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Abstract

The cauliflower mosaic virus 35S promoter is composed of several cis-elements, each
of which confers a different expression pattern in transgenic tobacco. One such cis-element,
activation sequence (as)-1 (-83 to -63) mediates preferential expression in root. The
element contains a tandem repeat of the motif TGACG, that is crucial for as-1 function and
binding of a tobacco nuclear factor, activation sequence factor (ASF)-1. Two other
TGACG-containing cis-elements from plant promoters were identified by é computer-
assisted search of a gene bank. These cis-elements, /ex-I from the wheat histone H3
promoter and nos-1 from the nopaline synthase promoter of T-DNA, also bind ASF-1.
Another tobacco nuclear factor, designated hex-1-specific binding factor (HSBF), binds only
to hex-1. A tobacco cDNA library was screened for DNA-binding proteins using hex-1 as
a binding probe and two types of clones encoding hex-I1-binding proteins were isolated.
Based on their binding specificities to as-I, hex-1, and nos-1, the encoded DNA-binding
proteins, named TGAla and TGAI1b, appear to correspond to ASF-1 and HSBF,
respectively. Both TGAla and TGA1b are bZIP proteins. The TGAla mRNA level is
much higher in root than in leaf. TGAla can function as an as-I-specific transcription
activator in a HeLa cell in vitro system as well as a wheat germ in vitro system. In both
systems, TGAla stimulates transcription by increasing the number of preinitiation
complexes. When microinjected into cotyledon cells of transgenic tobacco plants carrying
a promoter linked to as-1, TGA1a can induce the expression of the promoter. Judging from
these results, TGAla is likely to be the factor that is responsible for the as-I function in
vivo. Such a factor is present in leaf cells in a limiting concentration. Although the bZIP

domain of TGA1a is sufficient for the specific binding to its target site, another domain (DS



domain) increases the apparent DNA-binding affinity by stabilizing the dimeric form of
TGA1la. The N-terminal region of TGA1la, which is enriched in acidic residues, appears to
be essential for transactivation in vivo. However, when assayed in a HeLa cell in vitro

system, most parts of the protein except the bZIP domain seem dispensable for activity.



Chapter 1: introduction

A major interest in the studies of multicellular organisms is to understand how cells
that contain the same genetic information become differentiated into distinct cell types. It
is known that during the acquisition of cell type-specific characteristics, regulation of gene
expression plays a central role. For example, in plants many of the genes that are involved
in photosynthesis are exclusively expressed in photosynthetic tissues (Kuhlemeier et al.,
1987). This differential gene expression confers distinctive characteristics on photosynthetic
cells not found in other cell types. There are many ways that eukaryotic cells regulate gene
expression: transcription, RNA processing, RNA transport to the cytoplasm, RNA turnover,
translation, protein modification, protein degradation, etc. In many cases, however,
transcription initiation is the major regulatory step. Therefore, studies on the regulation of
transcription initiation are crucial to understanding how cells of a multicellular organism

become differentiated into different cell types.

How is regulation of transcription initiation studied in eukaryotes?

Figure 1.1 illustrates how transcription initiation may be regulated in eukaryotes.
A promoter site contains a specific DNA sequence, referred to as a cis-elemeﬁt (usually
upstream to the promoter site), that mediates expression of the promoter. A cis-element
is recognized by a DNA-binding protein specific to the element. This specific recognition,
together with other factors (eg. factors involved in the transcription machinery), results in
a positive or negative regulation of the promoter. Although often the real situations are
more complicated (eg. interaction with other cis-elements or with other factors is crucial),

this simple model provides a good starting point to study how a promoter is regulated. In



Figure 1.1 Regulation in transcription initiation. 4

A mechanism of transcriptional regulation is schematically illustrated. A specific DNA
sequence that mediates a specific expression of promoter (cis-element) is recognized by a
sequence-specific DNA-binding protein. This recognition somehow confers an effect on the
general transcription machinery, to result in a specific regulation of transcription initiation

(arrow).
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fact, a common strategy to study regulation of transcription initiation is to identify and
characterize such cis-elements and their cognate DNA-binding proteins. Three general
approaches have been employed: 1) genetic analysis of regulatory mutants, 2) isolation of
genes encoding proteins with homology to well-characterized DNA-binding proteins, and 3)
identification of cis-elements.

The genetic approach involves the isolation of mutants that are altered in gene
expression and subsequent cloning of the corresponding wild type alleles by molecular
techniques. Either when the encoded proteins are found to contain motifs characteristic of
DNA-binding domain, eg. bZIP domain, or when they are expected to regulate certain genes
directly based on the genetic study, target binding sites of the encoded proteins may be
investigated in the regulated genes. Such binding sites are expected to be the cis-elements
mediating the regulation. In the case of plants, the genetic approach is often used in maize,
Arabidopsis, and Antirrhinum (snapdragon). In addition to classical genetics (Coe et al.,
1988; Meyerowitz, 1989; Schwarz-Sommer et al, 1990), the availability of gene-tagging
techniques (Coen et al, 1990; Fedoroff, 1989; Feldmann et al., 1989) and/or detailed
genetic/physical maps (Chang et al., 1988; Nam et al., 1988) in these plant species greatly
facilitate this approach.

The second approach involves cloning of DNA-binding protein genes based on
sequence homology to other known DNA-binding proteins (see below). After cloning of the
genes, their functions would have to be investigated. It is not, however, a trivial task to
identify the functions of such a DNA-binding protein unless alterations of its expression
pattern in transgenic plants (ideally, through a disruption of the corresponding endogenous
gene although such technique is not yet available in plant systems) result in a phenotype.

