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Abstract. Auxin response factors or ARFs are a re- contain a carboxyl-terminal protein-protein interaction
cently discovered family of transcription factors that domain that forms a putative amphipathic a-helix. A
bind with specificity to auxin response elements similar carboxyl-terminal protein-protein interaction

domain is found in the Aux/IAA class of auxin-(AuxREs) in promoters of primary or early auxin-
responsive genes. ARFs have an amino-terminal inducible proteins. Some ARFs contain transcriptional

activation domains, while others contain repression do-DNA-binding domain related to the carboxyl-terminal
DNA-binding domain in the maize transactivator mains. ARFs appear to play a pivotal role in auxin-

regulated gene expression of primary response genes.VIVIPAROUS1. All but one ARF identified to date
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Introduction

Plant growth, development, and physiology are regu-
lated by a variety of hormones. The classical plant
hormones, which include auxins, cytokinins, gibbere-
llins, abscisic acid and ethylene, were discovered several
decades ago. Recently, a number of additional
molecules have been identified that might also be
classified as plant hormones. These include jasmonic
acid, salicylic acid, the steroid brassinolide and some
small peptides like systemin. While a considerable
amount is known about the biosynthesis and distribu-
tion of these hormones in plants, the receptors and
signal transduction pathways for plant hormones are
only beginning to be unravelled.
Auxin was discovered more than a half century ago,
and its biosynthesis, transport, distribution and mode
of action have been intensively investigated since its

discovery. Still, little is known about the molecular
mechanisms of auxin action. Auxin is known to regu-
late a variety of cellular processes, including cell divi-
sion, cell extension and cell differentiation. Auxin is
generally required to propagate plant cells grown as
callus or liquid suspension cultures. At the whole plant
level, auxin is known to play important roles in root
formation, apical dominance, gravitropism, pho-
totropism and senescence. The most prevalent naturally
occurring auxin is indole-3-acetic acid (IAA), but a
number of highly active synthetic auxins have been
developed in the agricultural and horticultural indus-
tries. These include 2,4-dichlorophenoxyacetic acid (2,4-
D) and 1-naphthaleneacetic acid (1-NAA). Depending
on the concentration of auxin that is applied to plants,
this hormone can act as a herbicide, growth retardant
or growth stimulator.
While it is well documented that natural auxins are
highly important for normal plant growth and develop-
ment and that application of synthetic auxins can dra-* Corresponding author.
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matically alter normal growth and development, little is
known about the signal transduction pathways and
targets involved in auxin action. A number of auxin-
binding proteins have been identified in plants [1], but
it remains controversial whether these are receptors
involved in auxin signal transduction pathways. One of
several approaches that is currently being used to gain
insight into auxin action and signal transducton is to
identify and characterize primary or early auxin-re-
sponsive genes that might initiate or contribute to
auxin-induced growth and developmental responses.
Primary or early auxin response genes are defined as
those genes that are activated or repressed within about
2 to 20 min after a plant, excised plant organ or
cultured cell is exposed to exogenous auxin. In addi-
tion, primary response genes do not require ongoing
protein synthesis to elicit a response to auxin (i.e. brief
pretreatment with or simultaneous application of cyclo-
heximide and auxin does not prevent activation or
repression of the gene). Transcripts of several primary
response genes increase in abundance when plants or
excised plant organs are exposed to cycloheximide in
the absence of auxin treatment, but these increases may
result from either or both transcriptional and posttran-
scriptional processes [2, 3].
A variety of primary auxin response genes have been
identified and characterized [4]. In a few cases, the
promoters of these genes have been analysed for cis
elements that confer an auxin response, and these have
been referred to as auxin response elements or AuxREs.
Naturally occurring AuxREs that have been defined in
the greatest detail are composite elements, consisting of
a constitutive element or coupling element that lies
adjacent to or overlaps with a TGTCTC element which
confers auxin responsiveness in the soybean GH3 pro-
moter [5, 6] (D1 and D4 in fig. 1). Within a composite
AuxRE, the constitutive element is defined as an ele-
ment that confers constitutive expression to a minimal
promoter-reporter gene. In composite AuxREs, the
TGTCTC element represses the constitutive element
when auxin levels are low, and the composite element is
derepressed and activated when auxin levels are ele-
vated. Recent experiments suggest that the TGTCTC
element can function as an AuxRE in the absence of a
coupling element if the TGTCTC element is multimer-
ized with appropriate spacing and orientation [7, 8]
(ER7 and DR5 in fig. 1). Some of these synthetic
AuxREs are severalfold more active than natural
AuxREs and have proven advantageous for identifying
transcription factors involved in auxin-responsive gene
expression.
The TGTCTC element is found within auxin-responsive
regions of a variety of auxin-responsive genes, including
GH3, SAUR and Aux/IAA genes. Table 1 lists the
positions of these elements within a few of these auxin-

responsive promoters. The functional significance of the
TGTCTC element has only been evaluated in the soy-
bean GH3 and PS-IAA4/5 promoters (indicated by
underscores in table 1). It should be noted that single
copies of the TGTCTC element do not function as
AuxREs unless they are within a composite element.
Some similarities between TGTCTC AuxREs and glu-
cocorticoid or steroid hormone response elements

