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ABSTRACT: ArabidopsisERF proteins such as DREB1, DREB2, and CBF1 bind to the dehydration-
responsive element (DRE), which has the sequence TACCGACAT. Mutation analyses reveal that a central
5 bp CCGAC core of the DRE is the minimal sequence motif (designated as the DRE motif in this
paper), to which the ERF domain fragment of CBF1 (CBF1-F) binds specifically with a bikdiagthe
nanomolar level. In contrast, the ERF domain fragment of the tobacco ERF2 (NtERF2-F) does not interact
with the DRE motif, but restrictedly recognizes the sequence containing a minimal 6 bp GCCGCC motif
(designated as the GCC maotif in this paper). However, CBF1-F binds to the GCC motif with a binding
activity similar to its binding activity for the DRE motif. These in vitro binding variations were further
demonstrated through reporter cotransformation assays, suggesting that the DRE and GCC maotifs are
two similar sequence motifs sharing a common core region of CCGNC with a discriminating guanine
base at the "send of the GCC maotif. Binding analyses with the mutated ERF domain show that such a
unique binding of NtERF2-F to the GCC motif can be altered by the substitution of A14 with valine in
p-strand 2 of its ERF domain, the mutant NtERF2-F, ERFav, acquiring a binding to the DRE motif with
aKy comparable to that for CBF1-F binding to the DRE motif. This demonstrates that A14 is an important
determinant of the NtERF2-F binding specificity. A possible mechanism of the binding specificity
determination is discussed.

Ethylene-responsive element (ERE) binding factors (ERFs) encoding the ERFs [in which ERFs are termed the EREBP
are the products of a large multigene family and are involved subfamily under the AP2/EREBP family){.

in many critical processes of plant development through gene  Arabidopsisethylene-responsive element binding factor 1
regulation and in mediating signal transduction pathways in (AtERF1) is so far the only ERF in this superfamily whose
response to environmental stress (see a review it)rdhe ERF domain structure has been determingd The ERF
ERE is an 11 bp sequence motif (TAAGAGCCGC@}(  domain of AtERF1 consists of a three-strandgti—3)

4), termed the GCC box, which was shown to be the target antiparallels-sheet, and an-helix packed almost parallel
of the ERFs ). ERFs were first identified in tobacco, and tg the B-sheet. Unlike other DNA-binding proteins that
originally designated as ERE binding proteins (EREBBE) (  interact with DNA through amino acids of axhelix, the

but were later renamed ERE binding factors (ERF®) (  ERF domain of AtERF1 makes contact specifically with 9
Since then, an increasing number of ERFs from various pp of the AGCCGCC-containing double helix in the major
plants have been reported which are divergent except for agroove through seven amino acids of mainly arginines and
highly conserved DNA binding domain, the so-called ERF tryptophans (R6, R8, W10, E16, R18, R26, and W28) in the
domain, of 58 or 59 amino acids. ERF prOteinS have not ﬁ_sheet (See Figure 1) It is interesting that, except W10,
been found in animals, yeast, or fungi, indicating that this is these amino acids are found to be completely conserved in
a group of plant specific proteins. Bioinformatics analysis the ERF domains of all reported ERFs (data not shown).
of the Arabidopsisgenome has identified some 124 genes w10 is also highly conserved, but two notable exceptions
are the ERF domain of CBF1 and DREB1. The degree of
"D.H. was a recipient of an AIST fellowship from the former Agency similarity of the ERF domains varies from 60 t090%,

of Industrial Science and Technology (AIST), MITI, Japan, and is the : : : . ;
current recipient of an STA fellowship from the Science and Technology implying that they may fold into a similar conformation and

Agency of Japan. recognize a similar cis-acting motif in the promoter region
* To whom correspondence should be addressed. Phoh81)(298 of their target genes. Our previous studies have revealed that
B10°00. Fav: £81) 298 516505, Emall: mitakagi@astgolp. tobacco ERF2 and ERF4 (formerly EREBP2 and EREBP4,
ational Institute o vanced Inaustrial science ecnhnology. . .
§ The Institute of Physical and Chemical Research. respectively), the homologue ERFs of AtERF1, exhibit

