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Two maize (Zea mays) genes, designated GRFl and CRFZ, have 
been isolated and characterized. l h e  proteins encoded by these 
genes, called CF14 proteins, participate in protein/DNA complexes 
and show more than 60% identity with a highly conserved, widely 
distributed protein family, collectively referred to as 14-3-3 pro- 
teins. Members of the 14-3-3 protein family have been reported 
to activate Tyr and l r p  hydroxylases, modulate protein kinase C 
activity, and activate ADP-ribosyltransferase. The mRNAs of the 
GRF genes are encoded by six exons interrupted by five introns. 
The transcriptional units of the GRF genes were found to be very 
similar, with complete conservation of the intron positions. In 
addition, the length and nucleotide sequences of the two genes’ 
introns were highly conserved. The 5’ flanking sequences of the 
two GRF genes were compared and regions of homology and 
divergence identified. This comparison revealed the presence of a 
conserved C-box element in the 5’ flanking region of both genes. 
Electrophoretic mobility shift assays of maize protein extract with 
the GRF C-box indicates that GBF binds to this G-box site in the 5’ 
upstream region of GRF. Antibody supershifts indicate that CF14 
protein is associated with the C-box-binding complex that interacts 
with the GRF upstream region. 

A focal point in the field of eukaryotic gene regulation is 
the understanding of the mechanisms by which transcription 
is controlled. The prevailing view is that this regulation is 
mediated, in part, by an interplay between distinct DNA 
sequence elements found in the promoter region of a gene 
and sequence-specific DNA-binding proteins. Recently, in 
plant systems there has been a major effort to identify DNA- 
binding proteins specifically interacting with their cognate 
promoter sites and to elucidate how the binding of such 
proteins results in increased or decreased transcription of the 
associated gene (Katagin and Chua, 1992; Brunelle and Chua, 
1993). Studies of plant DNA-binding proteins are most ad- 
vanced for the GBF and the TGAla proteins (reviewed by 
Katagiri and Chua, 1992; de Vetten and Ferl, 1994). 
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The G-box is a conserved cis-acting promoter element 
important for induction of a number of environmentally 
inducible genes (Schulze-Lefert et al., 1989; Donald and 
Cashmore, 1990; Guiltinan et al., 1990). Several GBFs have 
been isolated from a number of plant species using the G- 
box as probe (Guiltinan et al., 1990; Oeda et al., 1991; 
Weisshaar et al., 1991; Schindler et al., 1992a). They all 
belong to the basic Leu zipper class of DNA-binding proteins, 
with a basic amino acid domain abutting a Leu repeat 
(Johnson and McKnight, 1989). Considerable conservation 
(90-9596 identity) among the isolated GBFs was found exclu- 
sively within the basic domain, the region that is thought to 
come in direct contact with DNA. Recent studies have shown 
that the N-terminal Pro-rich domain of the Arubidopsis GBF- 
1 can activate transcription in vivo (Schindler et al., 1992b). 

Although transcriptional control is executed by DNA- 
binding proteins, it is apparent that transcription is also 
regulated by additional regulatory molecules that are associ- 
ated with the DNA-binding protein. The formation of these 
multicomponent complexes apparently allows the cell to re- 
spond to the complexity of the temporally regulated processes 
that must occur for growth and development. These com- 
plexes may include, in addition to the DNA-binding protein, 
the general transcription factors, and RNA polymerase 11, 
transcription activators, co-activators, adaptors, and various 
accessory proteins (Martin, 1991). 

In an attempt to identify proteins that are part of the G- 
box-binding complex, we have partially purified GBF activity 
and generated monoclonal antibodies to the DNA-binding 
complex (de Vetten et al., 1992; Lu et al., 1992). Using this 
approach, we identified a protein designated G-box Factor 
14-3-3 homolog (GF14) as being associated with the DNA- 
protein complex. Evidence for this was provided by EMSAs 
showing that anti-GF14 monoclonal antibodies are able to 
shift the G-box-protein complex to a slower mobility and by 
co-immunoprecipitation demonstrating the association of 
GF14 with a 46-kD GBF (de Vetten et al., 1992). 

GF14 has extensive homology with a class of protein 
kinase-dependent regulatory proteins (Aitken et al., 1992). 
This class of proteins, known as 14-3-3 proteins, has recently 
received much attention by investigators studying a broad 

Abbreviations: EMSA, electrophoretic mobility shift assay; GBF, 
G-box-binding factor; PKC, protein kinase C; TGAla, tobacco tran- 
scription activator. 
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range of biological systems and has been implicated in many 
diverse physiological functions. The 14-3-3 proteins are a 
family of acidic proteins that have molecular masses of about 
30 kD and are abundantly present in mammalian brain tissue. 
After the original identification (Moore and Perez, 1967), 
Ichimura et al. (1987) showed that purified 14-3-3 proteins 
are able to activate Tyr and Trp hydroxylase in the presence 
of type I1 calmodulin-dependent kinase. Independently, 
Aitken et al. (1991) isolated polypeptides with homology 
(approximately 70% identical residues) to the 14-3-3 proteins 
that were found to be potent inhibitors of phospholipid, 
Ca2+-dependent PKC. In contrast to this, the 14-3-3 protein 
that was found to activate Tyr and Trp hydroxylases stimu- 
lates PKC activity (Isobe et al., 1992). This raises the possi- 
bility that different members of the 14-3-3 family have 
distinct cellular activities. A member of the 14-3-3 family was 
also identified as being a stimulator of Ca2+-dependent exo- 
cytosis in permeabilized adrenal chromaffin cells (Morgan 
and Burgoyne, 1992). It has been suggested that this stimu- 
lation of exocytosis is potentiated by PKC activation and, 
therefore, the 14-3-3 protein may influence the PKC- 
mediated control of Ca2+-dependent exocytosis (Morgan and 
Burgoyne, 1992). 

