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Evaluation of Number Average Length Analysis in Quantifying Double Strand
Breaks in Genomic DNAs
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ABSTRACT. Double strand breaks in DNA can be quantified down to very low frequencies (a few per
Gigabase pair) in nanogram quantities of nonradioactive, genomic DNA by dispersing the DNAs on
electrophoretic gels, digitizing them by quantitative electronic imaging, and calculating the DNA lengths
by number average length analysis. No specific distribution of damages is required for number average
length analysis. To test the validity of this approach, we used DNA populations of known absolute lengths
and break frequencies as experimental DNAs and calculated the number average lengths and double strand
break levels. Experimental DNAs and length standards were dispersed using pulsed field electrophoretic
modes (unidirectional pulsed field, contour clamped homogeneous field, or transverse alternating field)
appropriate for their size range, stained with ethidium, destained, and a quantitative electronic image
obtained. A dispersion curve was constructed from the migratioobility relationships of the length
standard DNAs, and the number average lengths of the experimental DNAs were calculated. The calculated
DNA lengths agreed well with the actual lengths. Furthermore, the double strand break frequencies
calculated through number average length analysis of DNAs dispersed by these pulsed field gel modes
and digitized by quantitative electronic imaging were in excellent agreement with the actual values for
populations of DNA over the size range o# kbp to~3 Mbp. The use of this approach in quantifying

DNA damages is illustrated for double strand breaks and damage clusters (e.g., OxyPurine clusters
recognized byEscherichia coliFpg protein) induced in T7 DNA by ionizing radiation.

Double strand breaks (DSBsre produced by damaging the use of megabase-size DNAs and accurate, high sensitivity
agents such as radiation or radiomimetic anti-cancer drugsdetection 2—4), it allows quantification of damages at levels
and by normal cellular processes, for example, recombina-as low as a few per gigabase péaj.(

tion. Measuring the level of DSBs and tracking their ts yseful to validate new approaches by comparison with
production and rejoining are key to understanding their roles gjmyjtaneous or previous data obtained on identical samples.
and consequences. Many methods have been described fojye showed previously that number average length deter-
detecting, estimating, or quantifying DSB levels in genomic mination and methods of moments calculation of levels of
DNAs. Some of these methods provide qualitative indications single strand breaks (induced by enzymatic cleavage at
of break levels, while others give quantitative measures of pyrimidine dimer sites) from an electronic image of an
break frequencies. electrophoretic gel containing ethidium-bromide stained
Number average length analysis, based on the method ofhyman DNA from UV irradiated cells gave the same dimer
moments calculation of average lengths of DNA populations, |evels as the same sample DNAs dispersed on alkaline
is a standard among physieathemical approaches for  sycrose gradient§). We also developed electrophoretic gel-
computing the average sizes of populations of macromol- hased methods for quantifyirgn a damage per kbp or per
ecules {). It is a powerful and useful method because it Mpp or per Gbp basisdouble strand breaks and bistranded
does not require any specific distribution of damages. With pNA damage clusters (which are converted to de novo DSBs
through cleavage at cluster sites) induced by very low doses
 Supported by the Low Dose Program of the Office of Biological Of ionizing radiation §, 7, 8). Ideally, data from such a
and Environmental Research of the US Department of Energy and by method would be evaluated by comparison to results from
grants from the National Institutes of Health (RO1 CA 86897 to B.M.S. other methods for quantifying radiation-induced DSBs at

and CA 88335 to J.C.S.). Lo .
*To whom correspondence should be addressed. E-mail: bms@ Similar frequencies. However, most assay methods do not

bnl.gov. Phone: (631) 344-3380. Fax: (631) 344-3407. extend to damage levels obtained at very low radiation doses.
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27858-4353. ’ ' ’ empirical measures of damage levels (e.g., tail moments of

1 Abbreviations: CHEF, contour-clamped homogeneous field elec- the comet assay and the fraction of activity released of the
trophoresis; DSB, double strand break; FAR, fraction of (radio)activity FAR assay) that cannot be compared directly with absolute
released; Gbp, gigabase pair {lixse pairs); kbp, kilobase pal;  pgp frequencies. In addition, significantly different damage
number average molecular length; Mbp, megabase pair; SSB, single . . . .
strand break; TAFE, transverse alternating field electrophoresis; uPFE, Yields per unit dose are obtained from various methods that

unidirectional pulsed field electrophoresis. do measure DSB yields at higher doses and may reflect
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differences in experimental conditions as wél] 10). of such multi-lesion damageg, (11, 12). We show here the
We addressed the problem of lack of directly comparable application of number average length analysis to quantitation

previous methods by using systems in which the absolute of DSBs and OxyPurine clusters (recognized&sgherichia

break frequencies are known. These consist of DNA popula- coli Fpg protein) and compare these results with previous

tions of known intact size in which the relative number and data.

lengths of individual component molecules are also known

and in which all fragments are present in equal numbers. THEORY

The first system consi;ts of restriction fragments of T7 e theory underlying quantitation of DNA damage from
bacteriophage and the intact 39.9 kbp T7 DNA molecule. the average lengths of heterogeneous DNA populations can
The second systems consist of phromosomal DNAs of two pe applied to DNA separated by centrifugation or gel
yeast genomedHansenula wingeand Saccharomyces cer-  gjectrophoresis4( 6, 13) and has recently been extended to
evisiag). In each case, the chromosomes can be consideredsingle molecule sizing1@). For both centrifugation and
fragments resulting from restriction of a virtually ligated gjectrophoresis, the analysis is complicated by the nonlinear
supermolecule composed of all of that species’ chromosomesrg|ationship between the size of DNA molecules and the
that migrate into a geH. wingeichromosomes range from speed with which they move under the influence of a
1.05 to 3.13 Mbp, with a virtually ligated supermolecule centripetal or electrical force.
length of 14.07 MbpsS. ce_zr@isiaechromosomes range from Strand Break Quantitation by Numberérage Length
225 kbp to 2.2 Mbp, with the length of a supermolecule Apalysis Consider a population 3 duplex DNA molecules
containing all these chromosomes of 13.36 Mbp. We also i which theith molecule containk; base pairs. The average
testedS. cereisiae chromosomes of the size range of length of the molecules in the population is given by the
Mbp, the range used to quantify DSBs in the Notl digest of expression in eq 1. Formally, this is called the number
human DNA 6). These systems can be used to test the 4yerage length of the molecules in the population to
accuracy of number average length analysis of break levelsgjstinguish it from certain other types of averages that are
since the theory underlying this approach does not make anyysed to describe the distribution of lengths in a population
assumptions on the distribution of the breaks in DNA ¢ polymers (). The summation in the numerator of the
molecules. _ _ expression on the right-hand side of eq 1 is just the total
We dispersed these DNAs by electrophoresis regimes nymbper of base pairs in the sample. The U subscripts indicate

appropriate for the DNA sizes to be separated: unidirectional that this is an initial or untreated sample, in contrast to the
pulsed field electrophoresis (UPFE) for molecules up to a sample described below.

