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ABSTRACT

Almost all DNA and RNA metabolizing enzymes can be assayed rapidly and
very sensitively by exploiting the enhanced fluorescence of ethidium inter-
calated into duplex DNA or RNA. Denatured DNA and natural RNAs contain
duplex regions due to intramolecular hydrogen-bonding and can also be sensi-
tively measured. Where the product is truly single-stranded (e.g. dTn) it
can be assayed by adding the appropriate complementary strand (e.g. dAn or
rAn). Some of the assays described provide information not readily obtained
by other assay procedures. Among the enzymes readily assayed are DNA and
RNA polymerases, terminal deoxynucleotidyl transferases, nucleases of all
varieties (e.g. single-strand specific, endonucleases including for example
AP endonucleases, exonucleases, RNase H, etc.), ligases, topoisomerases
including gyrases, and indirectly enzymes such as proteases and superoxide
dismutase. DNA binding proteins such as histones and helix destabilizing
proteins can also be quantitatively assayed.

INTRODUCTION

In the preceding paper we have described the application of ethidium
fluorescence assays to physicochemical studies of nucleic acids. This
second review article will extend these applications to enzymological
studies and protein-nucleic acid interactions. The assays all rely upon
the enhancement of fluorescence given by ethidium on intercalating duplex
nucleic acids (1). Thus enzymes (such as polymerases, nucleases, ligases,
topoisomerases, gyrases and DNA binding proteins)which directly or indirectly
affect the number of ethidium bindings sites can be rapidly assayed. By
suitable manipulation of the basic assays, enzyme activities not obviously
associated with nucleic acids such as proteases or superoxide dismutases
can also be measured. Assays for topoisomerases and ligases using ethidium
fluorescence have been described by other authors (2-4) but a unique feature
of the assay as developed in this laboratory is the use of a high pH ethidium
buffer (5-8).
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METHODS

Most of the methodology has been detailed in Part I along with a des-

cription of the chemicals, DNAs and RNAs used here. A description of

reaction conditions and procedures is given in the figure legends. In general

these procedures were as follows:

Each reaction was carried out in a 50-100 jl volume and samples of 5-

20 pl were removed at appropriate times. These were added directly to 2 ml

of ethidium solution where the high dilution and EDTA stop most reactions

(however, see exception below).

Synthetic single-stranded polymers (e.g. dTn) are assayed by hybridizing
them to a 1.5 to 2 fold excess of the complementary strand (e.g. dAn or rAn)

in a small ( 50 pl) volume at the bottom of a 10 x 75 mm test tube. The

presence of 50 mM NaCl (or KGl) encourages reannealing and brings it to

completion within 10 minutes. 2 ml of ethidium solution is then added to

this newly formed duplex.

The pH 8 and pH 12 ethidium assay solutions have been described in the

preceding review. Table I of Part I summarizes the properties of each.

Heat denaturation was accomplished as in Part I. Enzymes were prepared or

obtained from the following sources: DNA ligase; the ATP dependent form
from T4 infected E. coli was purchased from P-L Biochemicals (Milwaukee,
Wisc.); DNA polymerase I (fraction V) was prepared from E. coli B cells
(Grain Processing Co., Muscatine, Iowa) according to the procedure of Jovin

et al. (9); Deoxyribonuclease I from bovine pancreas was purchased from

Wbrthington Biochemical Corp. (Freehold, N.J.); Exonuclease III from E. coli

copurifies with DNA pol I (10) and separates on Sephadex C-100 chromatography;
Gene 32 protein from T4 infected E. coli was prepared according to Alberts

and Frey (11); Histones - whole trout testis histones were a gift from Dr.

Gordon Dixon; Polynucleotide phosphorylase was identified as a contaminant

copurifying with E. coli RNA polymerase (12); Pronase, B grade, was pur-

chased from Calbiochem (San Diego, Cal.); RA polyerase from E. coli was

prepared according to (13); Ribonuclease I "A" from bovine pancreas and

Ribonuclease H from E. coli were purchased from P-L Biochemicals; S1 nuclease

was prepared according to (14); Terminal deoxynucleotidyl transferase was

prepared from calf thymus according to (15); Topoisomerase ("w" protein) was

prepared from calf thymus according to (7); Trypsin was from the Sigma
Chemical Co. '(St. Louis, Mo.).

The DNAs and chemicals nor already described in Part I include the

following: d(pT)4 was a gift from Dr. H. van de Sande; gelatin was pur-
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chased from Fisher Scientific (Pittsburgh, Pa.) and partially hydrolyzed

before use by heating overnight at 960; dithiothreitol (A grade) was pur-

chased from Calbiochem. Buffers (sodium acetate, potassium phosphate and

Tris-HCl) were prepared and titrated as 1.0 M solutions. These were then

diluted as required. Other chemicals were of reagent grade or better.

