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ABSTRACT 

Integration of an Escheriohia ooli tr,yptophan oparator into a Salmonella 
= ........ -----

typhimurium tryptophan operon 

In q,bridization exper1ments involving !. ~ males and ~. typhimurium 

females results are sometimes inconclusive due to ambiguities cODcerning 

Integration of the male .. genes into the female chromosome. The formation 

of partial heterozygotes is common; furthermore, if recombination does 

occur, it may take place at a novel location on the chromosome. The focus 

of this study was the production of a qybrid tr,yptophan operon by preparing 

a cross between !. ~ and ~. typhimurium which would indicate by the 

utilization of proper g6~etic markers precisely if and where recombination 

had occurred in the remale chromosolll8. In the cross an E. coli chromosomal 

segment containing a tr,yptophan operator-promotor and an anthranilate 

synthetase gene, the firet structural gene of the tryptophan operon, 

Integrated adjacent to the four operator-distsl structural genes of a 

~. srphimuriua tryptophan operon. The strains contsining the q,brid operons 

were anslyzed by transduction and enz,yme ass~. The transduction test 

confirmed the existence of a hJbrid operon; the enzyme asssy meaeured 

the ability of the !. ~ operator-promotor to derepress the S. typhimurium 

structural genes. 



Integration of an Eaoberiehia ~ Tr,rptophan Operator into 

a Salmonella typhimurium Tr,r.ptophan Operon 

by 

Dennis William Stetter 

A thesis submitted to the Faeulty of Graduate StuHies and Research 

in partial fulfillment of the requirements for the degree of 

Master of Science 

Department of Biology 

MeGil1 University 

Montreal, Quebec 

August, 1972 

cv Dennis William Stetter 1973 



ii 

ACKNoo.EDGEMENTS 

l wish to express ~ deep appreciatioQ to Dr. Richard B. MiddletoD 

for his friecdsr.lp and guidance both as a teacher and advisor and to Dr. 

Philip Eo Hartman who initial~ 5uggested the approach to this study. 

l wish to thank Dr. Gabriel R. Drapeau and Dr. John L. Southin for 

their essential knowledgeable and moral support. 

I would like to thank Dr. Jacqueline M. Somers and Dr. A. Howard Bussey 

for their guidance in the laborator,y and in the preparation of tbis manuscript. 

1 would like to thank the staff and Dry' fellov students of M-cGill Univf~rsity 

for the opportunity to study with t~ell •. 



TABLE: OF CCNTENTS 
, -

SUBJECT PAGE 

Acknovledgements ii 

1. Introduction 

A. aybridization in Enterobacteriaceae 1 

B. Tr,yptophan Opero~ and Bios,rnthetic Patbway 6 

C. Purpose of This Investigation 9 

II. Materials and Methods 

A. Media Il 

B. Nomenclature and AbbreviatioQs Il 

C. The Male Strain 12 

D. The Female Strain 1.3 

E. Preparetion of HYbrids 16 

F. Characterization of aybrids 17 

III. Results 

A. Transduction Analysie 22a 

B. Tr,yptophan Synthetaee Ass~ 22t 

C. Antbranilate Synthetase Ass~ 22h 

IV. Discussion 

A. Conclusions Based on Resulte 2.3 

B. Further Investigation 25 

v. Bibliograp~ 27 



,~-. 

l '· 
" 

A LIS T OF FIGURES MID TABLES 

Figures Page 

1. Tryptophan biosynthetic pathwq 6a 

2. Amino acid sequence ot the E. 0011 tr,rptopÀaD synthetase A 9a --
3. Relative genetic map positions ot the leucine chromosomal 

region and of the supX chromosomal ragion 

4. Procedure tor determining the relative incorporation 

frequencies of !. ~ genetic material in the S. typh1murium 

chromosome 

,. Protein determination standard ourve 

6. Anthranilate standard curve 

Tables 

1. Bacterial straias 

2. Genetic anal18is ot the Htr strain SQ996 b,y conjugation 

and reoombinatioD 

3. Transduotion anal18is 

4. Protein d:te~natign ot eaeh sample oell extraot 

$. Tr,yptophan eynthetase assBJ 

6. Antbr.nilate 81nthetase ass., 

14a 

22a 

22d 

22g 

12a 

13a 

22b 

22e 

22t 

2211 



, .-

l 

l. Introduction 

A. Hybridization in Enterobacteriaceae 

This investigation focusses on an aspect of hybridization between two 

species of enteric bacteria, Es cheri chia .22ll. and Salmonella typhimurium, the 

genetically best known bacterial species (Taylor 1970; Sanderson 1970). The 

remarkable similarity of the geneti~ maps of these species (Sanderson 1971) 

may facilitate the formation of viable interspecific hybrid recombinants. 

Genetic recombination in matings between mutant strains of .! • .22ll. was 

discoverea by Ta~~. ~~à Leàerberg (1947). Rapidly after this discovery the 

ferti~ty system involving an episomal m~A structure ter.med a fertility factor 

or sex factor (F factor) was proposed as the basis for the fertility of such 

conjugation crosses (Hayes 1952)~ A bacterium containing the F factor 

may be a contributor of chromosomal genes in bacterial mating if the F factor 

contains bacterial genes as a consequence of recombination with the donorls 

chromosome (F-prime or FI) or if the F factor has integrated into the 

chromosome and has mobilized the entire donor chromosome at the time of mating 

(high frequency of recombination or Hfr). There is a unilateral contribution 

of genetic material trom the donor (Hfr or FI) to the cell receiving genetic 

material (F-minus or F-). 

Luria and Burrous (1957) reported recombination between ! . .22.li and many 

Shigella species which acted as F-minus strains. ~ttempted crosses between 

E. coli and Salmonella \?ere unsuccessful until Baron et al. (1958a) detected - ---- -----
recombination at low frequency between !. ~ and.2,. t;yphimurium strain TI~-9. 

Subsequently, a strepto~cin-resistant mutant of ~1-9 wes isolated prior to 

mating, and this strain (TII-9 Sr-2) acted as a high frequency recipient strain 



2 

in matings vith !.~. Two more ~. typhimurium straius (LT-1 anè RB) were 

subsequent~ found to be fertile. No recombinants were obtained from approximately 

10 other species or strains ot Salmonella with the same or similar serotypes. 

It was therefore concluded that populations of Salmonella cells generally are 

unable to act as recipients. Occasionally some cells in the general~ infertile 

population mutate to a fertile recipient state. If a ~bridization experiment 

were performed and a hybrid cou1d be isolated usiag selective markers, 

it would be F-minus and capable of betng mated agaie as a recipient strain to 

yield qybrids at a high frequency. This was demonstrated in a conjugation cross 

between an !. ~ Hfr ~ straia and a ~. typhimurium met+ ~ !!! straia 

at a ratio of 1:20. ~brid reccmbinants were isolated which were lac+ !!l+ ara. 

A second conjugation between the E. coli Bfr and the ara q,brids resulted -- -
in a high yield of ara+ q,brids (Baron et al.· 19Sm,). 

Witb the deveolpment of protocols for qybridization between species of 

enteric bacteria, it was possible to look at homologies of the genetie material 

in these related organisms. For studying the macrohomology with respect,to 

chromosomes or segments of chromosomes, recombination itself was available. 

For studying the microhomologies, fine structure genetic analysis by means of 

transduction was available (Zinder and Lederberg 1952). Zinder (1960) round 

that the genes for the receptors of bacteriophage T-4, resistance to sodium 

azide, fermentation of lactose and arabinoae, and aynthesis of leucine were in 

the same map order in both species which indicated that the ,ross features 

of the two genetic maps were the SUle. When transducing phage P22 was grovn 

on an !. ~ - ~. typhimurium q,brid, the transduction effieiency of allele8 in 

the q,brid region vas generally low whieh auggested that evolutionar,y diversity 

had occurred witbin individual genes. Characteristic differences in the 
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transduction efficiency of the various genes do exist, some genes being more 

easily transduced than others. 

