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ABSTRACT The prolamin box (P-box) is a highly con-
served 7-bp sequence element (5'-TGTAAAG-3’) found in the
promoters of many cereal seed storage protein genes. Nuclear
factors from maize endosperm specifically interact with the
P-box present in maize prolamin genes (zeins). The presence
of the P-box in all zein gene promoters suggests that interac-
tions between endosperm DNA binding proteins and the P-box
may play an important role in the coordinate activation of zein
gene expression during endosperm development. We have
cloned an endosperm-specific maize cDNA, named prolamin-
box binding factor (PBF), that encodes a member of the
recently described Dof class of plant Cys,-Cys, zinc-finger
DNA binding proteins. When tested in gel shift assays, PBF
exhibits the same sequence-specific binding to the P-box as
factors present in maize endosperm nuclei. Additionally, PBF
interacts in vitro with the basic leucine zipper protein
Opaque2, a known transcriptional activator of zein gene
expression whose target site lies 20 bp downstream of the
P-box in the 22-kDa zein gene promoter. The isolation of the
PBF gene provides an essential tool to further investigate the
functional role of the highly conserved P-box in regulating
cereal storage protein gene expression.

The prolamin seed storage proteins of maize, named zeins, are
encoded by five distinct classes of genes that are distinguished
by the molecular mass of their protein products (reviewed in
ref. 1). Zein gene mRNA and protein expression are limited to
the endosperm and coordinately regulated in a temporal
fashion, beginning between 8 and 10 days after pollination
(DAP), peaking at 16 DAP, and continuing throughout seed
development (reviewed in ref. 2). Though cereal seed storage
proteins are the primary source of proteins in human diets
worldwide and have long been the subject of intense scientific
study, our understanding of the molecular mechanisms regu-
lating their expression is limited. Much of what is known about
this process in maize is based on the molecular, genetic, and
biochemical analysis of the opaque2 locus. This work has
demonstrated that the Opaque2 (O2) gene encodes a basic
leucine zipper (bZIP) transcription factor (3, 4) that binds to
a promoter element in the 22-kDa class of zein genes to
activate their expression (5, 6).

The primary effect of the opaque2 mutation is a reduction
in the transcription of a specific subset of zein genes (7). This
leads to a corresponding decrease in 22-kDa, and to a lesser
extent, 15-kDa zein protein compared with wild type. Consis-
tent with these phenotypic effects, only the 22- and 15-kDa
zein gene promoters contain O2 binding sites (5, 8). Therefore,
additional regulatory factors and promoter elements must
mediate the coordinate activation of all classes of zein genes
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during endosperm development. The prolamin box (P-box) is
a good candidate for such a cis-acting regulatory element,
because it is present within the promoters of all zein genes as
well as many storage protein genes from related cereals (Fig.
1). The P-box was initially identified on the basis of both its
highly conserved nucleotide sequence (5'-TGTAAAG-3") and
position (—300 region) relative to the translation start codon
of prolamin genes (9, 10). Endosperm nuclear factors have
been shown to bind the P-box present in the 19-, 22- and
27-kDa zein gene promoters (11, 12). Further analysis of these
protein-DNA interactions indicate that they may be specific to
the endosperm (13, 14). Transient expression assays of zein
gene promoter activity in maize endosperm suspension culture
cells (12, 14) suggest that the P-box plays a positive role in the
coordinate activation of zein gene expression during en-
dosperm development. Interestingly, the P-box in the 22-kDa
zein gene promoter lies just 20 nucleotides upstream of the
binding site for O2, suggesting that O2 may interact with
factors binding the P-box to activate 22-kDa zein gene expres-
sion (5). Despite the fact that P-box binding factors were one
of the first DNA-protein interactions identified in plants (11),
the molecular cloning of the gene encoding the protein that
binds the P-box has not yet been reported.

