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Part I

Imidezole Compounds iccumulsted by Purine

HMutonte of Heurospors oregos

e myeelis of wutants defective w«t seven sdenine loci

were investipsnted for iwidazcle accumulation. By bthe use

af @ paper shroumebographic technique five imldszoles nob

pregent inm wild type were discovered in the wmubants. Iwo of

these were luolsted snd characterized ss the ribotide and
Sheslds of Seapino-d-imidszolé-H-gucclnocarboxamide,

The third sompound wes identified ss Sesminoimldezole ribosids,

and the fourth se SHesmino-d-imidszolesarbozamide ribogide,

e ddsbributicn of these scounulsted coupounds auong the

smbents aliowed & correlution bebtwevn the sdenine loel snd

the steps of purine bLlosynthesls.



ABSTRACY
Pert IX

Complementstion Studles with Isoleusine-Valine

Hutants of Heurogpors crassa

A Bobal of 616 wmubants capebls of growth on & wedium
supplemented with isoleucine and valine, but not on minimal
medium, were cobtained through the use of ¢ different mubtagens.
on ﬁ&ﬁ basis of heterokaryon compleméentation tests all of the
mutants could be allocated to £ive groups, These groups were
designated valel, vel-2, ivel, iv-2 snd iv-3. Huteante in the
val-1 and val-2 groups requlred valine sp the sole supplement.
Hembers of the iv-1 group were probably blocked in the
dehydrese step of isoleucine-valine blosynthesis, and were
characterized by slow growth between 4 snd 6 days after
inoculation on minimal medium, Evidence wss elso presented
to indicate that jv~-3 wmutents were blocked in the condeunsing
step of lsoleucine-valine blosynthesis, 4n extensive program
of complementation testing wes performed emong mutents within
both the jv-2 end the iv-3 groups. The results of these
testes allowed, in ecach case, the formulation of a complemente
ation mep, However, three iv.% mutants were found which could
not be reconciled with any lineay pattern. 4An interesting
feauture of the ive3 studles, snd to gome extent of the jv-2

ptudies, was the finding thst swong the wubtants found the same



patterns of aémpl@m@n@a%ian interaction often reoccursd,
Mutants with the game complementation behavior constitute

8 complementation subgroup. Each of these subgroups usuelly
conbtained mubtants reprosentetive of seversl different
mubtagenic trestwents, The hypothesis was considered that
this observed clustering refleots an intrinsic properyy of
the genetic locus =--- pamely that esch locus hass associated
with 1% 8 unigue pattern of discrete complementation
gubgroups., JI¥ wee hoped that these genetic regularities
would prove, in the course of further biochemicsl inventie
gations, %o yelate ip a direct way to the structural properties

of the enzyme molecule,
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PART I



I. INTRODUCTIOR

When this work wes inltisted the paethway of purine
biocsynthesis hed already been elucidated, through
investigations with avien liver engyme systems, The five
steps prior to inosine -5'-monophosphate (IMP) formetion
had been found to involve precursors vwhich were imidaszole
ribotides,

Also, at this time, genetlc studiss with a number of
purine wutants of Heurosporas craesge had resulted in the
definition of elight adenine loci. 24 peper chrometographioc
procedure for the detection of imidesoles made 1% possible
to study these compounds when acoumulated in the wmycelis of
purine mutents., I wes hoped that, with the ald of this
method, the five bicsyntheitioc atap&rlsaﬁin@ to IMP fermation

sould be corrslested with their controlling geones,



II, TUE BIOSYRUHESIS OF PURINE RIBOTIDES

Puchansn and his collaborators at the Hassachusetts
Institute of Technology have been able bo formulste the
complete pethway of purine blosynthesis (1), For the
purpose of the present study, howsver, 1t is necessery
only to debail @ﬁ@ voactlion steps following imidazole ring

glosure. These are given in Pip., 1,



Fig. 1. Reactions of adenosine-5'-phosphate biosynthesis after imidazole ring formation
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111, PURIHE MUTANTS IN HICROQORGAKISHS

Purine mutents are frequently found in those organisms
where screening procedures for nutritional mutants are
applicable, In the subsequent sections purine mutants of

Neuvrospors orassg will be discussed, Here the purine mutent

studies in othey orgenisms will be summeriszed brilefly,

The results of many of the folleowing growth expseriments
gre now oxplicable in terms of known blosynthetlic pathways.
Thue the growth effects of gusnine and xanthine supplements
erige because IMP, in addition to forming AMP (Pig. 1.), is
also converted imto xanthoasine«5'e-monophosphate which inm
turn is eminated to guenyllc scid, Furthermore edenoaine-5'e.
triphosphate (ATP) serves as a precursor of histidine,
contributing the nitrogen-l and cerbone-2 of the purine ring.
The effects of histidine supplement heve besn explained by
Hoved spd Megssanik {(2) in serms of hisbtidine reopresagion of
the ATP cleaving enzyme. Other compoundes enmhancing growth,
gsuch asg glycine, hypoxanthine and varilous imidaszoles, ore
resctants in the purine blosynthetilc pathway,

Pries and collaborators have described a numbsr of

purine mutents of Ophlcostome multlapnulatum. They especislly

studied the effect on growth of various supplements to
minimal medium, One mutent was found vhich could use adenine
only in the presence of edded histidine and glycine (3),
Another wes desoribed which would use elther adenline,

nypoxanthine, or Sesmino-i-imidazolecarbozamide (¢), Three



mutents required sdenine bubt not hypoxenthine or guanime (8).
Finetesn required either adenine or hypozenithiine but not
guenine (6). Pour mutants hed e specific gusnine requirsment.

There have been a pumber of reports on the nutritiopal
roquirements and sccumulation products of Escherichis cold
purine mutasnte. Nenthine, gusnine, hypoxsnthine, Hegrino-de
imidazolecsrboxamide, Seformamidoed-imidazolecarboxemide snd
vitemin Byg were used se nubritional supplements (7-13).
in sddibion Gobts hag presented evidence for ths accumilation
of SAICAR {10) (see Pig. 1.), AIOAR (7, 14), aTR {11) and
camr (15) by verious wmutents, Particularly interesting wes
a mutant B-~07 whiech was defeotive in the bwo descylation
reactions of purine bloaynthesis, the conversilon of BAIGAR
to AICAR end the copversion of AMPS to AMP (18],

Purine mubtsnbs of Salmonellia typhimurium f£ell inbo
two main clasuscs «- those wiich would grow om adenine
supplemented media alone, and thoase which apecifically
required thismine and/or psntothenic scid iu sdiltion Vo
adenine (17). Recombinetion dete from transduction
'axp@rimsnﬁs grouped the adenine mubtants into thwee oclusters
and the sdeninoe-thiswmine mutente into Blree more. Further
subdivisions were wmede on the basis of substrate requirements
apd socumilation of intermediates., In one subgroup all eight
mubsntas eccumulated in their media 2 vellow pigment which had
an ultraviolst absorption spectrum with nexlmum 8¢ 305 my.
Evidence for the sccumulation of deanino-Seimidazolecsrboxamide

by one mubant and SAICAR by four others wes reported {14).



ted five adenine reguiring

Pomper {16)

mutants inm Sacohsromyoes cerevisise., FRoman (1%) hes

ES

7 Sactlarouyces

)

desoribed purine mutsnbs at seven lool
Mubants defective at two of these looi {pd-1 und ade=2)
acoumulated a2 red pigment In thelr wedia, inother mutang

»

ad=38 reguired nistidine ag well sa adenine supplement,

Magasenik and others (13, 20, 21) with the z1d of

urine mubantes of serohacber serogenes sbtudlied the reascitions

by which gusnylic acid Lis eynthesized from INP,

pribehard {(22) by recowbination snalyels in igpergillusg
nidulang hag described the clustering of four mutatiomal
gites respongible fay adenine reguireoments in & gmall

(.8 map units) region of the genetic map, Hubants defective

4
<4

s fPour obher adenine Jocl have algo been dssoribed by Calef
{23), and Kifer (24].
Puring® mutenbts lwve slso beew found in Coprinug

fimentarius {98), Acebobacter melanomemeus (206),

Pendcillium nobatum Q?W?, snd Baclllus subtiles (28],

R

I¢ 13 noted that with respect Lo supplement specificity
and scsumulation products the mubsntz of ¥, gressa, to be
described below, sre qulte similsr to the mubants of these
obier microorgenisms, In additlon the aveileble dats frow
these various orgenlsma are consistent with bthe patisra of
biosyntnesis desoribed for avieun liver (Pig, 1l.), This

k7

F Line genetlo control of purine

g

pupseats that elucidutlon o

bloasyntresis in . crsgsz will provide informabtion of

genersl spplicebilliy.



$ OF HEUROSPORA CRaBEA

sdenine mubtanis Found to dabte have been sllosated

413

“ahle 1, Summwary of mutsnts scaigned to the elght sdenine

1008 {29, 30) end bthese zre summariszed im Tsble 1.

od=2 70004, DF6E3, 20708

24~ 35008, 88701, 38709, 48801, 66506, at, B
ad-4 44205, 44418, ¥

aged 71108, J

R4 Mubents with numerical designetions cems fyom the
early mutsnt gearches of Beasdle and Tabum (31).
* Letter designstions wers given Ly Gilse to groups of

mubenbs velated by heterckaryon complementation tests.

