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Abstract

A 53-base pair region on the long arm of chromosome 22 was amplified using PCR with 7-deaza-modified deoxynucleotides. Increased
amplification efficiency was achieved by doubling the concentration of the modified deoxynucleotide triphosphates. Incorporation of 7-deaza
purines has been previously shown to selectively eliminate fragmentation pathways during gas-phase sequencing of nucleic acids by sustainec
off-resonance irradiation collision-induced dissociation (SORI-CID) and infrared multiphoton dissociation. However, 7-deaza analags result i
significant duplex stability precluding interrogation of the single-stranded species by tandem mass spectrometry. Herein, we demonstrate the use
of lambda exonuclease to successfully overcome this problem and are able to obtain single-stranded PCR products containing 7-deaza adenin
and guanine nucleobases. Mass accuracy was used as our metric to determine complete incorporation of 7-deaza residues in BCR products
15 kDa;< 3 ppm neutral monoisotopic mass measurement accuracies were routinely achieved. High mass measurement accuracy was obtainec
using a dual electrospray source and subsequently, using an isotopic fitting algorithm, the best fit between the theoretical and experimental
isotopic distributions was determined using a chi-square value. Theoretical isotopic distributions were generated using an average nucleotide
(averatidg chemical formula developed herein which was based on the relative frequencies of AT and GC base pairs in the human genome.
Single-stranded PCR products were fragmented using SORI-CID and as expected, cleavage at the 7-deaza modified sites was not observec
Collectively, this integrated approach can facilitate top—down sequencing of PCR products by a variety of tandem mass spectrometry methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction times and it measures an intrinsic property of the molecule
(i.e., mass).
The completion of the Human Genome Proj¢ti2] There are two general approaches to nucleic acid se-

and progress toward a better understanding of diseaseguencing by mass spectrometry. One approach is to measure
mechanisms have resulted in a focus on developing DNA the mass of enzymatic or chemical cleavage products and
“re-sequencing” methods. An advancement of any techniquethe second approach is gas-phase dissociation of oligonu-
demands more rapid, accurate, and sensitive technologiescleotides. Both approaches have been reviewed extensively
Nucleic acid sequencing by mass spectrometry offers these[3—6]. Although enzymatic or chemical cleavage products of
gualities over other methods as it affords rapid analysis larger oligonucleotides can be routinely analyzed by mass
spectrometry7-9], the incubation or reaction times increase
the overall analysis time. Gas-phase sequencing methods in
mpon ding author. Tek:1-507-284-1997: fax:-1-507-284-9261, principle can be faster due to the fact that no additional sam-
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Ubiquitous acceptance of gas-phase sequencing has beeatry are achievable using internal calibrat[@8,30-32] the
impeded by the high proton affinity of the purind®,11]. latter ensures that the analyte and calibrant ions experience
High proton affinity results in the precursor ion current the same experimental conditions (e.g., ion number). It has
(abundance) being dispersed into numerous product ionalso been shown that tandem mass spectrometry data can be
channels thereby lowering the signal-to-noise ratio of each internally calibrated to obtain high mass measurement accu-
product ion. The majority of gas-phase sequencing of nu- racies[13]. Even with the precision and accuracy of inter-
cleic acids has been of oligonucleotides containi20 nally calibrated FT-ICR data, assignment of the most abun-
nucleotidegd12-17] Nonetheless, the success of gas-phase dant isotopic mass may actually differ Byl Da due to the
sequencing is not limited to oligonucleotides less than experimental variation in ion abundanci&8]. Moreover,
twenty base pairs in length. Little et 4l.8] have reported  average mass measurements are affected by isotopic vari-
complete gas-phase sequencing of a 50-mer and partialability, especially the abundance of carbon isotopes which
sequencing of a 108-mer. are a major component of oligonucleotid88,34] as well

