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INTRODUCTION"

The general outline of‘the aromatic biosynthetic pathway from
glucose to the éromatic’amino acids and vitamihs is shown in Figure
1. The common portion of the aromatic pathway from phosphoenolpyru-
vic acid and erythrose 4-phosphate to chorismié acid is given ih |

greater detail in Figure 2. Auxotrophic mutants of Streptomyces

- coelicolor A3(2) requiring the aromatic amino acids tryptophan, tyr-
osine, and phenylalanine, and the aromatic vitamin paraaaminobenzoié
aciajare presumably blocked in the common aromatic biosynthetic path-
wéy.v |

The abbreviation "Aro" (Demerec,mAdelberg;.Clark, and Hartman
1966) is used to designate (i) a mutant whose auxotrophic phenotype
ié tﬁe requirement for tryptophan, tyrosine, phenylalanine, aﬁd para-
aminobenzoic acid,.though the latter requirement may not be demon-
strable, depending on thekindividual mutant; and (ii) a mutant whose
auxotrophic phenotype is the requirement for phenylalanine and tyr-
oéinet Two Aro mutants, requiring all three amiﬁo acids, were in-
duced and characterized by this invesﬁigator. In addition, three
‘ Aro mutants, tﬁo obtained from R. A. Jensen and one:prOVided by E. J.
Friend and D. A. Hopwood;xwere analyzed in this study. The precise
chromosomal pésition of the five.Aro mutants; relative to closely
linked génetic markers, was determinéd. Phenotypic:énalyses‘included
complementation studies to determiﬁe whether these mutants affect
the same gene, and growth response to aromatic vitaﬁins othér than
para-aminobenzoic acid. These vitamins included 2, 3 dihydroxybene_

zoic acid, vitamins Kl and K3, and - para-hydroxybenzoic acid.
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.1Fig. i. General pathways for the formation of aromafic ahino aclids eand vitamins in Escherichia

coli and several other bacteria and fungi (Pittard and Gibson 1970; Ahmed and Giles 1969).
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Since only one Aro mutant, mapped by E. J. Friend and D. A. Hop-

wood (Hopwood, personal communication), was investigated prior to

this work, the inductidn and genetic analysis of additional'mutants
was considered significant in several respecté:

" (i) Aro mutants may be of value in determining the permeability
§f §.'coelicolof to intermediates of the tryptéphan, tyrésine, and
phenylalanine biosynthetic pathways., Specifically, no tryptophan
auxotrophs of S. coelicolor able to utilize anthranilic acid (ANTH)
haVe:been found in spite of efforts that wiil be described laﬁer.
Such a mutant would presumably be defective in the convérsion of
chorismic acid to'ANTH, a reaction catalyzed by anthranilate syn-
thase (ASase). Mutants of S. coelicolor presumably defective in all

steps of tryptophan biosynthesis except that catalyzed by ASase

have been isoléted (Engel, personal communication).. The:imperme-
ébility of S. coelicolor to ANTH was considered a possible expla-
nation of the failure to obtain ANTH-utilizing tryptophan auxo-
trophs. The ability of Aro mutants to utilize ANTH -in place of
tryptophan would be an indication that failure to obtain ANTH-uti-
lizing tryptophan auxotrophs is not due to the impermeability of
S. coelicolor to ANTH. Results to be presented later show ﬁhat Aro
mutants utilize‘ANTH in place of tryptophan. .

(ii) Genetic énalysisvof Aro mutants, prior to enzymatic étudies
- to identify these mutants-withvenzymés in the common aromatic path-
way, should provide several advantages (eg. in the construétion of
appropriate experimental andvcontrol strains) for subsequéntﬁStudies

of genetic regulation of the aromatic pathway in S. coelicolor.
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(iii) 8. coelicolor is one of the few highe;} bacﬁeria amenable
to.genetic analysis, thus providing experimental material for com~-
paratiVe studies of genetic organization and reguléﬁion. This re-
searéh,represents the initial effort to compare the molecular genet-
ics of aromatic biosynthesis in S. coelicolor ﬁith.other‘organisms
in which biochemical and genetic analysis of the same'pathway has
been done. Sélient features of genetic érganization and regulation
- of arométic‘bioSynthesis revealed by analysis of Aro mutants in the

bacteria Escherichia'co;i (Pittard and Wallace 1966), Salmonella -

typhimurium (Nishioka,‘Demerec,‘and Eisenétark 1967), and Bacillus
subtilis (Nasser and Nester 1967) and in the_fuhgus Neurospora
crassa (Giles, Case, Partridge, and Ahmed 1967) ére discussed in

the following»séction. 



REVIEW OF LITERATURE

Intermediates in the common aromatic biosynthetic pathwéy. Davis

v(1951)'first established that aromatic amino acids have a.common
origin. He observed that certain mﬁtants of E. coli requiring‘ﬁryp-
tophan, tyrdsine, phenylalanine, and para-amindbenzoic acid were able;
to utilize shikimic acid (SA) in place of the quadruple aromatic
supplement. Further study of éyclic compounds réiaﬁed to SA quickly ﬁ
led to the diécovery and identification of S-dehydrbquinic acid (Sal-
ahin:and Davis 1953), 5-dehydroshikimic.acid (Weiss, Davis, and Mingi-
oli 1953), and shikimic acid-5-phosphate (Davis and Minéioli 1953)

as intermediates of the common aromatic biosyhthetic pathway. ‘The
noncyclic precursors of SA were later shown to be phosphoenolpyruvic
acid and erythrose-4-phosphate (Srinivasan, Shigeura, Sprecher, Sprin-
son, and Davis 1956) which condense to form the last noncyclic intef-
' médiate in the,bathway 3-deoxy-D-arabino-heptulospnic acid-T-phosphate
(Srinivésan, Rothschild, and Sprinson 1963). - The branch point and
iast compound of the common pathWay ié chorismiciécid (Gibson and
Gibson 196k4) which is formed from 3-enolpyruvylshikimic acid-5-phos-
phaﬁe (Rivera and Srinivasan 1963). The same pathway is found in

all bacteria, fungi,-and higher plants examined with one exéeption

(Sinha 1967). This is the dermatophyte Trichophyton rubrum in which

the biosynthesis of aromatic amino acids does not inVolVe SA (Zussman,
Vicher, and Lyon 1970). S. coelicolor, based on analysis of reactions‘
catalyzed by cell-free extracts from wild-type cells, has been shown

to have the SA pathvay (Berlyn and Giles 1969).

-
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Control of aromatic biosynthesis. A branched pathway presents

two unique regulatory dilemmas. The first problem is that the cell
must synthesize several endproducts differentially from a common
precursor. In the bacteria studied, this is accommodated by having
the three afémétic amino acids control the synﬁhesis and gctivity

of one or more enzymes in each of the terminal pathways from choris-
mic acid to tryptophan, ﬁyrosine, and phenylalanine (Gibsonvand'
Pittard 1968). The second problem is that total feédback inhibition
of tﬁe common pathway by a‘éingle endproduct will_inhibit’the pro-
duction of the other endproducts. Regulatioh of the common‘aromatic
pathway is accomplished in a variety of ways iﬁvthe bacteria exam-
ined.