A. laidlawii B membranes were a gift of Dr. R. McElhaney.

RESULTS AND DISCUSSION

(a) DNA polymerases

The synthesis of duplex DNAs can be conveniently followed by the pH 8

or pH 12 fluorescence assays. These have already been described (16). In

particular the pH 12 assay allows a simple determination of the amount of

clc DNA generated during replication of DNA by E. coli DNA polymerase I

(17). In Fig. la the assay is extended to the replication of synthetic DNA

polymers (pH 8 assay) containing unusual bases, d(TC)n*.d(IA)n and d(BrUC)n*
d(GA)n . Such novel DNAs have been used in studies on multi-stranded

complexes, as well as replication studies. As can be seen for the synthesis

of d(BrUC) nd(GA)n there was excellent net-fold synthesis. The reaction was

initiated with d(TC)nd(GA)n and approximately 200 fold synthesis over input

template was obtained. The purilied d(BrUC),.d(GA)n showed a lower fluores-

cence enhancement for intercalated ethidium than the standard calf thymus

DNA (52 units/10 1il at 1 A260 compared to 70 for calf thymus DNA in the pH 8

ethidium assay). No clc DNA (as is usual for d(pyrimidine)nd(purine)n DNAs)

was obtained as shown by lack of fluorescence after heating the samples (17).

The template was also readily degraded by the exonuclease actions of DNA

polymerase I as indicated by the rapid drop in fluorescence once the sub-

strates are exhausted. The extent of synthesis can be measured almost

immediately by the fluorescence readings; thus in preparative reactions

where maximum synthesis is required, a small sample of the main reaction

mixture is incubated a convenient time before the bulk reaction in order to

determine precisely when to terminate the reaction.

Another useful feature of the fluorescence assay is that the synthesis

of the contaminant d(AT)n, is readily detected by a return of fluorescence

after heat. DNA polymerase I will synthesize d(AT)n in the absence of a

template (18) or often when a template is very slowly replicated. This is

illustrated in Fig. la by the synthesis of d(TC)n-d(IA)n. Here synthesis

was slow and the level of polymerase was rate limiting. Although initially
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no clc DNA was detectable, it finally appeared after 35 hours of synthesis.

In general there are two ways of determining if the clc DNA is a result of

replication of the polymer or due to d(AT)n synthesis taking over. The use
of the pH 12 assay solution is described in Part I. A second distinguishing
feature of d(AT)n is that in spite of its duplex structure it is sensitive
to S1 nuclease and exonuclease I (19).

In Fig. lb the replication of a natural DNA, S1 nuclease nicked PM2
DNA, is shown using the pH 12 assay solution. Essentially all the product

was clc DNA since the after-heat fluorescence paralleled the before-heat
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Figure 1. DNA polymerase. (a) Replication of synthetic DNAs. Reaction
conditions were as described previously (16). At high levels of DNA syn-
thesis <10 pl samples were taken in order to be within the linear range of
the fluorescence assay but the readings were all normalized to the equiva-
lent of a 10 Pl sample. 0 = d(r_UC)n-d(GA)n synthesis with 2 mM dBrUTP
substituted for dTTP and 0.1 A260 d(TC)n-d(GA)n as template. Samples (2-
10 4l) were withdrawn and the fluorescence read in 2 ml pH 8 buffer. 0 =
d(TC)n-d(IA)n synthesis with 2 mM dITP substituted for dGTP and 0.4 A260
d(TC)n*d(GA)n as template. Polymerase levels were doubled at the time
indicated. 5 4l samples were withdrawn and the fluorescence read in pH 8
ethidium buffer before (a) and after (3) heat. Appearance of after heat
fluorescence represents d(AT)n synthesis. (b) Replication of natural
circular DNAs. Sl endonuclease nicked PM2 DNA was prepared as described in
Fig. 7. Reactions (100 p1l) contained 1.0 A260 DNA and 5 p1l samples were
taken into pH 12 buffer. 0 = before heat fluorescence; O = after heat
fluorescence. The inset shows a schematic illustration of this reaction.
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fluorescence, except in the initial stages. This point is discussed in
detail in the following papers on DNA replication, but is observed only
with circular DNAs and not linear ones (see for example ref. 17, Fig. 8).
This is interpreted as being due to topological constrictions which clc DNA

would impose on circular DNAs limiting the amunt of ethidium that can bind
(see Part I and inset Fig. lb). Thus the fluorescence assay gives additional
information not so readily obtained by radiolabel assays. However fluores-
cence assays do not reveal nick translation (20) which can be monitored by

incorporation of radiolabels. Coupling of the two types of assay can there-
fore be very useful.

