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The incorporation of fluorescently labeled nucleotides into DNA by DNA polymerases has been used extensively for tagging genes
and for labeling DNA. However, we lack studies comparing polymerase efficiencies for incorporating different fluorescently labeled
nucleotides. We analyzed the incorporation of fluorescent deoxynucleoside triphosphates by 10 different DNA polymerases, repre-
senting a cross-section of DNA polymerases from families A, B, and reverse transcriptase. The substitution of one or more different
reporter-labeled nucleotides for the cognate nucleotides was initially investigated by using an in vitro polymerase extension filter-
binding assay with natural DNA as a template. Further analysis on longer DNA fragments containing one or more nucleotide ana-
logs was performed using a newly developed extension cut assay. The results indicate that incorporation of fluorescent nucleotides
is dependent on the DNA polymerase, fluorophore, linker between the nucleotide and the fluorophore, and position for attachment
of the linker and the cognate nucleotide. Of the polymerases tested, Taq and Vent exo- DNA polymerases were most efficient at in-
corporating a variety of fluorescently labeled nucleotides. This study suggests that it should be feasible to copy DNA with reactions
mixtures that contain all four fluorescently labeled nucleotides allowing for high-density labeling of DNA.

INTRODUCTION

Besides DNA replication and
maintaining the integrity of genomes,
DNA polymerases play an essential role
in modern molecular biotechnology.
Processes such as PCR (1,2), DNA
sequencing (3,4), mutation analysis
(5,6), and labeling of specific DNA or
RNA probes have all depended on the
incorporation of nucleoside triphos-
phates or labeled analogs. These appli-
cations have historically relied on radio-
active nucleotide substrates, however,
there has been increasing emphasis on
techniques that use either fluorescent
or affinity-based groups such as Biotin
or Digoxigenin coupled with enzymatic
signal amplification (7). The ability
of DNA polymerases to incorporate
these modified and labeled nucleotides
has been important in monitoring gene
expression (8), in situ hybridization (9),
and four-color DNA sequencing (10).
The methods for introducing nonradio-
active detectable groups comprise both
enzymatic and chemical additions of 5
and 3’ markers, as well as introducing
internal markers by enzymatic incor-
poration or post-labeling techniques
(11-14). In the case of enzymatic

labeling of nucleic acids, the reporter
groups are attached to the bases of the
deoxynucleoside triphosphates (15,16).
Most labeling protocols, such as nick
translation and in vitro transcription use
a modified nucleotide in combinations
with the naturally occurring nucleotides
(14,17,18).

In many studies, it is highly
desirable to synthesize probes with
100% of one or more of the nucleotide
analogs at each position. This facilitates
the generation of probes with a high
density of fluorophores providing an
enhancement in signal in hybridization
studies. In some applications, like the
single molecule sequencing (19-21),
a completely labeled replica of a DNA
sequence is obligatory.

In order to fully replace one or more
nucleotides with labeled nucleotide
analogs, it is desirable to determine
which DNA polymerases are most
efficacious at incorporating nucleo-
tides labeled with these bulky, hydro-
phobic sidechains. We investigated
10 different DNA polymerases for
their ability to incorporate a variety
of different nucleotide analogs. These
polymerases represented enzymes from

family A, family B, and family reverse
transcriptase (RT). In analyzing these
polymerases, we developed a new assay
to quantitate the production of long
fragments of DNA with one or more
nucleotides fully replaced with nucle-
otide analogs. We show that the ability
to incorporate nucleotide analogs is not
only dependent on the polymerase, but
also a function of the nucleotide analog
and the position of the linker.

