


ENZYMES INVOLVED IN THE REPAIR OF
DNA DAMAGED BY ULTRAVIOLET LIGHT.

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
IN DE WISKUNDE EN NATUURWETENSCHAPPEN
AAN DE RIJKSUNIVERSITEIT TE LEIDEN,OP GEZAG
VAN DE RECTOR MAGNIFICUS DR. A. E. COHEN,
HOOGLERAAR IN DE FACULTEIT DER LETTEREN,
VOLGENS BESLUIT VAN HET COLLEGE VAN
DEKANEN TE VERDEDIGEN OP WOENSDAG
15 OKTOBER 1975 TE KLOKKE 15.15 UUR

DOOR

HERBERT LOUIS HEIJNEKER
GEBOREN TE AMSTELVEEN IN 1944



Promotor : Prof.Dr.Ir. A.R8rsch

Het onderzoek, dat in dit proefschrift is beschrevén,werd
uitgevoerd in het Medisch Biologisch Laboratorium TNO te
Rijswijk en in het Laboratorium voor Moleculaire Genetica
te Leiden en stond onder leiding van Dr. P.H.Pouwels.



STELLINGEN

De conclusie van Konrad en Lehman, dat de E. colZ mutant
polAexl conditioneel lethaal is ten gevolge van de afwezig-
heid van een functioneel 5'-3'exonuclease, geassocieerd met

DNA polymerase I, is voorbarig.

E.B.Konrad en I.R.Lehman, Proec.Natl.dcad.Sei.U.S.4.71,
2048 - 2051 (1974).

II

Het is onwaarschijnlijk, dat de 5'-3' exonuclease functie
van DNA polymerase I, geisoleerd uit E. colZ, alleen verant-
woordelijk is voor de excisie van uracil-bevattende oligo-
nucleotiden uit duplex DNA.

M.G.Wovcha en H.R.Warner, J.BZol.Chem. 248, 1746 - 1750
(1973).

III

Het moet worden betwijfeld of in menselijke cellen fotore-

activerend enzym aanwezig is.

B.M.Sutherland, Nature (London) 248, 109 - 112 (1974).

v

De aanwezigheid van bacterieel DNA, dat covalent gebonden is
aan het linker uiteinde van het bacteriofaag Mu-1 DNA, kan
het gevolg zijn van herstelreplicatie tijdens excisie van de
Mu-1 profaagq,

B.Allet en A.I.Bukhari, J.Mol.BZiol. 92, 529 - 540 (1975).



v

De conclusie van Robertson en medewerkers, dat het RNA van
bacteriofaag £2 geen stabiele secondaire structuur heeft, is
niet in overeenstemming met de waarneming, dat £2 RNA hypo-
chromiciteit vertoont.
H.D.Robertson, in RNA phages, N.D.Zinder, ed.,Cold Spring
Harbor Laboratory (1975), pp.113 - 145.

VI

De aangeslagen toestand, waarin purines en pyrimidines onder
invlced van exciterende straling kunnen geraken, zou aanlei-
ding kunnen geven tot mutatie-inductie, zonder dat daarbij

enig herstelproces is betrokken.

J.K.Setlow en M.E.Boling, Mutation Res. 9, 437 - 442 (1970).
VII
Het niet aangepast zijn van sportaccomodaties aan de behoefte

van de gehandicapte sportbeoefenaar werkt frustrerend en be-
lemmert de invalide sport in zijn geheel.

W.Y.Sijtsema, Huisarts en Wetenschap, 18, 254 - 256 (1975).
VIII
De "super-winsten", die het staatsbedrijf der PTT sinds enige
jaren maakt, konden mede worden behaald door de dienstverle-
ning aan het publiek tot een hinderlijk minimum te beperken.
IX
Het werkelijk aantal wachtenden v66r U, dat telefonisch via

008 inlichtingen wenst, is steeds &&n minder dan het aantal
wachtenden, dat U door de telefoniste wordt voorgespiegeld.

Leiden, 15 oktober 1975 H.L.Heijneker
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INTRODUCTION

In 1960, Beukers and Berends demonstrated that in a frozen ‘solution
of thymine, which was irradiated with UV-light of 254 nm dimers are
formed between two thymine molecules.

Subsequently it was found by Wacker (1963) that in Uv-irradiated DNA
of the bacterium Escherichia coli the same type of dimers are formed
between two adjacent thymine bases. Besides thymine:thymine, also
thymine:cytosine and cytosine:cytosine dimers are introduced by UV-
irradiation into DNA (Setlow and Carrier, 1966).

The presence of pyrimidine dimers in DNA is the main cause for the
inactivation of the organism by ultraviolet light (Setlow, 1966).
The inactivation is the result of the inhibition of DNA replication
at the site of the dimer , due to a distortion of the base pairing ’
(Bollum and Setlow, 1963).

The first observations that repair of UV-damage can occur in cells:
came from Kelner in 1949, who showed that cultures of Streptomyces
griseus, Penicillium natatum and yeast cells survive much better after
UV-irradiation when they are exposed to visible light than when they
are kept in the dark. This photoreactivation was found to occur in
many other microorganisms (Jagger, 1958) and also in eukaryotes.

Goodgall et al.,(1957) were the first to demonstrate that photoreacti-
vation is an enzymatic process. A survey on photoreactivation is given
by Cook, (1970).