few hundred kbp, transverse alternating field electrophoresis

(TAFE) for those up to~2 Mbp, and contour clamped N

homogeneous electric field (CHEF) for molecules~+6 ZLi

Mbp. Using dispersion curves obtained from the migration _ =

versus length relation of DNAs of known lengths, we then Ly= N_ 1)
U

calculated the number average molecular lendth df

individual molecular species in the populations. The calcu- S hat th lei d to introdvicgoubl
lated and expected lengths were in good agreement, verifying uppose that the sample is treated to introd ub'e
strand breaks into the population of the origitdy mol-

the correctness of the number average length calculations.

Furthermore, the calculated break frequencies agreed WithECUles’('j Thedsetbreak_? Co.l:Id _betrzandolmly |d|str|butedl,dcr?uld
the actual frequencies for all the populations tested: for T7 O€ Produced at Speciiic sites in the molecules, or could have

and its restriction fragmentss40 kbp (1, 2, and 3 actual many other distributions. Double strand breaks produced by
breaks vs 1.3. 2 and 2.8 ca{lculated) f’or ,fhecere/isiae ionizing radiation are, to some approximation, randomly
chromosomal ' cc;mplement (14 actu:’:ll breaks and 13 95distributed, while the strand breaks produced by restriction
calculated), for the fous. cereisiae chromosomes in the. endonucleases are located at specific sites. Regardless of the

~1 Mbp size range (3 actual breaks vs 2.9 calculated), angdistribution, each strand break results in the formation of

for the seven chromosomestefwingei lengths~1—3 Mbp two (smaller) molecules for each molecule that existed before

(6 actual, 5.96 and 5.73 calculated). These data show thatne break occu_rred. Thus,.the number of molecules in the
treated populationi\r, consists oNy + M molecules, and

number average length analysis of gels using pulsing regimes

appropriate for the DNA sizes to be separated, carried outtr;]e average 2Ieng;h oftr':heTmOLecu_Iets_ |r(1j_th|ts p?hplf[l?rt]'.on IS
with quantitative biochemical techniques and quantitative shown In €q 2, where the [ subscript indicates that this 1S a

electronic imaging, provide excellent measures of the true treated sample.

double strand break frequencies in DNA molecules ranging Ny
in size from a few kbp to several Mbp. L
We then used this approach to quantify ionizing radiation- ~ <
induced complex damages containing multiple lesions on L= (2)
opposing strands within a few helical turns. One such damage Ny +M

is the double strand break, which can be regarded as (at least)

two single strand breaks (SSBs) on opposing DNA strands The number of molecules is increased by the induction of

within a few helical turns. However, DSBs comprise only strand breaks, but the number of base pairs is unchanged.
~20—30% of the complex damages in DNA irradiated in Thus, the summation in the numerator of eq 2 is equal to

solution or in human cells; clusters of oxidized purines, the corresponding expression in eq 1, and both can be
oxidized pyrimidines, or abasic sites constitute the majority replaced byNy, the number of base pairs in the population.
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Rearranging the equatiddr = Ny + M givesM = Ny — A M T7 Bgll Sfil Xbal
Ny. Dividing by Ny, gives the frequency of breakd, as '

shown in eq 3. well
N N
b= M_ N A3)
SubstitutingNp, for the summation in egs 1 and 2, we obtain
Lu = NNy and Lt = Np/Nr. Substituting these expres-
sions into eq 3 results in the expression d@ishown in eq
4,
1 1
o= L, = L, (4)
If the lengths of the molecules in the population are
measured in base pairs, thénis the probability of a strand B 1 2 3 4 5 6
break per base pair. However, the lengths of the DNA E
. . o nzyme DSB
molecules in the population can also be specified in some Xba 3 —12830 10095 . 11,360 , 5643
larger unit, _such as kil_obase pair_s (kb_p), mega_base pairs 13523, 22415 3,999
(Mbp), or gigabase pairs (Gbp), in which case,is the Bgll 2 t -
number of breaks per kbp, Mbp, or Ghp this case® can Sfil 1 35,938 13.999
be described as the frequency of breaks induced by the
treatment. Thus, we can determine the frequency (in units None O 39.937

such as breaks/Mbp) or probability per base pair of producing Figure 1: (A) Electronic image of unidirectional pulsed field
a double strand break by measuring the average length ofelectrophoretic gel containing T7 DNA (lane 2), Bgll- (lane 3),
the molecules in a population before and after some treatmentISfil- t(rl1ante 4()1, anDﬁkfl-[?ane 51) dig:%tSbOf '27,_615&%% Tgle)cmar
At ength standar s [lanes 1 and 6, bacteriop .5 kbp),

orTCr?mblnatlon IOf trﬁlatT?th thlat plrodgces Strarlldt.breakS'HindIII digestedi (23.1, 9.4, 6.5, 4.4, 2.3, 2, and 0.56 kbp), and a

e "’_Werage eng _0 € molecules in a population can 14 bp ladder]. (B) Diagram of restriction sites and fragment lengths
be obtained by measuring the average length of the moleculegor digestion of T7 DNA by Xbal (three sites), Bgll (two sites),
in a representative sample because both the numerator ané&fil (one site), as compared to full-length T7 DNA.

the denominator of eq 1 and eq 2 scale as the mass of the ) ) ) )
DNA sample. That is, we need not examine all of the during electrophoresis. While DNA length expressed in units
molecules in a population but only the molecules in a Of base pairs is always an integer, as was presumed in eqs
representative sample derived from that population. It follows 1 and 2, hereafter, we will trea(x) as a continuous function.
that the determination of average lengths is insensitive to Because the number of base pairs in most of the molecules
the mass of the sample chosen [as long as the DNA in our samples is very large, this introduces no significant
concentration is sufficiently low that individual molecules €rTor- The number of DNA molecules in the small rectangle

migrate as a function of their lengthd5)], so small described above is thus proportional to the total number of
differences in the DNA mass have no significant effect on base pairs divided by the number of base pairs per molecule
the determination of the frequency of breaks. [i.e., f{(X)AX/L(x)], and the proportionality constant is identical