Control of aromatic biosynthesis in E. coli. In E. coli, control

of the common aromatic biosynthetic pathway ié exerted primarily on
the enzyme 3-deoxy—D;arabin§ heptulosonic acid-T-phosphate (DAHP)
synthase which catalyzés the condensation of phosphoenolpyruvic acid
and D-érythrose—h-phosphate. Three iéozymes of DAHP syntﬁase have
synthase is repfessed

(tyr)
and its activity inhibited by tyrosine; a mixture of phenylalanine

been found (Brown and Doy 1963). DAHP

and tryptophan inhibits DAHP(tyr) activity to a lesser degree. The
activity of DAHP(phe) synthase is inhibited by phenylalanine and re-
pressed multivalently by phenylalanine and. tryptophan (Browh and

Somerville 1971). DAHP synthasé is repressed but:not inhibited

(trp) |
by tryptophan (Brown and Doy 1963). Control of the common pathway

is effected by two regulatory genes, trpR andltyrR, TrpR regulates



DAHP(trp) synth&ae, tyrR regulates DAHP(tyr) and DAHP(phe) synthases
(Brown and Somerville 1971). A fourth isozyme of DAFP synthase has
been»snggested for the synthesis of aromatic vitamins, but none has
been fonnd (Wallace and Pittard 1967). DAHP(tfp) eynthase, repress-

ible by tryptophan,‘and DAHP( phe)’ inhibitable‘by phenylalanine, have

been shown to contribute to vitamin production (wallace and Pittard
1969). Repression of DAHP synthase is never complete 50 that enough _
chofismic acld is_formed for aromatic vitamin uynthesis even in the |
presence of high concentrations-of.tnyptophan, tyrosine; and phenyl-
alanine. The aromatic vitamins have no known function in control of
the common pathway (Gibson and Pittard 1968) . | E |

Very little is known about control of the last six enzymes of the
common pathwaywin E. coli. 'Mutantsuhave been ieoleted nhieh are de-
fective in each of the six steps except the one oatalyeed by ehikime
ate kinase. The failure to obtein shikinate’kinase mutants is thought
i to be a consequence of the existence of two isozymes of the enzyme
making it highly unlikely that both would be inactivated simultane-'
ously (Berlyn and Giles 1969) Dehydroquinic synthase and dehydrof
quinase have been found to be insensitive to a mixture of aromatic i
amino acids and their levels unaffected by mutation of tyrR (Brown
and,Somervllle 1971). No_infornetion is available on repression of
ﬁne other common pathway enzymes in E. coli. !

Control of sromatic biosynthesis in B. subtilis. In B. subtilis,

control is exerted by eequential'feedback inhibition. Tﬁo isozymes.

of shikimic acid kinase have been found but all other:enzymes;iné



-9-

- cluding DAﬁP synthase have only one form of each enzyme (Jensen and
Nester 1966). DAHP synthase and shikimic acid kinase are not sig-
~ nificantly inhibited by the'aTOmatié amino acids but'are inhibited
by the-intermediary métabé;ites prephenic acid and éhorismié acid
(Jen;en éﬁd Nester 1965); In addition, the enzymes DAHP synthase,
»dehydroquinié synthase, and shikimic acid kinasé are repressed by
an aromatic a@ino acid mixture (Nasser and Nester 1967).

Controllgg aromatic biosynthesis in other organisms. Much less

is known about control in other organisms. Saluwonella typhimurium

(Gollﬁb, Zalkin, and Sprinson 1967), Saccharomyces cerevisiae (Lin-

gens, Goebel, and Uesseler 1966), and Claviceps. paspalis (Lingens,

Goebel, and Uesseler 1967) resemble E. coli in that they have iso-
zymes of DAHP synthase, each isdzyme differentially inhibitable by

the three aromatic amino acids. Various strains of StaphjlocOCcus,"

Gaffkya, Flavobacterium, Achromobacter, and‘Alcaligenes resemble B.

subtilis in that they show sequential feedback inhibition of DAHP
 synthase by either prephenic acid or chorismic acid (Jensen, Nasser,‘
and Nester 1967).

The chromosomal organization of genes concerned with aromatic

biosynthesis. Demerec (1964), in S. typhimurium, first demonstrated
the clustering éf genetic loci concerned with the éame biosynthetic"
pathway. Often clustered genes occur in the same sequence.as the
reactions for which they code eﬁzymes. The tryptophan cluster of E.
coli is an‘éxaﬁple'of this (Brown and Sommerville 1971). Although

this phenomenon is well substantiated, the physiological Significance
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is unclear. A possibleiexplanation wés given byAthé operon hypothe-
siS'which Suggestéd that clustering accomodates co-ordinated regu-
lation. An operon is her¢ defiﬁed aé a genetic regibh whose ex- -
pressibn‘is co-ordinatelyv(or semi-co-ordinately) reguléted; It

has been demonstrated that certain groups of'ciosely linkgd genes
are transcribed onto a single mRNA molécule (Jacob, Perrin,1Sanchez,
and Monod 1960); however, this proposal.fails tovexplaiﬁ certain
evidence. bFor example, the isoleucine-valine genes of E. Egli;'al-
though tightly linked, conétitute three distinct operons_(Rémakrish-
.nan énd Adelberg 1965). Another'suggestioh is that since genetic
transfer in bacterié is usually only partial, ﬁhoée genes whosé
funcﬁiOns are métabolically co-ordinated can be transferréd as a
unit (Hedges 1971). This hypothesis is supported by‘evidgnce that

- functionally rélated genes whicﬁ‘aré clustered as‘operbns iﬁ certain
bacteria are usually scattered in eucaryotic genomes (Horowitz 1965).

Organization of genes involved in aromatic,biosynthesis,: The

chromosomal location 6f’genes concernéd with aromaticibiOSyntheSis
invg, coli, B. subtilis, and S. typhimuriﬁmvisbsufficienﬁly‘known

to make comparisons of gene orgénizatipn with respect to sequence

and distribution. The approximate chromosomal‘positiohs offéromatic‘
(539_) genes in these bacteria are shown in Figure 3. Table 1 pro-

vides a key to the designation of genetic loci used in Figure 3.

- The chromosomal sequence of aro genes. As shown in Figure 3, the
sequence of aro genes in S. typhimurium and E. coli is identical

while little gene sequence homology is seen between these bacteria



Table 1. Locus designations used in Figure 3.

Enzyme

DAHP synthasé(trp)

DAHP synthase
DAHP synthase(phe)
DHQ synthase
Dehydroquiﬁase .
DHS reduc?ase‘>
SA kinase

EPSP synthaée

CA synthaée

CA mufase

Aro permease

(tyr)

Designation in
Figure 3%

aro-l(tfp)

aro-l(tyr)

. aro-1

(phe)
aro-2

aro-3
aro-4
~aro-5

aro-6

aro-T -

" aro-8

aro~P

Gendtypic designation

S. typhimurium

aro~-H
aro-F
‘aro-G
aro-B
aro~E
~aro-C
c
aro-A
aroéD.
c

aro-P

-E. coli:

aro-H
afo-F
aro-G
aro-B
aro-D.
~aro-kE
c
aro-A
arﬁ-C
c

~aro-P

Number indicates numerical order of'reactioﬁ'catalyzed.

No such mutant has been found.

B. subtilis

aro-aP
v,b
b
aro-B

aro-D

-I'[-

c
aro-E

aro-F

~aro-G & aro-Ha

c

Only one form of DAHP synthase, vhich is inhibitable by chorismic acid or prephenic ac1d
has been found 1n B.

