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ABSTRACT

Chuantitative electrophoresis af errymic digesis of DNA and its applicstions are reviewed  Factors affeeting the overall analyzis such
as TINA lenpth distribition, Jabels for visualizing DNA, techniguzs for quanlitation, and cleetrophoresis itself are studied. Mothods to

analyre reatriction fragments wnd lesions in DA by gel electrophoresis are presented.
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LIST OF ABBREVIATIOMS

A/D  Analog to dipital

CCD Charge-coupled device

ds MNouble stranded

kb Kilo bases

Mhb Mega bases

PCR  Polymerase chain reaction
53 Single stranded

L INTRODUICTION

The quantitative analysis of DNA enzymic
digests using gel electrophoresis plays an impor-
tant role in the study of nucleic acids, and is hence
frequently encountered in fields such as molecular
biclogy, photobiology, genetics, madicine, and
the forensic sciences. Quantitative clectrophoresis
of DNA include determination of the copy num-
her of pencs and copy number of plasmids,
cpumeration of various lesions in DINA for use in
damage/repair studies, the amount of DNA pro-
duced in polymerase chain reactions {(PCRs). and
mapping/sequencing DNA. Although using elec-
trophoresis for analyzing charged molecules is an
established practice, techniques for quantitation
in clectrophoresis are relatively new. Gften, prob-
lemns arise in analyzing nucleic acids which can-
not be salved using a purely qualitative clectro-
phoretic approach, but can casily be solved using
quantitation.

Adwvances in hiotechnology and computers have
made the routine analysis of DNA dipests using
electrophoresis accurate, quick and easy. For
their part, computers have had a sipnificant rolein
the development and practice of electrophoresis,
and in many laboratories they are used to control
the electrophoresis process throngh interfaces, or
to perform numerical analyses too tediocus or
time-consuming to be dong manuallv. Further-
more, the growth in the understanding of the
clectrophoresis pracess in itself generaied
through the interest in mapping and sequencing
the human genome — has led to electrophoeretic
methads For the separation of DNA sizes from a
[ew bases to over several mullion long.

Gel electraophoresis is the method of choice for
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analvzing eneyinic digests of DNA because of the
giase in separating DNA in a size-dependent
manner. However, Lo perform a thorough quant-
tative analysis of DINA digests using electro-
phoresis, the [ollowing impertant faclors in the
overall process muyst be constdered carefully: (1)
the clectrophoresis process itself; (2) the nature of
the DNA distnbution of lengths; (3) the lubel for
visualizing [XNA; {4) the tochnique For deteeting
and/or quantitating the lahel; and, finally. (3) the
analysis itsell. We will addreys all these fuctors in
order.

2 ELECTROPHORESIS

2.1, General consideraiioas

The electrophoresis itself lorms a vital part of
the analysis, because it is the fundamental pluysi-
cal process by which length-dependent separalion
of DNA is uchieved Lhrough dilferential mobility
in the support matrix. DNA clectrophoretic mo-
hility — using gels a5 a support matrix — depends
on several parametcrs such as the length and
tertiary form of the TYNA. the pore size and
material used to form the gel matrix, the composi-
tion of the electrophoresis buffer, the temperature
duringelectraphoresis. and the nature and magni-
tude ol thcapplied electricficld. In rareinstances
depending on DNAJength and base composition—
curvature of lincar DNA can take place [1]. Thisis
evidenced as an anomaly in the mobility of cerrain
short DNA fragments under electrophoresis.

The simplest manoer in which DNA in gels may
be cleetrophoresed -is by the application of a
steady exlermal uniforn clectric field. In this
arrgnpement, the field is applicd Lo the gel matrix
using two clectrodes, one serving as cathode and
the other as anode. The gel matrix is itsell
saturated with a suitable buffer to maintain a
stahilizing ionic environment [or the DNA. DNA
migrates lowards the anode because of the elec-
trical driving force on the nepative phosphate
groups. By varying the pore size of the support
material, il is possible to scparate effectively
DNAs ranging from 1 base to 100 kilo bases (kb)
in length. For lengths greater than approximately
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109 kb, reptation of DNA occurs, and the length-
dependent differential . mobility during clectro-
phoresis is lost,

Long DNAs {cxeceding 100 kb in length) are
effectively separated using modulalions in the
applied clectric field which prevent DNA from
undergoing reptation. This extends the upper
limit of DNA separation 1o several mega bases
(Mb} in lenpth. A number of schemes have
evolved to reduce DN A replation during clectro-
phoresis by cyclical re-orientation using field
moadulations. Choice of specific implementation
is governed by factors such as the cost, simplicity
of operalion, resalution, and total run-time. Tt is
beyond the scope of this article to discuss these
systems in delail but the reader is directed to the
neccssary literature in this area [2-46).

There are two [undamentally dilferent modes
of obtaining a scparation of DNA in eleclro-
phoresis: constant time and conslanl distance. In
the first, all the ¢lectrophoresed DNA is detected
at the same time and the separation in DNA
lengths is seen as a spatial one. 'This would
corrcspond to taking a snap-shot of the electro-
pharesis process at the end ol separation. [n the
second type, DNAs of varying lengths are detect-
2d at o fixed distance by a detecror. As a result, the
scpuration of the DNAs is detected temporally,
and the physical size of the support matrix can he
reduced to some extent. The description of the
clectrophoresis process in either of these can be
readily obtained by transformation ol the known
for the other. In view of this, only the mathermat-
ical formulation for the analysis of DNA dis-
persed using conslanl fime cleclrophoresis is
discussed.

Determinations of the conditions and schemes
required to etfectively produce DINA length sepa-
ration in an enzymic digest of DNA reguires
knowledge of the lengths present in the dipest.
After choosing a particular scheme for electro-
phoresis, a certain amount of trial and crror is
involved in the final selection of poare size and
running conditions. Few refined analytical tech-
niques are worthwhile if the fundamental physical
process 18 cxperimentally flawed. DNA sample
preparation and enzymic digestion, sample load-
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ing, preparalion of the matrix to insure uniform
pore size and gel geometry (excluding deliberately
introduced gradicnts in pore size}, electrophoresis
running conditions and visualization ol the DNA
are important to the overall analysis [7].

