analyzed by SEC experiment. The SEC fraction of WER-EGL3 plus CPC
was analyzed by SDS-PAGE, which was repeated independently twice with similar
results. b, Split-luciferase assay to detect the competition of wild-type and mutated CPC
against WER to interact with EGL3. Tobacco leaves were co-infiltrated with
Agrobacterium containing EGL3-nLUC and cLUC-WER with or without CPC-YFP,
and the luminescence images were captured by a CCD imaging system. €, Quantitative
measurement of the competitive capabilities of CPC and its mutants against WER to
form a complex with EGL3 by a microscale thermophoresis (MST) assay, and the data

were presented as mean values = SD of three independent experiments (n=3).

Figure 4. Co-crystal structure of the MYB29-M Y C3 complex. a, Overall structure
of the MYB29-MYC3 complex. The JID and TAD domains of MYC3 are shown in
cyan and green, respectively, and MYB29 is shown in brown. b, Interactions between
MYB29 and MYC3. H-bonds are indicated by dashed black lines. For clarity, the
detailed hydrophobic interactions are not shown. C, Structural superposition of the
MYB29-MYC3 complex with the JAZ1-MYC3 complex (PDB:4YZ6). MYB29 and
MYC3 in the MYB29-MYC3 complex are colored in brown and grey, respectively.
JAZ1 and MYC3 in the JAZ1-MYC3 complex are colored in blue and cyan,

respectively.

Figure 5. Two interaction modes of MYB-bHLH complexes. a, Structural
superposition of the WER-EGL3 and MYB29-MYC3 complexes. WER and MYB29
are colored in magenta and brown, respectively. Both EGL3 and MYC3 are colored in
grey, whereas their JID helixes are colored in cyan and pink, respectively. b, The
different interaction modes of the WER-EGL3 and MYB29-MYC3 complexes. C,
Sequence alignment of homologs of EGL3, WER, CPC, MYC3, and MYB29 in
Arabidopsis. For each panel, the uppermost sequence is the logo comparison, with the

x-axis scaled to the position of amino acids of EGL3, WER, CPC, MYC3, and MYB29,



608

609

610

611

612

613

614

respectively. The hydrophilic, neutral, and hydrophobic nature for the amino acids is
indicated in blue, green, and black, respectively. Stars indicate the residues crucial for
MYB-bHLH interaction. d, Evolution of EGL3, WER, CPC, MYC3, and MYB29
among land plants. Genes able to utilize the EGL3—WER interaction mode are shown
in green, and those capable of the MYC3-MYB29 interaction mode are shown in

orange.
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