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INTRODUCTION

Understanding the molecular and cellular origins.of sunlight-induced
skin cancers in man requires knowledge of the damages inflicted on human
skin during sunlight exposure, as well as the ability of cells in skin to
repair or circumvent such damage. Although repair has been studied exten-
sively in procaryotic and eucaryotic cells—including human cells in
culture—there are important differences between repair by human skin cells
in culture and human skin in situ: quantitative differences in rates of
repair (B. Sutherland et al., 1980; D'Anbrosio et al., 1981a), as well as
qualitative differences, including the presence or absence of repair mech-
anisms (B. Sutherland et al., 1980; D'Ambrosio et al., 1981b).

Quantitation of DNA damage and repair in human skin required the de-
velopment of new approaches for measuring damage at low levels in nanogram
quantities of non-radioactive DNA. The method must allow for analysis of
multiple samples and the resulting data should be able to be related to
behavior of the DNA molecules by analytic expressions. Furthermore, it
should be possible to assay a variety of lesions using the same methodology.
I shall describe the development of new analysis methods (Freeman et al.,
1986a), new technology (J. Sutherland et al., 1987a and b) and new biochemi-
cal probes (B. Sutherland et al., 1987) for the study of DNA damage and
repair.
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DEVELOPMENT OF METHODS FOR DNA ANALYSIS

Many powerful and sensitive methods for analysis of DMA lesions depend
on quar.titation of sir.i;le strand breaks induced specifically at the lesion
site. Alkaline sucrose gradients have permitted the analysis of radio-
act iveiy-labelled cells (see, for example, Ganesan et «1. , 1981); 3rash and
Hart (1983) described a fluoriraetric method of detection of non-radioactive
DNA from sucrose gradients, but rather large quantities of DNA (500-1,000
ng) are required for each sample. Alkaline elution techniques (Kohn et al.,
1981; Fornace, 1982) provide excellent sensitivity in detection of lesions
»t low levels, but require either radioactive DNA or microgram quantities
of non-radioactive DNA (Erickson et al., 1980). Furthermore, analysis of
alkaline elution data can be complex, especially if multicomponent curves
are obtained.

Alkaline Agarose Gel Method: Early Development

Achey tt al. (1979) described an elegant new method for detection of
DNA lesions by treatment of UV-irradiated DNA with the UV endonucle»se from
Micrococcus luteus (Carrier and Setlow, 1970) to induce single strand breaks
at pyrimidiae dimers, followed by dispersion of single-stranded DNA using
alkaline agarose gel electrophoresis. The distribution of DNA on the gel
was determined by neutralizing, staining with ethidium bromide and photo-
graphing the UV-induced ethidium fluorescence. They estimated the lesion
frequency by comparing the peak of the densitometric trace of the photo-
graphic negative with the migration position of. molecular length markers.

Sutherland and Shih (1983) introduced a gel method that used the
information in the entire DNA distribution to estimate the number average
molecular length: they determined the midpoint of the distribution by
gravimetry; by comparison with molecular length standards, they obtained the
median molecular length of the DNA distributions, from which they calculated
the number average molecular lengths by the method of Veatch and Okada
(1969). For the homogeneous length DNA (bacteriophage T7) they employed
(but not necessarily for the heterogeneous populations of DNA molecules
obtained from mammalian cells), this method has the major limitation of
requiring a few breaks in the population (Ehraann and Lett, 1973). In addi-
tion to this possible limitation, determination of the midpoint of the DMA
distribution by gravimetry is slow, requiring from 15 to 30 minutes per
sample, and thus 4 to 8 hr per IS lane gel. Furthermore, photographic film
response is not linear with DMA fluorescence, and has a limited dynamic
range (Eulleyblank et al. 1977), placing stringent limitations on the
relative quantities of DMAs which may be used on the same gel. In spite of
these limitations, Sutherland and Shih showed that the same analytical
approaches used for sucrose gradients could be applied to agarose gels, and
their calculated pyrimidine dimers yields agreed with those obtained by
other investigators. They also obtained an action spectrum for pyrimidine
dimer formation in T7 bacteriophage DNA, and showed that it resembled the
action spectrum for killing of the same T7 phage analyzed in the pyrimidine
dimer assays.

