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recomblnatlon 1nvolv1ng repeated sequences. ”y

faccharomyces cerev151ae by 1ntroductlon of DNA

r nsfor;\?lon. Integratlon of a non repllcatlve

v

plasm1d was'used to generate dlrect repeats of sequences at

‘a.

the arglnlne permease (CAN1) locus. In a 51m11ar set of

experlments transformatlon wrth an autonomously rep11cat;ng

plaSmld Was used to form extrachromOSOmal repeats of

.sequences of the endogenous yeast plasmld Scp1. These

dupllcatlons were used to 1nvestlgate the etﬁect of both thejf;,*i’

dupi1cat10n structure and the RAD52 gene product on: mltotlc N

A non- repllcatlve plasmld conta1n1ng a mutantéallele of*V
1

the CAN1 gene consttucted 1n v1tro was’ 1ntroduced 1nto cellshdf

w1th a wild type allele at th1s lqcus.‘Integrat1on.bf the B

plasmld at the CANI 1ocus destablllzed the canavanlne

1.the repeated sequences.-

'51t1ve phenotype, Wh1le 1ntegg;tlon at other 51tes in the;

. . :
nome did not. The 1nstab111ty was due to 1ntrachromosomal,f

)

ev#nts 1nvolv1ng repeated sequences. These 1ncluded gene

‘convers1ons between the w1ld type and mutant sequenpes,

x.

Whlch requ1red the RAD52 gene product, and resolutlon of:f'

’ non tandem dupllcatlons, some of Whlch wete RAD52

.1ndependent.,The frequency of the events 1ovolv1ng the

dupllcated segments d1d not depend dlrectfgfon the smze of

é

[

iv'.
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and separated‘the %faﬁplne permease gene from the selectable
R - . @ :
marker of the chlmerlc plasm1d o

PR

w1th}loss“of Scp1 @"[«ﬁﬁgm;_

'r

In both plasm1d and 1ntrachrqposoma1 recomb1nat10n, 1_)1'
. ‘ o0 . .
51m11ar structures can have dlfferent,requlrements for the

0‘"&--‘7‘

- RAD52 gene product ThlS suggests that there 1s a

Ji\scrlmlnatory capaC1ty to the actlon of the RAD§2 g;%e ;h - .
, : N R o o
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MltOth recomblnatron 1nvolves the exchange of sequence
1nformatlon between bNA duplexeﬁ w1th1n vegetat1ve cells.-vg

Recently, mltotlc\resgmb1natlon has been 1mp11cated 1n a

( e ‘.
i '. ).

antlbody d;ver51ty durlng the development of therlmmune

_n_system in mammals (Seldman et al., 1979) to the evolutxonary

. malntenance of sequence homogenelty among members of

repeated gene famllles (Szostak and Wu, 1$8Q;1Nagylaki and;_

:"Wlde varlety of processes, rang1ng from the gen'ratlon of '

Petes, 1982) Recomb1nat1on o\c N

A Drosophlla melanogaster. lees that were heterozygous 1n the

- L

L " ;. S
‘-1tot1c recomﬁznatlon) therefore has 1mportant and

)

MltOth recomblnatlon was 1n1t1ally descrLbed 1n

v

. trans conf;gurathn for l1nked cutlcular markers could g1ve
e

‘rise to- adjacent patches of cutzoular cells that each

- vexpressed one of the recess1ve markers 1n a homozygous

S~

ﬁ:ﬂ state..The formatyon of these "tqu Spots“ was taken as

." I . ‘“‘» "/—/

';f“ ev1dence for somatac (mltottc)fcrosslng ever between the

‘ﬂ'workA

Amammals (Gruneberg, 1966)

rker genes and the1r centromere (Stern, 1936). Subsequent

gxtended these flndlngs to a number of lower

eukaryotes, such as As'er 1llus'n1dulans (Pontecorvo et al.,

_54) and Ust1lago.maydls (Holllday, 1961) and to hlgher

i‘;,plants (Vlg and Paddock 1970 Chrlstfa\sdh 1975) and A

|

. . /

oellular functlons. ﬁﬁd“-‘: o J_i_ r.:f;:'g5{;

- . 3 i . ! - . 3 - - - LA S e o
s - . » = I

A Y.
.



(rev1ewed by Kuntz and Haynes,

T981J Yeastvls a’ vty'sultable organlsm for such studles.gkl

o

large number of well characterlzed genetlc markers have been

1solated mn haplo:d yeast cells (Mort1mer and Sch1ld 1980)

and these can be comblned 1n d1p101ds in arrangements that -

J‘allow eff1c1ent{mon1tor1ng of mitotic recomblnatzon. ThesT“
genetlc structure of these recomblna;thln d1p101ds can- be

71; accurately aSSessed by’ subsequentslnductlon of me1051s F' .-Lf
;s (Roman, 1956):lRecenggdevelopments 1n recomblnant DNA B _J'Lg,

technology have allowed the man1pulat10n ot well— '

character1Zed yeast DNA sequences,‘and the constauct1on~of 3; S "u

'Q hap101d yeast"cells in whlch m1tot1c recomblnatlon canrbe
: studied (Scherer and,@av1s, 1980 Szdstak and Wu, 1980-» t::y'*t'b‘g;“j

Jackson and Flnk 1981) Vl . . ”’wf: R l"?;' Sk

SN

Two klnds of homologous mltotlc recomblnatlon events

a
o

/};can be recognlzed genetlcally in S cereV191ae. Theselare

;-rec’ptocal Gor cpossang over) “and non rec1procal (ot gene

rs',‘:_ E T SR

’fconve:saow)' Rec1 tocal m1tot1c recomb1nat1on was 1n1t1ally
p

<detected 1n UV—1rradlated d1p101d cells that were '

Ty Y »_pv.

\?x:heterozygous for a galactose fermentatlon gene. The frequent

SIS SO S

wuncoverlng of thé recess1ve markef'was atttxbuted to

o

e -’»recxprocal exchange between the gene and 1ts centromere'r;, Do !

-;ii~;_(Jamee,‘1955 James and Lee thtlng, 1955) MltDtlc gene S -

e jconver51on was¢f1rst obserVed in: dlplo;d cells that o e
. . . ; 5 '%:-‘»'f' :,_;{.:.. - . . f‘ ‘ . Y e »' - . ] o

‘




o p01nt became homozygous, wh1le are markers centromere.

fconta1ned homologous chromosomes each carrylng dlfferent
non- complementlng mutant alleles (heteroalleleiy of a locus

vthat conferred an auxotrophlc requ1rement In this-

-

-51tuat10n, the frequent ﬁormatlom of prototrophlc colonres

was shown to result from the replacement of one€ allele w1th

the w11d type allele°w1thout the assoc1ated formatlon of a -

\

doubly mutant gene. Therefore, the event was conszdered to..

be non- rec1procal (Roman ‘1956- Roman and Jacob 1958).

w . i e

Subsequent analyses have further defined the process of

"‘m1tot1c recomblnatlon 1n S cerev151ae The . suggestlon that

~rad1at10n 1nduced homozy9051s of rece551ve markers could be

due to m1tot1c cr0551ng over was given strong support by ‘the

'”observatlon that linked. markers could be made homozygous at
‘ the same time. When thlS occurred the pattern.was'almost
llnvarlably that all markers centromere dlstal to a certaln
&
proxlmal to thlS p01nt remalned heterozygous. The llnkage
‘relat1onsh1ps establlshed ‘on the ba51s of assoc;ated
homozy9051s corresponded to the melotlc llnkage map (Nakal'J
and Mortlmer 1969). Thls prov1ded conclu51ve ‘evidence for
the exlsteUCﬁ of strand exchange in. m1tot1c cells of S.
'lgerev151ae..Further exper1ments u51ng a system in’ wh1ch each
» -

“rec1procal product of an- exchange could be phenotyp1cally
/ . . .

sectored for

. detect'_ ,that colon1es

the tWo phenotypes Ry mermann, 1973) These se tored

colonles were equlvalent to the "twln spots

¢

hthe’somatic

~

-

R N
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cells of multlcellular organ1sms, and provaded def1n1t1ve

_;eVidence for the recrproqal nature of the\event.

u',

The ba51s for gene conver51on events is less clear than

\

‘ thgt,ror re@hprocal events \wh ch apparently 1nvolve straggg

exchange. It appears that the rocess of conver51on 1nvolves

replacement of the mutant ‘sequence of one allele w1th the

'w1ld type sequence from the other ThlS event is very

¢

prec1se' analy51s of the resultlng funct1onal allele through

the properties of 1ts enzyme product (Zlmmermann "1968) and-

1ts restriction ‘map (Scherer and Dav1s, 1980) show that ‘the &7

gene 1s 1ndlst1ngu1shable from w1ld type Me1ot1c studles

» have shown that conver51on is accurate to the level of a

sxngle base pair (Fogel and Mortlmer 1970) and s1m11ar
studles hdve been performed for. m1tot1c gene conversion -
(Roman 11956) ., .
‘ReCOmblnationhmodels
| e |

Although there is convincing genetlc ev1dence for
rec1procal exchanges and gene conversions durlng mitosis,
the molecular events that occur during recomblnatlon have _
not been well defined. The pauc1ty of 1nformat10n as to the ‘
nature of the recomblnatlon process has resulted in the |
development of a‘number of models which attempt to explaln
the phenomenon onkthe ba51s of plau51ble enzymatlc and

phys;caltsteps. Such models were 1n1t1ally developed to

,explain~the more thoroughly studled process of m810tlc

’ 3

ah
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wrecomb1nat10n, and have been subsequently mod1f1ed to f1t

the spec1al propertles of m1tot1c recomb1nat1on. The models

that have been»most successful in explafnlng the varled data

s

~on me1ot1c recomblnatlon fall into two classes - those wh1ch‘

postulate the formatlon\and repalr of. heteroduplex reglons

at the 51te of recomblnatlon, and those whlch 1nvoke

*localized replxcatlon to permlt seguence exchange wlthout

the formatlon or repalr of extensive heteroduplex regions.

P

v

The 1n1t1al formulatlon of the heteroduplex

‘~1ntermed1ate model invoked a concerted breakage and exchange

- of DNA strands of like polarity from 'the two chromatlds_

4

‘heteroduplex regions on the two recomb1n1ng chromat#ds.

involved in the recombination event (Holliday, 1964l This .

exchange generated a- half -chromatid chlasma with syhmetrlcal

.-
4 )

Conversion was assumed to result from the repalr of

‘mismatched. bases w1th1n the regions of heteroduplex. "

:Reciprocal recomb1nat1on resulted from subsequent breakage

of the DNA strands of the recombining chromatids that were
not exchanged 1n1t1ally, whlle breakage of the exchanged

strands at the cross- connectlon left the flanking DNA

\ L

fsequences in the parental conflguratlon o

Molecular model bu1ld1ng has shown that the ‘half-
chromatld ch1asma 1s structurally plau51ble because it
1nvolves satlsfactory bond angles, and. does not requ1re any

’

unpalred bases (Sigal and Alberts, 1972) The molecular

structure has appeallng attrlbutes' the cross- strand .

™
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- dexchange may mlgrate freely 1n elther dlrectlon due to 1;f.'

,rotary dlffu51on (Meselson, 1972) and 1somer1zat1on can»
ﬂ’

e

”generate rec1proca1 recomblnatlon of the "DNA sequencesiﬁ
gflanklng the het;rodupbbx reg1on to produce a‘recomblnant _.
cohflguratlon of the outsxde markers (S1ga1 and Alberts |
1972). These. character1st1cs of the half chromatld chlasma‘

. N
or Holllday structure can. expla1n melotlc data that suggest

[}
that hetq;oduplex reglons\can extend for varlable and
sometlmes con51derable lengths, and that rec1proca1 exchange
and .gene conver51on are closely assoc1ated and'appear to be~

p;rt of the same process (Fogel et al. 1978).

Recently, phy51cal ev1dence for apparent Holllday ,
‘structures has been obtained from yeast cells.;Electron
‘mlcroscoplc_studles of the.endogenous yeastLplasmld (Scp15'.
during meiosis have detected molecules‘that are fused within-
regions ofAhomology (Bell amd Byers, 1975) These.fused

structures, termed ch1 forms, have been reported prev1ously
for other eukaryotlc (Benbow ‘and Krause, 1977) and
prokaryotlc (Potter and Dressler 1876; DasGupta et al.,
1981) systems, and there is conyincing-e&idence that they

o
are recombination intermediates.

el
ety

LA
’

‘c;\; Not all the predictions of the Holllday model flt the

gehetlc data on melotlc recodblnatlon in- S cerev151ae. The

“

majorlty of 1ntragen1c melotlc recomb1nat1on in yeast

-

gcon51sts of conver51on on\only one chromatld and so

presumably does“not involve the symmetrlcal formation of



heteroduplex on the &wo recomb1n1ng chromatlds (Fogel et

L)

al.; 1978 ) A modlflcatzon of the Holllday model postulates :
A '

'that the 1n1t1a1 steps in the recpmblnatlon process 1nvolve

the invasion of the DNA duplex of one chromatld by a 51ngle

strand from an homologous chromatld (Meselson and’ Radd1ng,

.35“1975) Therefore, the’ 1n1t1a1 steps are asymmetrlcal and

[P
form ' a heteroduplex on only one chromatld later

1somerlzatlons can generate symmetr1cal heteroduplexes.
Blochem1cal ev1dence for the uptake of a 51ngle strand into
an homologous duplex DNA molecule has been obtalned from an"
E..Coll cell free system (Shlbata et al. 1979) ThlS
‘reactlon is catalyzed by the~recA proteln an 1mportant
enzyme - 1n the general12ed recomb1nat1on system of E. ggll
_Thereforé the Meselson Raddlng mod1f1cat1on of the Holllday
model for. recombznatlon can explaln most aspects of yeast

meiotic recomb1nat10n,~and there ‘is strohg blochemlcal

support for many of the" postulated steps. Lo ‘

L3

"The observation that'laroe deletions undergo conversion

in a manner similar to p01nt mutatlons (Fink and Styles,

1974; Fogel et al 1978) ‘is not ea.

1ly expla1ned by models_'
‘that involve a heteroduplex 1nterme 1ate. ngé'protein
~med1ated formation of a heteroduple lis blocked by the

.1nsertlon of less than 1 kb of non homologous*DNA 1nto one
of the assoc1at1ng DNArstrands (D‘sGupta and Raddlng, 1982).

‘Therefore 1t _Seems unl;kely that otary dlffu51on vould be

\

capable of generatlng a heterodu lex between two DNA



o

molecules w1th exten51ve reglons of non- homology If such a

' heteroduplex was formed it would involve a mlsmatch of a
large sequence of BNA rather than a single nucleotlde palr.‘
It mlght be expected that enzymatlc repalr systems would
more read11y exc1se the unpalred 51ngle-'stranded loop, and
thus the. wlld type sequence would be frequently converted to

Aamutant. However in Yeast delet1on mutatlons show parlty of
conversion' that is, conver51on of the deletlon to the w11d~
type allele 1s as frequentvas conver51on of the, . type
allele to{ggﬁ deletlon (Fink and Styles, 1974' Fogel etlal
1978). 4n add1t1on the segregatlon of genetlcally different
cells from a 51ngle me10t1c product conta;nlhg a haploid

| genome, a process termed post- me_étrc segregat1on (pms) is
one of the most conv1nc1ng lines of evidence for the .

format1on of heteroduplaxes dur1ng recomblnatlon, and there

is no evidence’ for pms at loc1 Where the heterozy9051ty

1nvolves exten51ve reglons of .hon- homology (Fogel et al,

. w:.,r-.\'_, e

1978; Klar et al 1979)

’ . . « v L _. ’ [

Models that do not explaln gene conver51on by the

»

formatlon and repair of heteroduplex can more readllxv/~/\

| accommodate conver51on of deletlons and other. exthns1ve Co
r;g1ons of non- homology\_Such models 1ngoke localized‘
replication and inﬁormational.transfer, and eliminate'the
problems assoc1ated w1th the heteroduplex models (Stahl
1979), However, they are not as successful as the ;',

-

heteroduplex models in explalnlng co ordlnate post-me10t1of}'



segregatlon of adjacent 1ntragen1c markers (Fogel et al
1978) and marker related effects of recomblnatlon that are

\most con51stent w1th heterodUplex»mlspalrs 1nvok1ng a repa1r
. _ -

process (Savage and Hastlngs, 1981)

_: Attempts have been made to reconc11e the d1ff1cult1es
of conver51on of deletlons w1th the Meselson- Raddlng model
The absence of pms may s1mply result from the fact that . .
exten51ve mlspalrlng asnrecognlzed extremely eff1c1ently by !
repa1r systems, .and so heteroduplex 1ntermed1ates never _
'surv1ve through me1051s. The: problem of generatlng a- VJd
'heteroduplex can be overcome 1f the hybrld DNA is formed by
extensive’ unw1nd1ng of the DNA followed by reassoc1atzon‘of

‘strands from homologous chromOSOMes, as or1glnally proposed

t(Holllday, 1964) This, however, ellmlnates one of the

appealing molecular attrlbutes‘of the Meselson Raddlng
model .the.. formatron of exten51ve tracts of heteroduplex by
a structure that 1nvolves no unpalred bases. In addltldﬁ//lt
hlls {fss con51stent w1th ‘the apparent asymmetry of the event
vnlA model has al§s been ‘proposed that DQ¢ synthe51s w1th1n thei_""
s1ngle stranded DNA followed by e1ther 1ntegratlon or
exc1s1on of the new nglex DNA, w111 generate’ parlty in
”conver51on (Raddlng, 1978) Because of parlty‘and the lack
of pms, this model requ1res that- random 51ngle—stranded.
loops are made duplex At present there is no experlmental'

ev1dence which bears on ‘the process of efficient formatlon

H

of duplex DNA from single-stranded loops. Therefore,'
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"although the Meselson Raddlng model explalns the majorlty of %}

\

the data on me10t1c recomb1nat1on in yeast mod1f1cat10ns

e v

appear necessary to reconclle it with’ all the avallable

data. . R T - . o L ‘
e S { - L T . , ;-

N Although m1tot1c recomblnatlon has’ many s1m11ar1t1es to ..
’melotle recomblnatlon, 1t has character1st1c dlfferences.

'Some factors such as. the low frequency of m1tot1c ‘

9

o recomblnatlon compared w1th meiotic recomblnatlon (Tharnton

and. Johnson 1971), and the 1ncreased relatlve frequency of |
.F.
. exchanges next ‘to the centromere durlng m1t051s (Malone et o

Fal.; 1980) may samp reflect dlfferences in the spatlal

organlzat1on of the DNA molecE

ey

'S at the t1me of

: recomblnatlon in me1ot1c and m1tot1c cells.

v

Other ev1dence suggests that there may be dlfferences
between the melotlc and m1tot1c systems in- the actual -
recomblnatlon process Although bath melotlc conver51on E
(Fogel et al., 1978)*and spontaneous m1tot1c conver51on'

(Esposito, 1978; Roman ‘1980) exhlblt a hlgh frequency of
:assoc1ated rec1procal exchange, the'processes of gene
conversion and rec1prod§l recomb1nat10n appear to be .
separable during m1t051s. Ultra v1olet 1rradlat10n enhances
’genegtonver51on wlthout 1ncﬂea51ng assoc1ated cr0551ng over
(Hurst and Fogel 1964; Roman and- Jacob 19§8) and acr1d1ne
'orange can induce gene convers1on but not rec1procal

recombination (Fahrlg, 1979) Mutat1ons can. also uncouple

the two events during m1tos1s. An allele of rad1g

‘

R . . E -
- . ! . ) ot A .. . -
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'spec1f1cally enhances m1tot1c gene conversion but does not

affect rec1procal exchange (Boram and Roman »1976) ;whlle

the rad52£1,mutat10n reducés m1tot1c recomblnatlon by

el1m1nat1ng gene converslon and has no’ effect on rec1procal‘

re omginitjon (Jackson and Flnk 1981) The rad52-1 mutatloni_ -

appears tO'abollsh all me1ot1c recomb1nat1on (Prakash et
_al.,.1980' Game et al. 1930) B .,
A further 51gn1f1cant dlfference between m1tot1c and
melotlc recomblnatlon is in the tam1ng of the event Meiotic
recomblnatlon occurs at the post repllcatlve, G2 or 4-
stranded stage, whlle conv1nc1ng evzdence exlsts that some
_m1tot1c recomb1nat1on events can be 1n1t1ated (Esp051to
>1978 wlldenberg, 19704 and even completed (Fabre, 1978) in-
the prerepllcatlve, G1 or 2- stranded stage..However, the -
-occurance of unequal 51ster chromgtld exchange ‘shows that

) some m1tot1c récomb1nat1on must take plaoe at the 4—stranded

stage (Jackson and F1nk 1981)

Mitotic recomhination'has'slmilarities to meiotic
'recomb1nat1on, but has spec1al character1st1cs not found in_rd
meiotic exchange, facts which are reflected in recent models
- of m1tot1c recomblnatlon The observatlon that mitotic
: recomb1nat10n°events can be. 1n1t1ated in G1, and the
:frequent assoclatlon between gene conversion and rec1procal
exchange led to the proposal that m1tot1c recomb1nat1on.
results from the formation in G1, of Holl1day structures |

that often 1nvolve symmetrlcal heteroduplexes, and that

)



:Vv“nucleolytlc cleavage, or repllcatlon through the half-

’ [

. chromatld chlasma produc1ng rec1procally recomblned

»centromere d1stal markers can. resolve the exohanges

(Espos1to, 1978) However although a high proportlon of the'

. events whlch appear to 1nvolve symmetrlcal heteroduplex

format1on also 1nvolve a rec1procal exchange,.a large

proportlon of the conver51on events are asymmétrlcal and not

[

hlghly assoc1ated w1th crossxng over (Roman 1980) Thls

g observatlon suggested that there may be two processes, one -

B 1nvolv1ng symmetrlcal hetefoduplex and cr0551ng over, and a

second, 1nvolv1ng heteroduplex formatlon on only one strand,
whach results from unld;rei§1onal transfer of a single o
.strand w1thout the formatlon of a cross- strand exchange

ThlS second . process ‘was termed 1nterchromosomal
*transformatlon (Roman 1980) Mating type 1nterconver51on

apparently results from such a unidirectional conversion

" event (Haber!et al., 1980);,j?{1* | -

3ecent models for m1tot1c recomblnatlon in yeast

-1nvolve mod1f1catlons of the Meselso& and Raddlng model

wh1ch accommodate the.- t1m1ng of the m1tot1c events and the,;

-apparent separablllty of conversion and cr0551ng over durlng

mitotic recombination. _/ . > o L "ffff
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One way of def1n1ng the valldlty of these models, and
of establ1sh1ng the sequence of ebvents durlng the m1totlo
recombination process, is to 1dent1fy mutants: that modlfy
.spec1f1c steps 1n the process. Two approaches have been
taken to 1dent1fy such mutants 1n yeast - dlrect 1solatlon
of recomblnatlon mutants,‘and analy51s of the recomblnatlon‘
- processes ;n mutants that modify other aspects of DNA
‘metabollsm.. '

The identification-of mutations'directly affecting‘
m1tot1c recomb1nat10n has been attempted in S cereV151ae,
but w1th 11m1ted success. Untll recently it has been
p0551ble only to monltor recomblnatlom,between dlfferent
'alleles of genes on homologous chromosomes. However because

~

d1p101d cells would prevent the detectlon of recessive
¢
mutatlons it was, necessary to attempt to 1solate mutants 1n ‘

&

dlsom1c stralns whlch were heteroallellc for a marker on the
dupllcated chromosome (Maloney and Fogel, 1980 Rodarte~
'Ramon and Mortime\\\1972) In addltlon, because spontaneous

. m1tot1c recomb1nat10n is. 1nfrequent (Thornton and Johnson
‘ L

w1971) it was® ‘hot fea51ble to select directly. for mutants
defectlve in. spohtaneous heteroallel1e recombrnat1on.

Therefore, mutants were 1solated which were either defective
g
'in radiation- 1nduced recomblnatlon (Rodarte -Ramon and -

N -

Mortlmer, 1972) or showed enhanced spontaneous recomb1nation'_ o

' levels (Maloney and’ Fogel 1959) Although both studles "
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-

i several of the rec

identifiedﬁmutants,lnelther was. successful in. def1n1ng a
'spec1f1c blochemzcal defect‘1n recomb1nat1on.hf'
) ” Co P :
The’ alternatlve approach to obta1n1ng mutat1ons wh1ch

[

affect recombinat

is. to examlne the recomb1nat1ona1

R

BT R

prof1c1ency of muian s Hefect1ve 1n DNA repa:r. In E. coll, b

1nat10n mutants have been found to be
sens;txve to UV-1rrad1at10n and chemlcal mutagens (Clarke,

i973) Several of the S. cerev1s1ae stra1ns 1dent1f1ed

dur1ng attempts to 1solate recombznatlon mutants were also

S sen51t1ve to DNA damaglng agents (Maloney and Fogel 1980}/

-

Rodarte Ramon and Mortlmer, 1972) Mutants wlth enhanced
sen51t1v1t1es to. DNA - damaglng agents, or with 1ncreased

mutatlon rates, can be 1dent1f1ed 1n hap101d cells, and are

therefore ea51er to obtalp than are mutatlons whlch dlrectly T

F
affect recomblnatlon. o jrk~? ;.

te

Two mutatlons w1th deflned blochemlcal defects,

orlglnally rsolated on the ba51s of a temperature sen51t1ve o

block in the cell d1v151on cycle {cdc) were’ found to affect
m1tot1c recomblnatlon. Both-cdcgh whlch codes for DNA l1gase
(Johnston and Nasmyth 1978), and cdc21 whlch codes for

thymldylate synthetase (Game, 1976) “have enhanced levels of

”’spontaneous m1tot1c recomblnatlon (Game et al,, 1879; Kuntz

_‘ee al., 1980) These dlfferent mutatlonS'enhance

L 3

recombinatlon because they 1ncrease the frequency of nlcks
1n DNA, elther through fallure to eff1c1ently llgate

replzcatlon 1ntermed1ates or_through increased
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1ncorpora€1on of, and subsequent repa1r of urac1l 1n the
o DNA ThlS common phenotype for dlﬁﬁerent mutants g1ves T _
support to the 1dea that n1ck1ng of DNA is an 1mportamf o

_ 'p0551b1y rate 11m1t1ng step, 1n the mltot1c recomhlnatlon_

- L L e N o ) . A . R ‘L" . \""'-»\'\
. process. T . S o . .: T T T

¢ i

t

Many of - the mUtants that are sen51tlbe to the effects
of 1onlz1ng radlatlon (rad) have pleiotroplc ;ecomblnatlonal‘

.def1c1enc1es. The radso serles of mutants are generally

defectlve 1n both melotlc and mltotlc recomb1nat1on. The”h

'radsz 1 allele (Resnlck 1969 Game end Mortf%er, 1974) ‘has .

been the most exten51vely studled of these mutants. Thls'

C

mutant was orlglnally 1solated on the ba51s of 1ts,,
sen51t1v1ty to X- rays (Resn1ck 1969) and was later found ) v
hlgB&y sen51t1ve to methyl methane sulphonate (Prakash and SR

*
Prakash, 1977) and weakly sen51t1ve to UV-1rrad1at1on

@l

(Lawrence and Chrlstensen( 1976). In add1t1on stralns
carrying the~rad52—1 allele_haVe-increased spontaneous ’".t:-

mutatlon rates (von Borstel'et’aji,'197ﬂ' Prakasheet‘alf;f
\
1980) and are defectlve in- the repair of double strand

’**

Abreaks in the DNA (Resnlck‘ 1975)

B

f; _eerad52*1 allele has dramatlc effects on .- fﬂf;

ecomb;natlon. This mutatlon ellmlnates melotlc ' L.

-

recomb1nat1on (Prakash et al 1980 Game et al., 1980) "and
reduces spontaneous and radlatlon 1nduced mltotlc
recomblnatlon (Prakash et al 1980) The decrease 1“.

