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Abstract

We reported previously that the carboxy-terminal 30 amino acids of SUPERMAN (SUPRD) function as a repression domain in

Arabidopsis. In this study, we identified the peptide sequences in SUPRD that is both necessary and sufficient for repression of tran-

scription. To our surprise, the hexapeptide DLELRL was sufficient, by itself, to confer the ability to repress transcription on a

DNA-binding domain. A database search revealed that there are 32 TFIIIA-type zinc finger proteins in the Arabidopsis genome

that contain a hexapeptide sequence similar or identical to that of DLELRL. These peptides acted as repression domains, suggest-

ing that these zinc finger proteins might function as active repressors. Further mutational analysis within DLELRL revealed that an

amphiphilic motif composed of six amino acids (XLxLXL) with preferences at the first and fifth positions is necessary and sufficient

for strong repression. An assay of positional effects suggested that GAL4DB–DLELRL might function as a short-range repressor.

A possible mechanism of the DLELRL-mediated repression is discussed.

� 2004 Elsevier Inc. All rights reserved.
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Repressors of transcription can be considered to be

either passive or active, and active repressors, unlike

passive repressors, include an independent repression

domain [1]. A large number of transcriptional repression

domains that can be fused to heterologous DNA-bind-
ing domains have been identified in eukaryotes. These

domains vary in terms of both length and sequence,

and they exhibit no significant homology to one another

at the amino acid level. They can, however, be loosely

categorized according to their amino acid content, being

defined, for example, as alanine-rich, proline-rich, or

charged [1].
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In plants, we reported previously that the repression

domains of class II ethylene responsive element-binding

factors (ERFs) and TFIIIA-type zinc finger repressors

of transcription contain a strongly conserved amino acid

sequence (L/FDLNL/FxP) in their respective carboxy-
terminal regions, which we designated the ERF-associ-

ated amphiphilic repression (EAR) motif [2]. This motif

is essential for repression and mutations within this

repression domain of the tobacco ERF3 protein

(ERF3RD; 35 amino acid residues) eliminate the repres-

sive activity of the protein [2]. We also reported that the

carboxy-terminal domain (SUPRD; 30 amino acid resi-

dues) of SUPERMAN, a TFIIIA-type zinc finger pro-
tein that contains an EAR-like motif, functions as a

repression domain [3]. When we compared the repres-

sion by ERF3RD and SUPRD in transient-expression
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assays, we found that SUPRD had approximately 5-fold

more activity than ERF3RD ([2,3], Fig. 1B). Reflecting

these results, transgenic plants expressing the gene for a

chimeric repressor, in which the ETHYLENE-INSEN-

SITIVE3 protein (EIN3) was fused to SUPRD

(35S::EIN3SUPRD plants), seemed to be more in-
sensitive to ethylene than 35S::EIN3RD (=35S::EI-

N3ERF3RD) plants (see Fig. 1B in [4]).

In the present study, to identify elements that are both

necessary and sufficient for repression of transcription,

we examined the activity of derivatives of SUPRD of

various lengths and with various amino acid sequences

in transient-expression assays in Arabidopsis. We found

that a sequence of only six amino acid residues, DLE-
LRL, was necessary and sufficient to confer the capacity

for the repression of transcription on a heterologous

DNA-binding domain. Moreover, analyses of the effects

of mutation and the position of DLELRL suggested a

possible mechanism for DLELRL-dependent repression.
Materials and methods

Construction of effector and reporter plasmids. Effector plasmids

include the GAL4DB-coding region fused to the coding sequence for a

variety of derivatives of SUPRD, in-frame, under control of the cau-

liflower mosaic virus 35S promoter (�800 to +8; CaMV35S) [5]. The

appropriate coding DNA fragments that had been generated by an-

nealing individual pairs of chemically synthesized complementary

DNAs were inserted into the SmaI and SalI sites of the 35S-GAL4DB

plasmid to generate effector plasmids [6]. The reporter gene 35S-

GAL4-TATA-LUC-NOS, which was inserted into pUC19, was de-

scribed previously [3]. This gene consisted of a CaMV35S enhancer

(�800 to �46; CaMV35S 0), a TATA box (�45 to +8), five GAL4

binding sites, a translational enhancer sequence from tobacco mosaic

virus (X), the firefly gene for luciferase (LUC), and a nopaline synthase

terminator (NOS). The reporter genes corresponding to GAL4-35S-

TATA-LUC-NOS, 35S-TATA-GAL4-LUC-NOS, and 35S-TATA-

LUC-NOS-GAL4 were constructed by appropriate ligation of these

elements in the orders indicated.