Although much work remains to elucidate the exact phys- 
iological role of the 14-3-3 proteins, it seems likely that these 
proteins have a key role as regulators in the signal transduc- 
tion pathways. This regulatory function of the 14-3-3 protein 
is further substantiated by gene disruption and overexpres- 
sion studies in yeast (Van Heusden et al., 1992). 

In addition to maize (Zea mays) and Arabidopsis GF14, 
cDNAs for 14-3-3 protein homologs have been isolated from 
Oenothera, spinach, barley, and rice (Brandt et al., 1992; 
l3rsch et al., 1992; Kidou et al., 1993). Studies of mammalian 
systems demonstrated that the 14-3-3 protein exists in mul- 
tiple molecular forms, as many as seven or eight isoforms, 
which probably arise from different genes (Isobe et al., 1991; 
Toker et al., 1992). Here we report the isolation of two maize 
GF14 cDNA clones using the anti-GF14 monoclonal antibod- 
ies. To study their regulation we isolated genomic clones 
encoding the corresponding members of the GF14 gene fam- 
ily. The 5’ flanking sequences of these genes have been 
compared and putative regulatory elements identified, one 
of which is a G-box element. EMSA demonstrates that par- 
tially purified maize GBF activity or maize GBF produced in 
Escherichia coli binds to the G-box sequence in the 5’ up- 
stream region of the GF14 genes. 

MATERIALS AND METHODS 

Plant Material 

Mature maize (Zea mays line XL80) plants were grown 
under greenhouse conditions. Most experiments were con- 
ducted with maize suspension culture cell line P3377 derived 
from immature embryo, which originated from Dr. J. 
Widholm (University of Illinois; Duncan et al., 1985). Cell 
suspensions were maintained on a commercial mixture of 
Murashige and Skoog salts (Gibco-BRL) with 2,4-D at a level 
of 2 mg/L. 

Isolation of cDNA Clones 

The isolation of the GF14 cDNA clones using the anti- 
GF14 monoclonal antibody cell supematant was as described 
previously (de Vetten et al., 1992). 

Isolation of Genomic Clones 

A maize genomic library was purchased from Clontech 
(Palo Alto, CA). Approximately 600,000 plaques were plated 
on Escherichia coli K803 and screened at high stririgency with 
32P-labeled pGF14-12 cDNA. The hybridization was per- 
formed at 65OC for 18 h in 0.5 M sodium phosphate (pH 7.2), 
1 m~ EDTA, 7% SDS, and 1% BSA. The filters were washed 
for 1 h with three changes of 40 m~ sodium phosphate (pH 
7.2), 24 m~ NaCl, 0.1% SDS, and 1 m~ EDTA a t  65OC and 
exposed to Kodak XAR-5 film with intensifying screen. Hy- 
bridizing recombinant phage were rescreened at lower plaque 
density to plaque purity. Phage particles were isolated, and 
DNA was purified according to the method of Sambrook et 
al. (1989). 

Subcloning and Sequencing 

cDNA inserts and genomic DNA fragments were isolated 
from A-DNA by agarose gel electrophoresis. The purified 
fragments were subcloned into pUC18. The nucleotide se- 
quence of both strands of the plasmid DNA was determined 
by automated dideoxy chain termination on an AB1 373 
(Applied Biosystems, Foster City, CA) according to the man- 
ufacturer’s protocols. Nucleotide sequence analysis was per- 
formed using SeqEd (Applied Biosystems). Nucleotide and 
amino acid sequence alignments were carried out using 
GeneWorks (IntelliGenetics, Mountain View, CA). 

Protein Expression in E. coli 

The expression vector pET15b (Novagen, Miidison, WI) 
was used to express both of the GF14 cDNA clorles in E. coli 
cells. The pET15b carries an N-terminal leader sequence of a 
six consecutive His residue that can be cleaved by thrombin 
(see “Results”). Oligonucleotide-directed mutagenesis was 
used to create an NdeI site at the initiating ATG of the pGF14- 
6 and pGF14-12 coding sequence and a BamHI site 3’ of the 
stop codon. The plasmids PET-GF14-6 and PET-GF14-12 
were constructed by subcloning the 800-bp NdeI-l3amHI frag- 
ment of pGF14-6 and pGF14-12 into pET15b. 

GF14 proteins were expressed in the bacterial strain BL21 
(DE3). Cells transformed with the expression plasmids were 
grown at 37OC in Luna broth with 100 rg/mL ampicillin. 
The cells were grown to an A600 of 0.5. Isop1,opylthio-/3- 
galactoside was then added to the culture to a final concen- 
tration of 1 mM, and cells were grown for an additional 3 h. 

Induced cells were harvested by centrifugation and resus- 
pended in binding buffer (20 m~ Tris-HC1 [pH 7.91, 0.5 M 
NaCl) containing 5 m~ imidazole. Cells were frozen and then 
thawed on ice. Lysozyme was added to a final concentration 
of 0.2 mg/mL, and the cell suspension was incubated on ice 
for 20 min. The lysate was centrifuged at 39,OOOh. for 20 min 
to remove debris. Soluble protein was loaded on an imino- 
diacetic acid-agarose column equilibrated with 5Cl m~ NiS04 
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and extensively washed with binding buffer. The column 
was then washed with binding buffer containing 60 m 
imidazole, and proteins were eluted with binding buffer 
containing 1 M imidazole. The presence of the 30-kD GF14 
protein in the eluate fraction was confirmed by SDS-PAGE 
and immunoblotting. The GF14 fusion protein was dialyzed 
against 20 m~ Tris-HC1 (pH 8.4), 150 m KC1, and 2.5 m 
CaC12 and digested overnight with 2 units of thrombin at 
room temperature to remove the His leader sequence (see 
"Results"). The GF14 recombinant protein after cleavage was 
passed for a second time over the NiS04-charged iminodi- 
acetic acid-agarose column to remove the His leader sequence 
and metal affinity proteins. The GF14, which was not re- 
tained on the second metal affinity column, was purified to 
at least 95% homogeneity. 

