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Approximately one out of every 10 Americans will con-
tract skin cancer during his or her lifetime, making skin
cancer the most prevalent form of cancer in this country.
Fortunately, skin cancer is rarely fatal because it is so readily
detected and treated. The connection between sunlight and
skin cancer comes from a number of important observations.
First, skin cancer occurs most frequently on portions of the
body normally exposed to sunlight and most frequently in
fair-skinned people who lack the light-absorbing pigment
melanin. Second, it is known that exposure of DNA to sun-
light leads to the formation of photoproducts, otherwise
known as photolesions. Third, people with the DNA repair
disorder xeroderma pigmentosum have an approximately
thousandfold higher chance of contracting skin cancer,
thereby linking the failure to repair DNA damage induced
by sunlight with skin cancer (Fig. 1). Presumably, misre-
paired DNA damage results in mutations, and it is muta-
tions in genes coding for proteins involved in the regulation
of replication and cell differentiation that lead to the cancer-
ous state. Other mutations lead to cell death or benign mu-
tants and tumors.

Recently, it has been shown that the incidence of malig-
nant melanoma and squamous cell carcinoma, the most seri-
ous forms of skin cancer, have been steadily increasing over
the past 25 years (1) leading some to predict that by the year
2000, one out of 90 Americans will contract malignant mela-
noma. The origin of this increase is unknown but may be due
in part to increased exposure to sunlight, through the popu-
lar pastime of sun tanning, coupled with the decrease in the
amount of stratospheric ozone, which absorbs the wave-
lengths in sunlight most damaging to DNA. (Its absorption
spectrum is almost identical with that of DNA!) The risk of
contracting skin cancer can be sizably reduced, however, by
limiting one’s direct exposure to sunlight or by the use of
sunscreens.
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Figure 1. General pathways linking failure to repair DNA damage induced by
sunlight with cell death, mutation and cancer. T = T represents any one of the
several photoproducts of a TpT site shown in Figure 5.

DNA Photoproduct Structure-Activity Relationships

Though the structures of many DNA photoproducts are
known, their lethality, mutagenicity, and mutation spectra
are not. Almost all studies in the area of light-induced muta-
genesis have relied on directly photolyzed, high molecular
weight DNA for study. Directly photolyzed DNA contains a
multitude of photoproducts at a multitude of sites, making
elucidation of precise photoproduct structure-activity rela-
tionships almost impossible. The lack of progress in deriving
structure-activity relationships can therefore be directly at-
tributed to a lack of pure, well-characterized, photoproduct-
containing DNA for study.

Our approach to obtaining precise photoproduct struc-
ture—activity relationships is diagrammed in Figure 2 and is
based on the ability to prepare and study DNA containing
site-specific photoproducts. The basic elements of this ap-
proach were pioneered by John Essigmann of the Massachu-
setts Institute of Technology for the study of the mutagenic
effects of O6-methylation of guanine (2). The key intermedi-
ate used for the preparation of the wide variety of photo-
product-containing substrates is an oligonucleotide contain-
ing a site-specific photoproduct. The most general and ver-
satile method for the preparation of such an oligonucleotide
uses a photoproduct “building block” that is compatible
with standard automated DNA synthesis. Such a method
allows the site-specific incorporation of a photoproduct into
any sequence, any number of times, and insures that the
photoproduct-containing oligonucleotide will be obtained in
both high yield and purity. Once in hand, the photoproduct-
containing oligonucleotides can be annealed to complemen-
tary strands to form mini-B DNA duplexes for high resolu-
tion structural studies by NMR and X-ray crystallography.
The oligonucleotides can also be incorporated via DNA li-
gase into polymers for bending and other biophysical stud-
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Figure 2. Our combined, chemical, physical, and biological approach to
unraveling the structure—activity relationships in sunlight-induced skin cancer.

T = T represents any one of the several of photoproducts of a TpT site shown
in Figure 5.
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Figure 3. The basic structural subunits of DNA. Solid dots indicate hydrogen
bonds.

Figure 4. Conformation of the bases of a d(TpT)-d(ApA) site in B DNA as viewed
down the helix axis, emphasizing the primarily intrastrand nature of the -
stacking interactions. The base pair on top is in bold.

ies, long duplexes for in vitro repair studies, template-prim-
ers for in vitro replication enzyme studies, and bacterio-
phage or viral DNA for in vivo mutation studies.

