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ABSTRACT

We report a quick, easy and inexpensive
fluorometric assay that measures the activi-
ty of replication enzymes using Pico-
GreenQ. The systems tested include repli-
cation of the natural template M13 Gori by
E. coli DNA polymerase 111 holoenzyme and
the replication of a synthetic homopolymer
by human immunodeficiency virus reverse
transcriptase. A direct comparison of the
fluorometric assay with the conventional
isotopic assay shows that the fluorometric
assay accurately reflects the extent of repli-
cation. By performing the assay reactions
directly in 96-well plates and using a fluo-
rescence plate reader to determine the ex-
tent of reaction, the time required to mea-
sure replication activities is significantly
shortened.

INTRODUCTION

Conventional assays of polymerase
activity involve measuring the extent of
incorporation of radiolabeled nu-
cleotides into acid-insoluble polynu-
cleotides (5,6,8). Such procedures are
cumbersome and time-consuming be-
cause of the need to separate incorpo-
rated and free nucleotides by a series of
filtration and washing steps.

Several spectroscopic assays have
been introduced recently. Theseinclude
areverse transcriptase (RT) assay that
uses 4¢6-diamidino-2-phenylindole,
the fluorescence of which is enhanced
by binding to poly(A)-poly(dT) during
the course of thereaction (1). The fluo-
rescence of thisdyeisunchanged in the
presence of double-stranded DNA (ds-
DNA) and, therefore, cannot be used to
assay conventional DNA-dependent
DNA polymerases (1).

To detect transient intermediates in
the reactions catalyzed by E. coli DNA
polymerase| and T4 DNA polymerase,
Frey et d. (3) have used changesin the
fluorescence of the base analog 2-
aminopurine upon incorporation into

DNA. In adifferent approach, Griep (4)
has recently described a fluorometric
assay for E. coli DNA polymerase |11
holoenzyme based on changes in the
fluorescence of single-stranded (ss)
DNA-binding protein (SSB) during
DNA replication. However, this assay
islimited to systemsrequiring SSB.
The fluorescence of the recently in-
troduced dye PicoGreenO is enhanced
specificaly upon binding to dsDNA,
and it isrelatively nonfluorescent inthe
presence of ssSDNA. Here, we report a
quick, easy, sensitive and inexpensive
fluorometric assay, utilizing Pico-
Green, that can be used to monitor the
synthesis of both dsDNA and
DNA:RNA hybrids and is, therefore,
applicable to a wide range of DNA
polymerases and reverse transcriptases.

MATERIALSAND METHODS

E. coli DNA polymerase I11 holoen-
zyme (pol I11 holoenzyme), human im-
munodeficiency virus (HIV) RT, dnaG
primase, SSB and M13 Gori DNA are
commercially available from Enzyco
(Denver, CO, USA). PicoGreen was
obtained from Molecular Probes (Eu-
gene, OR, USA). Synthetic polynu-
cleotides were obtained from Pharma-
ciaBiotech (Piscataway, NJ, USA).

Fluor escence | nstrumentation

Fluorescence measurements were
made using either an SLM Model
48000 fluorometer (SLM Instruments,
Urbana, IL, USA) or an SLT Fluorostar
microplate fluorometer (SLT Labin-
struments, Research Triangle Park, NC,
USA). The SLM fluorometer was con-
figured with excitation and emission
wavelengths of 500 and 526 nm, re-
spectively. The dlit widths were varied
between 4 and 16 nm. All measure-
ments were performed at room temper-
ature except where noted. The SLT mi-
croplate fluorometer was equipped
with 485 and 538 nm interference fil-
ters on excitation and emission, respec-
tively.

Solutions

Pol 111 holoenzyme primer-tem-
plate solution: 60 mM HEPES, pH
7.5, 14 mM magnesium acetate, 2.8
mM ATP, GTP, CTP and UTP, 14%
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Table 1. Protocol for the Fluorometric Assay of Pol |11 Holoenzyme Using a Plate Reader

N

wells.

