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ABSTRACT

1-(2'-Deoxy- B-p-ribofuranosyl)-3-nitropyrrole phosphate
was incorporated into a DNA decamer and analyzed via
matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). The extent and composition
of the various fragment peaks were compared with
those in the MALDI-MS spectrum of dT 4ATs. The
nitropyrrole-containing oligomer proved to be more
robust. Two different DNA template assays were then
used to attempt to identify DNA replicating enzymes
that would incorporate the corresponding triphosphate,
i.e. 1-(2'-deoxy- -p-ribofuranosyl)-3-nitropyrrole triphos-
phate (dXTP). It was shown that dXTP was not
incorporated by some enzymes and it inhibited others.
However, DNA polymerase | Klenow fragment and avian
myeloblastosis virus reverse transcriptase incorporated
dXTP in place of dATP and then replicated the template
overhang in the usual way. The potential of dXTP as a
surrogate for dATP in DNA sequencing with MALDI-MS
analysis is discussed.

INTRODUCTION

overcome ‘GC compressions’. Biocatalytic replication using
nucleobase surrogates with structures very different from those of
the natural dNTPs, however, are relatively unexplored. It is not
unreasonable to assume that very different structures can be
incorporated, as indicated by the following recent observations.
Bergstrom and co-workers indicated that "1e@xyf3-p-ribofura-
nosyl)-3-nitropyrrole phosphate (dX) has characteristics that are
desirable for a ‘universal base’; small oligonucleotides containing
dX bound with almost equal affinity to templates containing any of
the four natural bases opposite the dX residue. Other work by Kool's
group indicates that base stacking effects are more important than
previously thought for matching two DNA strands and that
unnatural dNTP analogs can do this well)(

NO, NOy

Scheme 1.

The Human Genome Project could be accelerated by methodologie¥/e reasoned that dX has no particularly basic centers and that
for h|gh throughput analyses of nested chain terminated DNme BergStrom work ShOWeq that this HUC|QOSIde was .fUnC“Ona.l
fragments that avoid gel electrophoresis. One of the most promisitiy DNA complements. This paper describes experiments to
techniques in this regard is matrix-assisted laser desorpti¥plore the efficacy of 3-nitropyrrole as a surrogate for adenine
ionization mass spectrometry (MALDI-MS). Strand fragmentatioi? Mass spectroscopic analyses of oligonucleotides. Screens for

in the spectrometer contributes to the limitations currentijncorporation of 1-(2deoxy{-b-ribofuranosyl)-3-nitropyrrole
encountered for MALDI-MS analyses of DNA mixtures. Thesefiphosphate (dXTP) by DNA replicating enzymes are also
fragmentation processes are thought to arise from protonation @gscribed. This work therefore represents a preliminary step in
basic sites on the aromatic nucleobase moieties. The extenttd® search for nucleobase surrogates that can be incorporated via
fragmentation is dependent on the sequence; T oligonucleoti@iocatalytic synthesis to give robust DNA complements for
residues are more stable than A, C and G, in that order. For tMALDI-MS analyses.
reason a surrogate for A, C and/or G that is less vulnerable to
fragmentation, i.e. less basic, has potential for DNA sequencinddATERIALS AND METHODS

With regard to incorporation of unnatural dNTP analogs by DNAs, e of 1-(2deoxy3-p-ribofuranosyl)-3-nitropyrrole
replicating enzymes, relatively minor structural modlflca'ﬂonsanol its phosph idi

