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Abstract A dataset of highly expressed plant genes was
developed from the nucleic acids sequence database. The
characteristic features of the nucleotide sequences in
TATA-box, transcription initiation, untranslated leader
and tranglation initiation regions in the highly express-
ible genes in plants and the conserved sequences present
500 bp upstream of transcription initiation site were
identified. These features were employed to theoretically
design a ‘minimal expression cassette’ and a promoter-
upstream ‘activation module.” The ‘minimal expression
cassette’ was sufficient to express the gusA reporter gene
in transient transformation of tobacco leaf. The context
on the 3' side of the initiator codon, conserved in a ma-
jority of the highly expressible genes, gave approximate-
ly a ninefold increase in the expression of B-glucuro-
nidase. The artificially designed, upstream ‘activation
module’ enhanced gusA expression further by about 30-
fold in transiently transformed tobacco leaves. A 450-bp-
long complete expression cassette, containing both the
‘minimal expression cassette’ and the *activation mod-
ule’ expressed gusA at a high level in cotton leaves, po-
tato tubers and cabbage stem also. In stably transformed
tobacco plants, the ‘complete expression cassette’ ex-
pressed gusA at levels higher than the native CaMV 35S
promoter. Histological studies established that the ‘com-
plete expression cassette’ was expressed at a high level
in different cell types in the roots, leaves, vascular tis-
sues and flower parts of the transgenic tobacco plants.
The results substantiate the functional validity of the fea-
tures identified by us and demonstrate the potential of
computational biology in designing artificial expression
cassettes for applications in biotechnology.
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Introduction

The development of promoter-regulatory modules for
targeted applications in plants is an important area of re-
search. Naturally occurring strong promoters like the
CaMV 35S promoter (Odell et al. 1985) have been previ-
ously described to achieve high-level expression of
transgenes in plants. Upstream sequence subdomains
that function as transcriptiona activators in the CaMV
35S (Benfey and Chua 1990), ocs (Leisner and Gelvin
1988) and mas (DiRita and Gelvin 1987) genes have
been employed to develop synergistic combinations
(Kay et al. 1987; Comai et a. 1990; Ni et al. 1995;
Mitsuhara et al. 1996) of multiple transcriptional activa-
tor elements. In animal systems, a highly expressing syn-
thetic muscle-specific promoter (Li et a. 1999) was re-
cently selected from alibrary of random combinations of
four native motifs from actin and myosin promoters. In
most of the earlier studies, large subdomains containing
the core sequence of activator elements along with their
native contexts were employed in the construction of
chimeric gene-expression modules. Activities of the so-
constructed modules sometimes exceeded those of the
parent promoters. Our approach to the development of a
novel gene-expression module was based on the nucleo-
tide sequence analysis of a database of genes selected for
the potential to express at high levels in plants. Several
cis elements and conserved features were identified in
the TATA-box and downstream region as being charac-
teristic of the highly expressible plant genes. These were
combined with a variety of sequence features identified
upstream of the TATA-box, to design an artificial gene
expression cassettte. The results establish that computa-
tional analysis can be used to identify sequence features
that can be employed in the development of highly ex-
pressible gene cassettes.
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Materials and methods
Computational analysis

The EMBL gene database was screened manually to create a sub-
set of angiospermic genes that are potentialy expressible at high
levelsin plants, irrespective of their tissue or environmental speci-
ficities. These genes have been classified as highly expressible,
based on information published on the expression level of individ-
ual genes, various expressed sequence tags (ESTs) and microarray
analyses. The selected dataset comprised 507 entries that repre-
sented 23 types of highly expressible plant genes; these included
the chlorophyll a/b binding protein, late-embryogenesis abundant
proteins, RUBP carboxylase small subunit, seed-storage proteins,
lectins, histones, photosystem-related proteins, nucleus-coded mi-
tochondrial proteins, ribosomal proteins, phenylalanine ammonia
lyase, acyl carrier protein, albumins, calmodulins, peroxidases, ca-
talases, proline and glycin-rich proteins, among others. Function-
aly important sites in individual gene sequences were identified,
as specified in the database and the published reports. The nucleo-
tide sequences around the TATA-box region and the transcription
initiation site, the length and nucleotide sequence of the untrans-
lated leader and the sequence context on the two sides of the initi-
ator codon were compared. The underlying assumption was that
the promoter and downstream regions of genes with the potential
to express at a high level may have speciaised architecture to fa-
cilitate this high level of expression, either constitutively or in re-
sponse to a developmental or environmental cue. It may be possi-
ble to identify such conserved features and assemble those to-
gether to construct a ‘minimum expression cassette’ Further, it
may be possible to identify upstream activator sequences that may
be present in a broad variety of sequenced genes and augment the
expressivity of the ‘minimum expression casette.” Previously
known motifs were searched with QGSEARCH, permitting a 30%
mismatch. New features, like CAT-like and purine-rich elements
were identified (Table 2) after multiple alignment of the 500-
nuclectide-long sequences upstream of the transcription initiation
sites by cLusTAL These software programmes were obtained from
Oxford Molecular Biology, UK. A detailed statistical analyses
showing that several of the features conserved in highly express-
ible genes are in contrast to the features in genes expressed ubiqui-
tously at low level in plants have been published elsewhere
(Sawant et al. 1999).