MATERIALS AND METHODS

Polymerases

Commercially available polymerases
were used in this study included:
Taq, Vent, Vent exo, Deep Vent, and
Deep Vent exo from New England
Biolabs (Beverly, MA, USA), Pfu from
Promega (Madison, WI, USA), and
alfalfa mosaic virus reverse trancriptase
(AMV-RT), murine leukemia virus
reverse transcriptase (MLV-RT), T4,
and Pol I-Klenow from Roche Applied
Science (Indianapolis, IN, USA).
Commercial polymerases were assayed
with the buffers provided.
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Modified Nucleotides

Modified nucleotide derivatives
used in the analyses included: biotin-
16-dUTP, 7-amino-4-methylcou-
marin-3-acetic acid (AMCA)-6-dUTP,
fluorescein-11-dUTP, tetramethyl-
rhodamine (TMR)-6-dUTP, digoxi-
genin -11-dUTP, fluorescein-dATP,
and IR-770-dATP obtained from Roche
Applied Science; Rhodamine Green™-
X-dUTP was a gift of K. Muehlegger
(Roche Diagnostics GmbH, Mannheim,
Germany); and Cy™5-dCTP was
obtained from Amersham Biosciences
(Piscataway, NJ, USA). (See supple-
mentary material on the BioTechnigues’

web site at bttg://www.BioTechniguesgl
eb05/AndersonSupplementary.html))

Incorporation of Fluorescently
Labeled Nucleotide Analogs

In routine screening assays we
used activated DNA as a template and
completely replaced one or more of the
nucleotide substrates with a fluores-
cently labeled analog. Polymerase
reactions were carried out for 30 min
in 20-uL reaction mixtures containing
1 pg activated calf thymus DNA, 25
UM each dATP, dCTP, and either dTTP
or a reporter-labeled dUTP, 5 pM
dGTP, 0.25 pCi [o-3?P]dGTP (3000 Ci/
mmol; PerkinElmer Life and Analytical
Sciences, Boston, MA, USA), Tagq
reaction buffer, 5 mM MgSO, and
0.1-1 U polymerase. Incorporation
of modified dNTPs was indirectly
traced by quantitating the incorpo-
ration of radioactively labeled dGTP.
Reactions were incubated for 30 min at
72°C for thermophile polymerases or
37°C for mesophile polymerases and
terminated by the addition of 100 uL.
0.1 M sodium pyrophosphate, 0.05 M
EDTA, and 10 pL calf thymus carrier
DNA (5 mg/mL). Natural dNTPs were
used as positive controls and served
to reference 100% activity for each
polymerase tested. Background activity
was measured in reactions where dTTP
was omitted.

Primer extension reactions were
used to determine the length of the
newly synthesized DNA product. The
template, a 2671-bp fragment derived
from the plasmid pACYC184 (New
England Biolabs), was generated by
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PCR using the Expand™ High Fidelity
PCR system (Roche Applied Science,
according to the manufacturer’s
instructions). The PCR primers for
this fragment were 5-TGCGCCT-
TATCCGGTAACTATCGTCTTGA-3’
and 5’-GTGCCCTTAAACGCCTG-
GTGCTACGCCTG-3’, with 20 pmol
of each primer used per 50-uL reaction.
Cycling parameters were 1 cycle at
95°C for 2 min, 25 cycles of 95°C for
15s, 58°C for 30 s, and 72°C for 2 min,
then 1 cycle at 72°C for 10 min. After
cycling, the reactions were kept at 4°C.
DNA fragments were either purified on
a QIAquick® Nucleotide Removal kit
(Qiagen, Valencia, CA, USA) or on a
50-cm column containing Sephacryl™
S-200 (Amersham Biosciences) to
remove dN'TPs. The labeling procedure
was carried out by briefly heating the
1.2-1.5 pmol DNA for 5 min at 95°C
in the presence of excess (20 pmol) of
one of the primers. After heating and
annealing of the primer at 60°C for 2
min, extension reactions were carried
out for 10-90 min at 72°C. The condi-
tions were the same as that used in
assays with activated DNA, except that
one of the ANTPs was replaced with the
corresponding nucleotide fluorophore.

Detection Methods

Incorporation of nucleotide
fluorophores. Polymerase activity was
determined as previously described
(22). Briefly, following the termination
of the labeling reaction, 30 puL (about
1/3 of the total reaction) was mixed
with 250 pL precipitation solution (1
M HCL, 0.1 M sodium pyrophosphate)
in a 96-well silent screen filter plate
(Biodyne™ B; Nalge Nunc Interna-
tional, Rochester, NY, USA) mounted
on a 96-vacuum manifold (Beckman
Coulter, Fullerton, CA, USA). The
plates were washed three times with
250 pL precipitation solution and once
with 250 pL 95% ethanol to remove
the unincorporated radioactivity. The
filter was pulled from the plate and
dried, and the amount of radioactivity
associated with the filter was quantified
by Molecular Dynamics Storm™ 840
Phosphorlmager™ analysis (Amersham
Biosciences). Results from this method
were validated by comparing the results
to those obtained by the traditional

acid precipitation filter assay using
liquid scintillation counting (23). The
data obtained from the two protocols
yielded nearly identical results (data
not shown).

