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ABSTRACT

Quantitative eleetrephoresis of erzymic digests of DNA and its applications arc reviewed Factors affecting the overall analysis such
as DNA length disrrihution,'labels Oir visualizing DNA, technique; forquanlitalion, and electrophoresis itselfare studied . Methods to
analyze rcitriction fragments and lesions in DNA by gel electrophoresis are presenLel .

CONTENTS

List of abbreviations
Introdueton .

2 . Electrophoresis . .
2 .L General considerations
22 . Dispersion functions - .
2 .3 . Resolution In electrophoresis

3 . DNA length distribution

	

.
4 . Labeling DNA . . .

4 .1- Ethicium bromide
42- Radioactive labels
Techniques for detecting and qunntila.ling DNA labels . .
5 .1 . Quanlil .aling Iluoreseent labels using phoLographie Ii1m . .
5_2 . Quantituting fuuresceut labels using charge-coupled devices
5 .3 . Quantilating radioactive labels using X lay trim

54. Qwintitat,ng radioactive labels usir-g photoshmulatile phosp-ors -
6 . Methodology of analysis -

6 . . . Digest comprised of discrete DNA size distributions, applications to resolving rest,
6 .1 .1 . Iterative method using determined point spread function .
6.13 Mass-constrained deconvolution . .

6-2 . Digest comprised of continuous DNA size distributions applications to qunnntanng DNA lesions
6.2 .1 . 1ethcxt of intact hand depletion .
6.2,2 . Method of rnommds

	

.
7 . Confusions .
8 . .Acknowledgements . .
References

' Former.y of Biookhaven National Laboratory . Lpton, NY 11973, IISA-

0378-4347(93 ;S24 .00

	

(C- 1993 Elsevrer Science Publishers B .V . All rights reserved



i sz

LIST OF ABBREVIATIONS

A;D

	

Analog to digital
CCD Charge-coupled device
ds

	

Double stranded
kb

	

Kilo bases
Mb

	

Mega bases
PCR

	

Polyinerase chain reaction
ss

	

Single stranded

1 . JNTRODIJCTION

The quantitative analysis of DNA enzymic
digests using gel electroploresis plays an impor-
tant role in the study of nucleic acids, and is hence
frcquen fly eucuunlered in fields such as molecular
biology, photobiology, genetics, medicine, and
the forensic sciences . Quantitative electrophoresis
of DNA include determination of the copy Inun-
her of genes and copy number of plasmids,
enumeration of various lesions in DNA for use in
damage/repair studies, the amount of DNA pro-
duced in polymerase chain reactions (PCRs) and
mappingisequencing DNA . Although using elec-
trophoresis for analyzing charged molecules is an
established practice, techniques for quantitatinn
in electrophoresis are relatively new . Often, prob-
lems arise in analyzing nucleic acids which can-
not be solved using a purely qualitative electro-
phoretic approach, but can easily be solved using
quantitation .

Advances in biotechnology and computers have
made the routine analysis of DNA digests using
electrophoresis accurate, quick and easy. For
their part, computers havehad a significant role i n
the development and practice of electrophoresis .
and in many laboratories they are used to control
the electrophoresis process through interfaces, or
to perform numerical analyses too tedious or
tirne-consuming to be done manually . Further-
more, the growth in the understanding of the
electrophoresis process in itself generated
through the interest in mapping and sequencing
the Iuunan genome - has led to electrophoretic
methods for the separation of DNA sizes from a
few bases to over several million long .

Gel electrophoresis is the method of choice for
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analyzing enzymic digests of DNA because of the
ease in separating DNA in a size-dependent
manner. However, to perform a thorough quanti-
tative analysis of DNA digests using electro-
phoresis, the following important factors in the
overall process must be considered carefully : (1)
the electrophoresis process itself : (2) the nature of
the DNA distribution of lengths ; (3) the label for
visualizing DNA : (4) the technique for detecting
and%or quantitating the label ; and, finally, (5) the
analysis itself. We will address all these factors in
order .

2 ELECTROPHORESIS

?.1 . General considerations

The electrophoresis itself forms a vital part of
the analysis . because it is the fundamental physi-
cal process by which length-dependent separation
of DNA is achieved through differential mobility
in the support matrix . DNA electrophoretic mo-
hi l i ty - using gels as a support matrix - depends
on several parameters such as the length and
tertiary form of the DNA .. the pore size and
material used to form the gel matrix, the compost-
tion of the electrophoresis buffer, the temperature
during electrophoresis, and the nature and magni-
t ude of thcapplied electric field . In rare instances
deperxling onDNAlength and base composition-
curvature of linear DNA can take place [I ] . This is
evidenced as an anomaly in the mobility of certain
short DNA fragments under electrophoresis .

The simplest manner in which DNA in gels may
he cleetrophorcsed-is by the application of a
steady external uniform electric field . In this
arrangement, the field is applied to the gel matrix
using two electrodes, one serving as cathode and
the other as anode . The gel matrix is itself
saturated with a suitable buffer to maintain a
stabilizing ionic environment for the DNA. DNA
migrates towards the anode because of the elec-
trical driving force on the negative phosphate
groups . By varying the pore size of the support
material, it is possible to separate effectively
DNAs ranging from L base to 100 kilo bases (kb)
in length . For lengths greater than approximately
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100 kb, reptation of DNA occurs, and the length-
dependent differential mobility during electro-
phoresis is lost .

Long DNAs (exceeding 100 kb in length) are
effectively separated using modulations in the
applied electric field which prevent DNA from
undergoing reptation. This extends the upper
limit of DNA separation to several mega bases
(Mb) in length. A number of schemes have
evolved to reduce DNA reptation during electro-
phoresis by cyclical re-orientation using field
modulations . Choice of specific implementation
is governed by factors such as the cost, simplicity
of operation, resolution, and total run-time . It is
beyond the scope of this article to discuss these
systems in detail but the reader is directed to the
necessary literature in this area [2-6] .

There are two fundamentally different modes
of obtaining a separation of DNA in electro-
phoresis : constant time and constant distance . In
the first, all the clectrophoresed DNA is detected
at the same time and the separation in DNA
lengths is seen as a spatial one . This would
correspond to taking a snap-shot of the electro-
phoresis process at the end of separation . In the
second type, DNAs of varying lengths are detect-
ed at a fixed distance by a detector . As a result, the
separation of the DNAs is detected temporally,
and the physical size of the support matrix can he
reduced to some extent . The description of the
electrophoresis process in either of these can be
readily obtained by transformation of the known
for the other. In view of this, only the tnatheuiat-
ical formulation for the analysis of DNA dis-
persed using constant time electrophoresis is
discussed .

