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Abstract

The transcription of zein genes in maize is tissue-specific and developmentally regulated. The 5’ regu-
latory region of many zein genes contains two promoters, P1 and P2, lying approximately 1000 bases
apart. The promoter/enhancer activity of various fragments of the two promoter regions of the zein gene
E19 have been analysed by means of transient expression experiments. The results indicate that the
various regions differentially affect the expression of the GUS reporter gene activity in protoplasts from
tobacco leaves, maize immature endosperms and in vitro endosperm cell cultures. In tobacco protoplasts
only the proximal promoter region, P2, activates GUS expression, while in endosperm culture cells only
the distant promoter, P1, gives significant activity. The P1 region, both in direct and opposite orienta-

tion, stimulates a low level of GUS expression in protoplasts from immature endosperms. =

Introduction

Zeins, the maize seed storage proteins, are en-
coded by a multigene family of related sequences,
whose coordinated expression is highly regulated
and restricted to specific stages of endosperm
development [ 10, 27]. The analysis of cloned zein
genes has led to the identification of a typical
regulatory region, in which two promoters, P1
and P2, lying approximately 1000 bases apart,
determine the appearance of long and short zein
transcripts [ 13]. On the basis of sequence homol-
ogy and nuclear protein-binding sites, it has been
suggested that conserved nucleotide motifs play a
specific role in their temporal and spatial expres-
sion [3, 14].

In the attempt to elucidate the specific function

of sequences from the zein promoter region,
dicotyledonous plants have been transformed via
Agrobacterium with entire zein genes or promoter
fragments [18, 22, 31, 33]. The effectiveness of
various zein promoter regions in driving transcrip-
tion of a reporter gene has also been tested by
means of transient expression in protoplasts of
different origin [4, 25].

We here report transient expression experi-
ments of the reporter GUS gene driven by sepa-
rated fragments from the regulatory region of a
19 kDa zein gene, in protoplasts from tobacco
leaves and maize endosperm tissues; the results
indicate that the activity and specificity of the
various regions depend upon the fragment/
protoplast system considered.
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Materials and methods
Plant material and cell cultures

Nicotiana tabacum SRI plants were grown in ax-
enic conditions on MS salts [19], 3%, sucrose at
25 °C with a 16/8 h light/dark programme. Maize
A69Y, from the collection of the Istituto Speri-
mentale per la Cerealicoltura, Sez. Bergamo, was
employed for the preparation of protoplasts from
developing endosperms and for the induction of
endosperm suspension cultures [16, 17].

Protoplasts

Tobacco mesophyll protoplasts were prepared
from young leaves, wounded with carborundum
and incubated in enzyme solution (1%, Cellulase
Onozuka RS, 0.5% Macerozyme R-10, MS salts,
13mM CaCl,, 0.5M mannitol pH5.5) for
16 hours at 25 °C in the dark. Protoplasts were
recovered by resuspending macerated leaves in
K3 medium [20], filtering through a 85 pm nylon
mesh and centrifuging at 100 x g for 10 min. The
floating protoplast band was diluted in EPT buffer
(0.5 mM Hepes, I mM CaCl,, 0.6 M mannitol
pH 7.2) at 10° cells/ml. Protoplasts from maize
endosperms (10 days after pollination) were pre-
pared according to Schwall and Feix [25], and
resuspended in EPE buffer (0.5 mM Hepes,
I mM CaCl, pH 7.2, adjusted to 1500 mosm/kg
H,O with sorbitol) at 3 x 10° cells/ml. Protoplasts
from maize endosperm cell suspensions were ob-
tained as described [17] from cells five days after
subculturing; after floating in K3 medium, they
were resuspended in EPT at 10° cells/ml.

Protoplast  transformation and determination of
GUS expression

The TA 750 transfection apparatus (Kruss
GmbH, Hamburg, FRG) was used for electro-
poration; a special device was attached to the
output electrode connections in order to monitor
each pulse by means of a Philips oscilloscope
(Model PM3302). Electroporation conditions:
electric pulse (500-2000 V/cm), pulse length

(0.05-0.3 ms), number of pulses (1-3), distance
between electrodes (0.5-1 mm) and plasmid con-
centration (8—50 pg/test) were optimized for each
type of protoplast in different buffers (pH 6.2-
7.2). The most reproducible results were obtained
with electroporation between concentric elec-
trodes (1 mm gap), with a single pulse of 1500 V/
cm for 0.1 ms, on 0.5 ml protoplast suspensions
(0.5-1.0 x 10° cells in EPT or EPE medium) with
the addition of 35 ug of plasmid DNA and 20 ug
of sonicated calf thymus DNA. After electropo-
ration, the protoplasts were left on ice for 10 min
and then diluted to 100000 cells/ml in plating me-
dium (K3 for SRI mesophyll protoplasts; condi-
tioned BMS [17] for maize protoplasts). After
48 h incubation at 25 °C in the dark, cell survival
(50-809;) was determined by fluoresceine diac-
ctate staining [32]; f-glucuronidase activity was
determined on cell extracts according to Jefferson
[12]. Protein concentration was determined by
the BioRad protein assay.