lmmunoblotting Analysis 

Total maize protein was extracted as described previously 
(de Vetten et al., 1992). Proteins were separated on a 12.5% 
SDS-polyacrylamide gel and transferred to nitrocellulose fil- 
ters (Schleicher & Schuell) according to the method of Towbin 
et al. (1979). Filters were blocked ovemight in 10% nonfat 
dry milk, washed, and incubated with a 1:2000 dilution of 
anti-GFl4 monoclonal antibody ascites for 1 h. After three 
10-min washes with 50 m~ Tris-HCI, pH 7.5,150 m sodium 
chloride, 0.1% Tween 20, the filters were incubated with a 
1 :2000 dilution of sheep anti-mouse horseradish peroxidase- 
conjugated IgG (Amersham). After washing the filters with 
50 m Tris-HC1, pH 7.5, 150 m sodium chloride, 0.1% 
Tween 20, immunodetection was performed with an en- 
hanced chemoluminescence westem blotting detection re- 
agent (Amersham). Autoradiograms were scanned in a com- 
puting densitometer (Molecular Dynamics, Mountain View, 
CA). 

EMSA 

EMSAs were performed essentially as described by 
McKendree et al. (1990). Maize whole-cell extract was en- 
riched for GBF activity by heparin-agarose (Bio-Rad) and fast 
protein liquid chromatography Mono-Q (Pharmacia LKB 
Biotechnology Inc.) as described by DeLisle and Ferl (1990). 
E. coli-expressed maize GBF (N.C. de Vetten and R.J. Ferl, 
unpublished data) was isolated and purified as described 
above. The standard assay mixture consisted of 5 pL of 
enriched maize extract or 4 ng of purified recombinant GBF, 
2 pg of tRNA, 1 pg of poly(d1-dC), 50 ng of competitor DNA, 
and 0.5 ng of end-labeled G-box oligonucleotide. The sam- 
ples were incubated for 10 min on ice before electrophoresis 
on a 5% nondenaturing polyacrylamide gel. In some experi- 
ments, 2 pL of anti-GF14 antibody cell supernatant were 
added to the maize GBF-enriched protein extract and incu- 
bated for 1 h before addition of end-labeled probe and 
electrophoresis. 

RESULTS 

Isolation and Characterization of GF14 Genes 

Previously, we described the isolation of a partial cDNA 
clone designated pGF14-12, representing a transcript encod- 

ing a GF14 protein associated with the G-box-binding com- 
plex (de Vetten et al., 1992). Five other clones were isolated 
with anti-GF14 monoclonal antiserum, four of which are 
clones overlapping pGF14-12. One of these cDNAs extended 
the 5' region of the previously reported pGF14-12 sequence 
by about 100 bp. The fifth clone is closely related to pGF14- 
12 and was termed pGF14-6. 

The complete nucleotide and deduced amino acid se- 
quences of pGF14-6 and pGF14-12 were recovered. Their 
nucleotide sequences (1136 and 1175 bp, respectively) are 
94% identical. Each cDNA contains one large open reading 
frame comprising 261 amino acid residues, which is preceded 
by a typical Kozak initiation sequence (AAGATGG) and is 
terminated by a TAA stop codon (Kozak, 1984). The deduced 
amino acid sequences of the two cDNAs are 98% identical, 
with only four amino acid substitutions of 261 amino acid 
residues. The calculated molecular sizes of the GF14-6 and 
GF14-12 proteins are 29,666 and 29,640 D, respectively, 
which is similar to the size of the immunoreactive protein 
detected by immunoblotting (de Vetten et al., 1992). Both the 
pGF14-6 and pGF14-12 polypeptides have a putative pro- 
tein kinase A and PKC recognition site and a motif resembling 
a hydrophobic heptad repeat of Leu and Ile (de Vetten et al., 
1992). The polypeptides are very acidic with an overall 
negative charge of 16 at neutral pH, which is concentrated 
predominantly at the N and C termini of the protein. The 
calculated isoelectric point of the polypeptides of 4.6 is similar 
to that reported for GF14 homologous proteins (Nielsen, 
1991; Brandt et al., 1992; Zupan et al., 1992). 

Sequence Comparisons of the 14-3-3 Protein Homologs 

A computer search for related protein sequences revealed 
a definite similarity between maize GF14 and a class of 
proteins isolated predominantly from mammalian brain 
termed 14-3-3 proteins (Moore and Perez, 1967; Ichimura et 
al., 1988). Figure 1 shows an amino acid alignment of the 
two maize GF14 proteins and a selected number of 14-3-3 
homologs isolated from plants, mammals, and yeast. Overall 
identity among the proteins is 47% and is concentrated in 
highly conserved motifs. Some of these conserved motifs 
have been implicated in a possible mechanism of PKC regu- 
lation and are indicated by stippling in Figure 1. The first 
motif contains the conserved sequence GARR, reminiscent of 
part of the pseudosubstrate domain of PKC (Aitken et al., 
1992). This pseudosubstrate domain may account for the 
PKC inhibitory activity of the 14-3-3 proteins. A second 
motif is similar to a domain of annexins, a family of Ca2+- 
and lipid-binding proteins (Aitken et al., 1992). This site may 
be a potential binding site for the regulatory domain of PKC, 
thereby inhibiting its activity. A third motif shows similarity 
with the EF-hand calcium-binding motif in domain 111 of 
calmodulin (Babu et al., 1985). Recently, Lu et al. (1994b) 
demonstrated that the C-terminal domain of the Arubidopsis 
GF14, containing this potential EF-hand motif, binds calcium. 
Since the motifs mentioned above are highly conserved 
among different species, they could play a similar important 
role in mammals, higher plants, and yeast. 

A gene genealogical tree of full-length protein sequences 
of the GF14/14-3-3 gene family isolated to date is shown in 
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Figure 1. Comparison of the amino acid sequences among maize GF14-6 and GF14-12, Arabidopsis GF14, sheep protl2in 
kinase inhibitor protein (KCIP), bovine 14-3-3 @ chain, and yeast BMHl.  Completely conserved residues are indicaíed 
by boxes. Gaps are introduced to maximize matching. The sequence around the PKC “pseudosubstrate” (pseudosub) 
and the area that is similar to the annexin V (Aitken et al., 1992) and domain Ill of calmodulin (Babu et al., 1985) are 
stippled. The sources of the sequences are: sheep KCIP, Toker et al. (1992); maize GF14-6 and GF14-12, this work; A. 
thaliana GF14, Lu et al. (1992); yeast BMH1, Van Heusden et al. (1992); bovine 14-3-3 @chain, lsobe et al. (1991). 

