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ABSTRACT

REPAIR OF A SITE-SPECIFICALLY PLACED PSORALEN CROSSLINK,
PSORALEN MONOADDUCT, AND DOUBLE STRAND BREAK IN THE
YEAST SACCHAROMYCES CEREVISIAE

By
Ross Greenberg

Advisor: Professor Wilma Saffran

Repair substrates carrying a single site-specifically placed psoralen
crosslink, monoadduct, or double strand break were synthesized and used to
compare repair, recombination, and gene conversion induced from each form of
damage. The damage was located at the BsiWI site of a his3 allele carried on a
plasmid. Damaged plasmids were introduced into yeast for in vivo repair.
Genetic and physical analysis of colonies carrying repaired plasmids was
performed.

The overall level of recombination and gene conversion induced from a
DSB and a crosslink were similar. Monoadducts were non-recombinogenic.
Similarities were observed for many of the properties of recombination and gene
conversion induced by crosslinks and DSBs. These properties include the leveis
of reciprocal recombination, conversion tract length, the levels of uni- and bi-
directional tracts, and the levels of discontinuous tracts. During crosslink and DSB
induced gene conversion, the undamaged chromosomal allele was the primary

donor of genetic information. The major difference in damage-induced
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recombination between crosslinks and DSBs was in the polarity of gene
conversion tracts.

Gene conversion tracts induced from crosslinks exhibited a directional
polarity, preferentially extending upstream from the damage site. Conversion
tracts induced from a DSB also exhibited a polarity, but in the downstream rather
than the upstream direction. The results show that the form of damage initiating
the conversion influences the direction of the conversion tract and offer evidences
that conversion tract polarity is linked to physical and/or mechanistic properties of
the repair intermediate.

An additional difference between crosslinks and DSBs was in the
occurrence of induced mutations. A psoralen crosslink, in addition to error-free
repair, was a substrate for error-prone repair. Mutations at the damage site
occurred in 9.1% of the non-reciprocal products. Mutations were not detected in
the reciprocal products of crosslink repair. DSBs were non-mutagenic. These
repair patterns indicate that there are two branches of crosslink repair. An error-
free pathway is initiated by nucleotide excision repair, which processes crosslinks
to DSBs. These DSBs are repaired by homologous recombination. An alternate,
error-prone pathway also acts on crosslinks, and competes with the error-free
branch for crosslink substrate. This error-prone branch generates targeted

mutations.
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Introduction

The cellular maintenance of genomic integrity is a fundamental principle of
life. In order to survive, organisms have evolved complex strategies to cope with
exogenous and endogenous factors that induce damage to the genome. Factors
that induce damage to DNA include UV and ionizing radiation as well as chemical
agents that impose their genotoxic effects through mutagenic, clastogenic,
recombinogenic, and carcinogenic end points.

The factors that damage DNA produce lethal effects by direct and indirect
mechanisms. Clastogenic factors that produce extensive breakage of DNA and
factors producing chemical modification in excess of cellular repair capacities
prevent replication and transcription, leading to direct cell death or to apoptosis.
Damage in limiting quantity can still elicit lethal effects by inducing either
recombination resulting in deletions, rearrangements, and gene amplification or by
inducing mutations resulting in loss of function of critical gene products. In
higher eukaryotes damage-induced genotoxicity has been implicated in the
formation of many cancerous and non-cancerous diseases.

The genes that mediate the signaling and regulation of cell growth and
division, involved in neoplastic transformation, fall into two major catagories:
proto-oncogenes, and tumor suppressors. Positive mutations, causing hyper-
activity of the gene product and/or overexpression of normal cellular proto-

oncogenes, may induce transformation into the oncogenic state, releasing the cell
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138

from the normal restraints on growth. Oncogenic mutations are dominant,
inducing transformation upon mutation of only one allele of the proto-oncogene.

Tumor suppressor genes, in contrast to oncogenes, induce the pathogenic
process through negative mutation. Mutations that result in the loss of function of
the gene product account for transformation in these cells. Tumor suppressor
mutations are recessive, requiring loss of function of both alleles to induce
transformation.

The p53 gene encodes a tumor suppressor protein that is believed to sense
DNA damage within the cell and arrest the cell cycle until the damage is repaired
(Lee and Bernstein 1993). If the DNA damage of the cell is too extensive for the
cellular repair mechanism(s), apoptosis involving the p53 gene product occurs,
killing the potential tumor cell line. Loss of p53 function is believed to influence
the pathogenic pathway by allowing cells that have DNA damage, and are
therefore potential twmnor cells, to divide prior to effective repair. The loss of
apoptosis control of the p53 protein also allows potential tumor cells to survive
and give rise to malignant cell lines. Alteration or inactivation of the p53 gene
product by mutation of the p53 gene has been reported as the most common
genetic change in human cancer (Levine et al., 1991). Most cancer cell lines carry
a mutation in the p53 gene. Both transition and transversion mutations in the p53
gene have been found in diverse types of cancers (Hollstein ez al., 1991a; 1991b).

In squamous cell carcinomas of the skin, CC-to-TT double base changes were
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identified in the p53 gene (Brash et al.,, 1991). This form of transition is induced
only by UV radiation.

Mutations, translocation, amplification and deletions of other proto-
oncogenes of higher eukaryotes such as the Ras, Myc, and Src genes are all
implicated in the pathogenic pathway leading to cancer.

Actiological studies have identified a large number of known or suspected
carcinogens, many of which are known to directly bind to DNA (Summary of the
8" report on Carcinogens, U.S. Department of Health and Human Services).
While the pathogenic pathway of these carcinogens is not completely understood
it is generally accepted that DNA lesions produced by the direct attack of these
agents induce cellular repair processes (both error-free and error-prone pathways)
leading to the genetic alterations that may induce neoplastic transformation of
normal cells. It is therefore important to study the cellular repair processes
induced by carcinogens to understand the mechanisms involved in the pathogenic
process of cancer formation.

Psoralen:

Psoralens, tricyclic planar furocoumarins, constitute an important class of
photochemical compounds that have been used to study biological aspects of
nucleic acids (Song and Tapley 1979, Cimino et al., 1985). The ability of psoralen
modification to freeze helical regions of DNA and RNA has allowed the isolation
of various nucleic acid molecules to study the structures found therein. Detailed

intormation on chromatin structure (Hanson et al., 1976; Cech and Pardue, 1977,
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Cech and Karrer, 1980; Hallick et al., 1980), cruciform structure (Sinden et al.,
1983), torsional tension (Sinden et al., 1980; Sinden and Pettijohn 1981)
secondary structure of ssSDNA and RNA (Shen and Hearst 1976,1979; Thompson
and Hearst 1983) and the presence of D-loops and Holliday structures
(DeFrancesco and Attardi 1981; Sogo et al., 1986) have been obtained by the use
of psoralen modification to DNA and RNA. As a chemotheraputic agent psoralen
plus ultraviolet A light (PUVA) is used clinically for the treatment of psoraisis,
vitiligo, and other skin diseases (Van Scott, 1975; Rodighiero and Dall’Acqua,
1976,1986). Recently, photochemical processes have been developed for the
inactivation of viruses and bacteria in platelet concentrates using psoralens (Lin et
al., 1993, 1997). PUVA therapy, however, has been reported as a known
carcinogen in mice and humans (Report on carcinogens, 8" edition) and is
responsible for the formation of epidermal papillomas, squamous cell carcinoma,
fibrosarcomas, basal cell tumors and melanomas.

The adducts that psoralens form within the double helix of DNA have
been extensively characterized (Hearst et al., 1984). Use of various natural or
synthetic derivatives along with controlled photo-reaction parameters enables high
control over the amounts and distributions of the photo-lesions that the compounds
form within DNA. Psoralen modification of DNA leads to repair products that
exhibit similar genetic alterations to those observed in transformed neoplastic
cells. These factors make psoralens a useful tool to study repair and mutagenesis

in bacteria, yeast, and mammalian cells.
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Psoralen Chemistry:

Psoralens are bifunctional, photo-reactive compounds that form covalent
bonds with pyrimidine bases of DNA. Structurally, psoralens are tricyclic linear
fusions of a furan ring to a coumarin. The structure of psoralen and two
derivatives and the covalent bonding of psoralens with thymine bases are shown in
figure 1. The planar compound intercalates into the double helix in a dark reaction.
Covalent photocycloaddition at either the furan or pyrone end occurs with light in
the 320 - 400 nm range, producing either a furan-ended monoadduct or a pyrone-
ended monoadduct (Kanne et al., 1982). A second photon of light can convert the
monoadduct into a crosslink. The bifunctional reactivity of linear psoralens,
accounting for their crosslinking ability, arises from the 4°,5° double bond on the
furan moiety and, on the opposite end of the molecule, from the 3,4 double bond
of the pyrone moiety.

The photoactivation of psoralen is not fully understood. There are two
possible types of electronic excitation in the UV and near UV (200-400nm) region
of the spectrum (Song and Baba 1974; Song and Fugate 1975). The first
excitation state occurs when a nonbonding electron in the carbonyl group of the
pyrone moiety is excited to the anti-bonding n" molecular orbital, producing the
n,n* excited state (Song and Gordon 1970; Song 1984). The second excited state

occurs when a 7 electron from the psoralen ring structure is excited to an

antibonding ©~ molecular orbital (m,n*) (Mantulin and Song 1973). Different spin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 4
4 X 3
5 /K
(0] 5 (0] O

psoralen

4'-hydroxymethyi-4,5' 8-trimethylpsoralen
(HMT)

4'-aminomethyi-4,5',8-trimethylpsoralen
(AMT)

Figure 1a. Psoralen and two derivatives.
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configurations of the unpaired electrons in the excited molecule give rise to either

the singlet excited state or the triplet excited state (Song and Gordon 1970; Moore
et al., 1976; Knox et al., 1988). The n,n* singlet state has been localized to the

carbonyl group of the pyrone (Song et al., 1971). The triplet n,n* state has been
localized to the carbon-carbor: double bond of the pyrone and is predicted to be the
reactive state (Mantulin and Song 1973). Triplet quenching has been observed
upon the addition of DNA to excited psoralens (Song and Gordon 1970; Salet et
al., 1980). Local excitation of the 4°,5’ double bond of the furan moiety has not
been directly observed. Activation of this bond is believed to arise due to
intramolecular charge transfer through the = electron system of the ring structure.
The 3,4 double bond of the pyrone has been shown to possess higher charge
transfer character than the 4,5’ double bond of the furyl group (Mantulin and
Song 1973; Song 1984) and it has been suggested that the photoreactivity resides,
or initiates, within the pyrone (Song et al., 1971; Song 1984).

Psoralens containing a variety of chemical substituents, attached to various
carbons of the ring system, have been either isolated from natural sources or
produced by organic synthesis (Isaacs et al., 1977; Gia et al., 1992a). The nature
and positioning of these chemical groups have been shown to affect the reactivity
of the various compounds. The substituents introduce steric, kinetic, and
electronic factors that influence excitation lifetime and charge transfer of the

excited species, as well as affecting the accessibility and alignment with respect to
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the substrate DNA. Solvent effects also play a role in the reactivity of psoralens
with DNA.

Excited (triplet m,n*) psoralens undergo [2+2] cycloaddition with the 5,6
double bond of thymine bases (Song et al., 1971; Cadet et al.,1990). The isolated
photo-products formed from psoralen with nucleotide bases indicate that the 3,4
double bond of the pyrone is more photo-reactive than the 4°,5” double bond of the
furan (Shim and Kim 1983; Shim et al., 1983). However, the distribution of
products isolated from reactions with DNA is different from the distribution of
products observed from the reaction of psoralen with free thymine (Gaboriau et
al.,1987; Peckler et al., 1982). Three major photoproducts are produced by the
reaction of psoralens with DNA: the furan side thymidine-psoralen monoadduct,
the pyrone side thymidine-psoralen monoadduct, and the thymidine-psoralen-
thymidine diadduct or crosslink (Bankmann and Brendel 1989). The distribution
of these products depends on the psoralen derivative (molecular geometry and
substituents), the wavelength of irradiation, the time of the irradiation, and the
DNA sequence.

The photoreaction of psoralens with DNA has been simplified into 3
distinct steps (Isaacs et al., 1977). Psoralen intercalates between adjacent base
pairs to form a noncovalent complex with DNA. The dissociation constants of the
various psoralen derivatives are in the range of 10~ to 10 mol/L (Isaacs et al.,
1984). The low dissociation constants enable the short-lived excited state to be

effectively trapped by the DNA. The number of intercalation sites in DNA has
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been reported to be 2-6 per 100 bases (Song and Tapley 1979). DNA sequence,
solvent interactions, and the substituents on the derivative influence the efficiency
of the forces of intercalation. A preference for intercalation at sequences with
alternating purine and pyrimidine bases has been reported (Dall’acqua et al., 1978;
Tessman et al., 1985). The intercalation complex that forms at each intercalation
site governs the stereospecifity and the distribution of adducts produced.

Following intercalation, psoralens are activated by irradiation and undergo
cycloaddition with an adjacent pyrimidine base. The photoproducts formed during
the photoreaction depend on the specific derivative in use and the control of the
wavelength and time of the irradiation. Derivatives with a methyl group at the C4
position of the pyrone, such as in 4,5,8-trimethylpsoralen (TMP) or 4’
hydroxymethyl-4,5°,8-trimethylpsoralen (HMT), form as little as 2% pyrone side
monoadducts due to steric interference of the C4 methyl group with the C5 methyl
group of the thymidine (Kanne et al., 1984). 8-methoxypsoralen (8-MOP) lacks
the C4 methyl group and forms pyrone adducts up to 20% (Kanne et al., 1982).
Formation of 4’,5’ furan monoadducts with 8-MOP is greatly enhanced if the
wavelength is above 380nm. The major products formed with 8-MOP and TMP
are diastereomeric furan side monoadducts.

Furan end monoadducts can absorb a second photon and convert to a
covalent interstrand crosslink through cycloaddition of the pyrone end with a
thymine base on the opposite strand. Pyrone end monoadducts are incapable of

crosslink conversion, presumably because the photoreactive center has been
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disrupted by the cycloaddition that forms the monoadduct at this end. Pyrone end
monoadducts have been shown to lack absorbance in the 300-400nm region,
required for photoactivation, further suggesting that the triplet reactive state
initiates at the pyrone moiety (Cimino et al., 1985). A 15ns pulse of 347nm laser
irradiation was shown to produce only monoadducts (Johnston et al., 1977).
Subsequent pulses convert some of the monoadducts to crosslinks in the absence
of unbound psoralen, exemplifying the concerted mechanism of crosslink
formation. Not all furan end monoadducts convert to crosslinks. The geometry of
the psoralen molecule, substituent group(s), and DNA sequence all influence the
conversion of a furan end monoadduct to a crosslink.

A preference for reaction with the 3’ face of thymidine has been observed.
72% of 8-MOP adducts are formed at crosslinkable sites, 69% of which are at
5°’TpA (Tessman et al.,1985). It has been suggested that this preference is due to
favorable intercalation at these sites. The overall quantum yield of initial binding
of psoralens to DNA, however, is relatively low due to the low probabilities of
activation of the molecule to the correct photoreactive state and positioning to the
correct geometric alignment for cycloaddition.

The 5°’TpA sequence is considered the preferential site of psoralen adduct
formation (figure 2) (Boyer et al., 1988; Kittler and Lober 1995). This sequence is
a crosslinkable site. A 3 fold increase of adduct formation at 5’-GTAC has been
reported over 5’-GATC and both 5°-TATA and 5’-TATG have been shown to be

hotspots of psoralen reactivity (Gia et al., 1992b). The 5’-TpA sequence provides
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The preferred sites of psoralen photoreaction are at 5'-TpA-3' sequences.

Figure 2. Structure of interstrand crosslink.
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the favored orientation for the two reactive ends of psoralen to undergo
cycloaddition with the 3’ face of the two adjacent thymidines. However, it has
been reported that 5°-CATG restores photoreactivity of psoralens to the same level
as 5’-GTAC and it has been suggested that preferential sites may only require
alternating pyrimidine-purine sequences (Ramaswamy and Yeung 1984).

The covalent modification of DNA by psoralen monoadducts and
crosslinks introduces physical alterations to the continuity of the double helix
(Pearlman et al., 1985; Wiesehahn and Hearst 1978). In vitro studies with 3-
carbethoxypsoralen (3-CP) monoadducts in salmon sperm DNA have suggested
that a single monoadduct introduces helix unwinding at the site of modification to
the extent of 7 base pairs (Gaboriau et al., 1989). 'H NMR spectroscopy and
restrained molecular dynamics studies on the structures of both psoralen
monoadduct and crosslink adducts in an 8 base oligonucleotide has indicated that
both forms of adduct induced local distortion of the helix (Spielmann er al.,
1995a). Furan end monoadducts were shown to induce a 34° unwinding twist in
the helix while crosslinks induced a 25° unwinding twist. No significant bend in
the helix axis was detected from either adduct, and bases containing both forms of
adducts adopted Watson-Crick type base pairing geometry. In similar studies it
was shown that base stacking in the helix is unaffected by either adduct, but
conformational changes and increased flexibility in the sugar-phosphate backbone
of the helix are induced by both (Spielmann et al,, 1995b,c). It has been suggested

that the induced changes in the sugar-phosphate backbone may act as the signal
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for the recognition of psoralen damage by the cellular repair machinery, and may
be a general motif for the recognition of lesions caused by many DNA damaging
agents.

Repair pathways of S. cerevisiae

The introduction of covalent lesions to DNA produces immediate lethal
effects by blocking replication and transcription. To cope with such damage,
organisms have developed systems to remove the blocking lesions and efficiently
repair any lost genetic information. However, there are circumstances where
repair processes are incapable of processing error-free repair of the genome.
These circumstances can lead to cell death or, in higher eukaryots, to the induction
of pathogenic pathways that result in cancers.

Much of what is known of the mechanisms of DNA repair, recombination
and mutagenesis has come from studies in the yeast Saccharomyces cerevisiae.
This lower eukaryote provides an ideal system for study due to the ease of genetic
manipulation and growth conditions, its stability, and the homology, both genetic
and mechanistic, to the repair systems in humans. Many of the genes invoived in
nucleotide excision repair and recombination pathways in yeast have homologs in
higher eukaryotes, including humans (Sancar, 1996). While tumorogenesis does
not occur in this lower eukaryote, the mechanisms involved in damage induced
repair resuit in products that exhibit the same alterations found in human cancer

cell lines.
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In S. cerevisiae, there are 3 major pathways that mediate damage-induced
repairs of the cell’s genome. The nucleotide excision repair pathway is
responsible for the physical cutting of DNA containing either chemical adducts or
dimerized bases. The recombinational repair pathway functions when the
template activity to direct repair synthesis in the damage-containing DNA region
is lost. This pathway provides an intact template by means of recombination with
a homologous sequence. The third pathway is a composite of mechanisms
collectively referred to as the damage tolerance pathways, which has error-free
and error-prone branches and also mediates post-replicative repair. All 3 repair
pathways in yeast mediate the repair of psoralen modification.

Nucleotide excision repair:

The cellular response to covalent modification of DNA bases is to excise
the modified bases by incision of the damaged strand(s). In yeast, the excision of
afflicted bases is catalyzed by a complex of proteins that assemble on the basal
transcription initiation factor TFIIH converting it into a repairosome.

The genes that mediate nucleotide excision repair in S. cerevisiae belong to
the RAD3 epistasis group. Mutations in the genes of the RAD3 group display
sensitivity to UV irradiation and chemical agents that produce bulky lesions in
DNA. The mechanism of nucleotide excision repair includes the recognition of
the damaged base(s), incision on both sides of the damaged area, and the release of
the afflicted base(s) contained within an oligonucleotide. Repair synthesis and

strand ligation complete the process. Eighteen genes involved in nucleotide
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excision repair have been determined to be epistatic to the R4D3 group through
mutational analysis (reviewed in Friedberg et al., 1995). Many of these genes
have been cloned, sequenced, and shown to be homologous to the NER genes of
higher eukaryotes including humans. The products of a number of the genes that
are essential for DNA incision have been purified. Biochemical assays have
determined the biological and enzymatic function of these proteins in the excision
pathway. A summary of these proteins is shown in table 1.