The gd=% und 2d-f looi are both in linkage group I
but shout 10 map unibs spart (32). Delerres (38) has

roported thet o1l gd-% wmubsnts fell inbo two groups on

the basis of heterokaryon somplementatlion. The ad-2 snd

aded 10ci are 1,5 bo .4 mep units aport in linksge group III



{32, B4}, ad=0 ig in linkage group IV, ud=7 ipn linkag
groun V, snd ad-]l in linkage group Vi,

LIt wes sbown by Mitcirell und Houlshan (&2) thet
sdenosine snd adenosine=3" -plogphate would replace sdenine

53 8 gupplewent for all sdenine wubtunis tesbed, Hypoxe

Lne serves wy 3 supplement iun place of sde

o
Eff
;W
&v"’!\

cdenine wubtsnts exeept those st the aded an
CERAPTERGERTRD

{30, 32)., HcElroy snd Hitche
media supplemented with blatidine or wmethionine, in =2ddivion
Go uwdenins, growth of 442006 (ad-4), but not 20810, T0004
and 35203 was wore sbumdant then on sdenine supplewmented
medls alone, aMPe8 and 1bs sglyoon® were vreporided %o be

ineffective in promobing the growth of sny of the sdenine

Writfield (37) and Glles (38) Leve szhown thet aded
mubands ccoumulate AMPeS, Ad=0 wutants were reported %o
asceumulate hypoxenthine (30, 33). Double wutenbs dsefoctive

2% both the ade4d and ad=0 losd were also found Lo socumulste

bhe aded bloek precedss Lhe

©

purple plznent

chelr media., Mubant 44200 (ad=4) hseg ulso been reportsd

e e s

g plgment under cerialn conditions.

P orutents and 44250 vers reported {39) to lack aotlvity
for z bifunctional enzywe catelvazlag
S4I0AR wnd AMP=8 Bo AXCAR and AMP respectiv

1y roenorted {1) to heve found 4o wild |

purine bilesyabhetlc enzymes prssont ln



METHODS

Extraction of wmveelis

Yubents were grown in carbovye containing 10 liters of

mindmal medium (31) supplemented with Llimiting swmounts of

adenine sulfate (ususlly 3Ckz./Mml.), Aifter 3-4 davs growth
under forced seration the uyoceils were harvested by pouring
the contents of the carbevs through shesgecloth, The
mycelial wmats were placed in & VWaring Plender and boiling
aater was odded (about 1 liter per 100 gm. of wet wycelium),
after disintegration the extracts weres filbered through
Whatman Ho, 1 filter papeyr in & Buchmer Funmnel., Uhe
filtrates were them lvophilized overnipght leasving thick
gyrupr extracte in the flesks. Five to 10 ml. of uwaster

san pufficient to take up the extract from 100 gwm, of

ol

mroelis, Residusl meterisl was gepurated by centrifugstion
end washed several times with 1 ml, portions of waber which
were sdded back to the soluble fraction., The solutions

gonbeined a1l the imidagolies., Tl respidues were dlscsrded.

Deteation of scoumulasbed imidazoles

The redissolved extrscts were apotted direatly, or
with dilution, on Thatmen Mo, 1 peper and resolved by
agoending ohromabography in a variety of solvents,
Isopropanol, HeD, and cono. NEgO0H in the ratios 70320310
and 70340310 were the wmost useful solvent systemes. After

drying, %he chrometograns wers spraved very lightly with



dlzzosuifonic acid resgent (£0), and egein very lighitly
with &0 ¥aol0g, By this procedure five distinet imidasole
compounds, not present in wild &type were detected in

exbracts from the mubant straineg,

Isolation of Compounds I and 1I {(Table 3.}

To 14 mil, of the water soluble extract of 130 gm, wet
weight of mutent 44208 sn ogual volume of mothanol wes sdded,
4 procipitete was formed whioch wes washed with 507 methenol.
The soluble frauctions comteining virtuslly all of compounds
I and II were combined to a %tolbal volume of 23.85 ml,

4 Dowex exchenge resin (1-X2, 200400 mesh), from which
the finos hed beon removed by repested washings, wag
gquilibrated with 2M formic acid, Thid was placed in a
column 2.2 om, in dismeber to s volume of 170 em®., Water
ot 3.5° was circulsted through a jacket about the column,
The flow rate of solvent was kept at about 1 drop every
15 seconds by meinteining the system under conitrolled
positive pressure. 4 mizing vessel of 126 wml, capacity
wag jncluded in the syvebtenm to allow gredisnt elution
asccording to the procedure of Thompson {41). The column
was first vwasghed with dlgtilliesd uweter and then the sample
wos added, PFor glution the zerisa of solutiens listed in
Table 2, were used, Successive golutions were added only
afbter the pi of elusted fractvions 4id not change moasurably.
Making use of an aubowstlce frecivion sollector, &-10 ml.

portions were collected.
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Table 2, Chromatographic asiutions

Molority Holarity
of of Hoasurasd
Ho. Solution NEgt anion o

i distilled uwatber - w -
9% ‘:‘lag éagé}
3 8 @ ¥ b 1.0 : 4,45

03
&
e
o
@
E
guc
£
]
&
€3
&
Cqb
]
3
@
oy
-
by
®
vt

4 ammonium formsbe bulfer % 1.1 3608
ﬁ’ fﬁ%ﬁ@ti@ @@ﬁ,ﬁ 3 1%@ 99@%3

S formio anid - 1.0 1.9%
1.1%

3

P
e

.

? " “ - £ o

Compound IT begsn to olute a% pif 1,2 (Sciution 7)., It cawme
off the column in 2 Hotel volums of 273 mil., 4ifter an
addltionasl 130 wl, kad pessed through, cowpound I begen ©o
pppoar end 1% ceme Phrough in the pext 02 ml. Purther froage
ment consisted of noubrslization wilh WHeLO0H, lvophilization,
and reomoval by gublimation at 66% in & vacuum ovon of the

s

ammoniun formabe, The presuliting semplos were then used for

Soparation of Compound III end IV (Table 3.}

ap extract of mubtsnt 45601 containing both compounds
III and IV was subjected to o chronatographic procsdure
gimllar to Hial described above., Compound III was eluted
by webter vory close to ths front, and compound IV came off
goon after., T“hough: sepsvaition wag schiloved, both frastions

were iwmpure., However they were satizfactory for chivomae

bozrephds comperisons.



e color

st

&
foub
03
§

RESULTS

tions and distribubion smong the wutants of

the five detected imidaznles are detailed in Tebles 3 snd 4,
Table 3, Color resctions of sccumulated compounds,
Cowpounds
I Il ITI v v
Befare red - bright brignt
Coler Hool20g | orsnge orange valilow vellow
Development -
after fedes to | fudes to | grey spote-
REPUsLEY grey ayrey fadesn red| blus
Probable 3AL0AR SATCAR ALR 3IC4R
Identivy {ribotide il riboside) | (riboside) 7 { riboside)

!

J




Table 4, Distributiocn of socoumulobted imidazoles

Compounds

Loosus Bubantg I Il IIT 1y v
adel S254 - + - - +
gl =2 TO004 - - - - -
FTEUB - - - - -

| DOT0H - - - - -
ade3 35203 - - % + -
E07GL - - o+ + -

3700 - w + + -

456601 - w + ¢ -

ad -4 44206 + + - r -
sa=5 71104 - v - : +
ad -6 2EG1L0 - - - - -
a7 44411 - - - - -
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Characterizetion

Compound I at pi 7 had an ultraviolet absorption pesk
at 269 my. By the wethod of Mejbeum (42) 4t was shoun to
conteln a pentose wmoliety. A4 semple of SAICAR generously
provided by T. French proved to be identical %o compound I,
both in color development and chromabographic mobility,

When compound I snd the known SAICAR were hydrolysed by
slkeline phosphatase gach formed a product iﬁ@nﬁ%@az on
chromatograms to compound 11,

Gompound II st pH 7 absorbed wmaximally st 208 my, and
wag also shiown bo contaln 8 psntose moleby., Using the
procedure of Allen (43} it proved %o lack a phosphete group,
on hydrolysis et 106° with come. HC1, for 15 hr, in a sealed
tube, compound II yvielded aspartic scid snd glyocine as
determined by the I-0 chrometographic system of Haerdy,
Holland and Hayler {44), 7The presence of aspartic acid omn
hydrolysis, the shape of the ultraviolet sbsorpiion curve,
snd position of the meximum oompered well with the properties
reported for SAICAR (14). The phosphate determinstion snd
the dete from hydrolivsis with slkaline vhosphabtage furbthey
ghowed thet compound II is the pentoside, probably ribosids,
sorregponding to SAICAR,

Gompound III formed an ovenge-red Braetton Marshall
reaction product (45) which ebsorbed maximslly at 500-502 mu.
Ho abgorption mazimum in the ultraviolet reglon was detvected.
That compound III faliled to bind Yo an anion exchange resin

arzues against the presence of carboxyl or phosphate group.
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The Bratton HMarshell product of AIR 43 ropovried to e
salmonecrangs ond absorb meximally at% 80C mu {46}, Also
this compound is roported to have no ultraviclet sbaorpiion
maximum above 210 mu. 411 the properties obssyved for
compound IXI sre coneistent with 1%s ideonbity being AIR
{riboside).