Transient expression. Details of analysis of transient expression in

Arabidopsis leaves after particle bombardment were described previ-

ously [3,6]. In most co-transfection assays, 1.6lg of the reporter con-

struct and 1.2lg of the effector construct were used for each

bombardment. Luciferase (LUC) assays were performed with the

Dual-Luciferase Reporter Assay System and a luminescence reader

(TD-20/20; Promega, Madison, WI, USA). For normalization of val-

ues after each transfection, 0.4lg of plasmid pPTRL, which includes a

LUC gene from Renilla under control of the CaMV35S promoter, was

co-bombarded as an internal control.

Computerized search for putative repressors. Genes that encode

putative TFIIIA-type zinc finger repressors in the Arabidopsis genome

were searched using our original computer program written by ‘‘Perl.’’

This program is available upon request. The genomic sequences of

Arabidopsis were retrieved from the internet (ftp://ftp.arabidopsis.org/

home/tair/; version ‘‘ATH1_pep_20030417,’’ released in July 2003).

Putative zinc finger motifs were defined as the amino acid sequence

Cx(1–5)Cx(10–16)Hx(2–6)H (where ‘‘x’’ can be any amino acid) in the

present study. All proteins containing this putative zinc finger motif

and an LxLxL sequence located within the carboxy-terminal region of

30 amino acids were listed and proteins that were obviously not

TFIIIA-type zinc finger proteins were eliminated manually.
Results

The minimum functional unit of SUPRD is the DLELRL

hexapeptide

We confirmed previously that the carboxy-terminal
regions of 30–60 amino acids of class II ERFs and of

SUPERMAN that contain an EAR motif or an

EAR-like motif can act as a repression domain when

fused to a heterologous DNA-binding domain [2,3].

However, the EAR-like motif repression domain of SU-

PERMAN (SUPRD) was about five times as active as

the typical EAR-motifs found in class II ERFs in our

experimental conditions ([2,3], Fig. 1B). In order to
characterize in further detail the functions of EAR-like

motifs that mediate the strong repression of transcrip-

tion, we attempted to identify the minimal functional

unit of SUPRD that is both necessary and sufficient

for repression of transcription. We set up a transient-

expression assay in Arabidopsis in which an effector

plasmid that encoded a truncated version of SUPRD

(RD) was fused downstream of the coding sequence
for the DNA-binding domain of the GAL4 protein

(GAL4DB) from yeast, under the control of the

CaMV35S promoter (35S-GAL4DB-RD). The reporter

gene consisted of the enhancer sequence of the

CaMV35S promoter and five copies of the GAL4 bind-

ing site (35S-GAL4-TATA-LUC-NOS). We coex-

pressed the effector and reporter in Arabidopsis leaves

(Col-0) after particle bombardment of leaves (Fig.
1A). As we reported previously by the other reporter

plasmid [2,3], SUPRD showed approximately 5-fold

more activity than ERF3RD in this reporter system

(Fig. 1B). Assays with a series of deleted SUPRD con-

structs revealed that the hexapeptide DLELRL had re-

pression activity similar to that of SUPRD (Fig. 1B).

Further deletion of the first Asp residue or the last

Leu residue of DLELRL resulted in loss of repression
activity (Fig. 1B), indicating that DLELRL is the min-

imal functional unit for repression of transcription.