All reactions were carried out as
duplicates. Two polymerase concentra-
tions for each enzyme (0.1 and 1 U)
and two concentrations of the modified
nucleotide (25 and 50 M) were used.
The following controls for each enzyme
were carried out to calibrate the system:
(i) positive controls were carried out
using all four natural nucleotides; (ii)
nonspecific binding controls were
carried out in the absence of a DNA
polymerase; and (iif) misincorporation
controls used reactions that contained
only three of the four natural nucleo-
tides.

Extension cut assay. A new
protocol was designed to evaluate the
elongation of the DNA strand having
one or more nucleotides fully replaced
by the labeled nucleotide analogs.
The method utilizes a single-stranded
DNA template bound to a solid support
through a streptavidin-biotin conju-
gation. A multistep process produced
the bound single-stranded template.
First, a 1203-bp double-stranded
fragment derived from the plasmid
pET15b (Novagen, Madison, WI, USA)
was produced by PCR. The primers for
this fragment were 5’-TTCTCCCAT-
GAAGACGGTACGCGACTG-3" and
5’-biotin-ACAATCCATGCCAACCC-
GTTCCATGTGC-3’, with 20 pmol of
each primer used per reaction. Cycling
parameters were 1 cycle at 95°C for 2
min, 25 cycles of 95°C for 15 s, 58°C
for 30 s, and 72°C for 2 min, and then
1 cycle at 72°C for 10 min. The biotin-
labeled fragments were separated
from the free primers with a PCR
purification kit (Qiagen). A total of 2
pg biotin-labeled DNA was diluted to
a final volume of 50 pL in a binding
buffer containing 1 M NaCl, 10 mM
Tris-HCI, pH 7.5, and 1 mM EDTA
final concentrations. The DNA solution
was added to streptavidin-coated PCR
tubes (Roche Applied Science) and
allowed to incubate for 20 min at 25°C.
The tubes were washed three times
with binding buffer and once with
distilled water. The double-stranded
DNA bound to the streptavidin tubes
was denatured by adding 50 uL melting
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solution (125 mM NaOH, 0.1 M NaCl)
and incubating the tubes for 20 min
at 25°C. The tubes were washed three
times with binding buffer and once
with distilled water, producing single-
stranded DNA bound to the PCR tubes.
Labeling reactions using the primer
5’-CATGAAGACGGTACGCGACT-
GGGCGTGG-3" were carried out on
the single-stranded DNA by allowing
for the annealing of the primer (at 58°C
for 1 min), followed by an extension
reaction for 30 min at 70°C. Reactions
were carried out as in the filter binding
assays with one or more natural
dNTPs replaced with reporter-labeled
nucleotide analogs and one of the other
nucleotide labeled with o3%P.
Following the extension reactions,
the tubes were again washed three
times with binding buffer and once
with distilled water to remove any
unincorporated nucleotides. The newly
produced double-stranded DNA was
then cleaved with restriction enzymes
to release a portion of the DNA into
solution. Restriction enzymes were
chosen that cleaved at a series of GC
sites to reduce the interference by
modified nucleotides. The restriction
reactions were carried out in the
streptavidin-coated PCR tubes in a
total volume of 50 pL according to
the manufacturer’s instructions. The
released DNA from the restriction
reactions was then either analyzed on
the filter plates or displayed on a 6%
nondenaturing acrylamide gel.