1 Abbreviations: CRT/DRE, C-repeat/dehydration-responsive ele- Specific binding 6 a 6 bpGCCGCC core of the GCC box
ment; CBF1, CRT/DRE-binding factor 1; ERF, ethylene-responsive (designated as the GCC motif in this paper) witkeat the

element binding factor; NtERF2icotiana tabacunERF2 (formerly ; ;
EREBP2); DBD, DNA binding domain; EMSA, electrophoresis mobil- picomolar level 9). G6, G9, and C11 (see Figure 1 for

ity shift assay; SDSPAGE, SDS-polyacrylamide gel electrophoresis; ~ POSition numbering) are found to be essential for ERF
CaMV 35S, cauliflower mosaic virus 35S protein gene. binding, since mutation at these bases completely abolishes
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4 5 6 7 8 9 10 11 12 library. The coding region of the ERF domain fragment from
e LT CBF1 (amino acids 37142) was prepared via the PCR
- methodology, and the expressed fragment is designated in
this paper as CBF1-F, which contains 10 and 38 amino acids
in the N- and C-terminal flanking regions, respectively. The
ERF domain of tobacco NtERF2 with 10 and 8 amino acid

AtERF1  HYRGBRIWTAMEROPAHIGARMLCTEF ECEELEAL A LRAAF FIRGSFALLNEF

B1 i B3

pr—y flanking regions, respectively (NtERF2-F), was prepared as
DREBla described previoushygj. Point mutations in NtERF2-F were
ﬁj introduced by PCR-based site-directed mutagenesis. The

e 1 rT ....... B chimeric ERF domain mutants of ERF2-F and CBF1-F,
Ficure 1: Sequence alignment of selected ERF domains and the ENC_C (the ERF2-F N-terminal half and the_ CBF1-F C-
amino acid-base contacts between the ERF domain of AtERF1 terminal half) and CNEC (the CBF1-F N-terminal half and
and the GCC motif. The contacting bases and amino acids are inthe ERF2-F C-terminal half), respectively, were produced
bold, and the intermolecular contacts are shown by lines (interpreted by fusing the corresponding half-domain coding regions that

according to the data of r@). Thea-helix ands-sheets are marked ; ; ;
with a patch box and shaded bars, respectively. The identical aminowere synthesized by PCR (see Figure 1 for the mutation

acids are shown with dots, and the seven conserved base-contactini/Nction). CNEC was cloned into the pET3C plasmid
residues are enclosed by a vertical box. The amino acids with (Novagen), while ENCC was cloned into the pET16b
asterisks or a triangle symbol in the NtERF2 sequence are thoseplasmid (Novagen); both were expresse&&atherichia coli
residues of which mutations were made and the position at which anq pyrified as described previousB).(Protein concentra-
the chimeric domain exchange mutations were made, respectlvely.tions were determined using the bicinchoninic acid protein

binding by NtERF2 and NtERF#). Other bases within the ésiﬁzﬁglt/gilﬂ?e)éﬁgg) further confirmed by the method of
GCC motif show moderate effects on single-base substitu- bp X

; . ; Quantitate Binding Assays and Titration Analys@svo
tions varying from_ ERF to_ ERF. The_ revealed residDiNA 16 bp fragments, DREwt (ATACTACCGACAT GAG-
contacts are consistent with the findings of the NMR solution

3') and GCCwt (5CATAAGAGCCGCC ACT-3), from the
structure of the AtERFXGCC box complex§). ; . -
Some other ERF proteins have been reported to bind topromoter region of thérabidopsis rd294gene (4) and the

. ) . i ) tobaccoGIn2 gene b), respectively, were prepared together
different sequence motitérabidopsisC-repeat/dehydration- i their mutants by chemically synthesizing both strands.

responsive element binding faCt(.)r 1 (CBF_l)' fOF instance, The DRE and GCC box within the fragments are highlighted,
possesses an ERF domain that binds to a cis-acting eIememﬂnderlined, and numbered from the first nucleotide of the