Determinations of the conditions and schemes
required to effectively produce DNA length sepa-
ration in an enzymic digest of DNA requires
knowledge of the lengths present in the digest .
After choosing a particular scheme for electro-
phoresis, a certain amount of trial and error is
involved in The final selection of pore size and
running conditions . Few refined analytical tech-
niques are worthwhile if the fundamental physical
process is experimentally flawed . DNA sample
preparation and enzymic digestion, sample load-
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ing, preparation of the matrix to insure uniform
pore size and gel geometry (excluding deliberately
introduced gradients in pore size), electrophoresis
running conditions and visualization of the DNA
are important to the overall analysis [7] .

2.2. Disper.sion,imerioizs

The purpose of using electrophoresis is to
disperse a DNA digest in a length-dependent
manner. In practice, the length of the DNA
molecules present in the digest arc obtained by
generating a gel dispersion (or gel calibration)
function using suitable co-clectrophoresed DNA
length standards . A wide range of dispersion
functions have been devised to do this . In general
these formulae seek to describe the length, I., of
DNA as a function of the distance (from the
sample well or some arbitrary origin), v, by
generating a dispersion function, I:(x) . These
functions are usually based on global or local nu-
merical fits obtained from the co-electrophoresed
DNA length standards [8 13] .

Dispersion functions are calculated in a para-
metric form from the locations of the co-electro-
phoresed DNA length standards . Global disper-
sion functions are derived by varying the param-
eters to reduce the difference between the disper-
sion function and the data from all the DNA size
standards . This type of dispersion function is
useful when the nature of the electrophoresis
process is functionally characterized . Fewer DNA
size standards are required for a global dispersion
function to be accurate . and it is less sensitive to
random error. However, global dispersion func-
tions can lead to systematic errors if applied to a
form of electrophoresis where the dispersion of
DNA may be different . For example, global
dispersion functions which arc derived for electro-
phoresis using a uniform steady external field
should not be used to describe electrophoresis
under field modulation .

Local dispersion functions are more accurate
when dealing with a diversity of electrophoresis
field conditions, but are more sensitive to random
error. To retain accuracy, these dispersion func-
tions must be generated from a large number of
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DNA length standards . A classicc example of a
local dispersion function is that based on a cubic-
spline. Researchers have tried to combine the ad-
vantages of both types of dispersion functions
global and localby creating a moving window
consisting of a subset of the DNA size standards,
and solving for the dispersion function (within
this window) using a global function [101 . These
forms effectively combine the advantages of both
types of dispersion functions while minimizing the
disadvantages .

For an accurate estimate of DNA length,
standards should he placed near the DNA which
is being analyzed . The effect of variations in
electrophoresis over the bulk of the eel can be
corrected to some extent by using spatial normal-
ization [14] . However, this approach should be
applied only after sufficient control and precau-
tions are used in electrophoresis to ensure uni-
form migration .

2.3. Resolution in electrophoresis

Resolution is the ability of an electrophoretic
system to discriminate between DNA of similar
lengths . It is an important parameter to study
because the electrophoresis of a homogeneous
DNA sample results in hands of finite width (rath-
er than band intensity distributions described by a
delta function), which limits the number of DNA
species that can he identified at the same time . In
electrophoresis, resolution may be expressed [15]
using the resolution length limit (R,,), or an
extension of the same idea called the resolving
power [16] . The resolution length limit takes into
account the finite band width of a homogeneous
DNA after undergoing clcctrophoresis and is
derived from the closest two bands - corre-
sponding to similar lengths - that can approach
one another and yet be distinguished . It is easy to
see that in the case of DNA intensity distributions
which resemble two identical Gaussians, the sepa-
ration necessary for resolution is equal to their
widths (or full-width at half-maxima) ; 1'. Using
the dispersion function, L(x) . of the system, R,,
can be expressed as I dL(.x)!dx j 1'. The resolving
power which is based on the similar idea is the

L A Ribebr, ' J. C7rrowarogr . 618 1196' 3, 18! 101

ratio of the length of DNA, L, to the R,., i .e . L;4R,, .
Resolving power is a parameter which is di-

mensionless and, as a result, comparison between
different systems is easy . Also, increasing resolv-
ing powers correlate well intuitively with higher
resolution . From an experimental point of view,
the electrophoresis conditions should he chosen
with optimal resolution for the range of DNA
lengths present in the digest .

Experiments using restriction fragments tinder
steady uniform electric field conditions indicate
that the resolving power is a function of the length
of DNA, and that it exhibits asymptotic behavior
if the electrophoresis distance is increased [10] .
Thus, the improventent in resolving power is
nominal if the length of the gel used in electro-
phoresis is increased beyond a certain point . The
effect of reducing the well thickness (which is
easily done by using thinner combs in forming the
gel) for elcctrophoresis serves to shorten the
distance - and hence the time - to achieve the
resolving powers approaching asymptotic limits .
We will sec the important role that the limitations
of resolution play in analyzing restriction digests
where the length and number of all DNA
daughter fragments are required .

S . DNA I .F.M1( ;rI - II I)IS'I'RIBLIrION

The suitability of a technique for analyzing a
particular enzymic digest of DNA is strongly
related to the DNA length distribution present in
the digest . Mathematically. DNA length distribu-
tions will always he strictly discrete because the
length of DNA is an integral number of bases ; we
can classify them in a different manner because of
limited resolution .

For classification, consider a sample of identi-
cal single-stranded (ss) or double-stranded (ds)
DNA molecules of length Lo . If this sample is
enzymatically digested to produce a mixture of
DNA molecules of specific lengths, we can treat
the final digest as a discrete DNA length distribu-
tion . On the other hand, if the original DNA
sample is enzymatically digested to produce DN A
molecules of any size up to a ntaxintum of L, ) , the
digest may be treated as a continuous distribution
of DNA lengths .
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An excellent example of a discrete DNA length
distribution is a homogeneous ds DNA sample
digested by a type 11 restriction enzyme . Here . the
population of DNA daughter fra6mwras in the
digest is comprised of specific DNA lengths, and
is dictated by the recognition sequence of the
enzyme and the base sequence of the DNA
substrate_ An electrophoresis of these digests may
or may not entirely resolve all the daughter
fragments . But since we know the type of DNA
length distribution beforehand, we can greatly
simplify the analysis of these digests . Discrete
DNA length distributions are frequently encoun-
tered in molecular biology . They are character-
ized by distinct bands on au elect ropherogram in
which the DNA has been suitably visualized using
a label . 'I'hese distinct bands ate due to the specific
lengths of DNA present .

