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" ABSTRACT - ST

. * .
. - ) .

Due to the complexity of the * uvsX-uusY DNA repair

N

ﬁathway of bacteriophage T4, we habé attempted to'define the

functions gnd'repéi; mechanisms ihvblved. in "this 7pathwa§
. - . . ) ! . )
using seyeral different techniques. The DNA

W Rl

- repair-recombination functions of the péthway'were analyzed
. * - -~ .

bibjhemically and genetically;'to aid in our understanding

the | role of these functions in DNA repaijr ‘and, other .
important processes in the cell. . .

The” functions of the uvsX, and uvsY éene products of the
udvsXquvsY pathway were studied by anaf?gzng thg”DNA.repéirL
defecEE,préduceﬁ.by mutations in these two genes. The, DNA

“intermediates forméd éffe; uv-irradiation wé?é analyzed by

sucrose gradient centrjifugation. -Results of ;he.~studies

suggelsted that the uvsX and uvsY gene products function in a

"joining" reaction of DNA fragments. - .

The QXEX and Eiiy' éenes are also - inﬁolved in ‘DNA
matu atioﬁ‘ sibbe DNA mgtuxat@gn-defectiye mutations in:genek
49 ;rg supprgssed‘by ézix‘.and uvsY mutations. We hag?
stuéied " tHe role of the DNA' repair-recombination functions
in DNA maturation by_analyzihg the suppressars of a gene 49°

“mutation. | In addition to mutations in the uvsX and uvsy

111




‘ 64,3 mutationsx :1Ftbm these-reSults, we, suggest'thét the DNA

\
| - r pﬁxr recomb natnon.genes are 1nvolved in-‘a- DNA - process1ng'

= ) ; p thway and ﬁhat the suppre551on of gene’ 49 mutatlong occufs

< N . H \ f ".c . /
. A

- " because the gDNA 1ntermed1ates ~ formed by these " DNA -

} <>
.

repalr defectlve mutants bypass the requ1rement for the gene
n"‘
. 49 function.’

-~

’ -

. . . : : ,
7We?haye analyzed the intertelationships *of the ,DNA
. tepair—reéopbination functions by stddyiﬁg” extnagenic
LT / P 3 \
suppressors-of mutations in thede genes. A study of .these

suppressors an indicate 1nteractlons betw?en the various’

N
°

et Lo gene products’ 1nVolved 031ng thls approach we have
. ‘ - b - \
. iselated two new suppressors (s r and uvsU) of mutatlons in

(o

.

the DNA repalr recomblnatlon gene?“‘ Tbe sur mutation' is a. .
. general suppressor of these mutatlons_suggestlng the closelyu

. 4 '
related nature of the. repairérecombination functions.

" However, the uv—sen31t1ve mutatlon ‘uvsU,s,sPecificallyi

" suppresses: uvsX mutatlons. Stules of uvsU have 1ed ds to
. . ' |
1 propose a model whereby DNA lepljcatlon is coupled with the

hl

DNA repair-recombination*® fudctions.  In addition, an
. i . 1

analysis of the diverse act1v1t1es of the-~suppressors of

mutations in the repai;-recomblnatlon genes has\ allowed us -

ta suggest a possible reaction sequence for thes unctiohs;

o e
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INTRODUCTION = | i

A

A Historical Review C - -
(? -
] AP N -

"It is essential for the survival of an organism to
'maintain the integrity of\its'genetic_matetial. To'achieme
this, most organisms have evolved various mechanisms for the‘
tepa{r of their deoxyribonucleic acid (DNA) which has beeg
damaged by dlfferent physical and chemical agents. The 2§A
repalr process is so 1mportant that a Smele organism such
as bacteriophage’ T4 devotes approximately 5 - 10 percent ot
its total genetic information to DNA tepair fpnctions. _This
thesis describes an‘analysis of the DNA repair process' in

bacteriophage T4-infected E. coli , as well as an analysis

of the relationship of DNA repair to’'DNA replication.

e

“Mapy tepair-deficient mutants of T4 have been isolated.
These mutants can be segregated into several groups on the
basis of sxmllarltles in thelr phenotypes (Table 1) ~ Most
of the mutants have also been asglgneg,to specific DNA
‘repair pathways using the double mutant test. Th;s test

compares the ultraviolet (uv) sensitivity of a double mutant
\ .
to the sensitivity of the two single mutants - (Ebisuzaki et

c

al., 1975). Two mutants 1n different genes are a551gned to

.

the same DNA repalr pathway if the double mutant- is no ‘more

uv-sensitive than elther of the 51ngle/mjtants. Fwo mutants

/

1



0 ‘ %‘
TABLE I - ‘ .
A'Comparison of the Phehotypes of T4 UV-Sensitive Mutants

Matant  ° L Re_ccxnbinétion ‘ DNA ~

Gene - Sensitivities Frequency Replication Suppressors

denv v - . wild'type .  wild type S

uvsX av, " decreased DA arrest (33},

’ alkylation, : [55]
' crosslinking, ) ,
deamination '
- uvsy a, © 3 decreased DNA arrest ) (33],
) alkylation, [55]
crosslinking, : i
deamination )

46 w, ¢ -decreased DNA arrest (331]
alkylation, : - [55]
crosslinking, . [das]
deamination - . [uvsW(dar)]

47 uv, ' \ decreased DNA .arrest [33]

o alkylation, . : T [55]
crosslinking, < e . . [das] |
deamination : o {uvsW (dar) ]

59 uv, decreased DNA arrest ) [33] °
alkylation, [55]

_ crosslinking . [uvsW (dar) ]
u__vs_W(d_ar_) - uv, decreased wild type - [uvsX]
- alkylation, (uvsY]
_ crosslinking, - 591
hydroxyurea s , . L
58 uv, - " increased . DNA delay —_—
: “ alkylation ‘ - .
ms v, N wild type wild type
' © alkylation s ' ~
uvs58 w, wild type slightly . _
alkylation delayed ’

ws79 | w, . wild type slightly e

alkylation . delayed i
- - ' - v .o P . ’ w ‘
. . B .
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-

are assigned tO'different‘pathways if the uv-sensitivity of ,
~ ’t': e/

the double mutant 1is the sum of the sensitivities of the

sindlé‘ggggnts; The results. of- double mutant% tests, on
- P ) . ' «i’

various combinations of repair-deficient mutants has

suggested that T4 codes for at 1least three different DNA

repair pathways (Harm, 1963; Boyle and Symonds, 1969;

Ebisuzaki et . al.,1975; Hamlett and Berger, 1975; van

~

Minderhout and Grimbergen, 1976).

1. The ‘Excision Repalr Pathway

|

The exc151on repair pathway consists of endonuclease V,

ceded for by the T4 denV gene (Yasuda and Sekiguchi, 1970;
g

Friedberd§ and King, 1971) and E. coli DNA polymerase I
(Maynard-Smith et al., 1970; Wallace and Melamede, 1972;

Ebisuzaki et al., 1975). This pathway may also involve a T4

coded . 5'-3' exonuclease specific for pyrimidine dimer

contaipi@%‘DNA-(Oghima and Sekiguchi, | 1972; Friedberg et

al., 1974)® and T4 polynucleotide ligase (gene 30)
(Maynard-sSmith and Symonds, 1973). -

The products of the genes. involved in the excision

repair pathway - catalyze the removal of~pYrimidine dimers
¢
from uv-irradiated DNA in the following manner. The denv

gene product “is responsible for the first two.steps of

1 \
“ excision repair. Recent studies have revealed that the denV

4

<

-

N



o B | \ ‘ . ‘4

) genezw;roduct is bifunctional yith botﬁ pyrimidine‘gimér-DNA

glycosylase and apyrim{dinic/apurinic * endonuclease

7activities (Demble' and tinn&*lQBO; Raégny and friedberg,‘
1980; Sedwell et al., 1980; Warner et.al., 1980; McMillan ™
et .al.i 1981; Warneg et al., 1981). Tée pyrimidine

dimer-DNA glycosylase activity cleaves the glycosyl bond of
’ ' ' \

oy

the pyrimidine on the 5' side of the dimer. -The resulting

-apyrimidinic site 1is recognized by the apyrimidinic/
i :
apurinic endonuclease activity and the 3' p osphodiéﬁter

bond 'is hydrolysed prdduciné a nick on the 5°

dimer. In a subsequent step, E. coli D

g

ide of jgee

polymerqse\g‘.

k)

synthesizes a DNA patch, approximately four nucleotides lond

direction using the\
. v \
3'end of the nick as primer. Simultaneously, a 5'-3'

< N

(Yardosh. et al., i981), in the 5'-3"
|
éxonuclease activity (either .the eaxonuclease oﬁ .DNA
polymerase I or the T4 dimer specific exonuclease) excises

thé dimer fbog\ the DNA.‘ The final étép in the process }.
invélves the joining of the DNA strands. This reaction is A

believed to be catalyzed by polynucleotide ligase.W{

The T4 exéision repair pathway Sppears to-— be gpécific
for ﬁhe ﬁepair of uv-irradiated DNA. . Mutants in the denvV
gene were found to be sensitivgl_to dv—irradiation~ (Harm,
1963?, bﬁt not to otgzr DNA damaging agents (Bernsteinf‘v
1981); However, evidenqe hgs suggested that the QEEV gene

"PA;

product may be invPlvgd in the repair of heteroduplex loops

A .

Ny




» 5.
e (Berger and Benz, 1975). The mechéanism for the repair of
. . 'heteroduplex loops may be analogous to the excision repair
w . .0 '
~ . M v L}
of pyrimidine dimers. =~ . , ‘v
z r
. ) ' : o ;(ill '
2. The uvsX-uvsY Repair Pathway
-l -
The second DNA repair pathway- of* T4 *is thought to
: Q

involve the produegsdof théﬂreﬁéir-recombinatgon genééngéx,
EﬁgY, EXEW',45' 47, 58 and 59. ‘ Thé?aisolétidn ‘of two
uyhfgnsitivé ﬂmutants, xHARM[EX§X]'and ylo[gngl, which were
defective in recpmbination'as well as DNA‘repéiF, Jed to the
discovery of the sécond DNA repair pathway (éarm,.l963;
_ Boyle and Symonds, 1969)."D5ub1e mutant tests revealed that
both the uvsX and uvsY T;;nés Functioned in the same DNA
repair pathway. These tests'also_éhowéd that this pathway
R i__waé diffe;ent from the’ gggv;controlled' excision repair
pathwgy. Subséqugntiy,‘néw uv-sensitive mugants; in éenes

uvsW and 58 were ’'isolated (Hamlett and Berger, 1975).

L]
<

e . - -~ . \\-3 .
Studies of these mutants showed that genes uvsW and 58 also -

. A
.functioned in the uvsX-uvsY repair pathway. The ‘DNA arrest

A

genes 46, 47 and 59 have not been assigned to the second DN

.

” repair pathway by double mutant, tests. . However, they have

had ‘

been grouped with geres uvsX, uvsY, uvsW and 58 since these

13

seven genes appijr to have similar functions (Table 1).




The DNA repair-recombination genes

wide

These

2t

replication. .;$

excision regﬁfi
‘ from damag DNA
tyéié:sﬁo

treatmedts wi

vpathway

deamlnat ng agen

The repaxm—

and

burst §1zes which were substantiially reduce

‘ type level. The

the

(darm;" 1963;
K '

et al., 1975
RN

Berger, 1977)

Yeh, \9974,

Berger ,\ 1977).

functions .

recomblnat on.

geries, except 58,
Bernstein,

Hamlett and

Dewey

N 3 ’
appear o

i

variety of different funckions in thé infected cell.

include DNA reppir, recombination and

E' uvsX-uvsyY

repaiy\ pathway, Junlike the
athway, removes a wi ehvariety )of lesions
{

Mutants in the genels of the seécond repair

n to be sensitive to Y—irradiation and to

various alkylating,, crosslinking

[ (Bernsgeln, 1981)". , '
N

N
\,

ecombinatiég\gene% also
t

ffect phage growth

Mutants\ in all seV¥en genes exhibited

from the wild
* /

tecombination f mutanks in all

were reduced from the lwild type level

\

B yle and Sy\onds, 1969;

i

1968; Wu

Berger Cunnlnégam ° and

The formation of-

and Frankel, S\ 75b Cunningham and

.

By contrast, gene 58’_mutants' exhibited

considerably elevated above the

974; Leung et al.,

in these ‘mutanks, " the formation of,

and. .




Mutants involved

affected DNA_ feélication

mutad%'exhibitgﬁ the kinetic

in the uvsX-uvsY repair pathway

to varyin% degﬁees. The [uvsW]"

'pf wild #ype DNA  replication,

while gene SB}mutants showed a\delay in‘replication (Yegian

et al., 1971; Hamlett and Berger

46, 47 ~and | 59 initiated DNA «r

1 1975). Mutants in genes

| J
lication® normally, but

shortly thereafter, DNAwsynthesis was\,arreste@, (Wiberg et

al., 1962; "Wu et

\ L

!

al., 1972). "Mihute" mutants of genes

uvsX and uvsY also exhibited a DNA ‘arrest phenotype (Dewey

and Frankel,

the original isolwte$,

normal sized plaques

x}uum[uvsX]

975a; Cunningham and Befger,.1977). However,

nd v [uvsf],‘ formed
10 — .o

and exhibited wild type levels of

replication (Shimizu and Sekiguchi, 1p74). This was later

shown to be due to the presence of suppressors (Hamlétt and

Berger,, 1975).

5,
e

AN

/
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1

2b. suppressors of DNA repair-recomblination mutants

Mutations in the\

4

\\ifpair-recombination _ genes  are

suppressed by a numbér of diffdrent mutations. Thé DNA

[4

have been shown to be

)

~mutations (Hamlett and Berﬁgr& 1975;

1977). These ‘ suppressors

Hercules and Wibe}g’(197l) showed t

7

arrest and "minute" plaque phenotypeg of [uvsX] and ([uvsY].

4

. \ . ) . . )
suppressed byl unidentified suppressor

. .
Cunningham and Berger,,

did nzt affect up-sensitivity.
‘S\ '

i&ﬂtﬁe DNA arrest and

.
v

SO ©



. bifst’ ‘size phenotype of gene '46. and. 47 mutations ‘were

partially suppresgid by [das] However, [das] had no effect

-

on gene 59 mutetlons (Wiberg and éLanson, 1975). The [dar]* \\5\7\

and (uvsW] mqtatlons, which may map in ,the same dene,

suppresséd the DNA arrest phenotype of gene 46; 47 and 59

mutations, but had no effect on [uvsX] br' [EZEY] (Wu gnd
Yeh, 1975; Cunningham and Berger, 1977; Wua and Yeh, 1978).
However,.thé hydroxyurea seﬁsitivity of ([dar] and [uvsW]
have been shown to be sﬁppressed by. mutations .in génes=59,
uvsX and uvsyY (Wu and Yeh, 1975; Cunningham &nd éerger, -

1977; ‘Wu' and Yeh, 1978y.‘ The DNA arrest phenotype df .

‘mutations in all five df the DNA arrest genes was suppressed

by mutations in either gene 33 or 55 (Hosoda et al.; 1971;
. AN

Shag and Berger, 1971; Shalitin and Naot, 1971; Wu et al.,

-

1972; Cunningham and Berger,‘l9775.5 Mutants in genes 33

and 55 were deficient in late Qene éxpression (Bolie et _al., -

- h o

1968) suggesting that late gene brpduct(s) are invélved in

the shutoff of DNA replication in DNA;iiiiiE\T:iiiij)//

N o

2c. guppréssion of gene 49 by DNA repair mutations ‘

°

- -~ < £

The DNA maturation genes 16, 17 and 49 are involvéd. in’

-

. the protessing of concatemeric DNA to a form which can be

-~ & . -
packaged in phagé heads. “Mutants in these three genes ‘ were

lethal’ and resulted in~ the accumulation of“empty‘ or

Ak,

-



partially filled phage heads (King, 1968; Simon, 1972;
Luftig et élwy 197); ©Luftig and Ganzi 1972) and -unpackaged
replicative DNA. 1In gene 16 and 17 mutants, repiicaéive DNa
sedimentinga as. 200 S components acéumulated, whilé gene 49
mutants accumulated "very fast sedimenting DNA" (51000 S)
(Frankel et al., 1971; Kemper and Janz, 1976). Gene 49 has
been shown té coée for an endbnﬁélease involved in 'the
processing of replicative DNA intermediates to a form which
can be packageé'(Frankel et al., 1971; Minagawa and Ryo,
1978; Nishimoto et al., ‘1979; Kemper and Garabett, 1981).
Gene 49'mutations were suppressed by mutations in genes uvsX
and’ uvsY. Thistsuggested that these DNA repair genes were
somehow involved in the DNA mathration’wprocess (Dewey and

Frankel, 1975a; Cunninghgm and: Berger, 1977; Shah gnd

Belorengg,'l977). i X

o .-

3. A Third Pathway of DNA Repair

X ez r 4
. Three mutants, [mmsl], [uvs58] and ([uvs79], are grouped

together in a third DNA repair pathway. Dpuble mutant tests
showed that these three mutants did not function in eiFhef
the excision or uvsX-uvsy ﬁNA repair pathways (Ebisuzaki:et
al., lQ?Ql van Miﬁderﬁout and Grimpergen, 1976; van

"

Minderhout et al., 1978). The [mmsl] mutant hasrnot been
& .

