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ABSTRACT

Dihydrofolate reductase (DHFR) is an essential enzyme for the

biosynthesis of deoxythymidine monophosphate. The drugs aminopterin and

amethopterin (methotrexate) strongly inhibit the DHFR of both eucaryotes

and procaryotes. A number of bacterial plasmids which encode DHFRS

insensitive to these drugs have been isolated (Fleming et al., 1972;

Pattishall et al., 1977). In this study the sequence of the methotrexate

resistant DHFR gene of R-388 was analyzed; the DHFR coding sequence was

determined and the control regions of the gene identified.

The DHFR gene of R–388 was subcloned as part of a l.2 kb fragment

within the plasmid vector pHR322. This subcloned plasmid, pl/T100, was

subjected to an in vitro mutagenesis technique in which synthetic DNA

decamers encoding a restriction endonuclease recognition site were

randomly inserted into the plasmid. The sites of insertion which

resulted in loss of methotrexate resistance were mapped and found to

fall in two regions separated by 300 bp within the l.2 kb fragment.

The nucleotide sequence of the l.2 kb fragment encoding the DHFR

was determined. One of the regions essential for DHFR expression (as

determined by mutagenesis) encoded a 78 amino acid peptide with close

sequence homology to the aminopterin resistant DHFR encoded by the

plasmid R-67. The nucleotide sequence of the second region essential

for DHFR expression was interpreted as being either the promoter of the

DHFR, or a region encoding a second protein essential for aminopterin

resistance.

Analysis of plasmid-directed protein synthesis in E. coli minicells

revealed that p\{Tl|00 directed the synthesis of a peptide with a molecular
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weight of approximately lo". Mutant plasmids which had insertions in

either of the two regions essential for methotrexate resistance failed

to direct the synthesis of this protein.

A complementation experiment was conducted to determine whether the

two regions could confer methotrexate resistance when present in trans

configuration (indicating that each region encoded a diffusible product),

or whether the two regions must be present in cis configuration (indi

cating that the second region is a control region for the DHFR gene).

Only those bacteria which contained the two wild type regions in cis

configuration were methotrexate resistant. The l.2 kb fragment thus

appeared to contain a sequence encoding a 78 amino acid DHFR and its

promoter separated by a leader sequence of 300 bp.

The sequence information derived in this study has been utilized

in the development of an SW10-based eucaryotic vector. In collaboration

with Drs. Bruce Howard and Paul Berg this vector has been constructed

in such a manner that the DHFR is transcribed under the direction of

an SV40 early region promoter. The methotrexate resistant DHFR acts

as a selectable marker for this vector.
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from The Chanouns Yemannes Tale

With this chanoun I dwelt have seven yeer,

And of his science I am never the neer.

Al that I hadde, I have y–lost ther—by ;

And God wot, so hath many mo than I.

Ther I was wont to be right fresh and gay

Of clothing and of other good array,

Now may I were an hose upon myn heed;

And where my colour, was bothe fresh and reed,

Now is it wan and of a leden hewe;

Who so it useth, sore shal he rewe. . .

That slyding science hath me maad so bare,

That I have no good wher that ever I fare;

And yet I am endetted so ther—by

Of gold that I have borwed, trewely,

That whyl I live I shal it quyte never.

Let every man be war by me for ever!

What maner man that casteth him ther—to ,

If he continue, I hold his thrift y—do.

So help me god, ther—by shal he not winne,

But empte his purs, and make his wittes thinne.

And wan he , thurgh his madnes and folye,

Has lost his own good thurgh jupartye,

Than he excyteth other folk ther—to

To lese hir good as he him—self hath do.

For unto shrewes joye it is and ese

To have hir felawes in peyne and disese.

Geoffrey Chaucer l389
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INTRODUCTION

The advent of DNA cloning in E. coli has been one of the major

advances in molecular biology in this decade. Substantial quantities of

a specific DNA sequence can now be prepared following insertion of the

sequence into a plasmid or bacteriophage vector and growth of the vector

in E. coli. Many different genes from both procaryotes and eucaryotes

have been cloned in E. coli. Although virtually any eucaryotic DNA

sequence can be introduced into a bacterial cloning vehicle, in practice

the genes cloned have been limited to those for abundant RNA species

which could serve as probes for the cloned fragment.

Except for a limited number of genes from lower eucaryotes (Alton

et al., 1978; Struhl et al., 1976; Struhl & Davis, l077; Ratzkin &

Carbon, 1977), cloned eucaryotic genes are not expressed in E. coli.

The failure to express cloned eucaryotic genes may result from a failure

of E. coli RNA polymerase to recognize the eucaryotic promoter, a

failure of ribosomes to bind to the eucaryotic ribosome binding site, or

an inability to remove intervening sequences from the primary transcript.

A few polypeptide hormones (Villa-Kamaroff et al., 1978; Seeburg et

al., 1978), human globin (Wilson et al., 1979) and mouse dihydrofolate

reductase (Chang et al., 1978) have been expressed in E. coli but in

these experiments the coding sequence was supplied by cloned double

stranded complementary DNA transcribed from mature mRNA, which has no

intervening sequences. In the polypeptide hormone experiments the

hormone coding sequence was fused to the sequence coding for 3-lactamase,

so that the promoter and ribosome binding site were supplied by the

procaryotic sequence. In the mouse DHFR experiments the promoter was



supplied by a plasmid sequence and the ribosome binding site was apparently

fortuitously created by the ligation of the double stranded cDNA with

oligodC tails to the Pst I site of pDR322 with added oligodG tails. The

SVl,0 t gene coding sequence has also been expressed in E. coli after

ligating it to bacterial control regions (Roberts et al. , l979) In no

case has the gene of a higher eucaryote been expressed in E. coli under

the direction of eucaryotic control regions.

Another major advance in molecular biology will be the development

of DNA cloning in eucaryotic cells. Cloned eucaryotic genes should be

expressed in some eucaryotic cells, just as many cloned procaryotic

genes are expressed in E. coli. Because the eucaryotic cloned genes

will be expressed it should be possible to identify cells carrying a

particular cloned sequence by immunological techniques. Cells may be

screened with fluorescent or radioactive antibody to identify the pro

duction of a particular gene product. Expression of cloned eucaryotic

sequences could permit functional tests of putative control regions.

Sequence analysis of a gene and its mRNA product will identify the

limits of the protein coding sequences and indicate the potential control

sequences within contiguous regions. In vitro alteration of these

putative control regions will be followed by insertion of the DNA into a

eucaryotic cell. A change in the expression of the cloned gene following

this alteration may help define essential control regions.

An ideal eucaryotic cloning vector would have a number of charac

teristics. Most importantly, it should carry a dominant marker so that,

following transformation, cells which do not receive the vector can be

eliminated. The transformation efficiency of the vector must be great

enough to allow the generation of large numbers of transformed cells

without excessive cost or effort. It should be possible to recover the



vector from the transformed cell so that, once identified, cloned gene

sequences can be transferred to bacterial plasmids and prepared in large

quantities. The vector should be able to transform a number of cell

types so that expression of cloned segments in a variety of environments

can be studied.

Vectors for cloning DNA in Saccharomyces cerevisiae have been

developed which meet most of the requirements listed above (Hinnen et

al., 1978; Struhl et al., lg,79). The dominant marker is provided by a

gene for part of a catabolic pathway (e.g. trpl., ura 3, his 3, leu2).

After transformation of yeast cells deficient for the marker, trans

formants are selected for their ability to grow on minimal medium. The

types of yeast cells in which the vector can be identified are limited

to those lacking a functional copy of the marker gene. The yeast

vectors fall into three classes. The first class of vector has a low

frequency of transformation (l-lo colonies/ug DNA) and integrates into

the yeast genome by homologous recombination. The second class of

vector contains part of an endogenous yeast plasmid, transforms at high

efficiency (5–20,000 colonies/ug), and exists within the cell both as an

autonomously replicating plasmid and as a sequence integrated into the

yeast chromosome through homologous recombination. This class of vector

gives rise to very unstable transformants. The third class of yeast

vector carries a yeast origin of replication, transforms at reasonably

high efficiency (500–2000 colonies/ug), and behaves as a mini-chromosome

replicating within the host nucleus. This class does not integrate into

a host chromosome. An additional attribute of all of all three yeast

vector classes is that they are also bacterial vectors carrying plasmid

origins of replication and drug resistance genes. This allows transfer



of the cloned sequences back and forth between bacteria, from which

large quantities of the sequence can be isolated, and yeast , in which

gene expression can be studied.

Thymidine kinase encoded by Herpes simplex virus can be used as a

selectable marker for transformation of mammalian cells. DNA encoding

the thymidine kinase gene can transform tº cells to tk" (Maitland &

McDougall, l977; Wigler et al., 1977; Minson et al., 1978). Growth of

the cells on selective medium (HAT medium) eliminates those cells lacking

the tk gene. Approximately l–2% of the cells can be transformed; as

many as 50,000 transformants result from l ug of tº gene (Graham et

al., 1980). Cotransformation of cells with the Herpes tº gene and a

second sequence has become the basis for selecting for insertion of the

second sequence into eucaryotic cells. Cotransformation with tk gene

DNA and ØX DNA resulted in l9 of lé tk" transformants carrying ØX DNA

(Wigler et al., 1979). Cotransformation of mouse tk cells with tk DNA

and a rabbit chromosomal 3–globin gene resulted in 6 of 8 tk" trans

formants carrying the rabbit gene. The rabbit 3–globin gene was trans–

cribed in two of these transformants. The 3-globin transcript from one

of these clones was further analyzed; although the intervening sequences

had been correctly excised, the first l;5 bases at the 5' end of the

message were missing (Wold et al., 1979). Lai (1979) has performed

cotransformation of cells with the Herpes tº gene and the ovalbumin

gene. The ovalbumin gene was expressed only if cotransformation had

been performed after the two genes had been ligated into the same

molecule. After cotransformation of the ligated genes, approximately

one-third of the tk" cells synthesized ovalbumin. The requirement that
+

the ovalbumin gene be ligated to the tk for expression may reflect the



integration of both genes into a region of the chromosome which allows

expression. Although the transforming sequences remain a stable part of

the cell genome for many generations, it is apparently not required that

the sequences integrate into the host genome. When Herpes tº DNA and a

8–globin gene cloned in pRR322 were used to contransform mouse tkT

cells, the 3–globin plasmid was found to persist and replicate as a

circular molecule (Huttner et al., 1979). While linear DNA (Wigler et

al., 1979) and also circular DNA (Huttner et al., 1979), have been shown

to become part of the high molecular weight DNA in the transformed

cells, it may actually integrate into the high molecular weight carrier

DNA which then replicates within the cell.

The cotransformation of Herpes tº gene and a second defined sequence

may serve as an effective means to introduce the second sequence into a

eucaryotic cell in order to study its expression. However, with this

cotransformation method the transforming DNA cannot be readily recovered;

therefore this method would not be suitable as a means to identify gene

sequences. In addition this cotransformation selection procedure is

limited to the transformation of tº cell lines.

Simian virus H0 (SVl,0) is the basis for development of a group of

eucaryotic vectors. The SW10 genome is a small (5.2 kb), covalently

closed circular DNA which has been completely sequenced and the regions

coding for the various viral functions have been accurately located

(Reddy et al., 1978). The virus can infect the cells of a number of

different species (Tooze, l073). In permissive cells SW10 multiplies

vegetatively, resulting in extensive virus production and cell lysis.

In non-permissive cells SW10 becomes an integral part of the host

chromosomes, resulting in cell transformation. Immediately following



the transfer of SVl, O DNA into the nucleus of either permissive or non

permissive cells, and continuing throughout the life of the cell, the

early region of the virus is transcribed. This region encodes two proteins,

T antigen and t antigen, which are essential for viral replication and

cell transformation (Crawford et al., 1978; Prives et al. , l977). In

permissive cells the late region of the DNA is transcribed after viral

DNA replication has begun (Tooze, 1973). This region encodes the viral

coat proteins WPl, VP2, VP3 (Reddy et al., 1978).

The primary transcripts of the SVl;0 genes contain intervening

sequences which are removed prior to translation. In the late region

transcripts these intervening sequences are located between the non

coding leader sequence and the coding sequence (Aloni et al., 1977;

Lavi & Groner, l977). In the early region transcripts an intervening

sequence interrupts the coding sequence (Berk & Sharp, 1978). The

presence of intervening sequences in the primary transcripts has been

shown to be essential for the production of WPl (B. Howard and P. Berg,

personal communication) and may be essential for the production of all

SVl.0 proteins. When the DNA coding for the primary transcript of the

WPl gene was replaced with double stranded complementary DNA coding for

the mature mRNA (made by reverse transcription of the mRNA) the WPl gene

was transcribed at apparently normal rates but no WPl was synthesized

nor was the mature mRNA detectable in the cytoplasm. This suggests that

the removal of intervening sequences is linked to transport of the mRNA

to the cytoplasm.