Determining Number Aerage Lengths by Gel Electro- 1O that for the expression giving the number of base pairs,
phoresis.Suppose that a sample is separated by gel electro-described above. Integrating the expression for the total
phoresis, and the DNA molecules are labeled with a numb_er of molecules in each segment over the_length of the
fluorochrome such that the number of labels is proportional 9€! gives the total number of DNA molecules in the lane.
to the number of base pairs in the molecule but independent T hus, if we measurx) and determiné(x), we can compute
of base composition (the AT/GC ratio) and base sequence.th€ number average length of the molecules in the lane
Let f(x) represent the fluorescence profile of a lane (above &ccording to eq 5, which is obtained by substituting the
background) as a function of the distance of migration integrals described above for the corresponding terms in eqs
through the gel. The total fluorescence originating from a 1and 2.
small rectangular area centered a distaxndem the well

and with size determined by the width of the lane and an _ [ddx

incremental length along the direction of migratiox is L= N (5)
equal tof(x) Ax. This product is proportional to the total f— X

number of DNA base pairs in the rectangular area. The total L(x)

number of base pairs in the entire lane is proportional to the

integral of this product over the length of the lane. (Note EXPERIMENTAL PROCEDURES

that we switch from the sums used above to integrals because Unidirectional Pulsed Field ElectrophoresiE7 DNA was

the distance of migratiorx, is a continuous variable.) digested with Sfil, Bgll, or Xbal (New England BioLabs,
Suppose thdt(x) represents the contour length, measured Beverly, MA) according to the manufacturer's recommenda-

in base pairs, of the DNA molecules migrating to position  tions, producing the fragments shown in Figure 1. Reactions
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were terminated by the addition of 100 mM EDTA, pH 8, average length of eacls. cereisiae chromosome was

to a final concentration of 15 mM. Intact T7 and restriction calculated according to eq 5. In addition, the number average
digests, along with double-stranded DNA length standards length of the entire population of chromosomes was also
[bacteriophagé. (48.5 kbp), Hindlll digested. (23.1, 9.4, calculated by eq 5. The number of double-stranded scissions
6.5, 4.4, 2.3, 2, and 0.56 kbp), and a 100 bp ladder (2, 1.5, of the genome required to divide it into the 15 chromosomes
1.2, 1, and 0.5 kbp; New England BioLabs)] were electro- was then computed by eq 4; the entire populationSof
phoresed in 0.7 or 1% agarose, in Tris-acetate buffer, pH 8, cerevisiae chromosomes was considered to be the treated
using unidirectional pulsed field electrophoresis [UPFE, 15 population, and the virtually ligated supermolecule of the
V/cm; 0.3-s pulse, 10-s interpulse period, 16 K, with total of the S. cereisiae chromosomes on the gel was
buffer recirculation {6)]. Gels were stained with ethidium  considered as the untreated population.

bromide (1 ug/mL) and destained, and a quantitative  Radiation-Induced Double Strand Breaks and Oxidized
electronic image was obtained. A DNA dispersion curve was Purine Clusters in T7 DNAT7 DNA at 50 ug/mL in 20
determined using the length standards. From the profiles of MM KPO, in plastic tubes on ice was irradiated witHCs
restriction enzyme-treated or untreated DNA populations, the y-rays at a rate of 2.1 Gy/min or 50 kVp X-rays from a
number average length.) of each DNA distribution was ~ Picker Nuclear X-ray machine. Irradiations wijtirays were
calculated according to eq 5. From these number averagecal’ried out at the Brookhaven Controlled Environment
lengths, thePpss (DSB frequency) was calculated according Radiation Facility; irradiations and dosimetry were performed
to eq 4. by a certified operator of the facility.

DNAs were equilibrated with 70 mM HEPES/KOH, pH
7.6, 100 mM KCI, 1 mM EDTA, 1 mM DTT, and 100 ng/
uL bovine serum albumin, then treated with sufficient
guantities of homogeneous Fpg protein to cleave at all cluster
sites for that enzyme. For reactions containing 500 ng of T7
DNA, this corresponded to 60 ng of Fpg protein. Companion
samples for determination of radiation-induced DSBs were
incubated without enzyme. The nonspecific nicking of the
enzyme preparation was evaluated by treatment of unirra-
diated supercoiled DNA at increasing enzyme, DNA ratios,
and was found to be negligible for the preparations used in
this report. Substrates for Fpg protein include 4,6-diamino-
5-formamidopyrimidine (FapyAde) and 2,6-diamino-5-for-
mamidopyrimidine (FapyGua), 2,6-diamino-4-hydroxyNb-
methylformamidopyrimidine (MethylFapyGua), 8-0x0-7,8-
dihydro-2-deoxyguanosine (8-oxodGuo), some abasic sites,
C8-oxoadenine, and to a lesser extent, other modified purines

18—-22). Fpg protein has been reported to cleave some
yrimidine derivatives as single lesions in synthetic oligo-
nucleotides but fails to release the same bases in DNA
exposed to ionizing radiatiol 9, 23, 24). 5-Hydroxycytosine
and 5-hydroxy-2deoxyuridine are substrates for Fpg protein,
but neither is formed at significant levels during aerobic
irradiations.

After digestion was complete, traces of Fpg protein were
removed by addition of Proteinase K and EDTA to final

calculated by eq 5. By considering the gntire populat_ion of concentrations of 1.33 mg/mL and 0.1 M, respectively, and
chromosomes to be the treated population, and the V'rt“a"yincubation at 37°C overnight. A neutral stop mixture

ligated supermolecule comprised of the total of the lengths 4 15504 bromphenol blue, 0.5% sodium lauryl sulfate in

Orf the H. Winge;ichronlmsomes as the u_ntreate;d r?opulation., 50% glycerol) was then added to ensure dissociation of any
the number of double-stranded scissions of the genomiC ye sistent DNA-protein complexes.