2.2, Dispersion funcrions

The purpose of using electrophoresis is (o
disperse u DINA digest in a length-dependent
manner. In practice, the length of the DNA
molecules present in the digest are obtlained by
generating a gel dispersion (or gel calibration)
function using suitable co-clectrophoresed DNA
length standards. A wide range of dispersion
lunctions have been devised te do this. 1n general
these formulae seek to describe the length, I, of
MDMNA as a function of the distance ({rom the
sample well or some arbitrary origin), x, by
generating a dispersion function, .{x). These
functions are usually based on global or local nu-
merical fits obtained from the co-slectrophoresed
DNA length standards [8 13].

Dispersion [unctions are calculated 1n a para-
metric form from the locations of the co-electro-
phoresed DINA length standards. Global disper-
sion functions are derived by varying the param-
efers to reduce the difference hetween the disper-
sion lunction and the data from all the DNA size
standards. This type of dispersion function is
uselul when the nature ol 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-
tens can lead Lo systemalic errors il applied Lo a
form ol ¢lectrophoresis where the dispersion of
DNA mayv be different. For example, global
dispersion functions which are denived for electro-
phoresis using a uniform steady external ficld
should not be used to describe electrophoresis
under field modulation.

Local dispersion functions are more accurate
when dealing with a diversity of clectrophotesis
field conditions, but are more sensitive to random
crror. To retain accuracy, these dispersion func-
tions must be generated from a large number of
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DNA length standards. A classic example of a
local dispersion tunction is that based on a cubic-
spline. Rescarchers have tried to combine the ad-
vantages of both tvpes of dispersion functions
global and local — by creating a moving window
consisting of a subset of the DINA sive slandards,
and solving for the dispersion function (within
this window) using a global {unction [10]. These
torms effectively combine the advantages of both
types of dispersion functions while minimizing the
disndvantagcs.

For an accurate cstimate of DNA length,
standards should be placed near the DNA which
is being analyzed, The effect of variations in
clectrophoresis over the bulk of the gel can be
corrceted 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 1o ensure uni-
form miagration,

2.3, Resolution in electrophoresis

Resolution 1s the ability of an electrophotertic
system to discriminate between DNA of similar
lengths. It is an important parameter to study
becausc the clectrophoresis of & homogeneous
DNA sample results in hands of finite width (rath-
cr than band intensity distributions described by a
delta Airnction}, which limits the number of DINA
species that can be identified at the same time. [n
electrophoresis. resolution may be cxpressed [135)
using the resolution length limit {Ky), or an
extension of the sume ideu called the resolving
power [F6]. The resolution length limil takes into
account the finite bund width of a homogencous
DNA after vondergoing cleclrophoresis and is
derived from the closest two bands — corrg-
sponding to sitilar lengths — that can approach
ong another and vet be distinguished. Lt is ¢asy to
see that in the case of DNA inlensity distributions
which resemble two identical Gaussians, the scpa-
ration neeessary for reselution is egual o their
widths (or full-width at half-maxima), I Using
the dispersion funclion, L{x), of the system, R,
can be expressed as [dZi{x)/dx| - . The resolving
power which 1s bascd on the similar idea is the
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rafio ol the length of DNA, L o the Ry, ie L/ R,.

Resolving power is a parameter which is di-
mensiondass and, as a result, comparison between
different syslems 15 easy. Also, increasing resolv-
ing powers correlate well intuttively with higher
reselulion, From an experimental point of view,
the clectrophoresis conditions should bhe chosen
with optimal resolution for the range of DNA
lengths present in the digest.

Experiments using restriction fragments under
steady uniform electric field conditions indicate
that the resolving power is a function ol the length
of DNA, and that it exhibits asymptoetic behavior
if the electrophoresis distance is increased [10].
Thus, the unprovement in resolving power is
nominal if the length of the gel used in clectro-
phoresis 1s mereased beyond o certain point. The
effect of reducing the well thickness {which is
casily dome by using thinner combs in forming the
geld for electrophoresis serves o shorten the
distance — and hence the time — to achicve the
resolving powers approaching asymptotic limits.
We will see 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.

SODNA LENGTIH DISTRIBLITION

The suitability of a technique for anzlyzing a
particular enzymic digest of DNA s strongly
related to the DNA leogth distnbution present in
the digest. Mathemarically, DNA length distribu-
tions will always be strictly discrete because the
length of DNA is an mntegral number of bascs: we
can classify them in a different manner because of
lirmited resolution.

For classification, consider a sumple of identi-
cal single-strunded (s5) or double-stranded (ds)
DNA molecules of length Ly, If this sample is
cugyinatically digested o produce a muature of
DNA molecules of specific lengths, we can Lreal
the fmal digest as a discrete DNA length distribu-
tion. On the olher hand, il the original DNA
sample is enzymatically digestad to produce DNA
molecules of any size up o a maxinum of Ly, the
dipest muy be rreated as a continuous distribution
ol DNA lengths.
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An excellent example of a discrete DNA length
distribution s a homogeneous ds DNA sample
digested by a type 1 restriction enzvme. Here, Lhe
population of DINA daughler fragmenls i the
digest is comprised of specific DINA lenpths, and
is dictated hy the recognition sequence of the
enzvme and the base scquence of the DNA
substrate. An electrophoresis of these digests may
or may not entirely resolve all the daughter
fragments. But since we krnow the type of DNA
length distribution beforehand, we can greatly
simplify the analvsis of these digests. Discrete
DIMA length distributions are frequently encoun-
tered in molecular hiology. They are character-
Lzed by distnet bands en an electropherogram in
which the DNA has been suilably visualized using
g label. These distinet bands are due to the speciiic
lengths of DNA present.

