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proteins

Thorsten Halbach, Nico Scheer and Wolfgang Werr*

Institut fir Entwicklungsbiologie, Universitat zu Kéln, Gyrhofstrae 17, 50923 Kéln, Germany

Received May 31, 2000; Revised and Accepted July 20, 2000

ABSTRACT

The PHD finger, a Cys,~His—-Cys; zinc finger, is found
in many regulatory proteins from plants or animals
which are frequently associated with chromatin-
mediated transcriptional regulation. We show here
that the PHD finger activates transcription in yeast,
plant and animal cells. In plant homeodomain tran-
scription factors the PHD finger is combined with an
upstream leucine zipper. Both domains together
form a highly conserved 180 amino acid region called
the ZIP/PHDf motif and transcriptional activity of the
PHD finger is masked when embedded in this motif.
Our results indicate that the ZIP/PHDf domain is a
potential regulatory domain of PHDf-HD proteins.
The leucine zipper upstream of the PHD finger inter-
acts with 14-3-3GF14u from Arabidopsis thaliana and
14-3-3GF14-12 from maize via a leucine zipper
conserved in helix 4 of various 14-3-3 proteins from
plants and animals. PHD-type plant homeodomain
proteins consequently may represent potential
targets of 14-3-3 signalling.

INTRODUCTION

The PHD finger was originally identified by comparison of the
maize homeodomain (HD) protein ZMHOXla (1) to its
Arabidopsis relative HAT3.1 (2) and named plant homeo-
domain (PHD) finger due to its association with the DNA-binding
HD in both genes. Initially this zinc finger was implicated in
DNA recognition (2). However, this motif often occurs in
various regulatory genes, such as members of the trithorax
(TRX-G) or polycomb (PC-G) groups (3) and leukaemia-
associated proteins (LAP finger) (4). The established function
of TRX-G and PC-G genes in chromatin modulation in
Drosophila led to the suggestion that the PHD finger is
involved in chromatin-mediated transcriptional control (3).
Recent data provide evidence that PHD finger proteins are
associated with chromatin remodelling complexes (5) or
contribute to histone acetylation (6).

Based on the position of the unique His residue, the cysteine
scaffold of the PHD finger (Cys,—His—Cys) is clearly distinct
from RING fingers (Cys;—His—Cys,) (7) and LIM domains
(Cys,—His—Cyss) (8) and from DRIL domains (9), where two

RING finger motifs are closely linked. Both the RING finger
and the LIM domain mediate protein—protein interactions
(10,11) and are involved in transcriptional control, either by
directly affecting transcription (12) or recruiting co-activators
or co-repressors (13,14). LIM domains also contribute to
various signalling pathways. They may interact with protein
kinases and anchor gene products to large protein complexes
or to cellular compartments. Individual functions are often
associated with specific subgroups of the LIM domain (11). In
contrast to the accumulating knowledge about LIM domains,
functional data concerning the PHD finger remain rare. Recent
studies on the AIRE gene from humans have shed more light on
the importance of this motif, since all clinically significant
mutations in the AIRE gene coincide with alteration in two
PHD fingers (15), resulting in the rare autoimmune polyendo-
crinopathy-candidiasis-ectodermal dystrophy (APECED).
Similar to the linkage of PHD fingers (PHDf) with HDs in
plant PHDf-HD proteins, LIM domains were originally
identified as motifs of animal HD gene products. LIM-HD
transcription factors regulate expression of genes that pattern
the body and generate cell specificity during development in
vertebrates and invertebrates. LIM-HD proteins are themselves
regulated by both intramolecular and intermolecular inter-
actions mediated by the LIM domains, which negatively
regulate LIM-HD activity by preventing HD association with
DNA. Interactions of LIM domains with other proteins relieve
this interference, permitting DNA binding and providing a
mechanism for restoring LIM-HD activity (reviewed in 16).
Similar intramolecular contacts between the PHD finger and
the HD have not been discovered in plant PHDf-HD proteins so
far. Beside the structural similarities between animal LIM-HD
and plant PHDf-HD proteins, the expression patterns of four
ZMHOX genes in maize are intriguing. Expression occurs early
in embryogenesis and is restricted to meristems and initiating
organ primordia (17). ZMHOX gene products have been shown
to enter the plant cell nucleus (18) and bind to DNA (1,19),
suggesting that these DNA-binding proteins regulate tran-
scription. Unfortunately, loss of function mutations in plant
PHDf-HD genes are neither available for the ZMHOX genes
(ZMHOXI1alb and ZMHOX2a/b) (20) nor the Arabidopsis
HAT3.1 (2) or PRHA gene or PRHP, its relative from
Petroselinum crispum (21). The main function of PHDf-HD
genes in plants therefore remains to be established.
GYMNOS, a recently described member of the SWI2/SNF2
protein family in plants (22), also contains a PHD finger. Here,
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the characteristic Zn finger is combined with a myb-type DNA-
binding domain, instead of a HD. GYMNOS is involved in
establishment of carpel polarity, indicating that PHD finger
motifs take part in the control of plant development. Due to
significant similarity to the Drosophila MI-2 gene, a hunchback
interacting protein that functions in polycomb-mediated gene
repression (23), GYMNOS has been implicated in chromatin
modulation (22). While the PHD finger is an isolated motif in
GYMNOS, the characteristic Cys,—His—Cys; scaffold in
PHDf-HD plant genes is embedded in a larger region, more
than twice as long as the separate PHD finger motif. This 180
amino acid region shares 60% identical residues between
seven genes of maize, parsley and Arabidopsis and is more
highly conserved than the HD (40%). This conservation
suggests that the PHD finger is part of a larger functional unit,
which is analysed in detail here. Our experimental data suggest
that the PHD finger activates transcription in plant, yeast and
animal cells. Combined with a leucine zipper in the
surrounding conserved 180 amino acid region in the PHDf-HD
proteins, PHD finger activity is masked. This leucine zipper
upstream of the PHD finger mediates a novel kind of inter-
action with helix 4 of plant 14-3-3 proteins, thus identifying
PHDf-HD proteins as potential targets of 14-3-3 signalling
pathways.