Figure 1. Composite and simple AuxREs. The composite
AuxREs which are shown are found in the soybean GH3 pro-
moter [26, 34] and consist of a constitutive element (open box)
that lies adjacent to (D4) or overlaps with (D1) a TGTCTC
element (shaded box), which confers auxin responsiveness [5].
Simple AuxREs contain no apparent constitutive element and
consist of palindromic (ER7) or direct repeats (DR5) of the
TGTCTC element [7, 8]. Direct repeats of TGTCTC function as
AuxREs in either orientation. Arrows show the orientation of the
TGTCTC element in different AuxREs.
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Table 1. TGTCTC-like elements in auxin-responsive regions of
promoters.

Gene Position Sequence

GH3 (−241) TTTTGCTGACGTGGcGACA
GH3 (−181) CCTCGTGTCTC
GH3 (−142) CACGCAATCCTTTGTCTCAATAAG
PS-IAA4/5 (−173) TGTCcCAT
PS-IAA4/5 (−162) TGTCaCCCCTATAAGGAGACA
SAUR 15A (−142) CATATGCCATGTCTCTCAATTGG-

TCCCAT
SAUR AC1 (−263) CAACTTCATGTCcC
SAUR AC1 (−218) TGTCTtTGAGACA
SAUR AC1 (−161) AACTTCTcAGACACCATTTAT

TGTCTC or related elements are indicated in bold letters. Bases
that differ from a perfect TGTCTC sequence within different
elements are shown in lower-case letters. Some of these elements
are in reverse orientation. The GH3 and SAUR 15 genes are from
soybean [5, 7, 15, 26], the PS-IAA4/5 gene is from pea [36], and
the SAUR AC1 gene is from Arabidopsis [37]. Sequences contain-
ing TGTCTC elements that have been shown to function as
AuxREs in vivo as composite or simple elements are underscored
[5, 7, 36].

Figure 2. Comparison of AuxREs and GREs. The cis elements
that confer auxin responsiveness and glucocorticoid responsive-
ness are shown as shaded boxes at the top. These are referred to
as half-sites because the preferred binding sites for ARFs (i.e.
transcription factors that bind to the TGTCTC element) and
glucocorticoids are palindromic. Composite AuxREs and GREs
contain a half-site (shaded boxes) and a coupling element (un-
shaded boxes). The coupling element may be a G-box in AuxREs
and an AP-1 site in GREs. Palindromic repeats of TGTCTC
function as AuxREs, and palindromic repeats of TGTTCT func-
tion as GREs. Spacing and orientation of the repeats are impor-
tant for activity. Highly active AuxREs consist of everted repeats
separated by seven or eight nucleotides, while highly active GREs
consist of inverted repeats separated by three nucleotides. Arrows
show the orientation of the half-sites in AuxREs and GREs.

(GREs or HREs) have been noted [7]. First, the
TGTCTC AuxRE is related in sequence to the GRE
half-site TGTTCT (fig. 2). Second, composite AuxREs
share some similarity with composite GREs and other
composite HREs found in animal genes that respond to
steroid hormones [9]. GRE half-sites may overlap with
other DNA-binding sites (e.g. activator protein-1 or
AP-1 binding sites) in composite GREs, and TGTCTC
sites may overlap with coupling elements (e.g. G-box) in
composite AuxREs (fig. 2). Third, GREs and HREs
may also come in the form of simple elements, consist-
ing of direct repeats or palindromes with a specific
number of nucleotides separating the half-sites [7, 9].
Likewise, synthetic AuxREs that contain direct repeats
or palindromes with TGTCTC half-sites have been cre-
ated [7, 8] (fig. 2), and a natural palindromic TGTCTC
AuxRE has been identified in an auxin-responsive pro-
moter [7] (see PS-IAA4/5 (−162) in table 1).