Many aspects of SVl, O biology could be taken advantage of in devel

oping an SW10 based eucaryotic cloning system with ideal cloning system

attributes. Most important for vector development is that a circular



molecule (i.e. the eucaryotic vector) containing an SW10 origin of

replication, but coding for no viral proteins will undergo replication

and integration provided that helper virus is present to supply SVl;0

proteins (Kelly & Nathans, l977). If the circular molecule is within

70% to loož of the wild type virus length it will be encapsidated during

a lytic infection (Ganem et al., 1976). Encapsidated virus (or vector)

can be isolated from the culture fluid and is much more efficient in

infecting cells than is purified viral DNA.

Through the selective use of SV40 mutants nearly any mammalian cell

can be transformed (have virus integrated into its genome), thereby

permitting the study of the expression of cloned gene sequences in a

wide range of genetic backgrounds. Free virus can be recovered from

these transformed cell lines, either following cell fusion to a per

missive cell line, or by subjecting cells which had been transformed

with a temperature sensitive virus to a change in temperature (Tooze,

1973). For example, SVH0 DNA which has integrated into the host genome

during the transformation of a non-permissive cell can be recovered

following fusion of the transformed cell to a permissive cell. Viral

replication occurs in the hybrid cells and viral particles are released.

It is possible to transform permissive cells (which would normally

undergo lytic infection) by use of a virus carrying a temperature

sensitive mutation of the T antigen. If the cell is infected at the

permissive temperature then shifted to the non-permissive temperature,

the permissive cells are found to be transformed and contain integrated

SVl;0. If the transformed cells are returned to the permissive temper

ature, viral replication occurs and viral particles are produced.

The protein coding sequence of SVl,0 genes can be replaced with

other coding sequences. Provided that the leader, intervening sequences,





and polyA addition site are preserved, the new coding sequence will be

transcribed beginning at the SWHO promoter, processed and translated in

the cytoplasm (Mulligan et al., 1979; Hamer et al., 1979). Initial

experiments inserted new coding sequences into the late region trans

cript. The late region is transcribed only in permissive cells and only

briefly until the cells lyse, making the study of the expressed product

rather difficult. If the new coding sequence were inserted into the

early region, which is transcribed continuously, analysis of the protein

product would be facilitated.

If the sequence inserted into the early region coded for a selec

table marker, a very useful eucaryotic cloning vehicle could be devel

oped. Optimally the SV40-based vector would contain a hybrid early

region coding for the selectable marker and suitable endonuclease sites

for the insertion of DNA sequences. Early region gene functions necessary

for viral replication could be supplied by a helper virus, or a func

tional early region could also be part of the vector. If the hybrid

SVl;0 vector also had a bacterial plasmid origin of replication and a

bacterial drug resistance gene, it could be directly transferred between

E. coli and mammalian cells and vice versa.

One candidate for the selectable marker to be coded for by the

hybrid SVl,0 cloning vehicle is an amethopterin resistant dihydrofolate

reductase (DHFR). DHFR is an esential enzyme in DNA synthesis; it

catalyzes the reactions
+ +

folate + NADPH + H → dihydrofolate (FH,) + NADP and2
+ +

FHe + NADPH + H > tetrahydrofolate (FH,) + NADP .

The FH, then serves as a carbon carrier in the conversion of duMP to

dTMP Via the reactions



FH, + Serine *methyleneFH, + glycine

N”methyleneFH, + duMP → FHA + dTMP.2

FH2 is an end product of the reaction and is once again reduced by DHFR.

The folic acid analogs aminopterin (l, amino l; deoxyfolate) and amethopterin

(li amino lo methyl li deoxyfolate, or methotrexate) bind tightly to the

active site of both bacterial DHFR's. These drugs are very effective

inhibitors of cell growth, and have been used clinically to halt the

growth of certain types of cancer. The bacterial enzyme is also inhi

bited by the drug trimethoprim [2, li-diamino 5 (3', l',5' trimethoxybenzyl)-

pyrimidine); the mammalian enzyme is relatively insensitive to this drug.

Plasmids which confer resistance to methotrexate and trimethoprim

have been found in E. coli and Klebsiella aerogenes (Fleming et al.,

l972). Although most drug resistance plasmids code for a product which

either inactivates the drug or prevents permeation of the drug into the

bacteria (Benveniste & Davies, 1973), the methotrexate resistance gene

product is unusual in that the target site rather than the antibacterial

agent is modified (Amyes & Smith, 1976; Pattishall et al., 1977). The

R—plasmids conferring methotrexate resistance encode a DHFR which is

insensitive to methotrexate. The methotrexate resistant DHFR's fall

into two groups (Pattishall et al., 1977). The first group, known as

type I DHFR's, is several thousand fold more resistant to both metho

trexate and trimethoprim than is the bacterial chromosomal enzyme. The

second group, known as type II DHFR's, is completely insensitive to

methotrexate and trimethoprim.

The plasmid R-388 encodes a type II DHFR. This plasmid has a
7

molecular weight of 2. lxl0' and codes for sulfa resistance as well as

trimethoprim resistance (Datta & Hedges, l972). (Sulfa and trimethoprim
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are frequently combined in treating infections. Sulfa drugs inhibit the

synthesis of folic acid.)

The DHFR encoded by R-338 has a reported molecular weight of 36,000

(Amyes & Smith, l076; Smith et al., 1979), about twice the molecular

weight of either the mammalian or bacterial chromosomal enzymes. During

the course of our study Smith et al. (1979) reported that the type II

DHFR encoded by R67 is a tetramer with identical subunits of molecular

weight 8500; presumably this is also true of the R–388 enzyme. Some of

the physical characteristics of the R–388 DHFR are given in Table I;

values from mammalian and bacterial DHFRs are given for comparison. The

type II DHFR has a turnover number for the reduction of dihydrofolate to

tetrahydrofolate lo to l;0 times lower than that of other DHFRs. The

rate at which the type II enzyme can reduce folate is similar to the

rate of the bacterial chromosomal enzyme (M. Fling, personal communi

cation); both bacterial enzymes reduce folate at only about l/100 the

rate of the mammalian enzyme.

The intent of this project was to identify and sequence the region

of pf'E373 which codes for a type II methotrexate resistant DHFR. In

collaboration with Bruce Howard and Paul Berg, the coding sequence will

then be inserted into an SW10 early region sequence in such a manner

that transcription and translation of the DHFR sequence can be anti

cipated. We expect eucaryotic cells transformed with this sequence to

exhibit a high degree of methotrexate resistance.
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TABLEI:
Properties
of
DihydrofolateReductasefromWariousSources SourceMol.WitpHOptimumTurnOverNumberKm(ºlo")Reference

×10−3(FH2)FH2F
NADPH

R–388(typeII)8.l;6.035H.l6.l.Smithetal.1979 R–67(typeII)8.26.08.3Thisthesis;

Amyes
&
Smith,1976

R—l,83(typeI)l87.05.6lT.3
Fling
&
Elwell,l980

Pattishall
etal.,1977

Tl,29l,350Erikson
&

Mathews,l07l E.colill:28lT.57.6650.5Poeetal.,1978 S.
faecalis
2O5.89005.87.7l.H

Blakely,l069 Ll210A/IW205.9;ll.90Blakely,l969 lymphoma7.6 EhrlichAscites20■ .330l.37.l;5.6Blakely,1969 Chickenliver2ll.01200.2l.8Blakely,1969

7.
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METHODS

L-broth was made by the addition of 0.5% glucose to the LB medium

described by Miller (1972).

Supplemented M9 contained, in addition to the M9 salts described by

Miller (1972), 0.11% glucose, 0.1mM CaCl2, lmM MgSO), , l ug/ml Vitamin Bl,

and loo ug/ml of any amino acid required by the strain of bacteria being

grOWn.

Mueller-Hinton medium was purchased from Difco and prepared according

to the manufacturers instructions.

Media in which E. coli X1776 was to be grown were additionally

supplemented with loo ug/ml diaminopimelic acid, l;0 ug/ml thymine, 75

ug/ml naladixic acid, and l ug/ml biotin (Curtis, personal communication).

Ampicillin was used at a final concentration of 50 ug/ml; kanamycin

at lo ug/ml; trimethoprim at 250 ug/ml.

Bacterial Strains and Plasmids

The bacterial strains utilized in this study were all derivatives

of E. coli Kl2. The strain employed in the majority of the experiments

was RR1. The phenotype of RRI is F pro leu thi lacy strº r m Endor"
reca" (Bolivar et al., 1977). X1776, employed in the minicell experiments,

is FT ton A53 dappº minAi supº.2 A*0■ gal-uvrB] lambda minºe nal A25

thy A57 metC65 A29 bioH-asd] cycB2 cycAl hadR2 (Curtis, personal communi
— -F + + + -cation) employed MV12, which is r" m reca and 291, which is rºm recA

(F. Heffron, personal communication).

The plasmids employed in this study are listed in Table II, together

With a summary of their origin and genetic properties.
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TABLEII:AListof
PlasmidsUsedinthisThesis PlasmidKilobasePairsPhenotypeCommentsReference

rr-

pHR322
l.36lApºTc

Bolivar
etal.,

lg77

pFE3736.3ApºTp.”2kb
fragmentcontainingDHFRgeneofFling
&

Elwell,

R–388inBamhIsiteofpHR322l980

pACYCLT73.7ApºKm.”P-15AwithApºandKmgenesadded;Changetal.

compatiblewithpPR322lg78

pMTLOO
3.l;6lApºTp.”pHE373with750bpRl

fragmentand

2250bpPvullfragmentdeleted

pMT105
3.l;Ap”pMT100withBamhIlinkerinserted701bp

-r

fromEcoRIinTpgene

pMTl2]3.H
Ap”pMT100withBamhIlinkerinserted336bp

fromEcoRI

pMT13||
3.l;Ap”pMT100withBamhIlinkerinsert311bp

fromECORI

pMTllil
3.li.ApfpMT100withBamhIlinkerinserted676bp

fromECORI

pHYBll,lli.lAp’Km’ll,26bpBamHItoPstIfragment
ofpVTllil

ligatedto2.7kbBamHItoPstIfragment
of
pACYCl77.ContainingpACYClT7origin; compatiblewithpPR322andallpl/Tseries plasmids
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Transformation of Bacteria

The procedure used for bacterial transformation is based on that of

Cohen et al (1972). The cells were grown in L-broth to an optical

density of approximately 0.6 at 590 nm. The cells were quickly chilled

to 0-11° and all subsequent steps performed at that temperature, except

as noted. The cells were collected by centrifugation at 7000 rpm in a

Sorvall SS3, rotor. The cell pellets were washed with 0.5X (culture

volume) of 0. OlM NaCl, centrifuged again as above, and resuspended in

0.5X (culture volume) of 0.03M CaCl After 20 min at 0–lºC the cells2 ”

were collected by centrifugation for 5 min at lo,000 rpm in an SS3||

rotor, and resuspended in approximately 0.015X(culture volume) of 0.03M

CaCl2. At this point the cells could be frozen at –70°C for storage,

after addition of lº■ glycerol. For transformation, 200 ul of the cell

suspension was combined with Kl ug of plasmid DNA in l90 ul 0.03M CaCl2.
Incubation for 60 min at 0°C was followed by a heat pulse of l.2°C for 2

min. The transformation mixture was then diluted with 2 ml L-broth,

incubated for H5 min at 37°C with vigorous aeration, and plated on

selective plates.

The transformation procedure employed for E. coli X1776 was modified

slightly from that above. A solution of 75ml■ CaCl2, 5mM Tris, 5mm

MgCl2, pH 7.5 replaced the 30mM CaCl solution in all steps.

Large Scale Isolation of Plasmid DNA

For the preparation of plasmid DNA cells were grown in L-broth to

an OD of approximately 0.5, at which time chloramphenicol (Sigma) was590

added to a final concentration of 250 ug/ml to amplify the plasmid DNA

(Clewell, 1972). Cultures were harvested l3 to 18 hr after chloram—

phenicol addition by centrifugation for lo min at 5000g. The cell

pellets were washed with TE (10mM Tris–Cl, lm'■ EDTA, pH 8) and then
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frozen. The method used to prepare plasmid DNA from the frozen cells is

derived from that described by Kupersztock and Helinski (1973). The

volumes cited below are suitable for plasmid DNA isolation from 0.5

liters to 2 liters of culture. The frozen cells were resuspended in lo

ml 25% sucrose, 50mM Tris–Cl pH 8 at l; "C. Two ml of lysozyme at 5 mg/ml

and li ml of 0.25M EDTA were added. The cell suspension was incubated

for lo to lº min at h9C. Sixteen ml of Triton lytic mix (0.1% Triton X

loo, 62mm EDTA, 50mM Tris pH 8) was added with gentle agitation to avoid

excess shearing of the chromosomal DNA and the incubation continued for

15 to 20 min at l”C. The lysate was then subjected to centrifugation at

30,000g for 30 min. The supernatant (cleared lysate) was removed,

extracted once with l volume of phenol:CHCl2 (l:l), and once with l3

volume of CHCl2, then precipitated with 0.l volume of l. 5M NaCl and 2.53 *

volumes of ethanol at −20°C.