Muténts,fbr two isoiymes of CA mutase>havebbeeh found in B. subtilis.
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Mo
. ' B. subtilis , ,
- aro-6 - T ——hro-p

- aro-8 ——
aro-2

. aro-
aro=-37

—J

g

{ . S. typhimurium

’ Fig. 3. vThe<chromdsomal orgénization of genes;concéfned’withv'
arométic biosynthesis in §.‘tzghimurium (sanderson 1970), g; coli

(Brown and Somerville 1971), and B. subtilis (Dubnau 1970). o



ahd'B._subtilis.’vdﬁly‘ard-3‘ahd’&roé7 Océﬁr inithe’éame relativev

B sequence in all three hacteria.» Compari ons of the sequence of all
known genes in E. coli with those of S. tyghimurium (Sanderson 1970 _
| Taylor 1970), and of all known genes of S. eoelieolor with those of fvr

Streptomyces rimouuﬁ (Friend and Hopwood 1971) and Streptomyccs

bikiniensis (Coats and Roeser 1971), show a high degree of similarity

< in these closely related bacteria, suggesting that there is limited x
stability of gene arrangement on proe&ryo ic genomes. The_degree

%o which the chromesomal sequence of homologous genes in‘différént'v

» bacteria have changed or been congerved should be e valid taxonomic
measurement (Friend and Hopwood 1971) A

The,distributien gg aro_genes. ‘The aro genas are widely scatter-73

© ed in 8. typhiourium and E. coli and less ,scattered in B. subtills,

being coﬁfined toa zourth of the geﬁéme in tﬁe"lattér Baéterium} |

2 Aro-l(trp) is clustered with aro-3 in both S. zggimurlum and E. coli.: 3
: Aro-2 is with aro-h in S. yphimurium only, while ar@~7 is wi th aro-3 { %

‘_ and aro-l with aro»B in B. subtilis only. The distribution cf aro |

genes in these three bacteria is in contrast to the situation found

in two. eucaryotes, S. cerev1siae and N. crassa. In S. cerevisiae, BTN

aro-3 through aro-6 occur in a cluscer (de Leeuw 1968) In N.. crassa,  o

aro~2 through aro-6 Occur 1n a clmster,»furthermore, this cluster of
five aro genes has certain operonclike characteristics.- Plelotropic
' nonsense mutations which have a polarized effect ocecur in the aro

cluster of N. cras 53 (Giles, et al. 1967) The organization of aro

‘genes in the bacteria and eucaryotes studied is therefore in contrast -

- to the observation of Horovitz (1965) that functionally.related:genes5‘
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: which are clusteredbas operons in bacteria are usually scattered in
beucaryotic genomes., Wh@ther the organization of aro g@nes in a higherv{
bacterium, such as S. co@licolor, resemble" the situation in other |
bacteria or in eucaryotes is an interestimg question.‘ |

Mating and formation of m@ro;xgotes in 8. coelicolor.. Chibmosbme o

transfer,in S. coelicolor is probably mediated by cell fuéion‘ (Ex-"
-peri@entS‘to prOVide dnderstanding of éexuﬁi pfoeesses in thislﬁac; |
%erium have'beén described’(HoﬁWOod‘1§67; 19705 Spada-Sefmonti and
. Sermonti 1970) ~ These @xpérimenté were desigﬁed to distinguiéh bé;
tween two alternative hypotheses' (1) prezygotic exclusi@n, only
part of a chromosome is transferred, thus only part of the chromo—
some is afaiiabié for integration by recombination; or (ii) pést-] f“'
b_ zygotic exclusion, an entire chfomcsome'isktransfeired bgt énly ﬁart
4of the chrombsbmé isvintegratedvin-the forh&tion of recombiﬁants. R
In summatry, none of the experimentsvcleafly establishéd whethér“
the_segmeﬁt‘of chromcéome derived from one parent is determined by
prezygotic or postzygotic exclusion,:'Thus the iniﬁial evenﬁs in the ‘
' formation of’ the zygote are not known. Nevertheless, experiments‘
primarily. designed to determine genome structure (Hopwood 1966
1967) permit inferences_concerning_the sequence of events 1q the _‘
formation of the zygote. | |
Genetic'dgté, priﬁarily from anal&éis of hétereclonés'to be dis;
) cﬁssed in mbfe>déﬁail 1ater; indicate ﬁhat one pareﬁt iﬁ a éroas |
QOntributes the major portion of the chromosome of recombinants.

Only a segment of chromosome, variable in size, is contributed by
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‘ﬁhe other parent. Initial Stageé in the formatioﬁ,of the zygote

: may be represented by a circle, the genome of one parent, with an

arc, the partial genome contributed by the other parent, closely -
associated to form a disomic region. The next step in the formation
'of_é zygote presumablyvinvolvesalcrOSSover (oxﬂan odd number‘of
crossovers) between the circle and the arc generaﬁipg a términally
reddndant gehOme--the mero%ygotef-which.may bear heﬁerozygous

alleles, if the.ﬁarents vere heterozngus for alleles'in the_diéomid o
region. |

Formation of haploid end heterozygous colonios from mer@zygotes.

A second crossover (or an odd number of crossovers) in the disomic
regioniof a. merozygote generates & genome'whiCh'isfnot redundant énd ‘J'
8 genome which should be covalently élosed. 'Suchbcellé'shodlq;be
haploid, and thus homOZygous‘for all alleles borne in_the\généme.
1 This~se¢oﬁd croSsover:almost'certainly 6¢cura b@fore‘the.gehomé is
inélﬁded in a épore. |

‘Merozygotes may be includéd in sporeé and presud&bly'replicate
" wvhen the spore germinaﬁes. A éecond'croésdvef {or some cdd number -
~of crossoveré) may,ddcur in different segments of‘the disomiciregidn
in different descendants of the original m@rozyﬂete, thus giving rise
to a colony with haploid cells who¢e genomes are geneuically differ- _1
ent. Such a colony is called a hetechIOne. Heteroclones are de-dt;
técted by demonstrating that cells in & dolony are genétidally'differ-

ent;
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In practice, haploid colonies are most suitable for»mepping while
heteroclones are of'value intcertain‘other etudies euch:as'comple-
' mentation:analysis and anelysis of genome structure; Based on the
type of analy51s that is to be done, 1t is p0351ble to des1gn a
cross in such a Way that elther mostly hap101d colonies or mostly -
heteroclones will be obtained. - Figure 4 shows»an example of each
type}of cross. In model (a) the selected markers g+'and h (a res-
istance mutation) are not closely Linked. and most of the progeﬁy
‘ recovered from such a cross are haploid,t;ln model (b) the selected
markers 5+‘and.g are‘very closely linked eovthat the probability of -
a crossover between,them ie very swall and moet of the merotygotes
',are‘formed by & single crossover such as thetOne showvn. Such a
merozygote would give rise to heteroclonee-heterozygous for wmarkers
L, g, and h. Other markers might also be-heterozjgousufromithis
cross depending on.the extent of the variable diSOmicvregiot.

Clrcularlty of the BS. coelicolor genome.' The preceding ergﬁments

. were based on the assumptlon that the genome is elther (1) a coval-
ently closed structure, or (ii) a linear structure which is circular-
lyvpermuted, or (iii) both a circular structure and a circﬁlarlyvpere
muted linear st:tcturevin ecuilibrium. Although all known markers

of S. coelicolor are lioked on a circular genetic mab (Hopwood 1967;
Chater 1972), this does not prove the physical‘circularity of the‘f
genome, or chromosome. Since haploids ariSe from merotygotes only'
by an even number of crossovers the analy51s of recombinants would

1nd1cate a circular map even if the genome were open wlth ends in



(b)

T
Fig. 4. Two types of crosses illustrating the hypothetical origin
of haploid and heterozygous colonies. In (a) the selected @arkers
are not closelyvlinked and hapioid colonies are recovered. ‘In‘(b)
the selected warkers are closely linked and the occurrence of a
single crossover gives rise to heteroClones. The two reqiprocai
illustrations (i and ii) indicate first one pérent, and then the
other, contributing the wajor portion of the chfomosome. ‘Triangles

indicate selected markers.
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fixed positions. Hoywoed (1966) has mapped overlapping disomic
Vregions, obtained from different hetereclones, to account for the h‘
 : entire circular map hus eliminating the possibllity that the genome:"
is open with fixed ends. Hepwood (1967) has concluded, therefore,k'rb
‘that the genome of 8. ceelﬁcolor is either circular or circularly
’ permuted, or there may be en equilibrium between these states.. f;E'

Although there is no direct physical evidence for a covalently

| v‘closed chromosome, this model. is favored in light of direct evidence

A‘*_ in other bacteria such as E. coli (Cairne 1963) and yzceglasm

hominis (Bode end Morowitz 1967)

