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FOCUS: 50 YEARS OF DNA REPAIR: THE YALE SYMPOSIUM

REPORTS

Early Days of DNA Repair: Discovery of
Nucleotide Excision Repair and Homology-
Dependent Recombinational Repair

W. Dean Rupp, PhD

Department of Therapeutic Radiology, Yale School of Medicine, New Haven, Connecticut

The discovery of nucleotide excision repair in 1964 showed that DNA could be repaired by
a mechanism that removed the damaged section of a strand and replaced it accurately by
using the remaining intact strand as the template. This result showed that DNA could be
actively metabolized in a process that had no precedent. In 1968, experiments describing
postreplication repair, a process dependent on homologous recombination, were reported.
The authors of these papers were either at Yale University or had prior Yale connections.
Here we recount some of the events leading to these discoveries and consider the impact

on further research at Yale and elsewhere.

INTRODUCTION

This article describes events related to
the first papers published in the 1960s de-
scribing nucleotide excision repair (NERt)
and homology-dependent recombinational
repair. Connections of the authors to Yale
and particularly the Yale Radiobiology Sec-
tion will be discussed. I joined the Paul
Howard-Flanders lab in the Yale Radiobi-
ology Section in late 1964, several months

after publication of the original NER pa-
pers. However, I had previous interactions
with Paul while doing my PhD studies with
Bill Prusoff in the Yale Department of
Pharmacology. Paul had given me advice
about methodology and provided strains in-
cluding the original UV-sensitive E. coli
strain AB1886. While I was writing up my
results, he told me about the exciting dis-
covery that normal wild-type cells were
able to cut pyrimidine dimers out of the
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DNA while the UV-sensitive mutant had lost
that ability. Although I was not in the
Howard-Flanders lab before the publication
of the first NER papers, I subsequently did
the experiments first demonstrating homol-
ogy-dependent recombinational DNA repair
and later directed the research in which the
bimodal incision mechanism of NER was
first described.

NUCLEOTIDE EXCISION REPAIR
(NER)

The three papers first describing NER
were published in 1964 [1-3]. Two papers
show that in wild type E. coli, pyrimidine
dimers are removed from the DNA in the
form of oligonucleotides but remain in high
molecular weight DNA in UV-sensitive mu-
tants [1,2]. The third paper describes repair-
replication in UV-irradiated cells [3]. Taken
together, these papers demonstrate the re-
moval of a section of DNA containing the
damage and the accurate replacement by
copying the intact template strand. The sig-
nificance of these papers is that they changed
the way people thought about DNA. Cutting
and replacing sections of the DNA backbone
had not been anticipated. The use of UV-sen-
sitive mutant strains (£. coli K12, Boyce and
Howard-Flanders [2] and E. coli B, Setlow
and Carrier [1]) were important elements in
both 1964 papers first describing NER.

While only the Boyce and Howard-
Flanders paper has Yale listed as the origi-
nating site, Yale was important in the earlier
careers of Setlow and Hanawalt, the senior
authors on the other two papers, as well. In
1964, Boyce and Howard-Flanders were at
Yale, while Dick Setlow was at the Oak
Ridge National Laboratory (ORNL) and
Phil Hanawalt was at Stanford. (Prior to
moving to ORNL in 1961, Setlow had been
in Yale Biophysics and was the PhD thesis
advisor for both Hanawalt and Boyce. An
additional point of interest is that Jane Set-
low, after finishing her PhD in Yale Bio-
physics, went to the Howard-Flanders lab as
a postdoc. After the Setlows moved to
ORNL, Dick Boyce joined the Howard-
Flanders lab as a postdoc.)
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Separate Threads

Two separate but complementary
threads were critically important in the dis-
covery of nucleotide excision repair. One
was the biophysical and chemical studies on
UV and pyrimidine dimers, and the second
was the genetic study of UV-sensitivity
which led to the availability of UV-sensitive
mutants. Dick Setlow’s longstanding re-
search background was in the biophysical
aspects of UV effects, while Howard-Flan-
ders recognized the value of UV-sensitive
mutant strains and employed the E. coli K12
system for the isolation and characterization
of repair-defective strains.

Yale Biophysics and ORNL: Dick Setlow
and the Biophysical Approach

Before going to ORNL in 1961, Dick
Setlow was a Yale Biophysics faculty mem-
ber during the late 1950s. This group in-
cluded several scientists (Pollard, Forro,
Hutchinson, Morowitz, and others) who
used physical methods to investigate bio-
logical effects. Setlow’s publications in the
years before 1964 used methods such as ac-
tion spectra to learn about UV effects on
DNA and cells. His work demonstrated that
thymine dimers were the main products re-
sponsible for the biological action of UV
[4,5]. He first used a UV-sensitive strain (the
Hill E. coli Bs strain) in a paper published
in late 1963. In that publication, the discus-
sion is clear about repair taking place and
that it was not due to the direct reversal of
thymine dimers to monomeric thymines as
was known to occur during photoreactiva-
tion [6].