DNA synthesis by terminal deoxynucleotidyl transferases (21) gives rise
to DNAs which are not duplex and in fact are frequently homopolymers since
they are usually synthesized with only one deoxynucleoside triphosphate
present. Fig. 2 shows how, nevertheless, the fluorescence assay can still
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Figure 2. Terminal deoxynucleotidyl transferase. The reaction (100 4l)
contained 50 pM d(pT)4_5 and involved polymerization of thymidylate residues
from dTTP onto the d(pT)4-5 primer, using the conditions of (21), and 100
pg/ml terminal transferase. The dTn was assayed by annealing 10 p4 samples
to 20 p4 rAn (1 A260) + 10 4l 4 M KC1 for about 5 minutes and then adding
pH 8 ethidium assay solution for measuring the dTn rAn duplex.
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be utilized by adding samples of the reaction mixture to an excess of com-
plementary strand. Using d(pT)4 as the primer and dTTP as the substrate,

dTn synthesis was quantitated by adding samples to excess rAn The duplex
dT *rA was then measured by ethidium fluorescence, excess rA giving non n n
contribution. rA was used rather than dA as the complementary strandn n
because it is both cheaper and also the resulting DNA-RNA duplex provides
a slight increase in sensitivity over the DNA-DNA duplex (rU10%).
(b) RNA polymerase

A very sensitive assay for RNA polymerase is to use d(AT)n as the
template since in 0.2 M KC1 many hundred rounds of transcription can be
made to occur. Furthermore minute amounts of d(AT)n contaminating other
DNA polymers can be quantitated (16). The product of transcription r(AU)n
is of course itself self-complementary, and can be readily measured by the
fluorescence assay (Fig. 3a). We have found this the most convenient way
to assay for RNA polymerase during purification. The synthesis of other
RNAs can also be monitored. In studies involving synthetic polymers the
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Figure 3. RNA polymerase. (a) Synthetic DNA templates. Reactions (100 pl)
were as described previously (47) except that the templates were d(AT)n
(1.0 A260, 0-0); d(TG)n-d(CA)n (1.1 A260, x-x) and d(TC)n-d(GA)n (1.5 A260,
3- c3). The ribonucleoside triphosphates were 1 mM each and only ATP and

UTP were present for r(AU)n synthesis. (b) E. coli DNA. The reaction was
as above except that the template was E. coli DNA (1.0 A260) and RNA poly-
merase was at 0.18 mg/ml.
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synthesis of RNA can be followed by the fluorescence assay if both strands
are transcribed to give a duplex RNA (Fig. 3a). For r(UG) n.r(CA)n and
r(UC)nr(GA)n there was poor synthesis compared to net input of DNA template.
As shown from radiolabelling assays one strand is often synthesized in
excess and this was also shown by the fluorescence assay by adding back
either isolated single strand under annealing conditions as for the terminal
deoxynucleotidyl transferase assays already described. In Fig. 3b the syn-
thesis of RNA off a natural DNA (E. coli) is shown. The product enhances
the ethidium fluorescence because it contains about 50% of self-complementary
regions (22). The fluorescence at zero time is due to the E. coli DNA
template. That RNA is indeed being synthesized is quickly ascertained by
adding 1 1il of RNase A (20 mg/ml) directly to the pH 8 ethidium assay
solution. Under these conditions the RNA is degraded within seconds to
give fluorescence only due to the DNA template (see nuclease section below).
(c) Nucleases

(i) Single strand specific

S1nuclease is the most comnly used single-strand specific nuclease.
It is readily assayed using the pH 8 ethidium assay solution since the
"single-stranded" natural DNA substrates used for the assay of this enzyme
contain short intra-molecular base-paired regions (see Table I, Part I).
This means a loss of sensitivity over native DNA of only about 2 fold in the
fluorescence assay. Fig. 4 illustrates the specificity of S1 nuclease using
native DNA and heat-denatured DNA. Note that different levels of native and
denatured DNAs were used.

(ii) Exonucleases

Fig. 5a shows the action of exonuclease III on the synthetic DNA

d(TCC)n d(GGA)n using the pH 8 ethidium assay. Exonuclease III digests a

duplex DNA from the 3' end of both strands simultaneously. Under the condi-
tions of the nuclease digestion protruding complementary 5' ends rapidly
reanneal so that for synthetic DNAs one would expect the digestion to

continue until no duplex remained. However exonuclease III treatment of

synthetic DNAs usually leads to preferential digestion of one strand (assayed
by adding back the complementary strand under annealing conditions to reform
a duplex) which has proved useful, for example, in isolating single-stranded
d(GA)n from d(TC)n.d(GA)n (unpublished results). With natural DNAs the

protruding "denatured" DNA left by exonucleolytic action can be made
genuinely "single-stranded" in the pH 12 ethidium assay solution although
for comparable levels of exonuclease III the reaction is much slower than
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Figure 4. S1 endonuclease susceptibility of native and heat-denatured calf
thymus DNA. Reactions (100 4l) contained 1.5 A260 native DNA (0-0) or 1.1
A260 (before heating) heat-denatured DNA (0-0), 50 mM NaOAc pH 5, 50 pM ZnC12
and 7 pg/ml S1 nuclease, with incubation at 370 and 10 1l samples were
added to 2 ml of pH 8 ethidium assay solution.

with synthetic templates.