Figure 2. There is an unambiguous and separate grouping of 
the mammalian and plant GF14/14-3-3 proteins. Like the 
mammalian 14-3-3 proteins, the plant GF14 protein isoforms 
are 70 to 98% identical. The only exception is the sheep 14- 
3-3 t-isoform, which is more related to the plant isoforms 
than to the mammalian 14-3-3 proteins. However, the con- 
fidence in the branch points at this level is low by this method 
(Fer1 et al., 1994), as indicated by the overlapping error bars 
in the secondary bifurcations. Painvise comparison of the 
plant and insect/mammalian isoforms presented in Figure 2 
shows that they are between 50 and 60% identical (data not 
shown). The yeast 14-3-3 protein isoform is more related to 
the plant isoforms (62-69% identical residues) than to the 
insect/mammalian isoforms (5 1-59% identical residues). 
There appears to be no clear separation between the dicot 
and monocot isoforms, since the the tomato GF14 and Aru- 
bidopsis GF14 isoforms are grouped with the monocot 
proteins. 

Expression of GF14 lsoforms in E. coli 
The authenticity of both cDNAs was verified by expression 

experiments in E. coli. To express the polypeptides encoded 

by the GF14 cDNAs in E. coli, the cDNAs were fused to the 
5’ region of the @-galactosidase gene in pETl5b such that 
hybrid polypeptides are formed of GF14 with ii leader se- 
quence of six consecutive His residues separated by a throm- 
bin cleavage site (Fig. 3A). The isopropylthio-j3- 
galactoside-induced fusion polypeptides migrated at 32 kD 
on SDS-PAGE and were recognized by anti-GF11 antiserum 
(data not shown). The fusion proteins were purifi1.d by nickel 
affinity chromatography, cleaved by thrombin, and passed 
over the nickel affinity column for a second time to remove 
the histine leader sequence and contaminating bítcterial pro- 
teins. Overall purity of the GF14 polypeptides was estimated 
to be more than 95%. Figure 3B shows a Cooniassie blue- 
stained gel (lanes 1-3) and an immunoblot (la-tes 4-6) of 
crude protein extract from maize P3377 cell suspension (lanes 
1 and 4), purified GF14-6 (lanes 2 and 5), and GF14-12 
(lanes 3 and 6). Purified GF14-6 and GF14-12 polypeptides 
are indistinguishable on the basis of their mobility on an 
SDS-PAGE gel, both having a molecular size of 30 kD. This 
is close to the calculated 29.6 kD of the deduced amino acid 
sequences. The immunoblot analysis showed that the size of 
the purified expressed GF14 polypeptides is identical with 
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Figure 2. Gene genealogy illustrating evolu- 
tionary relationships among the GF14/14-3-3 
proteins. The full-length sequences were used 
for the calculations. The numbers and SE values 
indicate the validity of the branch points de- 
rived from the UPCMA analysis in CeneWorks. 
The sources of the sequences are: sheep e, 
Toker et al. (1992); maize GF14-6 and CF14- 
12, this work; A. thaliana GF14 phi, GF14 psi, 
and CF14 upsilon, Fer1 et al. (1994); A. thaliana 
GF14 omega, Lu et al. (1992); Oenothera PHP- 
O, Hirsch et al. (1992); yeast BMH1, Van 
Heusden et al. (1992), bovine 14-3-3 @, lsobe 
et al. (1991); tomato GF14, 6. Laughner and 
R.J. Ferl, unpublished data; rice 14-3-3, Kidou 
et al. (1993); barley 14-3-3, Brandt et al. (1992); 
bovine 14-3-3 7,  lchimura et al. (1988); human 
PLA,, Zupan et al. (1992); human T-cell, Nielsen 
(1991); human HME1, Prasad et al. (1992); hu- 
man stratifin and 1054, Leffers et al. (1993); rat 
14-3-3 (, Rosenfeld et al. (1991); rat 14-3-3 (Y 

and 7,  Watanabe et al. (1993); and Drosophila 
14-3-3, Swanson and Ganguly (1992). The hu- 
man 14-3-3 HS1 (Leffers et al., 1993), rat 14-3- 
3 7 (Watanabe et al., 1991), and sheep ((Toker 
et ai., 1992) are not included in the analysis 
because they are 100% identical with the hu- 
man T-cell, bovine 14-3-3q, and rat 14-3-3 5; 
respectively. 

1 0 . 1 9 6  
(t0.003) 

0.' Human stratifin 
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Figure 3. Expression of CF14 proteins. A, Partial restriction map of pET-CF14 plasmids used for expression of the cDNAs
in E. co//. See "Materials and Methods" for details of construction. The nucleic acid and amino acid sequences at the
fusion junction of the His leader sequence and the modified pCFT4-6 and pGF14-12 inserts are shown. The nucleotides
corresponding to the His leader are shown in lowercase letters, whereas those of pCF14 are shown in uppercase. B,
Expression of the CF14-6 and GF14-12 polypeptides. Coomassie blue-stained gel (lanes 1-3) and immunoblot analysis
(lanes 4-6) of total protein extracted from maize cell suspension (lanes 1 and 4) and purified E. co//-expressed CF14-6
(lanes 2 and 5) and CF14-12 (lanes 3 and 6). Lanes 1 and 4 contain 100 /ig of protein, lanes 2 and 3 contain 4 p% of
protein, and lanes 5 and 6 contain 0.2 /jg of protein. C and D, Quantification of CF14 protein in maize tissue. C,
Immunoblot analysis of a range of purified GF14 concentrations and 50 or 25 fjg of total protein extracted from cell or
leaf or root tissue. D, Purified GF14 protein concentrations plotted against the relative signal intensities on immunoblot
are indicated by the closed circles and are connected with a straight line. Relative immunoblot signal intensity of 50 /ug
of total protein extracted from cell and leaf and root tissue is compared with those obtained from the purified GF14
protein.

that of polypeptides extracted from the maize suspension
cells, suggesting that there is little, if any, major postrransla-
tion modification of GF14 polypeptides in maize cells. Im-
munoblot analysis also detected an additional protein of
approximately 26 kD in both the maize cell extract and the
extracts of E. co/i-expressed GF14 (lanes 4-6). This is likely a
proteolytic cleavage product of the 30-kD polypeptide and
appears to be processed identically in maize cells and E. coli.
Since the 26-kD polypeptide is retained on the nickel affinity
column, the cleavage point is probably located 4 kD from the
C terminus.