Minimum requirements for NER:

Highly purified components of the nucleotide excision repair complex have
been combined to reconstitute in vitro bimodal incision of UV damaged DNA
(Guzder et al., 1995). The components required to produce in vitro incision
include Radl-Rad10 complex, TFIIH, Ssl2, Rad2, Rad4-Rad23 complex, Radl4,
and RPA (replication protein A). Negative supercoiling of UV damaged plasmid
substrates was relaxed by the incision complex only in the presence of ATP or
dATP indicating a requirement for ATP hydrolysis for the activity. Undamaged
plasmids remained supercoiled when treated with the in vitro incision components.
Incision of plasmids carrying N-acetoxy-2 aminoacetyl fluorene adducts occurred
to the same degree as with UV irradiated substrate. Both the Rad1/Rad10 complex
and the Rad2 protein were required to produce incision. Supercoiling was not
relieved when either component was omitted suggesting that a complete repair
complex is required to mediate incision activity. DNA fragments ranging in size

from 24 to 27 nucleotides were released from substrates after incision.
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Table 1.
Components of Yeast NER
Nucleotide Sequence
excision Gene product equet Activity Role in repair Ref.
. motif
repair factor
NEF1 Radl4 Zinc finger DNA binding Damage recognition  a
Radi/Radlio0 Nuciease 5°-incision,
End processing in b-f
recombination
NEF2 Rad4 DNA binding Damage recognition  g,h
Rad23 Ubiquitin Putative recycling i,j
of Repairosome
NEF3 ATPase SsDNA-dependent
TFIIH Rad25 Lo ATPase, k
( ) Helicase 3°—5" Helicase
Rad3 ATPase,  SsDNA-dependent i-n
Helicase ATPase,
5’3’ Helicase
Tib1 o-q
Tfh2 )
T3 h
Ssl1 "
Rad2 Nuclease 3’-Incision rs
RPA RPA DNA binding Damage recognition t
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Recombinational Repair:
When both strands of a DNA sequence are damaged, the genetic

information that is required for proper repair by template directed repair synthesis
is lost. Cells can mediate error-free repair of such damage if a homologous
sequence donates the genetic information lost in the damaged region. The
mechanism by which cells utilize a homologous sequence to direct repair of
missing genetic information is known as homologous recombinational repair.

There are three major events that are associated with general recombination
in yeast: meiotic recombination during sporulation, mitotic recombinational repair,
and mating type switching at MAT. While these events are unrelated with respect
to their biological application, it has been known since the 1960’s that the same
family of genes, the RADS52 epistasis group, mediates the pathways leading to
these events.

The RAD52 epistasis group comprises the genes governing the
homologous recombination pathway (Game and Mortimer 1974; Resnick 1968;
Cox and Parry 1968). This group includes R4D50-55, RAD57, XRS2, MREI 1.
Mutations in genes of the RAD52 epistasis group confer sensitivity to ionizing
radiation, sensitivity to chemical agents that bind to DNA, and are defective in
meiosis and sporulation (Game and Mortimer 1974; Cox and Parry 1968). Mutant
strains carrying alleles of R4D50, RADS52, and RADS7 all sporulate but produce
inviable spores and show a large decrease in cell viability (Game et al., 1980).

These strains are also severely defective in meiotic gene conversion. Mutations in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

RAD52 have been shown to block mitotic heteroallelic recombination induced by
ionizing radiation (Prakash et al., 1980; Resnick and Martin, 1976). RADS5!
mutants are defective in DSB repair, spontaneous and radiation-induced mitotic
recombination, and are defective in the formation of viable spores during meiosis
(Game et al., 1980). The Rad5l protein is a homologue of the E.coli RecA
protein, which catalyzes strand exchange during recombination. In addition,
mutants of seven genes of the RADS2 family (RADS50, RAD51, RADS52, RADS54,
RADS5S5, RADS6, and RADS57) which are all defective in meiotic recombination
show increased sensitivity to psoralen damage (Henriques and Moustacchi 1980).
The catalytic functions of the RAD52 group genes are not all known.
However recent purification of some of the gene products of the RADS52 group has
been accomplished and biochemical dissection of these proteins are underway.
Once the gene products are isolated and their catalytic function determined a better
understanding of the mechanisms involved during recombination will be achieved.
Most of what is known about the general mechanism of recombination
comes from analysis of meiotic gene conversion products and from analysis of the
products formed during double strand break repair. Phenotypic segregation
patterns determined from asci dissection have been used to extrapolate back to
intermediate structures of recombination that can account for the observed
conversion patterns. Gene conversion patterns determined from genetic and
physical analysis of double strand break repair products from substrate/strain

systems carrying well defined genetic markers has been used to extrapolate back

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

to recombination intermediates. Models of recombination have been drawn on the
basis of these proposed intermediate structures. Both the products and
intermediate structures of recombination deduced from damage-induced repair and
meiotic gene conversion outcome display similarities, suggesting that the two
events may occur by the same mechanism.

The canonical double strand break repair model of recombination:

The canonical double strand break repair model of recombination (Szostak
et al., 1983) and its variations (Sun et al.,1991; Gilbertson and Stahl 1996) has
gained the widest acceptance as the general model of recombination on the basis
of experimental evidence obtained from both meiotic gene conversion analysis and
double strand break induced repair and recombination. The model is diagrammed
in figure 3. In both meiotic gene conversion and double strand break repair,
recombination initiates with a double strand break (fig 3B). The terminal ends of
the break are processed by a 5°-to-3" endonuclease, to produce 3’ overhangs on
each end (fig 3C). One overhang invades an undamaged homolog, displacing a D-
loop and forming a stretch of asymmetric heteroduplex DNA (fig 3D). Repair
synthesis primed from the annealed 3’ end occurs using the undamaged strand
incorporated in the heteroduplex DNA as a template to direct repair. As a
consequence of repair synthesis, DNA polymerase causes extension of the D-loop
allowing the second overhang to anneal to the loop forming a second region of

asymmetric DNA (fig 3E). A second round of template directed repair synthesis is
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Figure 3 . The canonical double strand break model of recombination.
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primed from the second 3° overhang end (fig 3F). The two regions of asymmetric
heteroduplex DNA are formed on separate chromatids, and on opposite sides of
the break. The recombination intermediate contains two Holliday junctions.
Branch migration of the Holliday junctions can give rise to symmetric
heteroduplex DNA on one or both sides of the double Holliday junction. In the
absence of branch migration heteroduplex DNA remains asymmetric.

Gene conversion, the transfer of non-homologous genetic information
between the two homologous alleles, is a consequence of recombination. The
DSB repair model of recombination predicts that most or all gene conversion
arises by mismatch repair of hDNA during both double strand break induced
repair and meiotic gene conversion. Double strand break induced gene conversion
has been extensively studied in various recombination systems. The products of
DSB-induced gene conversion reveal common trends that are observed during
meiotic gene conversion. Broken alleles are typically the recipient of genetic
information (reviewed in Nickoloff and Hoekstra 1997). Conversion tract lengths
have been observed to be limiting, exhibiting a distance gradient (Neison et
al.,1996). Tracts are predominately continuous and bidirectional in chromosomal
borne direct repeats (Cho et al., 1998). However, polarity of gene conversion has
been observed in many systems (Detloff ef al., 1992; Malone et al., 1992; Lamb
1998). Discontinuous tracts and unidirectional tracts have been observed in

plasmid x chromosome recombination systems (Sweetser et al., 1994; Cho et al.,

1998).
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Resolution of the recombination intermediate can lead to either a crossover
product, where flanking ends of the DNA molecules involved in the recombination
are exchanged, or a non-crossover product exhibiting retention of the flanking
sequences (fig 4). The pattern of resolution of the recombination intermediate
leads to either the crossover or non-crossover product. If same—sense cutting of
the Holliday junctions occurs (cutting of both junctions on the same strand) the
product will be non-crossover (fig 4B). Opposite-sense cutting (cutting of different
strand at the two junctions) results in a crossover product (fig 4C). In
plasmid/chromosome recombination systems, crossover recombination leads to
incorporation of the plasmid sequences into the genome (plasmid integration).
Plasmids remaining extra-chromosomal arise from non-crossover events.

Nicks produced by resolution of the recombination intermediate create
possible entry sites for mismatch repair enzymes. The canonical model accounts
for two different mechanisms of gene conversion. Gene conversion events arise
by either repair synthesis of the gaps produced by resectioning (fig 3G), or by

mismatch repair of heteroduplex DNA (fig 4D and F).
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Figure 4. Crossover and non-crossover recombination products arise from
different resolution patterns of the recombination intermediate.
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Damage Tolerance Pathways:

The repair mechanisms mediated by the RADG6 epistasis group comprise the
damage tolerance pathways. The pathways of this group consist of mutagenic
repair, damage avoidance pathways, and post-replicative repair. Of the three
major repair groups in yeast, the least is known about these pathways. Many of
the genes mediating these processes have been cloned, sequenced and analyzed by
genetic and mutational techniques but most of the gene products have not been
isolated and the mechanisms that are involved in these processes are not
understood in detail. Generalized mechanisms have been proposed based on the
genetic data for these processes, but roles of the gene products and the sequential
steps of these pathways are not known.

The pathway believed responsible for most, if not all, induced mutations is
the translesion synthesis pathway . (TLS) (Friedberg et al., 1995). When
encountering damage inflicted bases, the normal cellular replication machinery
stalls to allow error-free repair processes to ensue. If error-free repair mechanisms
can process the damage, replication resumes. If the damage overwhelms the error-
free processes replication is terminated. TLS allows replication recovery by
enabling replication to occur through the damaged region. The information of the
afflicted base(s), which may have altered base pairing due to the lesion, is copied
resulting in a mutation.

Some of the genes involved in TLS have been identified. REV3 and REV7

code for the nonessential DNA polymerase designated Poll, believed to be the
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polymerase involved in TLS (Nelson et al., 1996a; Lawrence and Hinkle 1996).
Additionally the REVI gene product has been shown to insert cytosine allowing
TLS repair synthesis to continue along a template containing an abasic lesion
(Ncison et al., 1996b).

In addition to the error-prone repair branch of the damage tolerance
pathway, error-free branches exist. Damage avoidance mechanisms, which
include the use of an undamaged homologous strand for template directed repair
synthesis (Recombinational strand transfer) or use of a newly synthesized daughter
strand from the undamaged complementary sequence (copy choice/strand switch)

to direct repair synthesis have been proposed (Rupp and Flanders 1968; Higgins et

al., 1976)

Biological Effects and Repair of Psoralen Modification:

The toxic effects of psoralens arise directly from their reaction with DNA
and RNA. Both crosslinks and monoadducts inhibit DNA and RNA synthesis.
Crosslinks prevent strand separation during synthesis reactions and monoadducts
block polymerase progression and recycling. The template activity of modified
DNA is more sensitive to crosslinks than monoadducts (Ou et al., 1978; Song and
Tapley 1979). Psoralen modification also inhibits protein synthesis. Crosslink
and monoadduct modification induce conformational alterations that inactivate

tRNA and rRNA and activated psoralens cause clastogenic inactivation of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

ribosome activity through the production of singlet oxygen (Ou and Song 1978).
Both forms of modification have been shown to induce gene conversion and
crossover recombination, and both cause mutations. At equal number of adducts,
crosslinks have been shown to produce higher genotoxic effects than monoadducts
(Averbeck et al., 1987).

Lethality of Psoralen Modification:

Photokilling induced by crosslinks and monoadducts has been extensively
studied in prokaryotic and eukaryotic systems. In yeast, the monofunctional
psoralen 3-carbethoxypsoralen (3-CPs) has been shown to bind to DNA at levels
16 times higher than 8-MOP (Averback et al., 1978). Treatment of cells with
these reagents produces in vivo binding ratios of cne 3-CPs adduct/2 pyrimidine
bases and one 8-MOP adduct/30 pyrimidine bases. While the binding of 3-CPs is
higher than 8-MOP, the latter has been shown to be 6 times more lethal than 3-
CPs. The lethal effect of crosslinks was shown to increase expcnentially with
increasing dose while the lethality of monoadducts shows a linear increase with
increasing dose (Henriques and Moustacchi 1980). The LD,g 3-CPs/LD,, 8-MOP
has been reported at 2.5 for these two reagents (lethal dose for 10% survival) and
the LD, (4.5 kJm'z) of 8-MOP has been reported to be less than the LD (6.0 kim’
%) of 3-CPs. Similar results have been observed for various derivative of psoralen
(Averbeck 1985).

Psoralen toxicity is a function of the repair pathways in both prokaryotic

and eukaryotic systems. In E. coli, wild-type cells are able to survive modification
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that produces 55-70 crosslinks in the genome (Cole 1971). Strains carrying
muations in excision repair (uvr’) or recombinational repair (recA”) show an
increased sensitivty to crosslinks, capable of recovery from the introduction of
only 5-20 crosslinks per genome. A single crosslink is lethal in a double mutant
carrying defective uvr” and recA".

Psoralen Repair in E. coli:

Repair-incubation profiles of E. coli DNA exposed to psoralen plus light,
isolated from wildtype and recA™ strains, were prepared by alkaline sucrose
sedimentation and alkaline CsCl density gradients (Cole 1973). The profiles
showed that psoralen crosslinks are partially excised in both wildtype and rec4
strains in a uvr4 and wvrB dependent step. The sedimentation patterns of the
denatured excision products indicated that the repair intermediates contained
single strand gaps opposite psoralen monoadducts, which were formed at the sites
of crosslink modification. In wildtype cells the gaps were repaired after extended
incubation but in recA’ cells the gapped DNA was degraded into smaller pieces. It
was proposed that a three-strand repair intermediate is formed during the repair of
psoralen crosslinks in E. coli which is produced by the combined activities of the
uvr nucleotide excision repair pathway and the rec4 recombinational pathway.

Through isolation and purification of the components of E. coli NER and
reconstitution of an in-vitro nucleotide excision system, the proposed repair
intermediate and mechanism of psoralen crosslink repair have been validated.

Crosslinks are recognized by the UvrABC endonuclease complex, which catalyzes
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bimodal incision on one strand flanking the crosslink. Incision preferentially
occurs on the DNA strand modified with the furan ring of the psoralen molecule
(Van Houten et al., 1986). The 5’3’ exonuclease activity of DNA polymerase I
widens a gap from the 3’ incision exposing a single strand region (Sladek et al.,
1989). RecA mediates strand exchange between the damaged duplex and a
homologous sequence that provides an intact base sequence complementary to the
strand still carrying the partially excised crosslink. Following restoration of the
gap sequence and resolution of the recombining sequences, the second arm of the
crosslink is excised releasing the damage (Cheng et al., 1988). The combined

activities of DNA polymerase I, helicase II, and DNA ligase complete the process.

Psoralen Repair in Yeast:

The specific molecular mechanism of psoralen crosslink repair in S.
cerevisiae is not known. However, many properties of psoralen repair have been
determined through genetic and physical analysis of repaired products.

Strains carrying mutations in genes of the 3 major epistasis groups involved
in repair of DNA damage (RAD3, RAD6, and RAD52) show increased sensitivity
to psoralen modification (Averbeck and Moustacchi 1975, Averbeck et al., 1978,
Henriques and Moustacchi 1980). It is widely accepted that all three major repair
pathways (nucleotide excision, DNA damage tolerance systems, and

recombinational repair) function during the repair of psoralen damage.
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The nucleotide excision repair system (R4D3) was shown to mediate
psoralen monoadduct and crosslink removal (Jachymczyk et al., 1981). Alkaline
and neutral sucrose gradient profiles indicate that monoadducts are removed from
DNA, producing single strand breaks in the DNA strands, while crosslink removal
occurs with the accumulation of double strand breaks. Mutational analysis reveals
that both the removal of psoralen molecules and production of broken DNA
strands depends on RAD3 function. The rejoining of broken DNA molecules, the
double strand break intermediates produced from crosslink removal, depends on
the recombinational pathway (R4D51). However, repair of single strand breaks,
produced from monoadduct excision, is not affected by the rad5! mutation.

Similar results from strains carrying mutations in the genes of the RAD3
epistasis group, (radl-2, rad2-5, rad3-2, rad4-4, radl0-2, mmsl9-1, radl4-2 and
radl6-1) (Miller et al., 1982) and the RADS52 epistasis group, (rad50-1, rad51-1,
and rad52-1) provided further evidence that NER and recombination are required
as complete pathways during the repair of psoralen modification. However, the
incision of DNA induced from psoralen damage was not affected in a rad6-1
mutant (Miller et al., 1982).

The formation of double strand breaks as a result of psoralen crosslink
removal during post-treatment incubation has more recently been confirmed by
pulsed-field gel electrophoresis (Dardalhon and Averbeck 1995). Low-dose

psoralen monoadduct modification did not lead to double strand break formation.
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Crosslink induced double strand break formation and rejoining were shown to
depend on RAD2 and RADS52 function but were independent of R4D6 function.

Nucleotide excision has recently been duplicated in an in vitro system using
highly purified yeast Rad proteins (Guzder et al, 1995). Super-coiled, UV
damaged plasmids were relaxed in the presence of the protein components and
ATP and evidence of a bimodal incision mechanism was obtained. However,
experiments using psoralen-damaged substrates have not been reported and the
sequential order of steps during NER have not been determined.

The early steps of the excision of psoralen monoadducts and crosslinks by
mammalian excision pathways have been examined using extracts for rodent and
human cell lines (Bessho et al, 1997). Monoadducts were excised by dual
excisions bracketing the lesion similar to the bimodal excision of single strand UV
induced lesions in yeast. In contrast, excision induced by a crosslink lesion was
shown to initiate with a dual incision on one strand spaced 22-28 base pairs apart,
with both incisions occurring 5’ to the lesion. The dual incisions result in the
generation of a gap (22-28 bp.) immediately 5° of the damaging crosslink. It has
been suggested that this gap acts as a recombinogenic signal to initiate crosslink

removal.

Mutational capacity of psoralen:

Strains carrying mutant backgrounds of error-free repair (rad3, rad6, and

rad52 epistasis groups) show increased levels of induced mutations from psoralen

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

modification (reviewed Haynes and Kunz 1981). Strains carrying mutations in
RADI, RAD6, RADIS, and RADS52 genes are mutators, showing increased levels
of spontaneous G-C - T-A transversions. The mutator phenotype is partially or
entirely removed by a mutation in the REV3 gene (Roche et al., 1995).

A dose dependence for induced mutagenesis has been reported for psoralen
modification. Crosslinks were shown to induce higher levels of mutations than
monoadducts at the same number of lesions and the level of mutations was highly

dependent on the level of crosslinks (Averbeck et al., 1990).

Repair of Psoralen carried on exogenous DNA molecules:

The repair of psoralen crosslinks carried on an exogenous plasmid DNA
molecule was shown to depend on both nucleotide excision repair and
recombinational repair. Repair of psoralen crosslinks in both centromeric
replicating plasmids (Magana-Schwencke and Averbeck 1991) and non-
replicating plasmids (Saffran et al., 1992; 1994) involved RAD! excision pathway
and RADS52 pathway. RADS2 function was a requirement for the repair of non-
replicating plasmids. The transformation efficiency of CEN plasmids damaged
with 8-MOP plus UVA in mutants of either RAD6 or PSO2 was the same as in
wild-type cells (Magana-Schwencke and Averbeck 1991).

In addition to the genotoxic effects of psoralen modification both psoralen
crosslinks and monoadducts have been shown to induce mitotic recombination and

gene conversion. Intergenic recombination leading to both crossover and non-
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crossover products was observed in wild-type diploid strains treated with a variety
of psoralen derivatives that produce either monoadducts, crosslinks, or different
proportions of both kinds of lesions (Saeki et al., 1983). The frequency of both
crossover and non-crossover events exhibited dose dependence for all derivatives
used. The level of recombination was decreased in a pso2 mutant and required
RADS52 function.

We have previously compared induction of recombination due to psoralen
modification, UVyys,n irradiation, and double strand breaks produced by
restriction endonuclease digestion, carried on a non-replicating plasmid substrate
(Saffran et al., 1994). In a RAD" strain double strand damage (psoralen crosslinks
and DSB) produced near identical levels of recombination products
overwhelmingly favoring multiple integration of substrate plasmids. Damage
affecting only one strand (Psoralen monoadducts and UV photodimers) also
exhibited near identical levels of recombination products but showed increased
levels of single integration events and non-crossover gene conversions compared
to double strand damage. The distribution of recombination products induced
from psoralen crosslinks was markedly altered in both rad/ and rad3 strains,
showing increased levels of non-crossover gene conversions and single integration
events. The distribution of recombination products induced from double strand
breaks was altered in rad! and radl0 strains showing a significantly larger
proportion of gene conversion and single integration events. However, the wild-

type distribution of products was observed in rad3 and rad4 strains.
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We also observed a dose dependence of transformation frequency in RAD"
cells for both psoralen crosslinks and monoadducts. At low levels of adducts per
plasmid molecule (less than 30 adducts per plasmid) substrates carrying crosslink
damage were more recombinogenic, producing higher levels of transformants than
substrates carrying an equal number of monoadducts. At adduct per plasmid
levels above 30 adducts per plasmid molecule, monoadduct modified substrates
yielded higher levels of transformants than substrates carrying an equal number of

crosslink adducts.