Synthesis and construction of plasmids

The sequence features identified by computational analysis
were employed to design a 450-bp promoter-regulatory cassette
(Fig. 1). The sequence was divided into overlapping oligomers
and assembled by a polymerase chain reaction (PCR)-based proto-
col (Singh et al. 1996). The complete cassette was assembled in
two parts. The ‘minimum expression cassette’ consisted of the
TATA-box and downstream sequence spanning from nucleotide
positions 313 to 450 (Fig. 1). It is a 138-bp long sequence, desig-
nated as ‘minimum expression cassette’ (Pmec). The second part
comprised the upstream * activating module’ from nucleotides 1 to

312. It was joined upstream of Pmec by PCR-based ligation to
give a 450-bp-long ‘ complete expression cassette’ (Pcec) with an
Xbal site at position 427. It was cloned in pUC19. The gusA gene
along with a nos terminator was amplified from pBl1101.1 (Clon-
tech, USA) using 5'-AATTACATCTAGATAAACAATGGCTT-
CCTCCGTAGAAACCCCAA-3 and 5CCAGTGAATTCCCG-
ATCTAGTAACATAGATGACACCGCGCGCGA-3 as the pri-
mers. The upstream primer was designed to provide to the gusA
gene, an optimised ATG context as determined by the computa-
tional analysis of the highly expressed genes (Table 1). The ampli-
fied 2.3-kbp Xbal—EcoRI fragment containing gusA with the op-
timised ATG context was placed in front of Pmec and Pcec and
used in the transient expression studies. In order to delineate the
contribution of the translational initation context on the 3' side of
the initiator ATG, the native gusA was amplified using an up-
stream primer (5'-AATTACATCTAGATAAACAATGTTACGT-
CCTGTAGAAACCCCAA-3') that provided the optimised context
up to the ATG only. It was assembled to give Pmec (5 ATG)-
gusA, which expressed gusA from Pmec devoid of the optimised
translational context on the 3' side of the ATG. For comparison
with the CaMV 35S promoter, the entire cassette of pBl121 (Clon-
tech, USA) comprising the native 35S promoter, gusA gene and
nos terminator was subcloned into pUC19 to obtain pNBRI100,
which was used in the transient expression studies. The synthesis-
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¥ ce2 Pu GT sV _
1 GTCGACCATCATTTGAAAGGGCCTCGGTAATACCATTGTGGAAAAAGTTG
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51 GTAATACGGAAAAAGAAGATTCATCATCCAGAAAAGGTGTGGAAAAGTTG
-230 -209
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251 ATACACGTGCACGCGTCCACTTGACGCACAATTGACGCACAATGACGCCA
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301 CTTGACGCTACTTCACTATATATAGGAAGTTCATTTCATTTGGAATGGAC
+1TS
N
351 ACGTGTTGTCATTTCTCAACAATTACCAACAACAACAAACAACARACAAC
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! {

401 ATTATACAATTACTATTTACAATTACATCTAGATAAACAATGGCTTCCTC

Fig. 1 Nucleotide sequence of the synthetic ‘ complete expression
cassette’ (Pcec) showing the conserved motifs described in
Tables 1 and 2. The nucleotide positions are numbered with
respect to the transcription initiation site (TS), taken as +1.
CC1 CCAAT boxes, CC2 CAT-like elements. See text (Results)
for complete description of abbreviations

Table1 Characteristics of

TATA-box proximal regionsin ~ Conserved element

Characteristic features

the set of highly expressed

genesin plants TATA consensus

Transcription initiation (TS) site
Length of region between TS and
TATA-box

5" Untranslated |eader region:

Length of the leader
CA-rich elementsin the leader
Trandlation initiator context

T68C67A57C7OIlOOA97IQSAQQI73A99185AQSG59
40262
28-35 bp in 68% of the genes

6090 nuclectides long in 72% of the genes
2-8 copiesin 100% of the genes
TSS(A/ C) 45/41A 86A 83C77A 90@G98C94T75N C62C40N C48




ed and amplified fragments were sequenced by automatic DNA
sequencing on ABI373 (Applied Biosystems, USA).

