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Abstract

We show how polyacrylamide gel electrophoresis of radiolabeled DNA can be used to measure the hairpin-duplex
equilibrium constant for DNA in solution. As an aid to the interpretation of the experiments, the differential
equations associated with diffusion, migration and chemical reaction of the DNA forms are solved and intensity
patterns generated. Two kinds of experiments were performed on several DNA 12-mers: in the first, electrophoresis

Žtime was constant while DNA concentration varied; in the other, concentration was constant while time varied a
.‘load-and-run’ gel . The observed patterns depended on the gel temperature and not the temperature at which the

DNA was equilibrated before loading in the well, because reequilibration occurs before the DNA leaves the well to
enter the gel proper. During this time, mixing also occurs, changing the concentration and ionic strength of the
sample. A method of calculating the true DNA concentration, including the unmeasured concentration added with
the radiolabel, is given. When the intensity pattern consists mainly of monomer and dimer peaks, the equilibrium
constant K is easily calculated from peak intensities. However, when there is significant intensity between the peaks
Ž .which the calculations show results from monomer]dimer interconversion in the gel , K will be inaccurate. An
accurate value of K may be determined from a load-and-run gel by extrapolating back to time 0. When the intensity

Ž .pattern consists of a single broad peak from rapid monomer-dimer interconversion in the gel , K cannot be
calculated without additional information. The rate of interconversion increases with temperature. Estimated rates in
the gel are more than an order of magnitude smaller than in bulk solution at the same temperature. Derived values
of K for several DNAs are compared with literature values. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that supercoiled DNA under
high torsional stress can form extrusions or cruci-
forms which serve as sites of drug or protein

w xbinding in the cell 1]4 . The models typically
used to study the mechanism of cruciform forma-
tion are small DNA hairpins which can dimerize
to form duplexes. Like DNA, RNA can also be
involved in a monomer]dimer equilibrium. For
example, the genomes of all retroviruses, includ-
ing the human immunodeficiency virus type 1
Ž .HIV-1 , contain two copies of genomic RNA
which are linked through Watson]Crick base

w xpairing near their 59-ends 5,6 . Since the dimer is
important to a number of viral functions, many
studies have focused on finding the sequences
which initiate the dimerization and identifying the
mechanism by which the monomer is converted

w xinto a dimer 7]17 .
Many techniques, including equilibrium cen-

w xtrifugation 18 , UV-melting and non-denatur-
ing polyacrylamide gel electrophoresis, PAGE
w x w x19]25 , NMR 23,26,27 , Raman and circular

w xdichroism 24 , have been used to study
monomerrdimer interconversions involving DNA
and RNA. Despite the fact that polyacrylamide

Ž .gel electrophoresis PAGE is a convenient way
to separate and quantify nucleic acid forms, the
technique is not often used for measuring ther-
modynamic and kinetic parameters associated
with hairpin-duplex interconversions. Since the
time scale for electrophoresis is relatively slow
Ž .hours , and the amounts of the species can
change in the gel as the separation takes place,
calculation of equilibrium constants from spot
intensities in the gel is not straightforward.

In this report we show how the autoradio-
graphic spot intensities from native polyacryl-
amide gels can be used to measure the hairpin-
duplex equilibrium constant for DNA in solution.
In order to understand the effects of monomer]
dimer interconversion, we solve the differential
equations associated with diffusion, migration and
chemical reaction of the DNA forms. By compar-
ing the calculated with the observed intensity
patterns, the latter can be interpreted to yield
equilibrium and kinetic data for the monomerr

dimer interconversion. The differential equations
associated with migration of an interconverting
dimer]monomer system, and a dimer]monomer]
tetramer system, have previously been solved

w xnumerically by Yang et al. 28 with the same
w xpurpose. Kleinschmidt et al. 29 performed com-

puter simulations to obtain gel patterns for bind-
ing of a protein to two targets on a DNA frag-
ment and used them to interpret gel mobility shift
experiments. Other work along these lines has

w xbeen reviewed by Cann 30 .

2. Theory

2.1. Equilibrium constants from gel data

The goal of this study was to determine if the
band intensities observed in native polyacryl-

Ž .amide gels for monomer hairpin and dimer
Ž .duplex DNA could be used to determine the
monomer]dimer equilibrium constant for the sys-
tem in solution. Because electrophoresis causes
the monomer and dimer to separate and inter-
conversion in the gel may take place during mi-
gration, spot intensities for the monomer and
dimer in the gel may not accurately reflect the
amounts of the two forms present in solution
before electrophoresis took place. Since the MrD
equilibrium constants for the 12-mers, WC, 6,7
GA and 5,8 AG, were earlier measured by Ross

w xet al. 18 using equilibrium centrifugation, these
oligomers were ideal candidates for the gel stud-
ies.

Ž .Let the concentrations of monomeric hairpin
Ž . w x w xand dimeric duplex DNA be M and D , re-

spectively. The equilibrium constant for the
dimerization reaction

Ž .MqM|D 1

is written:

w xD Ž .Ks 22w xM

To obtain the concentrations of monomeric and
dimeric DNA from the intensities of the corre-
sponding spots on an autoradiogram of a non-de-
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naturing PAGE gel, one first notes that the inten-
sities come from radiolabeled DNA, which consti-
tutes a small fraction, say f , of the total DNA.
The ratio of the concentration of radiolabeled
monomer to the total concentration of monomer
is f , and the ratio of the concentration of single-
radiolabeled dimer to the total concentration of
dimer is 2 f. The ratio of doubly-labeled dimer to
the total is f 2, which may be neglected since f is
small: all the labeled dimers may be considered to
have a single label.

The measured intensity is proportional to the
concentration of radiolabeled DNA, so the inten-

w xsity of the monomer spot is u scf M and theM
w xintensity of the dimer spot is u s2cf D , whereD

c is the constant of proportionality. Therefore

u rcf1 D Ž .Ks 322 Ž .u rcfM

Since the value of c is not known, we multiply
both sides of the equation by C, the total concen-
tration of oligonucleotides, expressed as
monomers; C is equal to u rcf , where u is theT T
total intensity. Now

u u1 D T Ž .KCs 422 Ž .uM

which does not depend on c or f , and involves
Žmeasurable spot intensities only. These spot in-

tensities are areas under peaks in a plot of inten-
.sity vs. position in the electrophoresis direction.

Ž .Another reason to use Eq. 4 is that the right
hand side is independent of the amount of DNA,
so it automatically ‘normalizes’, correcting for any
variation in the amounts of oligomer loaded into
the lanes of the gel.

2.2. Differential equations

w xAs pointed out by Cann 30 , the interpretation
of an electrophoresis gel for a reacting system,
such as this one, is made difficult by the fact that
reactions may take place as the material migrates
down the gel. Depending on the rate constants
and the migration velocities, peaks in addition to

those from reactants and products may appear, or
the peaks for reactants and products may coalesce
to form a single peak. To understand the patterns
seen in our gels and to help in their interpreta-
tion, we have solved numerically the differential
equations governing this system to produce simu-
lated electrophoresis results: intensity as a func-
tion of electrophoresis distance. These plots were
analyzed as if they were experimental results.

