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The transcriptional activation of maize alcohol dehy¬

drogenase-1 (Adhl) and alcohol dehvdroaenase-2 (Adh_2) is

accompanied by changes in the chromatin structure associated

with the 5' region of these genes. Changes in chromatin

structure of Adhl have been associated with the appearance

of DNase I hypersensitivity in the promoter. Two distinct

sets of hypersensitive sites were found. The set of hyper¬

sensitive sites positioned from -150 to -680 was present

regardless of the transcriptional state of the gene The

TATA proximal set from -25 to -140 was present only after

gene induction.

The positions of DNA binding factors in close associa¬

tion with the 5' flanking region of Adhl and Adh2 were

determined by genomic sequencing and in vivo dimethyl

v



sulfate (DMS) footprinting. The intensities of the DMS

footprints of Adhl and Adh2 were quantified over eight hours

of induction and compared with mRNA levels from each time

point. In Adhl. one set of factors at positions -130 and

-110 is present before anaerobic induction, whereas factors

centered around -180 and -100 are evident only after Adhl

has been induced by hypoxic stress. All factors bound to

the 5' region of Adh2 were constitutively present at

positions -210, -160 and -80.

These data illustrate that the promoter regions of

maize Adhl and Adh2 differ at the level of chromatin struc¬

ture. The manner in which the putative DNA-binding proteins

interact with the promoter under hypoxic stress suggests

that the mechanism of regulation for the two genes is also

dissimilar.
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CHAPTER 1

INTRODUCTION AND REVIEW OF THE LITERATURE

Introduction

It has been well documented in animal systems that the

chromatin structure of actively transcribing genes is often

altered when compared to inactive genes (Weintraub and

Groudine, 1976; Weisbrod, 1982). Nuclease digestion of

transcriptionally active chromatin revealed regions of

enhanced nuclease sensitivity in the 5' flanking regions of

many genes (Eissenberg et al.. 1985; Thomas et al. , 1985;

Kahl et. a_l. , 1987). Genes which can be experimentally
induced allow for direct comparison of the same gene in

various stages of transcriptional activity. Animal genes

which have been used for this type of experiment include the

Drosophila heat shock genes (Wu, 1980, 1984) and glue pro¬

tein genes (Shermoen and Beckendorf, 1982), the mouse metal-

lothionin-1 gene (Senear and Palmiter, 1983), and the chick¬

en ovalbumin (Kaye et aT. , 1986) and lysozyme genes (Hecht

et al., 1988).

The maize alcohol dehydrogenase (Adhl and Adh2) genes

are examples of plant genes which can be experimentally
induced. Adhl and Adh2 are well suited to the
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investigations of chromatin structure for two additional

reasons. First, the anaerobic induction of maize Adhl and

has been well characterized (Schwartz, 1966; Freeling and

Schwartz, 1973 ; Ferl et, a_l. 1980; Sachs et al_. , 1980;

Gerlach et. a_l. , 1982) and both Adhl and Adh2 have been

cloned and sequenced (Dennis et al., 1984, 1985). Second,

while both Adhl and Adh2 respond similarly to hypoxic

stress, the sequences of the promoter region differ almost

completely. This provides an opportunity to compare the

response of two distinct promoter regions to the same

stimulus.

The work presented in the subsequent chapters

investigates the chromatin structure of the 5' flanking

regions of the maize Adh genes. DNase I digestions of the

chromatin associated with the promoter showed that the 5'

region of Adhl undergoes structural changes which are

similar to the modifications seen in inducible genes from

animal systems. The presence of DNase I hypersensitive

sites in the Adhl promoter (see Chapter 2) (Paul et al..

1987) led to speculation concerning the possible role of

these sites. Numerous examples of putative transcription
factors coinciding with hypersensitive sites in animals

(Davison et al., 1983, 1984; Dynan and Tjian, 1983, 1985;

Wu, 1984 ; McKnight and Tjian, 1986; Wiederrecht et al. .
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1987, 1988; Thomas and Elgin, 1988) promoted the assessment

of trans-acting DNA binding factors that might be found

associated with the hypersensitive regions of the Adh

genes. Ferl and Nick (1987) found evidence of several DNA-

binding factors in the promoter of Adhl. Chapter 3 expands

on their preliminary work to include the Adh2 gene and

examines factor binding over an induction time course for

both alcohol dehydrogenase genes.

Review of the Literature

First Order Chromatin Structure and Gene Regulation

A fundamental characteristic of eukaryotic organisms is

the packaging of their genetic material into chromatin.

Chromatin is an association of DNA and protein that enables

an organism to efficiently replicate and transcribe a

molecule that is thousands of times longer than the diameter

of the nucleus in which it is contained. Considering this

relationship, it is not surprising that chromatin structure

plays a role in the regulation of gene expression.

The first order of chromosomal condensation is the

organization of the DNA helix with nucleosomes to form a

lOnm fiber. This structure has been likened to "beads on a

string" when viewed the with electron microscope (Olins and

Olins, 1974). The nucleosome "beads" are formed by 1.8

turns of DNA (146bp) wrapped around histone octomers (2 each
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of H2A, H2B, H3, H4) with a fifth histone (HI or H5) at the

junction of the nucleosome and linker DNA. The length of

the linker DNA ranges from 20 to 200bp. The lOnm fiber of

the nucleosome array can be organized into a solenoid which

is stabilized by histone HI. This stabilization generates a

30nm fiber, and the resulting array is known as second order

chromatin structure (Felsenfeld and McGhee, 1986) . Higher
orders of chromatin structure are less regular in organiza¬

tion (Eissenberg et al. , 1985; Igo-Kemenes et a_l. , 1982 ;

McGhee and Felsenfeld, 1980; Kornberg, 1977).

Most of the literature describing chromatin structure

pertains to animal systems. While differences exist between

plant and animal chromatin, these differences predominate in

the higher orders of chromosomal organization and do not

appear to be correlated with transcriptional activity
(McGhee and Engel, 1975; Nagl, 1979). Although nucleosome

size appears to be constant, the amount of linker DNA

between adjacent nucleosomes (the "string” between the

"beads") is variable. The length of the linker DNA may

depend upon the organism, the tissue, or the stage of

development (Weintraub, 1978; Eissenberg et al., 1985).

In addition, nucleosome structure is often altered in

actively transcribing genes (Weisbrod, 1982). It is this

characteristic that makes the study of chromatin structure
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more than just an observation in subcellular morphology.

Rather, it opens a possible window into the processes of

gene regulation as they occur in vivo. The principal method

to visualize altered chromatin structure takes advantage of

the digestion preferences shown by two major nucleases:

micrococcal nuclease and DNase I. Typically, the enzymes

are introduced to isolated nuclei for iri situ digestion of

chromatin. In many plant systems, however, it is difficult

to isolate sufficient guantities of intact nuclei for in

situ experiments. In such cases a method of DNase I diges¬
tion for isolated chromatin developed by Steinmüller and

Apel (1986) has been successful.

Micrococcal nuclease preferentially cuts linker DNA

(Noll and Kornberg, 1977). While prolonged exposure to the

enzyme cleaves the nucleosomal DNA, judicious use can yield
"ladders" of DNA in units of nucleosome repeat length

(McGhee et al., 1983). The average nucleosome repeat length
in plants is similar to that in animals, ranging from 170 to

200bp and usually remains constant between tissues and

stages of development (Lutz and Nagl, 1980; Spiker, 1985).

Changes in nucleosome repeat length have been correlated

with transcriptionally active tissue in plants (Murray and

Kennard, 1984; Ull and Franco, 1986).
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Another enzyme used to probe chromatin structure is

DNase I. DNase I has little sequence specificity and

functions by independently nicking each strand of the DNA

molecule (Elgin, 1981). Double strand cleavage is

accomplished when nicks on the top and bottom strands

coincide. DNase I will nick DNA in any configuration but

DNA held in a tight nucleosome array is more resistant to

cleavage than DNA in a relaxed nucleosome configuration

(Kornberg, 1977). Since one characteristic of

transcriptionally active chromatin is a general increase in

nuclease sensitivity (Weisbrod, 1982) , it is possible to

envision the activation process as a change in the

organization of the nucleosome array to better accommodate

the transcriptional machinery (Weintraub and Groudine, 1976;

Weintraub, 1978, 1983; Weisbrod, 1982; Mathis et al.. 1980).
In an early study with plants, reassociation kinetics

were used to examine the DNase I sensitivity of actively
transcribing genes in wheat embryos (Spiker, et al., 1983).
DNA was isolated from both control nuclei and nuclei that

had been digested with DNase I, and then sheared to a

uniform length (250-270 nucleotides). Complementary DNA was

prepared from poly(A)+RNA. The undigested DNA of the

control nuclei and the DNA from the DNase I treated nuclei

were used to drive reassociation reactions with the cDNA.
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The reassociation was slower when driven by the DNA from the

DNase digested nuclei. Spiker et a_l. (1983) conclude that

the slower rates of cDNA reassociation with the DNA isolated

from in situ digested nuclei reflect the preferential diges¬

tion of sequences complementary to poly(A)+RNA. In other

words, DNA which is actively transcribing RNA is more

susceptible to DNase I digestion that the remaining DNA

sequences in the nuclei.

In their study of phaseolin (from French bean, Phaseo-

lus vulgaris). Murray and Kennard (1984) observed two dif¬

ferences between chromatin of tissue actively transcribing
the seed storage protein genes (cotyledon) and inactive

tissue (leaf). First, the average nucleosome repeat lengths
were 191bp in leaves and 177bp in cotyledon. This

phenomenon is not necessarily associated with

transcriptional activity, but differences have occasionally
been observed in animals (Kornberg, 1977; Eissenberg et al.,

1985) . Phaseolin was actively transcribed in cotyledons,

yet the nucleosome repeat length of Phaseolin was the same

as the rest of the cotyledon chromatin. This indicates that

the decrease in nucleosome repeat length was not associated

with activation of phaseolin transcription.
The second difference observed between cotyledons and

leaves was in the degree of DNase I sensitivity of the
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Phaseolin gene. An apparent relaxation of chromatin was seen

as an increase in general DNase I sensitivity over a region
from -1400 to +1000 in the active phaseolin gene. This was

the first example in plants of a correlation between general

DNase I sensitivity and transcriptional activity.

In a similar system from peas (Pisum sativum) the

chromatin structure of legumin. another seed storage pro¬

tein, was examined in nuclei from cotyledons and leaves

(Sawyer et aT. , 1987). As with phaseolin. this storage

protein is actively transcribed in only cotyledons. In

contrast to Phaseolus (Murray and Kennard, 1984) the over¬

all nucleosomal repeat length in pea did not differ between

leaf and cotyledon tissues, even though pea cotyledons show

elevated levels of DNA replication during development.