For stable transformation, the Pcec-gusA fragment was cloned
in pBI101.1 to replace the native gusA—Tnos. The resultant plas-
mid was used for Agrobacterium tumefaciens-mediated stable
transformation of tobacco |eaves.

Analysis by transient expression

The transient expression studies were carried out using micropro-
jectile-mediated delivery of DNA (Sawant et al. 2000). For com-
paring different expression cassettes, pBIN19GFP-S65 C (Reichel
et al. 1996) which contains green fluorescent protein (gfp) ex-
pressed from the CaMV 35S promoter was co-bombarded as an in-
ternal standard to correct variations due to differences in particle
delivery. Equimolar amounts of the two plasmids were coated on
gold particles and bombarded on the target tissue placed on MS
agar medium (Murashige and Skoog 1962) using a PDS1000He
machine (BioRad USA). After bombardment, the tissues were in-
cubated in light for 48 h before the expression of GFP (Reichel
et a. 1996) and -glucuronidase (GUS) (Jefferson and Wilson
1991) was estimated. In certain experiments, the intracellular sta-
bility of GUS was determined by shifting the leaf discsto MS agar
medium containing 300 pg/ml cycloheximide, 60 h after the deliv-
ery of the particles. Endogenous GUS-like activity was suppressed
by incorporating 20% methanol in the reaction and treating sam-
plesat 55°C for 10 min.

The expression of Pcec in a variety of economically important
crop plants was examined following microprojectile bombard-
ment. Potato (Solanum tuberosum) tubers and cabbage (Brassica
oleracea) purchased from the loca market, and tobacco (Nico-
tiana tabacum cv. Petit Havana) and cotton (Gossypium hirsutum
cv. Khandwa-2) leaves obtained from in vitro grown plants were
used for this purpose.

Analysis of gusA transcripts

The steady state level of the gusA transcript following the bom-
bardment of leaf discs was determined indirectly by reverse tran-
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scriptase (RT)-PCR. Total RNA prepared with TRIZOL LS
Reagent (Gibco BRL, USA) was quantified using a Shimadzu
UV-1601 spectrophotometer. One pg RNA was used for amplifica-
tion by 40 cycles of PCR using Superscript |l RT (Gibco BRL,
USA) and Deep Vent polymerase (New England Biolab, USA).
The amplification product was estimated directly using Hoechst
H 33258 dye (Sigma, USA) and by scanning the agarose gel on a
Flour-S documentation system (Bio-Rad, USA) using Quantity
One software.

Analysis by stable transformation

The plasmid pBI121 or its derivative in which P35SgusA had
been replaced with Pcec-gusA was electroporated into Agrobacte-
rium tumefaciens LBA 4404 (pAL4404). Primary transgenic tobac-
co plants were developed by standard methods (Horsch et al.
1985) employing the cocultivation of tobacco leaf discs. For the
estimation of promoter activity, small pieces (2-3 cm?) of leaf
lamina or mid rib (from second fully expanded |eaf from the top)
or lateral roots were excised from 6-week-old transgenic tobacco
plants growing in pots in the glass-house. The tissue was extracted
to determine the glucuronidase activity fluorimetrically (Jefferson
and Wilson 1991). Histochemical studies were conducted as de-
scribed (Jefferson and Wilson 1991). The wax-impregnated tissues
were examined microscopically after microtomy.

Results

Features of the nucleotide sequences around functionally
important sitesin TATA- box proximal regions of genes
with the potential to express at high levelsin plants

Conserved nucleotide sequences and other features iden-
tified as characteristics of the dataset of highly expressed
plant genes are summarised in Table 1. The presence of
two tandem TATA elements in the highly conserved con-