Plasmid DNA was purified away from residual bacterial chromosomal

DNA by equilibrium sedimentation in CsCl—propidium diiodide (pdi)

gradients (Smith et al., 197l). The plasmid DNA preparation was dis

solved in 3 ml TE, to which 8.5g CsCl and 0.6 ml pdi at 2 mg/ml was

added. The DNA solution was subjected to centrifugation at 36,000 rpm

in a Beckman 50Ti rotor for l;0–118 hr at l8°C. The gradient was illum

inated with a UV lamp; the lower band containing the plasmid DNA was

withdrawn from the gradient through a 25 gauge needle inserted into the

centrifuge tube. The pdi was removed from the plasmid DNA by repeated

extraction with CsCl-saturated, H20-saturated, isopropanol. The plasmid

DNA solution was then dialyzed against TE to remove CsCl .

In order to remove contaminating RNA, the plasmid DNA was chroma—

tographed on a l cm x 20 cm Biogel A50 (Bio-Rad) column in NET (100mM

NaCl, l.0mM EDTA, 10mM Tris pH 8). The plasmid DNA was recovered in the
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excluded volume, ethanol precipitated, and redissolved in TE to a final

concentration of O. l—l.0 mg/ml.

Analytical Preparation of DNA-Miniscreens

To quickly prepare plasmid DNA from a large number of transformants

for analysis by restriction endonuclease digestion, a modification of a

procedure developed by Meagher et al. (1977) was utilized. Overnight

cultures were grown in 2–10 ml of L-broth. The subsequent steps were

performed in l. 5 ml polypropylene tubes; centrifugations were performed

at l” in a Brinkman microfuge. The cells were collected by a l min

centrifugation and the cell pellets were frozen. The frozen cells were

resuspended in 0.25 ml 25% sucrose, 50mM Tris pH 8 at l; *C. Thirty ul of

lysozyme at 5 mg/ml and loo ul of 0.25M EDTA were added, mixed briefly,

and allowed to incubate for lº min at l; *C. Five ul of RNAse A (boiled)

at lo mg/ml and 0.2 ml of Triton lytic mix was then added, mixed gently

and incubation at H^C continued for another lº min or until the solution

cleared. The cell lysate was then subjected to centrifugation for 20

min. The pellet of chromosomal DNA and cell debris was removed with a

Pasteur pipette. The cleared lysate was extracted with one volume of

(l:l), then with one volume CHCl2. The extracted lysate3 3

was precipitated with 0. l volume of l. 5M NaCl and 2.5 volumes of ethanol

phenol:CHCl

at -20°C. The precipitate was collected by a 5 min centrifugation and

redissolved in 200 ul TE. The plasmid DNA was then reprecipitated

following addition of 0.05 volume of a solution of 2.5M lithium acetate

and 0.5M magnesium acetate, and 3 volumes of ethanol at −70°C. This

second precipitation removed residual EDTA which could otherwise inter

fere with restriction digests. The precipitate was collected by centri–

fugation and dissolved in 50 ul of TE. In general 5–10 ul of the plasmid

DNA solution was sufficient for analysis by restriction endonuclease
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digestion followed by gel electrophoresis.

Analytical Preparation of DNA-Microscreens

For very rapid preparation of supercoiled plasmid DNA in amounts

sufficient for analysis by agarose gel electrophoresis the microscreen

method was used (G. Bell, unpublished). A large colony was picked from

an agar plate and suspended in 20 ul loml■ Tris, lºmlº■ EDTA pH 8. The

cell suspension was frozen and thawed twice. Two pil of a l;l mixture of

5 mg/ml lysozyme and lo mg/ml RNAse A (boiled) were then added and the

cell suspension incubated for 30 min at 0°C. Ten ul of a solution of

30% glycerol, 0.15% SDS and 0.3% bromphenol blue were then added and the

solution vortexed very vigorously to shear the chromosomal DNA. The DNA

solution was then loaded onto an analytical agarose gel, and subjected

to electrophoresis.

Restriction Endonuclease Digestions

A variety of restriction endonucleases were used in this study.

Digestion conditions followed the recommendation of the supplier of the

enzyme. Reactions were stopped by heat inactivation at 65°C or by addition

Of EDTA.

DNA Ligation

In vitro recombination of plasmid DNA was accomplished by restric

tion endonuclease digestion followed by ligation of the fragments with

Th DNA ligase (New England Biolabs or a gift from Dr. H. Heyneker). The

reaction buffer was 25mm Tris pH 7.7, 10mM MgCl2, lim!M dithiothreitol,

lmM ATP (Sgaramarella, l972). The ratio of enzyme/DNA varied according

to the size of the DNA fragments (staying constant relative to the

number of fragments) but in general about l ug of DNA fragments approxi

mately l—l O kb in length was ligated by l unit of enzyme in a 20 ul

reaction for l to 3 hr at lj°C. This ligation mix could then be added
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directly to CaCl2 treated cells for cell transformation.

In Vitro Mutagenesis

The in vitro mutagenesis of pl"Tl)0 followed the method of Heffron

et al. (1978). pl{Tl|00 DNI (500 ug/ml) was digested with DNAse (l pg/ml)

in 20mM Tris pH 7.5, l. 5m!M Mncle, lCO ug/ml. BSA for l hr at 37°C. These

conditions generated approximately 0.25 double strand break per molecule

(Fig. 3). The DNA was extracted with l volume of phenol:CHCl3 (l:l) and

then with l volume CHCl3: In order to remove small DNA fragments the

DNA was chromatographed on a lx20 cm BioGel A50 column in NET; the

excluded volume was precipitated with .l volume of l. 5M NaOAc and 2.5

volumes of ethanol.

The plasmid DNA was radiolabeled and made blunt ended with Tl

polymerase following reaction conditions suggested by P. O'Farrell. The

DNA recovered from the A50 column was resuspended in 100 ul 67mm KOAC ,

33m/M Tris OAc, l0mM MgOAc, 0.5mM dithiothreitol, l00 ug/ml. BSA (pH 7.8).

The solution was incubated at 37°C and 20 units of Tl, polymerase was

added. After l min, 50 ul of additional reaction buffer at 37°C con–

taining 0.5m M dATP, dGTP, TTP, and *HaCTP (0.8 uCi/ug) was added and the

reaction continued for 20 min. The polymerization reaction was stopped

by addition of EDTI to 20mM and SDS to 0.1%. The reaction mix was

chromatographed on a Biogel A50 column in NET.

In order to monitor the ligation of decamers containing BamhI

endonuclease recognition sites (BamHI-linkers) to the blunt-ended

plasmid DNA, the BamHI-linkers [0.03 A unit ) were end-labeled with
32

260
2

P by Tli kinase (l, units) in the presence of 15 pmol of (x- P)ATP in a

total volume of liO ul for 5 min at 37°C. The reaction was completed by

addition of unlabeled ATP to lmM with further incubation at 37°C for 30
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min. The suitability of the kinased linkers for blunt-end ligation was

tested: 5 ul of the linkers were ligated with Tl ligase under the

reaction conditions described above (see DNA ligation). The reaction

mix was subjected to electrophoresis on a 7% acrylamide gel. The linker

preparation was judged to be satisfactory if an autoradiograph revealed

that the majority of the linkers had been ligated into multimeric forms.

Kinased BamHI linkers (0.0l *260 unit) were ligated to approximately

6 ug of the blunt-ended plasmid with Tl| ligase in 25 ul of reaction

buffer for 3 hr at ljºc. The ligation was heat inactivated at 68°K for

lC min and the DNA digested with 25 units of Bamfil in l90 ul of 60mM

NaCl, 6.6mm MgCl2, 6.6m!M Tris–Cl pH 7.5, 6m'■ 3-mercaptoethanol, for 3 hr

at 37°C. The DNA was extracted with l volume of phenol:CHCl (l:l) and3

ethanol precipitated. The DNA was resuspended in 50 ul of TE, glycerol

added to 10%, and the linear DNA was purified by electrophoresis on a 7%

acrylamide gel (Fig. 1). The linear DNA was identified by staining with

ethidium bromide, excised and recovered by electroelution.

The purified linear DNA was recircularized by TH DNA ligase under

reaction conditions described above (see DNA Ligation).

Transformation of bacteria with the recircularized pl/T100 plasmid

containing BamHI liners was performed as described above (see Trans

formation of Bacteria).

Sequencing

All sequence determinations in this thesis were performed following

the method of Maxam & Gilbert (1980).

Analysis of Plasmid-Directed Protein Synthesis in E. coli Minicells

Minicells were prepared following the method of Hallewell & Emtage

(1980). Aliquots of CaCl2 treated E. coli X1776 were transformed with

the plasmids pHR322, pl{T100, pl{Tl2] , and pl{Tllil. One hundred and fifty
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milliliter cultures were inoculated with 0.1 ml of stationary cultures

of X1776 harboring each plasmid and grown for 21, hr at 37°C with very

vigorous aeration. Subsequent steps were performed at l; *C, except as

noted. Most whole cells were removed by centrifugation of the culture

fluid at 2.5K rpm in a Sorvall GSA rotor for lo min. Minicells were

collected from the culture medium by centrifugation at lz,000 rpm in a

Sorvall SS3]; rotor for lo min. The minicell pellet was resuspended in 5

ml BSG (20mM Tris pH 7.5, ljomM NaCl, 0.h mg/ml gelatin), transferred to

a sterile plastic tube and subjected to centrifugation at l2,000 rpm for

10 min in an HBll rotor. The minicells were resuspended in 0.5 ml BSG

and layered over a 5–20% sucrose gradient (in BSG buffer + lmM EDTA) in

a 30 ml corex tube. The gradient was subjected to centrifugation at 9000

rpm in a Sorvall HBl, rotor for 8 min. The diffuse minicell band was

removed with a Pasteur pipette, and the minicells collected by centri

fugation at l”,000 rpm for 5 min in a sterile plastic tube. The mini

cell pellet was resuspended, banded and collected twice more as described

above, except that the gradients were formed in l9 ml Corex tubes. The

purified minicells were washed with 5 ml BSG; 0.2 ml of the suspension

was plated to check for contamination by whole cells. The minicells

were collected by centrifugation and resuspended in l ml M9 medium,

which had been supplemented for growth of X1776, but without methionine.

The cells were incubated in the medium at 37°C for 30 min with vigorous

aeration. Seventy-five uCi of *s-methionine (1000 Ci/mmol) and 75 uCi

Of *s-cysteine (500 Ci/mmol) were added to each culture and incubation

continued for 30 min at 37°C. The minicells were collected by centri

fugation for 5 min in a Brinkman microfuge, washed once with ice cold M9

salts, and dissolved in 10 ul Laemmli sample buffer (see following

section) and boiled for l min. Five to 20 ul of each minicell sample
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was subjected to electrophoresis on a discontinuous SDS polyacrylamide

gel (see following section).

SDS Polyacrylamide Gel Electrophoresis for Separation of Proteins

Minicell proteins were analyzed following electrophoresis on discon

tinuous polyacrylamide slab gels (l3xl3x.075 cm) under the conditions

described by Laemmli (1970). The running gel was lº■■ acrylamide, 0.1%

bis-acrylamide, 0.275M Tris–Cl pH 8.8, 0.1% SDS, 0.03% ammonium persul

fate and 0.033% TEMED. The stacking gel was H. H.; acrylamide, 0.125 bis

acrylamide, 0.125M Tris–Cl, pH 6.8, 0.1% SDS, 0.03% ammonium persulfate

and 0.1% TEMED. The electrode buffer was 0.25M Tris base, 0.192M

glycine, 0.1% SDS, pH 3.3. Laemmli sample buffer was 62m'■ Tris pH 6.8,

2.3% SDS, 5% 8-mercaptoethanol, l0% glycerol. Gels were electrophoresed

at l'7.5mA for 2.5 hr. The SDS was removed from the gel by soaking in

lož TCA, 50% isopropanol for 20 min. Staining in 0.2% Coomassie blue in

lož TCA, 25% isopropanol was followed by destaining in 10% acetic acid.

The destained gel was dried onto a piece of Whatman 3MM paper. Auto

radiographs were prepared by exposing the dried gel to Kodak No-Screen

X-ray film.