AuxREs and ARF1

ARFs or auxin response factors are transcription fac-
tors that bind to AuxREs with the consensus sequence
TGTCNC [7]. ARF1 from Arabidopsis was the first of
these transcription factors to be identified, and it was
cloned using a yeast one-hybrid screen with a highly
active, synthetic AuxRE containing a palindromic re-
peat of the TGTCTC element as bait [7].
The ARF1 protein contains 665 amino acids and has a
predicted molecular mass of about 74 kDa with a pI of
about 6.0. Gel mobility shift assays with truncated
forms of ARF1 revealed that the DNA-binding domain

was localized to the amino-terminal half of the protein
(fig. 3). Within the ARF1 DNA-binding domain, a
sequence stretching over about 120 amino acids [7]
shows some similarity to a carboxyl-terminal sequence
found in the maize transcriptional activator
VIVIPAROUS1 or VP1 [10] and its relatives ABI3 in
Arabidopsis [11], OsVP1 in rice [12] and PvAlf in bean
[13]. VP1, ABI3 and OsVP1 are transcription factors
that regulate abscisic acid (ABA)-responsive genes, and
PvAlf is a transactivator that regulates genes that are
expressed during seed formation. Although VP1 was
originally thought to function as a transactivator with-
out binding directly to DNA, recent evidence indicates
that the carboxyl B3 domain, which is conserved in
ABI3, OsVP1 and PvAlf and related to a portion of the
ARF1 DNA-binding domain, is, in fact, a cryptic
DNA-binding domain in maize VP1 [14].
The middle of the ARF1 protein contains a proline-rich
region that is also enriched in serine and threonine
residues [7]. This region represents a possible activation
or repression domain because it has some sequence
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similarity to other transcriptional activators or repres-
sors that contain proline-rich motifs [15]. Within the
proline-rich region of ARF1, the sequence PQRNKRPR
(amino acids 368–375) represents a possible SV-40 large
T antigen-type nuclear localization sequence (NLS).
Another possible NLS is bipartite, RRHLLTTG-
WSVFVSSKK, and found in the DNA-binding domain
(fig. 3).
The carboxyl-terminal domain in ARF1 is intriguing
because it is related to conserved domains III and IV
found in a class of proteins encoded by Aux/IAA mR-
NAs (fig. 3) that are rapidly elevated in abundance
when seedlings or excised organs are treated with auxin
[7]. Many members of the Aux/IAA class of messenger
RNAs (mRNAs) show increases in abundance within 5
to 20 min after exogenous auxin stimulation, suggesting
that these mRNAs are transcribed from primary or
early auxin-responsive genes [16–19]. This is supported
by the observation that cycloheximide treatment does
not block the auxin-induced accumulation of Aux/IAA
transcripts, and in fact, cycloheximide treatment itself
increases the abundance of some Aux/IAA transcripts
[17, 19]. The Aux/IAA proteins range in size from
about 150 to 350 amino acids and contain four islands
or domains (i.e. domains I, II, III and IV of about 8, 14,
17 and 40 residues in size, respectively) that are con-
served in all members that make up this class of
proteins [18–21]. In contrast, ARF1 contains domains
III and IV, but lacks domains I and II, and ARF1 is
about twice as large as the largest Aux/IAA protein (fig.
3).

Other members of the ARF family in Arabidopsis

A combination of experimental approaches has revealed
that ARF1 is a member of a family of proteins contain-
ing a highly conserved amino-terminal DNA-binding
domain that recognizes the TGTCTC element. A sec-
ond member of the ARF family, ARF2, was isolated in
a yeast two-hybrid screen using the carboxyl-terminal
region (i.e. encompassing conserved domains III and
IV) of ARF1 as bait [7]. ARF2 was originally referred
to as ARF1-binding protein or ARF1-BP and repre-
sented a partial complementary DNA (cDNA) clone
lacking the amino terminus. Subsequently, a full-length
cDNA clone was isolated, and this encoded a protein of
859 amino acids with predicted molecular mass of
about 96 kDa and a pI of 6.4 (T. Ulmasov, unpublished
results). ARF2 contains an amino-terminal DNA-bind-
ing domain and a carboxyl-terminal region with do-
mains III and IV that are highly similar to ARF1.
Results with the yeast two-hybrid screen suggested that
different ARFs might interact through conserved do-
mains III and/or IV to form homodimers and het-