~N o 0w

1. Combine the pol Il holoenzyme polymerization solution and primer-template
in the ratio 7:1 in sufficient quantities for the number of assays to be per-
formed. This mixture is stable on ice for >2 h.

. Onice, add 24 nlL of the above solution into a 96-well plate with round-bottom

. Add 1 nL pol lll holoenzyme to each reaction.

. Mix by shaking for 10-15 s on a flat surface.

. Cover and place in a 30°C water bath or heater block for 5 min.

. Add 200 nL of a 1:400 dilution of PicoGreen in TE buffer to each well.

. Quantitate the extent of replication in a fluorescence plate reader after 5-15
min incubation at room temperature.

glycerol, 56 mM NaCl, 42 mM potassi-
um glutamate, 84 ng/mL bovine serum
abumin (BSA) and 4 mM dithio-
threitol (DTT).

Pol 111 holoenzyme polymeriza-
tion solution: 180 mM bicine, pH 8.0,
25% glycerol, 0.017% Nonidet© P-40
(NP40), 170 nmg/mL BSA, 83 mM
potassium glutamate, 8 mM DTT, 2.3
mM magnesium acetate, 10 ng/mL
rifampicin, 57 mM each of dGTP, dATP
and dCTP, and 21 nM [3H]TTP (235
cpm/pmol). The radioisotope was in-
cluded in the assays to allow a direct
comparison of the isotopic and fluoro-
metric assays.

Pol 111 holoenzyme dilution buf-
fer: 50mM HEPES, pH 7.5, 20% glyc-
erol, 0.02% NP40, 200 ng/mL BSA,

100 mM potassium glutamate and 10
mM DTT.

RT primer-template buffer: 10
mM Tris-HCI, pH 8.1, 0.5 mM EDTA.

RT polymerization solution: 63
mM Tris-HCI, pH 8.1, 8 mM MgCl,,
132 mM NaCl, 13 mM DTT, 112 nM
[BH]TTP (260 cpm/pmol).

RT dilution buffer: 50 mM Tris-
HCI, pH 7.5, 20% glycerol, 2 mM
DTT.

Preparation of Primer-Templates

Prepare sufficient primer-template
for 100 pol I11 holoenzyme reactions as
follows: mix 243 L of primer-tem-
plate solution, 7.2 L. M13 Gori (2.98
mg/mL), 63 nL SSB (2.2 mg/mL) and
27 mL dnaG primase (0.39 mg/mL).
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Figure 1. Comparison of the fluorometric and isotopic assays for pol 111 holoenzyme. Various
amounts of pol 111 holoenzyme were added to primed M 13 Gori (see Materials and Methods). After a5-
min incubation, aliquots from the reactions were subject to either the PicoGreen fluorometric assay (- )

or the conventional isotopic assay ([J).
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Incubate for 15 min at 30°C. This mix-
tureisstableonicefor >5h.

Prepare sufficient primer-template
for 100 RT reactionsasfollows: mix 10
mL poly(rA)zsg (10 mg/mL in RT
primer-template buffer) and 38.6 niL
oligo(dT)4¢ (130 ng/mL in the same
buffer) and incubate for 1 h at room
temperature. Then bring the final vol-
ume to 200 nL with RT primer-tem-
plate buffer.

Polymerization Reaction Conditions

For pol 111 holoenzyme assays, add,
onice, 3 nL of primer-template to 21
L of polymerization reaction solution
and mix. Add 1 niL of an appropriate
dilution of pol 111 holoenzyme. Incu-
bate at 30°C for 5 min. Stop the reac-
tion by placing on ice and immediately
adding 1 niL of 0.25M EDTA.

For RT assays, add, onice, 2 nL of
primer-template to 38 L of polymer-
ization reaction solution and mix. Add
10 L of an appropriate dilution of RT.
Incubate at 37°C for 10 min. Stop the
reaction by placing on ice and immedi-
ately adding 5 ni. of 0.2 M EDTA.

