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The maize R2R3-MYB regulator C1 cooperates with the basic helix-
loop-helix (bHLH) factor R to activate the expression of anthocya-
nin biosynthetic genes coordinately. As is the case for other bHLH
factors, R harbors several protein—protein interaction domains.
Here we show that not the classical but rather a briefly extended
R bHLH region forms homodimers that bind canonical G-box DNA
motifs. This bHLH DNA-binding activity is abolished if the C-termi-
nal ACT (aspartokinase, chorismate, and TyrA) domain is licensed to
homodimerize. Then the bHLH remains in the monomeric form,
allowing it to interact with R-interacting factor 1 (RIF1). In this con-
figuration, the R-RIF1 complex is recruited to the promoters of
a subset of anthocyanin biosynthetic genes, such as A1, through
the interaction with its MYB partner C1. If, however, the ACT do-
main remains monomeric, the bHLH region dimerizes and binds to
G-boxes present in several anthocyanin genes, such as Bz1. Our
results provide a mechanism by which a dimerization domain in
a bHLH factor behaves as a switch that permits distinct configura-
tions of a regulatory complex to be tethered to different promoters.
Such a combinatorial gene regulatory framework provides one
mechanism by which genes lacking obviously conserved cis-regula-
tory elements are regulated coordinately.

gene regulation | promoter switch

he evolution of multicellular organisms was accompanied by
an increase in the complexity of gene-regulatory mechanisms,
reflected in the expansion of transcription factor families and in
the intricacy of the interactions between regulatory proteins and
cis-regulatory elements in what is known today as “combinatorial
transcriptional control.” A premise of combinatorial control is
that different arrangements of a discrete number of regulatory
proteins can be used to regulate a much larger number of genes.
Therefore, understanding how interactions between different
regulatory proteins impact their ability to deploy the expression
of specific gene sets is of fundamental biological importance.
The basic helix-loop-helix (bHLH) family of transcription
factors is among the largest in multicellular organisms (1). The
hallmark of the family is a bHLH domain, which consists of two
functionally distinct regions. Generally, the basic region of the
bHLH domain directly contacts DNA harboring an E-box se-
quence (CANNTG), and the HLH region provides the potential
for homo- and heterodimerization. In addition to the HLH
motif, bHLH factors often contain additional protein—protein
interaction domains. For example, members of the MYC family
of mammalian cell proliferation regulators, such as MAD or
MNT, contain a leucine-zipper (LZ) region that contributes to
the selective interaction with MAX, another bHLH-LZ protein
(2). MAX can form homo- or heterodimers with several related
proteins, including MAD (3) and MNT (4). Providing a textbook
example of combinatorial transcriptional control, MYC-MAX
and MAX-MAX complexes bind E-boxes, but only the MYC-
MAX heterodimer activates cell-proliferation genes. In contrast,
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the formation of MAX-MAD and MAX-MNT heterodimers
results in transcriptional repression through the recruitment of
histone deacetylase complexes (5).

In plants, bHLH factors constitute one of the largest families
of regulatory proteins (1). The Arabidopsis genome encodes for
~162 bHLH proteins, about 10% of all of the known transcrip-
tion factors in this plant (6-8). Maize R was the first plant bHLH
transcription factor described (9). R belongs to a small gene
family, which includes B, and R/B specify anthocyanin pigmen-
tation in different plant tissues (10). They participate in the
transcriptional regulation of anthocyanin pathway genes through
the cooperation with the R2ZR3-MYB transcription factor C1 or
its paralog PL1 (11). C1 and R/B interact physically through the
MYB domain of C1 and the N-terminal region of R (12, 13), and
Cl1 is responsible for tethering R through high-affinity P1-binding
sites ("*PBS) and low-affinity PBS (**PBS) cis-regulatory elements
to flavonoid biosynthetic gene promoters, such as A7 (14, 15). R/B
belong to the bHLH group IIIf (7), a subfamily that is shared
with similar anthocyanin regulators in various plants as well as
with the Arabidopsis GL3/EGL3 regulators of epidermal cell
patterning (16). All these factors function by interacting with
R2R3-MYB proteins, recognizing particular signature motifs in
the corresponding MYB DNA-binding domains (13, 17). In
addition, members of this group of bHLH proteins contain a
conserved aspartokinase, chorismate mutase, TyrA (ACT)-like
domain at the C termini, which participates in homodimer for-
mation (18). The importance of the bHLH motif in the regula-
tion of anthocyanin accumulation was revealed recently by the
identification of R-interacting factorl (RIF1), a maize nuclear
protein with homology to breast cancer gene 2 (BRCA2)-inter-
acting EMSY factor. RIF1 specifically interacts with the bHLH
motif of R and links R function with promoter-specific histone
functions (19). Surprisingly, however, thus far the canonical
function of the bHLH region of R as a DNA-binding homo- or
heterodimerization domain has not been demonstrated.