Two Leu residues in DLELRL are necessary for repres-

sion

We attempted to determine which amino acid resi-

due(s) might be essential for activity and/or replaceable
by others without any effects on activity. We generated

several mutant versions of DLELRL fused to GAL4DB

by site-directed mutagenesis and examined the resultant

effector plasmids in transient-expression assays. As

shown in Fig. 2A, whenever any individual residue with-

in DLELRL was replaced by Ala, the mutated peptide

had reduced or no ability to repress transcription. In

particular, each of the Leu residues appeared to be more
essential than the other three hydrophilic residues since

replacement of any of the three Leu residues by Ala



Fig. 1. Mapping of the minimal repression domain of SUPRD. (A) Schematic representation of the constructs used in bombardment experiments.

The GAL4-responsive reporter, 35S-GAL4-TATA-LUC-NOS, was constructed as described in Materials and methods. Each effector construct

contained GAL4DB and part of the coding region of SUPRD or ERF3RD (RD) under control of the CaMV35S promoter. (B) Relative LUC

activities after co-bombardment of Arabidopsis leaves with the 35S-GAL4-TATA-LUC-NOS reporter plasmid and the GAL4DB fusion effector

plasmids. pUC18 and GAL4DB were used as controls, and the details on the left indicate the RD portion of each effector plasmid. All LUC activities

are expressed relative to values obtained after co-bombardment with the reporter plasmid and pUC18 (with the value for pUC18 set arbitrarily at

100%). The values cited are averages, with standard deviations, of results from a minimum of three independent experiments.

Fig. 2. Mutational analysis of the DELERL minimal repression domain. The reporter and the effector plasmids were the same as described in Fig. 1.

The RD portion of each effector plasmid is shown on the left. All of the replaced amino acid residues are indicated by red letters. (A) Replacement of

amino acid residues in DLELRL by Ala. Each amino acid residue within DLELRL was replaced sequentially by Ala, as indicated. (B) Replacement

of Leu by other hydrophobic amino acids. The three Leu residues of DLELRL were replaced by Ile, Val, Met or Phe, as indicated. (C) Replacement

of Leu by Phe. One or two Leu residues were replaced by Phe. All LUC activities are expressed relative to values obtained after co-bombardment of

the reporter plasmid and pUC18 (with the value for pUC18 set arbitrarily at 100%). The values cited are averages, with standard deviations, of results

from a minimum of three independent experiments.
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resulted in a considerable reduction in or completely loss

of repression activity. When any of the three Leu resi-

dues within DLELRL was replaced by another hydro-

phobic residue, such as Ile, Val, Met, or Phe, the

resultant peptides had no repression activity (Fig. 2B).

The derivatives of DLELRL in which each Leu in turn
was changed to Phe (DFELRL, DLEFRL, and

DLELRF) functioned weakly as repression domains.

However, when two of the three Leu residues within

DLELRL were replaced by Phe in any combination

(DFEFRL, DFELRF, and DLEFEF), the resultant

peptides lost their repression activity completely (Fig.

2C). These results indicated that the Leu residues cannot

be replaced by other hydrophobic amino acids if strong
repressive activity is to be required and, moreover,

that at least two Leu residues are indispensable for

repression.

The DLELRL hexapeptide is conserved in the carboxy-

terminal region of TFIIIA-type zinc finger proteins in

Arabidopsis

We searched the Arabidopsis genome for putative re-

pressor proteins similar to SUPERMAN (SUP) that had

a TFIIIA-type zinc finger DNA-binding domain and a

sequence that resembled DLELRL in the carboxy-termi-

nal region, as described in Materials and methods. We

found 32 candidate proteins, including SUPERMAN

(Fig. 3). The number of zinc finger domains in these pro-
Fig. 3. Alignment of amino acids in the zinc finger domains and the carbox

repressors. The number on the left of each of the zinc finger motif indicates th

proteins, with more than one, only one is included. In the column labeled

repression domains, and the regions of the hexapeptides that overlap each oth

to colour in this figure legend, the reader is referred to the web version of th
teins varied from one to three but proteins with one zinc