Analysis of Lesions in DNA of Human Skin Irradiated in situ

Sutherland et al. (1980) used the alkaline agarose gel method for the
first quantitation of pyrimidine diner levels in human skin. Volunteers
were exposed to broad spectrum UVB (290-320 nm) in the sub-erythemal to 2
minimal erythema dose (MED) range. They used gravimetric analysis, obtained
the median molecular lengths, and from them calculated the number average
molecular lengths. They found that diraera could be detected even at sub-
erythemal UVB doses. They also tested for the presence of repair processes:
skin exposed to UVB and then allowed time before biopsy showed a significant



decrease in dirtier content, presumably due Co excision. Furthermore, the
apparent excision rates were considerably more rapid than those found for
human akin cells in culture. They also tested the rates of dimer disappear-
ance in UVB-irradiated skin exposed to visible light: in the presence of
light, the rate of dimer removal was significantly increased, indicating the
presence of photorepair. Data from other laboratories, using alkaline
sucrose gradient sedimentation (D'Ambrosio et al., 1981a, 1981b), have con-
firmed the formation of dimers at measurable frequencies in human skin
irradiated with sub-erythemal or low MED exposures of broad spectrum UVB, as
well as the presence of rapid excision repair and of photorepair in human
skin iji situ.

Freeman et al. (1986a) also analyzed pyrimidine lesions in DNA by
digestion of the DNA with the UV endonuclease, and dispersion of the re-
sulting daughter molecules on alkaline agarose mini-gels using static field
electrophoresis. They neutralized the gel, stained with ethidium, and
photographed the gel using Polaroid positive-negative film. Using a
computer-controlled scanner (J. Sutherland tt al., 1984) they could digitize
directly the film darkening due to DNA fluorescence on the gel, correct for
film response and calculate the number average molecular length of the DNA
distribution. The use of the minigels plus direct computation of the number
average molecular length allows facile determination of lesion frequencies
in the range of 3 per million bases, with a limit sensitivity of about 1
lesion per megabase, in about SO ng of non-radioactive DNA.

Freeman et al. (1986b) used these methods to determine the relationship
of the sun-sensitivity of an individual with the pyrimidine dimer yield at
a given exposure of broad spectrum UVB. They found that the dimer yields
correlated well with sun-sensitivity: individuals with a history of high
sun-sensitivity and with correspondingly lov MED had a higher dimer content
in DNA from skin areas exposed to a fixed dose of UVB than did less sun-
sensitive individuals. Figure 1 shows the relationship of MED and dimer
yield in three individuals. Although individuals vith higher sun-
sensitivity and lower MEDs generally have less skin pigmentation than do
those with lower sun-sensitivity and higher MEDs, dimer yields correlate
better in general with MED and sun-sensitivity than with degree of
pigmentation.

Sunlight includes a small amount of UVB, but its principal ultraviolet
conponent is in the UVA (320-400 nm) range. In addition, some "tanning
salons" employ lamps emitting principally UVA. Since radiation in this
wavelength range is absorbed poorly by SNA, it was not clear whether detect-
able levels of DNA damage would be induced by occupational or recreational
UVA exposures. Freeman et al. (1987) found that exposure of human skin in
situ to 1 or 2 MED of UVA from a broad spectrum source indeed produced mea-
surable levels of lesions recognized by the UV endonuclease (endonuclease
sensitive sites, ESS). Figure 2 shows (open circles, closed triangles) the
yields of such sites in two volunteers as a function of UVA exposure.
Although the UVASUN 2000 is stated by the manufacturer to contain no UVB
radiation (see Mutzhas et al., 1981), and spectral measurements failed to
detect significant radiation in the wavelength range below 340 nm, we also
tested whether possible undetected UVB light leakage from the broad spectrum
lamp might indeed be responsible for production of the ESS. Figure 2
(closed circles) shows that interposition of a Plexiglas filter which trans-
mits less than 1Z of the incident radiation shorter than 340 nm did not
reduce significantly the yield of ESS. Furthermore, narrow band radiation
centered at 365 nm also produced ESS in the DNA of skin of the volunteers.

