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Biochemical and Genetic Studies of Enhancement of Transcription by the

Glucocorticoid Receptor

Crafford Arrington Harris

Experiments presented in this dissertation attempted to identify nonreceptor proteins

that function in glucocorticoid-dependent enhancement of transcription from promoters

linked to Glucocorticoid Response Elements (GREs) from mouse mammary tumor virus

(MTV), using biochemical and genetic approaches.

In some, but not in all, experiments, addition of partially purified glucocorticoid

receptor and a major contaminating protein of apparent molecular weight 72 kD to in vitro

transcription reactions stimulated transcription both from a promoter linked to MTV GREs

and from an enhancerless promoter. Possible reasons for the irreproducibility of these

experiments are discussed. Addition of partially purified DNA topoisomerase II further

stimulated transcription from both promoters.

The variant cell line CR1 was previously selected from a wild type parent cell line

containing approximately 15 MTV proviruses by using anti-MTV antibodies and

complement to kill wild type cells that upon hormone induction express high levels of MTV
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membrane proteins. The hormone induced level of transcription from the resident MTV

proviruses in CR1 is only one-tenth that in wild type cells, yet glucocorticoid receptors in

CR1 appear normal. Surprisingly, newly introduced MTV proviruses are induced

normally in CR1. Therefore, CR1 either carries cis-acting defects affecting one or more of

its resident MTV proviruses, or it is defective in a trans-acting factor that acts at non-MTV

sequences close to its proviral integration sites. A simple and rapid transient assay was

developed that can be used to determine whether other complement-resistant cell lines carry

defects in trans-acting factors that act directly on MTV.

Considering the results of the in vitro transcription experiments, and earlier results in

our laboratory showing that de-induction of transcription upon removal of hormone is

rapid, and that receptor-dependent enhancement does not require any previously identified

promoter elements that bind specific transcription factors, one possible hypothesis is that

the glucocorticoid receptor enhances transcription by recruiting and/or activating the

transiently-acting general transcription factor TFIIE, and that the 72 kd protein that

copurifies with the glucocorticoid receptor is TFIIE. Experiments that could test this

hypothesis are described.



I. Introduction
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DNA-dependent RNA polymerases have evolved to initiate transcription preferentially

at specific signals, promoters, in the DNA sequence. Variation in promoters for different

genes has allowed individual genes to be transcribed at particular intrinsic rates, and

regulatory mechanisms have arisen which allow transcription rates to be modulated. This

specificity, variability, and regulability of transcription initiation has facilitated the evolution

of ordered, dependent, and responsive patterns of expression of cell characteristics

supporting efficient adaptation, growth, development, and replication.

Transcription initiation at promoters is a multi-step process. First the RNA polymerase

must locate the promoter. Subsequently, multiple conformational changes of the

polymerase and template are required before productive polymerization can be

established.22,269 All of the steps in the initiation process are potential sites for

regulation.

Promoters for eukaryotic nuclear genes are composed of multiple sequence elements,

each of which binds one or more specific transcription factors that contribute to promoter

efficiency. 19,123,135,145 For example, the Herpes simplex virus thymidine kinase

(HSV-tk) gene promoter, which is transcribed by RNA polymerase II, consists of at least

five specific elements upstream of the major transcription initiation site. 145,167 The

sequence from -26 to -21 bp from the major initiation site, 5'-TATTAA-3', is required for

maximal promoter efficiency, 144, 145 and is homologous to sequences in other promoters
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that have been shown to specifically bind a "TATA" transcription factor,33,63,165,201

also known as TFIID,140,201 and as fraction [DB].197 In addition to increasing the

efficiency of promoter utilization, the DNA-bound TFIID factor also restricts the positions

at which polymerase can start transcription to a small region about 25-30 bp downstream of

the "TATA" sequence.18,144 Transcription factor Sp1 binds to two tº promoter

elements, each of which includes the Sp1 consensus core sequence 5'-GGGCGG-3'-- at

–49 to -54, and at -96 to -101.41,107,144,145 A fourth tº promoter element binds the

"CCAAT transcription factor", or CTF, at the sequence 5'-GCCAAT-3', at -80 to -85,

which is homologous to one half of the palindromic CTF consensus

sequence.41,106,107,144,145 Finally, an additional sequence element, at - 138 to -131,

5'-ATTTGCAT-3', which is identical with the "octanucleotide" element originally

discovered in immunoglobulin gene promoters, has recently been shown in our laboratory

to contribute to the activity of the tk promoter 12,41,105,139,167,168 Factors that bind

to this element have also been identified. 121,50,223,204,221 A similar multi-element

structure has been found in many other promoters, in many cases including some of these

same elements. 18,24,38,135,145,201 The positions of the tk upstream promoter elements

can be moved to some extent relative to the position of the TFIID binding site without

decreasing transcription, but do not seem to be able to act over the very large distances

from which enhancers, described below, can function.145

Additional transcription factors have been identified that do not appear to bind to

specific DNA sequences. TFIIA appears to facilitate sequence-specific binding of



Crafford A. Harris I. Introduction

TFIID,187 and TFIIB and TFIIE bind to each other and to RNA polymerase II.20.21,
188,267

Many of the eukaryotic transcription factors can bind quite stably, forming "stable

complexes" that commit transcription to the promoter and are resistant to challenge by a

second promoter,19,33,48,85 and that can be purified by gel filtration.195,231. It has

conclusively been shown that such stable complexes remain assembled through multiple

rounds of initiation on RNA polymerase I promoters,270,271 and on RNA polymerase III

promoters, 14,19 and on an unusual RNA polymerase II promoter.141 For more typical

polymerase II promoters the evidence is inconclusive and conflicting.85,195

In addition to promoter elements, other sequences, enhancers, stimulate transcription at

linked promoters even from very large and variable distances -- from up to several

kbp.1 1,35,135,155,175,235,241 Enhancers appear also to consist of one to several

binding sites for one or more transcription factors. 4,15,29,34,43,63,76,86,89,90,98,

103,124,125,127,132,150,161,166,171,181,184,194,202,208,214,215,233,240,248,

251,257,259,266,268 In yeast, in addition to TATA elements, upstream activation

sequences, UASs, have been found 26.224. These appear to share characteristics with both

upstream promoter elements and enhancers of higher eukaryotes.224

The activities of many enhancers are regulated 4,10,13,32,34,35,3740.52,53,57,58,
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62,66,67,69,96,97,99,108,110,111,113,125,127,135,150,162,175,176,181,206,213,21

6,241,234,244,262 For example, the glucocorticoid response elements (GREs) of mouse
mammary tumor virus (MTV) are enhancers whose activities are induced by glucocorticoid

hormones.262 Glucocorticoids bind to a soluble intracellular receptor and activate its

177 allowing the receptor tonuclear localization and possibly additional activities as well,

bind GRE DNA sequences and regulate gene activity. Partially purified glucocorticoid

receptor was shown in our laboratory and others to bind specifically to MTV GRE DNA in

vitro.105,170,203 When these GREs were fused at various distances from promoters,
transcripts initiated at the linked promoters became inducible by hormone.”

Factors that stimulate or regulate transcription must affect the rate or extent of

polymerase binding to the promoter or of subsequent structural changes of polymerase and

template on the pathway to productive initiation. These functions could be mediated by

direct interactions with the polymerase or the DNA template, or by action on other

transcription factors that in turn directly interact with the polymerase or the template.

That there are multiple possible mechanisms of stimulation and regulation of

transcription is supported by studies in prokaryotes. The bacteriophage lambda CI protein

binds to a DNA sequence adjacent to the RNA polymerase binding site at a promoter for the

CI gene itself and stimulates transcription by increasing kf, the rate of isomerization of the

"closed complex" of the RNA polymerase bound to double stranded promoter DNA,310 to

the "open complex" of the polymerase bound to melted promoter DNA and poised for rapid
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initiation.83 The CI protein probably directly contacts the RNA polymerase.92 The NRI

protein of enteric bacteria acts at an enhancer upstream of the glnáp2 promoter, also

increasing kf,160 The E. coli cyclic AMP receptor protein binds upstream of the lac

promoter and stimulates its transcription primarily by increasing the binding constant, KB,

for formation of the polymerase-promoter closed complex.133 In eukaryotes, the
adenovirus E1A protein appears to increase the activity of a promoter-specific transcription

factor for the E2 gene promoter, which in turn stimulates transcription rate by an unknown

mechanism,264. In no case are the mechanisms of transcriptional stimulation or regulation

understood in complete detail.

In eukaryotes, the existence of chromatin structures that can repress initiation of

transcription allows for additional possible mechanisms of regulation.15.1 15,172 Thus,

for example, a transcription factor or regulatory protein might disrupt, open, or prevent

formation of a condensed chromatin structure, thereby making a promoter more accessible

and more active. Such a mechanism has been proposed as one function of the TFIIIA

transcription factor for the RNA polymerase III-transcribed 5S RNA gene.272 In addition,
a number of biochemical features of chromatin are associated with transcriptionally active

gene domains, including histone acetylation,”3 binding of proteins HMG 14 and 17,274

and DNA demethylation.275,276,277 These mi ght also be used for regulation.

Induction of transcription by the glucocorticoid receptor acting at MTV GREs has been

an especially attractive system for studying transcriptional enhancement, as the enhancer
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has been well characterized,” S. 105,171,278 the regulatory protein has been
purified,255,256 and, more recently, the receptor gene has been cloned.148,149

Furthermore, genetic variants defective in glucocorticoid induction of MTV transcription

have been isolated:49

The mechanism by which the glucocorticoid receptor enhances transcription is not

known. The receptor might interact directly with RNA polymerase II or might affect the

activities of other transcription factors, either factors involved in uninduced transcription or

additional factors that are required only for induced transcription. As different genes are

induced by glucocorticoids in different cell types, it is possible that the cell specificity of the

hormone response might be achieved by interactions of the hormone binding receptor with

other factors that modulate its function.158,262

Two results in our laboratory suggested that such additional factors affecting receptor

function might exist. First, from the M1.54 cell line, which contains approximately 15

MTV proviruses, variant cell lines were selected that had a great reduction in the hormone

induced level of MTV transcription, yet appeared by several criteria to have unaltered

glucocorticoid receptors.49 Furthermore, in the CR1 variant, the glucocorticoid induction

of transcription of the gene encoding tyrosine aminotransferase, a liver-specific enzyme,

was reduced. One interpretation of these results was that the CR1 variant carries a defect in

a non-receptor trans-acting factor that is required for induction of MTV and TAT. Since
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several other hormone responses were normal, it seemed possible that the defect might be

in a factor involved in determining whether one subset of potentially hormone-responsive

genes is induced in a given cell type.49 Second, purification of the glucocorticoid receptor

yielded a 72 kd protein that was co-purified with the receptor over four columns, and

which did not appear to be a proteolytic fragment of the receptor.255.256 Furthermore,

this protein was reported to stimulate specific DNA binding by the purified receptor.279

Obiecti

Inspired by the results discussed above, the objectives of this thesis were to develop

biochemical and genetic methods that could identify nonreceptor proteins involved in

glucocorticoid receptor-dependent transcriptional enhancement. Specifically, my objectives

Were:

1) To reconstitute receptor-dependent enhancement in vitro to provide a biochemical

assay for nonreceptor proteins required for enhancement, and to allow dissection of the

mechanism of receptor-dependent enhancement in detail.

and

2) To characterize the defect in the CR1 variant, and to develop efficient methods for

characterization of other variants that might genetically identify nonreceptor trans-acting

factors that modulate receptor-dependent enhancement.

- 10 -
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1. Introduction

As a biochemical approach to identifying nonreceptor proteins that participate in

glucocorticoid-dependent enhancement, and to begin dissecting the mechanism of

enhancement, efforts were made to develop an in vitro assay for enhancement.

Transcription in a cell-free extract of a GRE-containing gene and of a control gene were

compared. Both genes were transcribed in the extract, and the transcripts were initiated

faithfully at the sites used in vivo. Although in some experiments indications of receptor

effects on transcription were seen, GRE-dependent effects were not reproducibly obtained.

Experimental difficulties that plagued these experiments will be discussed here and in

Methods, and suggestions for improved design of the experiments will be presented.