The Brabtton Marshall resotion product of compound IV
wag orange-rod snd ebsorbed mazimally at 534-538 nmu This
corresponds to vone of the wmaxims reporited for the
imidezoles inveolved in purine blosyntheasis., Howover since
the concentration of this cowpound appeaved to dssyoase @
more ocaré was baken in preparebtion of extracts, it secms
1ikely that compound IV ig & rescition product of compound IXI.

Ames und Mitohell (40} have reported thet of a list of
19 compounds btested by their diassotiszation procedure, only
p=amino~4=imidegolevarboranmide (AICA) gave e blue reaction
product, Bubsequently AICAR waas observed by the suthor to
give this blue color., Compound V gives u color reaction
identical to that of the aglyvone and AICAR, Clhiromabographic
evidence suggested thet compound V was either the asglyocone

or the riboside of ALCAE,



V. DISCUSSION

Enowing the distribution snd probable identity of the
detected imidesole coupounds one capn correlste the adenine
1oei and the sbteps of purime biosynthesis {(Fig. 2.)

Fig, 2, Posibtions in purine bicsmithesis controlled by

adenine loci ss judged from imidszole scoumulations by

mubants.,
ad=2, ad=t & sd~7 aa-s

control raaa%ﬁens
prior to imidagols — AIR —¢» caamlr_a SATICAR
ring closure

&%?egr-ﬁ%?~$<—?—-iﬁ? FALGARS ATGAR

ad =g

®  @iles ef al. (30) nave chown that wutents at the
ad=4 locus ere deficient in e descylsse which splite both
SAXCAR and AMP-S.

¥  8d-8 mutants were shown slso by Giles sf ai. {30)

to be blocked in the conversion of IMP to AMP-S,

Since ad=2, ad-0 aﬁﬁ‘gg;z mibants can use IMP or
hypoxsnthine in place of adenine as a growth supplemsnt
{47) and yet acocumulate wo imidsszole cowpounds, they cen
be sssizned to steps preceding imldezole rinmg closure,
Thig conclusion is in accord with an observation of Hitchell

et 2l. (47}, All gd-8 wutents scoumulate a distinctive
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purplie pigment in thelr growth wsdia, The purple piguent,
whioh geems Yo have ssgsociabed with 1t e 308 mu ultreviolst
abaorpiion maximum, is probably & reaction product of
compound III. Double mutants or 356203 {(ad-3) in conjumction
with sd-2, 2d-C snd gd-7 mutants, sccumulate no purple
pigment. The double mutent 35203, 44206 {8d-4) does
asoumulate the plgment, This sgaln places the gd-2, ad-6
and gd«7 block prior, and the adet bloock subsequent to the
reaction controlled by gd-3.

Colorleas solubtlons of SAICAR {compound II) will turn
red in timo, especially at low pfl orF on exposure to alp,
The reddish sppsarsnoe of 44208 (sd-4) wycelia is probabiy
dus to this effect. The percenisge visld of the ribotide
and ribeside of BAICAR 4in the dried mycelis of 44208 cen be
calaulated from the obgerved optical densitiss ot the
ultraviolet sheorption mexims snd the exbtincbtion cosflficient
The vields of the riboside snd
2,1% and 023% respectively, of the

given by Luiens (43),

rivotides were foumd %o be

dry welght of wycelils, The vield of AIR (riboside) in the
myoelis of 456200 as judmed by the intensity of the coler
resction inm orude extracts ig probably as high ss the yield of
SAICAR (riboside ) in 44206, It is sugpested thet these mutents
might e usefull for large scmle isolation of these otherwise
herd bo prepare compounds,

The bYwo intermediates C-AlR and FAICAR , kmown to be the
leagt sbable of the imidesoles, wers not detected in eny

axtracty ?
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INRODUCTION

Historical

When btwo mutant genomes oach defective for a specific
function sre allowed to share a common oytoplaam, the
functions are often cowplotely or psrtislly restorsd.

Thie phenowenon is ocelled complewentution, In Heurospors

oragss complementation occurs as the regult of hyphsl

fusion and hebterokasryon formetion, 7he ococurrence of fusion
between fungel hyphae, of the ssmo meting specificity, was
obgerved as carly as 1888 by Werd {1). Dodgs (2) described
the formetlon of hetercokaryons between two strains of

Heurospors tetragperma, by the migraitlon of nuclei ascrose

the opsnings at the points of ansstowosis., Included in

this sbudy were bwo cases in which slow growing siraeing of
the seme meting Cype formed rapidly growing heterokaryons.
These were probably the firet recorded ceses of heterockervon
complementation, Besdle and Coonredt (3), using N. oragsas,
porformed the first complementation studies among wmutants
having specific nutrdtionsl reguirements, In these studies
two mutants were congidersd to complement cach other if thelr
paired inoculs grev significantly on wminimal wediun. Afber
ﬁr@&uaing heterokasryons, thege invesbtigators could recover
the mutant components, swmong the ascospores preduced in a
cross of the heterokeryon to wild type. It was also in this
yeport that the uss of heterckaryon formatlon sz & %ost for

alioliom waeg firset guzgeated.



Mitohell, Pitbenger and Hitchell {4), end Pittinger (5)
descrlbed @hs‘f@rmatiang in crosses betweeun Ywo mutenta,
of sscospores which pave rise to myselia hebterokervotis for
both mutant types. Hebterokaeryops arising in this fashion
have boen termed "pseudo-wild” tywes, and sltheugh thelr
pocurrence has subsequently b@aﬁ used ss 8 best for
complementation, there ls gtlll no dirvest evideuce as %o
how they are formed.

L. Garnjobst {(8) discovered the existence of two losi
which controlisd heterokaryon compatibility i.e. the ability
of two strains %o form heteroksryons, Io 2 similer study
Holloway (7)) demonstrated the presence of Lour or possibly
five penes conbtrolling heterokarvon coumpatibility. The
poasibility of & relstionship bto thoss genses desoribed by
Garnjobst wes not investigeted. By the application of
mioro-technigues it wes shouwn, in this worik, that
incompatible streins 4id not even undergo hyphal fusion.
These investigetions mede 1t spperent thet, in order %o
obtedin reliable complomentation daba, caere must be taken
to use muiants whose beckgrounds are as igogenic ss possible,

It hes been found in subsequent studies that wmutanis
defective in sepsrete genes, sz defined by bDiloohewnicel and
recombinational criteris, slueys complement 1f heserckeryon
compatibie. Mutants defectlve in the gswe gene have also
been found to couplement and this heg beon tormed

Bingorallelic complementabion”,
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The firet clear casgs of interallelic complementeilon
in N. orsgss was reported by Mitchell snd Mibehell (&),
1t wss shown That the thres known mutants defective at Lhe

prrimidine~-8 locus produced "pseudo-wlld® type progenmy in

all possible pairwise crosses, Pyrimidine-independent
heteroksryons could not be obtained by wixing oconidie of
the rutsnt streine, However, individual nmutent conidia
obtained from the pseudowlild cultures could be used to
recongtitubte pyrimidine-indepsndent heterokaryons,

Another esrly cesse of intersalielic complementatlon
reporsed by Mitchell (9) invelved three mutants defective
8% @ pyridoxine locus, Agsin, each of the possible pairwise
crosses vielded "psoudowild” types, but pyridoxine-independent
hetorokeryvons could not b forwed by merely mixing the ‘
oonidis of btwe strsins, It wes possibly significant that
in both of these studies, the mubtants used had besen isolatead
about 10 ysars previcusly, znd probably been subject to
repeated subsultwre, Thils could eallow consldersble divergenoce
with respect to compabiblilivy sllsles, and hence the apparent

inebility of wizxed conidis to somplement,

Fecont studies

Ag the result of increased interest in the problem of
interallelic complementation s pumber of investigutions have
recently been carried out. In those studies involving wmany
mutants, the results of pairuise grouwth tesbts are soored inm

the form of 5 matrix of positive and negative responses.



Preguently found are mublanbts which do not complemont with
two or more wubsnts, whkich later however do complement with
gash other. These non-complomenting mubsnts have been Lermed

23

:nnd 1% s on the basis of thesze thas

ﬁa‘

Poverlan®” mutants, :
complenentation meps are conabructed, 311 mutents having
the same pattern of complementatlon are plasced in one subgroup
ropregented on the wmayp by & line, Honecomplementing subsroups
are ropresented by overlaspping lines, whersas complementing
gubgroups ere not overlspping. This s illustreted in Pig, 3,
Subgroup A does not comploment =itk B and P, but thess ds
complement with esch other, Sinoee, in all studies preasnted
to debe, the dets have nllowsd the reprezeniation of every
gudgroup by o single uainterruplied lins, complemsntation maps
can thus far be s8id to possess the property of linesrity.
Cateheside and Overton {10) have dsscribed the couplemente
sbion of 40 ultraviolet irrsdiation-induced wmutants defective

g% the arginine-? locus, Thirty of these mutsntz would not

complement wilith sny of the others, and vers dvawn as Ycomplete
ovarlsps® on the complementation mep., The remsininz 10 mutants
vere placed in Y addlitional subgroups. The linesr complemente
ation mep presented was oconsgidered to be a completely
consistent repregentation of the data.