Gel Electrophoresis of DNA

Agarose Gels. Slab gels (13×13x0.15 cm) containing 1% agarose

(Seakem) in TBE buffer (100mM Trizma base, l00mM boric acid, 2mM EDTA)

were used for the analytical separation of DNA fragments of 0.5–10 kb

following restriction endonuclease digestions. Elect 'ophoresis was

usually performed at loo volts for 3 hr or at lower voltage for propor

tionally longer times. The electrophoretic process was generally moni

tored by the migration of bromphenol blue tracking dye added to the DNA

Samples.
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Polyacrylamide Gels. Slab polyacrylamide gels (l3xl3x0.15 cm) in

TBE buffer were employed for a number of different purposes; the con–

centration of acrylamide and the acrylamide to bis-acrylamide ratio was

varied accordingly. For preparative separation of DNA fragments longer

than 200 bp and routine analytical analysis of fragments of 100 to 1000

bp, 5% acrylamide, 0.125% bis-acrylamide gels were employed. For

preparative separation of DNA fragments less than 300 bp in length 5%

acrylamide, 0.25% bis-acrylamide gels were employed. For separation of

linear plasmid from circular forms, 7% acrylamide, 0.175% bis-acrylamide

gels were employed.

Electroelution. To recover DNA from polyacrylamide, the gel piece

containing the DNA was placed in a Pasteur pipette with a short , fire

polished tip above a 3.5% acrylamide, 0.175% bis-acrylamide plug about

l. 5 cm high. A dialysis bag was attached to the lower end of the

pipette and the electroelution was performed in TBE buffer at loo volts

for 2 to 20 hr depending on the length of the DNA fragment. Six hours

of electroelution was sufficient to recover a fragment of 500 bp. Three

ethanol precipitations of the DNA were sufficient to remove all traces

Of the TBE Salts from the electroeluted DNA.

Photography of DNA Fragments in Gels

DNA was visualized by staining the gel (either agarose or acrylamide)

in l ug/ml ethidium bromide for about lo min. Following a brief de

staining in H20, gels were photographed over an ultraviolet light of

wavelength 25l nm, using a yellow filter (Kodak no. 9 Wratten gelatin

filter) and Polaroid film (type 55).
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RESULTS

Subcloning of DNA Fragments Containing the DHFR Gene

The long term goal of this project was to obtain expression of

a methotrexate resistant type II bacterial DHFR in a eucaryotic cell,

after fusion of the gene to an SVl,0 promoter. Before this goal could be

achieved, information about its DNA sequence was needed; in particular,

the exact location of the start and end of translation was required.

The type II DHFR had been reported to have a molecular weight of 36,000

(Pattishall et al., 1977); therefore the gene was expected to be about l

kb. The plasmid R-388 encodes a type II DHFR. A 2 kb BamhI fragment

containing the DHFR gene of R–388 has been subcloned in pHR322, this

plasmid is designated pK'E373. An initial restriction map of pf'E373 was

constructed and extraneous DNA was removed through subcloning of smaller

Toº DNA fragments as described below.

The twelve restriction endonucleases chosen for the initial mapping

are all commercially available and recognize hexameric sequences. DNA

cut with the majority of these enzymes can be cloned in pHR322 (Table

III). Only four of these enzymes (Aval, EcoRI, Pst I and PvulT) cleaved

the TP* BamhI fragment. The location of these cleavage sites was mapped

by performing mixed digestions of pH'E373 with either BamhI or HindIII

and each of the four endonucleases. Figure lA shows the initial restric

tion map of pH'E373.

Three subcloning experiments were performed based on the initial

restriction map. In the first experiment, the region of pK'E373 from the

Pst I site of pHR322 to the Pst I site of the Toº fragment was removed by

Pstl digestion followed by ligation. After transformation of E. coli

RRl with the ligated DNA, cells were plated on Tmp. The plasmid DNA
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TABLE III: Restriction Endonucleases Employed in Mapping pHE373

Restriction Recognition Site in pHR322 Site in pRE373
Endonuclease Site (bp from EcoRI site) (bp from EcoRI site

of pHR322 sequence)

ECORI GAATTC O (l, 359) 750
HindIII AAGCTT 29

--

BamhI GGATCC 375
--

Sall■ GTCGAC 650
--

Aval CPyCGPuG ll;2|| l200, l800
Ball■ TGGCCA ll, l;5

--

PVuT CGATCG 3733
--

PVul■ I CAGCTG 2O67 l850
MSt I TGCGCA 3589

--

PSt, I CTGCAG 36ll l,50
Bgll I AGATCT

-- --

XhoI CTCGAG
-- --
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FIGURE l. Maps of four plasmids showing cleavage sites for the restriction

endonucleases employed (see Table III). (A), pFE373; (B), pFE373APst I;

(C), pFE373AEcoRI; (D), pFE373AEcoRIAPvull, designated pl/T100.
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from the Tp” transformants had a single Pst I site and was l.2 kb smaller

than pRE373. This plasmid was designated pKE373APst. The second sub

cloning experiment was identical to the first, except that the region

between vector and Toº EcoRI sites was deleted. The resulting plasmid,

pFE373AEcoRI, also carried Tp”. In the third experiment, pFE373 was

digested with EcoRI and Pvull. Upon ligation and transformation, the

Ap” transformants contained either the entire pr’E373 or pHE373 lacking a

750 bp EcoRI fragment and a 2250 bp PvulT fragment. Because the

pf'E373AEcoRI-APvull was formed by a two fragment ligation, whereas

reformation of pK'E373 required ligation of four fragments, most of the

Ap” transformants were expected to be pH'E373AEcoRIAPvull. The structure

of l2 transformants were examined; all were found to be pK'E373AEcoRIAPvull.

Transformants carrying this plasmid are Tp”; therefore the DHFR gene

must be located within the l?00 bp EcoRI-Pvull fragment. Figure lB–D

shows restriction maps of all three subcloned plasmids.

pK'E373AEcoRIAPvull, henceforth designated pl/T100, was chosen for

further investigations of the Tp.” gene.

Mutagenesis of the DHFR Gene

A map of the regions essential for the expression of the Toº gene

carried by pl/T100 was constructed by an in vitro mutagenesis technique.

In this technique developed by Heffron et al. (1978), the plasmid is

first made linear with DNAse I in the presence of Ma”, then made blunt

ended with Tl DNA polymerase. Commercial restriction endonuclease site

oligonucleotides are then added to each end with Th DNA ligase. After

digestion with the cognate restriction endonuclesae to generate comple

mentary ends the plasmid is recircularized. Transformation of bacterial

cells with the mutagenized plasmid gives a population of cells carrying

insertions in all non-essential plasmid genes. One can identify insertions
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in a plasmid coded drug resistance gene simply by selecting for sensi

tivity to the drug. The method is reviewed diagrammatically in Figure

2.

This mutagenesis technique is useful in at least three ways.

First , it allows quick delineation of a gene by simply mapping the

location of the new restriction site in a number of mutants. Second,

the method provides a shortcut in DNA sequencing by providing a large

number of restriction endonuclease sites within the region of interest.

Third, should one want to fuse the gene under study to a new promoter,

inserted restriction sites near the 5' end of the coding sequence can

facilitate the fusion. The technique was therefore applied to the study

of the type II DHFR gene.

Ideally, the duration of the DNAse I reaction conditions were

chosen so that the average pl/T100 plasmid had less than one break. If a

large part of the population were to contain two or more breaks, sub

sequent steps would primarily result in the isolation of mutants carrying

large deletions. A time course of DNAse I digestion is shown in Figure

3. At 60 min about 25% of the DNA appeared to be linear, without much

of the DNA being cut more often. Of course, in a random process, if 25%

of the DNA is cut once one can expect about 6% of the DNA to be cut

twice. The presence of twice-cut fragments would not be discernible on

a gel because of their wide size range and can be assessed only by a

reduction in intensity of the linear band. In order to generate a large

amount of linear plasmid, l00 ug of pVT100 were digested with DNAse

I for one hour under these same conditions.

After DNase digestion it is important to separate the plasmid from

small DNA fragments which may have been generated and which would inter
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FIGURE 2 . Diagram of the construction of mutant plasmids containing new

BamhI sites. Enzymatic conditions are given in Methods, rationale in

Results.
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FIGURE 3. Effect of increasing time on DNAsel digestion of pVT100.

pMT100 at a concentration of 500 ug/ml was digested with l pg/ml of

DNAse I in the presence of l. 5m.M Mn”. At each time indicated a 2 ul

sample of the reaction mix was removed and added to lo ul 5m.M EDTA.

These samples were subsequently subjected to electrophoresis on a l%

agarose gel in TBE buffer as described in Methods.
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fere with subsequent enzymatic reactions. For this reason, the DNA was

passed over a Bio-Gel A50 column and the void volume fractions were

retained for subsequent steps.

The linear plasmid molecules were next made blunt ended with Tl, DNA

polymerase. In the presence of the four decrynucleotide triphosphates

(dNTPs) this enzyme adds nncleotides to the recessed 3' end of a molecule.

In the absence of the dNTPs it functions as a 3' to 5' exonuclease.

Brief exonuclease treatment of the linear plasmid to resect a few

nucleotides from the 3' ends followed by a polymerization reaction with

radiolabeled dMTPs as substrate, renders the molecule both blunt ended

and radiolabeled. In this experiment the polymerization step included

*H-dcTP with a specific activity of 0.8 uCi/ug. 1x10° dpm of 3H Were

incorporated into approximately 25 ug of linear pl/Tl00, equivalent to an

average of lº nucleotides added to each end. Note that if the DNAse

I digestion had left 3' extensions this procedure would be expected to

delete them, whereas 5' extensions would be conserved leading to small

duplications.

Before ligation to the linear blunt end p!MT100, oligonucleotides

encoding a BamHI restriction endonuclease site (BamHI linkers) were

radiolabeled with Th DNA kinase and y-ººp-ATP, and their suitability for

blunt end ligation tested. A small aliquot of the *P-BamhI linkers was

ligated with Tll ligase and the reaction mix subjected to electrophoresis

on a 7% acrylamide TBE gel. The linker preparation was judged to be

satisfactory, since an autoradiograph of the gel revealed that the

majority of the linkers had been ligated into multimeric forms.

Radiolabeled linkers were ligated to approximately 6 ug (250,000

dpm 3H) of the blunt ended plasmid DNA. The ligation mix was then
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diluted 6X into BamhI digestion buffer and digested with an excess of

BamHI. After ethanol precipitation the DNA was subjected to electro

phoresis on a 7% acrylamide TBE gel. Figure li is a photograph of this

gel after staining with ethidium bromide. The standards are plT100 and

pMT100 cut with Pvull. The region of the gel containing the linear DNA

was excised and the DNA electroeluted. The DNA was then extracted with

phenol/CHCl2 (l:l) and precipitated with ethanol. 25,000 dpm of *H were3

present in the electroeluted DNA equivalent to lož of the starting

material. The presence of approximately looD dpm of 32p in the eluted

DNA confirmed the addition of linkers.

In the original mutagenesis method (Heffron et al., 1978) E. coli

ligase was used in the recircularization step because it does not

catalyze blunt end ligation. This enzyme, however, often fails to

ligate control DNA samples with cohesive ends, and was therefore replaced

by TH DNA ligase. About 0.25 ug of the BamhI digested plT100 containing

BamHI linkers was self-ligated using Th DNA ligase. E. coli RRl was

transformed with the self-ligated plasmid. E. coli RRl was also trans–

formed with an equal amount of unligated electroeluted DNA to check the

level of contamination with uncut pl/T100. l;0 Ap” Colonies were obtained

from the transformation with the ligation reaction, a threefold increase

over the number found with the unligated DNA. Twenty-four of the Ap”

transformants were Tp”. Plasmid DNA was prepared from 22 of these Toº

transformants and checked for the presence of BamhI sites. Fourteen of

these appeared to be unit length and had a single BamhI site , two had no

BamHI site and six had visible deletions. Subsequently an additional

l. 25 pig of the electroeluted DNA was ligated and used to transform E.

coli RRl generating another l;0 Tp.” mutants. Twenty-four of these Toº
- - - - - Stransformants were analyzed in the same manner as the initial Tp
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FIGURE l; . Preparative separation of linear pl/T100 from supercoiled and

open circular forms of the plasmid on a 7% polyacrylamide gel, after

DNAse I digestion, linker ligation, and BamHI digestion. Slot l, 25 ug

of pVT100 after DNAse I digestion, and addition of BamhI linkers; slot

2, l ug of pVT100 digested with Pvull; slot 3, l ug of uncut pl/T100.

The band in slot l corresponding to linear pl/Tl.00 was excised and

electroeluted as described in Methods
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transformants. Seventeen of these appeared to be unit length and had a

single BamhI site.

The location of each inserted BamhI linker relative to the EcoRI

site was determined by digestion of unit length, insertion mutant DNA

preparations with both BamHI and EcoRI, followed by electrophoresis on a

7% acrylamide TBE gel. A standard molecular weight curve was generated

from the migration of endonuclease Hael II digested ŽKl7l DNA fragments.

The positions of 31 of the insertions are shown in Figure 5. These

mutations appeared to be in two limited regions; region I at l”5 to 330

nucleotides from the EcoRI site and region II at 650 to 750 nucleotides

from the EcoRI site. Subsequent experiments were designed to determine

the significance of this observation.