2. The HSV tº Gene Is Faithfully Transcribed in Vitro.

Transcription in a HeLa whole cell extract was programmed with a construct that fused

an MTV GRE to the herpes simplex virus thymidine kinase gene (GRE-tk), and with a

control tk gene that contained no enhancer. The gene containing the GRE was a pseudo

wild type gene carrying a 10 bp internal deletion, so that its transcripts are slightly smaller

than the control, wild-type transcripts (Figure 1). GRE-tk constructs similar to the one

used in these experiments have been shown by others to be induced in vivo by

glucocorticoids by about six fold, both in stably transfected rat XC cells,25 and in

- 12 -
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Figure 1

Constructions Used For In Vitro Transcription Experiments

Plasmid pa■ k (tk) contains wild type HSV tº DNA sequence from 109 bp upstream of the major

transcription initiation site to 293 bp downstream of the site of polyA addition.143 The approximate

regions of DNA protected from DNAase I digestion by transcription factors Sp1,107 CTF,107 and TFIID

are shown as hatched boxes. The DNA covered by TFIID has not been reported for the tk gene itself, and

is taken from determinations for the adenovirus major late promoter.33 This construction does not include

HSV sequences upstream of -109, and therefore does not contain the octanucleotide promoter element that

was recently identified.105,167 Plasmid p'PaAA'1 contains a fusion of MTV GRE sequences between the

Sau3A sites at - 452 and -109 relative to the MTV transcription initiation site, fused to the promoter

fragment from pa■ k at -109 in the tk sequence. The MTV GRE DNA fragment contains five receptor

binding regions, whose positions and extents, as determined by DNAase I footprinting, are shown as

hatched boxes labelled R 1.1 through R 1.5.171 Only part of receptor binding region 1.5 is included in

p'PaAA'1; since no footprints have been determined directly on p"PaAA'1, the extent of DNA covered by

receptor at R 1.5 in p"PaAA'1 is not known. RNA was measured by primer extension. A radioactively

labelled synthetic oligonucleotide primer complementary to nucleotides +82 to +58 of wild type tk mRNA

was annealed to transcripts and extended with reverse transcriptase as described in Methods. Plasmid

p'PaAA'l contains a 10 bp deletion in the transcribed region of the tk gene, and therefore primer extension

of p'PaAA'1 transcripts yields products that are 10 nucleotides shorter than those obtained with wild type

transcripts.

- 13 -
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transiently transfected rat HTC cells. 196 The whole cell extract was expected to contain the

HeLa cell glucocorticoid receptor. However, as the preparation included ammonium

sulfate precipitations, which reportedly inactivates steroid receptors, 169 it was not expected
that receptor in the extract would be active. Transcription of the GRE-tk template was not
observed to be significantly greater than transcription from the control tk template when

reactions contained hormone but no added purified receptor. Transcription in the reactions

was measured by primer extension, using a synthetic oligonucleotide as the primer for

reverse transcriptase, as diagrammed in Figure 1.

Figure 2 shows that the tk gene is transcribed in the cell-free extract. Comparison of

the primer extension products of the in vitro transcribed RNA, for example in lane B, with

those of RNA transcribed in vivo, in lane A, shows that they are initiated at the same sites.

A number of bands at different positions on the gel were also seen, and these

threatened to obscure the authentic starts. Some of these artefactual bands were the result

of primer extension on contaminants in the plasmid template stock, likely bacterial RNA, or

on the plasmid DNA itself, since these bands were seen even when the template DNA was

assayed by primer extension directly, without incubating it in a transcription reaction.

Other bands seemed dependent on transcription in the HeLa extract, and were O-amanitin

sensitive; these may have been derived from non-specific transcription initiating at DNA

nicks. The amounts of both types of artefactual bands varied as a function of the batch of

plasmid, and both were more conspicuous when plasmid stocks included a higher

- 15 -
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Figure 2

Transcription of the tk Gene In Vitro

Plasmid pa■■ K was used as template for in vitro transcription reactions in a total volume

of 25 pil, containing 10 pil of HeLa whole cell extract, as described in detail in Methods.

RNA transcribed in vitro or in vivo was measured by primer extension as described in

Figure 1 and in Methods. The in vivo transcribed RNA analyzed in lane A was 24 ug of

total RNA isolated from cell line XaPS1.13 after growth in dexamethasone overnight:25
XaPS1.13 is a rat XC cell line stably transfected with plasmid papS1, which contains MTV

DNA sequences from -1183 bp to -106 bp (relative to the MTV transcription initiation site)

fused to position -109 of the tk gene. In vitro transcription reactions contained 30 to 1000

ng pa■■ K, as indicated. In lane F, RNA transcribed in vitro in the presence of 0.1 pig■ ml O

amanitin, which is sufficient to inhibit transcription by RNA polymerase II, but not

transcription by RNA polymerases I or III,94,192.210 is measured. The positions of the
major initiation sites for tk transcripts are marked.

- 16
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proportion of nicked DNA. Both of these types of artefactual bands contributed only

negligible background relative to authentic transcripts when a strong promoter such as the

SV40 early promoter was used in the reactions, but the background was substantial when

the tk promoter, which is only of moderate strength, was used, and often obscured the

results.

Figure 2 also shows a titration of DNA added to the extract. The amount of

transcription decreased abruptly when less than 300 ng plasmid (final concentration 3 nM)

was added to a 25 pul reaction containing 10 pil of extract. In order to determine whether it

was reasonable to attempt to detect receptor-dependent enhancement using these conditions,

it was important to determine the amount of purified receptor necessary to bind this amount

of DNA.

3. A large molar excess of purified receptor is required to saturate the

MTV GRE binding sites in vitro.

It was assumed that detection of enhancement in vitro would require near saturation of

the MTV GRE by the receptor protein. Therefore the amount of receptor required for

saturation was determined by a filter binding assay and by a methylation footprinting

assay.

- 18
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Figure 3 shows the results of a filter binding assay. A mixture of DNA fragments from

MTV and from pBR322 that had been labelled with 32P was incubated with varying
amounts of purified glucocorticoid receptor from rat liver.255.256 After one hour at 4 OC,

the mixture was passed through a nitrocellulose filter under conditions that retained protein

and any DNA bound to protein, but allowed unbound DNA to flow through. Bound DNA

was recovered, separated on an agarose gel, and visualized by autoradiography.

Densitometry of the autoradiogram and counting of filters before and after elution

showed that about 8 nM receptor monomer was required to retain 50% of the MTV DNA

fragments. The concentration of DNA in the reaction was 60 pm, so when 50% of the

fragments were bound by receptor, 30 p.M DNA was bound. This MTV DNA fragment
105,171

- - -contains 13 binding sites for receptor' Assuming that binding of receptor to a

single site is sufficient for retention of the DNA on the filter, that there is no cooperativity

of binding, and that all the binding sites are of equal affinity, then the binding could be

modeled by a binomial distribution, which revealed that when 30 p.M of the DNA

fragments had at least one site filled, the total concentration of filled sites was 41 pM.252

This suggests that, since 8 nM receptor was required to bind 41 pm binding sites, nearly a

two hundred fold molar excess of receptor would be required for saturation. This is a

minimum estimate, since if some of the sites have a lower affinity for receptor, as has been

suggested,171 then the concentration of sites bound at 30 pM DNA fragment bound was

less than 41 pm. If receptor binds as a tetramer, which is not incompatible with the

appearance of receptor-DNA complexes in electron micrographs,171 approximately a fifty

- 19 -
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Figure 3

Filter Binding Assay of Glucocorticoid Receptor Binding to MTV DNA

Plasmid pa2, a pBR322 derivative which contains as an Eco RI fragment a single MTV

LTR and all other MTV sequences except those between 1.3 kbp and 4.4 kbp from the left

end of the left LTR, was cut with EcoRI. The resulting 4.5 kbp MTV fragment and 3 kbp

pBR322 fragment were labelled with 32P and incubated together with varying amounts of

purified glucocorticoid receptor for 1 hour at 49C. The mixture was then passed through a

nitrocellulose filter which bound protein and any DNA that was bound to protein. Bound

DNA was eluted from the filter and displayed on an agarose gel. The positions of the MTV

and pPR322 DNA fragments are indicated. In lane F is displayed an aliquot of input DNA

before filtration.

- 20
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fold molar excess of receptor to DNA binding sites was required to achieve saturation of

the DNA by receptor.

In Figure 4 is shown a methylation footprinting assay of receptor binding to the MTV

LTR GRE. A DNA fragment including MTV sequences from -1089 bp to -106 bp relative

to the transcription initiation site was labelled with 32P at the - 106 end, and incubated at 75
pM with varying amounts of receptor. The DNA was methylated at guanines with dimethyl

sulfate (DMS), cleaved with piperidine at the methylated positions, and displayed on an

acrylamide gel. Guanines contacted by receptor were expected either to be protected from

methylation, or to be made more reactive, as had been seen previously for other

proteins. 104

As can be seen in Figure 4, enhancement of the reactivity of the guanine at -145 bp

occurred at 30 nM receptor; however, no protection from methylation was seen. The

absence of protection was not simply caused by technical difficulties, as experiments done

in parallel showed complete protection footprints of bacteriophage lambda repressor CI on

lambda operator DNA, at concentrations of each consistent with the binding parameters

previously determined by others (not shown). 102 The absence of protection by the

glucocorticoid receptor may have been caused in part by the extreme reactivity of DMS with

thiols. The glucocorticoid receptor contains 9 cysteines in the DNA binding domain, and

replacement of any one of these cysteines by glycine decreases enhancer-activating activity

of the receptor by 100-fold.” Cysteines have also been shown to be involved in hormone
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Figure 4

Methylation Footprinting Analysis of Glucocorticoid Receptor Binding to

MTV LTR DNA

A DNA fragment containing MTV sequences from - 1089 bp to -106 bp relative to the

mRNA initiation site, labelled with 32P at the 3' end of the mRNA strand, was incubated

with 0 to 30 nM receptor monomer for one hour at 4 OC, and then methylated with

dimethyl sulfate. The DNA was cleaved at methylated positions with piperidine and

displayed on an acrylamide gel. Distances relative to the MTV mRNA initiation site are

indicated on the right side of the figure. Molecular weight markers in lane M1 are Sau 3A

fragments of pBR322 DNA, and in lane M2 are Hind III fragments of bacteriophage

lambda DNA. The large arrow points to the guanine at -145 bp whose reactivity with DMS

is enhanced by the receptor.
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156,280,281 If receptor were inactivated by methylation at one ofbinding by the receptor.

these cysteines, and as a result dissociated from its binding site, the sequences that were

previously protected would then become substrates for the reaction, and the protected

"footprint" would be obscured; however, any enhancements of reactivity would remain

detectable. Scheidereit and Beato did see receptor-dependent protection from methylation

of GRE DNA, using slightly different conditions, higher concentrations of receptor, and a

different strain of MTV that has slightly different sequences at many of the receptor binding

sites.203

The concentration of DNA in the methylation reaction shown in Figure 4 was 75 pM,

and, since there are five receptor binding sites on this fragment, the concentration of

binding sites was 375 pM. Since binding of receptor was not detectable until 30 nM

receptor was added, at least an eighty fold excess of receptor would have been required to

saturate the GRE binding sites. Even assuming that receptor binds as a tetramer, at least a

twenty fold excess of receptor to DNA binding sites would have been required to achieve

saturation.

In Figure 5 is shown another methylation experiment, this time using a GRE-containing

fragment from the transcribed region of MTV. Again, no strong protections against

methylation were detected, but enhancements of reactivity were seen at several guanines.

Interestingly, an enhancement of reactivity was seen at a guanine that lies quite far from the
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Figure 5

Methylation Footprinting Analysis of Glucocorticoid Receptor Binding to

GRES within Transcribed MTV DNA

An MTV DNA fragment from +484 bp to +1281 bp relative to the Bam HI site

approximately 4.3 kbp downstream of the mRNA start site was labelled with 32P at the 5’

end of the antisense strand. The labelled fragment was incubated with purified

glucocorticoid receptor, methylated, cleaved, and analyzed as described in Figure 4.

Reactions analyzed in lanes A through D contained 1 mM Mg+2 during binding; reactions

analyzed in lanes E through H contained 1 mM EDTA. The two DNAase I footprints of the
171receptor that were previously determined are indicated by brackets. The large arrows

point to guanines whose reactivity with DMS is enhanced by the glucocorticoid receptor.
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independently-determined DNAase I footprints of receptor on this fragment,171 at position

+1108 bp, suggesting that receptor may alter DNA structure at a distance from its binding

sites, or that receptor may make weak secondary contacts with DNA at positions separate

from the primary binding sites.

Receptor at 16 nM was sufficient to enhance reactivity of DNA at 20 pM. Since there

are two binding sites on this fragment,171 the concentration of binding sites was 40 pm,

and, again assuming that receptor binds as a tetramer, this was a 100 fold molar excess of

receptor to DNA binding sites.

Thus, results of both filter-binding and methylation protection experiments suggested

that, given the binding conditions as optimized at that time, a greater than twenty-fold molar

excess of receptor to binding sites was required to approach saturation. Analysis of

171 These results wereDNase I footprinting experiments also supported this conclusion.

then used in designing appropriate receptor/DNA ratios for experiments designed to detect

in vitro enhancement.