Table2 Conserved sequence

elements located 500 bp up- Conserved motifs Percentage Copy M ost Per centage
stream of the transcription start occurrence number common occurrence
sitein the set of highly ex- in the dataset position at the position
pressed genesin plants
CCAAT-box:
CCACT 37 14 -39t0-84 59
CACAAT 30 1-2 -39t0-84 66
CTACT 31 1-2 -39t0-84 60
Motif aternating with CCAAT-box:
TGACG 32 1-3 -39t0-84 69
G-like elements:
CACG (T/IC)G 25 1-2 —86 to 97 52
GATA-box:
GATA 78 1-5 —-981t0-109 56
U-box:
GTACGCT 21 1-2 -113t0-126 46
Purine rich elements:
(GIA)4g 81 1-6 —-130to -336 60
SV 40 core/GT-element:
GTGGAAA 22 1-6 —-136 to —325 79
GT-like elements:
GGTAATAC
GTGGATTG 61 1-6 -136 to —325 67
GTACATA
DNA bending sequence 23 1 —209 to —230 68
Ocs-like elements 26 1 —181to -196 76
CAT-like elements:
CATCAT 30 1-2 —274 10 -344 72
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text identified in this study, i.e.,, TCACTATATATAG
matches with that reported (Joshi 1987) as the consensus
TATA-box in plants. Functional importance of the two
tandem TATA elements in in vitro transcription activa-
tion by TATA binding protein of Arabidopsis has been
reported by Mukumoto et al. (1993) who demonstrated
that all mutations except T to A in the first T of the
second TATA decreased transcription. The role of the
conserved flanking sequences is not known.

The dataset of the highly expressible plant genes had
the transcription initiation site (TS) usualy located
between 28 and 35 nucleotides from the TATA-box
(Table 1). The region between the TATA motif and the
TS showed no characteristic sequences. In 62% of the
subset of highly expressible genes, the transcription initi-
ation nucleotide was an A; this A was preceded by aC in
40% of these. The leader region downstream of the TS
was commonly 60-90 nucleotides long and had multiple
copies of CA-rich elements. Certain features of the
sequence context around the ATG initiation codon
(Table 1) in the dataset of highly expressed genes are dif-
ferent from the contexts identified earlier (Joshi 1987;
Joshi et al. 1997). In these studies, the plant genes were
analysed as a single database without classifying them
by their level of expression. The predominance of GCT
at +4 to +6 positions and the conservation of C at +8, +9
and +11 positions are noteworthy in our study and were
therefore examined in some details.

The above features were taken into consideration to
design Pmec to compre a DNA sequence representing
the TATA-box, transcriptional initiation region, untrans-
lated leader and translational start context, these are
marked from =38 to +100 in Fig. 1, taking transcription
initiation site as +1.

Seguence elements conserved upstream of the
TATA-box in genes with the potential to express at a
high level in plants

A variety of conserved sequences like CCACT, CACAAT
and CTACT were identified immediately upstream of the
core TATA-box in a magjority of the highly expressed
genes (Table 2). The first two of these sequences, impli-
cated earlier in the activity of certain enhancersin several
animal genes (Dierks et al. 1983), have aso been shown
to play an important role in the CaMV 35S promoter
(Benfey and Chua 1990). The CCAAT-box is also impli-
cated in the tissue specificity of the pea legumin gene
(Shirsat et al. 1989). These sequences are collectively re-
ferred to as CCAAT-box-like matifs. Our analysis of the
highly expressible plant genes showed that those se-
guences resembling the CCAAT-box were typically sepa-
rated by a copy of TGACG. This motif is found in the
binding sites of ASF-1 in the 35S CaMV promoter and
HBP-1 in the wheat histone H3 gene and is involved in
transcriptional activation of several genes by auxin, sali-
cylic acid and light (Terzahi and Cashmore 1995). Five
copies of different CCAAT-box-like motifs, alternating

with TGACG, were included from -39 to -84 in de-
signing the ‘activation module’ (Fig. 1). An aternating
combination of the CCAAT-box and TGACG forms a
CANNTG at the junction referred to as the E-box (Mural
and Kawagoe 1995), which has been reported to activate
transcription synergistically with the G-box in phaseolin
gene (Kawagoe et a. 1994). The TGACG motif isalso a
part of the TGACG (N7) TGACG — like element, also
called the asl or ocs element, and reported to be present
in several promoters of viral, agrobacterial and plant ori-
gin (Elliset a. 1987).

Upstream of the CCAAT-box-like elements, severd
conserved motifs, including CACG(T/C)G, GATA and
GTACGCT were identified, as summarised in Table 2.
The first of these motifs resembles the G-box reported to
be associated with a variety of cis-elements and suggest-
ed to determine stimulus- (abscisic acid, UV and visible
light) specific responses of different activator elements
(Menkens et al. 1995; Busk and Pages 1998; Pasquali
1999). The GATA motif has earlier been identified in
highly expressed genes like cab (Gilmartin et al. 1990)
in several plant species and in the CaMV 35S promoter
(Benfey and Chua 1990). The motif GTACGCT, de-
scribed earlier as the U-box (Plesse et al. 1997), in the
ubiquitin gene promoter was present in 21% of the genes
analysed by us. Two copies of the G-like motif, atriplet
of GATA and a doublet of the U-box were included be-
tween —86 to —126 in the ‘activation module’ designed in
this study (Fig. 1).