Eleveyn mutante defeciive 2t the locus controlling glutamnie
agid dehrydrogensse formstlion were studied by Fincham {11).
Also insluded in this atudy wes & strein producing en sltered
form of this snzyme, which had arisen by appsrent backenuiation

of one of the eleven primary mutents, The complementation wmap



arrived at contauined 9 subgroups. There wes only one
Tsomplete @@@riép@ mutant. In a further study (12),
Fincham found thet the glutemic acid dehydrogenzse activity,
arising from ocoumplementation, in two cases, resided in a
protelin with physical propsrtiss different from thoge of the
wild-bype engwme,

Woodward, Partridze and Gileas (13}, asnd Giles {14) have

-4 locus,

presented o complementation msp of the sdenime
sontaining 72 Yoomplete overlap” plus 51 complementing mubante.
However, 44 of the 51 complementing mubanés had erisen
secondarily by irrsdistlion of revertanbs or partisl vevertents,
of two of the primary mutents, 41l mubsnts either srose |
gpontansouely, or following induction by X-Rev op ultreviolet
irrsdiation. %he linesr complementation wap presented had
17 complementing subgroups. It wes also shown {(15) that this
complementation inveolved e restoration of the adenviosuccinese
ackivity, which i absent in 211 of ihese mutantas, Purther
in vityo experiments by Voodwsrd (16) suggested that this
regtoration of sobtivity resulted from protelneprotein
interaction., VYoodward also reporied that the strength of
complementation betwsen two mutants, as mesgured by growvih and
gdenylosuccinase activity, wes weakeat for those adjacent on
the complementation map, snd became stronger ez the mubants
were more gepsrated, The most dlstent mutants geve no move
than 28% of wild-type enzyme activity.

4 gbudy wea made by Cree a2nd Biles {(17) of nutents defective

at the pantotuenic ascid-2 locus, which controls the conversion




of toto-¥sline to Mebo-pantolo acid, Of the 75 mubanis
obtained, J had erisen apontansously, L2 were X-Fay induced
snd 17 were ultrasviolet lizht induced, Fiftv-~two of The
total were represented zs "complete overlaps¥., The vemaining
23 were sllocsted to 12 subgroups from which wag formulated
a linear complementation mapn, On the ba of srototroph
fregquencies, obtalned in wmubant by mubent orosses, it wss
s8lao pogeible Lo order %the mubtational sites in 2 linsar srray,
Most of the prototrophs in these orosses ocun e éxpeched to
have erisen by the non-reciprossl type of recombinatlon kwown
as "wene conversion® Furbther checking of ¢hia linsar order
was carried outbt using the protvolroph freguencies obtulined
from orosses of double mubtsnbs (both sites within the pun-2
losus) to single pan-2 wmutunts. The order of mutants thus
aohleoved showed e striking correlatiom o the order of mubands
on the compleméntation map., IHowever, exceptions to thils
gowlineasrity were clesrly demonstrated., 7The exceptions can be
degoribed plobtorlally by ssying that two mubant sites allocsted
to the right slde of the genetic wmep, had to be plaved near
the center of the cowmplementation map,

The resulbs of btwo further inter-sllelic complementation

tudises have thus far only been reportsd briefly in the form

141

of ebetracts, Iashikewa {18) presented work with 242 primery
and G4 secondary mubanis defective at the ad-0 locus, whichk
gontrols sdenvlosuccinic s0ld gynihetase sctivity. 7The wmosb
inceresting asvect of this sbtudy was the finding of a definite

parallel between the genetic snd complemsubation mupg, with
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several exceptions. Uoocdward snd Cook {10) working with

mubsnts defective st the pyrividine-3 lozus also roporssd

discrepencies Detween the penetic and complessntetion maps.
It was veported in studies of botk the appinine-1 (1C)
end sdenine-1 (12) loci that many of the "overlsen” mutents
used were revertible to lndenendence from npubriticnasl
reguirsment, Iun sddition, the recombinotion experimenis of

Case and Giles (17) dsmonstrsbted thet "overlap” mutants

behuved as 1T, in each czase, only & smell site wes defective,

ull

F

@

Thege £

®

ndings atrongly suggent that Toverlep” subants cannot

be regarded s genetic deletions, |
togner, Somers and DPergguist (20} have descrilbed

complemoniantion atudies with mubtenbs, requiring isoleusine

and veline, similar to those uaged by the present suthor,

& oowparison of (e results of thesgo buwo studies ls thersfore

relegzuted to the Discussion,

Sirnificencse

ihe motlvation for carrying out these complementation
sbudies was the expoctation that they would be nelpful in
elucideting some of the flner detalls of gene function.
Thersfore, 1t would bs well to disscuss, in 2 zewnerasl wey, the
other wethods employed in the study of this problem, snd how
thelr findiuzgs asre relaied o complementstion phenowsna, The
two operationally indepesndent lines of experimeniation that
have been wost useful in characterlsing the relastionship of
sene structure %o function are: (1) snalysis of wetabolic and

sbtructursl defecte in multanbts by the use of biochemical



mothods, and (2) recombination snalysis.

The study of sccumulation products and supplementstion
experiments, in addition to other wmethods have usually
allowed the arrangswment of nulritional mubtants into discrete
groups, each representing s specsific metabolic defect (21).
Purther snslysis has gonerally yielded the result thst the
mubasnts in each group weres defective for a specific enzymatic
sobivity {22), GCGenetically cuused defects in presumably
noneenzyma tic proteins, such as humen hewoglobin (23) and
bacteriophage hesd protein (24), heve aleo been reported,
Studies of § different human hemogleobin types by even more
refined approoches suggest that these defects can be
pinpointed to epecific amino acld alterations in the peptide
chains of the proteim molecule {(23).

Uging recombination dats for the consiruction of lineay
genetlc meps, 1t haa been shoun that mutents concerned wlih
the szeme blochemical reacbion step tend o be slustersd in
a small region of the genetic map (21). It is Lecsuse of this
sorreletion that the gene ls comsidered to be a discrete

linesy segment of genetic materiel with & single function.

The mechsnism of physical exchenge invelving the
reciprocal breakage and fusion of homelogous chroumocsonss,
that has genersily been envisioned to account for the
recombination of distant wutationsl ailtes, does not geem
appliceble to the recombinstion of wmutsnits defsctive in the

pans gens, Recombination between two distant gltes is
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characterized by the reciprocal formatlon, during 2 single
noiosis, of both possible recoumbinant progeny. Bowever,

thore is substantilal svidence (25, 206 and 27) to indicate

that interallelic recombination invelves a nonereciprocal
formation of recombinzsnts. It &5 hard tc Ilmagine how a
mechanism of physlosl exchange ceuld allow the formetlion of
reciproval products at one level and nonersciprocal produsts

at another level, if all linked mutational sites are erranged
in o one dimensional erray. AT present there is no completely
adequate explanation for these findings.

It 42 significant thet all mutants jJudged to be defeciive
in a gingle gene Ly the bloshemical snd vecoubinstion criteris
can also be unambiguously ellocated bo that gene by
complements tion, 1.0, all mutunts defective in the sawe gene
do not complement with the "complete overlep® mutants for that
gene but do with all wmutants representing other genes., £L4189,
it appears that interallelic complementation rssults from the
direct interaction of gene products (16), end thet the
complementation maps roeflect this interaction, Therefore i%
secmy llkely that the studles of interallelic complementetion
san yield genetic information at a level of vefinement excecded
only by the most advenced biochemicsl and recombinational
approachies, It is possible &hat g direct correlation will
be found between the complementation subgroup a2nd e
subegtructure of the protein molecule.

he present work Includes an Intregenic complementatilon

gtudy a8t sach of two locl concerned with ilsoloucine and veline
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biosynthesis, It was hoped thet certsin feabures of the
complementation intersctlion could be clerified by a rather
extensive program of testing, Specifically, understanding
of the following problems wes souzht, Are the subgroups,
of which the complementation map is composed, discrete?
Does each genetic locus have agsoclated with 16 2 unicue
and characteristic pattern of sush subgroups? Vould
linearity of the‘ﬁemplamea@@ti@ﬁ map Do observed in these

grabteme?



Induction and gelsction

Mutants were obtained by the "dnositsol-less dsaih”
solection procedure described by Lestor snd Grogs {(95),

The gtrain used in all induction experiments was ineg, &9401a
which originated in & semple of mnitrogon musbard treated spores
desconded from the standard wild sross Em 52584 X Em 5297a,
Gonidis were narvested from cultures grown at 35° om 20 ml, of
the complete medium deseribed by Horowits {20).