Genetic analysis in 8. ceelicolor--locatigg the chremosemal ‘pos-

figggg of a mutent site based on the number of recombinent phenotypes.‘e
Only a brief discusaion of this topic is given eince a more detailed “
- consideration is given in the RESUBTS section, PP 30-33., -In the B
blinitial mapping of a mutant, a cross such as the ne shewm in modei '
(a) of Figure 4 is done. Assume the unmapped mutation is present in
the otherwise wild-type parent (the parent des1gnated by +) Slnce
“ Ethe donor fragment is variable in length but always contalns the sel-'.
ected marker h, the unselected m&rker-elosest to h, 1n this case & .b
will appear in recombinants at a hi@her frequencJ than any other mark-,r

: er. The frequency of the unselected m&rkers ameng recombinants fcrm

8 continuous gradient along two-opposite arce, from zere frequency for [

c, the counter—selected allele, to a frequeney e; 100% for h, the se-,'f
lected allele.' An exemple of the results of such a cross is shewn in:

Figure 6 The frequency of the mutant allele generally flts 1nto the
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gradient at only one positon on both arcs. Usually one of these two
alternative positions may be eliminated by analysis of the frequency S
with which certein combinations of unselected markers appear among

the progeny. This latter point is discussed in the following section. o

Genetic analysis in 8. coelicolor--locating the chromosomal posi-

tion of a mutant site based on minimum number of crossovers. Heploid

coldhigs may arise by ﬁny even number of-crossoversg howé§er, foﬁf
Ccrossovers occur mucﬁ less ffequently-thén ﬁwo énd muéh more‘frequéntly
than six. The preferred configuratiﬁn of mérkers is the one in which |
the recombinants obtained may occur by & minimum number of crogsovérs.

' fA ﬁutant site may be ordered with respect to virtually any other marker
by a similiar minimum-crossoyer analysis of fourfpoint feciprocal éfossf
es such as those to be described later. Further discussionlcf this top-

ic is deferred to the section on RESULTS; pp. 3k-L2.

Complementation analysis in S. coelicolor. Once the position‘of’a
»vmutant has been determined it is possible- to deter@ine whether the mu-\
tant affects the same gene as mutations previously mappéd at the_same
chromosomal position. If the mutations affect different genes ﬁhey are |
said to éomplement each other. Complementatioh analysis is aécomplished
by crossing the two closely linked mutants and monitoring thé‘héterozyQ
gosity of the region with unrelated genefic markers. If two élosely
linked mutations are complementary, recowbinants containing bbth ma-
tations heterqzygously are able to grow on wmedia which is séiective

" against both mutaﬁioﬁs. Further discussion of fh;s topic is deferred

to the section on RESULTS;. pp. Lk2-49.



MATERTALS AND METHODS

General. Amino acids, vitamins,”and éntiﬁioticsvweré purchased
from Sigma Chemical Co. N-methyl-N'-niﬁro-N-hitfoééguanidiner(NTG)
and 2,3-dihydroxybenzoic acid were'purchased.from Aldrich Chemical -
Co. | | . |
| The media and cuiture‘cohditions Were,the’samejas those descfibed
by Hopwood (1967), except;the conéen%f&ﬁi&h’bf éome'éupplémenﬁs'in '
wedia had to be_altereﬁ to achieve optimalAgroﬁth'aﬁd diagnosis>of
strains. These excepéibns afe ﬁo“@d in the foilbﬁing‘séctions. ACém-
plete medium (CM), used for crosses and maintenance of stralns, was
supplemented with L-tryptophan (TRP), L—tyrosine (TYR), and. L—phenyl—
alanine (PEE) at BOjug/ml for each of these three amino acids. CM,
not supplemented'with these three amino gcids,,did not’support the
gfowth of tighﬁly blocked Aro mutants. Minimal medium (MM), used for
the detection of auxotrophic mutents and the‘diagnpsié of straiﬁs,‘in
baddition to the supplementation schédule of Hopwobd, was supplemehted
with 0.25 ;zg/ml of para-aminobenzo:.c acid (PABA) and 5 )ug/ml of yeast
extract (YE). | ‘ |

Strains. All strains were derivatives of S. coelicolor A3(2)
(Hopwood 1959) and were obtained either by mutagenesis or recombi-
nation. These strains are listed in Table'2. The linkage rela-
tions of their genetic markers are shown in Figure 5. vTablé 34ds -
a key to the genotypic designations ofvthese strains. |

Inductlon of mutants. Before attempting mutegenesis, efforts

were made to deéeiop an enrichment method for auxotroghs;'nb such

«20-
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Table 2. Genotype of relevant strains.

Strain Genotype

_A3(2) -~ wild type

P42 £hiC2, strAl

P196 ‘ met-el, strAl

Aro-1 o gro-1

Aro-2 . aro-2

Aro-fl - aro-fl

Aro-wl . aro-wl, thiC2, strAl '_

Aro-w3 aro-w3, met-el, strAl .

c6® aro-wl, thiC2 - -

07a ' aro-vw3, met-el '
c36 ‘ | proAl, srgAl, hisE6, leuB5, strAl, urall

& This strain was used in place of th& original Aro mutant in pre=-

liminexry crosses. )
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strA

Figure 5. Chromosomal location of releﬁant g@neticbmarkeis

(Chater 1972).



Table 3.
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Key to the designation of genotypes.

areh

aro
hisc
hisE

levA and leuB

Phenetype
requirement for afginine
requirement for arcwatic éminé»acids
requirémént for histidine |
requiremenﬁ for histidine'ahdba_purine

;requirement for leucine

met-el

requiremept for meﬁhiqninél,,l_?
réqﬁirement for.pfbline _”
‘fesistanceitd stféptémycihi;
requi?ément forvthiamiﬁ@ '

requirement for urecil
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method presently exists for §.rdoelicolor. Wild—type cells and
auxotrophic cells were mixéd,.and their relative‘preportién deter-
mined by plate counts. The relative prqportion of éuxotrophs was
again'determined after the following treatments which were all -
preceded by one hour of incubation in MM: (i)’growth‘for;o, 1, k4,
and 16 hours in MM containing 10, 50, and 200 units baciﬁfécin per:
.mli (i) growth for 0, 1, 4, and 16 houré in MM containing SQ,'QSO,V;J
and 1000 pug D-cycloserine per ml; (iii) growth for O, 1, 4, and 16 :
hours in MM followed by fiitratian through a 9;u‘milipore'f;lter..
None of the procedures led to”any‘detectable increase in prapcﬁQ,‘
tion of auxotrorhs. | |
Since efforts to enrich for éuxotrbphic mutants failed, the

mutants isolated in this investigation were initially recognized
asvauxotrophs by their failure'to grow on re@licé piaﬁes coﬁﬁainé
ing diagnostic media. Cells_fromfthe vild-type strain, strain Ph2,
and strain Pl96; in separafe éxpériments, were tfeated with NTG, |
using the'procedure of Del{E, Eopwbod; and Friend (19?0), tq ih-‘
duce wmutants. Spores suspended in 0.05 M‘Tris-HCI buffer,‘pﬁ 9,
containing 3 mg_NTG per ml weré incubated at 30° forl30 mingtes.
The cells were then concentrated by cehtfiiugatioﬁ and washed with
sterile distilled water. | -

- The cells weré then plated on MM containing either: (i) 50 pg/
ml quinic acid; (1i) 50 mg/ml shikimic acid; (iii) 50 pg/ml TRP,
TYR, PHE, and,i}gg/ml PABA, parthydroxyE@ﬁzoic acid (POBA), 2,3-

dihydroxybenzoic acid (DOBA) and menadioﬁe, also known as vitamin
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K3 (VITKS). After three days incubation at 30°,icolonies which
appeared on plates containing either gquinic acid or‘shikimic acid
were replica plated to MM and control plates with MM cohtaining
either quinic acid or Shikimic acid. Colonies which appeared after
three days, 6n plates containing the aromatic‘a@ino.acids:and vig=-
amins were replica plated to MM containing PABA, POBA, DOBA, and
VITK3 and to control plates of MM supplemented with the aromatic
amino acids and,vifamins. Colonieé that failedbtqvgfow after two
days on the diagnbstic media were isOlated;vtheir phenotype was

then more precisely determined.