Incubation of nuclei from cotyledons with DNase I showed

that the legumin chromatin in the coding and 3' flanking

regions was five times more sensitive than in leaves, so a

change in chromatin structure was correlated with gene

activation.

Several genes were examined in barley (Hordeum vulgare)
for differences in chromatin organization between tissues

and with environmental conditions (Steinmüller et al. .

1986). Tissue specific differences were observed for the

genes encoding three different proteins: hordein (a seed
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storage protein), LHCP (light harvesting chlorophyll a/b

protein) and the 15-KDa polypeptide (a protein of unknown

function). Increased DNase I sensitivity was observed for

the genes encoding hordein and LHCP. These data are in

agreement with the findings of Murray and Kennard (1984)

and, later, Sawyer et al. (1987), which associate DNase I

sensitivity with actively transcribing genes. The chromatin

associated with the 51 flanking region of the gene encoding
the 15-KDa protein shows an elevated degree of DNase I

sensitivity in dark grown leaves (where the gene is active)
which decreases as the leaves are exposed to light and the

gene is inactivated. This correlation is significant as it

is the first example of an environmental stimulus (light)

initiating a change in gene activity which is reflected as a

change in chromatin structure within a single plant tissue.

DNase I Hypersensitivity

In addition to a gene showing a general increase in

nuclease sensitivity upon transcriptional activation there

may be small (usually <200bp) regions of hypersensitivity
superimposed on an area of general sensitivity (Thomas et

al., 1985; Eissenberg et al., 1985). Hypersensitive sites

have been predominately located 5' to the start of

transcription (e.g., Wu, 1980; Wu and Gilbert, 1981;

Sledziewski and Young, 1982; Senear and Palmiter, 1983;
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Fritton et al., 1986; Ramain et al., 1986; Szent-Gyorgi et

al., 1987; Elgin, 1984). They are thought to be nucleosome-

free regions which allow enhanced access of cis-acting DNA

sequences to trans-acting factors (Gross and Garrard, 1988).

An example of a nucleosome free hypersensitive site was

found in the minichromosome of the mammalian SV40 virus.

The origin of transcription in SV40 is associated with a

DNase I hypersensitive site which appears to be free of

nucleosomes when examined with the electron microscope

(Choder et a 1 . . 1984 ; Jackobovits e_t a 1 . . 1980).

Hypersensitive sites probably arise from the binding of non¬

histone proteins which are often found associated with the

borders of hypersensitive sites. Some of these proteins are

putative transcription factors (Davidson et al., 1983; Dynan

and Tjian, 1983; Wu, 1984; McKnight and Tjian, 1986; Wieder-

recht et al. , 1987 ; Thomas and Elgin, 1988) so they may

function in providing access for the transcriptional machin¬

ery.

DNase I hypersensitive sites are generally associated

with the promoter region of actively transcribing genes (Wu,

1980; Keene et al., 1981; Emerson and Felsonfeld, 1984; Kaye

et a_l. , 1986; Brown et a¿. , 1988). Hypersensitive sites

which are seen only when the gene is transcriptionally
active are generally referred to as "inducible" sites. The
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hypersensitive sites which are present when the gene is

inactive as well as being present when the gene is active

are generally referred to as "constitutive” sites. There

are numerous examples of both types of hypersensitive sites

in non-plant systems. Reviews detailing these systems

include Eissenberg et a_l. (1985), Thomas et al. (1985),
Gross and Garrard (1988), but a brief cross section is

included here to gain perspective for the plant literature

which follows.

Constitutive hypersensitive sites are often found

associated with genes which can be rapidly induced by stress

such as Drosophila (Wu, 1980, 1984; Cartwright and Elgin,
1986; Zimarino and Wu, 1987; Thomas and Elgin, 1988), and

human (Brown et al., 1988) heat shock genes.

Inducible hypersensitive sites are commonly found near

the promoter regions of genes which are activated in

response to an external stimulus. In animals, hormones are

common inducing agents which often initiate hypersensitive
sites in the chromatin associated with their target genes

(Kaye et al., 1984, 1986; Richard-Foy and Hager, 1987; Hecht

e_t a_L. , 1988 ). The inducing agent of the mouse

metallothionin gene is the metal, cadmium, which also

results in the appearance of a hypersensitive site (Senear
and Palmiter, 1983). Normal developmental changes can also
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induce hypersensitive sites. The Drosophila glue protein

gene Sqs4 (Shermoen and Beckendorf, 1982; Ramain et al..

1986) and the adult beta-globin gene of chickens (Emerson et

al., 1985; Choi et al., 1986; Caplan et al.. 1987; Muller

and Mehta, 1988) are two genes with developmentally induced

hypersensitive sites. Hypersensitive sites within a certain

gene may also show tissue specificity (Wu and Gilbert, 1981;

Ivanov and Brown, 1989) or specificity to a point in the

cell cycle (Chrysogelos et al., 1989).

DNase I Hypersensitive Sites in Plants

Using DNase I digests of isolated chromatin,

Steinmüller and Apel (1986) examined three groups of genes

from etiolated barley leaves; the gene encoding NADPH-

protochlorophyllide oxidoreductase (PCR) which is actively
transcribed in leaves; hordein, a gene for a seed storage

protein which is inactive; and the 26S rDNA genes. The

transcriptionally active PCR gene contained DNase I

hypersensitive sites in addition to being more generally

sensitive to digestion than either of the other two genes.

Maize Adhl was the first plant gene where DNase I

hypersensitive sites were discovered in the chromatin of

intact nuclei (Paul et al., 1987). Adhl was found to have

two types of DNase I hypersensitive sites in the 5' region
of the gene: those that are constitutively present
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regardless of the transcriptional state of the gene, and

those evident only after anaerobic induction of the gene.

The constitutive sites lie further upstream, and are posi¬
tioned between -150 and -680. After anaerobic induction two

additional sites appear, a major one centered around -30 and

a minor one centered around -130. These two hypersensitive

sites defined an anaerobic response region that encompassed

at least two sequences thought to be important to gene

regulation: TATAA at -20 and CAAT at -80. In addition to

generating the new hypersensitive sites, anaerobic induction

intensified the DNase sensitivity of the constitutive sites.

This demonstrates again that chromatin from transcriptional¬

ly active tissue is generally more sensitive to DNase diges¬
tion than chromatin from a tissue where the genes are not

expressed.

Maize Adh2 contains three constitutive DNase I

hypersensitive sites in the 5' flanking region. These sites

are centered around positions -55, -305 and -455 (Ashraf et

a_l • , 1987). There are two modifications that accompany

induction of the gene. Hypoxic stress intensified the

hypersensitive sites at -305 and -445, and extended the -55

hypersensitive site in the 3' direction to include the TATA

box. This type of organization may reflect the

'•transcriptional readiness" of Adh2.
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Vayda and Freeling (1986) examined the chromatin

structure of Adhl that included the transposable element

Mul. Inclusions of Mul in the 5' region of the gene caused a

reduction in transcription but did not affect the DNase I

sensitivity of the region when compared to the progenitor
allele.

Shi is another gene in maize containing DNase I

hypersensitive sites. There are 5 hypersensitive sites

clustered in the 5' end of Shi in endosperm where that gene

is actively expressed (Wurtzel et a¿. , 1987). There are

two sites far upstream at -1050 and -2150, and three closer

to the transcription start site at positions -550, +150 and

+550, the latter two residing within the first intron. The

-550 site may be important in that it is adjacent to a pair
of 16bp direct repeats which contain seguence similarity to
enhancer elements. Hypersensitive sites were also observed

in Shi from two tissues where little or no Shi expression
occurs (embryo and ovule respectively).

Another investigation has taken advantage of the over

abundance of ribosomal RNA genes often found in plants.

Kaufman, et al. (1987) hypothesized that modifications in

the chromatin structure associated with these genes may

function in discriminating transcriptionally active copies
from inactive ones. There are two major length classes of
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rDNA in the Alaska cultivar of pea; both are induced by

light. These are designated long (L) and short (S), and

both genes contain DNase I hypersensitive sites. In the L

variant there are 12 hypersensitive sites, 9 within the

subrepeat region and 3 near the start of the 18s gene. All

sites are constitutive; being present before and after

induction (dark vs. light grown). Differences between dark

and light grown plants are seen with the S variant. In

addition to several constitutive DNase I hypersensitive

sites, there are three hypersensitive sites in the subrepeat

region of S that are present only after light induction.
The inducible hypersensitive sites correspond in position to

the three 18s proximal sites of the L variant. Kaufman et

al. (1987) suggest that these light induced changes in
chromatin structure are consistent with the observation that

the rate of rRNA synthesis in light grown peas is around 2

fold higher than in dark grown plants.

Thompson and Flavell (1988) used DNase I to study the
chromatin structure of wheat rRNA genes. In hexaploid
wheat, there is differential expression of rRNA genes in
different loci of the nucleolar organinizer (NOR). The rRNA

genes of dominant NOR loci are organized into chromatin,
which has a greater general sensitivity to DNase I than

other loci. Superimposed on this general sensitivity are
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regions which are hypersensitive to DNase I. The

hypersensitive sites are associated regions of DNA which are

homologous to sequences adjacent to the transcription start

site in certain rRNA genes. Thompson and Flavell (1988)

suggest that these hypersensitive sites may reflect DNA-

protein interactions that function in the expression of rRNA

genes. These DNA-protein interactions may involve DNA

sequence motifs that play promoter or enhancer-like roles.

The chromatin structure of an inducible system from

peas has been investigated by Gorz et al. (1988). The small

subunit of ribulose-1,5-phosphate carboxylase/oxygenase

(rbcS) is encoded by a family of light-induced genes. Two

types of hypersensitive sites were found: those constitu-

tively present in both light and dark grown leaves and those

associated only with actively transcribing tissue. The

constitutive sites were present both upstream and downstream

from the transcription start site. Light activation of the

rbcS genes is accompanied by the appearance of a new hyper¬

sensitive site at position -190 and an intensification of

the constitutive sites.

Trans-acting DNA-bindinq Factors

The protein component of chromatin includes the

histones, the High Mobility Group (HMG) proteins (Spiker

1984, 1985, 1988) and the protein factors necessary to
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regulate and accomplish transcriptional activity (Igo-

Kemenes et al.. 1982; Eissenberg et al.. 1985).

As discussed in the previous section, the DNase I

sensitive regions of chromatin may reflect a more open

packaging of the nucleosome structure, presumably to allow

regulatory and transcriptional apparatus to interact

directly with the promoter DNA. There are several types of

proteins which might interact with the chromatin in

hypersensitive regions: those involved in the creation or

stabilization of the hypersensitive site and those that

control the regulation of transcription, and RNA polymerase

(Eissenberg et al., 1985).