The differential equations take into account
diffusion, electrophoresis, and chemical reaction.
The local concentrations of the two species,

Ž .monomer and dimer, are represented by r x,tM
Ž .and r x,t , respectively, where x is the elec-D

trophoresis direction and t is the time. The
Ž . Žchemical reactions are 1 dimerization duplex

.formation , assumed second-order:

MqM ª D
k f

Ž .and 2 dissociation of dimer to monomers, as-
sumed first-order:

D ª MqM
kr

The dimerization equilibrium constant in the gel
is equal to k rk , but this may differ from K, thef r
equilibrium constant in bulk solution. At each

Ž .position value of x , the chemical reactions
change r and r according toD M

Ž .­r x ,t 2D Ž . Ž . Ž .sk r x ,t yk r x ,t 5f M r Dž /­ t x

and ­r r­ tsy2­r r­ t.M D
The differential equations give ­r r­ t andD

Ž­r r­ t as a sum of three contributions diffu-M
.sion, migration, and reaction :

Ž . 2 Ž .­r x ,t ­ r x ,tD DsDD 2ž / ž /­ t ­ xx t

Ž .­r x ,t 2D Ž .yn qk r x ,tD f Mž /­ x t

Ž . Ž .yk r x ,t 6r D
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and

Ž . 2 Ž .­r x ,t ­ r x ,tM MsDM 2ž / ž /­ t ­ xx t

Ž .­r x ,t 2M Ž .yn y2k r x ,tM f Mž /­ x t

Ž . Ž .q2k r x ,t 7r D

Here, D and D are the diffusion constants forD M
dimer and monomer; n and n are the migra-D M

Žtion velocities for dimer and monomer in the
absence of diffusion and chemical reaction, dimer
would move at velocity n and monomer at veloc-D

.ity n . The migration velocities are proportionalM
Žto the local electric field assumed independent of

.x . The ratio D rD is expected to be equal toD M
n rn . It is assumed that, at ts0, both r andD M M
r are Gaussians centered at some small value ofD
x.

The equations simplify in two limits. If k andf
k are very small, monomer]dimer interconver-r
sion can be neglected and the density of each
species is a broadening Gaussian moving to posi-
tive x at the appropriate migration velocity. If k f
and k are very large, the reaction comes tor
equilibrium instantly, so r rr 2 sk rk for all x.D M f r
In general, a numerical solution is required. This

w xis obtained by the Runge]Kutta method 31 .

2.3. Results of simulations

Ž . Ž .Having obtained r x,t and r x,t for a de-D M
sired time t, we calculate the apparent total in-

w Ž . Ž .xtensity or optical density, fc 2 r x,t qr x,tD M
Ž .s fcr x,t . Since we are interested only in theT

shape of the intensity profile, and the units of
intensity are arbitrary, we take fc equal to unity.
In the results of the numerical solution shown in
Figs. 1]4, apparent total intensity is actually the
concentration of oligonucleotide strands in mM.
Our results, and the plots of total intensity, are

w xvery similar to those of Yang et al. 28 , except
that the leading and trailing edges of their calcu-
lated intensity patterns are much sharper than
ours. This is because they considered gradient

Fig. 1. Intensity vs. distance at 600 and 3000 sec, from solu-
Ž . Ž . y1tion of differential Eqs. 6 and 7 with n s0.015 cm s ,M

n s0.0045 cm sy1 , D s2=10y5 cm2 sy1 , D s6=10y6
D M D

cm2 sy1 , k s8 My1 sy1 , k s9.6=10y5 sy1 . Initial dimerf r
and monomer concentrations: 6 mM and 3 mM.

electrophoresis, for which migration velocities de-
pend on position.

In all the simulations, monomer and dimer
densities at time ts0 were assumed to be Gauss-
ians of equal width centered at xs2.1 cm, corre-
sponding to equilibration in the well of the gel.
The relative heights then represented the equilib-
rium ratio of concentrations. For the first few

Fig. 2. Intensity vs. distance at 600 and 3000 sec, from solu-
Ž . Ž . y1tion of differential Eqs. 6 and 7 with n s0.015 cm s ,M

n s0.0045 cm sy1 , D s2=10y5 cm2 sy1 , D s6=10y6
D M D

cm2 sy1 , k s80 My1 sy1 , k s9.6=10y4 sy1 . Initial dimerf r
and monomer concentrations: 6 mM and 3 mM.
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Fig. 3. Intensity vs. distance at 600 and 3000 sec, from solu-
Ž . Ž . y1tion of differential Eqs. 6 and 7 with n s0.015 cm s ,M

n s0.0045 cm sy1 , D s2=10y5 cm2 sy1 , D s6=106
D M D

cm2 sy1 , k s80 My1 sy1 , k s9.6=10y4 sy1 . Initial dimerf r
and monomer concentrations: 768 mM and 96 mM.

Ž .solutions Figs. 1]3 , the migration velocities of
monomer and dimer were n s0.015 cm sy1 andM
n s0.0045 cm sy1, respectively, and the diffu-D
sion coefficients were taken to be D s2=10y5

M
cm2 sy1 and D s6=10y6 cm2 sy1, respec-D
tively. The equations were integrated to a time of
3000 s, so that the monomer would migrate a
distance of 45 cm and the position of the undis-
turbed monomer peak would be at 47.1 cm.

Fig. 4. Intensity vs. distance at 2000 and 2800 sec, from
Ž . Ž .solution of differential Eqs. 6 and 7 with n s0.015 cmM

sy1 , n s0.0045 cm sy1 , D s2=10y5 cm2 sy1 , D s6=D M D
10y6 cm2 sy1 , k s20 My1 sy1 , k s0.0012 sy1 . Initial dimerf r
and monomer concentrations: 96 mM and 48 mM.

Ž .In the first simulation Fig. 1 , the rate con-
stants for the forward and reverse reactions were
taken to be k s8 My1 sy1 and k s9.6=10y5

f r

sy1, respectively, making the equilibrium constant
in the gel 8.33=104 My1. The maximum densi-

Žties of dimer and monomer in the well at small
. w x w x2x were 6 mM and 3 mM, respectively: D r M

or r rr 2 for the homogeneous solution was thusD M
Ž y6 . Ž y6 .2 4 y13=10 M r 6=10 M s8.33=10 M .
Thus the value of K, the equilibrium constant in
bulk solution, is the same as that in the gel. In the
second simulation, both k and k were multi-f r
plied by 10, increasing forward and reverse reac-
tion rates but maintaining the ratio constant. The
maximum densities of dimer and monomer in the
well were again 6 mM and 3 mM. The third
simulation used the same values for rate con-
stants as the second, but higher initial concentra-
tions of dimer and monomer: 768 mM and 96

y6 ŽmM, respectively. Note that 768=10 Ms 8.33
4 y1. Ž y6 .2=10 M 96=10 M , so that there is still

equilibrium for the same value of K, but the
dimer concentration is eight times the monomer
concentration, instead of two times as previously.

The results of each simulation were analyzed as
if they were experimentally measured density pro-
files: the total density was fitted to a sum of
Gaussians and a linear background, and the areas
of the Gaussians were obtained. One peak was
ascribed to monomer and one to dimer, and the
total intensity was calculated as the sum of the
areas of all peaks. Then KC was computed ac-

Ž .cording to Eq. 4 . The equilibrium constant K
was obtained by dividing KC by the known total
concentration of DNA strands.

The first simulation is a very favorable case: the
intensity profiles consist of two Gaussians, with
little intensity between them, because the rates of
interconversion of monomer and dimer are slow
compared to their migration rates. The quantity
KC can be well calculated from the data at any t.
In the second simulation, Fig. 2, much more reac-
tion takes place as seen from the rate at which
monomer and dimer peaks decrease with time,
and from the large intensity between the peaks.

ŽIn the simulation although not in a real exper-
.iment one can determine that this intensity comes
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mostly from monomers formed by dissociation of
the dimer. This monomer migrates at velocity nM
but, since it forms from dimer migrating at n , itD
lags behind the main monomer peak. The lag is
smaller for the monomer formed earlier, and the
intensity of earlier-formed monomer is higher
because it was formed when there was more
dimer. This gives the appearance of a streak
extending from the monomer toward the dimer,
Fig. 2. In this situation, one may obtain the initial

Žamounts of dimer and monomer and determine
.KC by measuring peak intensities for several

migration times and extrapolating back to time 0
Ž .when the monomer and dimer peaks coincide .
This is the purpose of a load-and-run gel. The
intensities of Fig. 2 were fitted to three peaks
Žincluding a broad peak centered between the

.monomer and dimer peaks plus a linear baseline.
For evaluation of KC, the area of the broad peak
was included in u , and values of KC, extra-T
polated to ts0, agreed well with the theoretical
value.