Continuous DNA length disiribulions arise
DNA damage and repair studics where lesions
due (o onizing 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 wonld generally obtain a continuous
distribution of DNA lengths. Distributions of this
typc arc more cffectively analyzed using mathe-
matical rechniques which employ moments such
as the number average or length average of the
DMNA distribution [18], or the methed of intact-
band depletion, both of which are readily possible
after electrophoresis. Continuous distribulions
are evident on electrophoresis by the presence of
smeared patterns which are skewed in the diree-
tion of clectrophoresis,

I the laboratory 1l 1s dilficult to create pure
DNA length distribution, and it is not uncommon
lo observe difterent 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. Tor examnple, if the tvpe 11
restriction. cnzyme {cited as an example of a
discrete distribution) had some residual non-spe-
cific enzymie activity (they all have some to one
degree or another), this would be apparent as a
banded pattern compounded on a background
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smear. Even though categorization of the DNA
length distribution indicates the bast line of
approach, the overall DNA analysis, from the
cleciropherogram, must always make realistic
corrections for nonidealty.

A LABEILING 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
sensitivily required is that for detecting nanogram
guantitics of DNA, cthidium bromide staining
will alone suffice. For detecting smaller amounts
of DNA, lvpically in Lhe picrogram range, radio-
active labeling is the traditional approach. For
yuantitative use of any DNA label, it is essential
to know how the label 15 incorporated in the
DNA.

While chemiluminescent [19.20] and other fluo-
rescent labels such as those used in sequencing
applications are not commonly usad in the labo-
ratory to analyze enzymic digests of DNA, they
are growing in popularity. Although these Label-
g techoiques use specialized equipment for
detecting the lubel, they often provide distinet
advantages with regard to sensitivity, personal
safety and environmenlal pollution, The reader is
cncouraged to explore these. For purposes of
analvsis we concentrale on the properties of
traditional DNA labecls. Many of the complica-
tions which arise in wsing rraditional labels for
quantitative electraphoresis will also be manifest-
ed in the newer labeling schemes. Henee, suilible
prior tests should be made to assess the averull
accuracy for DNA quantitation when using alter-
nalive lahels.

4.1, Ethidivm bronide

Ethidium bromide is a [luorescent dye which
intercalates beiween the bases in DNA. The
fluorescence quantum eflicicncics (measured at
302 nm) of ds DNA-bound ethidigm 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
hases. I'or analytical wark it is best to stain the
DNA with this fluorescent dve alter electro-
phoresis because it can alter DNA mobility in
electrophoresis [21]. This alteration results from
the increased ripidity and change in effective
charge of the DNA dye complex.

In gels which do not denature DINA (pH ~ &),
tvpical staining conditions are to soak the gel ina
| pg/ml solution of cthidium bromide (in distilled
waler or clectrophoresis buller) for aboul 35—
30 min. During this time the dye permeates the gel
matrix and intercalates with the DINA [22]. After
the initial staimng period, the dye is destained
(using distilled water or electrophoresis huffer)
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-
orale schemes for destuining ethidium bromide
exisl. These mvolve guickly electronhoresing the
dye out of the gel so there is no excess, or including
activated charcoal in the destaining siep o adsorb
the excess dye [23].

DNA which is fluorescently-stained using cthi-
diumn bromide can be visualized by transillumi-
naring the gel with long- or short-wavelength UV
light. The 1.V light excites (luorescence which has
a peak at approximately 590 nm. Photography or
charge-coupled devices can he used to record the
{Tuorescence of ethidium-stained DNA [24.25].
The fluorescence from a given band of stained
DINA is preportional to 1ts mass. For short DNAs
the Nuorescence is likely to show marked varia-
tien in this depending on bise sequence because
the dye micrealates with Al and GC regions in
different amounts [26]. Also, the lerliary structure
of DNA afleets the amount ol etludium bromide
which intercalates with it. Thus, direcl quuantita-
tion of DINAs of different tertiary structure on
the same cthidium-stained gels cannol be made
purcly on the busis of the [uorescence.
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4.2, Radioactive lahels

Radinactive labels far DINA have traditionally
been wsed for visualizing and/or guantitating
DNA present in picogram quantitics or less. In
this methad, the label is gither incorporated at the
ends ar essentially throughout the DNA by using
one or more labeled (hat) nucleotides. The label
iself 1s usually comprised of unstable nucler such
as *C. P, “H, or **S. Since these nuclei have
different half-lives, it is important for the DNA
mmcorporalng ihe short-lived ones Lo be quickly
quantitated in order to obtain LINA signals with
low background. Methods for recording radio-
active labels for DMNA in gels include the use
of scintillation counters, autoradicgraphy with
X-ray [ilm, multi-wire proportional counters and
more recently. photastimulable phosphors.

5 TECHNIQUES FOR DETECTING AMD QUANTITAT
ING DNA LABELS

S Quantitating fluoresceni labels wsing photo-
graphic fifm

Images of fluorcscentiy-labeled DNA  have
been recorded lor decades on photographic film.
The advantages ot using film are its simplicity, the
lower initial cosl und the high resolution obtain-
able. For quantitative purposcs, these arc offset
by added complications such as non-linearily of
the film response to light, reciprocity failure
accompanyving long exposures 1o record weak
fluorescence, the small dynamic range (typically
S0-100), and factors thar affect the developed
density of the recorded image: development tem-
peraturc, time, and variations from batch to hatch
of film.

Recording images of fluorescently labeled DINA
without any detailed image processing or calibra-
tien is adequate for obtaining the spatial informa-
ton alone. Tn the quantitative aspcet, however,
film is severely limited. With proper techniques
and precautions, thongh, it is possible to quanti-
tate DINA with reasanable accuracy using film
[7.24].

