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The presence of nucleases during DNA—DNA or DNA—RNA hybridization reactions alters the kinetics of hybrid
formation. Unfortunately, while the effect {(even of small amouats of nuclease) on the Cqf curve may be large, it may not
be readily detectable. The effect of various types of nuclease is shown. As many nucleases cause a shift in the position
rather than a change in shape of the curve, all studies involving nucleic acid hybridization should assay for the presence of
nucleases and care must be taken to avoid their presence as contaminants.

1. Introduction

Since the initial work by Britten and Kohne in
1968 [1], the use of DNA—DNA hybridizations and
DNA—RNA hybridizations has become common in
molecular biology. Nucleic acid hybridization has
been used to measure amounts of mRNA, to de-
termine the presence of sequences in DNA, to
determine sequence relationships between nucleic
acids, to sequence RNA and to study transcription
[1—10]}. However, as in all studies involving nucleic
acids, care must be taken to avoid nucleases. If a
nuclease is present, the data may be uninterpretable.
The appearance of a “normal’”’ Cyf curve (the extent
of hybrid formation plotted against the logarithm
of the product of the initial nucleic acid concentra-
tion and time) cannot be used as an indicator that the
svstem is free of problems. The major effect of many
nucleases is to change the position of the curve rather
than its shape so that its presence may not be readily
apparent.

2, Experimental

2.I. Methods

The system of differential equations representing
the competition of nucleic acid digestion and hybrid-

ization was solved explicitly or by numerical approx-
imation using a subroutine of MLAB [11,12] ona
DEC PDP/10 time sharing system. The curves were
drawn on an on-line CRT display and hard copy ob-
tained with a Calcomp plotter.

In the discussions that follow, C represents unhybrid-
ized DNA concentration, C_, unhybridized RNA con-
centration and H represents DNA—DNA hybrid or DNA—
RNA hybrid concentration as appropriate. The subscript,
zero, represents initial concentrations. Ky represents the
rate constant of nucleic acid hybridization; K, re-
presents the rate constant for nucleic acid degradation
(which may be secondary to nuclease activity or to
a physical loss of nucleic acids). In the examples
provided, K, has been chosen as one for DNA--DNA
hybridization and as 0.69315 for DNA—RNA hybrid-
ization so that the Coy5 (or C, fy;5) will be one.

Plots of these reactions involve H/Cy as the experi-
mental parameter. This involves measuring Cy bur is
frequently obtained experimentally by measuring

the total DNA after the hybridization reaction has
been stopped. In this case, if a DNase had been present,
the measured total DNA concentration, Cp, will be

less than Cg. Hopefully, gross differences between Cy
and Cy would be noticed by the experimenter.

The equations used to represent the degradation
reaction and the hybridization reaction are both
simplifications. It is assumed that the nuclease
degrades entire molecules rather than causing one
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Fig. 1. The effect of a single strand specific DNase on hybridization. (a) The effect of DNase on DNA—DNA hybridization. In the
example chosen here, Cg = 1075 M and K3 = 107 s™1. - - - - represents C/Cq, ——— represents H/Ct and represents H/Cy.

(k) The effect of varying the initial DNA concentration on DNA—DNA hybridization. K has been chosen as 1075 s™! and the
initial DNA concentrations are 1073 M for curve A, 1075 for curve B, 1078 for curve C, 1077 for curve D, and 1878 for curve E.
The curves represent H/CT. (c) The effect of varying the length of incubation on PNA—DNA hybridization. K has been chosen
as 1075 571 and the length of incubation is 10 600 s or less for cuzve A, 200 000 for curve B, 500 000 for curve C, 700 000 for
curve D and 106 s for curve E. Eack curve is of the form H/CT. (d) The effect of DNase on DNA—RNA hybridization. In this
example, Cy,0 = 1075 M and K3 = 1073 571 - - - - represents C/Cp, ——~ 1epresents H/CT and represents H/Cq. (¢) The effect
of varying the initial RNA concentration on DNA—RNA hybridization. K5 has been chosen as 1075 s™ and the initial RNA con-
centrations are 1073 M for curve A, 107 for curve B, 1075 for curve C, 1076 for curve D and 10™7 for curve E. The curves
represent H/CT. (f) The effect of varying the length of incubation on DNA—RNA hybridization. K5 has been chosen as 1075 s71
and the length of incubation is 10 G600 s or less for curve A, 100000 for curve B, 200 000 for curve C, 500 000 for curve D,