« .
mxtotlc recomblnatlon is apparently due spec1f1cally to a

R e . ‘ n



reduct1on in gene conver51on° the rad52 1 allele affects

. 3 .
’ 1ntrachromosoma1 ‘gene conversion, but not rec1procal

- exchange (Jackson and F1nk 4981) Other experlments support

Ch,

-f‘ gene conver51ons Matlng type swltchlng, whlch 1nvolves a

~
¢

the suggestlon that the rad52-b”allele pr1mar11y ellmlnates

un1d1rect10nal gene conver51on (Haber et al 1980) is

ellmlnated by fhe rad52-1 mutatlon (Malone and Esp051to
1980) ; Unequal sister chromatld exchange (Zamb and Petes
1981) and chromosomal 1ntegrat10n of c1rcular non=-
repl1cat1Ve plasmlds durlng yeast transformatzon (Orr Weaverﬂ

et al., 1981) are both rec1procal events and are not

‘1nfluenced by the rad5@-1 mutatlon.‘However other events

.whOSe products are rec1procal do requ1re the rad52 gene‘

product Chromosomal 1ntegratlon of llhear ~and gapped linear

o plasmlds (Orr—Weaver et ad 1981) and UV-1nduced saster

chromat1d exchange (Prakash and Ta1llon-M111er, 1981) are . -

both ellmlnated by the rad52-1 allele..The varleiy of events

,that requlre or do not requ1re the rad52 gene product has

led to the suggestlon that the rad52 gene product is:
1nvolved in repalr synthe51s of DNA (Orr ~Weaver et al

1981) The process of DNA synthe51s is requ1red for the

' asymmetrlcal phase of the Meselson- Raddlng model for

general1zed recomblnatlon (and thus gene conver51on) but'it
is not requ1red for ‘the rec1procal exchange. At present Fbéi
p0551ble bloqhemlcal,ba51s for the rad52 1 mutatlon 1& -
predlcted from th1€\hodel of reoomblnatlon. Lf-thrs |

predlctlon is found to- be correct it WIll'prQVide strong
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support for the MeselsoncRaddTngfmodel.

\’\

 Recombination Involving Duplﬁcated SeqUences - K

.*“r "

Many of the recent advances in the understand1ng of
3

genet1c recomblnatlon in yeast have been achieved through
‘the use of recomblnant DNA technlques The precess of
transformat1on of* yeast w1th pUtlfled DNA sequences (Hlﬁhen
et al. 1978) has been used to dlrectly analyze the 1‘
recomblnatlon process (Orr -Weaver et al 1981) and to
generate chromosomal (Jackson and Fink, 1981 KIEIn and

Petes 1981; Scherer and Davis, 1980; S§ostak and Wu, 1980)

;andfeatqachromosomal'(Beggs, 1978;,Broach et al.,;1982§

sequence duplicatibns.that can be used for the analysis of
meiotie and mitotiC‘recombination These dupllcatlons have

fac111tated the study of m1tot1c recomblnatlon in ha9101d

cells of S cerev151ae, a. pr0cess that was prev1ously less

'amenable to study

-

' Recoﬁb1natlon between naturally occurrlng sequence

-

dupllcat1ons has 1mportant functlons in haploid yeast cells.

Mat1ng type sw1tch1ng (chks et al., 1979) and- ;ecomb1natlon

between the ‘inverted repeats of Scp1 (Beggsy»J978) are, ;”;,UI

examples of h1ghly eff1c1ent 51te spec1f1c recomb1nat1on

PR I o

-

systéﬁs that'nequlne spec1a11zed gene products ’HD fér L ‘

mating typedsw1tch1ng (Strathern’ et al., 1979) and” FDP for

1nVerted repeat reCDmbxnatqon (Broach et -al. 1982) The

- .

: recomblnatlonal 5w1tch1ng of the genet1c 1nformat10n at the
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matlng type locus controls -the expre551on of a number of SN

-
.-

genes 1nvolved in- the matlng response of S cerev151ae
r)

(Herskowltz and Osh1ma, 1981) and thus m1tot1c

recomblnatlon indirectly plays a cr1t1ca1 role in

C ‘\determlnlng many aspects of the cell‘s;thSiology.

Slmllar recomblnatlon systems have been ipntified 'in
prokaryot1c cells (Bukharl and Ambrosio, 1978; Hoess et'al.,
11982; -Zeig et al., 1977) . In-higher éukaryotes, site
specific recombination‘in somatic cells has been implicated
in the develoopment of the immune system (Seidman et al.,
1979; Van Ness.et'al.,,198é), but”no specialized

recombination enzyme ‘has yet been identified.

Generelized mitotic recombinetion‘between repeated
sequences may be 1mportant over evolutlonary t1me. Gene
conversion has been detected between 51m11ar,'non allellc
genes wh1ch code for the cytochrome c's of yeast (Ernst et

\ual., 1981) and evidence for 51m1lar events have .been
detected in higher eukaryotes (Llebhaber et al 1981).wThis.
process mbx rncrease var1ab111ty by generatlng new alleles

(Ernst et al.,'1981) or reduce Varlablllty by ma1nta1n1ng

o.-“ ‘el

' sequence 1dent1ty among repeated gene famllles (Nagylakl amd oo

T .
PR,

o Petes, 1982) Reclprocal recomb1nat1on betWeen tandemly
'qepeatedigeﬁestmay~hlso\sepve;to,marntaln sequence
\ita;'i:~homogeq;itj“($zostékuand'WU, f980) reczprocal recomblnatlon
| between dlspersed genetic, elements can generate chromosomal

f f.;-‘\ rearran%ements (Roeder and Fink, JQBO)._Thus_generali;ed
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mitotic recomblnatlon probably plays an 1mportant role in

determining the genetic structure of S cerev1s1ae,

. Because processes such as mating typé.Switcbing and
Scp1 1nverted repeat recomblnatlon requ1re specialized gene
products, and because recomblnatlon between dlspersed or
tandemly repeated DNA sequences may be hard to detect ‘
phenotyp1cally ~generalized mitotic recombination in haploid
cells has ‘been stud1ed chiefly through artificially created
dupllcatlons (Jackson and Flnk 1981; Scherer and Davis,
1980) or through imsertion of genetic parkers_into'naturally
occurring.repeated seguences (Szostak;aud Wu, 1980). These
approaches have increased the ability te mohitor Mmitotic
recdpbination Introductlog,of genetlcally detectable.

: ~

markers,ia;a—tbg\r}bosomalkgenes .has allowed for the

detection and ana1y51s of unequal sister chromatid exchange,

a process that could not previously have been ‘observed

\ 'iobj§CtiYe:°£,tﬁetéreseat szuay:*f'

e

'recomblnatlon ptocess,“thls has not been

(Szostak andvWu, 1980).

- ~

Although genetlc studres have suggested that the'

5 a
a3 Ty e T ol

ten51vely‘stud1ed
at a moleoular level. Lntroductlon of phys'cally defined DNA

seguences 1nto yeast cells by transformat1 n can generate a

‘varlety of recomblnatlonal substrates. Thgse can be used to

monltor.the effect of the structure ot t recombining



Sequences on generalized mitotic recombination in haploid

yeast cells,

\.

In the present study dupllcatlons of DNA from the CAN1
locus of S. cerev151ae have been used to study’ generallzed
mitotic recomblnatlon in hap101d yeast cells, The CAN1 locus
encodes the structural ‘gene for arginine permease (Grenson
et al., 1966); stralns which carry the wild- type allele are
sensitive to the arglnlne analogue canavanine, while strains
with the mutant allele at the  CAN1 locus are resistant to
the toxic effects of this compound (Fink, i970) Therefore,
in haploid strains Whlch carry both mutant and wild- type
alleles of the CAN1- locus, canavanine re51stance provides a
positive selection for the product of a.rec0mhination event
which removes or 1nact1vates the w11d type sequence. This .
'system allows for flex1b111ty in the range of structures in
which recomblpatlon can be assessed, because recomblnatlonal
processes thqt do mot directily 1nvolve the CAN1 sequence,

but 1nstead 1pvolve adjacent DNA sequences, can»still lead

" to loss of the-CAN1»function and thus can be detected{

- The- present studyiggll 1nvestlgate ‘the recomblnatlonal
2

behav1our of a varlety of structures. These 1nc1ude

4dup11cated chromosome sequences that d1ffer in size,

sequence, and in the distance between the dupl1cat10ns, as

L 4

well as dup11cated extrachromosomal sequences on

autonomously replicating plasmids. In addltlon it will

p
study the role of the RADS2 gene product in the



4

recombination of these. strucﬁufes ‘and w111 therefore assess
.the 1nteract1ons betwe 'n D%§ structures and enzymatlc
functlons dur1ng genérallzed m1tot1c recomblnatlon. ‘This-
will allow for a more detailed understandlng of the functlon

of DNA structures in the recombination process
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MATERIALS AND METHODS

GROWTH MED;Ak N L

e T,

This contalned per 11ter.

Baeto tryptone'-10 0 g sodium cthrlde, 5. O o
g Bacto yeast extract, 1 O g dextrose, and
50 mg thym1ne. Solld compLete medium was LT
/ containing 12.0 g/1 BactOfagar. Antlbldtlc_
' medium wasgsolid cbmpiete hedium with 12.5
mg/1 aefracyeiine and/or 100 mg/1
ampicillin. The-antibiOties vere adaed afeet
the medlum was autoclaved \ | '
| [
Minimal - The m1n1mal medium was Dav1s minimal plus
"thiamine. "This contalned per litre: 7.0 g
‘ dipotassium phosphate- 2 0 g monop‘ta551um
’ o phosphate' 2.0 g dextrose* 1.0 g ammonlum
,sulphate' 0.5 g, sodlum c1trafe° 100 mg magne51umi“'
sulphate, and 10 mg th1am1ne hydrochlorlde.
Requlrea amino- ac1ds were added at 20 mg/lf”Soild
medlum cOntained 12 0 g/1 Bacto-agar and; ’ ;?
- SRR e L T e

Cempléte'(LT:/;;ZQg.e6gple£e medium was Luria broth plus
. , 3 7 'thymine 12.0

S JPYN

9

- e me e e s

-

a~ W

@



Omlsslon'-

S. cerevisiae

." .- e ..
. Complete (YEPD)
"

LgMinimel?(Sclf;

~antibiotics were added as for complété medium.

TN

v :“.,;h ] |
fvThe complete medium was yeast extract

"

peptone dextrose “This contalned per'"
litre: 20, 0 g Bacto peptone, 10, 0.9 Bacto-

{‘yeast extract ;and 10.0 g dextrose..Solld
- _,} ".’».
. - " -" .
: /l Bacto agar. S

The supplemented mlnlmal medlum was :_:;;
synthetlc complete ThlS ‘contained ‘per |
litre: 20.0 g dextrose4 6.7 g Bacto-yeast
n1trogen base. w1§hout amlno ac1ds, and
supplements of 40 'mg leuc;ne, 40omg lysiné
hydrochﬂorlde, 30 mg'adenine.hYdtochloride, :j
30 mg tryptophan, 20 mg‘histidine | -
hydrochloride, 20 mg methionine, and -20 mg
‘uracil. Solid medium contaifed 20.0 g/1

Bacto4egar.

Omiesibn medium was solid or liquid sC

7"“~ P i

m1sslng one or. more supplements, and 1s-

”7 desqubcd in the text as'"SC m1581ng

h_\ -

e e e

iﬁcomplete medlum was YEPD contaln:ng 20 O‘ffg_fﬁ'



~Canavanine -

- Regeneration -

i

JSparulathn.(FS)

24

supplement(s) ..

Canavanine medium. was 'solid SC or. omission

medlum contalnlng 60 mg/l Canavan1ne

‘sulphate, and 1s descrlbed in the text as

"SC+canavan1ne

Regeneratlon medlum contalned per 11tre~

-182.2.g. sorbltol 30 o

Bacto agar
g20 0 g dextrose, 6 7 quacto yeast

“nrttogen*base w1thout amlno ac1ds andzd'

RN

'tlmes the suppLements as for SC 1euc1ne.v-7=»'

- sporuiation‘medium'cohtaihédjper litre:
15;6;g~Bacto—agar, 9;8:§fpotassium
acetate, 2, 5 g Bacto yeast extract 1.0

g dextrose, and supplements as for sC.
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STRAINS
\ . . o

The E. col1 and S cerev151ae stralns used 1n thlS study?
R R TP A - ff oL

-

- are llsted -in, Table ?;'%f':jljglg oo

YEAST METHODS o L

¢ : ’ - -

Dlpl01d yeast stralns w1th spec;fle genetlc markers*l“:~

‘»,'..00’

wpre constructed u51ng standard procedures, by maklng

;crosses between hdblo1d stra1ns that carrled the requlred

I A

R

'*mutatlons.‘Hap101d stralns W1th spec1f1c genetic markers

were generated by sporulatlon of diptoid cells contaanlng

i 2

the desired mutatlons (Sherman et al. 1981) Matlngs were

.performed by m1x1ng together freshly grown haplo1d cells of

opp051te mating types. D1p101ds were selected elther by
\

direct mlcromanlpulatlon of zygotes after 6 hours matlng at

'30 C, oq by selectlng, by cknss print matlngs, cells

- -

'L_Lprofotrophlc for complementlng auxotrophles 1n the hapI01d§;‘

- s Lt PR
o Y i e

’ D1p101ds were sporulated on FS med:um for 3 to 10 dayS'

at 23 C Asc1 were. suspended in a 10% solutlon of Glusulase ’

~and dlgested at room temperature for 30 min. The d1gested

asci were streaked on plates and dlssected d1rectly on the
agar surface with a de Fonbrune m1croman1pulator. The’ spores

were allowed to. groﬁ at 30 or 35 c for 2. days and then were

- , ;

tested for genet1c markers. Auxotroph1c markers were scoredg,‘v

LA
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by repllca platlng to om1551on medla. Radiation sen51t1v1tys

' L,—w, Was teSted by replica platlng to 'YEPD piates and 1rradlat1ng“

o o

w1th 40 k:ad of, gamma rays from a Gammacell 200 ‘°Co source‘

”

(Atomlc Energy of Canada Ltd ) Canavan1ne sen51t1v1ty was
v establlshed by repllca platlng to SC medlum supplemented
with 60 m1crograms/ml canavanlne sulphate Mat;ng type was

determlned by ;rosslng the hap101d stralns to testers of §

N deflned matlng type and scorlng matlng elther by v1sual

~cells prototrophlc for complement1ng auxotrophles 1n the

“haploids.-

< TRANSFoRMATION T T T

E. coli Transformation. =
B ~ : . s . -.,’ L _.’.,'-;w-uh' '

l_;,.,;~§; cpl1 cells were made competent for transférmatlon by

) treatment with' d?lC1um chlor1de (Cohen et al 3972) AR

overnight culture of bacter1a was dlluted P\to 40 in LT

brbth and shaken at 30°C for 1.5 hr. The . cells were chllled

centr fugatlon suspended in 0 1 volume ice cold 50 mM

r,calc1um dlchlorrde contalnlng 15% glycerol and distributed
_ T




.
-y *

o ~ 1 o
in 0,3 ml-aliquots'to\sterile .5 ml m1crofige tubes. These
competent cells:were stored at -70°C uyntil use. .

_ A ,
Transformation'was induced by ‘heat shock (Cohen et al.,

1972). Competent cells were thawed on ice, and 0.2 ml mlxed

. with-O 1’ ml of a DNA solutlon adjusted to 50" mM calc1um

-

dlchlorlde‘ The mlxture was held on ice for 45 min,, heated
to 42 c for 2 mln y cooled on 1ce for 10 m1n.; and diluted
to 1.0 ml with LT broth.. The cultures were shaken at 30 c
for 2 hr. to allow expre551on of drug resistance markers,
and then  suitable d11ut10ns were spread on LT+amp or- LT+tet
plates The plates were incubated at 37° C overnlght
;;?éast'EFansﬁormatron"' e
T o o
- :
Yeast spheroplasts vere transformed by calc1um chlor1de
ana polyethylene glycol treatment (H1nnen et al. 1978) as
‘mod1f1ed by V. MacKay (personal communlcatlon) A saturated
culture of yeast cells was dlluted 1 to 30 in YEPD and . grown
for 5 ‘hr. at. 30 C. The’ cells were hqrvested&by
centr1fugatlon at 3 000 X g for 5 min and suspended 1n 0.3
volume of M sorbltol 0.05M, dlsodlum EDT; PH8.0 conta1n1ng
ﬁa0 .35% Beta- mercaptoethanol The cells were 1ncubated at room
temperature for 20 min. and collected by centrlfugatlon. The
cells were suspended in 0.1 volume ™M sorbitol, 0,1M Na ’
citrate pH5 4 conta1n1ng 1% Glusulase and incubated at 30 C.

Spheroplast formation was mon1tored by testlng 0.1 ml

allquots for clearlng when adjusted to 0.5 ml 1M sorbitol,




»

‘2% SDS When spheroplastlng was complete, Uéedspheroplasts

¢

were collected by centr1fugat1on washed in 0.1 volume CaS_
(1M sorb;tol 0.05M calcium d1chlor1de) and suspended in
_0501 volume CaS. The spheroplasts vere mlxed with 10
‘micrograms DNA; incubated at robm geZperature for 15 min.,

dlluted w1th 10 volumes Tris pH? 5 contalnlng 20% PEG 4, 000

-

and 1ncubated a further 20 min. at room temperature. The—
transformed spheroplasts were collected by centr1fugatlon‘
and suspended in 0. 03 volume of 1M sorbltol 33 mM - calc1um
d1chlor1de and 33% YEPD, and gently shakenAat 305C tor‘

30 min. Su1table dllutlons of the spheroplasts were mixed
w1th 7.0 ml molten regeneratlon agar held at 50 C and_
1mmed1ately poured on SC- leuq1ne plates. These plates were '\

y

-1ncubated at 30°¢C for 5 days ". ‘ w.' S : ,‘.'.

L



AGAROSE GEL EL::ECTRQPHOR?:SIS - Ry
'Restriction en2yme'digests.3ad rapid plasmid
lpreparat1ons were analyzed~b¥ agarose gel electrophore51s
'(Cohen et al.4 1973; McDonnell et al., 1977) A solutlon ofb
1% agarose (S1gma type II, medzum EEO) 1n TEA (0 05M Trls,
0 02M dlsodlum acetate, b 0o2M dlsod1um EDTA 0 018M NaCl
pHB 05) was melted and cast in a° horlzontal slab gel
;electrophore51s apparatus (Aquebogue Machlne and Repalr
Shop, Aqueboque N.¥. or. Bethesda Research Laboratorles Inc.
sf Rockville MD.). Analyt1cal~gels were cast with 13 or: l4‘f
slots' préparat1ve gels with a 51ngle large slot. DNA» “
samples adjusted w1th glycerol SDS and BPB, as described'
under restrlctlon ana1y51s, we;;.appl1ed in 20 microlltre“
allquots and run in TEA pHB 05 until the BPB tracklng dye |
' reached the end of. the gel. \
The gels were°sta1ned in a solution of 0 5 ﬁ1crogram/ml
ethidium bromzde for 30 min. and v1suallzed'wrth‘a long wave
UV light tran51llum1nator (Ultra -violet Products Inc., San
Gabrlel, CA) Photographs were taken with a Polar01d MP4

camera using Polaroid Type 57 film and a Kodax Wratten #9

gelatin filter.
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Radloact1v1ty was. 1ncorporated 1nto purlfled DNA by
1ncubatlon of n1cked DNA wzth DNA polymerase I and-

labTed” nucleotldes (Pavis et al 1980) Reactions containéd

(3n a 25 mlcrolutre volumef G*OSM T&lS”ﬁH? Geee 0 B1M Mg ’;7? o

Qsmlphéte ‘@91M DTT- 50.; mxcrogram/ml BSA 0.02 mM darTp,

dGTP and TTP; 10 mlcrolltres Bap dCTP in Tr1c1ne (3000
C1/mMole New - England Nuclear’, Boston Mass. ), 5 unlts 5%
DNA polymerase 1 0.{55 ng DNase I, and 1 microgram DNA
Reactions were 1ncubated at 14°C for‘3 hours and stopped by
‘the addltlon of 25 m1crolltre of a solution containing 0.02M
“trlsodlum EDTA 2 mg/ml sonlcated calf thymus DNA, and 0.2%
SDS., The stopped reactlon was passed over a Sephadex G 50
column equ111brated w1th 10 mM Tris, 1 mM trisodium EDTA
pH7.5. The initial peak of rad10act1v1ty was collected in
0.5 ml fract1ons and the amount of 2?p incorparation was
estlmated by dllutlng 1 mlcrolltre of each fractlon in 3.0

ml Aquasol 2 (New England Nuclear, Boston, Mass.) and

counting in a Beckman LS 7500 liquid scintillation counter.

~/



Southern blotting

\:v DNA tragments,were transferred from agarose to -
nltrocellulose by blottlng w1th a high salt buffer .
.(Southern, 1975). The DNA was fractlonated on a 1% agarose
gel,-and the gel was treated with 0.25M HC1 fer 15 min. at
room temperature to hydrolyze large DNA. fragments and thus

) ensuremun1form transfer 4Wahl et al. 1979)’“The DNA -in the-
gel was denatured at' room temperature by a 40 min. immersion
in 0.5M NaOH 1.5M NacCl; then neutralized at room
temperature by a.40"min. immersion;in 1.0M Tris;.BM'NaCII
PH7.0 (Davis et al., 1980). The gel was then placed on a
wick of Whatnan 3 MM paper, saturated in 1.0M Tris, 3M NaCl
PH7.0, that extended into a solutipn of 20 x SSPE (20 mM
disodium EDTA, 0.2M Na diphosphate. 0.16M NaOH, 3.6M NaCl’-
PH7. 0) (Dav1s et al., 1980). The gel was oveklald w1th a
sheet of n1trocellulose (Schlelcher and Schuell Keene, New
Hampshire) that had been soaked in distilled water and then
immersed in 20 x SSPE. The nitroeellulose was .then overlaid,
first with 5 sheets of Whatman 3'MM paper saturated with 20
- x SSPE, and then w1th a welghted stack of paper towels. The
gel was blotted for 3 hours then the n1trocellulose sheet
was washed in 2 x SSPE for 10 min. and baked for 2 hours 1n

a vacuum oven at 80°c.



33
'Hybéidi;agion‘

' Nick'trénslafed.pfébes“Qer;:iyb;iéi;éé éofDﬁA;%ranehts” 3
immobilized on nitrocellulose (Davisiet al., 1980). The
nitrocellulose filter wayp incubated at 42°C for 24 hquré in
a solufion contaiﬁing 50%:form§mide,-5’x.SSPE pH7.d; 0.3%
st; 100 microgram/ml soni?ated calf thymus DNA, and 1_?@\5
X 16‘*Ebm”df'Lééf‘aéﬂagu}éa f;P léﬁzlééﬁp}oﬁé. The fiife; o
was washed. at 45°C with 3 changes of 100 ml of 2 x SSPE
pH?.O containing 0.6% SDS, then it was dried'and covefeé

with pléstic'wrap'pridr to autoradiography.

b

Autoradiography

»

Hybridized.nifrocellulose filtefs wefe>exposed to Kodak
XRP-1 X-ray film in X-ray cassettes. The casSettes.were
stored at -70°C. After éxposure the films were developed
with Kpdak X-ray {ilm.dé6910per.and fi;ed'in Kodak Rapig.

Fixer following the manufacturer's instructfons.

-
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'restrlct1on enzyme cleavage (Cohen et al _1973) Analyt1cal

e

. et \ j
,_m1cr011tre mlcrofuge tubes. Reactions contalned, in a 50

mlxture spec1f¢gvto the restrlctlon enzyme fcllow1ng the

34

%
=
ENZYMATIC TREATMENT OF DNA
i R e te I A ) o e S Y
Restriction Analys1s . o \\
- . - ' ' r

DNA samples were analyzed by seguence specific

'*restrlct1ons of ‘bacterial Qlasm1ds were performed Ln‘hﬁo o

PN [ B R SN B O.f.vw"n','-'--t.

o e ”!l‘:ﬂ‘.'op.c-

micﬁdlitre totél volUme - 10 microlitre of avreaction

s

%

suppller s instructions, approx1mately 2 mlcrograms of
purlfled plasmid DNA in 40 m1crolltres>TE pH7.2, (10mM Tris,
mM disodium EDTA) and 3 units of enzyme. Restrlctlons were
.1ncubated at 37°C for 2 to 4 hours and stopped either by the
'addltlon of 20 mlcrolltres of dye sgautlon (25% glycerol, 5%
SDS, 0 025% BPB) or by .heatingd to 70°C for 10 min. (
Incubatlon times required to partially restrict samples were

establlshed empirically for each reactlo} '

Restrictions used for Southern blotting contained
approximately 15 micrégram of'bulk yeast;DNAAig a 50
microlitre reacti‘on. These.digestions vere stopped by the
addition of 20 microlitres of dye solution: Aliquots of 20
microlitres of the dye—stopped“bhlk yeaét or bacterial
plasmid digests were analyzed by agarpse gel

electrophoresis.

Reactions were proportionally scaled up to a~250



'-lkaline phosphatase treatment "~ R

g'g,alkaline phosphatase (CIAP) ito prevent - veector - 4+ - ..

Ligations

> . ) s . o . . o~

‘:microlitre reaction volume for preparative restrictions.--'

These were performed in 1.5 ml microfuge tubes and’ stopped
by the addition of 100 microlitres of dye solution..The

ntire 350 microlitre VOlume was used for preparativef

agarose gel electrophore51s

L e - & ‘“ < - - R e - - o e

Restricted plasmid DNA was treated with calf 1ntest1nal

’rec1rcularization (Goodman ang. MacDonald -1979) The

restric;ed DNA was adjusted with 0. 01 volume of 1M Tris
PHI.0 and 1ncubated w1th 1 5 un1ts CIAP for 30 min. at 65° C

This preparation was treated w1th a further 5 units CIAP

at 65 C for 30 min, then eftracted six times w1th an equal ®

'volume ot phehoﬂ/chloroform/isoamyl artohol.(ZS 124 1) -andw.

dlalized against TE pH7 2.

.
, - . b s L
- -
b - «

RPN

DNA fragments generated by restrictxon enzyme digestion

were covalently joined with/T4 ngase and ATP (Bolivar et
al., 1977a). Reactions contained in a 50 microlitre
reaction Qolume - 10 microlitre of 0. 33M Trls PH7.6, 0.033M

MqgCl, O 05M DTT, 0. 0025 M ATP 40 microlitre ‘the DNA

fragments being. ligated and 5 units T4 ligase. Reactions

were incubated at 12°C for 16 hours.

o
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DNA PURIFICATION &

Yeast'DNA'iSOlatioh' S I e

Bulk yeast DNA was 1solated by chloroform/lsoamyl

'alcohol extractlons of SDS lysed spheroplasts (Cryer et al.

1975) Stralns contalnlng only stable chromosomal markers : '

\were grown eo late logarlthmlc phase 1n 100 ml l1qu1d YEPD~

e e @ . -~ -
»

strains carrylng unstable plasmld markers were Qrown to late‘

logar1thm1c phase in 250 ml om1551on medlum suitable to

‘-?vmalntaln the plasmld Harvested cells were treated w1th

- -

beta mercaptoethanol and ZymolyaserSOOO and lysed 1n 10 ml

of 1M sorbltol 0.1 dlsodlum EDTA pH? 5 adjusted to 1% SDS

Aand 0. 05 mg ml- Prote1nase K. After 1y51s chloroform/lsoamyl

alcohol’ext actlon,.and ethanol pretipitatlon of the nucleic -

acids, the DN nd RNA were. dlssolved 1n 3. 0 ml of 0.15M
NaCl 0. 015 M Na c1trate at pH7 0 Thgs solutlon was dlgested
w1th 0. 1 ml of a’1 mg/ml preparatlon of RNase A in O 05M Na
acetate §H5 0 that had been heated,to 80°C for 10 mrnutes
(Myers et al. 1976) . the digestion was for 1 hour at37°C.
The dzgested solution was extracted . wlth an equal volume of
chloroform/lsoamyl alcohol. Two volumes of 95% ethanol were
added to the aqueous phase, and the DNA was spooled on a.
ngSS-rpd, dried, resuspehded'in TE pH7.2 at a concentration

of 1 mg/ml, and stored at -20°C.

-

. .A N ’ - ' » _
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Yeast plasm1d,DNA 1solatlon

'_thy?j' lasmld DNA from yeast cells was 1solated by ac1d1f1ed

phenol (Zasloff et al., 1978) . Purlfled bulk ‘DNA- in TE pH7 2
was extract%d ORce with an equal VOIUme of phenol saturated

with OwOSM Na-acetate pH4 . 0, and the aqueous phase

neutrallzed wlth 0 05 volume of ™ Trls pHB 6. The

neutrallzed SOlUthﬂ was dlalyzed agalnst TE pH? 2 and .