The third approach, which starts with cis-element analysis, is described below in



more detail, because this approach was used in the present study. To delineate a cis-
element, synthetic promoters containing wild type and mutated upstream sequences are
generated and the effects of such mutations on the expression pattern of interest are
analyzed. Several pieces of information are useful for the construction of such wild type and
mutant promoters: conserved sequences among promoters with similar expression patterns,
sequences that are recognized by nuclear proteins in vitro, and sequences similar to the
target binding sites of known DNA-binding proteins.

The synthetic promoters are often connected to the coding region of a reporter gene,
which facilitates assay of the promoter expression pattern. Four reporter genes are
commonly used, chloramphenicol acetyltransferase (CAT) gene (Gorman et al., 1982), B-
galactosidase (p-Gal) gene (Guarente and Ptashne, 1981), B-glucuronidase (GUS) gene
(Jefferson et al., 1987), and luciferase (LUC) gene (de Wet et al, 1985; Ow et al., 1980).
The activity of each of these reporter gene products is readily assayed and correlates with
their mRNA abundance. Because the cellular distribution of the enzyme activities of p-Gal,
GUS, and LUC can be detected by histochemical analysis, these reporter genes can also be
used to investigate the expression pattern at the single cell level. In plants, the GUS gene
is most commonly used for this purpose because most tissues of non-transformed plants
contain little or no GUS activity. Moreover, the GUS activity can be measured with a very
high sensitivity by a fluorometric assay.

When an expression pattern of interest is cell type-specific, the activities of cis-
elements should be assayed in a system that allows such specificity to be manifested. In the
case of mammals, cell lines that maintain their differentiated states in culture are available
and they are often used to assay the activities of cis-elements that may confer cell-specific

expression. In plants, it is usually difficult to maintain the differentiated characteristics of



cells in tissue culture because they become "dedifferentiated" rapidly. Therefore, transgenic
plants are generally used for the analysis of gene expression. Using staggered deletions, a
part(s) of the upstream region is defined to be necessary and sufficient for the expression
pattern. This part(s) should contain the specific cis-element responsible for the expression
pattern. The function of the cis-element could be ascertained by testing whether it can
confer the same expression pattern when linked to another promoter and whether site-
specific mutations within the cis-element can abolish its function.

After identification of cis-element(s), DNA-binding proteins specific for the
element(s) can be investigated. Such proteins are initially characterized in vitro as binding
factors in nuclear extracts. The important question is whether the detected DNA-binding
protein is indeed responsible for the in vivo function of the cis-element. As a first step, it
would be important to establish a correlation in sequence-specificity between the in vitro
DNA binding and the in vivo function of the cis-element. However, considering the
promiscuous relationships between DNA-binding proteins and cis-elements (discussed in
chapter 3), this criterion alone is not sufficient.

Cloning of the genes encoding the DNA-binding proteins is one of the most effective
ways for further characterization of the proteins. Strategies for gene cloning and uses of
cloned genes are described in chapter 3. If disruption of the corresponding endogenous
gene severely affects the expression pattern of interest, this would constitute good evidence
that the gene product is involved in the regulation. However, as mentioned above, gene
disruption techniques are not yet available in plants. Therefore, it is important to
accumulate as many lines of supporting evidence as possible. For example, a correlation
between the expression pattern of the DNA-binding protein itself and the expression pattern

conferred by the cis-element could suggest that the protein plays a role in the expression



pattern. Moreover, if the DNA-binding protein is expected to be a transcription activator,

demonstration of its transactivation activity would provide additional supporting evidence.

Domain structure of eukaryotic DNA-binding proteins

Early studies of eukaryotic DNA-binding proteins, GAL4 (Keegan et al., 1986; Ma
and Ptashne, 1987) and GCN4 (Hope and Struhl, 1986), revealed that they are comprised
of separable polypeptide regions that mediate different functions. For example, GCN4 (281
amino acid residues) contains a region involved in DNA-binding (amino acid numbers 222-
281; Hope and Struhl, 1986) and a region mediating transactivation (amino acid numbers
107-144; Hope et al., 1988). These functionally defined polypeptide regions are not only
separable from each other but also portable, ie. the function can be transferred to another
protein molecule when the relevant polypeptide region is fused to the latter. For instance,
a chimeric protein comprising of a transactivation domain of GCN4 and the DNA-binding
domain of LexA can activate transcription from a promoter with LexA-binding sites in yeast
(Hope and Struhl, 1986). With the isolation and characterization of more eukaryotic DNA-
binding protein genes and their products, it became clear that the structural feature first
described for GAL4 and GCN4 is rather common among many DNA-binding proteins. In
this thesis, I use the term "domain" to refer to a functionally defined polypeptide region (eg.
DNA-binding domain, transactivation domain). Note that the definition of these
functionally defined domains is different from that of structurally defined domains.

As information on the structures of DNA-binding domains accumulated, it became
clear that most of them contain specific primary sequences that can be classified into a
limited number of groups (Mitchell and Tjian, 1989; Johnson and McKnight, 1989). The

motifs for DNA-binding domain so far characterized are helix-turn-helix (including homeo



domain; Steitz et al., 1982; Laughon and Scott, 1984), zinc-finger (Miller et al., 1985), basic-
leucine repeat (bZIP domain; Landschulz et al, 1988), helix-loop-helix (HLH; Murre et al.,
1989), SRF-related (Norman et al., 1988), myb-related (Biedenkapp et al., 1988), rel-related
(Ghosh et al., 1990; Kieran et al, 1990), and ETS-domain (Karim et al, 1990) motifs.
Usually a relatively small polypeptide region including one of these motifs is sufficient for
sequence-specific DNA binding, suggesting that the primary structure contained within the
region is able to fold properly. In fact, 3-D structures of polypeptides containing helix-turn-
helix (Anderson et al., 1981; McKay and Steitz, 1981; Kissinger ef al., 1990) and zinc-finger
(Schwabe et al,, 1990) motifs have been determined and the structural information has
provided clues as to how these folded polypeptides may interact with double-stranded DNA.
A 3-D model of the bZIP domain has also been proposed (Vinson et al., 1989). Because
of the close relationship between the primary structures of polypeptides and their DNA
binding function, a functionally uncharacterized protein is expected to bind DNA if it
contains homology to one of these motifs. Moreover, genes encoding DNA-binding proteins
have been isolated from libraries by virtue of their homology to these motifs (see above).
Most of the DNA-binding domain motifs appear to be prevalent among different eukaryotes.
All of the motifs have been found in animals, all except the rel-related and the ETS-domain
motifs have been found in plants, and all except the rel-related, the ETS-domain, and HLH
have been found in yeast. The helix-turn-helix motif was originally found in prokaryotic
DNA-binding proteins (Anderson et al., 1981; McKay and Steitz, 1981).