The third simulation, Fig. 3, assumes much
higher DNA concentration, so that one starts
with mostly dimer. The numerical intensity values
are much higher than for the previous simula-
tions, but it should be realized that, in an experi-
ment, a much smaller fraction of the DNA would
be radiolabeled, and the intensities would be
numerically about the same as in other experi-
ments. Since only one peak appears, even at 600
s, there is no obvious way to obtain dimer and
monomer concentrations. The calculations show
that a substantial fraction of the intensity of this
peak is due a to monomer in equilibrium with a
dimer. The migration velocity of the peak, 0.0051

Ž . Žcmrs, is between n 0.0045 cmrs and n 0.015D M
.cmrs . In an experiment, it might be possible to

estimate the relative amounts of dimer and
monomer from the migration velocity, if the mi-
gration velocities of dimer and monomer were
known.

The results of Fig. 4, obtained using initial
monomer and dimer concentrations of 96 and 48
nm, respectively, show that it is possible to obtain
more than two peaks from a monomer]dimer
equilibrium. The large broad peak between the
monomer and dimer peaks is a combination of

the shoulders or plumes attached to the monomer
Žand dimer peaks monomer formed from dimer

.and dimer formed from monomer, respectively .
In fact, the three-peak pattern is an intermediate
stage between the initial two-peak pattern and
the pattern of Fig. 3. With increasing time, the
monomer and dimer peaks decrease in size and
the middle peak grows; eventually only the mid-
dle peak remains. From an experimental pattern
which resembles Fig. 4, it is impossible to reliably
obtain a dimerization constant without an as-
sumption about how the area of the middle peak
is to be partitioned between monomer and dimer.
A load-and-run experiment is recommended.

3. Results and analysis

3.1. Equilibration in solution and in the gel

In a series of experiments, solutions containing
various concentrations of the dodecamers were

Žallowed to equilibrate for different times up to
. Ž .18 h and temperatures 0]908C , before being

loaded into an electrophoretic gel. A photograph
of an autoradiogram of a 58C electrophoresis gel
using 6,7 GA equilibrated at various tempera-
tures is given as Fig. 5. The intensity patterns
obtained from this gel are shown in Fig. 6. If the
same samples are electrophoresed in a gel at
approximately 358C, the intensity patterns are
different from those of Fig. 6, but again indepen-
dent of the equilibration temperature.

In every case, it was found that the intensity
patterns after electrophoresis depended on the
gel running temperature, but not on the incuba-
tion times and temperatures outside the gel. This
indicates that monomer]dimer equilibrium is es-
tablished at the running temperature of the gel,
before separation of monomer and dimer. This
must occur in the loading well of the gel, before
the DNA forms enter the gel matrix, since
monomerization and dimerization rates in the gel

Ž .are slow see below .
Apparently, 10 or 15 min are required for the

DNA to move out of the gel well and enter the
gel. This is seen in Fig. 7, an autoradiogram of a
‘load-and-run’ gel for WC DNA, produced by

Žloading 5 ml of sample WC DNA concentration
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Ž . Ž .Fig. 5. Autoradiogram of electrophoresis gel for 6,7 GA, pre-equilibrated at temperatures of 908C lanes 1]2 , 568C lanes 3]4 ,
Ž . Ž . Ž .378C lanes 5]6 , 258C lanes 7]8 , and 58C lanes 9]10 . The odd numbered lanes have ionic strength of 190 mM and even

numbered lanes have Is97 mM. Since the direction of migration is from top to bottom, the lower spot in each lane is monomer,
and the higher is dimer.

Fig. 6. Optical density as a function of electrophoresis dis-
tance for 6,7 GA equilibrated at various temperatures before
loading into 58C gel. Ionic strength s190 mM. From top to
bottom, equilibration temperatures are: 908C, 568C, 378C,
258C, 58C.

.0.75 mM, NaCl concentration 100 or 500 mM
into different lanes at different times while elec-
trophoresis continues at 58C. Intensity plots from

this gel are given in Fig. 8. At ts0.25 h there is
only one, somewhat broadened peak, near the
position of the well.

In the gel proper at 58C, equilibration occurs
much more slowly than in the well. This is seen
clearly from load-and-run gels and from
constant-time gels, such as those giving rise to
Figs. 5]9. One sees distinct bands for the
monomer and dimer with only a minor broad
component between the peaks. As is evident from
the simulated patterns in Figs. 2 and 4, the broad
band between the peaks is due to some of the
dimer decomposing to monomer, and some of the
monomer forming dimer, while migration in the
gel takes place. If equilibration occurred rapidly
in the gel, there would be no distinct bands for
monomer and dimer.

After 5 h of electrophoresis, the areas of the
monomer and dimer peaks in Fig. 8 are 20.89 and
5.63, respectively while the areas of the shoulders,
representing monomer formed from dimer and
dimer formed from monomer, are each 2.02. Thus
only a small fraction of dimer has dissociated to
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Fig. 7. Autoradiogram of load-and-run gel for WC DNA at 0.287 mM, ionic strength 190 mM in odd numbered lanes and 100 mM
Ž .in even numbered lanes. In each lane, lower spot is monomer, upper spot is dimer. Electrophoresis times in h: 5 lanes 1]2 , 4.5

Ž . Ž . Ž . Ž . Ž . Ž .3]4 , 3.5 5]6 , 2.5 7]8 , 1.5 9]10 , 0.75 11]12 , 0.25 13]14 .

monomer, and only a small fraction of monomer
has associated to dimer, because equilibration is
much slower than in solution.

Electrophoresis of WC DNA at approximately
358C of monomer]dimer mixtures, previously
equilibrated at temperatures above or below room
temperature, exhibit only a single broad band, at
a position roughly midway between the positions
of the WC monomer and dimer spots in gels run

Ž .at 58C data not shown . It is clear that this spot is
an equilibrating mixture of monomer and dimer,
with a migration velocity between that of
monomer and that of dimer, as was seen in the
simulated separations shown in Fig. 3. As ex-
pected, at a gel temperature of approximately
358C the rate constants k and k are consider-f r
ably higher than at 58C, making it impossible to
measure amounts of monomer and dimer. A sin-
gle band was also observed for 6,7 GA and 5,8

ŽAG at a running temperature of 358C data not
.shown . However, as discussed below, the band

for 5,8 AG appears to be monomer, rather than
an interconverting mixture as for the other DNAs.

Ž .From these experiments it follows that: 1 the
kinetics of interconversion in solution are rapid

Ž .even at the lowest temperature 58C , so that, in
the time it takes for the forms to enter the gel
from the loading well, the system comes to equi-
librium at the temperature in the well of the gel;

Ž .and 2 the kinetics of interconversion in the gel
at 58C, but not above room temperature, are slow
enough so that discrete spots due to dimer and
monomer can be seen and measured. Since 5,8
AG yielded a single band under all conditions
tried, no information on the kinetics of intercon-
version of the monomeric and dimeric forms of
this 12-mer was available.

3.2. Experimental correction for dilution in the well
of the gel

Since the 10 minutes the sample remains in the
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Fig. 8. Optical density as a function of electrophoresis dis-
Ž .tance for load-and-run gel for WC DNA; a running times, in

Ž . Ž .h, are top to bottom : 0.25, 0.75, 1.5, 2.5. b running times, in
Ž .h, are top to bottom : 2.5, 3.5, 4.5, 5.

gel well is enough time for monomer]dimer equi-
libration, dilution of the sample also occurs dur-

Žing this time. A volume V 5]8 ml in our experi-i
.ments of solution containing monomer and dimer

is loaded into the well, of total volume 21.6 ml,
which contains some buffer solution. It is observed
that a tracking dye fills its entire well quickly, and
that the boundary between the sample and the
buffer disappears within a few minutes. This im-
plies that the volume of sample increases from Vi
to some V , where V is close to 21.6 ml, beforee ff e ff
passing into the gel. This reduces the DNA con-
centration by a factor of V rV and changes thei e ff
ionic strength, on which K depends, if the run-
ning buffer’s ionic strength is different from that
of the sample. The value of V cannot exceede ff
21.6 ml; in the absence of further information, we
will assume V equals this volume.e ff

It is also necessary to ascertain the true DNA

concentration present in the sample before load-
ing into the gel well. This is a problem because
the amount of DNA introduced into solution
from the sample containing labeled DNA is not
known. Very few of the molecules in this sample
actually carry a radiolabel, but all of them con-
tribute to the total DNA concentration. The con-
centration of DNA recovered in the labeling
procedure is typically too low to measure optically
w x33 .