Purine-rich elements (A/G), g were identified in the
—130 to —336 region and less commonly before —130 in
the dataset of highly expressed genes (Table 2). These el-
ements were separated from each other by 2—200 nucleo-
tides with a copy number of 1-6. Six copies of purine-
rich sequences were included in —130 to —336 region in
the ‘activation module’ (Fig. 1) designed in this study.
The SV40 enhancer core motif, GTGG (A/T) (A/T)
(AIT) (Weiher et al. 1983) and its variants, also referred
to as GT-like elements in plants, have earlier been identi-
fied in a majority of the highly expressed promoters,
usually located beyond the —200 position but sometimes
before the —130 position. Ten copies of such sequence el-
ements were included in the —136 to —325 region. A
hexameric motif CATCAT, named the CAT-like element,
was identified as frequently occurring between positions
—274 and —344 in the dataset. Two copies of this element
were included in the ‘activation module’ designed here.
The subset of the highly expressed plant genes contained
TGACCATCTCTAGATCG upstream of position —200 in
23% of the cases. This motif has not been located earlier
in plant genes. In our analysis, it was often found to be
interspersed between the purine-rich region and the GT-
like elements (Table 2). It resembles the YY1 element
present between basal promoter and the upstream activa-
tor elements in animal promoters (Kim and Shapiro
1996). The YY1 element is reported to activate or re-
press basal transcription complex, depending upon the
activator or repressor present upstream, by bending DNA
to bring the regulatory proteins in contact with the basal
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Table 3 Comparison of differ-

sient expression of gusA in (10?2 pmol/h per mg protein) (x10? rel.fluor/mgprotein) GUS
Nicotiana tabacum. Each value
Pcec 543.0 (+11.6) 2.65 (+0.16) 543
PCaMV 35S 80 (+6.1) 3.6 (+0.19) 58.8

complex. A copy of the above putative DNA bending el-
ement was included at —230 in the ‘activation module
designed here. Variants of the ocs-type palindromic acti-
vator element-i.e. ACGTAAGCGCTTACGT (Ellis et al.
1987) — were present usually as a single copy around
—200 bp upstream of the transcriptiona initiation site
(Table 2). One such element was included in the ‘activa-
tion module’ at —196 position. It is not atypical enhancer
since its activator function is distance specific (Ellis
et al. 1987). The ocs element, some of the purine-rich
elements and the GT-like motifs were placed down-
stream of the YY-1-like element, since 30—40% of these
were noticed downstream of the YY-1-like motif in our
analysis of the highly expressible genes.

The features summerised in Tables 1 and 2 have been
indicated in the 450-bp ‘complete expression cassette’
sequence givenin Fig. 1.

Expression of the synthetic ‘minimal expression cassette’
in transient transformation

Results on the expression of gusA from the ‘minimal ex-
pression cassette’ designed on the basis of features
(Table 1) identified in the highly expressible plant genes
are given in Table 3. Though severa variants of the
CaMV 35S promoter with enhanced levels of expression
have been reported, the promoter used for comparison in
this study is a standard ‘ native’ promoter available com-
mercialy (Clontech, USA) in pBlI121. Taking gfp ex-
pressed from the native CaMV 35S promoter as an inter-
nal standard, we present the corrected GUS activities ex-
pressed from different promoters in Table 3. The Pmec
gave afairly high level of expression of gusA in transient
transformation of tobacco leaves. The level of B-glucu-
ronidase expressed from Pmec was only about threefold
lower than that of the native ‘CaMV' 35S promoter. This
is in contrast to earlier reports on the minimal promoter
region of CaMV 35S whose activity declines to nearly
negligible level in tobacco leaves in the absence of the
upstream activator (-343 to —46) region (Fang et al.
1989). The mas2' promoter is also rendered virtually in-
active following the deletion of sequences upstream of
—138 (Ni et al. 1996).