RESULTS

Initial Screening of the DNA
Polymerases

To investigate the ability of DNA
polymerases to incorporate reporter-
labeled nucleotide analogs, we
screened 10 different polymerases
against a panel of nucleotide analogs.
These analogs included dUTP-labeled
biotin, AMCA, Rhodamine Green,
fluorescein, and TMR. In each test, we
compared the ability of the polymerase
to incorporate the natural nucleotide to
that of each analog. Two concentrations
of polymerase (0.1 and 1 U) and two
concentrations of nucleotide fluoro-
phore (25 and 50 uM) were assayed,
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with each comparison repeated two
times, for a total of eight comparisons
for each dye-polymerase combination.
An activated calf thymus DNA primer
template was used for the initial
screening of the polymerases, and the
assays were performed in a 96-well
format (22).

The results of the polymerase screen
showed that most of the polymerases
tested that contained a 3’ to 5" exonu-
clease activity (proofreading ability)
were inefficient at incorporating the
nucleotide analogs. These polymerases
included Vent, Deep Vent, T4, and Pfu.
This result is consistent with a previous
study on incorporating 2’-fluoro-
modified nucleic acids using enzymes
with or without 3’ to 5" exonuclease
activity (24). Therefore, we focused on
the polymerases that lacked a 3" to 5
exonuclease activity and Klenow, which
exhibits a less active 3’ to 5" exonu-
clease and did incur a similar reduction
of analog incorporation as seen in the
other proofreading polymerases. We
analyzed two polymerases from family
A (Taq and Klenow), family B (Vent
exo” and Deep Vent exo’), and family
RT (MLV and AMYV). For each of
these polymerases, the relative ability
to incorporate the nucleotide analogs
as compared to natural nucleotides
was determined (Figure 1). The results
show that no single polymerase was
more efficient at incorporating all of the
different analogs. Taq polymerase from
family A and Vent exo  polymerase
from family B were further analyzed.

Multiple Nucleotide Replacements

To further probe incorporation by
Taq and Vent exo’, we replaced two of
the natural nucleotides with nucleotide
analogs and utilized activated calf
thymus DNA as a template primer.
We tested each of the dU derivatives
used in previous experiments alone
and in combination with Cy5 dCTP,
fluorescein dATP, and IR-770-dATP
(Figure 2). As expected, the results
show that complete replacement of a
natural nucleotide with a single nucle-
oside analog results in more extensive
synthesis than replacement of two
natural nucleotides with two nucleoside
analogs. These experiments show that
Tag and Vent exo” inefficiently incor-

porate the dA and dC derivatives. When
these derivatives are used in combi-
nation with the dU derivatives, the
amount of labeled product was further
reduced. Furthermore, the incorpo-
ration of two nucleoside analogs often
reduces the incorporation efficiency to
a point that it is below the background
signal of incorporating only three of the
four natural nucleotides.

Primer Extension Reactions

Although activated calf thymus
DNA was used effectively as a template
for our initial polymerase screening, the
randomly nicked template can incor-
porated single nucleotide additions
without further extension and thus
produces a high background signal. To
minimize terminal addition reactions,
we performed reactions on a more
defined primer-template system. On a
2.6-kb linear fragment, we tested the
ability of Taqg and Vent exo™ to incor-
porate fluorescein dATP, and each of the
dU derivatives alone or in combination
with Cy5 dCTP. For each of the deriva-
tives, the relative ability to incorporate
the nucleotide analogs as compared to
natural nucleotides was determined.
Using a two-sample T-test for equal
means with oo = 0.01, the results show
that Taq is significantly better than Vent
exo” at incorporating the dU analogs
AMCA, TMR, and fluorescein, while
Vent exo™ is significantly better at
incorporating Rhodamine Green dUTP
and Cy5 dCTP (Figure 3). The results
also show that fluorescein dATP is
incorporated minimally and produces
a signal not significantly different than
the background (Figure 3).

Directly Observing the
Incorporation of Nucleotide Analogs

The previous experiments indicate
that DNA polymerases can incorporate
a variety of nucleotide fluorophores,
but they utilized a secondary o32P
reporter for quantitations. To directly
measure the incorporation of the nucle-
otide fluorophore, we used a phospho-
imager to detect the fluorescence signal
associated with the nucleotide analogs.
After the removal of the labeled DNA
from residual non-incorporated-labeled
nucleotides with two different methods
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(binding to glass surfaces/Qiagen and
size-exclusion chromatography), the
DNA was precipitated on the nylon
membrane and assayed both for
radioactivity and fluorescence. The
results of the fluorescent detection
were in accord with those obtained by
measuring incorporations of comple-
mentary nucleotide dye analogs into
the growing DNA strand (Figure 4).