3.3. Determining the true DNA concentration

By the concentration of ‘labeled DNA’ we mean
the concentration of the DNA from the radi-
olabeled sample which is added to the unlabeled
DNA. For WC DNA, this concentration was ob-
tained by analysis of the 58C gel experiment whose
autoradiogram is shown in Fig. 9. The samples, as

Žloaded into the gel, had WC concentrations un-
.corrected for dilution between 0 and 1.875 mM

and ionic strengths 100 or 500 mM; electrophore-
sis time was 5 h. The intensity profiles were of the
3-peak form of Fig. 4, except that the area of the
central broad peak was always smaller than the
sum of the other peak areas. Somewhat arbitrar-
ily, the central peak area was assigned half to
dimer and half to monomer.

ŽThis gave the areas in Table 1 for lower DNA
.concentrations, no dimer spot was seen ; KC was

Ž .calculated according to Eq. 4 and divided by the
DNA concentration, as in Table 1. The apparent
values of K increase markedly with decreasing
w xWC , because the radiolabeled DNA concentra-
tion has not been taken into account. Thus, KC is

Ž .really K UqL , where U is the known concen-
tration of unlabeled DNA and L the unknown
concentration of labeled DNA, so a plot of KC
vs. U should be linear with K as the slope and -L
as the x-intercept. Fig. 10 shows such plots, made
from the data of Table 1.

From the 500 mM salt data we obtain Ks1.50
Ž .y1"0.09 mM and Ls0.14"0.09 mM; from

the 100 mM salt data we obtain Ks0.48"0.04
mMy1 and Ls0.28"0.12 mM. The absolute
values of K are not significant because the dilu-
tion correction has not yet been made, but the
values for L are. Averaging, we find the concen-
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Fig. 9. Autoradiogram of WC DNA gel. The concentrations of the unlabeled DNA, before correction for dilution in the well, are
Ž . Ž . Ž . Ž . Ž . Ž1.875 mM lanes 1]2 , 0.75 mM lanes 3]4 , 0.375 mM lanes 5]6 , 0.075 mM lanes 7]8 , 0.052 mM lane 9]10 , 0.030 mM lanes

. Ž .11]12 , and 0 mM lanes 13]14 . Electrophoresis times5 h, gel temperature s58C. Alternate lanes are for ionic strengths 97 and
Ž .190 mM right to left .

tration of radiolabeled DNA to be Ls0.21 mM,
which must be added to the concentrations of
WC used in subsequent experiments.

A similar correction must be made for other
DNAs, unless the dimerization equilibrium con-
stant is small. Then, a high concentration of un-
labeled DNA would be used in the experiments,
so that the amount from the labeled sample could
be neglected. However, for a large equilibrium

constant, the concentration of DNA in solution
would be small, and it would be important to
determine the amount added from the labeled
sample.

3.4. WC DNA

The results of the load-and-run experiment with
0.75 mM WC DNA at 58C, shown in Figs. 7 and 8,

Table 1
Calculation of apparent K for determination of labeled DNA concentration

a a y1w x w x Ž .WC , mM NaCl , mM Monomer area Dimer area KC K mM

1.875 500 4.17 8.41 3.042 1.622
1.875 100 16.71 16.91 1.018 0.543
0.750 500 17.21 19.43 1.202 1.602
0.750 100 16.08 10.67 0.552 0.736
0.375 500 11.76 11.50 0.967 2.579
0.375 100 15.81 5.90 0.256 0.683
0.075 500 17.20 6.99 0.286 3.808
0.075 100 17.85 5.02 0.180 2.402
0.052 500 18.75 6.78 0.246 4.686

Integrated areas of spots, in units of optical density times pixel number.
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Fig. 10. Measured values of KC plotted vs. DNA concentra-
tion in mM and linear fits. The slope gives the true value of K
and the x-intercept the negative of the concentration of DNA
added with the radiolabeled DNA.

Žwere used. For each running time except 0.25 h,
.for which there is only one peak , the intensity

was fit to a sum of three Gaussians and a linear
background. The central Gaussian was very broad
and of very low intensity, so hardly contributed to
the total area. From the peak areas, KC was

Ž .calculated according to Eq. 4 . Then linear ex-
trapolation back to time 0 gave KCs0.552 for
500 mM salt. Corrected for dilution in the well
and for the labeled DNA, the DNA concentration

Ž .Ž .was 6r21.6 0.75q0.21 mMs0.267 mM, so that
Ks2.48=106 My1. A similar treatment of the
data for 100 mM salt gives KCs0.183 or Ks8.2
=105 My1.

In another load-and-run experiment with 500
mM NaCl and original DNA concentration 1.0
mM, the value of KC, extrapolated to zero time,

Ž .was 0.461. Since the corrected actual DNA con-
Ž .centration is 5 1.21 r21.8s0.278 mM, the calcu-

lated value of K is 1.66=106 My1. For 100 mM
NaCl and 1.0 mM WC DNA, the value of KC,
extrapolated to zero time, was 0.183, giving Ks
6.6=105. Combining these results with those of
the previous paragraph, we find Ks2.07"0.41
=106 My1 and 7.4"0.8=105 My1 for the two
ionic strengths.

Because of mixing, the actual ionic strength of
the sample in the well may differ from the origi-

nal ionic strength in the sample as loaded. The
ionic strength of the buffer solution in the gel
well is 0.096 mM, so that the dilution of the
sample from 5 ml to V changes the ionice ff
strength to

Vy5
5 e f f Ž . Ž .Is Jq 96 mM 8V Ve f f e f f

where J is the original ionic strength, 100 or 500
mM. Therefore the ionic strength in the well was
actually 97 mM in the former case and 190 mM in
the latter.

In order to compare our results with those of
w xRoss et al. 18 , we interpolate, assuming that ln

K is linear in the square root of the ionic strength
Ž .I this is important only for the 500 mM case .

w xThe results of Ross et al. 18 for this DNA at 58C
give ln Ks11.913q4.746I, so that Ks6.53=
105 My1 for the lower ionic strength and 1.178=
106 My1 for the higher. Agreement with our
results is good, less so for the higher ionic
strength, possibly because of the assumed inter-
polation rule.

3.5. GA DNA

Several gels were run with 6,7 GA at 0.867 mM
and ionic strength either 0.097 M or 0.190 M
Ž .concentrations after mixing in well , with solu-
tions incubated at various temperatures. One such
gel was shown in Fig. 5, with intensity patterns for
0.190 M ionic strength shown in Fig. 6. As dis-
cussed above, these demonstrate that monomer]
dimer equilibrium is established during the time

Ž .the sample remains in the gel well at 58C , and
that rate constants for monomer]dimer intercon-
version are much smaller in the gel proper than
in the well. However, the existence of significant
density between the two peaks for monomer and
dimer in Figs. 5 and 6 shows that these rate
constants in the gel are much larger for 6,7 GA

Ž .than for WC see Figs. 7]9 .
The patterns for 6,7 GA differ in another way

from those for WC, which show a dimer peak, a
monomer peak, and a broad peak between them
due to monomer]dimer interconversion. In Fig.
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6, there are two fast-migrating peaks instead of
one. The extra peak could be due to a second
form of monomeric DNA, migrating slightly more
slowly than the first, or it could be part of the
equilibrating monomer]dimer mixture. On fitting
the intensity plots to a sum of Gaussian peaks
plus a linear background, the peak areas given in
Table 2 were obtained; peak 2 is the broad
monomer]dimer peak and peak 3 is the new
peak. The last two columns of Table 2 give values
of KC calculated from the two interpretations. In
each calculation, the intensity ascribed to the

Žmonomer]dimer equilibrium peaks 2 and 3 in
the one-monomer model, peak 2 in the two-

.monomer model is assigned half to monomer
and half to dimer.