The response of photographic film to light
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should be considered betore any specitic method
using film to guanritate DMNA is elaborated. The
film response may be hroadly 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. | for Polaroid Type 33, a
popular Instant film used [or imaging (uores-
cently-labeled DNA in gels. The response to
visible light 14 sigmoidal. Tmportant characteris-
tics 1 this response for quantitation arc the toe,
the slope of the linear region, and the height of the
shoulder of the response curve. Thie oplical den-
sity level at the toe determined the lowest amount

1.0
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Relative Log of Exposure

Fig. 2. Oplical density as 1 function of exposure for Palaraicd

type 55 film. Exposure times used wore (O) (05, (+) 205, (#) 405,

(=) 80s, {11605, and (+) 320 s. The amonnt of light falling on

the film wag kept constant. From ref. 7 with pertission.
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of fluorescence light which can be quantitated,
while the shoulder dictates the highest amount of
fluorescence light hefore saturation sets in, The
linear region hetween 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 fluarescence. This is
demonstrated in Fig. 2. In situations where reci-
procity failure can occur, it is mors accurate to
calibrate the film i séiti while the [uorescence 1s
being recorded |7]. This 15 casily accomplished
using a fluorcscent 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 of low-level fluorescence. In
sitn calibration is also effective to reduce the
variations in film calibration which arise from
different. developmental conditions, and can be
used Lo utilize a larger region of the characteristic
curve.

Accurate quantitation of low fluorescence is
essential in analyzing DMNA in gel ussays [or DNA
damage and repair studics, 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 far permitting transmission of the range of
wavelengths associated with ethidium hromide
fluorescence, (i) a step-density filter lor in siftu
calibration, and (iii) a fluorescent ohject for
pre-foggng of the film.

The transilluminating source also plays an
important role in the overall accuracy in quantita-
tion when using a Muorescenl label. This is
bocause Lhe fluorescenes ¢acited is proportional
1o the intensity of transillumination. Itis therefore
advisuble to use either a regon of the transillum-
nator surface that emits a uniform intensity of
exciting radiation, or a specially designed rans-
itluminator which emits uniform excitation. Uni-
formity ol excitation cun be cusily lested (and o
some cxtent corrected) by using an image of a
fluorescent object. The intensity ol the exciling
source should not be attenuated significantly by
DINA. This sets an upper limit on the amount of
DIWA which can be quantitated accurately. Tt is
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alsa essentizl to have properly designed ootics.
These include a flat-field lens having the requisite
uniform light collection efTicicncy.

5.2, Quuntitating fluorescent 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 beyend the
ultraviolet. A CCD fundamentally consists of an
array of photosensitive elements created and
arrangad in a one- or two-dimensicnal array,
using inlegrated circuil technology, Within each
element, incident photons creale a charge propor-
tional to the incident flux. The linearity between
Lthe charge created 1n an element and the number
of incident photons holds over a wide dynamic
range (10%). 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 ol another image possible.
There are a plethora of CCDs available. The best
of these are cooled for noise reduction and will

Lane#3

Lane#2

Lane#1

Fig. 4. Photograph with images of the step flter and 4 gel containing a Ball endonuclease digest of T7 DNAL From refl 7 with permission.
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allow large integration tmes (Lme dunng which
the CCD collects light) for quantitating low-level
fluerescence in ethidium-stained gels. There are
reparts in the literature for using these devices to
recard fluorcscent and chemiluminescent labels.

The photometric resolution of CCDs is gov-
erned by the mumber of bits used in the analop-to-
dipital {(A/D) converter for measuring the charpe
in cuch photosensitive element. Typically 12-14
bits would be suitable [or quantitating fluares-
cence from stuined DNA. The ability to record
low-level Light is dictated by the electronic noise
because it limits the usable inlegration lime.

Advantages of using CCDs [or guuntitatling
fluorescenee are the rapidity of recording images
of fluorescently-stained gels and the wide dy-
namic range and linearity of these devices. Images
produced with these devices can be manipulated
glectronically and processed with digital com-
puters. These advantages are offzet by the higher
initial cost incurred and lower resolution obtained
than with photographic film. Considering, haw-
ever, rthe ease of use, speed, and convenience of
electronic imaging, it presents a more attractive
solution to analyzing fluorsscently-labeled DINA
on gels than photographic film.

5.3, Quantitating radivactive labels using X-ray

Jilm

Visuglization of radivactive labels 15 normally
done by autoradiography in the case of electro-
phoresis (rarcly by using scinlilation counlers).
The gel and film are placed in proximity in the
dark at low temperatures with an intensifying
screen to  enhance scnsitivity; 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 hecause of the absence of external
focusing elements, and resolulion is invariably
compramised. The optical density of the devel-
oped film is seldom linearly proportional to the
amount of label present. This makes corrections
an ¢ssential part of obtaining quantitative in-
formation from the autoradiograms. Alse, the
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dynamic range is severcly limited (about 100),
making the simultancous detection of large and
small amounts of DNA label difticult.

Since the absorplion of & and ff purticles is low
in the film emulsion, X-ray film is coated with
photopraphic emulsion on both sides und used in
conjunction with an intensilving screen. Expo-
sures may take hours to several days, depending
on the strength of the label. The non-lincar
response of the film to radioactvity has to be
carrected 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 cxposure is that the response
exhibits a greater linear region when plotted this
way [27]. Sensiuvity of the response can be
increased by pre-flashing (28] X-ray film prior Lo
exposure to radicaclive labels, and by ¢xposing
the film to radioactive label at low temperatures
to reduce the effect of reciprocity fuilure when
using an inteasifying screcn. Care must be taken
to develop and fix the film in a controlled manner,
and in sitw calibration standards are highly rec-
ammended. Densitometry can be performed by
technigues similar to those nsed for photographic
f1lm.

5.4, Quantiiating radioactive labely using photo-
stimulable phosphors

Dwue to recent advances in technology, it is now
possible 1o record radioactive labels using photo-
stimulable phosphors [29,3(]. These systems have
a wide dynamic range and linear response. The
initial investment in such a system is considerably
higher than thar of autoradiography. llowever,
since the images penerated from these systems are
erasable, the overall working cost, depending an
the volume of work, may make it an appealing
alternative to autoradiography.

Photostimulable phosphors can be cxposcd o
radinactive 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 10 the specially prepared phosphor.
The trapped energy 15 released when the phosphor
is stimulated with a light source of suitable
wavelength, In commercially available photo-
stimulable phosphor systems, the light used to
relcase the trapped energy is often in the red—infra
rad region of the spectrum. while the emiited light
[rom the phosphor is in the blue. These syslems
olfer distinet advantages such as reduced time o
capture an image of the radioactivity {up to ten
times ftaster than using X-ray tilm), much higher
dynamic range (10° as compared to 10% in X-rav
film) and sensitivity {(factor of abhout 10-1040), as
well as a reusable (and erasable) medium with
regolution better than X-ray film. Some phos-
phor-imaging systems may even he used to record
chemiluminescence with the same phasphor plate,
bur using specially prepared phosphars which
produce color centers from energy in the visible
portion of the spectrum.