Extension Cut Assay

In order to measure the length of
the newly synthesized product of the
reactions, we developed an extension
cut assay to test for the extension of the
primer along a single-stranded template
that is bound to a solid support. As the
DNA strand is extended, restriction sites
are created that can be used to monitor
the size of the extended product. We
used the extension cut assay to test
Tag and Vent exo  at incorporating
Rhodamine Green-labeled dUTP.
The results of this assay show that the
polymerases can produce DNA strands

of greater than 900 bp that have dTTP
fully replaced by Rhodamine Green
dUTP (Figure 5). For an extended
product, the restriction enzyme cleaves
the double-stranded DNA at one or
more sites, creating bands on a gel that
can be observed. If the extension fails
to proceed past the site of cleavage,
then the single-stranded DNA at that
position will not be cut by the restriction
enzyme and will not produce a band on
the gel. Extended products that contain
dTTP replaced with Rhodamine Green
dUTP migrate more slowly on the gel
and will appear larger than the same
sized DNA fragments containing only
natural DNA.

DISCUSSION

Nucleotide analogs are routinely
used to label, isolate, study, and manip-
ulate DNA in a wide variety of applica-
tions (8-10,25). These nonradioactive
nucleotide analogs are introduced
into a DNA strand by chemical and
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Figure 1. Relative ability to incorporate nucleotide analogs. The relative incorporation rate of each
dUTP nucleoside analog as compared to natural nucleotides was determined for two family A, B, and
RT polymerases. An activated calf thymus template and an [0-*?P]JdGTP secondary reporter were used
to determine the amount of nucleotide incorporation. Error bars indicate one standard error higher than
the average. AMCA, 7-amino-4-methylcoumarin-3-acetic acid; Rho-Green, Rhodamine Green; TMR,

tetramethylrhodamine.
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enzymatic 5" and 3’ end labeling and
through internal enzymatic labeling or
post-labeling methods (11-14). Most
methods however, replace only a small
fraction of the natural nucleotides with
their respected analog counterpart.
Complete replacement of a natural
nucleotide with a modified nucleotide
analog has been difficult to achieve.
PCR labeling methods that completely
replaced a nucleotide often produced
an incorrect product (26). Partial nucle-
otide replacement is inadequate for
applications such as single molecule
sequencing, which requires complete
replacement of two or more nucleo-
tides. We were interested in identi-
fying polymerases that can efficiently
incorporate a variety of nucleotide
analogs, including large hydrophobic
fluorescent dye analogs. We screened
10 wild-type DNA polymerases from
families A, B, and RT for the ability to
incorporate several nucleotide analogs.
Our analysis indicates that a strong 3’
to 5’ exonuclease activity hinders the
ability of the polymerase to incorporate
and extend nucleotide analogs in DNA.
Presumably, the proofreading ability of
the enzymes results in removal of the
added nucleotide fluorophores (27).

We compared two polymerases each
from families A, B, and RT that lack or
had little 3" to 5" exonuclease activity.
An analysis of these six polymerases
showed that all could incorporate the
nucleotide analogs. However, trends in
the ability of the different polymerase
family types to incorporate the different
nucleotide derivatives were observed,
with the family A polymerases
appearing more efficient at incor-
porating dUTP labeled with AMCA
(Figure 1). We chose to further analyze
Taq from family A and Vent exo™ from
family B. Family RT polymerase was
not chosen for further analysis, because
even though the relative rates of analog
incorporation were comparable to the
family A and B polymerases, the rates
of natural and analog nucleotide incor-
poration for the family RT polymerases
was significantly lower than Tag and
Vent exo” (data not shown).