Experiments at 58C were also carried out on 6,7
GA with varying DNA concentrations and ionic
strengths of 0.097 M and 0.190 M. The intensity
patterns were similar to those of Fig. 6, except the
central broad spot showed some structure, and
could be better fit to two Gaussians than to one.
This favors interpreting it as arising from
monomer being formed from dimer and dimer
being formed from monomer, and assigning the
second sharp peak to a second form of monomer.
Furthermore, the calculations show that one can-
not get four peaks from a simple monomer]
dimer system. Using a single Gaussian to fit the

central peak, we obtain the measured spot inten-
sities given in Table 3. The values of KC calcu-
lated according to the two-monomer model, with
monomer intensity equal to the sum of peaks 3
and 4, are also given. We plot KC vs. U and
obtain K as the slope. The result is Ks0.241"
0.026=106 My1 for high salt and 0.142"0.006

6 y1 Ž=10 M for low salt compare the averaged
results of Table 2 0.256=106 M y1 and 0.110=

6 y1.10 M ; errors are uncertainties from the
linear fits. The x-intercept is yL, Ls0.36"0.32
mM and 0.29"0.13 mM for high and low salt.

The average, 0.325 mM, is added to the concen-
tration used in a load-and-run experiment, 0.231

Ž .mM after mixing in the gel well . Experiments
were carried out at two ionic strengths, with run-
ning times 0.25, 0.75, 1.5, 2.5, 3.5, 4.5, and 5 h.
The intensity patterns for the 6,7 GA load-and-run
gel were similar to those shown for WC DNA in
Figs. 7 and 8. For the shortest running time, the
monomer and dimer peaks could not be resolved;
for all other running times, the intensity pattern
consisted of three peaks with some intensity
between them. Each such pattern was fitted to
four Gaussian peaks, with areas given in Table 4.
The quantity KC was calculated according to Eq.
Ž .4 for each running time, the central peak con-
tributing to the total intensity only. Then the six
results were linearly extrapolated to time 0 to

Table 2
aPeak areas for 6,7 GA, and KC values calculated from two models

y1 y1Ž . Ž .Incubation Ionic Peak 1 Peak 2 Peak 3 Peak 4 KC M KC M
b cŽ . Ž . Ž . Ž .temperature strength dimer central sharp monomer model 1 model 2

908C 0.40 7.88 20.96 10.73 8.16 1.111 0.508
568C 0.40 7.02 20.55 12.21 6.82 1.284 0.469
378C 0.40 6.38 25.31 13.56 6.67 0.322 0.457
258C 0.40 9.81 22.04 13.14 4.57 1.616 0.625
58C 0.40 7.23 13.24 9.46 8.50 1.017 0.440

908C 0.10 11.28 45.69 23.67 23.11 0.896 0.365
568C 0.10 3.17 23.92 15.12 18.84 0.660 0.219
378C 0.10 4.10 18.65 13.90 17.68 0.656 0.218
258C 0.10 3.03 5.06 11.14 14.95 0.527 0.116
58C 0.10 3.40 7.68 9.99 15.09 0.520 0.157

aAreas for peaks 1]4 are in units of optical density times number of pixels.
b Model 1 assumes only one form of monomer, with peak 3 being part of the broad peak arising from the monomer]dimer mixture.
c Model 2 assumes the monomer]dimer mixture is peak 2 only, and that peaks 3 and 4 arise from two forms of monomer.
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Table 3
aPeak areas for 6,7 GA run at various concentrations and calculated values for KC and K

b c d 6 y1w x Ž .6,7 GA I Peak 1 Peak 2 Peak 3 Peak 4 KC Kr10 M

5.76 0.40 8.21 5.00 3.05 2.33 1.603 0.278
5.76 0.10 5.48 27.38 5.02 2.40 0.866 0.150
2.88 0.40 6.08 24.36 12.40 0.76 0.620 0.215
2.88 0.10 5.18 18.42 8.18 5.22 0.521 0.181
1.44 0.40 4.22 28.90 11.22 0.89 0.598 0.415
1.44 0.10 3.05 16.58 15.12 6.22 0.264 0.183
0.72 0.40 2.10 18.37 13.20 1.26 0.353 0.490
0.72 0.10 1.34 7.08 8.97 7.21 0.154 0.214
0.28 0.40 1.60 5.81 7.39 3.24 0.222 0.771
0.28 0.10 0.62 5.56 5.63 7.28 0.132 0.458
0.043 0.40 0.70 4.60 5.53 5.94 0.133 3.093
0.043 0.10 0.21 3.32 6.72 11.04 0.053 1.233

b0 0.40 0.00 0.00 9.62 16.92 ] ]
b0 0.10 0.00 0.00 7.56 13.84 ] ]

aAreas of peaks 1]4 given in units of optical density times number of pixels.
bConcentration of unlabeled DNA in mM, corrected for dilution in the well but not for addition of labeled DNA.
c Ionic strength in M.
dCalculated according to model 1, which assigns peaks 3 and 4 to two forms of monomer; monomer intensity is the sum of the areas
of these peaks.

obtain the initial value of KC, and hence K. For
ionic strengths of 0.190 M and 0.097 M, K was
2.91"0.86=106 My1 and 6.21"2.11=105 My1

Žstated errors are uncertainties in the calculated
.slopes . The values of KC for the two highest

running times were subject to large errors be-
cause the areas of the dimer peaks were very low.
Interpolating in the values given by Ross et al.
w x18 , assuming ln K is linear in the square root of
ionic strength, yields values of 8.51=105 My1

and 4.83=105 My1 for ionic strengths of 0.190
M and 0.097 M. The second, but not the first,

value agree with ours within our stated errors.
Results from a second load-and-run gel on 6,7
GA are shown in Table 5. The total DNA concen-

Žtration including DNA added with the radi-
.olabel was 0.385 mM, and ionic strengths were

0.190 M and 0.097 M. Analysis similar to that for
Ž . 6the first gel led to Ks 2.65"0.56 =10 and

Ž . 5 y16.65"2.85 =10 M , respectively, in good
agreement with our previous values. As for the
WC results, it may be that the interpolation,
assuming ln K is linear in ionic strength, is not
valid.

Table 4
Load and run results for 6,7GA at 58C

Run time, h Peak intensities for Is0.19 Peak intensities for Is0.10
a aMonomer Central Dimer Monomer Central Dimer

0.75 9.10 6.30 6.54 18.75 3.25 6.04
1.50 7.04 9.51 6.40 14.61 9.05 3.31
2.50 5.91 12.66 4.94 9.84 12.32 3.13
3.50 7.09 11.98 3.10 11.91 9.09 1.00
4.50 8.32 10.55 1.48 15.26 10.42 0.77
5.00 8.80 14.70 1.75 17.06 10.75 0.80

a Sum of areas of two monomer peaks.
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Table 5
Load and run results for 6,7 GA at 0.49 mM, 58C

a b b b b cI Run time, h Dimer Broad peak Sharp peak Monomer KC

0.40 0.75 15.21 3.66 3.66 11.06 1.179
0.40 1.50 7.12 4.79 6.88 6.50 0.503
0.40 2.40 4.55 5.34 11.05 6.70 0.200
0.40 3.50 2.21 16.51 9.81 8.21 0.125
0.40 4.50 1.06 9.00 15.18 8.42 0.032
0.40 5.00 0.58 5.14 19.78 7.71 0.013
0.10 0.75 6.91 4.40 8.09 16.25 0.208
0.10 1.50 4.84 8.75 3.60 14.63 0.232
0.10 2.40 3.46 7.14 12.42 17.18 0.079
0.10 3.50 1.86 15.34 6.41 9.46 0.122
0.10 4.50 0.70 5.31 17.23 17.01 0.012
0.10 5.00 1.00 11.90 7.87 16.64 0.031

a Ionic strength, M.
b Peak areas in units of optical density times pixel number.
cCalculating using sum of monomer and sharp peaks for monomer intensity.