Continuous DNA length distributions arise in
DNA damage and repair studies where lesions
due to ionizing and non-ionizing radiation are
quantitated. If we digested a UV-irradiated ho-
mogeneous ds DNA sample with a UV endonu-
clease [17], and subsequently denatured it into ss
DNA, we would generally obtain a continuous
distribution of DNA lengths . Distributions of this
type arc more effectively analyzed using mathe-
matical techniques which employ moments such
as the number average or length average of the
DNA distribution [18], or the method of intact-
band depletion, both of which arc readily possible
after electrophoresis . Continuous distributions
are evident on electrophoresis by the presence of
smeared patterns which are skewed in the direc-
tion of clectrophoresis .

In the laboratory if is difficult to create pure
DNA length distribution, and it is not uncommon
to observe different degrees of distributions tend-
ing to the discrete or continuous categories . In
reality . all restriction digests are to some degree a
combination of both DNA length distributions
and are hence mixed . For example, if the type 11
restriction enzyme (cited as an example of a
discrete distribution) had some residual non-spe-
cific enzymic activity (they all have some to one
degree or another), this would he apparent as a
banded pattern compounded on a background
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smear. Even though categorization of the DNA
length distribution indicates the best line of
approach, the overall DNA analysis, from the
cleettophcrogram, must always make realistic
corrections for nonidealty .

1 . LABELING DNA

the object of labeling DNA is to provide a
means of visualizing and/or quantitating DNA .
Ethidium bromide fluorescent staining and radio-
active labels have been in widespread use for
visualizing ds or ss DNA . In cases where the
sensitivity required is tlta t for detecting n anogram
quantities of DNA, ethidium bromide staining
will alone suffice. For detecting smaller amounts
of DNA, typically in the picrogram range, radio-
active labeling is the traditional approach, For
quantitative use of any DNA label, it is essential
to know how the label is incorporated in the
DNA .

While chemiluminescent [19 .20] and other fluo-
rescent labels such as those used in sequencing
applications are not commonly used in the labo-
ratory to analyze euzymic digests of DNA, they
are growing in popularity . Although these label-
ing techniques use specialized equipment for
detecting the label . they often provide distinct
advantages with regard to sensitivity, personal
safety and environmental pollution. The reader is
encouraged to explore these. For purposes of
analysis we concentrate on the properties of
traditional DNA labels . Many of the complica .-
Lions which arise in using traditional labels for
quantitative electrophoresis will also be manifest-
ed in the newer labeling schemes. Hence, suitable
prior tests should he made to assess the overall
accuracy for DNA quantitatinn when using alter-
native labels .

4.1 . Erhidiuni bromide ,

Ethidium bromide is a fluorescent dye which
intercalates between the bases in DNA . The
fluorescence quantum efficiencies (measured at
302 run) of ds DNA-bound ethidium is about 21
times greater than of the unbound dye, because of
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the reduction of fluorescence quenching in the
hydrophobic regions present between adjacent
bases. For analytical work it is best to stain the
DNA with this fluorescent dye alter electro-
phoresis because it can alter DNA mobility in
electrophoresis [21]. This alteration results from
the increased rigidity and change in effective
charge of the DNA dye complex .

in gels which do not denature DNA (pH - 8),
typical staining conditions are to soak the gel in a
I pg/nil solution ofcthidium bromide (in distilled
water or electrophoresis buffer) for about 5-
30 min. During this time the dye permeates the gel
matrix and intercalates with the DNA [22] . After
the initial staining period, the dye is destained
(using distilled water or electrophoresis buffer)
for about 30 min to 2 h, during which excess dye
that is unbound to DNA diffuses out of the gel,
leaving behind the ethidium bromide-intercalated
DNA. This results in fluorescently-stained DNA
with low background gel fluorescence . More elab-
orate schemes for destaining ethidium bromide
exist. These involve quickly eleetrophoresutg the
dye out of the gel so there is no excess, or including
activated charcoal in the destainmg step to adsorb
the excess dye [23] .

DNA which is fluorescently-stained using ethi-
dium bromide can be visualized by transillumi-
naring the gel with long- or short-wavelength UV
light. The U V light excites fluorescence which has
a peak at approximately 590 am . Photography or
charge-coupled devices can be used to record the
fluorescence of ethidium-stained DNA [24,25] .
The fluorescence front a given band of stained
DNA is proportional to its mass . For short DNAs
the fluorescence is likely to show marked varia-
tion in this depending on base sequence because
the dye intercalates with A'1 and GC regions in
different amounts [26] . Also, the tertiary structure
of DNA affects the amount of ethidium bromide
which intercalates with it . Thus, direct quantita-
tion of DNAs of different tertiary structure on
the same ethidium-stained gels cannot be made
purely on the basis of the fluorescence .
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4.2. Radioactive labels

Radioactive labels for DNA have traditionally
been used for visualizing and/or quantitating
DNA present in picogram quantities or less . In
this method . the label is either incorporated at the
ends or essentially throughout the DNA by using
one or more labeled (hot) nucleotides . The label
itself is usually comprised of unstable nuclei such
as "C . 32P, 3 H, or 's . Since these nuclei have
different half-lives, it is important for the DNA
incorporating the short-lived ones to be quickly
quantitated in order to obtain DNA signals with
low background. Methods lot recording radio-
active labels for DNA in gels include the use
of scintillation counters, autoradiography with
X-ray film, multi-wire proportional counters and
more recently . photostimulahie phosphors .

5 . TECHNIQUES FOR DETECTING AND QUANTI'IA'I'

INC DNA LABELS

5 .1 . Quanikaling . fluorescent labels abuts; pho!o-
graphie film

Images of fluorescently-labeled DNA have
been recorded for decades on photographic film .
The advantages of using film are its simplicity, the
lower initial cost and the high resolution obtain-
able. For quantitative purposes, these arc offset
by added complications such as non-linearity of
the film response to light, reciprocity failure
accompanying long exposures to record weak
fluorescence, the shall dynamic range (typically
50-t00), and factors that affect the developed
density of the recorded image: development tem-
perature, time, and variations from hatch to hatch
of film .

Recording images of fluorescentl y labeled DNA
without any detailed image processing or calibra-
tion is adequate for obtaining the spatial informa-
tion alone. Tn the quantitative aspect . however,
film is severely limited . With proper techniques
and precautions, though, it is possible to quanti-
tate DNA with reasonable accuracy using film
[7,241 .