erodimers. Furthermore, the two-hybrid results
suggested that ARFs might also interact with Aux/IAA
proteins, because both classes of proteins contain do-
mains III and IV within their carboxyl termini. Recent
results with the yeast two-hybrid system have confirmed
that ARFs and Aux/IAA proteins can interact among
themselves and among one another through their con-
served carboxyl-terminal domains [8, 22].
Up to now, a total of nine full-length Arabidopsis
cDNA clones encoding ARF-like proteins have been
identified by either screening cDNA libraries with
amino-terminal or carboxyl-terminal cDNA probes or
by using probes from database searches (T. Ulmasov,
unpublished results) (fig. 3). Eight of the ARF proteins
contain highly conserved amino-terminal DNA-binding
domains and carboxyl-terminal domains III and IV.
The remaining ARF protein, ARF3, is unique in that it
contains the amino-terminal DNA-binding domain but
lacks carboxyl-terminal domains III and IV. Additional
ARFs are likely to be found based upon limited se-
quence information found in expressed sequence tag
(EST) and genomic databases. Because of the high
conservation in the DNA-binding domain of ARF
proteins identified to date, it is likely that they all
recognize the same or a similar DNA target site.
While the ARF proteins contain highly conserved (i.e.
ranging from 50 to 75% amino acid sequence identity
among the ARFs that have been sequenced) amino-ter-
minal and carboxyl-terminal regions (with the exception
of ARF3, which lacks the carboxyl terminus), amino
acid sequence separating these regions is poorly con-
served among most ARFs. In contrast to ARF1, which
contains a central region rich in proline, serine and
threonine, ARF5, ARF6, ARF7 and ARF8 contain a
glutamine-rich central region which is also enriched in
leucine and serine residues. Some pairs of ARFs are
closely related in amino acid sequence in their amino-
terminal DNA-binding domain and their carboxyl-ter-
minal domains III and IV, suggesting that different
ARFs may form partners that interact more strongly
with one another than with other ARFs. This may
explain why only ARF2 was isolated in a yeast two-hy-
brid screen with the ARF1 carboxyl-terminal domains
as bait, even though other ARF cDNAs existed in the
cDNA library [7; T. Ulmasov, unpublished results].
Arabidopsis mutants that have defects in the ARF5/
IAA24 gene have recently been identified. The ARF5/
IAA24 protein is identical to the MONOPTEROS
(MP) protein [23], which is involved in embyro axis
formation and vascular development. Mutations in the
MP gene interfere with formation of vascular strands
during embyrogenesis and at later times during develop-
ment. Mutant MP plants fail to develop hypocotyls and
roots. Furthermore, some of the phenotypes displayed
by mutations in the MP gene are similar to abnormali-
ties induced in wild-type plants in response to auxin
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transport inhibitors [24]. These results are consistent
with ARF5/IAA24 acting as a transcription factor in
auxin responses. In another recent report, the ARF3
protein was shown to be the same as the ETT protein,
which plays a role in flower development in Arabidopsis
[25]. Mutant ett plants display increased numbers of
sepals and petals, decreased numbers of stamens, and
defects in the form of carpels and anthers. The role of
auxin in these processes has not been established, but it
would not be surprising that auxin might play a role in
flower development and floral organ formation.

Preferred DNA-binding sites for ARF proteins

The DNA sequence requirements for DNA binding by
ARF1 and ARF5/IAA24 has been assessed by carrying
out site-directed mutagenesis within TGTCTC AuxREs.
Gel mobility shift assays were used to determine if
mutant variants of a palindromic TGTCTC AuxRE
would bind recombinant ARF proteins in vitro [7, 8].
These studies showed that the first four nucleotides,
TGTC, or positions 1–4 are critically important for
ARF binding to TGTCTC elements. On the other
hand, some nucleotide substitutions at positions 5 and 6
are tolerated, especially at position 5. Nevertheless,
positions 5 and 6 are important for ARF1 binding and
AuxRE activity. The consensus sequence for a func-
tional element is TGTCNC. Results of Ulmasov et al.
[7] have shown that in vitro binding specificity of ARF1
and ARF5/ IAA24 for the TGTCTC element and vari-
ants of the TGTCTC element perfectly paralleled the in
vivo auxin inducibility of the TGTCTC element and
variants of the TGTCTC element in transfected carrot
cells, suggesting that ARFs function as AuxRE-binding
proteins in auxin-regulated gene expression.
Orientation and copy number of target sites also play a
role in ARFs binding to TGTCTC elements. ARF1
binds with highest affinity to everted repeats of the
TGTCTC element, and binds with lower affinity to
inverted repeats and direct repeats of the TGTCTC
element [7, 8]. Single natural composite AuxREs con-
taining the TGTCTC element interact only weakly with
ARF1, while single copies of everted repeats (i.e. two
copies of the TGTCTC element) interact strongly with
ARF1. At the same time, composite elements, contain-
ing only a single copy of TGTCTC, are only weakly
auxin-inducible in carrot protoplast transfection assays
(i.e. two- to threefold auxin-inducible) [5, 26], while a
single copy of the TGTCTC everted repeat is more
highly induced by auxin in vivo (i.e. about fivefold
auxin-inducible). The auxin-inducible activity of natural
composite AuxREs in vivo probably results from inter-
actions between a factor bound to a constitutive cou-
pling element and ARFs. The multimerization of the
TGTCTC element in synthetic AuxREs containing di-