Measurements were also made on 6,7 GA at a
DNA concentration of 4.32 mM. It was expected
from previous results that the concentration of
monomer would be too small to measure accu-
rately; only a single broad dimer spot was observed
on the gel. It proved to consist of three closely
spaced peaks, which we fitted as Gaussians. The
average fractional intensities were: 0.192"0.040,
0.628"0.042, and 0.180"0.013 for ionic strength
0.190 M; and 0.338"0.025, 0.543"0.032, and
0.119"0.027 for ionic strength 0.097 M. If two
forms of the monomer, say a and b, can combine
unchanged to form a dimer, there would be three
forms of the dimer: aa, ab, and bb. Their relative
amounts can be calculated in terms of the relative
amounts of a and b and compared with measured

Ž .values see Discussion .

3.6. AG DNA

For the 5,8 AG DNA, both a variable-con-
centration and a load-and-run experiment were
performed at 58C. The concentrations used in the

Žformer aside from the radiolabeled DNA, of
.unknown concentration ranged from 0 to 2.66

mM, and the ionic strengths were 0.097 and 0. 190
M. In every lane, only a single spot appeared on
the gel, always at the same distance from the
loading well. This spot could represent monomer,

dimer, or an interconverting mixture of the two.
Since the spot appeared even at nominal DNA

Ž .concentration zero only labeled DNA present , it
is highly unlikely that it represents dimer. The
fact that the position of the spot is independent
of DNA concentration tends to rule out the third
possibility, since the simulations show that
the migration velocity of an interconverting
monomer]dimer mixture depends on the total
concentration. The fact that the distance of the
spot from the well is close to that for the monomer
spot for other DNAs makes it highly likely that
the spot is due to monomer.

A load-and-run experiment, with nominal DNA
concentration of 0.22 mM, was carried out to
confirm this interpretation. At every elec-
trophoresis time from 0.25 to 5 h, a single spot
was seen. The distance from the spot to the
loading well was proportional to the elec-
trophoresis time, showing constant migration ve-
locity. The shape of the spot did not change;
there was no evidence of separate peaks disap-
pearing to leave a growing broad spot between
them, as in the simulations. The conclusion is that
dimeric 5,8 AG DNA is never seen in our experi-
ments, but only monomer. This means that the
equilibrium constant for dimerization of this DNA
is too small for a dimer to be formed at the
concentrations used.
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4. Discussion and conclusions

In this study, we have shown how gel elec-
trophoresis can be used to determine hairpin-to-
duplex dimerization constants for small pieces of
DNA, and pointed out the problems associated
with such measurements. Two kinds of experi-
ments were conducted on three hairpin DNAs at
two different ionic strengths. In one kind, DNA
concentration was varied with a fixed elec-
trophoresis time, and, in the other, the concentra-
tion was fixed and the electrophoresis time varied
Ž .the ‘load-and-run’ experiment . From numerical
solutions of the differential equations governing
simultaneous chemical reaction, diffusion, and
migration in a gel, we generated plots of DNA
concentrations as a function of distance and time,
to be compared with experimental intensity plots.
We showed that, depending on the relative rates
of these processes, the intensity profile could con-
sist of two peaks, two peaks with shoulders, a

Žsingle peak, or three peaks the center peak being
.broad . Such intensity profiles are exactly what we

observe. Unlike the experiments, the calculations
show which species contribute to the different
peaks in these profiles, and we use this informa-
tion to interpret the peaks observed experimen-
tally.

In the most favorable case, one sees two peaks
in the intensity pattern, corresponding to
monomer and dimer. It is easy to measure their
areas by fitting them to Gaussians, as we have
done. Commonly, one or both of these peaks is
accompanied by a shoulder. The calculations show
that shoulders arise from monomer formed by
dissociation of dimer and dimer formed by associ-
ation of monomers. If large enough, the two
shoulders combine to give a broad peak between
the monomer and dimer peaks.

If the area of the shoulders is not much smaller
than the areas of the monomer and dimer peaks,
the latter will not yield a good estimate of the
monomer]dimer ratio. The remedy is to carry out
a load-and-run gel, and extrapolate monomer and
dimer peak intensities, which should both de-
crease with time, back to time 0. From the rela-
tive intensities at time 0, one can calculate the
equilibrium constant in the gel well, which corre-

Žsponds to the bulk solution this equilibrium con-
stant may not be equal to the equilibrium con-

.stant in the gel . Gels run for WC DNA at 58C,
which show two spots with shoulders, were ana-
lyzed in this way.

The solutions to the differential equations show
that the three-peak pattern becomes a single peak
at longer electrophoresis times, as the monomer
and dimer peaks disappear and the central peak
builds up. The single-peak pattern by itself cannot
give the monomer-to-dimer ratio. It is necessary
to find an electrophoresis time short enough so
that monomer and dimer peaks are still present,
but long enough so that they are separated. This
may not be possible if k and k are large in ther f
gel, as seems to be the case at elevated tempera-
tures.

A rough estimate of the rate constants in a gel
at 58C can be obtained from peak areas. For

Ž .example, the 5-h results of Fig. 8 for Wc GA
give the following areas: monomer, 5.63; dimer,
20.89; dimer from monomer, 2.02; monomer from
dimer, 2.02. The original concentrations of
monomer and dimer are proportional to 5.63q

1 Ž .2.02s7.65 and 20.89"2.02 s11.45, respec-2

tively. If the dimer dissociates by a first-order
process with rate constant k ,r

Ž . Ž 4 .ln 5.63r7.65 syk 1.8=10 sr

and k s1.7=10y5 sy1. If the dimerization is ar
w xsecond-order process, and D is the originalo

dimer concentration,

y1 y1Ž w x . w x20.89 D r22.91 y Do o

Ž 4 .sk 1.8=10 sf

w x y6 y1so k D s5.4=10 s . Previous calcula-f o
tions gave Ks2.5=105 My1 and total DNA

w xconcentration in the gel wells0.32 mM. Let M o
w xbe the original monomer concentration so D o

1 Ž w x .0.32 mM y M . The equilibrium expressiono2

w x1 0.32mMy M 05 y12.5=10 M s 22 w xM 0
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w x w xyields M s0.28 mM, D s0.02 mM and ko o f
s270 My1 sy1. For 6,7 GA, k and k in the gelf r
are larger than for WC, as evidenced by the
significant intensity between the monomer and
dimer peaks for GA.

The rate constants k and k in bulk solutionf r
are more than an order of magnitude smaller
than in the gel. This is shown from a series of
experiments in which DNA samples were held at
various temperatures before being loaded into a
gel for electrophoresis. The resulting intensity
pattern did not depend on the equilibration tem-
perature. Thus for 6,7 GA at ionic strength 0.50

ŽM, linear fits of KC calculated from the spot
.intensities vs. Celsius temperature gave slopes of

0.0003"0.0085 or 0.0001"0.0013, assuming one
Žor two forms of monomer were present see

.below . Since monomer]dimer equilibrium is es-
tablished during the 10 min the DNA remains in
the gel well, the electrophoresis experiment can
measure the equilibrium constant only at the gel
temperature, unless the interconversion rates in
bulk solution are much slower than for the DNAs
considered here.

The fact that equilibrium is established in the
well in 10 min at 58C also places approximate
lower limits on the rate constants in bulk solu-
tion. Thus k , the rate constant for dissociation ofr
the WC dimer, probably exceeds 1.6=10y3 sy1

and k , the rate constant for dimerization,f
3 y1 y1 Žprobably exceeds 1.6=10 M s 1 mM DNA

.assumed . If the rate constants in the gel proper
were not much smaller, one would not see sepa-
rate spots for monomer and dimer but, as shown
by the solutions to the differential equations, only
a single spot, corresponding to an equilibrating
monomer]dimer mixture. In fact, gels run above
358C show this one-spot pattern, as is expected
since rate constants increase with temperature.
From a single-peak pattern alone, one cannot find

Žthe monomer-to-dimer ratio. It may be possible
to estimate it if the migration velocity of the spot
is measured, and the migration velocities of dimer

.and monomer are known from other experiments.
A reason for the low rate constants in the gel

w xmay be that a monomer in a ‘cell’ of the gel 32
cannot form a dimer unless another monomer is
present in the same cell, and a dimer dissociating

in a cell will reform unless one of the monomer
products moves out of the cell. The decrease may
also be related to the orientation of the molecules
in the gel during electrophoresis. If the dimer
forms from two monomers through a ‘kissing’
structure involving the loops of the monomers
w x15,16 , the orientation of the monomers in the
field may reduce the possibility of the ‘kissing
dimer’ from forming. Similarly, decomposition of
a duplex dimer would appear to require reorien-
tation of the ‘kissing’ or cruciform intermediate
w x23 in the electric field, making decomposition to
the monomer more difficult in the gel than in
bulk solution.