Yale Radiobiology: Paul Howard-
Flanders and the Genetic Approach

Events in Yale Radiobiology during the
1960s are discussed here. In 1959, Paul
Howard-Flanders was recruited to the De-
partment of Radiology at Yale to form the Ra-
diobiology Section. He came with a
background as a physicist interested in radia-
tion instrumentation for therapy and in the
oxygen effect on the radiosensitivity of cells
and biological materials [7,8]. Shortly after
his arrival at Yale, he learned of mutants in E.



Rupp: Early days of DNA repair

501

Yale Elsewhere

1959
i:g: | RP Boyce | |PT Emmersonl I IJohanseni { IJoharﬂ
1968 [0 e

|WC Summers | | KB Low |
1970 |

|PT Emmersonl | E Seebergl
RG Lloyd RG Lioyd
A Sancar E@‘—_
1980
ID Hickson
1990
2000 —t 1 1
|FA Rogers | | RS Bindra | |RA Jensen|

Figure 1. Abbreviated lineage of several researchers in the Radiobiology Section at
Yale University during the first decade. Paul Howard-Flanders formed the Radiobiology
Section when he came to Yale in 1959. Postdoctoral associates who were in his lab before
or during the discovery of NER in 1964 included Jane Setlow, Boyce, Emmerson, and Jo-
hansen. Rupp joined the Howard-Flanders lab as a postdoc a few months after the discov-
ery of NER. In 1968, Summers and Low came to Yale as junior faculty members with
independent labs. Solid lines (without arrows) indicate that one individual worked in an-
other lab. Lines with arrows indicate movement either to or from Yale. Although not shown,
Seeberg (1 year) and Strike (6 months) were both in the Rupp lab and later collaborated
with each other as described in the text. Another interaction not shown in the figure is be-
tween West and Lloyd, who did important studies on the resolution of Holliday junctions.
lan Hickson, who did his predoctoral work in Emmerson’s lab, is the only person in this di-

agram who did not work at Yale.

coli B that were sensitive to ultraviolet iso-
lated by Ruth Hill [9,10]. He describes meet-
ing her in 1961 at a Brookhaven Symposium
in which he recognized that such mutants
would be useful tools to study the effects of
radiation on cells [11]. This meeting changed
the primary direction of his research activi-
ties and resulted in an emphasis on DNA Re-
pair in the Yale Radiobiology Section that
continues to the present. At Yale, Paul learned
from Ed Adelberg about the methods devel-
oped for the genetic analysis of E. coli K12
and recognized that K12 was far superior to
E. coli B for genetic studies. He developed a
positive selection (using host cell reactivation
of UV-irradiated bacteriophage) for isolating
UV sensitive mutants [12]. This selection was
used to isolate and identify the genes desig-
nated uvrA, uvrB and uvrC [13,14]. Three

publications from the Howard-Flanders lab in
1962 show the rapid development of the ge-
netic approach. The first paper uses the Hill
E. coli Bs strain [15], while the other two pa-
pers describe the selection method and its
successful application for isolating sensitive
mutants in E. coli K12 [12,13]. It is notewor-
thy that the discussion in these papers clearly
articulates the concept that host cell reactiva-
tion of UV-irradiated bacteriophage is due to
repair and that the wild type parents have an
enzymatic process to repair damage that is
missing in the sensitive mutant derivatives.

Dual Incision During Nucleotide Excision
Repair: Identification, Purification, and
Characterization of UvrABC

Although the general features of NER
were described in 1964, the cell-free assay
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and biochemical purification of the activity
proved particularly difficult and was not ac-
complished until 1976 when it was done
successfully by Erling Seeberg and Peter
Strike, two researchers with second genera-
tion ties to Yale Radiobiology [16,17]. Ivar
Johansen from Norway (Seeberg’s mentor)
and Peter Emmerson from Newcastle
(Strike’s mentor) had both been postdocs
with Howard-Flanders in the early 1960s
when NER was first described (Figure 1).
In my laboratory, we used gene cloning
methodology, which at that time was a novel
and rapidly developing field. Fortunately,
Aziz Sancar, who had previously cloned the
phr gene, joined my lab and completed the
cloning of the uvrA, uvrB, and uvrC genes. A
new procedure, the “maxicell” method, was
developed to specifically label the products
from cloned genes [18]. Transposons were
inserted to identify the three uvr gene prod-
ucts and to orient the cloned genes [19-21].
The UvrA, UvrB and UvrC proteins were
purified and were active in the assay for in-
cision of UV-irradiated DNA [22,23]. Gel
analyses of the reaction products demon-
strated that incisions occurred on both sides
of a DNA lesion, a finding that was unex-
pected. It is now recognized that this bimodal
incision is a property of NER in all species.