One method of mapping the interactions of specific

protein factors with the gene is through dimethyl sulfate

(DMS) footprinting. DMS rapidly penetrates cell walls and

membranes to modify guanine (G) residues in genomic DNA

entirely in vivo. Therefore, intact, living cells can be

effectively treated with DMS without any manipulation that

might disturb the chromatin structure or specific protein-
DNA interactions. Close protein-DNA contacts can be

detected by DMS, since proximity of amino acid chains within

the major groove can either inhibit (protect) or enhance the

ability of the DMS molecule to contact and modify the G
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residue. These altered DMS reactivities can then be

detected by genomic sequencing (Church and Gilbert, 1984).

Church and Gilbert (1984) developed genomic sequencing

to facilitate the visualization of individual, strand

specific nucleotides as they appear in vivo. Their original

experiment compared the degree of cytosine methylation

between cells which were actively expressing, or not ex¬

pressing, certain immunoglobulin M genes. The IgM genes

from cells which were not producing the protein appeared to

be more highly methylated. In two related works, DMS foot¬

printing was used in conjunction with genomic sequencing to

identify cell-type specific enhancer binding proteins for a

mouse immunoglobulin heavy chain enhancer (Ephrussi et al.,

1985; Church et al. , 1985). A similar correlation between

DMS reactivity and binding specificity of the immunoglobulin

heavy chain enhancer was later observed in human cells

(Gimble and Max, 1987) . Another example of a cell-type

specific DNA-binding factor can be found in hepatoma cells

(Becker et al., 1987). Only those cells expressing tyrosine

aminotransferase (TAT) showed evidence of protein interac¬

tions in the upstream region of the TAT gene in response to

glucocorticoid induction.

DMS footprinting has been used to position the in vivo

binding sites of known regulatory proteins as well. Nick
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and Gilbert (1985) demonstrated that the catabolite activa¬

tor protein (CAP) and lac repressor bind to the lac operon

in vivo with the same sequence specificity as had been seen

in vitro. In another prokaryotic example, the AraC protein

was found to bind to a site in vivo that was proposed to fit

a model of ara expression (Martin et al., 1986). In yeast,

the positive regulatory protein GAL4 binds within the up¬

stream activating sequence to initiate transcription of the

GAL1 and GALIO genes. This causes an alteration in the

chromatin structure (Giniger et al., 1985; Fedor and Korn-

berg, 1989).

There are also a number of examples where genomic

sequencing is employed primarily for the purpose of

detecting differences in the degree of cytosine methylation

between active and inactive genes. Maize Adhl (Nick et al.,

1986) and the chicken vitellogenin genes have been

characterized in this manner (Saluz et al. . 1986, 1988;

Saluz and Jost, 1986, 1989).

In Vivo Analysis of Protein Factors in Plants

Ferl and Nick (1987) employed DMS as a direct in vivo

probe for the detecting the binding of regulatory factors to

the maize Adhl promoter. There are at least four DMS

footprints within the maize Adhl promoter which may be
caused by the binding of regulatory proteins (Ferl and Nick,
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1987), the patterns of which undergo a change as induction

of the gene proceeds (see Chapter 3). One footprint is

present in both the active and the inactive genes while the

other footprints are seen only after hypoxic stress.

There are three footprinted regions in the 51 flanking

region of maize Adh2 (see Chapter 3). The footprints are

present regardless of the transcriptional state of the gene.

The light-activated chalcone synthase (CHS) gene has

been well characterized with in vivo footprinting to local¬

ize regions of factor binding within the promoter (Schulze-

Lefert et al.. 1989a, 1989b). Induction generates four sets

of DMS footprints, which correspond to regions of the

promoter shown to be important for light regulation.

The alcohol dehydrogenase (Adh) gene in Arabidopsis

thaliana has also been analyzed in vivo with regard to the

presence and nature of protein factors (Ferl and Laughner,

1989). Arabidopsis Adh is an anaerobically induced gene

which shares some similarities with the regulatory regions
of maize Adhl. There are three factor binding sites in

Arabidopsis. but, because the cells which were used in these

experiments constitutively express Adh. it is not known

whether these proteins are recruited after induction, or if

they are constitutively present.



CHAPTER 2

DNASE I HYPERSENSITIVE SITES
IN THE 5' REGION OF MAIZE ADH1

Introduction

Genes which can be experimentally induced lend

themselves well to an analysis of the correlation between

DNase I hypersensitivity and transcriptional activity. This

type of correlation has been found in a number of animal

genes such as the Drosophila glue protein Sgs4 (Shermoen and

Beckendorf, 1982), the mouse metallothionin-1 gene (Senear

and Palmiter, 1983) and the chicken ovalbumin gene (Kaye et

al., 1986). In plants, hypersensitive sites have been found

in maize Adhl (Paul et ad., 1987), maize Adh2 (Ashraf et

al. . 1987), maize shrunken-1 (Wurtzel et ad., 1987), the

transcriptionally active pea rRNA genes (Kaufman et ad. ,

1987) and pea rbcS (Gorz et al., 1988).

There is evidence of anaerobically induced chromatin

modifications in maize on two levels. Ultrastructurally,

electron micrographs of root nuclei show a dramatic increase

in general chromatin condensation upon anaerobic induction

(Aldrich et ad., 1985). At the molecular level, in situ

of nuclei show that sites closest to the

21
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start of transcription in Adhl are more accessible to diges¬

tion in the active gene (Ferl, 1985).

This chapter examines DNase I hypersensitive sites in

maize alcohol dehydrogenase-1 (Adhl), a plant gene induced

by anaerobic stress (Freeling, 1973) . An increase in mRNA

levels can be detected in roots after 2 hours of anaerobio-

sis, and a detectable increase in the level of the protein

is observed after 3 hours (Ferl et ad., 1981; Gerlach et

al.., 1982 ; Dennis et ad., 1985). These data suggest

induction of the enzyme is mediated through transcriptional

control. Changes in chromatin structure associated with

induction of the gene may reflect modifications that

facilitate the transcriptional activation of the gene. The

results presented here are incorporated into a model which

addresses the relationship between chromatin structure and

the regulation of the Adhl promoter.

Methods

The maize (cv. Dekalb XL 82) cell suspension cultures

used for the chromatin experiments were homozygous for

Adhl-F. and were developed by Vasil and Vasil (1986).

Cells were made hypoxic by bubbling the 30ml cultures

with argon for 5 hours. Cells which were not hypoxically
stressed (uninduced) were maintained under normal culture

conditions for the same amount of time.
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Nuclei were isolated by grinding 5g (fresh weight) of

cells in a mortar and pestle using grinding buffer (50mM

Tris pH 8.0, 0.3M sucrose, 5mM MgCl2, 15mM NaCl, 0.05mM BME-

[betamercaptoethanol], 0.ImM PMSF-[phenylmethlysulphonyl

fluoride], O.lmM EGTA-[ethyleneglycol-bis-(beta aminoethyl

ether)N,N,N',N'-tetraacetic acid]), then transferring the

slurry to a motor driven homogenizer to shear the cells.

Cell debris was filtered away from nuclei with a 105 micron

nylon screen and the nuclei were pelleted with a Beckman J2-

21 centrifuge (1500xg for 10 min). The pellet was

resuspended in 3ml of grinding buffer and aliquoted for

6 x 500ul reactions. Each aliquot of nuclei contained

approximately 40ug of DNA.

The in. situ digestions were carried out with 0.05,

0.10, 0.20, 0.40 and 1.0ug/ml of added DNase I (BRL) and the

reaction mixtures were adjusted to O.lmM CaCl2. A control
reaction containing no exogenous DNase I was included. The

reactions were incubated for one min at 37°C and then 9 min

at 30°C. The nuclei were pelleted with a microfuge and

resuspended in extraction buffer (lOOmM Tris pH 8.0 50mM

EDTA [ethylenediaminetetraacetic acid], 500mM NaCl, lOmM

BME). The reactions were incubated at 65°C with 120ug/ml of

proteinase K (Sigma) and 1.3% SDS (sodium dodecyl sulfate)
for 1-2 hours. DNA was then isolated essentially as outlined
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by Dellaporta et aJL. (1983) . The final DNA pellet was

resuspended in TE (lOmM Tris-HCl pH 8.0, ImM EDTA).

For hybridization analysis approximately lOug of DNA

was digested to completion with either Hind III or Bam HI,

resolved with electrophoresis on 2% agarose TEA (40mM Tris,
20mM Na Acetate, ImM EDTA) gels, blotted to Genescreen

(NEN/DuPont) in 0.025M phosphate buffer (pH 6.5) and the

DNA UV-crosslinked to the membrane (Church and Gilbert,

1984). The resulting blots were hybridized to a bacterio¬

phage M13 generated probe according to Church and Gilbert

(1984) and autoradiographed. Synthesis in the M13 clones

began at either the Hind III or the Alu I site (fig. 2-1) to

facilitate the use of the indirect end labeling technique
of Wu (1980). Final probes were approximately 200bp long.
For both DNase I and restriction digests, autoradiographs
were quantified with a densitometer (E-C Apparatus, St.

Petersburg FL). Quantification of the bands generated by
restriction digestion are expressed as a percent of the

total signal (after Ferl, 1985).

Naked DNA was digested as a control to establish that

the DNase I hypersensitive sites observed in situ were a

result of chromatin structure and not due to sequence speci¬

ficity within the promoter DNA. Genomic DNA was isolated by
direct lysis of cells in extraction buffer and 1.3% SDS and
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purified on a CsCl gradient (Maniatis et al., 1982). DNA

aliquots (approximately lOug) were digested with increasing
amounts of DNase I: 0.0, 0.1, 0.16, 0.2, 0.4, 0.6ng/ml.

The 5' region of Adhl was also examined by in situ

digestion of nuclei with restriction endonucleases. 200

units of the enzymes Xba I, Pst I and Alu I were added to

500ul aliquots of nuclei and digested in grinding buffer as

described above for DNase I.

Results

DNase I Hypersensitive Regions

Figure 2-1 presents the restriction map of the Adhl 5'

flanking region and the locations of the 5' and 3' probes

used in the study.