The mutsgens used, conditions of treatment and appropriste
references are glven inm Teble 1. The conidial concentrations
at the time of trestment, ss debermined by optlcel density end
somperison Yo a sbtandard curve, were in the yrange 8-10 = 1@?
conidis per ml, A1l chewloal trestments were terminsted by
dilution into cold phoasphate buffer {1/15 ¥, pf 7.0). In all
experiments, except 1, € and 3, the recommendsd shaking step
{28} wse included, ‘

A1l isoleucine~-valine mutsnts were obtsained on plates
overlayed (after 3-4 days selection) with & wl, of s minimal

medium desoribed Ly Vogel (30) %o which was sdded aga

5.5 mg./ml,, zlucose 2,0 mg./mwl., glycerol 2.0 mﬁe/mza, gorbose
16 mg./ml., inositol 1 mg./ml., Lelsoleucine 200 «gz./ul. end
Levaline 2004 g./ml, Valine wmutents were obtained from plates
roceiving en overlay simllar to the shove excent that
isoleucine and vsline were vepluced by 3.0 nz./ml, casamine

acids snd the inositol concentrstion wss 35 4g./ml.
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Hutagenic treatmentsy
, Ml, of “
Cono, Duration conidial Hessured
or - of sugpension |conidial
Hubaoen | abbrev, dose treatment . treated survival Referonce
Uleraviolet 1is uy 60 sec, 10 30%
%awwww@wmwwgﬁm #-Ray 2500 r/uin 40 wip, | 20 20% |
Hitrogen ﬁ 18 bard T
A e wﬁ%a =big (Deta= , 1
msagwam%y HT& ine W
yw@%wmgw@%mm@v L 0.0025H 30 min, | 20 31
E-bromodsoxyuridin 8" 5-BDY
Tlert-bDutyi- .
‘%Qx% @ﬁ@%@u&.&.@ 0,098 0 min. 0 38
Ethvleneinine G008 40 min. 29 91
femroniolsctons A-pr | 0.0 20 win., 20 33
Hydrogen peroxide 0,06l Koo
with Formsldehyde aP P 0028 HCEO SC min, o0 331
Witrous saia® HiOs | 0,008M 96 min, 11,8 34

1 “he dose was dellverad by 2 30 Vatt Gensral Electric Germicidal Lamp to 2 suspension
in en _open petri dish {radius 4.5 om,) 9 om, from the lam

o The dose wss deliversd by a 2560 KV Vestinghouss H@@zmw%wmw X-Ray Unit with no
Tiltration to & suspension ip ap opon petri dish 36 om, distant fron the window,

3 Conldias were hervested from cultures grown on 20 ml., of Horowitz complete medium
A&@wégwmaw 1047) supplemented with m@mxxﬁe\uw 5-5BDI1,

4 1 @ initiats treatment 4 wg., of Nall0p were addsd to the conidlisl suspension in
0,14 scetate buffer (pd 4.8},



Complenuntotion togls

omplementation btests were wregularly psreformed iam larze
potri dishes (radius 7 om.) sontaining 50 ml, of Vouel's

medium supplemented with sorbese 5,0 mg./ml., susrose

jucd

O mg./ml,, inositol 10 4g./ml. snd agar 20 mz,/ml, Conidial
suspencions were prepsred from sultures freshly grouwn on
somnlete medium, Although conidial concentrsilons wers pot
ugually meassured, complementation results were found to be
regularly reproducible as long ss the suspéensions werse visibly
turbid (i1.8,, above § x 168 conidie/ml.). Tests carried out

41th wmore dilute puspsnsions were found to be unrsliisble.
Incoula wore gpobted on The plates with a wire ioop, each gpob
receliving conidia from two mutents, A many =9 48 spots could
be placed on individusl plstes., These were stored st 25° end
groubh was recorded dslly., Overgrowth of spots by neighboring,
earlvepositive tests usuelly limited the ugefulness of plates
to from & Bo 10 days,

Another, more sensitive, method was also employed for
complementation testing, Two inch test btubss contalning 1 ml,
each of Vogel's winimal medium supplemented with inositol
z@/ag@/ﬁza, susrose 10 mg./ml,, glycerol 10 mg./ml., Levaline
o0 @,/mlof L-isoleucine 100 «g./ml. and agar 20 mg,./ml,

mg

@pere prepared,



To each of these were sdded inocula from two mubkaybts,

Afser 3 days prowth sl 25@, conidis were transferyed Go
sorresgponding tubesg contsining wedis idenbicsl to the above
except for the omission of lsoleuvine apnd vaeline.
Dbaervabions of complementation could then be recorded
during a twenty dey periocd., However, because of the
sonsiderable extrs work imvolved for sach btest, the use of
this method was limited o checking the results obtained by

the plete method,

Crogses

Crosses were made on Wesbergesrd minimal wedium (386)
supplewented with Lelaoleucipe 100 ug./ml., L-valine
100 yg./ml. snd ipnosibol 10 Ug./ml. in addition to several
other smino seidas. Recowmbination fregquencies were obisined
by plating oubt appropriste dllutions of random spores on both
jeolsucine-valine supplemented, esnd minimel medis, aAfter 30
minubtea of teating ab @@@, the plstes werse placed ab 36° for
about 24 hours. Counts wers made with s low power binosular
wicrosoope when the colonies were st411 quite amall, Also
debermined was the percent of gpores not germinasting on plateg

supplemented with isoleucine asnd valine,
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REBULTS

Hutant 7ields

In 211, 512 mutanbs, sllocated to 23 geries (Tabls 2),

wore obtalned, All mubtants were capable of growih on medium
gupplemented with igoleucine and valine, but not on wminimal
medium, Each wubant weg dealgnated by two numbors, the first
indicating ths series in which 1%t was obtsined and the second
the order in which 4% wss found in that series. Thus, mutant
1813 wass the thirtesnth wutant found 4in series 18, The
mubants of Experiment I wero unique in thet they were obitained
from plates overlayed with minimal medium containing caseln
hydrolysete, while in 211 other experiments sn iseclesucine-
valine supplement wsg used,

Faotors guch as age of harvesgted conidlis, conidial concsne
tration et time of wmubagen trestment, conlidlel concentration
at time of plating end duration of selection are sll expected
to affect the visld of subtents (20 and 31}, Each of the
oxperimonts was kpoun %o vary with respgot %o these factors,
and this, at lessl partially, socounts for the significant
;diffarema&s in disgtribution of nutant bypes from experiment o
experiment (Tebleg £ and 4}, Por esch of the seoriss within
Experiments VII, VIIT and IX, these factors were neld very
nearly constent, from one soriszs to the noxt, end only the

mutageons used were changsd.



Table 2

¥ioldas snd distribution of wmubsnbs

Humbsr

GColonies of % Disteibution
Expb, Serieg Mutazen ploied mubants vield Fal=1 Fale? ivel fv -2 17w
i 1 uy 49 ] 16,3 & ) 0 E
i1 2 uv 551 o0 Sal2 G O G 3 18
ITT 3 1Y 27 2 2.1 o O 0 & 2
iv 4 0y 450 DoP 58,9 0 G HE &4 DEE
A9 B oy %) 23 4% .4 (& G G i 28
Vi & oy 101 56 58,8 0 0 ¢ O 55

VIZ 7 q-5 8y g 3 E,8 4 g & 1 &
3 HM 046 3 i.2 ¢ 0 a3 1 2
@ P+HP 400 4 G O 4 o 0 o
16 iy 400 18 3.8 ¥ o 1 4 10
11 Spon taneous 400 3 -+ 85 0 g o 0 1
12 5=BDU 408 i 0 25 G 0 G 31 2
vIII 13 oy 450 18 4.8 o G ig 3 3
ig X-Bay 106 3 S0 g G 3 o o
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Crouning of mubante by complementution

On the bsals of couplemeniation bests sll iscleucine-valine
mutants were plsced in three groups, snd the valine mitants
into %we additional groups. hese have boon designated gg;g%,
iv=g®, jy=3, val-l snd yel-2. All tests invelving two mubants
from diffevent groups were alwsys positive within a dey sfler
ipooculstion. The data from all inter-group tests are
pummarized in Teble 3. The distribution of mubsnts, covtained
in each series, smong the various groups, is given in Teble 2.