Multi-wire proportional counters [31] arc an-
other alternative 1o autoradiography for record-
ing hot labels. The spatial resolution of these
proportional counters is poor when compared
with film or photostimulable phosphors, and
thesc 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,

2-axis

volume at the points specified by x, v, and =
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6. METHODOLOKTY OF ARALYSIS

DNA distribution on slab pels undergoing
¢lectrophoresis along one direction can be repre-
sented by a mass density function pix, p,2), where
p 15 the number of bise-pairs or h']f;es ner unil
in the
gel. The x-axis is ser parallal to the direction of
electrophoresis, the p-uxis is prependiculur o the
direction of electraphoresis and in the plane of the
gel, und the z-axis is perpendicular to both the
direetion ol clectrophoresis and the plane of the
gel. With this particular orientation of axis (refer
to Fig. 3). the denendence on the spatial coordi-
nates of the mass density function can be further
simplified by integrating along the z-axis hy w, the
thickness of the gel, and between two boundaries
¥ and ¥;, chosen te include all the DNA in a
specitic lane. Under these conditions the DNA
density distribution may be writien as p(x), and is
often called the lane profile.

The density distribution of DNA is abserved by
using labels discussed above. These labzals provide
a signal which s correlated Lo the DNA distribu-
Hon present on the gel. It is important to under-
stund clearly the munner in which a label s
incorporated in an enzvmic 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 Lo the label would be independent

“oe $+

/

'yz

Fig. 5. Orientation of axes 1o describe electrophoresis. Also shown are boundarics yy and v, used 1o creste g laue prolfile of the DNA.
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of the length of the molecule, bul proportional to
the number of DNA molccules, while in the latter,
the signal would be proportional to the mass of
DINA. The overall analysis must be cognizant of
these differences, as well as the ¢ffect that the
overall response of the system used for detecting
the label will have on the quantitation.

6.1, Digests comprised of discrete DNA size distri-
butions: applications to resofving restriction
digesiy

Restriction digests of linear, supercoiled, or
relaxed DNAs give rise 10 discrete size distribu-
tions of DINA. The interest in these digests has
grown considerably in the past decade as a result
of the interest in mapping and scquencing DINA.
Restriction dipestion provides a way to break up
long YN As into shorter pieces which can then be
sequenced by conventional methods such as those
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developed by Sanger ef af. [32] or Maxam and
Gilbert [33]. The process of unravelling the order
in which the individual DINA (ragments in a digest
nccur within the intact DNA molecules becomes
easier if accurate length measurements ol the
DNA fragments in the digest are known,

When DMNA digest fragments are completely
resolved, the lengths of DNAg present ona gelean
be ublained easily using a set of suitahly chosen
size standards, with no need for additional quan-
titative methods. Tl a digest remains unresolved
despile allempts Lo change the pore size of the gel
matrix or to alter running condilions, a quantita-
tive approach provides a solution 1o determine the
sizes of DNA present, Fig. 6 shows an electro-
pherogram of a restriction digest of Baclerio-
phage T7 DNA using the following restriction
enzymes: Xbal, Nsil. Aval, and Haefl |34]. The
overlapped DNA in each electrophoresed digest
lanz can be identified from the anomaly in band

Fig 6 Photographic prints of rwa images of overlapping regions of a gel obtuined with CCD imaging. Lanes 1, 4, and 7 contain DNA
length standards. Lunes 2. 3, 5, und 6 contaio DMNA lrom Bacteriopliage T7 that has been treated with the restriction endonucleases Xbaf,
Nodl, Avad, and FuedT, respectively. The images are overlapped o that lane 4 appears in each. The digpersion funetion used to calculate
(he [zngth of molecules in bands of “unknown™ lanes is always determined fron: a lune ol length standards that appears in the same image
as the unknown. The pholographic prinl was made from a colot negative that recorded the pseudocolor image an the gel fluarescence
displayed on a TV monitor. Apparert curvature in some af the lanes resvlts from photographing the curved surface of the momfor. From

ref. 34 with permission.
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width; however, the number of [ragments in each
overlap get progressively difficult to estimate. The
Huacelf digest ol Bacleriephage DNA exemplilies
this. For resolving these types of DNA band
overlaps, two quunlilative approaches are pre-
scated. The first is a general procedure Lo recover
resolution in electrophoresed DINA, but the scc-

ond one 1s more powerlul in the specific case of

DINA digests by restriction cnzvmes which have
heen carried out to completion. The rechniques

developed for the electrophoretic analysis of

enzymic dipest of DNA can also be extended to
kotting techniques which rransfer DNA (rom the
support matrix to a memmbrane and then highlight
certain species of DN A present on the membrans
by using probes.

6.1.1. frerative method using determined point
spread function

in this approach [33], a smearing/broadcning
function of electrophoresed DNA bands is com-
puted from standards on the same gel used for
analvsis of the unknown DINA digest. The ohb-
served lane prolile o{x) of the digest i a lane may
be represented as the convalution of an ideal
profile i(x). with & smearing Tunction s{x) which
serves to broaden the DNA distribution, thus
vielding a distribution similar to that obtained by
electrophoresis. Mathematically the convolution
may be represented as:

1o

olx)y = [ 1{x — ) s(e) du (1)
An iterative process is used to yield progras-
sively improved estimates of i(x) by comparing
the lane profile o{x), predicted [rom equ. 1 to that
experimentally observed. When the comparison
shows cxcellent agreement, the iterative process is
terminated. and the last trial profile is a resolution
ol the digest. The iterative melhod improves re-
solution obtained from electropharesis by mathe-
matically reversing the band spreading that takes
place during electrophoresis. The following equa-
tiens outline the algorichm:
Of(x) = 1*(x) % () (2
T L(x) — i*(x) + vix) [o( ) — of(x))] ()

k=K1 (4)
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where & is the convolution above, and
Hx)— 1 — A[oMx)— A| (3]

is used to apply non-negalivity and maximum
positivity constraints, with parameter A4 sel to
twice some approximation of the maximum peak
height. The funciion p(x) is used to modulate
correclions 1 the ieralive process.