DNA Photochemistry

The photochemistry of DNA can be
readily understood by considering the
structure and conformation of B DNA
and the wavelengths present in sun- 0
light. DNA is a linear polymer of four
nucleotide monophosphates, dAMP,
dCMP, dGMP, and dTMP. Each nu-
cleotide is composed of a base, which
encodes information in a pattern of hy-
drogen bond donors and acceptors, and
a sugar phosphate unit, which serves to
link the bases together in a given se-
quence (Fig. 3). Sunlight at sea level is
composed of wavelengths >290 nm,
which just barely overlap the long o
wavelength absorption tail of the bases J/”
in DNA. In the simplest view, a base }‘
absorbs a photon and becomes excited
toits first excited singlet state and then
rapidly intersystem crosses to its first
excited triplet state, which is lowest in
energy for thymine. As a result, initial
excitation energy becomes localized at a
thymine by rapid energy transfer along
the helix, and the excited thymine
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then either undergoes reaction with an adjacent base or
relaxes to the ground state.

The structure and stereochemistry of the primary, and
hence any secondary, photoproducts can be readily under-
stood by consideration of the structure and conformation of
the DNA from which they arise. In B DNA, an excited
thymine is restricted to reacting with the base in the same
chain which is either directly above or directly below. Most
reactions occur at dipyrimidine sequences and can be best
illustrated for a TpT site (Fig. 4). The major photochemical
reactions at a TpT site involve [2 + 2] reactions between the
C5,C6 double bond of the thymine on the 5 side and either
the C5,C6 double bond or the C4,04 carbonyl double bond of
the thymine on the 3" side (Fig. 5). The first reaction leads to
a cis—syn cyclobutane dimer, in which cis refers to the rela-
tive stereochemistry of the two methyl groups and syn to the
relative orientation of the two C4 carbonyl groups. The sec-
ond reaction leads to an intermediate oxetane, which is ther-
mally unstable and rapidly decomposes to give what is
known as the (6-4) product, so named because of the bond
formed between C6 of the 5’-pyrimidine ring and C4 of the
3’-pyrimidinone ring. Cis-syn cyclobutane dimers are the
major photoproducts of DNA and predominate at TpT sites,
whereas (6-4) products are produced at about one-tenth the
rate of cis-syn dimers and predominate at TpdC sites.

Though the cis-syn and (6-4) products are the major
photoproducts of dipyrimidine sequences, minor amounts of
a stereochemical isomer of the cis-syn product, the trans—
syn product, are also produced. The trans-syn product of
TpT results from photodimerization of two thymines in
which one thymine is rotated by 180° about the N1-C4 axis
relative to the other. Such a product could form in a section
of B DNA in which the glycosyl bond of the 5-T is in the syn,
rather than the normal anti, conformation. Alternatively,
the trans—syn product could form in regions of single-strand-
ed DNA that are free to adopt many conformations or possi-
bly at a junction between different helical conformations of
DNA, such as B and Z DNA. Though the trans-syn product
is a relatively minor product and may thus not appear wor-
thy of great consideration, it is important to keep in mind
that the mutagenicity of an agent may often be due to a
minor, but highly mutagenic, product.

At the time we initiated our studies, the cis—syn, trans—
syn, and (6-4) products were the only classes of dipyrimidine
photoproducts known. The possible existence of another
class of biologically relevant photolesions of dipyrimidine
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Figure 5. Reaction pathways available to a TpT unit exposed to sunlight (wavelengths >290 nm).



sites first became apparent from reports in the early 1970’s
of a curious type of photoreactivation (reversal) of the lethal
effects of 254-nm light in certain bacteria. Type III photore-
activation, as it was called, was shown to be most efficient at
313 nm and to proceed through an unknown, though nonen-
zymatic, pathway that was correlated with the disappear-
ance of (6-4) photoproducts. Interestingly, in 1964 Johns
and co-workers had reported that the (6—4) photoproduct of
TpT, known to them only as TpT4, could be quantitatively
converted by 313-nm light to a new photoproduct, which
they named TpT3.