Another interesting observation was the isolation by Baron et al. (1960) --
of diploid heterozygous hybrids from matings between 11. 2..9.1! and Salmonella 

typhosa. The strains emp10yed vIere an la. 2..9.1! Hfr ~ and various .§.. twosa 

strains wi th a variety of sugars markers. Hybrids \Vere selected \vluch possessed 

a gene from the male parent for the utilization of the sugar. Vlhen positive 

hybrids clones were restre8.ked on rrutrient at;ar, two colOlual fonus \Vere observed: 

a smnll, unstab1e, dense COlOlW which 6ave riee ta tral1.slucent sectora and a 

large, stable, translucent colonial forme Upon restreaking sll~gle dense colonies 

vinich ,"Iere net yet sectored, i t was determined that the translucent colonial 

form actually was segra3e.ted fram the clones. The translucent forms were alvrays 

negative for the sugélx on whic~l the particu1ar h3rbrid rœ..s originally selected, 

whereas the small dense colOlues observed on l1utrient <=\Sa!' retained their 

fermentative capabilities. 

The dense colonies cross-reacted wi th the antiserum. preparèd against 11. ~ 

K-12, whereas the translucent colonies did note Both dense and translucent forms 

were agglutinated by .§.. txphosa antiserum.. It was concluded the dense colonies 

were unstable diploid heterozygotes ;~ch frequently reverted to the translucent 

colonial forme A relatively stable and presumably diploid colony, however, was 

later. Un1ilœ tlle highly unstable dense colonies riluch could not be 

retained for more than a few transfers, a fair1y uniform appearance of this 

hybrid could be kept by the ca.refttl selection and restreaking of typical colonies. 

Occasionally a ~ colony would be isalated which indicated integration of the 

male chromosomal segment into the female chromosome to result in hap1oidization 

(Falkow !!~. 1962). There was also a contlllual low lev~l of reversion in the 
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diploid to [. typhosa parental forme Similar phenomena in matings between 

E. ~ and ~. tlPhimurium will be described later in Chapter II of this report. 

Demerec anè Ohta (1964) observed that the presence of !. ~ genetic 

msterial iaO~a8&. the frequency of integration of nearby ~. typhimurium geDes 

on a transducing fragment in an !. ~ r\.:cipient. Demerec and Ino (1968) 

extended this observation and also pointed out a reciprocal effect. That is, 

the presence of ~. ~ genetic material decreases the frequ8nc1 of iategration 

of nearby ~. tlPhimurium genes on a transducing fragment in a ~. typhimurium 

recipient. In the latter cases, it was impossible to assign the precise origin, 

~. ~ or S. typhimurium, of the genetic material near the juncture of the 

contributions of the two species. Other methods, such as analysis of protein 

primar,y structure, wou1d be n.c~sar,y for such assignment. 

The depression of transduction frequencies of ~. typhimurium materlal in 

such composite transducing fragments cccurred in the analysis of !. ~ -

~. typhimurium ~brlds of the argB-cysC region (Demerec and Ohta 1964). Thil 

mal heve been due to the differing levels of homology studied in the two 

chromosome1 regions, ODe at the level of Ducleotide sequences within genes or 

operons, the other for the gross ord~ring of genes 00 the map. In both 

!. =.2!! and ~. typhimurlUil tbe gene order pppears to be trp-cysB-El!!; however, 

thls group of genes is inverted between" the two species (Saoderson and Hall 

1970). The operator-distal end of the trp operon is oriented toward ~ 

in both specles, and the ordering ot the five genes withie the !!e cluster 

ls the same ln the two species. It was therefore concluded that, even if the 

two species have considerable bomolo~ at the genetic fine-structure level, 

this homology might be masked by chromosomal rearrangement (Balbinder 1962). 

Incorporation of a small portion of the !. ~ p,frF locus into the 



~. typhimurium chromosome resulted in a partial requirement for uracil. 

Substitution of the entire El!! locus of !. ~ for tbat of ~. typhimurium 

allowed formation of phenotypically prototrophic bacteria. The factor 

controlling a partial urseil requiremeat is locsted in the ~ gene and is 

not due to an extragenic suppressor. The pyrF gene in ~. tyPhimurium appears 

by complementation tests to be a single cistron, the structural geDe for 

the decarbaxylase involved in the conversion of orotidine-S'-phosphate to 

uridine-S'-phosphate (Yan and Demerec 1965). These El!! ~brids point out 

how an evolutionar,y system of single-gene isolation m~ be initiated, setting 

the stage for rapid divergence in the nucleotide sequences of that gene. 

Another approach to the analysis of enterobacterial ~brids is electrophoretic 

analysis of ~brid gene product. Atkins and Armstrong (1969) first demoDstrated 

t~is approach using the product of the ~ gene in ~. typhimuriua -

~. moatevideo qybrids. The gene product, reductoisomerase, has different 

electrophoretic mobility on starch gel electrophoresis in these tvo species 

of Salmonella. From an available collection of ~brids selected for the ~ 

locus, 31 q,brids vere ana~zed to det~rmine the electrophoretic mobility 

of the reductoisomerase of each strain~ The observed mobility of the 

reductoisomerase of each strain agreed vith the species origin that had been 

assigned to its ~ locus by previous transductional analysis. 

An enzyme ass~ approach vas utilized in t~e analysie of the ~bride ia 

this present study vhich concerned genetic recoabinatioD ia the tr,yptophan 

operon region of the cbroIlOSO_. 
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B. The Tryptophan Operon and Biosynthetic Pathway 

The biosynthesis of tryptophan in enteric bacteria, which consists of 

five steps and requires at least five enzymes, begins with chorismic acid v.hich 

contains a benzene ring and is an intermediate common to the syntheéis of many 

aromatic amino acids (Figure 1). Œlorism1c acid is converted to antl1r&lilic 

acid (p-amino benzoate) by 8nthr&1ilate synthetase CA.:». .AnthrE'.nilic acid is 

used as 8. phenyl base from w11icl1 the indole portiOll of the tryptophan molecule 

is synthesized. There is feec1back inhibition of .:u.lthra.'1ilate synthetase by 

tryptophan, the end product of this metabolic pathv/ay. Antl1rallilic acid is 

converted to anthranilate~T-riboside-5-phosphate with the addition of 

phosphoribose by phosphoribosyl transferase (PRT). Actually the phosphoribose 

is transferred from riboside-triphosphate; the products of the reaction are 

phosphoribose and pyrophosphate. After attachment of the ribose compound, 

the ribose ring is split open between carbons 2 and 3 with the adèlition of hydrogens 

by the enzyme phosphoribosyl isomerase (PRAI). The gene ymich produces 

PRAI does not map within the tryptophan operon (Œlalœabarty 1968). PRAI has 

only been isolated from Pseudomonas putida. The next StEP produces ~~e indole 

ring which is formed by the reaction of the carbo:xyl group on the phenyl 

portion with the hydro:xyl group in carbon 2 of the ribose portion. This 

reaction is mediated by the enzyme indoleglycerol phosphate synthetase 

( InGPS) resul ting in the formation of indoleglycerol phosphate and carbon 

dioxi..de. 

The synthesis of tryptophan from indoleglycerol phosphate is catalyzed 

by an enzyme consisting of two sub-uni ts: tryptophan synthetase A (TS-A) de"baches 
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glycerol-3-phosPhate from indole glycerol phosphate leaving a pure indole 

structure. Tryptophan synthetase B (TS-B) mediates the reaction of the indole 

wi th L-serine. The hyëlroxyl group on the serine residue combines wi th a hydrogen 

on the indole forming a water mole cule and a union between the serine residue 

and the indole creating L-tryptophan. It is important to note that subuni ts 

A and B combine. 