A comparison of the DNase I hypersensitive regions of

the Adhl gene in nuclei from uninduced (lanes 1-5) and

induced (lanes 6-10) cells is seen in figure 2-2. A

constitutive region of hypersensitivity contains three major
sites (bands numbered 3, 4 and 5) and three minor sites

(bands 6, 7 and 8) . Bands 1 and 2 constitute the inducible

hypersensitive region, being present only after cells have

been subjected to hypoxic stress. In the mildest DNasel

digestion of nuclei from induced cells, bands 1, 2, 3 and 5

(fig. 2-2, lane 7) are approximately of equal intensity. As
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Figure 2-1.
nent

Partial map of maize Adhl gene showing perti-
and a solid arrowsites. +1

of transcription,
both the 5' at -937

mark the start
indicate probe homology

and the 3' probe begin-
Open

probe beginning
ning at +210. Both probes are approximately 200bp long.
Numbered boxes correspond to the hypersensitive sites
after induction. Solid stripes indicate major sites and
dashed stripes indicate minor sites.
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Unlnducad Induced
1 2 3 4 5

Bam HI

I

Figure 2-2. An autoradiograph of DNase I hypersensitive
regions visualized with a 200bp probe 3' to the promoter
(+210 to +10). Lanes 1-5 contain DNA from uninduced cells
(inactive gene), lanes 6-7 contain DNA induced cells
(active gene). Concentrations of DNase-I increase from left
to right within each set: lanes 1 and 6 - no exogenous
DNase I, lanes 2 and 7 - 0.05ug/ml, lanes 3 and 8 -

0.lug/ml, lanes 4 and 9 - 0.2ug/ml, lanes 5 and 10 -

0.4ug/ml. Lane 11 contains internal size markers (indirect
end labeled restriction sites within the promoter) corre¬
sponding to the following number of base pairs: Bam HI -
1313bp, Xba I - 627bp, Pst I - 357bp, Alu I - 257bp; the mappositions of these restriction sites are shown in Fig. 2-1.
A numbered lane is shown at left for reference.
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DNase I concentrations increase, however, bands 1 and 2

increase in intensity, while bands 3-5 diminish. Lanes 5

and 10 (fig. 2-2) show nuclei which have been digested with

DNase I such that almost none of the parent band remains.

In lane 5 (uninduced) this digestion results in the

accumulation of bands 3 and 2. In lane 10 (induced) the

same degree of digestion results in the accumulation of

band 1.

Confirmation of Position

The positions of the DNase I hypersensitive sites were

confirmed by several methods. Internal markers (fig. 2-2,

lane 11) were generated by digesting naked genomic DNA with

restriction enzymes that cut in the region of interest

(fig. 2-1). To reconfirm the map positions determined

relative to the Hind III site, a probe 5' to the promoter

was used to map the hypersensitive sites from the Bam HI

site in the opposite direction (see fig. 2-1). Figure 2-3

shows two lanes from each type of probe analysis next to

their respective internal markers. The numbers between the

two panels point to the corresponding bands for each run.

Naked DNA Controls.

The source of the hypersensitivity was primarily due to

chromatin interactions. Figure 2-4 shows naked genomic DNA

digested with increasing DNase I concentrations. Lane 1 had
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3’ probed 5’ probed

Bam HI

Hind III

Pst I

Xba I

Alu I*

Figure 2-3. The anaerobically induced hypersensitive
sites of the 5' region of maize Adhl. The first two lanes
were probed from the 3' end, the third and fourth lanes show
the same DNA probed from the 5' end. The numbers in the
middle place the corresponding positions for each band. The
Alu I site in the 5' marker lane (Alu I*) is not the same
restriction site as the Alu I in the 3' marker lane.
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"*Xba I

-P«t I

Alu I

Figure 2-4. Naked DNA controls. Lane 1 contains no
exogenous DNase I, lanes 2-6 contain increasing concentra¬tions of DNase I: lane 2 - 0.lng/ml, 3 - 0.16ng/ml, 4 -
0.2ng/ml, 5 - 0.4ng/ml, 6 - 0.6ng/ml. The last lane shows
the positions of the internal markers. Each lane contains
lOug of deproteinized nuclear DNA.
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no exogenous DNase I added. After DNase I digestion, the

DNA was restricted and electrophoresed as described for the

in situ digestions. The positions of markers relative to

Hind III are given at right. There are no discernible bands

from these digestions.

Quantification of the Degree of Accessibility

Densitometric scans of lanes 4 (U) and 9 (I) of figure
2-2 are compared in figure 2-5. Both lanes were digested

with the same concentrations of DNase I. These lanes

graphically illustrate the development of the additional

hypersensitive region after induction. The intensity of band

1 in lane 9 (I) exceeds the intensity of the same area in

uninduced cells.

Quantitative examination of accessibility around the

major hypersensitive sites was obtained by digesting nuclei

with restriction endonucleases that have recognition sites

in the 5' flanking region (see fig. 2-1). These data are

presented in figure 2-6 and are expressed as the percentage
of total molecules digested. The restriction sites closest

to transcription initiation showed the greatest difference

between the two transcriptional states of the gene. The Alu

I site at -38 was more than three times more accessible to

restriction digest when the gene was transcriptionally
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active. The Pst I site at -138 showed more than a two-fold

increase in accessibility with induction of the gene.
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Figure 2-5. A comparison of densitometric scans of lanes
4 (uninduced) and 9 (induced) nuclei digested with 0.2ug/ml
DNase I from fig. 2-2. The numbered peaks correspond to the
numbered bands in the reference lane of fig. 2-2 and the
hypersensitive sites positioned under the restriction map of
fig. 2-1.



Figure 2-6. Quantitative representation of restriction
endonuclease sensitivity of the 5' region of maize Adhl. A
partial map is shown below for reference. The bars show the
percent of the total Hind III - Bam HI fragments digested by
the restriction enzyme incubated with intact nuclei, [p]
anaerobically induced cells, [□] uninduced cells.
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Discussion

Two types of hypersensitive sites have been detected

in the 5' region of Adhl: constitutive and anaerobically

inducible. These two classes of sites are grouped into two

distinct regions (fig. 2-7). The constitutive region is

located further upstream, ranging from position -150 to

-680. The use of the term "constitutive” indicates that the

sites within this region are open to DNase I digestion

regardless of the transcriptional state of the gene, since

they are found in nuclei from both uninduced and induced

cells. Anaerobiosis does, however, affect the constitutive

region. The major sites within the region increase in

degree of hypersensitivity upon induction of gene activity.
In contrast, the sites within the anaerobically induced

region (-25 to -140) are seen only after anaerobic induction

of the cells.

The relative degree of accessibility of these two

regions is quantitatively illustrated by densitometric scans

of the DNase I data and restriction endonuclease data. The

scans of the DNase I data clearly show the appearance of

hypersensitivity in the -25 to -140 region in nuclei from

induced cells. The increase in restriction endonuclease

sensitivity of the Alu I site at -38, and the Pst I site at

-138, supports the DNase I experiments.
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Figure 2-7. Model for the 5' region of the maize Adhl
gene. The hypersensitive sites of fig. 2-1 are shown super¬
imposed on the two different regions of hypersensitivity of
the Adhl promoter. "C" represents the constitutive region
and "I" represents the inducible region.
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Division of hypersensitive regions into constitutive

and inducible segments has been seen in other genes. For

example, the immediate-early (IE) gene of human

cytomegalovirus (HCMV) contains constitutive and inducible

hypersensitive sites (Nelson and Groudine, 1986). The

constitutive region is the closest to the start of

transcription (-175 to -525) and contains the enhancer

region. The inducible region is further upstream, ranging
from -650 to -975. In the chicken lysozyme gene from

oviduct, the hypersensitive regions are intermixed (Fritton

et al.. 1983). There are two constitutive sites centering
around -100 and -2400, with an inducible site between them

at -1900. In the chicken vitellogenin gene, the constitutive

regions are 3' and internal to the gene (Burch and

Weintraub, 1983). After induction, three hypersensitive

regions just 5' to the start of transcription appear. The

two TATA proximal sites remain hypersensitive to DNase I

after hormonal stimulus is removed. The third, located at

-700, is hypersensitive only in the presence of the hormone

and may be involved with a hormone-receptor complex (Burch

and Weintraub, 1983).

The inducible hypersensitive sites mentioned above are

generally more TATA distal than the inducible sites of Adhl.

There are other genes, however, that contain inducible
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regions similar in spatial arrangement to those of the maize

Adhl gene. For example, the ovalbumin gene contains four

DNase I hypersensitive regions that can be induced with

diethylstilbestrol (DES) (Kaye et al., 1986). One of these

regions is centered near the start of transcription and

contains the TATAA box, as well as a putative progesterone

receptor. In plants, the DNase I hypersensitive sites of

the pea rbcS gene are found both constitutively, and are

unique to actively transcribing genes. As with maize Adhl.

the inducible sites are within 200bp of the start of

transcription while the constitutive sites are more TATA

distal (Gorz et al., 1988).

DNase I hypersensitive regions are thought to be

predominantly due to chromatin structure, although certain

DNA sequences may influence hypersensitivity. Certain se¬

quence motifs may act as preferred cleavage sites within an

open region of chromatin or function in the establishment of

the open region. In the SV40 promoter Jongstra, et al.

(1984) demonstrated that DNase I digestion seemed to coin¬

cide with the sequence GNNAAGNANNAT. Another example comes

from several different Drosophila genes, where a core

consensus sequence (TAAAGC) is found within 5' DNase I

hypersensitive sites (Shermoen and Beckendorf, 1982). This

sequence is also found within the constitutive hypersensi-
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tive region of Adhl. mapping near -510 and flanking one of

the hypersensitive sites within this region. Digestion of

naked, genomic DNA with DNase I did not show enhanced sensi¬

tivity at this position.

There is also evidence that regions of Z-DNA confer

recognizable differences in chromatin structure (Nordheim

and Rich, 1983; Lancillotti et al.. 1987). One example that

shows an association of Z-DNA with DNase I hypersensitivity
is the viral control element in the minichromosome of SV40,

where two hypersensitive sites flank a region of Z-DNA

(Nordheim and Rich, 1983) . Nordheim and Rich suggest that

the sites may be generated by the presence of Z DNA binding

proteins, which in turn form a particle that can be

recognized by transcription factors. In Adhl, DNA sequence

data (Sachs et al.. 1986) predict a region of Z-DNA

potential at -340, near prominent hypersensitive site within

the constitutive region. Ferl et al. (1987) have shown that

this sequence assumes the Z-DNA conformation under

supercoiled tension in vitro. Interactions with this region
could play a role in maintaining the constitutive DNase I

hypersensitive region.

The DNA within the anaerobically induced hypersensitive

region contains important sequences associated with promoter

activity, including "TATAA" at -29 and "CAAT" at -90. At
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-106 is a sequence that bears considerable similarity with

the core SV40 enhancer element. There is a

homopurine/homopyrimidine stretch at -50 that is sensitive

to SI under ¿n vitro supercoiled tension (Ferl et al.. ,

1987). SI sensitive sites have been found 5' to many animal

genes, and have been implicated in the binding of

regulatory factors and in the perturbation of the DNA helix

(Elgin, 1984; Gilmour et al., 1989). The region from -30 to

-180, which includes the inducible hypersensitive region and

part of the constitutive region, is the only sequence

similarity between the Adhl genes from maize and Arabidopsis

thaliana in their 5' regions (Chang and Meyerowitz, 1986).