Recently, a novel class of DNA binding proteins possessing
a conserved Cys,-Cys, zinc-finger motif, named the Dof or
MOA domain (15, 16), has been identified from maize,
Arabidopsis, pumpkin, and tobacco (17, 18). Three of these
proteins have been shown to specifically interact with a
5'-AAAG-3’ or its reverse and complementary 5'-CTTT-3’
sequence motif (16, 18, 19), which is also present in the P-box
(Fig. 1). The Arabidopsis Dof protein OBP1 was isolated on
the basis of protein—protein interactions with ocs element
binding factor proteins (16), bZIP factors that bind ocs element
sequences in the cauliflower mosaic virus 35S (CaMV-35S)
promoter and related sequences in the Arabidopsis glutathione
S-transferase 6 (GST6) promoter (20). In both the CaMV-35S
and GST6 promoters, the binding sites for OBP1 and its
interacting OBF proteins are closely linked, separated by only
12 bp in the GST6 promoter (20). The binding of a Dof protein
to an AAAG DNA sequence motif and its interaction with
bZIP factors that bind to neighboring promoter sites suggested
that similar interactions between a Dof protein, the P-box, and
02 also may occur on the 22-kDa zein gene promoter. This
report describes the molecular cloning of an endosperm-
specific maize cDNA that encodes a Dof domain protein. The
cloned protein, which we have named prolamin box binding
factor or PBF, binds the P-box with the same specificity as the
P-box binding activity in maize endosperm nuclear extracts.

Abbreviations: PBF, prolamin box binding factor; O2, Opaque2;
P-box, prolamin box; DAP, days after pollination; GST, glutathione
S-transferase; bZIP, basic leucine zipper.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. U82230).
*J.V.-C. and S.P.M. contributed equally to this work.
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CEREAL / GENE PROLAMIN BOX SEQUENCE LOCATION

Maize

22-kD Zein ACATGTGTAAAGGTGAA -330

19-kD Zein ACATGTGTAAAGGTATT -326

15-kD Zein TGACATGTAAAGTTGAT -210

27-kD Zein TGACGTGTAAAGTAAAT -352

10-kD Zein AGAGGTGTAAATGGTAC -542
Coix

a-Coixin ACGTATGTAAAGGTGAA -330
Sorghum

v-Kafirin TGACGTGTAAAGGTGAA -339
Barley

B-Hordein TGACATGTAAAGTGAAT -300

C-Hordein TGTAGTGTAAAGTAAAA <317

Y¥-Hordein TGAGATGTAAAGTGAAT -297

D-Hordein TGTTTTGCAAAGCTCCA 2242
Wheat

o-Gliadin TGAGCTGTAAAGTGAAT -315

LMW-Glutenin TGACATGTAAAGTTAAT -303

HMW-Glutenin TGTTTTGCAAAGCTCCA -242
Rye

®-Secalin TGTAGTGTAAAGTGAAA -319
Oat

Avenin TGACATGTAAAGCGAAA -326
Rice

GluB-Glutelin TGCCATGTAAAGATGAC -458

Fic. 1. Alignment of cereal seed storage protein gene promoters
in the region of the P-box sequence element. The location of each
P-box element is given in nucleotides upstream of the translation start
codon. GenBank accession numbers for the different promoter se-
quences are in parentheses: 22-kDa zein (X55722), 19-kDa zein
(V01472), 15-kDa zein (M13507), 27-kDa zein (X58197), 10-kDa zein
(M23537), a-coixin (X63113), vy-kafirin (X62480), B-hordein
(X87232), C-hordein (M36941), y-hordein (M36378), D-hordein
(X84368), a-gliadin (K03076), LMW glutenin (X07747), HMW glu-
tenin (X12929), w-secalin (X60295), avenin (J05486), and GluB
glutelin (X54193).

Additionally, PBF forms protein—protein contacts in vitro with
02, but not with the related maize bZIP protein OHP1. These
results indicate that PBF represents the P-box binding activity
observed in maize endosperm nuclei, and that specific protein—
protein interactions between PBF and O2 are likely to be
important in the regulation of 22-kDa zein gene expression.
Considering the conserved sequence and position of the P-box
among cereal storage protein genes, it is likely that homolo-
gous proteins exist in the endosperm of other cereals. The
cloning of the maize PBF gene should facilitate the isolation
of corresponding genes in other important grain crops, thus
promoting comparative studies of their role in cereal storage
protein gene expression.