Separated tryptophan synthetase A protein has been shown to be a single 

polypeptide chain (Carl ton and Yanofsky 1962) termed the 0( subuni t. Separated 

tryptophan synthetase B protein is believed to be a dimer of identical 

polypeptide chaine for the following reasons: (a) it yields two C-terminal 

leucine residues per mole of protein, (b) there are forty-five peptides in 

the peptide pattern of tr,y~tic digests and eighty-one lysine and arginine 

residues per mole, and (c) it binds two moles of the cofactor pyridoxal 

phosphate per mole of protein. The B subuni t is therefore termed /J~ (Wilson 

and Crawford 1964). 

Combination of the 0( end fi subtmi ts resul ta in a striki.ng enhancement 

(30 to 100 fold) of the rates of the partial reactions of the individuaJ. 

subunits. This effect is not dependent on the enz~c activity of the 

complementary chain as shown by the properties of ~ and ~ subuni ts frOID 

certain mutant strains (Yanofsky and Crawford 1964). These mutant proteins 

are themselves enzymatically inactive but nevertheless retain the capacity to 
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combine with the camplementar,r subunit and to enhance its catalytic activit7_ 

The ~ :}3 combining ratio ot 0.64 agrees tair17 well witb the ratio ot 

molecular weights ~ :td • 29,500 : 49,500 .0.60, as expected for a 1:1 

complexe The molecular weigbt tor the complete complex, 159,000, agreee ver,r 

well vith that expected for two OC (59,000) plus two f!J (99,000) chains. The 

determination of the molar combining ratio ot &'( and ~ polJ'peptide chaine can be 

veritied by measurements ot enzymatic activity using either ot the partial or 

over-all reactiona. For example, the indole to tr,yptophan reaction, which 

is cata17zed by the flR. subunit, is much t'aster in the presence ot tbe « subunit 

only when the same amoUDt ot IJ( is combined vith ~ into OC,2 ,8;..- Thus one cu 

use the indole to tr,yptophan reaction to messure the activity ot either the 0< 

or the ~~ subunits since the complex cootaining both subunits (in detinite 

proportions) is much more active than ~Â alone. The amount ot each subunit in 

a mixture is determined by measuring enz.ymatic activity in the presonee of 

an added excess ot the other subunit. Since the same active complex is being 

measured in either assay, the unite ot~ and ~~ subunit activity are 

equivalent in the fully associated complex (Goldberg et al. 1966). --
It is interesting to compare !_ coli tryptophan synthetase vith t.he 

Neurospora enz.yme. The latter enzyme has a1so been found to have tour 

polypeptide chains, tvo eaeh ot two types, and it has a molecular veight of 

135,000 to 150,000. The subunit structure and sizes ot these two tr,yptophan 

synthetases support the view tbat tbey have a common evolutionar,r origin 

(Carsiotis !!!!. 1965). 

The a1tered tr.r.ptophan synthetas8 A proteins produced by a group of 

mutants of E. coli vare examined for primary structure, and each mutant protein --
vas tound to ditfer trom the wild type protein by a change of a single amino 

acid. B.Y showing that the order of the positions at which tbese single amine 
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acid changes occurred in the A protein vas the 8ame as the order of the 

respective mutationsl sites on the genetic map, the colinear relationsbip 

between gene structure and prote in structure vas establisbed (Yanofs~ 1963). 

The distance on the genetic map also ia reasonably representative ot distance 

in the pOlypeptide chain. Co1inearity ot gene structure and protein structure 

has also been conviDcing~ demonstrated usiag difterent experimental material 

such as nonsense mutants and trame shitt mutants (Fowler and Zabin 1966). 

The complete sequence of the 267 amino acid residues in the E. coli tr.yptophan --
synthetase A protein Ras been determined and consequeDt~ the relationship 

between the genetic map ot the A gene and the changes in mutationally altered 

A proteins can be reconsidered in terme of the primar,y structure of the entire 

proteine The amino acid sequence of the A protein shawn in Figure 2 vas 

determined by analysis of fragments derived b.1 treating the protein vith various 

proteolytic ens,ymes or vith cyarogen bromide (Yanofsk,r !!~. 1967). 

C. Purpose of This Investigation 

At the CDset of this study experiments in this laborator.y on bJbridizatioD 

of !. ~ and S. typhimuriua produced inconclusive results when selection 

was made for tr.yptophan recombinants. B.1 u.ing female straiRs vith special' 
, . 

genetic properties or by treating female strains vith heat or mutagenic 

agents, bJbrids could be readil1 produced, but the question of whether or 

not integration iato the recipient chromosoae of the male material bad 

taken place could not be easily resolved. aybrids diploid in the 

chi-OIIOBomal regioD under study (partial heterozygotes) vere able to 

replicateand fora full-sized colonie.. FUrtberaore, ir iategration of 

male genes into the feule chrOllOSa18 took place, it could not be discerned 

exactly vbera ta:. iategration toot place in the cbroaoao_. Tba que.tin of 

integratioa 1s iaportant becaU8e the trequena,y of reco.oinatia. batvee. 
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analogous genes ot !. ~ and ~. tlphimuriua at a specific site on the 

chromosome is au: indication of the degree of genetic hamology at that site. 

Since the tryptophan gens cluster co.prises a single operoo in each of 

tbese species, it i6 of interest to determine if a ~brid operon which 

contains li. ~ and ~. tlphimurium tryptophan genes could be controlled 

bl a single operator. The locus of tbis stadl vas therefore to.avtse an 

analltical procedure wbich would indicate if and whers genetie recombinatioa 

had taken place in a ~brid cross~ An!. ~ operator gene would be plaeed 

in an S. typhimuriua operon where abilitl of the operator to derepress the 

complete operon could be measured. This required a special eoabination of 

markers in the male and female strains. 
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II. liL\.~1U:.AIS AL"'1D ŒTHODS 

A. I:!edia 

Nutrient broth ( 8 g Difco nutrient broth and 5 g RaCl per 1000 ml 

distilled water) and nutrient agar (15 g Becto agar per 1000 ml nutrient 

broth) were used as complete media. The m;nimal medium (Demerec and Ozen 

1959) contained 10.5 g of Kzn'04' 0.05 g of llgS04' 1 g of (IŒ4)i304' and 

0.47 g of somum citrate 2H2Û per 1000 ml of distilled water. IHnimal agar 

contained in addition 15 g of agar per 1000 ml minimal medium. .Amino acid 

supplements were added to minimal medium men needed at 20 mg per 1000 ml 

9f minimal medium. 

B. ~!omenclature and Abbreviations 

Standard nomenclature (Dem.erec.2! &. 1966) was followed throughout this 

report wi th 1f,. 92.1! convention for trp genes: EiPA;Bcmo (Taylor 1970). The 

correeponding nomenclature for the trp operon of .ê,. t;tl2himurium is fuCllEBAO 

(Sandereon 1970). The S Q prefix for bacterial strains' numbers ViaS assigned 

to the 1aboratory of R. B. lIiddleton by K. E. Sanderson, Salmonella Stoclt 

Center, University of Ce~gexy, "Uberta. The style for standard abbreviations 

and citation of references fol10ws Conference of Biologiual Editors, Committee 

on Form and Style (1960). Abbreviations are as follows: arg for arginine, 

AS for anthranilate synthetase, cys for cysteine, I.ltTA for deo:x;yribonucleic 

acid, gua for guanine, InGPS for indo1eglycerol phosphate sy-.a.thetase, ilv for 

isoleucine-vaJ.ine, l.IA for minimal medium agar, :rA for nutrient agar, UB :for 

nutrient broth, mm for lT-methyl-lT '-11i tro-J:T-ni troso gl.18nic1ine, mu for 

phosphoribosyl isomeras, PET for phosphoribosyl transferase, pyr for 

pyrimidine, RliA for ribol1ucleic acid, sup for suppressor, trp for tryptoph2n, 

TS for tryptophan synthetase, and VIT for wi1d type. 
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C. The Male Strai. 

