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SUMMARY OF PROGRESS

A.4. Comprehensive Progress Report

a. Period (1968 to Present)

b. Summary .
J Our earlier work on the chemical basis of mutagenesis led to l

certain chemical generalities necessary to explaln how certain muta- )
gens such as UV light and hydroxylaminec functioned in information
transfer systems (replicative, transcriptive and translational). ' When
such modifications were applied to biologically active DNA in a con-)
trolled manner biological expression was non-stoichiometric because
much of the damage was removed from the DNA by repair systems. Our
efforts were then directed to these systems which led tei/

’ /i . . . . (] ) . B

Qi})fhe isolation, purification and characterization of endonu—)
cleases respon51ble for the first and controllingstep in DNA repair -
referred to as incision in both M. luteus and E. COllt Phe—bio~

S Y ZYTE ; approp wtants.

C;Qz(fE;; isolation, purification and characterization of exonu—)
cleases responsible for the removal or exc151on of damaged nucleotides
in M. luteus and human placental trophoblasts, 3

e

‘Qiéa[ﬁie repair of UV damaged biologically active transforming
and transfecting DNAs by purified endonucleases, exonucleases, DNA
polymerase I and polynucleotide ligase from M. luteus and E.Afiif;)

C}#$(%E;ﬂeraracterization of the dual gene control for incision
henomenon ‘in M. luteus and E. coli,
p M. luteus E. col1, )

C}%+(/;olation, purification and characterization of repair enzymes

from human placenta,. éeﬁﬁfen£é¥rtn—progress;

m*,,k‘u_g) Ap endonucleaseﬁiapurlnlc apyrimrgl :
,000 m. wt dlmer endonuclease purlfled to mogenelty whlch acter

e B i1

0 m. wt. exonuclease from pu-
cllear chrematin which(possess excjsgion and editieg/functiezi/}n repair]
- a repalr poly i€d to

fa—chromatin-Which reinserts nu i ng repair.

ich binds sgecifically to UV irradfated natixfe DNA.

mf£i:ég;ynae%eeti&e\;igése_is_curren%%y—beiﬁg~purifiedf/*

n UV demaged DNA_sbpecifically in igg/ﬁresence a binding protein
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Detailed Progress Report !

I. Mutagenesis - (Refs. 1-12)

After extensive studies we were able to come to the general
conclusion that the effective 5,6-reduction of cytosine residues in
polynucleotides, DNA and as ribo-and deoxyribonucleotide triphos-
phates led to transitions in recognition at the level of replication,
transcription and translation in vitro. The reduction of cytosine
residues to 5,6~ dlhydrocyt051ne or to the cytosine water photoaddi-
tlgn product results in a change in the K,, (tautomeric constant) from
107 to that of unity. Reaction of cytosinie nucleotides or polynucleotides
with the mutagen hydroxylanine (NH,OH) results in an identical change
in the cytosine K, from the dominant enamine to enimine form. These
tautomeric shifts account for the’ in vitro transitional changes in
recognition by polymerases and translating systems.

Similar structural changes to uracil and thymine residues leads
to loss of hydrogen binding properties rather than changes in comple-
mentarity. K, and pKa changes accompanying effective reduction of
the 5,6 doublé bond support the biochemical refractoriness of these
analogs.

Attempts were made to extend these studies to biological systems y

in which a correspondence between the numbers of cytosine residues
guantitatively modified with 14C—NH20CH3 and specific gene expression
was studied. . It was found that there was little correspondence be-
tween transforming DNA modification and mutation because much of

the damage that was 1ntroduced into DNA was removed by endogenous 2
repalr enzymes.