" stored- at .-20°C. U : :

~~~~~

Bacterial plasmid DNh‘isolation

[ - RS
d hd L O -
™

Bacterlal plasmad DNA was' purlfled on a ce51um

.chloride/ ethldlum br&mlde density gradlent (Thompson et

al., 1974). a saturated 500 ml culture was harvested and
1ysed as;descrrbed ~with the lysozyme treatment 1ncfeased to
5 minutes. The- cleared lysate was layered on a 3 0 ml CsCl
cushion (61.7% w/w CsCl 1n water) and spun at 70 000 x g
(23 000 rpm) in a Beckman SW27 rotor for 20 hours After
centrlfugatlon the lower: 7.0 ml of the tube was collected
and adjusted. wlth 5.2 ml of 61. 7% CsCl and 0.5 ml of a 10

o

mg/ml eth1d1um bromide solutlon This mlxture was dividéd

" into twp 6.0 ml volumes and spun at 122 000 x g (43,000 rpm)

for 2¢ hours in Beckman polycarbonate tubes in a Beckman Ti-
50 rotor. After centrifugation the tubes were illuminated
with long wave UV light, and the lower fluoresc1ng ‘band

conta1n1ng the plasmld DNA was removed The plasmid DNA

_solutlon was extracted 3 times w1th n- butanol saturated w1th



| ‘cesium‘thqride, andsdzalyzedtagalnst 2 changes of TE pH7 2

~The " DNA~ concentratlon was determlned spectrophotometrltally,.._J

- and the sample stored at--20 C.

~Eiectroeld{ion'

Specific’ restrlctlon fragments were 1solated by - . T
electroelutlon from agarose gels. Preparatlve restrlctlons
were run on 1% agarose gels - stained with ethldlum bromide, :
and v1suallzed by long wave UV. llght The band of 1nterest //
was cut from the gel and placed in a‘d1a1y51s bag contalnlng
0.5 ml TEA pHB 05 The DNA was eluted by electrophore51s in
TEA pPHB. 05 untll the florestent mater1al was out of the
agarose. The TEA - pH8 05 buffer containing the DNA was
‘removed from the d1aly51s sac and extracted once with n-
butanol. The agueous layer was d1alyzed against TE pH7. 2 and

-the sample stored at —20 C. N

K

Rapid bacteriai plasmid DNA isolation L . S

Cells from 1.0 ml of a saturated bacterlal culture were
'treated w1th lysozyme and lysed w1th SDS in the -presence of,
diethyl pyrocarbonate (Davis et al., 1980), and the
'supernatant was ethenol precipitated. The dried ethanol
precipitate was d1ssolved in 50 mlcrolltres of TE pH7 2
contalnlng 10 microgram/ml RNase A, and 1ncubated at room
“temperature for 30 minutes. The reactlon was stopped by the.
addition of 20 mlcrolltres of dye solutlon (26% glycerol 5%

s ) [
A3
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”. {$ 0 025% BPB) and’ stored at -20° C Allquots of-20- - -
. m1cr011tres vere used- for analyt1;al°agarose gell" o

N

elec%rophore51s - -

Lambda pﬁage DNA-ieolation,

»

Phage was isolated from 1 liter of heat induced E. coli

cells lysogenlc for bacterlophage lambda and purlfled.on two
cesium chlorlde block gradlents (Mlller 1872). The phage
preparatlon was dlallzed agalnst 59% formamlde ;O'ZM Trls
0.02M dlé;dlum EDTA pH8 5 to disrupt the phage partlcles,
and then against 0.1M NaCl, ;0.05M Tris, 0.01M disodium EDTA
°1Thomas and Dav1s {274, Dgids et ai.;‘iQBO);iTHe'DNA wae“

qgtored at -20 C



“fENifmssQ‘n - ”"‘_._':fev_,,,u.

Restriction enzymes ‘and ﬁﬁ;‘bolymerase I were supplled

~ by New England Blolabs, Beverley, Mass , or Bethesda
~Research Laboratorles Inc , Rockv111e, MD Glusulase was
obta1ned from Endo Laboratorles\Inc Y Garden Clty, N. Y Calf‘
1ntest1nal alkaline. phosphatase and Protelnase K were
supplied by Boehringer Mannhelm, and Zymolyase 5000 was

obtained from K1r1n B;ewery Co. Ltd., Japan.

o



- RESULTS

3 .
CONSTRUCTION OF RECOMBINANT PLASMIDS

A number of hybrld plasmlds contalnlng bacterial and
yeast DNA were used in this. study They were all derlvatlves
of pBR322 (Bollvar et al., 1977b; Sutcliff, 1978) Plasmld

PBR322 has a ColE1 type- or1g1n of repllcatlon (Backman et

-

al., 1978) and parrles“genes.encoding resistance to the

antibiotics tetracjcline aﬁd’ampicillih, the derlvatlves
contalnrag yeast’ DNA retaln the pBR322 or1g1n of repllcatlon

and one or both of the antlblotlc resistance genes.

¥

Plasmid TLC-1 (Brpach et al., 1979) was obtained from

LS

Dr. J. Hicks. It contalns the yeast chromosomal regions

'encodlng the arglnlne specific permease (CANl) and beta-

iana;ysis (Appendix 1).

1sopropyl.mala¢e dehydrogenase (LEUZ) a fragment of the

yeast plasmld Scpt. conta1n1ng the origin of repllcatlon and

PBR322. The structure of™TLC-1 was conflrmed by restriction

<
A number of other plasmids were constructed for use in

the present study. Two derivatives of TLC-1 were made - p47-.

3;, which contained an in vitro generated deletion of the

CAN1 sequence and was used to transform yeast to form
LAl l A X _

duplications of the chromosomal CAN1 sequences, and p36-1B,

41 C e
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. \
which contalned unique sequences from the LEU2 reglon of the

yeast chromosome, and was used ‘as a probe for these
sequences, In addltlon,‘a plaSmld which contalned an entlre
copy of Scp1 was constructed. This plasmld pTM2, was used
as a source of a probe spec1f1c for sequences of Scp1 that
were not part of TLC-1 The constructlons of these plasmﬁds'
are outlined in the follow1ng sections,

2

Construction of Plasmid p36-18

Plasmid p36—1B' whlch contalns a unlque sequence from
within the LEU2 fragment but lacks the repeated- elements Of,
_this region, ‘was derlved from TLC-1 in two steps Plasmld

- TLC-1 was partlally dlgested with the restrlctlon enzyme'

-SalI and the restriction. Products 11gated The llgatlon m1x
was used to transform E “coli straln JF1754 to amp1c1111n
resistance, .and the re51stant transformants were tested to
see if the. leuB mutation of JF1754 was complemented. Rapid
plasmid isolations were performed on, ampicillin re51stant
leucine 1ndependent colonles to 1dent1fy those colonies
contalnlng plasmids smaller than TLC-1, Plasmid'p36 was
~1solated from one of a number of 1ndependent transformants
containing 1dent1cally 51zed plasmlds con51derably smaller
than TLC-1. It consisted of the 6.85 kb Sall fragment of
TLC 1 which contained most of tbe pBR322 sequence, a small
reglon of the yeast plasmld and part of the LEU2 region

-(Flgure 1) .



Figure

A
‘,.I .

/// = :
1. Construction of plasmids p47 and p36

Plasmid TLC-1 was partially digested with
Sall , then ligated to generate derivative
plasmids p47 and p36, The line drawings show
the cleavage sites for the enzyme Sali (S)
and the.sizes in kilobases of the Sall
restriction fragments of TLC-1, p47 an 36.
Sequences of the plasmids derived from
DPBR322 are shown in black, sequences fr

Scpl are stipled, those from the LEU2 r gion:

of S. cerevisiae are .hatched and those from
the CAN1 region of S. cerevisiae are white
(More detailed restrittion maps are given in
the Appendix). T :

4

The photograph shows an agarose gel 'on -
which are resolved the restriction fragments
from Sall digests of (1) p47, (2) TLC-1, and
(3) p36, Plasmid p47 lacks the 6.4 kb
fragment found in TLC-1, plasmid p36 lacks
both the 1.95 kb and 6.4 kb fragments of
TLC-1.- .
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Further: restrlctxon analy51s was used to confirm this

structure (Appendlx 2)

"Plasmid p36 ﬁasvextraeteé fromﬂJF1754 and purifiedaen a
CsCl/EtBr gradzent. The purlfLed plasmld was restrlcted to
completion with EcoRI, ‘and the restrlctlon mix used dlrectly
to transform strain JF1754 to amp1c1llln re51stance. A
1%Fc1ne reguiring, amp1c1llln re51stant colony was.
1dent1f1ed The plasmld was 1solated from this. straln and
purlfled on a CsCl/EtBr gradlent Thls plasmid, p36-1B
contains the pBR322 orlgln of repllcatlon and ampicillin
fwre51stance gene, and a unzque sequence from the . yeast LEUZ

reglon (Flgure 2)

'Construction ef Riasmid‘p47—3‘ ‘ . .

'Plasmid p47-3' Whlch lacks a funct;onal CANI gene ana
'yeast plasmld or1g1n of repllcatlon but contalns a |
functlonal LEUZ genew was also uerlved from TLC-1 in two .
steps. A colony contalnlng a plasmld smaller than TLC-1 but
-larger than p36 was 1dent1f1ed from the amp1c1111n !

- resistant, leuc1ne 1ndependent transformants generated from
ethe part1a1 Sall dlgest of TLC 1. 7Thls plasmid, p47

contains two SalI fragments, the - 6 85 kb, fragment also found
in p36, and ‘the 1. 95 kb fnagment contalnlng part of ‘the -
cidned CAN1 regxon (Figure 1). Further restr1ct10n analy51s

: was used to conflrm ‘this structure (Appendlx 3). Plasmld p47

o - ’ 3,



Figure

2. Construction of plasmid p36-1B

Plasmid p36 was digested with 'EcoRI to
‘generdte derivative plasmid p36-1B, The line
drawings show the cleavage sites for the
enzyme EcoRI (E) and the sizes in kllobases .
~of the ECORI restriction fragments of -
and p36-1B. Sequences of. the plasmid der1ved
.from pBR322 are 'black, sequenceéQErom Scp1

. are ‘stipled, and sequences from’ the LEUZ
~region of S. cerevisiae are hatched. (See

Appendix for a more detalled restrlctlon

" map).

-~

&

. ¥ The photograph shows an agarose gel on

which are resolved the restriction fragments
‘from EcoRl digests of (1) p36 and {2) p36-
1B. Plasmid; p36-1B lacks the 2.2 kb EcoRI -
fragment of plasmid p36.
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S .
does not confer canavanlne sen51t1v1ty to canavanlne

‘ re51§tant cells wh1ch carry it, so p47.doe5'not contain: an

'1ntact CAN1 ‘gene,

| Plasmld p47 was extracted from straln JF1754 and
;purlfled on“a CsCl/EtBr grad1ent 'It was then dlgested to
completlon with HlndIII and the restrlctlon mix treated w1th
‘calf 1ntest1na1 alkalrne phosphatase. This DNA preparation
was llgated to the 2.9 kb HxndIII fragment 6f TLC-1 that had
been purlfled by preparatlve agarose gel electrophoresis

The llgat1on mix was used to transform JF1754 to amp1c1111n
?re51stance, and .rapid plasmld 1solat10ns were perférmed on
the. transformants to 1dent1fy plasmlds larger than p47. One;
such transformant p47-3 Irepldﬁeﬂ the 1.2 kb HlndIII \
fragment of p47 with the 2 9 kb HlndIII fragment from TLC-1
’(Flgure 3). Plasmld p47 3 was extracted from JF1754

purified on a‘CsCi/EtBr grad1ent and subjected to

restrlctlon analy51s to. 1dent1fy the orlentatlon of ‘the

'1nserted fragment (Appendlx 4)

Plasmid p47-3'does not confer~canavanine sensitivity to
<
canavanine: re51stant cells Wthh carry 1&, so p47 3 does not

contain ‘an 1ntact CAN1 gene.'bﬁ



Figure 3. Conséruction of plasmid p47-3

S

Plasmid p47-3 was constructed by ligating
HindII1 digested p47 to a purified 2.9 kb

"HindIII fragment derived from TLC-1. The

line drawings show the cleavage sites for

the restriction enzyme HindIII (H) and the
sizes in kilobases of the HindM1I fragments
of p47 and p47-3. Sequences of the plasmids
from pBR322 are black, sequences from Scpl

“o§fe, stipled, sequences from the LEU2 region

of S. cerevisiae are hatched, and seguences
from the CAN1 region 6f S. cerevisiae are

‘white. (Detalled+restriction maps are given
'in the Appendix). ‘

. The photograph 'shows an agarose gel on
which are resolved the restriction fragments
from HindIl1l digests of (1) p47, (2) TLC-1,

‘and (3) p47-3. Plasmid p47-3 has replaced-

the 1.2 kb HindIII fragment of p47 with the
2.9 kb HindTI1 fragmeat of TLC-1, -
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Cdnstruction of Plasmid bTMZ ,

| Plasmid pTM2‘contains a slnglelcopy‘of the endogenpus
yeast plasmid Scp! (Cameron et al.; 1977), inserted into the
unique EcoRl site of pBR322, The enddgenous yeast plasmfd
consists of a duplex DNA circle of 6;318 nucleotide hairs

(Hartley and Donelson, 1980), and has a contour length of 2

microns when measured in the relectron microscepe (Sinclair

et al., 1967). It is oftenlreferred to as the 2 micron

‘circle. Most strains of §. cerev151ae carry’ the Scpl form of
‘the plasmid which conta1ns two cuttlng 51tes for the enzyme

EcoRI (Cameron et ‘al., 1977; Livingston, 1977) butvsome

strains harbour a form of plasm1d w1th only one cuttlng site

for this enzyme (L1v1ngston 977).

-+

Bulk DNA was isolated from strain SS101 This strain

'contalns the form- of the plasmld with'a 51ngle EcoRI cuttlng

51te (L1v1ngston, 1977) The covalently closed: c1rcular form*

~of the plasmid was purlfied.from‘the chromosomal and

mitochondrial DNA by extraction with acidified phenel '
(Zas1off et al., 1978). The yeast plasmld was restricted to

completion- w1th EcoRI -and l1gated to EcoRI cleaved pBR322

The llgatlon mlxture was used to transform E. c011 strain

delta 303- 2 to amp1c1111n res1stance. Rapld ﬂlasmld

1solat10ns were used to. 1dent1fy transformed colon1es

contalnlng plasmlds larger than dimeric pBR322, Plasmld pTM2

was 1dent1f;ed as conta1n1ng an 1nsert the same size as

llnear Scpl



The yeast plasmld contains an inverted repeat of 599
nucleotlde pairs (Hartley and Donelson 1880), and exists
.
w1th1n yeast cells in two fo s;resultlng from
e E e |
V1ntramoleculaf recomblnatlon between these repeats

(Guerlneau et al 1976) Restrlctxo

qﬁhe lnSerted yeast,

'.t_plas,m,la Plasmid pTMz contams the \k*orﬁ Scp1 (Hartley

and Donelson 1980), 1g§erted 1nto pBR32§?sudh th%} the
asymmetrlcally located unique PstI 51te of the' yeast plasmld

is closest to the PstI site of pBR322 (Append1x 6) ~Since:

Au'

only.the A form of Scp1 Ys detected in pTM2, it is ev1den&y "

that recomblnatlon between the inverted repeats does not’
: )

occur efflclentlylln E. coli.
\ .
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. STUDIES ON MITOTIC CHROMOSOMAL INSTABILITIES

Transformation-of Yeast with Plasmid p47:3

'Plesmld p47-3 lacks a yeast origin of repllcataon and
therefore cannot ﬂ!pllcate autonomously in yeast.
Transformation of a leu2 yeast strain to leucine
.1ndependence using plasmld p47-3 requ1res that the LEU2
reglon of the plasmld 1ntegrate into a plece of DNA that is
rtself capable of repl1catlon. Such integrative plasmlds
(Hinnen et al., 1978) have a transformation frequency much
lower than\do'plesmids capable of autonomous replication
(Beggs, 1978; Struhl et al., 1979); p47-3 produces
approx1mately 5 LEU2 transformants per mlcrogram of plasmld
DNA whereas TLC-1 typlcally produces about 5, 000 LEU2
. 'transformé%ts .per microgram of DNA (Broach et al.,§3979

) addltlon to the true LEU2 transformants, transformation of a

leu2 strain with

4773 generates a large number of tiny

colonjes that are leu2 when

resx»e&ked.ffhese-tih}NCOlonies are about 100 times more

-

common than the true LEU2 transforhénts.
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Stability and Structure of Transformants , »

B : f(l
. 2 . -

Strain MSW5-Z1A (leu? hisS trpl), a derivative of GRF18

-(leu2 his3 canl), was transformed with p47-3. One.

transformant frém each of f1Ve 1ndependent transformatlons
'was 1solated and purified. Four of the five transformants
were stable for the LEU2 phenotype, and showed lesi than. -
0. @& leuczne requ1r1ng cells in an overnight culture grown
-in non selective liquid YEPD medlum. The other transformant,

MSWS- 21A/p47 3 #3, had lost the LEU2 phenotype in half the

cells of an overn1ght culture grown in llqu1d YEPD (Pable
2). ’

The meiotic stability of the five transformants was

tested by crossing them to Y0555?19A, a leu2 his1 trpi1

testerstrain. Each of the fdur transformants that\were
mitotic;lly stable expressed the LEU2 phenobype due to a
single gene - most complete tetrads segregated 2 LEU2 to 2
leu2. Transformant MSW5-21A/p47-3‘#3 exhibited a cytoplasmic
1nher1tance pattern of’ the LEU2 phenotype, complete tetrads

segregated exther 4 LEU2 to 0 leu2 or 0 LEU2 to 4 1eu2
(Table 3).

The DNA from the flve transformants was analyzed by
transformatlon of E. coll. Bulk unrestrlcted DNA isolated
from-the yeastvtransformants was ueed.to transform E. coli
strain JF1754 to amp1c1111r resistance. The DNA from strain

MSW5- 21A/p47 3 #3 generated 100 ampicillin resistant leucine
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TABLE

ation of LEU2 in

)

-

transformants of MSWS-21A

Number of Colonies
Strain | ¥LEU2
. LEU2 ~ leu2 '
MSW5-21A/p47-3. #1 854 - 1 >99.9
MSW5-21A/p4743 #2 894 0 1100.0
MSWS€R1A/pa7-3 #3499 470 52.0
MSW5-21A/p47-3 #4 787 0 100.0
MSW5-21A/pa7-3" #5 527 0 100.0

55.



/

- 56
TABLE 3
Meiotic segregation of LEU2 in transformants of MSW5-21A |
‘ -
'd
"3 - > - 3

Cross' , Segregation of LEU2:leu2
leu2 - x LEU2 1 40, 301 2:2 153 0:a”
Y0555-19A x MSW5-21a/p4a7-3 #1 - -3¢ -
Y0555- 19A x MSW5-21A/pa7-3 #2 - -~ 9 - -
YO555-19A x MSW5-21A/p47-3 #3 | 3. - - - 5

- Y0555-19A x M8W5-21A/pd7-3 '#4 1 - 8 1 -
Y0555-19A x MSW5-21A/p47-3 #5° A - 12 1 -

' All 16 tetrads of the cross Y0555-19a (1eu2) X MSW5-21A

(leu2) segregated 0 LEU2 : 4 leu2
" e 3

M

»

Y



independent E. coli transformants per microgram -of' DNA. The
ﬁ .

 DNA preparations from the other strains did not generate

~
~

ampicillin registant, leudcine independent transformants

(Table 4).

- The DNA”fron.epe of the ampicillin resistant leucine
1ndependent transformants of JF1754‘&er1ved from the DNA of
yeast transformant MSW5- 21A/p47 3 #3 was isolated and .
phrlfled on a EsCl/EtBr gradient. A'plasmld band was evident
in this preparation; thls band was 1solated and the purlfled
plasmid DNA subjected to restrlctlon analysis. The

restriction pattern ‘of this plasmid is consistent with it

being formed by recomb1nat10n between p47 3 and the

t5;endogenous yeast plasmld Scpl. This recomblnatlon event

occurred w1th1n the 0.25 kb fragment flanked by PstI and

ECORI restriction sites, that was. ﬁound in botg plasmlds

-

(Appendix 5).

Mapping of the Stable Transfgrmants o

_Plasmid.p47-3 c§htains twe‘bequences derived‘from,
regions of yeast chromosonal DNA, thedgggg region and the
GAN1 regIonrvThe four stable ggﬁg‘integranté were mapped '\
relative to eacn of these regionegoThe LEU2 markers of:tbe
transformants were mapped relative toithe normal ngg locus,

* found near .the centromere of _chromosome- III by crossing the
"«transformants to X2180-1A, a LEU2 strain. All four staBIed

transformants produced meiotic products that required

N



by

4’”TABLE'4

"Tignsformation~of E. coli with DNA f:om LEU2 transformants

Of MSW5- 21A

o R Micﬁqgréms' Number of Ttahsformants
Source of DNA Coe T T ' ‘
‘ ) DNA . . Amp R' ° . LeuB. ?
Iy v ’ PR . ) ) . -
MSW5~ 21a T 0 | 0 B
MswS- NAAM73 #1 10 . S R
MSH5- 21A/p47 342 10 o 2 :
MSW5 - 21A/p47 3 43 10 1 997 . 80/50
i - o A |
MSW5< 21A/p47 3 #4 0 o~
‘MSW5'21A/p47-3 #5 (1 R P
&
. SR |
S | _ L . Yy
a Ampicillih reSistant - "f: o o -
e Number of- leuc1ne 1ndependent cdlonies out of number - C
.tested . : L e e e - R
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leuc1ne' the LEU2 markers of these transformants are ﬂot

llnked to. the LEU2 marker of- straln X2180-14 - (Table 5)

The" LEUZ markers of the stable transformants were

Sy

mapped relat1ve to the normal CAN1 locus found -on’ chromosome

\Y by cr0551ng the transformants to MSW85 15B a leu2 ca 53

straln Transformant MSWS- 21A/p47 3 #1 ,when crossed to _
MSW85- 1SB pFoduced me1ot1c products that were elther LEU2>“
gCAN1 or- 1eu2 can1 This cross generated parental d1types 1n.
28 complete tetrads that segregated 2:2 for both CAN1. and
LEU2 the LEU2 marker of MSW5- 21A/p47 3 #1 maps at the CAN1
locus.AThe other three stable transformants, when crossed to.
. MSWBS 1SB prodUCed melotzc products that were CAN1 _ggg and
:‘can1 LEUZ as often as CAN1 LEUR and can1 leu2 the LEU2 .

marker of these transformants was not 11nked to the CAN1
locugv(Table 6).. f' Lo \; - Ny
The LEU2 markers of the four stableﬂtrapsformants wereV‘
mapped relatlve to each other. Leuo;ne 1ndependent colonle!?
in the a matlng type were selected from the melotlc productS'
of the transformant times Y0555 19A cross, ‘and these were'
Vcrossed back/to\the orlglnal transformants. Each - g {
.heterologous mating generated leuc1ne requlrlng meiotic

;products- the LBUZ marker in each stable transformant maps’

to a locatlon separate from the others (TabIe 7).
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TABLE. 5. . -
. Mapping integrated LEU2 of MSW5-21A transformants relative .

todnormal chromosomal ‘location of LEU2
I ' ) ' :

’

—f— :
Segregationg of 'LEU2:leu?2

| LEU2 vk tpEmy | PD: T Mg NpDY
. [t . LI 3 ' . ' , ,. . . B 4,:0 - ‘ -3:1 2:2 .
""'.' T . » ." T .. .‘.’“. > - -

-

" | Cross'.

'xii80—15 X MSW5-21A/pa7-3 #1 | 6 25 2
X2180-1h x MSWS-21A/pa7-3 g2 | . 2 5 2
X2180-1K x MSWS-21a/pa7-3 #4. | 5 5 9

X2180~1h x-MSW5-21A/p47-3 #5a { , .3 .~ 11 . s

L

' ALl 8 tetra&s of the cross)22180—1A (LEU2)  x MSW5-21A"
(leu2) segregated 2 LEU2 : 2 leu2. N
9 - . - - ‘ E

? Parental Ditype ' | ‘ ; U e
* Tetratype - - o SR o

* Non-parental Ditype"

: » i~ v : i s - . - - ' [N
,. . .‘ . . N . . . , \ N ‘ . .
. “. . L v, . .

\' S - R ' . o .




TABLE Y

Mapp1ng"1ntegrated LEUZ of - MSW5-21a transformants relat1Ve
to normal chrpmosomal location of CANT

'
t

‘

1
'

' Cross' - ' . |-segregation of LEU2:leu?
_ . IR : and CANl:canl
| leu2 canl! x LEU2 CAN1 - . ~
: , . PD? - TT> _ NPD*
' MSWB5-15B x MSW5-21A/pa7-3 #1 28 - -
MSWB5-15B x MSW5-21A/p47-3 #2 W 40 3
| MSW85-15B x MSW5-21A/pa7-3 #4 2 7 6 -
MSWB5-15B x MSW5-21A/p&7-3 #5 2 4 1
3 / A
&

- ; 1

* All 11 tetrads from the cross MSW85-15B (leu2 canl) x
MSW5- 21A (leu2 CAN1) segregated 2 leu2 CA : 2 le leu2'cant -

“? Parental Ditype (2 CAN1 LEU2»{'2.can1 leu2 )

3 Tetratype (1 €CAN1 LEU2 : 1 CANT leu2 : 1 canl LEU2 :.
_ L can1 TeuZ ). I

‘ Non parental Dltype (2\CAN1 leu2 2 can! LEU2 )

4



. ’ . TABLE 7

Mapp1ng 1ntegrated LEU2 of MSwW5-21A transformants relatlve
: " to each other ;

)

- g

62

Cross'

MSW5-214/#y

Segregation of LEU2:leu2

X  MSW5-21A/#z PD* TT®  NPD*
{ LED2 x LEU2 R 4:0 - 3:1 2:2
| ‘ o

P47-3 #1 x pa7-3 #2 2 4 3
Pa7-3 #1 x pa7-3 #4 3 5 -,
|P47-3 41 x pa7-3 #5 - 2 -

P43 42 x pa7-3 #4 1 2 2

| p47 3 #2;bxi]p47r3,#s 2 2 2

| P47-3 #4 “x pai-3 p5 - 1 9. 5

1
products

S

2 Parentalijtype

: Tétrafype

‘,Non-oerental Ditype

All homologous crosses generated only LEUZ melotlc




Instability of Canavanine Sensitive'Phenotype of

Transformants v e s

! &
1]

" Strain MSWS 21A/p47 3#1 has'aniincreaSed frequency of
productlon of canavanine resistant cells relative to straln‘
MSW5~21A. Three 1ndepende::tuultures of MSW5- 21A and MSW5-
21A/p47-3 #1 were assayed for the frequency of canavanine
resistant colonies per v1able cell. The cultures'yere grbwn
for 48 hours 1n l1q\ud YEPD; su1table dllutlons were- plate%%
to YEPD p}ates to determlne v1able cells, and on SC +
canavanlne plates to determlne the number of canavanlne
re51stant cells. There were about 50 t1mes more canavanlne
're51s;ant cells in cultures of MSWS- 21A/p47 3 #1 than in

cultures of MSW5- 21A (Table 8)

,,,,,,

. The high,frequency of”productionjof canavanine )
resistant cells is linked to the LEU2 marker carrled by.the
1ntegrated plasmld in MSWS 21A/p47 3 41, Stra1n MSWS-
21A/p47 3 #1 was crossed to strain YO555-19A and the
resulting drp101d (D101) was sporulated The me1ot1c'
products of 30 complete tetrads were analyzed for the’
production of canavanlne reszstant cells, 5 tetrads were
assayed quant1tat1vely, 25 were assayed qual1tat1vely The
quantltatlve assay was performed by measurlng the frequency
of canavan1ne re51stant ‘cells in cultures grown for 48 hours
in llqu1d YEPD. In each case,.the frequency of canavanine*
resistant cells were h1gher in the LEUZ meiotic products”

(Table 9). The qualltatlve assay was performed by repllca
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N . TABLE 8

Appéaran¢e of can1"colonies in cultures 6f_§SW5-21Aiénd in
cultures of a derivative of MSW5-21A with p47-3 integrated
- : _ at the CAN1 locus T

’ Number of Colonies - _Frequency.
v : : ‘ of canit -
YEPD' SC+can? SC+can® | Cells 107

~Strain  Culture

884 . 23  NTx 2.6

—_

Ms75—21k
2 I 1260 36 -  NT 2.9
3 620 90 NT | 1400

[ L

|- MSWs-21a/. : , “ , S
- paT7-3 #1 1, | 874 NT 247 .. 280.0 -

2 |17 NT - 288 | 24000 4
3 | 563 NT - 178 , 320.0 ‘;;!{

.
PRI

' Dilution factor 0.2 x 107 % for YEPD S *

2 pilution factor 0.2\for'SynthetichQmplete plus canavanine

3 Dilution-facfﬁk'o.z :

10;f for Synthetic Comp}etg-plus.,:
canavanine o | TIRURER BAT

1
¢ \

\
A\ .



TABLE 9

¢

Appearance of cani cells in cultures of LEU2 and leu2
‘melotic produets cof . D101 v

N

N S o Bl : Freguency

Strain LEU2 YEPD! SC+can? SC+can?® of cani
101-1A" ' - 850 - 40 4 . 4.7
1B - 585 27 2 4.6
1c 4 540 . NCx = 92 170.0
1D+ 797 NC 265 . 340.0
10128 - 410 30 | 7.3
2B+ 331 398 36 | 120.0
2c - . 506 . 155 15 28.0
2D+ 1563 NC 180 : 320.0
10132 - 324 37 S C11.0
3B+ 396~ NC 542 1400.0
3¢ - 568 45 4 7.9
3D+ 585  NC - .800 - 1400.0

, . : B 4 ' ,

101-4a - T 512 46 2 . . 9.0
4B+ 558 NC 125 220.0
ac .+ 339 642 63 ©190.0

4D - 570 13 .- 2 2.3