Micrococcus luteus also contains endonucleases which recognize lesions
in DNA other than pyrimidine dimers (Setlow and Carrier, 1973). Could the
UV endonuclease preparation we used contain sufficient levels of such
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Figure 2: The frequency of pyrimidine dimers (detected as UV endonuclease
sensitive sites per 1000 bases) as a function of exposure of skin
of two volunteers to 0-1.5 x 10* J/m* of UVA radiation. One
subject was exposed to radiation from a DVASUN 2000 lamp (Mutzhas
Co., Munich. Germany) with (.) o r without (o) the interposi-
tion between th« lamp and the subject of a plexiglas filter which
transmit, ! „ , thP.n IS of the incident radiation less than 3Io
nm. This source uses a metal-doped mercury vapor lamp and fil-
tration system which transmits radiation between 340 and 440 nm
with peak emission at 365 nm. Radiation from the UVASUN source
was monitored with an International Light IL 700 Research Radio-
meter coaled to an International Light SEE01S cosine-corrected
UVA detector with peak sensitivity at 365 nm. Another subject

II II ? * W A f r ° m th" U V A 2 0 0° (4> or »*«» 365 am (A)
(+/- 20 nm) radiation from a monochromator. The narrow band

T ^ b ?in an Optical Radxatxon Corporation V-4500 housing, optically
matched to an f/2.0 Jobin Tvon HL300 holographic ^atingmono-
chromator. Radiation was directed to the monochromator slit by
a spectrally selective dielectric mirror. The intensity of the
365 nm radiation was measured with an Eppley Model E4 thermopile
coupled to a Keithley 150B microvoltmeter. Uniformity of^he
exposure field wa, +/- 10Z. A 1 mm Scholl WG filter wa, inter-
posed ia the beam to remove stray radiation of shorter wave-
U 8^' / " ? r e x p o s u r e t 0 radiation, biopsies were obtained,

and the dermis separated from the epidermis by trypsin treatment
BNA was extracted, precipitated with ethanol, and resuspended
m buffer; one part of each sample was digested with the UV-
endonuclease while another part was incubated without endonu-
clease treatment. Each point is the average of the number of
Mdonuclease-seasitive sites (ESS) as determined from the anal-
ysis of three independent gels. The yields of ESS/kb for skin
sites irradiated without the plexiglas filter and through the
filter are not significantly different; the error bars show
standard errors of the mean.



enzymes to account for the UVA-lnduced lesions? We tested this possibility
by treating the DNA from UVA-exposed human skin with the 40,000 dalton
photoreactivating enzyme from Eseherlchla coll, which specifically reverses
pyrimldlne dimers in the presence of light (S. Sutherland e'. al., 1986);
such treatment completely removed the sites for the UV endcnurlease prepara-
tion, indicating that they were indeed pyrimidine dimers.

Since these studies indicate that radiation in the 290-400 nm range can
produce pyrimidine dimers in DNA of human skin in situ, we examined the
relative yields of dimers at wavelengths from 290 nm to 405 nm. Examination
of diraer yields in *t least five individuals at each wavelength indicated
that the uncorrected efficiency spectrum had a maximum at about 295 nm;
correction for the transmission of human stratum corneura gives an action
spectrum consonant with nucleic acids as a principal absorber, even at the
longer UV wavelengths (Sutherland and Griffin, 1981).

What wavelengths in tht solar sptctrum are the most affective in
inducing damage in the SNA of human skin? The action spectrum mentioned
above indicates the efficiency of different wavelengths in inducing damage
in DNA, as indicated by pyrimidine dimer formation, but does not allow for
the widely differing quantities of photons of the various wavelengths pre-
sent in sunlight. Convoluting this action spectrum for pyrimidine dimer
production in human skin _in situ with a solar spectrum gives a solar effec-
tivity spectrum for SNA damage in human skin that indicates that wave-
lengths at about 313 nm are of principal importance in damage of DMA of
human skin by solar radiation.

Hew Developments In Lesion Analysis

The alkaline agarose gel method of Freeman et al. (1986a) relied on
static field gel electrophoresis, photographic film for recording gel fluor-
escence, and digitization of photographic negatives and data analysis by the
computer-controlled scanner (J. Sutherland et al., 1984), and the use of the
UV endonuclease for the recognition of lesions. Each of these areas has
baen the subject, of significant recent advances which promise to increase
the sensitivitity, speed and versatility of the gel method.