molecule required to divide it into seven chromosomes was Damage Cluster Measuremeramples were electro-

computed by eq 4. phoresed along with molecular length standards (DNA from
Trangerse Alternating Field Electrophoresis (TAFE). bacteriophages and a Hindlll digest oft) in 0.4% agarose
DNAs (S. cereisiae chromosomes{ ladders, both from  and Tris-acetate buffer, pH 8, using static field electrophore-
BioRad) were electrophoresed using neutral transversesis (30 V, 6 °C, with buffer recirculation) for cluster
alternating field electrophoresis (TAFE®), Gene Line I, frequencies>~30 sites/Mbp or unidirectional pulsed field
Beckman, Fullterton, CA); 30 min at 90 V with a 4-s electrophoresislf) (15 V/cm; 0.3-s pulse, 10-s interpulse,
switching time, then 16 h at 190 V with a 60-s switching 16 h, 10°C with buffer recirculation) for lower cluster
time; electrophoresis buffer, 10 mM Tris acetate, 0.5 mM frequencies. Multiple length standard lanes are used to allow
EDTA (5). Gels were stained with ethidium bromide(d/ precise alignment of the gel for imaging. Gels were stained,
mL) and destained, and an electronic image was obtaineddestained, and imaged as described above. The number
as described above. The DNA dispersion curve was deter-average lengths were calculated according to eq 5. From
mined using an analytical mobility function, and the number thesel values, the frequencies of DSBggd, was calculated

Contour Clamped Homogeneous Electrophoretic Field
(CHEF). Yeast chromosomal DNAsSchizosaccharomyces
pombe H. wingei and S. cereisiae all from BioRad,
Hercules CA) were electrophoresed in either of two modes,
as follows. Mode 1: 0.8% Sea Kem Gold agarose (Bio-
Whittaker Molecular Applications, Rockland ME) in 0.5X
TEB (1X TBE is 90 mM Tris borate, 2 mM EDTA, pH 7.8)
in a BioRad CHEF DRII for 10 h using 0.5X TEB as
electrophoresis buffer and a linearly ramping pulsing regime
from 200 to 3600 s, at 70 V and C; the agarose plugs
were then removed from the wells, and electrophoresis
continued at 9C for 72 h using a linearly ramping pulsing
regime from 3400 to 50 s, using a voltage of 65 V for 24 h,
then 75 V for 24 h, followed by 80 V for 12 h and finally
85V for 12 h. Mode 2: BioRad CHEF DRIIl, FMC Fastlane
agarose, 0.5X TBE, pH 8.02, 60 s switching, 190 V, 15 h at
12 °C. Gels were stained with ethidium bromidey@/mL)
and destained, and an electronic image was obtained a
described above. The DNA dispersion curve was determined
from an analytical mobility function based on either tBe
pombeandS. cereisiae chromosome length standards, or
these DNAs pludd. wingeichromosomes (Mode 1), or the
S. cereisiae chromosomes and ladders (Mode 2). The
number average lengths of individudl wingei chromo-
somes or of the entiréd. wingei distribution were also
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rom fhe folowing equatont I T A

¢pss = LL(+rad)— 1/L(—rad) (6) it A 5w /QE/ 10
£
where 1L(+rad) and 1l/(—rad) are the reciprocals of the 600 | ?;‘ /&/’/ 80 3
number average lengths of irradiated and unirradiated 8 52 - 2
samples. The frequencies of other cluster site@ldtermined 2 £ f 60 écsn
by treatment of samples subjected to dose D, then subdivided; @ 490f 3% 20 20 5
part was digested with Fpg protein, while the companion S S Actual DNA Lengths (kbp) - 40 ::'
part was incubated without enzyme), were calculated from 200| well Z
the equation r_yf,_/J— 420
¢c= 1L(+rady, +enzyme)— 1/L(+rad,, —enzyme) 0 s s ; Lo
(7) 0 50 100 150 200 250 300

Migration Distance (pixels)

where 1L (+rach, +enzyme) and 1{(+rach, —enzyme) are  Figure 2: Unidirectional pulsed field gel profile of DNA fluores-
reciprocals of number average lengths of sample pairs cence from Bgll restriction of T7 DNA (left axis) and the calculated

irradiated with dose D, with and without enzyme, respec- dispersion curve (right axis). The length standard DNAs48.5
kbp; Hindlll digest of1 (23.1, 9.4, 6.5, 4.4, 2.3, 2, and 0.56 kbp)

tively (25). . . and 100 bp ladder (2, 1.2, 1, and 0.5 kbp) are plotted on the
Hazardous Procedurefulsed field electrophoresis em-  gispersion curved). An electronic image of the gel lane containing

ploys electrical fields, and precautions should be taken to Bgll DNA is shown in register at the top of the plot. The portions
observe the safe use of the apparatus. Ethidium bromide isof the profile used to analyze the lengths of the three fragments
a mutagen and must be handled and disposed of bya'€ shown by the lines beneath the profiles, and that used to analyze

; ; ; ; ; : the number of breaks required to give the number average length
appropriate means. Ultraviolet light in the transilluminator % " o population is shown by the heavy bar underlying all

for gel imaging is a potgntial _Skin and eye hazard, gnd—UV three peaks. The inset compares the calculated lengths of the
opaque glasses with side shields and skin protection shouldrestriction fragments from Bglly), Sfil (v), and Xbal ¢) cleavage

be used. and intact T7 @) with the actual lengths known from the T7
sequencep) and restriction site sequences for these enzymes. The
RESULTS solid line represents the ideal identity condition in which actual

and experimental lengths are exactly equal.

Unidirectional pulsed field electrophoresis resolves mol-
ecules in the range of a few kbp to about a hundred kbp and c — 3
requires a simple electrophoretic apparatii§).(Figure 1
shows an electronic image of an UPFE gel containing DNA
length standards (M, lanes 1 and 6), full-length T7 DNA
(39 937 bp), and fragments of T7 resulting from complete
digestion with Xbal, Bgll, or Sfil, as shown schematically
below the gel image. Full-length T7 DNA provides an
untreated population of DNA molecules, and the restriction
fragments comprise treated populations containing DNA
molecules whose lengths are known (since the sequence is
known) and known numbers of restriction sites, scission at
which produces a double strand break. These fragments
provide test populations of known absolute DNA sizes and
break frequencies.

In number average length analysis, the positions of , ,
migration and lengths of S|ze-stan(_jard, _double stra_nded, 00 100 200 300 400
linear DNAs are used to construct a dispersion curve (Figures . . . .