Sequencing of the DHFR Gene and Environs

In vitro mutagenesis by insertion of BamhI linkers generated a map

of the regions essential for the Toº gene carried by pl{Tl|00. This map

indicated that only a small part of the EcoRI-PVull fragment was essential

and that the two essential regions were spaced approximately 300 bp

apart. Although the molecular weight of the type II DHFR was originally

estimated to be about 36,000 (Pattishall et al., 1977), new studies have

reduced that estimate to a molecular weight of 8,000 (Smith et al.,

1979). More recently the amino acid sequence (78 residues) of the type

II DHFR from R–67 has been reported (Stone & Smith, 1979). One of the

regions of pVT100 mapped by mutagenesis would be expected to be the

coding region of a DHFR similar to that of R-67, but the presence of a

second region was unexplained. In order to determine the exact coding

sequence for the DHFR of R–388 as well as its location on the EcoRI

Pvu■ I fragment of pl/T100, and to analyze the sequence of the second

region, the nucleotide sequence of the EcoRI-PVull fragment was determined.



38.

FIGURE 5. Map of the regions of pl/T100 essential for the expression of

trimethoprim resistance. The l.2 kb EcoRI to Pvul I fragment which

comprises the TP* gene is shown. The short vertical lines represent

sites of BamhI linker insertion which resulted in the loss of trimetho

prim resistance.
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The sequence of the EcoRI-Pvull fragment is shown in Figure 6.

Each sequencing run is indicated in this figure. One should note that

four mutants, two mapping within region I and two mapping within region

II, were sequenced. All four of these mutants contained deletions of

the site of BamHI linker insertion, the number of nucleotides deleted

ranging from nine to nineteen (Fig. 7).

A region coding for a 78 amino acid peptide starts at nucleotide

359 and ends at nucleotide lzó (Fig. 8). This peptide is closely

homologous to the DHFR encoded by R-67 (Fig. 9).

The nucleotide sequence in the area of the region II mutants was

analyzed. Two alternative explanations of its importance are possible.

First, the region may be the promoter of the DHFR coding region. The

sequence interrupted by the region II mutants pl{Tllil and pl/T105 (Fig. 10)

is very similar to a promoter sequence (see discussion). An alternative

explanation of the region II mutants is that they are interruptions in

the coding sequence of a second protein essential for trimethoprim

resistance. An open reading frame 300 nucleotides long does exist on the

Strand Opposite to the DHFR coding strand. This open reading frame

starts at nucleotide 598 and continues to nucleotide 897 (Fig. ll). The

probability of such a long open frame occurring randomly is less than 5%

(by the x2 test). If this region did contain the coding sequence of a

Second protein, however, the mutants would be expected to map throughout

the coding sequence; the tight clustering of the 10 mapped mutants (Fig.

5) would argue against the region encoding a protein essential for

trimethoprim resistance.

Plasmid Directed Protein Synthesis in E. coli Minicells

Nucleotide sequence information has established that a small

protein which is closely homologous to the DHFR of R–67 is coded for by
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FIGURE 6. The sequence of p!MTlOO between the EcoRI and Pvull endo–

nuclease recognition sites and the strategy used for its determination.

The individual sequencing determinations are indicated by numbered

arrows which begin at the restriction site employed for labeling and

continue for the extent of each determination. Determinations of the

sequence of the EcoRI to Pvull strand are indicated by arrows above the

sequence; determinations of the sequence of the Pvull to EcoRI strand

are indicated by arrows below the sequence. A number of restriction

sites are marked.

Extent of Individual Sequence Determinations

Restriction Site Labeled Nucleotides Sequenced

l. ECORI 2–180
2. Hinfl 30–138
3. Sau3A (Mbol) 275–362
l, . BamHI of pVTl2], 3|18–198
5. BamHI of p!MT13), 359–538
6. Hinfl 377–516
7. Aval 557–726
8. BamhI of pVTl|l 686–790
9. BamhI of pVT105 721–93);
l0. Hael II 919–1030
ll. PVul I ll611–1035
l2. Aval ll39–96);
13. HaleIII ll23–98);
ll. BamhI of pVT105 701,–5||9
15. BamHI of pVTllil 676–192
l6. BamhI of pVT13|| 3||11–173
l'7. BamHI of pVTl2], 336–30l
l8. Hinfl l8l-l;8



Arsument Mars in DINA Strand shssed
from the 'standard restriction" file •

2} A
l 5

Eco r1 Tac 1. Taq 1
1 GAAIICCCACAGCAGTCGCAGTGCCDGCGACTCTCGCCGCTTGGTICGATTGTGAGCGTT

cTTAAGGGTGTCGTCAGCGTCACGGGCGCIGAGAGCGGCGAACCAAGCTAACACTCGCAA
Hinf 1 ! - (18

#3 –3
º 7

Hs a 1 Alu1
61 TGACCCATGACGCCTAACGATAAAGDICAGCGGGCGGCGAAGCCGTCCGCTGGAGCGAAT

ACTGGGTACIGCGGATTGCTATTTCGAGIDGCCCGCCGCTTCGGCAGGCGACCTCGCTTA
Act 1 Do■ e 1

{ ■ 18

2 X->
l X. >

Hae 111 Bbv 1 Dºje 1 Eco r 11 Hin
121 TGTTAGGCCACACGTTCAAGTGCAGCCACAGGATAAATTTGCACIGABCCIGGGTGGGAI

ACAATCCGGTGTGCAAGTTCACGTCGGTGTCCTATTTAAACGTGACTCGGACCCACCCTA

4–Klö
€ ‘18

f 1 Hinf 1
181 ICGGACIDGACCGCATAGCCTTCAGGAGTGAGTTTTGTGCAAT ACCAACCGACGACTTGA

AGCCTGòGCIGGCGTATCGGAAGTCCT CACTCAAAACACGTTATGGTTGGCTGCTGAACT
Taq 1

Z A

& 18 Kl6

3} A
Rºsa 1 Mbo 1 Do■ e 1 di■ e

241 CCCTGCCAAGCGGCACCAGATTTCTTGCGIACGCGAIDCCCIAé GCCAAAGGTGGCACIC
GGGACGGTTCGCCGTGGTCTAAAGAACGCATGCGCTAGGGGATTCGGTTTCCACCGTGAG

é Tac 1 < 16

4 H. 5 H
3)— T

1 Hha 1
3O1 6■ ;GGGAAGCGCAAACTGCCCTGCAACGGGAGCGTTGGCTTCATCGCTACTTTGACCCATG

TCCCCTTCGCGTTTGACGGGACGTTGCCCTCGCAACCGAAGTAGCGATGAAACTGGGTAC

A | 16& | 17

\_ 6 | R
#5 53

Taa1 Hinf 1 Taq 1
361 ICGAATCCTTCTTGTGêAICTATTATGGCGACAAGCAAAIDGéACTCTGACTGCCTACCC

AGCIIAGGAAGAACACTTAGAT AAT ACCGCTGTTCGTTTAGCTTGAGACTGACGGATGGG
Hinf 1



#
Bbv1.

421 CACAACAACTATCAGAAAGCACCAGCACAACGGCIGCCT AACTTTGTTTTAGGGCGACTG
GTGTTGTTGATAGTCTTTCGTGGTCGTGTTGCCGACGGATTGAAACAAAATCCCGCTGAC

6 S. \§§ –7. \4×-> ~7
Bb V1 Bbv. 1 Taq 1 Tac

481 CCCTGCIGCGT AACATCGTTGCIGCTCCATAACATCAAACAIDGACCCACGGCGTAACGC
GGGACGACGCATTGTAGCAACGACGAGGTATTGTAGTTTGTAGCTGGGTGCCGCATTGCG

Hh
< +(15

A
7

7 a

1 Bbv 1 stsN1' ºn 11 Rsa 1
541 GCTTGCIGCTTGGAIGCCCGAGGCAT AGACTGIACAAAAAAACAGTCATAACAAGCCATG

CGAACGACGAACCTACGGGCID.CGTATCTGACATGTTTTTTTGTCAGTATTGTTCGGTAC

a 1 A. Ava 1 Cl4
A v

V -■ iš

7)— —)
Hhas 1 Bbv1 Ava 2

6O1 AAAACCGCCACTGCGCCGTT ACCACCGCIGCGTTCGGTCAAGGTTCTGGACCAGTTGCGT
TTTTGGCGGTGACGCGGCAATGGTGGCGACGCAAGCCAGTTCCAAGACCIGGTCA ACGCA

Z As U1 & 14
& & is

L \

7X- 8H A&
Hha 1 Hindi 1 7

661 GAGCGCATACGCTACTTGCATTACAGTTTACGAACCGAACAGGCTTATGICAACTGGGTT
CTCGCGTATGCGATGAACGTAATGTCAAATGCTTGGCTTGTCCGAATADAGIIGACCCAA

Z 15 114"nni
NA#5 57

Hsia 1 HPa 11 Bbv. 1 Ta
721 cGTGccTTCATccGTTTccacGGTGTGcGrcaccessCAAccTTGGGCégeabcGAAGIC

GCACGGAAGTAGGCAAAGGTGCCACACGCAGIGGGCCGTTGGAACCCGTCGICGCTTCAG
HPh 11 Bbv1

V N.
9 Z

Ge1 Min 11 Hha 1 Sfa N1
781 GAGGCATTTCTGTCTGGCTGGCGAA CGACCGCAAGGTTTCGGTCTCCACGCAIDGTCAGG

CTCCGT AAAGACAGACCGACCGCTTGCTCGCGTTCCAAAGCCAGAGGTGCGTAGCAGTCC

-



9)— \
Hae 111 Mbo 11 xhol 1 Ecort 1 7

841 CATTGGCGGCCTTGCTGTICIICT ACGGCAAGGTGCTGTGCACGGAICIGCCIGGCTTAG
GT AACCGCCGGAA CGACAAGAAGATGCCGTTCCACGACACGTGCCIAGACGGACCGAAID

Mbo 1 Do■ e 1

10} \
9 ) T } —7

/T Mbo 1 Mbo 11 Mn 11 Hae 111 Tac 1 HH = 1 HPa 11 HPa 11
901 GAGAICGGAAGAD.CICGGCCGTCGCGGCGCTTGCCGGTGGTGCTGACCCCGGATGAAGTG

CTCT AGCCTTCTGGAGCCGGCAGCGCCGCGAACGGCCACCACGACTGGGGCCT ACTTCAC
Xma 1.1.1 Hae 11

10X- }
Sfan 1 Sf a N1 Alu1

961 GTTCGCAIDCTCGGTTTTCTGGAAGGCGAGCAICGTTTGTTCGCCCAGCITCTGTATGGA
CAAGCGTAGGAGCCAAAAGACCTTCCGCTCGTAGCAAACAAGCGGGTCGAAGACATACCT

Mn 11
Z -Kl2

10)—)
Mbo 1 Minl 1 XhoI 1 Taa1

1021 ACGGGCATGCGGêICAGTGAGGGTTTGCAACTGCGGGTCAAGGAICIGGATTIDGATCAC
TGCCCGT ACGCCTAGTCACTCCCAAACGTTGACGCCCAGTTCCIAGACCTAAAGCIA GTG

A Mbo 1 MbD 1 –411

w
#£

MbD 1 Mn 11 Mbo 1 Asui Ava 1
1 O81 GGCACGAICA TCGTGCGGGAGGGCAAGGGCTCCAAGGAICGGGCCTTGATGTT ACCCGAB

CCGTGCT AG TAGCACGCCCTCCCGTTCCCGAGGTTCCTAGCCDGGAACTACAATGGGCTC
Hae 111 A ll12

H 13

Alu1 Hh a 1Pvu 11
114 1 ACCITGGCACCCAGCCTGCGCCAGCIG

TCGAACCGTGGGTCGGACGCGGICGAC

A Al;
V | ll
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FIGURE 7. The sequence of p!MT100 interrupted by a BamHI-linker in

mutants pl{Tl|05, pl{Tl21, pl{Tl|3}, and pl{Tllil. The sequence given is that

of the EcoRI to Pvull DNA strand; the numbering indicates the distance

in bp from the EcoRI site. The region deleted in each mutant is indi

cated by underlining. The deleted sequence was replaced by a decamer

containing the BamhI recognition site; the sequence of the decamer is

shown.



F. MiT 1 ().5

FMT 124

F-MT 134

FMT 141

F■ 1. 7 | 1 721
AGGCT TATUST CA ACTUSGGTT CUTGCCTT

3.31 341 351
GCGTTGGCTT CATCGCTACT TTGA

341 351 361
CATCGCTACT TTGACCCAT G TCGAAT

67.1 681 691
GCT ACTTGCA TT ACA GTTTA CG

Bami HI decame r-CCGGATCCGG
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FIGURE 8. The sequence of the PvulT to EcoRI strand of pVT100 together

with the translation product encoded by nucleotides 359 to l23 bp distant

from the EcoRI site.