The organization of hypersensitive sites into

constitutive and inducible regions suggests two related

models of gene regulation. The constitutive region may

function in receiving the initial signal to the gene that a

change in the environment has occurred requiring induction
of the gene. The constitutive region may bind a factor

capable of causing a change downstream in the inducible

region which exposes the core promoter for transcription.
An alternative is that the constitutive region acts merely
as a guide or portal to facilitate access to the core

promoter region, and that the anaerobic response region
between -35 and -150 acts directly to receive the signal.



CHAPTER 3

IN VIVO DETECTION OF TRANS-ACTING FACTORS
IN MAIZE ADH1 AND ADH2

Introduction

Adhl and Adh2 encode two of the anaerobic proteins of

maize. The coding regions of Adhl and Adh2 are very

similar, but the 5' regions differ almost completely (Dennis

et al. , 1985). Both genes remain quiescent in roots (or are

transcribed at very low levels) until anaerobic stress

induces transcription.

Promoter mutagenesis studies have defined regions of

the Adhl promoter which are necessary for a positive

response to anaerobic stress. Ellis et al.. (1987) used

several deletions of the Adhl promoter linked to a

chloramphenicol acetyl transferase (CAT) reporter gene.

These constructs were used to test the expression of maize

Adhl in tobacco transformed with T-DNA vectors. Lee et al.

(1987) constructed similar promoter deletions in conjunction

with Neo I cassette vectors. The deleted promoters were

introduced into maize protoplasts and their ability to

promote transcription was evaluated. Both studies demon¬

strated that at least the first 138bp of the promoter 5' to

the start of transcription in Adhl-S were necessary for

41
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a significant increase in expression. Most of these

constructs contain a portion of the gene 3' to the tran¬

scription start site. However, Howard et al. (1987) showed

that the 5' flanking region alone was sufficient to promote

anaerobic induction with transient-expression assays in

maize protoplasts. Regions of the promoter essential for

anaerobic induction were further defined by Walker et al.

(1987). A series of deletions, hybrid promoters and linker

scanning mutants of the Adhl-CAT hybrid gene electroporated
into maize protoplasts defined a 40bp region within the Adhl

promoter required for anaerobic induction. This "anaerobic

regulatory element" (ARE) is positioned between -140 and -99

and is composed of at least two sub-elements positioned
between -133 and -124 and -113 and -99. Each one is essen¬

tial for anaerobic induction.

The presence of DNase I hypersensitive sites in the 5'

flanking regions of Adhl and Adh2 could reflect interac¬

tions of non-histone proteins with the promoter DNA. DMS

footprinting in conjunction with genomic sequencing (Church
and Gilbert, 1984) can precisely position putative proteins
associated with the hypersensitive region without compromis¬

ing the fine points of chromatin structure. Genomic sequenc¬

ing detects the modification of guanine residues introduced

in vivo by DMS. A protein closely associated with a guanine
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will change the local chemical environment around that G such

that the ability of DMS to methylate the N7 position will be

enhanced (a darker band on the autoradiograph) or inhibited

(a lighter band). In this way, the positions of DNA binding
factors can be mapped to the bases involved.

Since 1984, genomic sequencing has been used in animal

systems as a tool to investigate methylation in hormonally

induced genes (Saluz and Jost, 1986; Saluz et al., 1988) and

the binding of hormones to receptor sequences (Saluz et al.,

1986), as well as targeting binding sites for transcription
factors (Church et al., 1985; Ephrussi et al., 1985; Becker

et al.. 1987). The application to plants is more recent,

beginning with Adhl in maize (Ferl and Nick, 1987) and

Arabidopsis (Ferl and Laughner, 1989) followed by a light
induced gene (chalcone synthase) in parsley (Schulze-Lefert

et al., 1989a, 1989b).

The present study expands on the initial work of Ferl

and Nick (1987) to include Adh2 and examines the nature of

factor binding over the course of induction for both Adhl

and Adh2.

Methods

Cell Cultures

Three cell lines of maize suspensions cultures were

used: P3377, P160 and Black Mexican Sweet (BMS). P3377 was
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initiated from an immature embryo of a selfed Pioneer 3377

hybrid. The line originated with Dr. Jack Widholm,

University of Illinois (Duncan et al., 1985). P160 was also

generated from an immature embryo, in the laboratory of Dr.

Indra Vasil, University of Florida (Vasil and Vasil, 1986)

but it is a distinct cell line from the one used for the

chromatin work of Chapter 2, or by Ferl and Nick (1987).

P3377 and P160 were maintained in our laboratory on a

commercial mixture of Murashige and Skoog salts (Gibco

laboratories) with 2,4-D at a level of 2mg/l. BMS cultures

were kindly provided by Dr. Prem Choury, University of

Florida, Department of Plant Pathology.

The time course experiments were conducted with cell

line P3377 as it was homozygous for both Adhl and Adh2 and

showed the greatest degree of increase in Adh message with
induction. Adhl mRNA levels are shown for all three cell

lines in figure 3-2.

Five time points were taken during the hypoxic
induction of Adh in P3377. Cell cultures were treated with

DMS after 0 (Uninduced) 1, 4 and 8 hours and after being
returned to aerobic conditions for 2 hours following 4 hours

of induction (A) . Hypoxic conditions were established by

bubbling cultures with argon for the designated time. The

samples returned to aerobic conditions were bubbled with air
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after having been bubbled with argon for four hours. The 0

time point (uninduced) was represented by cells taken from

normal culturing conditions and processed immediately. The

growth medium was not changed during the course of

experiments.

Cell suspensions were used rather than root tissue, as

cell cultures provide a uniform population of

undifferentiated cells.

In Vivo Dimethyl Sulfate (DMS) Treatment.

Two to three 50ml cultures were pooled for each treatment

for a final mass of 4-5g after filtration. The volumes of

the cell suspensions were measured, then DMS was added

directly to a final concentration of 0.2%. The cultures

were agitated for 2 minutes, filtered under vacuum onto a

lOum screen then washed with 10 volumes of water to remove

any residual DMS. Filtered cells were collected, weighed,

frozen in liquid nitrogen, and stored at -80°C until all

time points had been collected.

Maize leaves (cv. Dekalb XL80) were treated with DMS by

clipping the blades from 10 day old seedlings into 3-5mm

cross sections, then dropping the sections into 0.2% DMS in

water. The suspension was agitated 2 minutes then filtered

and treated as described for the cells above.
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All DMS treatments were conducted in a fume hood, and

the DMS in the filtrate inactivated with sodium hyroxide.

Isolation and Purification of DNA.

In preparation for DNA extraction, the tissue was

frozen in liquid nitrogen and powdered in a coffee grinder

(Sears Regal coffee and spice mill) that had been prechilled

with liquid nitrogen. The frozen powder was dropped into

lysis buffer (50mM Tris, pH 8.0, 50mM EDTA, pH 8.0, 50mM

NaCl, 0.4mg/ml ethidium bromide, 2.0% sarcosyl) at 1.0ml

lysis buffer per gram tissue. After the mixture was allowed

to thaw at room temperature, the debris was removed by

centrifugation, and CsCl was added to a concentration of

1.0g/ml. The CsCl/extract mixture was centrifuged

(18,000rpm, Beckman J2-21 centrifuge, JA-20 rotor) to remove

additional debris before supernatants were prepared for

ultracentrifugation (65,000rpm, Beckman RC-2 ultracentri¬

fuge, VTÍ65 rotor).

DNA Preparation

20ug of purified DNA from each time point was

restricted with Hind III to generate a homologous end for

indirect end-labeling. Restriction digests were terminated

with a phenol/chloroform/isoamyl (25:24:1) extraction

followed by a chloroform/isoamyl (24:1) extraction. The DNA

was precipitated with ammonium acetate (to 2.5M) and ethanol
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(2.5 volumes). The pellet was resuspended in 50ul of 10%

piperidine and heated at 90°C for 15 minutes to cleave the

DNA at all modified G residues. After piperidine cleavage,

the reaction mixture was diluted five-fold with water and

lyophilized. The resulting pellet was resuspended in 50ul

of water, lyophilized a second time, then resuspended in 5ul

of sequencing dye (13mM EDTA in formamide plus bromophenol

blue and xylene cyanol dyes). Controls consisted of naked

genomic DNA restricted as above then treated with 0.2% DMS

for 2 minutes. Subsequent steps in preparation of the

control samples were identical to the in vivo treatments.

Resolution of Modified DNA

The DNAs were resolved on a 0.75mm, 6% acrylamide

sequencing gel in TBE (0.089M Tris, pH 8.0, 0.089M boric

acid, 0.0026M EDTA). After electrophoresis, the gel was

electroblotted onto Genescreen (Du Pont/New England Nuclear)

for 1.5 hours at 1.5-1.8amps then UV cross-linked to fix the

DNA to the membrane. Synthesis of a single stranded probe

in bacteriophage M13 clones and hybridization conditions

were as described by Church and Gilbert (1984). The M13

generated probes were initiated from the Hind III site in

Adhl, and the Bam HI site in Adh2 (fig. 3-1). Probes for

both top and bottom strands were obtained by cloning the

promoter fragment into both MP18 and MP19 (Maniatis et al.,
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1982). Blots were typically exposed to Kodak XAR film for 2-

3 days at -80°C with Du Pont lightning-plus screens.

Adhl and Adh2 mRNA Analysis

Total RNA was isolated from cultured cells and leaves

after the method described by McCarty (1986). Total RNA was

resolved on formaldehyde agarose gels (after Maniatis et

al.. 1982), capillary blotted to Genescreen (DuPont), UV

crosslinked and hybridized to an M13 generated probe (Church

and Gilbert, 1984).