The cellular concentration of the GF14 proteins in maize
tissue was estimated using both the monoclonal antiserum to
GF14 and purified GF14 protein. A standard curve was
prepared by running different amounts of purified GF14-12
protein on an SDS-PAGE gel, blotting to nitrocellulose, and
probing with anti-GF14 antiserum (Fig. 3C). The signal ob-
tained by multiple exposures of chemiluminescence detection
was measured for each quantity of GF14 protein by a scan-
ning densitometer. These values were plotted against nano-
grams of GF14 protein electrophoresed, resulting in a linear
relationship (Fig. 3D). Above 250 ng of GF14 protein, the
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values did not increase linearly and are not represented in 
the standard curve. Subsequently, from 25 to 100 r g  of crude 
protein extract from maize suspension cells or leaf or root 
tissue were subjected to blot analysis (Fig. 3C). The values 
were linear between 25 and 50 r g  of protein but outside the 
curve in case of 100 Pg of protein. Values obtained for 50 Pg 
of crude protein are represented in the standard curve and 
extrapolate to relative GF14 protein concentrations in maize 
suspension cells and leaf and root tissue of 0.33%, O, and 
0.24%, respectively. These values represent the values of 
both GF14-6 and GF14-12 protein, since the anti-GF14 
monoclonal antibodies cannot distinguish between the 
isoforms. 

GRF Gene Structure and Organization 

To characterize the organization and structure of the GF14 
genes, a library of maize genomic DNA fragments cloned in 
XEMBL3 was screened at high stringency with pGF14-12. 
Twelve recombinant phage were isolated and purified. 
Southem blot analysis using pGF14-12 as probe suggested 
the presence of two classes of genomic clones, designated 
GRFl and GRFZ (Fig. 4). GRF2 was identified as being ho- 
mologous to pGF14-12 after preliminary sequence analysis, 
and the GRFZ clones a11 were truncated, since none of them 
hybridized with a 3’ probe of pGF14-12. 

The sequence of the complete GRFl gene is shown in 
Figure 5. Comparison of the nucleotide sequence of the 
cloned genomic regions with the cDNA clone pGF14-6 indi- 
cated that GRFl encoded the transcript in six exons inter- 
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Figure 4. Restriction map of CRFl and CRFZ. Restriction map of 
the insert of each genomic clone is shown at the  top. Below the  
maps are the fragments of each gene that were subcloned and 
sequenced. The exons are filled blocks, and t h e  5’ and 3’ untrans- 
lated regions are open blocks. The lines connecting the  filled blocks 
represent the introns. R, Right; L, left; S, Sall; B, BamHI; E, EcoRI; 
K, Kpnl; Hc, Hincll; Sc, Sacl; P, Pstl; Sp, Spel; SI, Sfil; Hd, Hindlll. 

rupted by five introns (Fig. 4). The exons of GRFl were 
almost identical with the sequence of pGF14-6 with 13 silent 
nucleotide substitutions, probably due to allelic differences 
in DNA sources between the cDNA and genomic libraries. 
As mentioned before, the transcriptional unit of GRF2 was 
not completely represented in the isolated genomic clones, 
which were found to contain the first four exons and three 
introns (Fig. 4). The introns of GRFl and GRFZ were con- 
served in length and nucleotide sequence, with the exception 
of intron IV, which did not reveal any homology (Table I). 
Both the GRFl and GRFZ genes displayed intron junction 
sequences similar to the consensus for plants reported by 
Brown (1986). The conservation of nucleotide sequence and 
intron number and position indicates that these genes likely 
arose by gene duplication of a single primordial gene. 

GBF-Binding Site within the 5’ Upstream Region of the 
GRF Cenes 

Comparison of the nucleotide sequences of the 5‘ flanking 
regions of GRFl and GRF2 revealed long stretches of extensive 
similarity out to approximately -650 (Fig. 6). Optimal align- 
ment of these sequences Íequired the introduction of severa1 
short gaps indicated by dots in both sequences. 

To study the regulation of the GRF genes, we first investi- 
gated the possibility that these genes may contain binding 
sites for GBF and associated proteins. Interestingly, about 
450 bp upstream of the transcription start site a potential 
class 1/11 GBF-binding site (5’-TCACGTGG-S’) is present 
(Williams et al., 1992). To determine whether this sequence 
was involved in binding GBF, EMSA were performed with 
heparin-agarose and fast protein liquid chromatography 
Mono-Q-enriched maize GBF activity and E. coli-produced 
maize GBF (Fig. 7B). Figure 7A shows the DNA probes and 
competitor DNA that were used in these analyses, previously 
described by McKendree and Ferl (1992). EMSA of GBF- 
enriched maize extract, using the 5’ end-labeled GF14 G-box 
oligo as probe, demonstrated two major bound complexes 
(Fig. 7B, lane 2) that were stable to competition by greater 
than 200-fold excess of poly(d1-dC). Further experiments 
showed that the homologous GF14 G-box (lane 3) and the 
dyad G-box (lane 4) specifically competed for the bound 
complex. However, an equivalent amount of mutant G-box 
competitor does not effectively compete for GBF binding 
(lanes 5 and 6). Some competition is observed for the GMl 
mutation, a mutation that destroys one side of the G-box 
dyad. However, the GM2 mutation, which destroys the 
ACGT core of the G-box, is unable to compete. These binding 
competition data clearly indicate that GBF specifically inter- 
acts with the GF14 G-box. Results obtained using E. coli- 
produced maize GBF are consistent with those using the 
cellular GBF activity (Fig. 7C, lanes 1-6). One G-box-GBF 
complex is observed in the absence of competitor DNA (lane 
2); however, it was completely abolished by adding unlabeled 
GF14 G-box (lane 3) or dyad G-box (lane 4) but not in the 
presence of GMl or GM2 (lanes 5 and 6). 