(iii) Ribonucleases

RNase A (pancreatic) is most active at low salt concentrations and in

the absence of Mg since a single-stranded substrate is required. This

has proved useful in rapid tests on crude cell extracts (see Part I) since

the RNase A can be added directly to the pH 8 ethidium assay solution where-

upon any fluorescence due to RNA rapidly disappears. A distinction can be

made between "single-stranded" natural RNAs, such as phage R17 RNA and

completely duplex synthetic RNAs (such as r(UG)n. r(CA)n) in their sensiti-

vities to RNase A by raising the salt in the ethidium assay solution to

0.1 M in KC1. Under these conditions essentially all the R17 RNA is rapidly
degraded while r(UG)nr(CA)n is degraded at a much slower rate. The rapid
degradation of even duplex RNA in the standard fluorescence assay is due to
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Figure 5. Nuclease assays. (a) Exonuclease III. Reactions (50 ili) con-
tained 1.4 A260 d(TCC)n*d(GGA)n, 50 mM Tris -HC1 pH 7.6, 10 mM DTT, 10 mM
MgC12, 1 mg/ml gelatin and exonuclease III at 4.3, (0-0); 0.43 (a -a) and
0.043 (x-x) pg/ml, at 370 and 10 4l samples were added to the ethidium pH 8
buffer. (b) Ribonuclease H. Reactions (50 4l) were those of ref. 48 and
contained 0.5 units of enzyme (as defined by PL Biochemicals) at 37°, and
10 pl samples were added to the pH 8 ethidium buffer. The r(GA)n*d(TC)n
template was prepared by annealing 20 p4 of r(GA)n (3.9 A260 S = 8,800) to
25 p4 d(TC)n (2.7 A260, e = 7,500) by cooling from 50° slowly in 10 mM Tris-
HCl pH 8, 0.1 mM EDTA. r(GA)n.d(TC)n was present at 140 IM (P) in the
reaction (0-0). Two controls to show that the r(GA)n strand was uniquely
degraded in the DNA-RNA hybrid are shown. r(GA)n was substituted for r(GA)n*
d(TC)n in the reaction (a-a) at 70 liM (P) and it was detected fluorimetric-
ally by annealing 10 p4 samples with excess d(TC)n (5 pl, 360 lM (P) + 5 pl
4 M KCl) and then adding the ethidium pH 8 buffer. Also the specific loss
of r(GA)n in the original reaction mixture was demonstrated by adding 10 4l
samples to excess r(GA)n (3 4l, 440 pM (P) + 5 4l 4 M KC1) (x-x) giving
essentially constant fluorescence with time. (c) Polynucleotide phosphory-
lase. The enzyme was assayed by the phosphorolysis of rAn. The reaction
(100 4l) contained rAn (0.5 A260) and crude RNA polymerase (fraction 4 of
ref. 49, 3.8 ig) with (a-a) or without (0-0) 10 mM KPi, pH 7.5. Samples
(10 PU) of the reaction were annealed to excess rUn (10 p4, 1 A260) in the
presence of 20 pl of 2 M KC1, before adding the pH 8 ethidium buffer.

more extensive breathing and possibly slippage which can occur at very low

ionic strengths.
RNase H activity (specific for RNA in a DNA.RNA duplex) is assayed as

in Fig. 5b. The synthetic hybrid d(TC) .r(GA)n i readily degraded by RNase

H whereas r(GA)n is unaffected (assayed by adding back excess d(TC)n). As
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a further control excess r(GA) was added back to the RNase H treatedn
duplex d(TC) n.r(GA)n to show that the original fluorescence is recovered and
therefore the r(GA)n strand was specifically degraded, not the d(TC)n strand.

(iv) Polynucleotide phosphorylase
Polynucleotide phosphorylase can act synthetically or degradatively.

In Fig. 5c contaminating polynucleotide phosphorylase in an RNA polymerase
preparation was detected by the phosphorolysis of rAn. The loss of rAn was
followed by a prior annealing to rUn before the ethidium assay solution was
added. The strict dependence of degradation on phosphate characterized the
contaminant as polynucleotide phosphorylase.

(v) Endonucleases

These are most sensitively assayed by the ethidium fluorescence assay

using circular DNAs. The method has already been described (2,6) and is
illustrated further here to emphasize some of the unique aspects of the

assay. First its sensitivity is extremely high; pg quantities of pancreatic
DNase are readily detected. The assay depends as detailed in Part I, on

the renaturability of ccc DNA in the pH 12 ethidium assay, due to its unique

topological properties, i.e. that the complementary strands are topologi-
cally linked and behave like clc DNA. A single phosphodiester bond break
allows the strands to separate. The advantage of the pH 12 assay is that

two independent readings are obtained for each sample (before and after
heat) giving a redundancy of information. In Fig. 6a DNase at 0.2 ng/ml
was readily detected using PM2 DNA ("' 6 x 10 daltons). For X DNA circles

O. 3 x 106 daltons) the sensitivity would be 5 times higher. For comparison
a hyperchromicity assay is shown in Fig. 6b which is about 5,000 fold less
sensitive.