2—4) (4, 6, 16). Using the UPFE dispersion curve of Figure Migration Distance (pixels)

2, we calculated the number average lengths of the individual Ficure 3: Contour clamped homogeneous field gel (Mode 1)
restriction fragments in the three digests. Figure 2 shows anfluorescence profiles of chromosomal DNAs®fpombélower),
example of such an analysis for Ballresticted T7 DNA, | Wnge (T1Ae) 15, cereshe uppen ol en o) The,
The.bars under individual peaks show the portion of the DNA yeast chromosomes used in its construction as data p@i3
profile used to calculate the number average length of eachpnA is also present in the lower trace but was not used in
fragment. For the Bgll digest, the number average lengths construction of the dispersion curve. An electronic image of the
of the three fragments from three independent gels were lanes containing these DNAs is shown in register at the top of the

calculated to be 21.6% 0.07. 14+ 0.28. and 4.21- 0.83 figure. The lines under thred. wingei chromosomes show the
: e ) ) ) portion of the profile used to calculate thevalues of these three

kbp, in reasonable agreement \_N'th _the actual lengths (?f 2_2'5'chromosomes. The heavy bar shows the portion of the profile used
13.5, and 4 kbp. As shown in Figures 2 and 5, similar to calculate the number of breaks required to produce the déven
analyses for the other restriction digests (lanes 4 and 5 ofwingei chromosomes from the virtually ligated supergenomic
Figure 1) and for intact T7 DNA (lane 2) showed good molecule.

agreement between the calculated and the actual lengthspondence of experimental number average lengths and
of these DNAs, in the range of4—40 kbp. This corre- actual DNA sizes indicates that the DNA separations,

2000

Fluorescence

1000
W

DNA Length (Mbp)
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2 8 - S. cerevisiae
o 15}
Q : 1to 1 Correspondence Line
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2 % | CHEF-2
3 = o 10} S. cerevisiae
c ‘;:’ m I
3 =) ©® [ upFE CHEF-1
o ¢ = 5l 717 -
= @ o s XbaJ H. wingei
(o] - S Bgll
=] < o [ sfil
o Z ©
D O G 1 L [T
0 5 10 15 20
Actual Breaks/Genome
0,50 : 250 : 350 453 FIGURE 6: Calculated vs actual number of breaks required to give
L . . the number of fragments from the intact DNA T7 restriction
Migration Distance (pixels) fragments separated using UPHH),(or to obtain the number of

FIGURE 4: Transverse alternating field gel fluorescence profiles of H- wingeichromosomes (separation by CHEF Modevy, or to

A ladders (upper) and chromosomesSofcereisiae (lower) (left give the number oB. cereisiae chromosomes from the virtually
axis) as well as the calculated dispersion curve (right axis). The ligated supergenomic molecule (electrophoresis by TABEW0
DNAs used to calculate the dispersion curvielgdders ands. independent determinations) or by CHEF Mode<}. (The line
cerevisiae chromosomes) are shown as data poinks. (An shows the one-to-one correspondence lines for the calculated and
electronic image of gel lanes containing these DNAs is shown above actual values.

the figure (lane 14 multimers; lane 2S. cereisiaechromosomes). .

The heavy bar shows the portion of the profile used to calculate breaks/kbp. Using the calculated length of 39.972 kbp per
the number of breaks required to produce theSL5cereisiae T7 molecule, the product of the yield times the length (0.0496

chromosomes from the virtually ligated supergenomic molecule. « 39.972) is the frequency of breaks (restriction sites) per
T7 molecule, or 1.98, in excellent agreement with the known

= 10 . 'En'-i'gf-'z e ' il number of two Bgll sites per full-length T7 DNA. Data from
2 S oy o€ three independent gels and analyses gave a frequency of 2.13
- — CHEF-1 4 + 0.14 sites/T7 molecule.
g 1 1 to 1 Correspondenge Lines H. wingei We also calculated the break frequency in Sfil- (contains
o r \ TAFE ] one restriction site/T7 molecule) and Xbal- (contains three
01 E S. cerevisiae sites restricte populations. Figure 6 (squares
= . tes/T7) restricted T7 DNA populations. F 6
2 : U';';E shows that the calculated and expected break frequencies in
2 001L E the three restriction digest populations agree well. Such
g g ff;;iiers 3 agreement indicates that this methédcluding gel electro-
L 2 A S phoresis, ethidium staining, destaining, electronic imaging,
0.001  0.01 0.1 1 10 calculation of the dispersion curve, and number average
Actual Length (Mbp) length determination by the methods of momerjsovides

Ficure 5: Calculated vs actual lengths for restriction digest accurate measures of the break frequency in molecules in

fragments of T7 dispersed by UPFEI)( chromosomes of. the range of 440 kbp. _ _
cerevisiae electrophoresed by TAFEA), andH. wingeichromo- Number Aerage Length Analysis of Megabase Pair
somes separated using CHEF Moded) For clarity, the values Length Chromosomal DNA€hromosomal DNAs of several