with the sequence TGGC.CGAC' in the promoter regi.on of 5'-terminus (see Table 1 and Figure 1 for numbering). After
thecorl5agene, and functions as a transcriptional activator annealing had been carried out, double-stranded DNA
leading to cold regulatlon activities in pIanﬂs(X—lS?). Two fragments of the wild type and mutants were labeled with
counterpart proteins of CBF1, the cold/dehydration-respon- [y-32P]ATP using T4 polynucleotide kinase, and purified just
\?J\é?ee[aﬁgegﬁél\?vﬁi)) tk))lir;?jlrt]g gré)iﬁli?asr’ gsfgiaaigﬂggsgi?ﬁ before the binding experiments. Quantitative electrophoresis
) ) mobility shift binding assays (EMSAS) were performed as
with the tgfe%ugngTACCGACA}'II', and nam((ejdthFiE)( Ath described previouslydj. The binding dissociation constant
core mott, , IS apparently conserved between ese(Kd) for dissociation of protein from DNA was determined

two genes, and also among other cold- or dehydration- by binding titration analysis, in which a nonlinear regression

?nducible genes15-21), including the cold/dehydration- /aq performed using Sigma Plot version 7.0 (SPSS Science)
independent genstr (22, 23). using the equation

A number of ERFs have been shown to be capable of
binding to the GCC box (see a review in rgf, although b
only two ERFs from tobacco have been shown to recognize y=at m
restrictedly the 6 bp GCCGCC moti®). Extensive genetic
and molecular studies on many ERF proteins have provided
insight into the regulatory characteristics and diverse func-
tions of this transcription factor family. However, little
information has been obtained on the biochemical and
structural mechanism of ERF recognition in general. In this
work, the ERF domain of CBF1 was characterized in detalil
and its DNA binding consensus refined. The in vitro binding W
results that were obtained are further confirmed by in vivo
reporter cotransformation assays. Finally, amino acid mu-
tage.nes'is of the ERF domain was employed i.n the binding mosaic virus (CaMV) to the luciferase (LUC) gene. The
studies in an _effort to e_:xplore further the possible determi- effector plasmid,35SNtERF2 was described previously
nants of binding variation. (25), and35SCBF1 was constructed by fusing the coding
EXPERIMENTAL PROCEDURES region of the fuII-IengthCB_Fl gene to a CaMV 35S
promoter. The tobacco mosaic virus (TM®)sequence was
Preparation of the ERF Domains and Their Mutantse inserted between either tiMERF20r CBF1 coding region
cDNA for CBF1 was isolated via the polymerase chain and a CaMV 35S promoter to enhance the translation
reaction (PCR) methodology from akrabidopsiscDNA efficiency. Luciferase assays were performed using the Dual-

wherey is the percent binding is the protein concentration,
and a and b are constants of minimal and maximg|
respectively. A synthesized 16 bp oligonucleotide that shows
no context of binding site was tested for nonspecific binding,
of which theKy was determined to be 1 uM.

Transient Expression Assayishe reporter gene constructs
ere prepared by fusing a 4-fold multimerized fragment
containing the GCC motif, DRE or their mutants, and a
minimal 35S promoter (base pairst6 to 8) of cauliflower
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Table 1: Truncation and Mutational Binding Assays for Binding of 104 T
CBF1-F to DRE and the GCC Bax '_ B il
Fragment cis-acting element-containing sequences Ky 08 _m.ﬁ i 2
1 5 10 15 1
DREwt 5 -ATACTACCGACATGAG-3’ 2.10+2,0nM & ] CBF1 vs DREwt
5’M1 5’ -CTACCGACATGAGTTC-3" 2.85+0.8nM 'E 08 ]
5'™M2 5’ -TACCGACATGAGTTCC-3"' 6.72 £ 0.6 nM (= =] |
3M1 5’ -ATATACTACCGACATG-3"’ 5.84+1.5a0M g\e 04 ] / ERF2av vs DREwt
3I'M2 5’ -GATATACTACCGACAT-3" 6.19+1.3n0M % ;
Mm 5’ -tatgTACCGACATcac-3' 507+ 1.1 .M 0.2 ~ // "m
DREt5a 5’ -ATACaACCGACATGAG-3' 5.39£0.9 nM mgg L
DREa6t 5’ -ATACTtCCGACATGAG-3’ 9.05+0.7 nM 0.0 — ‘ N
DREcTt 5/ -ATACTAtCGACATGAG-3’ 4031 14nM le-11 le-10 le-9 le-8 le-7
DREal 2t 5’ -ATACTACCGACtTGAG-3" 3.93£1.6nM |Protein] (M)
DREt13a 5’ -ATACTACCGACAaGAG-3"’ 436+ 0.8nM
DREcl It 5 - ATACTACCGALATGAG-3 " 505+ 12 nM FIGURE 2: Quantitative EMSA and binding titration analys_es_ of
CBF1-F and NtERF2av binding to DREwt. Data for the binding
GCCwt 5’ -CATAAGAGCCGCCACT -3 5.63£0.6nM titration of CBF1 to DREwt and NtERF2av to DREwt are shown
GCCgot 5’ -CATAAGAGCCECCACT-3” 0.20%0.04 pM by solid and empty dots, respectively, of each sampling point, which
Gecelon o CATARGAGCCGACACT -3 $51403 nM were extracted from quantitative EMSA shown alongside each