In 1958 ,Hill isolated a mutant from a radiation resistant strain of
E.coli, which is 50 to 100 times more sensitive to UV-light than the
parent strain. This strain is also defective in its ability to reacti-
vate UV-irradiated phage DNA. This phenomenon is often referred to as
host cell reactivation (hecr) (Ellison et al.,1960):

The molecular mechanism underlying the defect in hcr™strains was ex-
plained by experiments performed by Setlow and Carrier (1964), who
studied DNA synthesis in these strains after UvV-irradiation. By label-
ling the thymine residues in DNA with a radiocactive isotope they showed
that the thymine dimers are released from DNA in the resistant strain,
but not in the sensitive one.

Similar observations were reported by Boyce and Howard-Flanders (1964)
for other combinations of UV-resistant and UV-sensitive strains of
E.coli. On the basis of these results a model for excision-repair was



proposed, which has come to be known at the "cut and patch” mechanism:
the damaged regions are cut out from the DNA and new nucleotides are
inserted into the resulting gap.

Pettijohn and Hanawalt (1964) obtained evidence that insertion of nu-
cleotides indeed occurs in DNA in UV-irradiated cells which are able

to excise dimers, but not in those cells which do not excise the di-
mers.

Arguments in favcur of the hypothesis that the excision repair process
is enzymatic in nature have come from experiments performed by R&rsch
et al.,(1964). They found that incubation of UV-irradiated double strand-
ed DNA of bacteriophage @#X174 (RF DNA) with an extract from Micrococcus
lutevsc leads to a marked increase of the biological activity of the DNA
when measured on hcr™, but not when measured: on ﬁcr+ spheroplasts.

This result indicates that the reaction carried out in vitro replaces
of paralells the host cell reactivation capacity of the wild type bac-
teria. The repair capacity of the extract was destroyed by heating and
by treatment with proteolytic enzymes, suggesting that enzyme(s) are
involved in the reaction. In more recent experiments (Rdrsch et al.,
1966) it was demonstrated that upon incubation with a partially puri-
fied enzyme preparation from M.luteus UV-irradiated RF I DNA is con-
verted into RF II DNA, concomitantly with an enhancement of the biolo-
gical activity. Therefore it was concluded that excision of dimers is
preceded by nicking of the UV-irradiated DNA.

From the available data, the following model for excision-repair was
presented (Kelly, 1969) (Fig.1) :

1. Irradiation. Under the influence of UV-irradiation, (pyrimidine)
dimers are introduced in the DNA, resulting in stable local dis-
tortion of the double helix.

2. Incision. An UV-specific endonuclease detects the distortion in
the DNA, and introduces a single strand scission at the 5' site
of the lesion.

3. Excision. The defective segment is removed through cleavage by
an exonuclease.

4. Repair replication. A DNA polymerase uses the intact complementa-

ry strand as template for replication. The 3' end of the nicked
strand serves as primer and new nucleotides are inserted in the

5'-3' direction.



STTTTTTTTTTTTTTTTT7T 3
INENREINNENNNERNRE

Irradiation

Trrrr‘<<<7>>‘|—rrrrrr

SN NEEEEEEEEENE

Incision
TTTTT. 7 TTTTTT]

ISR

Excision TV

TTTTT TITTTTT
PLAL it ettt

;>~

Repair replication TTv 7:'_7\
TTTTT T 77T

IEEEEEEENEEENENEEE

Sealing

TTTTT T rr

IR EEE N REEE

Fig.l, Model for excision-repair.



5. Sealing. By the action of DNA ligase, the newly synthesized DNA is
covalently attached to the juxtaposed preserved DNA strand.

The different steps in the enzymatic removal of dimers from UV-irradia-
ted DNA have been studied in some detail with purified enzymes, ob-
tained from various organisms.

Ineision

The properties of an UV-specific endonuclease from M.luteus, have been
studied most extensively (Kaplan et al.,1971; Nakayama et al.,1971:
Carrier and Setlow, 1970).

The enzyme consists of one polypeptide chain of a molecular weight of
about 15,000. Unlike most other nucleases, the UV-specific endonuclease
does not require divalent cations. The enzyme introduces a single strand-
ed nick 5' to the dimer (Kushner et al.,1971) in the DNA strand contai-
ning the dimer (Carrier and Setlow, 1970; Paribok and Tomilin, 1971).

An analysis of the type of nick generated by UV-specific endonuclease
originally revealed 3'P~5'0OH endgroups (Kushner, 1971; Grossmann, 1973).
More recently however it was found that 3'OH-5'P termini are generated
(Hamilton et al.,1974).

The characteristics of the T4-induced UV-specific endonuclease (Seki-
guchi et al.,1970; Friedberg and King, 1971) and those of the E.colz
UV-endonuclease (Braun and Grossman,1974) are comparable to those of the
M.luteus enzyme, with respect to molecular weight, divalent cation spe-
cificity, strand selectivity and type of incision made.

Exeision

An exonuclease has been isolated from M.luteus which acts both on UV-
irradiated and non-irradiated DNA (Kaplan et al.,1971; Kushner et al.,
1971; Nakayama et al.,1971). The enzyme (UV-exonuclease) is highly se-
lective for single stranded DNA. Hydrolysis is initiated at either the
3' or the 5' terminus. Normally 5'P mononucleotides are released. How-
ever when the single stranded DNA is UV-irradiated small oligonucleo-
tides containing the UV-photoproducts are released as well. The com-
bined activities of UV-specific endonuclease and UV-exonuclease on di-
mer—containing double stranded DNA result in incision and subsequently
a limited release of nucleotides.