Model for psoralen repair:

The collective data obtained from the genetic and physical studies of the
repair of psoralen lesions evokes separate models for the repair of psoralen
interstrand crosslinks and psoralen monoadducts. The model of crosslink repair
predicts that repair of a crosslink occurs by a two-step process. Following
crosslink formation the nucleotide excision repair pathway recognizes changes in
the continuity of the DNA molecule which induces excision of the damage,
resulting in a double strand break. The double strand break, in turn, induces the
recombinational pathway prompting homologous recombination at the site of the
break. Repair of a psoralen monoadduct in contrast, occurs by nucleotide excision
repair followed by template directed repair synthesis using the undamaged strand
to direct proper base insertion. A single monoadduct should be non-

recombinogenic.
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There are certain aspects of psoralen crosslink and monoadduct repair,
discussed above, that support this model; the repair of psoralen crosslinks occurs
through intermediates that accumulate double strand breaks, and psoralen
crosslink modification induces recombination. The repair of gaps produced by
psoralen monoadducts occurs at wild-type levels in a mutant strains of rad5/,
which is defective in recombination. At high levels of monoadduct formation
double strand breaks have been observed in recipient DNA molecules (Dardalhon
and Averbeck, 1995). However, this is probably due to the overlap of gaps
produced by the excision of close adducts on opposite strands. Recombination
induced by high doses of monoadduct modification has been observed (Saffran et
al., 1994). Together, these data suggest that recombination induced by
monoadduct damage is due to the formation of double strand breaks at high doses.

It is generally believed that the damage tolerance systems engage when the
error-free repair systems are inundated due to excessive DNA damage. A single
lesion from either form of psoralen adduct (crosslink or monoadduct) should be
non-mutagenic. However, assessment of what constitutes “excessive” DNA
damage with respect to psoralen modification is unknown and the induction of the
damage tolerance pathways may indeed occur from a single lesion.

The model for crosslink repair predicts that the induced recombination is
due to the repair intermediate of NER, a DNA molecule containing a double strand
break. Repair of a substrate carrying a single psoralen crosslink should result in

products exhibiting recombination frequencies and gene conversion patterns that
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are similar to the recombination frequencies and gene conversion patterns induced
by substrates carrying a single double strand break at the same site.

Previous studies of psoralen induced recombination and gene conversion
cannot be compared, on a molecular level, to recombination and gene conversion
induced by a double strand break. The techniques used to introduce psoralen
damage, in both in vivo and in vitro systems, produce lesions at random sites on
the damage-intended molecule. The number of lesions in both the local sequences
analyzed for gene conversion and throughout the entire genome differs from cell
to cell or plasmid to plasmid in the study population and, the
monoadduct/crosslink ratios are produced at different levels at random positions
during irradiation procedures. Since monoadducts and crosslinks exhibit different
repair inducing abilities the direct comparison of psoralen induced repair of either
adduct to double strand break induced repair, where the damage is uniform
throughout the population of damaged substrates, has not been accomplished on

the molecular level.
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MATERIALS AND METHODS

All cloning techniques including restriction fragment electro-elution,
plasmid constructions, E.coli transformations, plasmid isolation and purification,
followed the protocols of Maniatis er al (1982) except where indicated.
Restriction endonuclease digestions were carried out as per directions from the
manufacturer. Medium recipes and growth conditions for S. cerevisiae were as
indicated in Guthrie and Fink (1991).

Genomic DNA for Southern hybridization analysis was prepared by the
method of Sherman et a/ (1984). Biotinylated probes were synthesized from CsCl
purified pUC18- HIS3 plasmids using BIO NICK™ labeling system purchased
from Gibco BRL. Southern blots were prepared by the method of Chomczynski
and Qasba (1984) using BLU GENE® non-radioactive nucleic acid detection kit
purchased from Gibco BRL. Nytran nylon-cellulose filters purchased from
Schleicher and Schuell, were used in all blotting experiments.

Plasmids:

The plasmids constructed and/or used in this study are shown in table 2.
Frameshift mutations were introduced at specific sites within the coding sequence
of the HIS3 gene in pUCI18-HIS3. The Xbal site of pUC18-HIS3 was eliminated
by Xbal digestion. Cohesive ends were made blunt by treatment with Klenow
fragment and the plasmid was re-circularized with T4 ligase. To introduce
frameshift mutations the plasmid was opened within the HIS3 coding sequence by

partial or complete digestion with HindlIlIl, Kpnl, Mscl, or Rsal. Digests were
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TABLE 2.

Plasmid used or constructed

Plasmid Reference:
pUC18
YRP-HUT Han and Saffran 1992
pUCI18:URA3:his3-75X This study
pUC18:URA3:his3-207X This study
pUC18:URA3:his3-304X This study
pUC18:URA3:his3-622X This study
phis3-75X This study
phis3-622X This study
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treated with Klenow fragment or T4 DNA polymerase to remove cohesive ends.
An 8 base Xbal linker was ligated to the blunt ends. Full-length linear DNA was
extracted from agarose gels and the plasmid was re-circularized by treatment with
T4 DNA ligase.

Four different his3X alleles were constructed, each carrying an Xbal linker
insertion at a different position within the HIS3 coding region. Partial digestion
with Rsal or Hindlll opens the HIS3 gene at position 75 and 304 respectively.
Complete digestion with Mscl or Kpnl opens the HIS3 gene at positions 267 and
622 respectively. Ligation of an 8 base Xbal linker at these positions results in a
frameshift mutation, creating the series of his3X alleles used for both substrate and
strain construction. The linker also provides the markers used to measure damage
induced gene conversion. The position of the Xbal linker in each allele was
verified by restriction mapping.

The vector pIBI2S, a pUC derived vector containing the E.coli origin of
replication, Amp” gene, LacZ, and the phage replication element f1/G, was chosen
for its ability to replicate as double stranded plasmid in E. coli or as single
stranded phagemid from E. coli infected with the helper phage M13K07. The
TRPI:ARSI fragment was cloned into the EcoRI site of the plasmid to enable
extrachromosomal replication of the plasmid in S. cerevisiae, and allow
phenotypic expression of TRP! used to identify strains containing repaired

plasmids. The his3-75X and his3-622X alleles were separately cloned into the
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BamH] site of the vector to produce plasmids phis3-75X and phis3-622X, which
were used for substrate synthesis.

To make the pUC18-URA3-his3X plasmids, the gel purified 1.8 kb BamHI
restriction fragments containing the mutated his3X alleles were ligated into the
pUC18-URA3 plasmid

Phagemid-template purification:

Single stranded phagemid preparations of phis3-75X and phis3-622X were
cultured and purified by the method of Maniatis et al. 10 mL cultures of 2YT
broth (0.25mg/ml ampicillin) were inoculated with 10 small colonies of an E.coli
strain carrying the respective plasmids. Cultures were grown 4 hours at 37 °C to
an O.D.g0 = 0.20. 2 ml of each culture was used to inoculate 100 ml of 2YT broth
(0.25 mg/ml ampicillin). Cultures were grown at 37 °C for 30 minutes. The
O.D.¢00 was measured (0.034) and the cell density was calculated as the O.D.gg x
8x10® cells. Using a multiplicity of infection of 20 phage/cell with a 100 mi
culture, the number of plaque forming units (pfu) was determined from the cell
density (# pfu = cell density x culture volume x multiplicity of infection). The
stock M13K07 helper phage was titered to 2-4 x 10'' phage/ml. Using the pfu and
the phage titer, 0.181 ml of the phage stock was added to each culture. Following
the addition of the phage, cells were grown for 30 minutes at 37 °C and kanamycin
was added to a final concentration of 7.0ug/ml. Cultures were grown overnight at

37°C.
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E. coli cells were pelleted by centrifugation and removed from the culture.
20% PEG6000 in 3.5M sodium acetate was added to the supernatant to a final
concentration of 3.33% PEG. Phage was precipitated on ice and repetitive phenol,
phenol/chloroform, and chloroform extractions were performed, using equal
volumes, to purify phagemids. DNA was precipitated by the addition of 0.5
volumes of 10M sodium acetate and 2.0 volumes of 100% ethanol. Pellets were
washed in 1 ml of 70% ethanol and resuspended in 100 pl of TE buffer. Samples
were run on 1% agarose TAE gels against double stranded plasmid controls. The
Axeonso of each preparation was measured and the concentrations were calculated
from the A, absorbance. Yields ranging from 1.4 mg/ml to 3.8 mg/ml of single

stranded phagemid DNA were obtained from this procedure.

S.cerevisiae strain construction:

The S. cerevisiae strains used in this study are shown in table 3. Alleles
carrying an Xbal frameshift mutation in the coding sequence of the HIS3 gene
were introduced into WS100 at the HIS3 locus of chromosome XV by two-step
gene replacement using pUC18-URA3-his3X plasmids. For WS104 construction,
the plasmid pUC18-URA3-his3-622X was digested with Mscl (position 207) and
was introduced into WS100 by spheroplast transformation (Beggs 1978). Ura®
transformants were selected on uracil omission media and streaked onto S-FOA

plates to select for spontaneous loss of the URA3 gene. Colonies resistant to 5-
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TABLE 3.

Strains used or constructed
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Strain

Reference:

W303 MAT a ura3-1 leu2-1
his3-11,15 canl ade2-1 trpl-1

WS100 as W303 HIS3
WS101 as W303 his3-75X
WS102 as W303 his3-207X
WS103 as W303 his3-304X

WS104 as W303 his3-622X

Rothstein 1983
This study
This study
This study
This study

This study
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FOA were transferred to YPD plates and replica-plated onto histidine omission
and uracil omission media to identify possible mutants containing the frameshift
allele in single copy at the HIS3 locus. HisUra colonies were chosen for
Southern hybridization analysis. Genomic blots of Xbal digests were prepared and
hybridized with pUC18-HIS3 probe to identify the presence and verify the
position of the frameshift mutation. All other WS strains were prepared in the

sam€ manner.

Synthesis of site specifically damaged repair substrates:

Site specifically damaged substrates were synthesized by using a single
strand oligonucleotide modified in vitro with psoralen. The oligo was used to
prime second strand synthesis using single strand phagemid carrying the his3X
frameshift alleles as template.

Oligonucleotide primer sequence and modification with Psoralen:

The oligonucleotide primer used for psoralen modification was purchased
from Midland Certified Reagents. The unmodified primer sequence was 14 bases
long with a double stranded region of 8 bases. The 14-mer constitutes the
sequence of the sense (+) strand of the HIS3 coding region encompassing the
unique BsiWI restriction site at position 416 of the gene. The sequence of the
oligo is shown in figure 5. Psoralen modification was performed by Marie Alberti

and John Hearst, UC Berkeley. HMT crosslinks at the juxtaposed thymine
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5’-CAGGCCGTACGCAG-3
3’-GGCATGCG-5’

Figure 5. Sequence of oligonucleotide used for psoralen modification. Top
strand of the duplex is the sense (+) strand. MAF modified strands were purified
by HPLC aller photo-reaction and used as primer for second strand synthesis. The
BsiWI restriction site is indicated by lines above and below the sequence and the
thymine bases modified by photocycloaddition with psoralen are indicated in bold

type.
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5’-TpA residues were produced by irradiation with a laser, followed by
photoreversal to obtain a mixed population of furan ended monoadducts (MAF)
and pyrone ended monoadducts (MAP) on both strands of the oligo. Under
denaturing conditions, HPLC chromatography was used to separate and isolate 14-
mer MAF and unmodified 14-mer single strand primer to use in the synthesis of
substrate plasmids. Primer prepared in this manner produced yields of 2.14pumol
(unmodified), and 1.40pmol (MAF modified primer).

Synthesis of psoralen modified and unmodified Plasmid Substrates:

Plasmid substrates containing a site specifically placed psoralen crosslink,
or psoralen monoadduct, as well as unmodified substrate were prepared using
either furan-end modified oligonucleotide or unmodified oligonucleotide and
single strand phagemid DNA.

Kinase reaction of oligonucleotide primers:

Both the 14-mer MAF primer and the unmodified primer were treated with T4
polynucleotide kinase (Boehringer Mannheim) to ensure efficient ligation after the
second strand synthesis reaction. Kinase reactions were run in a total volume of 50
ul containing 100 EU of T4 polynucleotide kinase, 1X supplied buffer, 4 mM ATP
(Pharmacia) and either 966 pmol of MAF primer (161 pmol for each of 6
annealing reactions) or 1826 pmol of unmodified primer (161 pmol for each of 12
annealing reactions). Following the kinase reaction the enzyme was heat

inactivated and the samples were washed and concentrated to a volume of 480 ul
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and 960 pl respectively by centrifugal filtration using Centricon-3 ™ filters
(Amicon) and 0.1X TEN 7.4 buffer (10 mM NaCl, ImM Tris, 0.1 mM EDTA).
Prior to large-scale synthesis of double stranded plasmid substrates, the
efficiency of the synthesis reaction and the possibility of random RNA priming
during the synthesis reaction was tested for each phagemid preperation. Agarose
gel electrophoresis of small-scale synthesis reactions confirmed that both phis3-
75X and phis3-622X phagemid preparations efficiently directed second strand
synthesis and did not show random priming in the absence of the 14-mer primer.

These preparations were used in large-scale second strand synthesis reactions.

Large Scale Second Strand Synthesis Reaction:

1) Annealing reaction:

161 pmol of phosphorylated MAF primer or unmodified primer was
combined with 5 pmol of single strand phagemid-template and annealing buffer
(20 mM Tris7.4, 2mM MgCl, 50 mM NaCl). The annealing reactions were
carried out in a total volume of 500 pl. Primer/template mixtures were placed in a
heating block at 73°C for 1 minute. The block was then turned off and the
samples were allowed to slow cool to 34°C to effect annealing. Samples were

then placed on ice for 10 minutes and then spun down in the micro-centrifuge to

return condensed solvent to the reaction mixture.
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Six annealing reactions were run simultaneously for each primer with
phis3-622X phagemid. For phis3-75X phagemid sixteen annealing reactions were
run using only the MAF primer. Eight reactions were pooled for photoreaction to
produce crosslinks. The remaining eight samples were pooled and used in second
strand synthesis to produce monoadduct containing plasmids.

Synthesis reactions to produce both the psoralen monoadducted plasmid
substrate and the unmodified plasmid substrate used for double strand break
damage (produced by enzymatic digestion) were performed immediately
following the primer/template annealing reaction. For psoralen crosslinked
substrates, the primer/template product of the annealing reaction was used for
photo-reaction to convert the psoralen monoadduct on the primer to a crosslink.

2) Photoreaction for crosslink formation:

MAF primer-template annealing reactions were pooled and placed onto
parafilm in a large petri dish in 500u! aliquots. Crosslinks were formed by
irradiation with a Schieicher and Schuell 365nm RAD-FREE® long wave UV
lamp with a BLE-760B Spectronics Corp. bulb positioned 5.0 cm from the surface
of the plate. Irradiation was carried out for 45 minutes delivering 130 kJem™.
Photo-reacted samples were pooled, transferred to Centricon-30™ filtration units,
washed with 0.1X TEN and concentrated to 100pl. 135mg of urea was added to

denature non-crosslinked primers from the template. The sample was applied to a

Sepharose 4B column and eluted through the column with 0.1X TEN. 50, two-
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drop fractions (= 100pl), were collected off the column. 2pul of fractions 1-40
were run on 1% agarose TAE gels. Phagemid DNA (with crosslinked primer)
eluted from the column in fractions 14-20. Fractions 15-18 were pooled (=400ul)

and used for second strand synthesis reactions.

3)_Second strand synthesis reaction:

10X synthesis buffer (200 mM Tris pH 7.4, 20 mM MgCl,, 500 mM NaCl),
Glycerol, T4 ligase, and T4 polymerase was added to each annealed
primer/template reaction for both the unmodified and monoadduct primers. For
crosslinked samples, pooled column fractions of primer/template were split into
six aliquots, 66pl each. 10X annealing buffer and water was added to restore the
concentrations of reagents in the annealing reactions. 10X synthesis buffer,
glycerol, T4 ligase, and T4 polymerase was added to the same concentrations as
with the monoadduct and unmodified samples. Ail reactions were carried out in a
final volume of 650 pi with 150 units of T4 ligase (Boehringer Mannheim), 50
units T4 polymerase, glycerol 3%, 10 mM Tris, 1.0 mM ATP, 2.0 mM DTT. 5.0
mM MgCl, and 0.5 mM each dNTP. Reactions were incubated at room
temperature for 5 minutes and then transferred to 37 °C for 90 minutes. EDTA
was added to a final concentration of 20 mM to quench the reaction. Second
strand synthesis was confirmed by 1% agarose TAE electrophoresis against single
strand phagemid DNA controls. All samples showed the conversion of single

strand phagemid to double strand plasmids.
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The samples were pooled and extracted with an equal volume of
phenol/chloroform. For unmodified and monoadduct primer reactions, urea was
added to a concentration of 1.0 g/ml to remove non-extended primers. These
samples were applied to centricon-30™ units, washed with 8.0 M urea in 1X TEN
(0.1 M NaCl, 10 mM Tris, 1 mM EDTA) followed by consecutive washes with 1X
TEN, and were concentrated to a volume of = 500 pl. Crosslinked samples were
applied to Centricon-30™ units and washed with 1X TEN to remove reagents from
the synthesis reaction.

All second strand synthesis products were applied to continuous CsCl
gradients for centrifugation (Maniatis et al.) to separate closed circular plasmids
from open circular plasmids due to insufficient ligation. The sample volumes were
adjusted to 7.0 ml by addition of 1X TEN. CsCl and 10 mg/ml ethidium bromide
were added to the solution at concentrations of 1.0 g/ml and 0.4ml/10ml
respectively. Solutions were transferred to Beckman sealing tubes, balanced with
additional TEN:CsCIl:EtBr solution, sealed and centrifuged at 40,000 rpm at 20 °C
for 72 hours. Sealing tubes were removed and 22 gauge hypodermic needles were
inserted into both ends of the tubes. 90, 4-drop fractions were collected from each
tube and run on 1% agarose TAE gels to identify fractions containiag closed and
open plasmids.

Respective fractions were pooled and extracted with H,O saturated 1-

butanol to remove ethidium bromide. CsCl was removed by centricon-30™
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washes with 1X TEN. Final volumes of 400 — 500 pul were obtained. 2 pl of each
preparation was run on 1% agarose TAE gel to check purity and yield of each
sample.

Verification of psoralen modification:

Two tests were performed on the plasmid substrates to confirm the
presence of both monoadduct and crosslink modification at the Bsi#1 site within
the his3X allele. First, plasmids were digested with Bsi#1. Psoralen modification
at this site will prevent digestion by the restriction enzyme. The BsiW1 restriction
site occurs only at one site on the plasmid, position 416 of the his3X allele coding
sequence. Unmodified plasmid was completely linearized by BsiW#1 digestion
(figure 6a lane 5). Crosslinked plasmids were fully resistant to BsiWI digestion
and remained as closed circular DNA (figure 6a lane 7). Monoadducted plasmids
were partially resistant to BsiW1 digestion (figure 6a lane 6). Digestion was
confirmed by agarose gel electrophoresis.

The results of the BsiWI digestion confirm that both the crosslink and
monoadduct substrates contain modification at the BsiW#1 site. However, the
results do not verify, or distinguish between, the presence of either a psoralen
crosslink or a psoralen monoadduct as the cause of resistance to enzymatic
digestion. The physical presence of either a psoralen crosslink or monoadduct
within the his3X allele has been verified by subjecting the plasmids to denaturing

conditions.
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Circular plasmid __p

Figure 6A. BsiWI digestion of plasmid substrates: Electrophoresis gel of native
and BsiWI digests of unmodified, monoadduct, and crosslink modified plasmids.
Lanes 1,2, and 3: Native DNA preps of unmodified, monoadduct, and crosslink
plasmids. Lanes 5,6, and 7: BsiWI digested plasmids. Unmodified plasmid (lane
5) is fully susceptible to digestion. Monoadduct plasmid (lane 6) is partially
digested by BsiWI, and crosslink plasmid (lane 7) is fully resistant to BsiWI
digestion.
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12 4 5 7 8 10 11

Double stranded
vector fragment

Double stranded
BamHI fragment —%
containing his3X Denatured

vector fragment

4— Denatured
his3X fragment

Figure 6B. Quick renaturing TAE gel of native and NaOH-denatured
plasmid substrates. Native, unmodified plasmid is cut into two fragments (lane
1). The smaller fragment (1.8 kb.) contains the Ais3X allele. After treatment with
NaOH, both fragments denature (lane 2). Native, monoadduct plasmid digested
with BamHI before (lane 4) and after (lane 5) NaOH treatment. Both fragments
denature after NaOH treatment. Native monoadduct plasmid digested with BamHI
after 15 min. photo-irradiation (365 nm)(lane 7). NaOH treatment denatures the
vector fragment but the his3X fragment runs as double strand DNA due to
conversion of the monoadduct to a crosslink by the photo-irradiation (lane 8).
Native (lane 10), and NaOH-denatured (lane 11) crosslink-modified plasmid. The
his3X allele runs as double stranded DNA due to the presence of the crosslink.
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1) Crosslink verification:

20 pl of closed circular crosslinked plasmids preps (about 3ug each) were
digested with BamH] releasing the 1.8-kb. his3X fragment from the vector. 5 pl of
unmodified plasmid was digested as a control. Digests were halved and 4pl of 1M
NaOH was added to one set of the crosslinked and unmodified digests to denature
the plasmids. Native and denatured samples were run on a 1% agarose gel in TAE
buffer.