Figure 3. Diagrams of ARF protein family members in Arabidop-
sis identified to date. The amino-terminal DNA-binding domain is
conserved in each ARF. All ARFs identified to date with the
exception of ARF3 or ETT contain carboxyl termini with do-
mains III and IV. Domains III and IV are also found in the
carboxyl termini of Aux/IAA proteins (diagrammed below the
nine ARF proteins). Aux/IAA proteins contain two additional
conserved domains (I and II) which are absent in ARF proteins.
The regions between the DNA-binding domains and carboxyl-ter-
minal protein-protein interaction domains in ARFs (or the car-
boxyl-terminal regions in ARF3) show little sequence similarity
among the ARF family members; however, these nonconserved
regions are generally enriched in one or more amino acids such as
proline, serine, threonine, leucine and/or glutamine. The relative
sizes of the ARF and Aux/IAA protreins are indicated by the
black bars.

rect or palindromic repeats with appropriate spacing
may allow ARFs to interact with these sites in a cooper-
ative fashion. That ARF1 binds TGTCTC elements
cooperatively is supported by the observation that sin-
gle copy everted repeats appear to bind dimers of ARF1
protein (T. Ulmasov, unpublished results).

The carboxyl-terminal domain of ARFs functions in
protein-protein interactions

The carboxyl-terminal region of ARF1 is intriguing
because of its similarity to the conserved domains III
and IV found in the carboxyl-terminal regions of the
auxin-induced Aux/IAA proteins. It has been hypothe-
sized that the Aux/IAA class of proteins are short-lived
transcription factors that regulate middle or late auxin-
responsive genes [27]. This hypothesis is based on the
observations that the synthesis of most Aux/IAA
proteins is auxin-inducible and that several members of
the Aux/IAA class of proteins, when analysed as trans-
lational fusions with the GUS protein, are targeted to
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Figure 4. Protein-protein interactions between ARFs and Aux/IAA proteins. (A) Schematic diagram of possible interactions between
an ARF and an Aux/IAA protein through their conserved carboxyl-terminal domains III and IV. Examples of an ARF homodimer an
Aux/IAA homodimer and an ARF-Aux/IAA heterodimer are shown. In addition to the examples shown, different ARFs can form
ARF(x)-ARF(y) heterodimers and different Aux/IAA proteins can form Aux/IAA(x)-Aux/IAA(y) heterodimers. (B) Diagram of the
amphipathic a helix found in and adjacent to domain III of the ARF1 carboxyl terminus (box III, a helix). Similar amphipathic a
helices are found in other ARF and Aux/IAA proteins. Related amino acids (e.g. acidic, basic etc.) are color-coded.

the nucleus [27, 28]. Nuclear localization signals have
been identified by functional tests in a few of Aux/IAA
proteins [28]. It has been proposed that domain III in
Aux/IAA proteins is part of a motif related to the
amphipathic baa fold found in b-ribbon DNA-binding
domains of prokaryotic Arc and MetJ repressor
proteins [27]. At this point, however, there is no direct
evidence that supports a role for Aux/IAA proteins as

DNA-binding proteins. In the ARF1 protein, the amino
terminus contains the DNA-binding domain, and do-
mains III and IV in the carboxyl-terminal region of
ARF1 play no apparent role in ARF1 binding to
TGTCTC AuxREs [7]. Furthermore, recombinant Aux/
IAA proteins fail to bind TGTCTC AuxREs [8]. Thus,
if amino acids in and around domain III in Aux/IAA
proteins make up a DNA-binding domain with similar-
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Figure 5. Proteins containing domains related to those in ARFs.
Aux/IAA and ARF proteins are related to one another in having
similar carboxyl-terminal domains III and IV. ARF3 lacks do-
mains III and IV in its carboxyl terminus, but contains an
amino-terminal DNA-binding domain highly similar to that
found in other ARF proteins. Proteins of unknown function
(labelled as AP2/ARF) contain both an amino-terminal AP2 or
APETALA2 DNA-binding domain and a carboxyl-terminal do-
main with similarity to the DNA-binding domains in ARF and
VP1 transcription factors [33]. The AP2 DNA-binding domain is
also found without the ARF DNA-binding domain in a number
of transcription factors that have unknown functions or play roles
in floral organ specification and ethylene-responsive transcription
[35]. VP1/ABI3 are transcription factors involved in embryogene-
sis and ABA-regulated expression, and contain a carboxyl-termi-
nal domain related to the amino-terminal DNA-binding domain
in ARF proteins. Amino (N) and carboxyl (C) ends of the
proteins are indicated.