. mapped but both [uvs58] and [uvs79] were shown to be mutated

o

\




in gene 4l. Tests to determine if [mmsl] functio in the

‘'same DNA repair pathway as [uvsS58] and-[uvs79] have ngt beeﬂ”
. —_— \ ] 4

performed. However, these three mutants are drouped
together because they exhibit very similar phen&types: -~ The

[msl], [uvs58]) and {uvs79] mutants were sensitive to uv and
> 4

methyl.methanesulfonate; ‘'These mutants‘have; little or no

effect on.recombination.‘@The [&msl] mutant exhibited normal
4

levels of DNA replication while the ({uvs58] and [uvs79])

mutants showed a slight delay in DNA replication. = _
The mechanisms involved in this pathway are unknown.

Howe&er, the- /third DNA repair pathway might involve
replication-repair if the ptodudE of gene .4i is required.
The product of gene 41 is necessary for the pr{ming reaction

of DNA replication (Liu et al., 1978).

3
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PURPOSE OF THE THESIS

QFN
A
The purpose of this thesis was to analyze the uvsX-uvsY
DNA repair pathwaj}coded for by the DNA repair—Eééombina;ion

AN

genes of bacteriophage T4. Since the £functions of the

-

repair-recombination gene products and -the repair mechanisms

% . -

involved in this\pagﬁwéy are only vaguely understood (Qee
Historical ‘Review), ‘we have tried to define the various
parameters related to the uvsX-uvsY DNA repair pathway using
the following approaches:

1. The DNA intermediates in the_ pathway were analyzed
by sucrose gradient centrifugation.

2. The involvement of the DNA repair-recombination
pathway in the DNA maturation process 1was studied by a
gépetic analysis oé the suppressors -of a gene 49 mutation.
Since the two kﬁ%wn SuUppressors [EZEX] and [gg§§) were
mutants in the uvsX-uvsY DNA repair pathway, 'we wanted to

find out if all or only a part of this repair pathway.was

involi;9nin the suppression of gene 49 mutations and the

basis for this suppression. N

3. The interactions of the DNA repair-recde}qation

. ’ s
gene products and the relationship of the uvsX-uvsY DNA:
repair pathway .to other processes In the infected cell were

determined by a genetic analysis of exfragenic SuUppressors

11




e | o 12

! ‘
of mutations iin the repair-recombination genes. A study of
these ~suppressors ‘should provide insight into the

b
macromolecular, and metabolic interactions of - the DNA

/fgbair-recombination functions. For example, studfes of the

. [ ' ) . .
suppression of gene 32 mutations indicated numerous

interacting components associated with the gene 32 fuggtion

(Mosig et al,, 1978).

»
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’ MATERIALS AND METHODS ¢

-
-

) M - - ' -
R
' . °
.

1. Bacterial and Phage Strains N7 I“

o

: ] .
\. -? v cd

The bacterial ahd phage strains used in this study are
4 ‘ k- d
: —

listed in Tables 2 and 3, respectively. Specific phage

3

: ) , -
mutants will be designated in the figures and tables, but in

the text an abbreviated designation-is used in which the

gene number or symbol 1is enclosed in brackets, wherever

=y - -

possible. For example, [éas,46] "is das,amN130. , Where

several alleles exist, specific desjignations.will be fiade.

hao 4
- Y

Cae [

2. Media . . o

—_ i .
\

Phage stocks were grown in the glycerol, casamino acids

.medium of Fraser and Jerrel (1953) and titered on EHA top

and bottom agar (Steinberg and Edgar, 1962). Infected cells
B - — L .

-

for Buist size experiments, mapgihg and the construction of

multiple mutants were grown in natrient broth éupplemented

-«

with 0.08 M NaCl, 1.0 mM MgCl and gelatin (0.0l g/liter).
IﬁfegZed cells“fogy all other experiments were grown and
labelled in either the M9 medium (Miller, 19722 qg*thq;Vogel

and Bonner medium (Wu and Yeh, 1975). The Iatﬁer medium is

a -

referred to as CT - (without thymine) and CT + (with thymine) .

O |
Al

.4 . ’ ’

-
[}
. .13
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=
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. : " .“PABLE II
Bacterial Strains c
| Strain Pro ies
: :
E.coli B restricts amber mutations
* E.coli B40sul suppresses anber mutations
E.coli CR63 suppresses amber mutations
f E.coli C600A restricts rII mutations, «' .
. * suppresses amber mutations
- . E.coli TRO1'  ° lacks thymidylate synthetase
. , ggl_l_ RIS - lacks DNA polymerase I,
o _ , ' restricts .amber mutations
E.coli K803-RifR-2  restricts wild type T4 but not ggt at 27°,
suppresses amber mutations ‘
Py » E.coli NFSBtfR—Z resi;r:f.cts wild type Tfl but not fgt at 27°,
; « restricts amber mutations '
*
~
-1, : :
. 0 T . “ ;
N S~
> *

14



Strain

T4Dp*
32942

| amN66

-

amN56
amE605
tsL84
amng8l
amN122
amN130
amnNGlé63 x 3
ams78
amE727 % 1
tsC9

amBL292
amgsl

amg219

TABLE III

Bacteriophage Strains

Mdtant Gene(s)

Properties

(1]

[16]
(17]
(30]
(49]
(41}
(42]

[46]

_[47).

[47]
(49]

[49]

Q

wild type T4
lacks deoxyribonucleotide

~ kinase

~

DNA mafuration defective

.DNA maturation defective

DNA arrest, lacks DNA ligase
abnormal head assembly ~
deficient in DNA primase
lacks deoxycytidylate
hydroxymethylase

- DNA arrest, DNA repair

deficient

.DNA arrest, DNA repair

deficient

DNA arrest, DNA repair
deficient -
DNA maturation defective,

" lacks endonuclease VII

DNA maturation defective, °
lacks endonuclease VII
lacks late protein synthesis

lacks deoxycytidine ;

-triphosphatase : ;

DNA delay, DNA repair "

deficient, deficient in DNA

primase "/
-

15
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Strain
EECS X 3
amHL628

Bgt
dasl3

amS17-rl0
ams76

&5

}
o’
TABLE III (continued)
Mutant Gene(s) Properties
[59] v DNA arrest, DNA repair g%
deficient
[59] DNA arrest, DNA repair
. deficjient.
(B8gt] lacks B-~glucosyl transferase .
[das] suppresses -gene 46 and 47
I mutations '
[denv] uv-sensitive, lacks - ,
endonuclease V
[rIIAa] & - lacks rlIIA protein
[—_TB] lacks -rIIB protein
[rms] DNA repair deficient
[sur] suppresses gene 46, 47, 59,
- uvsX and uvsY mutations
{uvsu) DNA repair deficient ;
[uvsX] DNAfarrest, DNA repair
deficient
v, [uvsX] DNA arrest, DNA repair
o deficient
[uvsX] ~° DNA repair deficient
{uvsY] DNA arrest, DNA repair
deficient
{uvsY]) DNA repair deficient
[uvswW] DNA repair deficient

[sur ,uvsX]
{uvsU,uvsX,49]

pseudorevertant of “amsl? -
pseudorevertant of amgE727 x 1

Vi
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3. Reagents
&

[Methyl-®H] and [2-1%(] thymidine were obtained from New
England Nuclear Corporation. Deoxyadenosine and mitomycin C

were received from Sigma Chemical Co. and thymidine from

Calbiochem.

4
e

L7

4. Preparation of 3H-labelled

Escherichia coli fﬁ201 or BA0SUL (10° cells/ml) were -
-infected with T7 at a multipiicity of infection {moi) = 0.1
and 1abeiled with [methyl-®H] thymidine (10 BC/1.25 ng/ml).
-Aftef compléte ly.sis, the phaée were purified by\F repeateé
cycle éf differential centﬁi%ugation (Riéhardson, 1966) .
This was followed by.CsCl density éradient centriﬁqéétién
(densiﬁy :_1.476)hin'a SW50.1 rotor at 23,090 rpm  for 40
hours. Phage~containing fraétions were dialyzed against 0.5

M NaCl containing 10-3 M MgCl (Davison and Freifeldef,

1962).

- . -

5. Preparation of 1“C-labelled T4

A

T4 phage were 1labelled under conditions similar to
those described above, except for the use of moi = 5 and

[2- 1»cpthymidine (0.4 pC/10pg/ml). The labelled phage were
AN . - F N

"
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purified by differential centrifugation as described below.

jé‘ , . §
A i

- s . . e

6. Preparation of High Titer Phage Stocks

E. coli B40Sul or ‘CR63 (l*' x 10° cells/ml) were
infected with pﬁaée'(moi = 0.01) and aerated at 37°C until
the cells were lysed &6—8 hours) . Deox&ribonuclease was
addéd to the 1lysate and incubation was continued for 30
minutés at room temperature. This was followed by. the
addition of ; few drgps of chlor?fdrm to complete the lysis
of the cells. ° Thé lyséte was centrifuged at 5,000 x g for
30 minutes to remove cell.debris and the supegﬁatant was
centrifuged at 20,000 x g for 60 minutes. X The peilet yas
resuspended in 0.05 M potassium phosphate buffer (pH- 6.8)
and further purifieﬁ by a second cycle " of differential
centrifugation. Phage stocks wgré stored in 0.05 M

potassium phosphate buffer at 5°C.

r
¢

<

7. Phage Crosses and Burst Size Determination ‘

Phage crosses:were per formed as described by Chase and

- 9
.Doerman (1958): Log-phase cells (3 x 10 cells/ml) were

infected at a moi = 10. T4 antiserum wag added at 5 minutes
posé?%fection to inactivate unadsorbed phage and the culture

-6
was diluted (L' x 10 ) into warm medium (37°C) at \10

-
T

1

-



¢ v

18

minutes. Incubation with aefationw was continued for 60
m}nbtes at which time thoroform‘ was added to 1lyse fhe

cells.

a

8. UV-Irradiation

UV-irraaiétion,of phage was performed as Jpreviously

i

——

described (Behme* and Ebisuzaki,"197§). Phage (1 x 101®

plaque forming unitilﬁi) in 0.05 M phosphate (pH 6.8) were
’ L e ¢ ’
irradiatéd at a distance of 59 cm with a General Electric

,dermicidal lamp (G8TS). The irradiated = phage - were

immediately dilutéd into nutrient broth and plated to

A
/ -

determine the surviving fraction.
¢ .

’ . 2
Infected cells (1 x 10 9cells/r_nl) were irradiated in

ice cold CT- or M9 medium lacking casamino acids, at 59 cm

from the source for 1.5 minutes (0.8 J/m2/sec).

2
5

-

b
9. Kinetics of DNA Synthesis

§;ﬂ coli R15 (5 x 10 8 cells/ml) was infected at a moi =
10 and  labelled ,at -5 miﬁutes postinfection with
[methyi—3H]thymidine (54C/3pug/ml) ‘in the presence of
deoxyadenosine Zisolzg/ml) Samples taken Et’varioqs times

were pfecipitated with 5% (:ichlordacetic acid (TCA)@ and

-,



1

bovine serum albumin was added as carrier. The samples were
filtered bn GF/A glassjfiper filters, washed with 5% TCA,

dried and counted for radioactivi€§.

b

10. A Complementation Test . for Distinguishing DNA R4;air

Mutants

-

E. coli R15 was infected in the presence or absence- of
' o5 .
5-10 y g/ml mitomycin C at a moi = 10 for>single-infections
’ .‘"
or at a moi = 5 per phage strain for mixed infectiops. At 5
. ' - “

minutes postinfection, [methyl-3H]thymidine (Sué/Bug/mlL and
deoxyadenosiné (lép;lg/ml) werg/added.‘.Samples were taken
at .various times ‘and preciéitated in cold 5% TCA. The
;amples were filteéed, washed, dried and counted for

radioactivity.

>4

11. Degradation of Host DNA

1

The degradation ‘of host DNA was measured using a
'proceaure described by éerculééfand:hiberg (1971). E. ggli
B was diltited fiftyfold into fresh medium and grown to a
concentrat@on of 5 x 10“3 cells/mll in the presence of
[methyl—aH]thymiéine (5 uC/Eiug/ml) and deoxyadenoéine (}50
ug/ml). The labeldled cells were centrifugéd, washed and

resuspended in fresh medium. After 15 minutes \jncubatioﬁ,

4

2
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the cells were infected with various phage strains (moi =
. 10) and samples were removed at various times. The samples

were precipi&ated with 5% TCA and prepared for counting as

previously described.

\ 4

\

!

L

12, Analzsis‘ of DNA Repair by | Sucrose Gradient .

§ - - ’

" Centrifugation . =

- \

The analysis of DNA repair by\ sucrose 'éraé{ént
ceqtrifugétion is a modificatioq of é’pAocedure déscribed by
Wu and Yeh (1973). -E. coli TR201 or R15 (1 x 10 cells/ml)
was infeéted 125°C) in CT or M9 medium éﬁﬁb moi:=.}0.

Three minutes postinfection, [methyl—3H]%hYmidine~ (10

-uC/3ug/m;) was Qadded{ and the incubation continued fbr 30

minutes. The infected celIS were chilled,| centrifuded and,

resuspended in  medium lacking casamino acids and

uv-irradiated as previously described. - non-irradiated.
LY

sample was used as a control. Aftef irrafiétion, the
infected cells were diluted twdfold into medium containing:Z
mg/ml thymidine plus twice the usual janentratioﬁ of
-casamino acids.” Samples were incubated (33°C) for wvarious

times, then'piluged fourfold into ice cold Tjﬁé buffer (0.15

¥

M TriseHCL (pH 8.0), 0.05 M NaCl, 0.05 M.EDTA}. -Samples for '
. bt i

alkg;iﬁe sucrose gradients weré centrifuged and resuspended

in 0.4 ml Tris buffer (pH 8.0). Lysozyme (100 u.g/ml) was

e

[}

«




added and the samples incubatéd for 2.5 minutes at 5°¢C.

LY

This was followed by the additioh of‘Tbiton %¢1Q0~ (1%) and
NaOH (0.4 Nig ‘The lysates were-lefélon iqelfor 10 minutes.
.Labelled phage was added at: the ﬁ}rst lys&s ‘step as a
refefence. Lysates were poured on top of‘Slté 20% ‘alkaline

Sucrese gradients containing 0.05 M Na,PO, (pH 12.2), 0.05 M

EDTA and 0.01% Triton X-100 aqé centrifuged- in a SW40 rotor

A4 “

. at 40,000 rpm for 270 minutes. . to-

Samples for' neutral sucrose gradient; were diluted
twofold into a selution containing 0.1 M EDTA (pH 8.5{, 0.1
l,M N;CN and 200y g/ml lysozyme and kept at 65 C %or 1 minute.
Sarkosyl (0.1%) was added and after a 10 minute.incubaﬁ;pn, .
\ the'EEﬁpl?s wgre\cooled'on icé. Tée lysates‘wére poured on
top of’é“§b¢20% neutral sucfoseugradients'con;ainiAg 0,15 M

2

| A . NaCl, 0.015 M Na citrate and 0.015 M EDTA (pd 8.0) and

centrifuged in a SW40 rotor at 40,000 rpm for 210 minutes.
‘Fractions collected from the top of the gradients"were

precipitated by the addition of 5% TCA and filtered on GF/A

glass fiber filters. 'The filters were washed with 5% TCa,

~
14

dried and counted for radioactivity.
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13. Analysis of DNA Intermediates by Sucrose Gradient
» . - )

Centrifugation '

bﬁh, intermediatés were labelled and analyzed as
déscriﬁed by~ Shah and Berger (1971) .. “E; coli TR201
infecged with various phage strains (ﬁoi = 10) were pulse
labelled at ' 5 minutes postinfection with [methyl-3H]
thymidine (10 uC/ml) in the presence of~deoxyadenosine (150‘
ug/ml). At 7 minutes postinféétion, unlabelled £hymidine (2
mg/ml) -was added and the incubation continued for various
times. Samples- Qere lysed in 'an_ equal'vblume of lysis
mixture containing 0.1 M Tgig-HCl (ﬁH 8.0), 0.1 M EDTA, 0.01
‘M KC1 and 100 y'g/ml lysozymé and incubated for 10 minutes at
37°C. This was followed by a 3 minute incubation at 65iC
and thg addition of Sarkosyl (2%). Incubation was“continuedé
for 20"miﬁutes. Lysates were poured én top —0f 5 to 20%
&eutral éucrose gradients containing 0.02 M Tris (pH 8.0),
0.01L M EDTA and 0.1% Sarkosyl. Gr:adients.’e wére centrifuged
in ~a SW40 rotor at 40,000 rpm for 120 miquteshjthen
fractionated. The fractions wére prepared for counﬁing as

R

éreviously described. : 2



RESULTS

A
K

1. Sedimentation .Analysis of Intracellular  DNA. in

Repair-Defective Mutants . .