700 000 for curve E and 109 s for curve F. Each curve represents H/Cy.

chain cleavage at a time which would result in a sumed to be a second order reaction. However, it has
change in the size distribution of the nucleic acid been shown that the observed kinetics differ significant-
molecules. As K, -is inversely proportional to the square-  ly and empiric equations have been derived [14]. Also,
root of the size of the DNA molecule [13], K is the back reaction (separation of the hybrid into two

not constant. The hybridization reaction has been as- strands) has been considered negligible in the discus-
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Fig. 2. The effect of a hybrid specific DNase on hybridization. (a) The effect on DNA—DNA hybridization. In the example chosen,
Co = 1075 Mand K3 = 1077 s _ - - - represents C/Cq, —~— represents H/Ct and represent H/Cq. (b) The effect of varying

the concentration of hybrid nucleass on DNA—DNA hybridization. Cg has been chosen as 1075 M and K5 = 1078 57! for curve

A, 1077 for curve B, 10™° for curve C, 1075 for curve D and 10™% for curve E. The curves represent &/Ct- (c) The effect on
DNA—RNA hybridization. In the example here, K3 = 1075 s7! and Cp g = 1075 M. -- - represents C/Cy, ~—— represents H/CT, and
represents H/Cq. (@) The effect of varying the length of incubation on DNA—RNA hybridization. K» has been chosen as 1073
571 and the length of incubation is 10 000 or less for curve A, 200 000 for curve B, 700 000 for curve C and 108 s for curve D. The
curves in (b) and (d) represent H/CT.

sions that follow although it is treated briefly in the DNA hybridized will be reduced. At the same time,
section on hybrid specific RNase. The curves that because of the removal of the nonhybridized DNA,
follow all represent an ““ideal™ case and therefore the fraction of the DNA remaining that is hybridized
demonstrate clearly the problems of nucleases, Ob- will be increased. An example of this is shown in
taining more exact solutions by not making the above fig. 1a. The short-dashed line represents C/Cy; the
approximations represents an academic exercise concentration of DNA falls because of degradation of
as nucleases must be avoided and data from experi- DNA by nuclease and because of formation of hybrid.
ments contzining a nuclease should not be corrected. The solid line represents H/C,. In this example, only

86% of the initial DNA hybridized; the remaining
14% of the DNA had been degraded. The long-dashed

3. DNA—DNA hybridization line represents H/Cy (which is usually determined

3.1. Single strand specific DNase experimentally); hybridization appears to be complete
as there is no single-stranded DNA remaining. How-
When a single strand specific DNase is present ever, presence of a single strand specific DNase shifts
during hybridization the non-hybridized DNA is the Cyf curve to the left. The size of the shift increases
degraded. This loss of DNA has two effects. First, with increasing nuclease concentration, time of incuba-
any degraded DNA (which would have hybridized) tion or decreasing initial DNA concentration (figs. b

can no longer form a hybrid and the total amount of and 1c). The equation relating these variables is:
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In the non-ideal case where hybridization is less than
100%, nuclease activity might be discovered because
of an impossibly high fraction of DNA hybridizing.

3.2. Double strand specific DNase

When a double strand specific DNase is present
during hybridization the hybrid is degraded. As the
hybrid rust form before it can be degraded, hybrid
concentration first increases and then decreases with
increasing time of incubation. This is shown in fig. 2a.
The solid line represents H/Cq and demonstrates the
changes in hybrid concentration. The shape of the
H/Cy curve may be abnormal. With increasing nuclease
concentration (fig. 2b), less hybrid is formed and the
Cotyy is decreased (shifted to the left). At higher
nuclease concentrations than shown in fig. 2b
Ky> 1074571, no hybrid would be detected experi-
mentally. If, instead of varying the time of incubation,
one uses a fixed incubation time, the Cyf curve is
shifted to the right; the shift increases with increasing
time of incubation. The family of curves obtained
resembles those shown in fig. 2d. Differences in Cyr
curves obtained at constant DNA concentrations as
compared to constant time of incubation are a hall-
mark of nuclease contamination. With constant DNA
concentration, high Cgt values are obtained by long
incubations so nuclease effects will be maximal at the
high values. With constant time of incubation, high
Cyt values are obtained by high DNA concentrations
so nuclease effects will be minimal at the high values.