Ketinement beging with setring k = (0, using an
initial guess 1“(x) — o(x). and an experimentally
derived si.v). Egns. 2-3 arc then used iteratively to
yield progressively tmproved estimates of 1(x).
When there 15 no signilicant ditfercnes between
o*{x) and o{x). the iterative process ends. and
i*( ) — i{x). The algorithm can be sped a hundred-
fold by performing the canvelution integrals nu-
merically using Tast Fourier Translorms (T'TT).
Typical results for obtaining increased resolution
are shown in Figs. 7 and % for an electrophoresed
mixture ol findfI restriction fragments [rom
digests of PM2 and SV40 DNA

H.1.2, Mass-consirained deconvolution

The iterative approach will fail to resolve DNA
bands 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
daughrer fragment of DNA 10 anather in the
digest can help resolve overlapped bands of TYNA.
For an enzymatic digest of identical DNA mole-
cules made in a site-specific manner, the number
of molecules or moles of dillerent daughter
fragments will be the same. If, after electro-
phoresis, we creste a lane profile from un mmage of
the labeted DNA (either fluorescent ar radio-
active), the integraled signal corresponding to the
different DNA daughter fragments bears a useful
relationship w the length. This reladonship.
mathematically expressed as a mass constraint,
may be used to resolve Lthe digest, and hence
determine the totul number of components and
length ol the digest fragments present. A detailed
deseription of this method, including the neces-
sury equalions, s oullined below [34].

In the case of ethidium bromide-stained apgarose
gely. the lechnique s implemented in the follow-



E. A, Rikeivo ¢ J Chromatogr, 618 ¢ [9930 181-20

193

Fig. 7. el pattern and densitometer tracing for a mixture of PM2 and 5V40 DNA run on an ethidinm hromide ugarose gel. The labeled
peaks were chosen for further analysis. From ref 33 with permission.

ing manner. Under sultable conditions the fluo-
rescence of ethidium bromide is proportionz] to
the number of buse-pairs of DNA. The fluores-
cenee, F(xr,y), cacited in the electrophoretic gel
{funder uniform UV trunsillumination) is relaied
to the DNA mass distribution, In terms of the
notation previously introduced,

z=w

Flx3)— K | plx)zidz (6)
e 1)
where the thickness of the gel is represented by w.
The constant K includes the cffcet of aemerous
experimental parameters such as the flilorescence
quantum vicld of ethidium bromide, the intensity
oflight for UV transillumination, the efficiency of
the optical svstem used to record the fluorescence,

duration of exposure, etc. Tt 15 critical to have a
linear relationship between g and F. This is
achieved casily when vsing CCDs for recording
the ethidium fluorescence, If photogruphic film is
used ta record the [uorescence, the necessary
corrections as described carlier to obtain F(x)
Irom the recorded optical density should be used.

Since the separation of DINA takes place par-
allel Lo the x-axis during electrophoresis, Fix,y)
may be repluced with F(x), by inlcgraling #long
the y-uxis between two boundaries v, and y,,
chosen s0 as Lo include all the DA (see Fig. 5).
The limits ¥, and ¥, may be determined using a
cursor on a video sercen displaving the tluores-
cence light intensity in either pseudocolor, grey
scale, or contour plols.
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Fig. & Trofie for the regior. of Fig. / contuining bands |, 11, and
I ulter correetion for increased hand broadening as a function of
migration distance, shown as a thick line. The same datz after 200
cycles of constrained deconvolution are shown superimposed
(tinc hing) The coublets in bands 11 and T are now resalved.
From rel. 35 with permssion.

e

Background Muorescence {non-DNA-specific
Muorescence) in the gel may be subtracled {rom
eqn. 6, using the following correction factor:

. ; Yy —Va
F ) + B - 2]

(7)

The method of subtracting the backpround
fluorescence in electrophoresis is related to some
extent on how the DMNA is quantitated. If phoro-
graphic film is used for quantitating fluorescence-
stained DINA, the method for subtracting back-
graund has te be altered slightly. This is becausc
most commercial densitometers for scanning film
usually do se in only one dimension. To correct
for background fluorescence (non-DN A-specific),
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it is impartant to have two empty electrophoresced
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 pholograph-
ie film this requircment is relaxed; nevertheless,
the additional space between DNA-containing
lanes serves wo reduce the spill of fluorescenee dye
to scattering in the gel. This is important for
gquantitating weak DNA signals accurately.

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

For an intact DINA molecule with n — 1 restric-
fzon sites, the number of daughter fragments
produced on complete restriction will be #, al-
though only m of these may be resolved through
clectrophoresis alone. In practice. since somge
averlap may occur, # is less than or equal to
The lanc profile F(x) may be represented by the
following summation

Fix) = lim o Pl (3)
Pl

where o; s the area of the rth band, and ¥ a shape
function with wunit arex and parameters x; 1o
specify lacation and &; to describe the width. Any
fitting procedure can then be used to vary the total
of 3mr parameters in an unconstrained manner to
fit the ohserved lane profile. A Gaussian may be
choscn as a suitable shape function. The o, values
obtained from this fitting procedure are then used
ta determine the multiplicity of the observed hand
by finding the ratio of the area, %, of the bands, to
the average lenpth, 1, of the species in bands
{from an experimentally constructed dispersion
function, 7.(x). and band locations, x;}. 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
bunds can be established by these ratios. Should
the lowest multiplicity of the electrophoresed
bunds be suspected Lo be a doublet, knowledge of
the approximate length of the undigested maole-
cule will be adequate lor eliminating sncectainly.
The presence of residual DNA fluorescence in the
lanc profile (DNA fluorescence due 1o non-spe-
cific digestion by the enzyme) may be corrected
for by ingorporating a slowly varying function in
summation as described.