Unidirectional Pulsed Field Gel Electrophoresis. The alkaline agarose
gel method is based on detection of DNA lesions by separation of uncleaved
parental DNA molecules from daughter molecules cleaved at the sites of
specific lesions. Its sensitivity, then, depends on the ability of the gel
to resolve daughter molecules from their parent molecules. The upper part
of Figure 3 shows three gels and the middle panel (Panel A) shows the corre-
sponding traces for these three gels. Static field electrophoresis at 0.3
V/cm (of gel) resolves large SNA molecules rather poorly; simply lowering
the electric field to 0.045 V/cm (Figure 3, Panel A) does not improve the
resolution of large molecules appreciably (J. Sutherland et al., 1987a).
The poor resolution of large molecules is largely due to reputation, the
anomalous migration of the large DNA molecules through the gel. Reputation
can be decreased or eliminated by application of the electric field in
pulses, allowing the large molecules to "relax" to a random configuration
in the interpulse interval. Figure 3 shows that application of a pulsed
electric field to the agarose gel greatly improves resolution of large
molecules, thus permitting the detection of DNA lesions with improved sen-
sitivity. Using unidirectional pulsed gel electrophoresis, pyrimidine
dimers in about 50 ng of non-radioactive human DNA can be quantitated after
254 nm exposures as low as 0.2 J/m2. (Also see Figure 4 for an image of
such a gel.)
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Figure 3: Dispersion of DNA samples of six single-stranded DNAs of known
length under static and unidirectional pulsed-field electro-
phoresis. The upper panel shows photographs of the gels; the
middle panel (Panel A) shows the traces of gel fluorescence as a
function of mobility in mnr/V'hr, and the bottom panel (Panel B)
shows computed curves for length (kb) vs. mobility (the actual
experimental points are shown.as solid symbols). The gels were
all 0.41 agarose (Sigma, Type XI, in 50 mM NaCl, 4 raM EDTA, 25 ml
gel), prepared and electrophoresed in a Bio-Rad Mini-Sub Cell
apparatus. Electrophoresis buffer was 2 mM EDTA, 30 mN NaOH.
DNAs were bacteriophages T4 (150 kb), X. (48.5 kb), T7 (40 kb) and
the three Bgl I restriction fragments of T7 (22.5, 13.5 and 4 kb,
respectively). After electrophoresis, the gel was neutralized in
0.1 M Tris, pH 8, then stained in ethidium bromine (1 ug/ml) in
distilled water, destained in water, and photographed on a trans-
illuminator (Ultraviolet Products, Inc.) using a red filter and
Polaroid type 55 positive-negative film. Panel A shows the lane
profiles for the two static field (0.3 and 0.045 V/mra) and one
pulsed field (1.45 V/mra, 0.2 s duration, 9 s period) gel as a
function of mobility. The lane profiles are displaced vertically
for clarity. Panel B shows the logarithm of DNA length (kb); the
solid lines are ths curves computed by the method of Freeman et
al. (1986a), while the symbols show the averaged experimental
values (A, 0.3 V/mm static; a, 0.045 V/ram static; •, pulsed).
The pulsed gel gives greatly improved dispersion for molecular
lengths between 100 and 400 kb, with some improvement in separa-
tion for molecules greater than 20 kb.



{Integrating Measurement and Analysis Gel Elgctrophoresis
System). The procedures of Freeman et al. (1986a), Sutherland and Shih
(1983) and Achey et al. (1979) all relied on quantisation o£ UNA distri-
butions from photographic negatives. However, photographic flln has several
significant limitations. First, its response to light ia nonlinear, and
also shows a threshold and a saturation response (Pulleyblank et al., 1977);
over a limited exposure range (range of DNA concentrations at a given point
on the gel), the response is approximately logarithmic, but this must be
documented for the particular range of DNA concentrations to be used. Fre-
quently, it is experimentally inconvenient to limit the range of DNA concen-
trations to such a range. Second, film has a limited dynamic response (the
difference between the smallest and the largest DNA point concentrations
which can be recorded), placing severe limitations on the range of DNA con-
centrations on a gel and on the exposure times used to photograph the gel.

J. Sutherland et al. (1987b) developed an electronic imaging system
using a charge coupled device (CCD) television camera modified to permit
extended exposures over periods of time sufficient to record the rather dim
fluorescence from ethidium bound to nanogrim quantities of DNA on agarose
gels. Each of the approximately 180,000 detector elements of the CCD inte-
grated circuit responds linearly for over three decades of total incident
light intensity. After completion of an exposure, the electronic signal
from the camera is digitized and the image data are stored in computer
memory and analyzed by programs similar to those used by Freeman et al.
(1986a). The availability of the complete image in digital form makes
practical more sophisticated procedures for data analysis (averaging of the
amount of DNA across the width of a lane, background subtraction, normaliza-
tion for excitation efficiency, etc.) compared to photographic detection of
fluorescence. Archival storage is on optical (laser) disks, each of which
can store over 1200 complete images.