Here, we show that, for the bHLH region of R to dimerize, it
must be extended at least eight residues to include a couple of
evenly spaced leucine residues in what appears to be a short LZ
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motif. When this briefly extended bHLH dimerizes, it binds
DNA, and we show by Systemic Evolution of Ligands by Expo-
nential Enrichment (SELEX) that the R DNA-binding prefer-
ence is to the G-box (CACGTG), a special type of E-box.
However, if the bHLH region also includes the ACT domain, the
R DNA-binding activity is lost, and the monomeric bHLH do-
main interacts with RIF1. We show that this configuration of the
C1 R-RIF1 complex underlies the control of the expression of
the A1 gene, in which recruitment to the 47 promoter is medi-
ated primarily by the C1 DNA-binding activity. Mutations that
abolish ACT-mediated dimerization restore the ability of R to
dimerize through the bHLH and to recognize G-boxes. We
further show that the topology of the complex responsible for the
regulation of another anthocyanin biosynthetic gene, BzI, pri-
marily involves interactions of R with DNA, and in this case C1-
mediated DNA interactions play a secondary role. In this con-
figuration, RIF1 is not part of the regulatory complex, as shown
by ChIP experiments. Our results provide a mechanism by which
a dimerization domain in a bHLH factor behaves as a switch that
permits different configurations of regulatory complexes to be
tethered to different promoters, helping explain the elusive
problem of how genes lacking conserved cis-regulatory elements
can be coordinately regulated.

Results and Discussion

Briefly Extended bHLH Domain Mediates R Homodimerization and
DNA Binding. R can form homodimers through the C-terminal
ACT domain (18), but the possibility that the bHLH also may
mediate homodimer formation has not been formally in-
vestigated previously. To determine whether the bHLH region of
R mediates homodimerization, we carried out yeast two-hybrid
analyses using the corresponding region of R (residues 411-462)
(Fig. 14) fused to the GAL4 DNA-binding (pBD-R*"'*%?) and
GALA4 activation (pAD-R*"'?) domains in the AH109 yeast
strain. As indicated by the absence of growth in medium lacking
adenine, histidine, leucine, and tryptophan (—Ade—His—Leu—Trp)
(Fig. 1B), this region of R was not sufficient for homodimer
formation. Interestingly, however, when similar experiments
were conducted with a briefly extended bHLH region (e.g., ex-
tended toward the C terminus by eight or sixteen amino acids:
bHLH*""~*"" and bHLH*''~*7®) (Fig. 14), robust growth in —Ade
—His—Leu—Trp medium was observed (Fig. 1B, compare I with
2 and 3). If, however, the bHLH region was extended even fur-
ther (bHLH*"'%, bHLH*"'~'* and bHLH*''~**) (Fig. 14), the
homodimerization ability decreased (Fig. 1B, compare 2 and 3
with 4-6). Remarkably, constructs containing the ACT domain
provided a much stronger interaction than those that contained
only the extended bHLH region ((HLH*''=*"" and bHLH*!'~*7#)
(Fig. 1B, compare 2 and 3 with 7), highlighting the important
role of this domain in R dimerization. To obtain a quantitative
estimate of the interaction strength, f-gal activities of all the
yeast strains carrying the various constructs were assayed. In
agreement with the selection data, only the combinations that
supported growth on —His—Leu-Trp or —Ade—His—Leu—-Trp
media showed p-gal activities above background (Table S1).

To validate the observed interactions further, the various
bHLH fragments (Fig. 14) were expressed in Escherichia coli as
N-terminal GST and histidine-tagged (NgHis-) fusions and were
purified by glutathione- or Ni-affinity chromatography, re-
spectively. GST-R*'"*7® and NgHis-R*"'~*7® were used in GST
pull-down experiments (SI Materials and Methods), taking ad-
vantage of their size difference £~35 kDa and 9 kDa, resgectively).
After incubation of NgHis-R*'1™7® with GST-R"'*78.coated
beads, followed by washes and elution, a protein band corre-
sponding to NgHis-R*'1478 was recovered on an SDS/PAGE gel
(Fig. 1C, arrowhead in lane 4). The GST-coated control beads did
not pull down NgHis-R*''=*"® (Fig. 1C, lane 3) indicating that
the interaction was mediated by R*''"™*7®, Finally, the ability of
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R*'!478 to dimerize in plant cells was confirmed by the activation

of a luciferase reporter construct harboring GALA4-binding sites
by coexpression of the pAD-R*''*"® and pBD-R*!'~*78 constructs
in tobacco protoplasts but not by pAD-R*''~*7® (Fig. 1D). pBD-
R*1478 alone also resulted in the activation of the reporter,
suggesting that pBD-R‘”l_478 can interact with an endogenous
transactivator. Taken together, these results provide conclusive
evidence that the briefly extended bHLH from R (residues 411-
478p Fig. 14) can mediate robust homodimer formation.