CAGCTGGCGCAGGCTGGGTGCCAAGCTCTCGGGTAACATCAAGGCCCGATCCTTGGAGCCCTTGCCCTCCCGCACGATGATCGTGCCGTGATCGAAATCCAGATCCTTGACCCGCAGTT
GCAAACCCT

CACTGATCCGCATGCCCGTTCCATACAGAAGCTGGGCGAACAAACGATGCTCGCCTTCCAGAAAACCGAGGATGCGAACCACTTCATCCGGGGTCAGCACCACCGUSCAAG CGCCGCGACGGCCGAGGTCTTCCGATCTCCTAAGCCAGGCAGATCCGTGCACAGCACCTTGCCGTAGAAGAACAGCAAGGCCGCCAATGCCTGACGATGCGTGGAGACCGAAACCTTGC GCTCGTTCGCCAGCCAGACAGAAATGCCTCGACTTCGCTGCTGccCAAGGTTGCCGGGTGAcGCACAccGTGGAAAcGGATGAAGGCAcGAAccCAGTTGACATAAGCCTGTTCGGTTC
GT

AAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTA CAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTAG■ CAG

1. metsºlºslnserserasP.

CCGTTGTGCTGGTGCTTTCTGATAGTTGTTGTGGGGTAGGCAGTCAGAGTTCGATTTGCTTGTCGCCATAATAGATTCACAAGAAGGATTCGAC
ATGGGTCAAAGTAGCGAT

1.O2O3O

slu
alaasnalaProvalalaslºwslnPheslaleuProleuseralathrPhesil'sleuslºasFar■valarslºsslºssseralºgala GAAGCCAACGCTCCCGTTGCAGGGCAGTTTGCGcTTcoccTGAGTGccAccTTTGGCTTAGGGGATcacGTAcocAAGAAATCTGGTGcc

4O5060

alatrfslna13slnvalvalslºtrfstºrcºssthrlºusleuthrProallglºtºralavalslusers114serhisPros19serval GCTTGGCAGGGTCAAGTCGTCGGTTGG,TATTGCACAAAACTCACTCCTGAAGGCTATGCGGTCGAGTCCGAATCCCACCCAGGCTCAGTG

7O78

sln
iletºrProvalalaalaleusluarsvalalaQC CAAATTTATCCTGTGGCTGCACTTGAACGTGTGGCCTAA

CAATTCGCTCCAGCGGACGGCTTCGCCGCCCGCTGAGCTTTATCGTTAGGCGTCATGGGT
CAAACGCTC

ACAATCGAACCAAGCGGCGAGAGTCGCGGGCACTGCGACTGCTGTGGGAATTC
TranslatedMol
•

Weisht
R
8196
s
58

--

----------
-
----
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FIGURE 9. Homology between the translation product of nucleotides 359

to lz8 bp distant from the EcoRI site of pVT100 (Fig. 8) and the DHFR

encoded by R-67 (from Stone & Smith, 1979). (*) indicates identical

residues; (o) indicates change within amino acid class; (A) indicates

change could be due to l bp difference.
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FIGURE lo. Nucleotide sequence of pVT100 from 730 to 670 bp from the

EcoRI site containing the putative promoter region. The sequence

deleted in pl{Tllil and pl{Tl|05 are indicated by overlining. The sequence

of the canonical –10 region (Rosenberg & Court, 1980) and the API. –35

region (Reznikoff & Abelson, l978) are shown for comparison.
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FIGURE ll. The sequence of the EcoRI to Pvull strand of pl/T100, also

illustrating a potential peptide coding region of 100 amino acids

between nucleotides 598 and 897 bp distant from the EcoRI site.



*

GAATTCCCACAGCAGTCGCAGTGCCCGCGACTCTCGCCGCTTGGTTCGATTGTGAGCGTTTGACCCATGACGCCTAACGATAAAGCTCAGCG■ sGCGGCGAAGCCGTCCGCTGGAGCGAA TTGTTAGGCCACACGTTCAAGTGCAGCCACAGGATAAATTTGCACTGAGCCTGGGTGGGATTCGGACTCGACCGCAT
AGCCTTCAGGAGTGAGTTTTGTGCAATACCAACCGACGACTT GACCCTGCDAAGCGGCACCAGATTTCTTGCGTACGCGATCCCCTAAGCCAAAGGTGGCACTCAGGGGAAGCGCAA

ACTGCCCTGCAACGGGAGCGTTGGCTTCATC
GUTACTTTGACCC

ATGTCGAATCCTTCTTGTGAATCTATTATGGCGACAAGCAAATCGAACTCTGACTGCCTAccCCACAACAACTATCAGAAAGCAccAGCACAAcGGCTGCCTAACTTTGTTTTAGGGCG ACTGCCCTGCTGCGTAACATCGTTGCTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTTGCTGCTTGGATGCCCGAGGCATAGACTGTACAAAAAAACAGTCATAACAAG
11O2O

metlºssthralathralaProleuProProleu
arsservallºsvalleuasP=lnleu
ars3sluare
ileerrºtºrleuhistºr

CCATGAAAACCGCCACTGCGCCGTTAC[EACCGCTGCGTTCGGTCAAGGTTCTGGACCAGTTGCGTGAGCGCATACGCTACTTGCATTAC 304O50 serleuarstthrsilusilnslatºrvalasntrfvalarsalaPheilearºšPhehissilº,val
ar■hisFtoalBthrleuº1HEerEer AGTTTAcea.AccGAACAGGCTTATGTCAACTGGGTTCGTGCCTTCATCCGTTTCCACGGTGTGCGTCACCCGGCAACCTTGGGCAGCAGC &O708O siluvalslualaPheleusetsilºtrfarsthrser

alaars.PhearsserProarstilevalars;histrf,arºtFºrocuscºsEerser GAAGTCGAGGCATTTCTGTCTGGCTGGCGAACGAGCGCAAGGTTTCGGTCTCCACGCATCGTCAGGCATTGGCGGCCTTGCTGTTCTTCT 901OO thrslaars;cuscusalasr.silecusleualaAM ACGGCAAGGTGCTGTGCACGGATCTGC’CTGGCTTAG

GAGATCGGAAGACCTCGGCCGTCGCGGCGCTTGCCGGTGGTGCTGACCCCGGATGAAGTGGTTCGCATCCTC GGTTTTCTGGAAGGCGAGCATCGTTTGTTCGCCCAGCTTCTGTATGGAACGGGCATGCGGATCAGTBAGGGTTTGCAACTGCGGGTCAAGGATCTGGATTTCGATCACGGC
A■G6.TCATC

GTGCGGGAGGGCAAGGGCTCCAAGGATCGGGCCTTGATGTTACCCGAGAGCTTGGCACCCAGCCTGCGCCAGCTG TranslatedMol
•

Weisht
=1
1629,31
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the plasmid pl{Tl|00. The mutagenesis experiments indicated that in

addition to region I, which codes for the DHFR, a second region is also

essential for expression of Tp”. The sequence data could be interpreted

as indicating the presence of a second protein encoded within region II.

In order to determine whether a second protein is synthesized and also

to study the effects of mutants in region II on the synthesis of the

DHFR, the synthesis of plasmid encoded proteins within E. coli minicells

was analyzed.

Certain strains of E. coli generate 'minicells' which lack the

bacterial chromosome (Frazer & Curtis, 1975). Minicells are capable of

harboring plasmid molecules which can direct RNA and protein synthesis.

As the minicells can be separated from whole bacteria, plasmid directed

protein synthesis can be analyzed without interference from chromosome

directed protein synthesis. E. coli X1776, a minicell producing strain,

was transformed with plMT100, the region I mutant plMTl21, the region II

mutant pl{Tllil, and pPR322. After isolation on sucrose gradients the

minicells containing each plasmid were starved briefly for amino acids,

then incubated with *s-methionine and *s-systeine in a minimal medium.

The minicells were lysed and the labeled proteins were separated by SDS

PAGE. An autoradiograph of the proteins produced by minicells con–

taining the different plasmids is shown in Figure l2.

As shown in the autoradiograph, pl{Tl|00 directs the synthesis of a

small protein with a molecular weight of approximately l(),000. The size

of this polypeptide is similar to that of the DHFR coded for by region

I of this plasmid, as determined by nucleotide sequence analysis. As

expected, polypeptides from region I mutant pl■ tl2], minicells do not

include this lo,000 molecular weight polypeptide, it is also absent in

the polypeptides from pHR322 minicells. In addition this polypeptide is
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FIGURE lz. Autoradiograph of polypeptides synthesized in minicells

separated by electrophoresis in a lj% SDS polyacrylamide gel. The dried

gel was exposed to an X-ray film for lò0 hr. Minicells harbored the

plasmids (slot A), pBR322; (slot B), pl/T100; (slot C), pl{Tl2]; ; or (slot

D), pl{Tllil.
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not present in minicells containing region II mutant pl{Tllil. It appears

therefore that region II is essential either for the production or the

stability of the DHFR.

The autoradiograph of the pl/Tl00 encoded proteins revealed no other

polypeptide that is not also encoded for by the region II mutant pº■■ illºl.

Therefore these minicell experiments failed to demonstrate the synthesis

of a second protein coded within the EcoRI-PVull fragment of pl{Tl|00.

This does not rule out the existence of such a protein as the results

would also be consistent with either rapid degradation, or the synthesis

of relatively small amounts of this protein relative to the DHFR.

Genetic Complementation Between Regions of pVT100

Experiments thus far had shown that a small protein is coded for by

the nucleotide sequence at 360 to l80 nucleotides from the EcoRI site of

the EcoRI-Pvu■ I fragment carried by plT100 (region I). It was uncertain

Whether the Toº mutants which map in the area at 650 to 750 nucleotides

from the EcoRI site (region II) reflect the presence of a second protein

coding sequence essential for To” or the presence of a promoter for the

region I protein. Nucleotide sequence analysis shows that this potential

second protein coding sequence begins at 600 nucleotides from the EcoRI

site and continues without a termination codon for more than 300 base

pairs toward the PVull site. However, minicell protein preparations

failed to confirm the synthesis of a protein directed by region II.

A cis-trans test was performed to determine whether region II was

part of a protein coding sequence or was the promoter for region I. If

two proteins are coded for by the EcoRI-PVull fragment, cotransformation

of bacteria with two plasmids, one carrying an uninterrupted region I,

the other an uninterrupted region II, would lead to trimethoprim resis—

tance. If region II contains the region I promoter, trimethoprim resis—
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tance would result only after recombination regenerated uninterrupted

regions I and II on the same plasmid.

Two plasmids of the same compatibility group cannot coexist stably

in the same bacterial cell. Therefore to make the complementation test

feasible one of the regions was transferred to a plasmid of a different

compatibility group. The plasmid pACYClT7, developed by Chang & Cohen

(1978) from the cryptic plasmid P-15A by the addition of Apº and Km’,

was suitable to accept the transferred region. An uninterrupted region

I can be transferred to this plasmid by replacing the plasmid BamHI-PSt I

fragment with a BamHI-Pst I fragment from pl{Tllil, a Tp” mutant with a

BamHI linker inserted 710 nucleotides from the EcoRI site (see Fig. 13).

The hybrid plasmid will be both Ap” and Km’, and can be distinguished

from paCYClT7 by size.

After plasmids paCYCl77 and pl/Tllil were digested to completion with

BamHI and Pst I, a mixture of the two plasmids was ligated with Th DNA

ligase. E. coli 291 was transformed with the ligation mix and trans

formants were selected for Km” and Ap". Plasmid DNA preparations from

10 of the Ap"Km” transformants were digested with BamhI and Pst I. One

of the transformants, designated pHYBllil, had the desired non-parental

restriction endonuclease digestion pattern.

The cotransformation experiment which tested the To” of bacteria

carrying regions I and II in trans configuration is diagrammed in Figure

1. pº■■ ilsh, a Tp mutant with a Bam■ I linker inserted in region I,

supplied the uninterrupted region II, while pHYBllil supplied region I.

Because there is extensive sequence homology between pl/T13), and pHYBllil,

the complementation test was performed with a recAT host, E. coli MV12.

E. coli MVl.2 contains an active restriction modification system and
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FIGURE lix. Diagram of the construction of pHYBllil. The l. l kb BamhI to

Pstl fragment of pVTllil replaces the l kb BamhI to Pst I fragment of

pACYClT7. The Ap” gene is reconstituted in the hybrid plasmid.

(–), p.ACYCl77 sequence; (—), pBR322 derived sequence of pl/T100;

(-), R-388 derived sequence of pl/T100. All procedures are described

in Methods.
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FIGURE ll. Diagram of the complementation experiment. pl{Tl34 con–

taining an uninterrupted region II and pHYBllil containing an uninter

rupted region I are harbored by the same bacterial cell. If each region

encodes a protein essential for trimethoprim resistance (scheme l), the

bacterial cell harboring regions I and II in trans configuration will be

trimethoprim resistant. If region II is the promoter for region I

(scheme 2), cells will express trimethoprim resistance only after a

cross-over event has reformed pl/T100, in which regions I and II are in

cis configuration.
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plasmid DNA must be methylated in order to transform this strain.