Figure 4 shows a typical image of a gel and the overlying, computer-
generated grid designed to assist in DMA analysis. Xhia gel contains
molecular length markers (lanes 1, 8 and 15), and DNA from human skin cells
exposed .in vitro to 254 nm radiation as follows: no radiation, lanes 2 and
3; 0.2 J/m2, lanes 4 and 5; 0.5 J/m2, lanes 6 and 7; 1 J/m2, lanes 9 and 10;
2 J/m2, lanes 11 and 12; and 3 J/m2, lanes 13 and 14. For each pair of
lanes, the first was not and the second was treated with the pyrimidine
dimar-specific endonuclease from Hicrococcus luteus. which quantitatively
cleaves at pyrimidine dimers. CNAs in this gel were resolved using uni-
directional pulsed field electrophoresis (J. Sutherland et al., 1987a),
discussed above. Figure 4 shows that this method allows facile detection of
pyrimidine dimers even at very low DV exposures: dispersion of DNA treated
with 3 J/wr of 254 nm radiation, followed by endonuclease treatment, is
obviously excellent. Even at 0.2 J/m2, the endonuclease-treated sample
shows significantly greater dispersion than the same sample without endonu-
clease treatment. Analysis of this DNA indicates the presence of about 0.5
dimers per megabase.

IMAGESystera allows rapid data recording: typical exposure times for an
agarose gel containing 50 ng of DNA per lane are 5-20 sec. Digitization of
the complete image with a resolution of 256 intensity levels (8 bits) re-
quires only 33 milliseconds! In comparison, the previous photographic
method required 2-3 hours to develop, wash, dry and scan (digitizing only a
portion of the image) the negative of a typical 15-lane gel. In addition to
significant savings in time, IMAGESystem facilitates the recording and
analysis of multiple Images of the same gel, hence permitting compensation
for very low or high DNA concentrations in individual lanes.
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. Analysis modes include the determination of number average molecular
length, the method used by Freeman #t al. (1986a) to determine pyrimidine
dlmer contents, as well as calculation of the relative quantities of DKAs
at different positions (molecular lengths) within one lar.e or in different
lanes.

IXAGESystem facilitates the perception of finer variations in levels of
intensity variations by color coding the intensity levels in the image using
a "rainbow" transformation (low intensities are displayed as shades of blue
with increasing intensities shown as shades of green, yellow and red). In
determinations of number-average molecular length it is essential that no
portion of the area used for a calculation be over exposed. IHAGESystem
alerts the investigator to saturation by coding these regions white, thus
indicating immediately that the image must be re-recorded using a shorter
exposure time to obtain data which can be analyzed correctly. IMAGESystem
software permits lanes from different images of the same gel recorded with
different exposure times to be combined for the determination of molecular
lengths. This feature greatly facilitates analysis of both OKA quantities
and of DNA distributions.

Photoiramunonucleases: Synthetic. Lesion-Specific Endonuclea3«s. All
methods which count DNA lesions by quantitat ion of single-strand breaks
induced at lesion sites are limited to detection of lesions for which
either naturally occurring endonucleases or chemical treatments give quan-
titative induction of strand breaks at the lesions. These methods include
both those which determine the total lesion frequency (alkaline agarose gel
electrophoresis, alkaline sucrose gradients, alkaline elution), as well as
those which utilize the spatial distribution of lesions SNA sequence
analysis, specific gene analysis (Bohr et al., 1995). Fortunately for
cells—but unfortunately for the investigator—there are relatively few
endonucleases that recognize single lesion types. Even the pyrimidine
dimer-specif ic TJV endonucleases Incise DNA at the sites of all cis, syn
pyriaidine dime-.s, whether T[ ]T, C[]T, T[]C, C[ ]C, Ul ]T, T[ ]0 or U[]U.
Sine* these tesions~as wall as non-pyrinidine dinar lesions~are formed at
different frequencies by various wavelengths of ultraviolet radiation, and
may be of different repair abilities, evaluation of their biological conse-
quences requires that the individual lesions be quantitated.