We next investigated whether the ability of R bHLH to form
homodimers conferred proteins carrying this domain the ca-
pacity to bind DNA. Binding of purified recombinant NgHis-
R was tested by EMSA on a biotin-labeled, double-
stranded 20-bp oligonucleotide (Fig. 24, WT probe) harboring
an E-box with the core motif CACGTG (a G-box). As a control,
EMSA also was performed on a mutant probe (Fig. 24, M
probe) lacking a functional G-box. Binding of NgHis-R*''™"® to
the WT }‘)robe, but not to the M probe, was observed (Fig. 24,
NgHis-R*''=#78  compare lanes 5 and 6). Increasing concen-
trations of the unlabeled WT probe, but not of the M probe,
competed with the binding of NgHis-R*''™*"® to the WT probe
(Fig. 24, lanes 7-11). Interestingly, and suggesting that the in-
teraction with DNA further stabilizes homodimer formation,
NgHis-R*'1-52* also showed robust and specific DNA-bindin¥ ac-
tivity similar to that of NgHis-R*''*7® (Fig. 24, N¢His-R*' ™%,
lanes 13-21), despite the lack of dimerization in yeast two-hybrid
assays (Fig. 1B). NsHis-R*"'~*%2 which lacks the extended bHLH
region and showed no dimerization in yeast two-hybrid assay (Fig.
1B), was unable to bind the G-box (Fig. 24; compare lane 2 with
lanes 3 and 4).

To determine which E-box is recognized preferentially by the
extended bHLH region of R, we conducted SELEX experiments
on a double-stranded oligonucleotide population containing 26 bp
of random sequence. The consensus obtained from the analysis
of 57 selected sequences shows that R preferentially recognizes
G-boxes (Fig. 2B). Taken together, these results demonstrate that
the briefly extended bHLH region of R mediates homodimer
formation, with a marked preference for the G-box DNA motif.

ACT Domain Suppresses G-Box-Mediated DNA-Binding Activity of R.
Consistent with our previous inability to detect DNA binding of
R to a number of different E-box sequences, NgHis-R and GST-
R failed to bind the WT probe. However, the results presented
here demonstrate that the extended bHLH region of R binds
a canonical G-box (Fig. 2 A and B). To solve this apparent
paradox, we investigated whether regions in R might interfere
with the DNA-binding activity of the bHLH region. In contrast
to NgHis-R*''™**) DNA-binding activity was not detected for
GST-R*''%1% (Fig. 2C, lane 1) despite its ability to form
homodimers (Fig. 1B). However, if the dimerization function
of the ACT domain is abolished by a deletion of residues 532—
560 (18), DNA binding to the WT probe is restored (Fig. 2C,
GST-R*!176104532560 " Jane 3), A three-amino acid substitution
(S560A, Q562A, S564A) in the ACT domain of R*'-61% (GST-
R*1-610 508y "which significantly reduces the ability of the ACT
domain to dimerize (18), restored its DNA-binding activity (Fig.
2C, lane 4). Finally, we replaced the ACT domain of R with that
of AtMYC2 (SI Materials and Methods), resulting in GST-R*!'=%/
MYC2**""%%. The ACT domain of AtMYC2 does not homodi-
merize, and, consistent with a specific role of the R ACT domain
in sup ressing bHLH-mediated DNA-binding activity, GST-
R*1=92MY (2541752 binds the WT probe_(Fig, 2C, lane 2).
GST_R41 1—524/MYcz541—623, GST_R41 —610A532-560 and GST_
R*!17610508 46 not bind to the M probe (Fig. 2C, lanes 6-8).
These results indicate that R homodimer formation through the
ACT domain prevents the bHLH dimeric arrangement that is
essential for DNA-binding activity.
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Fig. 1. Dimerization mediated by the bHLH and ACT domains of R. (A)
Schematic representation of the R functional domains. ACT, ACT-like do-
main; ACIDIC, acidic domain; bHLH, basic helix-loop-helix domain; MIR,
MYB-interacting region. Boxes represent different R fragments used in yeast
two-hybrid assay and bacterial expression. (B) Yeast two-hybrid assays for
homodimerization of the bHLH domain with various C-terminal extensions.
A briefly extended bHLH domain of R (R*''*’8) homodimerizes in yeast.
R*11-61% \vas used as a positive control in this assay, and the empty pAD-
GAL4-2.1 vector was used as a negative control. The pAD-GAL4-2.1 and the
pBD-GAL4 Cam plasmids contain the GAL4 activation and DNA-binding
domains, respectively. All bHLH fragments excluding the ACT domain (R*"-%62,
R4”_470, R411—478' R411—496’ R4”_51O, and R411—524) or including the ACT domain
(R*'1%1%) were fused to both pAD-GAL4-2.1 and pBD-GAL4 Cam plasmids
and cotransformed into yeast strain AH109 containing the HIS3 and ADE2
reporter genes. The protein—protein interactions were detected by yeast
growth in —His—Leu—-Trp and —Ade—His—Leu-Trp selection media. (C)
Stained SDS/PAGE gel of GST pull down using bacterially expressed GST-
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RIF1 Interacts with Monomeric R bHLH. RIF1 was identified pre-
viously as an Emsy N-terminal-domain protein that specifically
recognizes the bHLH motif of R and is essential for the regu-
latory activity of R on chromatin templates (19). RIF1 interacts
with the 411-462 bHLH region (19). Because R*''~*%? does not
form homodimers (Fig. 1B), these results indicate that RIF1 can
interact with the monomeric form of the R bHLH. However,
when the briefly extended bHLH (pBD-R*!'~*78) was tested, no
interaction with RIF1 (pAD-RIF1) was observed (Fig. 3 4, ).
These results suggest that the formation of a bHLH-mediated
homodimer interferes with the binding of RIF1 with R. These
findings should allow us to identify mutations that interfere with
R bHLH dimerization but that fail to affect the R bHLH-RIF1
interaction. Computer-aided, structural homology modeling of
the bHLH of R against the well-studied, classic MAX bHLH-LZ
placed key residues in the extended bHLH (residues 411-478) in
position for a leucine zipper-like (LZL) functionality, which
perhaps contributes to stabilizing the dimerization of the bHLH
(Fig. S1). Consistent with such a prediction, the mutations L461A
and E469R that disrupt LZL structure (Fig. S1) abolished the
dimerization of R*"'™*’® (Fig. 3 B, 3 and 4). Interestingly, these
mutations that interfere with bHLH homodimerization restored
the interaction of pBD-R*"'~*"® with pAD-RIF1 (Fig. 3 4, 3 and
4). RP'2, an allele of R which harbors an insertion of three amino
acids in the second helix of the bHLH domain as a consequence of
the excision of a Ds transposon, also was tested for dimerization
and interaction with RIF1. R”’? significantly reduced anthocya-
nin accumulation and flavonoid gene expression (19, 20). The
three-amino acid insertion in the bHLH domain of RP'?
abolished not only dimerization (Fig. 3 B, 2) but also its in-
teraction with RIF1 (Fig. 3 A4, 2). Taken together, these results
demonstrate that RIF1 recognizes only a bHLH monomer and
that bHLH dimerization blocks the R—-RIF1 interaction.