Although gas-phase oligonucleotide sequencing has beeras by the dependence of average mass on measured isotope
demonstrated, an overall strategy that allows routine se-abundances.
guencing of larger nucleic acids needs to be explored. One Herein, we describe a strategy to facilitate top down se-
strategy to aid gas-phase sequencing by mass spectrometrguencing that combines both the incorporation of 7-deaza
would be a selective reduction in the number and type of residues to selectively eliminate fragmentation pathways
fragmentation pathways through the incorporation 7-deazaand the generation of single-stranded amplicons by means
purines[19]. The 7-deaza analogs contain a vinylinic car- of lambda exonuclease digestion. Moreover, we demon-
bon at the most basic site in guanine and the third most ba-strate how a simple isotopic fitting procedure can generate
sic site in adenin§l1], N7, in place of nitrogen. When the accurate experimental monoisotopic masses, which can
N7 nitrogen is replaced by carbon, the latter of which can then be used to delineate base composition and length
no longer hydrogen bond, the phosphate group is unable toto determine if tandem mass spectrometry should be in-
protonate the N7 position and hence cannot induce cleavagesoked to elucidate the position of the sequence varia-
of the N-glycosidic bond15,20,21] As a result, cleavage tion compared to the wild-type sequence. It is important
does not occur at positions containing 7-deaza analogs. to note that the ability of the isotopic fitting algorithm

The replacement of the N7 nitrogen with carbon changesto correctly determine monoisotopic mass of internally
the number ofr-electrons, consequently affecting the aro- calibrated data proved essential to routinely obtain low
maticity of the ring. This, along with other factors that ppm mass measurement accuracies of large PCR prod-
affect stability [20,22,23] make it difficult to denature  ucts.

PCR products of any appreciable length containing 7-deaza

purines into single stranded species. Ordinarily, changes in

solution composition and temperature present a rapid mean®. Experimental

of denaturing PCR products, thereby affording the abil-

ity to measure the complementary single-stranded species2.1. PCR amplification

[24]. However, due to the increased stability of the double

stranded amplicons containing 7-deaza residues, an alterna- A 53-base pair region containing a single nucleotide

tive approach (e.g., enzymatic) to generate single-strandedpolymorphism (SNP) (dbSNP, rs#717336) was amplified

species is required. from synthetic template designed from a sequence on the

Lambda exonuclease is a DNA repair enzyme that se-long arm of chromosome 22 (SNP 22). Each PCR re-
lectively digests a 5 phosphorylated terminus from a action contained £ AmpliTaq Gold PCR buffer, 3mM
duplex structure leaving the complementary strand intact MgCl,, 0.2 mM each deoxynucleotide triphosphate (dNTP),
[25—-27] Our laboratory has found that lambda exonucle- 12.5pmol of each primer (forward sequence;G&G
ase is the most reproducible method to selectively generateGCC ATC AGA GAA ATA TAC CT-3, reverse sequence,
single-stranded PCR produd8]. 5-CCA GGG TGG TAATTT CCA GGT-3 (Midland Cer-

The detection of single-strand species reduces the over-tified Reagent Co., Midland, TX), 1 fmol template (Midland
all mass by roughly a factor of two, thus increasing the Reagent Co., Midland, TX), and 1.25U émpliTaqGold
likelihood of achieving isotopic resolutiof28]. Isotopic (Applied Biosystems, Foster City, CA) in a total volume
resolution can dramatically improve mass measurementof 50uL. Amplification was carried out in a 96-well MJ
accuracy (vide infra), which can be used to calculate the Research PTC 200 DNA Engine System Peltier Thermal
base composition and length of an amplid@d]. A base Cycler (Watertown, MA) using a hot-start PCR program.
composition that differs from the wild-type sequence would An initial 10-minute heat step at 9& is required for en-
warrant gas-phase sequencing to elucidate the position ofzyme activation, followed by 34 cycles of 96 for 30s
the sequence variation. (denaturation), 58C for 45s (annealing), and 7Z for

Accurate mass measurements (low to sub ppm) in Fourier45s (elongation). A final elongation step was accomplished
transform-ion cyclotron resonance (FT-ICR) mass spectrom-at 72°C for 10 min.
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2.2. PCR amplification with 7-deaza analogs Internally calibrated data for an individual charge state
was used to generate an experimental monoisotopic mass,

PCR reactions containing 7-deaza analogs were preparedis determined by an algorithm similar to that described by

in accordance with the above except that 7-dedzdedxy- Senko et al[34], from which mass measurement accuracies