RESULTS

Isclation of mutants. Approkimately £wo percent cf colony forming

units sdrvived nutegenesis as determined»by plate'counts. 'Approximete-
ly 45,000 colonies were exemined. No auxotrophs were isolated from |
| plates comtainimg quinic acid or shikimic acid. Thirty auxotrophs
were isolated from plates containing aromatic amino acids and vita-
mins. Nineteen of these auxotrophs required TRP, six required TYR

and three reQuimed PHE- Only two ‘of the thirty auxotrcphs required
‘all three aromatic amino acids, these &wo mutants are designated Aro-

wl and.Aro-w3.

Phenotypic analysis cf aromatic mutants. fThe growth response of the ‘;'
five Aro mutants (Aro-l and Aro-2 were obtained xrom R A, Jensen,'

Arc-fl was obtalned ‘rom D. A Hopwood) used in this research is shown

in Table k. All data are based on subjective analysis of colcny growth

after replication to appropriate diagnostic media.: Aroewl ahd;Aroew3 -
k.require some substance, or substances, which is satisfied by 5jug YE
per ml. The relatively low concentraticn of subetance;uom_substances,
contained in YE which satisfies the undetermined gmcwth’feqdirement,dor»
requirements, suggests this may be a vitamin, or vitamins
Folic acid, vitamin Ky and two ubiquinones, coenzvme Q6 and coeneymev'
Qyp, Were tested in concentrations_of 0.1, 0.25, 0.5, 1.0, 2.5, and
5 pg/ml, in eddition to PABA, POBA, DOBA, and VITKj. ~ PABA Waé the only '»
vitamin found to have a stimulatory eflfect. Stimulation by EABA was

maximal at approximately 0 25)ug/ml and inhibition wasg noted at 2. 5

)qg/ml

26
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Table 4. Growth response of aromatic mutanfé._

Growth response of aromatic mutants

Supplements in MM Aro-1 = Aro-2 Aro-f1  Aro-wl - Aro-w3 .

TRP, TYR, PHE, YE ++ o o
TRP, TYR, PHE, PABA, ++ -+ s
'POBA, DOBA, VITK3 - o .
TRP, TYR, PHE, PABA'  ++ = ++ ++ - L
TRP, TYR, PHE ++ + o - -
PABA S - - - -
TRP, TYR, PABA + - e -
TRP, PHE, PABA - T
TYR, PHE, PABA C e - .- i-
Indole, TYR, PHE; ' ++ L + - S + . +
PABA . o ,
' ANTH, TYR, PHE, el e T e
PABA » R
Quinic Acid - - - - ?v‘_
Shikimic Acid - - - - -

Growth response is indicated: godd growth as ++;’poor_growth as

+; no growth as -.
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Although Aro-fl requires PHE and TYR, no TRP reqnirement could
be demonstrated for this wutant. This may be a consequence of "leak-
iness". A mutant is considered‘leaky if the wutant phenotype is -
barely perceptlble, the en7yme altered by muuatlon presumably has
~sufficient. act1v1ty to provide enough endproduct for growth or
the developmentvof a nearly normal phenotype. .There are degrees/
of leakiness, and Aro-fl is the leakiest of the five Aro mutents.
Another possibility is that Aro-fl requires only PHE andeYR and
is deficient,in the converslon of chorismio-acid to-prephenio ecid--
.tne reaction cetalyzed by chorismate'mutase.

All flve mutants are unable to utilize elther qulnlc acid or
Shlklmlc acid (SA) ' Thls suggests that elther S. coellcolor is im=
permeable to these acids and/or the mutants are blocked in one,

or more, of tne three terminal reactions in thevcommon efomatic
pathway--one, or more, of. the three reactions 1nvolved in the con=- -
version of SA to chorismic acid. In an effort to dec1de between 1me
permeablllty versus mutatlonal block, the w1ld Lype strain, A3(2),
was tested for ablllty to utilize SA as sole carbon source. Tubes
of ligquid MM containing varlous concentratlons-of;SA or glucose-were
innoculated from a two ~day-0ld culture grown on O. l% glucose and in-
cubated two days on a shaker at 300 ‘Sodium nltrate_(O.QS%)(was
used in place of L-asparagine as sole nitrogen-source in allitubes.'
Results from these experiments are shown in' Table 5.‘ Good-gfowth-A
was seen at 0.5% SA while no growﬁh was seen in a control containing

no carbon source. Inhibition of growth by 1% SA was noted; A second
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Table 5. Growth response of §; coelicolor A3(2) utilizing several

different concentrations of glucose or shikimic acid as sole carbon

soﬁrce.
Carbon source Percent concentration “Groﬁth respbnse
None , - ' . -
Glucose .l | S
‘ Gluéose .2 S Lo
Glucose . “‘ .5 ',. e
Glucose ‘ - 1.0 . ++
Glucosé 2.0 ' o
SA ‘ _ » .1 S -
sA . 2 ” : . +
SA ) 5 - ‘ o+
SA ' 1.0 | +
SA 2.0 e

Growth response is indicated: good growth as ++;'poor gfowth_as

+; no growth as =.
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tube of 0.5% SA was inoculated from the Tirst tube (0.5% SA) and
good growth was again observed in two'days{

Preliminar& wapping of aromatic mntanﬁs. In the preliminary'~

crosses each Aro mutant was crossed. with the multiply marked, strep-
tomycin-resistant strain C36. Spore progeny from the_croeses were -

plated on a medium coutaining streptomycin and lacking anginine,
| Only those recombinants fhat‘had inheriﬁed the argA* allele from
- the Aro‘parent and the strAR allele (streptOmycin resfstance)_from

~ the c36 parent were able to grow on the seleotive medium. Thefre-

| maining growth requirements of ¢36 (HIS + FUR, PRO, URA, LEU) and the.
Aro parent (PHE TRP, TYR, RABA) were satisfied by appropriate sup— '
plementation.of the medium. Thus recombmnnnts segregated unselected
markers (his and his, E£2+ and pro, ete. ). The various recombinant
phenotypes were determined by replica plating to appropriate diag- '
nostic medla. Recombinant phenotypes for all five preliminary crosses‘iv

v_are shown in Table 6. Figure 6 gives an example of how the ‘number

of recombinant phenotypes from a preliminary cross is used 1n deter- .

mining the position of a mutant site. The frequency of each unse-
lected allele in all five preliminary crosses was. calculated and is
shown in Table 7 In Table 7, most probable 9051tions of the aro R
_mutant sites are 1ndicated by broken 1ines,b . |
Further analysis of the same crosses was baned on consideration
of the number of crossovers required to gener&ﬁe the different re- -
combinant classen. This analysis involves placing a'mutant site in

all six marked regione of the genetic wap and’determining-the'number
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Table 6. Genotypes of prbgeny.recovered from préliminary crosses
of Aro mutants with strain €36 in which»arg+’and StrR were selected

" markers.