Results

There are three regions of probable DNA/protein

interaction within the first 200bp 5' to the transcription

start site (Ferl and Nick, 1987). Contact points of DNA-

binding factors are identified on genomic autoradiographs as

G residues that are either darker (enhanced reaction with

DMS in vivo) or lighter (protected from the DMS reaction in

vivo) when compared to the control lane of naked DNA reacted

with DMS in vitro. Figure 3-1. shows a partial restriction

map of the 5' region of Adhl and Adh2 with probe homology

and DMS footprints highlighted. The DMS footprints vary

between maize cell lines and with the transcriptional state

of the gene.
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Adh2
Xbal BamHI

5' 13'I
7

i i i

-200 -100 +1 +242

Figure 3-1. Partial restriction maps of Adhl and Adh2
with regions of DNA-binding factor interaction denoted by
solid circles and squares. The transcription start site is
denoted by +1 and an arrow. Circles designate factors only
associated with transcriptionally active cells, and squares
indicate factors which appear to be constitutively present.
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Messenger RNA Levels for Adhl and Adh2

The message levels of Adhl and Adh2 increase with the

length of hypoxic treatment of the cells (fig. 3-2). A 27

fold increase is seen for Adhl mRNA between uninduced cells

and cells after 8 hours of hypoxia, with a 48 fold

difference seen for Adh2 mRNA when the same blot is reprobed

for that message. The cell lines P3377 and P160 accumulate

approximately the same levels of Adhl mRNA 8 hours of

induction, with only a nominal degree of constitutive

expression. The Black Mexican cell line appears to

constitutively express Adhl as the mRNA levels for uninduced

and after 8 hours of induction are equal. Adhl message was

not found in leaves.

DMS Footprints of the 5' Region of Adhl Vary with the
Transcriptional State of the Gene

In figure 3-5, autoradiographs of both top and bottom

strands show the changes in the DMS footprints which occur

with the induction of Adhl in cell line P3377.

A dramatic enhancement of the G at position -177 (top

strand) is found in cells that had been hypoxically stressed

but is absent in cells where the gene had not been induced.

Evidence of an interaction did not become prominent until

after four hours. The intensity of the footprint remains

constant between four and eight hours.
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Figure 3-2. Northern blot of Adhl (A) and Adh2 (B) mRNA.
(A) shows mRNA levels of the P3377 time course and represen¬tative lanes from cell lines P160 and Black Mexican (unin¬
duced and 8 hours of hypoxia) and leaf tissue. (B) shows
levels of Adh2 mRNA of the P3377 time course and
representative lanes from cell line P160 (uninduced and 8
hours of hypoxia). Each figure includes a densitometric
scan below the corresponding autoradiograph. The lower scan
included for Adh2 is a densitometric scan of a lighter
exposure of the same autoradiograph.
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hours of hypoxic stress

Figure 3-3. Graphic representation of the accumulation of
Adhl mRNA during hypoxia. The integrated volumes of the
densitometric scans of figure 3-2A are graphed for each time
point: U (0), 1, 4, 8 and 12 hours of hypoxic stress. The
numerical values are given in the lower right insert.
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Figure 3-4. Graphic of the accumulation of
Adh2 mRNA during hypoxia. The integrated volumes of the

3-2B are graphed for each time
The

densitometric scans of
point: U (0), 1, 4, 8 and hours of hypoxic stress
small graph inserted in the upper left corner represents the
integrated volumes of a scan from a lighter exposure of the

autoradiograph shown in figure 3-2B. The numerical
values for both graphs are given in the lower right
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A large DMS footprint consisting of both enhancements

and protections is positioned between -109 and -134.

Protections in the top strand are seen in two positions:

with the doublet at -129 and -130 and the GTGG sequence

from -109 to -112. Evidence of both sets of protections can

be seen even in uninduced cells (at approximately 70%

protection relative to that seen in induced cells). The

degree of protection intensifies within the first hour of

induction and then remains constant through the 8 hour time

point. The bottom strand of this region shows an obvious

enhancement at -132; the 3' G corresponding to the 4C box (a

short sequence of four adjacent C residues). In addition,

there are subtle enhancements seen in positions -113 and

-118 on the bottom strand and all the G's between -101 and

-130 appear protected to varying degrees.

A third footprint is centered around position -96 and

is evident only in induced cells. On the bottom strand the

G residues at -92 and at least two of a triplet of G's from

-98 to -100 show an enhancement as Adhl becomes active. The

response is easily seen in the first hour and reaches it's

peak of intensity after four hours. Densitometric scans of

the autoradiographs of figure 3-5 are shown in figure 3-6.
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NU148A NU 1 4 8 A

Figure 3-5. DMS footprints of the top and bottom strands
of the Adhl promoter from the P3377 cell line time course.
N - naked DNA (DNA treated with DMS in vitro. all other
treatments are in vivo). U - uninduced cells, 1 - one hour
of hypoxia, 4 - four hours of hypoxia, 8 - eight hours of
hypoxia, A - fours hours of hypoxia followed by 2 hours of
aeration. Open circles call attention to protected guanines
and closed circles show guanines which are enhanced. The
positions of each interaction is noted in the center of the
figure. The autoradiographs of the top and bottom strands
have been aligned so that direct comparisons can be made
with regard to base position.
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Adh1 Top
Adh1 Bottom

A
-o

A

-180

J

-131 -98 -92

Figure 3-6. Densitometric scans of the top and bottom
strands of the autoradiograph shown in figure 3-5. The
positions of enhanced (•) and protected (0) G residues are
shown at the bottom of the figure.
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The DMS Footerintinq Pattern of the Uninduced Gene is
Restored if the Hypoxic Stimulus is Removed

Figure 3-5 shows the progress of the interactions in

the lanes labeled 1, 4 and 8. The "A" lanes for both top

and bottom strands of figure 3-5 illustrate the result of

removing the hypoxic stress, and returning the cells to an

aerobic environment for two hours. In all cases,

enhancements and protections that appear after induction are

no longer evident, and the uninduced G pattern is restored.

The most illustrative example of this result can be seen in

lane A, position -177 of the top strand and lane A,

positions -98 and -92 of the bottom strand in figure 3-2.

Different Cell Lines Show Variation in the DMS Footprints of
the 51 Region

Figure 3-7 shows a comparison of the top and bottom

strands of three different cell lines: P3377 (the line on

which the time course experiments were conducted), P160 and

BMS (it should also be noted that the initial work of Ferl

and Nick, 1987, was conducted on yet another cell line,

which was subsequently lost). Each of three lines is

represented by an uninduced lane and an induced (8 hours)

lane. The P3377 line was generally the more responsive of

the three. This is most clearly seen at position -177 of

the top strand where there is an enhancement for the induced

cells of P3377, but virtually no response in either P160 or



Figure3-7.Celllinecomparisonsoftopandbottomstrandsof theAdhlpromoter.Thefirsttwolanesofeachautoradiograph arenakedgenomiccontrols.Tworepresentativelanesfromeach ofthethreecelltypesarefoundinthenextsixlanes.U- uninduced,8-inducedwitheighthoursofhypoxia.Positionsof enhancementsandprotectionshavenotbeenhighlightedopenand closedcirclesastheserelationshipsvarybetweenlanes,butare denotedbytheirpositionsinthecenterofthefigure.The autoradiographshavebeenalignedandprobedasdescribedfor fig.3-5.
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BMS. The top strand protections around -130 and -110 vary

in both degree and character with each of the three lines.

In P3377 there was a slight protection between -130 and -110

in the uninduced cells which intensifies with induction.

For both P160 and BMS there was no obvious protection in

uninduced cells but the protection that occurs after

induction in BMS is quite prominent.

Maize Leaves

Figure 3-8 is a comparison of naked DNA with the DNA

from seedling leaves that were treated in. vivo with DMS.

Repeated examination of top and bottom strands shows the

in vivo leaf pattern to be the same as the G pattern seen in

naked DNA.

In Vivo Interactions of DNA-bindinq Factors with the Adh2
Promoter

DMS footprinting patterns within the 5' region of Adh2

did not vary with the transcriptional activity of the gene.

Any enhancements or protections generated by in vivo DMS

treatment remain constant throughout the course of

induction. In figure 3-9, autoradiographs of both top and

bottom strands show the positions of enhanced and protected

G's in the 5' region of Adh2.

The region between -208 and -216 is composed entirely
of G and C residues. This region is flanked by a stretch of

3 A residues 3' and 14 A's 5'. There is a single C in the
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Top Bottom
N L N L

Figure 3-8. In vivo DMS footprints for leaves in the Adhl
promoter. Seedling leaves were treated in vivo with DMS
(see results section). There are some loading differences
between N - naked genomic controls and L - leaves but the
basic footprinting patterns between N and L are the same.
The autoradiographs have been aligned and probed as
described for figure 3-5.
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9

Bottom

Figure 3-9. DMS footprints of the top and bottom strands
of the Adh2 promoter from the P3377 time course. N - naked
genomic control, U - uninduced, 1 - one hour of hypoxia, 4 -
four hours of hypoxia, 8 - eight hours of hypoxia, A - four
hours of hypoxia followed by two hours of aeration. Open
circles denote protected guanines and solid circles repre¬
sent of enhanced guanines. The positions of the factor
interactions are given in the center of the autoradiograph.
The autoradiographs have been aligned and probed as de¬
scribed for figure 3-5.
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Adh2 Top Adh2 Bottom

A A^J

0 c
1 ¿1

-222 -210
-216

GO
i A

-37-84

Figure 3-10. Densitometric scans of the top and bottom
strands of figure 3-9. The positions of enhanced (•) and
protected (O) G residues are shown at the bottom of the
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center of the 5' A residues at position -222. All of the

G's in this region show either enhancement or protection on

the bottom strand.

The G doublet at position -160/-161 shows a dramatic

enhancement over naked DNA. This enhancement is well iso¬

lated from any other footprint in the promoter.

The top strand enhancement at position -82/-83 is the

most TATA proximal seen. Hypoxic stress intensifies this

enhancement. The two closest G residues of the bottom strand

at -84 and -87 are protected.

Discussion

The coding regions of Adhl and Adh2 share a high degree

of similarity, but their 5' regions differ almost

completely. It is possible to hypothesize that since both

genes code for similar proteins, and both respond to

anaerobic stress, that there would be some similarity in
their mechanism of regulation. Although two short sequences

share approximately 80% similarity with the sequences of the

Adhl ARE (figure 3-13) there is no similarity between the

DMS footprints of Adhl and Adh2 (fig. 3-11 and 3-12).