The response of photographic film to light
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Pig . I . Optical density as a function of exposure for Polaroid
type ,5 film ('based on manufacturer's data sheet) . From ref. 7
with permission .

should be considered before any specific method
using film to quanritate DNA is elaborated. The
film response may he broadly described in terms
of the developed optical density as a function of
the logarithm of the light fluence (energy per unit

area) at a given wavelength . This behavior is
illustrated in Fig. I for Polaroid Type 55, a
popular instant film used for imaging fluures-
cently-labeled DNA in gels . The response to
visible light is sigmoidal . Important characteris-
tics in this response for quantitation are the toe,
the slope of the linear region, and the height of the
shoulder of the response curve. 'I'he optical den-
sity level at the toe determined the lowest amount

r-T

	 r .	r	t	t . .	r	
1 .2

	

1 .e
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2.4

	

2.8
Relative Log of Exposure

Fig, 2, Optical density as a function of exposure tar Polaroid
type 55 film . Exposure tunes used were (G) 10b, (r)20s, (Ir) 40s,
(x) SO s, () 160 s, and (+) 320 s . The amount of light falling on
the film was kept constant . From ref 7 with permission .
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of fluorescence light which can be quantitated,
while the shoulder dictates the highest amount of
fluorescence light before saturation sets in . The
linear region between the toe and the shoulder is
where accurate quantitation is possible .

The response of the film is substantially altered
by reciprocity failure when long exposures are
required to capture weak fluorescence . This is
demonstrated in Fig . 2 . In situations where reci-
procity failure can occur, it is more accurate to
calibrate the film in situ while the fluorescence is

being recorded [7] . This is easily accomplished
using a fluorescent object and a calibrated step-
density filter . The toe in the response can also be
eliminated by pre-fogging the film ; this permits
accurate quantitation oflow-level fluorescence . M
situ calibration is also effective to reduce the
variations in film calibration which arise from
different developmental conditions, and can be
used to utilize a larger region of the characteristic
curve .

Accurate quantitation of low fluorescence is
essential in analyzing DNA in gel assays for DNA
damage and repair studies . Figs. 3 and 4 show the
various steps essential for accurately quantitating
ethidium bromide-stained DNA on agarosc gels
using photographic film . Indicated in these are (i)
a filter for permitting transmission of the range of
wavelengths associated with etbidium bromide
fluorescence, (ii) a step-density filter for in situ
calibration, and (iii) a fluorescent object for
pre-fogging of the Film .

The transilluininating source also plays an
important role in the overall accuracy in quantita-
tion when using a fluorescent label . This is

because the fluorescence excited is proportional
to the intensity of transillumination . It is therefore
advisable to use either a region of the transillumi-
nator surface that emits a uniform intensity of
exciting radiation, or a specially designed trans-
illuminator which emits uniform excitation . Uni-
formity of excitation can be easily tested (and to
some extent corrected) by using an image of a
fluorescent object. The intensity of the exciting
source should not be attenuated significantly by
DNA . This sets an upper limit on the amount of
DNA which can be quantitated accurately. It is
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also essential to have property designed optics .
Those include a flat-field lens having the requisite
uniform light collection efficiency .

5?. QuanlitatingJluorescent labels using charge-
coupled devices

Charge-coupled devices (CCDs) have quickly
found application in science and technology, and
are excellent for quantitating fluorescence light of
ethidium bromide-stained gels [25] . They are
currently available for detecting and quantitating
light ranging from infrared up to and beyond the
ultraviolet. A CCD fundamentally consists of an
array of photosensitive elements created and
arranged in a one- or two-dimensional array,
using integrated circuit technology . Within each
element, incident photons create a charge propor-
tional to the incident flux . The linearity between
the charge created in an element and the number
of incident photons holds over a wide dynamic
range (1D°). After exposure to incident photon
flux, the charge in each element is read electroni-
cally by shifting out the charge into adjacent
elements in a coupled fashion . The charge in the
light-sensitive elements may then he depleted,
making the recording of another image possible .
There are a plethora of CCDs available . The best
or these are cooled for noise reduction and will

Lane#3

Lane#2

Lane#1

Fig . 4 . Photograph witli images of the step filter and a gel eontauung a Bgll endonuclease digest of T7 DNA . From ref, 7 with permission .
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allow large integration times (Lime during which
the CCD collects light) for quantitating low-level
fluorescence in ethidium-stained gels . There are
reports in the literature for using these devices to
record fluorescent and chemiluminescent labels .

The photometric resolution of CCDs is gov-
erned by the number of bits used in the analog-to-
digital (_AID) converter for measuring the charge
in each photosensitive element . Typically 12-14
bits would be suitable for quantitating fluores-
cence from stained DNA . The ability to record
low-level light is dictated by the electronic noise
because it limits the usable integration Lime .

Advantages of using CCDs for quanttating
fluorescence arc the rapidity of recording images
of fluoreseently-stained gels and the wide dy-
namic range and linearity of these devices- Images
produced with these devices can he manipulated
electronically and processed with digital com-
puters. These advantages are offset by the higher
initial cost incurred and lower resolution obtained
than with photographic film. Considering, how-
ever, the ease of use, speed, and convenience of
electronic imaging, it presents a more attractive
solution to analyzing fluorescently-labeled DNA
on gels than photographic film .

5.3 . Quantitating radioactive labels using .X-ray
flb,t

Visualization of radioactive labels is normally
done by autoradiography in the case of electro-
phoresis (rarely by using scintillation counters) .
The gel and film are placed in proximity in the
dark at low temperatures with an intensifying
screen to enhance sensitivity ; the duration
depends on the label and activity . After the film is
developed, regions of the film exposed to radia-
tion label show up as an increase in film optical
density . The overall process results in a blurring of
the image because of the absence of external
focusing elements, and resolution is invariably
compromised. The optical density of the devel-
oped film is seldom linearly proportional to the
amount of label present. This makes corrections
an essential part of obtaining quantitative in-
formation from the autoradiograns. Also, the
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dynamic range is severely limited (about 100),
making the simultaneous detection of large and
small amounts of DNA label difficult .

Since the absorption of a and fl particles is low
in the film emulsion, X-ray film is coated with
photographic emulsion on both sides and used in
conjunction with an intensifying scrcen . Expo-
sures may take hours to several days, depending
on the strength of the label . The non-linear
response of the film to radioactivity has to he
corrected when using this medium to record DNA
label. Typical characteristic curves involve plot-
ting the optical density of the developed film as a
function of the exposure (total counts) or loga-
rithm of exposure . The advantage of using the
logarithm of the exposure is that the response
exhibits a greater linear region when plotted this
way [27] . Sensitivity of the response can be
increased by pre-flashing f28] X-ray film prior to
exposure to radioactive labels, and by exposing
the film to radioactive label at low temperatures
to reduce the effect of reciprocity failure when
using an intensifying screen . Care must be taken
to develop and fix the film in a controlled manner,
and in situ calibration standards are highly rec-
ommended . Densitometry can be performed by
techniques similar to those used for photographic
film .

5 .4. Quantitating radioactive labels using photo-
stimulabie phosphors

Due to recent advances in technology, it is now
possible to record radioactive labels using photo-
stimulahle phosphors [29,30] . These systems have
a wide dynamic range and linear response. The
initial investment in such a system is considerably
higher than that of autoradiography . However,
since the images generated from these systems are
erasable .. the overall working cost, depending on
the volume of work, may make it an appealing
alternative to autoradiography .