MATERIALS AND METHODS

Cloning of PBF c¢DNA. A reverse transcriptase—PCR ap-
proach was used to isolate Dof-encoding cDNAs from maize
endosperm. An oligo(dT) tag primer [5'-GTCGACTCTA-
GAGGATCC(T)12-3'] was used to prime first-strand cDNA
synthesis from poly(A)-selected 18-DAP maize endosperm
mRNA. The tag primer and two primers derived from con-
served residues in the Dof domain (see Fig. 3) were subse-
quently used in nested PCR amplifications of endosperm
cDNA. DNA sequencing of the amplified products revealed
that the primary product contained a Dof-related sequence.
This gene fragment was then used as a probe to screen
approximately 1 X 10° plaques of a cDNA library prepared
from maize developing endosperm mRNA (21). Using either
standard or reduced stringency hybridization conditions, 20
hybridizing plaques were identified. Eight of these were
plaque-purified and determined by restriction mapping and
DNA sequencing to represent the same PBF cDNA.
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DNA Binding Assays. Preparation of nuclear extracts from
16-DAP endosperm (inbred Oh43) and DNA binding assays
were performed essentially as described in ref. 5. Three
micrograms of protein from endosperm nuclear extracts were
incubated in binding buffer at room temperature for 10 min,
followed by the addition of 1 X 10° cpm 3?P-labeled double-
stranded DNA probes and incubation at room temperature 20
min. Bound complexes were resolved on nondenaturing 4%
polyacrylamide gels in 0.25X TBE (90 mM Tris/64.6 mM boric
acid/2.5 mM EDTA, pH 8.3) at 4°C, dried onto Whatman
3MM paper, and autoradiographed.

For expression of PBF in Escherichia coli, the entire PBF
cDNA was first cloned into pBluescript KS. The 1,197-bp Ncol-
BamHI fragment from this plasmid, with the Ncol site span-
ning the start codon, was inserted into Ncol+ BamHI-digested
pET-11d (Novagen) and transformed into E. coli strain
BL21(D3). Overnight cultures harboring either the recombi-
nant PBF clone or the pET-11d vector without insert were
diluted 1:10 in Luria—Bertani medium and grown for 3 hr at
37°C. PBF expression was then induced with 1 mM isopropyl
B-D-thiogalactoside from the phage T7 promoter for 1 hr at
30°C. Cells carrying the pET-11d vector with no insert were
similarly induced. Bacterial extracts were prepared by pelleting
the cells, sonicating in the presence of lysis buffer (10 mM
Hepes, pH 7.9/50 mM KCl/1 mM EDTA/1 mM DTT/0.1 mM
phenylmethylsulfonyl fluoride/0.5 mg/ml leupeptin/2 mg/ml
aprotinin/10% glycerol) and freezing at —70°C. Five micro-
grams of total protein from the bacterial extracts was incu-
bated in binding buffer with labeled probes in DNA binding
assays as described above.

RNA Gel Blot Analysis. Total RNA was isolated as described
(22) from maize wild-type tissues (inbred Oh43) or mutant
endosperm homozygous for the 02-R null allele in an Oh43
background (21). RNAs were prepared from 4-day-old seed-
ling roots, 4-day-old seedling shoots, expanding leaves (leaf
10), 1.5-cm immature ears, 1.5-cm immature tassels, 18-DAP
embryos, and developing endosperms at 5, 8, 10, 12, 14, 15, 18,
21, and 25 DAP. RNA gel blots were prepared from 10 ug of
total RNA, hybridized to random primer-labeled probes, and
washed as described in ref. 23. The following gel-purified
restriction fragments were used as probes: 720-bp Xbal- Spel
restriction fragment from the cloned PBF cDNA, the entire O2
cDNA (3), and a 653-bp PstI-Sacl fragment from the plasmid
pSKUBI carrying the maize ubiquitin cDNA (24).