finger were dominant. Eight proteins contained a com-

plete DLELRL sequence, while the others had sequenc-

es that included different residues in place of the Asp,

Glu, and Arg residues of DLELRL. To assess the im-

portance of the hydrophilic residues other than Leu in
DLELRL, we constructed 18 effector plasmids that en-

coded the derivatives of DLELRL from all of the zinc

finger proteins shown in Fig. 3 and investigated their re-

pression activities in transient-expression assays. As

shown in Table 1, DLDLRL and DLTLRL had repres-

sion activity similar to that of DLELRL (the level of ex-

pression of the reporter gene was reduced by >90%),

while DLSLRL, DLSLKL, DLSLSL, DLSLHL,
DLTLKL, CLDLRL, SLDLHL, SLDLRL, NLNLKL,

and CLDLSL had moderate activity that was similar to

that of a typical EAR-motif repression domain (the level

of expression of the reporter gene was reduced by 65–

85%) ([2,3], Fig. 1B). By contrast, SLSLSL had weak ac-

tivity (the level of expression of the reporter gene was

reduced by only about 2%), while DLKLEL, DLHLSL,

CLDLDL, and SLSLKL appeared to function as activa-
tion domains. The results for DLSLHL, SLDLHL, and

DLHLSL indicated that the particular combination of

amino acid residues at the first, third, and fifth positions

is important for repression activity. When we compared

the results for DLDLRL and CLDLRL and for

DLTLRL and DLTLKL, for example, we found that

Asp at the first position and Arg at the fifth position
y-terminal regions of putative TFIIIA-type zinc finger transcriptional

e number of zinc finger domains found in each protein. For zinc finger

RD motif, for repression domain motif, red letters indicate putative

er are indicated by dark-red letters. (For interpretation of the references

is paper.)



Table 1

Repression activities of the hexapeptides similar to DLELRL

Relative LUC activity (%)c

Hexapeptidea

DLELRL 6±1

DLDLRL 6±3

DLTLRL 10±3

DLSLRL 20±3

DLSLKL 18±7

DLSLSL 25±9

DLSLHL 24±6

DLTLKL 36±10

CLDLRL 18±3

SLDLHL 35±10

SLDLRL 17±5

NLNLKL 15±9

CLDLSL 19±1

SLSLSL 98±16

DLKLEL 174±16

DLHLSL 117±4

CLDLDL 446±16

SLSLKL 289±30

Hexapeptideb

DLNLRL 4±2

DLQLRL 1±1

DLRLRL 4±3

ELELRL 4±3

NLELRL 7±2

QLELRL 36±15

DLELEL 127±18

DLELDL 92±17

DLELNL 21±8

DLELQL 51±11

SLELRL 7±2

TLELRL 21±10

DLELTL 9±3

DLELSL 26±9

DLHLRL 13±4

NLNLNL 110±23

Control (pUC18) 100

a The peptides from the Arabidopsis TFIIIA-type zinc-finger

proteins listed in Fig. 3.
b The peptides designed artificially and from the Zea ramosa

TFIIIA-type zinc-finger protein.
c Relative LUC activities to control (pUC18, set as 100%).
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were indispensable for strong repressive activity,

whereas the residue at the third position seemed to be

more tolerant to variations. To confirm that the motif

DLxLRL is essential for strong repression, we prepared

another 16 effector plasmids that contained 15 custom-

designed derivatives of DLELRL and the DLQLRL

motif from the TFIIIA-type zinc finger protein of Zea

ramosa (CAD23294), respectively, and then we analyzed
their activities (Table 1). The results and those described

above indicated that Arg at the fifth position is impor-

tant but Thr is also tolerated at this position, while the

first Asp residue is replaceable by Glu, Asn or Ser.

The results of our transient-expression assays re-

vealed that the amphiphilic motif composed of six ami-

no acids (XLxLXL) with preferences at the first (X=D/
N/Q/S) and fifth positions (X=R/T) is necessary and

sufficient for strong repression, and that the combina-

tion of residues at the first and fifth positions is impor-

tant if the peptide is to act as a repression domain

with strong repression activity as described above.