Contribution of the 3' side of the initiator codon in the
expression from the ‘minimal expression cassette’

The trandlation initiator context in highly expressible
genes showed certain positions conserved on the 3’ side
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Fig. 2 Effect of the conserved N-terminal residues on intracellular
stability of GUS. Sixty hours after bombardment with Pmec (white
square) and Pmec (5' ATG) (black sguare), one set of the leaf
discs was transferred to medium containing cycloheximide. Per-
cent GUS activity at each time point is plotted as an average of 6
independent bombardment events

of the initiator ATG. The native sequence ATGTT-
ACGTCCT, which also represents the second to fourth
codons in gusA, was substituted with ATGGCTTCCTCC
comprising the 3' initiator context optimised as per the
highly expressed dataset identified in this study. The pre-
dominance of ala at the second position and ser at the
third and fourth positions in the highly expressed pro-
teins reported in our earlier study (Sawant et al. 1999)
was aso taken into consideration while designing the
3 side of the ATG. As seen in Table 3, inclusion of the
3' part of the optimised translational context resulted in a
ninefold increase in B-glucuronidase activity from Pmec
as compared to that expressed from Pmec(5' ATG). The
optimized ATG-downstream context also resulted in the
substitution of the native met-GUS with met-ala-ser-
ser-GUS. This may contribute to a higher expression
through an improved stability of the enzyme rather than
enhanced gene expression per se. The effect of the al-
tered N-terminal in the GUS expressed from Pmec on its
in vivo stability was examined by incubating the leaf
discs in medium containing cycloheximide, following
bombardment with different plasmid constructs. As
shown in Fig 2, within 6 h after transfer to cyclohexim-
ide GUS activity showed a sharp decline. The half-life of
the native GUS (calculated by using model y=a+pX as
the best fit) expressed from Pmec(5' ATG) increased
from 4.26 h to 9.3 h in Pmec. Thus, about twofold of
the enhanced GUS expression between Pmec and
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Pmec(5'ATG) was due to improved protein stability en-
dowed by the altered N-terminal. The balance, i.e. 4.5-
fold increase, may result from the augmentation of other
post-transcriptional events.

Enhancement of expression in transient transformation
by upstream elements

The ‘activation module’ comprising the upstream se-
guence elements observed to be the most common in the
dataset of highly expressed genes was attached to Pmec
to obtain a ‘ complete expression cassette’, Pcec. As seen
in Table 3, the activation module enhanced expression
from Pmec by nearly 30-fold. Compared to the CaMV
35S promoter, the Pcec was about ninefold more active
in transient expression in tobacco leaves. Pcec aso gave
a high level expression of gusA in the leaves of cotton,
the tubers of potato and the stem of cabbage; the specific
activities being 41+18, 30+16 and 29+9 nmol MU/h/per
milligram protein respectively.

Effect of conserved sequence features on the level
of gusA transcripts

To examine the effect of some of the above sequence
features on the steady-state level of gusA mRNA, total
RNA prepared from tobacco |leaves, 48 hours after bom-
bardment with appropriate gene constructs, was subject-
ed to RT-PCR. The resultsin Fig. 3 (lanes 4 and 5) show
that the steady state level of the gusA transcript was at
least 20-fold higher in Pcec than in Pmec. Thus, a sub-
stantial component of the enhancement in the expression
of the reporter gene from Pcec was conferred by the en-
hancement of transcription mediated by the upstream
“activation domain.’

The level of the gusA transcript as reflected by
RT-PCR was also compared between Pmec(5' ATG) and
Pmec. Figure 3 (lanes 3 and 4) shows that the amount of
the product amplified from the gusA transcripts did not
increase upon employing the optimized 3' ATG context
in Pmec in spite of the ninefold augmentation in GUS
activity. Hence, as expected, the enhancement in GUS
expression contributed by the context immediately
downstream of the initiator ATG is not due to the change
in the level of transcription or the transcript stability but
due to improved post transcriptional events.

Expression of ‘ complete expression cassette’
in transgenic tobacco plants

The expression of gusA from Pcec observed in transient
transformation was also examined in stably transformed
plants of tobacco. Two populations of primary transgenic
plants, those expressing gusA from the Pcec and CaMV
35S promoters, respectively, were compared. GUS activ-
ity in the leaves, mid rib and roots of 10 randomly se-

123456

bp

Fig. 3 Effect of conserved sequence features on the level of gusA
transcripts. One microgram of total RNA prepared 48 h after bom-
bardment of the tobacco leaf discs was subjected to RT-PCR using
primers chosen to amplify the 175-bp fragment internal to gusA.
In the case of Pmec (5' ATG) (lane 4) and Pmec (lane 5) a com-
plete reaction mixture was loaded, while for Pcec (lane 6), half
was loaded to visualize the amplification product. @x174 Haelll
DNA (lane 1), PCR products of pBl 10.1 gusA (lane 2) and the
RT-PCR product of non-bombarded tobacco leaf (lane 3) were
loaded as the standards. The table gives an estimation of the am-
plified DNA obtained by scanning the gel and by direct staining of
the RT-PCR products with the Hoechest dye H 33258

ny w B (%2
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GUS activity(x10 * pmol/lymg)
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Primary transgenic plants