101-50 - £330 17 BRI 5,2

5B. + 339 369 - .45 )¢ 110.0 -
5 - 455 - B4 3 .l Tq2.0
5D+ *579  NC 107" | 180.0
' Dilution facfor 0.2 x 10"’for'YEPD |  ‘} - Cooe

~? Dilution factor 0.2 for Synthetac Complete plus canavanine

2 Dilution factor 0.2 x 10" for Synthetlc Complete plus
: canavan1ne | -

% Not counted: o
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L] —

'platlng colonles der1ved from the meiotic products of D101

“to SC + capavanine plates. In all-cases, the tetrads

lvsegregated two LEU2 colon1es which generated many canavanlne
resistant paplllae -on the canavanine plates, and two leu2

spores that generated ‘few or no canavanlne re51stant \
'paplllae.

. : /
The transformants that dog not hau@ p47 3 1ntegrated at

the CAN1 locus do not show any enhancement of - canavanlne
re51stant cell production associated wlth the LEUZ marker
‘Each.of MSW5~ 21A/p47 3.#2, 4 and 5 were crossed to Y0555 19A
to generate diploids D102, D104 and D105. These diploids
were spdrulated and a single complete tetrad was analyzed
quantltatlvely for the frequency of canavanlne resistant _v
cells 1n cultures from each melotlc product There §bs no

’

51gn1f1cant enhancement in the frequency of - canavanlne

i

resistant cells 1n the cultures of the LEU2 meiotic products
(Table 10). | .

' The'canavanrne resistant derivatives of'MSW5-21A7p47—3

#1 frequently become leucine requ1r1ng . The format1on of
jolntly leuc1ne dependent canavanlne re51stant cells |
requ1res that p47 3 be 1ntegrated at the CAN1 locus, and is
1ndependent of the RAD52 1 gene. A total of 300 s1ngle'

colonles from each of three stralnS'- MSW5- 21A/p47 3 #,
dwhlch is RAD52 and carries p47-3 integrated at the CAN1
locus, MSW-21A/p47—3 #2,_wh1chA15 g&ggg-and carries p47-3

integrated at a site unlinked'to'the,CAN1 locus, and MSW75-



TABLE 10

Appearance of canl cells in cultures of LEU2 and leu2
melotlc products of D102 D104 and D105

B Number of Colohies ‘ Frequency
Strain LEU2 ‘ . of cani
» _YEPD" SC+can? SC+can? ' Cells x 10
102-1A - -1 606 32, B . 5.3
1B+ 545 70 8 130
1C° + 271 38" 4 14,0
-1 - 475 . 26 V- 3 5.5
. , | , e '
104-2a  + . | 919 114 9 12.0
2B - 256 25, 2. 9.8
2C ' - 586 34 3 6.3
2D+ 10 24 2 240.0
105-1a  + 627 37 3 5.9
1B. -+ | 696 41 4 5.9
c - 608 34 3 5.6
1D+ . 419 43 3 10.0 -
l\

k\ . . oy
'-Dilution factor 0.2 x-10-* for YEPD.
2 D11ut1on factor 0.2 for Synthetlc Complete plus canavanlne
3 Dllutldh factor 0.2 x 0"_fo:WSynthet1c Complete‘plu5’.

" canavanine

. ~a .
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2C, which is rad52 1 and carries p47 3 1ntegrated at the
CAN1 locus - were patched on SC + canavanine plates. A
51ngle canavanine re51stant colony was selected from each
patch which produced one or more canavanine resistant
papillae. Each 1ndependent canavanine resistant derivative
‘was tested for a leuc1ne requirement; both MSWS 21A/p4a7- 3#1
and MSW75-2C had about 4% of the canavanine tesiStant cells
exhibiting a leucine reQUirement while none of the i

canavanine resistant derlvatives of MSW5- 21/p47 3 #2

_requ;red leucine (Table . - N

Strain MJW5—21A/p47-3#1 generates leudine;requiring
'Aseéregants that are not canavanine resistant. Independent

, colonies of MSW5- 21A/p47 3#1 were 1noculated into 2.0 mls of
liqu1d YEPD ghd shaken for 48 hours at 30°C. Suitable .
dilutions of each culture were made to produce approx1mater
250 colonies per YEPD plate; 5 plates were.spread for each
culture and the plates were incubated at 30°C for 2‘days/
The colonies that appeared were tested for leuc1ne
dependence by replica plating to SC- 1euc1ne plates. Fifteen
1ndependent cultures were assayedh 3 of which contained
ieucine requiring cells. A total of 10 leucine requiring
colonies were detected in 23,000 colonies analyzed’ 8 of
‘these came from the same - culture. However, these 8 leucine
requiring colonies represent at least two events- 3 of the

colonies were also canavanine re51stant whereas the other 5+ -

remained canavanine sensitive (Tablefiz).



TABLE 11 | - \\;

Appearance of leu2 can! derivatives of Strains cbntaining an
=E&de cankt L
: o -integrated p47-3 = -

4 N

L

p47-3 Inaépehaeht'Célls'/' _ A
Strain RAD52 at . ) %canl leu2
. ' - CAN1 can canl leu2| . |
MSwW5-21a/ : ;
p47-3 #1 o+ 292 13 4.4
 MSW5-21a/ ‘ S :
p47-3 42 -+ - 137 -0 -
MSW75-2¢ ‘- + 290 - 11 | 3.8

. r,
300 colonies tested for each strain

-~



" TABLE 12

‘.

A

Isolation of leu2 defiyatives:of MSW5—21A/p4Z-3_#1 :

70

i
' ‘  Number of '%umberzof Colonies

Culture S - . S .
N Colonies Analyzed leu2 CAN1 = leuw2 canl

1 1849 - -

2" 1912 Lo -

3 - 1909 - -

4 1850 - -

N3] ‘1815 ; -

6 1275 - -

7. 1508 5 3

.8 1452 - -

-9 1247 - -

10 of 1267 .- - -

. %

LS 1330 - -

12 1340 - X -t

13 1407 - - -

14 1313 . 1. -

CWB 1422 '7 -

Total 22916 B RN 3




- Structure of the CAN1 locus of MSW5-21A/pa7-3#1 .

71

Further Ieuc&nefréquirinq colonies werefgenerated by

subculturlng (0 01 ml 1nto 2.0 ml) Saturated cultures of

[

MSW5- 5‘A/p47 3#1 tw1ce before platlng for single colon1es. A

total of .13 leuc1ne requlrlng derlvatives vere detected in

B

22,000 colonles analyzed -8 of these were from separate
tubes and should represent 1ndependent'events (Table.13lt
. ' S ' ST Ny

N

The‘éhysical’basis for the joint/qnstabillty of the

CANl.and LEU2 markers of strain MSW5-21A/p47-3#14was”;

examined’ by Southern analy51s(Southern 1375):‘Bu1k DNA was

and fractlonated on 1% agarose gels, and blotted to
nltrocellulose.~The n1trocellulose filters were hybridized'
with nick- translated DNA from the 2.9 kb HlndIII fragment
(co- ordlnates 6. 39 to 9.70) of TLC-1 (Append1x-1?. Thrs

probe .is specific for sequences of the CAN! locus of §.

, 3
s

cerevisiae,

Strain MSW5—21A contained a single.Ecolefragment of
approximately 10 kb that had homology to the canl probe
(Figure 4A). The sizes of fragments w1th homology to the
probe were a551gned by comparing the mlgratlon dbstance of

s

the band on the autorad1ograph with the m1grat10n dlstance,

on the orlg1na1 gel, of Hlnd{}% fragments of lambda. Thls S

method of est1mat1on 1s*“omewhat,;mprec1se because,of_the, -

1solated from the strains of 1nterest \restrlcted w1th EcoRI
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Isolatlon of leu2 dpr1Vat1ves of MSWS 21A
S R subéulturlng

9

TABLE 13

.y

. K
L

/P47*3;#1'af?eﬁ';‘

Culture

o Number

of

;fgiﬂbqﬁef §£

Colonies

RS

N o oo W N

Colonles Analyzed

1469

1128

Y

1040

1227 .

<1362

‘%“wﬁsziiv

o T aeel. e
RIS S 13 A

528

L eeez

2601

2490

n";ﬁéjzf?

nigu2 caNy

 lew2 cgni .|

-,. -... ”. '13I




... Figure ax.

Figure 4B.

Southern blof of EcoRI d1gested DNA from N
strains MSW5-21a (lane 1) and’ MSW5-21A/p47-
3 #1 (lane 2) hybridized with a nick :
translated probe speczfmc for the CAN1

.reglon of S. ceérevisiae. The approx1mate .

sizes ih kilobases of the EcoORI. fragments

- which show homology to the probe are
1nd1cated .

~

Restr1ctlon sxtes in the CAN1 reg1on of

- MSW5-21A. The scale is 1 cm = 1 kb. The

position of the cutting. 51tes for the

restriction enzymes BamHI -«(B), HindIIl
(H)Y, EcoRI - (E), and Sall" (S) are shown.

FJThe position of the r1gﬁt ‘most ‘EcoRI 51te is
‘estimated from the-size of the EcoRI

fragment with homology to the can1. probe.,.
The region of homology 'to ‘the: probe 1s shown

'*by the th;cker black 11ne._.







.
.

.590551b111ty of the n1trocellulose shr1nk1ng dur1ng baklng,

51zes determined in th1s manner w1ll always be des1gnated

‘approx1mate

v .
Only one-. 'ECORI site is found in the 4.5 kb BamHI
Viragment of yeast DNA eontalnlng the CAN1 gene, that 1s
3cloned 1n plasm1d-TLC—1 The - other EcoRI 51te that generates
the 10 kb fragment ‘is found outside the cloned region. It is |,
'.approx1mately 6 kb from the BamHI Site, used in the clonlng |
.
4of the gégl gene, that was not;reformed 1nVTLC—1.(Flgure :
.5) . s P S . ,

o
RS

N

-The, genetlc eV1dence ‘that plasmld p47 3 had 1ntegrated L

_at the CAN1 locus 1n transformant MSW5~21A/p47 3 #1 was .\hh

_fconflrmed by Southern ana1y51s. Stra1n MSWS 21A/p47 3 #1‘!“.b'
contalned two EcoRI fragments show1ng homology to the can1'"

; R
'.probe, one fragment was approximate>

'&theaother
~ approxlmately 14 kb (F1gure W .
.‘fragments of MSWS 21A/p47~;
“can1 probe 1s the same sxzef. ;
dupl1cat10n of‘the CAN1-genx in stra1n M:‘S 21A/p47&3 #1 has
dlsrupted the restrlctlon pattern of the wfl‘itype CAN1 '

_locus. Therefore, 1ntegratlon of 547 -3 must ha f

occurre
,w1th1n the approxzmately 10 kb fragment of yeast chromoso l

-

8

DNA)that contalns the wlld type CANI locus.k

There are three reglons of p47 3 that are also fPund at”

F




v

-
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p47 3 and the yeast chromosome at ‘any of these reglons of

homology would, 1ntegrate the plasmld at the. CAN1 loius.

These sequences are dlscussed below

'

-

One sequence found both on the plasmld and at the
chromosomal CAN1 locus occurs between é%ordlnates 6 Zp and
6. 52 of p47 3. The homologous sequence on the chromosome
lles out51de the 10 kb EcoRI fragment whlch hybrldlzes to
the :canl’ probe Ihtegratlon of p47- 3 at’ th§s site- would not
d1srupt the 10 kb EcoRI fragment and would generate ‘a .
second. fragment of undeflnéd s;ze, with homology to the
probe (Flgure SA).ﬁThe second reglon found on the plasmzd

and also on the chromqsome 11es between co‘ordlnates 3. 30

and 6 20 of plasmld p47 3. The homologous reglon qf

yeast chromosome 1s w1th1n thq 10 kb EcoRI fragment ‘that

EcoRI fragments whlch hybrldlze the canl probe One fragment

~would' be 4.9 kb the other approx1mately 13.5 kb (Flgure

SB)

- The f1nal reglon found both on p47 3 and at the can1

locus occurs between co ordlngtes 3.185 and 3 30 of p47 3.

The homologous sequence on the chromosome occurs w1th1n thev-'“

10 kb EcoRI fragment wh1ch hybr1d12es to the can1 probe.

'37@ Integratlon of p47 3 at thls 51te would generate two EcoRI

fragments wlth homology to the can1 probe' one of 2.0 kb

and one, of approxlmately 16 5 kb (F1gure SC) The sxzes of]g

v
T

g
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”

The 1ntegrat10n of plasmld pil- 3 1nto the : )
chromosomal CAN1 region ‘of MSW5-21A. The , T L
cutting sites for the enzymes BamHI AB),

HindILl (H), EcoRI (E), and.sall ' (S),

findlll LcoRrl

regions of homology to the canl probe (th1ck |

black liney*and the sizes of the EcoRL -
fragments with homology to this probe are

~shown The scaTe is 1 cm. 1 kb

A - Integratlon ofqgi7 3 by a CrOSSOVer
withinithe BamHI‘~ HindIll:fragment. of .
the plasm1d=ffd the chromosome. o _ :

B - Integratlonib p47 -3 by a crossover

~~« within the thdIII fragment of the.

plasmid and—EEE_EEromosome. g\x
C - Integrat1on of p47 3 by a crossover - R

within the HindIII > Sall fragment of (U g
the plasm1d ana the chromosome, o
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the EcoRI fragments in- Msw5~21h/p47 3#1 that hybrldzze the

.canl: probe’ are consistent with p47-3 1ntegrat1ng by a- 51ngle

crossover wlthln theiz 9 kb sequence of homology between ‘the

4

,plasmld and the chromosome as shown’ 1n Figure 5B

\

v S , o . _
Physicalﬂhnalysis~of Instabili¢y of MSW5-21A/p41-3#1,

The physical structure of the CAN1 locus in derlvatlves

of MSW5- 21A/p47 -3 #1 that had become elther canavanlne

re51stant or leuc1ne requ1r1ng, or both canavanlne

»re51stant and leuc1ne requ1r1ng was analyzed by Southern

blottlng, Twenty two 1ndependent canavan1ne re51stant

-der1vat1wes were analyzed one ‘of - these had also become

e - 1 ...

*hgleuc1ne requ1r1ng These derlvatlves fall 1nto four classes.-

- the can1 probe‘ In one caqavan1ne resxstant stra;n the.

. In the major1ty of the canavanlne re51stant derlvatlves _
o (16/22) the 5 kb EcoRI fragment wlth homology to the can1
' probe had been replaced by a smaller EcoRI fragment of

.~approx1mately 2 kb. The next most- frequent class (4/22) had.

also replaoed the 5 kb fragmentf thls tlaE wlth a new. EcoRI

g fragment of approxlmately 8 kb that contalned homology to

<
pattern was unchanged from that found in MSWS5- 21A/p47 3 #1.

The straln that had become ]01n;ly canavanlne re31stant andr

: leuc1ne requzrlng contalned a 51ngle EcoRI fragment ofc.
'a¢japprox1mate1y 14 kb that contalned homology to the can1
]_probe (Frg]re 6). Eleven 1ndependent leuc1ne requ1r1ng

1hfstra1ns were‘analyzed' aone of these had also become
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~ Figure 6A.

W

Southern blots of EcoRI digested DNA from

stzain MSW5-21A/p47-3 #1 (lanes C) and cani®

derivatives. of MSW5-21A/p47-3 #1 (lanes .i-

22), hybridized with nick-translated canl

N

probe, Derivative 6 has become jointly cani

and leu2. The ordinate values are the

approximate size in kilobases of the.ECORI

fragments with homology to the cdni probe,
In this autoradiograph the exposure .was not .

suffigcient to show clearly the 2.0 kb~ “-

: fragment with homology to the canl probe - ‘
(See Figure 6B). = = .- e .

-

?
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Flgure 6B.

»

E)

Southern blot of EcoRI dlgested DNA from
canl derivatives 16 to 22 of strain MSW5S-- .

21a/pa7- #1, hybridized with nick~

. translatéd,cani probe. + The ordinate values

are thd apptoxlmate size in kilobases &f the
EcoRL'E% agments with homology to this ‘probe.

vThzs auggga iograph was overexposed to

visualjiz the 2.0kb EcoRI fragment with L
homology o the can1 probe that can be seen
in derlvaﬂives 16 - 18, 20, 21 .and- 22.
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_Resolution”of,Nonfcontiguous.Direc; Repeats

canavan1ne res1stant All these straxns conta1ned a 51ngle

"\

EcoRI fragment w1th homology to the can1 probe. The majorltx

\

N

:gfragment wrth homology to the can1 probe of;%pp‘bxlmatel;‘ﬂo

-f@kb 1dentrcal 1n slgg ﬁo the EcoRI fragment in untranszormed

Msws 21A The remalnlng leuclne r!gu1r1ng,'canavan1ne.ﬁf_‘f.*'"1

fragment that hybrldzzed the can1 probe, as dld\the leuc1ne

-

: requ1r1ng, canavanlne res1stant straln (Flgure 7).

J “"

. . 1 ;

» ' - ks R
: . . e B -
N

o

Y.

The major1ty of the structural rearrangements found 1n"'

der1vat1ves ‘of MSWS 21A/p47 3#1 can’ be explalned by events

that resolve a' non cont1guous d1rect repeat 1nto a\51ngle

L~

copy of the dupllcated sequence.‘These events result 1n the o '

loss of one copy of the dupllcatlon together w1th the DNA

/‘p’-

~between the dUpllcated elements. There are several non-'

contlguous dlrectly dupllcated sequences at the CAN1 locus
P UL

of MSWS 21A/p47 3 #1 (Flgure 8a). The 0.15 kb sequence
between‘the‘ﬁlndIII and SalI restrlctlon enzyme cuttlng

sxtes (a) 1s repeated three times. The 2. .9 kb sequence

k)
A

between the HlndIII cutt1ng sites (b) is repeated tw1ce, as’
is. the 0 325 kb sequence between the BamHI and HlndIII
cuttlng 51tes (c) Events whlch ré§01ve each non contlguous

dlrect repeat have been detected L ;
‘ 8 : ' )

_RéSolution of the al/aéhduplication will.deletefa7large“'">

a
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... Figure 7. Southern blot of EcoRI digésted DNA.from =~ %
o onleg o cnostrakng MSWS-21A andd MSW5-21A/p47-3 #1 - -
AT ST St ‘mxedmlane ‘C), and leu2 dérivatives o{ -
Co. L WISW5-21A/p47-3-#1 (lanes 1-11) ‘hybridized\

' - with nitk translated can] probe. Derivative

. . .11 had become . jointly cani andqlehz;xmhe'v*
R .+ ordinate-values are the approximate size in

homology to the cani probe, . ... T

" kilobases.of the)EcoRI fragments -with . - =
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Figure 8. Structure.of .the CAN1 locus in_ strain MSW5~
_ - . 21A/p47-3 #1 dnd'In'vario&sipﬁgsiéallyfﬂﬂﬁ-17 g
. -"«rearrangedﬂﬁerfvatives;'The?@eStrictioW%“‘1_,.
... sites for the enzymes'B“mHI”(BZ,«Hindlrrﬁ R
\ .{H), EcoRI (E), .and $all (S) are shown, The '
N : -regﬁons a],-aQ'and'a3wrepresen_'difect,_'
: . re?eats,of an ‘approximately’ 150 -bp seqguence, -
bl/and b2 represgnt ‘direct re eats of a 2.9
kb sequence corresponding to-theﬂéahTAprobe,
and c1 and c2 represent direct repeats of an
approximately 325 bp sequence. The thick - ' -
lines in ‘the .drawings of the 'rearranged
- derivatives represent the'regions_showing-‘
. homology t¢ the .canl probe. [The vdlues in
: - kilobases repréesent the approximate size of
the EcoRI restriction “tragments that contain
homology to6 the canl probe./ The scale is 1
cm=0.5 kb. R -

A A,Original'structur of the CAN1 locus in
. strain M8W5-2tA/p#7-3.#1. o
B -’'Structure resulti g from reciprocal
' recombirnation between a1l and a2. The
strains containing this structure are-
. canl LEU2. , Do
~ . C - Structure resulting fromvreciprqqal .
'~ recombination between a2 and a3. The
. strains containing-this structure are
Y CAN1 leu2.. - | R
D - Structure gesulting from reciproca ¢
~recombinatioh between b1 and b2. Th o
strains containing this structure are
. CAN1 leu2. S :
E - Structure resulting from reciprocal
.5 .. Fecombination between c1 and c2. The
T. _ -"”“fstraiDchcntaining'this striictute are
‘ - canl leu2, e L

e



HTR

i



. - N 9 B .
e - B
o R . , P :
., s ; .
! I . i \ )
g Vo . p
s s ' B ) ) .
’ ) 2% R R
r 1 . b... N . o ‘.
) = N - 3 | . .
y . v : . . .
A w
: - ) , ‘
N —_— C R
- * ’ N IR Y
- o . . -
. P . . . - i
A 1 . A
TN N . ;.
E- . , e
¥ . .
- . \ . :
° L]
. T . B ’ -~ a
: : ; . .
: - : m . - ; : N
S . ; B el : P
‘ ' L - - F 3 »
E ) —
v oot . aE T
. . ' ’ )
¢ A
< ) L <
* - > b LN K
. (e} . . - N
-
. ’ -
- - . ~ ~ ’
h3 . .
: a N . ) N
o 4
i ’ . .
- .. . . ;
b * . -
.




%

: 3 #1,-and w1ll producé a cand LEUZ straln. Thls event W1ll

hi-fragment that ybrldlzes t”

92
portlon o£ the structually 1ntact CAN1 gene of MSW5- 21A/p47-

reduce the 4 9 kb EcoRI whlch hybrldlzes to the can1 probe ,gx u“

to 2 0 }b (F1gure BB)» Thls structure was observed in 16 o& ’

. ) .
X

Resohhtlon of the aZ/a3 dupllcat1on w1ll delete the ' .'ff'

21 ;ndependent can1 LEUZ derlvatlves. '

majorlty of the DNA of the 1ntegrated p47 3 1nclud1ng the 1 _
‘;‘LEUZ reglon *but mgll leave the CAN1 gene 1ntact generatlng {~
h’da.pé 1eu2 strazn Thls

_vent w111 produce a 13 kb ECoRI - .

, the can] probe (Flgure BC) Thls;'

j-was found 1n 4 of‘10 1ndependent leu2 CAN1 derlvatlves.

")'s( .

¢ v

Resolut1on of the a1/a3 dupllcatlon and the b1/h2

ﬁdupllcatlon are 1nd1st1ngulshable events. They result in a ”

¥

‘lerect reversal of thé 1ntegrat10n of p47 3 and‘generate a

f_CAN1 ‘leu2 strazn contalnlng a 10 kb EcoRI1 fragment«with

w

: iuumulogy‘to the’ canl probe (Figure 8D) This event was . ¢

'detected in 6 of 10 1ndependent leu2 CAN1 derlvatlves.

Resolutlon of the c1/c2 dupllcatron w1ll result in a

’derlvat1ve of MSWS 21A that has replaced the wlld type.CAN1'

35Sequence w1th the séquencé from p47 3 The CAN1 sequence on

"replacement of the w1ld type ‘allele w1th an in- v1tro

the plasm1d is m1551ng the - 1 2. kb HlndIII fragment that

1ncludes the EcoRI site of the cloned 4. 5 kb BamHI fragment £

'conta1n1ng the CAN1 gene. None\oz\the other sequences of’

o p47 3 are left at the CAN1 locus' the overall result is the

a



a %

A

'7:generated mutant\allele, a process termed transplacement

"(SCherer and Dav1s 1979) Because the delet1on of the 1.2 ¢

s

»kb HlndlII fragment removes the EcoRI&51te ‘in the clonedgi
~“DNA the 512e of the EcoRI fragment w1th homology to theet
,canl probe 1n can1 leu2 derlvatlves of MSW5 21A/p47 3 #1

fw1ll be deflned»by the next ggggl 51te on the chromosome-‘

K}

,(Flgure 8E) Both leu2 canﬂ derlvatlves contaln a‘51ngle
o/

'EcoRI f. gment WIth homology~to the can1 probe, thls

fragment is sl;ghtly smaller than the approxrmately 14 kb

~_fragment found 1n MSWS 21A/p47 3’%1 The EcoRI 51te out51de

.the 4. 5 kb BamHI fragment conta1n1ng the CANL gene 1s ]USt
-J
less than 4 kb fromathe BamHI slte, flanklng the CANI gene,
that was reformed in TLC-1 (Eagure BE)
S & . ‘ \'
Ly P IR ey
Mutation and Gene'Converslon v

' Two patterns of the Southern blots of the LEU? canl
derlvatlves are'not explalned by events that resolve a non-
cont1guous dlrect repeat One LEUZ canl-straln had the same
structure at the CAN1olocus as MSWS 21A/p47 3 #1. This
straln presumably arose by mutatlonal 1nact1vat10n of the
w1ld type CAN1 locus. In four other strazns, the 5 kb
fragment with homology to the can1 probe was repleced by an
approximately 8 kb fragment Thls pattern can be- explained

“by 1ntrachromosomal gene converszon (Jackson and Flnk 1981*

‘Klein and Petes, 1981) that replaces the wild type allele of'A

the CAN1 gene w1th the mutant allele conta1n1ng the 1. 2 kb.

P
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'deletlon. Thls qonver51on does not remove any of the N

dupllcated sequences produced by the 1ntegrat10n of p47 3

.The 1 2 -kb.. delet1on removes an EcoRI s1te, so the s ’ ;.f,aﬁ

replacement of the w1ld type allele of the CAN1 gene wlth

) r

4
the allele with the delet1on results*1n a larger Ecoﬁi

fragment that contalns homology to the can1 probe (Flgure

£ o : , 0
49). - v

‘ Effept of'rad52f1 on,Inetability at the CANJvLocus

',""!-.

The 1ntroduct1on of the recomblnatlon mutant rad52~1
: e

1ncrease§\the frequency of canavan1ne resxstant cells of

_stralns that contaln a w1ld type*CAN1 allele, but not in

'stralns that contaln p47- 3 1ntegrated at the CAN1 locus.

| _Straln MSW72- 10C, wh1ch was CANI radS2- 1 leu2 was’ crossed
to‘MSW5—21AZp47-3 #1.to generate the d1p101d D75. This |
diploid. was sporulated and the asci dlssected and scored
for the phenotype of the: melotlt products. One complete
tetrad that . Segregated rad52-1 and iggg in the parental
conflguratlon one tetrad thatfsegregated rad52-1 and leu2
in the non- parental conflguratlon and 3 tetrads that o Q':,
'segregated rad52 1 and leu2 in the tetratype conf1gurat1on.'
were selected for further analy51s. Eacn melotrc product‘was
inoculated into 2.0 ml llqu1d;YEPD and shaken tor”48 hours~‘
.at 30°C. The frequenqy of canavan1ne res1stant cells in each

culture was determlned by platlng su1table dllUthnS of the’

cultures to YEPD and SC '+ canavanlne plates. The 1eu2

LY

t



Flgure 9 Gene conver51on between the wxdd gype CAN1
, s Sequence and thée deletion sequence. The t top ‘
" draw1ng ‘Shows the reglons of the chromosomes
_. . alidned at their sites of homology The .
bottom draw1ng shows the prdducts’ of the
.conversion e ‘that replaces the wild- ~type
sequence wi  deleted sequence. The
regions: of ogy to the cant- probe are
+ showrmr as't lines, and the. s sizes in
" kilobases of®he EcoRI fragments . with :
. homology to this probe are indicated. The
gg,dotted ‘lines represent sequences that. are
‘ 'contlguous on .the chromosome but separate on
.the. dr?w;ngs. The(restr1ctlon ?1§es for: .
-EcoRI (E BamHI (B HindIII (H and Sall
(S) are also shown, , ) - '

< ; S e
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thstramns have a w1ld/}ype CAN1 locus' the adsg- leu2

cultures contaln about 20 tlmes more canavanlne re51stant

- cells than do cultures of the RAD52 leu2 stralns. The LEUZ

2

: .‘stralns conta1n p47- 3 1ntegrated at thé CAN1 locus,.the

radsz 1 LEU2 and RAD52 LEU2 cultures contaln about the sgme

o number of canavanlne re51stant cells (Table 14).
_ ) s

-

‘A 51ngLe radS2—1 LEU2 straln was selected for more

s

;,;exten51ue measurements on the frequency of. canavanlne
' 1

re51stant cells. Five 1nﬁependent cultures .of. straln MSW75-
éC vere assayed for the frequengy of canavanrne resi'stant
‘cells, the average frequency of ggg_ cells was about

3. 4x10"s (Table 15) As prev1ously noted the proportlon of
der1vat1ves of stra1ns contalnlng p47 3 1ntegrated;at,the'
CAN1 locus w1th the joint phenotype leu2 canil 1s~not | ‘
affected by the 1ntroductlon of .rad52-1. Both RAD52 and

&

"frad52—1 stralns have about 4% of the can1 der1vat1ves also
. ' \
leu2 (Table 11) '

. . . .
4 ' M .

Although the overall frequency of can1 LEUZ and canil

derlvatlves of stralns carrylng p47 3 1ntegrated at the.

1,8 ]

leu

-

CAN locus is not affected by the 1ntroduct10n of rads2-

—

“the d;strlbutlon of events. that generate cant LEU2 cells «is
changed. Nine 1ndependent canavan1ne re51stant derlvatlves<
‘of strain MSW75- 2C were selected one of these Bad also | .
becone leucine requ1r1ng The struéture of the CAN1 locus 1n‘u.

these derlvatlves was analyzed by Southern blottlng All

«

r.

eight can1 LEU2 stra1ns had two EcCORI fragments of
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' - Appearance of canavanin
_Strains with either a:

-

o

3

- TABLE 14

N » - .
AR .

wilq.type

<

KJ

-

[

. S ORI
e resistant cells in RAD® and’ rad52-1 .
;or:duplicaﬁed'CANJtldeSA;'

y
Sl

. \',‘»

- | YEPDY s