GAL4DB–DLELRL functions as a short-range repressor

and is active immediately upstream of the TATA box

To characterize the mechanism of repression that is

mediated by the DLELRL repression domain, we exam-

ined whether the position of the target site with which

the GAL4DB–DLELRL repressor interacts might affect

the repression. We prepared four different reporter
genes, in which the target site (5xGLA4) was located, re-

spectively, upstream of the CaMV35S enhancer, be-

tween the CaMV35S enhancer and the TATA box,

downstream of the TATA box, and downstream of the

NOS terminator (Fig. 4A). To compare the effects of po-

sition on DLELRL-dependent repression to those for

activation of the well-characterized VP16 activation do-

main of Herpes simplex virus [7], we used 35S-
GAL4DB-VP16 [8] as the effector plasmid. Fig. 4B

shows that GAL4DB–DLELRL effectively repressed

the expression of the reporter gene when the target site

was located upstream of the TATA box but was less ef-

fective in the case of other targeted sites. These results

indicated that GAL4DB–DLELRL functions as a

short-range repressor. It is noteworthy that transcrip-

tional activation by GAL4DB-VP16 occurred only
when the target was upstream of the TATA box, and

it functioned as a weak repressor when the target was

at other sites. These results suggest that the mechanism

of DLELRL-dependent repression might be similar to

that of VP16-dependent activation and might involve in-

teraction(s) with general transcription factors [9]. When

GAL4DB or fusion proteins that included GAL4DB

were targeted to sites downstream of the TATA box
or downstream of the NOS terminator, they seemed to

function as passive repressors because the extent of re-

pression was similar for all the GAL4DB-containing

effector plasmids (Fig. 4B).
Discussion

In this study, we showed that the minimum sequence

of the repression domain of SUPERMAN is the DLE-

LRL hexapeptide, which is both necessary and sufficient

for repression when fused to a heterologous DNA-bind-

ing domain. We also demonstrated that the three Leu

residues in DLELRL are important for repression in a

series of substitution experiments (Fig. 2). Tiwari et al.

[10] reported that the LxLxL motif within domain I of
AUX/IAA proteins is important for repression and not-

ed its similarity to EAR and EAR-like motifs. They also



Fig. 4. Positional effects of DLELRL-dependent repression of transcription. (A) Schematic representation of the constructs used in bombardment

experiments. Construction of the reporter and the effector plasmids is described in Materials and methods. The position of 5xGAL4, the target site

for the GAL4DB-RD and GAL4DB-VP16 effectors, is indicated in red letters. (B) LUC activities in Arabidopsis leaves that had been co-bombarded

with reporter and effector plasmids. All LUC activities are expressed relative to values obtained after co-bombardment of leaves with each reporter

plasmid and pUC18 (with values for pUC18 set arbitrarily at 100%). The values cited are averages of results from a minimum of three independent

experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)
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noted the importance of the Leu residues in the LxLxL

motif, which is consistent with our results. However, the

minimal sequence that acts as a repression domain with-

in the domain I of AUX/IAA proteins has not been

determined [10].

In case of the LxLxL motif within domain I of AUX/

IAA proteins, replacement of the amino acid residues

that corresponded in terms of position to Asp, Glu,
and Arg in DLELRL by Ala did not critically affect re-

pression [10]. By contrast, in our study, replacement of

Asp, Glu or Arg of DLELRL by Ala resulted in a major

reduction in repression. These conflicting results may be

due to differences in the activities of repression between

protoplast and leaves, in the length of the repression do-

main that were used for each transient assay, or in the

strength of repressive activity between DLELRL and
the domain I of AUX/IAA proteins. The latter had re-

pressive activity similar to that of the typical EAR-motif

repression domain of AtERF4 (AtERF4RD) [10],

whereas DLELRL was approximately five times more

active as a repressor than AtERF4RD in transient-ex-

pression assays (data not shown). Strong repression

may require more strictly conserved sequences of amino

acid residues even at the ‘‘non-Leu’’ positions in the am-
phiphilic XLxLXL motif. Some hexapeptides that we

examined had no repressive activity even when the three

Leu residues were conserved at their proper positions

(Fig. 3).