HOMOLOGOUS RECOMBINATION
AND REPAIR ARE RELATED

In the early 1960s, investigators were not
aware that repair and recombination were re-
lated. John Clark describes the original isola-
tion of a recA mutant in E. coli K12 and
relates how he learned in a seminar from Del-
bruck that the Howard-Flanders uvr excision-
defective mutant strain might be defective in
recombination [24,25]. Clark tested the
newly-isolated Rec™ strain and found it to
have an increased sensitivity to UV. Clark,
however, after studying the data in the
Howard-Flanders 1962 paper [13], concluded
that the UV-sensitive mutants isolated at Yale
were proficient in recombination. Independ-
ently, Howard-Flanders had suggested that
there might be overlapping steps between ex-
cision repair and recombination because
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breakage-reunion models of recombination
were then being advanced by workers in the
field [26]. Clark contacted Howard-Flanders
to find out whether any of the unpublished
UV-sensitive mutants isolated in the Yale lab
were defective in recombination and learned
that there were none. He brought his Rec
strain to the Howard-Flanders lab at Yale for
further characterization, and together they de-
termined that even though UV-sensitive, it
was proficient for the excision repair of
pyrimidine dimers [27]. (In addition they dis-
covered that unlike the Yale excision-repair
mutants, the Clark-Margulies Rec” mutant
was highly sensitive to ionizing radiation, a
property that was subsequently used to screen
for additional sensitive mutants that gener-
ated mutants in a number of additional inter-
esting genes, including recB, recC, lex, and
lon [28-31].)

Repair is Dependent on Homologous
Recombination

The E. coli K12 genetic system facilitated
the construction and comparison of various
mutant combinations. The combination of two
separate uvr mutations resulted in a strain with
the same sensitivity as the original single mu-
tant strain. In marked contrast, combination of
uvrA and recA generated an extremely UV-
sensitive strain that was much more sensitive
than either of the single mutants [29]. Although
Howard-Flanders had earlier suggested the
possibility of common steps in nucleotide ex-
cision repair and recombination [26], the su-
persensitivity of the double mutant indicated
the existence of two separate pathways. At
about that time, Paul attended a meeting on ge-
netic recombination at Lake Arrowhead and
learned of the increased frequency of recom-
bination near the ends of DNA molecules.
Shortly after that, he came up with the idea that
there might be a recombination-dependent
postreplication repair process initiated by the
free ends at gaps opposite pyrimidine dimers.
At that point, he suggested that I should look
for recombinant exchanges between old and
new strands in irradiated cells, presumably be-
cause I had prior experience using CsCl den-
sity gradient centrifugation during my thesis
work [32]. This approach was more problem-
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atic than anticipated but eventually did yield
significant positive results that demonstrated
exchanges between the newly synthesized
DNA and the old pre-existing template strands
[33]. In the meantime, a different approach
gave striking results much sooner. At a meet-
ing in early 1966, I had heard a presentation
by McGrath describing the lysis and sedimen-
tation of labeled bacterial DNA in alkali and
invited him to Yale to teach me his procedure
before publication later that year [34]. I was
soon able to show that the DNA synthesized
after UV-irradiation in an excision-defective
strain was present in short pieces whose size
was similar to the distance between pyrimidine
dimers in the template and that on further in-
cubation, these short pieces were converted to
normal high molecular weight DNA [35]. (In
this case, Paul’s intuition was incorrect as he
assumed that any short pieces would be re-
paired in a time frame too short to be identi-
fied by this method.)

Postreplication Repair (Recombinational
Repair, Homology-Dependent
Recombinational Repair)

In summary, our interpretation was that
replication proceeds past many template
strand lesions generating gaps in both
newly-synthesized strands and that these
short strands are joined together in a recom-
bination-dependent process. We called this
“postreplication repair,” but in some cases
also referred to the process as “recombina-
tional repair” and used that as a descriptive
term in the body of several papers [33,36].

“Recombinational repair” was first used
in a title of a paper [37] where we suggested
this mode of repair need not be limited to
products of replication but could apply to any
structure with DNA damage in both strands
that would make it unable to be repaired by
NER. Resnick used our results as the starting
rationale for proposing a double strand break
repair model [38] depending on recombina-
tional exchange and further suggested that the
Holliday junction is a likely intermediate.

Restart Leading Strand?