I sotopic Assay of Polymerization

The precipitation of polynucleotide,
removal of unincorporated nucleotide
triphosphates and scintillation counting
were performed as previousy de-
scribed (8).

Fluorometric Assay of Polymerization

For single time-point assays of the
polymerase reactions using a SLM
48000 fluorometer, add 5 L. (RT) or
10 ni (pol Il holoenzyme) of EDTA-
terminated reaction mixtureto 1 mL of
a 1:400 dilution of PicoGreen in TE
buffer (10 mM Tris-HCl, pH 7.5, 1 mM
EDTA). Read the samplesin a 10-mm
path-length cuvette, 5-15 min after
adding the dye.

For continuous monitoring of Pol 111
holoenzyme activity, polymerization
reactions are performed directly in a
SLM fluorometer in a 3-mm path-
length cuvette at 30°C containing 88
nmL of the replication reaction buffer
and 12.5 ni of the primer template de-
scribed above. Add 1 L of undiluted
PicoGreen to the mixture, alow to
equilibrate for 5 min and then add pol
[11 holoenzyme to initate the reaction.

Table 1 describes the simple and
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rapid protocol that has been established
for performing large numbers of pol |11
holoenzyme assays. With appropriate
changes in reaction conditions, this
protocol should also be applicable to
other replication systems.

RESULTSAND DISCUSSION

We explored the possibility of using
PicoGreen to provide assays for nucleic
acid replication. Since the dye does not
fluoresce significantly in the presence
of ssDNA, we reasoned that using tem-
plateswith alow primer density should
provide a low background and be
adaptable to a fluorometric assay. The
DNA polymerase |11 holoenzyme assay
that uses elongation of a short primer
generated at a unique site by dnaG pri-
mase on a long single-stranded tem-
plate (5) provided an excellent candi-
date. Initial experiments indicated a
large increase in fluorescence when
PicoGreen was added after replication
had occurred. Control experiments in
which either enzyme or nucleic acid
substrate were omitted from the reac-
tions resulted in no observable fluores-
cence change.

To determine the correlation be-
tween the traditional isotopic assay and

the fluorometric assay, aiquots from a
series of polymerization reactions (con-
taining [3H]TTP) were divided into 2
portions. One portion was subjected to
the traditional filtration assay, and the
other was assayed using PicoGreen
(Figure 1). There was excellent agree-
ment between the 2 data sets, indicating
that the fluorometric assay accurately
reflects the extent of polynucleotide
synthesis.

We were able to extend the tech-
nigue to measure RT activity by alter-
ing the primer-template ratio from
equimolar with respect to nucleotides
(8) to equimolar with respect to mole-
cules. This provided a low initia
fluorescence signa and a large
fluorescence increase upon addition
of RT (Figure 2).

The ability of the fluorometric assay
to measure both complementary DNA
strand synthesis on a synthetic RNA
template and a so the production of ds-
DNA from the single-stranded mole-
cule, suggests this assay will be suit-
ablefor awide range of applicationsin
replication studies.

We are currently in the process of
developing the assay to measure the ac-
tivity of other enzymesthat use nucleic
acid substratesincluding DNA polyme-
rase |. The most important considera-
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Figure 2. Comparison of fluorometric and isotopic assaysfor RT. Various amounts of RT were added
to poly(rA)ssg primed with oligo(dT) ¢ (See Materials and Methods). After a 10-min incubation, aliquots
from the reactions were subject to either the PicoGreen fluorometric assay (- ) or the conventional iso-

topic assay (01).
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tion in the devel opment of a PicoGreen
assay is maximization of the fluores-
cence signal change. Conventiona as-
saysfor DNA polymerase | measure ei-
ther the nick-tranglation or gap-filling
activities on activated DNA (7). The
net change in the ratio of ssto dsDNA
during DNA pol |-catalyzed reactions
on this substrate is undetectable by
PicoGreen. Consequently, we are de-
veloping nucleic acid substrates analo-
gous to those used in this study for the
RT assays. These involve synthetic
DNA homopolymer templatesto which
are annealed relatively small amounts
of oligomeric DNA primer.