(The high molar ratio of receptor to DNA required for saturation was one of the most

serious obstacles to in vitro transcription experiments. Concentrating the receptor after

purification was not a satisfactory solution, as the absolute amount of purified receptor was

also quite limiting. Subsequently, by adding 2% polyvinyl alcohol and 0.1% NP-40 to the

binding reaction, conditions that had augmented binding of other DNA binding
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proteins,”2 J. LaBaer has reduced the amount of receptor necessary to attain saturation by

four-fold, to approximately a five-fold molar excess, again assuming binding as a

tetramer.117 Addition of polyvinyl alcohol and similar volume-excluding compounds may
make in vitro conditions more closely approximate the nearly crystalline state of protein

assemblies in vivo.35 and has greatly facilitated in vitro reconstitution of initiation of DNA

replication, 54 and of mu phage transposition.154 Recently, the cloning of the receptor

gene and the construction of cell lines that overproduce the receptor has provided new

sources of greater amounts of receptor.149.1 34,283 These advances should facilitate more

rapid progress in the further development of the in vitro assay in the future.)

The purified rat liver receptor supplied by our collaborators typically was at a

concentration of 3 ug/ml, or 30 nM monomer.255.256 Therefore, if receptor were
included at one-third of the volume of a transcription reaction, the concentration in the

reaction would be 10 nM monomer, or 2.5 nM putative tetramer. This was sufficient to

saturate only approximately 125 pm binding sites, or 25 pM p"PaAA'1 plasmid, which

corresponds to about 2 ng per 25 pil reaction. The need to decrease the amount of DNA in

a transcription reaction to approximately 2 ng per 25 pil reaction required surmounting the

problem of the large decrease in transcription below 300 ng per 25 pil.
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4. Polynucleotides Stimulate Transcription of Small Amounts of Template

in the In Vitro Reaction

Other investigators had previously observed a sharp decrease in transcription in cell

extracts below a certain level of template, and had found that addition of poly(dI-dC)

abolished this sharp drop, stimulating transcription at low template concentration.”8. It is

presumed that this effect is caused by titration by the polynucleotide of nonspecific DNA

binding proteins, which otherwise would coat the small amount of template nonspecifically

and render it inaccessible to the transcription machinery. Therefore, varying amounts of

poly(dI-dC) were tested for their ability to stimulate transcription from low concentrations

of the tk gene in our extracts. The addition of 900 ng of poly(dI-dC) allowed detection of

transcription, though weak, from 9 ng of template per 75 pul reaction, conditions expected

to allow near saturation of the GRE by receptor (not shown).

5. Purified Receptor In Some Experiments Affects Transcription In Vitro,

but Specific Stimulation of Transcription from GRE-containing Genes Is

Not Yet Consistently Reproducible.

Once conditions had been established that allowed assay of transcription with the

receptor near saturation, it became possible to ask whether receptor would stimulate

transcription in vitro. In Figure 6 is shown an experiment in which receptor does appear to

stimulate transcription of the GRE-tk fusion. As described in detail in Methods, the
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Figure 6

Stimulation of Transcription From A GRE-tk Gene In Vitro By Purified

Glucocorticoid Receptor

Plasmid p"PaAA'1 was pre-incubated with varying amounts of glucocorticoid receptor

and DNA topoisomerase II, and then mixed with transcription extract that had been pre

incubated with poly(dI-dC), as described in detail in Methods. After transcription for 30

min at 300C, RNA was isolated and analyzed by primer extension. DNA concentration

was 38 pm. The positions of products corresponding to GRE-tk transcripts are indicated.
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p'PaAA'1 DNA template was pre-incubated with receptor, while the transcription extract

was pre-incubated with poly(dI-dC); the two were then mixed and the reaction was allowed

to proceed. With the DNA template at 9 ng per 75 pul reaction (36 pm), 16 nM receptor

monomer maximally stimulated transcription, while 29 nM receptor decreased transcription

relative to that at 16 nM. This inhibition at the highest concentration of receptor, which

proved to be specific for the GRE-tk template (see below), is not understood, but could be

caused by receptor binding to a recently discovered weak binding site within the tk

promoter,117 which overlaps the binding site for transcription factor CTF.107 A second

possibility is that receptor bound to its 3'-most binding region in the MTV GRE fragment,

region 1.5, interferes with the binding of transcription factor Sp1 to its 5'-most binding site

in the tk promoter (Figure 1). Unfortunately, in this particular experiment the control

template lacking a GRE had been omitted in order to decrease the background of artefactual

bands that had been obscuring the results of recent experiments, as described above.

One potential mechanism of transcriptional enhancement could involve alterations in

DNA topology, perhaps by recruitment of topoisomerase or gyrase activities by enhancer

binding proteins. To explore this possibility, some transcription reactions were

supplemented with additional DNA topoisomerase II. In lane G of Figure 6 it can be seen

that the addition of partially purified topoisomerase II (a generous gift of Leroy Liu'3') to
approximately 30 ng/ml (0.2 nM if 50% pure) further stimulated transcription in the

presence of receptor.

- 33



Crafford A. Harris II. An In Vitro Assay for Enhancement

In Figure 7, a similar experiment again showed stimulatory effects of partially purified

topoisomerase II and of receptor on transcription in vitro. Topoisomerase II at 0.2 nM plus

receptor at 10 nM stimulated transcription from both the GRE-containing template and

from the control template lacking the enhancer. Increasing receptor to 29 nM further

stimulated transcription from the enhancerless tº promoter, but slightly inhibited

transcription from the GRE-tk construct, as in the previous experiment. Increasing the

concentration of topoisomerase II to 1 nM, or decreasing it to 0.04 nM, yielded the same

amount of transcription as 0.2 nM. In lane F, novobiocin, a drug that inhibits

topoisomerase II.95 inhibited transcription at 1000 pig■ ml. In subsequent experiments (not

shown), novobiocin inhibited transcription in vitro even at 100 pig■ ml, and novobiocin

inhibited hormone induced transcription of MTV in vivo at 1000 pg/ml. It should be

noted, however, novobiocin is a quite non-specific inhibitor at these concentrations,

inhibiting other ATP-requiring processes, interfering with some protein-protein

interactions, and precipitating some proteins.56,238,211.71 Therefore, results of
experiments using high concentrations of novobiocin must be interpreted with extreme

caution.

One interpretation of these results is that at moderate concentrations, up to 16 nM,

receptor stimulated transcription in vitro of the GRE-containing template, while at 29 nM,

receptor began to inhibit transcription of the GRE-containing plasmid, perhaps by

interfering with the binding of another transcription factor, as described above. At higher
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Figure 7

Stimulation of Transcription from Both a GRE-tk Template and a Wild

Type tº Template by Purified Receptor In Vitro

A mixture of plasmids pa■ k and p"PaAA'1 was pre-incubated with varying amounts of

purified glucocorticoid receptor and DNA topoisomerase II, and then added to transcription

extract that had been pre-incubated with poly(dI-dC). After transcription for 30 min at

300C, RNA was analyzed by primer extension. DNA was at 38 pM. In lane F

novobiocin was present during transcription at 1 mg/ml. In lane G O-amanitin was present

during transcription at 0.1 plg/ml. The positions of primer extension products

corresponding to GRE-tk transcripts and control tk transcripts are indicated.
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concentrations than required to stimulate transcription from the GRE-containing plasmid,

transcription from the control plasmid that did not contain a GRE was stimulated.

These reports are reminiscent of those reported recently in the case of the bacterial

protein NRI, which acts at an enhancer upstream of the glnáp2 promoter.160 In this

case, 7 to 14 nM NRI maximally enhanced transcription in vitro from 5 nM of a template

containing the gln/Ap2 promoter linked to the five upstream NRI binding sites, while at 56

nM NRI transcription from a deleted template containing no NRI binding sites was also

strongly stimulated.

The mechanism of the stimulatory effect of topoisomerase II is not known, and a

number of questions need to be answered. First, is the effect dependent on the activity of

the glucocorticoid receptor? Second, does topoisomerase II itself cause the stimulation, or

is it caused by some other factor in the preparation? Third, is the lack of dependence of the

stimulatory effect on the concentration of topoiosmerase II over the range tested, 0.04 nM

to 1 nM, indicative of enzyme excess, or is the stimulatory effect caused not by a factor in

the topoisomerase II preparation, but rather by a component of the topoisomerase dilution

buffer (see Methods)?

Unfortunately, in further experiments, efforts to reproduce the stimulation of

transcription by receptor without the addition of topoisomerase II were unsuccessful. In

one experiment, although inhibition of transcription from the GRE-containing template at
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29 nM receptor was again seen, stimulation of transcription at 16 nM receptor could not be

reproduced (not shown). Conceivably, this reflected a failure to maintain transcription

factors below saturation, as suggested by other experiments (see Methods). Transcription

factor excess would not eliminate inhibition of transcription by high concentrations of

receptor if it occurred by the mechanisms proposed above, and inhibition of transcription

from the GRE-tk template was seen at 29 nM receptor in all experiments.

Further attempts to reproduce the enhancement of transcription by receptor were

thwarted by difficulties in detecting the low levels of transcription. Therefore, although the

DNA binding experiments had suggested that a large molar excess of receptor would be

necessary to saturate the DNA and produce detectable enhancement, an attempt was made

to boost the basal transcription signal to more easily detectable levels by using a higher

concentration of DNA in the transcription reaction, and therefore a lower molar ratio of

receptor to DNA. When 100 ng DNA was transcribed in a 25 pil reaction, specific

enhancement was not observed, whether receptor was pre-incubated with the DNA, or pre

incubated with the transcription extract, and whether the input DNA was linear or

supercoiled (data not shown).

Efforts were then re-directed towards developing more sensitive assays for

transcription, on which some progress has been made by others.239 In vitro enhancement

has not yet been achieved using these assays.239
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6. Suggestions for Improved Experimental Design

The limiting concentration of purified receptor was the greatest impedance to these

experiments. Recently constructed cell lines that overproduce receptor at several fold the

level of wild type cells should provide a valuable source.134. Use of the improved DNA

binding conditions recently adopted should also facilitate the experiments." 17 The

combination of these two advances should allow the experiments to be repeated at

approximately a ten fold higher concentration of template in the transcription reactions,

which should both raise the transcription signal to consistently detectable levels, and help

ensure that transcription factors can be kept limiting. Recently developed assays for post

translational receptor modifications may lead to an understanding of factors that affect

receptor activity, and to improved preparations of receptor.59 Since the hormone-binding

activity of purified receptor decays rapidly and irreversibly,285 it may be useful to use a
receptor derivative, such as N556, whose hormone-binding domain has been deleted, and

283 Modification of the receptor to reducewhich is a constitutive activator of transcription.

its tendency to proteolysis, or the use of more highly purified, protease-free, transcription

factors may also be beneficial. Freshly purified receptor might be more active than frozen

receptor. Characterization of the putatively inactive HeLa receptor in the whole cell

transcription extract-- its concentration by Western blot analysis, its hormone-binding

activity, and its DNA-binding activity, and a determination of any inhibitory effects it might

have on added purified receptor would also be useful.
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The ideal template for these studies would be strongly transcribed in the absence of

receptor and strongly induced in its presence in cells from which transcription extracts and

receptor can be prepared. As extracts with high activity can be prepared from rat HTC

cells,239 and as HTC cell lines overproducing receptor are now available, 134 a number of

potential plasmid templates for the in vitro assay should be screened for their levels of

expression and inducibility by transient transfection assays in the overproducing HTC cell

lines. The recently constructed synthetic GRE, GRE46,163 is more active than the MTV

LTR GRE, and GRE46 has a higher affinity for the receptor.196 Therefore, plasmids
containing strong promoters such as the SV40 early promoter, adenovirus major late

promoter, or B-globin promoter and one or more copies of the GRE46 are good candidates

as test templates. Darbre and King have shown that an MTV GRE can confer hormone

inducibility of about three fold on an SV40 promoter that lies several kbp away,31 and
similar results have been obtained in our laboratory. 196,286 It will be interesting to

determine whether such a construction will be even more inducible when receptor levels are

increased. Plasmids should be constructed so that the GRE is not immediately adjacent to

the promoter, in order to avoid artefactual effects of receptor binding on transcription factor

binding, which may have occurred on the GRE-tk plasmid used in the experiments

described here, as discussed above.

More rapid assays for transcription in vitro have been developed that would facilitate

much more rapid progress in these experiments.137,287 These assays have not been
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sufficiently specific when we have used crude extracts and/or weak promoters,”9,239 but

might be usable if suitable strongly-inducible templates containing strong promoters were

identified, and if their required transcription factors were purified.