ACT Domain Plays a Switch Function in the Regulatory Specificity of R.
Our results so far provide evidence that the extended bHLH
region of R can dimerize and bind G-box DNA motifs but can do
so only when the ACT domain is unable to homodimerize. In-
deed, the ACT domain is essential for the regulation of antho-
cyanin accumulation by R (18), and our results indicate that the
interaction of R and RIF1 occurs only when the bHLH is in its
monomeric form. Thus, the ACT domain appears to serve
a regulatory switch function, and we hypothesize that it allows R
to participate in at least two mechanisms in regulatory com-
plexes: (i) It is tethered to some promoters through C1 and
recruits RIF1, as we have shown for A7 (19) (ACT domain
switch ON), or (ii) it binds directly to G-box—containing pro-
moters and activates transcription (ACT domain switch OFF).
To test this dual R mechanism of action, we investigated how
R controls the expression of BzI. Bzl encodes an anthocyanin
biosynthesis enzyme that acts in the pathway several steps after
Al and which also is controlled by C1 and R. Previously Bz7 had
been proposed to harbor canonical G-boxes in its promoter that
were important for its expression (21), suggesting it as a good

R*11-478 and NgHis-R*''"472, In lane 4 the arrowhead indicates the pull-down

product NgHis-R*'"#78, which has the same molecular mass as the purified
NgHis-R*'"~%72 (lane 5). (D) R*'"~*"® homodimerization in tobacco protoplasts.
RY1478 fused to the GAL4 activation domain (AD-R*''*7%) and to the
DNA-binding domain (BD-R*''~%"%) was coelectroporated into tobacco pro-
toplasts with a reporter plasmid containing a firefly luciferase gene under
the control of a minimal CaMV35S promoter with five tandem repeats of
GAL-responsive elements and the rbcS terminator. The reporter plasmid
coelectroporated only with AD-R*''"48 or BD-R*!'"~"% served as negative
control. A plasmid containing a p-glucuronidase (GUS) gene under the con-
trol of CaMV35S promoter was used as a control. The luciferase activity was
normalized against GUS activity.
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Fig. 2. The DNA-binding specificities of R bHLH-domain fragments with or
without the ACT domain as determined by EMSA and SELEX. (A) Binding of
various lengths of R bHLH-domain proteins to the G-box or mutated G-box
probes in EMSA. The sequences of the WT and mutant (M) probes are
shown. The G-box sequence is underlined. The mutation in the G-box se-
quence of the M probe is indicated by an italicized letter. In lanes 1-4, the
biotin-labeled WT G-box probe (WT*) was incubated either alone or with
NgHis-R4117462, N¢His-R*" 78, or NgHis-R*''>24, In lanes 5 and 6, NgHis-R*''~478
was incubated with WT* probe and biotin-labeled mutant G-box probe (M*)
in which the G-box is destroyed by a CG-AT substitution. In lanes 7-11, dis-
sociation of NgHis-R*'"7® and the WT* probe is shown in the presence of
0-400x of unlabeled WT probe. No dissociation of NgHis-R*''47® and the WT*
probe is detected in the presence of additional 300x of unlabeled M probe
(lane 12). In lanes 13-21, NgHis-R*'"~>2% was subjected to essentially the same
experiment described for NgHis-R*''~478 in lanes 5-12. (B) The consensus DNA-
binding sequence of NgHis-R*'"*"® as determined by SELEX. By analyzing
57 unique sequences derived from SELEX, the core-binding motif for NgHis-
R*11~478 \as established and displayed using WebLogo. The size of the char-
acters represents the frequency of occurrence. (C) Suppression of the G-box-
binding activity of the R bHLH domain by the ACT domain. Autoradiographs
of EMSA show the interactions of WT* probe (Left) and M* probe (Right) with
purified GST-tagged R*''6° (lanes 1 and 5), R*'"-52:MY (254623 (lanes 2 and
6), RA11-6104532-560 (13065 3 and 7), and R*''%1955 (Janes 4 and 8).