e v N . - Ndﬂber oﬁhéoioﬁiesf;
Strain LEU2 RADS?2 : :

C+can? 'SC+¢an?f

oef . cant .

Frequency
“Colonies.
\

104 o+
10B -
- 10C -
10D

‘15A :

S 15¢
15D

-

1A
1B
1C
1D

F 141 -

Www. NN

(@] P O w >
—

+ oo+ o+

+

15B-..

1+

| 629

I YR

. 489
363"
454

648 -
212
253 .

308
206
439
>
108" |
184
272
266

351
. 195 .
616
359

880,

S22
"'406 {
25

609

11..

é1§

‘NC*

526
- 157,

861

136
438

18"

513
- 367 .

UiNe

R

79

e

e

12
55. .,

e

42

87
26"

15 370.0

[ 220,0

C120.0°

t2<2

69.0

»

€

" 400.0
- 130.0-
160.0
5.2.

- 3L;\\
. 150.0
200.0 -

P

28040

160,00 |
140.0 |

o

©250,0 | -

45.0 .
13.0..

" RADS2.leu2:

Average frequencies x L&(i”“;"
R 5.7

'RAD52 LEU2 240.0

"V Dilution factor

*-Dilution factor
- ! Dilution factor 0.

. .:capavaning,’
*fNot counted” & <.

. L]
L

..

3

s
B I

e

rad52-1 leu2 130.0 .-

rads2-1 LEU2. 185.0

0.2 x 10-* for YEPD
0.2 for 'Synthetic Complete
2 x 10" far Synthetic C

v - } o B
T T T ) e -, T . B
. . . . . . : . . N . :
K. - sos ) : . .
- . . . . .. . - .
R « PRI e . . . . . ..
oo . . L L » - B . . . -

iplus-canavénihé"‘
omplete plus
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TABLE 15

., \“\_

Appearance of can1 cells in cultures of a rad52 1 straln'
B conta1n1ng p47 3 1ntegrated of the CAN1 locus

o

99

ta
,Q.

YEPD'

:tNuhbetio£”ColpnicS°

.SC+can? . .|

Frequency

" CellS x 10°

of canit:

3

h 519

'fGZQ“
CBae

‘1639}5:”'
685

.88

234

s
{o{ |
fa

~‘)'_.'

"'s'w,:

»a

Dllutlon factor Oié X 10" for YEPD R

La D1lutlon factqr 0. 2 x 10-' for Synthetlc Cbmpletéaplua -
,canavan1ne ‘ L

LT
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o approx1mately 5 kb and 14 kb that hybr1dlzed to ‘the can1
f7probe, These are 1dent1cal in 51ze to the fragments observedA__

L in the orlganal transformant Therefore these can1 LEUZ .ﬂ§7~.

-der1vat1ves preSumably aroSe bx mutatlonal 1nact1vat10n of - yﬁ\g7

U=V_"the wlld type CAN1 locus. The can1 1eu2 straln had a'51ngle

EcoRI fragment of Just less than 14 kb that-contalned 4
- homology to ‘the can1 probe (Flgure/10) e . _\*L wf“r-vﬁ}f

R PR '.'

. .
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Figure 10.

. - "‘lv;,'-

‘Southern bidtfoffEcth”digestedlDNA from.

‘strain MSW75-2C (Tane C) ‘and can1

derivatives of MSW75-2C (lanes 1-9),

‘7 hybridized with nick-translated canl probe.
~Derivative 4 has become jointly:cani and

leu2. The ordinate values are the

.approximate size in kilobases of the EcoRI

fragments with homology to the can! probe.

n ) . ]

&
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INSTABILITY. OF PLASMID TLC-1 = . S e

=y

L .

: gk ' I S
‘The specific permease for arginine uptake in S.

terevisiae.is‘enooded by the CAN1'gene'(Grensonyet al.,
1966) Thas gene determlnes sen51t1v1ty to hlgh levels of

the arg1n1ne analogue canavan1ne* stralns w1th a functlonal

~
permease are sen51t1ve to an external concentratlon of 60

mg/ml canavanlne §hlphate,'whereas stralns carrylng a non-

i

functlonal permease are reSJstant (F1nk 1970) Mutant
alleles are” rece551ve to the w1ld type allele a; the CAN1

locus as vould be expected for 1e51ons within. the
[

\

structural gene for- the permease,

.t

I

The wild type allele of CAN1 has been.cloned using the -

~yeast and E. c011 hybrld vector. YEp13 (Broach et al , 1979).

The plasmld containlng-the CAN1 gene has thlS gene 1nserted

into the unlque BamHI restrlctlon 51te of YEpT3 This

plasmld, TLC 1, will eff1c1ently transform leu2 can1 yeast o

strains to LEU2 and CAN1, and’ E. col1 leuBG stralns to
leuc1ne 1ndependence and amp1c1111n re51stance (Broach et

al., 1979).
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.'_Q-Replicatiqhal;TﬁstaBlfiﬁy of TLC-1

104

u

Yeast cells do not: stably ma1nta1n plasmld TLC-1.

: Slngle colonles of stralns MSW28-10C and GRF 18 transformed

with TLC-1 wete 1solated on plates lacklng leuc1ne. These

-

[:COlonles were 1noculated 1nto 2.0 ml allquots of llqu1d YEPD

“"medlum‘and shaken at 30°C for 24 hours The proportlon of

.':§

Z/cells in the cultures (Tabl

‘cells within the popurat1on that had lost TLC-1 was

-

determlnedsby platlng a sultable dilution of each culture on

YEPD plates and repllcatlng the colonies" obtalned after 2

.days growth at. 30 C to plates lacklng leuc1ne.2Approx1mately

half the cells in- an overn1ght culture had lost ‘the plasmld

W,,and had become leuc1ne requ1r1ng (Table 16). .*)f

w:. Noe

-

: The m1tot1c stabllity of TLC-1 is reduced in stra1ns

~

'that carry mutatlons at the RAD52 locus Plasm1d TLC~1 was

1ntroduced 1nto a rad52-1 Aeu2 canl stra1n by cr0551ng a

leu2 can1 straxn transformed w1th TLC- , to a LEUZ CAN1

\

rad52-1 straln and 1solat1ng a rad52 1 meiotic product that'

was unstable for. LEU2 and CANT des1gnated MSW152-1A [TLC—
1]. Colonles of this straln/ 1noculated from plates laoklng

leucine 1nto llquld YEPD, lgse TLC- 1 from about 70% .0f the

17). SR

The endogenous yeast lasmld Scp1 greatly affects the '

mitotic Stablllty of plas id TLC 1. Strains whzch contaln-

L

’uch hlgher proportlon of cells

]

than do stralns which la k Scp1 Strain gRFJBaw1ll maintain

Scp1 ma1nta1n TLC 1 1n a

s .
¥
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* TABLE 16

Mitotic stability of plasmid.TLC~1 in RAD* cir* strains
S - grown: in liquid YEPD - . -

o ay N
T— g

. Lo T | ‘Ndmber of Colonies R
Strain . Culture K . %¥LEU2 |

. -

' CLEU2° . leu2

) ’ ~ ."% . ’ ' : : :
MSw2g-10cf{TLC-1)" 1+ . 1. o302 222, 58

e s e TR
"4§§}¢ f‘" 3 165 " 161, 7 ‘ 51
) a0 | 19 " 135 59
C RIS 1€?15' . 45
- ' B
| GRFi8[TLC-1) 1 - 60 760 | a4
2 ‘n\[féo'"‘ 70 | s3
| ENN b 77 -~ | 38
e | a:,3&;;_ ”‘i56--  [ 40
| 5 87 - - 71 | 55 "




TABLE 17

106

M1t0t1c stabliity of plasmld TLC-1 in rad52 1 cir* strains
grown in llgUld YEPD ' :
- | Number.of Colonies
Strain. . Culture - o .%LEU2
: ' R LEU2 leu2 - ‘ 4
MSW152-1A[TLC-1] 17" 327 85 27
R 2 54 104 34
) 3 51 106 32
' 34 92 27
' 5 13 100 12 .

i
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TLC-1 in about 50% of the cells of an overnlght cultureiy

grown under ndn- selectlve condltlons. Under 1dent1ca1

cond1t1ons, strain YT6-2-1L, a derlvatlve of AH22 lacklng

-

' Scp1 (Erhart(and Hollenberg, 1981) maintains TLC-1 in fewer

than 1% of,the cells (Table 18) ..

»

Even growth under selectlve conditions does’ not ‘result

K

1n .an eff1c1ent malntenance of TLC=1 idf stralns that lack

: Scp1 Slngle colonres of YT6- 2-1L [TLC-1] were selected on
‘ t

synthetlc complete (SC) plates lacklng leuc1ne and

1noculated 1n§§{:~0 ml allquots of liguid sc- leuc1ne. These

»

cultures were wn at 30 c for¢48.h0urs and then suitable-
‘dilutions were spread on ‘SC plates to determ1ne ‘the number

of viable cells, and SC- leuc1ne plates to determlne the

" number of cells that malntalned the LEU2 marker About 5% of

the viable cells in the culture malntalned TLC-1 and were

leucine 1ndependent (Table 19).

¥
As a consequence ot >the repl1cat10nal 1nstab111ty of
TLC-1 even in RAD+ cells carrylng Scp1 strauhs wh1ch are .
chromosomally ;%;g canl and carry the plasmld appear to be
canavanlne resistant when they are plated on medlum that
. contains both leuc1ne and canavanlne. Single ' colonies of
MSW28-1OC transformed w1th TLC-1 were inoculated 1nto 2 0 ml
.aliguots of liquid SC-leuc1ne. After 48 hours growth at 30°
C, suitable‘dilutionstwere\spread on SC-leucine, SC, and )
SC + canavanlne plates..Approx1mately 70% of the cells grown

under these conditions contaln plasmid TLC-1; approx1mately
. i - : =

3
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TABLE 18 . o

Mitoticvstability gf,plasmid TLC-1 in RAD“’pir°»stréins;v'q,
L grown in liquid YEPD . : : : "

("\ )
- o Number of Colonies' - a
Strain .. Culture N : XLED2
: . " . .LEU2 leu2z - | “F
A. R '—?—— . - - . d *
¥T6-2- 1LITLC1] 1 0 137 0
v | 2 9 -, =201 0
g 3 0 .. - 164 0
4 o, 189 0
5 0 197 0
{




| o ~..;' TABLE 19

- M1tot1c stab111ty of plasmid TLC-1 in RAD® Cir° streins
- : grown 1n llqu1d SC- leuc1ne f;i- . ]

A

S : . : Number of Colonles . '
Strain - © Culture |~ _ . | %LEU2
o - o - sc' ©sc-leur - [ -

: S I L :
¥T6-2-1L[TLC-1] ~ 1 .| 232070157 L 6.7
o : 214 . 143 "

Y2 26k 40 4.1
- 234 % -
L ; : 3. © 66 o 14 . 2.0
. o N ) 86 : 16
L2 - . i
‘ 4 ’ . 256 © 149 6.0
: 273, o166
A

o Dilution fa¢tor 0.2 x 10-4 for Synthetlc Complete

B Dllutlon factor 0. 2 X 10 for Synthetlc Complete
' .minus 1euc1ne o

* .Not 'de‘te.rmin.ed oo . RS .

109
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- 50% of'the totalvcells are capable of formlng colonies in
‘the presence of canavanlne when the plates contain leuc1ne:

'Vlrtually all .the canavanlhe re51stant colonies which appear

result from loss of TLC-1 and become leucine requ1r1ng

(Table 20) ', G

Recombinational.Instability of Plasmid'TLC—1

When strains Wthh are chromdfo;ally le u2.can1 and
‘whlch carry TLC-1 are plated on mdgdium conta1n1ng canayanlne
but lacklng leucine, the number of \%ells that arg capable ot“
- growth is reduced compared to 51m11ar~etra1ns acking the
_plasmid. When MSW28 10C or GRF18 cells transf rmed with TLC-
1 are grown in l1qu1d %; leucire medlum only abont,f’;nﬁ
1,000 ce¥ls in the culture are‘capable of growth.on medium

-~

~ containing canavaninelbut lacking leucine. This establishes
that TLC~ b confers canavanlne sen51t1v1ty to canavanlne
~resistant cells wh1ch carry it, as would be expected(from
the domlnance of the sen51tnv1ty over the res1stance (Tableg

21)., However it 1§\Qecessary to force the malntenance of

TLC-1 by selectlng for the LEUZ marker.

AN

Although atrains carrying plasmidvTLC;l are canhavanine
sensitive when grown under condltlons that requ;re
ma1ntenance of the plasmid, the frequency at whldh
canavanine re51stant, l;hcine 1ndependent cells ar1se is
‘ high about l in 1,000, The process by which these cells

arise requ1res the w1ld type - RADSZ gene When cultures of
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TABLE 20

Viability. of cells of RAD‘ c1r strain MSWZB IOC[TLC 1] in
the presence of canavanxne and thé presence of leuc1ne

Number of Coloﬁies ’ | %¥Cells
Culture SC! ‘ SC-leu’ S§+can‘ ' LEU2 canl
. \). B ‘ * ) . . ' ) ~ . N v
1 561 413 o291 L 74 51.
o 563 o418 281 . X
2 . 576 361 282 67 50
. 557 403 279 ‘ |
3 - 662 423 265 68 aa
- 591 - 428 282
4 540 - *378 281 66 - 49
. 590 368 . 269 .
5 667 - .390° . 278 62 42
896 . - 399 . 259 p

' Dilution factor 0.2 x 10-* for all three media:
Synthetic Complete ‘ SN
- Synthetic' Complete minus leucine
Synthetic Complete plus canavanine - *

T
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TABLE 2i_f,

Viability of RAD’lcit’ étrains céntaining TLC-1 in the'
- presence of caflavanine and the -absence
- ' : 4 ST,

{

“of leucine

oL

Strain  Culture

..\' "N

SC

uﬁbér.bf,éoionigé o

-leu' 'SC-leu+can?

1 Efeéuéﬁcy of

LEU2 cani

MSW28-10C _
[TLC-1] 1

GRF 18 :
[TLC—1] 1

o

™

189 53

226 T 87

241 /47 350
206 _ v 322
228 2397
258" 240

216 675
230 779 .

188 138
211 180

346 272
- 297

400 . 318

427 . - 420

1397 . 1577

= ass2

403 . 346
_ 369 -

=

z X 10 C; B -

3.4

minus leucine

? Dilution factor 0.1 x 10-° for S
‘minus leucine plus canavanine

ynthetic éqmplété= 

' Dilution factor 0.1 x 10-* for Synthetic compléte




MSW152 1A [TLC 1] are grown for 48 hours in: lzquad SC—
leuc1ne med1um and plated on SC leuc1ne plates conta1n1ng
canavanlne, less than 1 in fOO 000 cells ‘are capable of

e

\
form1ng a colony (Tabléfzz)._,,

S L .
St

The reduced frequency of productlon of canavanlne
rre51stant leuclne 1ndependent cells segregates with the;
rad52-1 mutatlon. Stra;n MSW152 IA [TLC 1] was)crossed to
‘istraln MSW28-1OC to generate dlp101d D155 Wthh was then
sporulated Tetrads in whlch all” four . spores formed colonxes
that were unstably leuc;ne 1ndependent vere selected the
RAD52 spores produced cultures with’ h1gh frequenc1es of LEUZ
'can1 cells, the adsg Spores produced cultures w1th low o

. frequenc1es of canavan1ne re51stant leuc1ne 1ndependent

'Afcells (Table 23) Lo,

The formatlon of LEU2 can1 colonles 1s also reduced in
;stralns that" lack Scp1 Stralns GRE18 (c1r+) and TT6-2-1L |
f'(c1r ) carrylng @LC 1 were grown for 48 hours under -
condltlons requ1;1ng malntenance of TLC 1 and then spread on
.SC leuc1ne plates contalnlng canavanlne. Approxlmately 1 in
C1 000 cells of strazn GRF18 [TLC 1] were capable of growth
f‘on these plates (Table 21) less than 2 in. 100 ooo cells of

YT6-2- 1L [TLC-1] could- grow (Table 24)

-«
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TABLE 22

V1ab111ty of cells of rad52 1 cir*

in .the. presence of canavanlne and

&

-

strain conta1n1ng TLC 1
the absence of leucine

\\
* -
_ o : - Ntmber of Colonies Frequency of
Strain Culture et o | ‘LEU2'canl.
o : SC-leu? SC~leu+can? . ~{x 10°%)
MSW28-10C L C
[TLC- il 1 140 15 . 8.8 ;.
-l 145 10 o
2 140 2" 1.8
" 14] 3
3 142 % 8 7.0
B 143 P12 6.6
e 144 7 ;
5 123 ¢ 6 6.6
, 118 10 X

N\

*Dilution factor 0.1 x 10" Tor Synthetlc complete
"minus leucine . ,

. .

e e el - el L]
o . )

- Ty s

3 Dllutlon factor 0.

1

PP

for Synthetlc complete mlnus
leucine plus canavanlne '

““““““
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o ;'Segfégatian*vf‘radsz—1 and low ffequency of LEU2 canl colony
formation in cross MSW152-1A[TLC-1] x MSW28-10C

. Lo Freguency of
.~ Spore ‘RADS52 , LEU2 canl

Cer 0

. ———— v - - v
< . . . . . . .

1A ‘ » - E 1.4
1B« ' >5000.0

| e - . . 0.6
\ | 1 + B 15.0

ea - - 3.0
2B T+ - 27040
2c - I N I

2D + . .. 180.0
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TABLE 24

116

Viability /of RAD* cir® strain COntaining TLC-1 in the
presence of'canavanine and the absence of leucine:
. .Number of Colonies F%equency of
Strain Culture |- o C LEU2 can!
. : | SC-leu’ SC-leu+can? (x 10%)
YT6-2-1L - |
[rLe-1]) 1 157 4 4.0
: 143 8
. 2 101 62 61.0
N 61
3 14 0 <3.3
16 .0
4) |\ 149 2 0.95
( 166 1

R Dilution f
minus le

2 Dilution .factor 0.2 for Synthet

teucine plus canavanine .

e

actor 0.2 x 10-° for‘Synthetic complete .

ucine

ic complete minus
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Characteristlcs of the Recomb;national Instability of
b

Plaspld TLC 1

The canavanine resistant, leuc1ne 1ndependeht colonies

that arise in the RAD52 strains contalning Scp1 (RAD+) cir+

-contain. a mitotically unstable LEUZ marker.'Although the

level of instability is high, the canavanine resistant,

e ) ‘ . : .
leucine independent derivatives of MSwW28-10C [TLC=1] are

‘more m1tot1callyestable for the LEU2 marker than the

orlginal MSW28-10C [TLC-1] transformant Single colonies of
MSW28—1O [TLC-1] and each of the five 1ndependent LEU2 can1

derivatives were purifled on-SC—leucine plates and were

inoculated into . 2.0 ml aliquots of liquidiYEPD..The cultures

were assayed for leueine requiring cells at two times; after

growth to saturation of the origlnal inoculum, and after
growth to saturatlon of a 1 to 10,000»d11ut10n'of.a
previoﬁs}y saturated culture At both times the culture of

™~
the cahavanine resistant derivatives contalned a higher

: proportion of leucine 1ndependent cells than did the

lcultures of MSW28—1OC [TLC-1)" (Table 25).

‘The LEU2 '-gﬁb.derivatives of MSW28-10C [TLC-1] do not

contain plasmid TLC-1 elthough the LEU2 mérker,is.still

found on a plaemid. Bulk DNA was isolated from MSW28-10C

JATLC-1] and from each of the five independent LEU2 can!?

derivatives. The unrestricted DNA was-analyzedﬂby'Southern

"blotting using nick'trenslated plasmid $36-1B as a probe,;

This probe is specific for unique sequences'at the yeast

- .



Mitotic stability of LEU2 magker in strain MSW28<10C[TLC-1]
and in LEU2 canl derivatives of.Strain;MSW28-10C[TLC~1]‘_VL

v

" TABLE 25

118

<

GROWTH TO SATURATION

Original Inoculum

"Diluted‘Saturated
' Culture

Number of

: Number of

v

56

Strain Colonies : " | Colonies T
C LEU2 leu2 #LEU2 | LEU2 leu2 | %LEU2
MSW28-10C[TLC-1} 983 874 | 47 25 . 98 20
LEU2 canl #28-1 744 177 81 122° 54 69
LEU2 canl #28-2 814 129 | . g€ 127 54 70
LEU2 canl #28-3 805 - 106 | 88- | 147 38 79
| LBU2 cant #28-4 691 65 | o1 | 152 38 80

LEU2 canl #28~5\‘386-' 23 | o4 154" 73




LEU2 locus, it hybrldlzed to both hlgh molecular welght

. Chromosomal DNA and low molecular WEIth plasm1d DNA in all

S1x/

strains, However, thegplasmld with homology to plasmld
-p36—1' in strain MSW28-1OC [TLC 1] was larger than the_“j |
‘Plasmjd in the LEUZ can1 derzvat1ves.-All f1ve 1ndependent -
‘LEU2 can1 der1vat1ves carrled a 51m1lar LEUZ plasm1d (F1guré;‘“”

A

11B). The LEUZ can1 der1vat1ves of MSW28-10C [TLC 1] do not

©

contain sequen

S. homologous to plasmld pBR322 50uthern o
analysjs Using nick translated.pBR322 as a probe was done-on
the unrestrlcted DNA of MSWZS-TQC [TLC~1] and Ehe fwve“LEUQ““,f e e
canl der1vat1ves. Only the DNA from Msw28-1oc [TLC 1] |

contalned homology to’ the probe (Figure 11A)

4There'were no- blologlcally detectable plasmlds
contalnlng pBR3\2 in the LEUZ can1 derlvatlves. The bulk DNA .
from MSW28—1OC [TLC- 1] and the f1ve LEU2 can1 derlvatlves
were used to transform E.. coli straln JF1754 to amp1c1111n ~
re51stance Greater than 300 amp1c1llln res1stant
transformants were obta1ned per microgram ‘of DNA. from MSWZB—
10C [TLC—1] and 50 out of 50 transformants tested were also
leucine 1ndep§ndent No -ampR leuB transformants uere

obtained from the LEU2 can] derivatives (Table 26).

”~



U Ridure 11

.Single Southefn blot of unrestricted DNA

samples.probed.fi:stAWith“hick,translaged

PBR322  (A), and then with nick translated .
samples were from MSW2B-

- -P36-1B- (B). The DNA ' re
-10C (lane 7), 'MSW28-10GITLC-1] (lane. i) and
gh 5 of the canl LEU2 derivatives :of

1 throu . _ ,
-10C¢ITLC~1). (lanes 2-6). o

~ * MSW28
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LA\

1 LEU2 cant

" “Transformation of E.

e,  TABLE 26

122

col1 with DNA 1solated from RAD‘ yeast““,

a2 . stralns

-

»

@
P L : ""'J -

- N RS
et w o~

e e
L. .. -

1

- Source of DNA

‘Micrograms,

. DNA ..

~Number of Transformants f

" Amp R' LeuB"'

g“Mswzazloc[TLc—1]

can1 #28-1

. LEU2 f "#28:27'
fLEUZ'éann,

 LEU2

10
[s]
o}

-
I
TR
o o]
(8]

-, 50/50

\

Ampicillin resistant
RN . ' \— . B i
Number-:of :LeuB .colonies out.of number tested. -- ..

-
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m1tot1cally unstable LEU2- markers. vae 1ndependent LEU2

[TLC-1].

-Effect of rad52-1 on Recombination Instability o{‘TLij

-~

oo

N

The canavanlne re51stant leuc1ne 1ndependent colonles

, that arlse 1n the rad52-1 cir+ background conta1n

'can1 der1vat1ves of MSW152~1A [TLC 1] were isolated. These;

flve derlvatlves fell 1nto two classes on the ba51s of the

behav1our of the plasmlds they carrled der;vatlves 1, 3 and

123

.5 behaved srmllarly to straln MSW152—1A [TLC-1] der1vat1ves

2 and 4 behaved 11ke the LEUZ canl derivatives of MSwW28-10C

- et VB

The m1tot1c stablllty of the LEUZ marker in derivatives
J( 3 and 5 was 51m11ar to the mitotic stability of TLC 1-in
MSW152-1A derlvatlves 2 and 4 had a'more stable LEU2
marker. Slngle colonles from SC- leucine. plates were

1noculated 1nto 2 0 ml. aliquots of lquIG YEPD -and grown at-

“30 c for 24 hours.vSultable dllutlons were. spread on YEPD

'[Aplates, then replica plated to: SC leuc1ne medium to estlmate

L

Tthe proportlon of.. cells 1n each culture that had lost the

'{ LEU2 marker. Straln MSW152 1A {TLC 1] and derlvatzves 12 31

dand 5 had about 40% of the cells Stlll carrylng the LEU2

marker Whlle derlvatlvqs 2 and ¢4 had approx1mately 60% of
the cells still LBU2 (Table 27). . B

Straln MSW152~1A [TLC-1] and der1vat1ves 1,3 and 5’7
contaln physacally detectable PBR322 sequences, derlvatlves

2 and 4 do not"Bulk DNA' was 1solated from MSW152 1A [TLC-1)
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e

lrABLE 27 i o

- = : ; S L - - ; . E )
© Mitotic stability of LEU2 marker in strain MSW152-1A[TLC-T] -
"~ and in LEU2 cantderivatives ‘of strain MSW152-1A[TLC~1}

[ T

o - Number of Colonies
,Strain . , : ALEU2
P _ ygggg . : }eu2 '
MSW152~ 1A{TLC- 1) A" 94 168 35 .«
LEU2 canl #152-1 a12 IREZ T PR
LEU2 cani #152-2 143 107 57
LEU2 canl #152-3 172 . 243 - .| a7 g
LEU2 canl #152-4 168 106 | 62 |
LEU2 cani #152-5 . 106 159 | 40
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and the f1ve LEUZ2 canl derlvatlves, fractlonated on-a 1%
agarose gel, .and blotted to a nltrocellulose falter This
fllter was hybridized with n1ck translated PBR322. Only
derivatives 1; 3 and 5, together with MSW152-1a [TLC-1],

contalned detectable homology to pBR322 (Figure 12A).

When the filter is hybrldized with nick translated p36-‘
1B, homology is found in all five der1vat1ves as well as in
strain .MSW152-1A[TLC- 1] The LEU2 plasmid in derivatives 2
”and 4 is smaller than the LEU2 plasmid found in MSW152—

_1A[TLC—1] and derivatives 1, 3 and 5 (Figure 12B).

Strain MSW152-1A[TLC-1] and der1vat1ves 1, 3 and 5 i
.carty blologlcally-detedtéble plasmlds contalntng pBﬁ322
derlvatlves 2 and 4 do not. Bulk DNA from MSW152+v1A [TLC—1]
and the five LEUZ canil der1vat1ves was used to transform E
‘COll straln JF1754 to amp1c1llln re51stance Amp1c1111n

re51stant E c011 colonles that were also leuB* were

obtained from DNA 1solated from strain MSW15E 1A [TLC—1] and

»

) derlvatlves 1, 3 and 5 but no’ amp1c1111n resistant colonles

‘were.. obtalned from the DNA of derlvatlves %}and 4 (Table
28). |

The ampR leu* E. coll transformants obtained from the
DNA from MSW152-1A [TLC-1] and the LEUZ canl der1vat1ves 1,
3 and 5 contalned plasmids - 1dent1cal in size to TLC-1. A
single ampR leu transformant of JF1754 obtalned from each

yeast DNA preparatlon °was analyzed by rapid plasmld DNA



Figure 12,

- ) . ) . : .
Southern blot of unrestricted DNA sam

ples -
probed first with nick- translated ‘

PBR322 (A) and then with nick-translated
p36-1B (B).

The DNA samples. were from MSw28-
10C[TEC-1] (lan
(lane 2) and 1.through 5 of the cani LEU2
derivatives of

MSW152-1A[TLC-1] Tlanes 3-7).

es 1 and 8), MSW152-1A[TLC-1]

-
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1solat10n. The amplc1111n re51stant leuc1ne 1ndependent
transfdtmants from the DNA of MSW152-1A [Toc-1] and. the'/
transformants from the DNA of derivatives 1, 3 and 5.all
contalned plasmlds that co-migrated on 1% agarose gels with

pur1f1ed TLC- -1 DNA,

Effect of Scpl on ?epb@hinatjonaliInstability of TLC-1,

The LEU2 canl! derivatives of RAD+ cir® strain ¥YT6-2-1L

[TLC—1] do not contaln m1tot1cally unstable LEU2 markers.

Three 1ndependent LEU2 can1 derlvatlves of YT6- 2-1L [TLC-1]

were purified on SC -leucine* plates and s1ngle colonles

inoculated 1nto 11qu1d YEPD. The cultures were grown for 24

’

hours at 30° cC, and sultable dilutibns»were'plated on YEPD
\.

.plates, After 2 days growth ‘at 30°C the colonles were

‘."-;gv, o a )

replica plated to sC- leuc1ne plates Less than 0. 5% of the

"cells in these cultures were leuc1ne requiring; the LEUZ

canl colonies that appeared in the cir® strain contained a

mitotically stable LEU2 marﬁer (Table 29).

- The data presentedJso far establish that the productlon
of LEUZ can1 cells at a high frequency in cultures of leuz
can 1 yeast stralns carrying plasmid TLC-1 involves the

formation of a LEU2 plasmid which lacks detectable homology1

to PBR322 and.is Smaller than‘TLC—1 They also show that the

,{prmation of this new LEUZ plasmld 1nvolves the wlld type

1t~

Haiiele of the RAD52—1 gene, and also requ1res the, endogenous

yeast plasmld Scp1 ; ;ng wd"‘
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|  TABLE 29
Mitotié'stgbilityyéf LEU2'markerﬂin'9ttEih YT64241L[TLC-1]‘A -M,
- and in LEU2 canl derivatives of strain YT6-2-1L[TLC-1] . - =)
) '\M _
: Number of Colonies |
Strain. . : $¥LEU2
LEU2 leu2 T
YT6-2-1L[TLC-1] 0 280 0.0
LEU2 canl #T6-1 311 0 100.0
‘LEU2 anl #T6-2 . 361 1| >99.7"
LEU2 cani- #T6-3 330 1 - >99.7 \

s et RO
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’”A model which accommodates these obsétvatlons is that
recomb1nat1on ‘between Scpil and TLC 1 separates the LEU2
reglon of TLC-1 from the pBR322 CAN1 segment. The LEU2
reglon of TLC—1 is- flanked by sequenoes trom Scp1':f7:“”5?'”5“
‘rrecowbanatlgn bet%eén_TLCrl and. SGP1 “at” these Degiémslo€“j~i?f?::“{?
'homology can generate a new plasmid by exchanglng the PstI '

fragment of TLC-1 conta1n1ng the LEU2 reglon Thls plasmid

s

con51s€§‘bf Scp1 wlth the LEU2 fragment 1n5erted at the ’5'”

site. ThlS LEU2 Scp1 plasmld will be malntalned in cells

grown on 8C-leucine + canavanine plates, plasmlds carry1ng

~

»CANT w1ll be lost ‘ ) ' o T

-

2 Ceh

Th1s model pred1cts ‘that the LEUZ plasmld found in th