———__/"—"‘-..———-—-.,'_ ,_—f’v_\‘-—— e i
It was_at this time that- ‘Setlow. (Carrier. and Setlow, PNAS 51, 226, 1967)
and H'oward Elanders’ (Boyce and Howard—Flanders PNAS 51 . 293, 1964)" s1mul‘”taneously
. _:..—«‘s_/—‘—"“
Feported the exc151on of” pyrlmldlne dlm?EE,EEPm UV 1rrad1ated_EESEE£;a.
(Our interests then turned to the enzymology of DNA Tepair.——
e e

II. Early Steps in Repair - Procaryotes (13-36)

Introduction

The initiation.of our.:.enzyme.studies was..carried out with ultra-
violet irradiated DNA substrates in which enzymes were isolated and
characterized from M. luteus. Since the photochemistry of DNA had
been sufficiently well characterized the temporal fate of photoproducts
was amenable to study. M. luteus was chosen as a blOlOglC source
material after examining some 26 different bacterial species for
ultraviolet resistance and their endogenous non levels of specific
nucleases. The disadvantage with this organism was its lack of genetic
characterization, specific bacteriophage and systems amenable
for testing the biological activity of its DNA. The latter two prob-
lems were resolved after phage were isolated and characterized

(24) and a transforming system established (13). Initial experiments
with” the genetically characterized E. coli were feasible after technical
capabilities with M. luteus had been obtained (22,31). The disad-

vantage of E. coli as a source of repair enzymes is the limited
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number of gene copies. For this reason the genes uvrA, uvrB,
and uvrC have been cloned and are currently being prepared, and
analyzed for gene amplification purposes.

Incision Step in Nucleotide Excision (15—24,31—34)

The initial step in the enzymatic removal of pyrimidine dimers
from UV irradiated DNA is controlled by two genes in E. coli (uvraA,
91' and uvrB 19'), at least two in M. luteus and one in T, infected
E. coli (V gene). In all cases the enzyme(s) effect a phosphodiester
bond break 5' to the dimer on the damaged strand generating a 3'-OH
and 5'-phosphoryl group.

In those E. coli or M. luteus mutants lacking one or the other
incision genes there is no incision event. Two gene products have
been isolated from M. luteus identified as correndonucleases I and
II which correspond chromatographically to the uvrA and uvrB gene
products respectively. Why two genes are required for what appears to
be a simple phosphodiester bond hydrolytic step is subject to current
study. It is apparent, however, that the resolved enzymes generate
different sites on UV incised DNA. The basis for the cooperative
requirement for both enzymes is potentially resolvable according to
current experimental protocols.

The isolation of similar enzymes from eukaryotes has not been
substantially demonstrated.

Excision Step in Prokaryotes (14-19,26-27)

The site which is generated by incision is sensitive to the action
of either DNA polymerase I, DNA polymerase III or the UV exonuclease
isolated from M. luteus or its equivalent from E. coli - exonuclease
VII, isolated by Chase and Richardson (JBC.249, 4553 [1974]).

Those polymerase unassociated exonucleases act on single stranded
DNA by initiating hydrolysis with equal facility from either the 3' or
5' terminus, liberate 5'-phosphorylated tetra and pentradeoxynucleo-
tides from either terminus and can participate in repair by virtue
of their ability act at internal rather than terminal phosphodiester
bonds. These enzymes, although refractory to DNA duplexes, can initiate
hydrolysis in the 5' direction of UV irradiated incised DNA duplexes.
It presumably can act at such sites by virtue of the single stranded
nature of the terminus which bears the non-hydrogen bonding pyrimidine
dimers. As a consequence an octa - to deca nucleotide is initially
generated. This small fragment is subsequently digested to a limit
pentanucleotide by this exonuclease.

Excision of DNA Polymerase I of M. luteus (23,26,28,37)

DNA polymerase I of M. luteus like that of E. coli is a multi-
functional single polypeptide of 109,000 molecular weight. In addi-
tion to its polymerizing activity it has a 3'+5' exonuclease which
prefers single stranded DNA and acts at terminal non-esterified




phosphodiester bonds. It functions in "error-correcting" or

"editing" during polymerization by removing non-complementary
nucleotides from the 3' terminus of DNA (Brutlag and Kornberg, JBC
247, 247, 1972). The 5'+3' -exonuclease prefers to initiate hydrolysis
at internal phosphodiester bonds of duplex DNAs at nicks generated by
non-specific endonucleases or those involved in incision reactions at
damaged nucleotide sites. A defined stoichiometry is observed between
the number of dimers, incised sites and DNA polymerase I molecules
acting on UV irradiated transforming DNA which allowed for an analysis
of the fidelity of repair processes in vitro. Such studies also
provided some insights into the role of polynucleotide ligase in
limiting the strand displacement reaction of DNA polymerase I to nick
translation.

