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ABSTRACT

Flere, we describe a novel strategy
called enzymatic " Mop-Up " thar efficiently
removes contaminating dNTPs firom re-
verse-phase, high-performance liguid chro-
matography (RP-HPLC) purified 3-0-
modified dNTP  syntheses.  Enzymatic
mop-up takes adveantage of the high selec-
tivity of DNA polymerases for the former
nucleoside triphosphates over the latter nu-
cleatide analogs. We demonsirate the selec-
tive removal of contaminating dATP and
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dTTP firom RP-HPLC purified 3-O-methyi-
dATP and 3-0-(2-nitrobenzyl)-dTTP syn-
theses, respectively. These data highlight
the importance of natural nucleotide conta-
mination when interpreting enzymatic in-
corporation data and provide an alternative
fivpothesis for the observed property of cat-
alytic editing of DNA polymerases. More-
over, Hhe effective removal of natiral nu-
cleotides  from  3-Q-modified  analogs
addresses the important issue of micleotide
read-through for stop-start DNA sequenc-
ing strategies, such as the base addition se-
guencing scheme (BASS),

INTRODUCTION

Characterization of the behavior
of deoxyribonucleoside triphosphate
(dNTP) analogs as terminators of DNA
syintheses has greatly increased our un-
derstanding of DNA polymerases. In
general, DNA polymerases show re-
stricted selectivity and specificity for
dNTP analogs that have been particu-
larty useful for the development of an-
tiviral compounds, While these analogs
potentially have broad use for molecu-
lar biology applications, in practice
however, large screening assays must
be used to identify specific DNA poly-
merases that show the desired activity,
Moreover, the study of 3'-Q-modified-
dNTPs has been particularly chafleng-
ing because the starting material for the
chemical syntheses of these com-
pounds is the natural 2'-deoxyribonu-
cleoside, which can be carried-over
into the chemical phosphorylation step.
The subsequent use of chromatography
is typically inadequate for the complete
removal of the contaminating dNTPs
from 3'-0-modified-dNTP synthesis.

Previously, we demonstrated the
feasibility of a stepwise DNA sequenc-
ing strategy, called the base addition se-
quencing scheme (BASS), by the syn-
thesis and enzymatic incorporation of 7
different 3'-O-modified-dATPs and 3'-
O-methyl-dTTP (3). However, a major
obstacle in BASS has been the presence
of contaminating natural dNTPs carried
over in the chemical synthesis of 3'-O-
modified-dNTPs (2,3). Although re-
verse-phase, high-performance liquid
chromatography (RP-HPLC) can puri-
fy 3'-0-modified-dNTPs 299.5%, the
level of contamination remains suffi-

ciently high that the DNA polymerase
selectively incorporates the preferred
natural dNTP over the 3'-0O-modified-
dNTP analog. Incorporation of the nat-
ural ANTP at the desired termination
base, referred to here as natural-nu-
cleotide read-through, can significantly
result in decreased signal intensities
and higher background signals in sub-
sequent base addition steps, thus mak-
ing the interpretation of enzymatic in-
corporation data more difficult. To
overcome this problem, we have devel-
oped an enzymatic “Mop-Up” strategy
that specifically removes dNTP conta-
mination from RP-HPLC-purified 3'-
O-modified-dNTPs.

MATERIALS AND METHODS

Reagents

Nucleotides, Klenow fragment of
DNA polymerase I and avian myelo-
blastosis virus reverse transcriptase
(AMV-RT) were purchased from
Amersham Pharmacia Biotech (Piscat-
away, NJ, USA). Bst DNA Polymerase
was purchased from Bio-Rad (Her-
cules, CA, USA). Streptavidin-coated
magnetic Dynabeads® M-280 were
purchased from Dynal AS (Oslo, Nor-
way). DNA synthesis reagents were
purchased from PE Applied Biosys-
tems (Foster City, CA, USA), except
for the biotin phosphoramidite, which
was purchased from Glen Research
(Sterling, VA, USA). All oligonucleo-
tides were synthesized trityl-on using a
Model 394 DNA Synthesizer (PE Ap-
plied Biosystems) and purified using
Nensorb™ 20 columns, according to
the manufacturer’s protocol (NEN Life
Science Products, Boston, MA, USA).