expression patterns of ARFs and Aux/IAA proteins, it
is likely that tissue, developmental and temporal specifi-
city in the expression patterns for about 10 ARFs and
some 20 Aux/IAA proteins may play a role in con-
trolling the wide range of auxin-responsive gene expres-
sion. Based on the expression patterns of a few
Aux/IAA promoter-reporter genes in transgenic plants
[29, 30] and northern analysis of 14 Aux/IAA family
members [18, 19], there is reason to believe that differ-
ent Aux/IAA proteins are expressed in tissue- and
developmental-specific programmes.
Figure 4A shows some interactions that might be possi-
ble between a single ARF and a single Aux/IAA
protein. Assuming that productive interactions can oc-
cur among the carboxyl-terminal domains in a variety
of ARF and Aux/IAA proteins, many potential combi-
nations of homodimers or heterodimers are possible.
Although the final number of ARFs and Aux/IAA
proteins has not been determined, if there were just 10
ARFs and 20 Aux/IAA proteins, the number of possi-
ble dimer combinations would come to several hundred.
If higher-order multimers can form, the possible combi-
nations become much greater. While such a large com-
bination of potential interactions is possible, it is likely
that tissue-specific and developmental expression pat-
terns as well as different affinities between carboxyl
termini among the ARFs and Aux/IAA proteins would
preclude such a wide variety of combinations. This
remains to be tested, however.
The consequences of ARF and Aux/IAA interactions
could vary depending upon the partners that interact.
For example, some ARFs function as transcriptional
activators in plant protoplasts transfected with ARF
effector plasmids, while other ARFs function as tran-
scriptional repressors (T. Ulmasov, unpublished obser-
vations). Depending on the ARF homodimers or
heterodimers that form in vivo, it should be possible to
achieve either activation or repression on TGTCTC
AuxREs. On the other hand, Aux/IAA interactions
with ARFs may result in repression on TGTCTC
AuxREs by preventing ARFs from interacting with one
another, with coactivators or with DNA target sites.
Recently, some evidence has been obtained that sup-
ports a possible role of ARF and Aux/IAA interactions
in auxin-responsive gene expression. Overexpression of
Aux/IAA proteins in carrot protoplast transient assays
has been shown to result in specific repression of
TGTCTC AuxRE promoter-b-glucuronidase (GUS) re-
porter genes [8]. Thus, Aux/IAA proteins may act as
general repressors of transcription from auxin-respon-
sive promoters containing TGTCTC-type AuxREs, the
binding sites for ARF proteins. The consequences of
Aux/IAA interactions among themselves is less obvious,
but such interactions might titrate out Aux/IAA
proteins and prevent their interactions with ARF
proteins. This might allow interactions between ARF
proteins and result in derepression/activation of auxin-
responsive genes that contain TGTCTC AuxREs.

ity to b-ribbon DNA-binding domains in prokaryotic
Arc and MetJ repressors, the DNA- binding site recog-
nized by this domain must be different from the
TGTCTC AuxRE.
The ARF1 carboxyl terminus has also been shown to
interact with Aux/IAA proteins in a yeast two-hybrid
system [7, 8], and these interactions probably occur
through conserved domains III and IV in the carboxyl
termini of these proteins. These interactions may be
facilitated by amphipathic a helices found in and adja-
cent to domain III of both ARF and Aux/IAA proteins
(figs 4 A, B). The interactions between ARFs and
Aux/IAA proteins in yeast two-hybrid systems suggest
the possibility that such interactions may play a role in
auxin-regulated gene expression. The consequence of
ARF binding to TGTCTC AuxREs may depend upon a
particular ARF’s interactions with the same ARF,
other ARFs or Aux/IAA proteins. For example, ARFs
may act as repressors or activators depending on which
partner an ARF binds to through its carboxyl-terminal
domain (i.e. domains III and IV), and auxin may some-
how influence which protein-protein interactions occur.
The various ARF-Aux/IAA combinations may not only
be influenced by different binding specificities, but may
also be determined by the concentration and distribu-
tion of different ARFs and Aux/IAA proteins in differ-
ent tissues and cells. While little is known about the
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A superfamily of plant transcription factors with
ARF-like DNA-binding domains