It is possible that the mechanism of enhancement of transcription by the glucocorticoid

receptor involves alterations in the chromatin structure of the template. As the type of

extract used in these experiments may not efficiently assemble template DNA into

chromatin, especially in the presence of large amounts of poly(dI-dC), use of a

minichromosome template might increase the extent or reproducibility of the enhancement

observed. Recent success in achieving high levels of replication in Cos cells of a plasmid

containing a construct that is strongly induced by glucocorticoids suggests that it might be

possible to prepare appropriate minichromosomes.”8 Chromatin can also be assembled

on plasmids in vitro, using Xenopus oocyte extracts. 122 Minichromosomes prepared in

this way have recently been used to study transcription complex assembly in vitro.253

A crude extract was used in these initial experiments because it seemed possible that

factors not required for general transcription might be essential for receptor-dependent

enhancement of transcription. However, the use of a crude extract does not allow

independent variation of the concentrations of individual transcription factors. Thus, if

enhancement of transcription by receptor requires that a specific factor be limiting, then it

might not be possible to reconstitute enhancement in vitro with extracts containing factors at
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inappropriate relative concentrations. Furthermore, some enhancer and promoter factors

are members of families of related factors that bind to similar DNA sequences yet may have

different activities in the context of other linked promoter and enhancer elements.50,73,204

It seems likely therefore that incubation of templates in crude extracts may generate

improper transcription complexes that contain non-functional combinations of transcription

factors and prevent normal transcription or its regulation. Thus, it would seem worthwhile

to explore some experiments using purified transcription factors. In addition, whole cell

extracts may contain active or inactive, and perhaps interfering, glucocorticoid receptor.

Nuclear extracts prepared from cells grown in the absence of hormone will be depleted of

receptor.

Some of these suggestions might improve the in vitro assay. Initially, it might be

useful to repeat the stimulatory effects seen in the experiments presented here using the

same extract, templates, and conditions. The apparent stimulatory effect of toposiomerase

II should be used initially simply as a means to increase the transcription signal to easily

detectable levels, but understanding the mechanism of this phenomenon would be

interesting in its own right.

7. Conclusions

In two experiments reported here, receptor stimulated transcription from a plasmid
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containing a GRE fused to the HSV-tk promoter. These results were complicated by

several other observations. Transcription from the GRE-tk template was inhibited by

higher concentrations of receptor, perhaps because of interference between the binding of

receptor and binding of an adjacent transcription factor. Receptor-dependent stimulation of

transcription from the control template, which did not contain a GRE, was also seen,

though this seemed to require higher concentrations of receptor than those required to

stimulate transcription from the GRE-tk template. Stimulation of transcription from the

GRE-tk template was not readily reproducible, perhaps because transcription factors were

not consistently kept limiting in the reactions. No attempts were made to demonstrate that

the stimulation of transcription could occur when the GRE was at widely different positions

relative to the transcription initiation site, which is a defining characteristic of an enhancer.

Because of these complications, the reconstitution of receptor-dependent enhancement must

be considered tentative at this time.

Recently several other laboratories have detected stimulation of transcription by

eukaryotic enhancers or enhancer binding proteins in vitro, using crude extracts or partially

purified factors.8,124,152,198,199,208,217,250 In most cases the enhancer effects have

been less than 10% of their in vivo levels. Stimulation has not been detected when an

enhancer was separated from a promoter by more than a few hundred base pairs; thus, the

essential feature of an enhancer has not been observed. The results are further complicated

by the presence in the enhancers of binding sites for proteins that also bind to sequences

that have been considered promoters.12,124,135,152,168 Thus, it seems possible that
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these enhancers have activities that are promoter-like in addition to some fundamentally

different type of activity that confers the ability to stimulate transcription from a large

distance. That is, the in vitro stimulatory effects of enhancers that have been observed to

date may have occurred via promoter-like activities, and may not be measuring the unique

activities of enhancers. Alternatively, the inability of enhancers to stimulate transcription

from as large distances in vitro as in vivo may reflect the greater distance between two

DNA sites in vitro on DNA not packaged in chromatin relative to in vivo DNA that is

compacted by nucleosomes and higher order chromatin structures. The use of

minichromosome templates in in vitro transcription reactions may resolve this

question.253,272

Progress in this investigation was greatly impeded by the low concentration, amount,

and activity of the purified glucocorticoid receptor. The recent success in constructing cell

lines that overexpress cloned receptor sequences should provide a more concentrated

134 This, along with the recently developed conditions that increase thesource of receptor.

efficiency of DNA binding by the receptor,' 17 should facilitate the further development of
the in vitro enhancement assay.

If the observation of glucocorticoid receptor-dependent transcriptional enhancement in

vitro is confirmed, it should be possible to fractionate the transcription extract to identify

the factors specifically required for receptor-dependent enhancement. It will also be
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possible to probe the mechanism of enhancement by the receptor in detail, for example by

isolating individual steps in the initiation reaction, as recently done by others,85,195 and

determining at which step the receptor acts.
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The purified glucocorticoid receptor retains at least some specific DNA binding activity,

as shown, for example, in Figures 3 through 5. As one approach to testing whether the

purified receptor was also competent for transcriptional enhancement, receptor was co

injected with the GRE-tk template and the control tk template into stage 5 or 6 Xenopus

laevis oocytes. In a series of experiments done in collaboration with David Standring, one

of which is shown in Figure 8, no effects of receptor on transcription from either template

were seen, whether receptor and DNA were injected into the cytoplasm and into the

nucleus, respectively, or coinjected into the nucleus. In these experiments the maximum

molar ratio of receptor to DNA was 70 fold.

David Standring is currently beginning experiments to determine whether the

glucocorticoid receptor can be translated in oocytes injected with receptor RNA transcribed

in vitro from the cloned receptor gene. If the receptor is produced, then the coinjection

experiments can be repeated. If receptor function can be measured, then it should

eventually be possible to assess material purified from cells engineered to produce the

receptor at high levels.
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Figure 8

Transcription in Xenopus Oocytes Injected with Purified Glucocorticoid

Receptor and tº and GRE-tk DNAs

Stage 5 or 6 Xenopus oocytes were not injected (lane A), injected intranuclearly with a

mixture of GRE-tk and control tk DNAs (0.05 frnol each) 27 h before harvest (lane B),

injected extranuclearly with 3.5 frnol glucocorticoid receptor monomer at 46 h before

harvest and then with 0.05 frnol each DNA at 27 h before harvest (lane C), or injected

intranuclearly with a mixture of 0.03 fmol each DNA and 0.3 fmol receptor at 31 h before

harvest (lane D). RNA was isolated and analyzed by primer extension. The positions of

the products of primer extension on tk and GRE-tk RNAs are indicated.
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1. Introduction

One of the initial reasons for attempting to use an in vitro assay to identify additional

proteins required for hormone dependent enhancement was the phenotype of the CR1

variant cell line. CR1 and other complement resistant variants were selected from the

M1.54 cell line, which contains approximately 15 MTV proviruses, by using anti-MTV

antibodies and complement to kill wild type cells that upon hormone induction express high

levels of MTV proteins associated with the plasma membrane.*9 As described in Chapter

1, the hormone-induced level of MTV transcription is greatly reduced in CR1.

Furthermore, the glucocorticoid induction of the tyrosine aminotransferase gene is also

reduced in CR1. However, some other hormone responses are unaffected, and the CR1

glucocorticoid receptor appears normal by multiple assays:49 CR1 was most simply

interpreted as carrying a defect in a nonreceptor trans-acting factor required for hormone

dependent enhancement of transcription from the multiple MTV proviruses and the TAT

gene.49

Somewhat surprisingly, experiments described in this chapter show that newly infected

or transfected MTV genes are expressed and regulated equally well in CR1 and in M1.54.

Thus, CR1 appears wild type for factors that act on MTV. Therefore, either the CR1

variant carries cis-acting defects affecting one or more of its MTV proviruses, or it is

defective in a trans-acting factor that acts at non-MTV sequences close to the integration
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sites of the proviruses. Experiments that might distinguish these possibilities are

discussed. A simple and rapid transient assay was developed that can be used to determine

whether other complement-resistant cell lines carry defects in trans-acting factors that act

directly on MTV.

2. The Glucocorticoid Receptor is Not Detectably Altered in the CR1

Variant, and Expression of Additional Receptor Does Not Rescue the

CR1 Defect.

Experiments were done to test whether the CR1 defect might be a subtle alteration in the

glucocorticoid receptor. Initial experiments, in which CR1 cells were infected with an

Mulv retroviral vector expressing the cloned receptor gene, showed some indication that

increasing the amount of receptor significantly increased the hormone-induced transcription

of MTV. However, the discovery that Mulv is itself induced by glucocorticoids,84.79,

288 coupled with the auto-repressing effects of receptor on its own expression,”9 meant

that the level of receptor expression was changing during hormone induction, and could not

be determined accurately. Various assays of receptor structure and function failed to reveal

any alterations in the CR1 receptor; indeed no point mutations in CR1 receptor mRNA were

detected by RNAase protection. Finally, CR1 cells were transfected with a non-hormone

inducible plasmid expressing receptor, and stably transfected clones were examined for

levels of receptor expression and levels of hormone-induced MTV RNA. Clones that

expressed several fold wild type levels of receptor had only slightly increased hormone
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induced MTV transcription (data not shown), as had been seen previously when receptor

levels were increased in wild type cells.284 Thus, expression was not rescued to wild type

levels, and the slight increase in transcription simply reflected the previously demonstrated

limiting amount of receptor in HTC cells.284 Therefore, all evidence suggested that the
glucocorticoid receptor in the CR1 variant is unaltered.

3. A stably transfected marked MTV provirus is induced equally in variant

CR1 cells and wild type M1.54 cells.

To test whether CR1 had defects in any trans-acting factors required for expression or

induction of MTV, a construction in which the central region of MTV was replaced with a

tk structural gene, pltL-1,278 was transfected into CR1 and M1.54. Stably transfected
cell lines containing single copies of pDTL-1 were isolated and the hormone induction of

the LTL construct and of the originally infected MTV proviruses were compared in the

variant and wild type cell lines. The plTL-1 construction contained MTV sequences from

the C3H strain of virus, whereas the originally infected virus was the GR strain; thus, it

was possible to distinguish between the transcripts of each by use of an RNAase protection

assay, as described in Figure 9 and in detail in Methods.

In Figure 9 it can be seen that hormone-induced transcription of the originally infected

MTV proviruses is reduced approximately ten fold in the CR1 clones. In contrast, the
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Figure 9

Expression of plTL-1 and MTV in Stably Transfected CR1 and M1.54 Cell Lines

Single copy transfectants were grown in the presence (+) or absence (-) of 10 *7 M dexamethasone

overnight. RNA was isolated and measured by an RNAase protection assay, as described in detail in

Methods. RNA was annealed to a radioactively labelled antisense RNA probe that included sequences from

-106 bp to ~4557 bp (relative to the mRNA start site) of plº■ L-1. The annealed RNA was then digested

with 40 pg/ml RNAase A for 30 min at 30°C, and the digested products were displayed on an acrylamide

gel. RNA from plTL-1 gives a band at ~557 bp, and when RNA is from M1.54 an additional slightly

larger band. The larger M1.54 band is probably produced by annealing of the probe to two RNAs— one is a

transcript from plTL-1, and the second, which extends the region protected from RNAase to sequences 5' of

the start site, is the 3' end of endogenous MTV RNA, which extends past the sequence of the MTV start

site in the 3' long terminal repeat 236 MTV RNA gives a series of smaller protected bands, resulting from

RNAase cleavage at sequence differences between the probe, which contains C3H MTV sequences, and the

endogenous GR strain MTV RNA. It was necessary to use conditions that resulted in only partial digestion

of the MTV GR strain RNA hybrids to prevent digestion of the fully complementary plTL-1 RNA hybrids

due to hybrid breathing (see Methods). In lane A is displayed the products resulting from analysis of RNA

from nontransfected M1.54 cells; no plTL-1 transcripts are detected in nontransfected cells. The positions

of pDTL-1 RNA and MTV RNA bands are marked. Additional MTV RNA products were run off the gel.
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hormone-induced transcription of pDTL-1 is approximately equal in CR1 and in M1.54.

Thus, somewhat surprisingly, trans-acting factors that act directly on the MTV provirus

and are required for hormone induced transcription of MTV appear to be fully functional in

CR1.

4. Superinfected wild type MTV proviruses are induced equally in variant

CR1 cells and wild type M1.54 cells.