The second unique aspect of the assay already mentioned is the redun-

dancy of information. In Part I the usefulness of this fact was illustrated
by the ability to measure sinultaneously both cross-linking and nicking by
mitomycin. With nucleases one use of this redundancy is that the volume of

sample assayed does not have to be known. This can be especially useful in

assaying extremely small volumes, for example less than 1 pl. A further
feature of this redundancy of information is that if the increase in fluores-
cence before heat does not match the decrease after heat (for accurately
measured volumes) then one must suspect that more than one enzyme activity
is present. In ref. 23 for example the action of both topoisomerases and

nucleases were detected in the same reaction.

A third useful feature of using ccc DNAs for assaying endonucleases is
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Figure 6. A comparison of hyperchromicity and fluorescence nuclease assays.
(a) The fluorescence assay. The reaction (100 ul) contained 50 mM Tris-HC1
pH 8, 5 mM MgC12, 1.2 A260 ccc PM2 DNA, 1 mg/ml gelatin and 0.2 ng/ml DNase
I. Incubation was at 230 and 10ulO1 samples were taken into 2 ml pH 12
buffer. 0 = before heat; S = after heat. (b) Hyperchromicity assay.
Reactions (500 ipl) were as above except 1.0 A260 calf thymus DNA was used
instead of PM2 DNA. Incubation was at 23° and the absorbance followed at
260 nm. O = 100 ng/ml; x = 1 ng/ml.

that flexibility can be introduced into the assay by appropriately modifying

the substrate DNA. These will not be detailed here but some examples will

be mentioned. The depurination of ccc DNA has been followed by the suscep-

tibility of the depurinated site to alkaline cleavage. Using the fluores-

cence assay we have prepared ccc DNAs containing at least one depurinated

site per DNA molecule (24). These have proved useful and sensitive substrates

for looking at AP endonucleases, although in this case only the fluorescence

increase could be utilized to measure AP endonuclease activity since the

substrate is sensitive to heat in alkali. The sensitivity was increased by

using topoisomerase-relaxed ccc PM2 DNA (see Part I). N-glycosidases (25)
can in principle also be assayed by coupling such enzyme activities with AP

endonucleases. Other nucleases have been found specific for carcinogen

modified DNA (26) and again the fluorescence assay should be useful in

screening as well as the characterization of such enzymes. More recently it
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has been found that nucleosides can be enzymatically inserted into AP sites

on DNA (27) which would now become insensitive to AP endonuclease action

(or alkali). With the proliferation of enzymes of known action and by suit-

able modification of the DNA substrate, the fluorescence assay can be used

in almost any conceivable situation involving nucleases, and should be of

help in studying such complex phenomena as repair and recombination.

(d) Ligases

The ligase assay is the reverse of the above endonuclease assay; oc

DNA is converted to ccc DNA. Therefore the before heat fluorescence drops

as ccc DNA is formed due to topological constraints on ethidium binding

whilst the after heat fluorescence increases as expected of ccc DNA. When

all the oc DNA is converted to ccc DNA then (Fig. 9) the before and after

heat fluorescence readings should be identical. Since there is approximately

a 100% increase in fluorescence on nicking relaxed ccc DNA, the drop in

fluorescence before heat should match the rise in fluorescence after heat.

Fig. 7 illustrates the ligase assay and bears out the above predictions,

except that the DNA was not converted fully to relaxed ccc DNA, probably

because the substrate contained some unrepairable gaps. The substrate for

the ligase was prepared by S1 nuclease treatment of ccc PM2 DNA. Sl nuclease

cuts supercoiled DNA much more rapidly than relaxed ccc DNA because super-

coiled molecules contain regions which are partially denatured by the

positive free energy of supercoiling (28). The moment the supercoiled
molecule is nicked by S1 nuclease, it immediately relaxes and becomes a

poor substrate for the further action of the nuclease. Fig. 7 shows that

about 70% of the substrate could be closed by ligase at the highest level

of ligase used. The remaining 30% of the DNA probably contained both gaps

(DNA polymerase I repair increased the final level of ccc DNA) and other

structures not fully characterized. For example, S1 nuclease can also

introduce double-strand breaks (29). The sensitivity of the assay compares

very favorably with that of Modrich and Lehman (30) whose units are used in

the legend to Fig. 7. Their assay depends on the formation of d(AT)n
circles resistant to exonuclease III. The other commonly used assay for

T4 ligase measures the exchange of 32PP with ATP (31). Only those ligasesi
requiring ATP as the cofactor can be assayed in this manner. Also this

fluorescence assay is more enzymologically relevant in the sense that other

enzymatic reactions can give rise to 32PP exchange; e.g. starch synthetase
in plants (32).
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Figure 7. Ligase. The substrate, Sl nicked oc PM2 DNA, was prepared as
follows: the reaction (200 4l) contained 50 mM NaOAc pH 5, 10 mM ZnC12,
0.3 M KC1, 5 A260 PM2 DNA (80% ccc) and 7 pg/ml Sl nuclease, incubated at 40
for 36 hours (till no fluorescence remained after heating in the pH 12
ethidium buffer, incidating all the ccc DNA had been nicked). The oc DNA
was purified by gel exclusion chromatography on Biogel A 1.5 m, 50-100 mesh.
The ligase reaction (50 4l) contained 20 mM Tris-HCl pH 7.6, 10 mM DTT, 1
mg/ml gelatin, 10 mM MgC12, 5 mM ATP, 1.4 A260 Sl-treated PM2 DNA and ligase
at 0.0015 (0-0), 0.003 ( *- O) and 0.009 (o -a) units (30). Incubation was
at 30° with 10 p4 samples added to the pH 12 ethidium buffer. The filled
symbols show the fluorescence remaining after heating.