Mop-Up Assay

Biotinylated primer (500 pmol) (5'-
CAGAGCCAAGGCTCTACCTAGCA-
GTGTAAAACGACGGCCAGT-3") in
100 pL of reaction buffer (10 mM Tris-
HCI, pH 8.5, 10 mM MgCly) was added
to 100 pL of prewashed streptavidin-
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Model 394 DNA Synthesizer (PE Ap-
plied Biosystems) and purified using
Nensorb™ 20 columns, according to
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Mop-Up Assay

Biotinylated primer (500 pmol) (5'-
CAGAGCCAAGGCTCTACCTAGCA-
GTGTAAAACGACGGCCAGT-3") in
100 pL of reaction buffer (10 mM Tris-
HCI, pH 8.5, 10 mM MgCly) was added
to 100 pL of prewashed streptavidin-
coated magnetic Dynabeads, incubated
for I hin 10 mM Tris-HCI, pH 8.5, 10
mM MgCl,, 1 M NaCl at ambient tem-
perature and washed twice with reaction
buffer by magnetic separation. Five
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hundred picomoles of the mop-up tem-
plate [5'«(T)26ACTGGCCGTCG-
TTTTACA-3") in 100 nL of reaction
buffer were added to the primer-cap-
tured beads and annealed by heating to
80°C for 5 min. The reaction was slow-
ly cooled to ambient temperature and
washed twice with reaction buffer. In-
corporation of the natural nucleotide
was performed according to the enzy-
matic conditions described for Bst DNA
polymerase (4 U) or Klenow fragment
{10U)(3) at 65° or 37°C for 1 h, respec-
tively. The mop-up solution containing

the 3'-O-modified-dNTP was isolated
by magnetic separation and directly
used in the incorporation assay. For en-
zymatic mop-up of dTTP analogs, the
following template was used: [5'-
(A)sCTGGCCGTCGTTTTACA-Y].

RESULTS AND DISCUSSION

Here, the mop-up assay is described
by which the contaminating natural nu-
cleotide is enzymatically removed from
a 3-0-modified-dNTP solution by

Cormmon blotinyluted peliner

. + Biﬂid" o sttepmﬂﬂimmaled jnngumiac beads

+ Anncsl spccific po:lﬂN} template

A3d DNA polymierise 43 0-miodified-dNTP

AATP - dA"_F[‘ :

dATP JAATE:

0’6

o P

Selestive mooqmm!mn

. 01’ dNTP oaly

T’PTTT’i

\’I.xlgmnc £

-Mop-Up pusified
320-mixlificd-dNTP sobution

f

Incorporation assey

e
B LT VI

TITTITT T T T TLTT

dﬁ'i"l’

”‘I'I"I‘I“'"I'

epacation

TR

v

Disvand

Figure 1, Enzymatic mop-up assay to remaove
solution. A common biotinylated primer is attac

contmminating dNTPs frem a 3-G-maodificd-dNTP
hied to streptavidin-coated magnetic beads, washed and

annealed to a specific poly(dN) template. The mop-up polymerase, buffer and 3'-0-modificd-dNTP are
incubated to allow the mop-up enzyme selectively 1o remove the contaminating dNTP by DNA synthesis

of the solid-phase bound primer-template comple.

x. Onee completed, the mop-up purified 3'-Q-modificd-

dNTP is isolated from the primer-template complex by magnetic separation and dircetly used in the in-

corpomlicn assay.
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DNA synthesis and the extension of a
solid-phase bound primer-template
complex containing a complement oli-
go(dN) 5'-end overhang (Figure 1). The
_ mop-up strategy takes advantage of
- Readfhmugh DNA polymerases that show high affin-
e o ity for natural nucleotides and minimal

(presence of dATF) specificity for 3'-O-modified-dNTPs

by standard-template incorporation as-
says. Once enzymatic removal of the
natural nucleotide is complete, the puri-
fied 3’-O-modified-dNTP solution is
isolated by magnetic separation and
can be directly used for the incorpora-
Pseudo-termination tion assay. Heat inactivation or chemi-
e o 3 cal extraction of the mop-up poly-
' (abse_nce -Q'fdA,I?)f merase can be performed before the
template assays, although experiments

coHQOFr0ON

025 0 02% (090125 250 omitting this step have resulted in simi-
M (M lar incorporation data.