- J . - phosphoramidite

wherein the surrogates have similar structures to the parent purines
or pyrimidines, have been investigated. For instance, DNA-(2-Deoxy{3-p-ribofuranosyl)-3-nitropyrrole and its phospho-
oligomers containing 7-deaza-dATP and 7-deaza-dGTP have beamidite were prepared via literature procedures. dX was obtained
shown to give less fragmentation in MALDI-MS analyses than thas a white solid (0.27 g, 99% yielt#j NMR (CDz0D, 200 MHz):
corresponding natural strands. Moreover, 7-deaza-dGTP can ®.p.m.) 7.89 (dd]= 1.9 HzJ=2.4 Hz, 1H), 6.92 (dd,= 2.4 Hz,
incorporated by DNA replicating enzymes to give nested chaih= 3.4 Hz, 1H), 6.61 (dd,= 1.9 Hz,J = 3.4 Hz, 1H), 5.89 (] =
terminated DNA fragments; this technique is frequently used .4 Hz, 1H), 4.41-4.29 (m, 1H), 3.93-3.82 (m, 1H), 3.69-3.52
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(m, 2H), 2.41-2.25 (m, 2H%3C NMR (CD:0OD, 50 MHz): &  doubly charged molecular ions of oligomer;gWere used for
(p.p.m.) 137.9, 121.6, 120.9, 106.1, 90.0, 88.8, 72.1, 62.9, 42.5. Mtass calibration.
(FAB): mz 229 [M+H]*.
1-(2-Deoxy-8-dimethoxytrityl{3-p-ribofuranosyl)-3-nitro- Polymerases and DNA templates
rrole-3-O-(2-cyanoethyN,N,-diisopropylphosphoramidite) was
B?/epared v(ia )Igteraturg procedugé?gpNMrl)? (121 N)lHZ, All the polymerases [DNA polymerase | .Kle.znow fragment; _
acetone-g: 3 (p.p.m.) 150.0, 148.8. MS (FARWz 731 [M+H]". exonuclease-free (exo-free) Klenow fragment; avian myeloblastosis

S : i transcriptase (AMV-RT); Moloney murine leukaemia
The phosphoramidite prepared as above was then incorporated> 'eVerse : / :
into oligonucleotide strand ¢XTs by phosphoramidite chemistry VIrUS réverse transcriptase (M-MLV-RT); T7 SequeRidseersion
using an ABI 394 DNA synthesizer. The &Ts and dTATs 2.0 DNA ponme_rase:\Taqversmn 2.0 DNA polymerase] used in
(prepared via standard automated synthesis) samples were purifi 2SSy described below were purchased from Amersham. T4
by RP-HPLC on a Wdac C18 column i, 4.6x 250 mm). Inase was purchased from Pharmacia Biotech. M13mp18 single-
Buffer A was 0.1 M triethylammonium acet,ate (TEAA), pH 7.0 stranded DNA template was purchased from BioRad Laboratories.

and buffer B was 30% 01 M TEAA and 70% acetonitrileThe Universal Primer was provided by Mike Metzker (Baylor

Separations were performed using a linear gradient of 90-50%g9/1€ge of Medicine). The oligonucleotide templatesECAC-

; : S CCACTGGCCGTCGTTTTAC-3 was synthesized using an
2 hen 10% A for 1 h % B for 1 ==~ . NS
g\?la(;w?artgno,ftlen%/n?ino. or 1 min, then 90% B for 1 min wit ABI model 394T DNA/RNA synthesizer (underlining indicates that

part which was not paired to a primer in the subsequent
experiments). All non-radioactive nucleotides were purchased from

Synthesis of 1-(2deoxy-B-b-ribofuranosyl)-3-nitropyrrole Pharmacia Biotech ang-$2P]ATP was purchased from Amersham.

triphosphate (dXTP)

The nucleoside was converted to its triphosphate via the Kovaeslymerase incorporation assay
procedure. Thus, 1-(eoxyf3-p-ribofuranosyl)-3-nitropyrrole
(0.042 g, 0.18 mmol, 1 equiv.) and 1,8-bis(dimethylamino)nap
thalene (0.058 g, 0.27 mmol, 1.5 equiv) were dissolved i
trimethylphosphate (0.45 ml, 0.4 M) under a nitrogen atmosphe
and stirred at ©C for 10 min. Phosphorus oxychloride {1180.2
mmol, 1.1 equiv) was added and the reaction was stirretCat 0
for 2 h. Trin-butylammonium pyrophosphate (0.49 g, 0.9 mmol

Two different templates were used to test incorporation of dXTP.
n the first32P-labeled universal primer was annealed to single-
gganded M13mp18 DNA (0.5 pmol to Quéhol respectively per

pl) by heating to 80C for 5 min and cooling slowly to 2&
(0830—45 min). Enzymatic extension of the primer—template
complex was performed under standard conditions for these
. . : ’ enzymes except that selected natural nucleotides were replaced by
5 equiv.) and tributylamine (2f1) in DMF (70ul) were then added nd mixed with various concentrations of the nucleotide analog.