candidate for an ACT domain switch OFF target. We performed
ChIP followed by quantitative PCR (qPCR) to show recruitment
of the R-C1 or R****2%_C1 complex to the A7 and Bzl pro-
moters. When R and Cl1, both driven by the 35S promoter, were
cotransformed into maize protoplasts, a significant recruitment
of the complex was observed on the 41 promoter, consistent with
previous results (19). However, in the absence of the ACT do-
main (R*¥27°%) no recruitment of R to the 41 promoter was
observed (41 in Fig. 44). When the presence of the Bzl pro-
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moter was assessed in the same immunoprecipitated material,
binding of the R—-C1 complex was evident (BzI in Fig. 44).
However, in contrast to 41, the deletion of the ACT domain
signiﬁcantl(}/ enhanced binding to Bzl (Fig. 44, compare Cl1
+RA3#5C.GFP in AI and Bzl).

The differential recruitment of the R-C1 or R**¥7%_C1
complex to A7 and Bzl promoters prompted us to investigate the
identity and arrangement of cis-regulatory elements in these
promoters that are required for R—-Cl-mediated regulation. In
the A1 promoter, a region critical for R—-Cl-mediated regulation
resides between —123 bp and —88 bp relative to the transcription
start site (TSS) (22). In Bzl, the sequences between —76 and —45
bp and an AT-rich block between —88 bp and —80 bp relative to
the TSS were shown to be important for C1-R-mediated regu-
lation (21). In silico analysis and visual inspection of these critical
regions of the A1 and Bzl promoters revealed no significant
sequence similarities (Fig. 4B) beyond those previously described
and whose function remains unclear (23). Both promoters con-
tain multiple putative MYB-binding sites (MYB®S) fitting the
CT/,AC consensus. However, the sequences of the MYBBS in A1
and BzI are far from identical. In addition, the Bz/ promoter
harbors an E-box (CAGGTG) close to the MYB®S, whereas E-
box-like sequences are not obvious in A71. To evaluate the extent
to which the two MYB®S and E-box motifs in BzI are important
for C1-R-mediated activation, we performed combinatorial site-
directed mutagenesis, and activities of the promoter mutants
were assayed by transient expression experiments in Black
Mexican Sweet (BMS) maize cells. As shown in Fig. 4C, acti-
vation of the Bzl promoter dropped significantly when the
MYB®! (TAAAAATT; pBz1™™::Luc) or the E-box (pBzl=::
Luc) was mutated individually. The E-box/MYB®5" double-

-Leu-Trp

1) pBD-R*'147 +pAD-RIF1
2) pBD-R#147912 + pAD-RIFA
3) pBD-R# #7414+ pAD-RIFA
4) pBD-R#1147E4R 2 pAD-RIF1
5) pBD+pAD-RIF1

-Ade-His-Leu-Trp

-Leu-Trp

-Ade-His-Leu-Trp

1) pBD-R#11478 4+ pAD-R411472

2) pBD-R#11472012 + pAD-R411472 012

3) pBD-R4IATILEHA L pAD.RTIATE LEIA
4) pBD-R411478 E43R 4 p A [)-R411478 B8R
5) pBD+pAD-R#11473012

Fig. 3. The ability of RIF1 to interact with the dimeric R*'"™*78 and its mo-
nomeric mutants. (A) Yeast two-hybrid assay for pAD-RIF1 with the dimer-
forming R*'"™78 and its monomeric mutants (R*!17478P12 RM1-478L4GTA 4ng
R#11-478E469KR) f;5ed to pBD-GAL4-Cam plasmid. (B) The monomeric nature of
the R*""™%78 mutants confirmed by yeast two-hybrid assay. The empty pBD-
GAL4-Cam vector was used as a negative control. The yeast two-hybrid assay
was done using the strain AH109 containing the HIS3 and ADE2 reporter
genes. Growth in —Ade—His—Leu-Trp medium is indicative of interaction.