Collectively, the results of the previous biological and pho-
tochemical studies suggested that the (6—4) products were
being converted by 313-nm light to further, less lethal prod-
ucts, whose structures would be typified by that of TpT3.
This prompted a determination of TpT3 structure, which
was done by a combination of 1D and 2D NMR, IR, and
FAB-MS (3, 4). TpT3 was discovered to be the Dewar pyri-
midinone valence isomer of the (6-4) product, and hence the
name Dewar pyrimidinone, or more simply Dewar, was as-
signed to this class of photoproducts. The name Dewar
comes from the name of the chemist who, in the late 1800’s,
proposed that benzene was such a valence isomer. Despite its
apparent strain, the Dewar photoproduct is quite stable
under physiological conditions, suggesting that it could per-
sist for long times in vivo. Because the Dewar product is
formed from the (6-4) product at wavelengths present in
sunlight at sea level, it may well play a hitherto unrecog-
nized, and possibly important, role in the mechanism of
sunlight-induced skin cancer.

DNA Phofoproduct Dimer Building Blocks

In order to determine the precise role that each photo-
product plays in mutagenesis there existed the need to de-
velop building blocks for their site-specific incorporation
into DNA by automated DNA synthesis. Initially the focus
was on the design and synthesis of building blocks for the
cis—syn and trans—syn thymine dimers because it was known
that these classes of photoproducts could be prepared in
high yield by triplet sensitized photolysis. These efforts led
to the synthesis of building blocks for the cis-syn (5) and
trans-syn (6) thymine dimers (Fig. 6). These building blocks
are identical in structure to the corresponding dimers of
TpT but have in addition: (1) a 3’-phosphoramidite group
for coupling to the growing end of a DNA chain, (2) a methyl
group for rendering the internucleotide phosphodiester neu-
tral and the building block organic soluble, and (3) a 5-DMT
(dimethoxytrityl) group for preventing polymerization of
the building block during the coupling step.

The sequence of steps used to incorporate the cis—syn and
trans—syn thymine dimers into an oligonucleotide is illus-
trated in Figure 7 and is the same as that used in standard
automated DNA synthesis machines. Automated DNA syn-
thesis is based on sequential addition of suitably protected
DNA building blocks to the 5 terminus of a growing chain
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Figure 7. Basic sequence of steps used in automated solid-phase phosphora-
midite-based DNA synthesis, illustrated for the addition of a photoproduct
Hilding block to a growing DNA chain.

whose 3’ terminus is covalently, but reversibly, linked to a
solid support such as glass. Each cycle of addition involves
three basic steps. In the first step, known as deblock, the
dimethoxytrityl (DMT) group is removed from the 5’ termi-
nus of the growing chain by dichloroacetic acid-catalyzed
solvolysis. In the second step, known as couple, the DNA
chain is elongated by tetrazole catalyzed phosphite ester
bond formation between the 5’-hydroxyl and the phosphora-
midite phosphorus. Typically, the phosphoramidite is used
in a 10 to 100-fold excess to insure a high coupling yield. In
the last step of the cycle, known as oxidize, the resulting
phosphite triester is oxidized to a phosphate triester with
iodine and water. For long sequences it is advantageous to
prevent chains that failed to couple from undergoing cou-
pling during subsequent cycles by blocking their 5’ ends with
an acetyl group in a fourth step referred to as cap. Without
capping, chains not elongated in one cycle might be elongat-
ed in a subsequent cycle, leading to oligonucleotides contain-
ing one less nucleotide than the desired product, making
final purification difficult. After all of the nucleotides have
been coupled, the product is first cleaved from the solid
support with concentrated aqueous ammonia at room tem-
perature. The phosphate and amino protecting groups are
then removed by treatment with concentrated ammonia at
55 °C and the crude product purified by anion exchange
chromatography.