The essential functions of an endonuclease specific for a 0NA lesion
are the specific binding to the lesion and cleavage of the DMA backbone. A
number of antibodies have been described which are specific for DNA lesions;
furthermore, several wall nolecules are known which, when activated, induce
strand breaks in DMA (see, for example, ?eak et al., 1984). A prototype
photoimnunoendonuclease (PIE) has been synthesized, combining a monoclonal
antibody for thymine-thymine cis, syn cyclobutyl pyriaidine dimers in SNA
(for a discussion, sec Strickland, 1983) with Rose Bengal. This PIE binds
to single-stranded DNA containing pyriaidine diners, and upon exposure to
light, induces strand breaks in the DNA. Upon exposure to the PIE and light
under optimal conditions, T7 DNA containing pyriaidine diners is cleaved at
a frequency approximately stoichiometric with the expected frequency of
thymine-thymine diaers (Setlow and Carrier, 1966).

Future Prospects. The analysis of DNA lesions in nanogram quantities
of non-radioactive DNA by agarose gels currently allows quantitation of
lesions at small U? doses, well within the biologically relevant range.
Improvements in gel methods, gel apparatus, computer methods and analysis
procedures, as well as in reagents available for detection of lesions,
promise increased sensitivity in quantitation of rare lesions, in speed of
the analysis and reduction of the amount of DNA required.



ACKNOWLEDGMENTS

Research supported by National Cancer Institute Grants CA26492 and
CA23O93, and a Brookhaven National Laboratory Exploratory Research Grant
to BMS, by the Office of Health and Environmental Research, United States
Department of Energy, by a Grant from the Arthur 0. and Gullan M. Wellman
Foundation to RWG, and by a tralneeship from the National Cancer Institute
Training Grar.t CA09121 to SEF.

REFERENCES

Achey, P. M., Woodhead, A. D., and Setlow, R. B., 1979, Photoreactlvation of
pyrimidine dimer in ENA from thyroid cells of the te?.eost, Poecllia
formoaa, Photochem. Photobiol.. 29:305.

Bohr, V. A., Smith, C. A., Okumoto, D. S., and Hanawalt, P. C , 1985, DNA
repair in an active gene: Removal of pyrimidine timers from the DHFR
gene of CHO cells is much more efficient than in the genome overall,
Cell. 40:359.

Brash, D. E., and Hart, R. W., 1963, Fluorescent dye labeling to measure DNA
damage in non-radiolabeled cells, _in: "DNA Repair: A Laboratory
Manual of Research Procedures," E. C. Friedberg and P. C. Hanawalt,
eds., Marcel Dekker, New York.

Carrier, W. L., and Setlow, R. B., 1970, Endonuslease from Mlcrococcus
luteus which has activity toward ultrav-*•:i.et-irradiated deoxyribo-
nucleic acid, J. Bacteriol., 102:178.

D'Ambrosio, S. M., Slazinski, L., Whetstone, J. W., and Lowney, E., 1981a,
Excision repair of UV-induced pyrimidine dimers in human skin in
vivo. J. Invest. Dermatol.. 77:311.

D'Ambrosio, S. M., Whetstone, J. W., Slazinski, L., and lowney, E., 1981b,
Photorepair of pyrimidine dimers in human skin .in vivo. Photochem.
Photobiol.• 34:461.

Ehmann, U. K., and Lett, J. T., 1973, Review and evaluation of molecular
weight calculations from the sedimentation profiles of irradiated
DHA, Radiation Res.. 54:152.

Erickson, L. C , Osieka, R., Sharkey, N. A., and Kohn, K. W., 1980, Measure-
ment of DNA damage in unlabeled mammalian cells analyzed by alkaline
elution and a fluorooetric DNA assay, Anal. Biochem.. 106:169.

Fornace, A. J., 1982, Measurement of M_;_ luteus endonucleasis-sensitive
lesions by alkaline elution, Mut• Res.. 94:263.

Freeman, S. E., Blackett, A. D., Monteleone, D. C , Setlow, R. B.,
Sutherland, B. M., and Sutherland, J. C., 1986a, Quantitation of
radiation-, chemical- or enzyme-induced single strand breaks in non-
radioactive DNA by alkaline gel electrophoresis: Application to
pyrimidine dimers, Anal. Biochem.. 158:119.

Freeman, S. E., Gange, R. W., Matzinger, E. A., and Sutherland, B. M.,
1986b, Higher .pyrimidine dimer yields in skin of normal humans with
higher UV-B sensitivity, J. Invest. Dermatol.. 86:34.