Fig. 4 Analysis of the primary transgenic plants of tobacco ex-
pressing the gusA gene from Pcec (A1l-All) and CaMV 35S
(C1-C7) promoters. GUS activities in the leaf (black bar), root
(white bar) and mid rib (striped bar) of individual plants are given
aong with the standard deviation (I) of three independent mea-
surements.

lected tobacco plants with Pcec and 7 with the 35S pro-
moter is given in Fig. 4. Individual transgenic plants in
each of the two populations exhibited a wide range of
variation in GUS activity, presumably due to position ef-
fect, copy number etc.. However, the difference in rela-
tive strengths of the two promoters was evident in the
average of the two populations. Population average of
the expression from Pcec was 2-, 4- and 2.5-fold higher
than that from CaMV 35S in the leaf, root and mid rib,
respectively. In a given transgenic plant, Pcec-directed
activity could be higher in the leaf, root or mid rib. How-
ever, the population average was higher for the activity
in roots. A high level of Pcec —driven activity in onetis-
sue was not necessarily correlated with the level of ex-



pression in other tissues, suggesting a possible differen-
tial effect of the site of insertion on tissue specificity. For
instance, an exceptionally high level of expression from
Pcec was seen in the roots of the transgenic plant A2,
which also showed a rather poor expression in leaves. In
transgenic plant A10, the expression of Pcec was compa-
rable in both roots and leaves and lower than that in the
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Fig. 5A—F Histochemical staining for GUS showing tissue-
specific expression of Pcec. The tissue was stained to show
expression of the promoter in the leaf (A, magnification: 2.5x)
and root (B, 20x) of a 3-week-old tobacco seedling and in the
floral parts (C, 2x), stamen (D, 20x), pistil (E, 20x) and pollen
grains (F, 200x; inset: 2400x) of a 3-month-old plant

mid rib. Transgenic plants A1, A3 and A8 showed par-
ticularly low expression in the root and leaf but not so in
the mid rib. Similar tissue-specific variations were no-
ticed, but to a lower extent, in independent transgenic
plants with the 35S promoter. The results may be sugges-
tive of a higher sensitivity of the synthetic promoter to
locus-specific expressional contextsin chromatin.
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Histological examination of transgenic plants showed
tissue- and cell-specific patterns of gusA expression from
Pcec. A high GUS activity was seen in all vegetative
parts (Fig. 5). However, among the floral parts, Pcec ex-
pressed strongly only in anthers and weakly in stigma
and the proximal part of the style. In leaf lamina, a high
activity was seen in both the upper and lower leaf epi-
dermis, mesophyll cells, guard cells and trichomes. In
the mid rib, moderate staining was observed in the phlo-
em and in vascular parenchyma cells, but there was no
expression in the epidermis and parenchyma. In roots of
the transgenic plants, a very strong expression was
apparent in root hairs, root tip, cortical cells and
the parenchymatous cells associated with phloem and
xylem. There was no expression in the epidermis, and
only a moderate level of expression was seen in the tra-
cheary elements in roots. Pcec gave a remarkably high
expression in the cortical cells of roots and in pollen
grains of the transgenic lines, in contrast to that reported
for the 35S promoter (Twell et al. 1989). gusA expres-
sion in the transgenic lines A5, A9 and A10 was seen in
50% of the pollen grains, suggesting integration of the
reporter transgene on one chromosome. Other transgenic
lines gave segregation ratios of 3:1 and higher, indicating
the integration of gusA on more than one chromosome.

Discussion

The fact that a single promoter cassette, designed purely
by statistical analysis of nucleotide sequences, func-
tioned efficiently in transient expression, establishes the
validity of the features and sequence motifs identified
upstream and downstream of the TATA-box after the
database was classified into highly expressible genes. A
30-fold enhancement of expression from Pmec by a
311-bp upstream ‘activation module’ and a high level
expression of Pcec in a wide range of tissues and plant
species is in agreement with the modular architecture of
promoters. Several individual components of the module
can be combined into a rather short sequence that en-
hances expression from the core promoter region.

As identified by us, several sequence elements and
features are highly conserved in terms of their relative
positions and numbers in the regions downstream and
upstream of the TATA-box in highly expressible genesin
plants. Our results show that rather short core sequences,
conserved in a majority of the highly expressed genes,
can be assembled together without reference to their na-
tive contexts to develop a completely artificial, complex
module that gives a high level of transcription in a broad
variety of cells. This may be the smallest promoter — reg-
ulatory cassette reported to give such a high level of ex-
pression in plants.