NMR Studies on Mini B DNA Duplexes Containing Thymine
Dimers

With the development of a method for synthesizing oligo-
nucleotides containing site-specific cis—syn and trans—syn
thymine dimers, it became possible to study their structure
and properties. The most powerful approach available today
for determining the three-dimensional structure of DNA in
solution is to use interproton distance
information derived from NMR ex-
periments to constrain distance geome-
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Figure 6. Cis—syn and trans—-syn thymine dimer building blocks suitable for use in an automated solid-phase

phosphoramidite-based DNA synthesis machine.

quired to form a full turn of a B DNA
helix. To this end, multimilligram
amounts of the three duplex decamers
shown below were prepared.
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damage site during replication or repair (Fig. 10). In order to
obtain structural and mechanistic insight into this process,
we decided to investigate the action of polymerases on tem-
plates containing site-specific cis-syn and trans-syn thy-
mine dimers. The polymerase we selected for the initial
experiments was DNA polymerase I of the bacterium Es-
cherichia coli, the first and most thoroughly studied poly-
merase known. Pol I is one of the three polymerases of E.
coli, and its role is thought to involve filling in gaps resulting
from the repair of DNA damage and from discontinuous
replication. It has three basic enzymatic activities, the first
and foremost of which is a reversible 5 — 3’ polymerase
activity that catalyzes the stepwise template-directed addi-
tion of nucleotides to the 3’ end of the primer (Fig. 11). The
second is a 3’ — 5’ exonuclease activity that catalyzes the
hydrolysis of the terminal nucleotide of the primer and is
fastest when the terminal nucleotide is not complementary
to the template (Fig. 12). This activity helps to correct any
errors produced in the polymerization step, an activity often
referred to as proofreading. The third activity is a 5" — 3’
exonuclease activity whose function is to degrade the DNA
ahead of the primer terminus. Recently, the structure of the
Klenow fragment, a proteolytic fragment of Pol I that lacks
the 5 — 3’ exonuclease activity, has been determined by X-
ray crystallography (Fig. 13) (8), making this enzyme partic-
ularly suitable for detailed structure-activity studies.

The cis-syn and trans-syn thymine dimer-containing
templates needed for the bypass studies were constructed by
joining the same photoproduct-containing decamers used in
the NMR studies to a 12-mer and 19-mer. The oligonucleo-
tides were joined by the enzyme T4 DNA ligase in the pres-
ence of ATP and a complementary 34-mer that served to
hold their ends in place (Fig. 14). The sequence of the tem-
plate was made to be identical with that contained in the
bacteriophage DNA that would be used for in vivo studies
(vide infra). In this way, information derived from biophysi-
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Figure 11. The reversible polymerization step catalyzed by DNA Pol |, illustrat-
ed for the incorporation of pdA opposite the 3'-T of the cis—syn thymine dimer.
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Figure 12. The proofreading step catalyzed by DNA Pol |, illustrated for a
primer terminating in pdG opposite the 3'-T of the cis-syn thymine dimer.

cal, enzymatic and in vivo experiments could all be directly
compared. The ability of DNA Pol I and its Klenow frag-
ment to extend a primer on the templates containing the
thymine dimers was examined first, and the major extension
products found were those terminating prior and opposite to
the 3’-T of the dimers (Fig. 15) (9). Very significantly, how-

Y
Exonuclease

Primer—Terminus
Binding Site
and Polymerase Site

carboxy terminus

= disordered section

Figure 13. Schematic representation of the X-ray crystal structure of the
Klenow fragment of DNA Pol | of E. coli. a-helical regions are symbolized by
cylinders, and 3-sheets by thick arrows. Regions of heterogeneous conforma-
tion are given by thick lines. Adapted from ref 8.

5'—=TGCATGCCTGCA-3' 12mer
5'—pCGTAXYATGC—3' 10mer
5'—pAATTCGTAATCATGGTCAT~3' 19mer

3'—GTACGGACGTGCATAATACGTTAAGCATTAGTAC—-5' J4mer
= T .

o T4 DNA Ligase

Tle,s]|T

[o:s] and ATP

T[t,s]T

5'—TGCATGCCTGCACGTAxyATGCAA'lTCGTAATCATGGTCAT—S' 41mer

3'—GTACGGACGTGCATAATACGTTAAGCATTAGTAC -5’ 34mer

Figure 14. Construction of site-specific photodimer-containing templates for
use in polymerase studies by enzymatic ligation of a photodimer-containing
decamer to two other oligonucleotides utilizing a complementary 34-mer to
hold the ends in place during ligation.