4. DNA—RNA hybridization with RNA excess
4.1. Single strand specific DNase

The effect of a single strand specific DNase in
DNA—RNA hybridization is similar to its effect in

DNA--DNA hybridizations as is shown in fig. 1d. The
C,of curve is shifted more to the left by increasing the
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Fig. 3. The effect of RNase H on DNA—RNA hybridization.
(2) In this example, K3 = 1075 s, Ro =105 M and Co =
107% M. - - - represents C/Cq, —--— represents C;/Cy,o and
represents H/Cg. (b) The effect of varying the initial
RNA concentraticn on DNA—RNA hybridization. K3 has been
chosen as 1075 s™ and Cg as 1077 M. The initial RNA concen-
tration is 1072 M for curve A, 1073 for curve B, 1072 for
curve C, 10™° for curve D, and 107% for curve E. (¢) The
effect of varying the initial DNA concentration on DNA—-RNA
hybridization. K has been chosen as 1075 5™ and Cy g as
10™% M. The initial concentration of DNA is 10719 M for
curve A, 1078 for curve B and 1077 for curve C. Higher DNA
concentrations are not shown since under those circumstances
RNA is not in ten-fold excess. The curves in (b) and (c) re-
present H/Ct-

time of incubation (fig. le), or decreasing the initial
RNA concentration (fig. 1f) but is independent of the
initial DNA concentration. The differential equations
are readily solved to give

C/Cy= e~ (K1Cr o+ K2ht
and

KyCrg

d ~(K1Cro + KaXt ).
r,0 + KZ

H/CO=K {1 —exp(—e
1
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4.2. Hvbrid specific DNase

The effect of a hybrid specific DNase in DNA—
RNA hybridization is to decrease the fraction of
DNA hybridized. The amount of hybrid (if there is
hybrid formation) increases and then decreases with
increasing time of incubation as shown in fig. 2¢c. This
type of nuclease shifts the C, of curve to the right;
the size of the shift increasing with increasing nuclease
concentration, time of incubation (fig. 2d) or de-
creasing initial RNA concentration. It is independent
of the initial DNA concentration as can be seen from
the formulae:

C/Cq = K1Cr 0t

il
Co Ky— Ky
which are a minor modification of the equations of

a simple chain reaction consisting of two irreversible
first order reactions {15].

and
= KICO (e—KlCr,ot_ —Kzt)

4.3. Hybrid specific RNase (RNase H)

RNase H degrades the RNA in a DNA—RNA
hybrid. As RNA is initially in excess, a “steady state™
prevails with hybrid formation being almost equal
to hybrid degradation. First, hybrid forms (if possible);
the amount of hybrid then appears to be constant
and finally, as the RNA concentration falls so that it
is no longer significantly in excess, the hybrid concen-
tration falls. This is shown in fig. 3. The shape of the
C, of curve is affected by the initial concentrations of
RNA, DNA and nuclease (figs. 3b and c). Incubation
for constant time will cause the curve to shift to the
right (data not shown). The differential equations for
this reaction do not have a simple solution but a good
approximation can be obtained by dividing the reac-
tion into two components, an initial fast reaction
(during which R = Ry) and a later slow reaction
(during which dA/dz = 0). For the fast reaction

dH/df =K1Cr,0(C0 - H) —_ KzH,
so

K1Cr0Co
chr,O +K>

forO0<se<ry

H= (1 — e~ &iCr0 ¥+ K2)ry

where ;) =In(100)/(K,C, o +K5).
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Fig- 4. The effect of a single strand specific RNase on DNA—
RNA hybridiaztion. (a) In this example, Co = 1072 M, Rg =
1075 M and K3 = 1077 s72. -~ - represents C/Cq, ——— re-
presents Cp/Cy g and represents /Cp. (b) The cffect of
varying the concentration of single strand specific RNase on
DNA—RNA hybridization. In this case, Ct o has been chosen
as 1075 M and K is less than 1076 s7! for curve A, 5 X 1078
for curve B, 1075 for curve C, 2 X 1075 for curve D and 1073
for curve E. The curves represent H/Ct.