Number of progenyi

Genotypes of prqgenya-’ Aro-1  Aro-2 Aro-fl -Aro-wl Aro-w3

sr,pa 2 0o o o o
str, leu ' 0 0o 0 2 0
str, aro o o 11»._. B 2 2
vsﬁr, ura, pro ‘ 0 0 . o 3 'bii 0 ,> 
str, ura, aro = - | Sk b ,‘:269:11 25 - b
str, pro; leub 0 -0 0 _fh 3 i’ 0
str, pro,‘aro'v 2 2 0 O"‘ | 0
str, leu, afo 6 | L 0 30 36
str, ura, pro, ieu ' 0 o o0 : 17 | 0
str, ura, pro, aro. 67 55 10 L  -; 0
str, ufa, leu, aro - 19 8k b 86 99
str, pro, leu, aro ': -0 1 .:Q L 2w 1
str, ura, pro, his, leu 0. o 0- | Crv 1
stf, ura, pro, leu, éro_¢’ 23 2 0 9 56
str, ura, hié, leu,‘afavllfi__g _;9 ,__9," _;;»i __9
Total ’progeny  ‘197 ~..200 - 298 186 1- 199

& Wild-type alleles are omitted.
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@)
(40) + argh (1)

R
.
o ®

aro-wl

Eiﬁa) (158)

urad . -
(145)

"Figure 6..-R§presentation‘of progeny rééoveréd'froﬁ a éross of
Aro-wl with C36. Number of progeny bearing a partlcular allele is
shown in parénﬁhe51s " Selected markers are 1ndlcated w1th trlangles.
Alternatlve pos1tions of the aro-wl mutant s1te, based on pos1tlon in:

gradient, are indlcated by broken lines.
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Teble 7. Frequency of alleles scored among progeny résulting
from & cross between Aro mutemts and €36 in which gggf‘and §§gR |

were the selected markers.

' Allele frequency
Number of (%) — -
Mutant Progeny str3> ura” pro. erg  his lew str

® 09 00 000000000000
aro-1*

‘le

Aro-1 197 100 8% h7 0 0,,..24 100

aro-2t
205

Aro-2 200 100 91 30 0 0 L6 100

aro-fi+

(o)

Aro-f1 298 100 95 = 3.k 0 | 0 1.3 100

Aro-vl 186 100 78 210 0.5 65 100

‘aro-wit.

A

0.5 97 100

......,....:.".'.
aro-w3t

o

Aro-w3 199 100 33 29

: The indicated position of eachaggg mutant locus is‘shown by a

broken line.
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- of crossovers'required to generate.thevohserQQG prdgeny. One assumes
the mutant site occurs in thét reglon which requires}the fewest cfos§3_
overs to generate the different recombinant claéses.  Figure T shows
- the six alﬁerhative positions of an aro mutant site with intervals
beﬁﬁeen each marker designated by letters & to g. Table $ shovs in-
tervals in which crossovers would be required in altern&fivé marker
configuratioﬁs for all progeny obtained. 'Total crdssovérs reduired

in each configuration are shown for all five prelimihary‘érossés in

Table 9.

: Thé preliminary crosses indicate that aro-l,:aro-Z, afo-fl,‘and :
aro-w3 are 1ocated clockwise of R___ A and counterclockwise of leuB
on the genetic map. Aro-wl is probably clockwise of Eg__'and counter-:
clockvise of gzgé or clockwise of hisE and counterclockwise of leuB.
The locatlion of these mutant sites was more precisely determined
relative to previously wmapped genetic'markers on the basis of'fourf
point reciprocal crosses. | |

1

Four-point reciprocal crosses Lo determime the position of aro

mutant sites relative o hisC. The position of all five aro mutant

sites was determined relative to BisC by the following,method. In
the crosses shown in Teble 10, aro is first linked with the outside
selected marker __5_ hisc, the marker serving as the.reference point i
for wapping aro, is linked to the outaide selected marker gggg.; In

the r@clprocal cross, the linkage relationship of 2ro and hisC with

respect to the outslde selected_marke:s is reversed.‘ ”hus, it is
possible to determine whether the aro mutent site is left or right

of hisC by couparing the frequehéy-of §§§+ g£g+ co16nieé generated in
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Figure 7. ‘Representations of all possible cbnfigurationé of aro
loci in a éross with C36 in which gr5+ andlgﬁgR were selected markers.
Intervals between warkers are:designated Viﬁhiletters:a.té é. The
outer circle represents the chromoso@e of strain C36}'the ihner circle

the chromosome~bf'the Ar¢-parent.
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Table 8. Intervals in which nonselected crossovérs occurred. when

all possible locations of aro mutant sites are considered.

Intervals containing

nonselected crossovers

Genotypes of progeny™ T I TTT IV v VI
gzz,vggg | cg cg bedg '. bdegr"befg : bf
str, pro bedg ~  abdg abdg»v abcdeg ébcefg; abef
str, leu bf . abef acdf adef aé ae
str, aro ag eg  ag  ag  ag ag
str, ura, pro dg‘ dg ag » cdegb cefg | cf
str,‘ura, aro abeg ‘bg _Eg bg - bg bg
str, pro, leu bedf  abdf abdf " -‘abcdefl abce abef
str, pro, aro acdg acdg abcg abeg abég abeg
str, leu, aro af af af  af af aefg
str, ura, pro, leu af - daf af cdef cé' ce
str, ura, pro, aro abdg bcdg cg cg“ : cé cg.
str, ura, leu, aro abef bf bf . bf | bf befg
str; pro,'leu; aro acdf acdf abef abef abcf .-abcefg
str, ura, pro, his, leu de de | ~de ce cé cd
str, ura, pro, leu, aro abdf bedf  ef cf éf cefg
str, ura, his, leu, aro abce be be be  bdef | bdfg 

a Wild-type alleles have been omitted.

b see Figure 7 for interval deéignations and'alternative positions

of aro mutant site.



Table 9. Total number of crossovers required to give rise to

progeny obtailned in preliminary crosses.

. , . &
Number of c¢rossovers required

_ Number of _
'Aro watant site _progeny I Iz ‘III CIv v VL
aro-1 197 72h 578 hoz  hoz ko2 . ok
ar0-2 200 - 770 520 10 k10 410 592
aro-f1 208 1162 616 596 596 596 60k
aro-vl 186 636 %16 390 Lko 396 6k
aro-v3 199 718 512 398 398 koo T84

® see Figure T for alternative positions of aro muteant sites and

Table 8 for a description of the crossovers required to give rise to

_progeny obtained in preliminary crosseé.
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‘the reciprocal crosses. In the first cross, witb §gg and argh
linked, if aro is left of hisC, colonies which are bist arot mey

arisé~by_three crossovers between the selected markérs. In the

reciprocal cr@ss,'with aro and prQA’linked, only one’crossover is
required to g@nerate his aro+ colonies ir ar@ is 1eft of hisc,

while three crossovers are requlred if aro is right of hisc.

In summery, 1r aro is right of nisC, ar@+ hist colonies are
recovered wost freqﬁenﬁly from the first cross in whiéh'ggg'an&

argA are linked; if aro is left ofvhisc, arot his* colonies are re=-

covered most frequently from the reciprocal cross in which aro and

and E_g& are linked. Only arot hié+ coloniés ére éOnsidéred 1n»

this analysis since ‘such colonies will grow on MM eliminating the ’
possability that a colony . having a h@terogeneous mixture of pheno—

| types could be incorrectly dlagnosed. As shown in Table 10, ggg:l,:

aro-2, aro-fl, and aro-w3 map right of hisC while aro-wl maps left

of hisC.

Four-point reciprocal crosses to'détermine’fhe position Of aro-wl

~,relativé td proA. Data frOm reciprocal crosses shown in Table 11

demonstrate that aro-wl is right of E . The aro«wl mutant site has
therefore been found to map clockwise»of pr oA and ceunterclockwise .

of hisC.

Four-point reciprocal crosses Lo determine the position of aro

mutant sites relative to argA end hisE. Evidence from four-point

reciprocal créSées shown in Teble 12 dewonstrate that aroél,‘aro-z,

aroffl, and aro-w3 map left of hiéE. -Data from four-poiht'réciprocal-



Teble 10. Four-point reciprocal crosses to determine the position of aro mutant sites

relative to hisc.