Because the sequences flanking the CACGTG G-box core 
motif have been found to be very important for GBF binding 
(Williams et al., 1992) and since these are different between 
the GF14 G-box and the dyad G-box, we tested the relative 
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affinity of G13F for the GF14 G-box. To assess this, we 
compared the binding of E. coli-produced maize GBF to that 
of the GF14 G-box sequence and the dyad G-box (Fig. 7C, 
lanes 7-10). It is apparent that both sequences are recognized 
by GBF; however, the formation of the G-box-Gl3F complex 
with the dyad G-box occurs at a 5- to 10-fold higher concen- 
tration compared to that with the GF14 G-box probe (cf. 
lanes 8 and 10). Thus, GBF can bind to the GF14 G-box, 
although the binding is significantly weaker than i.he binding 
to the dyad- G-box. 

To test whether GF14 is itself part of the GBF-protein 
complex that binds to the GF14 G-box, we perfonned EMSA 
in the presence of anti-GF14 monoclonal antibodes (Fig. 78, 
lanes 7-11). Incubation of the G-box-protein complex with 
anti-GF14 antiserum, either monoclonal antibody 2A3 (lane 
9) or monoclonal antibody 2A6 (lane lo), shifted some of the 
formed complexes to a slower mobility, whereas a control 
monoclonal antibody had no effect (lane 8). Antibodies do 
not have DNA-binding activity (lane 11). It should be noted 
that in this instance less DNA-protein complex was shifted 
than was reported by de Vetten et al. (1992). We attribute 
this to the age of the monoclonal antibody supernatant used 
in these experiments. However, it is clear that GF14 is part 
of a G-box-binding complex that is able to bind to the 
upstream region of its own gene. 

DISCUSSION 

In this report we describe the cloning and characterization 
of the genes for two GF14 isoforms from maize, GF14 pro- 
teins are members of the 14-3-3 protein family, a class of 
proteins about which information is rapidly emerging and 
that are thought to function as regulators of signal transduc- 
tion (Aitken et al., 1992). One outstanding feature of this 
protein family is the extraordinarily high sequence conser- 
vation, more than 60% identity over a broad range of biolog- 
ical species, including plants, invertebrates, and y2ast. 

Our original probes for isolating the maize GF14 isoform 
cDNAs were monoclonal antibodies selected specifically for 
their ability to recognize proteins that are part of GBF com- 
plexes (de Vetten et al., 1992). Two cDNAs were isolated 
encoding proteins of 29.6 kD that are different in their amino 
acid sequence by only four amino acids (Fig. 1). The deduced 
amino acid sequences are homologous to the plant, inverte- 
brate, and yeast 14-3-3 protein isoforms. The maize GF14 
isoforms are between 75 and 83% identical with other plant 
GF14/14-3-3 isoforms, between 56 and 71% identical with 
the animal 14-3-3 proteins, and 65% identical with the yeast 
isoform. The homology is concentrated predominantly in 

Figure 5. Complete nucleotide sequence of the CRFJ gene includ- 
ing introns and 5' and 3' flanking regions. The nucleotide at position 
+1 corresponds to the first nucleotide of the cDNA. The nucleotides 
upstream from the +1 position are indicated by negati\re numbers. 
The coding sequence of the gene is shown in uppercase letters. 
The remainder of the sequence is shown in lowercase letters. The 
derived amino acid sequence is presented below the DNA se- 
quence and the number is given in parentheses. The putative TATA 
and CAAT boxes and polyadenylation signal are underlined. 
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Table 1. Splice junction sequences, intron length, and intron identity in maize CF14 genes. 

Identity (“/O) 
Intron 

Donor Length Acceptor Gene Number 

CRFl I GCGGAGgttacc..638 ..ttgcagATCCGG 68 
CRF2 

CRFl I1 CTACAGgtaata.. 87 . . . g  attagATACCT a5 
GRF2 CTACAGgtatta.. 89 ...g attagATACCT 

CRFl Ill GCCCAGgtcaac . . 126 . . attcagGACATT a7 
CRF2 GCCCAGgtcacc..126 ..attcagGACATT’ 

AAGCAGgtttgt . , 1388.. tgcagGCTTTT 

CRFl IV 
CRF2 CCGATCgtctac .>870 

GRFZ V ATCTCGgtgaga..106 ..ctgcagGAGGAC 

Consensus CAGgta/c cagA/GT/AC 

conserved domains, some of which have been implicated in 
functional aspects of the protein (Fig. 1). It is very likely that 
more than these two isolated GF14 isoforms are present in 
maize cells. The fact that only two GF14 isoforms were 
isolated from the maize expression library is probably the 
result of the specificity of the monoclonal antibodies. 
Reverse-phase HPLC of purified 14-3-3 protein prepared 
from mammalian brain tissue revealed seven to eight distinct 
polypeptides (Ichimura et al., 1988; Toker et al., 1992), likely 
transcribed from separate genes (Isobe et al., 1991). From 
Arabidopsis thaliana, we have isolated five different GF14 
isoform cDNAs, all recognizing a different set of restriction 
fragments on a Southem blot of Arabidopsis genomic DNA 
(Fer1 et al., 1994). The presence of more than two GF14 
isoforms in maize is substantiated by the work of Keith et al. 
(1993), who identified by partial sequencing of random 
cDNA clones a GF14 distinctly different from the ones re- 
ported here. 