Table l "lista all bacterial straius utllized in tb1s studr. The E. coli --
Hfr strain (SQ996) uaed was ori«inal~ prototrophic (SQ99S). It vas theretore 

necessar,y to mutate the male betore makio5 the cross in order te ~alect agaiost 

male cella on the medium producing hybrid recombinants. A mutation in the 

trpB gene of the !. ~ Hfr male would be useful tor selecting aqybrid operon 

with the !. ~ parent supplying the operator-promotor and perhaps two or 

three opera tor-proximal structural genes and the ~. typhimurium parent 

supply'.ng the operator-distal two or three genes. A trpB male would help 

in sure selection for recombioatioo within the operon. 

The mutagenic agent used to mutate the !EE! Marker in the !. ~ straio 

was N-methyl-N'-nitro-N-nitroso guanidine (NNG)(Adelberg 1965). NNG can 

disrupt the backbone of a DNA helix by removing phosphonucleotides to result 

in a deletion mutation. Del~tion mutations are preferable to point mutations 

in which single bases are replaced by other Dases along a single strand of DNA, 

eventually to result in • single base change, since deletion mutations do 

not revert. 

NHa may be applied in aqueous solution or, as in tb1s study, as cr,ystals. 

The desired mutant strain would grow only on MA supplemented with tr.yptophan. 

0.1 ml of an overnight culture in NB at 37C of the prototroph !. ~ Hfr was 

spread onto MA supplemented vith tryptophan in a Petri àish with a sterile 

glass spreader. A small cr,ystal of NNG was immediately placed in each 

quadrant of an inoculated Petri dish. 

The Petri diahes were incubated right side up for 48 hours at 37C. At the 

peripher,y ot the clear zones caused by the NNG cr,ystals, individual colonies 

would be eitber trp+ or.~!f2; aU other mutants would fail to grow. With sterile 

toothpicks, individual colonies vere sampled (20 trom each treated plate) and 

transferred to an NA master plate (40 on each). After overnight incubation 



Straio 

SQ835 
sctW5 
SQo'9-9"6 
SQ737 
SQ975 
SQ976 
SQ977 
SQ978 
SQ979 
SQ980 
SQ421 
SQ990 
SQ991 
SQ983 
SQ981 
SQ7l5 
SQ713 
SQ518 
SQ945 
SQ946 
SQ947 
sQ948 
SQ9L9 
SQ950 
SQ951 
SQ952 
SQ953 
SQ954 
SQ955 
SQ956 
SQ957 
SQ958 
SQ959 
SQ960 
SQ961 
SQ962 
SQ963 
SQ964 
SQ965 
SQ966 
SQ967 
SQ968 
SQ969 
SQ970 
SQ971 
SQ972 
SQ973 
SQ974 
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Table 1. Bacterial Straias 

Characteristic 

E. coli wild type 
- n- Hfr wild type AT2570 

" Hf'r·trpB 
" F-~ 
" F-~ 
" F-~ 
" F-~ 
" F-~ 
" F- tï'pBCD 
" F- trpCDE 

S. typhilllu.rlua Wlld t)'pe LT2 
- If leuO 

" trpOA " ClS: 
Il "'ue 
" ~EDC167 
" tlj)ABElJO 
" ~ï:;3 E. coli - s. typ ium ~rid TC-l 
n-- " "TC-4 
" " W·,.S' 
" TC-ll 
" TC-14 
" TC-15 
" TC-23 
" TC~7 
" TC-29 
" TC-31 
" TC-35 
" "" TC-37 
n "" TC-39 
" "" Tc-51 
" "" TC-53 
" "" TC-54 
" "" Tc-64 
n 1t n Tc-66 
" "" TG-71 
Il "" TC-77 
" n Il TG-78 
" ft r. TC-BO 
" Il Il TO-83 
" "" Tc-84 
" "" Tc-89 
Il li" TG-91 
" "" TC-95 
" "n TG-96 
" "" TC-97 
" "n TG-98 

Source 

A.T.C.C. #10536 
A. Taylor 
D. w. Stet ter 
A. Taylor 

" 
" 
" 
" 
" n 

R. B. Middletoll 
P. Margolia 

" R. B. Middleton 
" E. Balbinder 

" 
" D. W. Stetter 

." 
" 
" 
" 
" Ir 

fi' 

" 
" 
" Il 

" 
Il 

Il 

" 
" n 

" 
" n 
n 
ft 

Il 

" 
" 
" 
" 
" 
" 
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at 37C, each master plate vas replica-plated by velveteen (Lederberg and Lederberg 

19$2) onto four media: HA, M~lus anthranilate, MA plus indole, and MA plus 

tryptophane 

Nearly 1800 presumptive mutants vere tested. Most vere v!ld type colonies 

that grew on all four media; six !!2 mutants vere isolated, but OD~ one of the 

six did Dot grov on indole and therefore ~ppeared to be a ~ mutatioa. 

To check the "maleness" of this trpB mutant strain, a cross vas made 

with an !. ~ F- guaB straio (SQ 981). Platiag 0.1 ml overnight culture fram 

each strain together on MA resulted in an average of 120 prototrophic recombinants 

per plate which indicated that the Hfr cheracter of the original male strain vas 

maintained through the mutagenesis experiment. Lyophilizeà preparations vere 

then made of the !. ~ Hfr trpB strain. 

Confirmation that the t~tophan requirement was due to a mutation of 

the trpB gene was made by conj~gation crosses with several !. ~ famale 

strains vith knovn trp mutations. The Hfr straia was crossed with each trp 

strain and the appearance of trp+ recombitlants lI8ft looked for (Table 2). 

Recombinants resulted from all crosses axcept vith the tvo female strains 

carrying a damaged trpB gene, which indicates the mutation in the Hfr strain is 

limited to the ~ gene. The mutation ~ppears to be a deletion, since no 

~+ revertants are seen vhen 0.1 ml of an overnight culture i8 plated 00 MA. 

D. The Female Strain (SQ99l) 

The S. typhimuriua LT2 female strain utilized was produced by Mukai and 

Margolin (196,3). A leucine auxotroph, leu-$OO, was shawn to result fram a 

mutation of the Q (operator) gene of the leucine operon in ~. typhtmurium. 

Mukai and Margolin vere interested in the looation and nature of genetic 



Table 2. Genetie analysie of the E. eo1i Htr strain SQ801 by conjugatioa --
and reco.binetio. 

E. cDli femo.le Recom Li fiA" ts No Recomhi nA ,;15 
--- -

SQ 85""0 tr f! il + 

SQ 85/ tc,. B _ + 

SQ 8·52 tc~ C + t: ., 

SQ 8S3 1rp D + 
i 

5 Q 8slf tr- p E -l-
i 

SQ grs- tre BeD + 
i 

SQ 8s6 lyP C DE + ,- -
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alteratious suppressing tbe leucine Q .utatioD. leu-SCO, vben spread UPOQ 

MA and incubated at 370 tor 72 bours, gave riae to colonies ot leucine

independent oells. The.e colonies vere reaij~ divide into tvo classes 

based UPOD size. A tev vere large and iaoreased in size during incubation 

at approximate11 tbe same rate as colonie. ot wild-t1p8 cells. The majorit7 

tell into a class ot distinctl1 saaller colonies. These never approacbed 

tbe size ot tbe large:oolonies regardless or tbe length ot the incubatiag 

periode Suoh partial revertants bad trequently been tound to be tbe result 

ot suppressor mtatiens (Yanotslr:y' !!!!.. 1961). 