Ho complementetion was observed between members of elther
the val-l or vgl-2 group., Hutants In the iv-1 group wers all
obaerved Lo grovw on minimal medium bebween 4 snd © davs. For
the other groups, the proportion of mutenbs displaving growth
on minimsl medivm before £ dsys wag nob movre than a few
vercent of the total number. Among the 1,012 iyl x fv-1
pairvise complementsbion Yests that were performed, several
wore posltive 2«35 days before e¢lther mutsnt elone revecled
growth, Howevsyr, beususe of the complicatlon of slow growth

on minimel mediuwm, this study waes not pursued further,

Y o e G2 T D

%rne designation 4vel wes First used by Barratt et.sl, {37)

su an sssipgnment for mutant 18117 snd its posaible alleles,
The designation iv-2 was slso introduced LY these autuors

for alleles of mutent 39709, whieh on the basis of unpublished
data wes olosely iinked to 18117. The use of ivel In the
present work is consisbent with Bhis original usesge. However
BOT0T was found to be hetershkarvon incompstible with th .
wubants used in this study and there 1s no gdditional mention
of 4% in the literature. Therefors it i3 nob certelin Wt
predent snd original ussge sre Sonsisgbent,



copnlementation behavior of igaleveins-valine wnubasnd

18117, obtalined by Beadles and Tabtum (36), olesriy placed 4%

o,

in the iv-1 mroup. 1bent, In addivion, displeyed the

f;.xﬂ

1 3yl

ettt

gloy orowth on minimal vedlum oharacberistis of al
R 5

mubants, It hes been ab:own (38) thay 161Y7 scoumulstes v

80id and q&pwdﬁd« OXT =

intermediates KQFLﬁi

Semetiyivaleric seid (Pig. 1.), sud in sddition lacks the

&

denvdrase wirich converts these compounds to A=tetolsoveleri

of A

804 d o=i@bo=S=moti:yiveleric acid respectively (30),

It 4o infeorred frowm this evidoncs, zsnd the res

o De presented, that 1y-1 nutanbes arc defective in Ehe

deniydrase atep of lsoleucine-valime biloawmihesisg.

tosts cesrried oubt on wimimal medium

Complenentatior

ja

gupplerented with either Levaliine alone, or Le-lgoleucine

alone, pave resultes lndistiapuisheble from tests cerried

out in the ususl manner on unsuppleménted wminimel medium,
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Fig.| Biosynthesis of Isoleucine and Valine
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| — | > |  ———x> | ——>VALINE
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CHs CHs CHs
PYRUVIC  a-ACETOLACTIC | a,/3-DIHYDROXY- | a-KETOISOVALERIC
ACID ACID ISOVALERIC ACID ACID
+
COOH
| I IT T BAVA
ﬁ::O CONDENSING REDUCTO- DEHYDRASE  TRANSAMINASE
CHs ENZYME ISOMERASE
PYRUVIC
ACID
+
(%OOH (llOOH (%OOH CI:OOH
CII=O___,> HO-C-CH,CHgv HO'(I:H — v, 0= (!: ——> ISOLEUCINE
CH, c=0 HO-C-CH HC-CHs
CHs CHs CH, CH,
CHy  CH,
a-KETO- @-ACETO- a, B-DIHYDROXY- @ -KETO-3-METHYL-
BUTYRIC ACID  a-HYDROXY-  [B3-METHYLVALERIC VALERIC ACID

BUTYRIC ACID ACID
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Table 3

Intergroup complementetion teats

Humber of tests porformed

Groups {all positive)
iv=1 % iy=2 o2
iv-1 % iv-3 368
iv=l = yal=l 77
iv=-] % val=-2 K
ive2 % iv=3 1448
49-2 x yal-l 55
iv=2 % yal-2 39
iy=-3 % yalel 144
ived % Yal-2 162
yal-1 % yal-2 16
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The 1lv-2 sroup

The ©4 mutanis allocated to the 1v-2 group wers tested iu
832 palrwise combinationg., Elghueen of these mutants were
found to complement with at least one other in the group.

A11 posglble puslrwise tests awong these 18 were performed.

On the basls of the vesults a cowpletely self-consistent

linesr complemontation mep wss formulated {Fiz. 2.). However,
the posltions of all the subgroups were not uniquely
debermined, and therofore wmore thap onpe linsar wmap could have
been derived from the date, For ilustance, the positions of
213 and 20-8 could have been reversed. 4lmost all positive
rogpounses were initiated botween 3 and § days after inocculation,
There wag gomé tendency for heterokervotic growth o D more
vigorous as the "distence” on the map, betwesn the mutants
involved, incroased., However, one case of sxceptlonal behavior
was clearly esteblished in repeated tests, HMubtant 23«10
dnitisted a positive response with 513 three days aflber
inoculation, whereas with the more "distsnt? 21-0 snd 20-8,
complementation was not observed untll 7 and § days,
ragpectively,

The TH completely overlapning nmubtents nhad the following

mutagenic origine: 42, hydrogen perozilde with formeldehvde:

fosd

23, ultraviolet light; 7, nitropen mustard; 3, A-Rays: and 1,

broucdeoxy ular interest were ¢ mubtants,

~a
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e
fel
£
fsdn
£
L
@
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=3
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)

roprosenting 3 different mutagenlc origine, «hdch digplayed

identical complementution petterns (Fig., 2. second subgroup
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Fig. 2. Uomplementabion map of the 1v-2 ¢

T oup

{ There were 75 “cowplete overlsp® mubants)®
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8BE

he individual mubtantas belonging bo eash
Tne abbrevistions ussd were: ulby

g respecbtively.

formaldehiyde, BP+P; and nitrous aseld, wﬁwwg

21-3 (1M)

20-8 (UV)

af these mubtants sre given in the btext.

subgroup, slong with their mutagenlic opi
aviolet light, UV:; niitrogen musbard, HM

o4y
Bin8,
-
3

FEE Mubant 23-18 complemented after 3 dAays with 5-13, but with 21-6 snd 208 1% book 7 and
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from lef%). This result wag characteristic, o s greater
extent, of mubtsnts in the iv=8 zroup asnd therefore iis
possible significspce will be discussed in the following

gestions.

Tne 4v=3 group

On the basisg of o progrem of testing in which the 432
Adv-3 mutants were subjected to about 10,800 psiruiuve
gompnlemenbtation Gtests, the map shown in Fig, 3. was formulsated,
The complementstion behavior of 428 of the mutante was
complately consigtent with this linesr representation, but the
remaining 4 could not be reconciled wilth 1%, Three of these
would not conform o sny linesr representation, 7The
properities of these mutants are discussed beliow,

“he wmost interesting fesbure of the results was that the
complementation mep contaimed only a few subgroups, L1.0. awong
425 mutents there existed only & patierns of couplementstion,
Howaver, 325 of these were C mutants derived from U.V.
trectment, This & subgroup representation was initlally
cbgerved early in the testing program whep only U.V. induced
mubents were evallable., Of the 52 nonelU.V. mubtants
. gubsequently obteined (Table 4) 25 4id not complement end
weyre placed in subgproup A, 25 could bs placed in one of
e other © established subgroups, snd 4 gave exceptiocnsl
results,

The pumber of possible psirwise tests (1), vhere n 48

the number of mubtsnks tested, is ﬁ(ﬁ‘3>o Wnen n is 432,



Piz, 5. Cowplementution map of tas 1lv=5 aroup

i {s0)®

B (28)

¢ {353

P {7)

(PLUS 4 EXCEPIIONAL MITANTS)™F

% Paoh subgroup is given e letter designation after which
48 the numbery of mubents foumd in thet subzroup.

% pour iv-3 mubants dlspleyed patierns of complementation
incompatible witlh this representation, Three of these could
not be reconciled with sny mep ip wirich all the subgroups
spe represented by uninterrupted lime segments. For furthap
detalls, see baxk.
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Teble 4

Distribution of wubtants found in
successive selection experimentg®

Series
Fumber Hubagen Subgroup Tobtals
4 B G D E P Ezxceptions
1 uv O G O 0 0 O 4 o
=1 v 3 & 1 & ¢ & G 19
3 uv O | i G G O o 2
4 uv T & 246 0 i1 ¢ o o058
& 1% 1 1 20 ¥ O O 0 22
& UV 2 2 &0 G 2 0 G 66
7 X-Rav O ¢ O O G 0 U o
8 HY 1 1 O o G ¢ o o
9 BP+F O ¢ O 0 o o o G
10 v 2 3 & 0 0 1 0 10
11 Spont O 1 G o ¢ 0 O 1
12 & -BDU O & O O ¢ 0 O o
13 337 3 0 G O e ¢ o 3
i4 X-Ray 0 ¢ O o Y G O o
186 KM 1 2 ¢ o © 0 1 &
18 TEHP & 0 1 ¢ ¢ 0 0 &
17 D0 IM G L ¥ O 0 1 0 2
18 A=pl oD 6 O i ¢ ¢ 0 2 t
19 Hp+P 3 2 3 ] 1 O o 9
20 uv 7 & 3 g O O o e
<3 RH o 1 2 g 0 0 G &
oo H¥0o O 0 1 O ¥ 0 0 i
2% HAP+F g & o o ¢ 1 1 8
Total 50 28 333 & 4 8 & 432
uv oF 16 326 & 3 & 0
non=-UV 5 12 8 ¢ 1 24 &

* geveral mutente, which grew on nminimal medlun o the extent
thnt clasgsificotion wss interfered with, were not included,



T s 93,096, The number of vests aciually performed,

10,500, wes only 1% of this tebel, Therefors, i1t would
seem advisshle Yo mention some of the factore involved in
cshooging those teste which were carrisd ocut, Initially
nutente 4-1 to 4-65 were tested in all pairwige combinations,
and then errenged dn ¢lasses according to thelr patiern of
complementation, HMubtants reopresenting esch class were next
uged sg testers to oclesaify syobtemeticslly the other mutaznts,
Awy newly tested mutent not conforming bto the ostablished
patbern of complemsntetion, wes, after rechecking, itsolf
used as & bopter. Clessiflicavlons thus arrived at were
subjected to numersus ocrosg-checks, Although only 3,000 of
the 55,978 possible 0 = € tests were sctuslly perforwed

{21l giving negative results), it ceemed unnecessary o
prolong thiz phase of the besting progrsm, The omitted C x C
tests ascount for more then half the total tests not carried
oub.