It has been found that for each incision made, 6 nucleotides are remo-
ved from UV-irradiated E.coli DNA (Kaplan et al.,1969).

10



Since the exonuclease. acts only on single stranded DNA it has been con-
cluded that degradation of DNA 'is limited to the distorted region in
the strand containing the dimer. UV-exonucleases, have also been isola-

-ted from phage T4 infected E.coli cells (Friedberg and King, 1971;

" Onshima and Sekiguchi, 1972) and from E.coli? (Chase ard Ricﬁardson,

1974a, and 1974b) . These exonucleases have propertles which are compa-

rable to those of the M. Zuteus enzyme.

Repair replication.

From <Z7n vivo and in vitro studies it ‘has been establisheéd that DNA poly-
merase I of E.coli is involved in excision-repair (de Lucia and Cairnms,
1969; Gross and Gross, 1969; Boyle et al.,1970; Kelly et al.,1969; Cooper
and Hanawalt, 1972; Tait et aZ.,1974; Glickman, 1974). For a comprehen-
sive review of the properties of the enzyme see Kornberg; 1974.
DNA polymerase I is a multifungtional enzyme contained on a single poly-
peptide chain of molecular weight of 109,000 dalton. The various activi-
ties of the enzyme are : a DNA polymerizing activity, a 3'-5' exonucleo-
lytic activity and a 5'-3' exonucleolytic activity on double stranded DNA.
Limited proteolytic cleavage of the enzyme results in the formation of a
large fragment containing the DNA polymerizing and the 3'-5' exonucleo-
lytic activity and s small fragment containing the 5'-3' exonucleolytic
activity (Brutlag et al.,1969; Klenow and Henningsen, 1970; Setlow and
Kornberg, 1972; Setlow et al.,1972).
The 5'-3' exonuclease normally hydrolyzes DNA to 5'°' mononuclgotides
(Klett et al.,1968). However the enzyme can also excise oligonucleotides
up to 10 residues in length from DNA containing mismatched or distorted
regions (subterminal endonucleolytic activity), (Kelly et al.,1969).
When DNA polymerase I is bound to DNA at the site of a single strand
nick, the nick serves as a starting point for DNA replication, provided
that a 3'OH endgroup is present.
In the presence of the precursors for DNA replication, synthesis will
proceed in the 5'-3' direction. At the same time, however, by virtue of
its 5'-3" exonucleolytic activity, the enzyme degrades the DNA strand
which is lying downstream of the nick. The result of these combined ac-
tivities is a "translation of the nick" in the 5'-3' direction, which is
a unique property of DNA polymerase I.
It has been found that DNA synthesis can stimulate concurrent 5'-3' exo-
nucleolytic activity about 10 fold (Lehman, 1967). Coupling of the poly-
merizing function and the excising function in a single enzyme, may be
11



of advantage in excision-repair of damaged regions in DNA. As a thymine
dimer is rehoved by the 5'-3' exonuclease function, the polymerase func-
tion concomitantly will £ill in the gap caused by excision. Therefore,

at no time during excision-repair by DNA polymerase I a single strand
DNA region is present: only "nick translation" occurs by the combined
action of the two enzymatic functions of DNA polymerase I (Cozzarelli

et al.,1969). Translation of the nick is arrested when DNA polymerase I
is displaced by DNA ligase. Although the 3'=5"' exonucleolytic activity

of DNA polymerase I is not involved in excision-repair of damaged re-
gions, it is of interest to mention that this activity has a repair func-
tion as well. When by mistake a wrong base is incorporated into DNA, cau-
sing mismatching, further polymerization is arrested, until the unpaired
base is removed by the 3'-5' exonucleolytic activity. This process of
"error-correction" is called proofreading (Brutlag and Kornberg, 1972).
It assures a high fidelity of replication.

From M.luteus a DNA polymerase has been isolated with properties similar
to that of DNA polymerase'I of E.coli (Litman, 1970; Miller and Wells,
1972; Hamilton et aql.,1974).

Sealing.

The joining of the remaining nick between the newly replicated DNA chain
and the jixtaposed preserved DNA chain is catalysed by DNA ligase (Gel-
lert, 1967; Weiss and Richardson, 1967; Olivera and Lehman, 1967; Gefter
et al., 1967; Cozzarelli et aql., 1967). In a variety of prokaryotic as
well as eukaryotic cells (Lindahl and Edelman, 1968; Howell and Stern,
1971) ligase activity has been demonstrated and the enzyme probably is

a normal constituent of all living cells. DNA ligase is an essential en-
zyme required not only for DNA repair but also %or DNA replication in
Gellert and Bullock, 1970; Konrad et al.,
1973). DNA ligase from E.coli (Modrich et al.,1973) and DNA ligase in-
duced by phage T4 (Panet et ai.,1973) have been purified to homogeniety

E.coli (Pauling and Hamm, 1968;

and their catalytic properties have been investigated (Modrich and Leh-
man, 1973). A recent survey on the structure, the mechanism of action
and the function of these enzymes has been presented by Lehman (1974).
The formation of a phosphodiester bond between a 3'OH terminus and a
adjacent 5'P endgroup by E.coli or T4-induced DNA ligase is accomplish-
ed in three sequential steps. In the first step, the enzyme is activated
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by NAD (E.col< DNA ligase) or ATP (T4 induced DNA ligase) leading to
the formation of an enzyme-adenylate complex and nicotineamide mononu-
cleotide or pyrophosphate(Little et al.,1967; Weiss et al.,1968; Gum-
port and Lehman, 1971). In the second step, the adenylgroup which is
attached to the enzym is transferred to DNA to generate a pyrophos-
phate linkage between adenosine monophosphate (AMP) and the 5'phospho-
ryl terminus at the nick (Olivera et al., 1968; Wang, 1971). In the
last step the 5' pyrophosphate linkage is attacked by the 3' hydroxyl
group to form a phophodiester bond and AMP is released.