Therefore pl{Tl|3|1 as well as pHYBllil were passed through a cycle of

growth in E. coli 291, which is rºm". E. coli MVl.2 was transformed with

methylated pº■■ ils, plasmid and selected for Ap". Cells from an Ap"

colony [E. coli MV12 (pMT13h) were then transformed with pHYBllil and

Selected for either Kim’ Or Tp”. If the two plasmids complemented each

other, all E. coli MV12 (pMT134, pHYBllil) would be TE" as well as Km".

However, no Toº colonies were found in an aliquot of transformed cells

equal to that which yielded over looC Kmº transformants.

A double cross-over event between pHYBllil and pl{Tl|3} can result in

reformation of pl{Tl|O0, as shown in Figure ll. To confirm the identity

of the pHYBllil and pl{Tl|3| plasmids used in this study, a recombination

test was performed. The recA+ host, E. coli 291 was transformed with

both pHYBll and pº■■ ilsh. The Km. Apº E. coli 29, (pHYBill, p!T13h) was

plated on Tmp; as expected, Toº colonies were found, indicating refor

mation of pVT100.
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DISCUSSION

Dihydrofolate reductase is an essential enzyme for the synthesis of

dTMP. The DHFRs of many organisms have been well characterized (Blakely,

l969; Freisheim et al., 1979; Pattishall et al., 1977; Smith et al.,

l979; McCormick et al., l')79; Bacchanari et al., 1975; Amyes & Smith,

l976); the amino acid sequences of several bacterial chromosomal

(Gleisner et al., 1971; Stone et al., 1977; Mathews et al., 1977) and

animal (Freisheim et al. , l979) DHFRs have been determined. Comparison

of the amino acid sequences reveals that DHFR is a strongly conserved

enzyme; the DHFRs encoded by the bacterial and by animal genomes are

similar to each other in size, amino acid sequence, and active site

residues (Freisheim et al., 1979). In addition to these DHFRs which

appear to have a common evolutionary origin, several other species of

DHFR have been found in bacteria including Tl, bacteriophage encoded

DHFR, and the plasmid encoded, trimethoprim resistant, type I and type

II DHFRs. The Tli enzyme is the most efficient DHFR known, with a turn—

over number an order of magnitude greater than that of the bacterial

chromosomal enzyme (Erickson & Mathews, l97l). The type I and type II

enzymes have turnover numbers an order of magnitude lower than the

bacterial chromosomal DHFR, and, unlike other DHFRs, are resistant to

inhibition by folate analogs (Pattishall et al., 1977; Smith et al.,

1979; Amyes & Smith, 1976). The relationship of the Tli and type I

enzymes to the mammalian and bacterial chromosomal enzymes is unclear,

since these enzymes are as yet poorly characterized but the type II DHFR

appears to have a different evolutionary origin and active site. The

amino acid sequences of two type II enzymes recently have been deter—

mined (Stone & Smith, l979; this study). The type II enzymes are only 78
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amino acids long compared to 159 to 167 amino acids for the animal

and bacterial chromosomal enzymes and have no apparent amino acid

sequence homology with the bacterial chromosomal enzyme. Although the

active site of the type II DHFRs has yet to be determined, similarity

to the active site of the chromosomal DHFR can be ruled out. Implicated

in the active sites of both animal and bacterial chromosomal DHFRS are

the sequences ile-gly-lys, leu-pro-trp, gly-(arg, lys), and arg—leu-ser

(Freisheim et al., 1979). None of these sequences occur in either of

the type II DHFR sequences. The type II enzyme is probably also unre

lated to the type I and TH enzymes. The molecular weight of the type I

enzyme is l8,000 (Fling & Elwell, l980); the molecular weight of the Tl

enzyme is 29,000 (Erickson & Mathews, l07l). Antibody which binds to

three different type II DHFRs fails to cross-react with either the type

I or the Tl; enzyme (Fling & Elwell, l080). The type II enzyme is the

only known DHFR which exists as a tetramer (Smith et al. , l979). It

has been suggested that this enzyme may have evolved from an oxido

reductase which originally had some other substrate (Stone & Smith,

l979; Fling & Elwell, l980).

The type II enzymes encoded by R-67 and R-388 are closely homologous

(Fig. 9). The amino acid residues at 6l of the 78 positions are iden—

tical. Ten of the amino acid substitutions reflect changes within an

amino acid class: six of these changes are within the non-polar amino

acid class, four are within the uncharged polar amino acid class.

Changes within these two classes would be expected to have relatively

little effect on higher order structures. Of the seven changes between

amino acid classes, only two fall within the region from amino acid 22

to amino acid 76. This region has only two other substitutions, one at
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residue 26 from met to leu, the other at residue l;2 from ile to val.

This highly conserved region may contain the active site. It is inter

esting to note that six of the ten changes within an amino acid class

and four of the seven other changes could have occurred (after a single

base change in the codon of each). Within the highly conserved region

between amino acids 22 and 76 only one of the four amino acid substi

tutions requires more than a single nucleotide change in its codon.

The protein coding sequence of the type II DHFR was determined

following subcloning of the gene in pl{Tl|00. The limits of the coding

sequence were initially defined by random insertion of BamhI linkers

into pMT100 and mapping of those sites of insertion which caused loss of

trimethoprim resistance. In addition to delineating the coding sequence,

these mutants also identified a second region of pVT100, from 300 to l;00

nucleotides distant from the start of the coding sequence, which was

essential for the expression of trimethoprim resistance. Complementa

tion experiments showed that the second region (region II) must be

present in cis configuration with the coding region, indicating that

this region is essential because it contains a regulatory site. The

sequence of part of region II is very similar to that of a bacterial

promoter.

Bacterial promoters, the site at which RNI polymerase binds prior

to RNA initiation, have sequences which contain two conserved regions

(Rosenberg & Court, l979). (The structure of a number of promoters is

shown in Fig. 15). The most highly conserved region is centered about

lC) nucleotides upstream from the mRNA start point and has the canonical

sequence TATAATG. The T in the sixth position of this heptamer is

invariant. The initial TA are strongly conserved; the TAA found at
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FIGURE lj. Promoter sequences (from Rosenberg & Court, l080). The

antisense strand is shown for each promoter and aligned with respect to

the invariant T residue which occurs in the -lo region. This also

aligns the two other indicated highly conserved —lo region positions.

The mRNA start site(s) for each promoter is shown: O, start site unam—

biguously determined; (3, possible start site. The proposed –35 region

sequence homologies are underlined.



APa A cc G T G c GI G L T G A c 1 AT I IT a c c T c T G G c G G T
T C T G G c G G T G T T G A c. A T A A A T A c c A c T G G c G. G. T.
T C T G C C G A A G L T G A G T A T L T T T.G C T G T A T T T G T
C G G C A T G A LA I T G A C T T A T T.G.A.A. T A A A A T T G G G
G cc T c G T T G c G T 7 T G T T T G cac G A A cc A T A T G T
c G c A c G G T G T f A G A T A TT T. A T c c c T T G c G G T G A
T A T G c A T T T A T T T G c A. T A c. A t t c A. A T c A A T T G T
T A A c. A A T T G A T T G A A T G T A T G c A. A. A T A A A T G C. A
A A A A A C T G T A T T T G A C A A A C A A G A T A C A T T G T A

G A

C A

T A

A A

T A

T A

T A

T G

CA T A A
T A C

T A A

A A T

G T A
G AT
T A A
C A C
A A A

G G T T G coº)T G T A c T A A G G A
G A G C A CGS)T C A G c AG G A c G
G A c T cc TG)T T G A T A G AT c
T G A c T c(33)c G A T G G G T T A
T T cc TT;&G)A T A A c AAT T G
T A A c GTG)T G A G c Ac AAA A
T G T T A TG)T A A G G A A A T A c
A T A G G TG)T G G T T T A A TT T.
A c A A G A A(3)6 TT T G T T G AT

MPRM
Mc17
Mcin

Max Pn

TA1
TZA2
TrA3

T5-2s
T5-2s

6x174A
©x1748
9x174D
■ oil

tdII"

■ dill

tdiv

tdv

tdviii
■ ºdy:

lac
lacP115

lacl

self,
salP2
ersbAD

arac

trp

A A A A G A G T A T T G A c T T A A A G T c T A A c c T A T A G
A A A C A G G T A T T G A C A A C A T G A A G T A A C A T G C A G

A C A A A A C G G T T G A C A A C A T G A A G T A A A C A C G G

A AA AA TT r A T T T G c T T T C A G G A A A A T T T T T c T G
A A A A T T T C A G T T G c T T A A T C C T A c A A T T c T T G A

A cc G T c A G G A T T G A c. A cc c T c c c AAT T G T A T G T
T T A A A T A G C T T G C A A A A T A c G T G G C C T T A T G G T
A T T C T C T T G T T G A C A T T T T A A A A G A G C G T G G A T
A A C A T T.A. A C G T T T A C A A T T T A A A T AT T T G C T T A
A T c T T T G c c T A c T c A T T A c T c c G G c AT T G c AT T
G. A. A. A T T C A C C T C G A A A G C A A G C T G A T A A A C C G A
A. A T T c A c T A T T G A c T c T T c T c A G c G T c T T A A T c
C C A A C G T C C T G A C T G G T A T A A T G A G C. c. A T G T C T

A C A A A T C T C C G L T G T A C I I I G T T T C G C G C T T G G
A A T c T T T T T G A T G c A A T T c G c T T T G c T T c T G A c

A cc c c A G G c T T T A C A C T T T A T G c T T c c G G c t c G
A c A c T T T A T G C T T c c G G c T c G T A T G T T G T G T G G
C C A T C G A A T G G C G c A A A A C C T T T C G C G G T A T G G
T T c c A T G T c A c. A c T T T T c G c A T c T T T G T t A T G c
A T T T A T T c c A T G T C A C A C T T T T c G c A T c T T T G T
G G A T c c T. A c c T G A C G c T T T T T A T c G c A A c T c T c
G c c G T G A T T A T A G A c. A C T T T T G T T A C G c G T T T T
A A A T G A G C T G T T G A C A A LLA A T C A T C G A A C T A G
T T C C A A A A C G T G T I I I I I G T L G T T A A TT C G G T G
c A. T A A T c G A c T T G T A A A c c A A A T T G A A A A G A T T

T AAT T C G G T G T A G A C I LA L.A.A. A C C T A A A T C T TT
A T T c T c A T G T I I G A c. A G c 1 IAT c AT c G AT A A G C

C A A C G T A A C A C T T T A C A G C G G c G c G T C A T T T G A
T G T A T A T T T C T T G A c. A C C T T T T c G G c A T C G C C C
T T A T T T T T T C T A c c c A T A T C C T T G A A G c G G T G T

C A A A A A A A T A C T T G T G C A A A A. AAT T G G G A T C C C
c A A T T T T T c T A T T G c G G c c T G c G G A G A A c T C C C

C AT T T T T C C G c 1 I G T C I LC_c_r. G A G C C G A C T C C C
G A A A T T C A G G G T T G A c T c T G A A A G A G G A A A G C G
T A A A T T T C C T C T T G T c A G G c c G G A A T A A C T C C C
A A A A T A A A T G C T T G A C T C T G T A G C G G G A A G G C G

G c A A T T G T T G T T G T T A A C T T G T T T A T T G c A G c T

G A

T A

T A

T A

T A

T T
T A

T A
T A
T A

T A
T A
T A
T A
T A

T A

T A

C A
T A

T A

T A

T G
T T
T A
T A

T A
T T

T A
T A
T A
T A
T A
T A
T A

T A

T A

T A

T A cit

A G AT
C G AT

T A A

T A !
T c A
C A G
C T A

C A. A
A A A

C. A. A
A G C
A A A
T A A
T A A

T G TIT
T T GIT
T G AT
T G GIT
T G CIT
C T GIT
T C A
A A C
G. A C
G G T
A A T
T A A

T
T

T
T
T
T

T G. A
A A A
T A A
T A. A
T A A

T A A
A T A

T A A

T T A

T A A T

T Ac A G c coº)T
A c AAA T c(3)c T A G G T A A c A.
GT Ac c AcOS)T G A A A c G A c A

A G AT T c(3)T AAA T T T G A GA
A T T c T coºr A G T T T G A A A G

G cc T c coº)A A T c T T G G A G G
A T G cc cQT c G c A G T T c G c
c T G A G Tºš■ A T G c T G T T c
c A T C C T (G)T T T T T G G G G c T

A T A T(G)A G G G T T c T AAA
T A A A G G coi)c c TT T. T G G A G
A T c G c T(3)T G T T T T c AAG G
c G c A T A At GXGXT AAT T c AAA
c G c T Gºgº■ (G3)T c AAA G A T G
A G A c A3(§§T A A A G A cc T G.