(e) Topoisomerases and Gyrases

An ethidium fluorescence assay has been used extensively in this and

other laboratories for the purification and characterization of topoiso-
merases and gyrases (3,4,7,23,34-37). Since these enzymes change the

topological winding number of ccc DNAs, they also affect the amount of

ethidium that can be bound. The more negatively supercoiled a DNA is, the

greater the amount of ethidium bound (33). Fig. 8 is a typical example of

a fluorescence assay in which native ccc P12 DNA is relaxed by partially
purified calf thymus topoisomerase. Since eucaryotic topoisomerases are
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active in the presence of EDTA (38), they can be assayed in crude extracts

from nuclei (or whole cells) without interference from contaminating

nucleases. It is possible to detect topoisomerase activity in as few as

10 HeLa cells using the fluorescence assay. For native ccc PM2 DNA there

is a fluorescence decrease of about 30% on complete relaxation by topo-

isomerase. In the absence of contaminating oc DNA the before and after

heat fluorescence readings for any particular time point would be identical

(Fig. 9). However in practice two parallel curves (Fig. 8) are obtained

due to contaminating oc DNA which remains constant throughout the time

course of the reaction.

A similar assay can also be used for DNA gyrases. Gyrases insert

negative supercoils into relaxed or partially relaxed ccc DNAs by utilizing

the free energy of hydrolysis of ATP. Topologically, this is the reverse

of the topoisomerase reaction and results in an increase in ethidium

60
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Figure 8. Topoisomerase. The reaction (100 Wi) contained 0.2 M KC1, 0.1 mg/
ml gelatin, 10 mM Tris-HCl pH 8, 1.5 A260 PM2 DNA, 2 mM EDTA and 11 pg/ml
crude calf thymus topoisomerase (7), at 370 with 10 p1l samples added to pH
12 ethidium buffer. The filled symbols show the fluorescence after heating.
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fluorescence. The assay has been used by others and typically with relaxed
DNA a 50% increase in fluorescence is obtained (37).

Fig. 9 summarizes the 4 assays involving ccc DNA. It should be stressed

that the endonuclease and ligase assays both give a redundancy of information

which can be exploited as described above. This is not the case for the

topoisomerase and gyrase assays. However if there are other contaminating

activities, especially nucleolytic, there are readily detected by an

increasing divergence in the before and after heat fluorescence readings.

Topoisomerases have also been used in an assay for the determination

of the superhelix density of a ccc DNA or the unwinding angle caused by an

intercalated drug (39). Since large quantities of calf thymus topoisomer-

ase can be rapidly prepared it is a useful, inexpensive reagent. Fig. 10

z

thsoted 1

U.

TIME -*

Figure 9. Idealized curves summarizing fluorescence assays that use circu-
lar DNAs as substrates. (a) Endonuclease nicking of superhelical DNA. (b)
Ligase closure of nicked oc DNA. (c) Gyrase insertion of negative super-
helical turns into relaxed ccc DNA. (d) Topoisomerase relaxation of nega-
tive superhelical DNA.
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Figure 10. Superhelix densities and unwinding angles of intercalators.
Reactions (50 p.l) contained 0.1 M NaCl, 0.3 mg/ml gelatin,
10 mM Tris-HCl pH 8, 2 mM EDTA and 1.5 A260 ccc PM2 DNA ("'10%. contaminated
with oc DNA). To these 50 pl solutions were added 1 pl of varying concen-
trations of spermine bisacridine and 2 pl of crude calf thymus topoisomerase
(shown in Fig. 8 to completely relax the DNA) with incubation at 370 for 30
min. D/P represents the molar ratio of drug to DNA phosphate. The fluores-
cence of duplicate 20 4l samples were read in the pH 12 ethidium buffer after
heating (0-0). The filled circles are controls to which no topoisomerase had
been added,without drug and at the highest concentration of drug. The super-
helix density or unwinding angle can be calculated from the cross-over point
as described in (39).