o the solution. After 2 min the reaction was quenched with 1 ontrol experiments were performed with natural nucleotides in

triethylammonium bicarbonate (TEAB), pH 7.5. The solution wa . : .
concentrated under high vacuum and the triphosphate product\ﬂ)g presence of dideoxynucleotides ar_1d water. For er_:\ch reaction
mixtures of each enzyme, nucleotide and nucleotide analog,

ri)r?g:r“zrggineﬁr?tdolfjs(l)r.lgléol.)sEﬁ\/lEagillelggzeTcg kg?ﬁg’fﬂcﬁgﬁ the buffer solution used by the _suppher to dissolve the enzyme,

triphosphate was further purified by RP-HPLC on a Wdac C1 ere addgd to 4l annea]ed pnmer—template samplgs. Fmal

column (5um, 4.6x 250 mm). Buffer Awas 0.1 M TEAA, pH 7.0 oncentrations of nucleotides, enzymatic units and incubation
! ! '_temperature are shown in Taldle The reaction mixtures were

and buffer B was 30% 0.1 M TEAA and 70% acetonitrile., .
I : ~incubated for 25 min (M13mpl18 template), then stopped by
Purification of a small sample was performed using the gradie dition of 5yl stop solution (consisting of 98% formamide,

conditions 100—-80% A over 10 min, 80—0% A over 5 min, the
: y - 0 mM EDTA, pH 8.0, 0.025% bromophenol blue and 0.025%
0,
100% B for 10 min. Throughout the flow rate was 1 ml/min. Th ylene cyanol). The samples were heated ©C8fr 3 min,

ﬁr&%uiizv;aiﬂﬁglag;g).aas (a Wmt()e _S$ I'ldo azﬁg:r_l;;%p? '“l_fft??g chilled onice, then @l were loaded on 10% polyacrylamide gels.
2829 (d.J = 2'01 H.z 1DPF; _'20 0.6 @ —_20i Hz, 1P)’ Following electrophoresis the gel was fixed in an aqueous
X A : ’ : o ’ ' solution of 10% acetic acid, 10% methanol, dried for 1 h and

MALDI/TOF: m/z 466.8 [M-H]. The reproducibility of the . !
. . toradiographed on HyperfilmTM-MP (Amersham) or scanned
assays described below was dependent upon the purity of t%% a Fuj Bas 2000 phosphorimager (Gene Technologies

X . . . J 0
triphosphate; one or more contaminants (possibly including the ; . .
monophosphate) appeared to cause enzyme inhibition. }]_aboratory, Department of Biology, Texas A&M University).

For the second assay the same set of conditions were applied
except that thé2P-labeled universal primer was annealed to the
MALDI-MS synthetic oligonucleotide templatt GCCACCTCACTGGCC-

The HPLC-purified oligonucleotides were dissolved in 1:1GTCGTTTTAC-3 (0.05-0.1 pmol respectively per |8), the
H,O/MeCN to give an[200 pM solution. The MALDI-TOF  incubation time was 20 min and a 20% polyacrylamide gel was
experiments were performed on a \Voyager-Elite XL instrumeriised. Enzymatic extensions were performed via the method
(PerSeptive Biosystems) operated in the negative ion mode. In thégscribed above.

experiments freshly prepared 0.150vtyano-4-hydroxycinnamic

acid in methanol was used as matrix. Aull@liquot of matrix, 5ul  RESULTS AND DISCUSSION

0.5 M diammonium citrate andd analyte solution were briefly MALDI-MS

mixed. A 0.5pl aliquot of this solution was applied to the mass

spectrometer autosampler plate and dried in air; the plate was themn test the relative proclivities of dA and dX residues in
inserted into the sampling chamber. The quantity of sample useligonucleotides to fragment, MALDI-MS spectra of;4T 5 and

in the MALDI experiments was in the 10 pmol region. Singly andiT4XT 5 were recorded under the same conditions, then compared.



5074 Nucleic Acids Research, 1997, Vol. 25, No. 24

Table 1.Enzymatic conditions

Enzymatic conditions Sequenasé! ATaq Klenow, AMV-RT M-MuLV-RT Klenow,
version 2.0 exo-freé large fragmerit

Incubation temperaturé C) 37 68 37 37 37 37

Units 3 8 4 4 200 5

dNTP M) 0.25 0.25 2.0 0.25 25 2.0

ddNTP (M) 0.25 25 20 25 20 20

dXTP @M)b 75 75 75 75 75 75

aM13 mpl18 template was used.
bdXTP at X concentration, i.e. 0.075 mMx5 0.375 mM; 18 = 0.75 mM.