A nuaber ot tbe smaller leuoine-lndepeudent oolonies vere selected and 

puritled by passage througb a single oell. Tbe independent origine of tbese 

strains were assured by using ten ditferent suboultur8s ot leu-500 obtained 

traD single colon7 isolates, and selecting no more than one eacb type of 

suppressor mutant or revertant trom ea9h subculture. 

The appearance ot botb c1ste1ae and tryptopban requitements iamed1ately 

focussed attention UpOD tbe region ot the ohromosome witb the ~ and tbe 

ti~e tryptophan genes; Demereo and Hartman (19,6) as well as Olowes (1958) 

had noted that oysB and tryptopban genes ot !. 3rPbimuriua are ver,y clos.l, 

linked. The leucine operon is not linked by transduotio. to tbe Sl!! and 

tryptophan region. of the ohromos0a8 in !.~. Similarity ot the order of 

geaes on the !. tlPb1auriua and !. ~ chromosOMS sugg •• ted that this ls also 

probab17 true in ~. tn>h1.IIuriua (SanderaoD 1970). 

The distribution ot the auxotrophic suppressor mutant. into c.ysteine 

requirers, t17Ptophsn requirers J and C7steine plus tl"TPtophan requirera 

suggssted tut the region of the cbrcmoeœ. reapo.slble for tbe suppression of 

leu-SOO lay beween a.rsB and the fi ve tryptopbaD genes. This region ot tbe 

chroll108OM .... deslgn.ted the supX 10C1Ul (Muai and Margolln 1963). Figure 3 



1 !,a 

sur x cysB 

Figure 3. Re1ati~e genetic map p08itioDS of the leucine chromosomel 

regioll and the eupI chromosomal relioa in ~. tlPh1Ilurium 

(alter Sandereoa 1970) 

Ie.lSOO 



ie a diagram of the relative positions of the leucine operon and of the supX 

region. 

Reciproca1 transductions were performed between tr.yptophan mutants 

containing mutations in difterent ~ loci and auxotrophic suppressor mutants 

which had a tryptophan requirement. It was determined that severa1 supX 

strains appeared to resulj from deletions extending for various distances into, 

but not through, the tr.yptophan ganes, since trp+ recombinants were produced 

from transductions with some of the tester strains. FDr. exemple, two of the 

+ suppressed mutants produced no trp recombinants trom transductions iDvolving 

a trpE strain, but did produce tre+ recombinants from transduction involving 

~, trpB, and ~ strains (the ~ gene was not yet described in 1963). 

It was concluded that these straios resulted from deletions extending ioto 

and perhaps through the trpE gene, but ending betore reaching the site of the ......... 
mutation carried by the trpD strain. 

In other transduction resul~s it was discovered that some suppressor 

strains requiring both c:steine and tr.ypt~phan contained deletions through 

the entire supX locua. Tbat these str~ins could suppress leu-,eo suggested 

that the suppression resulted from the inactivition or elimination of a normal 

cell constituent which was a product of the supI locue. 

An hJpothes1s by Margolin and Mutai which explained al1 observation. 

pictured the leu-,OO~mutation as having altered the specifieity of the leucime 

operator so that the repressor for an entirelY different system could act UPOQ 

it. This foreign repressor might even aet as a superrepressor on the leuciae 

operator. The presence or absence of leucine would not affect this foreien 

repressor. The supX locus vould tben ba the regulatQr gene contro11ing the 

foreign repressor, and aay .utation. whieh removed or iaactivated the gane 

would re1ieve the 0 condition of the leucine operon. 
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The auxotrophio supX strains which have deletions extending into the 

proximal. end of the trp operoD are ideal for thia study. In selectioD tor 

tryptophan prototrop~ in a ~rid cross, the on17 source of trp operator and 

the gene transcribiag antbranilate aynthetase must be the male strain. 

E. Preparation ot ~brid 

Successtul conjugation between !. ~ flnd ~. tzphillurium ia a rare event. 

Mojica-a and Middleton (1971) report a protocol tor enhancement ot the tertility 

of~. ~himurium remales in bJP~id crosses; the remale strain is grown i. 

minimal medium rather than nutrient broth and incubated at ,OC for 20 min 

tmmediately betore mating. The~. tzphimurium temale used in this study 

(SQ99l) did not have a marker reducing intertility and did not respond ver,y 

vell to preliminar,y minimal medium and tempe rature treatmenta. On rare 

occasions ~brids could be induced by the ab oye protocol but not in nUilbers 

necesaar,y tor th1s stud,y. The technique most succea.tul and tinally adopted 

vas developed br Eisenstark (196.$) vho round that NUG increased the tertility ot 

~brid crossea. The appearance of the hybride on the minimal medium vas quite 

ditterent tram that ot the autagenesis experiment. Both parental straiDs vere 

trp, did not grow on KA and did not produce background grovth. Around each NNG -
cr,ystal placed on the agar vas a halo ot individual colonies of bybrids. An 

average ot 80 colonies surrouadêd each NHa cr,ystal placed on the matine 

mixture on MA. The particular ~brid sought proved to be a rarity among the 

yariOUB type. ot ~brid. produced. 

The hJbrid deaired waa one in vhich a reoombinational event bad placed 

the proximal portion ot an E. coli tr,yptophan operon in contact vith the distal - -
portion of an ~. tlphimurium tr,yptophan operon. The pheBotypic appearance 

ot the b;ybrid vould be wild type, but it must be rellembered that the temale 

chromoaome ia Dot t;ypical. It contaius a unique mutation in the leuciae 
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operon operator gene mlicll in a w11d type chromosome per.m1ts the leucine 

operator to be permanently repressed by a gene et the ~ 10crL1S. ITowever, 

in the SUllA strain used in this e:i..1>erÏlnent the Ge:le at the supX locus hœ 

been deactiv~ted by a deletion mld ~le leucllle operon is derepressed. It 

is importont to note that 8. recombinational event involvil10 the SUllA locus 

e:'ld the adjacent tryptoph:.Jl1 operon 8.8 desired III this study w01.ùd have no 

effect on the state of suppression of the leucllle operator mutation because 

the state of suppression was originally created by the deactivation of the 

gene at the su;eX locus. :DUrther rem.oval of chromosomal material at that locus 

is therefore insignificrult. 

In di vidual colony morphologies of the va..""'ious :lybrids were similar to 

those describec1. by J38.rDn (1958) in Ilis initial hybridization st"Ltdies. There 

\"fere both large end smaJ.l C010llios, the former appeo.rinc shalloVi ond cle8.!', 

the latter appearing d.ense md opaque. Based on Baron r s resul ts i t was asS"Llmed 

the dense smaller colonies yrere more likely true ~ecombinants, the large 

colonies being partia~ heterozygotes which continually revert. Using a sterile 

inoculating naedle, samples were taken :t'rom among the small colonies, placed 

in NB for overnight cultures at 37C, then tested on lIA.. If isolatec1 colonies 

sust~'.il1ed growth on r:Jl. for three cycles, the samples \"Tere c0l1si<lc:;:,cc1 

sui ·b.1Jle fo:;.' f'urther analysis to d8te:r.mille if ê. IlYbrid operon had been ests:blished. 

li'. Characterization o:t' :'iybrid. 

TV/a methods of 8nalysis were used to determine the presence or the hybrid 

operon, one genetical and one biochemical. 