titration curve. Nonlinear regressions were performed to give the
GCCgba-clla 5 -CATAAGAACCGACACT-3’ 53240.70M solid and dashed curves for binding of CBF1 and NtERF2av,

; tively, using the single-site equation presented in Experi-
a A 16 bp wild-type DRE sequence (DREwt) or GCC box sequence respec ’
(GCCwt) contains the DRE or GCC box, respectively, the sequences g‘emi‘.l Pfocff"."ﬁs- tA” dd?ta are tr_epresented as meastandard
of which are highlighted and underlined. Base position numbering is eviauons ot triplicate determinations.

the same as that shown in Figure 1 for the GCC box. Quantitative ) ) ) )
EMSA was carried out using either the DREwt or the GCCwt, and in which mutations and truncations were made at the flanking

their single-base substitution mutants (lowercase) interacted with regions of the 9 bp DRE (i.e., TACCGACAT), keeping the
CBF1-F at a concentration gradient from A8 to 10 pM. TheK, length of 16 bp as presented in Table 1. The flanking region
values are represented as the mearssandard deviations of triplicate
determinations. of the 16 bp DREwt may be_ shortene_d up to 4 and 3 bp at
the B- and 3-ends, respectively, as judged from tKgs
) ) obtained with the 5M1, 5M2, 3M1, and 3M2 fragments, after
Luciferase Reporter Assay System (Promega, Madison, W), taking into account statistical variation, without affecting the
and the luminescence signal detected by a Iumlnescencebinding by CBF1-F. This was further verified by the assay
reader (BLR-201; Aloka, Tokyo, Japan). In cotransformation s binding of CBF1-F to a mutant DREwt of which both
assays, the reporter and effector constructs, in a ratio of 1:2’ﬂanking regions of the 9 bp DRE were replaced with their
were coated on gold particles and bombarded onto aCtivelycompIementary bases (Mm). This suggests that the central
growingArabidopsideaves as described previousBg). As 9 bp DRE satisfies the specific binding of CBF1-F.
an experimental control, a pUC119 plasmid was used instead Subsequently, the minimal motif of DRE was identified
of the effector, and cotransformed togetherwith_ the reporter sing single-base substitutions within the 9 bp DRE of the
gene. After bombardment, the leaves were incubated in1g p DREWt. This was due to the consideration of possible
sterilized 50% Murashige & Skoog basic plant culture geformation at both ends of the double helix as a conse-
medium at 22'C for 6 h before quantification for luciferase  gyence of further truncation of the DREwt toward the central
activity. The detected luciferase activity from a minimum region. Table 1 shows that the first thymine from theehd
of three indepe.nd.ent replica_ltes is.r(.aprese.nted as the meags ine DRE (T5) can be replaced with an adenine (DREt5a)
+ standard deviation of relative activity, which was normal-  yithout affecting binding activity. Substitution of the next
ized by dividing the value by the control. adjacent A6 with thymine (DREa6t) decreases binding
RESULTS activity slightly, while further mutation of the next C7 to
thymine (DREc7t) causes a 10-fold decline in binding
Minimal DRE Motif for CBF1 Binding Quantitative activity, suggesting that the adenine at position 6 (A6) is
EMSA demonstrated that CBF1-F binds to the DREwt likely to be the 5-end border of the DRE motif. At the'-3
fragment with a binding dissociation constalig) of 2.1 + terminus, substitutions of Al12 and T13 (DREtl3a and
2.0 nM, which is a typical value for monomeric binding. DREal2t, respectively) did not affect the binding by CBF1-F
Binding titration analysis (see Figure 2) revealed that it is a in comparison with the binding to the DREwt. However,
single-site interaction, since the nonlinear regression usingmutation at C11 (DREc11t) decreases binding activity by
the single-site binding equation matched the best to the more than 10-fold. These results suggest that the 5 bp core
experimental data, while the double-site binding equation region of DRE, CCGAC, is the minimal sequence motif that
was shown not to match (data not shown). ensures stable binding by CBF1-F, and was thus designated
To verify the minimal DRE element that is required for as the DRE motif in this paper.
stable binding by CBF1, the 16 bp wild-type DRE-containing  CBF1 Binds in Vitro to both the DRE Motif and the GCC
fragment (DREwt) was tested for binding by the ERF domain Motif with Similar Binding Actiities. Due to the similarity
fragment of CBF1 (CBF1-F). Initial assays were conducted of the DRE motif to the GCC matif, it is rational to predict
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that the DRE motif may be closely related to the GCC motif, . Reporters
and thus, the binding of CBF1-F to the GCC motif fragment