Photostimulable phosphors can be exposed to
radioactive label by placing the gels in close
contact with them in the dark . The particles
emitted from the radioactive label lose their
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energy in the phosphor through the creation of
color centers in the specially prepared phosphor .
The trapped energy is released when the phosphor
is stimulated with a light source of suitable
wavelength . In commercially available photo-
stimula.ble phosphor systems, the light used to
release the trapped energy is often in the red-infra
red region of the spectrum, while the emitted light
from the phosphor is in the blue . These systems
offer distinct advantages such as reduced time Lc,
capture an image of the radioactivity (up to ten
times faster than using X-ray film), much higher
dynamic range (10 5 as compared to 10' in X-ray
film) and sensitivity (factor of about 10-100), as
well as a reusable (and erasable) medium with
resolution better than X-ray film . Some phos-
phor-imaging systems may even be used to record
chemiluminescence with the same phosphor plate,
butt using specially prepared phosphors which
produce color centers from energy in the visible
portion of the spectrum .

Multi-wire proportional counters [31] arc an-
other alternative to autoradiography for record-
ing hot labels . The spatial resolution of these
proportional counters is poor when compared
with film or photostimulable phosphors, and
these systems can only image a small region
because of size limitations of the detector . In
comparison to film, however, multi-wire propor-
tional counters offer improved dynamic range
and linearity .

v-axis
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t. METHODOLOGY OF At,ALYSIS

DNA distribution on slab gels undergoing
electrophoresis along one direction can he repre-
sented by a mass density function pLt,y,_l, where
p is the number of base-pairs or bases per unit
volume at the points specified by x, y, and z in the
gel . The x-axis is set parallel to the direction of
electrophoresis, trey-axis is prependicular to the
direction of electrophoresis and in the plane of the
gel, and the z-axis is perpendicular to both the
direction of electrophoresis and the plane of the
gel. With this particular orientation of axis (refer
to Fig. 5). the dependence on the spatial coordi-
nates of the mass density function can be further
simplified by integrating along the z-axis by it, the
thickness of the gel, and between two boundaries
y, and y z , chosen to include all the DNA in a
specific lane . Under these conditions the DNA
density distribution may be written as p(x), and is
often called the lane profile .

The density distribution of DNA is observed by
using labels discussed above . These labels provide
a signal which is correlated to the DNA distribu-
tion present on the gel . It is important to under-
stand clearly the manner in which a label is
incorporated in an enzymic digest of DNA For
example, a radioactive label can be incorporated
by end-labeling or by labeling throughout the
DNA. In the first case of end-labeling, the signal
corresponding to the label would be independent

Fig. 5 . Orientation of axes to describe electrophoresisAlso shown are boundaries y, and v, used In create a lane pwlile of the DNA_
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of the length of the molecule, but proportional to
the number of DN A molecules, while in the latter,
the signal would be proportional to the mass of
DNA. The overall analysis must be cognizant of
these differences, as well as the effect that the
overall response of the system used for detecting
the label will have on the quantitation .

6.1 . Digests coniprised o f discrete DIVA size distri-
butions : applic'afions to resolving restriction

digests

Restriction digests of linear, supercoiled, or
relaxed DNAs give rise to discrete size distribu-
tions of DNA. The interest in these digests has
grown considerably in the past decade as a result
of the interest in mapping and sequencing DNA .
Restriction digestion provides a way to break up
long DN As into shorter pieces which can then be
sequenced by conventional methods such as those

developed by Sanger et al. [321 or Maxam and
Gilbert [331 . The process of unravelling the order
in which the individual DNA fragments in a digest
occur within the intact DNA molecules becomes
easier if accurate length measurements of the
DNA fragments in the digest are known .
When DNA digest fragments are completely

resolved, the lengths of DNAs present on a gel can
he obtained easily using a set of suitably chosen
size standards, with no need for additional quan-
titative methods . If a digest remains unresolved
despite attempts to change the pore size of the gel
matrix or to alter running conditions, a quantita-
tive approach provides a solution to determine the
sizes of DNA present . Fig. 6 shows an electro-
pherogram of a restriction digest of Bactcrto-
phage T7 DNA using the following restriction
enzymes : Xbal, AV], Anal, and !lael! [341. The
overlapped DNA in each electrophoresed digest
lane can be identified from the anomaly in hand

1 9 1

Fig . 6. Photographic prints of ewe images (Itt overlapping regions of a gel ohtuined with CCD imaging . Lanes 1 . 4, and 7 contain 13N A,

length standards. Lures 13, 5, and 6 contain DNA front Bacteriophage T7 that has peen treated with the restriction end onucteases Xbul,
N"f, A,ol, and Hu,l!, recpeetively I he images are overlapped so Ihat lane 4 appears in each . The dispersion function used to calculate
the lengtholmolecldesinbandsoflunknown lanes is alwaysd curirui tied from a liuu: u f length standdrds that appears in the same image
as the unknown . The phcLographic print was made from a color negative that recorded the pseudxolor image on the gel fluorescence
displayed on a TV monitor. Apparent curvature in some ofthe lanes results from photographing thc curved gairtace ofilicitionitor From
ref. 34 with permission .
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width: however, the number of fragments in each
overlap get progressively difficult to estimate . The
Haell digest of Bactcriophage DNA exemplifies
this . For resolving these types of DNA band
overlaps, two quantitative approaches are pre-
sented. The first is a general procedure to recover
resolution in electrophoresed DNA, but the sec-
ond one is more powerful in the specific case of
DNA digests by restriction enzymes which have
been carried out to completion . The techniques
developed for the electrophoretic analysis of
en7ymic digest of DNA can also be extended to
blotting techniques which transfer DNA from the
support matrix to a membrane and then high light
certain species of DNA present on the membrane
by using probes .

6.1 .1. Iterative method using determined point
spread function

In this approach [35J, a smearing/broadening
function of electrophoresed DNA hands is com-
puted from standards on the same gel used for
analysis of the unknown DNA digest . The oh-
served lane profile o(-c) of the digest in a lane may
be represented as the convolution of an ideal
profile i(x) . with a smearing function s( x) which
serves to broaden the DNA distribution, thus
yielding a distribution similar to that obtained by
electrophoresis . Mathematically the convolution
may be represented as :

of.c)= f i(vr- u)sOdu

	

(I)

An iterative process is used to yield progres-
sively improved estimates of i(x) by comparing
the lane profile o(x), predicted front eqn . I to that
experimentally observed . When the comparison
shows excellent agreement, the iterative process is
terminated, and the last trial profile is a resolution
of the digest, The iterative method improves re-
solution obtained from electrophoresis hy mathe-
matically reversing the band spreading that takes
place during electrophoresis . The following equa-
tions outline the algorithm :
o k(X)=2k(x) * 5(x)

	

I .2)

ik+rfx)-i k(a :) + (e)[o(v)-ok(x)]

	

(3)
k=k I 1

	

1:4)
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where * is the convolution above, and

P(X) - I - A I Ok(X)- A I

	

(~)

is used to apply non-negativity and maximum
positivity constraints, with parameter .d set to
twice some approximation of the maximum peak
height. The function ylx) is used to modulate
correction, in the iterative process .