The genetical method of hybrid analysis was transduction. Bacterial hybrids 

derived from crosses between lJ.. ~ end.ê.. t;yphinru.rium can be analyzed 

genetically by means of transduction experiments vii th.§.. t:;:yhiI!J.u:t;tu;m strains 



as recipieats, "brid as douors, and P22 phage a. the vector. 

The procedure vas as tollowa. A sampl. vas teken trcœ an dReraight 

broth culture of the recipient etrain grOVD in a ahaker and vas mixed vith 

P22 phage (multiplicit,y 5x) grovn on a q,brid, and 0.1 ml aliquote vere 

plated on an ~ppropriate selective medium, usuallY minimal medium enriched 

vith 0.02% outrient broth powder (double enriched mediua). ~. tlehimuriua -

!. ~ hfbrids are not uniform vith respect to P22 phage. Soma are 

reeistant to P22 and sorne mate poor hoats tor P22. Thia is probabll due 

to variations in the amounts and regions of !. ~ genetic material. Since 

the objective of this studl vas to aoalJze the region ot the chromosome 

contaioing tne ~ c~uster of loci, on~ tre+ ~brids that ver. stable 

and that lielded high-titer phage vere used. 

Phage raised of the ~brid8 vas used to transduce mutant markere of the 

Salrrlonella recipients. The preliminar,y recipient utilized vas completelY 

deleted ror the tr,yptop~n operon and for 5l!!. Positive resul~s. complete 

or abortive transductants, vould indicate co-transduction of !. ~ and 

~. tyPhimurium material, i.e. a hJbrid operon. Succeeding recipients vith 

shorter iotra-operon aberrations determined the extent or!. ~material 

present. In ever,y instance the transducing fragment carried the vild-type 

allele of the pertinent mutant gene in the recipient. In order to avoid 

background recipient reversion, mutants carr,ying short deletions vere 

chosen as recipients vhenever available. 

The biochemical method or analysis vas the a8sal of structural gene 

enz.rmes at each end or the tr,yptopban operon under repressed andoderepressed 

conditions. In the remale straia originalll the distal tbree structural 

genes trpA, trpB, and ~ vere rree or operator control, not derepre8sable, 

and transcribing tbeir respective enz.rmes at a basal rate. Integration 

ot an !. ~ operator gene proximal to these genes vould q,pothetical~ 
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causederepressiDn of the entire trp operoD. 

Somerville (1966) reported on the compatibility ot the ~. typhimuriua 

tr,yptophan regulator genes and the E. coli tryptophan genea. aybriès --
hemiz.ygoua tor the tr.yptophan genes vere prepared by episomal tramster 

ot an !. ~ element into S. typhimurium. The amou.t ot enzyJa production 

iD the presence and absence of tryptophan varied precilely in the same 

manner as in !. ~ vild type. Thar. is a mutation in the anthranilate 

sybthetaee geDe in !. ~ which prevente derepression ot the entire operon. 

The !. ~ gene mutation fUDctioned identicallY in the cytoplaaM of 

~. tzphilluriua. Arf1' dUterence vhich may exiat betveen the tryptopharl 

regulator.y genes of !. ~ and ~. typhtmuriua had little eftect on the 

regulation ot enzyme formation in q,brida of hemizygous nature. Tberefore 

derepression ot ~. tlphimurium structural genes by an !. ~ operator 

in this etudy should be tree ot regulator,y ambiguity. 

The assay procedure is Qe~D by growiDg tvo 500 ml aliquots ot the 

q,brids to be tested overnight at 370. One aliquot contains m&nimal salts 

plus glucose, an environment vhich should induce derepression. The second 

aliquot contains the above plus 12 mg ot tryptophaa / 500 ml of mediUII, an 

environment which should repress the activity of all tryptophaa genes. 

The cells iro. the overnight cultures are spun dovn to a pallet in a 

centrituge at 15,000 RPM tor 15 min, and the supernatant .ediua is then 

poured otf. The tvo separate pellets ot cells are resuspended in 4 ml 

of Tria butter pH 7.8 and sonicated in order to disrupt cell meabraBes 

and liberate enzymes to he ass.,ed. A second centrifugatioo at 15,000 RPK 

for 15 min aedt.ents all cell debris and a clear enz,.. extract is ready 

to be assayed. 

The enz.y.aes that vere assayed are tryptophan syntbetase ~othetically 
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of ~. tTpb1auriua origin at the distal end of the qperon and anthranilete 

syothetase ~otbeticellY of !. ~ origin et the proximal end of the operon. 

Analogous degrees of derepression vould indicate control by a mutuel operator 

inferring a hrbrid operon. 

The tr,rptopban synthetase assay procedure is described by Colowick and 

Kaplan (1962). 0.1 ml of cell extract is placed in 1.9 ml reaction mixture 

as lated below plus lQQ uoits of tryptophan synthetese /J subunit. Thus only 

the 0< subunit of the enzyme ia measured vhose act1vity is thoroug~ 

quantltated in the presence of exces8ft • 

Reaction Solution for TAJptophaa Syothetase Assay 

3.0ml of 0.2 M serine 

1.0 ml of PTridoxal-6-phosphate (100 P. gm/ml) 

1.0 ml of l M Tris buffet pH 7.8 

0.3 ml of NaCl solo. (seturated) 

0.8 RÙ. of indole (5 f/moles/ml) 

2.9 ml of distilled vater 

Tbe reactioR proceeda in a vater bath at 37C for 20 aine The remaining 

indole ie extracted vith toluene, rec~ted vith dimet~laminobenzalde~de to 

produce e brilliant red color meaaured quaotitatively 00 a Klett colorimeter 

vith a green tllter. The degree of l08S of red oolor is proportional to 

the quantit,y of tr,r.ptophaa syntbetase 0( subu.tt in the oell extraot. 

The antbraDilate &ynthetaae ASsay procedure is deacribed by Colowiok aad 

KaplaD (1962). 0.1 ml of oell extraot is plaoed in 1.9 ml of reactioR 

.txture as listed below. 



Reaction SolutioD tor Anthraoilate SJntheta.e As.ay 

4.0 ml ot l mM chorismic acid 

4.0 ml of 50 mM glutamiae 

4.0 ml of 20 IIM MgS04 

2.0 IIÙ. ot 100 1IIM phosphate butter coataiaiag 

0.78 Il :ot I18rcaptoetbanol / 100 ml 

,.0 ml of distilled .ater 

Chorismic acid ia converted b.r anthranilate synthetaae to aatbraoilic 

acid whicà tluoresces. This fluorescence ~ be measured quant1tative~ 

with a spectrophotofluorometer (Turner 111) and i8 directly proportional 

to the amount of anthranilate s,ynthetase in the cell extract. 

In order to standardize the total number of cells grevn for any enzyme 

assay, the value determined in the assay is always compared to the total 

amount of protein ia the cell extract. This ratio ia referred to as the 

specifie activity. 

The protein determination is as follows: O., ml of cell extract is 

placed in 5.0 ml of reaction solution as listed below. 

Reaction Solution of Protein Determination 

,0 ml 2% Na003 in 0.1 N NaOH 

1 ml 1% CuS04·'H20 + 2% potassium tartrate 

Atter 10 min O., ml ot Folin reagent is added. The reaction is alloved 

to proceed tor 30 min. A deep blue color proportional to the amount of 

total protein in the cel1 extract may be measured on a Klatt color~eter 

vith a green tilter. Using the sama above procedure, known quantities ot 

albumin solution are measured and a standard curve prepared. The amouat 

of protein in the cell extra ct may then be read ott the standard curve. 
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III. REBUL TS 

Initially ten batches of qybrids vere prepared, and fram each batch ten 

individual colonies were selected, totaling one hundred ~brids. Each of 

the initial one bundred qybrid colonies vas grown in nutrient broth overnight 

at 37C and tested on minimal medium plates the following day. After fort y

eight hours of incubation at 37C it vas observed that thirty of the original 

one hundred ~brids produced substantial lavns on the minimal medium. These 

tbirty q,brids vere recycled through broth culture and minimal medium plates 

three times. None vere found to segregate tryptophan requiring colonies. 