The 1.8-kb. his3X fragment from the crosslink sample ran as double strand
DNA due to the presence of the crosslink, which holds the strands in proximity
allowing them to successfully renature (figure 6b lane 11). The vector fragment
however, did not renature and ran as single strand DNA. The unmodified plasmid
was susceptible to NaOH denaturation, and both the vector fragment and his3X
fragment ran as single strand DNA (figure 6b lane 2).

2) Monoadduct verification:

12 pg of monoadducted plasmid was digested with BamHI in a volume of

100 pl. 50 pl of the digest was irradiated for 15 minutes, to convert the
monoadduct to a crosslink. Irradiated and non-irradiated aliquots were halved for
NaOH denaturation. NaOH treated samples were applied to a 1% agarose TAE
quick renaturation gel.

Both the vector fragment and his3X fragment of the non-irradiated sample

were susceptible to full denaturation and ran as single strand DNA (figure 6b lane
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5). The his3X fragment of the irradiated sample ran as double strand DNA, which
resulted from the conversion of the monoadduct to a crosslink during the photo-
irradiation (figure 6b lane 8). These results verify the presence of a crosslinkable
monoadduct within the his3X allele.

Transformation of plasmids into S. cerevisiae strains; repair growth and

genetic analysis:

Unmodified plasmids were digested with BsiWI to produce the double
strand break damaged substrates. Plasmids carrying a crosslink, a monoadduct, or
a double strand break, or undamaged plasmid was separately transformed into the
WS 101-WS 104 strains for repair.

YPD cultures of the WS his3X strains were grown to an Agg between 0.5
and 1.0. From each culture 0.1, 0.2, and 0.4 ml aliquots were used to separately
inoculate 100 ml YPD cultures. Cells were grown overnight to mid-log phase
(Asoo between 0.25 and 0.60 for 10X diluted culture). Cells were spun down in 50
ml centrifuge tubes at 2000 rpm for 5.0 minutes. Pellets were washed in water,
centrifuged, and resuspended in 10 ml of 1.0 M sorbitol, 20 mM EDTA pH 8.0.
10 pl of 2-mercaptoethanol was added and cells were incubated at 30°C for 10
minutes. Cells were then centrifuged, washed 2X with 1.0 M sorbitol and
resuspended in 10.0 ml of sorbitol-citrate-EDTA. 100 ul of Glusulase (DuPont)

was added and cell were incubated at 30°C in a shaker bath until spheroplasting

was verified by a turbidity test of 50 ul cells mixed with 100 ul of 5% SDS/0.5 M
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sorbitol solution. Spheroplasts were pelleted by centrifugation at 1500 rpm for 5.0
minutes, washed 3 consecutive times with 10.0 ml of 1.0 M sorbitol, and finally
resuspended in 2.0 ml of 1.0 M sorbitol. The volume of the cells was measured
and 0.1M Tris- 0.1 M CaCl, was added (1/10 of the cell volume). Cells were
stored on ice while 5.0 pl of plasmid DNA was transferred to 14.0 ml culture
tubes. 200 pl of the cell solution was added to each DNA tube. Cells were mixed
and stored at room temperature for 15.0 minutes. 2.0 ml of 20% PEG- 10mM
CaCl, —10 mM Tris was added and cells were incubated for 20.0 minutes at room
temperature. Cells were pelleted and resuspended in 400 pl of SOS medium. 200
ul of each transformation was added to 8.0 ml of melted SD-Trp top agar and
plated on SD+sorbitol-Trp plates.

Plates were incubated at 30 °C for four days and were scored for the
number of Trp” colonies. Colonies were chosen at random and transferred to SD-
Trp plates. To screen for gene conversion of the his3X alleles, colonies were
replica-plated on to SD-His plates. Colonies were also replica-plated to YPD for 3
rounds of non-selective growth followed by return to selective media (both SD-
Trp and SD-His) to determine the stability of the Trp and His phenotypes.

Between 66 and 224 colonies of each combination were analyzed by
genetic techniques. Trp and His phenotype and stability were determined for each
colony and the data were compiled to construct the genetic analysis. In addition,

determination of phenotype and stability associated with each colony served as an
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indicator for the method required to isolate the products in order to study each

repair product by physical analysis techniques.

Physical analysis:

Determination of the stability of the Trp phenotype allowed repair events to
be classified as crossover or non-crossover. If repair resulted in a non-crossover
product the plasmid remains extra-chromosomal. The resulting Trp™ phenotype
will be unstable, as the TRP! gene is plasmid borne. Extra-chromosomal repair
products identified by Trp” instability were isolated by plasmid rescue techniques
to physically analyze the gene conversion events that may have occurred during
recombination.

Repair events resulting in crossover recombination integrate the plasmid
into the yeast genome. Incorporation of the TRP/ gene at the site of integration
(the HIS3 locus) produces a stable Trp" phenotype. Stable Trp” colonies were
identified by the genetic analysis, and were analyzed by Southern hybridization of
genomic DNA to physically categorize the gene conversion events associated with
crossover recombination.

Plasmid rescue:

Extra-chromosomal repair products carry the E. coli origin of replication

(ori). Only the extra-chromosomal plasmid will replicate when total yeast DNA

purified from strain carrying plasmids is transformed into E. coli.
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Overnight cultures of yeast strains were pelleted and resuspended in 100 pl
of lysis buffer (2.5 M LiCl, 50 mM Tris pH 8.0, 20 mM EDTA pH 8.0, 4% Triton-
X 100). 100-ul of phenol/chloroform and 60 pl glass beads (Crown Corning
Braun 0.45-0.50 mm) was added and cells were vortexed at maximum speed by
hand for 3 minutes. Cells were then placed in a vortexing rack and vortexed for an
additional 10.0 minutes at maximum speed. Tubes were incubated at 65°C for 5.0
minutes, spun in the micro-centrifuge, and the aqueous phase was extracted. The
phenol/chloroform extraction was repeated and the aqueous phases were pooled.
0.50 ml of Wizard™ DNA binding resin (Promega) was added to each tube. After
mixing, solutions were transferred to 3-ml syringes fitted with Wizard™ mini-
columns, placed on a vacuum rack. The resin was drawn into the columns and
packed by vacuum. A total of 3.0 ml of column wash buffer (55% ethanol, 200
mM NaCl, 20 mM Trip pH 7.5, S mM EDTA) was drawn through the columns in
1.0 ml aliquots. Columns were dried on the vacuum for an additional 3 minutes
and spun in the micro-centrifuge to remove residual wash. Total yeast DNA was
eluted by addition of 50 ul of TE (65°C) to each column followed by cenrifugation
after 1.0 minutes. 2ul of DNA was transformed into ultra-competent E.coli DH5a
by heat-shock (Maniatis et al). Transformed cells were plated on LB+Amp plates.

Two colonies from each transformation were streaked onto fresh plates and
used to prepare E.coli plasmid mini-preps by alkaline lysis (Maniatis et. al.).

Plasmids were digested with Xbal restriction endonuclease and run on agarose
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electrophoresis gels to determine the presence and position(s) of the Xbal
marker(s) within the HIS3 gene. Plasmids were also digested with BsiWI
restriction endonuclease to determine the integrity of the BsiW1 site (the site of the
original damage) within the HIS3 gene.

Southern analysis:

Genomic DNA from Trp" stable colonies was prepared from overnight 10
ml YPD cultures. Cells were pelleted and resuspended in 1 M sorbitol, 0.1 M
EDTA pH 7.5. 20 ul of zymolyase (2.5 mg/ml) was added to strip the cell wall.
Cells were incubated at 37°C for 1 hour, pelleted, and resuspended in 0.5 ml 50
mM Tris pH7.4, 20 mM EDTA. 50ul of 10% SDS was added to strip cell
membranes. Cells were incubated at 65°C for 30 minutes. To precipitate cell
membranes and proteins, 200 pl of 5.0 M potassium acetate was added. Tubes
were placed on ice for 60 minutes, spun in micro-centrifuge, and the supernatant
containing the DNA was transferred to fresh tubes. DNA was precipitated with an
equal volume of isopropanol, resuspended in 0.3 ml TE, and re-precipitated with
200 ul of isopropanol after the addition of 30 pul of 3 M sodium acetate.

DNA preps were split in half and digested with either Xbal or EcoRI to
determine the Xbal linker positions at the HIS3 locus (Xbal digests) and to
distinguish multiple and single integration events (EcoRI digests). Digests were
run on 1% agarose electrophoresis gels, and the DNA was transferred to Nytran™

nylon filters by alkaline blotting solution (0.4 N NaOH, 0.6 N NaCl). Filters were
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hybridized with heat denatured biotinylated pUC 18-HIS3 probe in hybridization
buffer (2 % dextran sulfate, 1% SDS, 1M NaCl). Salmon sperm DNA was added
to block non-specific binding to the filter. Hybridization was carried out at 65°C
for 24 hours.

Filters were washed twice in 250 ml of 2X SSC, followed by two washes
with 250 ml of 2X SSC,1% SDS and two washes with 250 ml of 0.1X SSC. Blots
were then washed in buffer 1 (0.1 M Tris-HCI pH7.5, 0.15 M NaCl) followed by
incubation in buffer 1, 3% BSA for 1 hour at 65°C. Blots were drained and
strepdavidin-alkaline phosphatase complex (in 10 ml of buffer 1) was passed over
the surface of the filters for 10 minutes. Filters were washed twice in 500 ml of
buffer 1, followed by a wash in 0.1 M Tris-HCI pH 9.5, 0.1 M NaCl, 50 mM
MgCl;. Color development solutions (NBT and BCIP) from the BLU GENE®

(Gibco BRL) non-radioactive nucleic acid detection kit was added to visualize

hybridized fragments.
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RESULTS

Experimental Strategy:

Repair, recombination, and gene conversion induced by a single, site-
specifically placed psoraien crosslink, psoralen monoadduct, or double strand
break were compared by analyzing the repair products obtained from in vivo
repair of plasmid substrates carrying each form of damage. The plasmid
substrates used for repair studies were synthesized containing either a psoralen
crosslink or psoralen monoadduct at position 416 (the BsiW]1 site) in a frameshift
allele of the HIS3 gene sub-cloned into the plasmid. To create the double strand
break substrate unmodified plasmid was subjected to restriction endonuclease
digestion with BsiW1.

The his3 frameshift alleles were created by insertion of an 8 base Xbal
linker into the HIS3 gene at either position 75 or 622 within the coding region of
the gene. The plasmids carried an autonomous replication sequence to enable
episomal replication, but lacked a CEN sequence, to allow survival of cells that
incorporate the plasmid into the genome by crossover recombination. The TRP!
gene was included on the plasmid to enable tryptophan prototroph selection, used
to identify repaired substrates. Amp” and ori were included for selection and
replication in E. coli and a f1IG element was included for single strand phagemid
replication. A general diagram of the plasmid substrate is shown in fig 7.

The phenotype of yeast cells carrying the mutated his3 gene is sensitive to
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Figure 7. Map of plasmid substrate constructed for repair studies. The
location of the Xbal and BsiW1 sites within the HIS3 gene are shown as base pair
numbering of the HIS3 coding sequence (in parentheses) in addition to the location
defined by plasmid numbering.
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the position of the frameshift. Frameshifts at positions 75, 207, and 304 all
produce a null mutation when the allele is plasmid borne. The frameshift at
position 622 resides in the C-terminus of the protein and produces a slow growth
phenotype in histidine omission medium when the allele is plasmid borne, and
therefore present in high copy number. We have called this slow growth
phenotype His™. The His™ phenotype has facilitated the genetic analysis of the
his3-622X substrate as it allows phenotypic identification of gene conversions at
the his3 allele that produces both His" and His" colonies.

A series of repair proficient yeast strains carrying homologous frameshift
alleles of the HIS3 gene was constructed by two-step gene replacement of the
wildtype HIS3 gene with an allele carrying an Xbal 8-base linker insertion. The
frameshift within the chromosomal Ais3 allele was located at either position 75,
207, 304, or 622 in the coding sequence of the gene. All chromosomal frameshift
alleles, including the his3-622X allele, were phenotypically His'".

Strains were grown to mid-log phase and plasmid substrates carrying the
different forms of damage were transformed into each strain for in vivo repair.
Colonies carrying repaired plasmids were selected by growth on tryptophan
omission medium. After plates were scored, random colonies were transferred to
fresh Trp omission plates and screened for His prototrophy to determine gene
conversion events. Colonies were subjected to serial replica plating on complete
medium, and then returned to growth on both tryptophan and histidine omission

media, to determine the stability of each phenotype. After Trp and His phenotypes
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were assigned to each colony the repair products were isolated and physically
analyzed to determine the gene conversion pattern. Non-crossover products were
isolated by plasmid rescue and analyzed by restriction mapping. Crossover
products were analyzed by Southern hybridization. Gene conversion profiles were
constructed by combining the results of the genetic and physical analysis.

The substrates and strains in the combinations used in this study create 3
marker orientations with respect to the damage site (fig 8). We call these
arrangements Types [, II, and III. In the Type I arrangement the Xbal markers
flank the damage site, with the chromosomal marker upstream and the plasmid
marker downstream, relative to the damage site. In the Type II arrangement, the
plasmid marker is upstream and the chromosomal marker is downstream of the
damage site. This marker orientation is the reverse of the Type [ arrangement.
We have distinguished Type I and Type II arrangements from each other as we
have found differences in the gene conversion patterns associated with these
arrangements (discussed beiow). Finally, in the Type III arrangement, both
plasmid and chromosomal markers are on the same side, upstream of the damage
site, with the chromosomal marker between the damage site and the plasmid
marker. These combinations have enabled us to measure the repair efficiency of
each form of damage as well as various aspects of recombination and gene
conversion induced by each form of damage. Through genetic and physical
analysis of the repair products we have been able to quantitatively measure levels

of crossover recombination, polarity of gene conversion, conversion tract length

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

(D o Lo

s e ssesmerasss U smm—— e S E————

Type I Type II Type III

Legend: @ Damagesite

| Xbal Marker

Figure 8. Classes of marker arrangements used in repair experiments. Type
I: markers flank the damage site with the plasmid marker downstream of the
damage site. Type II: markers flank the damage site with the plasmid marker
upstream of the damage site. Type IlII: both plasmid and chromosomal markers
upstream of the damage site with the chromosomal marker proximal to the damage
site.
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and direction, and levels of mutagenesis induced from each form of damage on the
molecular level. Comparison of the trends and physical characteristics of the repair
products has enabled us to test the general model for psoralen crosslink repair.
Differences observed in the trends of recombination and gene conversion provide
evidence of either physical difference between the repair intermediates formed
during psoralen crosslink and double strand break repair or mechanistic

differences in the processing of the repair intermediates during recombination.

Genetic analysis:

By measuring the levels of Trp and His phenotype, and the trends and
patterns therein, we have been able to compare repair, recombination and gene
conversion induced from a single psoralen crosslink, monoadduct, or double
strand break by genetic techniques. Some of the properties and trends that we
have measured indicate similarities between crosslink and double strand break
repair while showing distinctions for monoadduct repair. These results support the
models for psoralen crosslink and monoadduct repair. However, we have detected
certain properties of crosslink and double strand break induced repair that are
different, which suggest distinctions between repair and recombination induced
from a single crosslink and a double strand break. These differences merit

reconsideration of the model for psoralen crosslink repair.
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Toxicity of a single damaging lesion:

The toxicity of a single damaging lesion for each form of damage (monoadduct,
crosslink, and double strand break) has been determined by measuring the levels
of tryptophan prototrophy arising from repair of the damaged substrates. The
damage carried within the plasmid borne his3 allele inhibits plasmid replication.
In order for a cell to replicate the plasmid and express the TRP/ gene, repair of the
damage must occur. The level of tryptophan prototrophy generated from each
form of damage compared to the level of tryptophan prototrophy arising from cells
transformed with unmodified plasmid represents the efficiency at which each form
of damage is repaired and reflects the level of toxicity that a single damaging
lesion imposes.

Strains were transformed with equimolar amounts of substrate carrying
each form of damage for in vivo repair. Transformants were plated on tryptophan
omission plates and the Trp” colonies were counted and compared to the number
of Trp* colonies obtained from strains transformed with unmodified plasmid. The
repair efficiency was calculated as the percent of Trp” prototrophs generated from
each damaged substrate against the number of prototrophs generated from
transformation with equimolar amounts of unmodified plasmid. The repair
efficiencies for the his3-75X substrates are shown in figure 9.

A single double strand break and a single monoadduct induce different

levels of repair. Strains transformed with double strand break damaged plasmids
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Repair efficiency of damaged plasmids

1.2
g 1
g
T 08
8
£
5 0.6
g 04
2

0

Unmodlfed Monoadduct Crosshnk
Repalrefrmencym i 17 | 0394 N 7061 0174 i

Inducnng Damage

Figure 9. Repair of damaged plasmid DNA in yeast cells. The number of Trp”
transformants was normalized to the number of Trp" colonies resulting from
transformation by undamaged plasmid. The reported values are the means and
standard deviations of duplicate transformations from 6 determinations for each
form of damage. Each transformation yielded from 100 to1500 colonies. The
repair efficiency of psoralen crosslinks is significantly lower than double strand
breaks (P < 0.01, t = 4.02) and psoralen monoadducts (P < 0.001, t =7.10)
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and psoralen monoadduct damaged plasmids resulted in levels of 39.4% and
61.0% respectively (P < 0.01, t = 3.24) of the number of Tpr" colonies arising
from transformation with unmodified plasmid. The different levels of repair
between a single monoadduct and a double strand break indicate that the toxicity
of these forms of damage is different. The level of Trp” colonies arising from
cells transformed with plasmids carrying a single psoralen crosslink was only
17.4% of the level of Trp” colonies from cells transformed with undamaged
plasmid. This is 2 to 3 times lower than the repair efficiency of either a double
strand break or a psoralen monoadduct. The single crosslink lesion exhibits a
lower efficiency of repair and is therefore more toxic that either a psoralen
monoadduct or a double strand break.

Crossover recombination levels for crosslink and double strand break

damage are similar but monoadduct damage is non-recombinogenic:

Repair mediated by the recombinational pathway can result in either
crossover or non-crossover products. Our system has been designed to distinguish
crossover and non-crossover products by genetic analysis of tryptophan
prototrophy. Repaired plasmids express the TRPI gene whether repair results in a
crossover or non-crossover product. If tryptophan prototrophy results from a non-
crossover repair event the phenotype is expressed from a plasmid borne TRP/
gene and will be unstable. When grown on non-selective medium unequal
segregation of the plasmid occurs during replication due to the lack of a plasmid

borne CEN sequence. This results in progeny that lose the plasmid. After
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successive rounds of growth on non-selective medium, cells lacking the plasmid
will over-take the colony. Upon return to the selective growth condition
tryptophan prototrophy will be lost. The loss of tryptophan prototrophy after non-
selective growth conditions has been used to identify cells that have repaired the
damaged plasmid through non-crossover repair events

If tryptophan prototrophy results from a crossover repair event the TRPI
gene will be integrated into the chromosome. After successive rounds of growth
on non-selective medium the TRP/ gene will be present in all cells due to its
inclusion into the genome. Tryptophan prototrophy will be stable. Retention of
tryptophan prototrophy after non-selective growth conditions has been used to
identify cells that have repaired the damaged plasmid through crossover repair
events.

Trp” transformants were transferred to fresh tryptophan omission medium
and serially replica-plated onto non-selective medium (YPD). Colonies were then
returned to tryptophan omission medium and plates were scored after incubation
for 16 hours to determine the stability of the Trp” phenotype. Colonies expressing
TRPI were considered to contain crossover repair products. The percent of Trp’
stable transformants, representing crossover recombination levels, is shown in
figure 10. Both crosslink damage and double strand break damage result in
similar levels of crossover recombination. A single monoadduct at the same

position does not effectively induce crossover recombination.
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Damage-induced plasmid integration
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Figure 10. Damage-induced plasmid integration. The number of stable Trp”
colonies was determined by serial replicaplating and percent Trp” stable was
calculated out of the total Trp” colonies. The reported values are the means and
standard deviations of 6 independent samples for both double strand break and
crosslink damaged plasmids and 3 independent samples for monoadduct damaged
plasmids. Each sample ranged from 96 to 200 colonies. The levels of induced
plasmid integration between crosslink and double strand break damage was similar
(P > 0.05, t = 1.25). The level of induced plasmid integration by monoadduct
damage was significantly lower than that of crosslinks (and double strand breaks)
(P <0.001, t=8.0)
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In previous studies, plasmid substrates capable of autonomous replication
that carried either a double strand break or a double strand gap have been shown to
stimulate similar levels of crossover and non-crossover recombination repair
products (Orr- Weaver and Szoztak 1983). For psoralen damage, the ratio of
crossover versus non-crossover recombination induced by both psoralen
monoadducts and psoralen crosslinks has been shown to exhibit a dose-
dependency (Saeki et.al. 1983). At lower doses of 8-MOP, AMT, or psoralen,
crossover events occur at a higher frequency than non-crossover events. As the
dose increased the proportion was observed to shift to favor non-crossover events.
Crossover events initiated by the mono-functional 3-carbethoxypsoralen derivative
exhibited a similar dose dependency.