Aflter the multiplicity, and hence s, has been
determined, the resalution of the DNA digest to
get all the daughier fragments on the pel can be
rapidly accomplished by fitting the observed lane
profile to the mass-canstrained form of Fix):

i-r
Flx)=K -~ L L Plax;,alxg)) {9
=t
Here N is the number of each distinct daughter
fragment in the DMA digest, and the parameters
for fitting arc the n values of x; and the product of
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Iig. 9. Integrated lane profile and electrophoretic dispersion
Tupction from lane 1 in Fig. 6. The coordinates of the solid circles
arc determined from the location of the peaks of the lane profile
undl the known lengths al the melecules in cach bund. The
dispersion [uoetion was deternlined e this sel of voordinales
by a cubic spline tunction procedurs, The vertical axis is labeled in
units of DA lengths in thousands of base-puirs, which applies
only to the dispersion lunction. The lanc profile is exprassad in
arbitrary units which are not indicated in the figurc. The
homrzontal axis is distance along the dircctinn of electrophoresis,
i units ol camnera pizel. For magmicalion used to acquire these
images, each pixel corresponds to = 30 gm in the gel. From rel. 34
with permission.
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Fig. 10. Lang profilz of lane 2 from Fig. &, which conlains 17
LINA digested by Xhal The experimenial data are connected by
lhe Lhick sohd line. The dotted line shows the resclved compo-
nents and the light selid line shows the sum of the resolved
components and the background correction. The length-normal-
ized fluorescence of all four resolved bands ure nearly equal,
confirming that all are singlets. From ref. 34 with permission.

K and N, The funclion ¢(x;) 15 obtamed 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 x; values
are used in conjunction wirth the dispersion func-
tion to yield a complete resclution of the digest.
Full details, including variations of the techniques
in cases where o)) 1s dillicult to evaluate (rom
singlets, have been prescnted in rel. 34, The
method is illustrated in Figs. 9 3. It must be
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Fig. 11. Lane profile of lane 3 from Fig. & which contains T7
DNA digested by &l The thick solid lne, thin solid line, and
dotted line have the same meanings as in Fig. 10. The length-
normalized fluorescence of the second band from the left, whicais
ohvicus y degenerate, indicatas that it is a doublet. From ref. 24
with permission.
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Fig. 12. Laue prolile of lane 3 trom Fig, 6, which contauss T7
DNA digested by Aved. Uhe thres types of lines as i Figs. 10and
11. 'The leli-most band in the figure 15 degenernied and s
length-normalized fluorescence indicatas that itis a triplet. From
rel. 34 with permission.

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

4.2, Divests comprised of continuonus DN A size dis-
tributions: applications to quuntitating DNA
fesions

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

1250 . . . o
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Lig. 13. Lans profile of lune 6 from Fig. ¢, which contains 77
YA digested by Hoell The three types of fines are as those in
Figs. 10, 11, and 12, Fram rct. 34 with permission.
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encounlered in damage und repair studies. such 1y
those produced by UV-inducad thymine dimers
[36], 6-4 photoproducts [37], und p-ray-induced ss
and ds breaks [38]. These lesions arc eithar directly
or indirectly (for cxample through enzvmatic
cleavage) made 1o vield 4 sample of DNA com-
prised of molecules of varying lengths. There are
two major lechniques to quantitate lesions [rom
these distributions, both of which arc cxtensions
of methods used for centrifugal analysis of DNA
[39].

6.2.1. Method of intact hand depletion

Consider a sample of DNA comprised of a
homogensous population of molecuies. If the
probabitity of creating a lesion in a DNA mole-
cule of the sample is small, hut the number of
molecules 15 large, the distnibution ol lesions 13
governed by Poisson distribution. 1f P(«} 1s the
probability of having DNA molecules with »
lesions in a sample which has un average ol p
breaks per DNA molecule,

W s

P{n) =

- {10)
pal

If the original DINA saimple without lesions has
N molecules, (he number of molecules which are
inlact in the population aller introducing lesions
18 N, where:

Nog=N -PO)=N-o"% (1

Tt iz clear from eqn. 11 that, il the ratio of Ao/ N
is known, g, the avcrage number of lesions per
molecule in the sample is easily obtained. In
practice, two samples with the samc amount of
DNA arc usad for the determinatian of p, one
containing the intact DNA and the other one with
DNA with breaks in it (depleted TDNA}. The
breaks may be 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 IDNA mole-
cules which have been broken will migrate further
down the gel than those which have not been
broken. The ratin of the number of DMNA mole-
cules in the lanc containing the depleted band to
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that containing the inlact band may be used in
eqn. 11 Lo arrive al the average aummber of DINA
lesiong per molecule in the sample.

In case of radioactive or tluorescent labeling,
the integrated label signal corresponding to the
intact hand and the depleted band may he used for
guantitation. This is permissible provided there is
a linear signal response to the amount of DNA for
both lahels. In the case of fluorescent labels,
CCDs can beused to record the signal of the DNA
bands. while in the case of radioactive labals,
photostimulable phospliors are excellently suited.
The use of photopraphic film or X-ray film for
quanlitaling labels is suitable only if the response
to the labels 15 calibrated.

A minor variation of the intact band depletion
Lechnugue 1s to determine the ratio of the amount
of homogeneous DNA (corresponding to DINA
of the same length) to the total TINA in an
clectropherogram in the same lane profile. If the
recording medium used for quantitaring the DINA
labe! produces 4 response linearly proportional ta
the amount of the label, the ratia of the homoge-
neous DNA to the averall DINA gives N,/N, and
hence ¢ In this approach, the requirement for
accurate quantitarive loading of DNA in sumplas
is relaxed.