“.the -sum of Scp! ‘and the Pstl fragment of TLC—1 contalnlng
the LEU2 region. The DNA was.isolatedlirom MEW28-10¢ [TLC-1]
and the five canl LEU2 derivatives. This DNA was
fractionated, together withfpurlfied TLC-1 and a multimeric
series o% PBR322 molecules as molecular welght standards on- - .
a 1% agarose gel. The fractlonated DNA was blotted to
nitrocellulose, and the fllter was probed w1th nick ‘

translated p36-1B The plasmid in’ the can1 LEUZ der1vat1ves
migrated between the dimeric and trrmerlc forms’of pBR322

at an estlmated molecular welght of 10.7 kb. ThlS is in good
agreement with the expected size of a Scp1 LEUZ plasm1d

;Purlfled TLC-1 migrated between the trlmerlc and tetrameric

- -



~fofms of pBR322 ‘at an estimated molecular weight f 15.0° kb~ =

(Flgure 13) r.{.’ B R IR f;.~;-' e

Thls model. also predlcts that the LEU2 plasmld in the
canil. LEU2 der1vat1ves of MSW28 ]OC [TLC*1J conta1ns

'sequences from Scp!1 not found 1n TLC—1 A4probe spec1f1c for

PO - S .' a

. '..sequences- ef :Sepi nOt“fOMﬂd°1n TLG—1 was genenated by e
pur1f1y1ng the .3 kb HindIlI’ fragment of pTMZ by

preparatlve gel electrophores1s. This fragment encompasses
"”coordlnates 1017 to 2331 ‘of ‘the & £orm of 8cp1'lHartley and .

Donelson 1980) TLC-1 conta;ns sequences from coordlnates 0

]

"to €39 and 2407 to 3714 ' ; e T e

TR2e L g e . s - PR
IR AN . T

The &b:an.1 L'EU‘2' derivatives. c;f?'i;iswﬁzs-'.uio: [TLC- 1 mc.:ont-:‘ain"‘"‘f"‘: R
louhmoleoular we1ght DNA spec1es, not found in MSW28-1OC “
[TLC%?j;‘thar have. homology to the Scp1 probe The probe for
specific sequences of Scpl not found in TLC-1-was hybr1d1zed’
%o fractlonated unrestrlcted DNA from MSW28=10 [TLC-1] and’
the “five can1 LEUZ derlvabﬂves ‘All f1ve can1 LEU2 ~ -

derlvatlves contalned 1dent1ca1 low molecular welght

B

species, not foungd in MsSw28-1pC [TLC—1], that hybridized to
.the prober In additionv“Mswiéfloc“{TLC—1]'and canl LEUZ :
derivatives 1 and 2 contained low molecular welght DNA
‘species in common ; these presumably represent dlfterent

forms of the endogenous yeast plasmld Scp1 (Flgure 14A)

The cani LEUZ derivatives of MSW28-10C¢{TLC—1] %arry

'olasmidsethat contain both Scpl sequences not found in TLC-1

y -



. Figure: 13, Southern blot of unrestricted DNA samples :
" -y ° . probed with nick,ttanslateﬁ-p3ﬁf131'The:DNA- “
"samples were a multimeric éeries,bfjpBR322jj
g ~. . ..{lane 1), bulk DNA from MSW28-10C[TLC-1] - -
AR (lahie 2) -and d-through § of the cani LEU2 o
derivatfvés-bf'MSW28w10C{TL€ﬁl]*(ianesanﬂlnﬁm
- and TLC-1 (lane 8). The sizes in kilobases
. of the various forms of pBR322 are ,
indicated. pLEU2 represents the novel LEU2
. plasmid found in cant LEU2 derivatives of
- = 'MSW28-10C[TLC=1]. ,

. R e e -
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Figure 14 Southern blot of unrestricted DNA samples
- ‘probed first with a nick translated probe .
containing nucleotides 1017 to. 233f of the A
form of Scpl «(A),"and then reprobed, after
the original signal had decayed, with nick
translated p36-1B (B).The DNA samples were
‘bulk DNA-from MSW28~10C[TLC-1] (lane 1) and
! through § of the canl LEU2 derivatives of .
MSW28-10C[TLC-1] (lanes. 2-6). The DNA - .
species corresponding t6 a, b and ¢ are ‘
various forms (supercoiled, linear and open
circular) of Scpl and pLEU2 respectively, =
- Supercoiled pLEU2 and linear Scp! run to the
same position.” - : : -

. . o
& - oW, - ‘
” .
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and sequences from the bEU2-regﬁon ‘A 51n§le n1trocellulose
filter containing fractionated "DNA “from MSW28—10C [TLC—1]
and the five canl LEU2 derlvatlves was probed tw1ce° first
w1th the probe spec1f1c for Scp1 sequences not found in TLC—
» and then with the LEU2 PBR322 probe p36-1B The low:
molecular wéﬁght DNA species with homology to the Scpl probe
that were found only in the canl LEU2 derlvatlves also
hybrldlzed the LEU2 probe The low molecular welght spec1es‘
ith homology to the Scp1 probe that were found in MSwW28- }OC
[(TLC-1] and canl LEU2 derivatives' 1 and 2 did not hybridize

¢

the LEU2 probe (Flgure 14 A&B),..



DISCUSSION

MltOth recomblnatlon in S. cerev151ae has cla551cally
been studied by investigating exchanges between hetervzygous
reg1ons‘of homologous chromosomes: 1n dlplold cells Howéver,
recomblnatlon 1s not co%flned to diploids, and Can occur
between dupllcated seguences 1n haplold cells Mating type
sw1tch1ng (Klar et al. 1980, ‘Haber et al., 1980), and
1ntramolecular reciprocal recomblnation between the invertaidf/
repeats of Scpl (Broach et al., 1982) 8re exampies of such
. recombinational processes océurripg inhhaploid'cells.‘Potb
mating type switching and Scpt intrémolecular recomoination y
ozcur at high frequencies and are under the control of gene

' products specific for the particular recombination system.

Developments in feoombinant'DNA technologf havélallowed
for the isolation_of yeast genes, and their propagation in E.
. goli (Struhl et al., 1976; Ratzkln and Carbon, 1977), and
for the relntroductlon of these genes into yeast cells
(Hinnen et al., 1978) Artificial Qduplications of yeast‘
chromosomal sequences have been cohstructed which allow the
detéction of generalized mitotic recombination‘iﬁlhaploid
cells (Schsrer.and Davis, 1980; Szostak and Wu, 1980:;
‘Jackson and Fink, 1981). Mitotic recombination in‘oiploids
can be monitored by the formation of prototrophic cells from
q&ploid strains carrying heterocalleles which confer ao'
auxotrophio-requiremsnt (Roman, 1956; Roman and Jacob,

1958) ; analogous systems hsve been developed for detecting

138 |



139

<
recomblﬁatlon in hap101d tells (Scherer and Davis, 1980;.
Jackson and ank 1981) Mitotic recombination can also be
detected in d1plo1d cells heterozygous for a recessive
allele for drug re51stance or colony colour by observing
cells expressing the mutant trait (Roman, 1956). The present
work extends thlS latter approach to the investigation of
m1tot1c recombination 1n hap101d cells MltOth
recomblnatlon is deteoted by the uncovering of the recessive
resistance to the arglnlne apalogue canavanine in haplold
.stralns thab\carry both a mutant and. wlld type copy of the
CANT gene. This system has’ been used to detect recomblnatlon
occurrlng between repeated sequences in the yeast
chromosome, and between repeated sequences occurring on

N

autonomously replicating plasmids. - e
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- RECOMBINATION BETWEEN .CHROMOSOMAL REPEATS .

The development of atsystem that would allow genetic
detectlon of recomblnatlon between dupllcated sequences on
the chromos/mes of hap101d yeast celils 1nvolved the

constructlon of a hap101d strain of S. cerevisiae W1th‘both. - S

a chromosomal wild type and a- chromosomal mutant allele of
the CAN1 gene. Thls manlpulatlon requlred the :nsertlon of
an in vitro generated mutant canl sequence into a straln
w1th a wild type CAN1 locus. Plasmld p47 3 was made by
deleting from plasmid TLC-1. both the Scp1 orlg1n of
teplication and a 1.2 kb sequence from w1th1n the 4.5 kb
'BamHI fragment conta1n1ng the CAN1 _gene. Removal of the 1 2
kb HindIII fragment 1nact1vates the CAN1 genﬁ, so a lggg
cani strain (GRF18) remains canavanine resistant when
transformed to leuc1ne 1ndependence with p47-3. The removal
of the Scp1 origin of repllcatlon reduces the transformatlon
eff1c1ency of the plasmid, Three orders og/magnltude more
LEU2 transformants per’ m1crograh DNA are generated by TLC—1

e 4

than are generated by p47-3:. - - ¥

. ‘ ,u.-; %E ngi

Because the removal of . the

prevents autonomous repllcatlon opr47§% 1n yeast the fT
.formatlon of LEUZ transformants requ1res that p47-3‘&
integrate‘into-a piece of DNa capaﬁlé of replication.
Transformatlon of a leu2 stra1n with p47- 3 generates, in

addition to true LEU2 transformants, a large number-of tiny

. leucine 1ndependent" coloniés that are leu2 when
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restreaked These colonles are probably the result of ceIls
c . KX ,5 .

%that obtalned one or more copxes of p47 3 durlng 7“;, ffa
;_transformatlon and were able to undergo enough cell
1 d1v151ons 1n the absence of'leuc1ne to form a small colony,"
but" whlch falled to 1ntegrate p47 3 1nto DNA sequencesjv
3,capable of repl1cat1on. Therefore, these colonles d1d not ' ;Q;ﬁ

.2

ifbecome stably LEU2 "

“ .

N -

Structure of'Transformants Containing pxirg -

Plasmld p47 3 was- used ‘to transform stgaln MSWS 21A

-(which was CAN1 and conta1ned two point mutatlons in the

_m'LEU2 gene) -to. 1euc1ne 1ndependence. Flve 1ndependent

btransformants had the LEUZ marker of plasmld ‘p47-3
1ntegrated at flve dlfferent locat1ons. Fouirof the LEUZ
transformants had m1tot1c and me1ot1c-segregatlon patterns
.characterlstlc of a chromosomal locatlon of the LEU2 marker;
»the marker was‘;ery stably ma1nta1ned through m1tos1s, and
generally segregated as a s1ngle Mendellan gene durzng
me1051s. One transformant’Was mltotlcally unstable for, the .
.FLEUZ phenotype, and Jts LEUZ marker segregated as a- !
;dcytoplasm1c element durlng me1051s. fh?% transformant
iresulted frOm p47 3 1ntegrat1ng 1nto a copy of the

v’endogenous yeast plasmld Secpt.

‘.- - .o : . . N

Integratlon of Scp1 1nto p47 3 occurred by a sungle

crossover between the two molecules w1th1n an i entbcal 245
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sequences 1ncapable of autonomous repllcatlon must come - 1n

a contact w1th the endogenous yeast plasmld durlng the

transformatlon process, and rec1p recomblnatlon can -

'occur between reglons of Scp1 that are not part of™

-~
1nverted repeate It is llkely~that thls recomb1nat10n event ‘

is 1ndependent of the spec1allzed Scp1 recomb1natlon system
because recomblnatlon medlated by the FBP gene 1s restrlcted e
to a spec1f1c reglon of the 1nverted repeat sequence (Broach

et al., 1982). The observatlon that- p47 3 and Scpl.can s
recomblne suggests that generallzed rec1procal recombination

can occur between DNA molecules that contaln as llttle as

"245 base pa1rs of homology

1
1

One out of five transformants had p47 3 1ntegrated into
Scp1 ever though the fragment of- p47 3. w1th homology to
;Scp1 was con51derably smaller than the reglons of p47 3 w1th e
ihomology to chromosomal sequences. Thls 1s probably a
conSequence of" the copy number Sf the yeast plasmld which .
is. found at about 50 molecules per cell (Clarke Walker and \y";
fM1klos, 1974' Gerbaud and Guerlneau, 1980) Therefore,
: although there are exten51ve chromosomal sequences thh
«homology to p47 -3, there are a large number of coples of the‘
small Scp1 sequence with: p47 3 homologyp and 1ntegrat10n
: 1nto both the yeast chromosome and 1nto Scp1 can be |

PN

detected : , j

One of. the four chromosomal transformants had p47 3 e

1ntegrated at the CANT lOCUS. Thls locatlon was establ1shed

- ’ .o . . g"
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by me1ot1c mapp1ng studles whlch showed that the LEU2 marker :

P

of p47 3 was tlghtly llnked to the CAN1 lgcus, and,by :
’ Southern analy51s that showed the 1ntegrat1on of p47 3 had
| dlsrupted the normal- pattern of ggggl cleavage 51tes within
the CAN1 reglon The other three chromosomal transformants
- had 1ntegrated p47-3 at three other locatlons. Melotlc ‘
—— &
‘ maEETﬁg\wasmused to show ‘that these three transformantslhad
the’ LEUZ marker of p47 3. 1n5erted/at s:tes unllnked to
elther the normal ng_ IOCUS or t;?the CAN1 1ocus.-In -
add1t1on ,. mapping studles showed that the threL LEUZ .

transformants contalned the LEU2 marker at

\

three separate
51t§F unllnked to one another - \
Other workers have detected chromosomal 1ntegrat1on of
plasmlds carry1ng the LEU2 reglon 1solated from SZBBC ‘
lderlved yeast stralns at locatlons distinct from the.LEIZ‘
10cUs, (Hicks -et al;, 1978 "Hinnen et al., 1qéa)Q'Tﬁefg§;g

-

'reglon contains Sequences that are repeated at many

locatlons in the yeast genome The LEU2 reglon from 5288C
and 1ts der1vat1ves contalns a. yeast: transposable element :
Ty 17 and 1ts ‘associated delta elements, and an RNA gene‘
that i repeated at other chromosomal locat1ons (Dobson et

al., 1981), Integratlon of p47-3 at 51tes unllnked to- e1ther

-CAN1 or LEUZ 15 presumably the result of cr0551ng over //2;

-between a repeated sequence found on p47 3 -and ‘a . s1m11ar

w»

_ sequence 1n the yeast. genome (Hicks et al., 1978)

fwo of the‘three'chrOmosomal integrantS'of p47-3 that



.1'44';

©

‘had presumably recomblned at a repeated sequence were:
“meiotically Unstable When crossed to straln Y0555 19A one
'.exhlblted aberrant segregat1on af the LEUZ marker of p47 3

in 2 of 10 complete tetrads analyzed the bther exh1bated

t :
aberrant segregaglon in 2 of 14 cogp te tetrads The v.
transformant wlth p47 3 1ntegrated thef 5 locus, and *“ff

one of the tfansformants W1th . p47-3- 1ntegrated at a repeated
'sequence were more stable, 51nce no aberrant LEUZ
'segregatlons were detected in 43 complete tetrads analyzed

It has been noted that transformants conta1n1ng chromosomal
'dupllcatlons of the ggg_ reglon are melotacally unstable
(Kleln and Petes, 1981); the d1ffer1ng melotlc stabllltles«‘
- of the p47 3 transformants ‘may reflect dlfferences in the
chromOSOmal StrUCture of the varlous 1nte?rants However,'no”
‘szgn1f1cant dlfferences in the m1tot1c stab111t1es of the
LEUZ marl;; 5. were noted - . .

\" N
S {:. o ‘//'/ T .
Mitothic Instability of'Transformants ‘ Lo s
. \' ! ‘ e - ‘ [ N ’ ’ \' ’ "...

The transfotmant that~conta1ned p47 3 1ntegrated at the-

b .

-P‘CANl locus was m1tot1cally unstable for the CAN1 and LEUZ

phenotxpes‘ The untransformed straln MSWS 21A segregated
.can1 derlvat1ves at a freQUency of about 5.5x10-" can1 per
cell the derlvatlves of MSW5 21A carrylng p47 3 1ntegrated
A at the CAN] locus segregated cani cells at a frequenéy of
‘about 2, 2x10” £n1xper cell About 4% of the cant

[deriVatives‘of MSW5-21A with p47-3_1ntegrated‘at_the_C§N1

(
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locus were also leu2 . Transformants contalnlpg plasm1d p47-3
R

¢ 1htegrated at sltes unllnked to CAN1 vere mgfe gtable, and
\\ld not generate can1 cells at frequencies 819“ ficantly

d1fferent from the untransformed straln

g Thefinstability of the CAN1 locus Of‘MSWS”zlA

contalnlng 'p47-3 is .chiefly ‘due to mltOtlc tgafgangements
= most of whlch requ1re the RADS52 gene product Tbese will be

dlscussed below Southern analyses were pertarmgd on 22

v
1ndependent canavanlne re51stant derlvatlve& anNg 11

1ndependent leuc;ne requ1r1ng derlvatlves obgeihed 1n a ‘
RADSZ background, all but one of the canavanlne re51stant

’

derlvatlves and all of the leuc1ne reQUIflhd dtrlvatlves,’\
-had undergone structuralﬁrgarrangements at the QAN1 10cus.

\ Structural changeg were less common in Straln% \ontalnlng
the rad52—1 allele as only-1 of. 9 1ndependent1y 1501ated

. canavanlne reslstant der1vat1ves obtalned 1n ‘a %ad52 1

N
background had undergone m1tot1c rearrangemsnt,

Mutation’
‘ - L] o ‘&‘ ,
One of the 22 can1 derlvatlvés of MSWS 21» contalnlng
- p47 3 1ntegrated at the CAN1 locus dig not convaan a .
structural rearrangement _and apparently arosﬁ knrough a

point mutatlon in the CAN1 gene. The frequency Qf mutatlon

was 1/22 x 2. 2x10", or. 1x10" canl mutat;ons pr cell. ThlS
15 sam1lar to the frequen Qf mutatlon of thﬁ W;ld type

CAN] gene 1n RAD52 cells. Thls result conflrma Qpat haplold

S
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stralns carrylng the dupllcated CAN1 locus are heterozygous

~

for the functional’ CAN1 allele; if both CAN1 sequences

_encoded a functlonal Permeasg, the formatlon of canl- mutants

would occur at a con51derably lower freqhency

Point mutants of the functlonal CAN1 gene occurred 1& 8

“of the 9 can1 d%r1vat1ves of the rad52-1 straln conta1n1ng

.p47 3 1ntegrated at Ehe CAN1 gene The frequency of

formatlon of cant. cells in rad52-1 stralnsocontalnlng the

‘CAN1 dupllcatlons is -the same as for RADS?2 stralns so the .

mutatlonal‘ eéquency is 8/9 X 2.2x10°%, or about;2xJ0“.can1
per cell Thls is a 20 fold enhancement over the mutational
frequency in RAD52 cells containing the CAN1 dupllcatlon.

Other researchers have noted that the rad52—1 allele

1ncreases the spontaneous mutatlon frequency at a varzety of

loc1 (yon Borstel et al., 1971%‘Prakash et al., 1980).

Structural Rearrangements

¢

“The remaining derlvatlves obtalned 1n the RAD52

v

background contaln structural rearrangements that fall 1nto

two classes: 1ntrachromosomal gene conver51on and events

.that resolve a duplication by remov1ng one copy of the

dlrect repeat and 1nterven1ng DNA between the two repeats.

’

. RN
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Gene Tonversion

14

Four 1ntrathromosomal gene conver51ons were - detected 1n.
21 1ndependent cani LEUZ der1vat1ves of straln MSWS 21A/p4g7-
3 #1. These events had replaced the functional gﬁ;l sequénce
w1th1n the 5 kb EcoRI fragment with the non-functional copy
of the CAN1 sequence on the 14 kb EcoRI fragment The copy
‘on the 14 kb fragment has an 1nternal deletlon of 1.2 kb,
therefore the mitotic convefsion'evemt replaces the wild
type CAN1 gene'with‘a mutant allele_containing a deletion of
the CAN1.information Prey1ously, conver51on of deletions in

§. cerev151ae has been detected genetlcally durlng me1051s.

(Fink and Styles, 1974; Lawrence ‘et al., 1975; Fogel'et al};
1978, and physicall} during mitosis (Scherer'and Davis,
'1980).. In addltlon conver51on of large reglons of
'heterozy9051ty presumably occur durlng matlng type sw1tch1ng
1n_homotha111c (HO) and heterothalllc (ho) stralns (K&ar et
al., 1980 Haber and Rogers, 1982) The melotlc studies |
suggest that convers1ons of deletlons may, in some aspects,
be 51milar to" conver51ons of: po1nt mhtatlons.,At least j

, durlng me1051s, large,xeglonsqof non homology do not appear

to s1gn1f1cantly perturb the convers1on process.

The formatlon of can1 LEU2 cells by conver51on of. the

wlld type sequence of- the dupllcated CAN1 locus to the

N\
deleted sequence is reduced in stra1ns that carry the ‘rad52-

d

1 mutat1on. Four of 22 can1 derlvatlves obtalned in’ a RAD52

: background were conversion events and so arose at an
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approx1mate frequency of 4/22 x 2. 2x10‘5 or 4x10-¢

conver51on events per cell. No conver51on events were

detected in 9 canl derlvatlves obtalned from a strain

_ conta1n1ng both the . CAN1 dupllcatlon and the rad52—1 allele. f“&.
The frequency ogjconver51on events in these strains is’ less

than 1/9xx 2.2x10”! or~2.5310" conver51on events per cell.
Although the reduction is not-large it is 51gn1f1cant that'

no. conver51ons vere detected in the rad52-1-strain. Simj arf
iuresults have been obtalned for intrachromosomal convers;ons
between dupllcated HIS4 gene sequences in the presence of "
“the rad52-1 mutation (Jackson and” Flnk 1981).

A

. Resolution of Nonecontiguous'Dfrect Repeats

Seventeen of 21 .cant LEUZ derlvatlves and‘11 of 11 CAN1

.

‘.leu2 derivatives of strain MSWS 21A/p47 3#1 arose throhgh
resolutlon of non- contlguous direct repeats These repeats'

can be dlagrammatlcaliy represented as 12-X-12, where 12
represents the dupllcated sequence, and X represents ‘unique
sequence between the dupllcated elements Resolutlon of the
dupllcatlon results in the loss of one - copy of the 12
1n£ormatgpn along wlth the x.lnformatlon, and leaves a
single copyfdf.the 12 -sequence. 4 S e

Previous studies in~§. cerevisiae have attributed-the

resolutlon of such structures 'to rec1procal recombination.

ThlS recomblnatlon can occur either within- the same DNA
-duplex to generate a circular excision product, or between

1
.-



rSlster chromatlds to delete the sequence from one chromatld
'and insert it 1n the other (Szostak and Wu, 1980; Zamb and
Petes, 1981' Jackson and Fink, 19§l) However, alternatlve

processes can alsowresolve t]ﬁduplincatmns The 12- x 12

- structure can be cons1dered as 12 w1th an 1nsert10n of 2-X-1

_:éu.
12 as the. template
i g .

¢:wlll resolve the dUpllcatlon Yo the;ﬂ%&squggce. Non_

between 1 and 2; gene conver51on uslné

‘recomb1nat1onal proceSses such &s repllcdrlqnal errors
:& §/
involving slippage of tﬁ%’template or repllcatlng strand

could also result in deletlon of the 2-x-1° sequence

(Streisinger et al., 1966; Farabaugh et al., 1978)., = RSN

o

A number of non- contlguous dlrect dupllcat1ons were
formed by 1ntegratlon of p47- 3 at the CAN1 locus of MSW5-~-'
21A and events which resolved each structure were detected

L ]

These events generate either CAN1 leu2, .cani LEUZ or

jointly can1 leu2 derlvat1ves of the orglnally CAN1 LEUZ
strain (see Figure 8). Two separate events can lead to the
.forhation of CAN1 leu2 derlvatlves- one involves a
dupllcatlon sequence of about 2.75 kb separated by
approx1mately 7 .5 kb (b1/b2) the other 1nvolves a
dupllcated sequence’ . of about O 15 kb also separated by about
7.5 kb (a2/a3). Six of ten CAN1 leu2 derlvatlves arose by
resolutionégf the b]/b2 dupllcat1on; four, arose by
resolutionyof the a2/a3 duplication The duplicated sequence
‘involved ‘in the b1/b2 resolutlon is about 15 tlmes larger

than the dupl1cated sequence 1nvolved in the a2/a3

149

3; .
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resolution, and the two duplicated sequences are separated
. by almost the same region of unigque DNA, yet the freduencies
ofrthe two events are similar. This establishes that the

frequency of resolut;on of these dugllcatlons is not_

proportlonal to thdlszze of the dupllcated sequence,

./ »

. Reciprocal and Non-reciprocal Recombination

It s possible.toﬂestimate the contribution of both
reciprocal (resolution of direct repeats) and .non-reciprocal
(gene conversion)_recombination in the formation of
rearranoements at the duplicated gégi locus in strain MSW5-
21A/p47-3 #1. The 1.2 kb deletion divides the CAN1 sequence-
into three regions, the 0.325 kb ¢ regions ané 2.75 kb b
regions.fqggo in both the.wlld type CAN1 and deleteo-gagi
' sequences, and. the 1.2kb region found only in the wrld type

"CANT gen (see Figure 8). Rearrangements that involve

reciprocal™>gecombination, with or without an associated gene

conversion“ generate either canl leu2 cells due to an event

1nvolv1ng the c1/c2 dupllcatlon, or CAN1 leu2 cells due ta
an event 1nvolv1ng the b1/b2 dupllcat1on Gene conver51ons.
of the wild type CAN1 sequence to the deleted can1 sequence,
w1thout an associated ¢ross-over, form LEU2 canl cells. The
approximate frequency of gene conversions from the wild type
'.to the mutant CAN1 allele was 4x10-¢ conversions per cell.
Thlrteen of 292 canl cells analyzed were also leu2, so the

~ O

frequency of évents 1nvolvrng the c1/g2 duplication was
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T3/292 X 2.2 X 10" ¢ or 1 X 10-¢ reciprocal events inQolving_
the c1/c2 dupllcatuon per cell. dhe eut of 11 leu2
der1vat1ves analyzed invol%eq the c1/c2 event, Qhereas 6
invglved the;b1ﬁb2 evént. “}he frequency of bi1/b2 reciprocal
recomblnatlon therefore was 6 tlmes that ofacJ/c2 reciprocal
:ecomblnatlon or approx1mately & X 10°¢ reciprocal events
1nm@&v1ng the b1/b2 duplication per cell. The dupliéated
sequence 1nvolved in the b1/b2 resolution is about. 8.5 tlmes:
larger than the sequence 1nvolved in the c1/c2 resolutlon
Therefore,-in this eituat;on the frequency of resolution of
non-contiguous direct repeats is about proportional to the

size of the duplicated sequence.

It appeérs that reclprocal and non- reciérocal events
are equally important in the formation of physical
rearranQEments at the dupllcated\CAN1 locus.'gf half the
conversion events. generate two functlonal CAN1 genes, and
therefore, are not detected as canl LEU2 cells, the total
conversion freguency would be 8x10°¢ conversions per cell.

“The total frequency of rec1procal events would be 7x10"

reciprocal events per cell, so the two frequenc1es are

Aearly equal.

Similar studies have been performed on artificially
coristructed dupllcatlons of the HIS4 gene which carry
different p01nt mutatlons, and on the naturally occurring
dupllcatlons_qf the)gatlng type reglon. In experiments with

dupliqatdﬂ hi§4 heterocalleles, 12% to 25% of the events
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which gererate HIS4 recombinants involve a rqgiprocal‘
“exchange (Jackson and Fink, 1981). In that study no attempt

was made to detect reciprocal events that were not
assoc1ated with the formation of QIS4 recomblnants In
heterothalllc (ho) yeast strains, aoout 20% of MAT aipha to