Since the DNA-binding proteins described in this thesis contain the bZIP domain,
this domain is described in more detail in the following. The bZIP domain is comprised of
a region rich in basic amino acid residues (basic region) abutting a "leucine-zipper" region

(Landschulz et al.,, 1988). Figure 1.2 shows a comparison of some bZIP domains (cited from



Figure 1.2 Comparison of the bZIP domain (Vinson et al., 1989).

Amino acid sequences corresponding to the DNA binding domains of 11 bZIP proteins.
Numbers preceding each sequence correspond to the distance, in amino acid residues, from
the N-terminus of the respective protein. Amino acid sequences are shown in the single
letter code. The 11 proteins contain a cluster of similar residues in areas designated basic
region A (BR-A) and basic region B (BR-B). This cluster of similar residues is designated
as a consensus and shown below the 11 protein sequences. See Vinson et al. (1989) for the

reference of each sequence.
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Vinson et al., 1989). Note that some residues in this domain are very well conserved. The
"leucine-zipper" region contains leucine residues at every seventh amino acid. It can fold
into an amphipathic a-helix and two such helices can dimerize by forming a coiled-coil
structure (O’Shea et al, 1989). There is selectivity in dimerization between different
"leucine-zippers" (see chapter 6). It has been demonstrated that the basic region alone is
required for DNA-binding. When two short polypeptides, each containing only the GCN4
basic region (without "leucine-zipper"), were linked by a disulfide bond at their C-termini,
the linked polypeptides were able to bind DNA at a low temperature with the same
specificity as that of GCN4 (Talanian et al., 1990). Since the spacing between the basic
region and the "leucine-zipper" region is very well conserved (Fig. 1.2), it has been suggested
that the "leucine-zipper" region, upon dimerization, presents the basic region in an
appropriate configuration for DNA binding (Vinson et al., 1989). Indeed, alteration of this
spacing by either the insertion or deletion of five amino acids eliminated DNA binding in
GCN4 and C/EBP (Agre et al., 1989).

Unlike DNA-binding domains, transactivation domains do not show very clear
homologies with one another. The acidic amino acid residue-rich region (acidic domain)
is the best characterized motif for transactivation (Ptashne, 1988). In addition to its
negative charge, the ability of this domain to form an amphipathic helix was thought to be
important for the transactivation activity (Giniger and Ptashne, 1987). The acidic domain
of GALA can function in mammals, insects, and plants, as well as in yeast (Ptashne, 1988).
Other transactivation domain motifs have only been identified in animal cells. They are the
glutamine-rich (Courey and Tjian, 1988) and proline-rich (Mermod ez al., 1989) motifs.
Although these motifs were named after their distinctive structural features, it has not been

proven that these features are crucial for the function of these domains. There are also



transactivation domains that do not show any distinctive structural features (Friedman and

McKnight, 1990).

Cauliflower mosaic virus (CaMV)

Cauliflower mosaic virus (CaMV) is the best studied member of the caulimovirus
group. The virus infection is mainly limited to members of the family Cruciferae (eg.
cauliflower and cabbage) where it causes a systemic mosaic symptom (Hohn et al, 1982).

The genome of CaMV consists of a circular double-stranded DNA of ~8 kb (Fig.
1.3, cited from Pfeiffer and Hohn et al., 1983). This circular DNA contains at least 8 open
reading frames (ORFs) and the gene products of six of them have been identified (Hohn
et al, 1985). Two transcripts, the 35S and 19S RNA, which were named after their
sedimentation coefficients, from the virus genome have been characterized (Fig. 1.3). The
35S RNA, corresponding to the entire genome plus a 180-b terminal repeat, is used not only
as a polycistronic mRNA but also as a template for the replication of the virus genome by
reverse transcription (Guilley et al., 1982; Pfeiffer and Hohn, 1983), while the 19S RNA is
used as a mRNA for ORFVI (Hohn et al, 1985). The 35S and 19S promoters are
responsible for the transcription of the 35S and 19S RNA, respectively. Compared with the

19S promoter, the 35S promoter has been studied in much more detail.

Combinatorial structure of cis-elements in the 35S promoter

The 35S promoter shows strong and constitutive expression in various plants,
including non-host species, even in monocots, in the absence of any viral gene products (eg.
Odell et al., 1985; Sanders et al., 1987). This characteristic makes the 35S promoter ideal

for the expression of foreign genes in plants. Its high level of expression in all plant organs
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Figure 1.3 CaMYV and its expression products (Pfeiffer and Hohn, 1983).

The outer ring symbolizes the double-stranded DNA as present in virus particles and with
its S1 nuclease-sensitive sites: A1 (minus strand); A2 and A3 (plus strand). Bold curved
arrows represent the major transcripts detected, the 35S and 19S RNA. Hatched arrows
represent the 8 ORFs located in différent reading phases (ORF VIII is added to the original
figure in Pfeiffer and Hohn, 1983).







has generated considerable interest in the analysis of its cis-elements.