(GCCwit) and its mutants was studied. The results of binding 4 X binding sequence (TATAT T0E T Wos
titration analyses presented in Table 1 show that CBF1-F os

binds to GCCwt with &g of 5.6 + 0.6 nM, which is close Binding sequence: DREwt -GATACTACCGACATGA-
to theKg for binding of CBF1-F to DREwt. When the guan- DREt -CATACTACCEACATGA-

GCCwt -GATCTAGCCGCCG-

ine at position 9 (G9) of GCCwt was substituted with thy- GoCt  —CATCTARCCGEGG
—l=A A o=

mine (GCCg9t), the binding activity decreased approximately

200-fold. However, replacement of C10 (GCCc10a), or both Effectors
C10 and G6 with adenine (GCCg6a-c10a), does not affect

the binding by CBF1-F. In fact, the GCCg6a-c10a mutant

of GCCwt resembles a DRE motif, suggesting that CBF1-F B:
does not reque a G atposition 6 to conduct typical :
monomeric binding. This is apparently different from the | DREwt GCCwt
binding of NtERF2 to the GCC motif of which G6 is ’ )

essential for stable bindin@)

CBF1 Actvates the Transcription of a Reporter Gene in
Vivo through Binding to both the DRE Motif and the GCC
Box To further investigate if CBF1 is capable of regulating
transcription in plants through binding to either the DRE
motif or the GCC motif that has been observed in vitro,
reporter-effector cotransformation assays were performed. v
The effector plasmid possessing the coding region of the full-
length CBF1 or NtERF2 gene, driven by a CaMV 35S
promoter, was coexpressedAmabidopsisleaves, together
with the reporter plasmid containing either the DRE motif
or the GCC motif, or their mutants, fused to the upstream
regulatory region of a luciferase geneUC). Figure 3B
shows that when the DRE motif-carrying reporter plasmid
(DREwt) is coexpressed with th€BF1 effector plasmid, [

> _;,53'0

[ CaMV-355 -0 ERF__ [ Nos ]

Relative Luciferase activity

HEEE BN

DREt GCCt

Relative Luciferase activity

luciferase activity increases by5-fold over the control that R
contains no effector plasmid. Ti@gBF1effector plasmid was & &
o - ¢ O
also found to be capable of activating the transcription of
LUC that was fused to the GCC motif (GCCwt), with a IHG};RE 3: CBF1 and ERc'i:'z actit\)/atir(])n of the trq][]s%ription of thef
greater than 3-old inorease in lucferase acivty over the 4eErese eBorer gene drven by he DRE motf, he 6CC matt,
control. Moreover, a greater than 6-fold increase in luciferase gffector plasmids used in a transient assay. HE reporter gene
activity was detected when th@BF1 effector was coex-  contains a tetramer sequence of a cis-acting binding motif, DREwt,
pressed with a reporter gene carrying the mutant GCC motif, DR;EL C(;C?WtaorTﬁCCftf, thte sequencestof \{VfgCh '?hre hfigﬁlllight?g
i i ana unaeriinead. € efrector was constructea wi a tull-len
Eg:ifc(:etr,agesacé{i\yxtgl(\:/\t]agvgzte:igzcv?/ﬂ evr\]”m‘;hgg ;Vf? eV c?tgr no NtERF2or CBF1 cDNA that is controlled under the CaMV 35%