It could be argued that transcription of pDTL-1 does not accurately reflect MTV

transcription because a large region of MTV has been deleted and replaced with the tk

gene. Also, because only a few plTL-1 transfectants were obtained, the analysis of the

few lines might be skewed by position effects 290,291 on the expression of the LTL genes

integrated at different chomosomal locations. Furthermore, it was possible that the

enhancer on the co-transfected plasmid, pSV40neo, that was used to select the stably

transfected clones, might have altered LTL expression. Therefore, wild type C3H strain

virus was superinfected into the variant and wild type cells, using conditions that resulted

in infection of nearly all the cells. The C3H transcripts and proviral DNA could be

distinguished from those of the resident GR strain proviruses using RNAase protection

assays, and restriction fragment length polymorphisms, respectively. Several days after

infection, populations of infected CR1 and M1.54 were assayed for MTV transcription in

the presence or absence of hormone, and expression was normalized to proviral copy

number. As shown in Figure 10, induction of the newly infected C3H strain MTV was
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Figure 10

Expression of Superinfected MTV in M1.54 and CR1

CR1 and M1.54 cells were superinfected with C3H strain MTV, as described in

Methods. C3H virus transcripts in populations of infected cells were measured by the

RNAase protection assay described in the legend to Figure 9. To correct for different

efficiencies of infection, C3H RNA levels were normalized to C3H proviral copy number

as determined by Southern blotting. The two sets of results shown are from two

independent infections. In both experiments the level of C3H transcripts in M1.54 cells

was arbitrarily set to 100.
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indistinguishable in CR1 and M1.54, consistent with the interpretation of previous

experiments.

5. The MTV GRE and Promoter Are Expressed and Regulated Equally in

CR1 and M1.54 In Transient Transfections-- A Rapid Cis-Trans Test for

CR Variants.

Although the results of the stable transfection of CR1 with plTL and the super

infection with MTV clearly showed that the defect affecting the expression of the

proviruses from the initial infection was not in a trans-acting factor that acts on MTV DNA,

a more rapid and straightforward test was needed for efficient screening of additional

variants. Therefore, a transient transfection assay was developed. Because HTC cells are

difficult to transfect, development of the assay required considerable effort, as described in

detail in Methods.

CR1 and M1.54 were co-transfected with pCMCO-gr/ch, a fusion of the GR strain

MTV LTR to the chloramphenicol acetyltransferase (CAT) structural gene, in a vector

especially favorable for expression,174 and with pRSVBgal, a fusion of the Rous sarcoma

virus LTR to the structural gene for beta-galactosidase.292 Expression from the MTV

LTR in the presence and absence of hormone was measured as relative CAT activity after

controlling for differences in transfection efficiencies by normalization to beta-galactosidase
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Figure 11

Transient Transfections of M1.54 and CR1 Cells

M1.54 or CR1 cells were co-transfected with pCMCO-gr/ch and pKSV3-gal. After

growth in the presence or absence of dexamethasone, cell extracts were prepared and

chloramphenicol acetyltransferase and B-galactosidase acitivities were determined, as

described in Methods. Panel A shows an assay of CAT activity. The spot marked CM is

unreacted 14C chloramphenicol. The spots marked CM-1-ac and CM-3-ac are the two

isomers of mono-acetylated chloramphenicol. The first lane shows the activity of an extract

of mock-transfected CR1 cells. Lanes marked - and + are assays of extracts from cells

grown in the absence or presence of dexamethasone, respectively.

Panel B shows relative CAT expression from pCMCO-gr/ch, normalized to 3

galactosidase expression to correct for differences in transfection efficiencies. Each value

is the mean of results obtained in two or three experiments. Error bars show the range of

values. Expression in hormone-treated M1.54 cells is arbitrarily set to 100.
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expression from the uninduced internal control RSV-3gal gene. As shown in Figure 11,

CR1 and M1.54 cells expressed and induced pGMCO-gr/ch equally, again demonstrating

that the defect in CR1 does not operate in trans.

As the MTV LTR contains an open reading frame, it might be suggested that the MTV

LTR encodes its own trans-acting activator, and that this function is defective in CR1.

However, transient basal and induced expression from the plasmid pUC-G46TCO,196 al

fusion of a synthetic GRE to the tk promoter and CAT gene which lacks the LTR open

reading frame, is also identical in CR1 and M1.54 cells. Furthermore, the superinfections

of CR1 populations with new MTV proviruses failed to rescue expression or induction of

the resident proviruses. Thus, one obvious possible interpretation is that a cis-acting defect

in CR1 decreases hormone-induced transcription of MTV; however, alternative

explanations are possible.

6. What is the Nature of the Defect in CR12

Although the M1.54 cell line contains approximately 15 MTV proviruses, it is likely

that not all of the proviruses are active. Retroviral replication is extremely error-prone,

with mutation frequencies as high as 10–3 per base pair.293 This means that a fraction of

any infecting population of virus carries mutations that block proper viral expression.

Furthermore, some chromosomal sites may be non-permissive for proviral expression 290
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Therefore, a significant fraction of proviral integrates may be non-expressing. This is

supported by examination of MTV RNA expression in MTV-infected HTC cell lines that

integrated only one or a few proviruses. 189

However, if only a fraction of the proviruses in M1.54 are expressing, then the level of

expression of MTV RNA in M1.54 in the presence of hormone is unusually high-- 1800

copies/cell,49 compared to 70-100 copies/cell in strongly expressing lines containing a

single provirus.189 Furthermore, MTV expression in CR1, 175 copies/cell, 49 is about the

level that might be expected from two or three strongly expressing proviruses. Thus one

interpretation of the M1.54 and CR1 cell lines is that they each contain about three typical

strongly expressing proviruses, and that M1.54 contains one provirus that is expressed at

unusually high levels, whose expression has been greatly decreased, in cis, by the defect in

the CR1 variant.

Certainly, if only a single MTV provirus in M1.54 is responsible for most of the MTV

RNA expression, a classic spontaneous mutation could explain the low level of MTV

expression in CR1. The mutation could lie in the MTV proviral DNA, in a linked cis-acting

cellular transcriptional stimulatory element, perhaps a cellular enhancer, or in a gene

encoding a trans-acting factor that acts at such a linked cis-acting element. No deletions or

rearrangements could be detected in any of the MTV proviruses in CR1 relative to those in

the wild type M1.54 parent (not shown). However, small deletions, point mutations, and

distant rearrangements would not have been detected.
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A second possible explanation for the CR1 defect is that more than one provirus is

more weakly transcribed in CR1 than in M1.54. How could multiple cis-acting defects

have arisen at a detectable frequency? Perhaps the defects are in fact not mutations, but

rather epigenetic gene inactivations that occur at a much higher frequency. Many variants

have been found that appear to have such epigenetic gene inactivations, and these high

frequency epigenetic defects explain many of the cases in which recessive "mutations" have

been isolated at high frequency in cultured cells.219,254. In many instances, recessive

phenotypes arise in two steps which occur at very different frequencies-- a low frequency

step, occurring at about 10-5 (after mutagenesis), which is a classic mutation, and a high

frequency epigenetic gene inactivation step which occurs at a frequency of up to 10-2 to

10-1,16,219,220,254 or even higher.258 Epigenetic gene inactivations have been shown

in some cases to affect a large chromosomal region, as nearby genes are also

affected. 17,193 In several cases, the inactivated DNA is hypermethylated, and/or the

phenotypes can be reverted by treating the cells with azacytidine, which causes de

methylation, suggesting that one mechanism of gene inactivation may involve DNA

methylation. 17,80,81,157,227,100 For most genes, only one allele can be inactivated by

such a mechanism, probably because at most loci the large chromosomal region inactivated

includes a lethal. Notably, however, MTV proviruses are like single allele genes, since

each provirus is integrated at a different chromosomal locus. Thus, every provirus in a cell

like M1.54 could in principle be inactivated by such a high frequency epigenetic mechanism

as long as none is integrated near haplolethal genes. Darbre and King have reported that
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mouse mammary tumor S115 cells grown for long periods in the absence of steroid

hormones lose the ability to induce transcription from endogenous MTV genes, but retain

the ability to induce transcription from newly transfected MTV genes, and that

contemporaneously endogenous MTV DNA becomes hypermethylated.3031

Further investigation of the CR1 defect is hampered by the multiple proviruses, and by

not knowing which of the proviruses is strongly expressed in the wild type parent. In

principle, however, since a fraction of MTV transcripts proceed through the poly-A

addition site and beyond the end of the 3' LTR,236 it would be possible to use cloned

cellular DNA probes flanking each provirus to identify those proviruses expressed strongly

in M1.54 and those which are defective in CR1.

CR1 also differs from M1.54 in that glucocorticoid induction of the tyrosine

aminotransferase gene is not detectable in CR1. Whether the TAT defect is related to the

MTV defect is not known. Some other lines of HTC cells have been reported to yield

subclones with widely differing levels of TAT induction at high frequency, in the absence

of any selection,9 but this was not observed with HTC lines used in this laboratory.261 It

seems unlikely that the TAT and MTV defects are related, since the MTV defect does not

act in trans on newly introduced MTV genes. It is possible, however, that there is only a

single defect, and that it affects a trans-acting factor that acts at a cellular regulatory site

adjacent to one unusually strongly expressing MTV provirus and also at a site at the TAT
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gene. In principle, this model could be tested by selecting for revertants of CR1 that

express MTV at the wild type level, and then asking whether these revertants are also

revertants for TAT induction. It should also be possible to ask directly if the defect

affecting TAT expression is trans-acting by testing the expression of a transfected cloned

TAT gene.294

7. Conclusions

These experiments clearly show that newly introduced MTV genes are transcribed and

hormonally regulated indistinguishably in CR1 and M1.54 cells. Therefore, the defect in

CR1 that affects MTV expression is not in a trans-acting factor that directly acts on MTV

sequences. The exact nature of the defect in CR1 will be difficult to establish because of

the large number of MTV proviruses, although the relevant proviruses can in principle be

identified. A repeat of the selection on a cell line containing a single MTV provirus, or

MTV-driven reporter gene, while it would make the identification of defects in trans-acting

factors that act directly on MTV even more unlikely, would facilitate the analysis of cis

acting defects like the one apparently identified here. As GRE function can now be studied

in S. cerevisiae,”05 it should also be possible to efficiently select and study both trans

acting and cis-acting defects in yeast. There may be a class of cis-acting regulatory

elements, and trans-acting regulators, that are involved in differentiation in higher

eukaryotes, and perhaps altered in the CR1 variant, that are not present in yeast, however.
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The altered TAT induciblity in CR1 is not understoood. However, if the defect in CR1

that affects TAT expression is in a trans-acting factor, and if a transient transfection assay

can be developed that detects this defect, then it should be possible to map the DNA

sequences in the TAT gene at which this trans-acting factor acts. If the factor binds directly

to DNA, then in principle it should be possible to use this interaction to purify it by DNA

affinity chromatography,295 or by using specific DNA binding as an assay for

conventional purification. It should also be possible to ask whether the defect decreasing

TAT induction is the same as that affecting MTV expression by rescuing or reverting the

MTV defect, and asking if the TAT defect is simultaneously corrected.

Finally, the transient screen described here is rapid and straightforward, and can be

efficiently used in the future to screen other variants in search of those defective in

previously unknown trans-acting factors that directly act on MTV DNA sequences and are

required for hormone-dependent enhancement of MTV transcription. If such lines are

identified it may be possible to use them to clone the genes for trans-acting factors by

rescuing the variant lines by DNA transfection, or, once an in vitro assay for enhancement

is realized, to use extracts from the variant cell lines to assay for purification of these

factors by in vitro complementation. Similarly, if the defect affecting TAT induction in

CR1 proves to be trans-acting, then similar assays could be developed to allow the

purification of this factor and/or the cloning of the gene that encodes it.
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1. Introduction

Experiments described in this dissertation attempted to identify nonreceptor proteins

that function in glucocorticoid-dependent enhancement from promoters linked to MTV

GREs, using genetic and biochemical approaches. Some progress was made in developing

an in vitro assay for receptor effects on transcription. Recent advances, particularly the

cloning of the receptor gene, 149 and high level expression of the receptor,51,134 may

facilitate further development of the in vitro assay. The genetic variant CR1, which

transcribes its resident MTV proviruses at only about one-tenth the rate of its wild type

parent, was shown not to be defective for trans-acting factors required for expression of

newly introduced MTV genes, but rather to harbor defects affecting one or more of the

resident proviruses in cis. A rapid and simple transient cis-trans test was developed to

classify such variants.