In Vitro Protein-Protein Interaction Assays. 3>S-labeled O2,
OHP-1 (25), and PBF proteins were produced by in vitro
transcription and translation using the TNT system (Promega).
Plasmids for the expression of fusion proteins between GST
and either the full-length PBF or O2 cDNAs were constructed
in the pGEX-2TK vector (Pharmacia). A BamHI site was
engineered before the ATG codon of each cDNA clone by
PCR and used to generate in-frame fusions to the C terminus
of GST, which were subsequently sequenced to ensure fidelity.
To produce GST fusion proteins, XL1-Blue E. coli cells
harboring either the empty pGEX-2TK vector or the recom-
binants described above were grown overnight at 37°C, then
diluted 1/10 with Luria-Bertani medium and further grown
for 1 hr. Protein expression was induced by addition of
isopropyl B-D-thiogalactoside to 0.5 mM and cell growth
continued for 3 hr at 30°C. Cells were pelleted and resus-
pended in TNE5 (10 mM Tris, pH 7.5/150 mM NaCl/5 mM
EDTA) with 1 mM phenylmethylsulfonyl fluoride and lysed by
sonication. Insoluble material was removed by centrifugation
after addition of Nonidet P-40 to 1%. GST, or GST fusion
proteins were enriched by affinity to glutathione-agarose
beads (Sigma) following standard procedures.

The system described by Gyuris et al. (26) was used with
minor modifications to test for protein—protein interactions. A
typical binding reaction contained 100 ul of a 50% slurry of a
particular GST-fusion protein adsorbed to gluthatione-
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agarose beads equilibrated in NETN buffer (50 mM Tris, pH
7.5/100 mM NaCl/1 mM EDTA/0.1% Nonidet P-40/0.25%
gelatin) and 8 ul of TNT-labeled protein. After incubation for
30 min at 20°C the agarose beads were washed four times with
0.01% SDS in NETN and finally resuspended in Laemmli
loading buffer. Interacting proteins retained by the resin were
resolved by SDS/PAGE in 10% gels and detected by fluorog-
raphy. Proteins were heated to 37°C for 10 min to promote
dissociation of any dimerized bZIP proteins followed by
incubation for 30 min at 20°C with gentle agitation (see Fig.
5B). Because bZIP protein homodimer and heterodimer for-
mation has previously been shown to be enhanced in the
presence of DNA carrying the bZIP target site sequence (27),
the protein—protein complexes (see Fig. 5B) also were allowed
to form in the presence of 1 ug of double-stranded oligonu-
cleotide containing an O2 binding site (5).

RESULTS

PBF in Endosperm Nuclei Interacts with the 5'-AAAG-3’
Sequence Motif. Previous DNasel footprinting and electro-
phoretic mobility-shift assays indicated that the P-box binding
activity identified in maize endosperm nuclear extracts spe-
cifically interacted with the P-box core sequence (12). The
introduction of three nucleotide substitutions in the P-box core
sequence (from TGTAAAG to TcTAgAc, mutant nucleotides
in lowercase letters) dramatically reduced this interaction (12).
To further define those nucleotides within the P-box that were
recognized by the endosperm nuclear proteins, oligonucleo-
tides that contained a subset of these substitutions (TcTA-
AAG or TGTAgAC) or a tetramer of the wild-type P-box core
sequence (TGTAAAGG) were tested in electrophoretic mo-
bility-shift assays (Fig. 2). A single shifted complex was ob-
served when endosperm nuclear extracts were incubated with
a labeled probe carrying the wild-type P-box from the 227-4
zein gene promoter (5). This binding activity was greatly
enhanced by incubating extracts with a probe containing a
tetramer of the P-box core sequence. Consistent with previous
reports (12), the TcTAgAc mutated P-box sequence com-
pletely eliminated the binding activity present in nuclear
extracts. In addition, substitutions specific to the AAAG
sequence motif abolished the P-box binding activity present in
nuclear extracts, whereas mutations of the TGT sequence
alone reduced, but did not eliminate DNA binding. These
results indicated that the P-box binding activity present in
maize endosperm nuclei interacted primarily with the AAAG
sequence motif.