Transient expression assays in protoplasts (Ow et al., 1987) and analysis in transgenic
plants (Odell et al, 1985; Fang et al., 1989) have shown that the 35S promoter can be
dissected into functional domains. It has been observed that a 35S deletion mutant with
only 90 bp of 5’ sequence shows preferential expression in root (Poulsen and Chua, 1988).
Recently, these analyses have been further refined by the use of the GUS gene as a reporter
gene which enables the monitoring of promoter expression at the cellular level in transgenic
plants (Jefferson et al, 1987). Using this technique in transgenic tobacco, Benfey ef al.
(1989) have clearly demonstrated that the 35S promotor contains at least two domains (A
and B domains), each of which has a different cell type-specific expression pattern during
development. The A domain (-90 to +8) confers preferential expression in root, while the
B domain (-343 to -90) confers expression in leaf and vascular tissue. More recent studies
by Benfey et al. (1990a,b) have shown that the B domain can be divided into at least five
subdomains, each of which confers a different expression pattern on the promoter. They
suggested that the apparent constitutive expression of the 35S promoter is likely to be
generated by the combinatorial and synergistic effects of cis-elements residing within these
domains and subdomains (summarized in Figure 1.4, cited from Benfey and Chua, 1990).

The combinatorial cis-element structure of the 35S promoter offers a unique
opportunity to isolate cis-elements that confer various expression patterns. After
characterization of the cis-elements in the 35S promoter, cellular promoters with
homologous cis-elements can be examined to determine whether they are under similar
controls. Since the amount of available information on functionally defined cis-elements is
still quite limited in plants, studies of the constituent cis-elements of the 35S promoter can

greatly contribute to our understanding of transcriptional regulation in plants.
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Figure 1.4 Regulation of gene expression from the CaMV 35S promoter (Benfey and Chua,
1990).

(A) Domains and subdomains of the CaMV 35S promoter. Two domains (A and B) and
5 subdomains (B1 through B5) have been defined by their ability to confer cell-specific gene
expression (Benfey et al., 1989, 1990a,b). The positions of domains and-subdomains are
shown in respect to the transcription initiation site. in vitro binding analyses have identified
three sequence motifs within the promoter [as-1(Lam et al., 1989), GATA (originally called
as-2; Lam and Chua, 1989), and CA (Kush and Conner, unpublished)], which are the
binding sites for three trans-acting factors [ASF-1, GATA1 (ASF-2), and CAF, respectively].
(B) Schematic representation of expression patterns conferred by the B domain (top left)
and the individual B subdomains placed upstream of the minimal TATA region (-46 to +8).
Expression patterns conferred by the A domain alone (top right) or the B subdomains in
combination with the A domain are shown on the right side of the figure. Crosshatching
represents low amounts of expression. Expression is depicted in (from left to right) seeds,
seedlings, and mature plants. Expression in the root cap is indicated by an additional set
of lines for seeds and seedlings, and by additional filled triangle in mature plants. The
tissues represented schematically are identified in the last row. AM, apical meristem; Co
cotyledon; En, endosperm; HV, hypocotyl vascular tissue; OL, older leaf; Ra radicle; Rcp,
root cap primordia; RC, root cap; RCo, root cortex; RM, root meristem; RV, root vascular

tissue; SV, stem vascular tissue; YL, younger leaf.
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The as-1 element and ASF-1

One of the well studied cis-elements in the 35S promoter is activation sequence-1
(as-1), which is located in the -83 to -63 region (within the A domain; Fig. 1.4). This
element serves two roles in the 35S promoter expression: it is responsible for the expression
pattern of the A domain (preferential expression in root) and it interacts synergistically with
cis-elements in the B domain (Benfey et al., 1990a,b; Benfey and Chua, 1990; Fang et al,
1989; Lam et al., 1989; Lam and Chua, 1989; Poulsen and Chua, 1988). The as-1 element
is a portable cis-element. When inserted into a green-tissue specific promoter rbcS-34, as-1
can cause the expression of the hybrid rbcS-34 promoter in root (Lam et al., 1989). The as-
1 element can also interact synergistically with other cis-elements that are not derived from
the 35S promoter. Because the synergy with other cis-elements is the more complicated
function, in this thesis, the in vivo function of as-I is defined as the activity that confers
preferential expression in root, unless indicated.

Tobacco nuclear extracts contain a DNA-binding protein, designated as activation
sequence factor (ASF)-1, which binds to as-1 in vitro. as-1 contains a tandem repeat of the
sequence motif, TGACG and each TGACG-motif serves as a single binding site for ASF-1
(Lam et al., 1989,1990a; Prat et al, 1989). Mutations in both TGACG motifs of as-1 cause
a drastic decrease in ASF-1 binding in vitro and abolish the ability of as-I to confer root-
specific expression on the rbcS-34 promoter in vivo (Lam et al., 1989). This correlation
between the ability to bind ASF-1 in vitro and the functional activity of as-1 in vivo suggests

that ASF-1 is responsible for the in vivo function of as-1 (Lam er al, 1989).
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Guide to the chapters

In this thesis, I mainly describe studies on a cloned DNA-binding protein, designated
as TGA1la, which is considered to correspond to the nuclear factor ASF-1.

Chapter 2 describes the materials and methods used in the experiments presented
in chapters 3-6.

Chapter 3 describes the cloning of DNA-binding protein genes from tobacco. This
was the first report on the primary structures of sequence-specific DNA-binding proteins
from plants. The cDNA-derived DNA-binding proteins, TGAla and TGA1b, are thought
to correspond to tobacco nuclear factors, ASF-1 and HSBF, respectively. Both proteins
contain the bZIP domain. Based on the conservation of the bZIP domain as a DNA-
binding domain in various eukaryotes, it is likely that this motif appeared early in evolution.
Most of the results described in this chapter were reported 1n Katagiri e al. (1989). Other
results either were reported in Lam et al. (1990b) or are unpublished.