Both an activated calf thymus DNA
and a 2.6-kb linear template were used
to test the ability to incorporate single
and multiple nucleotide analogs using
either Tag or Vent exo  polymerase
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Figure 2. Multiple nucleotide analog incorporation by Taq and Vent exo” polymerases. An activated
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nucleotide incorporation produced by 7aq and Vent exo” DNA polymerases. Natural nucleotides were
replaced by one or more nucleotide analogs. The height of the bars indicate the average relative incorpo-
ration rate of Tag and Vent exo™ polymerases. Controls were included that contained either polymerase
and no dATP or no polymerase. Error bars indicate one standard error higher than the average relative
incorporation. AMCA, 7-amino-4-methylcoumarin-3-acetic acid; Rho-Green, Rhodamine Green; TMR,
tetramethylrhodamine.
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Figure 3. Analog incorporation of 7aq and Vent exo". The relative incorporation rates of various nu-
cleotide analogs as compared to natural nucleotides using Tag and Vent exo™ polymerases are shown. A
defined primer/template system and an [0-3?P]dGTP secondary reporter were was used to determine the
amount of nucleotide incorporation. Significant differences in the abilities of the two polymerases to in-
corporate a given nucleotide analog are indicated by an asterisk (*). A two-sample T-test for equal means
with o = 0.01 was used to determine significance. Error bars indicate one standard error higher than
the average. Including no dATP in the reaction produced the background incorporation rate. AMCA, 7-
amino-4-methylcoumarin-3-acetic acid; Rho-Green, Rhodamine Green; TMR, tetramethylrhodamine.
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(Figures 2 and 3). These analyses show
that the DNA polymerase can have a
profound effect on the ability to incor-
porate different nucleotide analogs,
with no single polymerase appearing
superior at incorporating all of the
analogs. Tag polymerase was signifi-
cantly better than Vent exo™ at incorpo-
rating AMCA, TMR, and Rhodamine
Green-labeled dUTP, while Vent
exo” was significantly better at incor-
porating fluorescein dUTP and Cy5
dCTP. Furthermore, these experiments
clearly demonstrate the influence of
the position in the heterocycle of the
nucleobase on which the linker-group
and the reporter are attached. Modifica-
tions in the N7 position of the deazapu-
rines (15) are incorporated fairly well,
because the linker can protrude into the
solvent accessible major groove of the
DNA. The dA derivatives used here,
however, are exclusively modified in
the C8 position. The linker of the dA
derivatives is therefore situated close
to the sugar-phosphate backbone and
may not allow efficient incorporation.
Modifications in the C8 position of the
dA derivatives may lead to a change/
twist in the backbone structure of the
DNA, diminishing further elongation
due to steric interactions. The low
incorporation rates of all the dA
derivatives, even when they are used
alone, may reflect these detrimental
interactions. In all the cases where we
combined these dA derivatives with
other modified nucleotides, the incor-
poration efficiency is further reduced.
Reduced incorporation efficiency
of Cy5 dCTP may be explained by the
attachment of the reporter group to
the position 4 of the 2’-deoxycytidine,
which is involved as an electron
donor in the base pairing with the C-6
carbonyl group of 2’-deoxyguanosine.
Although this position is also pointing
towards the major groove of the DNA,
steric hindrance may be responsible
for the reduced substrate activity,
compared with dC derivatives, where
the linker/reporter moiety is attached
at the 5-position of the heterocycle
(21). The data presented here show
that the position for attaching reporter
groups on 2’-deoxynucleotides must
be carefully considered if a high label
density is required, as the dA and dC
derivatives used here, which work
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Figure 4. Direct observation of nucleotide analog incorporation. Phosphorimager results showing
the incorporation of the radioactive secondary reporter [0-32P]JdGTP and the corresponding fluorescence
of the nucleotide analogs. The labeled DNA was purified away from the unincorporated nucleotide ana-
logs by either (a) glass bead DNA binding columns or (b) Sephacryl S-200 size exclusion columns.
Rhodamine Green (Rho-Green), tetramethylrhodamine (TMR), and fluorescein were the only analogs
tested that produce excitation/emission spectra capable of being detected with our instrumentation. Vent
polymerase was used as a control of the DNA purification procedures, producing little signal by both
radioactive and fluorescence detection methods. AMCA, 7-amino-4-methylcoumarin-3-acetic acid.

quite well, if used together with natural
dNTPs. As has been shown by others, a
more preferred position on the purine
heterocycles is the 7-deaza position
and for pyrimidines the heterocycle
position 5 (15).