Eg)sérfgrﬁ]igiefsoeﬂparg 3}5% grys%EEgrgﬂe%dg 2 gLeEElgtﬁéegi% ég yeast species also comprise molecules of known sizes that
by 100 ©). The lines represent thepone-to-oyne correspondence linesCa" be considered as members of a trgated population, and
for the calculated and actual values. their sum can be regarded as the size of an untreated
molecule, a virtually ligated supermolecule. This provides
measurement of DNA masses, establishment of the dispersiorDNAs—the individual chromosomesof known sizes that
curve, andL calculation were carried out correctly. provide a set of absolute length standards to use in construct-
The key measure, however, for DNA damage quantitation ing dispersion curves, checking the relation of the calculated
is the DSB (in this case, restriction site) level in each of the number average length versus the known chromosome sizes,
three restricted (treated) DNA populations relative to the and in calculating the levels of breaks of the virtually ligated
intact (untreated) T7 DNA molecule. The heavy bar in Figure supermolecule required to generate the known number of
2 shows the portion of the DNA profile encompassing all chromosomes for each species.
three bands of the Bgll digest that was used in number Yeast chromosomal DNAs are too large to be resolved
average length analysis, resulting in an average length ofby either static field or unidirectional pulsed field electro-
13.40 kbp, which agrees well with the theoretical value of phoresis. Contour-clamped electric field gel electrophoresis
13.312, obtained by dividing 39.937 [the actual length of (CHEF) disperses DNAs in the range of a few kbp to several
T7 DNA (26)] by three. The calculated average length of megabase pairs2(), and specific CHEF electrophoresis
the intact, uncleaved T7 molecule was 39.97 kbp, very close conditions can be used to resolve chromosomal DNASs in
to the actual value. According to eq 2, the inverse of the different size classes. Figure 3 shows an electronic image
length of the intact (using the calculated average length) T7 of a CHEF gel (electrophoresis Mode 1) containing chro-
molecule (0.025018) is subtracted from the inverse of the mosomal DNAs ofS. pombdlane 1, p) H. wingei(lane 2,
average length of 13.405 kbp (0.074599) producing 0.0496 w), andS. cereisiae (lane 3, c), as well as the corresponding
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DNA profiles from these lanes. The figure also shows the TAFE gel, containingl ladders (lane 1), and in lane 2, the
dispersion curve calculated from the length versus distancel5 S. cereisiae chromosomes that enter the gel using this
coordinates for each chromosome. pulsing mode (the 2.2 Mbp chromosome does not enter the
We focused on thel. wingeichromosomes since they are  gel under these conditions). Figure 4 also shows the profiles
in the middle of the size range of DNA lengths dispersed of the fluorescence of ethidium bound to DNA in these two
by this CHEF regime; thus, all the chromosomes are well lanes and the dispersion curve derived from these two sets
within the range of the high and low molecular length ends of DNAs. To test the dispersion function and migration of
of the dispersion curve. They allow us to test first, whether the DNAs according to molecular length, we determined the
the lengths of the partially resolved chromosomes can beaverage lengths of each of ti$e cereisiae chromosomes,
accurately determined by average length analysis of thebased on the profiles corresponding to each peak, using the
individual bands, and second, if average length analysis of dispersion function shown in the figure. Figure 5 shows that
the entire distribution correctly calculates the number of the calculated lengths agree well with the actual lengths of
breaks of the virtually ligated supermolecule required to the 15 chromosomes (the complement includes two unre-
produce the seven chromosomeg-ofwingei even though solved chromosomes at 1125 kbp).
they consist of overlapping bands (as would be found in a To test the accuracy of calculation of the frequency of
heterogeneous population of DNAs broken by ionizing double strand breaks in DNAs dispersed by TAFE and
radiation treatment). guantified by number average length analysis, we used two
Because of practical difficulties in determining the left and portions of theS. cereisiae profile shown in Figure 4. We
right edges of the poorly resolved 2.7 and 2.35 Mbp first used the entire distribution (the region delimited by the
chromosomes and the 1.81 and 1.66 Mbp chromosomes, wéneavy bar under the profile) and determined the break
analyzed three other chromosomes for which the limits of frequency using eq 5. For one gel, theof the entire
the DNA profile could be estimated more easily. The bars distribution was 759.4 kbp, in good agreement with the
below these three peaks in Figure 3 show the portion of the theoretical value of 757 kbp, obtained by dividing the length
profile used for analysis of the length of each fragment. of the virtually ligatedS. cereisiae supermolecule (11 355
Number average length analysis of the individual peaks kbp for the chromosomes 1600 kbp and smaller that enter
yielded lengths of 3.42, 1.36, and 1.12 Mbp, in reasonable the gel and are dispersed by this TAFE regime) by 15. Using
agreement with the expected lengths of 3.13, 1.37, and 1.05this sum of the lengths of the chromosomes as the untreated
Mbp, respectively, indicating the correct functioning of the population, the break frequency was 13.95 breaks per
electrophoresis, imaging, and analysis methods. genome, in excellent agreement with the actual value of 14
These chromosomes also provide a population of known breaks required to generate the 15 chromosomes in the
sizes and relative numbers of molecules for testing whetherdistribution on the gel from the virtually ligated supermol-
this approach provides correct DSB frequencies in megabaseecule. Analysis of another TAFE gel, carried out one year
pair-sized molecules. The sum of the lengths oftth&vingei later from entirely independent samples, also yielded 13.95
chromosomal DNA (14.07 Mbp) is the length of this virtually ~breaks/genome.
ligated supermolecule, which we can consider as the Double Strand Break Frequency Analysis in DNAs in the
untreated molecule that was treated to produce six breaksl Mbp-Size Regior critical region of the DNA distribution
resulting in seven chromosomes. A dispersion curve wasis that in the~1 Mbp region, which is used in high sensitivity
constructed based on the migration distance and lengths ofguantitation of double strand breaks and clustered damages
the chromosomes of all three yeast species. The heavy baconverted to double strand breaks in Notl-digested human
in Figure 3 shows the extent of the. wingei profile that DNA (5, 7). We selected a portion of the distribution
was included in computing thé of the entire genome,  containing four chromosomes in this size region (1.125 Mbp
yielding a value of 2.02 Mbp, in good agreement with the doublet, 1.020 Mbp, and 0.945 Mbp, the sum of whose
theoretical value of 2.01 obtained by dividing 14.07 Mbp lengths is 4.215 Mbp) and selected the portion of the DNA
by seven. The inverse of the calculated average length isprofile shown by the broken line in Figure 4. Number average
thus 0.495 Mbp?, and since the inverse of the average length analysis of this region gave a number average length of 1.082
for the entire genome is 0.071, the yield of breaks per Mbp Mbp (cf. the theoretical value of 1.053); computation of the
was 0.424. Multiplying by 14.07 Mbp/genome gives 5.97 number of breaks required to convert the 4.215 Mbp virtually
breaks/genome, in excellent agreement with the actualligated supermolecule into the four chromosomes gave 2.89,
number of six. This result clearly indicates the validity of in good agreement with the actual figure of 3.
the electrophoretic, imaging, and methods of moments Break Frequencies Computed from Independent DNA
analysis approaches in calculating number average lengthd_ength Standarddn the CHEF and TAFE analyses above,
and break frequencies even in Mbp-size populations contain-the experimental DNAs were among the length standards
ing overlapping molecules that are poorly resolved by CHEF. used to construct the dispersion curve for number average
Transverse alternating field electrophoresis is an alternatelength analysis. Their inclusion makes the dispersion curve
pulsed field procedure. During electrophoresis, the DNA more robust. However, as long as the length standard DNAs
molecules execute a zigzag path downwards and from thespan the size of the experimental DNAs and there are
front to the back of the vertically oriented g&§). It can sufficient length standards for calculation of an adequate
give excellent resolution of DNAs in the 1 Mbp range and dispersion curve, number average length calculations should
provides a high sensitivity method for measuring double be valid when based on only independent DNA length
strand breaks in the-1.3 Mbp family of human DNA standards (as it was for single-stranded DNBJ.(
fragments resulting from Notl digestion of genomic DNA We validated the use of independent length standards in
(5). Figure 4 shows an electronic image of two lanes of a number average length analysis using two systems. First, the
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DNA lengths and break (restriction site) frequencies for T7 A |
and its restriction fragments shown in Figures 1 and 6 were  poseey: © 65 10 2 5.,_| Yo 4
obtained by use of independent DNA length standaids ( A N R A NN
HindlIl digest of A, and 100 bp ladder). Both the calculated
length and the break frequencies correspond well to the actual
values of known restriction sites.