Kong et al.


www.pnas.org/cgi/doi/10.1073/pnas.1205513109

L T

/

1\

BN AS  DNAS P

A1 ?—« * B C1+R-GFP
0O C1+RA532-560.GFP

0 0.05 0.1 0.15
% of Input

A1 — m

“PBS “‘PBS
-200 -80 -20 *I1 (TSS)

Bz1 >| TAACTG »| CAGGTG >

Bz1€ m:>
Bzt m:)--
Bz1EM m -M

MYBBs1 MYBBS2
C
pBz1:Luc
pBz1E:Luc
pBz1M:Luc
pBz1EM::Luc
0 20 40 60 80 100 120 140

% of activation by p355::C1+p35S::R

4 T -
sz1 |- B C1+R+RIF1-FLAG

Actin

0 0.01 0.02 0.03 0.04 0.05 0.06
% of Input

Fig. 4. ChIP and transient expression experiments on A7 and Bz1 promoter. (A) ChIP assays with anti-GFP antibody from chromatin obtained from maize
protoplasts transformed with p355:C1 (C1) and p35S5:R-GFP (R-GFP) or p355:R**327560.GFP (RA%32-50_GFP). The immunoprecipitates were analyzed by the
presence of A7 or Bz1 promoter by qPCR. ChIP results were normalized to input DNA, and the percentage of input was calculated using the Copia and Actin
genomic regions as control (only Copia is shown). Error bars indicate SEs of the three biological replicates. *P < 0.08. (B) Graphical representation of the key cis
elements in the maize A7 and Bz promoters and the Bz1 promoter mutants. Sequence and arrangement of important MYB®® and E-box required for R-C1-
mediated regulation present in both promoters are shown. The '*PBS and "?PBS in the A7 promoter are indicated. The positions of the cis elements relative to
the TSS of each promoter are shown also. Arrows indicate the orientation of individual cis elements in each promoter. The E-box, MYB25", and E-box/MYBB>"
mutants of the Bz7 promoter are designated “Bz1°,” “Bz1™,” and “Bz1®M,” respectively. A cross-mark indicates mutation in the corresponding cis element.
(C) Activation of Bz1 mutant promoters by C1 and R. Transient expression following bombardment of BMS maize cells with p35S::C1 + p35S::R, together with
a Bz1 WT promoter/luciferase plasmid (pBz1::Luc), or a Bz1 promoter/luciferase plasmid containing a mutation in the E-box (sz1‘E::Luc), the MYBB*! (sz1'M::
Luc), or mutations in both the E-box and the MYB®" (pBz1¥M:Luc) (SI Materials and Methods). Each treatment was performed in triplicate. Error bars
indicate the SD of the samples. (D) ChIP experiment showing differential binding of the C1 R—-RIF1 complex to the AT and Bz1 promoter. ChIP assays were
carried out using anti-FLAG antibodies from chromatin obtained from maize protoplasts transformed with p35S::C1, p35S::R, and FLAG-tagged p35S::RIF1
(RIF1-FLAG). The immunoprecipitates were analyzed for the presence of A7 or Bz1 promoter by qPCR. ChIP results were normalized to input DNA, and
percentage of input was calculated using the Actin genomic region as control. Error bars indicate the SEs of the three biological replicates. *P < 0.05.

mutant (pBz1 %"M::Luc) further decreased Bz promoter acti- GST-R*''™*7® specifically recognized the E-box sequence in the
vation. However, mutations of the MYB®52 (TAACTG) had no Bzl promoter (Fig. S3). These results indicate that the binding of
effect on Bzl promoter activation (Fig. S2). Moreover, in EMSA, R to the E-box plays a critical role in activation of the Bzl
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promoter. Accordingly the bHLH region of R must be in a di-
meric form, precluding the interaction with ACT. To test this
hypothesis, we performed ChIP with FLAG-specific antibodies
on a FLAG-tagged version of RIF1 transiently introduced into
maize protoplasts together with C1 and R. Consistent with the
model proposed, RIF1 is recruited to the 47 much more effi-
ciently than to the Bzl promoter (Fig. 4D).

Conclusion

Our results provide a mechanism by which bHLH transcription
factors participate in the coordinate regulation of multiple genes
that lack obvious conservation of regulatory sequences. A1 pro-
vides one example of a promoter in which R is tethered to DNA
through its interaction with the R2ZR3-MYB factor C1 (Fig. 54).
The activation of A7 in its normal chromatin setting requires the
action of RIF1 (19), which interacts with the monomeric form of
the bHLH of R. This R-bHLH monomeric conformation is
preserved by the dimerization of the ACT domain. If, however,
the dimerization of the ACT is disrupted, then the bHLH is li-
censed to dimerize and, as a dimer, recognizes E-box cis-regu-
latory elements, such as those present in the Bzl promoter (Fig.
5B). Even though in this configuration the DNA-binding activity
of R contributes to a significant DNA tethering of the R-C1
complex, C1 continues to be essential for Bz/ activation because
it provides a powerful transcriptional activation domain (24).
Because RIF1 is not recruited significantly to the R-C1 regula-
tory complex on Bz1, it is possible either that a factor other than
RIF1 takes over the chromatin function in this complex or that
chromatin does not control Bzl expression as it does A1. Based
on these models, whether the ACT is a monomer or a dimer is of
fundamental importance to determine which DNA-binding do-
main will make DNA contact. We do not yet understand how
dimerization of the ACT is controlled. However, its structural