The purpose of these studies is to gain further insight

. - 4
into the pathways of DNA repair by sucrose gradient

centrifugation analysis of the DNA "intermediates" formed

-

" after uv-irradiation. 1In these studies we have comparéd the
repair reactions in cells infected with wild-type T4 and the

-

uv-sensitive mutant v(denv] (Harm, 1963) to assess the‘
totality of repair ‘reactions and the perforﬁance of the denv
gene-controlled, excision repair pathway. In other
experiments, we have used single -and double mutants ‘to‘
channel the repair reactions into selecéed pathways and have
studied especially the defects introduced by the x (uvsX] x

: HARM
and y [uvsY] mutations.
10 —

A

la. The excision reépair pathway .

By “comparing the fate of uv-irradiated intracellular
DNA in cells infected by wild type T4 and the uv-sensitive
mutant [denV], it is possible to assess.tge contribution -of

the denV gene-controlled excision repair pathway. This

repair reaction was studied by alkaline sucrosé“Jgradient

”

~

~
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centrifugation of °%H-labeled DNA which was extracted at

various times after uv-irradiation. o .

&

The rele of the ggév gene 1in excision repair is
‘graphically illustrated = in Figures 1 ané 2. - After
uv—lrradlatlon of cells infected by wild type T4, the DNA is
rapidly nicked, resultlng in a broad distribution in size
(Figure lb; average number of n;eks, approximately two- to
three per -single etrand: See Figure 2.). This nicking is
rapldly followed by llgatlon reaction(s) which were noted as
eggly as 2 Alnutes after uv- 1rra51atlon (Flgure 1c).
However, completion of repair to reconstltute mature 51ze
DNA melecules fh wild type T4 infection requires up to 30
minutea after infection. 1In contrast, in LQEEV]—infected
cells, the endonucleolytic activity is slower, fewer sg§and
breaks appear (Flgure%ib and 2)~ and the appearance of
mature ’'size repaired DNA molecules is delayed from 30 to 50
minutes after 1rrad1atlon (Figure li-k). These experiments
indicate that the denV gene- controlled excision repair
pathway has an important role in repair but in its ‘absence

-

other pathways -of repair operate, slowly introducing nicks

-~

into DNA and eventually "joining" or reforming mature size

-

DNA molecules. .. ) .

,
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sedimentation is from left to right.

Ty

FIGURE 1

Alkaline sucrose grédient sedimentation of 3H-labelled éaﬂ',.

extrqcéed at various times after uv-irradiation from cells
infected with wild type T4 and v([denV]. See Materials and

Methods‘}for further details. The time giveh il each panel

'denotes the incubation time (33°C) after’ uv-irfadiation. 1In

~

panel a,’N signifies DNA from non%f;adiéted”églls. Solid

and dashed arrows indicate the sedimentdtion position of.

- 2
o

mature T4 and T7 DNA, respectivel

LY
.

(@), videnv]. (3).:

.’ The diregtion of

Symbols: wild type T4 .

L
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0

- - FIGURE 2
. Average molecular weiéht of single strand DNA extracted at-°

y various times after uv-irradiation Ffrom cells infected with
. ~ . .

¢ ]
-

wild type T4 and v(denV]. This figure depicts data shown in

.

Figure 1. The average molecular weight was calculated using
1 ' . 0.4 . T

the formula S°;9 w = 0.0528 M , with 8°,, v = 37.2 8 for

T7 DNA under alkaline conditions (Studier, 1965). The first

péiﬁt indicates the molecular weight of DNA from

Ay

nonirradiatga, infected ‘cells. Symbols as in Figure 1.
® a B
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lb. mms péthway . -

In a previous commuhication (Ebisuzaki et al., 1975),
it was shown ;hat the mms geng.defined a separate pathway of
repair. It is possible to study the Eontribution of the mms
pathway by comparing cells infected with [gggvtgégg and
[QEEV] in experiments similar to those described in Figure
1. Such expériments indicated tﬁat'the mms gene has little ,
or no effect on the repafr reactions as assayed by’ the
proc;dures used here (Figure 3). This failure to detect any
diffepences might be due to the laqk of sensitivity .in the
analysis since the mms gene makes only minor contributions

L to av-sensitivity (Ebisuzaki et al., 1975) or due to the
possibility that the mms pathway involves mechanisms not

-

measurable by the analysis‘used hefe.

.
PR kol

lc. uvsX-uvsY pathway .

In experiments*simila; to those described in Figures 1

and 2, we have étqdied the role of the-uvsX and uvsY genes

- in DNA repair. In order to _avoid contributions by the
excf%ipn repair pathway, we have again used (denV] as the
contiol (Figure 3) and compared ;his mutant with [denV,uvsX]
and [denv,uvsY]. As ‘indicated in Figure 3a and g, single
strandg DNA from cells infected‘ yith [gééV,EXEX] ‘and

[denV,uvsY) is fragmented (approximately one nick per single




- FIGURE 3
' Alkaline sucrose gradient sedimentation of *H-labelled DNA -
extracted at various times after uv-irradiation from cells

L infected with v{denVv}, v,mmsl[denV,mms], YV Ko [{denV ,uvsX]

-and v,ym[denv,ust]. 'Conditions were the same as described
in Figure 1. Symbols: v[denV] (e), Vs Xyapm {denv,uvsX] ~(o) ,

v,mmsl {denV,mms] (&), v,ylo (denv,uvsY] (A). -

PatlanN
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strand) and there are few concatemers, even before
uv-irradiation. After uv-irradiatien, endonucleolytic

N -

cleavage takes plaée in'ce;ls infected with [denV,uvsX] and
F [denv,uvsY] at rates comparable to the controls involving
[gggv] (Figure 3b, h). However, cells infected with
(denv,uvsX] and (denV,uvsY] were defective in subsequent
reactions which involve "joining" of strands ﬁo make méture

»

' size DNA (Figure 3f, 1).
/ (Fig '

As a means of providing a more complete analysis of theg
repair reactions, neutral sucrose gradients were pgrformed

(Figure 4). These studies 1indicated that with cells
= .
vinfectedx_ with {denV], {denV,uvsX] or [denV,uvgY]

‘uv-irradiation introduced ,very few double-strand breaks

(Figure 4b). However, in cells infected with [denV,uvsX] or

[QSEV'EXEY]' a sizeable fraction of\ the .DNA duplexes was

shorter than "mature size, before uv-irradiation. These

~studies together with the alkaline su:iose gradients

- t mentioned earlier indicate that after uv—ii:n;adiatibn’of
. . infected cellg, single=strand breaks are introduced into DNA

duplex .molecules and that these breaks are subsequently

sealed to make intact duplex molecules, if the uvsX and uvsyY

products are prgsent.




*

FIGURE 4

Neutral sucrose gradient sedimentation of *H-labelled DNA

-

extracted at various times after uv-irradiation from cells

infected with v [denvVv}, v,X [denV ,uvsX] and
— HARM —— ——

s

v,Y¥10 [denv,uvsY]}. Conditions were the same as described in

Figure 1. Symbols: v[denV] (@), v,x {denV,uvsX] (0) .,

v,ylo[denv,ust] (v).

%)
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1d. Intracellular DNA prior to uv-irradiation

As noted previously, in,GEIEE‘Tﬁfecteduwith_jgggy,gzgxl
and [gggv,gzéYj most of the single—%trand DNA was smaller
than ﬁature size. 1Is this decreased size a function of a
slower rate of replicatio;‘or of assimilation of fragménts?
To‘test this possiéility, DNA was extracted andvana}yzed hby
alkaline sﬁcrose gpadients at vdrious times after infection.
Until about 15 minutes after infec;ion, the intracellular
DNA in cells infected with {denv], (denv,uvsX] and

[denV[ust] was generally of similar size (Figure 5a-c¢). In

infection .with [denv], the single stgands continue to be

extended and at 30 minutes postinfection, the single strands

are of mature size and concatemers are also found. 1In

contrast, in cells infected with {denVv,uvsX] and
( genv, v

[denv,uvsY], there 1is very little inérease in the size of

: the single strands between 15 and 30 minutes (Figures 5e,

£). In infections with [denv,uvsX], there was little

N

increase in the length of the DNA strands even 60 minutes

postinfection. {DNA extracted from cells infected 'with
[denV,uvsY} is generally similar in size to that from
(denV,uvsX] infected cells bqt at 60 minutes, the single

strands reach mature size. We have no explanation for , this

difference in behavior of the two double mutants. It should

*also be noted that in cells infected with: [denv,uvsX] énd

[denV,uvsY], the -amount of concatemers is greatly reduced as.

o
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Alkaline sucrose gradient sedimentation of *H-labelled DNA

extracted at various times poétinfectioﬁ~from‘cells infected,

-

\
(25°C) with v{denv], v,x {denV,uvsX] and v,J [denV,uvsY],.
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. . B ]
compared to*+ control infections with [denV].: . -The

observations that the rate of replication ,of the single

strand is similar i

“infections with (denv], {denv,uvsX] and
{[denV,uvsY] iing phe early phase after infectibn suggests
£ is no gross abnormality.in replicatioh or in the
ing of Okazaki 'ﬁragqsgts. The aéégmulation of DNA
fragments duiing the later periéd after infection, suggests
that there might be a defect in the "joining™ ogllong DNA
fragments or in some sort of uncontrolled endonuclease

activity. v

o -

N le. DNA synthesis ]

In order to ascertain whether changes in the rate of’

DNA synthesis might account for the  defect observed in
infection with [gggv,giEX] and [QSﬁVrEXEY]' we assayed for
incorporation of [methyl—3H]thyﬁid;ne in cells infected ;ith
(denv], (denV,uvsX] and [gggv,gi§ Y]J Generally, the total
incorpbration of [mighyl-3H]thymidine is similat in cells

infected with the three mutants (Fiéure 6). In data pot

.‘gx

% 'shown here, at.60 minutes after infection there is somewhat

. 7 greater (about. 20-30%) total incorporation of thymidine in

cells  infected " with [denv] as compared to cells infected
“with (denv,uvsX] and [denV,uvsY]. These results indicate

that f[uvsX] and (uvsY] mutations do not introduce a gross

d

,
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The . DNA "synthesis of cells infected with v{denv},

V'ﬁﬁbm [depv,utsx] . and - V'%o [denV,ust] ;E 25°C. Thg ‘ s

incorpEfatidh of [®H]thymidine into .acid-in<€oluble material

, ) »
was measured atlvarious times postinfection. See Materials

-

and Methods for further details. Symbols: v{denv (o),

”v,xm[denv,mxl (&), v,y  [denV,uvsY] (e).,

/
.U 4




. {MIN)

€ OF INCUBATION

TIM:

°




defect in the.overall DNA polymerization reaction(s).

1f. DNA synthesis after uv-irradiation

A .
. In order to"test the .role of the denv, uvsX and uvsY
genes in DNA synthesis after e uv-irradiation, the

experimental protocol was altered 'so  that unlabelled
thymidine was used prior @ko uv-irradiation. ‘and

[méthyl—3H]thymidine-was intrpducéd after wuv-irradiation.

v

The %otal incorporation Qf” [methy;—éH]thymidine after
uv—irradiation'paralleled the Eapacity éof repq&r, with wild
type showing the gréétest chbrporat%on, followed by ([denv],
and with [denV,uvsX] 'and .[gggv,gxgx] shéwihg the least

incorporation (Table 4). Al&gline sucrose gradient analysis
.'1 . - FY3 f

indicated that the, DNA synthesized Q\a\fterw uv-irradiation
* . 9 -

("postlabeled ") in celLs‘infecEed with T4 waé‘approximatelf

o . ~

of the same size as the DNA- fragments formed ,from DNA °
labeled prior éo uv-irradiation ("prelab%led“j (Figure ?g-i

t . (

5

large amount of DNA synthesized after(uv—iiéidiation suggest !
. ; \&

. ¢

bl
)
and Figure 14, £, j). This coincidence in size and the

: . » e L. :
that the bulk of the "postlabeled" DNA is not -.associated

- with a gapr filling reaction in DNA repair. In contrast,
soon after uv-irradiation in cells infected .with {denvf,
. ' . 7 “. 0
. [denV,uvsX] or ([denV,uvdY], the "postlabeled" DNA &tradds \

|
are very heterogeneous anq considerably smaller in size than

4 0 . .
\ %
i

\

|

¢



and Nonlrradlated T4 inf

Incorporation of [Methyl-

TABLE IV

’H] Thymidine by UV-Irradiated

ected Cells @

3".*
7 ' v
\ . wild ngg v [denV] Y'XHAH4 v,y10
7 - [denV,uvsX] [denv,uvsY]
5' Label ‘ )
+iv 278 B 182 5 . 123 114 -,
-uv 1720 2080 1140 772
15' Label
Lo ¢ —
+uv © 1250 542 267 165
-uv 5260 5000 2040, 2330
; »(.\ ) . ‘ i 3
: . 40' Label '
) +uv 2270 1420 339 254
. . ’ . .
STy . 5000 s 6670 2380 2940
L - ' '
: T .
~ - . T .
Infected cells were grown (25°C) in media contalnlng
20ug/ml thymldlne, uv-irradiated, then labelled with
. . [methyl-*H] thymidine (lOuC/3ug/ml) at 33°C for the times
’ indicated. Cdntrol samples were not uv-irradiated.’
N bCOunts‘pei minute (x10-3%) .

Y

43




FIGURE 7

—

Alkaline sucrose gradient sedimentation of *H-labelled DNA

extracted - from nonirradiated and uv-irradiated cells

-

infected with wild type T4, v(denV], v,x [denV,uvsX] and.

vigy [denv,uvsY]. Samples of infected cells were taken from
10 —— T T

-

the experiment described in Table 4. The times given in

each panel, indicate the time of incorporation of
[3H]€hy¢f8ine at  33°C. Panels (a)-(f) show the
sedimentétion of DNA from nonirradiated, infected cells
whiie panels Xg)-(l) show the sedimentation of DNA from

uv-irradiated, infected cells. Symbols: wild type T4 (®)

videnv] (o), v,x ... [deny, gy_s_xl‘ (a), V,;ylo[glggy,gggY] a).
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the fragments derived from Wprelabeied" DNA (Figure 7g-1).
This type of synthetic éatterg may regglt,if repiication is
aborted at the sites -  of thymine dimers which may persist
bécause‘of -the [denV] mutation. At “later times after
uv-irradiation, the~ newly— synthesized single-strand DNA
reaches matured#size only in wilé ;ypé- and [denV]-infected

cells ~(Figure 7i). 1In contrast to the results obtained in
uv—irradiated/célls,.in the nonirradiated control cells, the
DNA is either mature size in wild type- and [QEEV]—infectéd
cekls or is approaching mature sige in [denV,uvsX]- and

[denV,uvsY]-infected cells (Figure 7a-f). These experiments

‘indicate that varying amounts of DNA repliﬁation occur after

uv  irradiation but it is not known whether this replication

is directly related to repair.

2. DNA Repair-Recombination Functions in the DNA Processing
- -

Pathway of T4

In the following experiments, we study.the interactions

v

of certain DNA repair-recombination genes on the< DNA

- maturation process of T4. We have found that gene 49

mutations were suppressed by mutations in genes 46, 47 and
59 as well as uvsX and uvsY.®We suggest that these five
genes constitute a contiguous part of a DNA repair pathway,

whose primary function involves the processing of DNA.
v f




Rand N

« These functions are. also necessary for DNA replication.