Preparation of nuclear extracts and gel-retardation
assay

Crude nuclear extracts were prepared from fro-
zen maize endosperms (10~15 days after pollina-
tion) according to the protocol developed by J.
Clarke [7]. Grinding buffer (HB) and nuclei re-
suspension buffer (WB) were as described [9];
nuclear proteins were extracted according to Sie-
benlist et al. [26]. Protein was determined by the
Bradford procedure [5].

For gel-retardation experiments, the binding
reaction was carried out at 25 °C for 15 min in a
total volume of 15 ul. Approximately 0.5 ng of
end-labelled DNA fragment was incubated in
binding buffer (20 mM Hepes pH 8.0, 1 mM
DTT, 1 mM EDTA, 100 mM NaCl) in the pres-
ence of 4 ug of nuclear extract and 3 ug each of
poly(dA-dT) and poly(dC-dG) as competitors.
Electrophoresis was performed in 0.5 x TBE at
12V/cm on an 8Y% polyacrylamide gel (50:1
cross-linking ratio); gels were then fixed (5%, ace-
tic acid, 20%, methanol), dried and exposed to
X-ray film.



Construction of the chimaeric genes

The GUS gene, together with the NOS termina-
tor sequence, was obtained as an Eco RI/Hind 111
fragment from pBI 101.1 [12] and inserted into
the pUCS vector. The upstream regulatory region
of the zE19 gene [28], encompassing the -7
(Rsa I) up to the —1450 (Hpa 1) nucleotides from
the ATG start codon, and derived restriction
fragments were inserted by blunt-end ligation in
the single Sma [ site in front of the GUS coding
sequence (Fig. 1). In puE1GUS the fragment ex-
tends from the Rsal (-7) to the Mae III site
(—300), and contains the TATA, CAAT and 7-
11-7 boxes; puE12GUS, starting from the same
Rsal site and extending up to the Hpal site
(—425), contains in addition the —300 box. The
puE3 fragment extends between the proximal
Hpa 1 (-425) and the distal Hpa I (—1450) sites
and contains the putative P1 promoter. Nucle-
otide sequences of the P2 region [28] and of the
P1 region are registred in the EMBL Nucleotide
Data Library (Acc. no. X63667).

Two 35S CaMV promoter constructs were
used as references. The pCaMV contains the 35S
region of the pBI 121.1 [12] and DP33 the Dde I-
Dde 1 fragment of the CaMV sequence encom-
passing —289 to + 131 with regard to the CAP
site [21] thus containing the leader sequence of
the longest CaMV transcripts.

Results and discussion

Analysis of the 5' regulatory region of E19 gene and
binding of endosperm nuclear factors

Figure 1 reports the constructs utilized in the
present work, and shows the relative positions of
the P1 and P2 promoters, and the boxes deter-
mining endosperm nuclear-factor-binding activ-
ity. The sequence of the P1 region of the zE19
gene was determined and fragment sequences rel-
evant to the present work (Fig. 1) are compared
to other zein genomic sequences [6, 11, 28].
The results obtained from gel retardation ex-
periments (Fig. 2) show a sequence-specific inter-
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action of nuclear extract and the Xba I-Rsa I pro-
moter fragments of Fig. 1. The method used for
the preparation of nuclear extracts from maize
endosperm allows the detection of strong inter-
actions, as in the case of the gene pMS1 [15], but
not of weaker interactions around the start of
transcription. As shown in Fig. 2, only fragment b
(which contains the —300 element) and fragment
e (containing the 7-11-7 sequence) were retarded.
That the interaction detected on fragment b ac-
tually involves the —300 sequence is confirmed by
the fact that fragments ¢ and d, obtained from
digestion of fragment b at the Mae 111 site present
in the =300 element, are devoid of any binding
activity (Fig. 2).

The analysis of the zE19 gene by S1 mapping
[8], by sequence comparisons and by gel-
retardation experiments has allowed the identifi-
cation in the P2 region of the transcription start
point, CAAT/TATA boxes and the two sequence
motifs with specific endosperm nuclear-factor-
binding activity. In the P1 region, sequence com-
parison also reveals the presence, as in the P2
region, of the CAAT/TATA boxes, situated
190 bp and 210 bp, respectively, downstream of a
degenerate —300 element (Fig. 1). Both the —300
elements of the P1 and P2 regions contain, how-
ever, the core sequence (GTAAAGG) common
to most light-chain zein genes and other cereal
storage protein genes [ 3, 29]. The 7-11-7 element
is present, however, only in the P2 region.