Molecular Cloning of a Maize PBF. Based on the specific
interactions between the Arabidopsis OBP1 Dof domain pro-
tein with a AAAG DNA sequence motif and its ability to
associate with bZIP factors that bind to nearby promoter
elements (16), we reasoned that a maize Dof domain protein
might interact with the P-box in the 22-kDa zein gene pro-
moter, which lies 20 nucleotides upstream of the binding site
for the bZIP protein O2. Using oligonucleotide primers to the
conserved Dof domain in reverse transcriptase—PCR assays of
maize endosperm RNA, an endosperm cDNA was cloned that
encoded a Dof domain protein (Fig. 3). The sequence of this
cDNA (deposited in GenBank, accession number U82230)
exhibited a high degree of amino acid identity (75-80%) with
other Dof domain sequences (17), but is distinct from previ-
ously identified maize Dof genes. Outside of the Dof domain,
the maize endosperm Dof protein shared no significant amino
acid similarity with other Dof proteins. However, the cloned
cDNA did show complete sequence identity with a maize EST
isolated from an endosperm cDNA library (GenBank acces-
sion number T23343).

When the cloned cDNA was expressed in E. coli and
bacterial lysates were tested in electrophoretic mobility-shift
assays, the cloned Dof protein specifically bound to the P-box
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P-Box = 5'~TTAAGGTTGTCACATGTGTAAAGGTGAAG
CCAACAGTGTACACATTTCCACTTCTCTA-5"

WeBox-1 - 5'~...TcTCTAGAGG. . .

WPBox-2 - 5'~...TCTETAAAGG. . .

MPBox-3 - 5'-...TGTGTAGACG. . .

4x (P-Box) = 5'-AATTGTAAAGGTGTAAAGGTGTAMAGGTGTAAAGG
CATTTCCACATTTCCACATTTCCACATTTCCAGCT -5

Endosperm PBF
Nuclear Extracts E. coli Extracts

123456789101112
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Fi6.2. The DNA-binding activities of endosperm nuclear extracts
and the PBF cDNA expressed in E. coli. (4) Oligonucleotide se-
quences of the wild-type P-box from the 22Z-4 promoter (P-box), a
tetramer of the P-box core sequence (4XP-Box), and three different
mutated derivatives of the P-Box (MPBox-1, MP-Box-2, MPBox-3)
used as probes. The MPBox oligonucleotides were identical to the
wild-type P-box except for those nucleotide changes in the P-box core
sequence indicated in lowercase letters. (B) Electrophoretic mobility-
shift assay analysis of the above probes incubated with protein extracts
from either maize endosperm nuclei (lanes 1-5), E. coli expressing the
PBF cDNA (lanes 8-12), no protein (lane 6), or E. coli harboring the
pET-11d vector without insert (lane 7). Lanes 1, 6, 7, and 8 were
incubated with the wild-type P-Box probe, lanes 2 and 9 with MPBox-1,
lanes 3 and 10 with MPBox-2, lanes 4 and 11 with MP-Box3, and lanes
5 and 12 with the 4X(P-Box) probe. The free probe was partially run
off at the bottom of the gel.

f's B
:

in a manner identical to that observed with endosperm nuclear
extracts (Fig. 2). The maize Dof protein in the bacterial
extracts bound with high affinity to the wild-type P-box probe
and demonstrated dramatically increased binding affinity
when incubated with the probe containing a tetramer of the
P-box core sequence. Similarly, the expressed protein did not
bind to the probe where the AAAG sequence motif had been
mutated to AgAc. When incubated with the probe containing
a mutated TGT sequence, the binding activity of the cloned
protein to the probe was reduced in a manner similar to that
observed for the endosperm nuclear factor. These results
indicate that the cloned maize endosperm Dof cDNA encodes
a P-box binding protein that mimics the binding activity of the
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Cys-Cy® ..... Zinc Finger ..... Cys-Cys
PBF CPREDSNNTKFCYYNNYSMSQPRYFCKACRRYWTHGGTLRNVP IGGGCRK
OBP1l A kAR A KGR R AR AR A R I A AR A Ak kKA AR AR AKX KK XAD XAV X XKL K