2. Transcription in vitro

Addition of purified glucocorticoid receptor to in vitro transcription reactions stimulated

transcription both from a promoter linked to an MTV GRE and from an enhancerless

promoter. A number of technical problems plagued these experiments. These are

described in Chapter 2, where suggestions for improvement of in vitro reconstitution

- 69 -



Crafford A. Harris V. Summary and Discussion

experiments are also presented. Addition of partially purified DNA topoisomerase II

further stimulated transcription in vitro from both promoters. This phenomenon will be

useful for increasing the sensitivity of in vitro transcription assays, and its mechanism is

worth investigating in its own right.

Rates of transcription initiation in vitro are much slower than in vivo rates.85,137

Investigation of the causes of this discrepancy might lead to conditions that would favor

efficient enhancer function in vitro. Careful attention to rates of reactions and identification

of factors contributing to in vivo rates has resulted in great progress in identifying and

understanding the molecular machinery and mechanisms of other biological processes.”
Perhaps an efficient in vitro transcription and enhancement assay could be developed by a

stepwise progression from transcription in an intact cell through transcription in a

minimally perturbed, gently permeabilized cell, and so on until eventually a cell-free,

soluble system is attained. Transcription from a gene rapidly and strongly induced by

glucocorticoids could be assayed by primer extension after a one hour treatment with

hormone. In M1.54 cells MTV RNA is induced 10 fold after treatment with hormone for

only four hours.79 A gene with a higher basal level of expression that is even more

inducible would be even more favorable. The ability to measure transcription by primer

extension, without needing to label the RNA directly and without having to use hybrid

selection to measure labelled RNA, would greatly accelerate the experiments, and greatly

reduce their cost.
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Initially, transcription could be compared between cells induced in normal medium plus

serum to transcription in cells centrifuged free of medium, washed extensively, and

resuspended in a buffer of choice. When the resuspension buffer composition and other

aspects of the protocol were refined sufficiently so that transcription after induction was at

the same rate in the washed cells as in the cells maintained in growth medium, then the next

step could be attempted. The initial step could prove to be very important, as it might

reveal components of medium or serum that are essential for the maintenance of normal

transcription rates. Such factors might, for example, affect the concentrations of general

transcriptional regulatory molecules or the extent of protein phosphorylations that are

critical for transcription and/or induction. Identification of extracellular factors could lead

to further investigations of the intracellular regulatory cascades they initiate, and to critical

understandings of the constitutive and regulatory transcriptional machinery.

Once optimal conditions for cell harvest and resuspension were identified, it would be

possible to compare transcription in washed, resuspended and detergent-permeabilized

cells. Permeabilization with digitonin might be ideal, as it solubilizes the plasma membrane

without permeabilizing lysosomes, and therefore does not release lysosomal nucleases and

proteases that could interfere with the assay. 131 Then, when transcription in permeabilized

cells was optimized to in vivo levels, transcription in purified nuclei could be attempted,

and subsequently transcription in nuclear extracts. Such a stepwise procedure might

identify previously unknown molecules and aspects of cell physiology that strongly affect
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transcription. One cell character that might affect transcription is position in the cell cycle.

Some genes are not transcribed in certain cell cycle phases. In fact, it has been reported

that glucocorticoid induction of TAT is decreased during a large fraction of the cell cycle

surrounding mitosis, based on experiments using HTC cells synchronized by mitotic arrest

with colcemid.138 Thus, comparison of transcription in extracts of synchronized cells
might be revealing. Of special interest would be whether extracts from non-inducing cells

contain dominant diffusible factors that could inactivate otherwise active extracts or

templates.

At some point in the development of this assay, exogenous template would have to be

added. Comparison of transcription of exogenous templates to that of endogenous

chromosomal templates could reveal proteins and features of chromatin structure critical for

proper transcriptional rates.

3. Transcription in Xenopus oocytes

Experiments described briefly here attempted to measure receptor-dependent GRE

specific stimulation of transcription in injected Xenopus oocytes. Although there may be

other difficulties with such experiments, here again a major obstacle was the low

concentration and amount of purified receptor. If such a system can be developed, it will

be useful for determining the activity of preparations of purified receptor, and perhaps also

as an alternative system for developing assays with permeabilized cells and cell extracts.
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David Standring is currently trying to determine whether Xenopus oocytes will translate

receptor mRNA and, if so, whether this receptor will be functional.

4. Characterization of the CR1 variant

The analysis of the CR1 variant cell line reported here clearly shows that CR1 does not

carry defects in trans-acting factors that are required for expression of MTV and act directly

on MTV DNA, since newly introduced MTV genes were expressed equivalently in CR1

cells and wild type cells. However, it is quite possible that other complement-resistant

variants from the same selection do in fact carry defects affecting such trans-acting factors.

The transient cis-trans test described here can be used to characterize the remaining CR

variants.

Analysis of the CR1 defect has pointed out several potential pitfalls in such selection

schemes for defects in trans-actaing factors in somatic cells, and improvements can be

suggested. First, selection against high level expression from multiple genes does not

necessarily favor non cis-acting mutations, since the possibility exists that just one gene

accounts for most of the expression in the parent cell line. Second, selection against

exogenously introduced genes, such as proviruses, that are genetically haploid at each

chromosomal locus, may increase the frequency of undesired variants surviving selection

due to inactivation of the introduced genes by epigenetic mechanisms that affect large

chromosomal domains. Cells in which both alleles of a diploid gene have been inactivated
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by such a mechanism probably would not survive in most cases because of the presence of

linked lethals,219 and therefore would not clutter the search for desired mutants. Fourth,

many mutants may be difficult to select in HTC cells, since these cells are pseudo

tetraploid, having four copies of most genes.302

Some of these potential difficulties could be minimized by improved selection schemes.

To decrease the likelihood of generation of the variant phenotype by a single cis-acting

mutation, multiple differently marked selectable markers could be inserted into the genome

and selected against or screened for. Thus, for example, lines could be infected or

transfected with a GRE-tk fusion, a GRE-apri fusion, a GRE-VSV-G fusion, etc.. The

different selectable genes should be transfected independently, because co-transfected

DNAs often become linked, and integrate together,301 and the entire block of transfected

DNA is often inactivated or even deleted at high frequency. 193,300 As much as possible,

the different GRE-regulated transfected genes should be driven by different promoters that

utlilize different promoter factors, to reduce the likelihood of selecting for defects in these

promoter factors, and to favor the identification of previously unknown factors.

The high frequency of epigenetic inactivation of transfected selectable markers may be

difficult to avoid, so the selection must be made to favor the desired mutations by selecting

against multiple transfected markers following mutagenesis. Where possible, selection

against endogenous diploid genes would be more desirable.

- 74



Crafford A. Harris V. Summary and Discussion

Selections in pseudotetraploid lines should be avoided, and instead selections should be

attempted in pseudodiploid lines. Some cell lines have been found to be functionally

hemizygous at many loci; these might be especially advantageous for selections, since the

frequency of mutant isolation for hemizygous genes is of course much higher than the

frequency of isolation of simultaneous mutations in both alleles of a homozygous diploid

gene.72 Since such cell lines are not hemizygous for all loci, it would be advantageous to

perform the selection on multiple different partially hemizygous lines to maximize the

likelihood of isolating the mutants of interest.

Even in ideal systems, somatic cell genetics is still quite cumbersome. The recent

discovery of receptor-dependent stimulation of GRE-containing genes in yeast will allow

genetic selections in this much more powerful system.205 The availability of haploid
strains and rapid gene mapping techniques, and the ease of handling large numbers of cells

make yeast particularly useful for the isolation and genetic characterization of both cis

acting and trans-acting mutations. There may be factors affecting the tissue-specific pattern

of receptor function in mammalian organisms which cannot be found in yeast.

5. Two models for the mechanism of receptor-dependent transcriptional

enhancement

At this time, after the further analysis of the phenotype of the CR1 variant described
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here, there is no strong genetic evidence suggesting the existence of nonreceptor factors

specifically required for receptor-dependent enhancement. There remains, however, the

biochemical observation of the 72 kd protein that co-purifies with the rat liver

glucocorticoid receptor; I shall denote this protein GAP72 (glucocorticoid receptor

associated protein, 72kD).

Intriguingly, a protein of similar apparent molecular weight-- 74 kd in humans and 72

kd in mouse, RAP74, has independently been purified by Greenblatt and collaborators

using an RNA polymerase II affinity column, and has been shown to be required for

transcription from several promoters in vitro.20.21 This factor appears to be identical to

the TFIIE transcription factor that has been purified by Roeder and collaborators. RAP74

appears also to bind to another protein, RAP30, which also binds to polymerase II, and

RAP30 appears to be identical to TFIIB21,188 TFIIE and TFIIB appear to act transiently

on assembled transcription complexes (containing upstream promoter factors, TFIID,

TFIIA, and RNA polymerase II) to trigger initiation.21,188

It is intriguing to speculate that GAP72 and TFIIE are identical. The rapid decrease in

transcription from GRE-linked genes after removal of hormone suggests that enhancement

of transcription by receptor might involve an interaction between receptor and just such a

transiently acting transcription factor.298 Furthermore, the lack of an effect of purified
receptor on the DNA-binding of transcription factors Sp1 and CTF in vitro, 117 and the
demonstration that the deletion of any of the known transcription factor binding sites in the
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tk promoter, those for Sp1, CTF, TFIID, and the octamer factor, although decreasing the

absolute level of transcription from the promoter, had no effect on its inducibility by

glucocorticoids when it was linked to a GRE,105 suggested that receptor function might

involve an interaction with a different, non-DNA-binding transcription factor. Finally,

when purified receptor containing GAP72 was added to in vitro transcription reactions,

stimulation of transcription from promoters not linked to GREs as well as from promoters

linked to GREs might be expected.

Two initial tests of the relatedness of GAP72 and TFIIE are in principle immediately

possible. First, purified receptor containing GAP72 could be applied to an affinity column

containing RNA polymerase II and TFIIB. Specific binding of GAP72 would suggest that

GAP72 is in fact the same protein as TFIIE. Second, TFIIE-depleted extracts could be

supplemented with purified receptor and GAP72. If the addition of GAP72 rescues the

activity of the depleted extract, GAP72 is likely to be the same protein as TFIIE. In vitro

transcription experiments could then be designed to ask if receptor enhances transcription

by tethering TFIIE in the vicinity of promoters linked to GREs. The magnitude of such an

effect in vitro should be amplified in transcription extracts depleted of excess TFIIE.

A second model for the mechanism of receptor-dependent transcriptional enhancement

involves opening of chromatin structure by receptor, perhaps by removal of a nucleosome

or by unfolding of a higher order structure. The presence of a glucocorticoid-induced
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DNAse I hypersensitive site,278 whose intensity is dependent on the receptor

concentration,284 suggests that the receptor may increase DNA accessibility in chromatin

around GREs. The apparent independence of receptor-dependent enhancement of the

presence of transcription factors Sp1, CTF, TFIID, and the octamer factor is also

consistent with this model.105. In yeast, some enhancer-like elements are poly(dA-dT)
sequences.225 Such sequences inhibit nucleosome formation in vitro, 16,183 and it has

been argued that this might be the mechanism of their enhancer-like activity in vivo.225 In

support of this model, it was shown that the ded 1 poly(dA-dT) element increased

transcription from a linked bacteriophage T7 promoter when the T7 RNA polymerase was

produced in yeast cells.26 The T7 RNA polymerase was selected because it has little

homology with eukaryotic nuclear RNA polymerases, and therefore would be less likely to

be stimulated by mechanisms requiring specific protein contacts. Similar experiments

might test the chromatin accessibility model for glucocorticoid-dependent transcriptional

enhancement, and are currently in progress. 196

Other models for receptor-dependent transcriptional enhancement also remain

consistent with current knowledge. These include direct interactions between receptor and

the polymerase, receptor-induced DNA gyration that alters template structure, and receptor

dependent gene localization to a subnuclear compartment favoring transcription.

Identification of regions of the receptor protein that are required for enhancement activity

may facilitate distinguishing between these models. Some yeast UAS binding proteins

contain discrete regions apparently required for transcriptional stimulatory activity.93,130
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It has been argued that one general property of transcriptional activation regions is

acidity.224 Regions of the glucocorticoid receptor required for enhancement activity are

currently being determined.64,299 Their identifcation should factilitate analysis of receptor
mechanism. Thus, affinity columns containing the activation region(s) of receptor and

control columns containing mutant activation region(s) can be used to search for

transcription factors or other proteins specifically interacting with the receptor, and receptor

genes containing mutant activation regions can be used to search for genes encoding such

factors by selecting for allele-specific second-locus suppressor mutations, most efficiently

in yeast.