For the slow reaction with 1 > 1
dH/dr = K{C(Cy — H) — KA =0,
or

H=K[C,Co/(K\C, +K3)

and therefore

K,C.C,
dC./dr = —chr(co - H)=—KC, [CO _ M4 %o ]

K\ C +Kad
C can be approximated by numerical analysis using a
computer and the values of C; then used to calculate
H

The back reaction can be considered as a special
case of RMase H. The back reaction converts hybrid
into DNA and (intact) RNA while the digestion reac-
tion converts hybrid into DNA and ribonucleotides.
As the RNA is not digested, it remains in excess
throughout the reaction and the steady state that is
reached is the equilibrium position. Usually, this back
reaction can be ignored. However, with low DNA
and/or low RNA input, significantly less than 100% of
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Fig. 5. The effect of the addition of nucleases after hybridiza-
tion. Top: The effect on DNA—DNA hybridization. In this
figure, it has been assumed that the nuclease has destroved
half of its potential substrate (cither the hybridized or un-
hybridized DNA). reoresents H/Cg in the presence of
no nuclease or a single strand specific nuclease, - - - represents
H/Cg in the presence of a hybrid specific nuclease, — - — re-
presents H/CT in the presence of a single strand specific nucle-
ase and ——— represents H/Cy in the presence of a hybria
specific nuclease. Bottom: The effect on DNA—RNA hybrid-
ization. — represents £/Cg in the presence of no nuclease
or a single strand specific nuclease, - - - represents #/Cg in the
presence of RNase H or a hybrid specific DNase, — - — repre-
sents H/C'T in the presence of a single strand specific DNase
and ——— represants H/C in the presence of a hybrid specific
DNase.

the DNA can hybridize. The effect of concentration
on hybridization has been discussed [16].

4.4. Single strand specific RNase

A single strand specific RNase will destroy RNA
and lower the effective RNA concentration available
to form hybrid. This will shift the C, gf curve to the
right as well as decrease the final amount of hybrid
formed. The effect of this nuclease on DNA, RNA
and hybrid concentration are shown in fig. 4a. The
effect of varying the nuclease concentration or the
initial RNA concentration is shown in fig. 4b. Incuba-
tion for constant time will cause the curve to shift to
the right (data not shown). As long as the initial
RNA concentration is ten-fold greater than the DNA
concentration, the initial DNA concentration has no
appreciable effect.

5. Intraduction of nuclease after hybridization

Nuclease can be added (experimentally as well as
theoretically) at the start of the hybridization reaction
as already described (in which case there is competition
between hybridization and degradation) or after the
hybridization reaction has been stopped but prior to
determining the fraction of DNA hybridized. If Cy is
known or determined before nuclease is introduced,
only a hybrid specific nuclease will affect the results
and it will cause a decrease (by a constant fraction)
in the amount of hybrid wi.hout altering the position
of the curve (fig. 5). If instead of €y, C; is used, the
presence of any DNase will cause a shift in the curve.
A single strand specific DNase will shift the curve to
the right by log z where z is the fraction of DNA
degraded, while a hybrid specific DNase will shift the
curve to the left by log z. The effects of the various
nucleases added after hybridization on Cyt and C ot
curves are summarized in fig. 5. The difference in
shape between Cgf (fig. 5a) and C, gt (fig- 5b) curves
can also be seen; the C, 4f curve has a more rapid
transition from 0 to 100% hybridization. This is related
to DNA—DNA hybridization being a second order
reaction while DNA—RNA hybridization being a
pseudo-first order reaction (when RNA is in excess).