MATERIALS AND METHODS

Plasmid constructs

All fragments inserted into the pACT2 (24) or pAS2 (25)
vectors (Clontech) were obtained by PCR from cDNA clones
using primers that provide appropriate in-frame restriction
sites and confirmed by DNA sequencing. In the following the
numbers indicate the first and last amino acid residue relative
to each accession number in the SwissProt protein database.
ZMHOXI1a (P46605): ZIP1a (124-200), PHDfla (197-303)
and ZIP/PHDf1a (124-303); ZMHOXI1b (CAA63156): PHDf1b
(197-303), Zmhox2a (CAA61909), PHDf2a (658-564) and
ZIP/PHDf2a (385-564); ZMHOX2b (S65775): PHDf (461-567),
HAT3.1 (Q04996), PHDf-HAT3.1 (187-289) and ZIP/PHDf-
HAT?3.1 (118-289); PRHA (P48785): PHDf-PRHA (175-287)
and ZIP/PHDf-PRHA (105-278); PRHP (P47786): PHD{-PRHP
(563-671) and ZIP/PHDf-PRHP (493-671) and the second
PHD finger of the Drosophila dMI-2 (AF119716) gene PHD2-
dMI-2 (435-497). All fragments were cloned directionally in
the Sfil and BamHI sites of pACT2 (24) or the Ncol and BamHI
sites of pAS2 (29).

Full-length cDNA and subclones of 14-3-3GF14u (Q96299)
from Arabidopsis thaliana and 14-3-3GF14-12 (JQ1680) from
Zea mays were fused to the Gal4 transactivation domain, using
the EcoRI and Xhol sites in pACT2. Subclones of 14-3-3GF14u
contained residues 1-45 (ccl), 76121 (cc2), 134-167 (cc3)
and 195-263 (cc4) or carried an N-terminal deletion lacking the
first 76 residues. In 14-3-3GF14-12 cc2 spans residues 83—124.
The coiled-coil predictions are based on programs at the
ISREC Coils server (EMBn, Switzerland). The A.thaliana
expression library was a kind gift of Dr K. Salchert (MPI,
Cologne). The cDNA prepared from a cell suspension culture
was cloned directionally into the EcoRI and Xhol sites of
PACT?2; the average insert length was 1.8 kb.
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Most plant effector and reporter plasmids are derivatives of
pRTQNot/Asc (26), which was modified in the polylinker
region by insertion of HindIll, BamHI and Xhol sites. The
Gal4DB, Gal4DB-PHDfla and Gal4DB-ZIP/PHDfla coding
sequences were amplified by PCR and inserted directionally
behind the CaMV 35S promoter into the Notl and BamHI or
Notl and Xbal sites. The Gal4-UAS pentameric sequences
were inserted into a HindlIll site preceding the CaMV 35S
minimal promoter (-90) in pK373, a GUS reporter construct
kindly provided by Dr R. Thompson (MPI, Cologne). The
35S::Gal4dDB-VP16, 35S::luciferase (27) and 35S::GFP
constructs were described previously (18). Chimeric effector
constructs in the zebrafish transient gene expression system
(28) were driven by the CMV (cytomegalovirus) promoter.
The PHDf1a fragment was inserted into the Smal site and the
ZIP/PHDfla fragment between the EcoRI and Smal sites of
pCMYV GALA4DB (29). Glutathione S-transferase (GST) fusion
proteins were constructed in pGEX-2T (Pharmacia Biotech) by
in-frame cloning of the ZMHOXIa coding region and ZIP1a,
PHDf1a and ZIP/PHDfla motifs with GST into BamHI and
EcoRI sites. Full-length 14-3-3GF14u and 14-3-3GF14-12
were provided by Dr R. Ferl (University of Florida, Gainesville,
FL) in the pET-15b vector (Novagen).

Protein interaction analysis in yeast

Use of the MATCHMAKER Gal4 two-hybrid system and the
liquid ONPG [-galactosidase assay followed the Clontech
protocol. Clones (7 X 10) of the A.thaliana library in pACT2
were screened with the ZMHOX1a leucine zipper in pAS2 as
bait. The Saccharomyces cerevisiae strain Y190 was sequentially
transformed with the bait and prey constructs by lithium
acetate. Clones that specifically interact with the bait were
rescued, sequenced and compared to database entries by
BLAST search. The clones isolated in the yeast two-hybrid
screen share extensive homology with the ESTs 303D8T7,
127M1T7, 96E13T7, 152123T7, 113M5T7 and 147E13T7
(14-3-3GF14u, Q96299). Yeast protein extracts were prepared
from overnight cultures of single transformed Y 190 cells using
the urea/SDS method (30). Equal amounts of proteins from the
transformed and untransformed yeast cells were resolved by
14% SDS-PAGE (31) and analysed by western blotting using
an anti-Gal4BD monoclonal antibody (0.5 pg/ml; Clontech).
Detection was performed with a horseradish peroxidase-conjugated
polyclonal goat anti-mouse IgG (1:15000; Jackson Immuno-
Research Laboratories) and enhanced chemiluminescence
(Amersham Pharmacia Biotech).