6. Future Prospects: Tissue-specific Hormonal Regulation of Gene

Expression

Some genes are regulated by glucocorticoids in a tissue-specific manner. For example,

the single gene encoding phosphoenolpyruvate carboxykinase is induced by

glucocorticoids in liver and kidney, but repressed in adipose cells.158 The mechanism by

which such tissue-specific regulation occurs is unknown but potentially could involve

combinatorial interactions of multiple different or differently modified transcription factors,

with the total set of factors determining the basal activity and extent and direction of

regulation of a gene.262 According to this view, the effect of a regulatory protein on

transcription from a gene would depend on the context of the interaction, that is on the
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collection of other factors assembled at the gene in the particular cell type, at the particular

developmental stage, and in the particular milieu of other contemporaneous regulatory

inputs.

Such context dependencies of enhancer and promoter factors have been seen in this

laboratory and elsewhere. For example, when the Moloney murine leukemia virus

lymphoid-specific enhancer was combined with part of the kidney and salivary gland

specific polyomavirus enhancer a pancreas specificity was obtained.191 As another

example, two distinct octamer-binding transcription factors, OTF-1, which is a ubiquitous

factor, and OTF-2, which is found in lymphoid cells but not in HeLa cells, have recently

been purified.30,204 OTF-1 and OTF-2 bind with similar or identical affinities to identical
sequences containing the octamer motif in the immunoglobulin K light chain gene promoter.

However, OTF-1 stimulates transcription in vitro from the histone H2b promoter but not

from the k promoter, while OTF-2 stimulates transcription only from the k promoter. It

has been proposed that this selectivity might result from other transcription factors that are

different at the two promoters or from different spacings between the octamer and binding

sites for other factors.50,204

Hopefully, future biochemical and genetic analyses will eventually reveal which

transcription factors act at each promoter in each cell type, at each developmental stage, and

in each physiological state, how they interact, and at what steps they regulate transcription

initiation. A complete explanation of development, however, will require understanding
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many other processes, including how cell identities are asymmetrically distributed. This

seems to involve the assymetric localization of specific proteins, a process which may be

determined in each cell in part by pre-existing asymmetric positional information that is not

encoded in the DNA genome.
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1. Solutions and Common Procedures

All solutions were made with doubly distilled water, and were either autoclaved or

filter-sterilized. Common recombinant DNA methods were performed essentially as

described in Maniatis et al.305

2. Transcription Extracts

Whole cell extracts of human HeLa cells were made by the method of Manley et

al..137 The extract used in the experiment shown in Figure 2 was a generous gift of Don

Rio and Robert Tjian. The extract used in the experiment shown in Figures 6 and 7, and in

most experiments, was prepared in collaboration with Kathy Jones and Robert Tjian.

Extracts were prepared from cells actively growing (5-7 x 105 cell/ml) in suspension in F

12 medium supplemented with 5% calf serum. Cell pellets were stored at -20 OC until

used. Storage at -709C might be preferable to provide greater protection against accidental

thawing.

Nuclear extracts were prepared, according to Dignam and Roeder.306 Such extracts
prepared from cells treated with hormone should contain very little receptor, while those

prepared from hormone-treated cells should contain receptor that was translocated to the

nucleus upon binding hormone. Nuclear extracts prepared from HeLa cells grown as

monolayers seemed especially active. Subsequent experiments by others using such

extracts have so far failed to detect transcriptional enhancement by receptor.239
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3. Receptor

Purified rat liver glucocorticoid receptor was generously supplied by our

collaborators in the Gustafsson laboratory. Unless otherwise indicated, cytosolic receptor

was purified by phosphocellulose chromatography, DNA-cellulose chromatography on

nonspecific DNA, before and after heat-activation of DNA-binding activity, and DEAE

Sepharose chromatography, as described in detail elsewhere.255.256 Receptor was eluted

from the final DEAE-Sepharose column with a NaCl gradient, eluting at approximately 110

to 125 mM NaCl, in 20 mM Tris pH7.9 (adjusted at 2 to 4 OC), 1 mM EDTA, 20%

glycerol, and 1 um triamcinolone acetonide. Insulin and DTT were then added, to 250

pig/ml and 20 mM, respectively. Receptor was shipped to our laboratory on dry ice, and

was subsequently stored at -70 oC. Fresh DTT was added to 20 mM and MgCl2 to

2.8 mM upon thawing, unless otherwise noted.

The nature of the insulin added to the receptor may be an important issue. Many

preparations of insulin contain Znt2 in millimolar amounts. RNA polymerase II requires

bound Zn42.297 The DNA binding domain of the glucocorticoid receptor appears from

primary structure to contain two "zinc fingers"307:308 and recent EXAFS (extended X

ray absorption fine structure) studies show two atoms of zinc bound to each molecule of

the receptor.309 Recent experiments suggest that the specific DNA binding activity of
transcription factor Sp1, another zinc finger protein, has a sharp optimum for Zn42,
binding strongly at 400 um Znt2, while having no activity at 800 um Znt2.312,313
Thus, Znt2 added to receptor with insulin may possibly have inhibited the DNA binding or
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transcriptional acitiviation activities of receptor in the experiments described here.

The receptor preparations were not homogeneous. The principle contaminating protein,

which was consistently observed, was GAP72 (see Chapter 5).

4. In Vitro Transcription Reactions

The reaction procedure was generally similar from experiment to experiment, with

minor differences as noted. In the experiment shown in Figure 2, 10 pil of extract was

mixed with 2.5 pil of 10x rNTPs (2.5 mM each, final concentration 250 puM), and 1.6 pil of

15.6x creatine phosphate mix (78 mM Tris-HCl pH 7.9, 156 mM KCl, 19.53 mM MgCl2,

7.2 mM Na2EDTA, 1 mM DTT, 50% glycerol, 78 mM creatine phosphate, and

3.1 mg/ml creatine phosphokinase) at 49C. This mixture was then added to the DNA and

the reaction was incubated for 30 min at 30 OC. The final concentrations in the reaction

were 25 mM Tris pH7.9, 50 mM KCI, 6.25 mM MgCl2, 0.5 mM Na2EDTA, 0.5 mM

DTT, 10% glycerol, 5 mM creatine phosphate, 0.2 mg/ml creatine phophokinase, 250 puM

each rNTP, including 10 pil extract. The creatine phosphate and creatine phosphokinase

ATP regeneration system was included because of a report that it stimulated in vitro

transcription.” Subsequent experiments showed that the ATP regeneration system did not
stimulate transcription with the extracts used; therefore, it was not added to most later

experiments. A broad optimum was observed for Mg+2 between 2 mM and 10 mM, in

agreement with previous reports.296 DTT between 0.5 and 10 mM, and glycerol between

10% and 20% had little effect.

DNA was added as supercoiled plasmids, unless otherwise noted. Analysis of DNA
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after a 30 min reaction showed that approximately 70% of the plasmid was nicked or

relaxed, and approximately 30% was linear. A small amount of plasmid (approximately

0.1% to 1%) continued to migrate in agarose gels at the position of supercoiled plasmid

(data not shown).

For the experiments shown in Figures 6 and 7, conditions were modified to allow the

addition of receptor. All components were aliquoted at 49C. For each 75 pil reaction, to

15 pil rNTPs (2.5 mM each) were added, in order: water to volume, 3 pil plasmid (9 ng

p'PaAA'1 in Figure 6, 9 ng each p"PaAA'1 and pa■■ K in Figure 7), and 27 pil of receptor

buffer (20 mM Tris pH 7.9 (at 4 OC), 125 mM NaCl, 1 mM EDTA, 20% glycerol, 20 mM

DTT, 250 pg/ml insulin, 1puM dexamethasone, and 2.8 mM MgCl2), containing varying

amounts of receptor. This was incubated at 30 OC for 15 min. Poly(dI-dC) (900 ng, from

a 500 ng/ul stock) was added to a separate tube. Extract (22.5 pul) was then added to the

poly(dI-dC) tube, which was then incubated at 30 OC for 2 min, at which time the extract

plus poly(dI-dC) was transferred to the tube containing DNA and receptor, and the reaction

was incubated at 30 OC for an additional 30 min. The final concentrations in the reaction

were 25 mM Tris pH7.9, 75 mM NaCl, 4.8 mM MgCl2, 0.44 mM EDTA, 12.3%

glycerol, 7.8 mM DTT, 90 pg/ml insulin, 0.36 puM dexamethasone, 500 puM each rNTP,

22.5 pil extract and 9 ng plasmid per 75 pil reaction, and the indicated amount of poly(dI

dC).

The concentration of transcription factors in the reaction may be a critical variable, as

the experiments were done just at the crossover point between template excess and factor
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excess. Titration of DNA in a 25 pil reaction mix containing 12.5 pil of the extract used for

all of the in vitro enhancement experiments, showed that at optimal concentrations of

poly(dI-dC) transcription was constant between 9 ng and 100 ng of template, suggesting

transcription factor excess. Experiments designed to detect enhancement used 75 pil

reactions containing 9 ng of template, 27.5 pil of the extract, and receptor. Thus, these

conditions may have been just on the edge of factor excess. This might explain why

enhancement was seen in some cases but not in others, since, if receptor enhances

transcription by stimulating the binding of one or more transcription factors, then in cases

where the extract was in excess no enhancement would be seen. The inhibition of

transcription seen at the highest concentration of receptor is not inconsistent with this

possibility if the inhibition reflects steric interference with the binding of transcription factor

Sp1 (see Chapter 2).

Nucleic acids were isolated after phenol/chloroform extraction and addition of 60 pig

tRNA by precipitation on dry ice after the addition of 2.5 volumes of 0.45 M ammonium

acetate dissolved in 100% ethanol, resuspended in 25 pil of distilled water, and quantitated

by primer extension.

5. Primer Extension

A synthetic oligonucleotide primer complementary to wild type tk mRNA from +82

bp to +58bp relative to the major initiation sites was labelled at the 5' end with 32p using

T4 polynucleotide kinase. The oligonucleotide was a generous gift of Robert Tjian. After

phenol/chloroform extraction and addition of tRNA carrier, labelled primer was purified by
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multiple rounds of precipitation by the addition of 2.5 volumes of 0.45 M ammonium

acetate in 100% ethanol, and was then resuspended in 6x hybridization salts (1x is 250 mM

KCl, 100 mM Tris pH8.0, 10 mM EDTA). Primer (~100 frnol in 5 pul) and RNA (25 pul)

were mixed and incubated at 629C for 1 hr, at which time hybridization was complete.

The tubes were then cooled briefly on ice, and then extension was initiated by the addition

of 70 pil of reverse transcriptase mix (10 mM MgCl2, 10 mM Tris pH7.5, 5 mM DTT, 100

plg/ml actinomycin D, 100 units/ml reverse transcriptase obtained from Life Sciences).

Extension was for 1 hr at 37 °C. Nucleic acids were precipitated by the addition of 2.5

volumes of ethanol, and subsequently analyzed on an 8% denaturing acrylamide gel.

6. Filter Binding

Plasmid pa2, which contains the EcoR1 MTV insert from pmTV2 cloned into the

Eco R1 site of pML2,311 was provided by V. Chandler. The plasmid was digested with

EcoR1 and labelled with oº'PdATP using T4 DNA polymerase. Labelled fragments (60
pM) were incubated with varying concentrations of receptor in 20 mM Tris pH 7.8 (at 25

OC), 180 mM. NaCl, 1 mM EDTA, 10% glycerol, 2 mM 3-mercaptoethanol, 100 pg/ml

insulin, and 1puM dexamethasone for 1 hr at 40C in a total volume of 250 pil. Receptor

was from the 82/3/10 batch.

Nitrocellulose filters (BA85, 27 mm; Schleicher and Schuell) were presoaked for 1 hr

in wash buffer (10 mM Hepes pH7.4, 20 mM KC1, 20 mM DTT). Reactions were filtered

at 250 pil per 1-2 min, and then allowed to dry for 1-3 min before washing. Filters were

then washed twice with 0.5 ml of wash buffer, and allowed to dry for another 90 sec.



Crafford A. Harris Appendix 1: Methods

Filter bound radioactivity was determined by Cerenkov counting. DNA was then eluted

with 300 pil elution buffer (10 mM Tris pH7.4, 20 mM NaCl, 0.1 % SDS, 0.1 mM EDTA)

for 30 min at 250C, with occasional vortexing. After addition of 10 pig yeast total RNA

carrier and NaAc to 0.3 M, nucleic acids were precipitated with ethanol, and DNA was

analyzed by electrophoresis on a 1% agarose gel followed by autoradiography.