REPAIR OF OTHER DAMAGE

There is strong evidence that the mechanism of excision-repair is not
only restricted to UV-lesions, but might also apply to a variety of le-
sions induced by physical agents such as ionizing radiation or chemical
agents e.g. carcinogens (Haynes, 1964; Lawley and Brookes, 1965; Boyce
and Howard-Flanders, 1964b; Friedberg and Goldthwait, 1969). An endo-
nuclease acting specifically on y-irradiated DNA has been isolated from
M.luteus (Paterson and Setlow, 1972) and an endonuclease specific for
alkalyted DNA has been isolated from E.col? (Hadi et al.,1973).

REPAIR IN EUKARYOTIC CELLS

Using similar techniques as employed in bacteria to study excision-
repair, it was found that excision-repair also occurs in a number of
mammalian cells, including human cells (Regan et al.,1968; Cleaver and
Painter, 1968; Regan et al.,1971; Mattern et al.,1973) and protoplasts
of the carrot (Howland, 1975). From mammalian cells specific endonu-
cleases have been isolated as well : Ljungquist and Lindahl (1974) have
isolated an endonuclease specific for a-purinic sites in DNA and
Bacchetti and Benne (1975) have purified and characterized a y-specific
endonuclease from calf-thymus. The importance of a functional excision-
repair system in human cells to remove UV-induced photoproducts became
apparent by the discovery of Cleaver (1968) that skin fibroblasts from
patients suffering from the hereditary disease Xeroderma pigmentosum
are unable to repair UV-induced damage from their DNA. Cells from Xero-
derma pigmentosum patients are unable to carry out one of the early
steps of the excision-repair process (Setlow et al.,1969; Paterson et

al.,1973). Also host cell reactivation of UV-~irradiated Herpesvirus or

13



SV40 virus is markedly impaired in these cells (Rabson et al.,1969;
Aaronson and Lytle, 1970).

A STHDY OF EXUTSION-REPAIR IN VITRO

In the previous section we have described a model for excision-repa.
This model is based largely on the results of experiments <n vivo and
on the properties of the enzymes, which are thought to be involved in
this repair process. At the time our investigation was started, the
complete excision-repair process had not been realized Zn vitro, al-
though the invidual steps had been studied in some detail. Therefore
we have started an investigation of the repair of the biological acti-
vity of transforming DNA from B.subtzlis after irradiation with UV-
light, using purified enzymes. The important property of this system

is that the complete repair process has to be carried out in vitro, in
order to measure recovery of biclogical activity. The results of this
study are presented in the first publication. In the second publication
we have described the properties of DNA polymerase I isolated from a
strain of #.c¢o/7z which is sensitive to UV-light. From a genetic ana-
lysis of this strain it appeared that the mutation (polal07) leading

to sensitivity to UV-light, was located on the gene coding for DNA po-—
lymerase I. Therefore we have investigated which of the enzymatic func-
tions of DNA polymerase I was altered in this strain.

In the third publication results are presented of a study about the lo-
calization of the polAl07 mutation in the gene coding for DNA poly-

merase I.

In the fourth publication a new method to study excision-repair of UV-
damaged DNA ¢n »itro is described. Repair is carried out on covalently
closed double stranded DNA from phage #X174 instead of transforming DNA
from B.subtilis. The attraction of this method is that the repair re-
action can be followed with biological as well as with physico-chemical
techniques. The possible functions of exonuclease III and DNA polymerase
I isolated from the E.colZ polAl07 mutant in excision-repair was in-
vestigated.

14
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ABSTRACT The biological activity of UV-inactivated
Bacillus subtilis DNA is partly restored after incubation
with a UV-specific end 1 from Micr L

in conjunction with DNA polymerase and DNA ligase, both
isolated from Escherichia coli. The restored activity is not
further increased by photoreactivation. Pyrimidine dimers
are specifically liberated when irradiated DNA is exposed
to the three enzymes. None of these effects is observed
when pancreatic DNase is used instead of UV-specific
endonuclease,

Since the demonstration by Rérach et al. (1) and by Elder and
Beers (2) that dark-repair of UV-irradiated DNA is engymatic
in nature, much effort has been given to elucidate its mecha-
nism. Using UV-irradiated ¢X 174 replicative form type I
(RFI) DNA and extracts from Micrococcus luteus, Rorsch
et al. (3) showed that simultaneously with an increase in bio-
logical activity (assayed as the ability to form virus particles
in spheroplasts of Escherichia coli), single-strand breaks are
introduced in RFI-DNA, suggesting that an endonuclease is
involved in the reactivation process.