Chapter 4 describes experiments that show that TGA1a can function as a sequence-
specific transcription activator in a HeLa cell in vitro system. This was the first report
demonstrating that a plant transcription factor can function in an animal system. The report
also shows that TGAla increases the number of preinitiation complexes and that the
TGA1la-dependent preinitiation complex remains committed to the promoter site even after
transcription initiation. The results described in this chapter appeared in Katagiri et al.
(1990).

The appendix to chapter 4 describes a study similar to that described in chapter 4
but with a plant in vitro transcription system. This was the first demonstration of a plant in
vitro transcription system that is responsive to an exogenously added transcription factor.

The report also demonstrates that TGAla is a transcription activator and that the
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transactivation is achieved by facilitating the preinitiation complex formation in this system.
The results shown in this chapter were reported in Yamazaki ef al. (1990).

Chapter S describes experiments demonstrating that TGA1la can also function as a
transcription activator in vivo. The combination of microinjection technology and transgenic
plants carrying the appropriate transgene as a reporter gene has enabled us to investigate
the in vivo activity of TGAla. The injection of a defined number of a reporter genes into
single tobacco cells has shown the factor mediating the in vivo function of as-1 is limiting in
leaf cells. The results described in this chapter are being prepared for publication
(G.Neuhaus, G.Neuhaus-Url, F.Katagiri, K.Seipel, and N.-H.Chua).

Chapter 6 describes a deletion analysis of the functional domains of TGAla. The
analysis on DNA binding has uncovered a domain (DS domain) in TGA1a that stabilizes
dimer formation of the bZIP protein. The transactivation analysis of various TGAla
mutants has produced contradictory results between in vivo and in vitro assays. The in vivo
result shows that the N-terminal region of TGA1la is essential for transactivation, while the
in vitro result shows most of the protein is dispensable for transactivation except a small
region containing the bZIP domain. The results shown in this chapter are being prepared

for publication (F.Katagiri, K.Seipel, and N.-H.Chua).
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Chapter 2: materials and methods

Materials
Plants

Nicotiana tabacum cv. SR1 (tobacco plant) and transgenic plants of this cultivar
carrying various reporter gene constructs were used. Construct A contains a chimeric gene
comprised of domain A (-90 to +8) of the CaMV 35S promoter (Benfey and Chua, 1989;
Benfey et al., 1989), the coding sequence of B-glucuronidase (GUS; Jefferson et al., 1987),
and the poly A addition sequence of the pea rbcS-3C gene (Fluhr et al., 1986). Construct
AA is the same as construct A except that the CaMV 35S promoter is from -72 to +8
(Benfey et al, 1989). These constructs were introduced into tobacco plants by
Agrobacterium-mediated transformation (Horsch and Klee, 1986) using the pMONS05
vector. Because the pMONS0S5 vector carries the kanamycin r;esistance gene as a selective

marker in plants, the transgenic plants are kanamycin resistant.

Plasmids, phages, and bacteria

The Agt11 vector was used for the construction of a cDNA expression library from
which TGA1la and TGA1b genes were isolated (Huynh et al., 1985). Escherichia coli strain
Y1090 was used as the host for the expression library and the strain Y1089 was used to
generate lysogens from A clones. Since the expression of the cDNA inserts are under the
control of lacZ (the vector is designed to produce a LacZ-fusion protein with the
polypeptide encoded by the cDNA insert.), the expression of the fusion proteins are
inducible by IPTG in the host bacteria.

To determine the DNA sequences of the TGAla and TGA1b genes, the M13 single-
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sfranded DNA phage system, M13mp18 and mp19, were used with E. coli strain JM109 as
the host (Messing, 1983; Yanisch-Perron et al.,, 1985). Plasmid vectors of the pBluescript
IT series were used with the E. coli strain XL1-Blue (Stratagene) for various cloning
experiments.

The T7 expression system (Studier et al., 1990), comprised of the plasmid vector
pET3a and the E. coli strain BL21(DE3)/plysS as the host, was used for the overproduction
of TGA1la and its derivatives.

The G-free sequence used in the DNA templates for the in vitro transcription

experiments was derived from the plasmid p(C,AT)19 (Sawadogo and Roeder, 1985b).

cDNA library

The tobacco root cDNA library from which longer TGAT1D clones were isolated was
constructed by Rong-Xiang Fang in the Chua Lab. The library contained ~8x10*
recombinants. cDNAs were synthesized using oligo dT primer, and cloned into the AZAP

II vector (Stratagene). The E. coli strain XL1-Blue was used as the host.
Methods

General techniques in molecular biology were performed according to Ausubel ef al.

(1987) and Sambrook et al. (1989).

Growth of plants

Tobacco seeds were germinated on MS medium (Murashige and Schoog, 1962) in
petri dishes, after sterilization in 10% Chlorox solution (The Chlorox Co.) for 5 to 10 min.

Medium containing kanamycin (100 pg/ml) was used for germinating seeds of transgenic
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plants. The petri dishes were kept at 25°C under a cycle of 16-hour light and 8-hour dark.
For the microinjection experiments, 5 to 7 day-old seedlings were used. For other
purposes, the seedlings were transferred into Plantcons (Flow Laboratories) containing the
same medium. If needed, plants were clonally propagated by cuttings at this stage. Plants
were transferred to soil when they reached > 7 cm tall (~1.5 month after germination) and
grown to maturity either in a growth chamber (25°C, 16-hour light and 8-hour dark) or the

greenhouse (25°C, 16-hour light and 8-hour dark).