-

o

2a. Amber mutants of uvsX and uvsY -

Amber mutants of uv-sensitive genes uvsX and uvsY were
isolated as part of a separate study to identify the
co£;esponding gene products. Since brevious obsgrvations
indicated that [uvsX] and [gzgY]_mutaﬁ%s were found among
the suppressors of.gene 49 mutations (Dewey and Frankel,
1975a;. Cunningha; énd Gerger, 1977; sShah and Delorenzo,
1977) , we plated [49] on E. coli B and tested the resulting
plagques for wuv-sensitivity on E. coli B and on the amber
suppressor stFain, B40Sul. Amber uv-sensitive mutants were
teéted to see 1if they were [uvsX] or ([uvsY] mutaqts by a
complementa;}on test requiring DNA synthesis in &he prefence
of mitohycin C. ' As noted previously, mitomycin C inhibited
DNA replication in cells infec£ed with (uvsX] or [uvsY]
‘(Shimizu and Sekiguchi, 1974; Melamede and“§allace, 1977)
but elevated levels of DNA replication were observed on
coinfection with [Ezéxl and .?§X§Y] (fiéure 8) . Although

this complehentation was performed with x (Harm, 1963)

HARM

ang Y - (Boyle and Symonds, 1969) similar complementation
5 10 :

results were obtained with the newly isolated amber [uvsX]

and [uvsY] mutants (Figure 9). Fdrtbermore, the

complementations were specific when these mutants were

8

»




_ FIGURE 8
The effect of mitomy;in C (Sug/ml) on the DNA - synthesis &F
T4 phage-infected E. géli R15. The incorpofation\ of
{3Hfthymidine was measured in the absence (open symboi%) and
presence (closed symbolé)‘of mitomyc%g C. See Materials and

Methods for further detailg=—Symbols: wild type T4 (0,@),

xumﬁl[uvsX] ?(A,A)r ¥IO[UVS¥] om, xmmai[uvsX] + ylu[ust]
‘in the presence of mitomycin C (x). il
— / *f
-

N
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FIGURE 9

A complementation test for distinguishing [uvsX] and [uvsY]

7

mutants. Pseudorevertants of amE727x1[49] were. mixedly

infected with x {uvsX] or ylo[ust] and tested for , the

HARM
inqqrporation of [3H]thymidine‘ih the absence (open syﬁbols)
and pfesence (closed symbols) of mito$§ETh C (Sug/mi)‘ See
Materials and Methods for fu;£ﬁer details- Sym55I§£.f€a+———————;’;"f*
ngl7,§mE727xl[gg§ﬁ,49] (o0,8), 'amSl7,amE727 x1[uvsX,49] +

Xyapy (QVSK] (&), ‘amsl7,amE727x1 [uvsX,49] +y  [uvsY] (m);

. Ap) ams52,amE727xI'TuvsY,49] (o,8), ams52, . amE727x1[uvsY,49] -

+ Xgppy [4VSX] (a), ams52,amE727x1[uysY, 49 + y  luvs¥] (@). ,
. ‘ » 7 &—.".' )
)
‘ - .
. . .
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tested against each -other .and witn-'otﬁer uv-sensitive

N

mutants, including (30], (46]/ [47], [58] and . [59]. _ We
observed am[uvsX] and [ust] mutants that gave.levels of DNA-
repllcatlon approaching wild-type lgvels as well ‘as others_

that gave lower levels similar to the Xm andgp mutants

described by Cunningham and Berger (1977) and the f£dsA and |

fdsB mutants of Dewey and' Frankel (l1975a). For all our

subsequent experiments we have used ams17 {uvsX] and

'ams52 {uvsY] which 'giVe. low levels of DNA replidation and .

show a DNA arrest phenotype.

-

B

2b. New suppressors of gene 49 mutants

Of the 10 amber uv-sensitive mutants isolated .as
suppressors - of [49]), one was identified as a gene 47 mutant
(Figure 10). We have observed that the DNA synthesis of

cells infected with gene %7 mutants is 1nh1b1ted by

~mitomycin C to a similar extent as the DNA synthesis of )

{uvsX] and [ust] mutants. The suppression’ ofo[49] by
amS78[47j as well as by [uvsX] and [uvsY] suggested that a
sl . : == .

DNA repalrn'%alhway might be involved in the suppression of

gene 49 nmutations. Consequently, ‘a series of 'multiple

/”mutants were constructed and tested for suppression by

‘&\g

T

determlnlng theic burst size and plaque 'forming: ability

(Table 5). "These studies indicated that [46] and



<

' . . FIGURE 10 p ) RS 3

The suppression of a gene 49 mutatioﬁ by a gene 411mutatipn.
The pseudorevertant ggS?B,ng727kl[§7,491 éémplemengedeith L,

mutations in genes uvsX, uvsY, 58, 59 and 46 but did not -
. . . " ( ‘
complement a gene 47 mutation. Complementation was tesﬁed

&

‘as described in Eigure 9. Symbols; no\'mitg@xcin ¢ (open
symbols), 5ug/ml mitomycin C’(closednsygﬁols), R
éms78,59E727xl[47¢491-iQLO); gmNG163x3[4;}'kA,A), ,
amS78,amE727x1[47,49) + X tggiklf(g), EES??,§5E727xi[47,

- 49] +y [uvs?]~¢w)r amS78,amE727x1[47,49] + AmMNG163x3[47)
. 10 — - - o - ’

in the presence of mitomycin-C (x)-' SooaE
. - g::ﬂ‘ fom

3 h 4

»

.
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*  “tm605,amE727 x'1 N [30,49]

-

.7 TABLE V T
. - . q 7
Burst Size Anailysis of T4 dutants  °

Kl

‘Infecting Phége - MutanE’Gene(s)

L}

Burst Size?

T4p* _ o Lo—

amg605 " . . L [30] ‘

. 2mN130 ' - - tas |
ér_qNGlSBj x 3.7 Co Y ey

 anE727 x 1 LT qdg) s

. amg219 | | : [SéJ'\‘J
anHLe28 . - BNEDES 5

taasizt LT L tas)

., ams17 " . [uvsX} .

ams52 v . [ivsY] -

m22 ) 3'[uvsW] ¢

N v

- 0 ©
amN130 jamE727 x .1 T46,49].
2 FEmE! L
amNG1€¥. ¥ 3,amE727 x 1

—— . o !— -

;amE727 x 1 o . 158,49]

(47, 49)

# amE219

Lt 5
. anHE628 ,amE727 x. 1 (59.,49]

g}g§17ﬁgﬁ3727 x 1. . [uvsX,49]
anS52,amE727 % & (avsY, 49]
'mZZt;mE7Z7 x 17 ** [uysW,49]
,'Mgg_s_'13,§1_x_m1‘3o~ '«[§3§;46]

< -
)

-ggng,gmNG163 X3 . [das,47]
das13,2mE727 x 1 * . ldas,49]
dasld}aiN130,amE727 x'L .. [das,46,49]
das13,amNG163 x 3,amE727 X 1. (das,47,49)

8rhe average dftthreé‘experiments.
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-~ . amNGl63x3[47] did supprees {49] as indicatednby tﬁe.eievated
- burst size but . failed to prodace plagques. The triple
mutants [das,46,49) and}[daé,25,§9]vgave‘ah increased 'burst

. i ' . Size as well as plaque. formation indicating more effective

) ' suppression. [Das] which was ‘previousdy. isolated as a

suppresser of - mGtations in genes 46 and 47 (Hercules ahd

o

' b‘ ) {591 also shbpréssed {49], the mutants [uvsW] and [58] dié'

i

s ¥ /‘ .
\ not, despite e¢idence that genes uvsW and 58 function in the
same 'DNA yrepair pathway as uvsX and uvsY. .Similarly, T30]

¢ . did notqeupptesé {49] although gene 30 has beén classified

™

Wiberg,»1971), does not suppress [49] byi itself. ‘Although-

«. . ,. together with genes 46 and’ 47 as a DNA arrest phenotype

v
s ! 4]
.

. (Bolle et ak., 1968; Wood and Revel, 1976)

b t . C ’
« 4 ° s
¢ e N r « “ J o - N oty
» ° R o o ' t : . ' ' ° ¢ v 9 .
. ' 2c. -Pathway analygis-', | S, C N
Ce . ¢ ' I T
;g o ' The suppression of gene 49 mutations‘be mutatibds in '
. . genes uvsx,',ust, 59, 46\ and 47 suggest that these flve
’ genes- are involved:-.in a common fungtlon, p0381bly "a sxngle
» Vs [y , ! . “
DNA repalr pathway, Two genes “are aSSLgned to the same r.
s pathway, Easea on the arguméht ‘that double mUtants‘ on a
Y .Eingle pathway have_a uv-sen51t1v1ty 51m11ar to. that of the

!

o alngle mutants whereas double mutants on separate pathways

* ey

have addltlve effects on uv—sen51t1v1ty (Eblsuzak& eb al.,

. -]
< . s,

““/;05// _‘; lQ?S{.' Previous ssudies‘inaicated‘thit -gehes §vsxf§,ust,

‘ : . . . [}
. 4 = - - . . ’ -

.
} e
o

A

3 o » . , -
ovi‘ _‘ ] . . . \56
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uvsW, and 58 are 1nvolved in the same DNA repair pathway““\\’
{Harm, 1963; Boyle and Symonds, 1969; Symonds et ’al., .
1973; Hamlett and Berger, 1975). Gene 59 can also be

assigned to this pathway since the double mutant = [uvsX,59]

-

- s
was no more uy-sensitive than the single mutants (Figure
° h 4 * . .

ll) oo v ‘s

-

1
Simi}arltests were not possible with genes 46 and 47

because the recombinants [uvsX,46], [uvsX,47], [46,59]~

o

[uvsX,das, 46i and [hvsx,das,47ﬂ, where ‘uvsk = amS$7, were
31l lethal. Separately o[das 46], [das,47] and (uvsX) plated

on-E. “coli B. The reason for the lethallty is unknown, and'

the 'situation is further’ qompllcated by the observatlon that 7.
(7 ’

comDared to [46] and [das, 461, [uvsx,46) and [d%sx dds,46)

have respectively lbwer levels of DNA repllcatlon'(Flgure
. . ‘ . -1

‘oo

12).

/
4

" “The dlfflcultles encountered with genes 46 and 47 ledﬁ

¢ -~

to an alternatlve approach to studylng the~relatlonsh1p of

~
>

these genes in the "DNA repaif pathway. - IE we assume °an -

;;hnéomp;icated situatien, then.the metabolic interhédiate(s)
or p%oduct(é)-ftomnthe:first mutational'bioch'in the pathway
tould accumﬁlate-and should not be influenced hy subsequent
blocKs in the'pathwaym On the othetr hand, 1if the'.genes -
, functioned in two unrelated pathways, inteimediates: or
products- from both blocks could: accumﬁigte. Shah and Berger"

(1971) . noted that»pulse labeled T4 DNA from cells infetted
o 4 . - . o r

. . PN
\ « .

<
, . Y, . -
‘ ™ . - -

AN
- A Y

-
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. FIGURE 11 -
‘- ' Theé uv-sensitivity of various T4 phage strains plated on
‘ . " - * A ”.a. .
c - . E.coli B. Symbels: * wild type T4 (x). amS17 (uvsX] (w), °
’ amHL628 (59] (A), amSl7,amHL628 [uvsX,59]
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\ FIGURE 12

The DNA synthesis of E.coli B cells inflegted with various T4
" phage strains. *The incorporation of '[3H] thymidine into -
acﬁid—insolublev material was measured at various times
posfin‘fect‘ién. " See Materials and Methods for further ' .
details. Symbols: dasl3 [das] (x), amy130[46] (@), \;r;
ansl7lyvsxl (o), ~am$17 , amN130 [uvsX, 46] (),
@13,@130[@,46] a), . §§§13,§Es17,391_N1-30fg§§_,. uvsX,46]
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with a 46-47 double mutant sedimented 1in neutral sucrose

w}th 8 'values smaller than the T4 marker DNA,‘afterrlohg
chase times.’ In. contrast, DNA froﬁ [gigX]— g;‘
[uvsY]-infected céils sedimented with T4 marker DNA under
similar conditions (Wakem and Ebisuzaki, 1976). . We note
here. that DNA from cells infected with [EX§X,46] }esembled

'

that of [46}-infected cells (Filgure 135¥T Results similar to

2T

these were gbtained with [uvsX, 7]—1nfectéé cells (data not
shown).  One interpretation of these .'results is that the

gene 46-47 function precedes that of uvsX and %s on the same

pathway. ' -
P

. - , *
'2d. Relationship of genes 16 and 17

' " Although mutants in genes 16 and 17 resemble gene 49

,mugants~‘iqubeing defective in DNA maturation and packaging,

W3

\iin and [17] were not supﬁfessed by the gene 49

ppressors., Revertants of [16] and [l:g:ﬁppeared at much

2

Tower frequency than revertants of [49] and were not

uv-sensitive. Furthermoré?~\the recombinants [uvsX,16,49]

“and [uvsX,17,49] were lethal. " These relationships will be

@

considegéd‘in the bDiscussion.' }
9
o 1]
w v & >
," Wb ~ . -“
PR P VR h




[ - ’
Neutral sucrose gradient sedimentation of DNA extracted from

T4 phage—infectéd E.coli TR20i pulse labelled for 2 minutes
then chased for the times indicated: Panels (a-c) show tge
sedimeptation of DNA from amSl7[uvsX]-infected cells, (d-£3
£rom amN130[46]-infected cells, (g-1) ffom  amSl7,

amN130[uvsX,46]-infected cells.
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s 3. An Analysis of the DNA Repair-Recombination Functions by
. . £ ‘A :

s

Means'gg'Suppressors: ‘The Role gg,ﬁas.

Loy P - .
-

_Mutations in the DNA répair:recéﬁbigétioﬁ' geneﬁfﬁﬁggi,

‘5253{'46, 47 and 59, have an érray ofnsuppggssors~(é;§ Table

. 63: One of these suppressors, [QEE]‘ has been- previously

described 3? a sbecifié suppressor for_the géne 46 and 47
>

mutations (Hercules and.Wiberg, 1971). [Das] alleviates the

-~

DNA arrest phencrat:‘ypes and the depressed burst siza,Athe
_gene 46-47’ mutations. The other previously described
suppressors, [dar] and [Eggwl,vha;e similar properties and
may be identical (Hamlett and é%rger,» 1975; Wu and Yehf

. 1955; Cunrningham and Bergérf 1977). They are involved in

the suppréssion of the DNA arrest phenotypes of the gene 59,

s

46 and 47 mutations. 1In later sections, we describe two new

suppressors, {sux] which suppresses mutations in the above,

hi . )

mentioned five DNA repair-recombination genes (Results,

a

- section 4) and [uvsU] which appears to specifically suppress

-

the uvsX mutation (Results, séction 5).

- L@

In this section we dgscrib; additional facets
K ‘ concerning thg role of [(das], together with a proposal
- : concerning the cbnstruction of the DNA ‘repaira pathway as-
s énalyzed' by the study of wvarious suppreséors. Obv;ously, a
. meaningful analygis of the DNA repair. pathwaxﬁ requires a

biaochemical study of the:relevané gene prdgducts and their

functions, but this objective has been difficult to attain.,

'




The Effectmof Various Suppressors on Mutations in the

-. DNA Rebair-Recombinatioﬁ Genes of T4.

€ .

TABLE VI

-

2

SUPPRESSORS

¢

GENE ‘MUTATIONS RECOGNIZED
' BY SUPPRESSORS

uvsU

i

uvsXx

uvsW (dar)

59 47

das

———~—-—_-—-—---—-—-.—

—--—.———-——-‘————.

sur

PROPOSED
REACTION
SEQUENCE

9 + (46 - 47)°+(avsX‘~-"uvsy)

a Suppre531on of

ipdicated by

! H

a DNA repllcation defect 1s~

SuppreSSLOn of
indicated by _.

N

‘ G

a DNA repalr defect is !

f

‘

*




°

T gy

'3a.,UV—Sensitivity o .

&

suppressors mlght hot only ald 1n the blochemical analy51s

but also prov1de a’ view of the complex.web of 1nteractlons

of the DNA repalr recomblnatlon functlons.,

o *
' ¢ v

The [das] mutatlon spe01flcally suppressed both the DNA~
arrest phenotypes and burst size defects of the gene 46 and

47" mutatlons (Hercules and Wlberg, 197l)§r We felt that‘ the_

questlon of he spec1f1c1ty of the das functlon should bem

n

studled further since previous studies 1ndlcated the QNA

-

arrest genes 46, 547 .and 59 'and"the_ uvs genes X and Y

. -\\
',

’ functioned'together to form part of .the; DNA proce351ng

pathway (Results, section‘ 2; Wakem and Eolsuzakl, .1981).