. o . romoter upstream of a translation enhanc®) from tobacco
was coexpressed with the reporter genes containing eithemmosaic virus. (B) Transactivation of the reporter gene induced by
the DRE motif (DREwt) or GCCt. NeitheEBF1 nor the those effectors. The control (Ctrl) in the transient assays is the same
NtERF2effector activates theUC gene fused to DREt (i.e.,  as the experiments without the addition of effector. Transactivation
CCTAAC), while theNtERF2effector activates UC fused results are shown as relative luciferase activity per control. All data
to the GCC motif (GCCwt), resulting in an increase in are represented as meads standard deviations of triplicate

. o ! determinations.
luciferase activity of more than 5-fold over the control, a
level similar to the activation ofEUC fused to DREwt by directed mutagenesis studies because its binding to the GCC
CBFL1 These results agree with the in vitro binding observa- motif has been extensively characteriz&l. Since six of
tions in this and previous work9), indicating that CBF1  the seven amino acids in tifesheet of its ERF domain that
recognizes a DRE motif shorter than the 6 bp GCC motif to directly contact DNA are conserved among all ERF proteins,
activate gene transcription. Comparison of the binding motifs the determining amino acid(s) apparently lies among those
of the four binding sequences [DREwt, DREt, GCCwt, and divergent residue(s) in the ERF domain. From studies on
GCCt (see Figure 3A)] has indicated that G6 of the GCC the structure of the AtERFAGCC box sequence complex
motif is a prerequisite component that is recognized specif- (8), and sequence alignment of the CBF1-F and NtERF2-F
ically by NtERF2 for transcription activation, but not by ERF domains, a few candidate amino acids were selected
CBF1. (see Figure 4) in which their side chain arrangements exhibit

Site-Induced Mutagenesis Alters the Binding Property of potential to affect the local and/or globular conformation.
NtERF2 Although they share a high degree of similarity in Two of those divergent amino acids are W10 and P9 of
their ERF domains, CBF1-F binds & 5 bp DREmotif while NtERF2-F that are replaced with S10 and N9 in CBF1-F,
NtERF2-F binds d a 6 bp GCCmotif. To explore the respectively (see Figure 1). Table 2 shows that substitution
possible amino acid(s) in the ERF domain that determinesof P9 with asparagine in NtERF2-F (ERFpn) increases
the binding divergence, NtERF2-F was adopted for site- slightly the binding activity to GCCwt, while the change of
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a 10-fold lower binding activity to GCCwt compared with
that of NtERF2-F, but also yields a very weak binding to
DREwt with aK4 of 0.1uM. These results indicate that A14
in the3-sheet of the ERF domain is likely to be an important
determinant of NtERF2 in switching from GCC motif
binding to DRE motif binding.

Chimeric Mutation of Inter-ERF DomainsTo further
verify if the determinants of binding specificity are region-
dependent, two chimeric domain exchange mutants, CNEC
and ENCC, were prepared as shown in Figure 4. The CNEC
includes the first and secomgistrands of CBF1-F and the
third g-strand andu-helix of NtERF2-F, while ENCC has
the first and the seconftstrands of NtERF2-F and the third
p-strand and the-helix of CBF1-F. Table 2 shows that both
chimeric ERF proteins bind to either DREwt or GCCwt with

FiGUrRe 4: Schematic diagram of the truncated CBF1-F and different binding activities. CNEC binds to DREwt with a
NtERF2-F fragments, and their mutants, used in this study. The K, close to that of CBF1-F binding to DREwt, but binds to
results of binding of these proteins to the DRE motif, the GCC GCCwt with a 10- or 100-fold lower activity than that of

motif, or their mutants are shown in Table 2.