The signal corresponding to the intact band can
be accurately obluained [rom the lane profile when
a small number of breaks are introduced, bul
becomes inuccurate when a large number of
breaksare introduced in the DNA clectrophoresis.
This is because the unbroken molecules in the
DNA sample (corresponding to the homageneous
population) overlap with those DNA molecules
having one or more lesions (correspanding to the
hetcrogencous DNA  population). Numerical
methods have heen developed to recover the
intact band 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 band depletion meihaod is useful [or
quantitating lesions in DNA. It is a good lech-
nique to use if a DNA sample contains 4 reasan-
ably homogeneous population at the start. In
addition, it does not require a dispersion function
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10 he experimentally obtained for the electro-
phorertic 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 1o
the hemogeneous DINA s dufficult to isolate from
the heterogeneous population. An alternative
approach 1s 1o quantitale lesions in DNA using
the method of moments, described below,

6.2.2. Method of momenis

The methed 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 sue-
cessfully applied to DNA separated using centrif-
ugal ficld. Tn this technique, no atlempts ure
necessary to isolate the homogencous and helero-
geneous population of DNA, since the analvsis is
based on the entire electrophoresed TINA. The
tecknigue 18 capable of higher accuracy for gquan-
titating a large number of lesions in DINA than
the intact band depletion method, but requires
knowledge of the dispersion function, Lix), of the
electrophoretic process. Tt 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 — {i,m}(#— l ) (12

Klapy Sl
where <L,> and <L,;% are the number average
lengths of the DN A distributions belore and aller
the intraduction of DNA molecular breaks. These
are calculated [42] [rom (he DNA distribution
itself in the sample from
Z(_mi L)
Ly =T (13)
> n
i

where me; 1s the number of moles of the DNA of
length 7.;in the DNA sample. The summations in
eqn. 13 can be easily calculated {rem a lane profile
of'the fluerescence of electrophoresed DNA which
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15 elhidium bromide-siainad. Under these condi-
tions, the summations reduce to

1)

i T(x) do
4]

Eo A Bibeiro [0 Chromiafore. 618 [ TWE ) J51. 200

because under suitable conditions, the fluorcs-
cenee of ethidium bromide is propertional to the
mass of DNA with which 1t intercalates. The
technique of moments has been applied to quan-

Ly=— (14 titauing UV-induced thymine dimers, for quanti-
[ {F{x)/ L0 tating 6-4 photoprodocts and for y-ray-induced ss
D and ds breaks in DNA.
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Fig. 14, One-dimensiona, seans af {a) urirradiated and (b) bradialed phage 2 DNA, Purified DNA was exposed to Huence of A0 ) :m? of
254 um UV radiation angd subsequently digested with M. furens UV encdonuclease al 37°C for 45 Film was exposcd az £/4.5 for 203
after it had been pre-fogped for 10 s at [32. When the experimental background was subtracted from the lane profiles. the number of
lesions per single strand of DINA woere calenlated o be 0.406. H an eatrapolation frem the trafling ¢dges af the lanpe profile s vsed 10
eslimate background, the number of lesions calculated are 0113 per single sirand. From ref. 43 with permission.
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I practice, the limits for integration in egn. 14
are determined by neting the locations in the
resolving gel where the fluorescence in the sample
lane lalls o Lhe background level [43), and by
performing the integrations afler correcting for
buckground signal in the gel. The importance of
these s tlustrated 1o Fig. 14 where the number
average length of Bucleriophage T7 DINA 15
calculated using photographic [lm with and
without suitable background corrections. The
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numerical results are significantly dilTercnt. The
application of the melthod ol moments W cnumet-
ating thymine dimers and 6-4 photoproducts in
DMA on the same gel is illustrated in Fig. 15.

Instead of directly computing the number aver-
age lengths in the TINA sample, an alternative 13
to calculate ihe numhber average length {rom the
length average lenpgth (also known as weight
average), which is easier 1o calculate accurately
beeausce il s not as sensitive to the tad of the DNA
lane profile. If random breaks are introduced in
DNA, the length average length can be shown Lo
be twiee 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
fengrh distribution may also be used to estimate
the number average length.

The accuracy and precision of using the intact
band depletion method and the method of mo-
menls for quantitating lesions 1s dictated 10 a
great extent by good sample preparation and
carcful clectrophoresis. Sample overloading, trail-
mg 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
tunction should be computed from a suitable sct
of length standards. I’ precautions are strictly
adhered to, both methods are capable of the
necessary accuracy for gquantitating lesions in
DMNA analysis.

Fig. 15 Photograph of an image of o pertion of an alkaling
agarose gel demonstratiny the quaktitaton of TV lighl-induceed
Gamage i DNA . Lang | (extreme lett) contalns DMA standards
of viral origin that are used 10 determine the dispersion fupction,
They span a range of 170 kb (T4 DMA) to 4 kb {(a restriction
fragment from the T7 lane). Larcs 24 contain DNA from human
cells that was exposed to 5 Jm* of 254 nm UV. Prior 1o
clectrophoresis, the THNA in lane 3 was treated 1o produce ss
breaks adjacent 1o LV-induced pyrimidine dimers, and the DNA
in lane 4 was treated Lo prodice ss breaks adjacent 1o pyrimidine
(-4} pyrimidone photoproducts, The induction of ss breaks in
the two treated lanes resullty in DNA molecules that are. on
average. shorter when separated in the denaturing alkaline gcl,
and henoe miprate further during electrophoresis. Quantitative
clectrophoresis permits determination of the frequency of lesions
nduced by a given UV dose, From cel. 37 wilh permissiorn.
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7. COMCLUSIONS

Quantitative eleclrophoresis of DNA is a rap-
idly cxpanding field because of its numercus
applications in the life sciences. Problems that
cannet be solved using a purely qualitalive ap-
proach can often be casly solved quantitatively,
Recent advances in instrumentation and biotech-
nology muke u diversity ol syslems availuble [or
accurate guantitation in elcctrophoresis. Such
systems will eventually replace photographic and
X-ray film for quantitating DNA visualized by
fluorescent/chemiluminescent and radicactive la-
beis. 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 justfy such investment for
long-term use. Despite the sephistication of the
analvtic equipment available, it is imperalive 10
guard each slep involved in the electrophoresis
process, from sample preparation to electropho-
resis, il accurate and worthwhile results are to be
obtained from the analysis.
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