Second, we tested the use of independent DNA length
standards by calculating the frequency of breaks ofHhe
wingei virtually ligated supermolecule required to give the
seven chromosomes (see Figures 3 and 6), excluding.the
wingei chromosomes in constructing the dispersion curve.
TheS. pombandsS. cereisiaechromosomes span the entire M 123456789 10 M 11121314161617181820 M
range of theH. wingeichromosomal complement, and we

SR
>
AN

used only their DNAs in constructing a dispersion curve. B‘ : , ]

Because of the lack of markers in the intermediate size range e 0 |\ 500y

(that of theH. wingeichromosomes), this dispersion curve 2400 | 2 0o (N PN =

is somewhat less robust than that based on all three species. ° § - = 9

Nevertheless, using the dispersion curve based onl§.on Q | £480 /N sgy. £

pombeandS. cereisiae the number average length of the bt & 20 J A _+Fpg ©

entireH. wingeicomplement was calculated to be 2091 kbp ® 1200 T o o
. . = u 0 . -l

(cf. the theoretical value of 2010), corresponding to a value 8 50 150 250

of 5.73 breaks/genome, still in reasonable agreement with i© * Distance (Pixels) %

the actual number of six. I 1

Quantifying Double Strand Breaks and Oxidized Purine 0 . e 0

Clusters in T7 DNASince number average length analysis 50 15 250
does not require specific distributions of breaks, it is equally

applicable to DNA populations with random or other
distributions of breaks as to those with specific sites as in

the above analyses, for example, those induced by ionizing 100
radiation. Such radiation induces complex damages in
DNA—two or more strand breaks, oxidized bases, or abasic

sites on opposing strands within a few helical turns. Double

Distance (pixels)

strand breaks (two or more closely opposed single strand _8-10
breaks within a few helical turns) can be quantified directly =
by number average length analysis. In addition, other o
complex damages can be converted to de novo double strand 5 1

breaks through action of enzymes recognizing their constitu-
ent lesions and then quantified by the same approach. Figure
7 presents such an analysis.

Figure 7A shows an electronic image of a neutral agarose 0.1 ¥ .
gel containing X-irradiated (lanes—1L0) andy-irradiated 0.1 1 10 10001 1 10 100
(lanes 1120) T7 DNA, plus three sets of molecular length Dose (Gy)

standards (M1, M2, and M3). DNAs in even-numbered lanes Fcure 7: Number average length analysis of radiation-induced
were treated witlE. coli Fpg protein to measure oxidized DNA double strand breaks and OxyPurine clustered damages. (A)
purine clusters?) (two or more lesions on opposing strands Electronic image of electrophoretic gel showing T7 DNA exposed

. ; PP to increasing doses of X-rays (lanes 10) or y-rays (lanes 1%
within a few helical turns, where at least one lesion is cleaved 20), then electrophoresed with Epg) or without (- Fpg) treatment

by Fpg protein, whose principal substrates are oxidized it Fpg protein, and three lanes of molecular length standard
purines (8—22)). Figure 7B shows the profile of ethidium-  DNAs (M1, M2, M3). (B) DNA profile of lane M2 and the resulting
bound DNA fluorescence in length standard lane M2 and dispersion curve. Insert, profiles of DNA irradiated with 50 Gy of

the dispersion curve calculated from the length versus X-rays, without (upper, corresponds to lane 9) and with (lower,

- : - lane 10) Fpg treatment. Horizontal bars show the portion of the
mobility relation of each standard. The lane profiles of two profiles included in number average length analysis. (C) Quantita-

DNA samples [irradiated with 50 Gy X-ray, without (Upper)  tjve data for double strand break induction from the gel in panel
and with (lower) treatment with Fpg protein] are shown as A, as compared to previous results foirradiated DNA {); smalll
inserts. The extents of each experimental DNA profile closed symbols, previous individual measuremenisprevious
correspond to the positions at which the fluorescence of ?I\D/)erg?(?/?)t;’il(’zllejrrglﬂtsyt-erra);li[e)ag dgﬁglll %‘li(;;eer(‘jt é;ﬁ%g?%?gb?&us
DNA-bound Eth'd'ym bromlde_ can be seen cl_early gnd ar'€ individual measurementg;, previous average¥, curren’ty-ray
ShOWﬂ by the hOI‘IZOﬂta| bar n eaCh pl‘OfI|e n the Insert. Oxypurine cluster datﬁ’ current X_ray cluster data.

Table 1 contains the numerical results of such analyses.

Figure 7C,D show a comparison of the results from this gel triangles and are in the same range as previous individual
with those obtained previously for-ray induced DSB and  measurements (small closed symbols) and averages of those
oxidized purine clusters, respectively. The data from this gel data (open triangles)7). The frequencies of OxyPurine
for y-ray induced DSBs (Figure 7C) are shown as large solid clusters (Figure 7D) derived from this gel are shown as



Evaluation of Number Average Length Analysis Biochemistry, Vol. 42, No. 11, 2003383

Table 1: Analysis of DSBs and Damage Clusters by Number fluorophore staining, adequate and uniform destaining,