Refinement begins with setting k =0, using an
initial guess i °(x) - o(x) . and an experimentally
derived sf .v-), Fgns. 2-i arc then used iteratively to
yield progressively improved estimates of i(x) .
When there is no significant difference between
0`(v) and o(x)_ the iterative process ends . and
i k(x) - i( .x) . The algorithm can be sped a hundrcd-
fold by performing the convolution integrals nu-
nteric:ally using Fast Fourier Transforms (FFT) .
Typical results for obtaining increased resolution
are shown in Figs . 7 and 8 for an electrophoresed
mixture of llindlll restriction fragments from
digests of PM2 and SV40 DNA .

6 .1 .2 . Mass-constrained deconvoiution
The iterative approach will fail to resolve DNA

hands which completely overlap one another . In
the special case of resolving DNAs which have
been digested to completion, the physical con-
straints relating the amounts of one particular
daughter fragment of DNA to another in the
digest can help resolve overlapped hands of DNA .
For an enzymatic digest of identical DNA mole-
cules made in a site-specific manner, the number
of molecules or moles of different daughter
fragments will be the sane . If, after electro-
phoi esis, we cres le a lane profile from ion image of
the labeled DNA (either fluorescent or radio-
active), the integrated signal corresponding to the
different DNA daughter fragments bears a useful
relationship to the length . This relationship .
mathematically expressed as a mass constraint,
may be used to resolve the digest, and hence
determine the total number of components and
length of the digest fragments present . A detailed
description of this method, including the neces-
sary equations, is outlined below [34J .

In the case ofethidiunt bromide-stained agarose
gels. the technique is implemented in the follow-
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Fig .7, Gel pattern and densitometer tracing for a mixture of PM 2 and SV40 DNA -tin or an ethidium hromideuigaruse gel . The labeled
peaks were chosen for Further analysis From ref . 3? with prrmissinnn

ing manner . Under suitable conditions the fluo-
rescence of ethidium bromide is proportional to
the number of base-pairs of DNA . The fluores-
cence. F( x,y), excited in the electrophoretic gel
(under uniform UV transillumination) is related
to the DNA mass distribution . In terms of the
notation previously introduced,

F(x.y) - K ) p(x.y .:)dz

	

(6)
_- n

where the thickness of the gel is represented by w .
The constant K includes the effect of numerous
experimental parameters such as the fluorescence
quantum yield of ethidium bromide, the intensity
of light for UV trans illumination, the efficiency of
the optical system used to record the fluorescence,

duration of exposure, etc . It is critical to have a
linear relationship between p and F. This is
achieved easily when using CCDs for recording
the ethidium fluorescence . If photographic film is
used to record the fluorescence, the necessary
corrections as described earlier to obtain Fix)
trom the recorded optical density should be used .

Since the separation of DNA takes place par-
allel to the x-axis during electrophoresis, F(x,y)
may be replaced with F(x) . by integrating along
the y-axis between two boundaries v1 and y2i
chosen so as to include all the DNA (see Fig . 5) .
The limits J'1 and Y2 may be determined using a
cursor on a video screen displaying the fluores-
cence light intensity in either pseudocolor, grey
scale, or contour plots .



1 9 4

I II

I

L
Fig . h . Profile for the region of Fig .'s containing hands I, II, and
II I after cc rn ;ction for increased hand broadening as a function of
migration distance, shown as a thick line . The same data after ?00
cycles of constrained decanvolution are shown supcrimposd
(fir line) . Ihc doublets in bands II and III are now resolved .
From rail ;5 with permission .

Background fluorescence (non-DNA-specific
fluorescence) ill the gel may be subtracted from
eqn. 6, using the following correction factor :

LF(x,v,)+F(x,v2)] V,

	

k"

	

(7)

The method of subtracting the background
fluorescence in electrophoresis is related to sane
extent on how the DNA is quantitated . If photo-
graphic film is used for quantitating fluorescence-
stained DNA, the method for subtracting back-
ground has to be altered slightly . This is because
most commercial densitometers for scanning film
usually do so in only one dimension . To correct
for background fluorescence (non-DNA-specific),

F. A . Rrbeiro + J . C'1i'o nntogr . 518 (1993) 181-20?

it is important to have two empty electrophorescd
lanes bordering the lane in which the DNA is
located. A densitometric scan of the bordering
lanes is used for background subtraction. In the
case of two-dimensional scanning of photograph-
ic film this requirement is relaxed ; nevertheless,
the additional space between DNA-containing
lanes serves to reduce the spill of fluorescence due
to scattenng ill the gel, this is important for
quantitating weak DNA signals accurately .

Ihc lluorescently-stained hands of DNA after
electrophoresis may individually contain more
than one daughter fragment . Bands comprised of
purely one DNA daughter fragment are called
ringlets, while hands comprised of two daughter
fragments are denoted as doublets. and then
triplets . etc. The overall analysis proceeds in two
major steps: determination of the multiplicity of
electrophorescd DNA bands using an uncon-
strained deconvolution and the subsequent appli-
cation of the mass-constrained deconvolution to
these bands_

For an intact DNA molecule with a - 1 restric-
tion sites, the number of daughter fragments
produced on complete restriction will be n, al-
though only in of these may he resolved through
electrophoresis alone . In practice . since some
overlap may occur, In is less than or equal to a .
The lane profile F(.x) may be represented by the
following summation

i=m
F(Xl= Y S;' Y'(X,Y;,ci)

	

(8)

where a; is the area of the ith band, and 'I' a shape
function with unit area and parameters x; to
specify location and c, to describe the. width . Any
fitting procedure can then he used to vary the total
of 3m parameters in an unconstrained manner to
fit the observed lane profile . A Gaussian may he
chosen as a suitable shape function. The a, values
obtained from this fitting procedure are then used
to determine the multiplicity of the observed hand
by finding the ratio of the area, a ; ot'the bands, to
the average length, L„ of The species in hands
(from an experimentally constructed dispersion
function, 1():), and hand locations . XE ) . This ratio,
called the length-normalized fluorescence . will be
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lowest for singlets, roughly twice this for doublets .
thrice for triplets, etc. The multiplicity of the
hands can be established by these ratios . Should
the lowest multiplicity of the electrophoresed
hands be suspected Lo be a doublet, knowledge of
the approximate length of the undigested mole-
cule will be adequate for eliminating uncertainty .
The presence of residual DNA fluorescence in the
lane profile (DNA fluorescence due to non-spe-
cific digestion by the enzyme) niay be corrected
for by incorporating a slowly varying function in
summation as described .