At the time of our 1968 paper, little was
known about the details of DNA replication.
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Subsequent studies led to the generally ac-
cepted model that while the lagging strand is
synthesized discontinuously to generate
Okazaki fragments, the leading strand must
always be synthesized continuously with no
interruptions. This led to various models to
explain how a replication fork deals with
polymerase blocking lesions in the leading
strand template. One particularly common
version is that the replication complex stops
until a different polymerase carries out a di-
rect bypass of the lesion, at which time repli-
cation continues with the leading strand
always remaining continuous. Although a
variety of such polymerases are known, this
direct bypass is inconsistent with our original
observation that all DNA synthesized in UV-
irradiated E. coli is present in short pieces.
We concluded that if our data are correct, it
follows that the leading strand must fre-
quently be restarted [39,40]. Recent data
from Yeeles and Marians [41] using purified
components in a cell-free DNA replication
reaction and from the Fuchs lab [42], in
whole E. coli cells, now support this idea that
the leading strand can frequently be restarted.

Multiple Facets of RecA

The recA gene and RecA protein have
many interesting and diverse features, includ-
ing roles in UV-induced mutagenesis and con-
trol of rec-lex regulated genes that are induced
by DNA damage, that are too wide ranging for
consideration here. However, I will make a
slight digression to relate how the /ex gene
was named. It was found by Lee Theriot dur-
ing a screen for X-ray sensitive mutants and
was known in the Howard-Flanders lab as
Lee’s X-ray sensitive mutant. However, in
order to sound more scientific at publication,
the name was said to be an abbreviation of
“locus for X-ray sensitivity” [29].

Influence of Howard-Flanders Shifts
Emphasis of Future Research to DNA
Repair with a Molecular Biological
Approach

Although the first Yale Radiobiology
postdoctoral fellows recruited in the early
1960s had traditional physics/chemistry
backgrounds typical for investigators in the
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field of radiation research, their time at Yale
with Howard-Flanders resulted in a shift of
emphasis to a molecular biological approach
to the study of DNA repair. Peter Emmerson
arrived at Yale after completing his PhD stud-
ies with J. Weiss at Newcastle, whose lab
studied the interaction of radiation radicals
with biological materials. At Yale, Emmerson
isolated the first mutants in the recC gene,
and after his return to Newcastle, several of
his students made significant contributions to
the DNA repair field. Peter Strike’s partici-
pation in developing the assay for UvrABC
has been mentioned earlier. Steve West has
made a series of important contributions. He
identified RecA while doing his doctoral re-
search with Emmerson in Newcastle and then
went to the Howard-Flanders lab at Yale,
where he did further experiments with RecA.
After his return to Britain, he has continued to
do exceptional work with many of the pro-
teins involved in recombination. Ian Hickson,
who also trained in Emmerson’s lab, has
made important contributions in elucidating
the role of recombination in Bloom’s Syn-
drome and other human diseases.

Ivar Johansen had been trained in Oslo,
Norway, and after 2 years with Howard-Flan-
ders at Yale, returned to Norway where he
studied DNA damage and repair in microor-
ganisms. He mentored Erling Seeberg, who
carried out significant studies in both NER
and subsequently in base excision repair.

After doing outstanding work in my lab
and moving to North Carolina, Aziz Sancar
has continued to make important discover-
ies in multiple areas of the DNA repair field.

In 1968, Brooks Low and Bill Summers
joined the Yale Radiobiology Section.
Brooks and Bill could both be classified as
molecular biologists in contrast to the more
traditional physics/chemistry backgrounds of
Johansen and Emmerson, who had worked
with Howard-Flanders a few years earlier.
Bob Lloyd worked with Brooks and went on
to Nottingham, where he has made important
contributions studying various genes partic-
ipating in recombination. Another “second
generation” trainee is Peter Glazer, who did
his thesis work with Bill Summers and is
now Chair of Therapeutic Radiology. Peter
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in turn has trained R. Bindra, R. Jensen, and
F. Rogers, who are now on the Yale Thera-
peutic Radiology faculty.

CONCLUSION AND OUTLOOK

In 1961, Howard-Flanders recognized
that UV-sensitive mutants would be useful
to study DNA repair mechanisms and that
the E. coli K12 background offered the best
opportunity for detailed genetic analysis.
While this decision shifted the research di-
rection for Howard-Flanders, it also set the
future course for Yale Radiobiology and in-
fluenced many of his colleagues and trainees
to pursue research careers studying the mo-
lecular biology of DNA repair.

The discovery of NER was obviously
groundbreaking, but the realization in the
mid-1960s that recombination and repair
were related opened up vast new areas for
investigation that remain fertile today. It is
mindboggling that there are thousands of pa-
pers on the BRCA genes (which are compo-
nents of the homology-dependent repair
system) and that BRCA has even reached
the US Supreme Court.
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