Cross: i : ‘ Cross:
: | ﬁisC' B | aroh
prod e * e
3 &3
Av : A
i) et e o s ecses 4 i T essescsscee [A)
K . aro % E_Qé ’ ﬂ +
| Number of  his® ero’ Number of  his®. ero* Position reletive
Aro mubent _progeny (%) progeny . () %o hisC
aro-1. ' 50 _ 3% . 95 : 3 - Right
aro-2 50 52 ko0  Right
sro-fl 50 k2 3 2  Right
axo-wl 133 0.75 w7 18 Ieft
exo.w3 8 Wy 100 1 Right



Table 1l. Four-point reclprocal crosses to determine the position of the aro-wl mutant

site relative to ErcA.

Cross:

urad proA 4
[ 1 V.
=)
A
&S ese0s00ce X
aro leud
Nuwber of  prot. aro®
Aro mutant progeny (%)
196 1.5

aro=wl

Cross:
+ ProA  leuh
A 1 1
&
T 98000000 &
urad aro +
Number of  prot. aret = Position relative
. _progeny (%) to prof
200 0 Right

s



Table 12.

Four-polnt reciprocal

end avro-w3 relative to hisE.

»Aro mubant
aro=1
aro=-2
aro=fl_

8r0=¥3

Cross:
erghA hisE +
: i A
15, T
o e . * e 00 le@
aro
Number of hisE* arot
progeny _{%)

. 295 0.6
260 0.7
2ks 2.4
121

crosses to determine the position of aro-1, aro-2, aro-fl,

. Cross;
+  hisE ' leuB -
A X [
)
A
' o9 o ese L
SreR axo +
Number of hisE' aro* Position relative
_brogeny (%) to higE
193 26  Left
187 38 Left
185 A . 19 }Lef'i’,
Left

150 16

;Tn,



k-

crosses shown in Table 13 demonstrate that aro-1, aro-f1, and aro-w3 map

right of gggé‘and are therefore clockwise of gg@é and counterclockwise '
of hisE. The data for g_z_‘g:_a_ in Table 13 indicate that aro-2 is left of
- arghA; hovever, this evidence is so weak, particﬁlarly when conéidered in
light of coﬁplementation behaviof_to be_presenﬁed later, that it'seémé
higly unlikely that aro-2 could be left of argA. Thé_ﬁbsition of the
aro-2 mutant site relative to argA has not been determined with confi-
dence; nevertheless, EES:@ is»certainly closelyklinﬁéd to gggé; A sum-

mary of aro mutant site poéitions is given in Figure 5. ‘

Complementation analysis. Complementation reactions of all five ArQ‘
mutants were tested. Complementation is gener#lly consideréd evidence
that two mutant sites dccur in differént genes and thus affect differ-
ent polypeptides. _Furthermore, complementation response may indicate
that a mutant is an operator-negative mutant.} In 5. coelicolor, the
identification of heterocloﬁes is conéidered sufficient to show'that_
two mutants complemeht (Hopwood 1967). Heteroclones are coiohieé de=
rived from crosses in which individuai colonies bear haploia recombi-
nants which are genetiéally different.

Failure to complement is evidence that two mutant sites occur in
the same gene. As with other experimenfs‘in vwhich failuré to observe
something is the basis of a conclusion; it is necessary to show that -
the failure is not_attributable to some uncontrolled process. Feail-
ure to find heteroclones coupled. with identifigation of haplbid re-

combinants formed by crossover between the two mutant sites whose

complementation reactlon is being studied means that failﬁre td con-



Teble 13. Four-polnt reciprocal crosses to determine the position of_afo«l, aro-2, aro-fl,

and aro-w3 relative to argA.

Cross:

o . "

,gr?A : E%%é ”

. o [ =)

A ® @0 00000 '

+ aro hlsE

Number of eargAt arot
Aro mubant pProgeny (%)
aro-1 204 2.5
870-2 ‘ 197 0
aro-fl 171 3.5

8ro=v3 200 ‘ T.0

Cross:

jt argf hisZ
' ®eccocos
~ proA &ro +
Number of &rgA’t aro?  Position relative
_progeny (%) to arzA
87 0 . Right
21k 0.9 Not determined
177 0.6 . Right
113

1.8 - Right

L
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plement, i.e., to. form heteroclones, is not a c@nseqﬁemce of s@me’b.
incowpatibility pr@venting the formation of merozygotes disomic for
the region embracing both‘ggg‘mutant sites~-a necessary-prior con-._
»ditionlfor formation of heteroéionés;_ The-céméiéﬁentafion enalysis
~ reported here satisfies these criteria.'

The complementation analysis was done as follows. Afo mutqnts ‘
linked with proA were crossed with Aro. mutants 11nked with gggg..
Sérial diluiions of eells from_the crdssvwere plated on'two’types
of‘media: (1) a medium‘éontaining PRO and HIS_+ PUR; and:(ii) a med-

1lum containing aromatic amino acids, PABA and YE. Pigure 8 shows 

the selection effected by these media. After two to three days, col- e

onies were counted, and the ratio of the number of‘colonies on the
mgdium’seleétihé hypothetical markers 3zg§f_and §3914 (Figure 8) to
the number of colonies on the medium selecting proA* and §§§§+ was
determined. The coiohies‘bn ﬁhevmédium seleéting markers g£9§+‘$nd
5292* were streaked to the appropriate.medium andidiagnosed-for
heteroclones and haploid recombiﬁants. | |

Complementation resp@nse--evidence from ratio of colonies on two

types of selectiv@ media. If aroX and aroy do mot cemplement, col= .
Qnies'with only one type‘bf,haploid recombinant per colony may result"

from the aroX' and aroy* selection by a crossover in the very small

-interval between aroX and aroY. This type of dolony should be infre-
quent if two closely linked mutants fail to coumplement. Thus a value
less than one for the ratio: # of colonies when aroX* and aroY" se-

ledted/ # of colonies'when proA+ and hisE*" selected is,ah indication :
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Figure 8. Representation of selections doné in complementation

tests. BSelected markers are showﬁ with triangles. AroX and aroY
are closely linked hypothetical wutent sites whose complementation

response is being determined.
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whether complementation occured--if mutants_couplement there is no
reason to suppose that they could not give rise to viable units cap-
able of developing into colonies on a medium which 1acks the supple-
ment required by both mutants. A lov value (less than one) forvthe
ratio, by itself, is not sufficient evidence that complementation |
did not occur. One must show that only colonies bearing a single
type of haploid recombinant per colony, i.e., no heteroclones, de-
veloped on the uedium selecting gggK* and aroY*. Au inherent prob-

"~ lem is that so few colonies may appear on the medium selecting aroX+'
and aroY* that analysis of a sufficient number of colonies to deter-
mine whether heteroclones are present is precluded. Since absence
of evidence for complementation (few coloniee on the medium:select--n
ing g;ggf and aro¥*; and too few colonies oceurring on this medium
to show definitiuely that heteroclones are absent) could be attri-
buted to tne failure to form merozygotes disomic in the region em-
bracing the aro mutant sites, it is necessazy,ﬁo have an inﬁernal
control to determine whether merozygotes disomic ior the region -
embracing the aro mutant sites were indeed formed. Identification:

of haploid recombinants formed by'crossover betwveen aroX and aroY

thus means that failure to complement is not a consequence of sone
incompatibility preventing the formation of merozygotes disomic for
the region embracing both aro mutant sites.

In summary, one may conclude that two mutants do not complement .
when the followlng syndrome is exhibited: a low ratio of colonies

on the selective media, no heteroclones formed and haploid'recombi-
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nants formed by crossover between the two mutant sites. It is evi-
dent in Table 14 that aro-1 and aro-2 do noﬁ'complement based on the -

bobservation of the syndrome just discussed.