shows the titration of the superhelical turns of PM2 DNA with spermine

bisacridine. The open circles are data points derived from reaction

mixtures to which topoisomerase has been added. It can be seen that the

fluorescence of ethidium in the pH 12 buffer after heat (and thus the

superhelix density of the DNA) increases with increasing concentrations of

spermine bisacridine in the reaction mixture. The filled circles are data

points derived from "control" reaction mixtures to which no topoisomerase
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has been added. The line joining these two points has a slight negative

slope due to the binding of a small amount of spermine bisacridine even in

the pH 12 assay solution. The point at which the two lines cross represents

the equivalence point of the titration since at this point the ccc DNA has

been relaxed by the binding of the drug and the topoisomerase has had no

effect. Further details are given in ref. (39) but it is evident that if

the unwinding angle of the drug is known the superhelix density of the ccc

DNA can be determined from the D/P ratio at the "cross-over", or conversely

if the superhelix density of a standard DNA is known the unwinding angle of

the drug can be estimated. The assays can be done within about three hours

with less than 1 OD260 of DNA. The decrease in fluorescence at very high

levels of drug is due to topoisomerase inhibition. The initial linearity

shows that the amount of ethidium bound in the fluorescence assay is

directly proportional to the superhelix density. A word of caution with

respect to the superhelix densities of ccc DNAs; for PM2 phage DNA, dif-

ferent preparations can sometimes give quite different superhelix densities

(unpublished data). Therefore it is dangerous to assume any DNA has a

literature value superhelix density until it has been titrated against a

standard drug such as ethidium, most simply as described above.

(f) DNA Binding Proteins

We have found that many DNA binding proteins can be studied by fluores-

cence assays. Histones block ethidium binding to duplex DNAs while gene 32

protein stabilizes single-stranded regions. Protein binding in both cases

can be followed because of the resulting loss of fluorescence and this is

illustrated in Fig. 11. The stoichiometry of histone binding agrees well

with that reported by other methods (40).
In the case of gene 32 much more protein is bound her nucleotide

residue than for the histone complex ("lOx) again as reported in the liter-

ature (11). We have found these interactions particularly useful in

assaying gene 32 during purification. Aliquots of column fractions are

added to denatured DNA, and then the ethidium pH 8 assay solution is added

and the fluorescence measured. A dip in the fluorescence plot indicates the

presence of gene 32 or nucleases. These are readily distinguished by heating

the ethidium solution. For gene 32 the fluorescence increases to the control

level whereas for nucleases it may even decrease further.

(g) Other Applications

The fluorescence assay can also be used to measure some enzyme activi-

ties which are not obviously associated with nucleic acids. Figure 12 shows
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Figure 11. Histone and gene 32 binding to calf thymus DNA. Whole histones
were mixed with DNA in 25 l reaction mixtures containing 84 wg/ml calf
thymus DNA, 10 mM Tris-HCl pH 8, 0.1 mM EDTA, 20 pg/ml gelatin and whole
histones at the weight ratio given. These were incubated at 370 for 30 min
witilO 4l aliquots added to 2 ml of pH 8 fluorescence buffer ( *- O.). The
inter section represents 1 mole of histone complex (MW "'130,000) per 190
base pairs (MW "'660). Gene 32 protein was mixed with heat denatured DNA in
30 p4 reaction mixtures containing 33 mM Tris-HCl pH 8, 40 mM KC1, 35 pg/ml
calf thymus DNA and protein at the weight ratio given. These were incubated
at 37° for 90 min and the entire sample (30 4p) transferred to 2 ml pH 8
buffer. The loss of fluorescence (0-0) represents gene 32 destabilization
of short intramolecular duplexes in the denatured DNA.

how it can be converted into a novel protease assay. The digestion of

histone/DNA complexes by trypsin or pronase causes a return of ethidium

fluorescence. Note that these proteolytic assays were carried out directly

in the ethidium assay solution, i.e. under very dilute substrate conditions.

For an increase in sensitivity the assays should be done on complexes with

DNA at around 1 A260 and 10 4l samples are then added to the ethidium assay

solution. It also should be noted that many proteolytic substrates could

be generated with different DNA binding proteins which bind either duplex

or denatured DNA or RNA.

The measurement of the activities of xanthine oxidase and superoxide

dismutase (8) provides a final example of the wide applicability of these
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Figure 12. Proteases. The reactions were carried out directly in the pH 8
fluorescence buffer to which had been added 15 jl of histone/DNA complex
(1.3:1, w:w) prepared as described in Fig. 11. To this was added the indi-
cated levels of protease and the reaction followed directly in the fluori-
meter at 250. 0 = pronase, 1 ig/ml; *= trypsin, 0.5 ug/ml.

assays. Xanthine oxidase in the presence of xanthine generates superoxide
radicals which will cause breaks in DNA. Using ccc DNA as a substrate the

cleavage reaction is readily followed in the pH 12 assay solution (see
nuclease section above). Superoxide dismutase inhibits the cleavage
reaction by dismutating superoxide radicals and thus it, too, can be

rapidly assayed. Further details of this coupled enzyme assay are given
in ref. (8).
(h) Controls and Interferences

Before concluding it is appropriate that sources of error and inter-

ference be discussed. These can be divided into two broad categories,
interferences that directly affect fluorescence measurements and sources of

error peculiar to the use of ccc DNAs.
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TABLE I

Maeila % change in % change in
Material | pH 8 fluorescence pH 12 fluorescence

Lipids and detergents c
10% sarcosyl not sig. not sig.
10% SDSb not sig. ppt's
10% SDS + 30% ppt's
3.5 mg/ml A. laidlawii
membranes +120% +40%

Organic solvents
acetone + 5% not sig.
EtOH + 4% not sig.