NTBBF1l ****N*t*k*xkkx*kkx k) Pr* kA *h kG kX hk kgk kGrkkk k Yk hggh*
MNB1A FhkkkakpDrA KK Ik A XAt AKX KK XX KGR A XA X ARk kkkkkkYhkhphk
ZMDOF2 ***xkghyDr* %X * ¥ XXk A Xk kN | KA Gr Ak XX KKAXGHAKAXYX IR H &

ZMDOF 3 KEXKFKIE KKK KAF I XK K] TAXKRAARIX AKX X XRAK QKKK X XXX y*R

NH. Dof Domain COOH

F1G6.3. Alignment of Dof domains from maize (PBF, MNB1a [16],
ZMDOF?2 [14], ZMDOF?3 [14]), Arabidopsis (OBP1 [17]), and tobacco
(NTBBF1 [18]) genes. * indicate amino acid identity to PBF. Upper-
case letters indicate conservative substitutions, whereas lowercase
letters denote nonconservative substitutions. The Dof domain is
located at the amino terminus for each of these proteins. The regions
corresponding to the primer sequences used in the reverse transcript-
ase—PCR amplification of the PBF cDNA are underlined with arrows.

maize nuclear factor. This protein was therefore named pro-
lamin box binding factor, or PBF.

PBF mRNA Expression Is Endosperm-Specific. Because
both zein gene expression and the interactions between nu-
clear factors and the P-box appear to be specific to the
endosperm (14), the expression of PBF might be expected to
be endosperm-specific. The spatial distribution of PBF gene
expression was examined among each of the major maize
organs (Fig. 44). PBF mRNA was only detected in RNA
samples isolated from endosperm tissue. The temporal accu-
mulation of PBF expression during endosperm development
was then investigated (Fig. 4B). PBF expression was first
detected at 10 DAP, continued to increase with a peak at 15
DAP, and was maintained throughout the remainder of en-
dosperm development. This profile of expression paralleled
that observed for the O2 gene (Fig. 4B) and is consistent with
both O2 and PBF being present at significant levels in maize
endosperm 1-2 days before the expression of zein gene
mRNA, which begins around 12 DAP (1, 7). PBF expression
was also observed to be unaffected by null mutations in 02,
which demonstrates that PBF expression is not regulated by O2
activity.

PBF Interacts with the O2 Protein in Vitro. The Dof protein
OBP1 was cloned on the basis of protein—protein interactions
with OBF bZIP factors (16), demonstrating that members of
these two families of DNA-binding proteins can interact. The
OBP1 and OBF binding sites are in close proximity within the
CaMV-35S and Arabidopsis GST6 promoters, an arrangement
that parallels the location of the O2 and PBF binding sites in
the 22-kDa zein promoter. Therefore, we tested if PBF can
interact with O2. PBF and O2 proteins were produced as
fusions to the C terminus of GST and affinity-purified with
glutathione beads. The bound fusion proteins were then
incubated with 33S-labeled proteins produced in vitro to de-
termine if the labeled proteins would coprecipitate with bound
GST fusion proteins (26). The results of reciprocal experi-
ments involving GST::PBF incubated with 3°S-O2 and
GST::02 incubated with 3°S-PBF are presented in Fig. 5A4.
Both assays show that the O2 and PBF proteins can recognize
one another in vitro, as demonstrated by the increase in labeled
proteins recovered after incubation with the GST fusions
compared with the nonspecific binding observed for GST
alone (negative control). A weaker interaction of GST::PBF
with 3°S-PBF was also observed. An additional experiment was
performed to assess whether PBF forms specific protein—
protein contacts with O2, or more generally interacts with the
bZIP class of proteins. OHP1 is a bZIP factor that is related
to O2 in its bZIP domain, is capable of forming heterodimers
with O2, and is also expressed in maize endosperm (25).
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FiG. 4. PBF mRNA expression detected by RNA gel blot analysis.
(A) Expression of PBF mRNA among different maize organs. R,
seedling roots; S, seedling shoots; L, adult leaves; Ear, immature
female infloresence; T, immature tassel; End, 15-DAP endosperm;
Emb, 18-DAP embryos. The 1.2-kb transcript is only detected in RNA
from endosperm. To control for RNA loading, the filter was stripped
and reprobed with a maize ubiquitin cDNA fragment that shows
expression in all organs. (B) Expression of PBF and O2 mRNA during
endosperm development. The expression of both genes is detected
beginning 8 DAP and follows a similar profile during the remainder
of endosperm development. The o2 lane contains RNA from en-
dosperm at 15 DAP isolated from seeds homozygous for the
opaque2-R null allele. The same filter was first probed with PBF, then
sequentially stripped and reprobed first with an O2 cDNA fragment
followed by a maize ubiquitin cDNA fragment.