G T G T GG3)AT T G T G A G c G G
G A G c G G(§TA Ac AAT T T c A
A G c G c c cô)G A A G A G A G T c
T AT TT coºr a c c A T A A G c c
A T G G T TGS)1 TT c A T A cc At
T T c 1 c c A TG)c cc G T T T T T
G G c TT TG)G T cc c G c T T T G
A G T A c G coº)A GT 7 c A c G T A
T G T A AG), c T A A A T c TT T. r
T Ac A A G T c(DA c Acc GAAT
|T G G T T TOA)c A A G T c G AT T A|:::::$::::::::::
G c G cc c cog)c TT c c c G A T A
T c G G cq)T cc T c AT AT T G T
G cc G cq)c cc T c G A T A T G G
G c G cc T c cô)T T G A G A c G A
G c G c c T c coš)7 c G A c Ac G G
G c G cc T c coºr c G A c Ac G G
A c G c c AcOT c G c G A c A GT
G c G c c AccCS)c T G A c Ac G G
G c Ac Acº■ (C,G c G c c G C T G

G G T T A c A(3)A T A A A G c AA T



68.

positions 3 to 6 are also conserved but not as stringently. Position 7

is only weakly conserved. The second region of homology among bacterial

promoters is found about 35 bp prior to the mRNA start point. This

region, known as the -35 or recognition region, is much less highly

conserved. Although this region has been implicated in the initial

recognition of the promoter site by the RNA polymerase, experiments with

chimeric molecules have raised questions concerning its importance in

some promoters. For example, part of the favIII promoter region (con–

taining the -lö to +212 region) was fused to several other DNA sequences

(Okamoto et al., 1977). All of these hybrid molecules were able to bind

polymerase and initiate transcription.

TWO Toº insertion mutants which mapped in the putative promoter

sequence (nucleotide 724 to 679) were sequenced; one fell within the -lo

region of the putative promoter, the other fell within the –35 region

(Fig. 10). The sequence of the putative –10 region is TGTAATJ, showing

close homology with the canonical –10 region. The sequence of the

putative -35 region is GTTGACATAAG, differing from the –35 region of the

lambda PI. promoter in only the terminal residue.

The limits of region II, as defined by the map of insertion mutants

(Fig. 5) appears to extend beyond the putative promoter sequence. These

mutants were mapped by the electrophoretic migration on polyacrylamide

gels of the EcoRI to BamHI fragment of each mutant plasmid, which could

lead to errors in two ways. First a deletion or insertion at the site

of the BamHI linker inertion would shift the apparent site of the

mutation. Second, the DNA fragments migrate electrophoretically in

inverse proportion to the log of their molecular weight; therefore, the

accuracy of the length estimates of the region II mutants is only within

approximately 50 bp.
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The mutants which map in region II have been shown to interrupt a

promoter-like sequence which must be present in cis configuration with

the DHFR coding sequence in order for trimethoprim resistance to be

expressed. This does not rule out the possibility that this region

could also comprise a protein coding region. A possible protein coding

region is present starting with ATG at nucleotide 598 and continuing 300

bp to TAA at nucleotide 898. This coding region is on the opposite DNA

Strand as the DHFR coding sequence. No protein of the predicted size

(100 a.a. 's) was identified in minicells containing either pl{Tl|OO (Fig.

l2) or its parent plasmid pK'E373 (Fling & Elwell, l980). The tight

clustering of the region II insertion mutants in the vicinity of the

putative promoter of the DHFR gene makes it unlikely that the possible

protein coded by nucleotides 598 to 897 is essential for expression of

trimethoprim resistance.

The distance of the promoter from the coding region led us to

Wonder whether the DHFR gene might be part of a two protein operon.

Analysis of the sequence revealed a possible second coding region between

the promoter and the DHFR coding sequence. The putative second protein

would begin with either the ATG (met) at nucleotide 599 or with GTG

(val) at nucleotide 611 resulting in a peptide of 55 or 59 amino acids

ending at nucleotide H36 with TGA. No protein of the expected size was

identified among the proteins produced by minicells containing plº■■ loo

(Fig. 12) or its parent plasmid pKE373 (Fling & Elwell, l080). No Toº

mutants mapped within the limits of this possible coding sequence,

therefore the protein if extant is not essential for Tp”. Nonsense

mutations in the first protein of an operon are frequently polar, resulting

in the loss of the second protein as well (Steitz, 1980). Because the
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nature of the in vitro mutagenesis is such that it generally disrupts

the reading frame and gives rise to in frame stop (nonsense) codons, the

lack of any polar mutants in the putative coding sequence is additional

evidence against its translation. The possibility that this protein

could confer the sulfa resistance encoded by R–388 was ruled out ; E.

coli RRl (pMT100) is not sulfa resistant.

The presence of a ribosome binding site 2 to 10 nucleotides upstream

of a translational start codon is an indication that a putative reading

frame is actually translated. A ribosome binding site is complementary

to part of the 3' end of the 16S molecule (H AUUCCUCCACUAG) (Steitz,O

1980). The interaction of the l6S molecule and the ribosome binding

site of the mRNA is essential for chain initiation. The length of

complementarity between mRNA and rRNA can vary from 3 to 9 nucleotides

with l, to 5 nucleotides being average. At least 2 (and usually 3 or l)

residues from the CCUCC sequence of the l6S molecule participate in the

predicted base pairing. The ribosome binding site of the mRNA is also

generally purine rich. The DHFR coding sequence of pVT100 has a strong

ribosome binding site, AAGAAGG, 7 nucleotides before the start codon

(ATG at nucleotide 359). Six nucleotides can participate in the ribo

some binding, including four which can pair with the critical CCUCC

sequence.

The sequence upstream from the open reading frame from nucleotide

6ll to H35 which forms a possible first coding sequence within an operon

which also contains the DHFR coding sequence was examined for ribosome

binding sites. This open reading frame has two possible start codons

GTG at nucleotide 6ll or ATG at nucleotide 599. Ribosome binding sites

were found for each. The sequence GGTGGT is found 9 nucleotides upstream

from the GTG.; The sequence GGCGGT is found l, nucleotides upstream from
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the ATG. Both of these sequences have 5 nucleotides which could parti

cipate in ribosome binding including l; which could pair with the CCUCC

region. It is unusual, however, for the region which pairs with the

CCUCC region to contain a pyrimidine (Steitz, 1980). The presence of

these ribosome binding sites is evidence that the open reading frame may

indeed be translated. As no protein of the predicted size has been

identified, nor any Toº mutants mapped within this coding sequence, nor

any other function found for the protein, more study will be needed to

discover whether a protein is actually expressed.

The 300 bp open reading frame on the opposite strand of pVT100 also

has a sequence similar to a ribosome binding site near the starting ATG

at nucleotide 598. The sequence TAACAAG is found two nucleotides prior

to the ATG; this sequence has 5 nucleotides which could participate in

binding, including 2 which could pair to the CCUCC sequence. However,

the ribosome binding sites are rarely this close to the start of trans

lation; in particular, the sequence complementary to the CCUCC sequence

has previously been found to be located at least li nucleotides prior to

the AUG. Thus, the absence of the lC)0 amino acid protein in minicells

containing pl■ ■ loC or pHE373 may be due to the absence of a functional

ribosome binding site.

The type II DHFRs encoded by R-67 and R-388 have been shown to be

closely homologous (Fig. 9). In addition, the transposon Tn402 encodes

a type II DHFR similar to the R–388 enzyme in size and antigenicity

(Fling & Elwell, l080). Based on drug resistance studies, several other

plasmids also encode type II DHFRS (Pattishall et al., 1977). Both R-67

and R-388 also encode sulfa resistance (Pattishall et al., 1977; Datta

& Hedges, l072); in R-388 the Su” and Toº genes reside on the same

transposon (Heffron, unpublished observation). Since the type II DHFR
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genes of R-388 and Tnh 02 have been found to reside on transposons, as

are most plasmid encoded drug resistance genes (Kleckner, 1977), we

predict that most , if not all, type II DHFR genes reside on transposons.

Further studies of the sequence relationships of the type II DHFR genes

and their transposons may identify invariant amino acid residues of the

DHFRs, identify essential regions within the DHFR promoter, determine

whether the DHFR coding sequence is part of a two protein operon, and

reveal the evolutionary relationships among the transposons which encode

a type II DHFR.

This work was initiated with the intent of developing a eucaryotic

cloning vehicle which would encode the methotrexate resistant DHFR of

R–388 as a selectable marker. The success of this project depends on

the ability of R–388 DHFR to act as a replacement for the eucaryotic

DHFR allowing continued DNA synthesis and cell growth in the presence

of methotrexate. It has been observed (Jackson & Harrap, l073; White

& Goldman, 1976) that logarithmic growth of eucaryotic cells continues

even at 95% inhibition of DHFR. Jackson & Harrap (1973) further ob

served that in the presence of levels of methotrexate sufficient to

inhibit cell growth the majority of the folate pool in the cells is

in the form FH2. Therefore, the low turnover numbers of the type II

DHFR of R–388 for the reduction of folate and FH2 are expected to be

sufficient for growth of the eucaryotic cells containing the hybrid

SVl;0 vector in the presence of methotrexate.

In collaboration with Dr. Bruce Howard and Dr. Paul Berg, an SVl:0

vector has been constructed in which part of the early region of the

virus has been replaced by the DHFR coding sequence of p!MT100 and

virtually the entire late region has been replaced by part of the plasmid

pBR322. The SVl:0 origin of replication is preserved, permitting the
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vector to replicate within permissive cells and integrate into the

genome of nonpermissive cells provided that helper virus is present. In

addition, it can replicate in E. coli and confer Ap” On the bacterial

cells, permitting convenient transfer of the vector between eucaryotic

and procaryotic hosts.

The construction of this vector is diagrammed in Figure l6. In

the hybrid early region, the 5' end of the 5' untranslated region, the

intervening sequence, and the 3' end of the 3' untranslated region

containing the polyA addition site of the t gene are preserved. The

DHFR coding sequence replaces most of the t antigen coding sequence

upstream from the intervening sequence. Most of the transcribed region

on the 3' side of the intervening sequence has been deleted to decrease

the size of the vector. The molecular weight of this vector is such

that it can be encapsidated during lytic infection. A similar vector

has been constructed (B. Howard, personal communication) with rabbit 3–

globin coding sequence replacing the t antigen coding sequence. When

cells were transfected with this hybrid vector and helper virus, the 8–

globin sequences were transcribed and processed, and rabbit 3–globin was

detected in cell extracts by an immunoassay.

Recent experiments with prototype SVl:0 vectors have indicated a

means to increase the amount of type II DHFR produced by the hybrid

vector, and also a means of propagating the vector molecules as stable

plasmids in mammalian cells (B. Howard & R. Mulligan, personal communi

cation). The SW10 early region promoter appears to be autoregulatory;

in the absence of functional early region proteins, this promoter is

transcribed to a much greater degree than normal, resulting in the early

region transcript being one of the most abundant mRNAs found in the

cell. Vector molecules which contain an SW10 origin of replication but
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FIGURE l6. The construction of a hybrid eucaryotic vector which contains

the coding sequence of the DHFR of R-388 in the SVl;0 early region. (A) A

map of SVl;0 showing restriction sites utilized in vector construction.

The t antigen primary transcript is shown as a line with an arrow head

indicating the direction of transcription. The splice sites of the

primary transcript are indicated by (v). (B) The hybrid vector. The

construction from left to right is as follows. The SVl:0 sequence from

Pvull at nucleotide l88 to EcoRI at nucleotide l700 has been replaced

with a 2.3 kb Pvull to EcoRI fragment of pHR322 containing plasmid

origin of replication (po) and the B-lactamase gene (Ap"). The region
from Bell at nucleotide 2688 to Mbol at 3631, has been deleted. The

fragment between MboT at 3631, and Mbol at H688 contains the splice sites

of the t antigen transcript and is retained. The region from Mbol at

l,688 to HindIII at 5089 has been replaced by a 0.1 kb fragment con–

taining the DHFR coding sequence of R–388. A fragment of pl/T100 from

the EcoRI site to the Taql site l;00 bp distant contributed the DHFR

coding sequence. In order to ligate this fragment into the vector a

BamHI linker was ligated to the EcoRI and of the fragment; a HindIII

linker was ligated to the Taql end of the fragment. The SVl:0 origin of

replication (Ori) is retained within the HindIII at 5089 to Pvull at l88

fragment.
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code for no SWHO functions have been found to replicate within the host

cell, and are apparently stably maintained as a plasmid–like molecule.

An initial experiment has been performed in which monkey kidney

cells (CVl cells) were transfected with the hybrid vector containing the

type II DHFR coding sequence. The transfected cells were then selected

for methotrexate resistance. Many methotrexate resistant cells were

found among the cells transfected with the vector in the presence of

carrier DNA; none were found among cells transfected with carrier DNA

alone. Although these results are preliminary, it appears that the type

II DHFR is expressed in the vector-bearing cells to an extent sufficient

to confer methotrexate resistance.
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