Setlow and Carrier (4) and Boyce and Howard-Flanders
(B) observed that thymine dimers are excised from UV-irradi-
ated DNA in the i vivo dark-repair process. They proposed
& repair mechanism in which dimers are removed by the com-
bined action of an endonuclease, which recognizes dimers,
and an exonuclease, which excises the UV-damaged region.
After repair-replication (6), the physical continuity of the
DNA strand is restored by DNA ligase (7).

Results of in vitro experiments support this model: Carrier
and Setlow (8) were able to demonstrate excision of pyrimi-
dine dimers from UV-irradiated DNA in extracts from M.
luteus. Both a UV-gpecific endonuclease and an 1

pair, we measured the recovery of biological activity of UV-
inactivated Bacillus subtilis transforming DNA.

The B. subtilis transformation system is particularly well
suited for this purpose. First, mutants of B. subtilis are known
in which #n vive dark-repair of UV-inactivated transforming
DNA is blocked (14)§, so that in vitro repair of UV-damage
is not obscured by repair occurring in vive. Second, in UV-
sensitive mutants of B. subtilis, biological activity of UV-
inactivated transforming DNA is further decreased after 1t is
nicked with UV-specific endonuclease (14), implying that
complete dark-repair would have to oceur in viiro before an
increase in biological activity could be observed. This is in
contrast with other biological test systems, such as Haemo-
philus influenzae transformation (15) and the previously men-
tioned E. coli spheroplast assay with ¢X 174 RF DNA, in
which nicking of their DNA with UV-specific endonuclease
suffices to restore biological activity as measured in host-cell
reactivation negative (hcr~) mutants.

MATERIALS AND METHODS

Bacterial Strains. The following strains were used: M. lu-
teus ATCC 4698; E. coli KMBL 1067 F~ thy A 301 bio-87 end
A 101 pol A 1; and E. coli KMBL 1068 F - thy A 301 bio-87
end A 101. The B, coli strains (constructed by B. Glickman
and M. Groothuis) were derived from E. coli KMBL 1060
F- thy A 301 bio-87 end A 101 met E 72 by means of trans-
duction with bacteriophage Py grown on E. coli W 3110 pol
A 1 (kindly provided by Dr. J. Cairns). The suppressor-free
strain KMBL 1060 was derived from wild-type E. coli W
1485 through a series of Pi-mediated transductions.

B. subtilis strain 8G-5 was derived from B. subtilis 168 ind~

have been purified from this organism (9, 10). The endo-
nuclease specifically recognizes dimers (11, 12). Recently,
Kelly et al. (13) demonstrated that DNA polymerase from
E. coli is ahle to excise pyrimidine dimers and to insert new
nucleotides into the DNA chain in the 5’ to 3’ direction, thus
‘translating’ single-strand nicks.

These results prompted us to investigate whether UV-ir-
radiated DNA can be repaired #n vifro with UV-specific endo~
nuclease, DNA polymerase, and DNA ligase. To detect re-

* Laborat Molecular G

y for ics, Leiden State University.
Temporary address: P.O. Box 45, Rijswijk 2100, The Nether-

Marburg strain® and carries an ade, his, nic, ura, rib, and met
marker, in addition to the linked markers trp: (= indim) and
tyry that show 70% joint transfer in transformation. B. sub-
tilis strain 8G-11 is & her— derivative of strain 8G-5, in which
DNA breakdown and recovery of DNA synthesis after UV-
exposure is blocked. Repair of UV-inactivated transforming
DNA is severely impaired or completely absent in this strain. }

DNA Preparations. B. sublilis transforming DNA was iso-
lated from the wild-type Marburg strain according to Venema
¢ al. (16). [*'H]Thymidine-labeled DNA (3 Ci/g of DNA) was

§ Bron, 8., and Q. Venems, Mutat. Res., submitted for publication
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isolated from a thymine-requiring derivative of the Marburg
strain.

Transformation. Cultures were made competent as de-
scribed by Venema ef al. (16) and transformed with limiting
amounts of DNA (0.04 ug/ml). Trp,*, tyn*, or ade* single
transformants and ¢rps*-tyr,* double transformants were
scored on appropriately supplemented minimal-agar plates.
To prevent in vivo photorepair, the procedure was done under
dim light and the plates were incubated n the dark.

UV-Irradiation. 2-ml samples of DNA (9 zg/ml) in potas-
stum phosphate buffer (10 mM, pH 7.5, contamning 1 mM
EDTA and 90 mM KCl) were irradiated with UV on gently
agitated watchglasses with a Hanovia low-pressure germicidal
lamp (254 nm, dose rate 50 ergs/mm? per sec).

Photoreactivation. Photoreactivation (1 hr, 37°C)) was per-
formed with a Philips TL 20W /08 black-light lamp (8-em dis-
tance) in the presence of photoreactivating enzyme, obtained
from yeast by the method of Wulff and Rupert (17).