Figurel shows these spectra. The spectrum of the dA-containimgismatched natural dN. Control experiments were run in parallel
oligomer showed fragmentation associated with loss of the adeninging appropriate ddNTPs and blanks (water control) giving
base and cleavage of the strand, giving the following fragmentgrmination at this crucial site and at the preceding base respectively.
dTy4, pTs and pE + matrix. Conversely, no strand fragmentationThis protocol differentiated between no incorporation of dX,
was observed for the gXT 5 oligonucleotide. The only fragment incorporation with chain termination and incorporation of dX
peak detected corresponds to loss of an oxygen atom, presumdblipwed by read-through beyond this point.

from the nitro group of the nitropyrrole moiety. A peak Three scenarios arose in these assays, as shown inZigbe
corresponding to the doubly charged molecular ion was presesgquence complementary to the template is shown to the right of

in both spectra. each gel. The critical point in this sequence is the first A in the
complement, because no dATP was added in all the experiments
Incorporation assays described below. Figu2A shows a gel pattern indicating that the

natural analog (dXTP) was not incorporated. This is shown in
nes 1-3, wherein increasing concentrations of dXTP were added

ouslv develoned to d : on dilBcked | @d the band terminates at the same position as the blank/water
previously developed to detect incorporation ebldcked nucleo- ﬁontrol (lane 5). This was one residue lower than in lane 4, where

tides by DNA replicating enzymes was adapted for this purpose. TR§ATP was added. Figu is illustrative of the second scenario.

assay began with a DNA template annealed®#®-4abeled primer.  Tpic gisp| | herein i - |
The DNA replicating enzyme, natural dNTP (and/or dNTPS) ang?ﬁIs displays a gel pattern wherein incorporation was observed. In

The nucleotide analog dXTP was tested as a surrogate for dA

; Il experiments where dXTP was added (lanes 1-5) there was a band
one unnatural dNTP were then added to the reaction tubes. In {ireqnonding to termination opposite the first T in the template, but
critical experiments read-through beyond a dT residue in the, hands above that. This indicates that dXTP was incorporated but
template would only be possible by incorporation of dX or & read-through beyond this incorporation point occurred. Faguire
depicts the third scenario, i.e. incorporatmn read-through. In this
case incorporation occurred at the crucial template T residue and the
enzyme was able to carry on replication for several bases after this.
[dT4ATS-HY In fact, there were two consecutive T residues in this template, so the
enzyme incorporated beyond this TT site.

Throughout these studies relatively high concentrations of
dXTP were required to obtain incorporation or incorporation/
read-through. For instance, when DNA polymerase | Klenow
large fragment was tested in conjunction with the M13mp18
[T4ATE-AT DNA template, 75uM dXTP gave mainly termination; a
Wabhbnde - | i read-through band was detected when the concentration was
doubled and predominant read-through was observed at a dXTP
concentration of 0.75 mM. Consequently, it appears that high
concentrations of dXTP can act as a surrogate for dATP.

These assays also provided some evidence that dXTP is not an
[ATAXTS-2HF: effective surrogate for TTP. It appears that dXTP can be
incorporated in place of T, but read-through after this was not
observed. Thus when DNA polymerase | Klenow large fragment
was used in conjunction with the M13mp18 DNA template high
A A sl L L' Lt 1 concentrations of dXTP caused read-through beyond the template
1400 1600 1800 2000 2200 2400 2600 26800- 3000 3200 TT region but not past the first template A encountered,

i.e. incorporation/termination. These findings were confirmed in

Figure 1. MALDI-MS of 5'dT,ATs (top) and 5dTXTs (bottom) using experiments in which dATP was added (2@, lanes 8-12).

a-cyano-4-hydroxycinnamic acid matrix. The peaks are those associated with Each enzyme was tested using two diﬁ?rent templates: a long
the ‘molecular ion, the'®Ts fragment (where p is a-phosphate) and the ~ 0ne, M13mpl18 DNA, and a short synthetic 26mer. The purpose

5'-Tys (where s is a@nhydro-2-deoxyribofuranose sugar fragment). of this was to determine if the template length had an effect on

[PT5 + matrix]”
3000

[dT4AT5-2HP

|[OT4s]

2500+ [dT4XT5-H]