The similarity of the levels of the crossover and non-crossover
recombination induced by a single double strand break and a single psoralen
crosslink suggest that the recombinational repair machinery acts on the repair
intermediates of these forms of damage in a similar fashion. In turn, these results
suggest a physical similarity exists between the recombination intermediates of a
double strand break and a crosslink damaged substrate, as predicted by the model
of psoralen crosslink repair

While monoadduct lesions, in high quantity, produce intermediates that
effectively enter the recombinational repair pathway, on the molecular level the
repair intermediate produced by a single psoralen monoadduct is a poor substrate

of recombination, and is shown here to enter this pathway infrequently. These
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results indicate that a physical distinction between the repair intermediate of
monoadduct damage exists, compared to the repair intermediates of both crosslink
and double strand break damage when the intermediate is produced from a single
lesion. The model of psoralen monoadduct repair predicts these results.

Gene Conversion of the Ais3 allele(s):

The induction of the homologous recombinational repair pathway by
crosslink and double strand break damage may result in gene conversion of the
marker(s) within the his3 alleles carried by the plasmid and/or in the genome.
Some of these changes in sequence result in phenotypic changes, which we have
characterized by genetic analysis of the colonies carrying repaired plasmids. We
have compared the trends and properties of gene conversion induced by double
strand breaks and psoralen crosslinks and have found evidence that supports the
model of crosslink repair, but have also found evidence that necessitates
reconsideration of the model.
his3-622X substrate.

The his3-622X substrate is shown in figure 11a, along with a homologous
chromosomal sequence showing the possible positions of the frameshift mutation
carried by this allele. The plasmid marker at position 622 is downstream of the
damage site. When the chromosomal Ais3 allele carries the Xbal marker at one of
the positions indicated in the diagram the combination of this allele with the his3-
622X substrate creates the series of Type I marker arrangements. This arrangement

occurs for the his3-622X substrate in combination with the his3-75X, his3-207X,
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Figure 11. The his3-622X substrate and possible non-crossover gene
conversion events for the Type I arrangements of the Ais3-622X substrate.
A: his3(622X) substrate and homologous chromosome. Xbal linker at the
positions indicated create the Type I combinations.

B: Possible chromosome-to-plasmid gene conversion events and phenotype
outcome for non-crossover recombination of the Type I combinations. In each
combination shown the allele on the top represents the plasmid borne Ais3 allele.
Conversion to His" (top) occurs from a gene conversion tract extending
downstream from the damage site (shown as a break). Conversion to His™ occurs
from either a unidirectional gene conversion tract extending upstream from the
damage site, or by a bi-directional conversion tract extending in both directions.
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and his3-304X strains.

The phenotype of strains carrying the his3-622X substrate, prior to gene
conversion, is His”". This atypical phenotype is ideal for genetic analysis studies,
since a change of the His™" phenotype indicates a gene conversion event. Both
His™ and His™ arise from gene conversion, which depends on conversion tract
length and direction (fig 11b). We have quantitatively measured the changes in
the His™" phenotype, to compare by genetic techniques, the overall levels of gene
conversion induced by psoralen crosslink damage and double strand break damage
in the Type I series.

Gene conversion levels of his3, in the non-crossover products, are higher from

double strand break induced repair than from crosslink induced repair:

The overall levels of phenotypic change associated with non-crossover
events during repair of the his3-622X substrate are shown in figure 12. Double
strand break induced repair resulted in a higher level of colonies exhibiting a
change of the His"" phenotype compared to crosslink induced repair. A single
psoralen monoadduct lesion did not induce a change of the His™ phenotype in any
of the strains.

Differences in gene conversion levels indicate that either one substrate
enters the recombinational repair pathway more efficiently over the other, since
gene conversion is a consequence of recombination, or that one substrate imposes

a limitation of hDNA formation which creates a bias against gene conversion. We
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Figure 12. Phenotypic change for non-crossover repair products of Type I
combinations. The number of colonies carrying repaired plasmids (non-crossover
products) with a changed His phenotype was determined by replicaplating.
Phenotypic changes resulting in both His" and His" colonies were totaled for each
form of damage in each combination. The percentage was calculated out of the
total non-crossover products (Trp” unstable). Sample sizes ranged from 85 to 98
colonies for double strand break (DSB) damage, and 32 to 71 colonies for
crosslink (XL) damage. The reported value is for 1 determination for each form of
damage in each strain.
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have shown that psoralen crosslinks induce the mutagenic repair pathway
(discussed below). Substrates entering this pathway lower the possible frequency
of gene conversion by removing available substrate for the recombination
pathway. The detection and measurement of substrates entering the mutagenic
pathway will be discussed in detail in the physical analysis section.

A distance-dependent gradient of gene conversion levels is an indication
that the formation of hDNA is limiting (Sweetser et al., 1994). To determine if the
difference in gene conversion levels that we have observed between crosslink and
DBS induced recombination is the result of hDNA limitation imposed by crosslink
damage, we have compared the levels of gene conversion within the Type I series.

The marker arrangement for the different combinations of the Type I series
are in the same orientation. However, the different combinations of the series
differ from each other with respect to the distance of the chromosomal marker to
the damage site on the plasmid. In the series, the chromosomal markers are
positioned at approximately 100 base intervals upstream from the damage site.
We have compared the levels of gene conversion between the different
combinations of the series to determine if gene conversion tracts exhibit a distance
limitation. If conversion tract length is limiting over the 300 base stretch
encompassing the chromosomal markers, a decline in the level of gene conversion
at the marker(s) further from the damage site is expected. We have also compared
tract lengths induced from psoralen crosslinks to double strand breaks to

determine if the specific form of damage affects conversion tract structure.
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Conversion tract length (and hDNA formation) is not limiting over an

identical homology stretch of 300 bp:

By comparing the levels of gene conversion within the Type I series, gene
conversion at approximately 100 bp. intervals from the damage site can be
compared. Evidence of a distance-dependent gradient of gene conversion levels
was not detected over the 300 bp. span of identical sequence homology for either
psoralen crosslink or a double strand break induced recombination (figure 13).
Conversion levels generating His™ decrease only marginally as the distance of the
marker from the damage site increases. Conversion of the his3-622X substrate in
the his3-304X strain requires a minimum tract length of 112 bp upstream to
produce His™ colonies. In the combinations involving the other his3X strains, the
tract length required to produce His" is longer (209 bp in his3-207X and 341 bp in
his3-75X). The marginal change in the levels of conversion to His™ suggests that
for distances in the range of 100 to 300 base pairs, gene conversion tracts (and
hDNA formation) do not exhibit a length-limitation when progressing through a
stretch of identical sequence homology.

A conversion tract of at least 206 base pairs, extending downstream of the
damage site, in all of the Type I combinations will produce the His" phenotype.
However, if bi-directional conversion results in co-conversion of the upstream
marker, the chromosomal marker will transfer to the plasmid producing a His
phenotype. If hDNA formation exhibit a distance limitation, conversion to His"

should be substantially highest in the his3-75X strain as this marker is furthest
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from the damage site and will be excluded from co-conversion. Figure 13 shows
the level of conversion to His" for the Type I combinations. As with conversion to
His', there is only a marginal difference in the levels of conversion to His"
between the combinations of the series, indicating little or no hDNA formation

limitation in the 100 to 300 base pair range.
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Figure 13. Gene conversion of his3X as a function of distance from the
damage site. Colonies reported in figure 12 were separated into His" and His".
Marker conversion levels leading to His™ (top) and marker conversion levels to
His" (bottom) are shown versus the distance of the chromosomal marker from the
plasmid borne damage site. The sequences between the damage site and the
marker share identical homology.
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In the Type I combinations, psoralen crosslinks preferentially induce gene

conversion yielding His products while double strand breaks preferentially

induce His" products:

When the products of damage-induced repair and recombination are
compared for gene conversion outcome, a trend in the pattern of His phenotype
generation is observed. For Type I combinations, crosslink damaged substrates
result in the preferential generation of His™ products while double strand break
damage preferentially induce His™ colonies. The level of gene conversion
generating His™ is significantly higher during repair of crosslink damaged
substrates than the level of gene conversion generating His" during repair of
double strand break damaged substrates. This trend was observed in both the
crossover and non-crossover products for all of the Type I combinations (fig 14).

The level of gene conversion generating His"™ colonies during the repair of
double strand break damaged substrates is significantly higher than the level of
gene conversion generating His" colonies during repair of crosslink damaged
substrates (figiS). This trend was also observed in both the crossover and non-
crossover products for all of the Type I combinations.

The difference in phenotype generation induced by crosslinks and double
strand breaks, and the specificity of tract direction dictated by the marker
arrangement in Type I combinations to produce His® and His' imply that
conversion tracts exhibit a directional polarity that is a function of the inducing

form of damage. The results suggest that conversion tracts preferentially extend
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Phenotypic change leading to His-: Crossover products
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Figure 14. Preferential His" phenotype generation by psoralen crosslinks
during gene conversion of Type I combinations. Percent of repair products
(Trp") exhibiting the His phenotype for non-crossover (top) and crossover
(bottom) products from Type I arrangements. Trp* colonies were screened for His
phenotype and Trp and His stability by replicaplating. Percentage of His™ colonies
from the total colonies analyzed is shown for substrates carrying a psoralen
crosslink (open bars) or a double strand break (closed bars) in each strain. Sample
sizes ranged from 66 to 200 colonies.
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Figure 15. Preferential His* phenotype generation by double strand breaks
during gene conversion of Type I combinations.
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Percent of repair products

(Trp") exhibiting the His® phenotype for non-crossover (top) and crossover

(bottom) products from Type I arrangements. Trp" colonies were screened for His
phenotype and Trp and His stability by replica plating. Percentage of His"

colonies from the total colonies analyzed is shown for substrates carrying a
psoralen crosslink (open bars) or a double strand break (closed bars) in each strain.
Sample sizes ranged from 66 to 200 colonies.

Reprbduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

upstream from the damage site when induced by a psoralen crosslink and
downstream from the damage site when induced by a double strand break.
Phenotype generation pattern is reversed in the Type II combination:

The Type II marker arrangement occurs when the his3-75X substrate is in
combination with the his3-622X strain (fig 16). In this combination the plasmid
borne marker is upstream of the damage site and the chromosomal marker is
downstream of the damage site. This orientation is the reverse of Type I with
respect to the position of the markers relative to the damage site. Reversing the
positions of the plasmid and chromosomal marker reverses the outcome phenotype
produced from upstream and downstream conversion tracts compared to the Type
[ arrangements. Conversion tracts extending downstream from the damage site
will yield a His phenotype and those extending upstream will yield a His"
phenotype. If conversion tracts exhibit a directional polarity, which is a function
of the inducing form of damage, the expectation for the Type II arrangement is
that crosslink damage will induce His" colonies to a higher degree than double
strand break damage.

We have observed a difference in His" generation between the products of
crosslink and double strand break induced gene conversion that is in agreement
with the expectation for Type II arrangement (fig 17). Gene conversion
generating His™ occurs at a higher level when induced from crosslink damage.
This trend was observed for both crossover and non-crossover products. Since the

original phenotype for this allele is His", it was only possible to measure
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Figure 16. Gene conversion events for the Type II arrangement of the Ais3-
75X substrate. Possible chromosome-to-plasmid gene conversion events and
phenotype outcome for non-crossover recombination of the Type II combination
showing the reverse outcome for Type I combinations. His" occurs from a gene
conversion tract extending upstream from the damage site while His™ occurs from
either a unidirectional downstream conversion tract or from a bi-directior.al
conversion tract.
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Figure 17. Preferential His* phenotype generation by psorslen crosslinks
during gene conversion of Type I1 combinations. Percent of repair products
(Trp") exhibiting the His" phenotype for the Ais3-622X strain transformed with the
his3-75X substrate. Trp” colonies were screened for His phenotype and Trp and
His stability by replica plating. Percentage of His" colonies from the total colonies
analyzed is shown separately for non-crossover and crossover products from
substrates carrying a psoralen crosslink (open bars, n = 216) or a double strand
break (closed bars, n = 200). Genetic analysis can only detect His* generation for
the Type II arrangement.
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conversions resulting in His"* colonies by genetic techniques.

The preferential conversion to specific phenotypes observed in the Type 11
arrangement coincides with the preferential conversion to specific phenotypes
observed in the Type I combinations. A difference in His phenotype generation for
a given marker combination exists that is dependent on the inducing form of
damage. When the marker arrangement is inverted, the trend of His phenotype
generation for the forms of damage reverses, suggesting that the difference is due
to a directional preference of conversion tract formation. Psoralen crosslinks
induce more upstream conversion tracts, while double strand breaks induce more
downstream conversion tracts. Physical analysis of the repair products (discussed

below) supports this trend.

Coincidental Trp" and His" stability suggest gene conversion occur primarily

in the chromosome-to-plasmid direction:

If gene conversion occurs by mismatch of heteroduplex DNA formed by
recombination intermediates and homologous sequences, either the damaged or
the undamaged DNA molecule can be the donor of genetic information during the
event. However, it has been generally observed that the damaged DNA molecule
is usually the recipient of genetic information, and the undamaged molecule is the
donor of genetic information during gene conversion (reviewed in Nickoloff and
Hoekstra 1997). The previous treatment of gene conversion in this system

assumes that the damaged plasmid has been the recipient in damage-induced gene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

conversion (chromosome-to-plasmid conversion). = We have detected, by
phenotypic analysis, conversion events in which the undamaged his3X allele
carried on the chromosome has been the recipient of genetic information.
Colonies arising from plasmid-to-chromosome conversion have an
extrachromosomal plasmid carrying a his3 allele and the TRP! gene, and a HIS3
allele on the chromosome. The phenotype and stability of these colonies is
Trp'unstable-His stable. In His" colonies the location (plasmid or chromosome)
of the HIS3 gene, giving rise to the His" phenotype, can be identified by
determining the stability of the His" phenotype. If the stability of the His™ and
Trp" phenotypes coincide (both unstable), both alleles are plasmid borne which is
an indication of chromosome-to-plasmid (undamaged-to-damaged) gene
conversion. However, if the His" phenotype is stable, indicating that the HIS3
allele resides on the chromosome, and the Trp” phenotype is unstable, indicating
that the plasmid has remained extra-chromosomal after repair, gene conversion
has occurred in the plasmid-to-chromosome direction. Coincidence of the His"
stability for Trp" unstable colonies is shown in figure 18. Most of the His"
colonies with an unstable Trp* phenotype have a coincidental His* unstable
phenotype indicating that the converted HIS3 allele resides on the plasmid and
conversion occurred in the chromosome-to-plasmid direction. However, a small
portion of the damage-induced His" colonies, with an unstable Trp~ phenotype,

has a stable His" phenotype, indicating plasmid-to-chromosome conversion.
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Percent C-to-P and P-to-C conversion induced by
XL damage, non-crossover products of Type |
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Figure 18. Percent of chromosome-to-plasmid (C-to-P) and plasmid-to-
chromosome (P-to-C) conversion in the non-crossover products of Type I
arrangements. The percent of His unstable and His" stable for the Trp” unstable
colonies is shown. XL damage (top): For 12/13(75X), 4/4 (207X), and 4/4 (304X)
products conversion occurred in the chromosome-to-plasmid direction. DSB
damage (bottom): For 45/47 (75X), 24/27 (207X), and 39/40 (304X) products
conversion occurred in the chromosome-to-plasmid direction.
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Type III arrangements generate His' products by discontinuous gene

conversion tracts:

The his3-75X substrate in combination with the his3-207X and his3-304X
strains create the Type III arrangements. In these combinations both the plasmid
and chromosomal markers are upstream of the damage site with the chromosomal
marker proximal to the damage site (fig 19a). If chromosome-to-plasmid
conversion is assumed, the His® phenotype can only be generated by a
discontinuous conversion tract where chromosome-to-plasmid conversion occurs
at the plasmid marker site but the chromosomal marker escapes conversion. In
accordance with the DSB repair model of recombination (and the variations
therein) certain events must occur in order to give rise to a discontinuous
conversion tract. The plasmid sequence corresponding to the proximal
chromosomal marker, must escape both resection and chromosome-to-plasmid
mismatch repair of heteroduplex DNA while the sequence containing the plasmid
borne marker must be involved in heteroduplex DNA and induce mismatch repair
in the chromosome-to-plasmid direction. One possible model, explaining
discontinuous conversion tracts, is shown in figure 19b. Resection, excluding the
proximal marker is followed by repair synthesis of the gap. Branch migration then
establishes hDNA at the plasmid marker while restoring the chromosomal marker.
Mismatch repair in the chromosome-to-plasmid direction converts the plasmid

borne marker to the chromosomal sequence.
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207 304

|
|

Figure 19. A: Type III arrangements of the his3-75X substrate. B:
Discontinuous gene conversion tract resulting in a His* plasmid borne allele.
Branch migration of both Holliday junctions restores the marker on the
chromosomal allele.
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His" colonies have been detected in the crossover and non-crossover
products of the Type III combinations. Unstable His" colonies have been observed
in the double strand break repair products of both Type III arrangements and
stable His" colonies have been observed for both the crosslink and double strand
break products of both Type III arrangements. The percent of these events is
shown in table 4. The presence of discontinuous conversion tracts is an indication
that conversion, in at least these products, occurs by mismatch repair of
heteroduplex DNA and possibly involves branch migration of the Holliday

junctions after initial repair synthesis is complete.
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TABLE 4.

His" phenotype generated from Type III combinations.

Strain DSB induced repair Crosslink induce repair
Non-crossover Crossover Non-crossover  Crossover

his3-304X 2/80 (2.5) 13/120 (10.8) 0/102 (0.0) 12/109 (11.0)

his3-207X 4/113 (3.5) 23/87 (26.4) 0/111 (0.0) 4/93 (4.3)

His" colonies detected from genetic analysis of the his3-75X plasmid
transformed into his3-304X and his3-207X strains.
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Physical analysis of non-cressover products:

The results of the genetic analysis provide evidence that support the models
of psoralen crosslink and monoadduct repair: A single crosslink was shown to be
more toxic than either a monoadduct or a double strand break. Crosslink and
double strand break damage produce similar levels of crossover and non-crossover
products while a monoadduct was shown to be non-recombinogenic. Neither
crosslink damage nor double strand break damage imposes hDNA limitation in the
range of the markers studied. In addition, certain properties of gene conversion
induced from a single crosslink and a double strand break have been shown to be
similar which is in support of the model of crosslink repair. These properties
include the evidence of discontinuous conversion tracts, branch migration, hDNA
formation, and the high level of chromosome-to-plasmid gene conversion induced
from both forms of damage.

The genetic analysis identified two properties of gene conversion induced
from a crosslink and a double strand break that are different. The level of gene
conversion in the non-crossover products of double strand break damage-induced
repair is higher than the level of gene conversion in the non-crossover products of
psoralen crosslink-induced repair. Also, gene conversion induced by crosslink
damage in the Type I combinations preferentially produces His™ colonies while
double strand break damage preferentially induces gene conversion leading to His"
for the same combinations of strain and substrate. In the Type II combination, this

preference is reversed. On the basis of the marker arrangements and the specific
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gene conversion tract required to produce His © and His™ colonies, the results
suggest that the form of damage initiating the conversion imposes a directionality
to the conversion tract, which for these two forms of damage preferentially occurs
in opposite directions.

These differences between crosslink and DSB induce gene conversion pose
questions to the validity of the model for crosslink repair. To further characterize
the similarities and differences between psoralen crosslink and DSB induced
repair we have physically analyzed the repair products and compared the physical
properties of gene conversion outcome.

Total yeast DNA from Trp” unstable colonies, carrying extra-chromosomal
plasmids from the repair of both crosslink and DSB damage was isolated and
transformed into ultra-competent E. coli. The plasmids carry both the E. coli
origin of replication (ori) and the Amp” gene enabling both replication and
selection. Plasmid DNA was isolated from ampicilin resistant cells and used for
restriction mapping. Changes in the marker arrangement(s) were identified and
used along with the results of the genetic analysis to construct gene conversion
profiles for each combination of the Type [, II and III arrangements. The profiles
for double strand break and crosslink induced gene conversion were compared to
identify the unique and common trends of recombination and gene conversion
characteristic for each form of damage.