Promoter activity in transiently transformed proto-
plasts

In order to assign a specific function to the pu-
tative regulatory regions (7-11-7; -300) we con-
structed the puE1IGUS and puE12GUS plas-
mids. The puE123GUS and puE3GUS
constructs were made in order to verify the pro-
moter and/or enhancer function of fragment 3.
Plasmids were constructed so as to have frag-
ments in both orientations, direct (A) and oppo-
site (B) (Fig. 1).

Zein genes are strictly developmentally regu-
lated and tissue-specifically transcribed by a com-
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2619 TTCAGTGGTTGAGAAAAAGGTAAAGGTGTGTCCACACTCACGTGCTCGGCTGCC TCCGCCGAGACGAGGCATGGCGTTGCAAGGTGAGGE - 1135
pMST A *C GC AC AR T
abl **CG GC *CC G

ZE19 ATGGCATGGTGTAGCACGATAGCAGTCATGGTCGTGGCACAGTGTAGCATTGL TGTGGATAGATAGATAAACTATTGTTGTAGTTAGAGT -1045
pMS1 CA c T T ¢
ab1l C c c T

ZE19 GCATGAGTTTTTGAATGCAACACTAGAATTTTCACAATTTAACTTAATTAAGAAGTTATATCTTGATGACATAGAGTTACCTGACCATTG - 955

pMSt
ab11 G
1177177717077711177
ZE19 .- -610 bp- -.TGTGGCTATCGTTACACATGTGTAAAGGTATTGCATCACACTATTGTCACCCATGTATTTGGACAATACCGAGAGG -270
pMS1 G AC A c
ablt o

pMS1 T T
ab1l *

2E19 ACTAGATACCATGTCATCTCTACCTTATCTTACTAATATTCTTTTTGCAAAATCCAAAATTAATCTTGCACAAGCACAAGGACTGAGATG  -90
pMS1 *
ab11

ZE19 TGTATAAATATCTCTTAAATTAGTAGCTAATATATCGCACATATTATTTAGACCAACTAGCAACATAG*AAGCACAATAGTGTACCAACAATG +3
pMS1 G G A
abll G

Fig. 1. Schematic presentation of the chimaeric genes containing the fragments of the zE19 promoter and the sequences of rele-
vant elements in the P1 and P2 regions. In the upper panel, a is the zE19 gene promoter region with restriction sites relevant for
the constructions. 1, 2 and 3 identify the fragments of the various constructs; arrows indicate the P1 and P2 regions; open and
dashed boxes the regions with nuclear protein-binding activity; open and closed diamonds represent the TATA and CAAT boxes,
respectively. b, ¢, d and e show the plasmid constructs containing the three fragments or the entire regulatory region fused to the
GUS reporter gene. A and B indicate the direct (A) or inverted (B) orientation of each fragment with respect to the GUS gene
(see Table 1). Restriction sites: R, Rsa [; M, Mae I1I; H, Hpa 1; X, Xba 1. In the lower panel the sequences of the P1 and P2 re-
gions of the E19 gene is compared to other zein genes [6, 11] of the same subfamily. Nucleotides are numbered relative to ATG
start codon. Only nucleotide differences of pMS1 and gz19ab11 respect to zE19 are indicated. Stars indicate gaps introduced to
maximize homology. Potential CAAT and TATA boxes are overlined; arrows indicate transcription starts. Slashes indicate the
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Fig. 2. Gelretardation experiment. The end-labelled frag-
ments of the P2 region in presence (+) or absence (—) of
endosperm-nuclear proteins were separated on polyacrylam-
ide gels. The normal or shifted migration of each fragment has
been visualized by autoradiographs on X-ray film.

plex system of trans-acting factors and cis-
regulatory sequences [2, 16]. One of the aims of
the present investigation was to define the func-
tional role of E19 promoter regions in transient
expression and to correlate it with the data on
their permanent expression already obtained in
transgenic petunia plants, where developmental
and endosperm specific expression were found
[22].

The GUS activity of the E19 constructs and of
pCaGUS and DP33GUS as controls, were anal-
ysed in transient expression experiments in . ta-
bacum leaf protoplasts (as a control cell system)
and in protoplasts from maize endosperm sus-
pension cultures and from native endosperms ten
days after pollination, as monocot tissue-specific
cells. Endosperm cultures have been already
characterized for the occurrence of zein proteins
and transcripts [ 16, 17]. The results are summa-
rized in Table 1.
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Table 1. GUS activity in transient expression experiments
(pmol 4-MU/min per mg protein). Data are the average of two
experiments, one in duplicate and one in triplicate samples.
The standard error is indicated in parenthesis.