.
" s

In fact, the close relatlonshlp of these genes, was also_9‘.

supported by the observatlontthat [das] partlally suppressed il

-ca

the uv—sensrt1V1ty of [uvsx] and [ustfi(Flgure ’1%@) The

" double ﬁutants [das uvsX] and (das, ust] were less sen51t1ve
= _

) [+

to uv-lrradlatlon_ than,.the correspondlng snngie mutants

{uvsX] and "[qﬁéy1.y The'[das] mutant was not‘uv-sensltlyev

. r

'ln,a.similar test [daéj did not suppress ther uv;sensftivit§:

of a gene 59 d/tatxon (Figure 14b) ..  The Youble- mutants
[das 47] and [das,%G] were uv-sensxtrve (Figure lﬁb) but the

degree b% suppresSxon, if any, could not be dlrectly

-

. . "i{ . . . .. ‘ -, I . o " @ » ) ."
For . this reagon, we - have felt that ar'study‘ of_.the ;
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A
in
‘ . * 0 . .

N : GVbirradiated,

. .;: type T4 (o), dasl3[das]
,.% (D), daslB,amSl?[das uvsX]
. : '.*,
_(b) dasl3,idas]‘ KQLJ
.. ' (m, dasl3,amnl30(das, 46]
. /" . '¥ . 9
' : * e £ .
. _ .
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the .DNA :epa;g recomblnatlon

‘then plated on’ E.coll'B.l
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B s§mbq1s: (&)

.w.' e e

(4), am$52[uvsy}

wild

-

(OP, amSl7 [uvsx

(A),,,d&sl3,amSSZ[éas,ust1'-%lf;’

(Q), dasl3 amC5x3[das 59]
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comparég because Of tﬁ low effi01ency of ﬁplatlng

s
\

f .the

I(/
.

gene 46 and 47’mdtants on’ E.‘.coll B: (Epsteln et al., 1963)

* ‘ S Y

. For thlS reasqn, we used an alternatlve procedure (Wakeﬁ and &

&

the defect 1n DNA repalr ih“the gene 46 and¢47vmutatsong.

. X
. .~ 9» u“g

—Eblsusak;,i l976l o study‘*the Qosslblef supgkesslqn of -

/\ . . . -"v‘ ’ ’\‘. i ) .
uv-seﬁsitivity (DNA fepair).hby [das] DNA repair‘vwas'

Y

assayed by. - labelllng infectedf~cells, w&th [3H]thym1d1ne,

A

.

~,0 - “

uv- 1rpad1at1ng. them and cha51ng w1th meditm contalnlng

gnlabelled thymldlne for varlous pezaods 'oé time. _The

14, .0 N - .
* b p Tk
» RN e 1@ X

,infected,gells were analyzeﬁ for DNA,breakage‘and‘,rejoining

by'-alkaline sﬁErose .graﬁlent centrlfugatlon (Flgure 15) ¥
‘.' s"’! R 4 ~

The\pbl 1 mutant Qf E. COll (RlS) was used in these StudleSv

| - - P

a}e block the exc151on repalnﬂ4ﬁathway (Eblsuzakl ek al.,

- - A

1975).' In w1ld type T4 and [das] 1nfected cells, phage ~DNA
. {'}"
“wds degraded 1nto smaller fragments almost 1mmed1ately aﬁter

v

_ggvrlrradlatlon and suhsequentlyp rejbined rby 60 » miriutes

.
-

postlnfectlon' (thure 15) Inﬂcontrast DNA 1ntermedlates
P T . “n, é'; v 3,,@. ' DTEE '
‘were rﬂleEd but ‘not . regoxned even after 90wr mmnutes?

- -~
- .

postlnfectlon in. cells 1nfected w1th the gene 47 quant. an
- ﬁ' -
i 2 - ) % s\
the double mutants, [das 46] édaﬁa ndt»shbwnh ahd °[das,47] s

(Flgure 15), DNA ‘was 51milarly nlcked and re301n1ng occurred‘;"

o &t e L’ P s v,., %

Y St SE
but at a slower rate and was not completed*‘by 90 myhutes =

posty‘ﬂ%ctlon.' e conClude that [das] pantlallx“supgxessed“ﬂ“ o]

+ pres . .y ok, N Y

(WA
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extracted ®at QariouN\

- -

infeéted with wild: type 'T4, dasl3[das], ggNG}é3x3[47], or

A

<

dasi3,§mﬁG;63x3(das,ﬁ7]. ‘ Tﬁg panels show the sedimentation

of;DNA extracted from‘%a)ﬂwi‘d type 'T4—, (b) -* dasl3{das}-,
s H [ s . I - P

(c) amhG163x3{47]~ and.(d) dasl3,amNG163x3[das,47) infected

cells. Symbol¥: DNA extrgAted‘from,poni(ﬁadiated, infected

o~ o
PN

cells.: (o), DNA extracted

y

, ‘ L ‘
rom uv-irradiated, infected cells
Y

afﬁér a. 0 minute (4a),

.

60'-mindte. (wv)' or 90f-hin§te m)
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" important

.'Bbc

s o ..'.:...
. . ‘7.'34‘_.'..
. B . . w ' )
‘DNA Replication e v .
It was prevtously noted by Hercules and Wlberg (2971)

that [das] partlally suppressed the DNA arrest phenotypes of

the gene 46

suppress

[das]

46 and %7 mutations. We feel that thls

the

and

DNA

" [uvsY] mutations (Figure

47 mutations. However, [das] ﬁld \not

replication’ defects of the* [uvsX] and

16). Under similar conditions,

o,

partially suppressed the DNA arrest phenotype of gene

because
~, .

from uvsX¥-uvsy.
——— L

4.

Repairtgecombination‘Genes of Bacteriophage T4: ' sur

a

©

New

#

¢

Suppressor of

" distinction is

y

it serves to separaéely categorizé 46—-47
7 'y

[}

4

Mutations in the/ DNA

3

of

IneV1tably thls dlverSLty must reflect the

.thé

repllcat

The.diéersity of suppressors'that affect the mutations

the ‘bNA

DNA

1
. ]
interact#o
/

ion,

repalr recomblnatlon genes

- - .

‘ .
seems remarkable.

0%‘

complexities of

repa1r recomblnatlon functlons and of the multlple

ns

that

R

and

suppressors w1th

underséand;ng oﬁ the role of the DNAVrepair-recombination

AW
\

.

\

functidns. @

wirTa

L 3

are ﬁnvolved,» partlcularLy with DNA-
; -

-¢ «

DNA professing” We have studied these
, e

4,

;the"Giew that they would aid 1in tngk'

P

’

o ' * .
o f ' NN - .
. . NI
H




effect of dasl3{das] on thé DNA:-synthesis

A

in the DNA reépalir~recombination genes.. The incorporation of
b . . .
-

acid-insoluble material was

-

E3H]thzmidine"in measured at

. . . A ° . . " * . \\\‘ .
gvaridus times .,postinfection. Symbols: (a) wild type T4

(o), dasl3{das] (e), amN130746) (4), amNG163x3(47] (@),
dasl3,amN130({das,46] (4), dasl3,amNG163x3[das,47]) (@) —(b)
) ‘ > ) ’ = i -

dasl3[das] (), > amsSl7[uvsX] (&), ams52 [uvsY] )y,

dasl3,ams17 [das,uvsX] (A), dasl3,amS52[das,uvs¥Yy (W) .
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:as‘ part of the DNA proce551ng pathway (Wakem and Eblsdzakl,w

‘[uvsX] mutants whlch exhlblted “an eLeVa&ed level ~of DNA
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In thls sectlonﬁjwe descrlbe a new’ -suppressor, [sur}

/ /
- - v -

rda

(suppressor.pf repalr) whlch suppresses the mutatlons of al

- .

flve DNA repair- recomblnatxon genes that have been ‘asc g ibe

- [P

1981) Although ‘we, have studled some’ ofv th‘“”general'

[ a

. 4 E’.
propertles of [sur], in maln, the 1nvestlgatlons have been
. - A"

concerned with the spec1f1c;ty and range of ‘the Msuppressor“

v ot
.;/ . - P

fbnction'.and some'cons;deratlons oﬁ the possibleumechanism
» .o .. ‘ ’e- ’ poey g . ..

, , . . s . ‘
e . . e 7" . Y - -

. 1S .
of the ‘suppréssor. . ‘ o e A -

Amber"{uvsX] and [u$SY1. mutations iselated . as * .

’
e -

suppressors of a mutatlon 1n gene . 49 were equally sensitive

v [. P

.to uv—lrradlation but dlffered w1de1y in. the klnetlcs of DNA

- -
- -~

epllcatlon (Wakem and Eblsuzakl, \1981)., Ore -of thgsex:

o - "— = L”"z
replication was found to be a doublé mutant con51st1ng of a

typical'IuvsX] mutation w1th .a DNA artest phenotype and
- _— LS

-ahother~ uv-sensiti%e mutation [uvsU],'whlch suppressed the

1

[uvsX] mutation to gi e a wild type(level of DNA repllcatlon ﬁ/i?

(Results, section ‘S) HoWever, [UVSU] ‘could not be
.- . = ‘v ~ S .
considered a typical, suppressor of [uvsX] because ‘of 1its

complex _ofigin. We looked for a "typlcal" suppressor thh
A

an uncomplfcatéd drlgln~ag§ [sﬁi] was,;the result f athls LT
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. . , 77
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. . . 3 [ I . 4
4a. Isolation of [sur] o , .
~ — ! .aa' - ‘ ,:«
o . When amSl7[uvsX] was plated on Eaa/COll B, the majorlty
g""n i . of plagues. we;e_t;ny. we plated amSl7[uvsX] on E. coli B
- .and picked a number of larger plagues with the . expectation .
e PN -5 - . ¢ . ¢ IS e
’ \ :,“'\that, they. were either‘tgpe revertants or. .suppressors. Out
] a o of thlrty such’ isolates, only'six‘were stable and of this
. A latter group only one: was: uv sen51t1ve. -gi coli B infected
" R w1th thls uv-sen31t1ve, deglvatlve,_ amsl7-rl0,. yielded a

LIRS e L . . to °
D T level Sf DNA replication’intermediate between that of a wild

s oo . . T, . . .
AU ;_“-‘ type“T4 and a [uvsX] mutant infection (Figure 17). When
: 'g ams17- rlO s crossed with ~wilad type T4 amSl7[uvsX] and -
fﬁ " . rlO[sur] were obtalned.' The [sur] mutant was. ldentlfled by
£ . RN .. ?
i . _1ts .ablllty to produce recomblnants with amS17[uvgX], which
_% . t . °  were uv— en31t1ve and produced nea? nermal sized plaques " on
. § " . : . /;'. . 2 .
i I .. E. coli B. These recomblnants were identical “to amSl7 10
; o ; with respect to uv-sensitivity and kinetics ~ of DNA
T N - . , Ll . ' L A .l
i ¢ replacatlon. S L - . LT - o
;\E - . Ed = »", g i ' ) - 4
? - L - ,1?( C et
‘gik’ Ty P /' iy : . . - -
2 . . ‘ ) : . i . bl
; e e .a;Q'.\e ‘ . :
i - P 4b/‘Pnopert1es of [surJ L o .
; . T . - Py 5 ]
% - ) T e [sur]umutant resembled Wlld type phage w1th respect .
.g ' to the follow1ng parameters- plagque 51ze, klnetlcs of phage
& ) formatfon (Flgure -18), " DNA replication‘ (Figure 17), - T
F . . N o . -

uv-sens;txvxty (Flgure h9a) and mitomycin C sensitivity

- B (data “hot shown) R These characterlstlcs distinguish sur
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DNA replication®in\gells j with * various T4 phage
strains. The incorporation of ‘{*H}thymidine into
acid-insoluble ' material was measured at various times

postinfection. " Symbols: wild type T4 (o), rlO{sur] (e),

amS17fuvsxX] (a), «rl0,amSl7[sur,uvsX] (A) and amsl7-rl0 i

[sur,uvsX]\kV).
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a~

" from thé suppressors, [uvsW] and\T§!§U], both of which are
uv-sensitive (Hamlett and aergér, 1975; Results,.séctidd 5)

and also indicate general .gimilaritiss to_the suppressot

{[das] which also resembles wild type .T4 .(Hercules and

L

Wiberg, 1971).

The [sur] mutation appears to be a general suppressor
.of mutations in the: genes involved in  DNA

repair-recombination’ functions (uvsX-uvsY DNA  repair

pathway). The ([sur] mutation partiéily suppressed the burst -

< N

size defects (Table 7) and DNA arrest phenotypes (Figures 17.

and 20) of mutations in genes 46,°47,.59, uvsX and.uvsY,
The uv-sensitivity of mutations in genes 59, uvsX and uvsY
I w;; also partially suppressed by [sur] (Figu:g~ 19).

‘ UV-sensitivity tests were not possible with mutants [4&Y~and
"“»[47]. becausé of their low plating efficiency. Theréfore an
alternative assay f@r DNA repair wés used, in which, infected
cells were labelled‘with3H-thymidine¥:uv—irfadiated, chased
for various times with cold th?midine and anélyzeé by
alkaline sucrose grgdient‘ centrifugation ‘ (Wakem and
Ebisuzaki, 1976)1 For these e#peliments the poll mutant E.
ggii. R1S was used to inhibit the exci;ion~repair pathkvay
(Ebisuzaki‘et al., 1975). 1In inféctions yith wild' type T4
and ([sur], the phage DNA was nicked immediately after
uv-irradiation and slowly rejoined - to mature size by 60
minutes postinfection (Figure 21). ‘Infections with the [47]

s s ‘ .

P

F

st




A . .o TABLE VII

The Effecf of rl0(sur] on the Burst Size ¢f ‘Various T4 Mutations
N 2t

Infecting Phage Mutant Gefe Burst Size
74D o ‘ - 151 + 59
: rl0 ‘ " © [sur] 168 + 41
amN130 9 - [46) \ 12 £ 1
r10,amN130 (sur,46] 16 + 1.
! Vaa s
. . o7 .
) amNG163x3 \/7’/-\') {47] 7 + 2
[ ’ i (,,'—“ - '
” \ .
r10,amNG163x3 [sur,47] 18 + 2
2 sur
' amHL628 ' [59] 18 x4
A .
: - rl0,anHL628 ®  sur,so) 30 : 4
\’ | \' - ¥
ams17 | [tvsX) : 15 &+ 3
rl0,amSl7 [sur ,uvsX] 27 + 2
. amS52 (uvsY] . 21 + 3
r10,amS52 [sur ,uvsY) \\\35 + 2
o] N R
~
AN

1 ~ e -




FIGURE 20

"The "~ partial suppression of .DNA replication defects by
rl0(sur]}. Mutants in DNA repair-recombination genes were

-recombined with rl0[sur] and tested for DNA replication _as

1

’
in Figure. l. Symbols: rl0{sur] (x), ngSZ[gzgY],(p),

rl0,ams52(sur,uvsY] (e), - amHL628[59] (&), 'rl0,amHL628

\

[sur,59]  (A), . amN130(46] (v), rl0,amN130(sur46] (v),

amNG163x3[47) (0) and rl0,amNG163x3[sur,47]- (m). y
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The bartial suppression of ajgene 45 QyA"repair defe;t /%y\

X rlb[§g£]. ;ﬁ-labelled DNA extracted at Yarious'tiﬁes after
dv~-irradiation from cells infected with different phage
mutants was  subjected to 'alkaliﬁg sucrose gradient
entrifuéatidn analysis. The pgnels show the sedimentation

of DNA extraﬁ;ed from (a) wild type.T4-, (b), rl0{sur}-, (c)
amNG163x3(47]-\and (d) rl0,amNG163x3[sur,47)-infected cells.
Symbols: DNA extracted from noniéradiatgﬂ, infected égl;s”
(o),’DNA extraéted from pv-irradiateﬁ} infected cells after

~ ' . O A
a 0 minute (A), 60 minute (vJ or 90 minute (M) incubation jin

r

fresh.medium (33°C). . ¢ (¢}
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v

mutant indicated notmal nicking of DNA but little or no

rejoinind even after 90 minutgs postinfedtibn. However,
. : . P 4 ~ e .
with the [sur,47] mutant, the|ﬁormal nicking was: followed.

with a slow rejoining of the DNA strands. Similar
’ <

observations were made with the [46] and (sur,46] 'mutants

(data not . shown). %hese results indicated that [sur]

suppressed --the DNA . repair defects of the gene S 46-47

mutations. . ( §
S~ . g .
These results distinguish ([sur] from the other - -

i suppreséors. By contrast [das] was unable to suppress the

Dﬁh'répair and DNA replication defects of the gene 59

pur——
o

mué;tion (Wiberg and Swanson, 1975; Results, séction 3) and

J - (das] was also ineﬁfecti&e in suppressiné the - DNA

replicqtionQ defects of [uvsX] and [EzéYfﬂ(Results, séction

"3). The other two suppressors, [uvsW] and ngEU], differ

- from (sur] in that  they only suppress DNA replication
. Eefecés. | _‘ . < .