Freeman, S. E., Gange, R. W., Sutherland, J. C , Matzinger, E. A:, and
Sutherland, B. M., 1987, Production of pyrimidine dimers of human
skin exposed in situ to UVA radiation, J. Invest. Dermatol.. 88:430.

Ganesan, A. K., Smith, C. A., and van Zeeland, A. A., 1981, Measurement of
pyrimidine dimer content of DNA in permeabilized bacterial or
mammalian cells with endonucleasc of bacteriophage T4, in: "DNA
Repair: A Laboratory Manual of Research Procedures," E. C. Friedbexg
and P. C. Hanawalt, eds., Marcel Dekker, New Tork.

Kohn, K. W., Ewig, R. A. G., Erickson, L. C., and Zwelling, L. A., 1981,
Measurement of strand breaks and cross-links, in: "DNA Repair: A
Laboratory Manual of Research Procedures," E. C. Friedberg and P. C.
Hanawalt, eds., Marcel Dekker, New Tork.



Peak, M. J., Peak, J. G., Foote, C. S., and Krinsky, N. I., 1984, Oxygen- 12
independent direct deoxyribonucleic acid backbone breakage caused by
Roie Bens«l «nd visible light, J. Photochem., 25:309.

Pulleyblank, D. E., Shure, H., and Vlnograd, J., 1977, The quantltatlon of
fluorescence by photography, Nucleic Acids Res., 4:1409.

Setlow, R. B., and Carrier, W. L., 1966, Pyrimidine dimers in ultraviolet-
irradiated DNA's, J. Mol. Biol., 17:237.

Setlow, R. B., and Carrier, W. L., 1973, Endonuclease activity toward DNA
Irradiated in vitro by gamma rays, Mature New Biology. 241:170.

Strickland, ?. T., 1983, Detection of thymine dimers in DNA with monoclonal
antibodies, in: "Application of Biological Markers to Carcinogen
Testing," H. A. Milman and S. Sell, «d«., Plenum Publishing Corp.,
New Tork.

Sutherland, B. M., Harber, L. C., and Kochevar, I. E., 1980, Pyriraidlne
diraer formation and repair in human skin, Cancer Res.. 40:3181.

Sutherland, B. M., Olivelra, 0. M. , CUrrocchi, G., Brash, D. E., Haseltine,
V. A., Lewis, R. J., and Hanawalt, P. C., 1986, Substrata range of
the 40,000 dalton DNA photoreactivating enzyme from Escherlchia coll,
Biochemistry. 2 5 J 6 8 1 .

Sutherland, B. M., and Shih, A. G., 1983, Quantitation of pyrimidine dimer
content of non-radioactive deoxyribonucleic acid by electrophoresis
in alkaline agarose gels, Biochemistry. 22:745.

Sutherland, B. M., Sutherland, J. C., Brown, D. A., Epling, 6. A., Kochevar,
I. E., Van Crnnp, J. R., and Strickland, P. T., 1987, Fhotoimmuno-
endonucleases: Synthetic DNA lesion-specific endonucleases,
Photoehem. Photoblol.. 45S:21S.

Sutherland, J. C., and Griffin, K. P., 1981, Absorption spectrum of DNA for
wavelengths greater than 300 nm, Rad. Res.. 86:399.

Sutherland, J. C., Mr>-iteleon«, D. C., Mugavero, J. H., and Trunk, J., 1987,
Unidirectional pulsed-field electrophoresis of single- and double-
stranded DNA la agarose gels: Analytical expressions relating
mobility and molecular length and their application in the measure-
ment of strand breaks, Anal. Blochem.. 162:511.

Sutherland, J. C., Monteleone, D. C , Trunk, J. C , and Ciarrocchi, 6.,
1984, Two-dimensional computer-controlled film-scanner: Quantitation
of fluorescence from ethidium bromide-stained DNA gels, Anal.
Biochem.. 139:390.

Sutherland, J. C., Lin, B., Monteleone, D. C , Sutherland, B. M., and Trunk,
J., 1987, Electronic imaging system for direct and rapid quantitation
of fluorescence from electrophoretic gels: Application to ethidium
bromide-stained DNA, Anal. Biochem., 163:446.

Veatch, W., and Okada, S., 1969, Radiation-induced breaks of DNA in cultured
mammalian cells, Biophvs. J.. 9:330.