Promoter Protoplast source

tobacco endosperm endosperm

leaves culture tissue
None* 6.05(+0.25) 19.90(+0.1) 2.80(+0.8)
pCaMV  32.80(+2.08) 83.00(+54) 6.90(+0.9
DP33 78.80(+3.7) 234.00(+118) 7.60(+0.1)
puEl123 18.25(+£1.65) 17.00(+0.4) 4.90(+0.1)
puE124 17.85(+2.05) 1590(+2.3)  4.05(+1.45)
puEI2B 6.30 (+0.1) 10.75(+£0.85) 4.75(+0.75)
puElA 6.60 (+0.1) 10.10(£0.2)  4.75(+1.25)
puElB n.d. 11.60(+1.7)  6.50(+0.5)
puE3A4 6.70 (+ 1.6) 3150 (+ 1.7)  7.75(+0.75)
puE3B 6.45(+34) 15.30(+54) 8.25(+1.75)

* Protoplasts electroporated without plasmid DNA.
n.d.: not determined.

In tobacco leaf protoplasts the reporter gene
activity is significant for the entire E19 promoter
fragment (P1 + P2 regions) and for the shortened
version (puE12A, -425bp) in which both the
7-11-7 and the —300 elements are present. When
the inverted versions of the —425 bp fragment or
only the distal fragment 3 are used the activity is
completely lost. Roussel ef al. [24] and Boston et
al. [4], have obtained in carrot protoplasts com-
parable results with the promoter fragment (P2
region) of a zein gene of the same subfamily, con-
taining the elements present in the 12A construct.
These results and our data may suggest that both
regulatory elements are necessary to activate
transcription.

However, in a recent paper Thompson et al.
[30] reported significant GUS activity from a zein
promoter sequence from which the 7-11-7 ele-
ment was deleted. Since the puElA construct,
containing only the 7-11-7 element, fails to give
any GUS activity, this points to the enhancer
function of the —-300 element present in frag-

sequences of the ¢ —300 element’ present in both P1 and P2 regions showing the core GTAAAGG and corresponding to the slashed
box of the upper panel and of Fig. 2. The dotted sequence, showing the 7-11-7 element, corresponds to the open box of the upper

panel and of Fig. 2.
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ment 2 and may suggest an endosperm-specific
function for the 7-11-7 motif. Accordingly, Quayle
etal. [23] have recently reported the enhance-
ment of the 35S CaMV promoter by the —300
box in protoplasts from an endosperm culture.

In our endosperm culture protoplasts, GUS
activity is driven only by the construct containing
the fragment 3, in direct orientation (Table 1). We
remind that these cultured cells do express zein,
but at a very low level [ 16], and that maximal zein
accumulation occurs in the stationary phase of
growth [17]; we have not possibly employed this
cell system in a stage of culture with optimal zein
transcription activity.

The protoplasts from endosperm 10 days after
pollination, characterized by undetectable levels
of zein transcripts and zein polypeptides [2, 22],
show low levels of GUS activity for all the con-
structs tested. In a similar experiment Schwall
and Feix [25] also report a low level of CAT
activity driven by the 1.5 kb upstream region of
pMS1, a E19 related zein gene (Fig. 1). However,
the data of table 1 for fragment 3 (A and B ori-
entations) and for fragment 1B show levels of ac-
tivity higher than the background and similar to
those of constitutive promoters.

The published data and the results of the
present work can be interpreted in terms that the
promoter and/or enhancer functions recovered in
various fragments of the 1.5 kb upstream region
depends on the protoplast/construct system em-
ployed. It should be noted that none of the plant
cells utilized represents a proper system (i.e. a
developmental stage specific endosperm cell or
tissue). Thus, the capacity of a sequence to drive
the expression of a reporter gene, is probably re-
lated to the presence or to the absence (and also
to the concentration) in the various cell systems,
of different transcriptional factors that recognize
specific motifs in each fragment. This interpreta-
tion is in agreement with the results and sugges-
tions of Benfey ef al. [ 1] on the combinatorial role
of cis-regulatory elements and transcriptional
factors in determining tissue- and cell-specific
expression. If this is correct, it is quite hard
to achieve a correlation between these transient
expression data and those obtained with perma-

nent expression in transformed petunia tissues
[22].

In summary, definitive proof of the tissue-
specific and developmental regulatory functions
of the various fragments through transient expres-
sion experiments might be obtained by the use of
in vitro endosperm cell cultures better character-
ized at the molecular level (for presence/absence
of specific transcriptional factors) and by the ap-
plication of the bombardment method to native
immature endosperms of proper maize genotypes
mutated in the zein regulatory genes opague-2 and
opaque-7 [27].
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