However, Fig. 5B shows that 3*S-OHP1 failed to interact with
GST::PBF, whereas protein—protein contacts between O2 and
itself, indicative of bZIP homodimerization, as well as het-
erodimerization between OHP1 and O2, were detected as
expected. These results indicate that at least for the O2 and
OHP1 endosperm bZIP proteins the association between O2
and PBF is specific.

DISCUSSION

We have cloned a ¢cDNA from maize endosperm that we
believe encodes the P-box binding activity present in maize
endosperm nuclear extracts. This conclusion is supported by
the observation that the PBF cDNA expressed in E. coli
produces a protein that binds to the P-box with the same
sequence specificity as the factor identified in maize en-
dosperm. We cannot exclude the possibility that some other
Dof-domain protein is responsible for the the P-box binding
activity observed in endosperm nuclear extracts. However,
extensive screening at reduced stringency of our maize en-
dosperm cDNA library with the initial reverse transcriptase—
PCR product or the cloned PBF cDNA resulted in the isolation
of only PBF cDNAs. This indicates that PBF is at least the most
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355 pPBF* 35g 02* 35g 02+ 358 OHP1*
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- o - -
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FiG. 5. The PBF and O2 proteins interact in vitro. 3S-labeled PBF (predicted molecular mass 30 kDa), O2 (predicted molecular mass 47 kDa),
and OHP1 (predicted molecular mass 44 kDa) proteins were incubated with equal amounts of glutathione-agarose beads saturated with either GST
alone as a negative control, GST::02 fusion protein (O2), or GST::PBF fusion protein (PBF). After extensive washes of the beads (see Materials
and Methods), the retained proteins were eluted and separated by SDS/PAGE and detected by fluorography. For each experiment a sample of
the 33S-labeled protein that was incubated with the GST fusion proteins was run separately as I. (4) The left four lanes show the interaction of
GST::02 with 3S-labeled PBF. The right four lanes show the reciprocal experiment where GST::PBF interacts with 3°S-labeled O2. In both
experiments the signal recovered by the GST fusion proteins is enhanced compared with that observed with GST alone (negative control). The
homodimerization of GST::02 with 3S-labeled O2 serves as a positive control for interaction. (B) GST::PBF can coprecipitate 33S-labeled O2 but
not 3S-labeled OHP1. A selective interaction is reflected by the significant difference in the amounts of 33S-labeled O2 compared with 33S-labeled
OHP1 bound by GST::PBF. The amount of 3>S-labeled OHP1 signal recovered by GST::PBF is comparable to that observed for the negative control
(GST). The homodimerization of O2 and heterodimerization of O2 and OHP1 serve as positive controls for interaction. The two in vitro translated
products observed for OHP1 are reproducible (25) and probably represent the full-length OHP1 protein (upper band) and a smaller product (lower
band) produced by translation initiation from a methionine 37 residues internal to the start codon.

abundant, and probably the only, Dof protein gene expressed
at significant levels in maize endosperm.

The mobility in nondenaturing gels of the shifted P-box
complexes obtained with cloned PBF showed some variability
from experiment to experiment, and differed slightly from the
mobility of the P-box binding activity present in endosperm
nuclear extracts. This differential migration may indicate that
PBF in maize endosperm nuclei is modified posttranslationally
(e.g., phosphorylation or glycosylation) in a manner that is not
faithfully reproduced in E. coli. Alternatively, PBF protein
expressed in E. coli may be sensitive to proteolysis or subject
to premature termination of translation.