There tended to be & correlation bebwesn the viger of
hé%ar@k@ry@tﬁw growth snd the peir of subgroups represented
in the heterokervon. Thus the complementation intersctions
betwoon wmubanty in the P apd C groups were charscterized
by ebundent growuth astarting on the first day after
inooulsbtion. 7The sawme wes true of E X € end P 2 D,
wheress B x D hoterokaryons bteok sbout 2 davs to iaitia%@‘
growth. B 2 F positive uscts wsye varleble in time of

initlation bub oscured, on the esveruge, sbout § days afber
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inoculation, Orowth in these cages was alweys scanby, The
tube method for detecting complemenbtation (ssc Meteriels snd
Mothods ) wag used meinly for checking the B x P coanbinstiong,
and siso D x C tests which grew after an average of 11 days,
withh even wore variasbility, end gave exceedingly scanty
growth regnonse.,

Two of the exceptionsl mutants 18«10 and 23«50 did not
somplement with ssch other and were In all respecits very
gimilar. NWeither complemented with A, E or F mutsnuts,

Both complemented resdlly with 2ll B mutants tesbed, 16-10

25:&

pave o positive response with 2¢ B mutants afler an cverage
of sboubt 2 days, vhereas 23-5G, in btests with 22 D mutents
took about 4 dave., Both complemented slowly with &0% of the
G pubents (an averape of § davs in each case) znd would nob
complement at all with 400 of the C's. To ropresent these
mutants on the complementation map would imeviitably regquire
twe nonecdjacont line segments ss woll sz s subdlivislon of
group C, The uew @ahgr@mps arising becsuse of the exceptional
mutants certeinly hove sn egual clsim to letiter deslisnations.
Howevey, in order to malke these azssigoments with any surety,
1% would have first bsen necegasry to have established the
complete somplementation gpectrum of all the exceptiona’l
mutents, Yo scoomplish thisz, wiith the required resolution,
uging the technigues now svellable, would have been s

considerable undervaiing.
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The two romeining exceptionsl wmubsnts {16-7 ond 18-13
did oomplemant with sach othey, 157 ascted in geoneral 1like
a C mutant, =lthough unlike C%s, 4t complewented with sboub
40% of the D mutanbs afier an average of £ devs. Alihough
thare was jnsufficlent data bto cheyascterige completely
mitent 10«13, 1ts behavior oleurly did mot £it the established
pabtorn snd wes in addibion Incowmpetlible with linearity.

Mutsnts representing the jv-l, iv.2 end 1v.3 groups, in
addition %o inosg. €UGUL, have been assayed for the enzymatic
ability to convert pyruvic sold to asceboin, by wey of
soebolaotic acid (40), sceboin wes determined Ly the method
of Yesterfeld (41). A4 representetive mutent in both the iv-l
and 1ve2 groups 28 well as ipog. BYG01 dlsplaysd substential
aotivity for theae reeotions, vheress Ly~ wubtants had listle
if eny eotivity, This evidence indloobtes that ived mubants
are blosked in 8%ep I (Pig., 1.} of the blosynthetic pathway.

An iv wutent, TLL0, hae been shown by Vilaon and Adolberg
{42} to ascoumulate several oprganic acids, the principal ones
being cltramslis and q,/-dimethylmalic sclds, By complemente
sbion thisz mutant belonged %o Ghe 1v-3 group. The explanation
for thesse sccunniletion products s unknown., FPurther work on

the enszywology of 8%ep 1 iz aocw in progress.
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Crosaes
Proliminsyy orossss were performed in order to chsck Go

gome extent the groupinge indlcsted by cowplemsunbtotion & ﬁwﬁa
Mubant 102174 (fv=1), assigued %o the right erm of linlage
ceoup T (87), was orossed %o mewbers of sach of the Five
groups agd orovaed Go be unlinked or dletantly linied o
mitanty of the yale~l, 7al-f and 1v-3 groups, In the 12
fortile crossos Detwesn 10117 aend verious iv-2 mutants,
1inkege was observed in every ocuse, Yhe valucs varied betwsen
2,0 snd 8,5 mup uwnits and hed on average of 5.3, Spord ZOrhe
instion in these orosses was bobween 40 end 90 perceant. In
the single feriile oross o snother iv-l mubtant (10«0), no
probtobrophs were observed umong spproximetely 2,000 germinated

randon spoves, In Shis ocuse there was 21% gormination,
Therefore eltheyr ropresent defevts at identical or very ologely
1inked sites, Ukls evidence sugpesve that Bhe three 1y uroups
represens 3 genetic lool, Two of these (Jv~l and iv-2) are in

linlrage group ¥, about 6.3 wmep units apart, and bolh arve

unlinked to ive3.
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DISCIS8IOoN

ne most spparent conclusicn frow the interaillelic
complement:stion studies iz that all of the Lvy~2 dats and the
vasth majority of the lv-3 data are sompatible with silmple
Linesr somplementation maps, AL the preseunt stage of
updersbanding it is difficult Vo know how to asscess bhe
importance of the four Lv-3 mutants whose complementabion
belhavior differs from the established pattern, end especially
the tlwres of theege which will not conform %o o linesr wmep,

In addibion, the data sre in general accord with YWoodward's
observation (1&8) that the vigor of heterokarvotic srowbh
between two mulsnts increases with "dletspnce epsrt” on the
somplementation mep.

On the buosis of these resulbts the hypothesls was
formulated thet euch locus hwss assoclated with 1%t 2 unigue and -
snaracteristic puttern of discrete complementation subgroups,
gnd that the obserwvatlons iu a complewentation study relflsotb
Glils patbern, I¢ iz, in additlon, proposed tihw it this pabbern
alge reflects the moleculur gbructure of the snzyme conbtrollied
by the losus, “he experiments will thorefore be discussed with
respect to this notion that 1v is & fundewental properbty of the
gene Lo spesify a pasrticular arrangement or set of subsroups,

Providing the malin support for this ﬁypﬁﬁh@ﬂiﬁvi% tLine
result that the very large number of iv-3 mubanbs which were
found proved, after exiensive testing, o bslons Yo a relatively

small number of gubgroups. Also of consequence was the findiag
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that, of 18 complementing Ly~ mutents, eix fell inte one
subgroup. It is predicted thal the number of iv~2 subgroups
wlll continue to remsin smell with the accumulation of more
Ave2 mutanta,

“he validity of the hypothesis depends, in pard, on how
pafely grounded are the gubgroup sssignpments. It csn be aslked,
with what degree of certeinty sre the mutenbs, 21lccated to 2
sinzle submroup, identlical Uo each other in complementation
behavior? When successive mubants within s subgroup are tested

ageinsgt smutents in subgroups that 2re not adjacent con the wap,
very uniform positive results are obiuined., However, when the
teste involving "adjscent” subgroups are considered, gualifie
cetlionsg do srise “hese begbls give the least vigorous
hgterokaryotle growlh snd ere, in feot, ofben varisble in
exprosaion, However, increzsed vare snd repetitlon tends bo
minimige variastions, It therefore smeems pyobable Lthat Lt is
the insensitlvity of the procedures generelly used for detecting
somplementsbion, when appiled bto weakly positive iLesbts, rather
than a leck of subgroup discretensws thait accounts for this
varisbility.

Tucerpretations of the regults are subjsct v furiher
roservations imposed by a lack of bnowledge souncorning two

factors whish could certeinly biss the distribubion of wuband

trpes, Yhese are, mutatlionsl "ot spote® (43) snd selection
{Qurins the experiments by which Uhe mutsnts wers obialined).

mown that the spsctra of "ot spots”

ageng, show little,
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if sny, overlep (44}, Therefors, the observation that 23 of
g7 non-U.¥, indused iy-d mutants gave the ssme few complemente
ation patterns @ha@rvsd for U.V, induced mutants, argues
agzinst the possibility that similarilty of behavior among
mutantes primerily roflects "hot spot” conbtributions,

Ho extination can e wmade alb present concerning the
effect of selection on the distribution of mitents smong the
verious subgroups,

A few mutants were omitted frow the tabulations boocsuse
thedr slow growih on minimal wedium interfered with the tests
pecessary for classsificstion, From the tests thet could be
per formed, there waa no indication of umusual complewmenitstion
behavior. r

Yagner, Somers and Bergguist (20) have recently reported
e regulty of experiments also concormed with lsscleucinge
veline mutasnts of Newrospora, They copncluded that clustersd
in & single complemsntation group were three kinds of wubants,
“hose allocated to one slde of the complemenitation wap were
deomed defective in the reductolisomerasse sbep (Fig. 1.), and
%m@@e on the other side, in the dehydrsse step. Hubtants
losated in the middle were postulsted 6o be defeciive im hoith
steps, Uhelr recombination date vere used to asmsign these
wabants %o a emsll reglon of the genetic maep (about 4 mep units)
in the right arm of linkage mvroup V.