Transient gene expression assays in plant and animal cells

Arabidopsis protoplasts were isolated and transfected with
plasmid DNA prepared from an Escherichia coli dam~ strain
(GM2163) as described (27). Reporter (UAS-core::GUS) and
effector plasmids encoding either Gal4DB, Gal4DB-PHDfla,
Gal4DB-ZIP/PHDfla or Gal4DB-VP16 constructs behind the
CaMV 35S promoter were mixed in a 10:1 ratio of reporter to
effector. Additionally, each transfection contained 5 pg of the
358S::luc reference plasmid. Generally eight independent co-trans-
formations were analysed for each effector.

Microinjection of zebrafish embryos (28) was performed
into transgenic UAS::myc-notch:intra progeny at the 1-2 cell
stage by injecting ~5 nl of effector plasmid (50 ng DNA/ul,
0.2% phenol red) into the cytoplasm. After incubation for 13 h
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Figure 1. Position and conservation of the ZIP/PHDf domain in plant HD proteins. (A) Position of the conserved 180 amino acid region of the ZIP/PHDf domain
in different PHD-HD proteins. (B) Alignment of five plant PHDf and the second PHD finger in Drosophila dMI-2 protein. Asterisks indicate leucine residues of the
leucine zipper; arrows mark the cysteine residues in the PHD finger. Shading indicates amino acid conservation in at least three genes. The identity between the five

plant sequences exceeds 60%.

at 29°C, embryos were fixed in 4% paraformaldehyde at 4°C
overnight. Antibody staining was performed according to The
Zebrafish Book (32) with slight modifications. Embryos were
treated with a hybridoma supernatant containing monoclonal
anti-myc antibody. Detection was performed with a horseradish
peroxidase-coupled polyclonal goat anti-mouse antibody
(1:1000; Dianova).

Co-precipitation analysis

The ZMHOX1a, ZIPla and ZIP/PHDfla GST fusions in
pGEX-2T were expressed in E.coli BL21 cells. Expression
was induced at an OD,, of 0.4-0.5 by addition of 0.1 mM
isopropypl-1-thio-B-D-galactoside ~ (IPTG). Cells  were
collected after 2 h at 37°C by centrifugation, resuspended in
10 ml of LSD (50 mM Tris, pH 8.0, 20% glycerol, | mM DTT,
0.1% Nonident P-40) supplemented with 500 mM KCI and
0.1 mM PMSF at 4°C. After sonification cell debris was
collected by centrifugation and the supernatant either stored at
—70°C or GFP fusion proteins were purified by glutathione—
Sepharose 4B (Pharmacia) chromatography. In vitro transcrip-
tion and translation of 14-3-3GF14p and 14-3-3GF14-12
proteins was performed using the T7 promoter in pET-15b in
the TNT coupled reticulocyte lysate system (Promega,
Madison, WI) according to the manufacturer’s protocol. For
co-precipitation, glutathione—Sepharose beads loaded with
GST fusion proteins were washed five times in LSD (3 x 500 mM
KCl and 2 x 100 mM KCl) and incubated with in vitro trans-
lated radioactively labelled 14-3-3 protein for 2 h at 4°C. After
washing in LSD supplemented with 150 mM KCI, proteins
were eluted and analysed by SDS-PAGE. Radioactively

labelled 14-3-3 protein bound to the ZMHOX1a peptides was
visualised by fluorography.

RESULTS

Functional association of PHD fingers and leucine zippers
in plant HD transcription factors

The PHD finger characterises one class of plant HD proteins
(PHDf-HD), where it comprises the C-terminal part of a larger,
highly conserved 180 amino acid residue region. Sequence
comparison of this region between the seven published plant
gene products revealed a leucine zipper preceding the PHD
finger. The amino acid sequence of the 180 amino acid region
of five plant proteins from maize, parsley and Arabidopsis is
compared to the Cys,—His—Cys; motif of the second PHD
finger from Drosophila MI-2 protein in Figure 1. The
ZMHOX1b and 2b sequences have been omitted in this
comparison, since they are almost identical to the ZMHOX1a/2a
sequences. The structural similarity between PHD motifs and
RING fingers or LIM domains suggested that this highly
conserved 180 amino acid region within the leucine zipper in
PHDf-HD transcription factors comprises a close association
of two potential protein—protein interaction surfaces. The
different plant sequences were named ZIP/PHDf for the whole
domain and ZIP and PHDf for the single leucine zipper and
PHD finger motif, respectively. To identify potential inter-
action partners in the yeast two-hybrid system, different parts
of the ZMHOX1a ZIP/PHDf domain were cloned into the
pACT?2 (prey) and pAS2 (bait) (24) vectors and expressed in
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Figure 2. Dissectional analysis of the ZMHOX1a ZIP/PHDf domain in the
yeast two-hybrid system. (A) Combinations of constructs 1-6 as indicated
were used for co-transformation of Y190 yeast cells. Staining for lacZ activity
was performed after 3 days at 30°C on minimal selection medium devoid of
leucine and tryptophan. Galactosidase activity with the ZMHOX1a PHD
finger (1), as for the positive control (5) comprising the pS3—T antigen
interaction, was detectable after 3 h. Note that the ZIP/PHDf domain (2) and
the isolated leucine zipper (3) do not exert lacZ activity and show no
homodimerisation (4 and 6). Identical results were observed with constructs
1-3 on single selection medium (leu-). See also Figure 3A. (B) Western blot
analysis of protein extracts prepared from Y190 cells transformed with
constructs as indicated above each lane. Equal amounts of protein extract were
analysed with a monoclonal antibody against the Gal4DB domain and subsequent
chemoluminiscent detection. Polypeptides exhibited the predicted sizes:
Gal4DB, 22 kDa; Gal4DB-ZIPla, 29 kDa; Gal4DB-PHDfla, 31 kDa;
Gal4DB-ZIP/PHDf1a, 40 kDa. No reacting polypeptide was detectable in
untransformed Y190 cells.

translational fusion with the Gal4 DNA-binding domain
(Gal4DB) or transactivation domain (Gal4AD).