M . %

4c. Effect of [sur] on the excision repair pathway"Q“F\\
4 ”\ o )

N » . . B « v
Since [sur] suppresses mutations involved 1in the

uvsX-uvsY DNA .repair pathway, we tested the effects of [sur] o

’ \w
on the denV-controlled excision repair pathway. As shown in
Figure 22; the uv—sensitivity‘of'[QEEV],was not affected by

[sur]. The [sur,denV,uvsXL and Ldenv,uvsxf ‘strainé




FIGURE 22
The effect of rl0([sur] on the uv-sensitivity of various
‘phage sEraiﬁs containing the wv(denv] mﬁtaﬁionr Phage
strains were uv-irradiated and plqted on (a) §;égli B or (5)
g;ggiii B40Sul. Symbols: wild type T4 (of, videnv] (a),

- amsl7{uvsX] (O), rl0,am817(sur,uvsX] (W), v,amSl7{denv,uvsX]

(v) and rl0,v,am817(sur,denV,uvsX] (v).

-

/( | s

5



Ry

NOIL1OoVvY 4

.
m.

ONINIANYNS

2

20

10
(SEC)

uv DOSE



exhibited a ‘similax uv-sensitivity on E. coli B40Sul. On

this host the amber,uvsX mutation is suppressed and ‘only the
ane Vs

[denV] and [sur]) mutations are expressed. However, on the

restrictive host E. coli B all three mutations are

expréssed and a comparison of the uv-sensitivities of

[sur,den&,uvsX] and. [denV,uvsX] showed that the (denV]
mutation did not affect the suppression of [uvsX] by (sur].

The difference in uv-sensitivity between [sur,denV,uvsX] and

‘[denV,uvsX] was similar to the difference in uv-sensitivity

between [sur,uvsX]' and [uvsX].

These results 5ugges£ that [sur] does nQt suppress ‘all
DNA repair defects and that its activity might be specific

-

for the uvsX-uvsY DNA répair_pathway.

ot

{

.44, Effect of [sur] on host DNA degradation

-

One propose 'echanism' for the suppression of _the
[4674?] mutations by S involves a compensatory increase in

nuclease activity, which was detected both in vitro and in

vivo (Hercules and Wiberg, 1971; Mickelson and Wiperg,
1981). 8ince [sur] is similar to ([das] in many of its
general properties, we tested the effect of [EEE].On host
DNA degradétion, following the  experimental prdtocol

described by Hercules and Wiberg (1971). In these

experiments, a mutant in gene 42 (dCMP hydroxymethylase) was

»




used to. prevent re-incorporation of "the solubilized _

” .
nucleotides in DNA. As inQicated'in Figure 23, there was an

increase in the release of acid soluble ;adio§ctivity In
infections iﬁvblving {igg,iz] compared. to [42]. However,
[sur] .had no effect on the releasé of labelled ndcleotides
in the [42,46] ipfe;:tion. These results clearly distinguish
[sur] from ([das], where the combination of [das] with
[42,46] leads ta a clear increase in host DNA degradation

(Hercules and Wiberg, 1971). One interpretation of these

{

results is that sur functions in host DNA degradation but-at .

\]

a step(s).- preceding the genes 46-47 function and at a

step(s). different from that

4e1 Dominance test for [surj

Whether a mutation is dominant or recessive with

respectr to;the wild type allele provides clues on the nature .

of the function involved. We compared the kinetics of DNA

replication: in mixed infections of [sur,46] and [46] to

! 4
determine if the [sur] mutant was dominant or recessive tg

the wild type allele. ®1hese experiments, which involved

'differént ratios of (sur,46]:[46], indicated that [sur] was

co-dominant with respect to’ the wild type allele (Figure

24) . . B '

i




- | FIGURE 23.

.

The degradation of labelled hbst"DNA by 'various phage

A Y

muténtsﬁﬁ DNA de%rad;tion;kwas detérmined by measuring the

-

acid-insoluble material remainiqg at  varjious times
- .

postinfection. Symbolses amN122(42] (o), B0, amN122 (sur, 427

(a), gmN122ﬂéle30[42i46] () and rl0,amN122,amN130[sur,42,

‘

- 46} (v). . -
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FIGURE 24

3

) .
. A dominance test for rlO[surﬁi Dominance was determined by

£

measuring'the DNA replication of cells mixeély infected with
x10,amN130[sur,46] plus amN130[46]. :The .incorpor;tion of
'[3H]thymidine¢ into écid—insoluble material was measured at
.various times postinfection. "Symbols: v rlO,EEN130[§g£,4é]
(o), ggNlBO{ZEa (@), rlO,gle3éf§g£,§6]'+ amN130[46] in the
folloQing rétios: 1({sur,46]:1{46]) (D), 1l[sur,46]:5(46] (v) ,

5(sur,46]1:1[46] (a).

*
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5. The Coupling of DNA Repair-Recombination Funcﬁ%ons [with

DNA Replication: uvsU and the "Switch" Model 6 .\

A
¢ ‘ '
. . \ \

A /
S5a. Isolation of an unusual uv-sensitive mutant™.__
-~ ‘

o In our previous studies of the pseudorevertants of a
gene 49 mutationg. we noted two types of amber (uvsX] and
[uvsY] mutants' (Results, ééctionﬁz; ~ﬁakem and Ebisuzaki,
1981). Both ‘ypes ‘of mutants Lad"identical  levels of

uv-sensitivity ‘but one' was "wild" type in its 'DNA

replicatipn properties ;>hile the*other had a "DNA arrest"

phenotype. Since previous'observations (Hamlett and Berger,

1975; Results, section 4) indicated that the [uvsX] mutants
Qith an‘elevateé level of DNA replicatton;had‘a suppressor, -
we crossed one of these mutants (ams76) withewild typé T4 to
separate the presumptive suppressor. Two uv-sensitive
mutants emerged £from this cross, one wés a small plaque,’
s typiéal EEEEE [EXEX] mutant (amCl6) and the o;her a large
plaque, double mutant containing the amE727x1[49] mutation
and a non-amber, uv-sensitive mutation, C69E51§U]. %ﬁe [49]
qutation: ;egregated at a frequency of less than 1% (4/500)
‘from the double mutant. We have atteﬁpted.tq isolate [uvsU]
. from - the ~[49] mutation 'by crossing the double mutant
[uvsU,49] with wild type T4 and ~test;ng the progeny fpr
uv—sensitfvit} _and failure E& dissociate the [49] mutation

in crosses with wild type. T4. However, several difficulties
* 1

- \

-




should be noted:
(1) [925074§j’has plating properties indistinguishable
frém wild type T4; \\
(2) the [49] mutation dissociates from the double
*%ﬁiant at a low frequency; ' ' )
(3)'the,numb§r of progeny that could be tested was
restricted because of the number of manipulations required;
eg)vsinCe the characterization depended on, a negative
resulg gi:e. the failure to dissociate the [49] mutation),
there was ays an uncertainty as to whether the
uv-sensitive 1igolate wgs rgally dissociated from the [4§]‘

ﬁutationu For hese reasons, 'we have used the double

mutant, [uvsU,49] and when it was necessary to study the

fuvsU] mutation exclusively, appropriate controls were |

introduced. We have crossed the double mutant [uvsU,49]
with the -double mutant, amClé,amE727xl[uvsX,49], to .
reconstruct a triple mutant ggClG,C69,33E7é7xl[uvsX,uvsU,49]

~

with broperties identical to those of the original amsS76

mutant.

&

5b. Complementation tests for- [uvsu] -

-

Previously we had developed a complementation assay in |

which E. coli R15 was multiply-infected with two DNA

L
repair-defective mutants and assayed for DNA replication in

(1]
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the presence%ﬁf mitomycin C (Resultsﬁ\sectiqp 2; Wakem and
' \

Ebisuzaki, 1981). By use o% this \gest; mitomycin C
sensitivg muta;ts, such as [gzggl’ (Figure 25), could be
given a gene assignment. The ([uvsU] mutant complemented
mutants in genes uvsy (Figure 25), 32, 46, 47, 58 and 59
(data not shown), but d4did not- complﬂ%ent a [uvsX] mutant
(Fighre 25). 'These results suggesped tﬂat {uvsU] was an

*

allele of [uvsX].

é .

5c. Mapping of uvsX and uvsU

* The positioning of uvsX on the T4 map has undergone
revisions. Initially uvsX was placed between genes 42 and
43 (Wood et al., 1968). . Subsequently, Dewey and Frankel
(1975) and ?Hah and DeLorenzo (lQ??)'placed'EXEX between °
genes 41 and 42 and Childs (198G indicated phag the gene
order was 41, uvsX, Bgt, 42. Autoradiograms of 'SDS
polyacrylamide gels have shown that the am(uvsX] mutants
reported here were Qnot‘ in ‘gene 41 (data not shown). . Ine )
addition, the ggSl?[gg§¥] mutant was mappea and we found the \

following order for thé genés: -41, 40, uvsX, Bgt, 42

(Figure 26).

« e
Although complementation experiments indicatéed that
[uvsU] was a mutant in the uvsX gene, crosses involving

{uvsU,49] with [uvsX] yielded a high frequency of. uvst

’
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\FIGURE 25

“ :
A cpmplementation test for C69[uvsU,49]. ACells'here mixedlyn'\l

infected with C69[uvsU,49] and either [uvsX], [uvsY], [32],

,[46]-, [47]), [58} or [SQ] in the presence of mitomycin C .

\(lOLg/ml) and te§tedﬁfor thelincorporation of [*H]thymidine

into acid-insoluble material (Wakem and Ebisuzaki, 1981).

—

The C69[uvsU] mutant comélemente@, all the mutants, tested
except 22517[E£§X]- Symbols: 'in .the absence of  mitomycin
C, wild 'type T4 (0), C69{uvsU,49] (Af;. in the presénce of
mitomycin C, wilkd® type T4 ,(‘)' CG%[EXEU'491 (A),
amSl7,amE727x1[uvsX,49] (9), gmssz,gﬁE727xl[gi§Y,49] Q) ,
C69(uvsu,49] + amsl7,amE727x1[avsX,49) (v), C69[uvsy,49] +

[

ams52,amE727x1 [uvsY,49] (W) .

vd
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Genetic recombination map

genes “40, 41 and 8gt.

(2]

FIGURE 26 °

of amSl7[uv relation to

The numbers above the lines indicate

the map in percent recombination frequency (2 x percent wild

type or

experiments.

The

results

2

represént the average of two

>
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recombinagts suggesting that uvsX and uvsU were separate
genes (Table 8). This was confirmed by two " factor crosses
involving [35,5250,49]‘with [+,+,49], where am stands for an
amber mutation in a second gene in the cross. These crosges
indicated“aqlin'kage of uvsU and amBL292(55] (Table 8). Zhe
results of a cross involving [55,uvsU,49] and [47] (Fiqure
27) suggested that [Ezgaj maps to the right of [55]. 1In
another cross involving YESSIE!§U1§E49] and [ts49], the
recombinants [55,3249] and'[§g49] were not‘detected (0/239)
and the recombinants in this cross represented by (b) and
(c) were asymmetéfbally represented (Figure 28)7 Also, we
had previously noted tpat [{49] segregated from [Eng,49l at
a low freéhgncy. These‘observations suggest that [uvsU] is
located‘between [55] and [49] and that- there may be some
unusual coﬁpiications.‘ The asymmetry noted above was n&t
due to excessive heterozygosity in the gene-~55 and 49

markers.’ Furthermore, in a similar cross involving

[55,am49] x [ts49], both recombinants, [55,ts49] and [am49]

were recovered in approximately equivalent amounts,

suggesting that‘thewasymmetry might be a consequence of the
C69{uvsU] ‘mutationi Although the mapping data suggested
that [uvsU] might be close to{ gene 49, “the fupcgional
studies indiqated below, suggest that they are,two different

genes.
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TABLE VIII "
Two Factor Crosses Involving €69 [uvs]
\——v
Cross : Recombinant Fregquency (%)
1. amSl7 % C69,amE727x1 uvs+t © 4 12.8
[gzgx=x uvsyU,49]
-
2. amgE51,C69,amE727xl C69,amE727x1 20.0
X amBE727x1l. [uvsU,49} ™~ .
A [56,uvsU,49 x 49] ' : T
3. amN81,C69,amE7R27x1l - C69,amE727x1 ,23.0
X amE727x1 [uvsU,49]
(4T, uvsy,49 x 49] )
4.  amC42,C69,amE727x1l . C69,amE727xl 23.0 ;-
‘ fuvsU,497 e ’
g1 —
,ng?Q?xl C69,amE727x1) 11.2
[uvsU,49] '
vsU,49 x 49] i :




FIGURE 27

The map position of C69[uvsU,49] in relation to genes 47 and

-

55. _Recombinaﬁts. from a cross involving amBL292,
C69(55,uvsU,49] and  amNGl63x3{47] are indicated as
percentagé of the frequency at which each recombinant was

.

detected. -

-
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FIGURE 28

Thg map position of C69{uvsU,49] in relation to genes 55 and

49... . Recombinants from a Cross involving, amBL292,
C69,§mE727xl[55,hvsU,49] and tsC9[49] are indicated as the

q ~ -
frequency (%) at which each £ecombinant was detected. The

’

order for the mutants [55], [am49] and [ts49] was previously
determinea in a three factor cross. The reécombination
frequency between [am49] and [ts49] was approximately 2% and

'between, [55] and (am49] was approximately 18% (data not

showﬁ).
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5d. Properties gf\[uvsU] 112

- »

The gene 49 mutant, amE727xl préduced vefty few phage in
E.coli B (Table 5) but the douﬁle mutant [uvsU,49] appeared
to be almost indistinguishable from wild type T4‘ in 1its
kinetics of DNA replication (Figure.-25) and its growth
proper;ies on E.coli B40Sul (Figure 29). Also, it should be
noted that there was no delay in the appearance pf phage in
infections :involying this dquble mutant, = as might be
expected if the [uvsU] mutant were-defective in a maturation

gene. The [uvsU] mutant.-is probably not an amber sSuppressor
=5 7 av-=s

because it did not sqépress any of the other amber mutants

o

with which it had been recombined (e.g, mutants in genes
42, 44, 46, 47, 55, 56, 59, uvs¥tand lys). Why [uvsU] is_ so
effective in the suppression of the [49] mutant is not known
bu; it shoql@ be noted that gmgl],ggE?Z?ergzgx,49] had a
fairly large burst size}(38 phage/cell) and that a mechanjism
for this suppression has been proposed (Discussion,iéection

2) . Possibly, the higher phage yield with [uvsU,49] might

N\

be the result of a higher level of DNA replicatién (Figure

31).

The [uvsU,49] mutant had a level of uv-sensitivity that

was intermediate between that of wild type T4 and Epe [uvsX]

mutant (Figure 28) and .as noted previously, [uvsU] was also

sensitive to mitomycin C. The {uvsU] mutant was equally

' °

sensitive to uv-irradiation.when it was tested on E.coli B

-
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v FIGURE 29 . A
One step growth curves of wild type T4 and C69[uvsU,49] in
E.coli B40Sul. Infected cells were plated for phage at -
. ) various times postinfection. Symbols: wild type T4 (0),
C69[uvsU,49] (a).
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or B40Sul, "indicating that [uvsU]' was not an amber mutant.

" Since [uvsX,uvsU,49] was no more sensitive to uv-irradiation

than [uvsX,49] (Figure 30), we concluded that uvsU and uvsX

were on the same DNA repair pathway (Ebisuzaki et al.,

1974).

The [uvsU] mutation suppressed the DNA arrest phenotype

‘of the [uvs X] mutation (Figure 31) but had no effect on the

uv-sensitivity of fgng] (Figure 30). | The suppression by,
{uvsU] was. specific for the [uvsX] mutgnt since [uvsU]
faile§ to suppress the DNA arrest phenotype of [uvsY], [46],
[47]' and ([59] (data .- not shown). If the bypass mode of
suppreséién istcorrect (Wakem and Ebisuzaki, 1981), these
observations would be éifficult tq rgﬁbntile if [uvsU] were

a gene 49 mutant. ' -

s
The [uvsU] and [uvsW] mutants have many similar
propeft;es but they also differ in some ways. The [uvsW]
mutants are sensitive to hydroxyurea (Hamlett and Berger,
1975) but [uvsU] muténFs are not (data not shown). Also the

3
[uvsU] mutants:guppress‘the gene 49 mutation whereas the

[u¥sW] mutant does not (Results, section 2; Wakem and

- Ebisuzaki, 1981). We believe that these observations are

related for the following reasons. Since the [uvsW] mutant
does not sﬁppress the [49] mutation, the DNA intermediates

in a [uvsW] infection requitres the gene 49 function

. (Results, section 2; Wakem and Ebisuzaki, 1981). Since the

.
et



FIGURE 30

The uv-sensitivity of various phage strains plated on E.coli

B and B40Sul. Symbols: plated on-E.coli B, wild type T4

™

(o), C69[uvsU,49] (O), = amSl7,amE727x1{uvsX,49] (Aa),
amS76 [uvsX,uvsy,49] () plated on E.coli B40Sul,

C69 [uvsU,49] (m).