After the multiplicity, and hence n, has been
determined, the resolution of the DNA digest to
get all the daughter fragments on the gel can be
rapidly accomplished by fitting the observed lane
profile to the mass-constrained form of F(x) :

1 - ^
F(x)=K A ) L(x l} F(x,xi,u(.tl))

	

(9)
i= t

Here N is the number of each distinct daughter
fragment in the DNA digest . and the parameters
for fitting arc then values of x; and the product of

n

., n
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Fig. 9 . Integrated lane profile and electrophoretic dispersion
function from lane l in Fig . 6 . The coordinates of the solid circles
are determined from the location of the peaks of the lane profile
and the known lengths of the molecules in each hand . The
dispersion function was determined flum this set of uuurdinates
by a cubic spline function procedure. The vertical axis is labeled in
units of DNA lengths in thousands of base-pairs, which applies
only to the dispersion function . The lane profile is expressed in
arbitrary units which are not indicated in the figure . The
horizontal axis is distance Anne The direction ofeiectrophoresis ..
in units of carnera pixel . For magnification used to aaluirn these
images, each pixel corresponds to =SOpnt in the gel . From ref . 34
with permission .
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Fig 1 1, Lane profile of lane 7 from Fig- 6, which contains T7
DNA digested by Nsf) .'I he thick solid line, thin solid line, and
dotted line have the same meanings as in pig . 10 . The length-
normalized fluorescence of the second band from the left, which is
obvious :y degenerate, indicates that it is a doublet . From ref. 34
with permission .
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Fig, 10 . Lane profile of Lane 2 from Fig_ (5, which contains 17
DNA digested by Xbal I' he experimental data are connected by
the (hick solid line. The dotted line shows the resolved compo-
nents and the light solid line shows the sum of the resolved
components and die background correction . The length-normal-
ized fluorescence of all four resolved bands arc nearly equal,
confirming that all am singlets . From ref. 34 with permission .

K and N. The function c(x i ) is obtained from
interpolation of the known width of the singlets in
the digest lane . The constrained fitting procedure
has fewer parameters than the earlier procedure
for unconstrained fitting . The optimized xJ values
are used in conjunction with the dispersion func-
tion to yield a complete resolution of the digest .
Full details, including variations of the techniques
in cases where u(x i) is difficult to evaluate from
singlets, have been presented in ref . 34. The
method is illustrated in Figs . 9 13. It must be
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Fig . 12 . Lane profile of ]Line 3 front Fig . 6, which contanis T7
DNA digested by Avat the three types of lines as in Figs . 111 and
11 . 'the left-most hand in the figure is degenerated and its
length-normalized nuore ;cence indicates that it is a triplet. From
refs 34 with permission .

pointed out that the mass-constrained deconvolu-
tion resolves a digest by using the constraints
among the quantities of the DNA daughter
fragments. and not by mathematically reversing
the effect of band smearing which occurs during
electrophoresis .

6 .2. Digests comprised ofeontintious DNA size dis-
tributions: applications to quantitating DNA
lesions

These distributions arise in quantitating a di-
versity of lesions in DNA that are frequently

rs
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Fig. 13 . Lane profile of lane 6 from Fig . 6, which contains 7"7
DNA digested by Haell . The three types of tines are as thutie in
Pigs . 10, 11 . and 12 . Iron, wt . A with permission .
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encountered in damage and repair studies . such as
those produced by UV-induced thymine dimers
[36], 6-4 photoproducts [37], and -,v-ray-induced ss
and ds breaks [38] . These lesions are either directly
or indirectly (for example through enzymatic
cleavage) made to yield a sample of DNA cony
prised of molecules of varying lengths . There are
two major techniques to quantitate lesions from
these distributions, both of which arc extensions
of methods used for centrifugal analysis of DNA
[39] .

6.2 .1 . ibfethod rf intact hand depletion
Consider a sample of DNA comprised of a

homogeneous population of molecules. If the
probability of creating a lesion in a DNA mole-
cule of the sample is small, but the number of
molecules is large, the distribution of lesions is
governed by Poisson distribution . If P(n) is the
probability of having DNA molecules with n
lesions in a sample which has an average of bt
breaks per DNA molecule,

w
P(rr) = R e

	

(1O)n.

If the original DNA sample without lesions has
N molecules, the number of molecules which are
intact in the population after introducing lesions
is N0, where :

N0=N' P(0)=N-v"

	

(l I)

It is clear from eqn . I I that, ifthe ratio of N0/N
is known, pt, the average number of lesions per
molecule in the sample is easily obtained. In
practice, two samples with the same amount of
DNA are used for the determination of /r, one
containing the intact DNA and the other one with
DNA with breaks in it (depleted DNA) . The
breaks may he introduced directly by lesions or
indirectly through cnzymic digestion at the site of
the lesions . On electrophoresis of such a sample,
the DNA band corresponding to the lesions, will
naturally have less DNA, because DNA mole-
cules which have been broken will migrate further
down the gel than those which have not been
broken . The ratio of the number of DNA mole-
cules in the lane containing the depleted band to
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that containing the intact band may be used in
cqn . 11 to arrive at the average number of DNA
lesions per molecule in the sample .

In case of radioactive or fluorescent labeling,
the integrated label signal corresponding to the
intact band and the depleted hand maybe used for
quantitation . This is permissible provided there is
a linear signal response to the amount of DNA for
both labels . In the case of fluorescent labels,
CCDs can be used to record the signal of the DNA
bands. while in the case of radioactive labels .
photostimulable phosphors are excellently suited .
The use of photographic film or X-ray film for
quantitating labels is suitable only if the response
to the labels is calibrated .

A minor variation of the intact band depletion
techntquc is to delernune the ratio of the amount
of homogeneous DNA (corresponding to DNA
of the same length) to the total DNA in an
clectropherogram in the same lane profile . If the
recording medium used for quantitating the DNA
label produces a response linearly proportional to
the amount of the label, the ratio of the homoge-
neous DNA to the overall DNA gives NoiN, and
hence µ . In this approach, the requirement for
accurate quantitative loading of DNA in samples
is relaxed .

The signal corresponding to the intact band can
be accurately obtained from the lane profile when
a small number of breaks are introduced . but
becomes inaccurate when a large number of
breaks are introduced in the DNA electrophoresis .
This is because the unbroken molecules in the
DNA sample (corresponding to the homogeneous
population) overlap with those DNA molecules
having one or more lesions (corresponding to the
heterogeneous DNA population) . Numerical
methods have been developed to recover the
intact hand from an entire lane profile . The
technique is easily extended by the introduction of
Southern blotting and suitable probes for use in
specific gene damage and repair studies [40] .