GTP (d-dGTP) (Roche Diagnostics Corp., Indianapo- were determined. Software was written if-@& on Linux.

lis, IN) and 7-deazalZdeoxy-ATP (¢-dATP) (TriLink

BioTechnologies, San Diego, CA) were substituted for de-

oxyguanosine triphosphate (dGTP) and deoxyadenosine3. Results and discussion

triphosphate (dATP), respectively in separate reactions with

a final concentration of 400M per reaction. 3.1. ESI-FT-ICR mass spectrometry of wild-type sequence
2.3. Primer phosphorylation with T4 polynucleotide A model system was used to develop and evaluate a
kinase methodology to generate and accurately measure the mass of

single-stranded PCR products. For this evaluation we chose
A 5 phosphorylated reverse primer was employed for the SNP 22 locus as our model system since we were fa-
PCR products that were to be treated with lambda exonu- miliar with the locus from previous experimerjtl]. PCR
clease. Primer phosphorylation was accomplished with the products for wild-type SNP 22 were amplified and then the
enzyme T4 polynucleotide kinase (PNK35]. Each 5Qul noncoding strand was digested. The sequence for the coding
phosphorylation reaction containeg PNK reaction buffer, strand with a theoretical neutral monoisotopic mass of 16
25nmol ATP, 1.25nmol reverse primer, and 5U of PNK 221.739 Da is shown ifrig. 1a A single-acquisition ESI-
(Epicentre, Madison, WI). Reactions were incubated for FT-ICR mass spectrum of the coding strand is shown in
30 min at 37C followed by an enzyme deactivation step at Fig. 1k charge states are labeled and asterisks indicate the
70°C for 5min. Primers were completely phosphorylated internal mass calibrant peaks. Polyethylene glycol with an
when analyzed by ESI-FT-ICR mass spectrometry (data notaverage molecular weight of 1000 Da (PEG-1000) was used

shown). as the internal mass calibrant.
It is advantageous to use neutral monoisotopic masses
2.4. Generation of single-stranded amplicons opposed to the most abundant isotopic mass (vide supra). In

addition, monoisotopic mass is additive, therefore, changes
PCR products were ethanol precipitated prior to lambda in mass relative to the wild-type mass (e.g., polymorphisms,
exonuclease treatment and then digested according to thanutations, base modifications) are readily assignable.
previously published protocdP8]. The resulting single-  Monoisotopic mass was determined using a chi-square
stranded PCR products were purified before ESI-FT-ICR procedure, described by Senko et E4], which aligns
MS analysis according to standard laboratory practice com-a theoretical isotopic distribution to the experimental iso-
prised of ethanol precipitatiof36,37] and microdialysis topic distribution. Theoretical isotopic distributions were

[38,39] generated using the Mercury algoriti{d2]. A number of
possible distribution alignments are obtained by shifting
2.5. Mass spectrometry the theoretical distribution in~1/z increments relative to

the experimental distribution. Then, for each alignment of

Mass spectra were acquired in negative-ion mode on adistributions, a chi-square value between experimental and
modified ESI-FT-ICR mass spectrometer (lonSpec Inc., theoretical abundances was calculated. Only peaks where
Irvine, CA) with a 7 T superconducting magnet (Cryomag- the experimental abundance was greater than 20% of the
netics, Oak Ridge, TN). PCR products were electrosprayedmost abundant isotopic peak in the distribution were in-
from a 50um fused-silica capillary pulled to a fine tip cluded. The alignment with the lowest chi-square value was
and remotely coupled to a potential 62000V [40]. PCR taken to be optimal. Monoisotopic mass was then calculated
products were electrosprayed from a buffer consisting of by an abundance weighted average of differences for each
60:20:20 acetonitrile/isopropanol/10 mM ammonium ac- isotopic peak between experimental mass and theoretical
etate in water with a final concentration of 20mM each monoisotopic maspi3].
piperidine and imidazole and infused at a rate of 3Rls Senko et al. utilized a model amino acidyeragine
Single-acquisition spectra were collected with 1024 k data whose chemical composition was obtained by averaging the
points with a digitization rate of 1 MHz and a Blackman relative occurrence of each amino acid in a database. We
window function applied then zero-filled three times prior adopted a similar procedure and since the base composition
to fast-Fourier transform, unless otherwise noted. All spec- of the wild-type sequence was known, a sequence-specific
tra of intact PCR products were internally calibrated using approach was used to validate our average nucleotide,
a dual-electrospray source fashioned in our laboratory and“averatide” approach.
described elsewhe80]. All SORI experiments were con- The frequencies of the bases in the human genome
ducted using a 1000 Hz off-resonance excitation waveform. are known with reasonable certainty, which enabled us to
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Fig. 1. (a) Sequence of the coding strand of the SNP 22 PCR product is shown. Underlined portion represents the forward primer sequence. Theoreticz
neutral monoisotopic mass for the wild-type sequence is 16 221.739Da. (b) ESI FT-ICR mass spectrum of the unmodified coding strand of the SNP
22 PCR product. Charge states are labeled for both the blunt-ended and mono-adenylated products. Asterisks indicate peaks resulting frain the intern
mass calibrant polyethylene glycol (PEG) 1000. The tBarge state is enlarged to compare both the experimental and theoretical isotopic distribution.
Solid circles indicate the theoretical isotopic distribution. Triangles repregemalues generated from an algorithm using #weratidesequence. Both