Table 2: Binding of CBF1-F, NtERF2-F, and Their Mutants to the

DRE and GCC Motif3

cis-acting element-

CBF1-F or NtERF2-F binding to the GCCwit, respectively.
ENCC shows similar binding activity to either GCCwt or
DREwt, but its binding activity is~10-fold lower than that

of NtERF2-F. It is interesting that ENCC binds to DREwt
as strongly as CBF1-F, although it is not surprising consider-

ERF protein containing sequence Ka ¢ - - .

ing that ENCC has inherited A14 and D19, the residues that
NtERF2-F >1.00uM : S o
CBF1-F 1.46+ 1.0 nM have been shown to effectively change the binding specificity
ERFpn >1.00uM of NtERF2, from the ERF domain of NtERF2-F. Thus, these
ERFws DREwt - >1.00um results indicate that the binding specificity may also be
ESEEC-WS 5ATACTACCGACATGAG-3 >140908i'\"2 - altered by domain exchange mutations, although it has not
ERFde 0.25¢ 0.1uM been shown whether the chimeric ERF proteins fold into a
CNEC 4.014+ 1.4 nM local conformation similar to that of their wild-type precur-
ENCC 1.65+ 1.2 nM SOrs.
NtERF2-F 0.1 0.3nM
CBF1-F 5.63+ 0.6 nM DISCUSSION
ERFpn 62.6+ 21.0 pM
ERFws GCCwt , 38.5:17.0 nM In vitro analyses with truncation mutations and base
ERFpn.ws  SCATAAGAGCCGCCACT-3  6.03+ 1.3nM substitution binding assays (see Table 1) have identified a 5
ERFav 0.45+ 0.3 nM . . -
ERFde 457 1.1 nM bp DRE motif, CCGAC, as the minimal sequence motif
CNEC 24.3+ 19.0 nM necessary for recognition by CBF1, and is also likely to be
ENCC 1.36+ 0.9 nM used by other transcription factors such as DREB4).(

aThe details of the CBF1-F and NtERF2-F proteins and their mutants There are, so far, two DRE variants that have been reported,
are presented in Figure 3. Quantitative EMSA was performed using TACCGACAT from the cor78 and rd29A genes 10, 12)
the DREwt or GCCwt with a protein concentration gradient from 10 gnd TGGCCGAC from theorl5agene (1), in Arabidopsis

uM to 10 pM (or lower for NtERF2 binding to the GCCwt). The&
values are represented as meanstandard deviations of triplicate

determinations.

These DRE variants all share a common DRE motif that
has also been found in the promoter region of the cold-
inducible genebn115in oilseed rape Z0). A recent full-

W10 to serine (ERFws), or both W10 and P9 to asparagine /ength cDNA microarray analysis has shown that 11 target
and serine (ERFpnws), causes a 100- or 10-fold decrease irfdenes of DREB1a, a close homologue of CBF1, contain the
binding activity to GCCwit, respectively. However, none of DREor DRE-related CCGAC motif in their promoter regions
these mutations can bind to the DREwt. These results suggest27)- These results are consistent with our findings.

that W10 and P9 are unlikely to contribute to the alteration

of the binding specificity of NtERF2.
The other divergent residues are at positions 14 and 19 ofsequence with a bindiny of ~2.10 nM. This is a typical
p-strand 2, where A14 and D19 of NtERF2-F are substituted value forKq4 found in the monomer protein, or subunits of
by valine and glutamic acid, respectively, in CBF1-F. The the complex protein, and DNA interactiongg], but the
A14V mutant of NtERF2-F (ERF2av) appears not to affect binding is several 10-fold weaker than the binding of
the binding activity to GCCwt, but acquires a new capability NtERF2-F to the GCC box9j. Both in vitro and in vivo

for binding to DREwt with a bindind<q comparable to that
of CBF1-F binding to DREwt (Table 2). Titration analysis

The truncated ERF domain fragment of CBF1 used in this
study, CBF1-F, interacts with a 16 bp DRE-containing

binding analyses have confirmed that G6 of the GCC motif
is a prerequisite for NtERF2 to bind and to activate gene