In a first experiment, individual bait and prey constructs or
combinations were introduced into yeast strain Y190 and
stained for B-galactosidase (lacZ) activity. As far as detectable
in the yeast two-hybrid system, neither the ZMHOX1a leucine
zipper nor the larger ZIP/PHDf domain mediate homodimeri-
sation (Fig. 2A). This result is compatible with previous native
protein gel analysis and co-precipitation experiments, which
showed no evidence for the formation of ZMHOX
homodimers (data not shown). Surprisingly, the PHD finger
provides a transcriptional activation motif when introduced in
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combination with the empty prey vector. The kinetics and the
intensity of lacZ staining are comparable to the positive control
provided by the p53-T antigen interaction, reaching saturation
within 3 h. However, no lacZ activity was detectable with the
complete ZIP/PHDf domain, which carries the upstream
leucine zipper and the PHD finger. This difference is not
explained by protein instability. Western blot analysis of yeast
protein extracts with a monoclonal antibody against the
Gal4DB always confirmed Gal4DB-ZIP/PHDf steady-state
levels higher than those observed with the individual motifs
Gal4DB-PHD or Gal4DB-ZIP (see Fig. 2B). Consequently,
the transcriptional activation provided by the isolated PHD
finger appears to be silenced within the environment of the
ZIP/PHDf domain.

Transcriptional activation mediated by the PHD finger in
yeast, plant and animal cells

To exclude that transcriptional activation by the PHD finger is
a peculiarity of the ZMHOX1a protein, we tested other PHD
fingers in yeast (Fig. 3A). These are the PHD fingers from the
ZMHOX1b, ZMHOX2a and ZMHOX2b genes of Z.mays, the
A.thaliana HAT3.1 and PRHA genes and the P.crispum PRHP
homologue. As a reference for animal counterparts, the second
PHD finger of the dMI-2 protein from Drosophila melano-
gaster was included in the study. This Drosophila motif shares
high sequence conservation to known plant PHD fingers and
there is significant structural similarity between the dMI-2 and
GYMNOS gene products. All PHD fingers were expressed in
translational fusion with the Gal4DB and tested for transcrip-
tional activation in yeast. The corresponding X-gal staining
pattern is shown in Figure 3A. Quantitative liquid assays
(Fig. 3B) confirm similar lacZ activities with every construct,
although generally 10-fold lower than with the native Gal4
protein expressed behind the ADH promoter. Thus transcrip-
tional activation is a common feature of all tested PHD fingers
(eight in total), including the PHD finger from Drosophila
dMI-2 protein. In the context of the ZIP/PHDf domains,
however, any transcriptional activation provided by the
isolated ZMHOX?2a, HAT3.1, PRHA and PRHP PHD fingers
is blocked in yeast (data not shown). These results are
consistent with those obtained for PHD1a and ZIP/PHDfla
and suggest that the conserved upstream sequences in the ZIP/
PHDf domain control activity of the PHD finger.

To substantiate the results obtained in yeast cells the assay
system was adapted and transferred to A.thaliana protoplasts.
A reporter was constructed by inserting two Gal4-UAS
(upstream activation sequence) pentamers in front of the CaMV
35S-core promoter (UAS-core) controlling the B-glucuronidase
(GUS) marker. As effectors, the Gal4DB, Gal4DB-PHD1a and
Gal4DB-ZIP/PHDf1a coding regions were inserted into vector
pRTQNot (33) and expressed under the strong CaMV 35S
promoter. Gal4dDB-VP16 (27) served as a positive control,
containing a fusion of the strong VP16 activation domain to the
Gal4DB. All effector constructs were driven by the CaMV 35S
promoter and transformed into Arabidopsis protoplasts with
the UAS-core::GUS reporter gene and a 35S::luciferase reference
marker. Reporter GUS activity was estimated after 24 h and
normalised to the luciferase standard. The results of eight
independent experiments are combined in the block diagram in
Figure 3C. They indicate that the PHD finger activates tran-
scription in Arabidopsis cells as well as in yeast. In comparison



3546 Nucleic Acids Research, 2000, Vol. 28, No. 18

A B

o
iy ryY Ly g-‘“
4
P &

o

&

m

pM)H::I GalDE |-

:

HAT3.1

#

&

i

'

Effector

p355:|GaliDB “ PHDNa

povv: [ |

248,5 +/- 44,5

14,8 +/- 2,7

units p-galactosidase

pADH:: 2,1 +-1,3
PiDfa 47,5 +/- 4,3
:mnnn 29,1 +/- 4,1
m:mlllmm1 45,9 4/- 6,2
- |mem 43,7 +/- 4.8
38,6 4/~ 3,3
PHDZ-dMi-2 31,8 4+/- 3,4