Proteins
10 mg/ml gelatin b not sig. not sig.
1 mg/ml RNA polymerase - 8% not Sig.

Salts
4 M NaCl -11% -12%
1 M NaCl - 2% - 4%
1 M MgCl2 -76% ppt's
sat.CsCl -30% -23%

Miscellaneous
1 mM spermine bisacridine -100% not sig.

a10 Ul samples were added to 2 ml of ethidium buffer containing 70 F8 or
50 F12 units of calf thymus DNA.

bSample + DNA mixed first before adding buffer.

cnot signif icant.

Table I summarizes a variety of materials that could potentially

enhance or inhibit fluorescence. Lipids and detergents can cause problems

especially if detergents are being used in high concentrations to lyse

cells. The amount of spurious fluorescence depends on the order of addi-

tion. This indicates that where micellar formation can occur precise

controls are difficult to perform and caution in interpretation should be

exercised. It is most severe in the case of biological membranes.

Spurious fluorescence of this sort can be easily distinguished from

that due to duplex nucleic acids by adding spermine bisacridine (see Part

I). Spermine bisacridine quantitatively displaces intercalated ethidium

at pH 8 and does not fluoresce in the spectral region used here. Any

residual fluorescence (after adding spermine bisacridine) can be ascribed
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to material other than DNA or RNA. Note that at pH 12 the spermine chain

is not positively-charged and thus the drug no longer inhibits the binding

of ethidium.

Another source of interference is organic solvents which cause a small

increase in fluorescence in the pH 8 ethidium assay solution due to inhi-

bition of proton exchange (41). If the problem is considered severe

enough the blank can be suitably adjusted.

Proteins, other than the binding proteins discussed earlier, have

little effect. High levels of RNA polymerase, for example, cause only a

small drop in fluorescence. It is possible but rare for proteins them-

selves to interfere, e.g., the fluorescence of spermine oxidase. This is

probably due to a bound flavin moiety. Thus care should be taken when

working with proteins that may carry fluorescent ligands.

If solutions containing concentrated salts are added to the ethidium

assay solution there is a reduction in fluorescence due to a decrease in

binding constant of ethidium. However because of the usual 200 fold

dilution into the assay solution, even CsCl density gradients give only a

small decrease in fluorescence. Divalent metal ions such as Mg are more

serious but it is unusual to have >10 mM concentrations of Mg and the

EDTA present in the standard ethidium solution is sufficient to complex the

Mg up to 10 mM for 10 1ul samples. If necessary the EDTA concentrations
can be raised appropriately. As a last precaution, marking pens often

contain highly fluorescent inks. In our experience it is inadvisable to

mark tubes since contamination of the ethidium solutions, even with care-

ful washing, becomes a problem.
With respect to the assays using ccc DNAs, their great sensitivity to

any agent causing nicking warrants stressing the following precautions.
Thiols in the presence of oxygen generate superoxide radicals (42) which

we have shown to break DNA (8). Some plasmids such as col El ccc DNA are

sometimes prepared from cells treated with chloramphenicol, conditions which

allow many-fold replication of the plasmid. However the resulting DNA

contains some ribonucleotides (43) and therefore is unsuitable for assays
involving heating in the pH 12 ethidium solution. Also many plasmids exist

as "relaxation" complexes in which a bound protein will nick the DNA in

the presence of a variety of perturbants, alkali being one of them for some

complexes (44). Therefore care in interpretation must be exercised in

following a ccc DNA in some purification schemes from crude extracts.

Finally, the ethidium solutions themselves will slowly nick ccc DNA in a
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light and oxygen dependent reaction (45) and it is therefore advisable to
keep the solutions in the dark if the fluorescence readings are not read
immediately.

CONCLUSION

The above examples of the use of ethidium fluorescence assays in study-
ing polynucleotide metabolism attest to the flexibility, sensitivity and
speed with which such assays can be carried out. After eight years of using
and extending the possibilities for the fluorescence assays we are convinced
any research group interested in polynucleotide research would benefit from
their use. Perhaps the most exciting area for the future lies in the use
of bis-intercalating drugs which have binding constants >104 times as high
as ethidium's (46). In the assays described here the limitations on sensi-
tivity are the binding constant of ethidium and the noise level of the
fluorimeter. The sensitivity of the latter can be extended by several
orders of magnitude using an argon laser light source with photon-counting
detectors (private communication from Dr. W. Lown). Since picogram levels
of pancreatic DNase can be detected (". 6 x 107 molecules) with the present
assays, one might anticipate the detection of DNase activity in single cells
(and like-wise for the other assays using ccc DNA) when bis-intercalators
and an argon laser light source are used. The present assays have great
utility but one can look forward to their future extension to increasing
levels of sensitivity.
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ABBREVIATIONS

*ccc DNA is covalently-closed circular DNA: oc DNA is open-circular (i.e.,
nicked) DNA, and clc DNA is covalently-linked complementary DNA (i.e.,
spontaneously renatures after heat denaturation). "AP endonuclease" refers
to a nuclease activity specific for apurine or apyrimidine sites.
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