& . - e
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- < FIGURE 31

/
A dominance test for C69[uvsU,49]. Dominance was determined .

by measuring [®H]thymidine incorporation into acid-insoluble
material in ce;ls mixedly infected with ams76 {uvsX,uvsU,49]
p%us ggSl7;§mE727xi[gz§x,49] at various ti éostiﬁfection.
Symbols: C69 [uvsU,49] Q) , §3876[5X§X52¥§U,49]. ),
amS17,amE727x1[uvsX,49] (),  amS76[uvsX,uvsy,49] . +
ngl7,ng727xi[g!§x,4%] “in the folloﬁing "~ ratios:

l{uvsX,uvsU,49] :1{uvsX,49] m ., l[uvsX,uvsﬁ,49]:5[uvsX,49]

. N2
(A) ; S[uvsX,uvsy,49])}:1{uvsX,49] (e). .
3

.

-
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£

gene 49 function is hydroxyurea-sensiéive (Goscin and Hall,
1972), a [uvsW] mutant should also bé hydroxyurea-sensitive
;i§;>ﬁhosé mutants such éé [uvsU] which do not require the
gené 49  function ’ should be (and are)
hydroxyurea-insensitive.  Cunningham and Be?ger (1977) have
alsé noted that the hydroxyurea sensitivity of the [uvsW]
mutant was supéressed‘by [uvsX] and [uvsY] mutations. This
observation is consistent with the placement of" the uvsW -
gene product at Ehe'beginninéiof the uvsX-uvsY pathway and
the bypass model proposed earlier (Resqlts,‘ section 2;

Wakem and Ebisuzaki, 1981).

5e. Dominance
}

s »

We tested the [uvsU] mutant for dominance by measuring

the DNA replication of cells--mixedly infected with

[uvsU,uvsX,49] and [uvsX,49]. As shown in Figure 31, {[uvsU}]"-
x \

was codominant with respect to the wild type allele. Other

experiments measuring the DNA replicd ion of- cells mixedly

infected with [uvsU,49] and [49] inXthe presence of

mitémycin C confirm these results (data not skown).

. » —
- i

5£. The effect of [uvsU] on recombination "-




T, .

-

: ' 121

The effect of [uvsU] on genetic recombination was

tested by determining the frequency of r117 recombinants in

crosses involQing different combinations of [5151,49],
(rII,,49], [gg§U,£££1,49] and [gggU,Ellz, 49]. The [uvsU]
mutant had little or no effect on recombinétion (Table 9)
but these results should be viewed with some reservations

because the {uvsU] mutant was also not very sensitive to

-» '

uv-irradiation (Figure 30). Since we have studied only a

single [uvsU] mutant, we do not know whether the mutant

t

studied here was leaky.

et

~y

\ie
¢t



TABLE IX - v
The Effect of C69{uvsU] on Genetic Recombination

- ‘ Frequency of crr’t
CROSS Recombination (%)

1. FID3,amE727x1l x rIIb50,amE727x1 . 2.6
[rIIA,49 x rIIB,49]

-

»
-

2. C69,F1D3, ameE727x1 x rIIbSO0, amE727xl $$ 2.8
[uvsU rIIA 49 x rIIB ,49) .
. I .
3. F1lp3, ame727x1l x C69,rIIb50, amE727x1 2.7

[rIIA T49 x uvsU riIB, 49]

4. C69,F1D3,amE727x1 x C69, rIIbS0, amE727x1 2.9
[uvsU riI, 149 x uvsU,rIIB,49]
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" DISCUSSION. ’ \

- . —~
1. Sedimentation Analysis of Intracellular DNA in

Repair-Defective Mutants

o Following uv-irradiation of cells infected with wild

°

type T4 phage, the denv gene-controlled excision repair'
- .

> .

paﬁay assumes an important role by rapidly nicking DNA and
inMiating a "jJoining" reaction. Presumably this
endonuclease activity is followed by the removal of thymine

dimers by the 5';3' exbnuclease describ by Ohshima and

. Sekiguchi. (1972) and/or DNA polymerase I (Cozzarrellil et

al.y, _;969).' The géps created by the above nucleolyt%p

activities are believed to be sealed by DNA polymerase I and

-

polynucleotide .ligase. In the experiments cited here, the

_overall ligation step’fmay invol%e two or more types, of

reac&ions since the initial "joining" occurs very rapidly
- g
whereas the complete "joining" to restore mature size DNA

molecules takes much longer. <

&
.
* »

If the excision repair"c'pathWay is inhibited by Mutation
of the denV gene, there is a slow endonucieolytié activity,
which ma& be dﬁe to a slightly leaky [denV] mutant (Ohshima
and Sekiguc?i, 1975) or due to other host or phage-coded

enmdonucleases. This endonucleolytic activity and suBsequent

"joining" may be going on simultaneously. since thereaail
\ .

. 123
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little change in the size of the single-strand fragments for
a considegable'period of time. 1In cells infected by [denV],
the éipearance of mature size, repaired DNA was delayed

appro(imately 10-20 minutes. 2

ES
-

In cells infected by ([denV,uvsX] or [gégv,gzgY], where
both the denv éene—con;rolled excision fepair and uvsX- uvsY
pathways are ~inh£bitgdr the endonucleolytic activity " is
stilléwpresent but the ;ingle-strfnd DNA‘fEégments are not
"joined" after irradiation. A similar failure in "joining"
was ébéerved even in the absence of uv-irradiation. These
observations suggest thé uvsX and uvsY gene functions are
involVed in a "joining" function which is only incidentally
related};o DNA repaif. Tﬁfs fragmentation of DNA and_  the
decreased amogpt of concatemers observed dufing normal
infection with fgggv,gzgxr oé [denv,uvsY], probably accounts
for the decreased phage vyields previodsly noted in cells
infected with [uvsX] and [uvsY] (Harm, 1964; Boyle and’

oo

Symonds, 1969). N

Finally, what is the "joining" reaction in the context

of the [uvsX] and -[uvsY] mutations? It is not known whether
3 " 5 .‘\‘

"joining" dinvolves the two original strands from th same’

DNA molecule, strands from two different molecules, or if
the "joining" involves replacement of one of the fragments
by a synthetic route. | Likewise, the nature of the DNA

intermediate(s) in the "joining" reaction is unknown, but it

124
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is probably more compquatﬁhn;, duplex molecule with a nick

or a simple gap, since‘suéh ructures should be'repaired by
DNA polymerase I and DNA ligase (Anraku et al., 1969). The
defects.in the uvsX and uvsY genés are not obvious defects

< in DNA syn;hesis or of a slowér rate of ;trand growth (or
joining of Okazaki fragments). We slggest that since the

- ) [uvsX] .and [uvsY] mutants are deficient in genetic
> - recoﬁbinat%on and in multiplicity re;Etigfffon (Harm, 1964;
~ Boyle and Syﬁonds, 1969), the defecgt in “jSTBTng“‘m57“bé”a

: ‘ failure in the formation or processing of "pre-recombinant"

~

DNA molecules. As a final note, where the denV gene is

defective, "joining" might be considered as "repair" by the
C

sucrose 'gradient’' centrifugation analysis but it might not be

"repair® in a functional sense.

AN

«
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.2a. DNA repair pathway and the Suppression f gene 49

2. DNA Repair-Recombination Functions ig\ﬁhe DNA Processing

\__»-‘
Pathway of T4 -

- ' . ¢

]

e

mutations

3

The finding that mutations in genes uvsX, uvsY, 59, 46
and 47 suppress gene 49 mutations suggests related functions
for thesehgenes. .While the properties of the five mutants
differ in deéaii, the mﬁtants a}e similar in many respeéts
iqcluding 'uv—sensitivity and recombination (Harg{ 1963;
Harm, 1964; Baldy, 1968; Bernstein, 1968; Boyle-and
Symonds, 1969; Wu et al. @ . 1975; Cunningham and Beréer,
1977), concatemer formatién, and DNA teplication (Wibérg et
al., 1962; Shah and Berger, 1971; Wu et al., 1972; Wu and
Yeh, 1974; Wakem and ‘Ebisuzaki, 1976;, Cunningham and
Berggr, 1977) . ‘Thechmmd% critical defect.of these mutants,
may be in their.;nability to join DNA f%égments after DNa

damage and to form concatemers. These common features

suggest’ thet these five genes should be classified as a

sindgle group.

g - .
Could these related functions Qe involved in a common

DNA repair pathway? It was previously shown that uvsX and
uvsY were in the same pathway (Harm, 1963; Boyle and

Symonds, 1969) and by similar tesEs, we show gene 59 to be

in this pathway. The evidence that genes 46 and 47 function
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' in this pathway 1is less certaih, but the.butative role of
genes 46 and 47 as an exgnuclease(s) (Wiberg, 1966;\_ Kutter
. and Wiberg, 1968) 1is readily agcommoéated in a repair
pathway. Furthermore, the syppression of gene 49 mutations
by these five mutations could be hbsp easily accounted for
if ‘these genes functioned as cantiguous components in a
commén pathway. "On the other hand, genes 58 and uvsW have

been assigned to the same DNA repair pathway,\(Hamlett and

Bergef, 1975) but differ greatly in the kinetics of the DNA

» L4

~replication. The five mutants involved in the suppressipn

of gene 49 mutations have mainly a DNA arrest phenotype,

whereas the gene 58 mutants have a DNA delay phenotype and
‘ ) gene uvsW mutants -resemble wild-type 'T4 DNA replication
(Yegian et al., 1971; Hamlett and Berger, 1975). If, in
fact, genes uvsW, 58 and the other five geneé function in
tne'same pathway, poé%ibly ,thé ’suppression of gene— 49

o mutations only involves part of Eﬁe pathway.

2b. Mechanism of the suppression of the DNA processing

pathway
. * , /

_Previously, it was obseryed that gene 49 mutant
infections resulted in the accumulation of fast sedimenting
DNA (Dewey_and Frankel,.1975b; Kemper and Janz, 1576) and

£ - that mutations in uvsX or uvsy prevented this accumulation
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«, - 3

(Dewey and Frankel, 1975b). These obsgrvgtions suggest that
the uvsX and uvsY functions are involved in the synthesis of
the substrg&g (concatemers) for theh gene 49 endonucleézf.
Our findﬁngs ‘that mutations in genes 46; 47 and 59 éléo
suppress gene 49 mutations suggest that genes 46, 47 and 59
together with uvsX and gxéY are involved in' the "DNA
processing pathway (Figure 32 ). Thus, the DNA repair
pathway becomes part of a DNA processing pathway ;nd this

may be one of the primary functions of the DNA repair genes.

We propose that ~the suppression of the gene 49 mutation
3

results from the failure of the DNA repair mutants in 'a
joining reaction to form concatemers\and this ser§es as a
crude equivalent of a gene 49 endonuclease. In this way,
the DNA intermediates resulting‘fraé mﬁtations in the DNa
repair genes bypass the gene 49 function. We suggest that

thesg DNA intermediates reenter the DNA prbcessipg pathway

as

N

prior to the genes 16-17 function(s) because if the geﬁe.

16~17 _funcﬁion(s) preceded the gene 49 function, then the
recombinants [uvsX,16,49] and [gzgx,l7[19] should_ not ﬁbe
lethal. Since these recombinants are 1lethal, the genes
16-17 function(s) follow the gene 49 function and are
necessary for the procéssing of the DNA intermediates formed

by the DNA repair mutants.

We have proposed that a primary role of the DNA repair

pathway is in"  DNA processing. However, this view does not

.
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FIGURE 32
Proposed mechanism for the suppression 6f gene 49 mutants by
secondary mutations in genes 46, 47, 59, uvsX or EZEY' The
heavy arrows deégte the usual pathway fo? the proce:sing of
DNA in wild type T4:infectiont The lighter arrows show that
the DNA intermediétes which accumulate in gene 46, 47, 359,
uvsX or Eigx' mutant infecti;ns bypasé the requirement for

the-gene 49 endonuclease _and funnel into the DNA processing

pathway between gene 49 and genes 16-17.
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" . . &
exclude other roles for these genes such as in DNA

replication.

w

3. An Analysis of the DNA Repair-Recombination Functions by

Means of Suppressors: The Role of Das

It seems most probable that the high specificity of the
suppressors of mutations in the DNA repair-recombination
genes have as their basis a correspgnding specificity in the
gene products that are ‘being involved. 'This suppression
could occur via protein-protein interacgioné as suggested
for the suppresétbn of gene 32 mutations (Mosig et al.,
1958) or through intemactioqs "at the metabolic 1level as
indicated in the suppression of the recB-C (nuclease)

mutation by the sbcB (exonuclease I) mutation in E. coli

(Kushner et.r;l., %971). Although the* mechanisms Sf the
suppression of ‘the f4.DNA. repair- recombination mutations
are unknown, we suggest that the study of these suppressors
provides  information’ on the . relationships of the
repair-recoﬁbination functions within the sDNA repair

pathway.



g

3ar Dissection of the DNA repair pathway T

-

In a previous section, we presented evidence that the

genes 46, 47, 59, uvsX and uvsY were involved as part of the’

‘'DNA processing pathway of T4 phage ({Results, section 2;

Wakem \and'Ebisuzaki,bl981). _That these same five genes are

involved in a unitary function was also supported -by the

finding that a single suppressor (sur], which appears to be
specific for mutations in the uvsX-uvsY DNA repair pathway,
suppressed all five mutations-(Results, section 4). This
group of five\genes. could be further subdivided by two

suppressoré [uvsw, (dar)] and s]. The \[ubsw,(dar)]

in genes 59, 46 and 47 but

»

mutations suppressed mutation
did nét suppress mutation éﬁin genes uvsX or uvsY (Wu and
Yeh, 1975; Cunningham and/Berger, 1977; Wu and Yeh, 1978).
The [das] mutatioﬁ suppressed tﬁe DNA arrest and DNA repair
defects of mutations in genes 46 and 47 and the DNA repair
defects in gene uvsX and uvsY ﬁutatiops (Figure 14 and 16).

1

"On the other hand, ([das] neithér supprq;sed the = DNA arrest

rd

phenotype _(Wiberg and Swanson, 1975) nor the DNA repair
defect {ii?ure 14b) of the gene 59 mutation. The .croés
reactivity in the suppressor functions as summarized in
Tablé 6, suggeéted that the repair-recombination gene
Eunctions or products might= be ;rranéed as follows:
59%46—47)xgg§x-33§¥). We propose that this arrangement

suggested mainly because qf the overlapping suppressibn by

132
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}
[das] and [EXEW(QEE)], ﬁight be the  sequence for the
pathway. We have- placed the 59, 46—45.functions in the
leadiné pésition in the pathway because of ghe expectation
that -the (46-47) exonuclease fuéétion (Pgashad and Hosoda,
1972; Mickelson and Wiberg, l§81) would be required at an
eari; step in recodmbination or D&A repair. An analysis of
the DNA intermediates also supported the view 'that the
(46-47) function(93 preceded the uvsX function (Results,
section é; Wakem and Ebisuzaki, 1981). The specific
suppression of [uvsX] by [uvsU] suggests that genes uvsX and

uvsY control diffqrené functions but the order within the

uvsX and ust/group is not known. .

N

3b. Mechanism of slppression by [das].

\

~

ki

Since [das] mu;;nts.have an elevgted nucleaég apﬁivity,
the propo;ed bypasg\\for the genes 46-47 (nuclease) defect
seems reasonable (Hercules and Wiberg, 1971; Mickelson ,and
Wiberg, 1981), but the underlying basis - for the increased
nuciéase activity is not known. The dominance ;f the [das]
mutation over' the wildi type allele and thé alteratio; in
lysozyme activity in the {ggéi mutant (Hercules and Wiberg,
ISil), :suggests \the possibility of dn\ﬂaf%eration of a
control_ function.k' However, we have not found any

indications of altered patterns- of protein synthesis in
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autoradiograms of - SDS polyacrylamide gels of labelled
. -
proteins preparéd from cells infected with wild type T4 and

E

the [das] mutant €t 6, 9, 12 ana 15 minutes postinfection
(data not included). To summarize, the bypass proposal is
"

appealing because of the elevated nuciease activity in cells .
infected with [das] mutants but the’mechanism of the das

function and its relationship to the suppression of (uvsX]

and {uvsY] is unknown.