By using highly purified preparations of the pyrimidine dimer
specific endonuclease, DNA polymerase I and polynucleotide ligase,
which are virtually sterile, it was possible to restore the biological
activity to UV inactivated B. subtilis transforming DNA under con-
ditions in which the stoichiometry of each step in repair could be
monitored.

Preexcision Step in Repair - Role of uvrC

Although the incision produced by the pyrimidine dimer specific
endonucleases provide an initiation site for excision and nucleotide
incorporation by pol I, indirect evidence suggests that an inter-
mediate step between incision and excision exists. This evidence is
based on the properties of the excision defective uvrC mutant. Such
mutants are unable to remove pyrimidine dimers from DNA in vivo al-
though there are 1nd1cat10ns that single strand incision events:are
operative.

Seeberg and Rupp (Molecular Mechanisms For Repair of DNA -
Hanawalt and Setlow, eds., pg. 439) prepared a double uvrC lig ts
mutant. At temperatures restrictive for ligase, the early rate and
extent of postirradiation molecular weight losses are similar to
tthose of wild type cells followed by the expected accumulation of low
molecular weight DNA. At permissive temperatures, however, the mole-
cular weight of the DNA is rapidly and fully restored. These data, in
conjunction with the observations that ligase is capable of resealing
the phosphodiester bonds of incised DNA, places ligase in a control-
ling position during early repair steps.

More recent data supporting the controlling role of ligase in the
early repair steps was obtained by Sharman and Moses (in press) in
which NMN led to the accumulation of single strand breaks in toluenized
uvrC mutants after irradiation. In the absence of this ligase inhibitor
there was evidence of incision during postirradiation conditions.

The isolation of the uvrC gene product is currently underway in
the laboratory with the cloning of this structural gene on col EI
plasmids. Amplification of the uvrC gene, inserted into the L 1ac region
of lambda, will permit further examination of this problem in greater
detail at the molecular level.




Nucleotide Excision in Eukaryoteés:

Introduction -~ Choice off Tissuei

Human placenta“provides a biochemically amenable, safe and
plentiful source of human cells which exist primarily as syncytial
trophoblasts of the fetal placental barrier. The trophoblasts do
not divide, but possess protein and hormone synthesizing functions.
These activities are necessary for normal gestation and are dependent-
on an intact genome maintained by active DNA repair systems. We have
shown that the Ap endonuclease (apurinic/apyrimidinic¢),,correxonu-
clease, B-DNA polymerase, UV specific binding protein and single
stranded endonuclease, all potential repair enzymes are located in
trophoblast nuclei. Initially our -experiments:.demonstrated the
presence of all ingredients necessary for carrying out the excision
and repair replication steps for ultraviolet and alkylated DNA in a
system in vitro.

Incision Step

Ap Endonuclease (Apurinic (Apyrimidine Endonuclease)} (38)

This endonuclease incises double stranded DNA, into which apurinic.
sites have been introduced, either as a .restlt of spontaneous depurina-
tion or as a result of treatment of the DNA with alkylating agents,
nitrous acid or ionizing radiation. The Ap endonuclease does not hy-
drolyze native DNA, alkali-denatured DNA, single stranded DNA con-
taining apurinic sites or RNA. The incision is introduced at the 3°
side residues generating a 3' hydroxyl and 5' phosphoryl group.