Nucleosome

RIF1

Fig. 5. Proposed model for promoter switching by R. (A) ACT domain ON
model shows C1 making the DNA contacts and recruiting R through its
N-terminal MYB-interacting region (MIR). The ACT C-terminal region of R
forms a dimer; therefore the bHLH motif remains as a monomer and can
bind to RIF1, which recognizes chromatin components. This model explains
the expression of A7. (B) ACT domain OFF model shows R binding to DNA by
forming homodimers through the bHLH because the ACT is not homo-
dimerizing. C1 continues to interact with the MIR region of R, providing
transcriptional activatory function.
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homology with small molecule-binding regions in enzymes that
are allosterically regulated (18) suggests that a small molecule
might be involved. From this perspective, it is interesting that
BzI functions downstream of A7 and that in many other plants
early and late flavonoid biosynthesis genes can be differentiated
based on their regulation (25). Hence, it is possible that a flavo-
noid pathway intermediately downstream of A7 signals R
through the ACT to change its conformation and activate late-
pathway genes. Additional experiments will be required to test
this hypothesis.

Materials and Methods

Additional details of materials and methods are given in SI Materials and
Methods, Tables S1 and S2, and Figs. S1-S3.

Maize Protoplast Transformation and ChIP Experiments. Protoplasts from 10-
to 12-d-old etiolated maize seedlings were prepared essentially as described
previously (19). The fluorescence furnished by p35S::sGFP was used to cal-
culate the transformation efficiency, which usually ranged from 30-50%. If
efficiency was below 30%, two or three individual reactions were pooled
together to yield one biological replicate. ChIP experiments were performed
as described (19, 26) using ~10° protoplasts per reaction. Immunoprecipi-
tation was performed overnight at 4 °C with either 1 pL anti-GFP antibody
(ab290; Abcam) or 1 puL anti-FLAG antibody (Sigma-Aldrich) with biological
triplicates. Real-time PCR was performed to quantify the enrichment of DNA
regions by using specific primer pairs (Table 2). Student’s t test was per-
formed between A7 or Bz1 and copia+Actin, at P < 0.08 (Fig. 4A) and be-
tween A7 or Bz1 and Actin at P < 0.05 (Fig. 4D).

Transient Expression Assays in BMS Maize Cells. Transient expression assays in
BMS maize cells were performed as described (13, 14, 27). Luciferase assays
were performed in a 96-well plate using the Dual Luciferase assay kit from
Promega and a luminometer Centro LB960 (Berthold Technologies). A p35S::
Renilla construct (28) was included in each bombardment as a normalization
control. The fold activation was calculated as the ratio between each par-
ticular treatment and the treatment with the appropriate reporter construct
without activator. The fold activation of the Bz7 WT promoter by C1 and R
was set to 100%, and the activation of each mutant promoter is shown in
relation to that of the WT Bz1.

Recombinant Protein Expression and Purification. Different fragments of the
bHLH domain of R were generated by PCR and cloned into either the pET41a-
GST vector for the production of a GST fusion protein or into the pET41a-
6xHis vector for the production of a six-histidine-tagged fusion protein. Both
vectors were modified from plasmid pET41a(+) (Novagen) and were kind
gifts from Y. I. Chi (University of Kentucky, Lexington, KY). The constructs
were verified by DNA sequencing and transformed into E. coli BL21(DE3)
cells. Cell cultures were induced by adding isopropyl-p-p-thio-galactoside to
a final concentration of 1 mM for 3 h at 30 °C. The bacterial cells were lysed
using CelLytic B (Sigma-Aldrich) according to the manufacturer’s instruc-
tions. The GST fusion proteins were bound to Glutathione Sepharose 4B
columns (Amersham) and eluted using 50 mM Tris-HCI (pH 8.0) and 10 mM
glutathione; NgHis fusion proteins were bound to HIS-Select nickel affinity
gel (Sigma-Aldrich) and eluted using 50 mM sodium phosphate (pH 8.0), 300
mM Nadcl, and 250 mM imidazole.