4. 4 New Suppressor of Mutations \ in the DNA

Repair-Recombination Genes of Bacteriophage T4: Sur

There seems  to be little doubt, that ([sur] is a
different kind ;f suppressor from those already 'reported-
(Results, sections 3 ;and 5). [Sur] most closely resembles
[das] but differs fjom [das] in its wider range of éctivi}y
and in its effect on host DNA degradétion. Although mapping
data would beqiﬁelpful to clearly distinguish [sur], this
objective has beeﬁ difficult to atfain because ([sur] not
only lacks an easily identifiable phenotype but also the
mapping strategy used for Iggil (Hercules and Wiberg, 1971) ,
was inapplicable. This method involved crosses between
[ggg,gﬁ,46,47] with [4?,47] to measyre the recombination
frequency between [das] and [am]. ‘This method also depequ

on the ability of (das,46,47) to form clear plagues and on

! b

\\\~;\_\; : o
(S ‘ ‘
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the inability of [46,47) to form plaques under restrictive
¢onditions. In a comparable situation the [555,46] plaques
were too small to bé clearly distinguished‘from the [46i
mutant. The other mutants”!SQ],\[EXEX] or [uvsY] could not

be used in place of [46] because they formed small plaques.

4a. The mechanism of suppression by [sur]

While [sur] suppressed all five amber mutants of the
DNA repair-recombination paéhway, .it seems unlikely that
(sur}] is an 33235 suppréssonAsince other amber mutants in
genes unrelated to DNA repajir-recombination Qere not

suppressed. These ambeg(ﬁﬁiants included- mutants in génes

~ . 24, 25, 30, 42, 49 and 55.

[
o

- Since {sur] suppressed . mutations in five DNA
repair-recombination genes of aT:he uvsX-uvsY DNA repair
pathway, it would seem that suppression might require, for
example, a compensat6r§ increase 1in another pathway or a
general alteration in cellular function;. However, we have
not observed any obvious indications of an 'altered

regulation of protein synthesis, asmjudged by the appearance

of autoradiograms of SDS polyacrylamide gels of labelled

v proteins at various times after infection with wild type T4

L3

and ([sur] (data not shown) * Although we have not studied
. N

the various means of \EPppression, we have noted that

L N
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suppression by_[igz] does not appear to involve an increase
of tﬁe excision repair pathway. Déminance :tegts‘ involving
[sur] and the wild type allele suggested that [EEE]'hight
either be involved in a stoichiometrica2unction rather than
a catalytic one (Snustad, 1980) or that there w?re_dominance
interactions at the polypeptide level. ‘'Host DNA degradation
studies indicated that both [sur] and [das] mutations led to
an increased degrad;Zion of Host DNA (Hercules and Wlberg,
1971; and Figure 23) but thaf these ﬁutatiqns affected
different steps in the dégradation process. Possibly the
increased degradation of host DNA was not the basis of
suppre551on but rather the degradatxve act1v1t1es reflected
the increased act1v1ty "of " an alternat{ve bNA
repair~recoﬁbination pathway.

.o ®
!

5. The Coupling of DNA Repair-Recombination’ Functions with -

DNA Replication: " uvsU and the° "Switch" Model R

.

 The interaition of the T4 phage  DNA gepair,

recombination and replication functiong pas»been generally

accepted but ?he mechanistic basis for the relationships are
uncléagg ‘ We have been concerned with five genes (59, 46,
47, uvsX and gzng of the EZEX'EZEY DNA repair—recombinaiion
pathway, whose functions appear to be primarily involved in

the DNA processing pathway (Results, section 2;. Wakem and




. . \ : ’ - .

Ebisuzaki, l9éi). Mutants in these five genes initiate DNA;

replication, but later in infection DNA replication is shut
off ,(Wiberg et” al., 1962; Wu’ etAalﬂ,_l972;’ Dewey and
Frgnkel, 1975; Cunningham and Berger, 1977). We have also'
been conceghed with twé other éenés, éggU and EXEW’ whose
functions are closely related to the functions 6f the aéove
five genes. Alfhough the [uvsU] and [uvsW] mutants are also
defective in_DNA Féggir, nevertheless they maintain a wild
type level of DNA replication (Hamleét and Berger, 1975;
kesults, section 5). In addition, the [uvsW] mutant
S suppregsed the DNA replicatién defect of the [46], [47] and

" [59] mutations and similarly thes [uvsU] mutant suppressed

the: replication defect of the [uvsX] m@tation (Cunningham

and Berger, 1977{ Results, section 5).

v %

R

/
!
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5a.."Switch” model

To account fors some of the above observations, we

. fys . - . .
propose that the arrest in DNA replication observed with

J A

some of the mutants of the uvsX-uvsY DNA repair pathway
! N

result because the DNA intermediétas are removed from the
!

N

/ .

repl¥cation pool and come unavailable for replication

!

Jpurposes. In this modél, the gene'products of uvsW and uvsU

function as "switches™ that divert dthe‘ DNA intermediaées'

-

from the -, DNA replication ' .pool to the DNA repair-

PR I

&
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recombination pathway (Fighre 33). The éuppression of . the

.

%&9], [46] ang‘[47$ muténts by [uvsW] and the [uvsX] mutant
by [UvsU] suggests that the correspondiﬁ% gene proHucts.

might function as a complex. If such complexes were.
& =

composed of wild type prd%eins) the DNA intermediate binds
- = .

‘to the "switch", undergoes a reaction(s) cétalyi%d by the
other "~ components of thek)complex and dissociates. The
transit of the DNA intermediates via thesé _complexes
pr%ceeds until the DNA repair—recombination. reactions are *
"completed and thg DNA intgrmediate either returns to the
replicating pbo; or 1is processed further for ‘eventual

. .
¢

. T - -
;’ packaging (Results,‘%ectiqn 2; Wakem and Ebispza}i, 1981) .

3

.— ' _However, if a "switch" (either uvsU or uvsW) werg*defép%ive,

~

" ) JF » 2 v Y o
i . 0f the DNA replicatiom ddfects by uvsW and uvsU.

%-‘the‘ DNA int@;mediateé are retained in the feplica@inggbcoi
i:};;Qltiﬁg in ihe wild type levels of DNA replicétioﬁ.”r On
the other hand, if ghe cgﬁalytic com;oneﬁts (59, 46, 47 of
Eﬁgﬁ)'i;re defecti&e, the DNA intermedigte,remains bound to
B thi “switch; " component and ugavailabie for replicatgon. A
éonﬁinhation“of this process results in a dgpletion of the

”

- DNA templates, .and a cessation in replication. By having
such a two step process, -a defect in the first step

“("switch™) would have~ a dominating effect - such that a
further mutag&éﬁ in the second ("catalytic") component (s)
would be innocuous. This woéuld account for'the’ suppression

b

!

] - e

’

; - : ' 0
.
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FIGURE 33 S ,

The "switch" model for coupling DNA replication wgﬁh the DNA
repair-recombiljxatigp pa’;:hway.@ DNA intermgdﬂiates*[(DNA—O)
from the replication'poql~either bind to gr react with a
"switch" component and are coﬁverted by the cataiygic
components tg Fhe product, DNA(l). Subsequently, ggth ‘the
DNA 'p;oduct and the "switch" component dissociate. The DNA
prqduct eitheg returnS tq the replication pool or is further.

proqesééd by the additjonal §witch reactions, maturation and
packaging'intd bhage particles. Swiktch feaction }, refers
%o_ the initial set of reactions involving the “éwitch"
‘bomponent exemp}ifiéd by the uvswW ‘gene \product and the
‘&atalyti& 'components by- the 'gene 59, 46 ang 47 products.
Switéh reactiong 2 and 3 refer to a similar complex composed

of the uvsU and wuvsX gene broducts*and another complex

involving the uvsY gene product.
A& I : . “
|
| .
\ <,(z’
. N : ﬁ
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S5b. Support for the model

o

The ‘"switch" model pre—éupposes that if recombination
or DNA repair is cortinuously initiated and aborted, the DNA
template pool becomes depleted. For this to happen, each
DNA intermediate must ugderggrone or more recombinat;fnal
events. This péssibil%g? is supported by estimates that
each phage- chromosome undergoes about three (Doermann and
Parma, 1967) or as many as 20 to 40 (Sstall et al., 1964)
recombinational events. Furtﬁer support is provided through
the aha}ysis of the DNA intermediatesi‘by alkaline sucrose
gradi;nt centrifuggtibn. Cunningham and Berger (1977)
showed that at a time when DNA replication was arrésted (25
minutés at 30°C posfinfection), most of the DNAxstfands were ’

shorter than mature size DNA in {uvsX] or {uvsY] infections,

whereas comparable studies with wild type T4 infection

indicated that the DNA was mature size.

The tEXEU] mutant appears to be co-dominant over the
[uvsX] mutant in mixed infections involving [uvsU] and
. [uvsX]. Although the model. depicting a "switch” and
féatalytic‘ components" has no biochemiéal bqsis, “the

co—dominagse relationships of the [uvsU] mutant seems to. be

(-4

more compatible with a stoichiometric (such as binding)
function than a catalytiec. one. A similar dominance
relationship may also occur with [uvsW]. Melamede and

Wallace (1980) have noted that in DNA synthesis experiments,

} %

»



[uvsW] was dominant in mixed infections involving ([uvsX] and

»

[uvsy].

-~7 R

The functional fgatures of the model involve a complex
composed of a "switch" _gnd catalytic cgﬁg;nents. An

argument for symmetry would require a similar switch for

N

®

complementatioﬁ tests were composéd of two types, those with
a DNA arrest phenotyge and those with a "wild" type level of
DNA replication‘(Results, section 2; Wékem and Ebisuzaki,
1981). Mutants of the latter type apéeared and preliminary
~ ~experiments hgve indigéted that crosses between such mutants
and uvsY vyielded & high frequency of uvs+ progeny. These
results suggest that those {uvsY] mutants with a "Qild" type
DNA replication are similar’ to the [uvsU] mutant and a

"switch" component might also exist for ﬁhe uvsY function.

8

-

3

5c. Problems associated with the model .
13

-

A number of proplems related to the "switeh” moégl will
be discussed. |

(1) If the sequence of the DNA repair-recombination
pathway beégins with the 'uvsW complex (Discussion, %%ction
?), then the model predicts that a blqck in uvsW should
block not only the functions of genes 69; 46 gyd 47 but ;lso

thg functions of the distal genes, uvsX and uvsY. However,

LR

’ N

%
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uvsY. Previously, we -notéd [uvsf?ﬁmutants as determined by

.
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the [uvsW] mutation does not suppress the DNA replication

*

defect of the [uvsX] and [uvsY] mutants TCunninqham ~and
Berger,1977).  This could mean that the model is incorrect
or that  less potént, %ilternative pathways exist.
AlFernative pathways are possible since a large numher of
nucleases are induced after infection (Mathews, 1977) and
some of‘the host DNA reééir- recombinationufunctions may be
activ;. |

‘ (2) One of the puzzling aspects of these studies is the

failure of [uvsU] and [uvsX] mutants to complement, despite

the fact that they are located in different regions of * the

T4 map (Results, section 5). Clearly, more studies are
. needed to study this problem, particularly with different

[uvsU]'mutants;

i

P

(3) The Luder-Mosig Model.. WhilekthezLuder—Mosig model
is primarily concerned with the mechanismé "for the
initiation of 'DNA replication, it also deals with the
coupling of recombination and DNA replication’(huder and
-, Mosig, 1982). In their model® mutations in the maturatidn
genes 33 'and 55 allows for the continued function of RNA'
. polymerase in the initiation of DNA replication. However,
if the 33 and 55 genes were wild type, the modified RNA
polymerase no longer functions in initiation and the
recombination mode of initiation becomes necessary. This
could explain the bdSis for the repligation .defect of the

[46,47] mutants and restoration of DNA replication in the

~

-
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{33,55,46,47] mutants. Since the [uvsW,46,47) mutant also

shows a restoration of DNA réplication while still retaining

A ]

the recombination defect (Cunningham and Berger, 1977),

-

could the role of uvsW be analogous to tﬁe 33, 55 maturation

-

functions and be a component of the RNA polymerase complex?

Gene 33 and 55 mutants are defective in late transcription,
'-‘

however the [uvsW] mutant showed no general defect in late
protein  synthesis as judged by the production of ‘serum
blocking power but the mutant does show a défect in

packaging‘ (Hamlett and Begﬁgr, 1975). However, the
_ N

packaging defect might be the c¢onsequence of structura}w

M
defects in DNA. The [uv¥sU] mutant shows no delay in phage

formation (see Results). These observations suggest thatg.

A

the (uvswW] and  {uvsU] mutants are .not defective in

maturation.

While the experimental evidence supporting = the
i

Luder-Mosig model does not appear to be 'inconsistent with a
"switch" model, the twd models focus on entirely different

perspéctives, SO not suprisingly, the interpretations

o

differ. A better understanding of the DNA

—o-

repair-recombination process, particularly the role of uvsW

and uvsU should help in élarifying the interrelationship of’

the repair-recombination and replication functions.

o,

§
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- . SUMMARY - *

*

This thegisl has ' involved biochemical and genetic

»

* L3
analyses of + the- uvsX-uvsY,6 DNA repair pathway of

, . oL F,
-bacteriophage T4. The studies were conducted to aid in

N\

dnderstand;ng the repair&mechahisms involved in the pathway,
the functions and intepabtions of the repair-recombination
gene products and the relationship of the‘uvsX—ust~Rathway

to DNA replication and DNA maturation.

Our analyses of the EZEX—QZEY'DNA repair pathway showed

the fol;owing main results:
*a

1. The uvsX and uvsY gene products are important in
DNA joiming reactions both in éhe férm?tion of concatemers
and.in the repair and rejoining of nicked DNA following
uv-if%a@iation. -

2.' The products of genes 46, 47, 59, uvsX and uvsY
function in a common DNA repair pathway (uvsX-uvsY pathway).

3. Mutations in the DNA repair—recbmbinatiosrgenes 46,
47, 59, uvsX and uvsY suppress mutations in  the DNA

maturation gene 49 but not mutations in genes 16 and 17. .

4,' A study of the ([das}, [uvsW(da;)], [sur] and [uvsU]

mutations indicated the .diverse activities of these

. ) ) o e
suppressors of mutations in genes 59, 46, 47, uvsX and uvsY

~

and in turn permitted us to predict the sequence involved in

145
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the uvsX-uvsY pathway.

5. A new suppreséor [sur], suppresses mutations in the

—

five "DNA - repair-recombination genes and appears to be

specific for the uvsX-uvsY DNA repair pathway. The possible

mode of suppression was considered. -

6. A/new uv-sensitive mutation {uvsU], involved in the

uvsX-uvsy pathway is described. The [uvsU] mutant

specificaily suppresses but does not complemenE fuvsX]

mutations and is similar in phenotype to [uvsW] mutants.

Using the results from our pathway analysis

sexperiments, we have proposed the following models

may

-

“concerning the uvsX-uvsY DNA repair pathway:

1. The products of the DNA repair-recombination genes

v

A
function in the following reaction sequence:

’

59+ (46-47) »(uvsX-uvsyY) (Table 6).

2. The products of génes 59; 46, 47, wuvsX and uvsyY

function_  in .a DNA procegg}ngc'pathway (Figure 3%):i

Réplicativé  DNA intermediates are processed into

concatemeric DNA by the repair-recombination gene products.

" The concatemers are further processed by the products of the

maturation genes 49, 16 and 17 to a form which is

®

‘packageable” into phage heads. The requirement for the gene

49,

’

function is bypaésed when any of the five DNA

repair-recombination genes are mutated. However,  the

requifement for the gene 16 and 17 functions is not

&

=
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bypassed..

3. The products of genes uvsW and uvsU couple DNA

replication with .thé& DNA repair-recombi¥ation functions

(Eigqre 32). In ouf model, thé’gzgw and uvsU gene products
act -as s&itches ‘to divert DNA' in;ermediates from tﬂe
repW¥ication pool into the DNA processing pathway. The uvsW
gene product binds DNA.intermediates in a complex witﬁ the

gene 59, 46 and 47 products until the repair-recombination

functions _have reacted with the DNA. After the reactions

are complete, the DNA is released from the complex and is
free to be bound by the next complex in the sequeﬁce eg.
uvsU with uvsX or "high' y" with uvsY. This process
continues ﬁntil the DNA is either packaged or 5e£urns to the

replication pool.

-

-
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