Ap Endonuclease Purification Scheme

"1l. Placental homogenate :*EEQQE_QQLLM&tY found loosely bound to

nuclel, gently removed into a supernatant fractidn. ’ __x__;__:::;>

2. Supernatant fraction applied to a column containing octyl-
succinic anhydride coupled by a 1,6-diaminohexane spacer arm to
Sepharose 4B. This ligand removes all of the serum albumin, a
major contaminating protein.

3. Preparative isoelectric focusing - pI 7.6
4. Sephadex G-75

5. hydroxylapauie gradients - homogeneous at this step with
an overall 40% yleld from the crude supernatant

Assaytj Convef%ion of(partlallyadepurlnated*% 3H)—-gx lJA-RF$~DN£;
t@“thé‘RFII species. -

Protein Properties

Molecular Weight Native 32,000
Denatured .16,000
Isoelectric Point 7.6

T% @ 49° : 3.5 mins.
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Excision Step

Human Placental Correxonucleasec (30,35)

This is an exonuclease which acts specifically on single
stranded DNA when compared to uninterrupted DNA duplexes. The
enzyme initiates hydrolysis at both 3'- and 5'- termini of single
stranded DNA yiéelding 5'-phosphorylated tetra- and pentadeoxynucleo-
tides from either terminus. Because the enzyme hydrolyzes internal
rather than terminal phosphodiester bonds the rates and extent of
hydrolysis catalyzed by the correxonuclease are unaffected by damaged
nucleotides. It is to be expected, i “}(llke similar bacterial o
enzymes), that the correxonuclease can initiate hydrolysis at single
strand breaks in irradiated incised DNA. Although not detectably
active against intact native DNA, the correxonuclease can initiate
hydrolysis in a 5'- and 3'- direction at single strand breaks creatlng
a 30-40 nucleotide cavity. The presence of a pyrimidine dimer~or an
apurinic site at such a break is effectively excised by virtue of
the enzyme's ability to act at internal phosphodiester bonds. The
presence of non-complementary nucleotides on the 3' side of the
break is also sensitive to the action of this exonuclease. The
number of different properties associated with this single protein
is reminiscent of the multicatalytic properties of the bacterial DNA
polymerase I species of enzymes. By virtue of its 3'- and 5'- exo-
nucleolytic activities this enzyme in addition to its polymerizing
properties is capable of both "editing or proof-reading"” of mis-
paired nucleotides and excision of those that are damaged.

Enzyme Purification Scheme

1. Placental homogenate - supernatant fraction stored
2. Supernatant fraction concentrated by polyethylene glycol
dialysis

3. DEAE Chromatography (removes hemoglobin and nucléic acids)

4. Heparin-Sepharose Chromatography (affinity chromatography)

5. Hydroxylapatite Chromatography (resolved from most nucleases)

6. Sephadex-G-75 (Exclusion for similar molecular weight species)
7. Multiphor Isoelectricfocusing (Ip. 6.2 species - pure protein)

Protein Properties

1. Molecular weight 35,000
2. Isoelectric point 6.2
3. T%400 - 20! 9

4, Km (for termlnus) qV 1 x1070" m

Insertion Reaction

DNA Polymerase . (B).

A low molecular weight DNA polymerase (B) is present in the
nucleus of placental trophoblasts. The level of this enzyme is not
related to replication and its general properties suggest repair
function. It has been estimated that there are 7.4 x 104 molecules
per cell with a polymerization rate of 2.5 nucleotides/molecules/second.
It is the major DNA polymerase found in the non-dividing placental | -
syncytial trophoblasts.




The enzyme incorporates nucleotides into double stranded DNA
"gapped" by treatment with pancreatic DNase I and exonuclease III,
and also into synthetic polydeoxyribonucleotides initiated. with :the
complementary oligodeoxyribonucleotides. . .Its activity is dependent
on the divalent cations Mg t+ (5-12mM) or Mn (0.1-0.5mM) and the com-
plementary deoxyribonucleoside triphosphate, although with a single
deoxyribonucleoside trlphosphate a limited end addition is possible.
With synthetic homopolymer prlmer templates Mntt is the preferred
cation. The pH optimum varies between 8.0-9.0 depending on the DNA
template and the buffer, and its activity is stimulated two fold by
100-200mM KC1.