A Gal4 | 411,3 +/- 35,8

B-Gus activity
Mol 4 Mg i

12,8+/-1,9

4266,7 +/- 730,7

pemv:[Gaoe [JEIGN P |

» I,

Figure 3. Transcriptional activation is a common feature of PHD fingers in yeast, plant and animal cells. (A) Galactosidase staining obtained after transformation
of Y190 yeast cells with various GAL4DB-PHDf fusions as schematically indicated to the left. All signals appeared within 2 h incubation at 37°C. (B) Quantification
of lacZ activity [O-nitrophenyl-B-D-galactopyranoside (ONPG) test] in yeast protein extracts transformed with different PHD finger constructs. The values are
calculated from three independent transformation experiments. (C) Relative GUS activities calculated from transient gene expression experiments performed in
Arabidopsis protoplasts. Effector construct Gal4ADB-PHDf1a, Gal4DB-ZIP/PHDf1a or Gal4DB-VP16, as a strong transcriptional activation domain, was combined
with the UAS core::GUS reporter and a 35S::luciferase marker as internal reference. The relative GUS activities represent data from eight independent transfection
experiments and were normalised to the luciferase standard. (D) Transcriptional activation by PHDf1a observed after injection of zebrafish embryos. The Gal4DB-PHDf1a,
Gal4DB-ZIP/PHDf1a and Gal4DB effector proteins were expressed under the constitutive CMV promoter and monitored by the UAS::myc-notch:intra reporter.
Antibody staining of a myc-tagged notch-intra marker monitors reporter gene activation. Note that staining is observed with Gal4DB-PHDf1a (left) and Gal4DB-VP16

(right) but not with Gal4DB-ZIP/PHDf1 (middle) or Gal4DB (data not shown)

to the background level provided by the Gal4DB alone, GUS
activity derived from the UAS-core promoter is ~17-fold
higher when combined with the Gal4DB-PHDla effector,
although still 17-fold weaker than observed with the strong
VP16 domain. The Gal4DB-ZIP/PHDf effector construct fails
to activate transcription in Arabidopsis protoplasts, as

observed in yeast cells. Therefore, transcriptional activity of
the PHD finger is silenced in plant cells if included in the ZIP/
PHDf domain.

Because the PHD fingers are conserved between plant and
animal species, we tested for transcriptional activation in
animal cells and chose the zebrafish embryo as a test system.



Gal4DB-PHDfla, Gal4DB-ZIP/PHDfla and Gal4DB-VP16
were expressed under the constitutive CMV promoter. Plasmids
providing the different constructs were microinjected at the 1-2
cell stage into transgenic zebrafish embryos carrying a UAS
controlled myc-notch:intra reporter gene (28). After incubation
for 13 h at 29°C, activation of the reporter gene was analysed
by staining with a monoclonal anti-myc antibody. The results
combined in Figure 3D confirm that Gal4DB-PHDf1a activates
transcription in the zebrafish embryo, although the staining
intensity is higher with Gal4DB-VP16. Transcriptional activation
thus seems to be a general feature of the PHD finger motif in
eukaryotic cells. These microinjection experiments into fish
embryos again confirmed inactivity of the complete ZIP/PHDf1a
domain. Thus masking of PHD finger activity by the upstream
sequences within the plant-specific ZIP/PHDf motif is an
inherent feature of the complete domain.

The leucine zipper of the ZIP/PHD domain mediates
interactions with 14-3-3 proteins

Since the ZMHOXIla leucine zipper failed to mediate
homodimerisation (see Fig. 2), we tried to identify interacting
protein partners by use of the yeast two-hybrid system.
Gal4DB-ZIP1a was used as bait against an A.thaliana cDNA
expression library fused to Gal4AD in the vector pACT?2.
Among 7 X 10° transformants six potential partners corre-
sponding to known ESTs were identified. The individual EST
numbers are included in Materials and Methods. Common to
all these clones were potential coiled-coil motifs. EST clone
147E13T17 represented 14-3-3 GF14u, an isoform of the
Arabidopsis 14-3-3 family. The clone isolated in the yeast two-
hybrid screen covered the C-terminal part of 14-3-3 GF14y,
starting with amino acid residue 80 in front of helix 4. Full-
length cDNA clones encoding 14-3-3GF14 and 14-3-3GF14-12,
a close relative from maize, were kindly provided by Dr R. Ferl
(University of Florida, Gainesville, FL). A conserved feature
of 14-3-3 proteins are four coiled-coil (cc) motifs, either
evident from the X-ray diffraction studies (34) or predicted by
the ISREC Coils server (EMBn, Switzerland). The second cc
motif is comprised of helix 4 and coincides with a potential
leucine zipper (see Table 1; 35).

In a detailed analysis performed with the 14-3-3GF14u
clone we tried to address two major questions. First, we wanted
to identify the interacting surface in the 14-3-3 protein and, second,
confirm interactions between full-length ZMHOX1a PHDf-HD
protein and 14-3-3 proteins. Since the cc structure is linked to
leucine zipper function, we tested cc motifs of 14-3-3GF14 as
interaction domains. Different parts of the 14-3-3GF14u reading
frame and the four individual cc motifs were therefore cloned
into the pACT2 prey vector and tested in the yeast two-hybrid
system for interaction with Gal4DB-ZIPla. Transformations
with the complete 14-3-3 coding regions in pACT?2 either failed
(maize) or resulted in slow growth and instability (Arabidopsis).
We were able to express a truncated version of 14-3-3 GF14u
(amino acids 76-263) that lacked residues 1-75. The results
obtained with the four separate 14-3-3 cc domains in the yeast
two-hybrid system are summarised in Figure 4B. Only the cc2
motif of 14-3-3GF14 mediates interactions with Gal4DB-ZIP1a,
whereas none of the residual three cc motifs (cc1, cc3 and cc4)
exhibit any interaction in the yeast two-hybrid system. Similarly,
the cc2 motif in 14-3-3GF14-12 from maize interacts with
Gal4DB-ZIPla. We have not isolated the individual leucine
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zippers preceding the PHD fingers in all the different plant HD
proteins. However, the 14-3-3GF14 cc2 motif interacts with
all ZIP/PHDf domains (Fig. 4C). The leucine zippers
preceding the PHD finger are therefore generally functional
dimerisation motifs, although we have not observed any
specificity.