2000+
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Figure 2. Attempted incorporation of dXTP byA] Sequenase version 2.8)(exo-free Klenow fragment() Klenow large fragment of DNA polymerase |. The
sequence complementary to the template is shown on the right of ea&#Pdedbeled universal primer (—20) was annealed to single-stranded M13mp18 DNA
template. (A) Lanes 1-3 contained @M dGTP and dCTP with 0.075, 0.15 and 0.225 mM dXTP respectively. Lane 4 contaipftid30 P and dCTP with 20M

ddATP. Lane 5 was identical to lane 4 except that it did not contain ddATP. Lane 6 is identical to lane 4 with 0.75 mM ¢BF&n&¢C) the conditions were as
follows: lanes 1-5 contained 24 dGTP and dCTP with 0.075, 0.15, 0.225, 0.30 and 0.75 mM dXTP respectively; lane 6 contaiMd@TP and dCTP; lane

7 was identical to lane 6 except that it also containgdV2@dATP. For (C)nly: lanes 8-12 contained 1M dGTP, dCTP and dATP with 0.075, 0.15, 0.225, 0.30
and 0.75 mM dXTP respectively; lane 13 containedu®IGGTP, dCTP and dATP; lane 14 was identical to lane 13 except that it also contgiéd@0TP.

incorporation and, in fact it didide infra For the short template concentrations of NTPs and ddNTPs appropriate for replication
the overhang sequence wasCETCCACCG-53, consequently were determined via a published procedure. Use of these minimum
the only natural nucleotide used was dGTP (to complement tltencentrations ensured efficient incorporation of natural bases at
leading CC template sequence). Combinations of dGTP asites in which they would be paired in a Watson—Crick fashion but
dCTP were used in the experiments with the longer template. reduced the likelihood of incorporation of a natural dNTP at the
critical site to give a mismatch. Evidence that misincorporation of
Table 2. Activity of nitropyrrole triphosphates against commercially available a natural dNTP did not occur in the experiments with dXTP was

DNA polymerases inferred from the controls wherein no dXTP was added. Replication
strands observed in these experiments terminated at the base
M13 mp18 DNA Synthetic 26mer immediately preceding the proposed site of incorporation of dXTP.
T7 Sequenad®k No incorporation No incorporation Further evidence that the read-through observed is not due to a
ATag No incorporation Termination forced_ mismatch of a natural base is inferred from the experiments
in which dATP was added to test if dXTP could act as a TTP
Exo-free Klenow Termination Not assayed surrogate \(ide suprj Only incorporation/termination occurred
fragment under these conditions, even though dATP, dCTP and dGTP were
AMV-RT No incorporation Read-through present. If the observations we attribute to dXTP incorporation as a
M-MULV-RT No incorporation No incorporation dATP surrogate (whe(ein only dGTP a}nd/or dCTP were present)
o were due to forced mismatches, then incorporation would also be
Klenow large fragment Read-through Inhibition expected in the TTP surrogate probes and it was not observed.

Table 2 summarizes the data gathered from the enzymaticONCLUSION
screens. T7 Sequen&d¥eand M-MuLV-RT showed no evidence
of incorporation of dX with either template (cf. Ftf\). ATagand  We have shown that a nucleobase that has no close structural
exo-free Klenow fragment gave termination with no read-througkimilarity to adenosine is more robust with respect to MALDI-MS
(cf. Fig. 2B). DNA polymerase | Klenow large fragment, gaveanalyses and can act as a surrogate for dATP in enzymatic DNA
incorporation with read-through (cf. FigC) but only with the syntheses. It was incorporated by two naturally occurring enzymes.
longer template (M13mp18). Conversely, AMV-RT showed The results described here lay foundations for several related
incorporation with read-through only for the shorter template (atudies. These include screening mutated enzymes with higher
synthetic 26mer). substrate tolerances (e.g. AmpliPdgS and Taguena®g system-
Possible misincorporation of natural bases was a conceatic variations in the reaction conditions (e.g. substitution of
throughout these experiments, consequently the relative amountsr@gnesium in the buffer medium with manganese salts) and screens
the dNTPs and dXTP were critical. For each enzyme the minimuof other nucleobase analogs (e.g. those derived from 5-nitroindole).
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We intend to continue this screening process, then focus on the isstieszhu,L., Parr,G.R., Fitzgerald,M.C., Nelson,C.M. and Smith,L.M. (1995)
related to kinetics of incorporation and enzyme processivity for the
most efficacious combinations. Refined systems for incorporation of

unnatural bases could offer considerable advantages in analyses o

artificial DNA nested chain terminated strands.
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