Endosperm nuclear factors that bind the P-box promoter
element were one of the first protein-DNA interactions iden-
tified in plants (11). However, extensive screens by our lab and
others to identify P-box binding proteins from endosperm
cDNA expression libraries with labeled P-box probes were
unsuccessful. A probable explanation for the failure to identify
PBF by this method is the presence of an in-frame stop codon
18-bp upstream of the ATG initiation codon. The position of
this stop codon, coupled with the amino-terminal location of
the Dof domain within PBF, would greatly reduce the prob-
ability of obtaining a cDNA insert that would produce both an
in-frame fusion protein and still contain a functional Dof
DNA-binding domain.

The association between PBF and O2 observed in vitro is
likely to represent an important functional interaction in vivo.
This hypothesis is supported by the fact that O2 and PBF are
coexpressed specifically in endosperm tissue and exhibit iden-
tical patterns of temporal accumulation during endosperm
development. Additionally, PBF failed to interact with OHP1,
a bZIP factor that is related to and capable of forming
heterodimers with O2 (25), but does not activate 22-kDa zein

gene expression (R.L.P. and R.J.S., unpublished work). Fur-
ther evidence for a functional interaction between PBF and O2
comes from transient expression assays of zein promoter/
reporter constructs in maize endosperm suspension culture
cells. It previously has been shown that 22-kDa zein promoter
activity is enhanced on average 5- to 10-fold in response to O2
expressed from an effector plasmid (28). Recently, we have
determined that deletion of the entire P-box element or
specific substitutions in the 5'-AAAG-3" sequence motif (to
AgAc) greatly reduced the ability of O2 to transactivate the
22-kDa zein gene promoter (R.L.P., S.P.M., and R.J.S., un-
published work). These results indicate that the binding of an
endosperm protein (presumably PBF) to the P-box is required
for O2-dependent activation of reporter gene expression.
Similar interactions have been proposed for nuclear factors
that bind the P-box and a neighboring bZIP consensus se-
quence from the wheat glutenin and barley C-hordein storage
protein genes (29-31).

The protein-interaction assays (Fig. 5) also revealed that
PBF interacts with itself in vitro, suggesting that PBF may
function as a dimer. Whether such an interaction may be
important for DNA binding or some other activity associated
with PBF is currently unknown. The GST::PBF self-interaction
appears to be weaker than that observed between GST::PBF
and O2. This suggests that at least in vitro, the interaction of
PBF with O2 is favored over PBF dimerization.

The analysis of both 22-kDa and 27-kDa zein gene promoter
activity in transient expression assays with endosperm culture
cells (6, 11) suggested that factors binding the P-box participate
in the coordinate activation of zein genes during endosperm
development. At least three observations regarding PBF and
the P-box support this view: (i) PBF mRNA is specific to the
endosperm and accumulates immediately before the activation
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of zein gene expression, (if) PBF specifically interacts with O2,
a known activator of zein gene expression, and (iif) the P-box
is required for the O2-dependent trans-activation of the 22-
kDa zein gene promoter in transient expression assays. One
mechanism for PBF action may be the stimulation of O2
binding to its target sites in 22- and 15-kDa zein gene pro-
moters. The Arabidopsis Dof protein OBP1 significantly stim-
ulates the binding of OBF bZIP proteins to the CaMV-35S and
GST6 promoters (16, 20). Because the promoters of the other
classes of zein genes lack an O2 binding site, it remains an
interesting question whether PBF alone may be sufficient to
drive their expression, or if PBF may interact with other
transcription factors in addition to O2 to coordinately regulate
expression of all zein genes.

The isolation of a cDNA encoding PBF permits the detailed
genetic and biochemical analysis of its proposed functional role
in coordinately activating zein gene expression. We are cur-
rently in the process of obtaining mutations in the PBF gene
through a reverse genetics approach (23, 32). Having such
mutants will help elucidate the irn vivo function of PBF and will
provide direct genetic proof that PBF encodes the P-box
binding activity present in maize endosperm nuclei. The
continued analysis of PBF and its ability to interact with O2
and possibly other endosperm transcription factors will con-
tribute significantly to our understanding of seed storage
protein gene expression in maize as well as other cereals. In
addition, these studies should offer further insights into the
function of this novel class of DNA binding proteins containing
the Dof domain.
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