Enzymes. UV-specific endonuclease was purified from M.
luteus according to Nakayama et al. (18). The phosphacellu-
lose fraction was free from other endonucleases, as deter-
mined by the resistance to endonucleolytic cleavage of ¢X
174 RFI-DNA. DNA polymerase was purified from E. coli
KMBL 1068 as descnibed by Jovin et al. (19). The DEAE-
cellulose fraction contained 60 units/ml and was free of endo-
nucleage activity, but contaminated with exonuclease III
activity,

DNA ligase was punfied from E. coli KMBL 1067 (pol
A;7) as deseribed by Gefter ef al. (20). After treatment with
alumina Cv, the enzyme was further purified by DEAE-
cellulose chromatography (21). The preparation was free of
poly and ends 1 activity, but was cont ted
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Conditions Used for Dark-Repatr of UV-Irradiated B. sub-
tilis DN A. 0.1 ] of B. subtilis DNA (9 ug/ml) was incubated
for 20 min at 34°C with 0.1 ml of UV-specific endonuclease
(in 10 mM potassium phosphate~1 mM EDTA, pH 7.5) and
0.1 ml of 10 mM potassium phosphate buffer (pH 7.5) con-
taining 1 mM EDTA, 6 M t-RNA, and 90 mM KCI. The
mixture was subsequently heated for 15 min at 68°C to in-
activate the enzyme. 0.1 ml of the reaction mixture was then
mcubated (30 min, 34°C) with 0.1 ml of enzyme mixture,
consisting of 0.03 ml DNA polymerase [diluted 1:10 with
0.05 M potassium phosphate buffer (pH 7.5)], 0.07 ml of
DNA ligase, and 0.1 ml of 0.06 M Tris- HCl buffer (pH 8.0)
containing 13 mM MgCl;, 3 mM EDTA, 0.16 M KCl, 1 mM
dithiothreitol, 1 mM NAD+*, and 20 uM of each of the four de-
oxyribonucleoside triphosphates. In experiments in which UV~
specific endonucl was replaced by pancreatic DNase, the
incubation mixture was additionslly supplemented with 10
mM Mg80.. 0.1 ml of the final mixtures were used for trans-
formation of 2.5 m] of comoetent cells (5 X 108 eells/ml).

Determination of Pyri Dimers. UV-irradiated DNA
was hydrolyzed in formic acid and the amount of pyrimidine
dimers was determined by two-dimensional paper chromatog-
raphy according to Setlow et al. (22).

RESULTS

Typical results of in vitro reactivation of UV-irradiated trans-
forming DNA are shown in Table 1. The data presented in
columns I-1V show that none of the ensvies (UV-specific
endonuclease, DNA polvmerase, and DNA ligase) affects the
activity of unirradiated transforming DNA. indicating both
the absence of endonuclease activity and the absence of re-
pairable breaks in the DNA prevsration. On the other hand,
the biological activity of UV-irradiated DNA (V) is reduced

with exonuclease III activity, as measured by the formation
of acid-soluble products when ¢X 174 RFII-DNA was incu-
bated with the enzyme preparation in the presence of nicotin-
amidemononurleatide (NMN).

by UV-specific endonuclease (VI), showing that the enzyme
specifically attacks UV-irradiated DNA. In the absence of
prior treatment with UV-specific endonuclease (VII), no
change in biological activity is ohserved safter the ifradiated

TaBLE 1. Reactivation of UV-irradiated transforming DN A from B. subtilis
Unirradiated UV-irradiated
I 11 I v \'4 Vi VII VIIL
UV-specific UV-specific
endo- endo-
nuclesse, nuclease,
UV-spacific Polvmerase followed by UV-sperific Polvierase followed by
No endo- snd polymerase No endo- and polymerase
enzymes  nuclesse ligase and ligase  enzymes nuclesse ligase and ligase
Number of irpy T 80600 79900 83400 85500 27320 11620 27710 42420
trandformants (100) (99) (103) (108) (34) (14) (34) (53)
per ml; and, in
parentheses, ynt 85200 93900 89650 89000 27200 9930 29730 39100
residual (100) (111) (106} (104) (32) (12) (35) (48)
transforming trpatiyn* 49400 47300 52800 48300 6580 1330 7190 15120
activity (%) doubles (100) (96) (108) (98) (13) 2.7) (15) (3t)
DNA extracted from prototrophic cells was irradisted with 1500 ergs/mm?. Irradisted and unirradiated les were incubated (a)

without enzymen (I and V); (b) with UV-specific endonuciease (1L and VI); (¢) with DNA. polvmerase and DNA ligase (11 and VII), and

0}

from tha i

hats

(d) with TJV-specific endonuclease. followad by DNA polymerase and DNA ligase (IV and VIII). 8

were used for transformation of competent 8G-11 (hcr~) cells. Platings were in triplicate. At least 1000 transforred colonice were counted

for each value presented.
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TanLe 2.  Ezcision of pyrimidine dimers from UV-irradiated DN'A

UV-irradiated DNA treated with:
UV-specific endonuclease, Pancreatic DNase,
UV-specific followed by polymerase followed by polymerase
endonuclease and ligase and ligase
Dimers . . 133 9224 1613
—_— in aleohol-soluble fract; — =0. —— =0. —— = (.02
Monomers’ cpm in aleohol-solul raction 503 0.02 59795 0.15 95081 0.0:
Dinters S 22081 27615 36915
Monomers’ P ™ i ’ sssona — 00 1019277 ~ 0% gagoa0 ~ ™
Percentage of total DNA made alcohol-soluble 6 10
P __of"' made alcohol-solubl 0.5 25 5

B. subtilis DNA (9 ug/ml) labeled with [*H]thymidine (3 «Ci/ml) was irradiated with 7000 ergs/mm? of UV-light and incubated under
oon@itions used for dark-repair. After incubation, carrier DNA from B. subtilis and two volumes of absolute ethanol were added to the
fractions. The mixtures were kept at 0°C for 1 hr, before centrifugation for 20 min at 5000 X g. The supernates which contained alcohol-
soluble nucleotides, and the peliets, which contained DNA, were assayed for the presence of pyrimidine dimers.