To verify interactions between the complete ZMHOX1a and
14-3-3 proteins from Arabidopsis and maize, co-precipitation
assays were performed. ZIP1a, ZIP/PHDfla and the complete
ZMHOXa coding regions were expressed in fusion with GST.
The partner proteins 14-3-3GF14p and 14-3-3GF14-12 were
labelled with [¥S]methionine by in vitro transcription/translation.
The different GST fusion proteins comprising the ZIP1a and
ZIP/PHDfla domains and the full-length ZMHOX1a protein
were incubated with equal amounts of labelled 14-3-3 proteins,
immobilised on glutathione—Sepharose and washed intensively
prior to elution and analysis of polypeptides by SDS-PAGE and
fluorography. As shown in Figure 4D, the complete 14-3-3GF14p
and 14-3-3GF14-12 proteins complex with the GST-ZIPla,
GST-ZIP/PHDfla and GST-ZMHOX1a fusion proteins but
not with GST alone. In vitro co-precipitation thus confirms
interactions between full-length ZMHOXla and 14-3-3
proteins from maize and Arabidopsis. In conclusion, the
leucine zippers in the ZIP/PHDf domain from ZMHOX1a and
both 14-3-3 proteins are accessible to protein partners in the
full-length polypeptides.

DISCUSSION

Due to its presence in the PC-G and TRX-G-like gene products,
the PHD finger has been implicated in chromatin modulation
(3). The data presented here provide evidence that PHD
fingers, which are found in numerous regulatory eukaryotic
genes, may directly stimulate transcription. This conclusion is
based on results obtained with seven plant PHD fingers
(ZMHOX1a/b, 2a/b, HAT3.1, PRHA and PRHP) and the
Drosophila dMI-2 PHD finger, which all activated transcription
in yeast cells. It remains to be elucidated whether the PHD
finger directly interacts with a component of the transcription
initiation complex or if its positive effect on transcription is
mediated via auxiliary protein interactions. The latter possi-
bility is compatible with data elaborated for human Mi-2f3,
where the PHD finger is required to recruit histone deacetylase
into a large protein complex (36). Both assumptions, however,
involve PHD finger-mediated protein—protein interactions.
The activity of the ZMHOX1a PHD finger in yeast, plant and
animal cells can be taken as evidence that interacting protein
partners are widely present in eukaryotic cells.

In plant genes, PHD fingers are always found in combination
with DNA-binding domains, either HDs in PHDf-HD genes or
the myb domain in GYMNOS. Nuclear import of PHDf-HD
proteins and DNA-binding have been demonstrated for the
ZMHOX gene product (18). All plant PHD fingers tested in our
studies are identical in spacing of the Cys/His residues and
share a high degree of similarity between residual amino acid
sequences. Also, the second PHD finger motif from dMI-2 is
rather similar to these plant PHD fingers. Other members of
the PHD finger family are more divergent in sequence and
spacing of the cysteine scaffold. Transcriptional activation
therefore may not necessarily be a common feature and individual
subgroups of PHD fingers may perform different functions, as
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Figure 4. In vivo and in vitro analysis of the 14-3-3 protein interactions. (A) Coiled-coil predictions of 14-3-3 proteins. The highly conserved leucine zipper in cc2
is bold; asterisks mark its heptad repeat spacing. (B) Interactions between cc motifs of 14-3-3GF14u and 14-3-3GF14-12 fused to the activation domain (Gal4AD-
ccX) and the ZMHOX 1a leucine zipper bait (Gal4DB-ZIP1a). The cc2 motif of 14-3-3GF14u and 14-3-3GF14-12 is sufficient to mediate interactions in the yeast
two-hybrid system. The N-terminally truncated peptide (A1-75) of 14-3-3GF14u lacking region ccl binds to the ZIP1a motif. Expression of full-length maize and
Arabidopsis 14-3-3 proteins in yeast unfortunately failed. (C) Interactions between Gal4AD-cc2 of Arabidopsis 14-3-3GF14u and different ZIP/PHDf domains as
bait (Gal4DB-ZIP/PHDY). Individual ZIP/PHDf domains are indicated in the margin. (D) Co-precipitation of full-length 14-3-3GF14p and 14-3-3 GF14-12 proteins by
different ZMHOX1a peptides. The radioactively labelled 14-3-3GF14 and 14-3-3GF14-12 proteins of maize and Arabidopsis bind to ZIP1a, ZIP/PHDf1a and the
complete ZMHOX1a protein, but not to GST. (E) Helical structure of the 14-3-3 dimer. Circles indicate antiparallel a-helices, nine in each monomer. The two
arrows mark o-helix 4 and the orientation of the leucine zipper interaction surface.

described for the LIM domain (11) and the RING finger (7).
The presence of PHD fingers in genes up-regulated in
leukaemia, associated with the autoimmune disease APECED
or participating in euchromatin to heterochromatin modulation,
like the TRX-G or PC-G genes, indicates that this motif may be
involved in a variety of pathways. Similar functional differences
are known for RING fingers. The RING finger motif of the
Arabidopsis COP1 photomorphogenic repressor was used to
isolate a novel RING H2-type protein partner in the yeast two-
hybrid system (37), a screen impossible if this RING finger is
a transcriptional activator. On the other hand, the RING finger of
the SNURF transcriptional co-regulator activates transcription
in monkey kidney CV-1 cells by directly contacting the TATA
box-binding protein (TBP) (38).