Template: 5'—TGCATGCCTGCACGTAxyATGCAATTCGTAATCATGGTCAT -3 41mer
Primer: 3'—GCATTAGTACCAGTAps—5'
xy = TT
Te.s]T DNA Polymerase

Termination Tlts]T dNTPS
Products:

prior 3'-T: 5'—TGCATGCCTGCACGTAxyATGCAATTCGTAATCATGGTCAT -3 41mer

3'—TACGTTAAGCATTAGTACCAGTAp*—5' 23mer
opposite 3'-T 5'—TGCATGCCTGCACGTAxyATGCAATTCGTAATCATGGTCAT -3 41mer

3'—=nTACGTTAAGCATTAGTACCAGTAp*—5' 24mer

5'—TGCATGCCTGCACGTAxyATGCAATTCGTAATCATGGTCAT—3" 41mer

Bypass Product: 3 —ACGTACGGACGTGCATAATACGTTAAGCATTAGTACCAGTAp*—5" 41mer

Figure 15. Products of primer-extension reactions catalyzed by DNA Pol | on
the cis—syn and trans—syn thymine dimer-containing templates.
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Figure 16. Critical steps involved in the bypass of the cis—syn thymine dimer by
Pol I. All steps up to and after the dimer site are fast. Step 2 appears to be rate
limiting at high dNTP and enzyme concentrations.
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Figure 17. Base-pairing interactions between the 3'-T of the cis—syn thymine
dimer and either pdA or pdG at a primer terminus, illustrating the displacement
of the sugar ring (dR) of pdG relative to that of pdA.

ever, the discovery that a bypass product was also present in
the extension reactions conducted on the cis—syn dimer-
containing template clearly demonstrated that the cis-syn
dimer was not an absolute block to replication by Pol I as
had previously been thought. In comparison, the trans—-syn
thymine dimer could not be bypassed at all, a result easily
explained by the syn orientation of the 5'-thymine that
would be expected to prevent base-pairing to an incoming
nucleotide triphosphate and thus block elongation (Fig. 9).

These results prompted the following question: was by-
pass of the cis—syn dimer mutagenic or nonmutagenic? In
order to answer this question, the bypass product was isolat-
ed and sequenced, revealing that, within the limits of detec-
tion, only pdA’s were inserted opposite the dimer site, mak-
ing Pol I bypass of the cis—syn thymine dimer nonmutagenic.
This result was in accord with the “A rule” in mutagenesis,
which states that polymerases preferentially incorporate
pdA’s opposite noninstructional damage. Surprisingly, how-
ever, in addition to pdA, a substantial amount of pdG was
incorporated opposite the 3’-T of the cis—syn dimer in the
product terminating at this site (Fig. 16). In order to explain
the almost exclusive incorporation of pdA’s opposite the
dimer in the bypass product, but not in the termination
product, one needs a mechanism in addition to that of pref-
erential incorporation.
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One of the mechanisms that contributes to the fidelity of
replication by Pol I is preferential elongation, a process
whereby primers terminating in a correctly matched, i.e.,
Watson—Crick, base pair are elongated faster than those that
are not (10). The same mechanism can also be used to ex-
plain the increased sequence specificity of the bypass prod-
uct over that of the termination product, if the primer termi-
nating in pdA opposite the dimer forms a better matched
terminus than does the primer terminating in pdG. Insucha
case, the primer terminating in pdA would be elongated
faster than the primer terminating in pdG, which would
instead be degraded by the proofreading activity of Pol I
(Fig. 16). The overall result of such a process would be a
bypass product in which pdA’s are almost exclusively incor-
porated opposite the dimer site. In support of this mecha-
nism pdA can form a Watson-Crick-like base pair with the
3-T of the cis—syn dimer, whereas pdG can only form a
wobblelike base pair (which would explain why it could be
incorporated in the first place) (Fig. 17). The 3’-hydroxyl of
the terminal pdA is therefore expected to be in a suitable
position for enzyme-catalyzed chain elongation, whereas
that of the terminal pdG is not.