The intact hand depletion method is useful for
quantitating lesions in DNA. It is a good tech-
nique to use if a DNA sample contains a reason-
ably homogeneous population at the start . In
addition, it does not require a dispersion function
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to be experimentally obtained for the electro-
phoretic process. For quantitating a large number
of a certain type of lesions, however, this method
gets progressively more inaccurate because the
population of DNA molecules corresponding to
the homogeneous DNA is difficult to isolate from
the heterogeneous population. An alternative
approach is to quanlitalc lesions in DNA using
the method of moments, described below,

6.1.2. Method of moinenls
The method of moments may be used to

determine the number of DNA lesions by com-
puting the number average length of representa-
tive DNA distribution before and after the intro-
duction of lesions. The technique has been suc-
cessfully applied to DNA separated using centrif-
ugal field. In this technique. n o attempts are
necessary to isolate the homogeneous and hetero-
geneous population of DNA, since the analysis is
based on the entire electrophoresed DNA . The
technique is capable of higher accuracy for quan-
titating a large number of lesions in DNA than
the intact band depletion method . but requires
knowledge of the dispersion function, L(X) . of the
electrophoretic process . It has been shown [41]
that the number of breaks per molecule intro-
duced in a sample of DNA can be calculated from
a change in the number average length of the
DNA distribution by

number of lesions

	

(12)
ni (Lnf) <Lni7

where <L ., ; ; and (L ;r) are the number average
lengths of the DNA distributions before and after
the introduction of DNA molecular breaks . These
are calculated [42] from the DNA distribution
itself in the sample from

(1 L1)
(13)

m;

where to-, is the number of moles of the DNA of
length L ; in the DNA sample . The summations in
eqn. 13 can be easily calculated from a lane profile
ofthefluorescence of electrophoresed DNA which
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is ethidium bromide-stained . Cinder these condi-
ttons, the summations reduce to

f F(x) dx
L =	0		 (14)

(F(x) ;L (x)]dx
0

Zoe
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because under suitable conditions, the fluores-
cence of ethidium bromide is proportional to the
mass of DNA with which it intercalates . the
technique of moments has been applied to quan-
titating UV-induced thyminc-dirners, for quanti-
tating 6-4 phoroproducts and for)-my-induced ss
and ds breaks in DNA .
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Fig . 14 . One-dimensional ;cans of (a) ur.irradiaLed anti (b) LI radiILLect phase x DNA, Panned DN,A wits exposed to tluence 0110 .1,111' of
254 nm UV radiaIiou and subsequently digested with hL Imeuv UV endomlclease al 47V for 45 mir . Film. was esposed at 1, •'4.5 for 20 s
after it had been pre-fogged for 10 s at 1 ;32 . When the esperimcntal background was subtracted from t .`.c lane profiles . the number of
lesions per single strand of DNA were catculnLed to be 0 .466 . If an extrapolation nom the hailing edges of the lane profile's used in
estimate background . the number of lesions calculated are 0113 per single strand Frnm ref . 43 with permission_

•

	

40

•

	

Ieo

•

	

100

•

	

120

tso0



E. A . Ripe rn r .1 . Chrolnale,er . 61 (199] j 1X1-701

In practice. the limits for integration in eqn . 14
are determined by noting the locations in the
resolving gel where the fluorescence in the sample
lane falls to the background level [43] . and by
performing the integrations after correcting for
background signal in the gel . The importance of
these is illustrated in Fig . 14 where the number
average length of Bacteriophagc T7 DNA is
calculated using photographic film with and
without suitable background corrections. The

199

numerical results are significantly different . The
application of the method of moments to enumer-
ating thyminc dieters and 6-4 photoproducts in
DNA on the same gel is illustrated in Fig . 15 .

Instead of directly computing the number aver-
age lengths in the DNA sample, an alternative is
to calculate the number average length from the
length average length (also known as weight
average), which is easier to calculate accurately
because it is not as sensitive to the tail of the DNA
lane profile . If random breaks are introduced in
DNA, the length average length can he shown to
be twice the number average length. However, the
assumption may not be valid when the DNA
exhibits hot spots for lesions . Conversely, under
the same assumptions, the median of the DNA
length distribution may also he used to estimate
the number average length .

The accuracy and precision of using the intact
band depletion method and the method of mo-
ments for quantitating lesions is dictated to a
great extent by good sample preparation and
careful electrophoresis . Sample overloading, trail-
ing of DNA or DNA loads which produce low
signal-to-noise ratio should be avoided . In the
case of the methods of moments, the dispersion
function should be computed from a suitable set
of length standards . If precautions are strictly
adhered to, both methods are capable of the
necessary accuracy for quantitating lesions in
DNA analysis .

Fig 15 . Photograph of ar. image of a portion of an alkaline
agarose gel demonstrating the yumnitnti(ln of t .tV light-induced
carnage in DNA . Line I (extreme left) contains DNA standards
of viral origin that are used In determine the dispersion (unction .
They span a range of 1 ;0 kh iT4 DNA) to 4 kb (a restriction
fragment from the T71ane) . Laces 2-4 contain DNA from human
cells that was exposed to 5 J/mn of 254 out UV . Prior to
coctrophorcsis, the DNA in lane 3 was orated to produce ss
breaks adjacent to 11V -induced. pvrimidine dinners, and the DNA
in lane 4 was treated to produce ss breaks djacent to pyrimidine
(6-4) pvriundone phoroproduets . 'fhe induction of ss breaks in
the two treated laces result, in DNA molecule .; that are, on
average. shorter when separated in the denaturing alkaline gel,
and hence migrate further during electrophoresis . Quantitative
elect ropliuresis permits determination of the frequency of lesions
induced by a given I1V dose, Fron ref . 3' wiLh permission . .
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7. CONCLUSIONS

Quantitative electrophoresis of DNA is a rap-
idly expanding field because of its numerous
applications in the life sciences. Problems that
cannot be solved using a purely qualitative ap-
proach can often be easily solved quantitatively .
Recent advances in instrumentation and biotech-
nology make a diversity of systems available for
accurate quantitation in electrophoresis . Such
systems will eventually replace photographic and
X-ray film for quantitating DNA visualized by
fluorescent!chemiuminescent and radioactive la-
bels . Although these systems require a sizable
initial investment, the volume of clectrophoretic
data and the speed at which that data can he
accumulated tend to justrfv such investment for
long-term use. Despite the sophistication of the
analytic equipment available, it is imperative to
guard each step involved in the electrophoresis
process, from sample preparation to electropho-
resis, if accurate and worthwhile results arc to be
obtained from the analysis .
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