Data presented here for yeast, plant and animal cells consistently
indicate that complete ZIP/PHDf domains, in contrast to single
PHD fingers, are inefficient in transcriptional activation. The
strong conservation of surrounding sequences (60% identity in
seven plant PHDf-HD proteins; 20) and the conserved func-
tionality of the leucine zipper demonstrated here make it
tempting to speculate as to whether and how ZIP/PHDf
domains can act as regulatory units. Surrounding sequences
may interfere sterically with accession of the PHD finger and
its exposure could eventually depend on binding of a protein
partner to the leucine zipper. In the full-length mouse LIM-HD
protein ISL1 (39) intramolecular masking of the HD inhibits
DNA-binding activity. Inhibition is released by protein inter-
actions mediated by the LIM domain, presumably causing a
conformational change of the ISL1 protein. Alternatively, the
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Table 1. Alignment of potential leucine zippers in helix 4 of various 14-3-3 proteins from plants, animals and yeast (with

SwissProt accession nos)

Organism Gene type Accession Mo. second coiled-coil region
* * * *

A. thaliana GF14 u 6299 67 SSIEQLEAVKGNDVRVER IEEYMEKWEL ELSHICTOTMS VL DEHLTPSASEG - - ESTWFFREMEGDYY 132
A, thaliana GF14 & PAB3AT 65  SSTEQKEESKGHDERVERLENYRERVEDELAKVORDILS VIDEHL IPSSKAY == ESTWFFYEMEGDYY 120
A, thaliana GF14 « AADS17EY T8 SSTEQEEESRENEERVSLVEDYRSKVETELSSICSGTLRLLDSHLIPSATAS -~ ESEVFYLEMEGDYH 135
Zea mays GF14=12 101680 57 SSIEQKEEGRGNEDRVTLIKDYRGKIETELTKICDGILELLESHLVPSSTAP -- ESKWFYLEMEGDYY 122
Tea mays GF14-6 PA2106 78 SSTEQEEECRGHEDRVTL IEDYRGKIFTELTE ICDGTLELL ETHLVPSSTAP - - ESKNFYLEMEGDYY 135
V. faba 14-3-3 a Ta8504 70  SSIEQHEESRGRDEWVSVIRDYRSKIETELSHICHGILELLDSALIPSAALG--DSKVFYLEMEGDYH 135
V. Faba 14-3-3 b TARSQS 67 SSTEQEEESKGNOVNAKE IKEYRHKWE TELSNICIDVVMEVIDEHL IPSAARG --ESTVFYYEMECDYY 132
G, max {Soybean) GFL4 d 6453 67 SSTEQMEETHGNEL NAKRIKEYRQKWELEL SHICHDVME VIDEHL IPSAAKG - - ESTWFYYEMECOYY 132
&, max {soybean) GFI4 © Q96457 B7  SSTEQREEAKGNOVEVERIKEYRLEVWESEL SHICSDIMTVIDE YL IFS5556 -~ EFSWFFYRMECDYY 132
5. tiberasum (potato) CANT23E4 71 SSTEQREEGRENDEHVYL VRDYRSKNESEL SDVCAGTLE TLDQYL IPSASAG == ESKNFYLEMEGDYY 136
Q. sative (rice) 504 QOGOGT 70 SSIEQKECSRGNEAYVASIKEYRSRIETELSKICDGILELLDSHLVPSATAA-- ESNVFYLEMEGDYH 135
5. cerevisioe rod#4 CAASSFIS 66 SSIEQKEESKGNTAQVEL IKEYRQEIEQELDT LCQUILTWLERHL IPRAASA - ESKNVFYVEMEGDYY 131
K. laevis 14-3-3 & AACE1251 64 SSTEQKEENKGGEDKLKMIREYROMYETEL KSICHDI LDV DEHLIPAASSG - - ESKVFYVEMKGDYH 129
0. aries {sheep) Kcipl 523383 64 SSTEQKEENKCGEDKLEMIREYRQMVETELKL ICCOILOWLDEHL IPAANTG -~ ESKVEYYEMKGDYH 129
R. norvegicus (rat) 14-3-3 & AMCS2676 64  SSTEQREENTGGEDKLKMIREYROMVETEL KL ICCOTLOWLDEHL IPARNTG - - ESKVSYYYMEGDYH 129
K. morvegicus (rotd) 14-3-3 4 AMALIE4 64 SSLEQKTSADGNEKKIEMVRAYREKIERELEAVCODVLS LLDNYLIKNCSETQYESKVFYLEMEGDYY 129
M. sapiens (human} 14-3-3 ¢ NPOGETS2 64  SSTEQREENSGGEDKLEMIREVRQMVETELKL ICCOTLOWLDEHL TPARNTG - - FSKVEYYEMEGDYH 129
H. sapiens (human) 14-3-3 o NPHoG 133 63 SSIEQKSNEEGSEEEGPEVREYREXVETELQGYCOTVLGLLDSHLIKEAGDA-- ESRVFYLKMEGDYY 128
H. sapiens (humand 14-3-3 ¢ WP 133 63 SSIEQK--TEGACKEQUMARCYRCXIETELRDICNDVLSLLERFLIPNASQA- - ESKVFYLKMEGDYY 126

Asterisks indicate the heptad repeat spacing of hydrophobic residues (shadowed). The sequence of crystallised h14-3-3 is

compared at the bottom.

leucine zipper in ZIP/PHDf domains might recruit protein
partners which mask PHD finger-mediated transcriptional acti-
vation. To explain the inefficiency in transcriptional activation
observed with ZIP/PHDf domains in yeast, plant and animal
cells by the latter hypothesis, such potential protein partners
should exhibit a ubiquitous distribution. This prediction is
realised for 14-3-3 proteins.