The ability of Tag and Vent exo”
polymerases to incorporate nucleotide
analogs was directly observed by visual-
izing the fluorescent signal produced
by several of the analogs (Figure 4).
The detection system was limited to
detecting only the fluorescent analogs
that were excited at a wavelength of
450 nm and had emissions greater than
520 nm. Rhodamine Green, TMR, and
fluorescein fulfilled these requirements
and could be detected. Even though
these fluorescent dyes could be quali-
tatively detected, quantitation of the
fluorescent signal was not possible
due to quenching of these highly
labeled DNA strands, as well as a
high background and saturation of the
fluorescent signal (9).

This direct observation of fluorescent
signal demonstrates that the nucleotide
analogs are being incorporated by
the DNA polymerases, but does not
indicate the lengths of the labeled
products. Therefore, we developed an
extension cut assay, using 7ag or Vent
exo  to produce a DNA strand that
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has dTTP completely replaced with a
Rhodamine Green dUTP nucleotide
analog. The extension cut assay uses a
single-stranded DNA template bound to
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Figure 5. Extension cut assay. Products pro-
duced by the extension cut assay and run on a 6%
nondenaturing acrylamide gel are shown, along
with a labeled 100-bp ladder (Biotools, B&M
Labs, S.A., Madrid, Spain). Restriction enzymes
used to cleave the extended product that contains
either natural nucleotides or dTTP replaced by
Rhodamine Green dUTP (Rh-Gr dU) are indi-
cated. The apparent shift in the bands produced
when dTTP is replaced by the nucleotide analog
is due to the hydrophobicity of the analog mol-
ecule.

a solid support by a streptavidin-biotin
conjugation. As the primer is elongated,
the resulting double-stranded product
can be cleaved by a series of restriction
enzymes, indicating the length of the
double-stranded product and thus the
length of the extended primer. This
method of determining the length
of a labeled DNA strand has unique
advantages over other methods. The
hydrophobic nature of many of the
nucleotide analogs makes size determi-
nation using an agarose or acrylamide
gel difficult. Analogs incorporated into
a DNA fragment can alter the physical
properties of the DNA molecule,
causing the DNA to migrate in a gel
at a slower rate than DNA fragments
containing only natural nucleotides.
Furthermore, as the proportion of
hydrophobic analogs increase, the
DNA fragments begin to produce
smears in the gel and may fail to enter
the gel matrix itself.

The extension cut assay requires
only that the product be cleaved by
restriction enzymes. Since restriction
enzymes may be unable to bind and
cleave nucleotides that contain large
hydrophobic analogs, we chose
restriction enzymes that cleave only
at GC sites, reducing any affects of
replacing dTTP with Rhodamine Green
dUTP. This analysis demonstrates that
fragments >900 bp can be produced
with dTTP completely replaced with a
nucleotide analog (Figure 5).

One strategy for single molecule
sequencing requires that two or more
nucleotides be completely replaced
with fluorescent nucleotide analogs
(19-21). With current post-labeling
methods unable to label 100% of the
available positions, enzymatic incorpo-
ration of these nucleotide analogs may
be the only method capable of complete
labeling of a base at all positions. The
overall results indicate the feasibility
of completely labeling DNA with one
or more fluorescent nucleotide analogs,
synthesizing a product of 900 nucleo-
tides in length. These steps provide the
first requirements for an approach for
copying single nucleotides of DNA
and delineating nucleotide sequence
by detection of released fluorescently
labeled bases.

Polymerases both lacking 3" to 5
exonuclease activity and selected to
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incorporate nucleotide analogs may
possess low base incorporation fidelity.
Examples of polymerase mutants that
incorporate various modified nucleo-
tides have been shown to have error
rates as high as 0.1% (28,29). Such high
error rates however should not preclude
an enzyme from being used in single
molecule sequencing. In most situa-
tions, random errors can be identified
and eliminated by sequencing a region
multiple times, allowing for the identi-
fication of the correct sequence.
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