Plasmid construction

(1). Construction of TGA1la deletion mutants

A double stranded oligonucleotide shown below was first synthesizgd and cloned into
the Sacl-Kpnl1 site of pBluescript II KS+ (Stratagene) to obtain pKE1. Unique restriction
sites and important codons within the oligonucleotide region of pKE1 are indicated. pKE1

has a T7 promoter site (in the region from pBluescript II KS+) upstream of this cloned

fragment.
Met 3-frame stops
51 GAAGCTTCATATGAATTCCATCGATGTAGGTAGGTAGCTCGAGGATCCAGATCTGTAC 3!
3' TCGACTTCGAAGTATACTTAAGGTAGCTACATCCATCCATCGAGCTCCTAGGTCTAGA B
HindIII NdeI EcoRI Clal XhoI BamHI BglII

The 1.2-kb EcoRI-Xhol fragment of pHB1B (a subclone of the TGA1a gene, see below) that
contains the entire TGA1la coding region except 2 bp at the 5’ end (nucleotide number 3 to
1,156 in Fig. 3.4), was cloned into the EcoRI-Xhol site of pKE1 to obtain pKT1A. In this
context, the methionine codon in the oligonucleotide region of pKE1 (shown above) became
the first methionine codon of the TGA1la reading frame. The open reading frame (ORF)

starting from this methionine codon is identical to the authentic TGAla ORF (see chapter
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3).

To generate deletion mutants of TGA1a, the following restriction sites within the
coding region were utilized: Hpall [239; the number refers to the nucleotide number
(according to Fig. 3.4) of the 5-end of the cutting sites with this enzyme.], AatIl (277), Nhel
(431 and 458), AfIII (533), Sacl (761), and Bg/II (946). After pKT1A was digested with one
of these restriction enzymes, the staggered ends were, if needed, filled-in with Klenow
enzyme (in the case of 5-hang over) or removed with T4 DNA polymerase (in the case of
3’-hang over). A Clal linker was then ligated to the flushed ends. The following procedures

were used to generate either the C-terminal or N-terminal deletion mutants:

1) C-terminal deletion mutants. DNA was digested with EcoRI and Clal and the fragments
corresponding to the N-terminal regions of TGAla were purified by agarose gel
electrophoresis (AGEP) and cloned into the EcoRI-Clal site of pKE1. The C-termini of the
deletion mutants were fused to one of the stop codons that are present in three reading
frames in pKE1. This method was used to construct the plasmids encoding the C-terminal
deletion mutants, AC108, AC144, AC178, AC252, and AC316 (the number refers to the last
amino acid residue in the deletion mutant). The plasmids encoding these C-terminal
deletion mutants were named by adding "p" in front of the deletion mutant names (eg.
pAC108).

2) N-terminal deletion mutants. DNA was digested with Clal and X7io0l and the fragments
corresponding to the C-terminal regions of TGAla were purified by AGEP and cloned into
Clal-Xhol site of pKE1. After isolation of these plasmids, to obtain in-frame fusions of the

initiator methionine codon in pKE1 and the deleted coding region of TGA1a, if needed, the

plasmids were redigested with Clal and the staggered ends were filled-in by Klenow enzyme
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or by removed with Mung Bean nuclease and then religated. This procedure was used to
construct the N-terminal deletion mutants, AN80 and AN94 (the number refers to the
position of the N-terminal amino acid residue in deletion mutant). The nomenclature of

the plasmids is the same as for the C-terminal deletion mutants (eg. pA80).

The 70-bp EcoRI-Aatll fragment of pAN80 purified by polyacrylamide gel electrophoresis
(PAGE) was exchanged with the 290-bp EcoRI-Aatll region of the C-terminal deletion
mutant constructs to generate pANS0AC108, pAN80AC144, pANS0AC178, pAN8bAC252, and
pANBOAC316.

For in vitro translation of these TGA1la derivatives (for chapter 6, see below), the
plasmids were digested with HindIII and EcoRI to exchange this region with the synthesized
DNA fragment shown below. This fragment mimics the consensus sequence surrounding

an eukaryotic translation initiation site (Kozak, 1987). The initiator methionine codon is

indicated.

Met
5' AGCTTGCCGCCACCATG 3"
3 ACGGCGGTGGTACTTAA 5'

(2) Construction for expression in E. coli

The Ndel-BamHI fragments of pKT1A, pAN80, and pAN80AC144 were cloned into the
Ndel-BamHLI site of pET3a (Rosenberg et al., 1987) to obtain pKT7T1A, pKT7ANS80, and
pKT7AN80AC144, respectively. Each of these plasmids was transformed into the host
bacteria BL21(DE3)/plysS and the transformants were used for the overproduction of
TGAIa and the derivatives.

(3) DNA templates used for in vitro transcription
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A 69-bp DNA was synthesized that contained the -44 to -4 region of the CaMV 35S
promoter and a polylinker consisting of Bg/Il, HindIIl, EcoRI, and Xhol sites at the 5’-end
and an Sspl site at the 3’-end. This DNA fragment was inserted between the EcoRI and
Sacl sites of the plasmid p(C,AT)19 to obtain pP35. Synthetic DNA fragments (44 bp)
containing a tandem repeat of either the wild type or the mutant as-I sequence were
inserted between the Bg/II and EcoRlI sites of pP35. Because it was found that the vector
sequence contains several TGA 1a-binding sites close to the promoter site, a fragment that
does not contain any TGA 1a-binding site was inserted to increase the distance between the
promoter site and the vector sequences. Between the Ndel and Bg/1I sites of these plasmids,
a 268-bp fragment (-343 to -91 of the 35S promoter upstream region plus a linker sequence
at -343, the EcoRV-Bgl/II fragment; Fang et al., 1989) was inserted in the reverse orientation.
This fragment is known to be devoid of any TGA1a-binding site. The final constructs were
named pUWDP and pUMDP, containing the wild type (W) and the mutant (M) as-1,
respectively (Yamazaki et al., 1990). The plasmids pUWDP and pUMDP (see Fig. 4.2) were
used as the DNA templates in the in vitro transcription assays. Plasmids identical to
pUWDP and pUMDP except lacking the 268-bp inserted region were also constructed and
used to confirm the results obtained with pUWDP and pUMDP in chapter 4 (data not
shown).