To summarize: the three Leu residues in the minimal

hexapeptide repression domain are critical, as indicated
in the LxLxL motif of AUX/IAA proteins by Tiwari

et al. [10], but the other residues are also important

for repression. It is clear, moreover, that appropriate

combinations of amino acid residues in the amphiphilic

XLxLXL motif are required for repression.

In the Arabidopsis genome, we found 32 TFIIIA-type

zinc finger proteins that contained DLELRL or a deriv-

ative in the carboxy-terminal region and the hexapep-
tides from 27 of those proteins had repressive activity.

The various TFIIIA-type zinc finger proteins with a hex-

apeptide repression domain might function as repressors

of transcription in vivo since they resemble SUPER-

MAN not only in terms of the repression domain but al-

so in terms of their entire structure, including the

TFIIIA-type zinc finger domains. In particular, the At-

ZFP11 protein contains the DLELRL sequence in
its carboxy-terminal region and the importance of this

sequence for the action of AtZFP11 was reported by

Dinkins et al. [11].

Minimization of the repression domain is the first

step towards elucidation of the mechanism of repres-

sion. In this study, we identified a sequence of six amino

acid residues, DLELRL and its derivatives, as the min-

imal repression domain. This domain is, to our knowl-
edge, smallest repression domain identified to date.

Many mechanisms for active repression have been re-

ported in eukaryotes [9], involving interactions with gen-

eral transcription factors, the chromatin remodeling

complex, and other macromolecules. Therefore, the

identification of the factors that interact with the
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minimal repression domain is now of prime importance.

Our results indicated that the GAL4DB–DLELRL

functioned as a short-range repressor and that the mech-

anism of DLELRL-dependent repression might be sim-

ilar to that of VP16-dependent activation that involves

general transcription factors [9]. The DLELRL repres-
sion domain might interact with the general transcrip-

tional machineries. Because the repression domain of

AUX/IAA protein (IAA17) functions as a short-range

repressor [10], it might also interact with the general

transcriptional machineries.

In the murine zinc finger-homeodomain transcrip-

tional repressor, dEF1, the PLDLSL sequence is essen-

tial for repression of transcription and for interactions
with corepressors, namely, carboxy-terminal binding

protein 1 (CtBP1) and CtBP2 [12]. This sequence is also

conserved among adenovirus E1A proteins as a CtBP-

binding motif [12]. Because of the similarity between

the CtBP-binding motif and the minimal repression do-

main identified in this study, we examined whether the

Arabidopsis homolog of CtBP might affect repression

that is mediated by the DLELRL repression domain.
We performed transient-expression assays using Arabid-

opsis plants with a mutant ANGUSTIFOLIA gene,

which is the gene for the plant ortholog of CtBP

[13,14], but we detected no reduction in the extent of re-

pression by DLELRL (data not shown). These results

suggest that ANGUSTIFOLIA is not likely to be in-

volved in the mechanism of DLELRL-dependent repres-

sion of transcription.
Repression motifs that resemble the EAR-like motif

(=the amphiphilic XLxLXL motif) of the TFIIIA-type

zinc finger family can be found at least in four families

of plant transcription factors. They are found in mem-

bers of the ERF family and the TFIIIA-type zinc finger

family (in which the EAR motif is L/FDLNL/FXP) [2];

in members of the AUX/IAA family (the LxLxL motif)

[10]; and in members of subgroup 4 of Myb family
(pdLNLD/ElxiG/S) [15], which can be included in this

category. Some members of each family have been

shown to function as repressors or corepressors

[3,10,16]. Many transcriptional repressors and corepres-

sors in other families of proteins that contain the repres-

sion motifs described above might be identified in the

future. Our observations move us a little closer towards

elucidation of mechanisms of transcription and the iden-
tification of the full complement of the repressors and

corepressors of transcription in plants.
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