Theae thirty vere considered suitab1e to be tested by transduction into a 

~. tlPhimurium strain containing a deleted operon to determine if there vas 

a complete tryptophan operon in each b.r using genetic technique. 

The gross genetic make-up of each ~brid tr.yptophan operon vas alao 

deterrrdned by transduction into strains vith on~ partia11y deleted operons, 

one strain operator-proxima1ly de1eted and the other strain operator-distal~ 

deleted. Variations in transduction frequencies in the latter tvo cases 

coulè perhape distinguish !. ~ genes fram ~. tyPhimuriua genes. A fine 

analysis of the qybrid operons vas not atteapted due to Demerec's (1968) 

conclusiODs that in tbis genetical~ inverted region of the chromosome 

!. ~ and ~. tlPhimuriua genetic material interfere vith one another vith 

respect to recombination in transduction tests. 

Three ~. typhimuriua strains available in th1s laborator.y vith respect 

ta the specifically needed deletions vere a strain vith a trpABCDE deletioD 

(SQ 715), a straiD vith a trpCDE de1etion (SQ 713), and a straiD vith a EE! 

deletion (SQ'51.8). A S. tlPhimuriUll strain vith a cyilB marker indicated the 

extent of recombinatioD in the ClsB locus direction. The control recipient 

was a S. t,phimuriua straia vith a leuODmarker (SQ990). 
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1. Normalizatioo for the transduction coapetence of recipients: 

nwaber of transductants in leuO recipient (LT2 WT donor) 

number of transductants in each ~r.E. deletion recipient (LT2 WT' donor) 

2. Normalization for the titre of phages: 

number of transductants in leuO recipient (LT2 WT donor) 

Dnmber of transductants in leuO rec1pient (eaeh ~brid donor) 

3. Normalization for the number of transductants under idea1ized oonditioos 

1s oalculated as (1) X (2j X the number of transductants actual~ found. 

4. The relative incorporation frequeDCJI: 

(3) X 100 

number of tranaductants in leuO recipient (LT2 WT dODor) 

Figure 4. Procedure for determiniag the relative incorporation trequencies 

ot !. ~ geaetic uterial illl the ~. tlPbi.auriua CbrOmosollS. 

(De_rec and Ohta 1964) 
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Table 3. TransductioD anal1sis of trp+ hfbr1ds 

DODore Recipients 

SQ518 SQ715 SQ 713 SQ 983 SQ990 
trpB tœABCDE trpCDE .2l!! 1euO -

SQ421 LT2 WT 1840a 1853 1803 1850 1876 

SQ945 aybrid 10- 1 1837 0 0 1866 1756 

SQ946 - 4 1902 0 0 1877 1931 

SQ947 - 5 1836 0 72 (4%)b 1935 1845 

SQ948 -11 1937 20 (1.1%) 24(13%) 1836 1896 

SQ949 -14 1734 0 0 1783 1756 

SQ950 -15 1866 0 103 (6%) 1902 1813 

SQ951 -23 1S'!)) 0 86 (5%) 1876 1921 

SQ952 -27 1799 0 0 1810 1771 

SQ953 -29 1786 fIJ (2.$%) 97 (5%) 83 ($%) 1765 

SQ954 -31 1921 0 0 1893 1865 

SQ955 -35 1853 18 (0.9%) 55 (2&9%)1784 1921 

SQ956 -37 1806 0 1:2(0.6%) 1796 1835 

SQ957 -39 1797 0 75 (1,%) 1834 1810 

SQ958 -51 1941- 0 0 1870 1952 

SQ959 -53 1852 93 (5%) 83(4.7%) 1910 1783 

SQ9fIJ -54 1898 0 0 18fIJ 1851 

SQ961 -64 1761 0 0 1790 1935 

SQ962 -66 1932 0 75 (~%) 1913 1763 

SQ963. -71 1822 0 21(1.1%) 1856 1921 

SQ964 -77 1909 0 102 (6%) 1883 1703 

(continued) 
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Table 3. (continusd) 

Donors Recipients 

!Q518 !Q715 SQ71) SQ98) SQ990 
!!l! trpABCDE t!:ECDE ~ 1euO 

SQ965 atbrtd TC-78 1871 0 45 (3%) 1830 1151 

SQ966 -80 1156 0 0 1811 1856 

SQ967 -83 1949 0 135 (8%) 1921 1723 

SQ968 -84 1806 0 0 1834 1943 

SQ969 -89 1183 0 0 1791 1821 

SQ970 -91 1866 0 21 (1.2%)1834 1816 

SQ971 -95 1831 0 61(3.1%) 1811 1914 

SQ972 -96 1936 0 0 1903 1888 

SQ973 -97 1801 8 (0.4%) 670.5%) 1184 1853 

SQ974 -98 1198 0 0 1811 1156 

à 
Values are total of trp+ recombinants on tbree plates. 

bpercentages in parentheses indicate the relative incorporation frequencies. 

Where no relative frequencies are given, the values are 100%; i.e. the gene 

ie ot ~. tlPhimnrium origine 
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Table 4. Protein determlnatioD for each s.-p1e oe11 extract 

Sap les Klett Readings Standard Graph 

Values 

SÇ421 2,. W lWm1riWl WT 58 48 

Il ft n TRPa 
67 58 

SQ835 !. coll WT 65 56 

n " n TRP J,2 34 

SQ948 TC-1l 103 90 

.. " TRP ru 101 

SQ95~ TC--27 ' .,., lU ...... ~ 

" " TRP 155 139 

SQ955 TC-35 50 L1 

" Il TRP 139 122 

sQ959 TC-53 117 103 

" ft TRP 162 144 

SQ973 TG-97 72 62 

" et TRP {JJ 59 

b Corrected 

0.85 

0.9.3 

0.91 

0.55 

1.44 

1.62 

1.77 

2.23 

0.65 

1.93 

1.65 

2.35 

0.99 

0.94 

aTRP indicales exogeaGUs tr,r.ptophaD (repressed conditioas); other aS8818 

derepres.ed. 

bconcentration correctioa factor i. 0.016 • 
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Table,. Tr,yptopban syntbetase 88S., 

Samples Klett Readings Correctedb Specifie 

Cold Control 196 

Wann Control 18, 

SQ421 §,. tZEbimuriUll WT 99 1.72 

" n n TRPa 
1" 0.60 

SQ83, E. coli WT 3, 3.00 --
" " " TRP 1,4 0.64 

SQ9L8 TC-Il 86 1.96 

n " TRP 106 1.60 

SQ9,2 'ro-27 ,6 2.64 

n n TRP 66 2.44 

SQ95, TC-3, 117 1.40 

" Il TRP 99 1.84 

SC;& ,9 TC-,3 26 3.20 

" " ml> ,4 2.68 

SQt73 TC-97 10, 1.64 

" " TRP 139 0.92 

a TRP indicates exogenous tr,yptophan (repres8ed ~oDditioDS); 

derepressed 

c Activitie. 