(4) Plasmids for microinjection
The following plasmids were used for the microinjection experiments.
1) A pUC13 plasmid containing construct A (-90 35S/GUS).
2) A pUC13 plasmid containing construct AA (-72 35S/GUS).
3) A pUCI13 plasmid containing construct A-GUSA. This is identical to 1) except that a

portion of the GUS coding region (EcoRV-EcoRYV fragment) was deleted by digestion with
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EcoRYV followed by religation (-90 35S/GUSA).
4) A pUC13 plasmid containing construct A except the promoter contains the -343 to +8

region of the CaMV 35S promoter instead of the -90 to +8 region (35S/GUS).

Gel retardation assay

The binding probes were prepared from the plasmids which contain a modified rbcS-
3A upstream region (shown in Figure 3.1) in pUC or pTZ vectors (Lam et al., 1989; 1990b).
The Bgl/II-BstXI fragments (-166 to -55) were prepared by PAGE and used as competitors.
To obtain labeled binding site probe, the fragments were labeled with [a-**P]dNTPs by fill-in
reaction with Klenow enzyme and the excess nucleotides removed by gel filtration. The
standard binding assay mixture contained DNA-binding protein fractions (lysogen extracts,
tobacco nuclear extracts, and purified TGAla derivatives), 0.1 ng of binding probe (4x10*
cpm), and 3 pg of poly(dIdC) in 10 pl of buffer B (20 mM Hepes-KOH, pH 7.5, 40 mM
KCl, 1mM EDTA, 10% glycerol, 0.5 mM DTT) supplemented with 0.8 mM PMSF. The
mixture was incubated for 20 min at room temperature, before being loaded onto a non-
denaturing 0.4% agarose-3% polyacrylamide composite gel or 5% polyacrylamide gel. After
electrophoresis, the gel was dried and subjected to autoradiography with an intensifying

screen.

DNA sequence analysis

Single-stranded DNA was usually used for nucleotide sequence determination. DNA
fragments were subcloned into the M13mp18 and 19 vectors and single-stranded DNA was
obtained by the M13 phage system (Messing, 1983). Double-stranded DNA sequencing was

also carried out using plasmid DNA. Nucleotide sequences of both single- and double-
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stranded DNA were determined by the Sequenase sequencing kit (USB), using modified T7
DNA polymerase and deoxyadenosine 5-a-[*S]thiotriphosphate for the reactions, with
common primers or synthesized primers. Sequence data were processed by DNASIS and
PROSIS (Hitachi) on an IBM PS/2 computer. The homologies shown in Figure 3.8 were

detected by visual inspection.

Methods used in chapter 3

Preparation of tobacco nuclear extracts

Tobacco nuclear extracts were prepared essentially according to Green et al. (1987).
Leaves (~500 g) were collected from 10 tobacco plants (~80 cm tall; ~2.5 month old)
grown in a green house. Leaves were washed first with cold distilled water and then with
cold homogenization buffer [IM 2-methyl-2,4 pentanediol (hexylene glycol), 10 mM PIPES-
KOH, pH 7.0, 10 mM MgCl,, 0.5% v/v triton X-100, SmM 2-mercaptoethanol, 0.8 mM
PMSF]. All subsequent steps were performed at 4°C. The leaf material was disrupted
using a Waring Commercial Blender fitted with a tower of new razor blades in 2 | of
homogenization buffer. The homogenate was passed through 1000 pm and then 80 pm
nylon meshes. The meshes were rinsed with 500 ml of the same buffer and filtrates were
pooled. Nuclei in the filtrate were sedimented by centrifugation (3,000xg, 10 min) and the
supernatant was decanted. The crude nuclear pellet was gently resuspended with a soft
paintbrush in a total volume of 80 ml of nuclei wash buffer (0.5 M hexylene glycol, 10 mM
PIPES-KOH, pH 7.0, 10 mM MgCl,, SmM 2-mercaptoethanol, 0.8 mM PMSF)
supplemented with 0.5% v/v triton X-100. Care was taken not to resuspend the white,
starch pellet which sedimented faster than nuclear pellet. The suspension was centrifuged

at 3,000xg for S min. The nuclear pellet was washed with 40 ml of nuclei wash buffer again
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and the nuclei repelleted by centrifugation. The pellet was resuspended in 6 ml of nuclei
lysis buffer (110 mM KCI, 15 mM Hepes-KOH, pH 7.5, 5 mM MgCl,, 1 mM DTT, 5 pg/ml
antipain, 5 pg/ml leupeptin) and 0.6 ml of 4M ammonium sulfate was added slowly with
gentle mixing. The mixture was agitated gently for 30 min. The chromatin and particulate
material were removed from the mixture by centrifugation at 40,000xg for 60 min. Finely
ground ammonium sulfate was slowly added to the supernatant with gentle stirring to a final
concentration of 0.3 g/ml. After 30-min gentle stirring, the precipitated proteins were
collected by centrifugation at 10,000xg for 15 min. The pellet was resuspended in 0.15 ml
of nuclear extract buffer (40 mM KCI, 25 mM Hepes-KOH, pH 7.5, 0.1 mM EDTA, 10 %
v/v glycerol, 1 mM DTT, 5 pg/ml antipain, 5 pg/ml leupeptin) and the suspension was
dialyzed against three changes of the same buffer over a period of 2 hours. After dialysis
insoluble material was removed by centrifugation in a microfuge for 10 min. The
supernatant fraction was divided into aliquots, frozen in liquid nitrogen, and stored at -

80°C. Typically, the nuclear extracts contain ~10 mg/ml of protein.