Structure of the CRF Genes Encoding CF14 Proteins 

The maize genes encoding the GF14 proteins are termed 
GRFl and GRF2 for General Regulatory Factor. They consist 
of six exons interrupted by five introns (Fig. 4). The exon 
sequences of the two GRF genes are very similar (94%); they 
exhibit identical intron position and similar intron lengths. 
GRF2 was not completely represented by the cloned genomic 
region and is truncated at the 3‘ end of the transcription unit. 
The overall conservation of the two isolated GRF genes 
indicates that they likely arose through a relatively recent 
duplication of a single ancestral gene. The chromosomal 
locations of the GRF genes were determined by restriction 
fraction length polymorphism analysis in the laboratory of 
T. Helentjaris (Arizona State University, Tucson, AZ) and 
were mapped to chromosomes 2s and 1OL. A considerable 
amount of evidence suggests, in fact, that these entire chro- 
mosome segments originate from a duplication event 
(Helentjaris et al., 1988). 
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GFl4-6 TATAAATTCTGATGACATTGRAG~TTRATAT~TYT~ATGTCATTGRRCGRR~CTTTT -149 

GFl4-12 T...CATTTTCCT..CCCTGCCG .......... TACCGTGUCCTGATCG..CCCAATTTCGTGT -709 

GFl4-6 AACEACGCTIVLCAWACACCCA..CATGCCCGATYTCIV\ATCCATCTGCTATCACTCCATCCGA -686 

GFl4-12 ..... CGTCTCACGCCTTCCCCAlTCA.ACCCCA.TCCACATCCACATC.TAT ....... ACACA -659 

GF14-6 CT.CACAGTCG~CCGCGCGCCCATGTCACCTGA~CGTGCAGGAGCGCGCCCCGCGGCCT -622 

CP14-12 CTOUjCACTCGTTGATCCGCGCffCACGTCACGTCA~GffCGCGCGCGAGCffiCCCCCGCGACCT -594 

GFl4-6 CTTCOGCCACACCCCCACACGC~GTCGCTCCCCACGCCCCGCCGCCCTGTG~TCTCGTGAGT -557 

GFl4-12 CCTCGG........CRACAGCCCTTCTCGCTCCCCATGCCCC.CCGCCC ..CCCGCCCTCTGTGT -540 

GFl4-6 CCTGACGTCCGTCCACACCTCCAGATCCATCCCGCCCGCCCCCCCGCCCGCCAGCGCCAGTTCTT -492 

GF14-12 CCTCACGCCCGTTC..ACCTCCAGATCCATGCCG..,................ ............ -508 
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CF14-12 .CCCCCACCCGAffiCACCAGGACGTCACCT~CAGCGAGACACGCGGGCCCA~GAlTCGTA -444 

GF14-6 ACTCAGGCACCmCCCCTCCCmCGACATGARTULmCCCTTTCGGCCC .... CGCGCCGCTC -366 

CF14-12 ACTCACACACC~CCCCCCCGTGCGAGATCAA......CCCTTTCMjCCCTGTCTCCCCCGACC -385 

CFl4-6 ACTCCAC.....CGC.CTCCAMjCTCTCTCGCCCCCCCCCCCCCAGCCCCC.. ........... -320 

GF14-12 GCCCCCGAACCPCPCGGTCCAGGCTGTCTCGCTGCCT~GCCGCAGCCCGGCTCCTTCCCTCCT -320 

GFl4-6 .. ACA .CTTACGACCACCCCGG...CAUG.....ffiCCCACCATCACACCGGCACCCAC..... -171 
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CF14-6 CTAGGC............CTGACRGCTGGACCAGGCTGTCCAGTCCCCACRI\OTCG~ACCCGTG -218 

GF14-12 C T A C C C G K C A G G T C A C A C T G A C A T C T C C A C C A G G C T G T C C G  ... CCT....CCTG -197 

GF14-6 ACGGCCTCTGAATTCGTCGATGGCTACGC~CTC ........ CCTGTCCCGTCGGCCATA.CGAC -162 

8x14-12 ACCCCCT.TCMmGTCGATGCCTCCGCTCCTCCGC~CGCCTGCCCGGT~CCCAGATAGCC -133 

GFl4-6 CACATGCACffiCCCCCCACTACCGCTGCCATCC~CGCCGACACGCCTCACCATATCAlTGGCC -97 

GPl4-12 CACATCCACCGCCCACTATTAGGGCTCCCACGGTGGCGCCGACACGCGTCGATATCTCAlTGGAG -68 

GF14-6 CGCCCCACTCCCffiACAGCCCTTITGTAGACCGCACCC~UCCATCTCTTGCCGCACCCCCC.A -33 

GPl4-12 TCCACGACTCCGAGLGCCAGCCCATTXTAG;..C U.... CCGCCGTCTCTTCGCGCACCCCCCRA -10 

CFl4-6 lTCGAACGCCGCAGCTCGACPAGGACGACCCACGACGCACGCGGAC +14 

GFl4-12 TTCGRACGACGGAGC ................ ACCACCCACCCACAO +21 
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Figure 6. Comparing of the 5’ flanking sequences of CRFl and 
CRF2. Numbering is from the start of the cDNA. Gaps have been 
introduced to maximize matching. Conserved nucleotides are 
boxed. A conserved G-box promoter element 5’-TCACGTGG-3’ 
near -450 is indicated in bold type and is underlined. 
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The GBF-Binding Complex May Regulate GF14 Expression