7. Methylation Footprinting

Methylation reactions were performed essentially as described by Maxam and

Gilbert. 142

The DNA fragment used in the experiment shown in Figure 4 was a Hha I to Bam H1

fragment containing MTV sequences from -1089 bp to -106 bp relative to the MTV mRNA

start site. The fragment is from pPS1, which contains the Pst I to Sst I fragment from the

MTV LTR inserted into pBR322 via Bam H1 linkers.25 After digestion with Bam H1 and
labelling with oº'PdCTP using T4 DNA polymerase, the DNA was digested with Hha I,
and the desired fragment was purified by acrylamide gel electophoresis, electroelution, and

ethanol precipitation. DNA and receptor were incubated in 20 mM Tris pH 7.8 (at 25°C),

180 mM NaCl, 1 mM EDTA, 10% glycerol, 2 mM 3-mercaptoethanol, 100 pg/ml insulin,

and 1puM dexamethasone for one hour at 49C.

The DNA fragment used in the experiment shown in Figure 5 was a Pst I to Bam HI

fragment from pmTV5, containing sequences from +484 to +1281 relative to the Bam H1

site approximately 4.3 kbp downstream of the mRNA initiation site. After digestion of
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pMTV5 with Bam H1 and labelling with 32P using T4 polynucleotide kinase, the labelled
DNA was digested with Pst I, and the desired fragment was purified by electrophoresis on

an acrylamide gel followed by electroelution. Receptor used in the experiment shown in

Figure 5 was from the 11/24/82 batch. DNA and receptor were incubated in 20 mM Tris

pH8.0, 20% glycerol, 1 mM EDTA or 1 mM MgCl2, 55 mM NaCl, 250 pig■ ml insulin,

and 1 puM dexamethasone for 15 min at 25 °C.

After binding, dimethyl sulfate was added to the reactions to 0.5%. After 5-15 min

on ice, 300 mM NaAc pH7.0, 1.0 M mercaptoethanol (to quench the DMS), and tRNA

carrier were added, and the DNA was precipitated twice with ethanol. DNA was then

resuspended in 100 pil of 20 mM NH4Ac pH 8.0, 0.1 mM EDTA and incubated for 15 min

at 900C, Piperidine was then added to 1 M, and incubation at 900C was continued for

another 30 min. After lyophilization and resuspension in loading solution containing 80%

formamide, DNA was analyzed by electrophoresis on 10% or 12% acrylamide gels

followed by autoradiography.

8. Growth of HTC Cells.

Rat hepatoma HTC cells were grown in monolayer culture at 37 °C, and were

passaged after detachment using either PBS-TE (Dulbecco's Phosphate-Buffered Saline

plus 10 mM Tris-HCl pH7.4 and 2 mM Na2EDTA) or trypsin. In early experiments cells

were grown in DME-H16 (Dulbecco's Modified Eagle's medium with glutamine and

glucose) plus 10% calf serum supplemented with iron. In later experiments cells were

grown in medium supplemented with 10% fetal calf serum, as it had been found that some
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component of supplemented calf serum activated the glucocorticoid receptor and therefore

slightly induced MTV transcription even in the absence of added dexamethasone,64,79,196

DME, PBS, and STV were obtained from the UCSF Cell Culture Facility. Sera were

obtained from HyClone Laboratories.

9. DNA topoisomerase II

Calf thymus DNA topoisomerase II, batch P16, was a gift of Leroy Liu.

10. Transcription in Xenopus oocytes

Stage 5 or 6 Xenopus laevis oocytes were isolated and injected as previously described.222

For co-injection of receptor and DNA the two solutions were mixed on the injection slide.

Nucleic acids were isolated, and tº RNA was measured by primer extension.

11. RNAase Protections

RNAase protection assays were modifications of the methods described by Myers et

al.,303 and by Winter et al.304 Antisense probes complementary to C3H RNA were

transcribed in vitro using SP6 RNA polymerase and o-3°PrCTP. An aliquot of the probe
was examined by acrylamide gel electrophoresis, followed by autoradiography. If

contamination with smaller or larger labelled RNAs was substantial the entire probe

preparation was purified by electrophoresis and electroelution. The probe was synthesized

from plT64 cleaved with EcoRI.

Total RNA (10 pig) was precipiated with ethanol, and then resuspended in 30 pil
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hybridization buffer (80% formamide, 40 mM Pipes pH6.7, 0.4 M NaCl, 1 mM EDTA).

To this was added 0.1 to 1 pmol probe in 1 pul hybridization buffer. The mixture was

heated to 85 °C for 10 min, and then incubated overnight at 37 °C. For digestion of

unhybridized RNA and cleavage at mismatches, 40 pg/ml to 80 pg/ml RNAase A was

added in 300 pil of digestion buffer (10 mM Tris pH7.5 at 25 OC, 5 mM EDTA, 300 mM

NaCl), and the reaction was incubated at 30°C for 30 min. Digestion was stopped by the

addition of 20 pil 10% SDS, 50 pig proteinase K, and incubation at 37 °C for 15 min.

After addition of tRNA carrier and phenol/chloroform extraction, nucleic acids were

precipitated with ethanol, and then analysed by acrylamide gel electrophoresis followed by

autoradiography.

A preliminary titration showed that 40 pg/ml RNAase A provided sufficient cleavage

of mismatched hybrids of endogenous MTV GR strain RNA and C3H strain probe to

allow unobscured measurement of RNA transcribed from newly infected or transfected

C3H strain MTV genes. At 120 pg/ml RNAase A or higher, degradation of the C3H-C3H

hybrids began to be observed (Figure 12). Therefore 40 to 80 pig■ ml RNAaseA was

used for subsequent experiments.

12. Plasmids

Plasmid pLTL-1 was previously described.278 Plasmid pLT64 was constructed by

inserting a fragment from the Acc I site at ~4557 to the Sst I site at -106 into pSP64.

Plasmid pCMCO-gr/ch was constructed from plC1 174 by the following procedure:
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Figure 12

Determination of RNAase A Concentrations for Distinguishing C3H from

GR Strain MTV RNA by RNAase Protection

Total hormone-induced RNA from L1.2.2, an L cell line stably transfected with the

C3H strain based plasmid pLTL-1, or from M1.54, a line infected with GR strain MTV,

was hybridized with a radioactively labelled antisense C3H RNA probe, as described in the

text, and then digested with varying concentrations of RNAase A, as indicated. The

digested products were measured by electorphoresis on an acrylamide gel, followed by

autoradiography.
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The C3H strain MTV LTR of pDC1 was removed by digestion with Hind III, and replaced

with a Hind III-linked GR Strain MTV LTR. The GR Strain LTR was isolated as a 1.45

kbp Pst I fragment.46 To convert the Pst I fragment to a Hind III fragment, an
intermediate vector was constructed with Hind III sites flanking a Pst I site: the

"Bluescript" plasmid Eco RI to Acc I fragment containing a Hind III site was inserted into

the large Eco RI to Acc I fragment of pSP64. The Pst IGR LTR fragment was then cloned

into this intermediate vector, and excised as a Hind III fragment for the construction of

pGMCO-gr/ch.

13. Stable transfections

Cells were transfected using the calcium-phosphate coprecipitation method described

by Wigler et al. with the following modifications.249 Cells were plated at 5 x 105 cells per

100 mm dish 24 hours prior to transfection, and were re-fed with fresh medium one hour

prior to transfection. Cells were transfected with 5 pig plTL-1 and 1 pig pSV40neo

(pKOneo; D. Hanahan, personal communication) per 100 mm dish. Upon addition of the

DNA:calcium phosphate coprecipitate to the cells, 0.25 ml of 4 mM chloroquine in PBS

was added to the cells for a final concentration of 100 puM chloroquine. 129 After 4 hours,

the medium was removed by aspiration, and the cells were subjected to glycerol shock for

2 min in 2 ml of growth medium containing 20% glycerol. 164 The glycerol was then

diluted with 8 ml of PBS and this was aspirated. After a wash with another 8 ml of PBS,

cells were fed with growth medium. After 2 days, selection was applied by changing to

growth medium containing 300 pg/ml G418 (GIBCO). When large surviving colonies
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became visible colonies were picked by scraping with plastic pipet tips.

14. Retroviral infections

Cells were infected by a modification of the method previously described. 190

Concentrated strain C3H MTV from Frederick Cancer Research Center was a generous gift

of Greg Shackleford and Harold Varmus. Cells were plated at 4 x 105 per 100 mm dish on
the day prior to infection. One hour prior to infection cells were re-fed with medium plus

20 pig■ ml polybrene without serum. This was then replaced with 100 pil virus plus 2 ml

medium plus serum, and the plates were rocked every ten minutes for 2hr to prevent

drying. Additonal medium plus serum (10 ml) was then added, and 24 hr later the medium

was replaced with fresh medium plus serum. Determination of viral titer by quantitation of

viral RNA purified after addition of tRNA carrier, using known amounts of M1.54 RNA as

standards, showed that the infection procedure applied approximately 106 viral particles per

cell. Such a high multiplicity of infection was previously shown necessary for efficient

infection of these rat HTC cells.190

15. Transient transfections

Transient expression assays used calcium-phosphate transfections as described

above, but with the essential modifications described below. Initial attempts using standard

protocols were unsuccessful. M1.54 cells were particularly difficult to transfect, and CAT
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activity expressed from pGMCS was only marginally detectable above the activity of

extracts from mock-transfected cells, even when the transfected cells were induced with

hormone. Co-transfection with pKSV-Égal was essential to allow correction for varying

transfection efficiencies. Cells were plated at 6 x 105 per 60 mm dish on the day prior to
transfection, and were transfected with 10 pig p(3MCO-gr/ch and 4 pig pKSVB-gal per

dish.

Three modifications gave consistently measurable expression. First, the 2x Hepes

phosphate solution was adjusted to pH 7.00 with dilute (200 mM) NaOH after mixing the

Hepes and sodium phosphate solutions. Relative to the expression after transfection with

pH 7.00 Hepes-phosphate, use of pH 7.02 gave 50% expression, pH 7.10 gave 10%

expression, pH 6.92 gave 50% expression. Second, CAT expression from the

pGMCO/gr-ch plasmid was significantly higher than expression from pCMCS, even

though the latter plasmid contains an MSV enhancer downstream of the CAT gene. The

higher expression from the pGMC0/gr-ch plasmid is probably a result of the deletion from

the vector of pHR322 sequences that inhibit transcription in eukaryotes. 174 Third,
decreasing the concentration of 14C chloramphenicol in the CAT assay as described below

was essential to lower the background. In addition, the use of fresh CaCl2 stock solution

seemed to improve transfections.

Other modifications of the transfection protocol decreased expression. Decreasing the

chloroquine concentration to 33 plg/ml decreased expression slightly. Increasing

chloroquine to 300 pig■ ml, or eliminating choloroquine treatment, decreased expression
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about three fold. Omission of the glycerol shock decreased expression, while increasing

the glycerol to 25% had no effect. Attempts to adapt and optimize the DEAE-dextran

transfection protocol 128 resulted in high yields of CAT activity on a per cell basis, but a

lower total activity due to extensive cell killing. Transfection by electroporation,” by

lipofection,47 or by scrape-loading,146 were less successful. Transfection of cells at

various positions in the cell cycle after synchronization by thymidine block, in hopes of

facilitating nuclear incorporation of transfected DNA at the time of nuclear membrane

breakdown, was also unsuccessful. Growth of cells in the presence of 2-aminopurine,

which is thought to stimulate translation of mRNA transcribed from transfected plasmids

by inhibiting a kinase that is stimulated by double stranded RNA (as might be formed from

antisense RNA transcribed from adventitious promoters encoded in plasmid sequences) and

that locally inhibits eIF-2 activity," 12 had no effect on CAT expression.

16. Preparation of cell extracts

Cells were rinsed with TBS (150 mM NaCl, 10 mM Tris pH 7.5), and then scraped

off the plates in TBS. After centrifugation at 300 xg for 5 min, cells were resuspended in

250 mM Tris pH7.5 (150 pul), and lysed by sonication with a microtip for 5 sec. After

centrifugation for 10 min at 13,000 xg, the supernatant was transferred to a new tube and

its protein concentration was determined. An aliquot of the supernatant was used to

determine fl-galactosidase activity. Extracts were not frozen before determination of 3

galactosidase activity. The remainder of the supernatant was incubated at 659C for 10
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min to inactivate an activity that interferes with the CAT assay. This step was essential for

efficient detection of CAT activity from HTC cells. The heated extract was then centrifuged

for 10 min at 13,000 xg, and the supernatant was transferred to a new tube. After

determination of protein concentration, CAT activity was measured.

17. CAT assays and 3-galactosidase assays

CAT assays were performed essentially as described in Gorman et al,68. However,

the amount of 14C-chloramphenicol added was 0.1 pCi. Reactions proceeded overnight.

B-galactosidase assays were performed as described by An et al.3 The extent of the

reaction was determined by measurement of the absorbance at 420 nm.

CAT activities were normalized to [-galactosidase activities.
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