Isolation of cDNA clones encoding TGA1la and TGA1b

PolyA* RNA was prepared from leaves of tobacco plants (grown in a green house,
~80 cm tall) adapted in the dark for 2 days. A random-primed cDNA library was
constructed in lambda gt11 by using cDNA Synthesis System Plus (Amersham). The library
was screened essentially as described by Singh ef al. (1988). The primary library was plated
at a density of ~15,000 pfu/15-cm plate. After six-hour incubation at 37°C, IPTG-
impregnated nitrocellulose filters were layered on top of the agar and the plates were
further incubated at 37°C for 6 hours. The filters were processed at 4°C as follows. The

filters were lifted and incubated in buffer B supplemented with 5% non-fat dry milk for 2
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hours. After a brief washing in buffer B the filters were incubated for 4 hours in buffer B
containing the labeled binding probe (2.5 ng/ml, 7x10° cpm/ml) and 5 pg/ml sonicated and
denatured salmon testis DNA. Synthetic double-stranded hex-1 oligonucleotides shown
below (the TGACG-motif in the bottom strand is underlined, see Fig. 3.1) were
concatemerized with T4 DNA ligase until the concatemers contained on the average 8

copies of the sequence.

5' TCGACGGCCACGTCACCAATCCGCG 3"
3! GCCGGTGCAGTGGTTAGGCGCAGCT 5!

The concatemers were labeled by nick translation and used as the binding probe. After
incubation with the probe the filters were washed in B buffer for 50 min, briefly dried, and
then subjected to autoradiography.

The inserts of the isolated A clones, hb1, hb2, hb3, hbS5, and hb6, were subcloned into
plasmid vectors, pBluescript II series. Restriction mapping of the A clones showed that all
except hb6 lost one of the EcoRI sites (the inserts were presumed to be cloned into the
EcoRI site of Agtll vector.). To avoid losing any part of the inserts in hbl, hb2, hb3, and
hbS, fragments containing the whole insert regions and some vector sequences were
subcloned. The 2.2-kb EcoRI-KpnI fragment of hb1 (including 1-kb vector sequence on the
Kpnl side) was cloned into the EcoRI-KpnlI site of pBluescript IT KS- to obtain pHB1B. The
EcoRI-Pvul fragments of hb3 and hb5 (2.4 and 2.8 kb, respectively; both contained 1.2-kb
vector sequence on the Pvul side; the Pvul end was flushed.) were cloned into the EcoRI-
EcoRV site of pBluescript II KS+ to obtain pHB3 and pHBS, respectively. The 8.4-kb
EcoRI-Pvul fragment of hb2 (including 7.7-kb vector sequence on the Pvul side; the Pvul

end was flushed.) was cloned into the EcoRI-EcoRYV site of pBluescript II SK- to obtain
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pHB2A. The 1.6-kb EcoRI fragment of hb6 (the whole insert) was cloned into pBluescript
II KS+ to obtain pHB6A. These subclones were used to prepare DNA fragments for

sequence determination, hybridization probes (in chapter 3), and further subcloning of

TGA1la (see above).

Preparation of lysogen extracts

Lysogens were generated from hb1 and hb2, and the lysogen extracts were prepared,

according to Huynh et al. (1985) and Ausubel ez al. (1987).

Northern and Southern blot analyses

Preparation of RNA and DNA samples from tobacco plants and Northern and
Southern blot analyses were performed essentially as described (Ausubel ef al, 1987
Sambrook et al., 1989). The 1150-bp EcoRI-Xhol fragment from pHB1B, the 560-bp EcoRI-
Fokl fragment from pHB6A, and the 1.3-kb HindIlI-Xbal fragment from the B-ATPase gene
atp2-1 (Boutry and Chua, 1985) were labeled by the random primed DNA labeling kit
(Boehringer) and used as the TGA1a, the TGA1b, and the B-ATPase probe, respectively.
The specific activities of the probes were ~1.8x10° cpm/pg.  The same filter was
sequentially hybridized with TGA1la, TGA1b, and B-ATPase probes, after washed off the
previous probe by boiling in water. Filters were prehybridized and hybridized in a buffer
containing 50% formamide, 10% dextran sulfate, 25 pg/ml sonicated and denatured salmon
testis DNA, 1xDenhardt’s solution, and 5xSSC at 43°C. About 4x10° cpm/ml of probes
were used. The filters were washed in 2xSSC, 0.1% SDS and then in 0.1xSSC, 0.1% SDS
at room temperature. They were washed finally in 0.1xSSC, 0.1% SDS at 50°C, briefly

dried, and then subjected to autoradiography with an intensifying screen.
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Methods used in chapter 4

Overproduction and purification of TGAla
BL21(DE3)/plysS/pKT7T1A was cultured in M9ZB medium (6g Na,HPO,, 3g

KH,PO,, 0.5g NaCl, 1g NH,Cl, and 10g bactotryptone per 11) at 37°C until the A, reached
0.4. IPTG was added to the culture to a final concentration of 0.4 mM and the bacteria
were incubated at 37°C for two hours before harvesting. The following procedure was
performed at 4°C. The bacteria (6 g wet weight, from 2-1 culture) were suspended in 80
ml of buffer E (50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM DTT, 1 mM PMSF), lysed
by two cycles of freeze-thaw and then extracted with 1 M NaCl. The crude extract was
adjusted to 40% saturation of ammonium sulfate and the precipitate was collected. The
precipitate was suspended in buffer A-0.04 (buffer E plus 20% glycerol, 0.1% Nonidet P-40,
40 mM KClI) and dialyzed against the same buffer. The fraction was applied onto a DES2
(Whatman) column (bed volume 33 ml) equilibrated with buffer A-0.04 and the flow-through
fractions were pooled. The DES52 fraction was then applied onto a P11 (Whatman) column
(bed volume S ml) equilibrated with buffer A-0.04. After consecutive washings with buffer
A-0.04 and buffer A-0.2 (same as A-0.04 except 0.2 M KCl), the column was eluted with
buffer A-0.5 (same as A-0.04 except 0.5 M KCl) and the peak protein fractions were pooled.
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