6. DNA—-RNA titration

In addition to C; gt analysis, DNA—RNA hybridiza-
tion can be studied by titration (or saturation) analysis
{17]. In this method, 2 constant amount of DNA is
titrated with increasing amounts of RNA, under condi-
tions that allow completion of hybridization reactions
(constant time). The titretion curve (plot of the frac-
tion of DNA hybridized versus RNA concentration)
consists of a line through the origin for DNA excess and
a horizontal line for RNA excess (assuming DNA size
homogeneity). For DNase the equations are independ-
ent of DNA concentration so that the titration curves
will be identical (except for the use of a linear rather
than a log plot) to C, ¢f curves obtained with constant
times of incubation (figs. If and 2d). The single strand
specific DNase will increase the slope of the line while
the hybrid specific DNase will decrease the slope of
the line. The analysis will appear normal although the
slope of the line has chanzed. The presence of RNases
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produces more complications since the equations are
dependent on the initial DNA and RNA concentra-
tions as well as on the time of incubation and the
amount of nuclease. A single strand specific RNase
will decrease the slope of the line. RNase H alters the
shape of the curve by causing the line to intersect to
the right of the origin (as with DNA excess and long
incubations, all the hybrid will be degraded). This
nuclease also decreases the slope of the line. Therefore,
neither C_ g analysis nor titration analysis is safe
from the artifacts produced by nuclease contamina-
tion.

7. Discussion

Nucleic acid hybridization has been used in a wide
range of biologic studies. However, very few studies
have determined that no nucleases were present
[5.,9]. Figs. 1—5 show for the ideal case how the
presence of each type of nuclease can alter a Cyt (or
C, of) curve. The type of alteration is determined by
the specificity of the nuclease while the magnitude
of the alteration is determined by the amount of
nuclease (as well as length of incubation and concen-
tration of substrates). Only in the cases of a hybrid
specific DNase (on Cypt curves) and RNase H (on
C; of curves) does the fraction of DNA hybridized
(H/Cy) decrease with increasing Cyf (or C; f). With
all other nucleases, the curves have approximately
the same shape as in the absence of nuclease. The
maximum amount of DNA hybridized can be less than
100% in the presence of ribonucleases and in plots of
H/C,,. However, hybridization in the absence of
nuclease is rarely 100% and it may be impossible to
distinguish between imperfect hybridization and the
presence of a nuclease. When DNA is not a single
species but a complex mixture of DNA’s or when the
nucleic acids to be hybridized are not good comple-
ments, the amount hybridized can be very low [18].
In the other cases, the sole effect of the nuclease is to
shift the position of the curve. A single strand specific
DNase shifts the curve to the left while an RNase or a
double strand specific DNase shifts it to the right. As
most experiments are performed to determine the
Cyty2- the presence of a nuclease will change the ex-
perimental Cgty/y.

Under optimal conditions for a nuclease (for

example Tl RNase [19]) a low concentration of
nuclease (i.e. 0.02 ug/ml) will give effects similar to
those presented. Fortunately, hybridization conditions
(at high temperatures or in the presence of formamide)
are far from optimal for nucleases; however, nucleases
can cause degradation under hybridization assay condi-
tions [20]. While Harrison et al. [4] found only
negligible DNA degradation at a Cytf of 8000, some
degradation occurred after incubation to a Cyt value
of 80000. If this degradation was due to nuclease,
longer incubation times or lower DNA concentrations
could have led to spurious results.

As the presence of a nuclease cannot always be
determined by inspection of the experimental data
(since the curves can be changed in regard to position
rather than shape), the best way to handle the problem
of nucleases is to avoid them by scrupulous attention
to technique (i.e. autoclaved solutions, rubber gloves,
etc. [21]). Simultaneously, the presence of nuclease
should be searched for, eithar using standard nuclease
assays or by taking advantage of the fact that the use
of different initial RNA (or DNA) concentrations
will give different curves in the presence of nuclease.

If an experiment measures different fractions hybrid-
ized at a Cyt (or C g?) value obtained with different
values of Cj; or C. o, this can be taken as evidence for
the presence of a nuclease. Repeating nucleic acid
hybridizations under different conditions (j.e., con-
stant time of incubation versus constant nucleic acid
concentration) provides a control for the presence of
nuclease as well as determining the reproducibility of
the results.
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