dATE BESwE To test the capacity of enzymatic

AT dfier mop-up, a range of dATP concentra-

Mop-Up ' tions (0, 5, 10, 25 and 50 pM) were

tested using Bst DNA polymerase as

the mop-up enzyme and assayed (final

Figure 2. Capacity of the mop-up assay. Enzymatic mop-up was performed on a range of dATP con concentrations: 0’ 0'25, 0'50’ 1.25 and
ccﬁlrations (Ol, 5, [}(‘], 25 and 58 p.I[\)'D usi?:g Bs.fyDNA pohlf)mg'nsc nEd assaycd (final cﬁnccmrmions: 0, 2.3 “M’ respethely) using AMV‘RT
(.25, 0.30, 1.25 and 2.5 1M, respectively) using AMV-RT. Conditions for the AMV-RT incorporation as- for the pl‘gsence of nucleotide read-
say have been deseribed previously (3) and are 32P-labeled universal primer-anncaled to the oligo-tem- through (Figure 2). Under these condi-
plate in AMV-RT buffer. All reactions comained dCTP, dTTP, ddGTP and the compound listed below tions, Bst DNA polymerase efﬁciem]y
cach fanc. mopped-up dATP concentrations be-
tween 25 and 50 uM. Similar results
have been obtained for the enzymatic
mop-up of dTTP (data not shown).
Typically, 3’-C-modified-dNTPs have
been evaluated at a final concentration
C A SN range of 12.5-50 uM in incerporation
8 {presence of dATP) assays (References 2 and 3; data not
A shown}, corresponding to a capacity to
G efficiently mop-up a 2.5%-20% level
& o : of natural-nucleotide contamination.
E —— d?ATP or Previously, the incorporation of RP-
G 3’ -0-methyl-dATP - HPLC purified 3'-G-methyl-dATP by
: termination AMV-RT was shown to cause both ter-
é mination and natural nucleotide read-

through by the oligo-template assay (3)
(Figure 3, lanes A). Bsi DNA poly-
merase that was previously shown not to
incorporate 3'-O-methyl-d ATP (3) was
used to selectively remove dATP conta-
mination from an RP-HPLC purified 3'-
¥ _Gomothyl-dATP O-methyl-dATP solution. Following en-
A No Mop-Up zymatic mop-up, the incorporation of
Bzt Mop-Up 3'-O-methyl-dATP by AMV-RT shows

complete termination without natural
Figure 3. Complete termination of 3'-0-methyl-dATP by AMY-RT. As shown, various concentrations nucleotide read—through (Figure 3, lanes
of 3'-0-methyl-dATP are assayced in the absenee (lanes A) or after enzymatic mop-up (lancs B). All re- B) Klenow fragment has also been used
actions contained 32P-labeled universal primer-anncaled 1o the oligo-template and AMV-RT in reaction ’ . & .

buffer (lane 1). In addition, lanc 2 contained dCTP and ddGTP. All other reactions contained dCTP. !O efficiently mop-up both contaminat-
dTTP, ddGTP and compounds listed below each lone, ing dATP from a 3'-O-methyl-dATP so-

%) JATP: e
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lution before incorporation by human
immunodeficiency virus type 1 (HIV-
1)-RT (data not shown) and contaminat-
ing dTTP from a 3'-0-(2-nitrobenzyl)-
dTTP solution before incorporation by
Bst DNA polymerase (data not shown).
Thus, these data show that dNTP conta-
mination of RP-HPLC 3'-O-modified-
dNTPs can be effectively removed by
the enzymatic mop-up assay.

Canard et al. (1) have provided evi-
dence for the hydrolysis of 3'-O-ester
linkages by a mechanism of catalytic
editing of DNA polymerases. Both 3'-
O-methyl and 3'-O-(2-nitrobenzyl) pro-
tecting groups described in the current
study are attached to the sugar ring by
ether linkages. The oligo-template as-
say used here and elsewhere (3) has
been designed to differentiate between
the incorporation of the natural dNTP
(read-through) and the 3'-O-modified-
dNTP (true termination) (Figures 2 and
3). Using this assay, we have observed
that the majority of RP-HPLC purified
3'-0-modified-dNTPs contains mini-
mal, but significant levels of dNTP
contamination. Previously, we evaluat-
ed 7 different 3'-0-modified-dNTPs, 3
of which contained ester linkages that
were not incorporated by § different
DNA polymerases (3). One of these 3'-
O-ester linked analogs, 3'-O-acyl-
dATP, can terminate terminal deoxynu-
cleotidyl transferase (TdT) synthesis in
a template-independent manner (data
not shown). The dATP contamination
for 3'-C-acyl-dATP was estimated at
0.4% by TdT nucleotide-extension as-
says. Following chain termination of
3'-0O-acyl-dATP by TdT, DNA synthe-
sis could not be reinitiated after a dATP
chase suggesting that the presence of
contaminating natural nuclectides, not
catalytic editing of DNA polymerases,
is a major cause for nucleotide read-
through past the desired termination
base, Moreover, the levels of natural
nucleotide contamination can vary sig-
nificantly for different base substituents
containing the same 3'-O-protecting
group resulting in no read-through [3'-
O-(2-nitrobenzyl)-dATP] (3) or read-
through [3'-O-(2-nitrobenzyl)-dTTP]
(data not shown). Taken together, our
data highlight the importance of natur-
al nucleotide contamination of the
3'-O-modified-dNTPs in the characteri-
zation and interpretation of enzymatic-
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incorporation data.

Here, we have demonstrated that en-
zymatic mop-up is a viable strategy that
uses conventional reagents for the pu-
rification of novel RP-HPLC-purified
3'-0-maodified-dNTP analogs. The de-
velopment of enzymatic mop-up also
addresses the important issue of nu-
cleotide read-through in stop-start DNA
sequencing strategies such as BASS,
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