Enzyme Properties:

The Kms for the deoxyribonucleoside triphosphate depends on the
template and actlvatln cation. A Km of 160 M has been found for
activated DNA with Mg For the synthetic polynucleotide template
dpAGUU - dpT—= with Mn*t ++ as the cation, the values varied from 28-
42uM. The fjgéllty of copying a synthetic template poly 4 (A-T) using
dCTP as the competing nucleotide is 1/25,000 as compared with 1/184,000
by N-ethylmaleimide and does not require a free thiol group for activity.
There are no associated exonuclease: activities, and it does not catalyze
pyrophosphate exchange.or pyrophosphorolysis of DNA dependent deoxy-
ribonucleoside trlphosphate degradation. There is no associated RNase
H activity.

Protein Properties:

The enzyme is a basic protein with an isoelectric point of 9.2-
9.4 and contains Zn*? associated with the protein molecule. It con-
sists. of a single polypeptide chain of molecular weight 45,000 daltons
(3.58), is stable in 5M urea at pH 4.5, and migrates as a cation on
electrophoresis under these conditions.

Purification:

1) Subcellular fractionation: Nuclei are isolated from human
placenta taken within 30 minutes of delivery. The enzyme is extracted
from the washed nuclei with 0.2M potassium phosphate pH 7.5, 10mM
mercaptoethanol 0.3M sucrose,.

2) The nucleic acids are removed from.the extract by passage
through DEAE cellulose.

3) The nonadsorbed fraction is dialyzed and :separated on phos-
phocellulose (P-11l) by differential salt elution into an exonuclease
(300mM) and a DNA polymerase (650mM) fraction.

4) The (B) DNA polymerase is separated from the (o) replicative-
enzyme in the DNA polymerase fraction, by chromatography on DEAE
cellulose. The (B) enzyme passes through and the (a) is adsorbed.

5) The enzyme is dialysed and concentrated on a second phospho-
cellulose column, a step which also removes residual exonucleases.




6) Remaining protein containmants of high molecular weight are
removed by gel filtration through Sephadex G100, and the enzyme of
molecular weight 45,000 concentrated with ammonium sulphate.

7) The concentrated enzyme is dialyzed and applied to an affinity
DNA cellulose column and eluted by salt.

8) The eluted enzyme dialyzed and finally purified by isoelectric
focusing at a pI of pH 9.2-9.4. The enzyme is free of endonuclease
activities and is stored in 50% glycerol at =-20°.

Sealing of the Repaired Strand

Polynucleotide ligase is currently being purified according to
established procedures (Lindahl, T., Methods in Enzymology 21, 33
(1971) and Spadori, et al Eur. J. Biochem. 22, 75 (1971).

Use of These Enzymes

By purifying the enzymes involved in a single pathway of DNA re-
pair it is planned to study the mechanism, stoichiometry and fidelity
of repair with biologically active DNA modified by specific depurina-
tion and depyrimidination reactions. These studies are supported by
other granting agencies (American Cancer Society and the National
Science Foundation).

-9~



SUMMARY OF PERTINENT DATA IN

Through the use of the pyrimidine dimer
cleases of M. luteus it has been possible to
tribution of pyrimidine dimers in irradiated
with a defined sequence. Since then enzymes

PREPRINT

specific endonu-
identify the dis-
fragments of DNA
catalyze incisions

at all pyrimidine dimers it has been used diagnostically for the
nature of damage distribution according to sequence..

The results of our findings are that:

1) Damage is non-random.

2) The formation of all species of pyrimidine dimers

is thymine .dependent.

3) An alternating Py Pu Py Py TT Pu Py Pu Py sequence
leads to higher dimer yields than predicted from
(2) and may represent' "hot spots" for damage.

-10-
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