Bacteriophage DNA Containing Site-Specific Thymine
Dimers

All the studies described so far have been conducted under
well-defined, in vitro conditions. Such studies lead to very
precise structure-activity relationships, and many useful
correlations and insights have begun to accumulate. Howev-
er, the challenge now shifts to determining the lethality,
mutagenicity, and mutation spectrum of a photoproduct in
vivo. In order te do so, replicative form bacteriophage DNA’s
containing site-specific cis—syn (11) -and trans-syn thymine
dimers have been constructed. This has been accomplished
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Figure 18. Construction and in vivo replication of bacteriophage DNA contain-
ing site-specific thymine dimers. By sequencing the progeny phage one can
determine the mutation spectrum for an individual photoproduct. The observed
mutation spectrum induced by light would be the sum of the mutation spectra
for each photoproduct at each site weighted by its frequency of induction.



by a combined enzymatic and recombinant DNA approach
similar to that pioneered by Essigmann for the study of 06-
methyl guanine adducts (2). The key step in the construc-
tion was the ligation of the dimer-containing decamers used
in the NMR studies to a gapped duplex bacteriophage DNA
that had been engineered by recombinant DNA techniques
to be complementary to the decamers (Fig. 18).

The lethality of the cis—syn and trans-syn thymine dimers
will be determined by comparing the number of progeny
produced when E. coli is infected with nondimer and dimer-
containing bacteriophage DINA’s. The mutagenicity will be
determined by determining what fraction of the progeny are
mutant, while the mutation spectrum will be determined by
sequencing the individual mutants. A variety of repair and
replication deficient hosts will be utilized in these studies to
help identify the proteins and enzymes involved in mutagen-
esis and repair. By comparing the in vivo fates of the cis-syn
and trans—syn dimer-containing bacteriophage DNA’s with
the structural and in vitro enzymatic data that have been
obtained, the hope is to elucidate the fundamental struc-
ture—activity principles involved in light-induced mutagene-
sis in bacteria.

Conclusion

A general approach that combines chemical, physical, and
biological techniques toward elucidating the structure-ac-
tivity relationships in sunlight-induced mutagenesis in bac-
teria has been described. This approach should be readily
extended to the study of DNA photoproduct structure-ac-
tivity relationships in higher-organisms, including human-
kind. The ability to prepare pure, site-specific photoprod-

uct-containing DNA should facilitate the isolation of previ-
ously unknown proteins and enzymes involved in the
recognition, repair, and replication of DNA photodamage.
By studying the action of human repair and replication sys-
tems on these uniquely damaged DNA’s both in vitro and in
vivo, there is hope for unraveling the molecular pathways
that lead from sunlight to skin cancer. In the process, funda-
mental insights may be gained into the mechanisms by
which DNA damage leads to mutation, cancer, and death.
Such knowledge may ultimately lead to preventative mea-
sures against cancer and new criteria for the design of anti-
virival and anticancer drugs.
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In Memoriam: R. T. Sanderson

Robert Thomas Sanderson, well-known among chemical educators for the ap-
proach he developed for teaching chemical bonding, died this past month at the age of
77. After graduation from Yale University in 1934, he was granted a PhD in chemistry
by the University of Chicago in 1939 for his synthesis and study of the first complex
hydride, aluminum borohydride, and his prediction of others. He then became chief
chemist of the Western Geophysical Company and was a research chemist for Texaco
for nine years. Eleven patents resulted from his industrial research. He next trans-
ferred to university teaching and research, spending a year and a half at the Universi-
ty of Florida, followed by 13 years at the University of Iowa and 15 years at Arizona
State University. During these years he was a major contributor to chemical educa-
tion, inventing unique atomic and molecular models and authoring five textbooks of
general and inorganic chemistry. He was known for his work with the “principle of
electronegativity equalization” and developed simple methods of calculating partial
charges on combined atoms and, using these, polar bond energies in thousands of
bonds. His approximately 150 publications include about a dozen books on chemis-
try, some of which have been translated into foreign languages. Following his retire-
ment from active teaching in 1978, he continued research and writing in chemistry. In
1967 he received a CMA Award for Excellence in Teaching Chemistry, and in 1972
received the Distinguished Teacher Award of Arizona State University.

His marriage in 1939 to Bernice Shafer resulted in three children, and, after his
first wife’s death in 1977, he married Jean Menard with whom he made his retirement home in Fort Collins, Colorado. He
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