DNA is incubated with polymerase and ligase. However, when
DNA is ﬁrst. incubated with UV-specific endonuclease and
q ly with poly and ligase (VIII), biological
activity is incressed appreciably, as compared to the UV-
induced extent of inactivation (V). This demonstrates that
after nicks have been introduced by the UV-specific endo-
nuclease, UV-damage is repaired by the joint action of DNA
polymerase and DNA ligase. The biological activity of the
single markers irp: and yr, recovers from 33% (after irradia-
tion) to 50% (after repair). The unlinked ade marker be-
haves similarly (results not shown). Cotransformation of the
linked ¢rpetyr, markers is an even more sensitive assay for re-
covery of biological activity (from 13 to 329%,). This is due
to the fact that joint traneformation of linked markers is more
sensitive to UV than transformation of single markers}(23);
conversely, removal of UV-damage will restore joint trans-
formation more efficiently than single-marker transformation,
The type of experiment presented in Table 1 was repeated
10 times, Single-marker activities increased by a factor 1.5
=+ 0.2 and the joint activity of the érprtyr marker pair by a
factor 2.2 3= 0.3. The results of Table 1 allow us to compute

TaBLe 3. Photoreactivation after incubati

the fraction of inactivating 1 repaired. Based on the
theory of inactivation of transforming DNA, Bresler and co-
workers (24) derived the relationship: Z = 2(+/i/8 — 1),
where Z stands for the number of inactivating lesions per
genetic unit of length, and g for residual transforming activity.
If it is assumed that the genetic umt of lengt.h for a part.xcu-
lar marker is independent of the t of damage p t,
the fraction of inactivating lesions repaired is equal to (1 —
Z3/Zy), where Z, and Z, stand for the number of inactivating
lesions per unit length before and after repair, respectively.
The mean value (1 — Z2/Z;) calculated from our data is
0.50 for the ¢trp; marker, 0.39 for the tyr; marker, and 0.56 for
the trps-tyr; linked marker pair. This means that about 50%
of all inactivating lesions were repaired successfully.

When the hcr* strain 8G-5 was used as a recipient in trans-
formation with irradiated DNA, no, or only a slight, increase
in biological activity was observed after repair by UV-specific
endonuclease, DNA polymerase, and DNA ligase. This is
expected, since the 8G-5 strain is able to perform darK-repair
of irradiated transforming DNA, thus obscuring the effect of
in vilro repair.

of UV-irradiated DN A with various enzymes

Unirradiated DNA UV-irradiated DNA
I II III v \4 VI
UV-specific Pancreatic
Photo- endonuclease, DNase,
reactivation followed by followed by
UV-specific P ti poly poly
No ensymes No ensymes endonuclease DNase and ligase and ligase
Residual trpat - 100 15 3.3 5.9 27 15
mm; + 91 32 2.9 11 34 33
activity (trpa*-yni*) - 100 5.6 0.4 1.4 15 8.5
(%) doubles + 84 23 0.4 3.6 19 18
Donor DNA (20 ug/ml) irradisted with 2000 ergs/mm?®, was incubated with UV-specific endonucl (II1) or p tic DNase (IV).

After they were heated for 15 min at 68°C, both samples were incubated with DNA polymerase n.nd DNA llgase (V and VI) The reaction

was stopped by the addition of sodium citrate to 0.15 M. Photoreactivation was subsequently p d in ti

g of equal

volumes of treated sample, BSC (0.156 M NaCl +- 0.0156 M sodium citrate), and photoreactivating enzyme. Controls were h‘ented similarly,
except th..t thay were kept in the dark. Treated samples were used to transform 8G-11 (her—) cells. Platings were in triplicate. At least

1000

were

d for each value presented, except for values less than 4%. (0.4%

100 coloni d.)
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In order to investigate whether the in vitro restoration of
biological activity is due to dimer excision, we measured the
release of dimers from irradiated ["H]DNA. The data (Table
2) show that incubation of irradiated B. sublilis DNA with
UV-specific endonucl followed by DNA poly and
DDNA ligase, results in the specific liberation of pyrimidine
dimers as alcohol-soluble products. The specificity of the re-
action is demonstrated by the observahon that no specific ex-
cision occurs when UV-specific endonucl is replaced by
pancreatic DNase with ble end Iytic setivity.
Furthermore, incubation of the irradiated DNA with UV-
specific endonuclease alone does not result in excision of
dimers, indicating that the enzyme preparation is not con-
taminated with exonucleases capable of excising dimers. In
contrast to the calculation from Table 1 that 509 of the in-~
activating lesions are repaired, this experiment shows that
only 25%, of the diniers were removed from the DNA., Since
the UV doses in the two experiments were different (1500 and
7000 ergs/mm?, respectively), the results are not directly
comparable,

The effect of photoreactivation on isradiated DNA treated
with the various enzymes (Table 3) gives additional informa-
tion about the repair mechanism atudied. As can be seen from
the data in column III, photorepair does not incresse bio-
logical activity of irradiated DNA treated with UV-specific
endonuclease, presumably because the presence of a single-
strand nick very close to a pyrimidine dimer obscures the
effect of toensymatic tion. However, when
smgle-straud nicks are introduced domly by p tic
DNase, one may expect to find partial restoration of bio-
logical activity after photorepair, since the nicks will then
only occasionally be located close to dimers. This expectation
is borne out by the experiment (column IV).