Complementatidn response-Qevidence for complementation based on

presence of heteroclones. Heteroclones are colonies derived from

crosses in which a single colony’bearé haploid recombinants which
ére genetically different. Cplonies appeariﬁg on fhe médium seiect- :
ing markers EZggf and aroY’ ére streakéd’to the sa@é kiﬁd of médium

on vwhich fhe colonies deveioped. After incubating for‘two fo,threev
days, the streék plates are then replicated tovmedia waich diagnose
for heterozygosity of outside markers. In the example shovn in Fng

ure 8, heteroclones from the aroX* and aroyt selection:will have

cells which are bis' and his and/or pro* and pro. This means that

merozygotes disomic for the region embracing the aro mutent sites

and‘hisE or prod were formed and repllicated on mediﬁm laﬁking aro-
matic amino écids; meaning the reactions affected By complementing
Aro mutants are not identical. Evidehcé presented_in ?able_lﬁ in-
dicates that all Aro mutants, so far tested, afféctbdifferént genes,
except Aro-i énd Aro-2 which fail to céﬁplement. The overall com-

plementation response for these mutants is summarized in Table 15.



Compleméntation analysis of Aro mutants.

Table 1k.
# colonies on
aro -aro’ selection ‘ . ‘ ‘ .
, # colonies on i colonies from arot-aro* Heteroclones
Mutents pro*-his* selection selection enalyzed (%) Complementation
Aro-1 X Aro-=2 0.01 ' 78 - 0 ’> . Yo
Aro-l X Aro-wl 1.8 113 | 2.3 Yes o
| | | | - +
Aro-1 X Aro-w3 .33 ‘ 80 , 26 . 0 Yes [
Aro=2 X Aro-fl 1.b ' , 58 - » 21 Yes
Aro-2 X Aro-vl 1.0 120 a5  Yes
.5 99 ' ' 33 : ~ Yes
119 | | 5 7 Yes

Aro-2 X Aro=-w3

Aro-wl X Aro-w3 1.0

These colonies were homozygous, that is, an individual colony never containeda mixture of
One coleny had only pro hlS+ cells and

a B
This eV1dence elimi-

pro* and pro cells or a mixture of §§§+ and his cells.
presumably arose by recombination between the aro-1 and aro-2 matant sites.
nates the possibility that failure to recover heteroclones was due to an inability to form mero-

zygotes disomic for the region embracing both aro mutant sites.
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Table 15. Summary of,complementation response of Aro mutants.

Aro-1 - Aro-2 Aro-f1  Aro-wl

‘Aro-g | Q
 Aro-fl NT SRR O
Aro-wl ‘ f | - | " NTY
Aro-w3 + + | L NT - .

Responses are indicated: no éomplementation as 0; complementation

| as +; not tested as NT.



DISCUSSION AND CONCIUSIONS

All five Aro mutants'described are'proﬁabiy the result of singlé‘
mutational bloeks..'This,assumptidn is based on tﬁe'follawing: (1)
Simultanecus mutdtions blocking the TRP, TYR, PHE, and PABA p&thways,'
in the case of Aro-2, Aro-wl, and Aro-w3, or evéﬁ of onlyithe TYR and.
PHE pathways, in the case bf Aro€f1; wou1d be an exceedingly unlikeiy
event; (ii) Cultures of.Ar6¥2 have sﬁﬂntanebusiy revertéd to the wild-
type; and (iii) The various a:omatic requirements never segregate_dur-“
ing cfosses. - | o

The undeterminedbrequirement for a cempenent of YE iﬁ Aro-wl and‘
Aro-w3 is probably en aromatic vitamin;v This 18 indicated by the .
relatively low concentration of YE requir@d (S;ug/ml) and also by
the failure of the YE requirement %o segregate from the othér aro-
matic requirements. The absence of a'fequiremént for YE ih:Afo;l
and Aro-e or for PABA in Aro-1 is probably due to leakiness of the
mutational blocks wnich allows chorismic acid to be formed in quan--‘
tities sufficient to serve as a precursor of vitamin production buti‘
not for amino acid productlon. | »

The abillty of wild-type cells to wtilize shikimic acid as a sole
carbon eburce is'an indieati@n that the failure of Aro mutanﬁs to
‘utilize shikimic acid in‘placé of arometic amino acids is due to
their being blocked in post-shikimic acid re@ctiéns. Uhforfunately
the ehperiment described vwas not definitive since it did not ellmi-
nate the possibility that shlkimic gcid wes being broken down in the
media before getting into cells. It should be pointed out, however,

that permeability tvo shikimic acid is not a problem in other bacterﬂa

-50-



=51~

and fungl in vhich the pathvay has been studied including'TrichOphy-A 8
ton rubrum in‘ﬁhich shikimic aéid-U-Clh was ﬁaken up eVenfﬁhough”this‘
organisﬁ doés ﬁét synthesize or ﬁtilize this compoﬁna for émino acid
vprodnction.r' |

Based on'mapping and complementation,analysis tﬁe’five’ggg muta-
tions have been shoﬁn to occur in aﬁ'least three geﬁes. These are
v(i) ﬁhe gene defined by aio—wllwhich;is'here'deSignated éroB; (1)
the gene in which the noncomplementing wmutations ggg:} and EEE:?
occur which is here designated aroC; (111) the gene in Whlch gzg:yi
~oceurs. Aro-f1 deflnes the gene aroA which is possibly the same -
gene in which ggg:gg oceurs; however, further complementatlon anal- |
ysis is necessary to determine-th;s. - The mapping of*ggg;gl between

argh and hisE in this research supporﬁs the findings of Hépwood and

Friend (personal communication). -
~ The ebility of four Aro'mutants having a TRP requiremeﬁt~to ﬁtiiize B
anthranilic acld in place of TRP is the first indlcatlon that failure
to obtain mutants of 8. coelicolor able to utilize anthranilic acid
in place of TRP, and presumably defecient in anthranilate synthase
activity, is not due %o impermeability of cells to anthrahilate. The
failufe to 1soiaté anthranilate utilizing TRP auxétrophs thus remainS» 
an unresolved problem, A possible_explanation ofbthe féilure to fiﬁd:
anthranilate utilizing TRP auxotrbphs is that the géne fbr anthranil-
ate synthaese also codes for a step betﬁeen anthranilate and indcié;
Two activities for a single polypeptide is a well documented phenomenon

(Creighton and Yanofsky 1966)
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GENETiC AND PHENOTYPIC ARALYSES OF AUXOTROPHS REQUIRING

AROMATIC AMINO ACIDS AND VIATMINS IN STREPTOMYCES COELICOLOR

. by
Charles Allen Watkins, IIT

(ABSTRACT)

Five mutants of Streptomyces coelicolox havin@ an auxotrophic re=- ,.'

quirement for aromatic amino acids were mapped relative to closely
linked genetic markers. Based on four-point rec1procal crosses

mutants>were found to map in at least two locations. One mutant

mappéd between proA and hisC while three fell Eetween argh and hisE.

Another mutant mapped between hisc and hisE;vhéwever, its pésiﬁion
rel&tiﬁe to argA hes not been.determined. | | |
Phenotypic analysis of the Aro mutants was undertaken. vdne mue-
vtant has a requirement for tyrosine and phemylalanine, one mutant
has a requirement for all three aromatlc amino acids, ﬁryptophan,
tyrosine, and phenylalanine, one mutant hes a requirement for axro-
matic amino acids and parg—amim@benzoig'acid; andvtwo mutants have
a requifement for aromatic émino aeidé, paf&-amingbenzoi; aeid,uand
an undetermined reéﬁiremeﬂt:sétisfied'byVS)ug/ﬁlabf yéasﬁregﬁraét;'-
None of the muﬁants were able to utilize quinic acid or shikimic |
acid in place of the aromatic requirements, however, the wild-type‘
strain is able to utilize shikimic acid as a sole‘carbon source.
Mutants having a tryptophan requirément were able‘tb utilizeiahth-

ranilic acid or indole in place of tryptophan.



Coﬁplementationbtests based on anelysis of heﬁer@clones have
. shown that the five mutants affect at least three different genes.
TWovgenésvhavetbeEn designated‘aras'and aroC; muténts in thése’genés

did not qgmpiement'aro-fl which defines aroA."'v
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