If the rate constants are small enough to give
measurable spots for monomer and dimer, their
areas can be interpreted to yield the equilibrium
constant for dimerization in homogeneous solu-

Žtion which may differ from the equilibrium con-
.stant in the gel . However, two issues must be

dealt with: dilution of the DNA in the gel well
and the effect of adding radiolabeled DNA on the
overall concentration of DNA.

In experiments using a standard DNA sequenc-
ing gel, a volume V of sample is loaded into a geli
well of volume V, and the remaining volume,
VyV , is filled with buffer solution. There isi
visual evidence that mixing occurs in the well: a
tracking dye fills the well volume and, when the
sample contains glycerol, the meniscus between
the sample and the buffer disappears within a few
minutes. Since much of the sample remains in the
well for 10 min or more, the concentration of the
oligonucleotide is decreased. We have assumed
the dilution factor is VrV . In addition, the mixingi
changes the ionic strength, on which the dimer-
ization constant depends strongly.

The second issue arises because detection of
DNA in polyacrylamide gels usually requires that
the oligomer be radiolabeled. Some DNA is
labeled with 32 P and added to DNA of known
concentration. Since the fraction of DNA
molecules having a radiolabel is unknown, the
total concentration of DNA in solution is uncer-
tain. It may be possible to use concentrations of
unlabeled DNA far exceeding the concentration
of labeled DNA. If not, one requires a series of
electrophoresis experiments at fixed elec-
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trophoresis time and with different concentra-
tions of unlabeled DNA. The concentration of
DNA contributed by the labeled sample, L, can
be found by fitting the measured values of KC to

Ž .a linear function of the known unlabeled DNA
concentration assuming constant values for K and
L.

After correcting for mixing and for the DNA
added with the radiolabeled sample, one can de-
rive the relative monomer and dimer concentra-
tions and calculate a value of KC according to

Ž .Eq. 3 . The ratio of concentrations of monomer
and dimer is twice the ratio of spot intensities
because a dimer is twice as likely to be radi-
olabeled as a monomer. For WC DNA, we de-
rived K from a single-time electrophoresis exper-
iment, obtaining 2.07=106 My1 for ionic strength
190 mM and 7.4=105 My1 for ionic strength 97
mM. These compare with the values derived from

w xthose of Ross et al. 18 by interpolation, 1.18=
106 My1 and 6.5=105 My1.

For 6,7 GA DNA, the monomer and dimer
spots were clearly apparent, but the intensity in
the region of the gel between the spots was com-
parable to the intensity in the spots themselves.
The solutions to the differential equations show
that the shoulders on the monomer and dimer
peaks grow with electrophoresis time, eventually
producing a broad peak between the monomer
and the dimer peaks. Further assumptions are
required to estimate the relative amounts of
monomer and dimer before electrophoresis. One
could assign the intensity of the central peak half
to monomer and half to dimer, or, if it is much
closer to the dimer peak than to the monomer
peak, assume it to represent dimer formed from
monomer in the gel, and assign its intensity to
monomer. The best solution is to produce a load-
and-run gel from which peak areas can be extrap-
olated back to time 0. For 6,7 GA, this procedure
produced equilibrium constants in agreement with
literature values.

However, the intensity pattern for 6,7 GA con-
sisted of four peaks; in order of electrophoresis
distance, they were the dimer peak, a broad peak,
a sharp peak, and the monomer peak. This inten-

Žsity pattern is also seen for small RNAs to be
.published . The sharp peak could be due to a

second form of monomer, or to the equilibrating
monomer]dimer mixture. We believe the former
to be correct because of the sharpness of this
peak, because this model gives less scatter in the
calculated values of K, and because we found it
impossible to obtain such a peak from solutions
to the differential equations. It should be noted
that, in a denaturing gel, 6,7 GA runs as a single
peak, so the two forms differ only in secondary
and tertiary structure. In analyzing our experi-
ments, the areas of the two monomer peaks were
combined to give the monomer intensity. Then

Ž . Ž .KC was calculated, using Eq. 3 , as 2.91"0.86
6 y1 Ž . 5 y1=10 M and 6.2"2.1 =10 M for ionic

strengths of 0.19 M and 0.097 M, which compare
with interpolated literature values: 2.06=106

My1 and 4.82=105 My1.
The 6,7 GA results show an advantage of elec-

trophoresis over other methods of measuring
dimerization constants. For instance, using ultra-

w xcentrifugation 18 , it is necessary to assume that
Ž .only two species monomer and dimer are pre-

sent, and find their relative amounts by fitting the
observed density profile to the model. As long as
the fit is adequate, the presence of more than two
species can not be inferred, whereas the species
are seen directly when gel electrophoresis is used.

At a concentration of 7.18 mM, 6,7 GA shows a
single peak with structure, due to the dimer. It
was fit to three Gaussians, the areas of which
were measured and divided by the total to give
fractional intensities. Average values of these are:
for ionic strength 0.19 M, 0.192"0.040, 0.628"
0.042, 0.180"0.013; for ionic strength 0.097 M,
0.338"0.025, 0.543"0.032, 0.119q0.027. If the

Ž .two different forms of the monomer see Table 4
were maintained on dimerization, the dimer would
exist in three forms and the fractional intensities
would be calculable: if r is the ratio of Peak 3 to
Peak 4 in Table 3, the relative populations of the
three dimer forms should be: r 2, 2 r, and 1.

The value of r at ionic strength 0.19 M is 1.825
Ž .average of ratios of Peak 3 to Peak 4 in Table 3 ,
so the relative populations of the three dimer

Ž .2 Ž . Žforms would be 1.825 , 2 1.825 , and 1 homo-,
.hetero-, and homo-dimers , and the fractional

intensities would be 0.417, 0.457, and 0.125, which
is not consistent with the measured values. For
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ionic strength 0.097 M, r is 0.804, making the
fractional populations of the three dimer forms
0.199, 0.494, and 0.307, again not consistent with
the measured values. We conclude that the three
parts of the dimer peak are not three dimers
formed from two non-interconvertible forms of
monomer. This is consistent with the fact that
only one form of the monomer appears in a
denaturing gel.

For 5,8 AG DNA, no evidence of dimer was
seen in either the concentration-dependent or the
load-and-run gels. The equilibrium expression, Eq.
Ž .2 , may be rearranged to:

w xD
Ks 2Ž w x.Cy2 D

w xwhere C is the total DNA concentration and D
w xthe concentration of dimer. If D is small com-
w x 2 Žpared to C, the solution is D sKC r1 1q

.4KC . One can measure spot intensities as small
as 0.5 units in a total intensity of 25 units, which

w xwould correspond to D rCs1r100. Since the
Ž .dimer spot is not observed, KCr 1q4KC must

be less than 0.01, or KC less than 0.0104. The
highest concentration of DNA used was 7.1 mM
Žincluding the concentration added with the

.labeled DNA sample . Thus the fact that no dimer
was observed in our experiments implies that K
is less than approximately 1.5=103 My1.

This is much smaller than the values cited by
w x Ž 5Ross et al. 18 for 5,8 AG DNA at 58C 2.5=10

My1 at 100 mM salt, 7.8=105 My1 at 500 mM
.salt . These authors in fact remarked on the un-

expectedly high values that they found for this
oligomer. It is conceivable that the reason for our
inability to observe the dimer is that the rate of
monomerization of this DNA in the gel is very
fast, and the rate of dimerization unusually slow.
Then the dimer originally present in solution

Žwould be gone after 0.75 h at which two peaks
.are observed for other DNAs , and no dimer

would have formed from monomer. There is no
reason for the kinetics of this DNA to be radi-
cally different from the kinetics of others, how-
ever.