Onn the basis of dete prozented here z conbtrasting

conclusion has been reachsd, In this work mitsnty ropreseniing
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two cowpletely sepsrate complomsntatlon groups (4v=1 and Lve-2)
cppear to be located in llukege group Y. The conclusion that
e bwo groups are coumlotely separate is based om the
obgervstion theaet all the 0820 tests performed betwesn mutants
ropresenting each group wers clesrly positive uithin one dey,
without eny indicatlon of ambigulty, One mutant, 15117, used
in both studies, wes placed oun the dshydrase side of their
oomplementa tion map, bubt dn the present snslysis was locabed
in the 1v=1 sroup. |

The berm “eldstron® ls often found in the literature
apsocisted with reports on complementution plignowensz, However,
there is some disagresment in 1vs applicstion to diffarent
systems, Denger originally (45) defined the cisbtron with
gpecisl reference To the behsvior of the r {rapild lysis) wmubants
42 linkaze group II of the bacteriophage T4, These mutants
each lack Vhe sbility to wultiply in corbein stralae of E. g0ll.
Tao pypy mulents are considorsd to complement ench other iz,
afser simultanecus infection of one of these baoteris with both
mubanty, progeny baclteriophaye are producted, Two mutanbty are
considered nonesomplementary if, on peired infectilon, they ars
defective with reaspect to this function, Initielly Benzer
reported thet all of Ghese ryy mutants beloaged %o one of Etwo
comploments tlon groups. 411 mutents in one group fziled %o
complement with each olther, bubt each would voumplement with any
mutenst of the other group. “he mubtents in easch group proved in
reconbination tests Lo pepresount a continucus sequence of sites

in a small segment of the genetic wap, Each of the buo
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seoments thus defined wes btermed a "oisbron®, Benzer hasg
recently reported (48) weak complementstion betweon mubsnts
that were allocated io the same "oistron¥, It iz not kuown
7ot vhether & study of this wesk complemendstion will visld

& complementotion mep gimiler %o these obtalned in Heurospors.
However, it sesms olear that it would be most conglstent with
Benzer's originel usage to apply the desigmation Yolstron®,

in thiz work, to the couwplementetlion group.

Mechunigms

4 pumber of different mechanisma have been proposed bo £1b
the experimental observations assoclabed with inbersllelio
complemnentation, Before reviewing those involving ovtoplagmie
interasctions 1t %8 flret necessery %o discuss, az & posasible
explanstion, direst somstlc recombination bLetusen the mubent
genomnss .,

Pateman and Pinochem {47) were unable to demonsirate asny
marker recombinstion botwoen the vegetative nusliel of hetero-
karyons, Thedr evidewncs ocould be taken Yo indloste either the
complete absence of zenetic intersctlon smong vegetative nucled
or thut any such intersction wust be far toe Infrequent to
acoount for the high degres of réstoration of ongvmatic sctlvity
often observed, Thess findipgs plus the demonstration of
4n vitrp covplementatlon with wmixed crude extracts of mubanbs
{15} arzuve atrongly sgalnet sowmsbtic recombinetion ass the valid

mEchaniem,



§
n
b
]

Poodward et.al, (13) haove speculsted thet exchanse botwosn
paired defoctive Riia templeabes giving rilse %o functionally
intact templstes could account for resgtoruticn of enzyme
activity, Another very similar theory ig thet sctive enzTme
protein could be formed from two templates defecitive atl
difrerent sites by Pirst Yocopving® inforwmation from one and
then from the okther, By either of these mechanisms, sesuming
random exchange or gswiltehing, 1t 1ls predicted thet no more than
1/4 of the activity present In wild-type could be restored,

The observstion that enzymeilc sotivity sohileved in heberoe
karyous never excesdad this velue wes thought to lend
considerable support. Howsver, in opposition to this type of
theory, Yoodward {48) hes recently shown thet mubant proteins,
similar in chromstogprspiiic properties to the wild-type ounzyme,
gan be used directly to effect in vitro complementetion,

In addltion these theories predict that the restored sctivity
ghould resgide in protein indistingulshsble in physical
propertles from wild-type proteinm. This is slso in direct
contradlotion to the recent findings of tewperature sensitlve
enzyme in complementing heterokasryons by both Pinchanm (12) end
Gape and Giles (17). It is therefore unlikely that 2 mechenism
involving REL templste inberaction is ianvolved,

Humaen hemoglobin molecules ere known to bs cowposed of tuwo
paira of polypeptide subunibtas, The shorthand desigastlon uged
to describe this arrangemenvt 13 Ay s ﬁk,ﬁ%» Kand f desipnate
polypsptide chains with dlfferent amino scid sequonces, whereas

A and Ag ere identicel, znd 51 and ﬂg ere identical., AL
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Another vproposed meahanism of complemgnbtstion s Lesed
on the Ffindings of Richards (82). Vhen crystaliime bovine
pancrestic ribonuclesse is trested under gpecific condlitions
with the proteclytic enzywe subbilisin, the N-terminal peptide
gonte inine 20 residugs is split off, his peptlide and the
residual protein sepsrately huve less than &% of the originasl
ashivity of the ensyme, When thewve fragmenbts are brought
sopether under certain conditions, full sotiviby is reatored,
"he aotive sbructure is mow composed of btwo peptide fragments
neld topether only by tertlary linkages., To explsin complemente
ation on %he basis of the above gystem the presumpilion ls mede
thet complementing muvanbts must syntheslze lnasctlive peptlde
fragments, which after heterokeryon ferwetion, cen Jola teo
form sobive protein., However Yanofaslky (23) hes reported that
complementing mutanta as & rule preduce proteis whidi oross
reacts fmmmologicelly with aptibodies eagainst ulld-type
enzyme, Honecomplemenbing mutants de not produce such naterlals,
Sinoe small peptides are not likely to be cross rescting,
Yanofsky's dabe are heprd to reconcile with bthe essumptlon that
the ability to complement deépends op fragment formaition.

The la8bt of the hypoithesis to be dlscussed is founded op
the supposition thet enzyme mclecules with identicsel functions
tend %o be specifically ﬁhy%@g@%eé in vive. A nusber of
exsmples of apscific protein esggregates have bosn described,
Sovame {(53) and Hides et.sl, {54) heve shoun that enimal liver
glutemic dehydrogenase cen be dissssociated into at loast olght

subupits which retsin Full sctiviby and are tnerefors probebly
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Ldentical., Alllson (85) nes proposed = tusory of agsrepgetion
$o explain the behavior of haptoglobin msolecules, Herrison
{54) has sugpested that ferritin, & prousin with s wolooulap
waight of 747,000 should be composed of 24 {or 24n) identicel

¥

subunite, Studies by Dremner et.al, {&V) suszest that the

tall shesths of U-gven bascteriophsges are cowpossged of about

200 repeated protein subunits of approxlmstely 60,000 moleculsy
woight, The hesd membrane of these becteriophage is elso
composed of a lapge number of repested subunits with s molecular
poight of 8¢,000, The protein cost of the itobacoo nosais

virus hes been shouwn to consist of 2,200 identical subunits of
molecular weight 18,000 (88), Present evidence thevefore
indicates thet epecific proteln sggregstion may be & ratley
prevalent phenomencn, Yo sccount for interallellic complemente
ation op this basis 1% 1o necepsary to agsume that in
neterokervons the defsctive enzyme molecules from the two
contributing sutsnts form 8 wmizxed egpregate., In certain cases
the two kinds of altered enzvme can interast in the sgaregete
go as %o ellow partisl amelioration of the defects, One cay

£

o

imsgine, aws & gpocific poesibility, that close psoking
atoarically slteored proteins foress the woleculss into o wore
nearly normel confisuration, In this scheme overlsp mutants
would be charscterized by protelins so gtearicslly sltered as
te be wsble to interact favorasbly with several different Lypes
of defective molacules, A basic difficulty with this type of

mochanism 4a thaet there is as yet insufficient evidence in

suppoert of the asgumption that the Lype of aggregatiom



degoribed is applicable to soluble enzyme systems, Also
besring in mind the well oharacteriszed tortisry siructure

of myoglobin (59}, 1t is 4ifficult o belisve that complomenie
ation interazctions among molecules of sudh coumplexlty would be
reprosenteble by a linesr wap.

In comolusion, 4t should be ewphasized that all the
possibie kinds of mechanisms that could be inveksd to explain
complementation were not exnausted in the above discussion,
Only thosge thooriss were mentioned which have recently received
gome sttention in the litersture., However zince one musht still
consider these o be highly speculative, 1t is powsible that
the true mechenism will eventually prove to be baslcally

Alssimilar to 8ll of the theories discussed,
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