Inspection of the 5' flanking region of the GF14 genes
revealed the presence of a well-defined G-box element 450
bp upstream of the start of the cDNA (Fig. 6). This sequence
specifically binds to GBF from maize-enriched protein extract
and GBF expressed in E. coli (Fig. 7). Furthermore, GF14 is
itself associated with the GBF-protein complex that binds to
the GF14 upstream region in a fashion similar to that pre-
sented previously (de Vetten et al., 1992). Physical association
of GF14 and GBF was supported by partial co-fractionation
of GBF activity and GF14, immunoprecipitation experiments,
and localization studies demonstrating that both proteins are
present in the nucleus (de Vetten et al., 1992). Binding of
GBF and associated GF14 to a G-box element from within
the upstream region of GF14 may suggest that GF14 activity
in vivo is, in part, autoregulated at the transcriptional level.
In plants, examples of autoregulation of genes encoding
transcription factors are limited. Fromm et al. (1991) dem-
onstrated that TGAla can bind to a sequence in the upstream
region of a TGAla-related gene. However, it is unknown
how these binding properties correspond to the regulation of
expression of the TGAla-related gene family in vivo. In
mammalian systems, autoregulation of expression of genes
encoding transcription factors is fairly well documented
(Serfling, 1989). In case of the transcriptional regulation of
the jun gene family, it was shown that c-Jun is positively
autoregulated (Angel et al., 1988), whereas /un-B can inhibit
the activation by c-Jun (Chui et al., 1989). In our study we
showed that GBF and associated GF14 binds to the upstream
region of GF14. How these in vitro experiments correspond
to regulation of GF14 gene expression in vivo is as yet
unknown.

7 8 9 1 0 1 1

GF14
G-box

p r o t e i n

dyad
G - b o x

CO
C3

10

Figure 7. Maize CBF-enriched protein extract or E. co//-expressed
CBF binds to the CF14 C-box promoter element. A, Competitor
DNA oligonucleotides used in the EMSA. The dyad C-box oligo-
nucleotide was derived from the Arabidopsis Adh 5' flanking
sequence (McKendree et al., 1990). The two site-specific mutations
of the dyad C-box oligonucleotide, CM1 and CM2, were previously
described by McKendree and FerI (1992). Only the top strand of
the sequence is shown. B, Partially purified maize GBF activity
interacts specifically with the GF14 G-box and is recognized by
anti-GF14 antiserum. The probe was labeled GF14 G-box (see A).
Binding reactions were carried out either in the absence (lane 2) or
in the presence of 50 ng of the following oligonucleotides: CF14
C-box (lane 3), dyad G-box (lane 4), CM2 (lane 5), or GM1 (lane
6). Lanes 8 through 10 show standard binding reactions incubated
with control monoclonal antibody (lane 8), anti-GF14 monoclonal
antibody 2A3 (lane 9), or anti-GF14 monoclonal antibody 2A6 (lane
10) cell supernatant. Lane 11 is anti-GF14 monoclonal antibody cell
supernatant without the addition of GBF-enriched protein extract.
A, B, and F denote antibody-protein-DNA complex, protein-DNA
complex, and free DNA, respectively. C, E. co//-expressed CBF
interacts specifically with the GF14 G-box. Binding reactions con-
tained 4 ng of purified GBF, 1 Mg of poly(dl-dC) (lane 2), 50 ng of
GF14 C-box (lane 3), 50 ng of dyad G-box (lane 4), 50 ng of CM2
(lane 5), or 50 ng of CM1 (lane 6). Lanes 7 though 10 show E. coli-
expressed GBF binding to either GF14 G-box as probe (lane 8) or
dyad G-box as probe (lane 10).
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The Range of Possible Roles for the CF14 Polypeptides 

The highly conserved structural features of the GF14/14- 
3-3 protein family suggests an important and very likely a 
similar role in the diverse biological systems studied thus far. 
The 14-3-3 proteins were first identified as activators of Tyr 
and Trp hydroxylases, rate-limiting enzymes in the biosyn- 
thesis of monoamines (Ichimura et al., 1987, 1988). Accu- 
mulation of 14-3-3 protein was estimated to be more than 
1% of total brain proteins (Boston et al., 1982), and such 
abundance is apparently in keeping with the important na- 
ture of neurotransmitter production in the brain. However, 
discoveries of additional functions for these proteins and 
their presence at lower levels in nonbrain tissues expanded 
consideration of their roles. Aitken et al. (1991) found that 
14-3-3 proteins isolated from sheep brain are highly effective 
inhibitors of Ca2+-/phospholipid-dependent PKC. Ichimura 
et al. (1991) showed that the tissue distribution of 14-3-3 
almost parallels the known distribution of PKC. In situ hy- 
bridization revealed that one of the 14-3-3 isoforms was 
expressed in both monoamine-synthetic neurons and neurons 
that do not synthesize monoamines (Watanabe et al., 1991). 
Furthermore, Isobe et al. (1992) demonstrated that some 14- 
3-3 isoforms that were previously shown to activate Tyr and 
Trp hydroxylases are also able to activate PKC. The 14-3-3 
isoforms have also been implicated in the stimulation of 
Ca'+-dependent exocytosis (Morgan and Burgoyne, 1992). 
Again, it is thought that the ability of the 14-3-3 protein to 
activate exocytosis is potentiated by PKC activation. Thus, 
an increasing amount of evidence implicates 14-3-3 proteins 
in the mediation of calcium- and protein kinase-regulated 
events (Aitken et al., 1992; Schlaepfer et al., 1992; Roth et 
al., 1993), considerably broadening the scope of potential 
roles of GF14s. 

Our estimates of GF14 abundance are (0.24-0.33%) some- 
what lower than the abundance of 14-3-3 proteins in the 
brain. Nonetheless, plant GF14/14-3-3 proteins have a rel- 
atively wide distribution and demonstrate properties of the 
animal 14-3-3 proteins. They have been shown to modulate 
PKC activity isolated from mammalian brain (Hirsch et al., 
1992; Lu et al., 1994a), and plant proteins with properties of 
PKC have been described (Elliott and Kokke, 1987). There- 
fore, plant GF14/14-3-3 homologs may act as regulators of 
these protein kinases. Phosphorylation also affects DNA 
binding and transcriptional activation properties of several 
nuclear proteins (Klimczak et al., 1992). Therefore, it is likely 
that the participation of the GF14 isoforms in the G-box- 
binding complex regulates phosphorylation of proteins as- 
sociated with this complex. This, in tum, may regulate pro- 
moter activity of certain genes, including GRFs. 
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