The Xbal restriction maps of the original 4is3-622X and his3-75X substrates

are shown in figure 20. Digestion with Xbal cuts the plasmid into 3 fragments.
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Restriction maps of his3X substrates:

751556

his3X

Xbal 3403

Xbal 309

Xbal 3403

Figure 20. Xbal restriction map of original plasmid substrates.
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The largest fragment is 3073 base pairs and is generated from the two Xbal sites
that are outside the his3X allele. The length of this fragment is fixed and is
unaffected by gene conversion occurring within the Ais3X allele. The position(s)
of the Xbal marker(s) within the his3X allele dictates the length of the other
restriction fragments. Changes in the position(s) of the Xbal markers due to gene
conversion will alter the lengths of these variable restriction fragments. The
lengths of the restriction fragments from Xbal digests of each repair product have
been measured by gel electrophoresis and used to reconstruct the positions of the
markers in the Ais3 gene. Gene conversion events that account for the marker
patterns have been deduced. The products were categorized by the gene
conversion event leading to the marker arrangement and the percent occurrence of
each category was calculated and combined with the results of the genetic analysis
to construct the gene conversion profile. Gene conversion profiles were
constructed for crosslink and double strand break repair products for each of the
Type L, II, and III combinations. The profiles were then compared to detect the
similarities and differences for the trends of gene conversion induced by crosslinks
and double strand breaks. The gene conversion profiles for Type I and Type II

combinations are shown in figures 21a - d.

Gene _conversion_products identified by restriction mapping of rescued

products:

Xbal and BsiW]I restriction mapping was used to analyze the non-crossover

products that were isolated. The products can be classified into 5 groups on the
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Figure 21a-d. Gene conversion profiles for the non-crossover products of the
Type I (a-c) and Type II (d) combinations. Left (top): Original plasmid and
chromosomal marker locations. Left (bottom): Marker location(s) of Xbal
marker(s) in the plasmid borne allele of non-crossover products isolated by
plasmid rescue. Right: Percent of each product category and gene conversion
event determined from genetic and physical analysis. The number of colonies used
for the genetic analysis and physical analysis (in parenthesis) are included in the
data tables.
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basis of marker arrangement or BsiWI sequence. 3 of the 5 product groups arise
from different gene conversion events. These product classifications are: 1)
Plasmids that have lost the Xbal marker, 2) Plasmids that have gained the
chromosomal Xbal marker, 3) Plasmids that have gained the chromosomal Xbal
marker and have lost the original plasmid borne Xbal marker. Examples of these
products are shown in figures 22 and 23. The fourth group consists of plasmids
that have been repaired without conversion of either marker and the fifth group
consists of plasmid that have been processed by the error-prone pathways and
carry a mutation at the BsiW1 site within the his3 coding sequence.

Conversion tracts induced from cresslinks and double strand breaks exhibit a
polarity in oppesite directions:

The gene conversion profiles of the non-crossover products show that
conversion tracts induced from psoralen crosslinks and double strand breaks
exhibit polarity in opposite directions. In both Type I and Type II combinations,
the levels of downstream conversion tracts are 2-to-4 times higher when
conversion is induced from double strand breaks and the levels of upstream
conversion tracts is 2-to-3 times higher when conversion is induced by psoralen
crosslink damage. This trend in conversion tract polarity is consistent with the
observations of the genetic analysis and accounts for the preference of His
phenotype generation from both crosslink and double strand break damage. The
gene conversion profiles provide physical evidence that damage induced

conversion tracts exhibit a directional polarity, the direction of which is dependent
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Possible products of non-crossover gene conversion:

his3-75X plasmid transformed into his3-207X strain

1219

His3-207X

207 1424
751

1219

Xbal 3403

Figure 22. Non-crossover products arising from different gene conversion events.
A. Conversion to the chromosomal marker (partial conversion).
B. Conversion to the chromosomal allele (full conversion)
C. Conversion of the plasmid marker (wildtype allele)
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Possible products of non-crossover gene conversion:

his3-622X plasmid transformed into his3-304X strain

1219

Figure 23. Non-crossover products arising from different gene conversion events.
A. Conversion to the chromosomal marker (partial conversion).
B. Conversion to the chromosomal allele (full conversion)
C. Conversion of the plasmid marker (wildtype allele)
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on the form of inducing damage. Conversion tracts induced from psoralen
crosslink damage preferentially extend upstream from the damage site while
conversion tracts induced from a double strand break at the same site
preferentially extend downstream from the damage site.

Conversion _tracts are predominantly unidirectional in non-crossover

products:

In both Type I and Type II arrangements, the chromosomal and plasmid
borne markers flank the damage site. The use of flanking markers enables the
measurement of the levels of unidirectional and bi-directional conversion tracts.
Unidirectional conversion tracts, those that extend either upstream or downstream
in only one direction, result in the conversion of only one of the two markers. Ifa
conversion tract is bi-directional, extending in both directions from the damage
site, both markers can be involved in a gene conversion event (see fig 11b. and fig
16).

Unidirectional conversion tracts account for all of the His™ gene conversion
events of Type I and Type II combinations due to the marker arrangements. His
products however, can arise from either uni- or bi-directional conversion tracts.
We have measured the levels of both uni- and bi-directional conversion tracts in
the non-crossover products. Physical analysis has detected plasmid bome his3
alleles that have been fully converted to the chromosomal allele. This could only
happen if both markers are converted to the chromosomal sequence by a bi-

directional gene conversion tract.
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The overall level of bi-directional conversion tracts is shown in the gene
conversion profiles. Bi-directional tracts are present in 2.5% to 11.3 % of the
repaired plasmids. Of the total gene conversion events the level of bi-directional
tracts are in the range of 7.3% to 20.4%. The majority of conversion tracts (79.6%
to 92.7%) are therefore unidirectional. A difference in the level of uni- and bi-

directional tracts as a function of the type of inducing damage was not observed.

Gene conversion profiles of crosslink and double strand break induced repair

products are similar for the Type III arrangements:

The gene conversion profiles of the products from Type III combinations
are shown in figs 24a,b. The profiles for both crosslink and double strand break
repair products appear to be similar. Also, the marker arrangements in the Type
[II combinations impose restraints on gene conversion as discussed in the genetic
analysis section. Only 2.5% to 5.7% of the repaired plasmids converted the
plasmid marker by a discontinuous conversion tract.

The level of overall gene conversion in the Type III combinations is
substantially lower compared to the levels observed for the Type I and Type II
combinations. The average level of gene conversion in Type I and Type II
combinations is 46.8%. The average level of gene conversion in Type III
combinations is 15.1 %, where the gene conversion average is 24.5% in the his3-
304X strain and only 6.4% in the his3-207X strain. The decline in overall gene
conversion appears to be associated with the distance between the plasmid and

chromosomal markers. As the distance between the markers decreases the level of
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Figure 24a - b. Gene conversion profiles for the non-crossover products of the
Type III combinations. Left (top): Original plasmid and chromosomal marker
locations. Left (bottom): Marker location(s) of Xbal marker(s) in the plasmid
borne allele of non-crossover products isolated by plasmid rescue. Right: Percent
of each product category and gene conversion event determined from genetic and
physical analysis. The number of colonies used for the genetic analysis and
physical analysis (in parenthesis) are included in the data tables.
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gene conversion also decrease. This may be due to heteroduplex rejection caused
by a decrease in local homology between the recombining sequences as the
markers approach one another.

Mutations at the damage site are detected from psoralen crosslink damage

but not double strand break damage.

Xbal restriction mapping identified four types of non-crossover products
that show different patterns of the Xbal marker(s) in the his3 gene. A fifth class of
product was retrieved from BsiW#1 restriction mapping of the rescued plasmids.
These products are plasmids that carry a mutation at the damage site (the Bsi#1
site within the HIS3 gene) and were detected as plasmids resistant to restriction
endonuclease digestion with BsiWI enzyme. The level of mutations at the Bsi#1
site for the non-crossover products from substrates that carried a psoralen
crosslink was measured at 9.1% of the total products (table Sa).

Non-crossover products from double strand break induced repair were
analyzed for mutations at the BsiWI site. Mutations were not detected, as all
products were susceptible to BsiW#1 digestion (table 5b). Crossover products of
crosslink induced repair were also analyzed for mutations at the BsiW#1 site. PCR
was used to amplify a 900 bp. fragment of the his3 gene. The PCR product was
then treated with BsiW1 restriction endonuclease to determine the integrity of the
BsiWl site. All PCR products were cleaved into two fragments indicating that
mutations at the BsiW1 site in the crossover products of psoralen crosslink repair

were not present.
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TABLE 5

Targeted mutations of the BsiW]1 site within the HIS3 coding sequence.

A
Strain his3-622X substrate his3-75X substrate
His3(75X) 1 (10.0%) N.D.
His3(207X) 0 9{(11.3%
His3(304X) 2(11.1%) 3(8.1%)
His3(622X) N.D. 2(6.5%)
B
Damage Product Total  Mutations
Psoralen Crosslink  Non-crossover 186 17 (9.1%)
Psoralen Crosslink  Crossover 82 0
Double strand break Non-crossover 141 0

A. Percent of rescued plasmids resistant to BsiW1 digestion indicating
mutation at the BsiW]1 site for each substrate/strain combination. All substrates
carried a psoralen crosslink at the BsiW#1 site. B. Total products analyzed for
mutations at the BsiW1 site. Non-crossover products were analyzed by plasmid
rescue followed by digestion with BsiW1 restriction endonuclease. Crossover
products were analyzed by PCR amplification of the 900 bp. sequence surrounding
the BsiW1 site followed by BsiW1 digestion of the PCR product. All PCR
fragments synthesized from psoralen crosslink induced crossover recombination
products were cut by the BsiW#1 enzyme.
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We have analyzed the sequence of psoralen crosslink induced mutations
and found that all mutations involve the psoralen-modified thymine residues in the
BsiWl sequence. The mutations retrieved are shown in table 6. The 100 bp.
sequence centered about the modified BsiWI site of 15 BsiWI-resistant products
was analyzed. Ten products contained T:A > C:G transitions. Three T:A 2
G:C transversions, one T:A -> A:T transversion and one GT -> TG double
transversion was observed. Xbal restriction mapping of the products containing
mutations at the BsiW1 site showed that all of these products retained the original
Xbal frameshift marker and did not show any evidence of gene conversion at the
chromosomal marker position.

Physical analysis of crossover recombination products:

Southern hybridization analysis of the crossover products was used to
construct the gene conversion profiles for both crosslink and double strand break
induced repair. Trp" stable colonies were grown in 10 ml cultures and genomic
DNA was isolated. DNA samples were divided in half and subjected to both Xbal
and EcoRI digestion. Digested DNA was run on agarose electrophoresis gels and
transferred to nylon filters. pUC18-HIS3 probe was hybridized to the filters to
detect fragments containing both vector and HIS3 sequences generated by the
digestion of the genomic DNA. Restriction fragment lengths were determined
against A BstETl size standard or A Hindlll size standard included on each gel.

Fragment lengths were used to construct restriction maps of the HIS3 locus for
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TABLE 6

Mutational spectrum from sequence analysis of BsiW1 resistant plasmid
products from psoralen crosslink repair.

(+) CAGGCCGTACGCAGTTG
() GTCCGGCATGCGTCAAC

Strand T:A2C:G TA->GC TA-2>AT GT->TG

+ 6 3 1 1

- 4 0 0 0

Sequence analysis of the 100 bp. region flanking the his3 BsiW1 site of
plasmids resistant to BsiW1 digestion. All mutations involve the psoralen modified
thymine residue of either the non-transcribed (+) strand or the transcribed (-)
strand shown on top. Bottom: mutation spectrum from 15 products sequenced .
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each product. The constructed restriction maps were compared to the restriction
maps of the Ais3 loci prior to crossover recombination (figure 25). Changes in the
position(s) of the Xbal restriction sites in the repair products were identified and
used to deduce the specific gene conversion event(s) required to produce the
observed marker patterns. Products were classified according to these events.
EcoRI blots were used to distinguish single and multiple integration products.

Southern hybridization analysis identifies 6 classes of crossover

recombination products:

Six classes of crossover recombination products were identified by
southern hybridization, three of which arise from gene conversion in the
chromosome-to-plasmid direction. These three classes are products that have lost
the plasmid marker, products that have gained the chromosomal marker, and
products that have simultaneously lost the plasmid marker and gained the
chromosome marker. The fourth class of products are those where gene
conversion occurs in the plasmid-to-chromosome direction. Plasmids that have
integrated without gene conversion comprise the fifth class and products that
contain deletions or rearrangements at Ais3 account for the sixth class. These six
types of products have been identified in products showing both single and
multiple plasmid integration. Examples of the alleles, marker arrangements, and
deduced gene conversion events determined from the Southern hybridization

analysis for some of the detected single integration products are shown in figure

26.
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Figure 25. Xbal restriction map of the wildtype and frameshift strains HIS3
locus.
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Figure 26. Xbal restriction maps of some crossover recombination products
(single integration). Maps shown are for Type I combination of the his3-622X
substrate transformed into the his3-75X strain (top) . Bottom: Maps deduced from
Southern hybridization analysis of blots from genomic DNA digestions with Xbal.
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The contribution of each product category to the total products obtained
was calculated for and used to construct the gene conversion profile. Patterns
retrieved from the profiles for both forms of damage were compared. Gene
conversion profiles for the crossover products are shown in figures 27a - f. The
trends obtained from the gene conversion profiles coincide with the trends
observed from the genetic analysis.

The majority of gene conversion events occur in the chromosome-to-plasmid

direction for crossover products:

In all of the combinations studied (all Type I, II, and III) the plasmid and
chromosomal alleles of the his3 gene carry Xbal markers at different locations.
When a plasmid becomes integrated into the genome an additional allele, and an
additional Xbal marker, are introduce to the HIS3 locus. If gene conversion does
not occur the two alleles will carry a total of two markers at the positions
corresponding to the original chromosome and the original plasmid positions.
Which allele carries which marker will depend on the crossover point during the
integration which is a function of the resolution of the heteroduplex intermediate.

Gene conversion in the chromosome-to-plasmid direction can occur at
either position, resulting in different products. If chromosome-to-plasmid
conversion occurs at the plasmid marker position, the plasmid marker will convert
to the chromosomal sequence and will be lost. The result is a decrease in the

number of plasmid markers relative to the number of integrated plasmids. If
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Figure 27 a-f. Gene conversion profiles for the crossover products of Type I (a-
c), Type II (d), and Type III (e,f) combinations. Left (top): Original plasmid and
chromosomal marker locations. Left (bottom): Marker location(s) of Xbal
marker(s) in the plasmid borne allele of non-crossover products isolated by
plasmid rescue. Right: Percent of each product category and gene conversion
event determined from genetic and physical analysis. The number of colonies used
for the genetic analysis and physical analysis (in parenthesis) are included in the
data tables.
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chromosome-to-plasmid conversion occurs at the chromosomal marker position it
will be copied to the plasmid allele, increasing the number of markers at the
chromosomal position. Both of these events have been used to identify
chromosome-to-plasmid gene conversion for single and muitiple integration
products.

Plasmid-to-chromosome gene conversion has the reverse effect on the
numbers of plasmid and chromosomal markers. When plasmid-to-chromosome
gene conversion occurs at the plasmid marker position this marker is copied to the
chromosome. The result is an increase in the number of plasmid markers relative
to the number of integrated plasmids. Plasmid-to-chromosome conversion at the
chromosomal marker position converts the chromosomal marker to the plasmid
sequence resulting in the loss of the chromosomal marker. Both of these events
have been used to identify plasmid-to-chromosome gene conversion for both
single and multiple integration products.

The level of plasmid-to-chromosome gene conversion induced from both
crosslink and double strand break damage is shown in the gene conversion
profiles. For Type I and Type II combinations, plasmid-to-chromosome gene
conversion occur in 1.4% to 7.3% of the products. Of the total gene conversion
events the corresponding level of chromosome-to-plasmid gene conversion is
89.4% to 98.2%. For the Type HI combinations the level of plasmid-to-
chromosome gene conversion is slightly higher. 3.9% to 10.4% of the products

show gene conversion in the plasmid-to-chromosome direction. Of the total gene
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conversion events for the Type III combinations, the corresponding level of
chromosome-to-plasmid gene conversion is 75.0% to 94.8%. The predominant
direction of gene conversion is in the chromosome-to-plasmid direction for all
combinations studied for gene conversion induced from both crosslink and double
strand break damage. The level was independent of the inducing damage.

Conversion tracts in crossover products exhibit the same directional polarity

as observed in the non-crossover products:

Damage induced conversion tracts in the non-crossover products of Type I
and Type II combinations show polarity, which depends on the inducing damage.
It was observed that conversion tracts induced from crosslink damage
preferentially extend upstream from the damage site while conversion tracts
induced from double strand break damage preferentially extend downstream from
the damage site. In Type I and Type II combinations, the damage induced
conversion tracts of the crossover products show the same polarity, which again is
dependent upon the kind of inducing damage. The level of upstream conversion
induced from crosslink damage is 2-to-5 fold higher than the level of upstream
conversion induced from double strand break damage. The level of downstream
conversion induced from double strand break damage is 2-to-5 fold higher than
downstream conversion during crosslink repair. These results are consistent with
the genetic analysis and account for the observed difference in His phenotype

generation observed for the crossover products.
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The difference in the polarity of gene conversion tracts, observed for both
crossover and non-crossover products during damage-induced recombination, is
the most notable distinction between gene conversion induced from psoralen
crosslink damage and that induced from double strand break damage. Polarity of
gene conversion tracts has been seen in other recombination systems, during both
mitotic repair and meiotic gene conversion. Polarity during meiotic gene
conversion is believed to be the result of specific recombination initiation sites
within the gene at the high end of the polarity gradient (Malone et al., 1992).
During mitotic repair of double strand break damage polarity of gene conversion
has been shown to result from differential end processing (see discussion). In our
system, damage induced recombination initiates from the same site for substrates
carrying both forms of damage. Therefore our results imply that a physical or
mechanistic difference exists between the recombination intermediates of
crosslink and double strand break damage, that gives rise to an opposite gene
conversion polarity, possibly by causing differential end processing.

Differential end processing of the recombination intermediates may lead to
the formation of extensive asymmetric hDNA on a specific side of the damage site
in the Holliday structure, leading to mismatches on the side corresponding to the
observed polarity for the specific form of damage. The difference in end
processing may be due to either a physical difference between the recombination
intermediates of crosslink and double strand break damage or may be due to

mechanistic differences in the processing and/or excision steps leading to
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differential resectioning in the recombination intermediates. A directional
preference in resectioning can result if one of the terminal ends of the break is
blocked due to the transcription and/or the excision repair machinery or the release

of terminal ends from the excision machinery is ordered.

Gene conversion levels induced from crosslink and double strand break

damage are similar in crossover products:

The only repair pathway that can produce plasmid integration is the
recombinational pathway. Therefore, this pathway must mediate every repair
event that results in a crossover product. This is not true for all extra-chromosomal
products. Crosslink damage induces the mutagenic pathway in addition to the
recombinogenic pathway. Both pathways lead to extra-chromosomal repair
products.  Products entering the mutagenic pathway do not enter the
recombination pathway and therefore do not exhibit gene conversion, as
conversion events are a consequence of recombination.

We have observed that the level of gene conversion in non-crossover
products is lower for crosslink damaged substrates than for double strand break
damaged substrates. Our results indicate that this is due, in part, to the shunting of
substrates into the mutagenic pathway.

The level of gene conversion was measured for crossover products and is
shown in fig 28. Both crosslink and double strand break damaged substrates

exhibit similar levels of gene conversion. The similarity of the levels of gene
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Marker conversion during crossover recombination
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Figure 28. Overall levels of marker conversion for crossover recombination
products. Total levels of conversion determined by Southern hybridization
analysis of His" and His™ repair products are combined for the his3-622X substrate
(top) and the his3-75X substrate (bottom).
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conversion in the crossover products when both forms of damage are compared
suggests that when recombination intermediates of either form of damage enter the
recombination pathway, they exhibit a similar effectiveness of inducing gene
conversion. Since the extra-chromosomal products of crosslink repair result from
two different repair pathways, only one of which is associated with gene
conversion, the level of gene conversion for crosslink substrates will be lower than
double strand break substrates which are repaired exclusively by the
recombination pathway.