In summary, this study has shown when and
how dimerization constants in solution can be
obtained from electrophoresis measurements on
radiolabeled DNA dodecamers. The method
should be applicable to any system composed of
equilibrating forms which can be separated using
gel electrophoresis, which requires kinetics in the
gel to be slow. In addition to dimerrmonomer
equilibria involving DNA, dimerrmonomer and
complexation equilibria involving RNA have been

Ž .studied to be published . When only two peaks
are observed, one can obtain a value of KC
ŽKsdimerization constant, Cs total concentra-

.tion of oligonucleotide, expressed as monomers
from the integrated intensities of the monomer
and dimer spots. In order to obtain K, the value
of C must be calculated taking into account mix-
ing in the gel well and the unlabeled DNA which
is added with the radiolabel.

For the systems studied, the temperature at
which the DNA was equilibrated before loading
into the gel had no effect on the intensity pat-
terns observed. This is because the forward and
reverse rate constants for the dimerization in
solution are large, and the DNA comes to equi-
librium in the gel well before it can move into the
gel proper. The fact that individual spots for
monomer and dimer can be observed in a gel
shows that the rate constants at 58C are much
smaller in the gel than in homogeneous solution.
At 358C, rate constants are larger, leading to a
single spot, corresponding to an equilibrating
monomer]dimer mixture, being observed.

In cases where the monomer and dimer peaks
are observed, but streaking or other features are
also found, the intensities for the monomer and
dimer peaks cannot be used to accurately calcu-
late the equilibrium constant. On the basis of
solutions to the differential equations describing
migration, diffusion, and reaction, we have inter-
preted shoulders and a broad peak between the
monomer and dimer peaks, and discussed how
their intensities may be assigned to monomer or
dimer. The solution to this problem is to produce
a load-and-run gel, from which peak intensities
can be obtained as a function of electrophoresis
time. These intensities, or the calculated values of
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KC, can then be extrapolated back to zero elec-
trophoresis time, which is the solution at equilib-
rium in the gel well.

5. Materials and methods

5.1. DNA oligomers

The DNA oligonueleotides, 59-GGTACGCG-
Ž . ŽTACC-39 WC , 59-GGTACGAGTACC-39 6,7

.GA , purchased from Midland Certified Reagent
Company as ‘GF Grade’, were further purified by

w xpolyacrylamide gel electrophoresis 33 , followed
by desalting using a Centricon concentrator
Ž .Amicon , molecular weight cut-off 3000 Da. The

Ž .oligomer 59-GGTAAGCGTACC-39 5,8 AG ,
Ž .purchased as ‘AE Grade’ Midland , was desalted

and used without further purification. Concentra-
tions of the oligomers were determined optically
at 260 nm in water using published values of the

Ž y1 y1. Ž .extinction coefficients M cm : 106 200 WC ,
Ž . Ž . w x103 440 6,7 GA , and 118 920 5,8 AG 34 . The

concentration of DNA is stated in strands.

5.2. End-labeling

The oligonucleotide was 59-end labeled in the
w 32 x Ž .presence of g- P ATP Amersham and T4 po-

Ž .lynucleotide kinase Promega . The labeling solu-
wtion contained: 15 mM DNA, 50 mCi of g-

32 xP ATP and 10 units of polynucleotide kinase in
a total volume of 20 ml in 1=kinase reaction
buffer. After incubation for 1 h, the labeled
oligomer was precipitated by addition of cold
ethanol and purified using 20% denaturing PAGE

Žin 1=TBE running buffer 90 mM tris-borate, 1
.mM EDTA, pH 8 . After visualization of the

labeled DNA by autoradiography, the portion of
the gel containing the oligomer was excised and
the labeled oligomer recovered by suspending the
crushed gel segment in 1 ml of 1=TBE buffer
w x33 . A 5-ml sample of oligomer recovered in this
manner yielded 60 000 cpm on scintillation count-
ing.

In order to determine that the various forms
observed using non-denaturing PAGE conditions
were in fact due to a single-length oligomer, the
gel-purified, end-labeled DNA was electro-

phoresed a second time using denaturing PAGE
conditions. In all cases, autoradiography showed
the presence of only one band indicating the
presence of a single length radiolabeled oligomer.

5.3. Monomer]dimer equilibria

The reactions involving WC, 6,7-GA, and 5,8-
AG were carried out in a total volume of 25 ml.
They contained sufficient labeled DNA for au-

Ž .toradiography in 1]2 days 20 000]60 000 cpm ,
DNA of known concentration and 100 or 500 mM
NaCl in the buffer, 0.01 M sodium cacodylate, pH
7. The solutions containing DNA were held at
1008C for 10 min and rapidly cooled in ice to
remove all DNA secondary structure. The solu-
tions were equilibrated at a specific temperature
for at least 2 h after which time a 6 ml portion
was removed and 2 ml of a 1:1 glycerolrwater
mixture added, followed by brief vortexing. A
5-ml portion of this sample was loaded into the
wells of a 20% native polyacrylamide gel having a
running buffer of 1=TBE, 90 mM tris]borate, 1
mM EDTA, pH 8.0.

As outlined in the Results and Analysis section,
introduction of the sample into the loading well
of the gel caused dilution of the sample. The
concentrations, ionic strengths and temperatures
stated in the tables and captions to figures take
the dilution into account and are the conditions
reached by the sample in the well of the gel.

Electrophoresis was carried out at 1500 V using
a standard DNA sequencing apparatus. Initially,
electrophoresis experiments were conducted us-
ing gels in the temperature range, 358]408C. Since
electrophoresis patterns at high temperatures in-
dicated that monomer and dimer were rapidly
interconverting in the gel, subsequent elec-
trophoresis experiments were carried out using a
gel temperature of 58C and an equilibration time
of at least 2 h at 58C.

Two types of electrophoresis experiments were
carried out, electrophoresis at a constant time
interval and electrophoresis at different time in-
tervals, ‘load-and-run’. For the former, samples
having the same amount of labeled but different
amounts of unlabeled DNA were electrophoresed
for the same time, 5]6 h. For the load-and-run
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gels, a 50-ml sample was made with DNA concen-
tration chosen to give reasonable amounts of
both monomer and dimer. At different time inter-
vals, 6-ml aliquots were diluted with glycerol as
before and loaded into the wells of the gel. In
order to minimize the effects of current disrup-
tion on band shape, sample loading for the load-
and-run gels was carried out with the current on.
The advantage of a load-and-run gel for a system
which is slowly equilibrating in the gel matrix is
that extrapolation of band intensities to ts0
yields the relative amounts of monomer and dimer
present at the time the forms entered the gel
from the loading well. These quantities most ac-
curately reflect the equilibrium concentrations of
the two forms in the well of the gel.

Autoradiography was done at y208C using Ko-
dak X-Omat film. Typically, more than one expo-
sure of a gel was required to produce images in
the linear response range of the film, optical

Ž .densities O.D. less than approximately 1.1.

5.4. Quantitation of autoradiographic data

The autoradiogram was scanned to a JPEG or
TIF file with a Hewlett Packard Scanjet 5P scan-
ner. The scanned images were analyzed with

Ž .Sigma Scan software Jandel Scientific to yield
average O.D. versus position for each lane of the
autoradiogram using an 11-pixel wide line scan.
The lanes themselves were approximately 33 pix-
els wide. The O.D. profile was fitted to a sum of
Gaussians and a linear background. The best fit
was characterized by r 2 )0.98 in all cases, and
usually r 2 )0.995. When peaks exhibited satura-

Ž .tion at their maxima O.D.)1.1 , data points in
the region of saturation were eliminated prior to
curve fitting and analysis. The resulting integrated
intensities were comparable to those obtained
using short autoradiographic exposures of the
same gel. In load-and-run gels, the number of
Gaussians used for fitting the pattern for all elec-
trophoresis times was determined by inspection of
the patterns at the longest electrophoresis time,
where the greatest separation between bands oc-
curred.
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