2.02 

O.~ 

3.04 

1.16 

1.36 

1.00 

1.49 

1.09 

2.1, 

0.96 

1.96 

1.14 

1.66 

0.97 

other aSallay_ 

b correeted for ooaceatratio. &Bd ditfereace bet.eeu vara and eOld ooatrcla 

c specifie aotivit7 • aS8~ readia, / protei. determiaatiea readiag (Table 4) 
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'table 6. AnthranUate Synthetase ABsq 

Sample. Fluorometer Moles of 

AntbranUate 

SQ421 ~. t7Phimu.r1um WT 2.1 O.OSl 

" " " Tr 0.6 0.03S 

SQ835 E. coli WT 7.1 0.089 --
" " " TRP O.S 0.03S 

SQ952 TC-27 9.3 O.lOS 

n " TRP 0.6 0.035 

SQ959 TC-53 6.7 0.085 

n " TRP 0.5 0.032 

SQ973 Tc-97 6.2 0.082 

n " TRP 0.5 0.032 

Specific 

Activities (lO-a)c 

6.0 

4.2 

9.8 

6.4 

S.9 
1.7 

5.2 

1.5 

8.2 

3.7 

a TRP iadicates axoge.oua tr,rptopha. (repressed coaditio •• )j other ass~ 

derepressad 

b 15 min fluoroaeter readings vere compared vità the standard antbraaUate 

curve (Fig.') to iadicate antbranilate syntheta.e aatiYit7 

a speaifia aativit7 • aS8~ reading / prateia deterainatioa readiag (Table 4) 
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IV. DISCUSSION 

A. CODalusions Baeed oa Re.ults 

Both the genetic and biochemical analTses indicate that an E. coli chromos omal --
segment including a tryptophan operator-pramotor gene and an adjacent anthranilate 

s,ynthetase gene has integrated into an [. typhimuriua chromosome. This 

incorporatioa, proxilli1l.:-to the tour operator-rii.tal geDes of the ~. tlPhimurium 

tryptophan operon of the temale parent, produced a complete operon composed 

ot !. ~ and S. ttphillul':I:!! genes. 

Transduction exper1ments indicate that five krbrids, of oae buadred presumptive 

~+ ~rid~, have a coaplete tryptopbaa operoa (operator and five structural 

genes) which can be transterred on a single tranaduciag tr.agment (Ta~le 3). 

The !!:E.+ genecl)f all tive bTbrid. vas transduced about as efficientl;r as 

the ~+ gene of [. tlPh1muriua LN vild t1P8~ i,e. approx1llS.teq 100%, _à1oh 

indicate. the trpB+ geae vas of ~. ~himuriua origia. The trpCDE+ gene cluster 

vas transdueed at ver,y low relative incorporation trequencie. (0-13%) vh1ch 

indicate. the presence ot !. ~ genetic aRterial. The five ~brid don~B 

whieh contaia complete operons (TC-ll, -29~ -3S, -S3, and -97) produced 

recombinants vith the trpABCDI recipient. Their relative i4corporation 

trequeacies were similar ~o tao.e of the trpeDB recaabiaants. This expressed 

the influence ot the I~ coli material on the-complete operon in the process --
ot recambination. It m~ be noted that one (TC-29) of these five ~brids 

contains a cysB locus which mal be ot !. ~ origin also, as indicated br a 

relative incorporation trequency of five percent. This is possible because in 

the conditions ot the original cross the extent of recaabination in the cysB locus 

direction vas not controlled as it was in the trpB direction (Figure 3). 
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The tiVe ~brid strains which produced recombinants with the trpABCDE 

recipient in the transduction experiment were judged suitable tor biochemical 

analysie. The resulte ot the biochemical experiments inèicate that the operator 

gene controls the transcription ot all structural genes in the operon providing 

repressed and derepressed levels ot enzyme production in the presence and 

absence ot tr,yptophan respectivelY (Tables 5 and 6)~ 

It was observed that in the case ot tr,yptophan synthetase the specific 

activities of the nybrids resembled the characteristic ~. tzphimuriua levels 

more than !. ~ levels)" the ~. typhimurium wild-type control and q,brid 

derepressed enzyme levels had specifie activities between 1.36 and 2.15, wherae; 

the E. coli wild-type control derepressed enzyme level had a mach higher .pecifie - -
activity ot 3.04 •. Repressed conditions in all samples tested produced v.ery 

low specifie actlv1ties. This impliea that the genes in the distal end of the 

operoR are ~. snehimurlum, but it ia not a true indication ot the relative 

activities of the tr,yptophan synthetases troll the two .pecles. In the analysie 

ooly the tr.rptophan synthetaee G( polymer was aas~edj a j9 polymer of E. coli --
origin vas 8upplied in axceS8. Thia vas done in order to ass~ all tryptophan ' 

synthetaae « produced by saturation with fi polyJll8r, but the ()( component frOll1 

s. typhimurium may not have been completely compatible vith the f' camponent from 

E. coli. The obaerved activity may not theretore be the maximum activity of 

s. tlPhimuriua tryptophan ayntbetase. This procedure serves its purpoee in 

deciding whether or not the tryptophan syntbetase genes in the q,brid are 

~. tnhimurium or !. ~ by aeasuriDg the activities ot the respective 0< 

components relative to the !. ~,B cOllponent. 

In tbi. analysi. the emphasia is on determining the origia ot the gene. 

in the bybrid operoR. For thia purpose the !. ~ fJ cOllponent sutticed in 

the tryptophan .7Othetase a.say. It tryptophan ayntheta.e fJ cOilponent. troa 

both !_ !2!!. and S. tlPbillurium were available, the system could .erve as a 
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novel approach in canpariBg the true activity ot the ex component from each 

species. The E. coli ct component could be oDtained fraD the !. ~ trp+ 

parental strain. The S. 5rPhimuriua «component could be obtaiBed from the 

~brid of interest. Both« components would be produced in the seme quaatitiea 

being derepreBsed by the same E. coli operator-promotor. The on~ variable in - -
the comparative aBsays vould be the relative activites of the respective en~s. 

t . ~ 
Generalizing this technique, the inse~iOB of a standard operator-promotor gene 

into the geno.. of various bacter~l species could be used to coatrol the 

production of a variety of enzymes of interest. 

Data fraD the anthranilate synthet8Be 8ssays indicate repressed and 

derepressed levels of enzyme production in the presence and absence of tr.rptophan 

in accord with the tr.yptophan synthetase data. Evidence that both the gene 

transcribing tr,yptophan synthetase and the gene transcribing aothraoilate 

synthetase are repressed in the presence of tr.rptophan indicates that both genes 

are under the same operator-promotor gene, which supports the evidence for 

a ~rid tr.rptopha. operon. It 1s difficult to decide 00 the origia of the 

anthranilate syotbeta.e gene (trpE+) fro. the en~ a.say data aloae. At the 

lS-miaute reading of the asa.y the specifie activity ot the !. ~-control vas 

oolT 20 percent greater than the ~. typhialuriua-coDtrol. The hTlDrid sampI. 

readings tell betveen the !o ~ and the ~. t yph1wurium controls or equaled 

the !. ~coBtrol reading. ~ trpE+ gene can, hovever, be presuaed to be 

ot E. ~ origin since !!:E! vas deleted in the ~ tlPhiIlurium te .. le pareat. 

B. Further Iavestigatio .. 

Tbe demon.tration of a ~br1d tryptophan operon batween !. coli and 

S. typhiauriua rais .. aew questions for possible stuà,r. In order to 

be inserted in aa orderlY manner in the tr.yptophan region ot the ~. typhimurium female, 
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the E. coli tr,yptophan genes have had to be inverted vith respect to the - -
orientation on the E. coli chromosome. Although the exact site of recomblnation 

ia not ascertained, a hJbrid po~cietronic mENA bas presumab~ been 

produced. That the tryptophan operon mBNA ie ~brid does not seem to 

effect ita translation to proteine In progreBs ie the amino acid sequencing 

of the tryptophan synthetase A enzymes of a number of enteric bacteria 

(Sanderson 1971). a7brid enzymes from bJbrid strains m87 provide information 

on primar,y and secondar.y structures of analogous en~s. 
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