The level of bi-directional conversion tracts increases in crossover products

but unidirectional conversion tracts still predominate:

The level of bi-directional conversion tracts in the crossover products of
Type I and Type II combinations is 2-to-7 times higher than the level of bi-
directional conversion tracts in non-crossover products. The total level of
unidirectional tracts in the crossover products is however higher than the level of
bi-directional tracts (fig 29). For double strand break induced damage repair both
the level of preferred downstream unidirectional conversion tracts and the level of
total unidirectional conversion tracts are higher than bi-directional tracts in all
Type I and Type Il combinations. For crosslink induced repair, 2 of the 4 Type I
and II combinations show a higher level of preferred upstream unidirectional tracts
and 3 of the 4 arrangements show a higher level of total unidirectional tracts

compared to bi-directional tracts.
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Predominance of uni-directional conversion tracts
for reciprocal products from crosslink damage
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Figure 29. Percent of uni-directional and bi-directional conversion tracts for
crossover products.
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The level of gene conversion is reduced in the crossover products of the Type

III arrangements and discontinuous conversion tracts are detected:

The gene conversion profiles of the crossover products of the Type I
arrangements from both crosslink and double strand repair are similar to each
other and to the genc conversion profiles of the non-crossover products of the
Type III arrangements. The overall level of gene conversion appears to decline as
the distance between the chromosomal and plasmid borne markers decreases. This
may be due to heteroduplex rejection caused by an increase in non-homology
when the markers are close to one another leading to a high probability that both
markers are incorporated into the heteroduplex structure. While the cause of the
decline in gene conversion level for the Type III arrangements is unknown, the
phenomenon affects gene conversion induced by crosslinks and double strand
breaks to the same degree.

Discontinuous conversion tracts have been detected in the crossover
products of the Type III arrangements. As in the non-crossover products of the
Type III arrangements a dependence of the level of discontinuous conversion
tracts on the form of damage was not observed. Discontinuous conversion tracts
have been detected in 2.1%-to-11.5% of the products for the Type I

arrangements.
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Discussion:

The collective results of previous studies tracking the repair,
recombination, and gene conversion induced by psoralen modification suggest
separatc models for the repair of crosslinks and monoadducts. The repair of a
crosslink is believed to initiate with an incision step catalyzed by the nucleotide
excision repair pathway (Jachymczyk et al., 1981; Magana-Schwencke et al.,
1982). In yeast, excision of the crosslink produces a double strand break
intermediate (Jachymczyk et al., 1981; Miller et al., 1982). The resulting
intermediate is a substrate for the recombinational repair pathway, which repairs
the break using a homologous sequence as a template to direct repair synthesis.
The model for monoadduct repair proposes that the adduct is a substrate of only
the nucleotide excision repair pathway, which produces a single strand gap
intermediate upon excision of the damage. The gapped intermediate does not
require, but may stimulate recombination (Grant er al., 1979; Averbeck and
Moustacchi 1979,1980; Averbeck et al., 1980; Saeki et al., 1983; Cassier et al.,
1984). Repair of the gap proceeds through DNA polymerase-mediated repair
synthesis using the undamaged strand as a template.

The models of psoralen induced repair make certain predictions of repair
and recombination outcome. A single monoadduct should be repaired more
efficiently than a single crosslink and should be non-recombinogenic. A crosslink
should be repaired less efficiently than a double strand break but should produce

similar recombination and gene conversion patterns. In a previous study, we
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observed deviations from the predictions of these models due to a dose response to
high levels of crosslink damage (Saffran et al., 1994). At a low level of adducts (<
30 adducts/plasmid), crosslink damaged plasmids were shown to induce a higher
level of transformation than monoadduct damaged plasmids. However, at higher
adduct/plasmid levels, where the lethal effects of crosslink damage overwhelm the
cellular repair capacity, monoadduct damaged plasmids induced higher levels of
transformants. Dose responses have been observed in other systems, and have
been shown to influence survival, gene conversion, and mutation levels (Averbeck
and Averbeck 1978; Averbeck and Moustacchi 1979; Averbeck 1985).
Conventional techniques used to introduce psoralen modification to DNA,
both in vivo and in vitro, produce modification at random sites throughout the
genome and/or plasmid substrates used for repair studies. The randomness of
modification within the population introduces a factor, in addition to the dose
response, which has prevented verification of the models of psoralen repair.
Random damage decreases the level of survival in the population and effects
observable recombination levels when a particular gene is the focus of the study.
Analysis of the repair products resulting from substrates carrying a site
specifically placed psoralen monoadduct, crosslink, and double strand break
should provide the evidence needed to validate the models of psoralen repair. We
have synthesized analogous repair substrates that contain a single damaging lesion
(crosslink, monoadduct, or double strand break) at the same position to compare

repair, recombination, and gene conversion patterns induced from each form of
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damage on the molecular level. In doing so we have removed any dose-dependent
response that may influence repair, recombination, and gene conversion patterns
induced from psoralen modification. In this paper we present data that support the
models of crosslink and monoadduct repair, but also provide evidence that there
exist differences between repair induced by a single psoralen crosslink and repair
induced by a single double strand break. These differences imply that the
recombination intermediate of crosslink damage is not identical to the
recombination intermediate of double strand break damage as the model predicts.

Properties and trends of crosslink and double strand break repair and

recombination that support the model of crosslink repair:

By comparing the repair products of each form of damage, we have
detected various properties and trends of repair, recombination, and gene
conversion that are similar between crosslink and double strand break repair.
Collectively, these trends suggest that similarities exist between the repair
intermediates of the two forms of damage, which supports the model of psoralen
crosslink repair. The trends and properties that support the model of crosslink

repair are discussed below.

The toxicity of a single psoralen crosslink lesion is 2-3 times the toxicity of a

single monoadduct lesion and a double strand break:

At equal doses of irradiation, equimolar concentrations of mono- and bi-

functional psoralens produce different levels of lethality, and different levels of
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mutagenic and recombinogenic effect in both diploid and haploid systems
(Averbeck and Moustacchi 1979; Averbeck et al., 1981). However, differences in
the levels of adduct formation, depending on the specific psoralen derivative,
creates a dose response which is partially responsible for the observed differences.
Plots of genetic data versus the number of induced lesions have shown that
bifunctional psoralens produce higher toxic, and genotoxic effects compared to
monofunctional psoralens at equal numbers of adducts (Averbeck 1985). We have
previously observed similar results in a plasmid x chromosome system (Saffran et
al., 1994). The LDy 3-CPs/LD;o 8-MOP has been reported as 2.5, indicating that
the toxicity of psoralen crosslink damage is 2.5 times higher than psoralen
monoadduct damage (Henriques and Moustacchi 1980)

In the present study, the repair of a double strand break and a single
psoralen monoadduct resulted in different levels of colonies acquiring tryptophan
prototrophy, indicating a difference in the toxicity for these two forms of damage.
The repair of a single psoralen crosslink was substaintially lower, showing toxicity
levels 2- 3 times higher than either a DSB or a monoadduct. The toxicity level of
the single crosslink and monoadduct lesion observed in this system is in agreement
with the LD, ratio reported by Henriques and Moustacchi.

The model for the repair of psoralen crosslinks proposes that both the
nucleotide excision repair pathway and the recombinational repair pathway are
required in a sequential order to repair crosslink damage. Crosslinks are excised

to produce a double strand break intermediate, which is then a substrate for the
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recombinational repair pathway. We have observed that the repair efficiency of a
psoralen crosslink is about 3 times lower than either a double strand break or a
single psoralen monoadduct. This is in agreement with the model of crosslink
repair. The model predicts that a single crosslink lesion will be repaired less
efficiently than a double strand break or a monoadduct since two pathways are
required to repair crosslink damage. The repair efficiency of a single psoralen
crosslink may be lower than either a single monoadduct or double strand break

since two independent pathways mediate the repair of this form of damage.

Crossover Recombination levels indicate a similarity between the

recombinogenic intermediate of crosslink and double strand break damage:

The model for psoralen crosslink repair proposes that the recombinogenic
intermediate for this form of damage is the double strand break intermediate
produced by NER-mediated excision of the crosslink (Jachymczyk et al., 1981).
In addition, the model predicts similarities between crosslink induced
recombination and double strand break induced recombination since the
recombination intermediate of crosslink repair is equivalent to a double strand
break. We have compared levels of crossover recombination induced by both
forms of damage and have found them to be statistically similar although double
strand break induction is slightly higher (table 7).

The similarity of the recombination outcome induced by a single psoralen

crosslink and a double strand break is in agreement with the model of crosslink
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repair, and suggests that the recombinogenic intermediate of crosslink repair is
equivalent to a double strand break.

While both crosslink damage and double strand break damage induced
crossover recombination to a similar degree, monoadduct damage did not induce
crossover recombination to an appreciable level. The repair intermediate from a
single monoadduct-damaging lesion, the single strand gap, is shown here to be
ineffective at inducing recombination in comparison to both crosslink and double
strand break repair intermediates.

The recombinogenic nature of monoadduct damage has been documented
(Averbeck and Moustacchi 1979; Averbeck et al., 1981; Cassier et al., 1984,
Saffran et al. 1994). However, the results of these studies have shown that
induced recombination from monoadduct damage is dose-dependent. It has also
been documented that double strand breaks have been observed in intermediates of
monoadduct repair (Dardalhon and Averbeck, 1995). The double strand breaks,
however, have been observed only at high levels of adduct modification. It has
been suggested that the accumulation of double strand breaks from monoadduct
damage occurs due to overlapping excision of monoadducts on opposite strands
and accounts for the recombinogenic nature of monoadduct damage.

Monoadduct repair is not affected by mutations in a number of the RADS52

epistasis group genes, indicating that the recombinational repair pathway is not a
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TABLE 7

Statistical comparison of crossover recombination levels for all recombination
classes induced from crosslink damage (XL) and double strand break damage

(DSB).

his3-622X substrate his3-73.X substrate
Strain XL DSB  P(¥) XL DSB P(x%)
his3(75X)  S51(41.8) 102(51.0) .109 N.D. N.D. N.D.
his3(207X)  35(53.0) 115(57.5) .526 93 (45.6) 87 (43.5)  .673
his3(304X)  33(35.5) 103 (51.5) .011 109 (51.7) 120 (60.0)  .089
his3(622X) N.D. N.D. N.D. 70 (32.4) 69 (34.5)  .651

Chi-square analysis comparing psoralen and double strand induced
crossover recombination for each combination. The number of crossover products

for each combination is shown and the corresponding percentage out of the total
repair products is shown in parentheses.
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requirement for efficient repair of monoadduct damage (Henriques and
Moustacchi, 1980). Our results show that the damage from a single psoralen
monoadduct lesion is non-recombinogenic. The inability of a monoadduct lesion

to induce recombination is consistent with the model of monoadduct repair.

Gene conversion is predominantly in the chromosome to plasmid direction

for both forms of damage:

The undamaged DNA molecule has been observed to act as the primary
donor of genetic information during gene conversion events in both double strand
break-induced recombination systems and meiotic recombination systems (Detloff
et al 1991; Sweetser et al 1994; Nelson et al 1996). It is not known how the
damaged and undamaged strands are distinguished during gene conversion but it
appears to be a common trend for gene conversion events induced by double
strand breaks. It has been suggested that a tag exists which allows the cell to
distinguish the donor and recipient molecules during conversion events (Nelson et
al 1996). The tag for double strand break repair has been proposed to be the
broken end(s) targeting the invading strands and designating the broken DNA
molecule as the recipient. The identity of donating strand is influenced by the
conversion event. If gene conversion occurs by repair synthesis of gaps produced
from resectioning, the undamaged strand will act as the sole donor of genetic
information. If gene conversion occurs by mismatch repair of heterduplex DNA

prior to strand cutting for resolution (early MMR) the broken ends represent entry
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points for the MMR machinery and again the undamaged strand will act as the
sole donor of genetic information. Once resolution of the heteroduplex structure is
initiated the undamaged strands contain nicks which can act as entry points for the
MMR machinery (late MMR) (figure 4). The damaged strand will act as donor of
genetic information if mismatch repair initiates at these entry points.

For the products analyzed in this study, the direction in which genetic
information is transferred during gene conversion events occurs predominantly
from the undamaged chromosome DNA molecule to the damaged plasmid
molecule (table 8). This trend has been observed for both crossover and non-
crossover products and is consistent for both crosslink and double strand break
induced gene conversion. The high level at which the undamaged chromosome
acts as the donor of genetic information is nearly identical for double strand break
and crosslink damage and suggests that late MMR occurs only at a low level

during damaged induced gene conversion.

Crosslinks and double strand breaks induce similar levels of uni- and

bidirection conversion tracts:

In plasmid x chromosome recombination systems where gene conversion
was induced by double strand break formation at an HO site carried on the
plasmid, conversion tracts were predominantly unidirectional (Sweetser et al.
1994; Nelson et al., 1996). When DBS-induced gene conversion was compared

between a plasmid x chromosome system and gene conversion between
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TABLE 8

Percent of gene conversions in the chromosome-to-plasmid direction during
damage induced recombination.

A
Damage n  Chromosome-to-plasmid conversions P(3%)
Crosslink 21 20(95.2
DSB 114 108 (94.7) 0.924
B
Damage n  Chromosome-to-plasmid conversions P(x?)
Crosslink 157 146 (93.0)
DSB 231 214 (92.6) 0.895

Overall percent of chromosome-to-plasmid gene conversion out of total
gene conversion events. The number and percent of chromosome-to-plasmid
conversions is shown for each damage form. Chi-square analysis was used to
compare the results of both forms of damage. A. Type I non-crossover products.
The total number of gene conversions producing His™ was determined by genetic
analysis. The stability of the His" phenotype was determined in correlation with
the stability of the Trp" phenotype to indicate the recipient molecule in the gene
conversion. B. The recipient DNA molecule during gene conversion was
determined by Southern hybridization analysis for crosslink induced and double
strand break (DSB) induced crossover recombination products.
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chromosomal borne direct repeats, bidirectional conversion tracts occurred twice
as often in the direct repeats than in the plasmid system (Cho et al., 1998).
Chromosome environment was proposed to influence tract directionality.

We have observed that in the non-crossover repair products, gene
conversion tracts are predominately unidirectional when induced from either a
psoralen crosslink or a double strand break. The level of bi-directional conversion
tracts in the crossover products are approximately doubled compared to the level
observed for non-crossover products for both crosslink and double strand break
induced gene conversion. However, unidirectional tracts are still the predominant
types of conversion tracts observed. The percent of bi-directional conversion tracts
observed in both crossover and non-crossover products is shown in table 9.

Conversion tract length is not limiting within the marker region for either

form of damage:

Gene conversion tract structures have been studied in DSB-induced
systems. In plasmid x chromosome crosses between ura3 heteroalleles carrying
silent RFLP markers at 100 bp. intervals, conversion tract lengths (and therefore
hDNA formation) were shown to be limiting (Sweetser et al., 1994; Weng et al.,
1996). RFLP marker conversion decreased with increasing distance from the
damage site.

We have tested gene conversion tracts induced from crosslink damage to
determine if hDNA formation is limiting and whether the inducing damage

influences tract lengths. Gene conversion was measured at 100 base intervals by
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TABLE 9
Overall level of bi-directional conversion tracts in Type I and Type II
arrangements.
Damage Non-crossover  Crossover
Producls Products

Crosslinks  14/115 (12.2%) 43/154 (27.9%)

DSB 32/228 (14.0%) 85/325 (26.2%)

Percent of bi-directional conversion tracts from total gene conversion
events.
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comparing conversion levels in the Type I series. Only a marginal decrease in the
level of gene conversion occurred as the distance of the chromosomal marker from
the damage site increased. Statistically the levels of gene conversion at the
different distances are the same (table 10). This was observed for both crosslink
induced and double strand break induced gene conversions leading to both His”
and His™ colonies and implies that hDNA formation is not limiting over the 300
bp. span studied. The level of gene conversion in the Type II combination was
similar to the levels observed for the Type I combinations. In the Type II
combination, the distances of the conversion tracts are comparable to the longest
tracts of the Type I arrangement. Gene conversion levels in the Type III
combinations, however, were markedly different. When the his3-75X substrate is
in combination with the his3-304X strain, the chromosomal and plasmid markers
are separated by 219 bp. and are on the same side of the damage site. Gene
conversion levels were observed to decline in this combination. The decline in
gene conversion levels was more pronounced when the his3-75X substrate was in
combination with the his3-207X strain, where the marker separation was only 132
bp.

The decline in conversion levels in the Type III combinations may be due
to heteroduplex rejection (Alani et al., 1994) brought about by an increase in local
non-homology as the markers approach on another. Mismatches in heteroduplex
DNA has been reported to cause rejection. Heteroduplex rejection may be

responsible for the conversion tract gradient observed by Sweetser et al., and
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TABLE 10

Statistical analysis of gene conversion levels at 100 base pair intervals.

A. his3-622X crosslink damage substrate

Conversion  his3-304X  his3-207X His3-75X
Product (112 bp.) (209 bp.) (341 bp.)

His’ 22 (36.6) 10(32.3) 21(29.6) 0.688

o)

His" 12 (16.9) 4 (12.9) 4(6.7) 0.206

B. his3-622X DSB damage substrate

Conversion  his3-304X  his3-207X His3-75X

Product  (112bp)  (209bp) (341bp)
His 18(184) 22(259) 24(24.7) 0415
His" 45(459) 24(282) 39(40.2) 0.046
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Weng et al. As the silent RFLP’s are incorporated into hDNA, the number of
mismatches increases in the heteroduplex structure. If this stimulates rejection
then a bias against longer conversion tracts, which produce a higher number of
mismatches, is created. This would give rise to a conversion tract gradient.

In our system, conversion tracts in the Type | and Type II combinations
proceed through a span of identical homology until the marker is encountered.
There is no statistical difference between the levels of conversion tracts reaching
each marker, for the combinations of the series. Conversion tracts (and hDNA

formation) are not limiting through the span of identical homology.

Distinctions between crosslink induced repair and double strand break

We have presented evidence that establishes common trends between
crosslink and double strand break repair. The evidence suggests that there exist
common physical and mechanistic properties between the repair intermediates of
crosslink and DSB damage. The model of crosslink repair proposes that gene
conversion trends should be similar between the two forms of damage since the
repair intermediate of crosslink damage is a double strand break. The results
presented thus far are all consistent with this model.

However, certain aspects of crosslink and double strand break induced
repair that we have observed, exhibit different outcomes and suggest that physical
and mechanistic properties between both the actual damage and the repair

intermediates of the two forms of damage are different.
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The physical analysis has detected 2 major factors that contribute to the
differences in gene conversion levels and patterns obtained from crosslink and
double strand break induced gene conversion.

1) Psoralen crosslinks, in addition to processing by the error free pathways of
NER and recombination, are substrates for the mutagenic repair pathway while
double strand break damage is only a substrate for the error free
recombinational pathway.

2) The polarity of the conversion tracts induced from double strand break and
crosslink damage occur in opposite directions, indicating a possible physical or
mechanistic difference between the recombinational intermediates of double
strand break and crosslink damage.

The significance and effects of these two factors on the model of crosslink repair

is addressed below.

Gene Conversion levels suggest a difference between the recombination

intermediates:

Since gene conversion events occur as the result of recombination it is
expected that the gene conversion patterns induced by the two forms of damage
during both crossover and non-crossover events should be similar, if the
recombinogenic intermediates are similar. We have compared the overall gene
conversion levels induced from both forms of damage for crossover and non-

crossover repair products and have found a difference between crosslink and
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double strand break induced gene conversion levels. The overall gene conversion
levels are shown in table 11.

The frequency of gene conversion observed in the non-crossover repair
products induced by double strand breaks is higher than the frequency of gene
conversion induced by psoralen crosslinks.  However, in the crossover
recombination products, there is no significant difference in the overall levels of
gene conversion. The difference in gene conversion levels during repair events
leading to non-crossover products suggests that either the repair intermediates
differ with respect to their capability of forming or sustaining hDNA, or a
difference between the damaged substrates with respect to their ability to enter the
recombination pathway exists. It is not a necessity that all extra-chromosomal
repair products result from the homologous recombinational repair pathway.
Repair mediated by the error-prone pathways can result in non-crossover products.
Crossover products, however, arise only by the recombination pathway. Since the
gene conversion levels observed for the crossover products, which have been
exclusively mediated by the recombination pathway, are similar, the ability of
each repair intermediate to induce gene conversion must be similar. The
difference in conversion levels for non-crossover products is likely due to
differences in the number of substrate molecules entering the recombination
pathway. Non-homologous end joining may play a role in this observed

difference.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

TABLE 11

Statistical comparison of overall gene conversion levels for all recombination
classes induce from crosslink damage (XL) and double strand break damage

(DSB).