In Adhl, there are two types of footprints seen in the

promoter region, those which are constitutively present and

those which appear only after induction of the gene.
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Adhl 5'

-180
I

-150
i

ü

I i
CCCACGAGCGAAAACCACGTCCACGGACCACGGCTATGTTCCACTCCAGGTGGAGCTGCA
GGGTGCTCGCTTTTGGTGCAGGTGCCTGGTGCCGATACAAGGTGAGGTCCACCTCGACGT
I 00
Ü

u

I

I
u

-130 -110
I

-90
i

u
I

I

Ü

00
00

ARE I

0 00
0 00

u
I

GCCCCGGTTTCGCAAGCCGCGCCGTGGTTTGCTTGCCCACAGGCGGCCAAACCGCACCCT
CGGGGCCAAAGCGTTCGGCGCGGCACCAAACGAACGGGTGTCCGCCGGTTTGGCGTGGGA

II

ARE II
I

U

Figure 3-11.
shown as

Adhl promoter sequence. DMS footprints are
open (protected G's) and solid (enhanced G's)
The different outlines of the open circles at -130

and -110 denote the degree of intensities of the footprints
between the uninduced and induced gene. The anaerobic
sponse elements (ARE) defined by Walker et al. (1987) are
over and underlined.
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Adh2 5 1

-210 -190
i i

AAAAAACAAAAACGGCGCCCGAAACTGCGCGCGGAATCCGTTAAAACGGAATCGGCAGCG
TTTTTTGTTTTTGCCGCGGGCTTTGACGCGCGCCTTAGGCAATTTTGCCTTAGCCGTCGC

0 0 M«

-160 -140 -120
i i r

M

GACAATCGGTCACCTCCCTGCCTCCCTGGTTTCTAACCGCGACTAAAAAAAAAATCCGAG
CTGTTAGCCAGTGGAGGGACGGAGGGACCAAAGATTGGCGCTGATTTTTTTTTTAGGCTC

ARE I

-100 -80 -60
i i i

M

CCTTTCTTCCCCGACTCGCCGCTACGGTCCAGGGGTTCTTGCTGCCTCCCTCGTAGACTA
GGAAAGAAGGGGCTGAGCGGCGATGCCAGGTCCCCAAGAACGACGGAGGGAGCATCTGAT

ARE II

Figure 3-12• Adh2 promoter sequence, DMS footprints are
shown as open (protected G’s) and solid (enhanced G's)
circles. Underlined sequences share similarity with the
anaerobic response elements (ARE) of Adhl.
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Adopting the convention of Ferl (1987), the DNA-binding

factors will be referred to as C (-177 to 181), B2 (-129

to -131), B1 (-109 to -112) and A (-92 to -99). The large

constitutive footprint is composed of B1 and B2 and con¬

tains protected G residues in positions from -109 to

-131. It appears that a single, large factor (B1/B2) is

constitutively bound over the ARE region (fig. 3-11). A

short sequence (GGTTT) is common to the footprints of both

B1 and B2 in this region. A mutation of these 5 conserved

bases in B2 (ARE subunit I) reduces the level of Adhl

expression by 75% in transient assays of linker scanning

mutants. A mutation of the same sequence in B1 (ARE subunit

II) reduces expression by 96%. Mutations in the sequences

between these two sites also reduce transcriptional effi¬

ciency, but to a lesser extent (Walker et a_l. , 1987). The

sequences of the ARE are similar to the SV40 core enhancer

sequence (GTGGTTTTG) (Benoist and Chambón, 1981; Dynan and

Tjian, 1983 ) , a motif which is required for the

transcription of the SV40 early genes (Fromm and Berg,

1982). The comparison of these sequences to those of Adhl

and Adh2 is made in figure 3-14.

The inducible footprint positioned from -92 to -99

marks the beginning of the TATA proximal ARE. The footprint

centered around -180 is well isolated from any Adhl
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130
i

-lio
I

-90
i

Adhl
GCCCCGGTTTCGCAAGCCGCGCCGTGGTTTGCTTGCCCACAGGCGGCCAAACCGCACCCT
CGGGGCCAAAGCGTTCGGCGCGGCACCAAACGAACGGGTGTCCGCCGGTTTGGCGTGGGA

ARE I ARE II

Adh2
CTCCCTGGTTTCTAACCGCG
GAGGGACCAAAGATTGGCGC

CCTTTCTTCCCCGACTCGCCGCTACGGTCCAGGGGTTC
GGAAAGAAGGGGCTGAGCGGCGATGCCAGGTCCCCAAG

i

-140 AtTAAAAAAAAAATCCGAG
TGATTTTTTTTTTAGGCTC

-80

-120

Figure 3-13 The ARE

sequences in Adh2
region of Adhl compared to similar

The underlined bases of Adhl are the
anaerobic regulatory element subunits I and II as defined by
Walker et al. (1987) The bases underlined in Adh2 share
approximately 80% similarity with the ARE regions of Adhl
The two sequences have been aligned for direct comparison of

thethe homologous regions,
shown directly below the aligned region.

displaced bases of Adh2 are
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Adhl -130
SV40 core enhancer

-150
I

/
wheat HBP-1 binding site

CCCACGAG
GGGTGCTC

PJCCACPTCCAOGGACCACGGCTATGTTCCACTCCAGGTGG
^^GGTGCCTGGTGCCGATACAAGGTGAGGTCCACC

AGCTGCA
ACGT

-130
I

K>
0

-110

/
SV40 (partial)

-90

SV40 core enhancer '

G

C

Z'>0
lo 0 0

CGJGTGGTTTGCTTGCCCACAGGCGGCCAAACCGCACCCT
GGGCCAAAGCGGTCG

•I

lB2

GGC

SV40 core enhancer - GTGG 'i I TTG
wheat HBP-1 binding site - CCACGTCCAC
c-myc enhancer - CCGCCC

Adh2 -210 -160 -140
• G-C rich ' *

i ••
AAAAAACAAAAAiCGGCGCCCGAAACTGCGCGCGGAA/ATCGGTCACCTCCCTGCCTCCCTGGTTTCTAAC
TTTTTTGTTTTTCCCGGGGGCTTTGACGGGGGCCTVrTAGCCAGTGGAGGGACGGAGGGACCAAAGATTG

o io

F E

CGCGACTAAAAAAAAAATCCGAGCCTTTCTTCCCCGACTCGeCG
GCGCTGATTTTTTTTTTAGGCTCGGAAAGAAGGGGCTGAGCGGC

• •

CTACGGTCCAGGGGTTCTTGCTGCCT
GATGCCAGGTCCCCAAGAACGACGGA
0 0

Figure 3-14. Portions of the Adhl and Adh2 promoters
showing regions of similarity to several cis-regulatory
sequences found in the 5' flanking regions of other genes.
The ARE sequences in Adhl. and the ARE-like sequences in
Adh2 are over and underlined.
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anaerobic regulatory sequences but, is associated with a set

of GTGG motifs which do not share similarity with the SV40

core enhancer sequence. However, this motif has been found

in a number of stress and light induced plant genes

(Schulze-Lefert et al., 1989a).

Time course analysis follows the development of DMS

footprints as Adhl and Adh2 become transcriptionally active.

The inducible DNA-binding factors, A and C, are evident

after one hour and reach maximum intensity by four hours.

There appears to be a quantitative recruitment of these

factors, as the intensity of the footprint plateaus within

four hours, whereas the mRNA levels continue to increase

through the 12 hour time point. In addition, factors A and

C require a hypoxic stimulus to remain bound to the

promoter. Aerating the cells for one hour, following 4

hours of hypoxia, completely restores the G pattern seen for

cells which had never been subjected to hypoxic stress.

The interactions of the factors B1 and B2 are seen in

uninduced cells as a partial protection of the G residues

around -110 and -130. This region becomes fully protected

within one hour of induction. This would indicate that the

factors normally bound to the ARE undergo a change as the

gene becomes active. In addition, an enhancement at

position -132 appears after induction.
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The same basic patterns of enhancements and protections

are seen for all three cell lines examined but quantitative

variations exist. Lines P3377 and P160 accumulate the same

levels of mRNA after 8 hours of hypoxic stress, but the

footprinting patterns at P160 are consistently less promi¬
nent than those seen in P3377. Only the dramatic footprint

of C (enhancement at -177, top strand) can be seen over the

background pattern. The BMS cell line differs from the

other two in that it has a high level of constitutive

expression of Adhl. The footprints from hypoxically
stressed BMS cells are almost identical to those seen for

P3377, however, uninduced cells yield a pattern that more

closely resembles that of naked DNA. The ploidy levels of

BMS cultures are highly variable. Chromosome numbers in

cultured cells can range from 10 to over 100 (Wang et al.,

1986). It is possible that such variation between

individual cells could give rise to both "inducible"

footprints and "constitutive" expression of Adhl. The data

obtained with cell line P3377 probably reflects the natural

system in maize roots most accurately as it showed virtually
no constitutive expression of Adhl and gave the most uniform

and consistent DMS footprints. Leaves, which do not express

Adhl (fig. 3-2) show no evidence of factors binding to this

region.
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These data suggest an in vivo organization of chromatin

such that a factor is bound to the ARE in order to possibly
detect the hypoxic stimuli from the environment. Once the

stimulus is received, this factor may undergo a

conformational change which more thoroughly protects the ARE

region. The TATA proximal ARE binding factors (Bl, B2 and A)

may interact with the TATA binding factors and contribute to

the transcription initiation complex. However, there is no

direct evidence to suggest that these DNA binding factors

are regulatory proteins.

All of the footprints found in the promoter of Adh2 are

constitutive in nature and will be referred to as

D (-83), E (-160) and F (-209 to -222). The enhancements of

the G doublet at positions D and E of the top strand are

both found in the sequence CGGTC. The third factor in the

Adh2 promoter (F) is seen as a large footprint positioned
over -209 to -222 on the bottom strand. Factor F is

associated with an interesting motif; the GC region from

-209 to -216 is flanked by sets of adenine residues on

either side, the 5' set of which is bisected by a single
cytosine. This region resembles the G/C rich binding site
in the c-myc and adult beta globin genes of chicken (Loba-

nenkov et al., 1986; Emerson and Felsenfeld, 1984) (fig. 3-

14) .
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Because very little is known about the regulation of

Adh2. it is more difficult to form a model on the basis of

in vivo factor interactions alone. All three factors are in

constant close association with the promoter. It may be that

they function in holding the promoter in an open

configuration, as evidenced by the hypersensitive sites of

the region (Ashraf et al., 1987) or they may function in

the recruitment of transcription factors and RNA polymerase.



CHAPTER 4

SUMMARY AND CONCLUSIONS

The Chromatin Structure of the Maize Adhl and Adh2 Promoters

Adhl and Adh2 are two anaerobically induced genes in

maize. The coding regions of these two genes share 82%

similarity, but the promoter regions differ almost

completely (Dennis et arl . , 1985). One of the short

stretches of sequence that is conserved between the two, is

found within the anaerobic regulatory element (ARE) of Adhl

(Walker et al., 1987). The ARE is composed of two subunits

ARE I (-133 to -125) and ARE II (-108 to -99).

the only sequences within Adhl promoter proven to be

essential for anaerobic response. No similar mutational

analyses have been performed for Adh2.

The promoter regions of Adhl and Adh2 differ at the

chromatin level as well. The DNase I hypersensitive sites

associated with the chromatin of Adhl can be separated into

two distinct regions; one constitutively

-150 to -680, and one that is anaerobically induced fror

from

to -140. All DNase I sites within the Adh2

promoter are constitutively present, but the most TATA

proximal site extends to include the transcription start

site after induction of the gene (Ashraf et al., 1987).