Average Length Analysis absence of migration-altering substances in the samples, and
dose Fpg 0 OxyPur DNAs Qf _Imear conﬂgurayon)_ as well as quantitative
lane (Gy) treatment (bp) DSB/Mbp  clusters/Mbp eleg:tromc imaging (umform |I.Il,_|m|nat.|or_1 of the gel, flat field
1 0 _ 39 327 optics, fluorescence intensities within the range of the
2 0 + 37 295 1.39 detector) 4).
3 5 - 31501 6.32 Double Strand Break Yield Assessmehtethods of
‘5" 1% + gg 799 5.57 calculating DNA damage frequencies are often evaluated by
6 10 :L 17 %g 13.62 18.4 comparing results obtained with the method with those
7 25 — 17 239 3258 ' obtained by previously validated methods. Previously, we
8 25 + 9353 48.91 validated number average length analysis of DNAs dispersed
9 50 - 14045 45.77 by alkaline gel electrophoresis by comparing cyclobutyl
1(1) 58 f 375?)5_’8 96.71 pyrimidine dimer yields obtained by that method on DNA
12 0 + 36 853 011 from UV-irradiated human cells with those obtained by
13 1 - 35 069 1.49 dispersing the same DNAs by alkaline sucrose sedimentation
14 1 + 32209 2.53 (6), a gold standard of UV damage quantitation. However,
ig gg N gg ggi =19 1101 for ionizing radiation, the available methods differ signifi-
17 5 - 22 168 18.09 ' cantly in the yields of damages in genomic DNA per
18 5 + 17 674 11.47 radiation dose31). Thus, it is not clear which method is
19 10 - 20634 21.44 the gold standard for comparison. Some of this variability
20 10 + 11 454 38.84

_ could reflect actual differences in yields because of experi-
The values ot. computed by eq 5 are reported to the nearest base mental conditionsq, 10), for example, presence of cellular
E?jrt?]e‘f:;“ze tit‘liesnpr%"iﬂfzsﬂgnpﬁﬂisse d‘“bsetismr?éf ‘;{J\t‘v‘; \f“;’rerﬁ‘]%?cgg"iﬁglafadioquenchers, difference in chromosome length, or con-

anygof the ele%trophrc))reptic modes used to obtai’n the data'reported hereincom'tam lesion repair during or |mmed|ately after iradiation.
are capable of resolving large DNAs with single base accuracy. The The use of absolute DNA size standards and DNA
resolving power achievable by static field gel electrophoresis has beenpopulations with intact parental molecules and known
discussed elsewher&3). A similar exploration of the resolving power  numbers of daughter molecules (and thus of known numbers
:;’;nﬂspgﬁ;t iﬁ"p‘)'fe'za;':g n)TAFE is being prepared (J. Sutherland, of hreaks required to produce the daughter molecules) allows
: evaluation of the accuracy of calculation and break frequen-
] ) ~ cies (as well as DNA lengths). We used this approach to
closed diamonds and are in the same range as the previougest the validity of number average length analysis of
individual data (small closed symbols) and averages (0pengjectronic images of ethidium bromide-stained DNA popula-
diamonds) 7). The yields of DSBs and clus.ters produced tions in the size range of 4 kbp to 3 Mbp dispersed on
by 50 kVp X-rays appear to be lower, but this could be the gectrophoretic gels, under the specific conditions of elec-

result of attenuation of these low _ener_gy_photons in the plastic trophoresis, imaging, and analysis described in Experimental
and water of the tube used for irradiation. Procedures and discussed above.

DISCUSSION We fi_rst tesfted the relation of DNA migration versus length
(DNA dispersion) for three specific pulsing regimes of UPFE,
Number average length analysis of breaks offers the CHEF, and TAFE. Inspection of the dispersion curves in
potential of measurement of DNA damages in nanogram Figure 2 (UPFE), Figure 3 (CHEF), and Figure 4 (TAFE)
guantities of nonradioactive genomic DNA at damage levels indicates that the distribution of all the length standard
as low as a few per gigabase pair. Furthermore, since theremolecules is single-valued, so the resulting dispersion
is no requirement in the underlying theory for any specific functions can be represented by smooth monotonic curves.
distribution of (damage) sites, it is a powerful method Further, a plot of the calculated lengths of DNAs of known
allowing analysis of breaks induced by quite different agents. sizes shows excellent one-to-one correspondence with their
Quantification of breaks by number average length analysis actual lengths (Figure 5). Because of the density of data
and the use of a method of separating DNA molecules suchpoints in the high molecular length region, to improve
as gel electrophoresis requires a known, unique migration visibility, all the data points foS. cereisiae chromosomes
versus length relationship, and second, accurate measuremerseparated by CHEF Mode 2 were multiplied by 10, and those
of DNA masses on the gel. The criterion of DNA separation for multimers ofA separated by the same mode were divided
requires monotonic DNA migration, and each migration by 100. Data for calculated DNA lengths in the size ranges
position must correspond to a single mean DNA size. In some best resolved by these gels<{40 kbp for UPFE;~50 kbp
pulsed field gel modes (e.g., field inversion), a single distance to ~1.5 Mbp for TAFE and~50 kbp to almost 6 Mbp for
of migration may correspond to the mean position of CHEF) are in excellent agreement with the one-to-one
migration of more than one size of DNAY, 30). Such correspondence line relating the calculated number average
modes do not fulfill the criterion demanded by number lengths and actual DNA sizes.
average length analysis and may not yield accurate number The validity of the length determination functions provides
average lengths or break frequencies. a critical part of the total calculation of break levels. The
The second condition requires uniform and accurate use of DNA populations of known total length and known
measurement of the mass of DNA molecules at each positionnumber of constituent components allows evaluation of the
on the gel. This requires both quantitative biochemistry and overall number average length analysis procedure. Figure 6
electrophoresis (level gel of uniform composition, uniform shows that the calculated break frequencies are in excellent
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agreement with the actual numbers of breaks required to
convert the parental molecule to its constituent daughters,
whether restriction fragments or chromosomes. Furthermore,
the correspondence holds for DNA molecules ranging from
a few kbp to several Mbp.

An independent line of evidence also supports the validity
of average length analysis for the quantification of double
strand breaks. Instead of separating DNA molecules as a 10.
function of their size prior to measurement of fluorescence,
the sizes were determined from the intensity of fluorescence
emitted as they pass through a laser bed#). Frequencies
of y-ray induced DSBs in T7 DNA determined using this
procedure agree with yields determined by gel electrophoresis 13.
and method of moments calculation of number average
lengths. These results demonstrate the validity of this gel
electrophoresis/electronic imaging/method of moments/
number average length analysis in strand break quantitation 15-
in DNA. The analysis and quantitative results of Figure 7
show that double strand breaks and clustered damages can
readily be quantified by this approach. Of course, the 17.
sensitivity of number average length analysis depends on
the size of the DNA molecule being analyzed. For molecules
in the range of 50 kbp, damage levels from about one to 19,
about 100 sites per megabase pair can be easily measured
using our biochemical, imaging, and analysis techniques. For 20
larger molecules, the sensitivity increases accordingly. Thus,
number average length analysis provides a versatile and 21,
accurate approach for quantifying DNA damages.
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