MAT a switches are associated with reciprodallretombination
(Strathern et al. 1979). Taken together these results
-suggest that spontaneous 1ntrachromosomal recomblnatlon
between, dqgslcated stquences in hapleoid S. cerev151ae
frequently involves rec1procal exchange. This is similar tog

intragenic recombination durlng meiosis (Fogel et al., 1978)

and mitosis (Esp051to and Wagstaff 1981).

Factors Affecting Recombination

Current models of genetic recombination postulate that
s . ' . A . o
the initial steps in the recomblnatnrn process involve the

formation of a cross-strand exchange between DNA duplexes

H

(Holliday, 1964; Meselson and Radding, 1975), and suggest
that the associated reciprocal exchange is a'consequence'of
an isomerization between the exchanged and unexchanged

: o : . . ‘
strands" If such models are correct, factors which influence

L

.the isomerization process w1ll affect the probability of

&

rec1pro\a1 exchanqe assoc1ated w1th the recombination- event

These factors may 1nclude the enzymes 1nvolved in the3

recomblnatlon process for there is less rec1procal exchange

during mating typeizégtchlng in homothalllc stralns (Haber

s T
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et al.{'1980) than in heterothallic strains-(Stratnern et
al., 19%§). These factors may also include the structures of‘
the recombining loci.r An integrative plasmiq cleaved within
a site of homology to the yeast chromosome generates
"transformants primarily by reeitftocal recomb1nat1on while
the same plasmld cleaved outside the region of homology
generates transformants prlmarlly by gene conver51on (Orr-
Weaver et al., 1981)._There is a wide variety in the
fregquency of associated reciprocal,exchange during mitotic
conversion at different loci in diploid cells (Roman and
Jacob!~1958; Esposito, 19?8; Roman, 1980), but recombination
between duplicated sequences in haploid cells at Both the
CAN1 and glgg (Jackson and Fink,,1981)Efreqoently involve
freciprocal exchange. -

o

.In'addition to'influencing tHe frequency of associated
reciprocal exchanges, the structure o& the recomblnlng DNA
sequences affects their overall frequency of - recomblnatlon
Integratnon of plasmid p47 3 at the CANT locus increases the

i

formation of canl derivatives by 4g§fold 1ntegrat10n of
p47-3 at 51tes unlinked to the’@iﬁ_ﬁlocus causes little or
no increase in the frequency oﬁﬁgggl derivatives, Similarly,
translocation of HML alpha from-ité normal position"on
chromosome IlI to a location on’cgromosome'XII reduces MAT a

®

to MAT alpha sw1tch1ng 1n homothalllc stralns by 100 fold

(Haber et al., 1981). These observatlons suggest that the

locations of the recombining loc1 have an important bearlng

S
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7 o
on the frequency of ‘recombinatitn between the sequences.

(3 .
\

R o
The strucfure of the recombining sequences also affects'

the enzyhatic requirements forvthe recombinarion process.
Resolution of dlfferent non- cont1guous direct dupl1cat10ns
can either require t%e RAB52 gene product, or be RAD52
independent. Resolutlon of a dlrect repeat of approxlmately

150 nucleotldes separated by 2 75 kb occurs in 16 of 22 Can1

derlvatlves of & RAD52 straln contalnlng p47-3 1ntegrated atl

the CAN1 locus, at an approxlmate frequency of 16/22 X
2.2x10° %, of 1 1.6x10"* resolution events per cell The same
event'was not detected in 9 canl der1vat1ves of a rad52-1
,_straiﬁgcontainéﬁg_p47*3 integrated at thevgﬁﬁl.}ocus, and
Jtherefore occurs.at a fréquenc& cf less, than 1/9 x 2.2x30"

or less than 2.5x10"°¢ resolution events per cell. In

contrast, resolution of a- dlrect repeat of apprﬁxlmately 325

nucleotides separated: by 8 kb occurs at S1m11ar frequenc1es

in RAD52 and rad52-1 ce}ls, the recomblnatlon event occurs
——— e o .

in 13 of 292«can1 derivatives of a RADS52 strain, and 11 of

o,
™

290 derivatives of a rad52-1 strain. Ther&fore it occurs at
a freguency of about 1x10-¢ events per cell in each strain.
This shows that resolution of similar structures ma§-have

different requirements for the RAD52 gene product.

Prev1ous experlments suggest that tHe rad52-1 mutation
.dramatlcally reduces non- rec1procal mitotic re&omblnatlon
but has little or no effect on reciprocal mitotic

A ——n

recombination (Jackson and Fink, 1981). The observation that

-



.resolution of a partlcular non—cont1guous d1rect repeat 1s
' elﬂglnated in- a- rad52—1 straun means elther that the

resolut1on of thls structure occurs not by rec1procal o

| recomb1natlon, but by conversaon or repllcatlon error‘or'
rthat some rec1proca1 events do requlre the RAD52 gene ’
'product Because simllar structures can be resolved _ |
'1ndependent1y of the5£ad52 mutatlon,‘:t appears there is a
. sequence or dlstance spec1f1c1ty to the actlon of the RAD52 |
gene product The effect of the RAD52 gene producg‘on- |

..-‘:, . .. . .

5 m1tot1c recomblnatlon is dlscussed later;

[T

R R
o T 3

INTERMOLECULAR RECOMBINATION BETWEEN REPEATED SEQUENCES ON

PLASMIDS

The deyelopment 6f ‘a system that woula allow the }

}genetlc detectlonaof recomb1nat10n between repeated

. .

fsequences on autonomously repl:catlng plasm1ds 1nvolved the
n Q )

) transformatlon of ‘& haplozd c1r+ can1 beuz yeast strain vlth

,7plasmzd TLC 1 and ana1y51s of the canavan1ne re51stant |

?Qrecomblnatlon products.~

,:;4 N

,ﬂshown by phys1cal technlques. Ele&tr?nfmrcrjscopy and

i;restrlctlon enzyme cleavage establxshed th t Scp1 exh1b1ted

”ﬁboth 1ntramolecular and 1ntermoleéufar recomblnat1on f;: ; '

ff(Guerlneau et al i.1976) Subsequent work extended these rfw"“i'_:r

r

e ,“'“iNi. o
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'ff;ndlngs to recomblnatlon between Scp1 and artlflclally

'constructed hybr1d plasm1ds LBroach et al. 1979' Gerbaud et
al, L 1979,.aroach and’ chks 1980 MCne11 et al; 1980
Thomas and James, 1980). In such cases eff1c1ent _ ‘f

Ny

recomblnatlon aepended on the presence of at’ least one copy
of - the 1nverted repeat sequence~ofchp1 on the hybrld _
j‘plasmflcil Because eff1c1ent 1ntramolécu1ar recomblnatlon
.'betweLn the inverted repeat Sequences of Scp1 requ1res the h '
’:fFLP gene (Broach and chks, 1980; ‘Broach et al. 1982) tijf"
| is 11kely that the 1ntermolecular recomblnatlon events:

'ut111zed thzs spec1a11zed recomb{/atlon system. ,;
The formatlon pf recomblnants B%tween Scp1 and var1ous

ehybrld plasmlﬁs prov1ded conclu51ve evzdence for the

A exchange of "DNa - sequences between autonomously repllcatlng

plasmras in - J cerev151ae but these recomblnants could- not LT

;be 1dent1f1ed genet1cally However, recomblnatlon between_'
:TLC 1 and Scp1 does generate phenotyplcali; 1den.’f1able
recomblnatlon products, and so prov1des the opportunlty ‘to
"‘analyze recomblnatlon between autonomously repllcatlng

"plasmlds in- hap101d S. .cerev151ae.b



BN A
Replicational'Instability of Plasmid TLC-1

Plasmld TLC-1 contalns the .yeast CANT and, LEUZ genes

[

dTherefore, can1 leu2 stralns transformed w1th TLC- 1 should

’ be phenotyplcally CAN1 LEU2 . However because of the

. : ,; -

'repllcatlve 1nstab111ty of TLC 1 _cul ures plated on, medlum‘
:ﬁcontalapng canavan1ne and leuclne appear canavanlne

o at &

:dre51stant so 1ndependent detectlon of the CAN1 marker 1s

1mpo$1ble Because the ab111ty to deflne the oplglnal

'“pgenotype of the parents 1s essent1al to the def1n1t1on of

--recomblnants, thls 1nstab111ty was 1nvestlgated further.

-

- SR .
- When cultures of can1 leu2 strains contalnlng TLC-1 are

'Qgrown in llqu1d SC- leuc1ne'med1um about 30% of the cells in

cthe culture cannot form colon1 s'on. SC- leuc1ne plates

dbecause they do not conta1n su:%1c1ent copies of the LEUZ

gen"}o support growth in the absence 6f leuc1ne. When‘these

cultures grown 1n llqu1d SC leuc1ne medlum q;e:plated on'

1 SC+canavan1ne plates, apprpx;mately 50% d? the cells in the
1culture are capable of formzng colon1es; Therefore, when

tested 51mply for thg CAN1 marker, the can1 1eu2 stralns

_}contalnlng TLC 1 behave as though they were Qggl. However,
'only about 1 in 1, 000 of the can1 colonzes are LEUZ so the

format1on of the n1 colon1es results from the selectlon of P

"cells that have(lost TLC 1 Becausé both fallure to grow in

'gthe absence of leucine and ab111ty to grow in the presence ~-\’\\,._

‘of canavanlne are the result of loss of TLC 1 1t”app ars

',that 20% of the cells in the culture have dual

~~

2 ' v '



Acharacterlstlcs. These cells appear to contaln TLC- 1 when
Jplated on SC- 1euc1ne ‘but to lack TLC- : when plated on sc-
‘canavanlne. Thls‘would occur 1f cells contalnlng TLC 1
frequently budded of f cells whlch d1d not contaln TLC* If -
a rowgd ot cell d1v1saon could be completednafter a cell

‘ conta1n1ng TLC 1 was plated on SC+canavan1ne, the bud may
lack TLC-1 and - be capable of formlng a colony If the same
cell were plated on SC leuc1ne, the bud lack1ng TLC 1 would
not be able to: grow but the mothequcell would be capable of

¢

further buddlng and of formlng a colony. -~

' A number - of fadtbrs influence the'replicational .
:instabllity of hYbrid plasnids'such asQﬁﬁC—1:/and therefore
the_frequency.at whlch cells lack1ng the hybrld plasm1d are

, formed.TXEast‘stralns that carry the rad52-1 mutatlon lose
_plasmld TLC tifrom about 70% of the cells of an overnlght
-culture grown-ln llqu1d YEPD RADSZ stralns lose the plasmld"
'from only 50% of the cells under 1dent1cal cond1t1ons. Thls
”suggests that rad52 1 has an. affect on the stabllltg of
hybrld plasmlds, .but that Ghe wild type gene product is not; d b
absolutely central to the ma1ntenance of TLC-1. Recent R
'ev1dence 'suggests that the RADS%»gene product ‘may. bé -
involved in DNA repa1r synthe51s (Orr—Weaver et al. 1981)

It is p0551ble that 1t is also 1nvolved 1n DNA synthe51s “

assoc1ated w1th plasmld repllcat1on or segregat1on.

.

A second factor that 1nfluences the repllcatlonal,

_stabillty of hybrld plasmid TLC 1 1s the presence or absence \‘7//
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of,the'endogenous'yeaSt plasmid s¢p1. Yeast strains which
are cir® do not stably maintain TLC~1. Growth of cir®

R - TS L |
stralns;contalnlng TLC—-1 in SC-leucine medium results in 5%

,oixjhg/cells in the culture remaining LEU2. ‘This pronounced
instability is because fLC—1 contains,the‘scpllorigin of '
replication, hut lacks the Scpl'eequences'required'for'
heff1c1ent repllcat1on of thls orlgln (Broach ags chks, .
1980) These sequences may code for trans act1ng proteins
whose functron is to overrlde the-normal_repllcatlon cycle
control of Scpt (Zaklan et al. ' 1979) to allow spec1f1c
overrepllcatlon of the plasmid (Broach 1982) Cells

'transformed u;th TLC 1 that. lack Scp1 w111 conta1n only the

‘- T

1n1t1al number pf pLasmlds obtaLned durlng the .
‘trapsformat1on,7dnd th!s number will be maintained through

suhsequent-rounds ot cell division. Transformants contalnlng ’
Scp] wlll be able to amp11fy the number of TLC 1 ‘molecules,

fand therefore enhance the plasmld s stablllty \

"The'structore of"the hibrid~plasﬁ§ahis also important

in determining the repllcatlonal stabzllty of the plasmld

Strains that'ciify the LEUZ sequence from TLC- innserted

into the Pstl Site of Scpi are more stable for the LEUZ

phenotype'than are stralns wh1ch carry TLC- 1 and Scp1 This

”relatlve dlfferenCe in stablllty is seen’ both in- RAD52 and

bhrads2—1 stralns. Other workers have noted that recomblnant
- ..

plasmlds whlch contaln only yeast DNA sequences are more

stable than are plasmlds wh1ch conta1n bacterlal repllcons

k)



e  T1s0

-

(Toh-e et al., 1980; Dobson et al., 1980b). How this

detrimental effect is generated is,noglknown.

- S o : . o
.Recombinational Instability of TLC—T ‘ _ .

When canl‘leuz stralns carrying TLC;1 are analyzed on
‘plates lacklng leuczne, phenotyp1c changes thatldo-not
1nvolye loss of'the plaSmid car be detected When cultures
of can1 leu2 cir+ stralns carrylng TLC-T are plated on SC-‘
Bhuc1ne+canavan1ne plates about 1 in’ 000 cells are
capable of formlng a colony Thls frequency of canl LEU2 '
cells 1s hlgher than would be expected for mutatlon of the

, CAN1" gene of TLC 1 to can1 Mutat1on of the chromosomal CAN1
-gene in hap101d S cerev151aa occurs at a frequency of about

-~

5x10°7 Because the CAN1 gene in strains carrylng TL2-1 is
on a multlcopy plasmld and because CAN1 is dominant

ver
~canl, it . might be expected that the formatlon of a can1 LEUZ
derlvatlve of a strain carrylng TLC- 1 would be a rare event
The observatlon that the frequency of can1 LEU2 cells i's
‘more than three orders of magnltude greater than for
.mutatzon of a 51ngle chromOSOmal CAN1 “gene suggests elther'
that mutation'rates of genes on plasmlds are much higher
than those on the-chromosome, or that some process other

than mutatlon is generatingithe canl LEU2 cells,

One way of d15t1ngulsh1ng these two p0551b111t1es is
through the rad52 -1 mutatlon. Introductlon of the rad52—1'

mutation into can1 leu2 c1r+ Stralns that carry TLC-1

R
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reduces the frequency of can! LEU2 cells from 10-° to 10“

per cell Stralns carrylng the rad52-1 mutatlon have

increased spontaneous mutatxon rates ; mutations at the

¢hromosomal CAN1 gene are enhanced more than t&éhty-fold-

can1 LEUZ cells suggests that these cells arise through some

_recombinational process.

(from‘5k10" to 130x10-" ) 1n rad52-1 stra1ns Because

t 1nti'§uctlon of thls mutator allele 1nto can1 leu2 stralns

- carrying TLC-1 results in a decrease in the §requency of

can1 LEUZ cells, 1t-1sv%nl}kely that the canl LEU2 Cells

arlse by mutat1on; On the other hand the .rad52-1 allele is

known to reduce both melotlc (Prakash et al. 1980; Game et

"!al., 1980) and m1tot1c (Prakash et al., 1980; Malone and

Esposzto, 1980) recomblnatlon.;The fact that 1ntroduct10n of

the rad52- 1 mutat1on reduces the frequency of formation of

“Nature of the Recombination Process : \

A number of recomblnatlonal events could lead to thqﬁ
formatlon of can1 LEUZ derlvatlves of canT leu2 stralns
contalnlng plasmrd TLC 1. Recomblnatlon between TLC-1 and
the chromosome could, by a double cross over or a gene
convers1on event replace the CAN1 gene of TLC- 1 w1th the‘ge',' N
can1 allele found on ‘the chromosome..Subsequent Select1on
for the cant ﬁEUZ phenotype would: 1dent1fy‘those cells whose
entlre complement of TLC-1 molecules éarrled the ‘mutant can1

allele. Alternatlvely, recOmb1nat1on between TLC ! and the

v
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chromosome could replace, either by a double cross-over or a

o~

gene;conversion,lthe chromosémal Jeu2 double.mutant withuthe
-LEUZ gene of TLC-1. Subsequent selectlon for the can1 LEU2
'phenotype would identify those cells which had a chromosomal'
LEUZ gene and had lost TLC 1 A thlrd p0551b111ty 1nvolves
recbmblnatlon between TLC-1 and Scp1: Because the LEU2
‘reg1on of TLC-1 is flanked by sequences from Scpl, a double

- .cross-over or a ~gene convers1on event could 1nsert the LEU2
.marker of TLC—1 into Scp1. Subsequent selectlon for the canl

LEUZ phenotype would 1dent1fy those cells whose LEU2 plasm1d

populatlon con51sted entirely of the LEY2-Scp1 hybr1d

These models make d1fferent predlctlons about the
.kstructure of the DNA sequence in the canavanine resistant
;;cells that conta1n the LEU2 marker. The first model pred1cts
that the LEU2 marker is carried on a plasmld structurally
‘identical to TLC- 1\ The second model predicts that the LEU2
marker 1s carried on the chromosome. The third model:
predlcts that the LEU2 marker 1s carrled on . a plasm1d

- structurally dlst1nct from TLC 1 All lxnes of experlmental

ev1dence support the thlrd model as being. the major source

. of cant LEU2 derlvatlves of can1 leu2 RADS2 c1r+ stralns‘

€

carrying TLC-1.

The_LEUZ marker in the canl LEU2 derivatiVes of the

canl leu2 RADS52 cir+ strain transformed with TLC-1 is

mitotically unstable. This eliminates the second model which

predicts a mitotically stahle~chromosomal.location;for the -
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',gggg marker. The LEU2 marker ln the gégl'gggg derivatives
is, honever, more mitoticallybstabletthan the LEU2 marker in
strains carrying TLC—1. This'suggests that there is a |
d1fference between TLC-1 and. the LEU2 plasm1d found in the

.can1 LEU2 derlvatlves

- Vari0us tests confirm that the g@ggiplasmids'in*the"
canl LEU2 strains are different from plasmid"lLCrl Southern
analysis and transformatijon of E. coli with yeast DNA both

"~ show the Ppresence of pBR322 sequences in yeast stralns
contalnlng TLC—1, but both approaches fail to detett PBR322
sequences in the canl LEU2 etfaﬁns._Scuthern-analysis also
shows tha% although both the cani Eggg derivaties and the
strains carrying TLC-1 contain a LEU2 plasmid, the élaSmid"

in the canT”LEUZ strains is smaller~than TLC-1.

Experlments also confirm that the LEU2 plasmid found in
_ the can1 LEUZ derrvatzves of cant leu2 cir+ strains
.conta1n1ng TLC-1 had the structure expected fer a ‘
;recombinant between Scp1 and'the LE02 sequence of ThC—{ The
plasmid is of the size expected for the Scpi- LEU2 hybr1d
“and it contains both lhe LEU2 sequence ‘and reglons of .Scp1
that are not. found 1n TLC‘1 Because the LEU2 pIasmld
contalns sequences not fOUnd in TLC- 1, 1t could not have
_ar1sen through an intra- molecular rearrangement of TLC 1.
Because these sequences came from the endogehous yeast

plasmid the LEU2 plasmld in the cani LEU2 der1vat1ves must

have arisen by recomblnatlon between TLC 1 and Scp1
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Furthe; experiments establish that the formation of the
unstable gggg‘plasmid‘in the canil gggg de;fVatives;of the
canl leu2 strains containing TLC-1 requires the endogenous
yeast plaemid.’When strains containing TLC-1 are cir+, the
frequency of can1 LEU2 derivatives is about- 1x10-° per cell;
when the strains are cir®, the frequency of cani LEU2
'derivatives drops to about 2x10‘5 per cell. Three can1 LE02
‘derivatives from the cir® strain were analyzed all had a,
mltotlcally stable LEU2 marker. Thls suggests that these
strains were formed by loss of “TLC-1 from a cell that had
repLaced the defective leu2 marker on the chromosome with
the LEU2. gene of TLC-1. If the frequency of
- plasmld/chromosome recomblnatlon is the same in c1r° anﬁ
cir+ strains, it is evident that the vast majorlty of the
canl LEU2 derivatives obtained in the eir+,strains must have

arisen thiiugh recombination® between Scp! and._TLC-1.

‘Twe events are required to generate cells containing
the LEU2-Scp! plasmid: formatidn of the plasmid, and
Segregation of the'plasmidbto a cell lacking TLC—; The
rad52 1 mutation could reduce the fotmation of canl LEU2
derlvatives of canl leu2 stra;ﬁs conta1n1ng TLC-1 elther byA
reducing recomblnatlon between TLC-1 and Scp1, or by
5stabllzlng the segregatton of TLC-1 to daughter cells.
'However, introduction of the~radSZ-1 allele was found to

reduce _the segregational stability of TLC-1, so the effect

of the radb52-1 allele must be:to decrease recombination
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between Scp1 and TLC-1.

Dobson et al. 1980a have detected a plasmld s1m1lar to
the present LEU2-Scp1 plasmid. Thelr plasmld designated
PYX, was observed in strains originally transformed with
pJDB219, whose structdfe-allows for the same rééombinational
events as does TLC—T..The presence of pYX was often
~correlated with loss of.Scpl This same phenomenon.was also
associated with the present LEUZ Scp{ plasmlds, because 3 of
"5 can1 LEUZ derivatives analyzed had lost Scpt. Therefore,
the LEUZ Scpl plasmid, derived from recombination between
Scpf and TLC-1, can displace the endogenous Scpl plasmid,

‘ and can be used to select cir® strains. ;t is possible to
d1rectly sels;t canavanine resistant derivatives of TﬁC-1
transformants, and these derivatives generate a s;b— . ~
population‘highly enriched for cir® cells. This. eliﬁinates
the need for extensive outgrowth of cultures and for random

4

screenlng of leu2 strélns to 1dent1fy the cir® cells,
LN
Reciprocal vs non-reciprocal plasmid-plasmid recombination

-

The recomblnatlon event which generates the canl LEUZ

stralns could be either rec1proca1 or non- rec1proca1 If the

N -

event was non- rec1procal, one product would be Scpl with an
inserted LEU2 fragment, the other product would be either
TLC-1 or'Scp1b(§ee Figure‘15). If the‘event were.reciprocal,
one product would be Scpf with anidneerted LEU2 fragment,

the other would be TLC-1 missing the LEUé'fragment (see



Figure 15.

Formation of the KEU2;Scp1 plasmid by
conversion. The top drawing (A) shows
plasmid TLC-1 ang Scpl. The middle drawing

'(B) shows these plasmids aligned-at their

regions of homology. The region of TLC-1
homologous to the small EcoRI fragment of
Scpl contains the LEY2 region, So a |
conversion which replaces the small ECORI
fragment of Scp! with the homologous
fragment from TLC-1 will generate the LEU2-
Scpl plasmid shown in the bottom drawing-
SC). Similarly, a conversion-which replaces -
the pBR322 and CAN1 regions of TLC-1 with
the large EcoRI fragment of Sep! will form
the LEU2-ScpT plasmid‘ shown in (C).
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- Figure 16). Only the LEUZ Scp‘ recomblnatlon product can be
genetically. detected 1n thls assay, and then only in stralns
that do not carry ‘a functlonal CAN1 gene.aTherefore,.a
dlstlnctlon between rec1procal and non*rec1procal events"

cannot be made by direct analy51s of the recomblnatlon

products. ; LR _ e .'g‘ ifb ?

~
N

I1f the recomblnatlon process generatlnq the LEU2 qu1
plasmld was rec1procal two crossovers would have to occur.\
to exchange the LEU2 sequence from TLC-1 to Scpl. One -
crossover would have to ocecur elther wrthln the inverted -
repeat sequence.itself .or w1th1n ‘the 2 0- kb reglon common /
to both plasmids, that 1nc1ude% ‘co- ordlnates 246 to 939 and .
2407 to 3714 of tbe A -form of Scpl, and encompasSes one copy
of the inverted repeat (Hartley and Donelson 1980) The
other crossover would have to occur within the 245
nucleotlde reglon, common to both plasmlds, tﬁat 1ncludes

co- ordlnates 0 to/;45 of the A form of Scp! (see Figure 16).

»
< !
h Pl

Crossing over between TLC-1 and Scp{ occurs frequentlyi
Transformation of E. coli with DNA from‘yeaet.etrains
containing TLC~1 has detected larger'moiecules-tbat appear
to have arisen by reciprocal recombination between TLC-1 and
Scpl at their inverted repeat ngions (Broach et'al.; 1979?:
This efficient recombination preeumably is mediated by the
site specifi¢ FLP recombination_system (Broach et al.,

1982). Rec1procal recomb1natlon between. plasmids conta1ning

the 245 nucleotlde homology has been detected durlng



-1gure 14/ Formaﬁlon of the LE02 ScpT plasmld by

- between the: directly

-», ' P R ST

yprocal recombxnat1on.'Theutoplfggure (A)
WS- plasinids. TLC-1: and Sopt. -

further; 1ntramoledu}ar recgmbination”

wovplasm‘d

F_shownkln t1 _bottom drawing

, ;crossover:*j
HM[ ween them at .the" large- PstI-ECORT, o
-\' fragment of both plasmids will -form the»sxx'
~{/integration - ‘product. shown ' in -figure. (B);

is thev Lsuz-Scpm.? :

' repeated smaller- pstt—ffLTZ:
,:;EcoRI ‘tegions of: hombl' y will Qenerate the‘g‘
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transformatxon of: c1r+ stralns w1th plasmld p47 3 Because K5

.thls reglon does not contaln DNA from the 1nverte

repeat

]
thls recomblnatlon event is llkely to be med1ated y
ik
' ygenerallzed recomﬁlnatlon_systemslof,§. cerev1szaep

If the recomb1natlon process generatlng the LEUZ Scp1‘f‘

plasmld was non-= rec1procal 1t would be necessar§ for the
event to convert a large reg1on of: non-homology ‘Two

h~d1fferent conver51on events could form the LEU2 Scp1

: plasm1d Plasmld TLC- 1 carr1es the small EcoRI fragment of ,

'r‘the B form of Scp1 Wlth a 4 1 kb 1nsertlon of the

&

: chromosomal LEU2 reglon‘ conver51on of the homologous reglon .

‘of ‘the endogenous Scp1 plasmld 1nto the sequence from TLC 1

]

W1ll generate a LEUZ Scp1 plasmld Plasmld TLC 1 lacks the

,large EcoRI fragment of the B form of" Scp1 and carr1es, at

o the homologous posltlon an 8 85 kb sequence contalnlng

.ljpBR322 and the chromosomal CAN1 gene, convers:on of thlS

.8, 85 kb sequence 1nto the large EcoRI fragment of the B form

of Scp1 w111 also generate a- LEUZ Scp1 plasm1d Both

‘ processes requ1re the replacement of one sequence Wlth

,.another sequence that is homdfogous at the ends but contalns'