Identification of the DNA-binding domain in ARF
proteins has revealed a new class of transcription fac-
tors that appear to be unique to plants. The ARF
DNA-binding domain shares some sequence similarity
to the DNA-binding domain in VP1 and ABI3 tran-
scription factors and an uncharacterized family of
proteins that contain both an AP-2 (APETALA2) do-
main [31] and a domain related to the ARF and VP1/
ABI3 DNA-binding domains [32, 33; and GenBank
accession numbers Z37232] (fig. 5). In addition, ARF3,
lacks the conserved carboxyl-terminal Aux/IAA-like
domains III and IV [7, 25]. We have identified a number
of other proteins in Arabidopsis EST and genomic data-
base searches that contain sequences related to the
ARF1/VP1 DNA-binding domain, and these may rep-
resent other classes of transcription factors. Based on
all of this information, the ARF-like DNA-binding
domain may be present in a superfamily of transcrip-
tion factors that use different variations of this domain
to regulate transcription of hormone-responsive genes,
developmentally regulated genes and possibly other
types of genes that are expressed in various cell types
and during different stages of growth and development
in plants. The family of ARF-like DNA-binding
proteins in plants may be comparable to the steroid
hormone receptor superfamily of transcription factors
in animals. Steroid hormone receptors contain a con-
served Zn-finger DNA-binding domain that can recog-
nize subtle differences in DNA target sites when
different members of this family homodimerize or het-
erodimerize on simple hormone response elements
(HREs) or interact with coupling factors on composite
elements. It is possible the ARF DNA-binding domain
will recognize different types of DNA target sites when
different members of the ARF family form homodimers
and heterodimers on simple AuxREs or interact with
coupling factors on composite AuxREs. Future studies
on the expansiveness and evolution of the family of
transcription factors containing an ARF-like DNA-
binding domain will undoubtedly provide new insight
into transcriptional regulation in plants.

Acknowledgements. This research was supported by National Sci-
ence Foundation Grants IBN 9303956 and MCB 9603678 and by
the Food for the 21st Century Program at the University of
Missouri.

1 Napier R. M. and Venis M. A. (1995) Auxin action and
auxin-binding proteins. New Phytol. 129: 167–201

2 Franco A., Gee M. A. and Guilfoyle T. J. (1990) Induction
and superinduction of auxin-responsive genes with auxin and
protein synthesis inhibitors. J. Biol. Chem. 265: 15845–15849

3 Koshiba T., Ballas N., Wong L.-M. and Theologis A. (1995)
Transcriptional regulation of PS-IAA4/5 and PS-IAA6 early
gene expression by indoleacetic acid and protein synthesis
inhibitors in pea (Pisum sati6um). J. Mol. Biol. 252: 396–413

4 Abel S. and Theologis A. (1996) Early genes and auxin action.
Plant Physiol. 111: 9–17

5 Ulmasov T., Liu Z.-B., Hagen G. and Guilfoyle T. J. (1995)
Composite structure of auxin response elements. Plant Cell 7:
1611–1623

6 Guilfoyle T. J. (1997) The structure of plant gene promoters.
In: Genetic Engineering, Principles and Methods, vol. 19, pp.
15–47, Setlow J. K. (ed.), Plenum Press, New York

7 Ulmasov T., Hagen G. and Guilfoyle T. J. (1997) ARF1, a
transcription factor that binds auxin response elements. Sci-
ence 276: 1865–1868

8 Ulmasov T., Murfett J., Hagen G. and Guilfoyle T. J. (1997)
Aux/IAA proteins repress expression of reporter genes con-
taining natural and highly active synthetic auxin response
elements. Plant Cell 9: 1963–1971

9 Starr D. B., Matsui W., Thomas J. R. and Yamamoto K. R.
(1996) Intracellular receptors use a common mechanism to
interpret signalling information at response elements. Genes
Dev. 10: 1271–1283.

10 McCarty D. R., Hattori T., Carson C. B., Vasil V., Lazar, M.
and Vasil I. K. (1991) The 6i6iparous-1 developmental gene of
maize encodes a novel transcriptional activator. Cell 66: 895–
905

11 Giraudat J., Hauge B. M., Valon C., Smalle J., Parcy F. and
Goodman H. M. (1992) Isolation of the Arabidopsis ABI3
gene by positional cloning. Plant Cell 4: 1251–1261

12 Hattori T., Terada T. and Hamasuna S. (1994) Sequence and
functional analyses of the rice gene homologous to the maize
Vp1. Plant Mol. Biol. 24: 805–810

13 Bobb A. J., Eiben H. G. and Bustos M. M. (1995) P6Alf, an
embryo-specific acidic transcriptional activator, enhances gene
expression from phaseolin and phytohemagglutinin promoters.
Plant J. 8: 331–343

14 Suzuki M., Kao C. Y. and McCarty D. R. (1997) The
conserved B3 domain of VIVIPAROUS1 has a cooperative
DNA binding activity. Plant Cell 9: 799–807

15 Liu Z.-B., Hagen G. and Guilfoyle T. J. (1997) A G-box
binding protein from soybean binds to the E1 auxin response
element in the soybean GH3 promoter and contains a proline-
rich repression domain. Plant Physiol. 115: 397–407

16 Walker J. C. and Key J. L. (1982) Isolation of cloned cDNAs
to auxin-responsive poly(A) RNAs of elongating soybean
hypocotyl. Proc. Natl. Acad. Sci. USA 79: 7185–7189

17 Theologis A., Huynh T. V. and Davis R. W. (1985) Rapid
induction of specific mRNAs by auxin in pea epicotyl tissue. J.
Mol. Biol. 183: 53–68