74
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The sites of both genes intensify overall

when the gene becomes active, but this is a phenomenon

common to many genes.

Interactions of the trans-acting components of chroma¬

tin structure can be detected with in vivo DMS footprinting
and genomic sequencing (Church and Gilbert, 1984). The in

vivo interactions evidenced by DMS footprints in the

promoters of Adhl and Adh2 are probably trans-acting

proteins. Similar footprints in other systems have been

identified as the result of DNA binding proteins through

corroborative in vitro data (Nick and Gilbert, 1985; Giniger
et al. . 1985; Saluz et a_l. , 1988). The direct correlation

between in vivo DMS footprints and proteins binding to the

same region in vitro has also been made in a plant,

Arabidopsis thaliana (McKendree et al., 1989).

The trans-acting factors of Adhl and Adh2 can also be

divided into the categories of constitutive and inducible.

As with DNase I hypersensitive sites, Adhl has factor

interactions of both types (fig. 3-11). The constitutively

footprinted region from -109 to -132 (B1 and B2) spans

ARE I and II. An inducible factor (A) binds to the 3' bound¬

ary of the ARE subunit II. The third factor (C) is centered

around -180, the 5' boundary of the first major constitutive

hypersensitive site.
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The DMS footprints of Adh2 are all constitutively

present. Factor D is bound at the 5' end of the hypersensi¬

tive site that extends 5' through the TATA box after induc¬

tion. Factor E is positioned at the 5' end of a second

hypersensitive site at -160 and factor F is centered between

two hypersensitive sites, and is similar to the G/C rich

binding sequences of c-myc and adult chicken beta globin

(fig. 3-14).

The Possible Role of Chromatin Structure
in the Regulation of Adhl and Adh2

The constitutive DMS footprint of Adhl encompasses the

anaerobic regulatory region. The protected G's of the ARE

are similar to the SV40 enhancer core sequence (GTGGTTTTG)

(Benoist and Chambón, 1981; Dynan and Tjian, 1983) (fig. 3-

14) . The sequences within a similar structure in SV40 are

required for SV40 early promoter function (Fromm and Berg,

1982). A hexanucleotide (TGGTTT) within the SV40 enhancer

core sequence is found in the promoter region of a number of

anaerobically induced genes (Dennis et al. , 1989). Tran¬

sient assays and mutational analysis have shown this motif

to be important for the anaerobic response in maize Adhl

(Walker et a^., 1987) and pea Adh (Llewellyn et al.. 1987)

but maize Adhl is the only gene where this motif has been

associated with DNA binding factors.
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Sequences similar to the SV40 enhancer core sequence

are also found from -185 to -178 on the bottom strand of

Adhl. All of the G's within this sequence are protected.

In addition, the sequence of the top strand from -181 to

-172 is homologous to the HBP-1 binding site in the wheat

histone H3 gene (Tabata et al., 1989). The DMS footprint at
this position (C) is the most prominent in Adhl and

undergoes the most dramatic change as gene induction

proceeds.

The remaining footprinted region found Adhl includes an

isolated GTGG motif at the 3' edge of the ARE II subunit.

This motif is found as a symmetrical dyad (CCACGTGG) in the

promoters of a variety of light and stress induced genes

(Schulze-Lefert et aJL., 1989a). The correlation between

gene activation, and DNA binding factors associated with the

GTGG has been demonstrated in parsley chalcone synthase

(Schulze-Lefert et a_l., 1989a,1989b) . Transient expression

analyses with parsley chalcone synthase genes demonstrated

that the footprinted GTGG motif was required for light
induction of CHS. Arabidopsis Adh contains an in. vivo

footprinted GTGG motif within a sequence that shares

similarity with region C (-180) of maize Adhl (Ferl and

Laughner, 1989) (fig. 4-1). The similarity between the
4
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footprints in both maize and Arabidopsis Adh suggests that

both genes might utilize this sequence (AAATGCCACGTGG) to

bind the same, or a similar, transacting factor which regu¬

lates the transcription of Adh. Although maize Adh2 is

footprinted in a similar position (-210) the factor interac¬

tions are associated with a different motif (fig. 4-

1) •

The footprints of Adh2 have no similarity with Adhl

The footprints centered around -82 and -160 in Adh2 share

the pentamer (5' CGGTC 3'). This sequence is not similar to

any common regulatory sequences found in other systems. The

sequence associated with the remaining footprint from -209

to -222 is similar to the G/C rich factor binding site

in c-myc (Lobanekov et a_l. , 1986) and the chicken adult

beta-globin gene (Emerson and Felsenfeld, 1984). This

region is embedded a poly-A region (-205 to -231) and is

flanked on the 3' end by a short region with Z-DNA poten¬

tial . Although A/T rich regions have been implicated as

regulatory sequences in plants (Bustos et al., 1989; Jordano

et al., 1989) poly A regions have generally not been associ¬

ated with cis-acting regulatory sequences

is situated between two of the three

This footprint

sites

found in Adh2.
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Arabidopsis Adh 51

-210
i

-190
i

-170
i

-150
i

TGCCACGTGGA'
TTACGGTGCACCTi

0 00 0 00

AATACTAGCAACGCCAAGTGGAAAGAGCGTTCGAGAGAAC/ /ATACGCCCCTA
TTATGATCGTTGCGGTTCACCTTTCTCGCAAGCTCTCTT/ /TTATGCGGGGAT

0 0 0 00

aize Adhl 5'

-180
i

-130
i

-110
i

J 1 T 00 0 00
CGAJAAACCACGTCCAQGGA/ /AGCCCCGGTTTCGCAAGCCGCGCCGTGGTTTGCTTGCCCACAGGCGGCC
GCljrTTGGTGCAGGTGCC/ /GTCGGGGCCAAAGCGTTCGGCGCGGCACCAAACGAACGGGTGTCCGCCGG* 00 1 00 0

maize Adh2 5*
%

-210 -160 -140 -100
it it

00

AACAAAAACGGCGCCCGAAACTG/ /ATCGGTCACCTCCCTGCCTCCCTGGTTTCTA/ /CCTTTCTTCCCC
TTGTTTTTGCCGCGGGCTTTGA/ /TTAGCCAGTGGAGGGACGGAGGGACCAAAGA/ /CGGAAAGAAGGGG0 0 Ml

Figure 4-1. Portions of the promoter regions of maize Adhl
and Adh2 and Arabidopsis Adh showing in vivo DMS footprints
and regions of sequence similarity. The open circles denote
protected G residues and the closed circles denote enhanced



80

Models of Regulation for Adhl and Adh2

The sequences of the footprinted regions in Adhl are

similar to several regulatory sequences found in other

genes. Their positions relative to the hypersensitive sites

in the promoter could suggest the following model of

regulation.

The first prominent constitutive hypersensitive site

lies between the constitutive footprint of B2, and the Z-DNA

region terminated at -340. These two boundaries may keep

the promoter in an open configuration, to allow

transcription factors to interact with the cis-regulatory
elements (the ARE sequences), which transmits the

information that hypoxic conditions exist in the

environment. It has been shown that the presence of

nucleosomes will inhibit the binding of transcription factor

TFIID (Workman and Roeder, 1987). It may be that similar

conditions are required for factors to bind to the ARE

regions as well. The recognition of hypoxia brings about

additional changes which encourage the binding of factors A

and C.

Factor A may bind close enough to the TATA box that it

could function in the formation of the transcription

initiation complex. RNA polymerase alone will not

accurately initiate transcription in. vitro without the
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addition of cellular extracts (Manley et al. , 1980) .

Purification of the additional factors has shown that a

minimum combination of four factor types are needed for RNA

polymerase to initiate transcription at the proper position

(Buratowski et al., 1989). In addition to the essential

transcription factors, there are many genes which employ

inducible or tissue specific factors to promote

transcription only under certain sets of conditions. A

model for the activation of a positive regulatory factor

begins with the regulatory factor being present in it's

inactive form. The introduction of an inducing agent leads

to conformational change which allows the factor to bind to

the regulatory element (Maniatis et al_. , 1987). This

factor/regulatory element complex may in turn interact with

the TATA binding transcription factors to play a role in

generating the initiation complex. GAL4, a positive regula¬

tory factor from yeast, is thought to act in this manner

(Kakidani et al., 1988).

Factor C binds to the same motif as the putative tran¬

scription factor HBP-1 from wheat (fig. 3-14) and occupies

roughly the same position (-180) (Tabata et ad., 1989).

Position -180 also marks the beginning of the major consti¬

tutive hypersensitive site in Adhl. It is possible that the
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sequences around -180 function as a marker for the 5'

boundary of the regulatory region of the Adhl.

It is difficult to make any definitive statements about

the regulation of Adh2 as very little is known about the

role of the sequences associated with the footprints. The

changes in the chromatin of the promoter in Adhl suggests a

change in the "transcriptional readiness" of that gene. The

chromatin of the Adh2 promoter changes very little as the

gene becomes active, although the gene responds to hypoxia

very quickly. It may be that Adh2 is in a constant state of

"transcriptional readiness".

The footprint (F) is associated with a G/C rich motif

similar to the c-myc regulatory sequence (-208 to -222)

(fig. 3-14). The binding of F may mark the 5' boundary of

the essential region of the promoter, as is envisioned for

the -180 (C) binding site of Adhl. The factors bound around

to the CGGTC motif at -160 and -82 may function in the

generation of the hypersensitive sites seen surrounding
these footprints. The hypersensitive site around -70 ex¬

tends to include the TATA box after exposure to hypoxic
stress. Factor D (-82) may function in generating this

response.

Messenger RNA levels are accumulated more rapidly in
Adh2 than in Adhl (fig. 3-2). However, in roots, Adh2
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cannot sustain high levels of mRNA for longer than 10 hours

whereas Adhl is able to maintain elevated levels of mRNA for

at least 48 hours (Dennis et al. , 1985).

The role each of these genes plays in the survival of

the plant may be tied to the manner in which each is regu¬

lated. A maize plant can survive hypoxic conditions without

Adh2 if it carries the gene for Adhl. but it is less

vigorous during hypoxia than a plant having both genes. The

reverse genotype (Adhl- and Adh2+) is lethal under hypoxic

conditions. Adh2 might be a quick-response, emergency

measure; with the chromatin of the promoter always poised to

receive the anaerobic signal. Adhl takes longer to initiate

but the series of steps leading up to the induction of the

gene may accommodate a finer control. This type of

regulation may contribute to the ability of Adhl to sustain

transcription for extended periods of time.
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