clarge 1nternal reg:ons of non- homology (see Flgure 15)

Conver51on of extended reg1ons of non homology dur1ng

fme1o51s have been detected genet;cally at the HIS4 (F1nk andi'

‘Styles, 1974 Fogel et al., 1978) and g (Lawrence et al.,;!:

1978) loc1. Phy51cal evzdence for conver51on of Targesq;:pa

reglons of non—homology durlng m1tosrs,have been prov1ded

AT TR
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»fﬁr-the HIS3 gene'(Scheter and Davis’é1980)aand‘for the‘CAN1<_:“

”3dup11catzon in the present study In addltlon, matlng type

1nterconver51on in hap101d stralns conta1n1ng elther the HO
A .

or ho allele appears to 1nvolve gene conver51on of large
ggglons of non- homology (Klar et al 1980 Haber and
Rogers, 1982) Therefo;e, both gene conver51on and

"rec1procal recomblnatlon prov1de plau51b1e mechanlsms for
R > 1

"'the formatzon of the LEUZ Scp1 plasm1d

The. observatzon that mltotlc recomb1nat10n between “

plasmads w1th Scp1 repllcons requzfes the RAD52 gene

vfproduct, whlch 1s also 1nvolved in. recomblnatlon of

o

‘ chromosomal‘sequences, is con51stent with ev1dence that
'although Scp1 is Cytoplasmlcally 1nher1ted (L1v1n95ton»57 R

1977) 1t‘has many chromosomal characterlstlcs. Repllcatlon
' ~

2

of Scp1 regulres gene products also used\for.chromosomal

- repllcatlon (Petes and W1111amson

~'Kupfer, 1977)- and synthes1s y“tScp1 DNA: occurs at the same . .

time as chromosomal repllcat1on (Za“' et al., 1979) The

Scp1 molecule 1s also organ1 ed 1nto nucgfosomes (lelngston

-and Hahne, 19795 Nelson and ;angman 1979) ; 3 although

’Scp1 1s cytoplasmlcally 1nher1ted xts physmca1’ ocatxon_}

.appears chlefly nuclear (Klelland Brandt et al IQQO);}’ﬁ~

’It may. be hoped that 1n add1tlon to serv1ng as a mod l
'-system for studles of yeast chrpmosomal rep11cat1on, Scp1 f"'
4

J_anvest1ga ions On m1tot1c chromosomal recomb1nat10n.,Because

N

&nd derlyjtzves of‘Scp1 may serve as a model system for
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cross- stranﬁ exchanges w1th1n the 1nverted repeats of SCpl
are detected durlng melos1s and not m1t051s (Bell amd Byers,

.'1979) 1t is p0551b1e that studles on Scp1 and Scp1 derlved

plasmlds may be useful 1n undeistandlng some aspects of

me1ot1c recomblnatlon as well Studlesﬂbf prokaryotlc

recomblnatlon ‘both ‘in vivo and in v1tro, have been greatly

v

. fac111tated by - analyszs of generallzed recomb1natlon _
_1nvolv1ng well deflned small DNA molecules such as phage and
'plasmlds {Potter and Dressler,k1978 Stahl et a; 1980).

CT~

'Effectﬁaf radsfrl ~

Although the frequency of formatlon of Can1 Lqu
vderivat1ves 1s greatly reduced in- the presence of‘the‘radSer

"1 mutatlon such der1vat1ves dB arlse. Flve can1 LE 2

,derlvat;ves of Msw152 1A[TLC 1] were analyzed and cl“
into two groups. Three of the. stralns conta1ned plasm1ds”3
l%that were physlcally 1nd;st1ngu1shable from the orlg1na1 v
pLasmld TLC 1. These had repllcatlonal 1nstab111t1es 51m11ar »
to TLC 1 durxng vegetat1ve growth in yeast they contalned
pBR322 sequences that were detectable by Southern blottlng
and transformat1on of E. COll, and the. s1ze of the plasmlds
;'1n both yeast andlE coll was\:1m11ar to TLC 1 The other ;
_two derlvatlves conta1ned plasmlds that appeared 1dent1cal
"to the LEUZ—Scpl plasmlds 6bta1ned from the can1 LEUZ o
..;derlvatlves of RADSZ stra1ns. These plasm1ds were more); _
ffjrepllcetxonaliy stable 1n vegetatzvely growlng yeast cells f \‘ f

. 0;‘?,‘ X ‘ ’., T



‘than was TLC—1 they did not contaxn pBR322 sequences that

vcould be detected by Southern blott1ng or E: col1

_transformatlon, and they were smaller than TLC-I

The presence of LEUZ Scp1 plasmlds 1n stralns carrylng

'the rad52 1 allele shows that the formatlon of these

'plasmlds is not completely prevented by the rad52 1

E‘mutatlon.‘ResearcherSJhave alsv noted that although the

-(rad52—1 mutat1on can greatly reduce some forms of m1tot1c

‘11near plasmlds (Orr-Weaver et al.; 1981) ‘and gene'

_ex1st w1th1n the yeast cell.

recomblnatlon such as. the 1ntegratlon of l1near and gapped

'oalleles (Jackson and Flnk

-,

conyers1on between his4 héi'”

1981) 1t never completely abol1§hes such events. ThlS‘

vsuggests that either: the rad52 1 allele is* sllghtljrleaky

and allows some re51dual recomb1nat10nal act1w1ty, or that

less eff1c1ent RADSZ 1ndependent recomblnatlon pathways

The experlments -on the dupllcated h1s4 heteroalleles

hd

vestabllshed that although the RAD52 gene product was i ‘;

' necessary for eff1c1ent 1ntrachromosomd§ mitotic, gene

“}conver51on,

”rec1procal‘recomb1natlon (Jackson and F1nk 1981) i¢:

t was not requgred fof 1ntrachromosomai m1tot1c

.o

bﬁ
previously noted the LEU2- 5cp1 plasmld can be fonmed b&

AR _
rec1procal recom%1nat1on,.so it is ﬁ5551ble that the low f_.
frequéhcy f LEU2 Scp1 plasmlds obtalned 1n the adSZ-; L
straln is the result of RAD52 1ndependent recxprocal

recomb1natlon. Thls would suggest that v1rtually all the

P

.

. R . N . Lt . ae .
- &E’ L ) ‘ . o . - - s . : -
. ‘ ’ '

N
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.

_LEUZ Scp? plasmlds 1n the RADSZ stralns arlse by non—,

reciprocal events that - convert large regions of non-

- B b _ , I :
”homology e R . ' .

P

‘However, sOme apparent cases of rec1procal
'recombln;tlon such as chromosomal 1ntegratlon of llnear and
gapped 11near plasmlds and resolut1on of certaln direct
repeats at the CAN1 lbcus, requ1re the RAD52 gene product.
Therefore 552;2 dependence may not be con51dered a

vdef1n1t1ve crlterlon for dlst1ngulsh1ng between rec1proca1

and non- rec1procal reqomblnatlon. Because the rec1proeal
events nei§ssary to form the LEU2-Scp1 plasmld ( FLP
,medlated recomblnatlon between Scp1 and TLC 1,. and .
,1ntramolecular recomblnatlon between 245 nuclgotlde direct
re%fats) appear to be vety eff1c1ent, it seems unllkely that
‘the LEU2-Scp! plasm1ds would be formed at such low o
' frequenc\es ‘in rad52 1 stralns if both these events were.
RADSZ 1ndependent Therefore, the formatlon of the LEUZ Scp1
plaémld may be - another example of -a 352__ dependent event

that 1nvolves rec1procal recomb1nat10n.

,(‘. - R L N v , ) :
. Three«of.the five can1 LEUZ der1vat1ves obta1ned frOm

the rad52 -1 straln contalned TLC-1 plasm1ds w1th a mutant

;'allele of the CAN1 locus. These plasmlds could have arlsen

elther by mutatlon of the CAN1 gene, or by convers1on

B o
3between the plasm1d and the chromosome whlch replaced the

'wxld type gene on’ the plasmld w1th the chromosomal canl . ‘ﬁﬂ

: C
allele. The radsz 1 alleie 1ncreases the frequency of
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~,chromosbmal can1 mutatlons by 20 fold, and reduces
spontaneous mltotlc gene conver51on. Therefore, it 1s
'hprobable that the TLC-1 plasmlds contalnlng a mutant CAN1
.allele were formed by mutatlon Such plasm1ds prov1de
'readlly obtalnable deflned sequences whlch could be .used to

1dent1fy the molecular consequences of rad52-1 speCific

: mutagene51s. ‘ S : '

fCONCLUDINo REMARKS - .

Mltgtlc recomblnatlon 1nvolv1ng a varlety of substrates
has been 1nvest1gated It appears that three of. the
n processes: 1ntrachromosomal gene conver51on between'
.sequences whlch d1ffer by. a large reg1on of non-homology,
~1ntrachromosomal resolut1on of an approxlmately 150
nucleotlde\non contlguous d1rect repeat separated by 2.75
kb and generallzed recomblnatlon between autonomously

repllcatlng plasmlds - 1nvolve the RAﬁSZ gene product

' Resolutlon of an approx1mately 300 nucleot1de non- contlguous

'product AR o f‘“' g '"7w?¥1 ‘:;' {

repeat separated by ‘8 kb d1d not 1nvolve the RAD52 gene : {.

The observatlons that 1ntramolecular gene conversxon
occurs between DNQ sequences which dlffer by a t, 2 kb -
delet1on, and that th1s process requlres the RADSZ geneg

product glve strong support to - suggestlons that mat1ng type
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switchlng occurs by gene'cOnversion'(HaBer'et al. 1980'
Klar et al., 1980) .Both 1ntrachpegqgomal gene conversion
and mating type sw1tch1ng 1nvolve 1nteractlon between
sequences.on the same chromosome (Strathern et al 1980)
and are reduced when the dupllcated sequences are moved to
separate chromosomes (Haber et al. 1981) Both processes '
also involve. replacement of one. sequence with another |
sequence containing exten51ve reg1ons of non homqlogy
(Strathern et al. 1980) and both require the Eﬁﬁég gene’
product (Malone and Espos1to, 1980; Welffenbach et al.
1981) - . *

Recently, it: has been noted that whlle the RADS52 gene
product is necessary for processes such -as 1ntramolecular
gene conversion (Jackson ard Fink, 198]) and mating—type
switching (Malone and ESposlto,-1980; Weiffenbach'etfal.J"
f981) it is not required for eventslsuch as'spohtaneous
unequal 51ster chromatid exchange (Zamb .and Petes, 1981) and
1ntrachromosomal rec1procal recomb1nat1on (JackSon and F1nk

1981). In addltlon,lthe RAD52 gene produck\hs requ1red for

the . 1ntegratlon of 11nean§and gapped llnear, but - not
zircular non repl1cat1ve plasmlds (Orr -Weaver et al 19815'
and,ls also required for UV 1nduced s1ster chromatld
=xchange (Prakash and Talllon—Mlller, 1981). Beceuse "DNA -/
:ynthesxs 1s potentlally the common enzymatlc process
required for the: RADSZ dependent events, 1t has beenf“

:uggested that the RAD52 gene product is. 1nvolved 1n repalr

. . Q
K R

az
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DNA synthesis (drr-Weaver et al. 1981) The observatlon
that the 55953 gene product is requlred for resolutlon of
some, but not all, nom+contiguous d1redt repeats, and 1s
'also -involved in generallzed recomblnatlon between

autonomously repllcatlng plasmlds, places constraints on

this model.

~

\

Prev1ous studles have attrlbuted resolutlon oi non-
contlguous direct dupllcatzons to rec1procal recomblnatlon,v
either through unequal 51ster chromatld exchange or
1ntramolecuiar looplng out in a manner analogous to prophage
-exc151on (Jackson and Flnk 1981) . Because these processes
are RADSZ independent the model predlcts that they do not -
require DNA synthes1s. However ~resolut10n of the |
'approxlmately 150 nucleotlde d1rect repéats separated by.
2. 75 kb is RADS2 -dependent, and 'S0, presumably does 1nvolve
DNA synthe51s. The efficient formatlon of the Scp1 LEUZ
’ lasmld from recomblnatlon between Scpt! and TLC-1 is RAD52
dependent and therefore 1nvolves 'DNA Syn:ies1s,\although |

‘the plasmld could arlse through RAD52 1ndependent

\ :
recomb1nat1on pnocesses analogous to the 1ntegratlon 05‘(

c1rcular plasmlds 1nto the chromosome (Orr Weaver et al.

1981) Therefore, 1t is not possvble to predlct the. RAD52

requ1rement on the bas1s of the structure of the recomblnlng

oy

Asequences. dé

PO

It is ev1dent that 51m11ar structures can have

;:d1£ferent requ1rements for the RAD52 gene product. Prev1ous
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studieS'(Jackson and Fink, 1981) have shown that reciprocal‘
recombination:betweenflarge repeats is mot affected by the
rad52-1 mutation. In the present study the RAD52 gene
prodUctvis reduired for some' but not all rec1proca1 events
This suggests that there is an 1nteractzon between structure
and enzymology during mitotic recomblnatlon It is possible
that this 1nteract10n i affected by the sequence of the
_.recomblnlng elements. Alternatlvely, the'dlstance between
the interacting DNA sequences may be the cr1t1cal factor;
chromosomal dupllcatlons separated 'by 2.75 kb mayp recombine
by a different mechanlsm than those,separated by 8 kb. The o
‘disCréminatbry capacity-of thé’gﬁggg gene product is not
predicted by the recent model of the cellular act1v1ty of
“the RAD52 gene product (Orr-weaver, et al., 1981). Because
of the central importance of the RADS52 gene product in yeast
recomblnat1on determlnlng the ba51s for this d15cr1m1nat1on
will be an 1mportant step toward understandlng mitotic

»

recomblnatlon in S Cerevisiae. One approach to

1nVestlgat1ng thlS process would be to develop
'recomb1nat1ona} s?pstrates in wh1ch one of the two
pardgeteas af. duplrcatlon size or dlstance between
duplloetlons is varled whlle the other ls held constant
Another appﬁﬁach would be to hold both these parameters.
;bﬁﬁ%tant‘%%lle ‘varying the sequence of the recomb111ng

'hreglon§ Th1s should deflne more clearly the dlscrlmlnatory
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.. APBENDIX-1 [ . . e
- R PR SRERE S v ¢ oL R AR S S SRR
" VPlasmid,TLCr1-(quach“et“al;,.1§79) was treated with-a' .
‘va:ie;ygpfj:egtrictipnjenzymes to confirm the described e
.Astfﬁétu;e;g?hé{bd‘ordinétesfidentﬁfiédvid'figuﬁe Al were . % -
"_deteﬁmingdjby'comparLSOn.offthé;@bserved migration distance

.generadted by HindIIk and EcoRI plus HindIll, digestion of - .
]lambda'c¢657'DNA'(Davis-etVal;; 1980). . ‘ R
(sueoihe regions of TLC-1 derived from pBR322 - -~ - .
(Sutcliffe, 1978) and Scp! (Hartley ‘and Donelson, 1980) have
“‘been sequeﬁced;.ﬁrangntS'ftquQithin these regions serve as
internal checks-éﬁJtheTeStihatéd‘f:agment-sizes. The sizes
determined from cofordinates-oﬁ&Figure;h1*agree,well.vith--”
- the actual sizes. of the sequenced regions. A comparison of
' the'expeqteatfragment'sizes’déterminedlffom:the]co*Qrdinates
~and the observed sizes determined'from~thquelvshOWSpthe
' observed and expected size values agree within 10%. .

. ‘“QjThe_map determined in this’sfﬁdyxagréeé-well with the
published map of TLC-1 (Broach et al., 1979). A HindIlI site
- ig . included at position 6250 which is found in YEp13~ (Broach"

" . etal., 1979), but is not placed on the ‘map of -TLC-1. -

HOyever;;the’fragmenX'bf 3.2 kb generated by double digests.
pﬂfSalI-andAHindIII,was*reprqduéibly smaller than the = - =
doublet of the same size generated by double digests of Sall
- and EcoRI . This suggests that this HindlIll site of' YEp13 is
also found in TLC-1. S ' T ST



N Figure;A4.ﬂRestridtion”mabjéﬁ»piasmid,TLC-1~[-;A'

* . The line drawing;showsﬁthé”apprdﬁimate -
" coordinates in nu¢leotidq$;fd::the*éhtting‘
-  s&tes.of';estriction‘enzymes EcoRI (E), Pstl .
Ny wdP), Sall (S), HindlITr (H), and BamHI (B}, _
T+ .The dotted 3 répr€SentsT5jBamHI7§I§e‘thatfu'
' was not refomedvafter"théacloning»o£ the
-CAN1 region,'The.sequences-detEng;from
- pBR322-are'black;‘the'SeqbenCes from Scp1'
._are stipléd,_;he'sequenéesyfrom,the,LEUZ ;
region of S. cerevisiae are hatched and the -
seguences from the CAN] region of S.’ s
. cerevisiae are white. The scale is™
. 1‘cmff}0:5;kb;d' S
The photograph shows an agarose gel that
- has resolved'restriction'fragments from s
digestion of TLC-1 angd lambda. Lane-'1 is

lambda cut with HindlIlI, Lane 11 is lambda . . -

. cut-with HindlIll and EcoRI. Lanes 2-6 are
digests qf TLC-1 hi;h'EceRI,:HindIII,vSalI,
"PstI ‘and BamHI respectively;ﬂLanesj7—1anr§;”
.double digests 'of Sall cleaved TLC-1 recut

t———

with BamMI, HindlIT, EcoRI and PstI
respectively. The numbets on the ordinate
_represent afmolecular weight 'scale in-

kilobases . :

A}
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Plasm1d p36 con51st
SalI fragment ‘of TLC-1 t
] arepl1cat10n and emp1c111
the restr1ct1on sites wi
CTLC 1 are conserved in. p.
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'Figuréﬂhz Restrlctlon map of plasmld p36

The ane draw1ng shows the approx1mate
coordinates in nucleotides. for’the cutting '
sites of restriction. enzymes EcoRI. (E) Pstl .
(P),'sall (S), HindIII (H) and BEmHI (B)..

_ The sequences of the plasmid deriwed. from
. PBR322 are black, the sequences derived from
Scpl are stipled the sequences’ derived from
.the LEU2 region of S. cerevisiae are : -
hatched. The scale is T cm = 0 5 kb, |

: The photograph shows an agarose gel that
- - - »'rhas resolved the restriction fragments from
o wdlgestlons of plasmid p36 and lambda. Lane. 1
.~is lambda cut wjth HindIII. Lane 7 .is lambda
" cut vwith 'HindIII and EcoRI. Lanes 2-6.are
- .digests of p36. with HindIIIl, EcoRI, Sall,
BamHI. 'and PstI respect1ve1y .The numbers on
the ordinate r represent a molecular welght
'scale in k1lobases ' .

.
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APPENDIX 3 . - T
- P47 B S .
; . ang 1.95 kb
Sall fragments of TLC-1. These two fragments could be- . -
arranged in the same orientation as they are. found in TLC-4;,
or one fragment could be reversed in.its orientation. No ' -
single restriction enzyme makes cuts within both fragments
that are sufficiently asymmetric to orient the fragments. A
double digest of p47 with both EcoRI and BamHI showed that
the- - largest EcoRl fragment was cut with :BamAl . This =
establishes that the orientation of the 6.85 and. 1.95 kb
“ fragments are "the same in p47 as-in TLC-1; if- the .
orientation were reversed the smallest EcoRI ,fragment of p47
would have been’ cleaved by BamHI . The position of the - .
- ;esttiction.siteS'yithinfthewtwo Sall fragments of TLC-1 are
. conserved in p47. o T

Plasmid p47 is a recombinant of -the 6.85 kb

™~

“. .

L

199 T



Figure &3.

\

Restriction map of plasmid p47. ,

‘The line drawing shows the approximate @ -
coordinates in;nuéleotidés for the cutting '
Sites of restriction enzymes EcoRI (E), Pstl
(P), 'Sall (S), HindIII (H)-and BamHI. (B). -~ .
The sequences' of the plasmiduder;veg.from
PBR322 are black, the'seguences_derivéd’from
Scpl are stipled, the sequences derived from

- the LEU2 region of S. cerevisiae are

hatched, and the sequence derived from the

CHN1 region bf §. cerevisiae are white. The
scale is 1 cm = 0.5 kb. - .

. . ¢ - B T, . .

The photograph shows an agarese gel that
has resolved the festriétion'ftagments,ﬁrom'
digestions of plasmid p47 and lambda. Lane 1

-is lambda cut with HindIII. .Lane 7 is lambda'."‘

cut with HindIII'and EcoRI. Lane$ 2-6 are

‘digests of pd7 with. HindITI, EcoRI, Sall,
- BamHI and PstI respectively. The numbers. on

the ordinate represent a molecular weight
scale in kilobases. ' ) '
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PPENDIX 4 .

- L pAT-3

"Piasﬁid'p47—3'has'feplécgd the.1:2'kb_HindIII fragment

of p47 with the 2.9 kb Hi

h Py

on . and
repeat the 150 base pair .
3.30. of p47, and co-ordin
direct repeat separated b

‘the other would place the
.generating a 300 nucleoti

‘HindIIl and Sall digestio

ndlIl fragment of TLC-1. The 2.9 kb

"fragmént could be inserted in one: of two orientations
relative to the 7.6, kb se

ction;of'p47'dontainingjthé3pBR322
amp.ggne. One orientation would
sequence of co-~ordinates 3.15 to
étes,9.55'tq'9.70'qf TLC-1, as a ;
Y 2.75°kb of ‘the 'yeast CAN1 region; *
Se seguences adjacent ‘but reversed,
deé. inverted repeat. Both.the

ng of p47-3 generate fragments of

2.9 kb. This establishes that "the orientation produces the.
Gf the 150 nucleotide seéquence. Tg§§§‘<

non-tandem direct repeat
restriction sites within’™
and the 2,8 kb HindIII fr
p47-3. AL T

SN

the'.7.6 kb HindIIll fragment of p4@
agment of TLC-1 are ‘con erved’.in

. ’ . °
- R N
N . -
N
t . :
hd e L . 1
. E . ¢ B
’. N .
o ' Do )
. v
L] ' : :
Com -~
N é
¢
. -
#
-
"
- s £ .
IR AT S C o ) - o
i, P - ¥ o
) 20“2"' P iy L2 ¥ 13
- s .

4



b

Figuré A4,

Restrié:ion.Map of Plasmid p47é3,'

~ The line drawing shows. the apb:oximate
coordinates in nucleotides for the cutting
sites of restriction enzymes EcoRl (E),

BPstl - (P), Sall:(S), HindILl (H) and BamHI
-~ (B)... The sequences of ‘the plasmid derived .

from pBR322 are in black, the sequences

‘derived from Scpl are;stipre&,'theusequences'

derived from the LEU2 region bf §.
cerevisiae are hatched and the sequences
derived from the CANT region of S. cerevisae
are white. The scale is 1 cm = 0.5 kb.

The photbgraph shQWSaan agarose;gel that -

" has resolved the restriction fragments from

4

digestions of plasmid p47-3 and lambda. Lane

.1 is lambda cut with HindIIl Lane 7. %S

lambda cut with HindIIl and EcoRI. Lanes 2-6
are digests of pé7-3 with HindIII, EcoRI,
Sall, BamHI., and PstI respeCtively.‘Thé

-_.numbers on the ordinate represent a_
" molecular“weight /scale in kirobases.
- L. - : - ’ . LT ’






" APPENDIX 5 . R -

P47-3 AmpR #3
1 .£oli transformants obtained
from the DNA from yeast strain MSW5-21A/p4.7-3 #3.contain a- .
plasmid larger that P47-3. This plasmid has'approximétely
6 kb - more DNA then does~p47—3J and. contains three more
HindIII‘cutting sites, two more EcoRI sites, and an , :
,addrtlQEEi Pstl site. The extra DNA does not contain sites

The ampicillin resist@hf-g.

"for the e zymesASalI-Or’BamHI_. The size of ‘the DNA molecule
and fhe number of restriction sites Suggests that p47-3.has
- integrated into ‘a copy of. Scpi1.... L ‘

Thetpbst~likely site of recombination between. these two
moleculés is the 245 nucleotide seguence from co-ordinates

2407 to 2652 of the A form Scpl (Hartley and Donelson, 1980) -
that is also found from co-ordinates 0 to 0.25 of, plasmid@ - -

p47-3, Because no HindIII fragment of apgroximately-O.Q kb
was detected, it was likely that the Scp molecule*is in the
B configuration in the plasmid being studied. The
‘restriction pattz;ns obtained for p47-3 Amp R #3 are
consistent with is plasmid being formed by a ‘reciprocal
recombination event between Scpt and p47-3 within the 245
nucleotide region oflhomology..s R '
SR A ) e

1 - ’

205 - -
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Figure L

he line drawing shows the approximate

coordinates in"nUcleotides_fO:'the=cutting’ f

. sites off‘restriction enzymes EcoRI (E); Pstl-

(P), Sall (S), HindIll (H) and BamHI (B)."
The segquences of "the plasmid derived: from .

pPBR322 are‘black,.the‘éequedces derived from
SCpl.arejstipledg,the:sequence5~défiyed from
the LEU2 region of §;”cerevi$ae‘are*h&tched,
and the sequences derived from the CAN1

region'of S. cerevisiae are white. The scale

is 1 em ='0.5 kb.. y

_ . s C S
The.photographgshows_an_agarose gel that

‘has'resolved the res:rictibn'fragments'from

digestions of plasmid p47-3Amp R #3 and =~ .-
lambda. Lane 1 is iambda cut with HindIII.
Lane 7 is’lambda cut with HindIII and BEcoRI.

Lanes 2-6 are digests of pP47-3Amp R #3 with

EcoRl , HindIII, Sail, BamHI and Pstl

respectively. The numbers on. the ordinate

~ Fepresent. a molecular weight scale in

kilobases._

Mit;N;L;-

ReStfictionﬂmap‘Qf'plésmid'p@T-BAmp,R #3. Y
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. - APPENDIX 6.
Cpme e

' Plasmid Scp1 isolated ffqm'g;,cereviciae-Strain SS101
. lacks.the EcoRI site.atquSition'2407'o‘*the A form of the -
molecule (L1v1ngston'?977).-This Plasmid exists within yeast
cells in two forms (A”and-B)”generated by recombination
between. the inverted repeats of the molecule. There ‘are 4

DBR322,. and each form could be inserted in one of two
orientations..Both PBR322 (Sutcliffé,‘1978);«and Scpt
(Hartleyvand'quelsoh,,1980)vhave been sequenced, so the

" structure of PTM2 was established by comparing the bbServed ."

restriction pattern to the pattern expected for each
arrangement. L : C S

~Oneé possible arrangement would put the HindIII site at
‘position 105 of both the A and. B forms of Scpl next to the
HindIII site of pBR322. This would generate a HindIII. B
- fragment of 134 base pairs, and only ‘three HindII1l fragments
~would be found within the size range of the lambda molecular
" ygight*markgrs.-Th;s pattern was not observed; pTM2 prbquces
-four HindIIl fragments.of greater than 600‘nucleotides.‘f

In the other orientation, the a form of the plasmid
would generate HindIII'fragments of y4.438, 4.016,- 1.314 and
0.912 kb, while the B form would generate HindIII}fragmeﬁts
of 4.438, 2.711, 2.217, and. 1.314 kb. The observed pattern’
of 4.75, 4.0, 1.25 and 0.92 kb is compatible with pT™M2 . -
containing the A form of Scp1. The.remaining restriction
enzyme digests are consistent with pTM2 containing the A
form:of Scpt. . S Lo _ :

e



© " Figure A6.

P

Restrlctlon Map of Plasm1d pTMZ o
‘The llne draw:ng'shéws the appraxlmate

coordinates in nucleotides’ for the cutting

sites of restrlqylon enzymes EcoRI (E), PstI

. (P), Sall (S) HindIII (H) and BamHI (B)

~ The’ sequences derived from pBR322 are black

' and the 'sequences derived from Scp1 are

‘e

stlpled The 5cale is 1 cm:= 0.5 kb . iew;Au.

The photqgraph shows an agarose gel that

has ‘resolved the restric¢tion: fragments from .

dlgestlon of lambda, 'Scpi; PBR322 and pTM2.
Lane 1 is lambda cut with HindIIl. Lane 9 is

lambda cut with' HindIII and EcoRI. Lanes™ 4-8°
, are digests of pTMZ with ECORI, PstI,

HindIlI, Sall ana BamH; respectlvely Lane 2
1s pBR322 cut with EcoRI, lane 3 .is Scp1 cut
‘with EcoRI, The numbers on the ordinate

f\ represent a molecular weight scale in

-kilobases’

)