shows that the binding of NtERF2av to DREwt matches the transcription with a uniquely high in vitro binding activity
single-site binding kinetics like that of CBF1-1 binding to compared with previously reported cooperative DNA binding
DREwt (see Figure 2), suggesting that the binding is specific. studies 28). Interestingly, however, CBF1-F interacts with
The substitution of D19 with E in NtERF2-F (ERFde) causes the sequence containing not only the GCC maotif but also its
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Ficure 5: Intermolecular interface around the mutational positions
observed in the tertiary structure of the AtERF&CC box complex
(PDB entry 1gcc). A part of the DNA, the protein backbone, and
amino acid residues of interest are shown in the ball-and-stick,
ribbon, and van der Waals surface models, respectively. The figure
was prepared using the program Insight 1l (MSI).
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ERF domain of AtERF1, a close homologue of NtERF2,
shows that Al4 itself does not contact DNA, but shows
significant van der Waals contacts to both R8 and W28, the
side chains of which make direct contact with G6 of the GCC
box (8; Figures 1 and 5). A possible explanation is that the
A14V mutation introduces two methyl groups that impose a
shift in the three-dimensional positions of the R8 and W28
side chains and, consequently, result in a significant rear-
rangement of the proteirDNA interface. In addition,
replacement of D19 of NtERF2-F with the counterpart E of
CBF1 can also produce a binding to the DRE motif, although
the binding activity is very weak. These observations imply
that A14 is an important determinant residue at least for some
tobacco ERF proteins such as NtERF2 and NtERF4 whose
GCC motif binding patterns are very similed)( However,
other residues in the ERF domain may also contribute to
the binding determination. Our chimeric mutation analyses
appear to support this assumption in that both the CNEC
and ENCC proteins exhibit binding activities to the DRE
motif similar to that of their precursor CBF1-F, although
their affinity for binding to the GCC motif is reduced. Also,

it has been recently reported that two ERF proteins, ORCA2

mutants, GCCcl0a (GCCGaC) and GCCg6a-cl0a (aC-and ORCAS3 from periwinkle, bind to a sequence containing
CGaC), with a binding activity similar to that of binding to TAGACCGCC @2, 23), which does not appear to contain
the DRE motif (see Table 2). Indeed, CBF1 activates the 3-discriminating guanine, yet interestingly, both proteins
transcription of a reporter gene driven by either of these two contain A14 and D19 instead of V14 and E19 in their ERF
binding motifs inArabidopsisleaves. It is apparent that the domains.
DRE motif and GCC motif are two closely related sequence  Current findings reveal that CBF1 and NtERF2 are two
motifs that mediate gene transcription regulation upon ERF divergent ERF proteins exhibiting not only unique binding
binding. specificity but also different affinities of binding to their

The question of what makes such a binding specificity target sites. Although CBF1 shares a relatively low level of
between CBF1 and NtERF2 so different has been raised,sequence similarity in its ERF domain in comparison with
considering that ERF binding proteins share a high degreeother ERF proteins (unpublished data), its ERF domain has
of similarity in their ERF domains. From the ERF domain  been predicted to have a conformation similar to that of
GCC motif binding profile shown in Figure 1, there are two AtERF1 @), the homologue of NtERF2. However, CBF1
residues, R8 ofil and W28 of33, which directly com- interacts with its 5 bp DRE motif with a typical binding
municate with G6, the apparently discriminating base for the activity of a monomeric interaction, while NtERF2 binds to
binding of NtERF2 from CBF1, of the GCC motif. However, its 6 bp target GCC motif with an exceptionally high binding
these residues are found to be completely conserved amongffinity. The DRE motif and GCC box are two similar
all ERF proteins, suggesting that the determinants are thosesequence motifs sharing a common core region of CCGNC
divergent residues in the ERF domain between CBF1 andwith a discriminating guanine (G6) at theénd of the GCC
NtERF2 whose side chains are close to R8 and/or W28. P9motif. The recognition requirements and binding magnitudes
and W10 are two residues of this kind that contact R8 of different ERF proteins are likely to be related to the
through their side chains (Figure 5). However, the substitu- differential regulation of their target genes. These results,
tion of P9 or W10 with N or S, respectively, does not enable therefore, warrant further investigation into the differential
NtERF2-F to bind to the DRE motif (see Table 2 and Figure recognition requirements among the different members of
4). The slight increase in the GCC motif binding activity this ERF superfamily.
caused by the PON mutation of NtERF2-F (ERFpn) might
be caused by an increase in backbone flexibility that may ACKNOWLEDGMENT
favor access of a base. Thus, the side chain interaction of \ye are grateful to Dr. Paul Reay (AIST) for the critical
P9 or W10 to R8 is unlikely to alter the binding specificity. reading and discussion of the manuscript.

Through sequence comparison, Liu et 44)(suggested
two other residues, A14 and D19 in strgh2l of the DREB
ERF domain, which might be important in the determination
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