The fluorometric assay was also per-
formed using aplate reader. The results
were essentially the same as those ob-
tained on the SLM fluorometer (data
not shown). It is clear that the fluoro-
metric assays can be automated. We es-
timate that in thetimeit takesto do 100
isotopic assays (about 8 h), it should be
possible to do in excess of 700 fluoro-
metric assays. Furthermore, using a
plate reader, the cost of the fluoromet-
ric assay islessthan half that of theiso-
topic assay.

By adding PicoGreen directly to the
pol 111 holoenzyme-catalyzed reaction
mixture, it was possible to directly and
continuously monitor the extent of the
polymerization in the SLM fluorometer
(Figure 3). The presence of PicoGreen
in the reaction mixture had no measur-

able effect on the catalytic rate.

There is no apparent reason why
multiple real-time reactions could not
also be performed in a plate reader, giv-
en adequate temperature control of the
plate. It is anticipated that this feature
of the fluorometric assay will make it
much simpler to characterize the kinet-
ic properties of replication systems.

Unfortunately, attempts to monitor
RT-catalyzed polymerization in real-
timewere frustrated by asignificant in-
hibition (ca. 80%) of thereaction in the
presence of PicoGreen. This effect
would appear to preclude quantitative
real-time assays of RT systems.

The sensitivity of the fluorometric
assay to contaminants wastested by as-
saying early fractions from a DNA
polymerase 111 holoenzyme purifica-
tion (data not shown). It was found that
the material obtained after the initial
ammonium sulfate fractionation (2)
contained a contaminant (presumably
DNA) that interfered with the assay. It
is apparent that the assay is most useful
with enzymesthat have been purified to
some extent.

In summary, we describe a simple,
fast, economical and quantitative fluo-
rometric assay for DNA polymerases
and reverse transcriptases that is
amenable to automation and should be
of great value in the routine assay of
these enzymes. The assay should be ap-
plicable to a wide range of replication
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Figure 3. Continuous monitoring of thepol |11 holoenzyme-catalyzed replication of M 13 Gori. Var-
ious amounts of pol |11 holoenzyme were added to cuvettes containing 100 i of polymerization reaction
mixtureand 1 L of PicoGreen. Thetime of addition isindicated by the arrow. Theinset showstheinitial
reaction velocity as afunction of the amount of enzyme added.
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enzymes and should provide a rapid
and convenient method of screening for
inhibitors that are effective against
replication systems.
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ABSTRACT

We have developed a novel substratum
in which gelatin is bonded to a reservoir of
perfluorodecalin using a perfluoroalkylat-
ing technique. This forms a stable substra-
tum supporting good adhesion for cells.
Hel a cells cultured on this substratum con-
tinued to grow exponentially after the sur-
face was covered with a monolayer forming
a tissue-like structure of more than 19 lay-
ers of cells. Histological sectioning and
staining of the block of tissue formed re-
vealed the presence of mitotic figures deep
within the structure. Every cell was sur-
rounded by other cells, similar to growth of
cellsin vivo. Thistechnique opens up a new

approach to studying problems involved in
cell-cell interaction and devel opment of his-
totypic structuresin vitro.

INTRODUCTION

Growth of anchorage-dependent
cells in culture has usualy been re-
stricted to a monolayer with relatively
low cell densities per square centime-
ter. Thislimitation is thought to be due
to the low solubility of oxygen and
dow rate of diffusion in growth medi-
um. The use of gas permeable mem-
branes and hollow fibers perfused with
oxygenated medium have been used in
an effort to improve oxygenation at the
substratum. These methods have result-
ed in significant improvementsin func-
tion and morphology of the cells, and
under certain conditions, cells can be
grown two or three layers deep (5-8,
10). However, the amount of oxygen
available to the cells in these systems