In the case of Pmec, several features of the nucleotide
sequence spanning from the TATA-box to the translation
initiation region (encompassing —38 to the fourth codon)
may contribute to its high level of expression. The data-
set of highly expressible genes analysed by us shows an

overrepresentation of the second TATA and the flanking
sequences in contrast to the lowly expressed genes
(Sawant et a. 1999). These may contribute to the high
expression from Pmec in spite of it being devoid of any
upstream activator motifs. The architecture of the TATA-
box determines reinitiation of transcription (Yean and
Gralla 1999), and the downstream sequences can in-
fluence the recruitment of transcriptional machinery
(Gaudreau et al. 1999). The absence of any secondary
structures in the untranslated leader, its length and the
presence of multiple CA elements may augment expres-
sion by improving transcript stability and/or facilitating
the processes following the initiation of transcription.
The 60- to 90-nucleotide-long leader identified by usin
72% of the highly expressible genes (Table 1) corre-
sponds with a survey of plant genes reported earlier
(Joshi 1987). However, contrary to the AU-rich leader
reported in the earlier survey, which was conducted
without classifying genes by their level of expression,
the CA elements observed by us may be characteristic of
highly expressed genes. The CAA region has been de-
scribed as being responsible for in vivo enhancement of
tranglation associated with the TMV leader (Gallie and
Walbot 1992). The contribution of individual features in
Pmec will be determined in detailsin future studies.

The role of G at the +4 position in augmenting the
recognition of initiator AUG has been established
(Kozak 1997) by in vitro translation using rabbit reticu-
locyte lysate. Conservation of nucleotides at the +5 and
+6 positions has been reported in plant genes (Joshi
1987). The possible role of the +4 to +6 positions in
AUG recognition in animal genes has been suggested
(Griunert and Jackson 1994). Using in vitro translation in
rabbit reticulocyte lysate, Kozak (1997) excluded the
recognition role of the AUG start codon in translation
enhancement by positions beyond +4. This aspect has
not been examined in vivo for plant genes. Our study
suggests that the conserved region downstream of the
initiator ATG until the +11 position in Pmec may con-
tribute substantially to the enhanced expression of genes
in plants by improved trans ation and protein stability.

The tissue- and cell type-related differences in the ex-
pression of Pcec in transgenic plants suggest that some
of the motifs picked up in our analysis determine cellular
and/or tissue specificity of the expression module. A
high variability in expression between different plants
and non-correlation between expression in root, leaf and
mid rib suggest that the expression of Pcec is strongly
dependent on the chromatin context of the locus of inte-
gration. The tissue and cellular specificity in some cases
was remarkably strong. For instance, the synthetic cas-
sette was expressed at a high level in the epidermal and
parenchymatous cells in the leaf but not in cortical cells
in the roots of transgenic plants. Among the flower parts,
it expressed strongly in pollen only. The cellular, tissue,
organ or environmental specificity that actually deter-
mines the level of expression from a given promoter is
endowed by regulation-specific interactions of the trans-
acting protein factors with cis elements and among them-



selves. Though the expression of CaMV 35S, nos, ocs
and mas is often referred to as ‘congtitutive’, none of
them truly expresses equally in all tissues, at all times.
Several of the regulatory factors that bind to the cis-
acting elements and identified here as commonly present
in highly expressible genes have been described earlier.
The palindromic ocsl sequence, a major contributor in
the transcription of the CaMV 35S, nos, ocs and mas pro-
moters (Ellis et a. 1987) identified in some plant genes
(Ellis et al. 1993), was located by usin a mgority of the
highly expressed plant genes. It was therefore included
in designing Pcec. Putative plant transcription factors
that interact with GATA- and GTGG-like motifs have
been reviewed (Kuhlemeier 1992). Different families of
bZIP factors have been described to bind variants of se-
guence elements which contain the ACGT or/and TGAC
core (Yunes et a. 1998). These are found in genes with
inducible, developmental and tissue-specific regulation.
The activation of transcription from a completely as-
sembled and optimised promoter cassette, as reported
here, provides a powerful approach to determine the role
of individual TATA-downstream features and upstream
motifs after taking them out of their native contexts. The
in vivo expression from the synthetic cassette made in
this study can presumably be enhanced further by optimi-
sing the position, context and the number of individual
motifs. For instance, the bZIP proteins can homo-or het-
erodimerise within members of the family and activate
transcription synergistically by binding to one or more
closely spaced sites. Some of these sites depend upon a
critical architectural combination with the adjacent motifs
(Yunes et al. 1998). It should also be possible to make
Pmec inducible or repressible by employing suitably se-
lected regulatory elements. Such studies arein progress.
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