18 Conner T. W., Goekjian V. L., LaFayette P. R. and Key J. L.
(1990) Structure and expression of two auxin-inducible genes
from Arabidopsis. Plant Mol. Biol. 15: 623–632

19 Abel S., Nguyen M. D. and Theologis A. (1995) The PS-
IAA4/5-like family of early auxin-inducible mRNAs in Ara-
bidopsis thaliana. J. Mol. Biol. 251: 533–549

20 Ainley W. M., Walker J. C., Nagao R. T. and Key J. L. (1988)
Sequence and characterization of two auxin-regulated genes
from soybean. J. Biol. Chem. 263: 10658–10666

21 Oeller P. W., Keller J. A., Parks J. E., Silbert J. E. and
Theologis A. (1993) Structural characterization of the early
indoleacetic acid-inducible genes, PS-IAA4/5 and PS-IAA6, of
pea (Pisum sati6um L). J. Mol. Biol. 233: 789–798

22 Kim J., Harter K. and Theologis A. (1997) Protein-protein
interactions among the Aux/IAA proteins. Proc. Natl. Acad.
Sci. USA 94: 11786–11791

23 Hardtke C. S. and Berleth T. (1998) The Arabidopsis gene
MONOPTEROS encodes a transcription factor mediating em-
bryo axis formation and vascular development. EMBO J. 17:
1405–1411

24 Przemeck G. K. H., Mattsson J., Hardtke C. S., Sung R. and
Berleth T. (1996) Studies on the role of the Arabidopsis gene
MONOPTEROS in vascular development and plant cell axial-
ization. Planta 200: 229–237

25 Sessions A. R., Nenhauser J. L., McColl A., Roe J. L.,
Feldmann K. A. and Zambryski P. C. (1997) ETTIN patterns
the Arabidopsis floral meristem and reproductive organs. De-
velopment 124: 4481–4491.



627CMLS, Cell. Mol. Life Sci. Vol. 54, 1998 Review Article

26 Liu Z.-B., Ulmasov T., Shi X., Hagen G. and Guilfoyle T. J.
(1994) The soybean GH3 promoter contains multiple auxin-in-
ducible elements. Plant Cell 6: 645–657

27 Abel S., Oeller P. W. and Theologis A. (1994) Early auxin-in-
duced genes encode short-lived nuclear proteins. Proc. Natl.
Acad. Sci. USA 91: 326–330

28 Abel S. and Theologis A. (1995) A polymorphic bipartite motif
signals nuclear targeting of early auxin-inducible proteins re-
lated to PS-IAA4 from pea (Pisum sati6um). Plant J. 8: 87–96

29 Wong L. M., Abel S., Shen N., de la Foata M., Mall Y. and
Theologis A. (1996) Differential activation of the primary
auxin response genes, PS-IAA4/5 and PS-IAA6, during early
plant development. Plant J. 9: 587–599

30 Wyatt R. E., Ainley W. M., Nagao R. T., Conner T. W. and
Key J. L. (1993) Expression of the Arabidopsis AtAux2–11
auxin-responsive gene in transgenic plants. Plant Mol. Biol. 22:
731–749

31 Weigel D. (1995) The APETALA2 domain is related to a novel
type of DNA binding domain. Plant Cell 7: 173–182

32 Kagaya Y. and Hattori T. (1997) RAV1, a novel Arabidopsis
protein with a bipartite DNA binding domain consisting of

structures related to the AP2 domain and VP1/ABI3. Fifth
International Congress of Plant Molecular Biology Abstracts,
895

33 Okamuro J. K., Caster B., Villarroel R., Van Montagu M. and
Jofuku K. D. (1997) The AP2 domain of APETALA2 defines
a large new family of DNA binding proteins in Arabidopsis.
Proc. Natl. Acad. Sci. USA 94: 7076–7081

34 Hagen G., Martin G., Li Y. and Guilfoyle T. J. (1991)
Auxin-induced expression of the soybean GH3 promoter in
transgenic tobacco plants. Plant Mol. Biol. 17: 567–579

35 Meshi T. and Iwabuchi M. (1995) Plant transcription factors.
Plant Cell Physiol. 36: 1405–1420

36 Ballas N., Wong L.-M., Malcolm K. and Theologis A. (1995)
Two auxin-responsive domains interact positively to induce
expression of the early indoleacetic acid-inducible gene PS-
IAA4/5. Proc. Natl. Acad. Sci. USA 86: 3483–3487

37 Gil P., Liu Y., Orbovic V., Verkamp E., Poff K. L. and Green
P. (1994) Characterization of the auxin-inducible SAUR-AC1
gene for use as a genetic tool in Arabidopsis. Plant Physiol. 104:
777–784

.