A

his3-622X substrate his3-75X substrate
Strain XL DSB Py’ XL DSB Py’
his3(75X) 31(43.6) 63(64.3) .008 N.D. N.D. N.D.
his3(207X) 14 (45.2) 45(52.9) .458 1( 1.2) 16 (14.2)  .006
his3(304X) 19 (31.7) 61 (62.9) .0001 10 (27.0) 7(20.0) .483
his3(622X) N.D. N.D. N.D. 46 (31.5) 56 (42.7)  .053
B

his3-622X substrate his3-75X substrate
Strain XL DSB Py’ XL DSB Py’
his3(75X) 33 (71.7) 45(66.1) .531 N.D. N.D. N.D.

his3(207X) 15(75.0) 43 (84.3) .361 18 (66.7) 35(76.1) .384
his3(304X)  20(83.3) 47(82.5) .924 40 (70.1) 20(55.5) .152
his3(622X) N.D. N.D. N.D. 20 (43.5) 23(52.3) 404

Statistical comparison of overall gene conversion levels for non-crossover
(A) and crossover (B) repair products. His" and His™ products were classified by
physical analysis. A. The results of the physical analysis were combined with
results of the genetic analysis and conversions to both His" and His™ were
combined to achieve the overall levels of gene conversion. B. The results of the
physical analysis were used directly in the statistical analysis.
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Error-free and error-prone repair pathways compete for psoralen crosslink

damage, which is mutagenic:

Physical analysis of the non-crossover products has revealed that a single
psoralen crosslink is capable of inducing mutations resulting in both transitions
and transversions of the modified bases in the Bsi##1 site of the plasmid borne his3
allele. Further analysis of the products containing mutations at the Bsi#1 site has
shown that all repair products undergoing mutagenic repair of the crosslink have
retained the original Xbal marker and his3 sequence. No evidence of gene
conversion has been detected for substrates that have entered the mutagenic
pathway. Mutations were not detected at the BsiW1 site of the non-crossover
repair products of double strand break damaged substrates.

The observed mutation level does not equal the difference in conversion
levels between double strand break and crosslink damage, but it does account for a
portion of the difference. The lack of gene conversion in products carrying
mutations at the BsiWl site indicates that they have not entered the
recombinogenic pathway but rather have been shunted into the mutagenic
pathway. Some of the substrates that enter the mutagenic repair pathway are
repaired correctly with an intact BsiW1 site. These products escaped detection
entirely and may account for the remaining difference observed in the levels of
gene conversion since all products of the mutagenic pathway were detected as

non-crossover recombination products without gene conversion by the genetic
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analysis. This lowers the observed level of non-crossover gene conversion induced
from crosslink damage.

The repair products of double strand break damage do not exhibit induced
mutations. The mutagenic nature of the psoralen crosslink therefore originates
from the psoralen molecule itself, prior to excision. In a rad4 strain the level of
induced mutations at the BsiW]1 site of the crosslink modified substrate increased
about 3 fold (Sandra Thomas, personal communication). The increase in mutation
level suggests that the NER and the mutational pathway compete for the crosslink
substrate. If the mutagenic capacity of the crosslink damage arose due to NER
processing a decrease of the mutation level would occur in the absence of NER.
In the absence of NER, more substrate is available for entrance into the mutagenic
pathway.

PCR analysis of the crossover recombination products from crosslink
damage did not detect mutations at the BsiW1 site of the his3 alleles. Crossover
products arise from the sequential processing by the error free pathways of NER
and recombination. Plasmid integration occurs only as the result of the
recombinational repair pathway. Since all crossover products must have entered
the recombinational repair pathway we would not expect mutations in these
products if the mutagenic pathway competes for substrate with the error free
pathways. We have observed that non-integrated repair products, which have
entered the mutagenic pathway, do not show gene conversion as these plasmids

are not substrates of the recombinational pathway and therefore do not result in -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

*gene conversion events. The absence of mutations in both crossover products
from crosslink damage and the non-crossover products of double strand break
damage, and the increased level of mutation from crosslink damage in an NER
deficient strain imply that the error free and error prone pathways of crosslink
repair are divergent prior to NER and compete for psoralen crosslink substrate.

The model for psoralen crosslink repair, based on our experimental data,
incorporates the mutagenic nature of a single crosslink and the competition of the
error-free and error-prone pathways for damaged substrates during the preliminary
step(s) of the repair process prior to crosslink excision. The model is shown in
figure 30.

The mutagenic nature of a single psoralen crosslink is a clear distinction
between the physical nature of the damage produced from a psoralen crosslink
lesion compared to an enzymatically produced double strand break. Chemical
modification of DNA, such as a psoralen crosslink, is an unnatural condition and
the induction of a mutagenic response to such damage represents one link to the
pathogenic response induced by psoralen as well as other chemical carcinogens. In
yeast, enzymatically produced double strand breaks represent a natural occurrence,
at least during mating type switching where double strand break formation occurs
by the HO endonuclease. However, double strand breaks produced by ionizing
radiation, are associated with base damage and are mutagenic. Base damage does
not occur from the enzymatic cleavage of DNA, which accounts for the absence of

a mutagenic response to this form of double strand break damage.
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Psoralen crosslink substrate
NER Mutagenic pathway
DSB Mutation
Recombination

(crossover or non-Crossover)

Figure 30. General model for psoralen crosslink induced repair including
mutagenic branch.
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The directional polarity of gene conversion tracts is the major_ distinction

between recombination induced by repair intermediates of crosslink and

double strand break damage:

We have observed a difference in the generation of His phenotype when the
colonies arising from crosslink and double strand break damaged substrates
carrying identical frameshift mutations are compared in the same strain. This
appears to be the major difference with respect to gene conversion induced from
both forms of damage and it suggests that there is a physical and/or mechanistic
difference between the recombinogenic intermediates generated during repair of
crosslink and double strand break damaged substrates. The genetic analysis of the
Type I combinations has shown that repair events yielding a His™ phenotype
predominate the induced gene conversion events when the substrate carries a
double strand break. The level of conversion leading to His™ colonies was higher
than the level of conversion leading to His™ colonies for double strand break
substrates and was higher than the level of conversion leading to His" for crosslink
damaged substrates. In contrast, the prevailing gene conversion events induced
when substrates carry crosslink damage, in identical combinations of strain and
substrate, lead to generation of His™ colonies. The level of conversion leading to
His™ colonies was higher than the level of conversion leading to His" colonies for
crosslink-damaged substrates and was higher than the level of conversion leading

to His™ for double strand break damaged substrates. This trend is consistent in all
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Type I combinations and has been observed in both the crossover and non-
crossover products (table 12).

In the Type I combinations His™ colonies arise from unidirectional
conversion tracts extending downstream from the damage site. This is due to the
arrangement of the markers in these combinations. The difference in phenotype
generation suggests that conversion tracts exhibit a directional polarity, the
direction of which depends on the form of the inducing damage.

Through physical analysis of the non-crossover products we have shown
that the difference in gene conversion outcome occurs due to a polarity in the
direction of unidirectional conversion tracts. The results show that unidirectional
gene conversion tracts induced from double strand break damage preferentially
extend downstream from the damage site while unidirectional conversion tracts
induced from crosslink damage preferentially extend upstream from the damage
site (table 13a). Physical analysis of the crossover products of Type I
combinations shows that unidirectional gene conversion tracts exhibit the same
directional polarity as seen in the non-crossover products (table 13b).

The directional polarity of conversion tracts is directly related to the
inducing damage. In the Type II combination the marker orientation is reversed.
Unidirectional conversion tracts extending downstream from the damage site will
yield His" colonies while unidirectional tracts extending upstream from the
damage site will yield His™ colonies. The observed trend of His phenotype

generation is reversed in the Type II arrangement compared to the Type I
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TABLE 12

Statistical comparison of His phenotype generation during Type [
recombination induced from psoralen crosslink and double strand break

damage.
A
Crosslink damage Double strand break damage
Strain n His"unstable His unstable n  His' unstable His unstable P(y%)
His3(75%) 71 12(16.9) 21(29.6) 98  45(45.9) 18 (18.4)  .0009

His3(207%) 31 4(12.9) 10(32.3) 85  24(282) 22(25.9) .1211
His3(304X) 60  4( 6.7) 22(36.6) 97  39(40.2) 24(247)  .0001

B
Crosslink damage Double strand break damage
Strain n  His' stable His™ stable n His" stable  His unstable P(y?)

His3(75X) 51 16 (31.4) 35 (68.6) 102 57 (35.9) 45 (44.1) .0042
His3(207X) 35 12 (34.3) 23 (65.7) 115 71 (61.7) 44 (38.3) .0042
His3(304X) 33 6(18.2) 27 (81.8) 103 45 (43.8) 58 (56.3) .0084

C
Crosslink damage Double strand break damage
Product n T+H+ T+H- n T+H+ T+H- P(¢)

Non-crossover 162 20(12.3) 53(32.7) | 280 108 (36.8) 64 (22.8) | <.0001
Crossover 119 34(28.6) 85(71.4) | 320 173(54.1) 147 (45.9) | <.0001

A: Chi-square comparison of His phenotype generation in each strain
during Type I damage-induced non-crossover recombination. The number and
percent of each product is shown for crosslink and double strand break-induced
recombination. B: Chi-square comparison of crossover recombination products.
C: Combined results indicating a significant bias for His™ generation from

crosslink damage and a significant bias for His" generation from double strand
break damage.
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TABLE 13

Comparison by physical analysis of conversion tract direction during Type I
recombination induced from crosslink and double strand break damage.

A
Crosslink damage Double strand break damage
Strain Conversion Conversion Conversion Conversion
- Upstream Downstream Upstream Downstream
His3(75X) 17.8% 16.9% 7.8% 45.9%
His3(207X) 25.8% 12.9% 14.6% 28.2%
His3(304X) 18.3% 8.7% 13.3% 40.2%
B
Crosslink damage Double strand break damage
Strain Conversion Conversion Conversion Conversion
- Upstream Downstream Upstream Downstream
His3( 75X) 35.4% 12.6% 6.3% 34.9%
His3(207X) 14.6% 11.2% 18.7% 48.0%
His3(304X) 25.8% 9.1% 18.2% 37.2%

A: Percent of upstream and downstream conversion tracts determined from
physical analysis of non-crossover products by plasmid rescue and restriction
mapping. Polarity of conversion tract direction accounts for the observed
preference in His phenotype generation. B: Percent of upstream and downstream
conversion tracts determined from physical analysis of crossover products by
Southern hybridization analysis.
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arrangements (table 14a). The frequency of His® colonies generated during
crosslink-induced repair (for both the non-crossover and crossover products) is
higher than the frequency of His" colonies generated during double strand break-
induced repair. Physical analysis of both the crossover and non-crossover
products shows that conversion tracts preferentially extend upstream from the
damage site when induced from a psoralen crosslink and downstream when
induced from a double strand break (table 14b). The directions of the observed
polarities in the Type II combination are the same as the polarities observed in
Type I combinations.

Polarity of gene conversion tracts has been observed in a number of double
strand break-induced recombination systems (Priebe et al 1994, Nelson et al. 1996,
Ferguson and Holloman 1996, Weng and Nicoloff 1997). Nelson et al observed
high polarity of the unidirectional conversion tracts in an HO-induced URA3
recombination system containing silent RFLP markers spaced at 100 base
intervals, where the terminal ends produced by HO endonuclease cleavage
contained non-homology to the intact homolog. When the degree of homeology in
the sequences flanking the terminal non-homology was increased, the level of bi-
directional conversion tracts increased. However, when substrates contained only
terminal homeology, conversion tracts again were highly polar and unidirectional.
One-ended invasion coupled with mismatch repair and/or precise Radl/10
cleavage at homology/non-homology borders was proposed to explain the high

directionality of conversion tracts in this system. Differential end processing by
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TABLE 14

Statistical comparison of His phenotype generation during Type II
recombination induced from psoralen crosslink and double strand break

damage.
A
Crosslink damage Double strand break damage
Product n  T+H+ T+H- n T+H+ T+H- PG
Non-crossover 146 31 (21.2) 115(78.8) | 131 10(7.6) 121(92.4) | .0015
Crossover 70 47 (67.1) 23(32.9) 69 32(46.4) 37(53.6) | .0135
B
Crosslink damage Double strand break damage
Product Conversion Conversion Conversion Conversion
- Upstream Downstream Upstream Downstream
Non-crossover 28.0% 0 7.6% 31.9%
Crossover 41.3% 9.4% 20.1% 44.3%

A: Chi-square comparison of His phenotype generation for crossover and
non-crossover products of the Type II arrangement. Pattern is the reverse of the

Type [ arrangements.

B: Percent of upstream and downstream conversion tracts determined from

the physical analysis.
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MMR and/or Radl/10 endonuclease activity due to the degree of
homology/homeology at the terminal ends accounted for the formation of uni- and
bi-directional tracts and for the observed polarity.

In our system, polarity of conversion tracts has been observed for both
double strand break induced conversion and psoralen crosslink induced
conversion. However, the polarities for double strand break induced gene
conversion and crosslink-induced gene conversion are in opposite directions.
Since gene conversion initiates from the same site in the respective substrates,
neither sequence effects nor chromosomal environment could give rise to the
different polarities, as these factors are identical for both substrates. In addition,
the terminal ends of the recombination intermediates, independent of the inducing
damage, have complete homology with the intact homolog. Therefore, the
invading end or ends are not subject to MMR and/or Rad1/Rad10 cleavage. Also,
the total homology of the terminal ends relieves any pressure against two-ended
invasion. If differential end processing gives rise to the opposite polarities of
conversion tracts in these experiments, it is not due to sequence differences at the
terminal ends of the repair intermediates as reported by Weng et al. (1997). The
difference in tract direction cannot be the result of chromosomal environment as
reported by Averbeck et al. (1985) since the location of the damage and the nature
of the homolog are identical during repair of both forms of damage. We believe

that structural differences and/or mechanistic differences due to the processing or
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formation of the recombination intermediates may account for the differential end
processing leading to the opposite polarities.

There is evidence that the structural asymmetry of bi-functional psoralen
molecules gives rise to differential processing by the nucleotide excision repair
machinery of humans (Kumaresan et al., 1995). Incisions were detected on both
the 3’ and 5’ sides of a lesion when DNA substrates carrying either a furan side
TMP monoadduct, a pyrone side TMP monoadduct, or a TMP crosslink were
treated with human chromatin-associated protein extracts. Incision on the 3’ side
of both the furan side and pyrone side adducts was similar, occurring at either the
4™ or 5™ phosphodiester bond from the adducted thymine. However, the incision
on the 5’ side of the adducted thymine depended on the type of adduct present.
The 5’ incision occurred at the 5™ or 6™ phosphodiester bond at sites of a furan
side adduct but occurred at the 13" or 14™ phosphodiester bond at sites of a pyrone
side adduct.

The structural asymmetry of the psoralen molecule has also been implicated
as the cause of differential processing and repair in S. cerevisiae (Barre et al.,
1999). Using triple-helix-forming oligonucleotides to deliver a site specific and
end oriented psoralen crosslink to a plasmid borne URA3 gene it was shown that
the mutational frequency and spectra depended on the orientation of the crosslink
with respect to the transcribed strand. Bypass of pyrone side adducted thymine

yielded T->A or T—>C substitutions and A insertions while bypass of furan side

adducted thymine yielded T—>G substitutions or G insertions. The results suggest
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that the cell repair machinery recognize psoralen crosslinks in an asymmetric
manner, where the furan side of a lesion is excised more easily than the pyrone
side. It has been speculated that the preference of incisions arises due to the
geometry of the distortion produced at the site of a crosslink in conjunction with
the geometry of the NER machinery.

It is possible that the orientation of the asymmetric psoralen molecule gives
rise to differential end processing which in turn gives rise to the polarity of gene
conversion tracts observed in our system. Our substrates have been synthesized to
exclusively contain a crosslink where the furan side of the adduct is on the sense
strand and the pyrone side of the adduct is on the transcribed strand. To test
whether the orientation of the psoralen crosslink is involved in the observed
polarity the experiments can be repeated using substrates containing the crosslink
in the reverse orientation. By synthesizing repair substrates using 14-mer non-
sense strand primers carrying MAF adducts and sense strand phagemids to direct
second strand synthesis, the trends of repair and recombination obtained with these
substrates can be compared to our results presented here. If the orientation of the
psoralen crosslink affects conversion tract direction, the polarity should be
reversed.

Determining the physical structure of NER-mediated repair intermediates
from psoralen damaged substrates may provide evidence of the nature of the
directional polarity of psoralen induced gene conversion. Treating substrates

carrying psoralen crosslinks in both orientations with the components of NER
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shown to reconstitute in vitro bimodal incision (Gudzer et al., 1995) will allow the
structures of these intermediates to be isolated and studied. Conversion tract
polarity may arise if incision position is dependent on the orientation of the
adduct, as observed with a reconstituted, in vitro, NER system prepared from
human cell extracts.

The PSO genes are involved during psoralen crosslink repair (review
Friedberg et al., 1988, 1995) but the role of these genes in the repair of psoralen
damage has not been determined. A pso2 mutant, which was shown to be
proficient in the preferential incision of a psoralen crosslink at the MATa locus
versus the HMLa locus, lacked the ability to perform complete repair of the
damage (Meniel et al., 1995). This suggests an intermediary role of the PSO2
gene product acting between NER and recombination. One possible role for this
gene product, and other PSO gene products, may be processing of the NER
product into a recombination intermediate. End processing directed by the PSO
genes, along with the Rad1/Rad10 complex may lead to the directional preference
of gene conversion tracts.

The effects of the PSO genes on the repair and gene conversion trends
observed from psoralen crosslink induced repair can be addressed by analyzing the
structure of psoralen crosslink substrates treated with in vitro excision systems
prepared from cell extracts from wildtype and strains carrying mutations of the
PSO genes. Using substrates that carry the crosslink in both orientations will

explore the effects of the structural asymmetry of the molecule in conjunction with
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the role of NER and the PSO gene products. If complete excision can be
reconstituted in vitro, the structure of the intermediates can be determined and
compared. Transformation of the purified intermediates into wildtype and PSO
mutant strains will link the structure of the intermediate to the trends and patterns
of gene conversion.

Finally, differential end processing may arise from the consistent release of
a specific end from the nucleotide excision machinery due to the mechanism of
excision itself. The processing machinery may act upon this end while the NER
machinery is still associated with the other end, thereby producing end blocking.
The release of a specific end from the NER machinery may be related to the
orientation of the psoralen crosslink, as the orientation of the crosslink may be
responsible for the order of incisions. Members of the PSO genes may also play a
role in this process.

End blocking leading to differential end processing may also arise from the
transcription machinery as well. The activity of the nucleotide excision repair
pathway is coupled to transcription (Friedberg et al., 1995) and a stalled RNA
polymerase is believed to be involved during the signaling of DNA damage
requiring the NER pathway. The association of components of the transcription
machinery with DNA undergoing NER could lead to end blocking. End labeling
reactions on substrates during in vitro NER can distinguish ends of the

recombination intermediate if end blocking occurs during NER.
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In summary, we have compared repair, recombination, and gene conversion
induced from a site-specifically placed psoralen crosslink, psoralen monoadduct,
and double strand break on the molecular level. We have shown that a psoralen
monoadduct and a double strand breaks induce similar levels of repair, and
therefore have a similar level of toxicity. A psoralen crosslink is less efficiently
repaired, indicating a higher level of toxicity for this form of damage, measured
nearly 3 times the toxic level of a DBS. However, a psoralen crosslink and a
double strand break induce similar levels of recombination and gene conversion,
while a single monoadduct was an ineffective at inducing either event.

Recombination and gene conversion induce from both a psoralen crosslink
and a double strand break has been shown to produce similar trends, which
suggest that similarities exist between the repair intermediates of these forms of
damage. The repair intermediate of a single psoralen monoadduct was shown to
be non-recombinogenic, and is therefore distinct from the repair intermediates of
crosslink and DSB damage. These finding are in support of the models of both
psoralen crosslink and monoadduct repair.

Two major differences between psoralen crosslink and double strand break
induced repair have been detected. Psoralen crosslinks have been shown to induce
the mutagenic repair pathway in addition to the error free pathways of nucleotide
excision repair and recombinational repair. The mutagenic capacity of psoralen

damage has been shown to be the psoralen molecule itself, rather than the
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intermediate produced by the excision of the adduct. Mutations were not induced
from double strand break damage.

Although the levels of recombination and overall gene conversion were
similar for both crosslink and double strand break induced repair, gene conversion
tracts induced from these forms of damage exhibited a directional polarity in
opposite directions. Tracts induced from psoralen crosslinks preferentially
extended upstream from the damage site while tracts induced from double strand
breaks preferentially extended downstream from the damage site.  This
phenomenon was independent of the marker arrangements. The difference in
conversion tract polarity indicates that the repair intermediate of psoralen crosslink
repair is distinct from the repair intermediate of double strand break repair. The
results suggest that conversion tract polarity, in part, arise from either a structural
aspect of the specific recombination intermediate or from a mechanistic difference
in the processing of a repair substrate into a recombination intermediate which is

linked to the form of damage initiating the conversion.
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