Leucine zipper-mediated interactions between PHDf-HD
transcription factors and 14-3-3 proteins

Our experiments reveal that the leucine zipper adjacent to the
PHD finger in ZIP/PHDf motifs binds to a conserved region of
14-3-3 proteins. The 14-3-3 family of multifunctional proteins
is highly conserved between animals, plants and yeast. Loss of
function mutations in yeast 14-3-3 genes cause lethality, but
can be rescued by plant 14-3-3 proteins (40), indicating func-
tional conservation. 14-3-3 proteins are involved in various
signalling pathways that include, for example, Raf, BAD, Ber/
Ber-Abl, KSR (kinase supressor of Ras), PKC, PI-3 kinase and
¢dc25C phosphatase (41). Others enter the nucleus and are associ-
ated with DNA-binding complexes (42). Recent data even
indicate contacts to TBP, TFIIB and the human TBP-associated
factor hTAF(II)32 (43). According to X-ray diffraction studies,
14-3-3 proteins form w-shaped head-to-head dimers via N-terminal
sequences. Each monomer provides an amphipathic groove for
protein interactions, which is composed of nine helices in an
antiparallel array (34). In many 14-3-3 proteins the second cc
(cc2; see Table 1) evident in X-ray diffraction studies spans a
leucine zipper with the characteristic heptad spacing. Our data
show that this cc2 motif from 14-3-3GF14u and 14-3-3GF14-
12 of Arabidopsis and maize interacts with the leucine zipper
motifs preceding the PHD finger in the ZMHOXla,
ZMHOX2a, HAT3.1, PRHA and PRHP HD proteins when
tested in the yeast two-hybrid system. Comparable to the CLIM
(cofactor of LIM) proteins, which interact with all LIM-HD
proteins (44), the maize and Arabidopsis 14-3-3 leucine zippers
do not discriminate between individual PHDf-HD proteins.

Due to the dimeric nature of 14-3-3 proteins and their
capacity to form homo- and heterodimers (35), members of the

14-3-3 protein family function as scaffolds promoting association
of protein complexes (45,46). The leucine zipper mediating the
interaction with the ZIP/PHDf domain is located in helix 4 of
14-3-3 proteins. According to X-ray analysis of h14-3-37 (34)
this helix is located on the convex side of the monomer, but the
surface of the zipper is directed towards the concave amphipathic
groove of the monomer (see Fig. 4E). In the ®-shaped dimer,
helix 4 is partially covered by helix 3, crossing the N-terminal
part of the leucine zipper motif. Although recent data elaborated
for two other Arabidopsis 14-3-3 isoforms indicate that helix 4
contributes to 14-3-3 dimerisation (47), these authors also
demonstrated that the equilibrium between monomers and
dimers depends on the calcium level. At least in the monomer
the leucine zipper might be free for heterotypic protein inter-
actions. The co-precipitation experiments performed here
provide evidence that full-length 14-3-3 and the ZMHOXIa
gene product represent potential interaction partners within the
nuclear compartment. Conservation of this leucine zipper
motif in helix 4 of many 14-3-3 proteins makes it tempting to
speculate about a general contribution to 14-3-3 signalling.
Located in helix 4, this interaction surface is different to that in
helix 7, which has been shown recently to interact with human
TBP and TFIIB (43). However, both sets of experimental data
support a contribution of 14-3-3 proteins to transcriptional
control.

We presently do not know whether or how the 14-3-3
proteins are involved in control of PHD finger activity in the
context of the ZIP/PHDf domain. Any answer to this question
will presumably require the establishment of an in vitro test
system, since 14-3-3 proteins are ubiquitous, highly conserved
and essential in all eukaryotes. So far we will take the compati-
bility of leucine zippers in 14-3-3 and PHDf-HD proteins as an
indication that plant HD transcription factors might be potential
targets for 14-3-3 signalling. Linkage to the abscisic acid
(ABA) response via transcription factor VP1 (48), fusicoccin
perception at the plasma membrane (49) and gene regulation in
plant pathogen responses (50) assign 14-3-3 proteins essential
roles in signal transduction in plant cells. The identification of
PHDf-HD proteins as potential interaction partners of 14-3-3
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proteins in the plant cell nucleus therefore represents an inter-
esting end-point of these signalling cascades. Concerning the
established contributions of 14-3-3 proteins to mitogenic and
apoptotic signalling pathways in animal cells, association with
the ZMHOX gene transcripts, which are confined to meristems and
descending proliferating cells of the maize plant, is significant.

In conclusion, the experiments described here have established
the PHD finger as a general transcriptional activation domain
in yeast, plant and animal cells. Embedded in the conserved
ZIP/PHDf motif the transcriptional activity is repressed in
plant transcription factors. This provides the potential for the
leucine zipper to modulate PHDf-HD activity and suggests that
the ZIP/PHDf motif represents a regulatory domain of these
transcription factors. Consistent with this assumption, the
leucine zipper upstream of the PHD finger in the ZIP/PHDf
domain may mediate interactions with a corresponding motif
that is conserved in helix 4 of two 14-3-3 proteins. This novel
type of 14-3-3 protein—protein interaction may be of general
importance and incorporate HD transcription factors into plant
signalling pathways.
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