Analysis of Protein-Protein Interaction. For yeast two-hybrid experiments,
different fragments of the bHLH domain of R, with or without the C-terminal
extension (i.e., R411—462' R411-47o’ R411—478' R411—496' R411'51°, R4"'524, and R411—610)
were PCR amplified and cloned in the plasmids pAD-GAL4-2.1 and pBD-GAL4
Cam (Stratagene). The plasmids containing the R bHLH fragments were
cotransformed into yeast strain AH109 (Clontech). To determine whether
the R bHLH mutants (R411—478 D12’ R411—478L416A' and R411—478E469R) form
homodimers, each mutant was cloned into both pAD-GAL4-2.1 and pBD-
GAL4 Cam and cotransformed to AH109 for the yeast two-hybrid assay. To
determine the interaction between the R bHLH mutants and full-length
RIF1, the RIF1 was cloned into pAD-GAL4-2.1 to create pAD-RIF1. Each R
bHLH mutant cloned in pBD-GAL4 Cam was cotransformed with pAD-RIF1
into yeast strain AH109. Transformants were selected on synthetic defined
(SD) medium lacking leucine and tryptophan (—Leu—Trp). Colonies then
were screened for growth on SD medium lacking tryptophan, leucine, and
histidine (—His—Leu—Trp) or on SD medium lacking tryptophan, leucine,
histidine, and adenine (—Ade—His—Leu-Trp). p-Gal reporter assay of the
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transformed yeast colonies was performed as described in the yeast protocol
handbook (Clontech). To test protein—protein interaction in vitro, a GST pull-
down assay was carried out as described previously (18), with the mod-
ifications described in SI Materials and Methods. To test protein—protein
interaction in planta, protoplasts were isolated from tobacco-cell suspension
cultures (Nicotiana tabacum L. cv. Xanthi b ‘Brad’), and electroporation with
supercoiled plasmid DNA was performed as previously described (29). The
reporter and effector plasmids used in the protoplast assay are described in
SI Materials and Methods. Luciferase and B-glucuronidase (GUS) activities
were measured 20-22 h after incubation at 28 °C. GUS activity was measured
according to protocols described by Jefferson et al. (30) and was used for
normalization of luciferase activity. All constructs were tested in at least
three independent experiments.

EMSA. Probes used for EMSA were either a WT G-box motif from the Ara-
bidopsis DFR promoter (5'-CGTTCCCCACGTGCTTCTCC-3') or a mutated G-box
motif (M) in which the core recognition sequence, CACGTG, was replaced by
CAATTG. Complementary oligonucleotides, biotin-labeled at the 5'-end of
each strand, were annealed to produce double-stranded probes for EMSA.
The DNA-binding reactions were carried out in 10 mM Tris-HCl (pH 7.5), 50
mM KCl, 1 mM DTT, 5% (vol/ivol) glycerol, and 100 ng poly(deoxyinosinic-
deoxycytidylic) acid (polydl:dC) at a final volume of 20 pL. Purified proteins
were incubated with 0.25-0.5 nM DNA probe on ice for 30 min. The DNA-
protein complexes were resolved on 6% (wt/vol) nondenaturing poly-
acrylamide gels and then were transferred to Hybond-N* nylon membranes
(Amersham). The band shifts were detected by a chemiluminescent nucleic
acid detection module (Pierce) and autoradiography.

SELEX. SELEX was conducted essentially as described (31). NgHis-R*'"~#78 was
expressed in E. coli and was affinity purified using Ni-NTA beads under
natural conditions. The DNA library for SELEX (32) harbors the sequences: 5'-
ACTCGAGGAATTCGGTACCCCGGGT(N)26TGGATCCGGAGAGCTCCCAACGCG-
T-3’, where N indicates an equimolecular distribution of A, C, G, and T at
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a final volume of 20 pL. Around 50 ng of purified NgHis-R*'"~%78 protein was
incubated with radioactively labeled DNA library (~105cpm) in buffer (20
mM Hepes, 50 mM KCl, 1 mM DTT, 0.5 mM EDTA, 5% (vol/vol) glycerol, 0.5
pg/ul BSA, and 100 ng polydl:dC) for 30 min, and the NgHis-R*'"478-DNA
complex was separated by PAGE (referred to as “EMSA"). The DNA purified
from the complex appears as a shifted band in EMSA and is used for the next
round of SELEX selection. After the last (sixth) round of selection, the DNA
from the shifted protein-DNA complex was extracted, PCR amplified, cloned
into a pCR 2.1-TOPO vector (Invitrogen), and then sequenced. The sequences
extracted from sequencing were analyzed manually and by using on-line
software Gibbs Motif Sampler (http:/bayesweb.wadsworth.org/gibbs/gibbs.
html) and are displayed with Weblogo (http:/weblogo.berkeley.edu/logo.cgi).

Structural Homology Modeling of R bHLH Domain. A structural model of the
bHLH domain of Zea mays R (National Center for Biotechnology Information
accession P13526) was generated by SWISS-MODEL 3.5 using the Alignment
Interface (33). Alignments to the Homo sapiens MAX sequence (obtained
from Protein Data Bank structures 1an2 and 1hlo) were made initially with
Clustal x 1.83 (34). Alignments then were tailored in an educated manner to
remove excessive spacing. Because MAX structures 1an2 and 1hlo covered
different but overlapping regions of the bHLH domain, R was modeled to
both. The resulting models were overlaid with the MAX structures and fused
in DeepView 3.7 (SP5) (35).
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