The observation that the biological activity of DNA treated
with UV.specific endonuclease, DNA polymerase, and DNA
ligase is only slightly increased upon photoreactivation (V),
whereas the biological activity of irradiated DNA incubated
with pancreatic DNase, followed by repair with DNA poly-
merase and DNA ligase, is substantially incressed (VI), justi-
fies the conelusion that in the repaired DNA a large fraction
of pyrimidine dimers 18 replaced by the normal constituents.

DISCUSSION

Our results demonstrate that UV-damage in DNA is repaired
by the combined action of s UV-gpecific endonuclease, DNA
polymerase, and DNA ligase. The three ensymes restore par-
tisl biological activity of UV-irradiated transforming DNA
and specifically excise pyrimidine dimers. If UV-specific endo-
nyclease is replaced by pancreatic DNase, restoration of bio-
logical activity is not observed, nor could excision of pyrimi-
dine dimers be found. The susceptibility to photorepair is
greatly diminished after incubation of UV-irradiated DNA
with UV-gpecific endonuclease, DNA polymerase, and DNA
ligase, but substantial photorepair is still observed when
pancreatic DNase replaces UV-gpecific endonuclease. These
resuits lend further support to the conclusion that the restora-
tinn of biological activity is due to the specific removal of
pyrimidine dimers. The number of nucleotides excised for each
dimer can be computed from the ratio of radioactivity in the
monomer and dimer fraction of the aleohol-soluble material.
Basged on the thymine content of B. subtilis DNA (28%), and
an assumed relative yield of 50:40:10 for thymine-thymine,
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thymine-cytosine, and cytosine-cytosine dimers after UV-
irradiation (25), values of 29 and 38 nucleotides excised per
dimer were calculated from two independent experiments.
These values are close to those obtained by Setlow and Carrier
(4), and Pettijohn and Hanawalt (6) from in vivo experiments
(20 and 30 nucleotides excised per dimer, respectively).

As has been mentioned, both the DNA polymerase and
DNA ligase preparations are ¢« inated with 1
III activity. Since exonuclease III operates in the 3’ to 5’
direction (26), and UV-specific endonuclease from 1. luteus
introduces nicks at the 5’ side of pyrimidine dimers (27),
exonuclease III cannot be held responsible for the excision of
dimers. For this reason, the excision must have heen done by
the 5’ to 3’ exonucleolytic activity of DNA polymerase (13).
However, the possibility that exonuclease III is invelved in
the repair system has been suggested by Kelly et al. (13) in
that the phosphatase activity of the enzyme may remove the

‘-phosphate end-groups genersted by the UV-specific endo-
nuclease (27) to provide the 3'-OH end-groups required for
polymerisation in the &’ to 3’ direction.

Although the components of our in miro repair svatem have
been obtained from different organisms, we believe that the
three enzymes used are, at least partly, responsible for the
excision of pyrimidine dimers #n v7ue and act in a way as sug-
gested by Kelly et al. (13). A possible role of DNA polymerase
and DNA ligase in the process of repair of UUV-damage was
already suggested by the increased sensitivity to UV-light of
mutants of E. colf lacking active MNA polymersse (28, 29)
or DNA ligase (30, 31). Nevertheless, it cannot be excluded
that excision of pyrimidine dimers ean also oceur through an
slternative ensymatic pathway. The moderate UV-sensitivity
of E. coli pol A 1 as compared to uvrA, urrB or uorC mutants
(32), and the observation (23) that the rate and final extent
of dimer excision are normal in the pol A 1 mutant, support
the view that other enzyme(s) can replace DNA polymerase
in the repair process. Recently, Monk et al. (34) suggested
that the produet of the rec A gene in E. coli ran renlace DNA
polymerase in the repair-repliration step,

The function of UV-spearfic endornelease in in vino repair
of UV-damage is not clear. A number of UV.sensitive strains
from E. coli and from M. lyfeus are unable to excigejdimers
after UV.irradiation and show severely restricted tiva~
tion of UV-damaged bacteriophage. When aseayed n vilro
for the presence of UV.gnecific endonuclease, these strains
have normal levels of engyme activity (35. 36), while 3 mutant
from M. luteus lacking this TJV-snecific endnnuclease is only
slightly UV-gensitive (3. 37). The discrenancy between in
vive and in vilro experiments eonld be resolved if excision-
repair of UV-damaged DNA oceurs i vino by two different
mechanisms localized in diffevent parts of the r-ell Pyrimi-
dine dimers might normally be d by bound
ensymes controlled by uwr-genes. A seennd mechanism of
dimer excision that scts by UV-gpecific endoonclease and
DNA polymerase might be loealized in the eytoplasm.

Apart from functioning in the removal of pyrimidine
dimers, DNA polymerase in conjunction with DNA ligase
might also play & role in the repair of single-strand bresks and
gaps in DNA. The high sensitivity of E. enli pol A 1 to x-rays
and methyl methane sulfonste, in rison to its itiv
ity to UV-light (28), and the occurrence of single-strand
breaks in newly svnthesised DNA in this mutant (38), sup-
port this view.
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