sets of x2 values resulting from thaveratide and sequence-based approaches are listed in the table. The experimentally calculated monoigbtopic
value is labeled with an arrow.

develop an average nucleotide. The chemical formula of Basically, this calculation is a weighted average of the
averatidewas calculated based on the frequencies of AT chemical formulas for the four nucleotides. Presently,
and GC found in the genonig], shown inEq. (1) In this only the abundances of the complimentary nucleotides are
calculation we assumed that the frequency of AT and GC known (i.e., the percentage of AT and GC). Therefore,
are consistent throughout the genome. It should be notedthe average chemical formula for each pair is weighted
that CpG islands (regions of the genome with >50% GC according to the frequency of the pair found in the hu-
content) and repetitive regions in the genome will not be man genome. The first term iBq. (1) is an average of
accurately represented by averatide chemical formula the chemical formula for deoxyadenosine monophosphate
thus warranting a locus-specific approach afforded by the and deoxythymidine monophosphate multiplied by the
specificity inherent in the PCR phase. frequency of the two nucleotides in the human genome,
which is 58%. Similarly, the second term is a weighted
average of deoxyguanosine monophosphate and deoxycyti-
dine monophosphate. The resulting chemical formula is an
= 0.58 <C10H12N505P1 + C1°H13N207P1) average nucleotide found in DNA; due to the structural dif-
2 ferences between the nucleobases and sugar moieties, RNA
+0.42<C10H12N506P1 + C9H12N306P1> (1) would have a different resulting average nucleotide. Pre-
2 viously, Zubarev and Demirej44] developed an average
nucleotide ‘averabaseineassuming an equal distribution
Formulasveratide = Co.79H1229N3.7106P1 of the bases.

Formulaeratide
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The average molecular weight afveratideis used to found to be 1246.817 Da for the 13charge state, corre-
calculate the number of nucleotides in an oligonucleotide, sponding to a neutral monoisotopic mass of 16 221.710 Da
which is accomplished by dividing the experimental aver- (mass error: 1.8 ppm).
age molecular weight by the average molecular weight of  Applying the isotopic fitting procedure to acquired mass
averatide The average molecular weight afveratideis spectra will generate experimental neutral monoisotopic
308.908 Da. Since thaveratideaverage molecular weight masses. The experimental neutral monoisotopic mass can
includes the mass of a phosphate group, the number of nuthen be compared to the theoretical neutral monoisotopic
cleotides calculated will not be an integer. However, small mass of the wild-type sequence. If large discrepancies (mass
differences in experimental mass will not affect the length errors> 3 ppm) between theoretical and experimental neu-

calculation (data not shown). tral monoisotopic mass exist, a base composition and length
The number of nucleotides is then used to determine the comparison to the wild-type sequence can be used as a pre-
model chemical formula of the amplicon, shownEq. (2) liminary determination regarding the nature of the sequence
variation. In cases where the base composition differs from
Formula= #NucleotidegCq 7gH1229N3.7106P1) — (x)PO; wild type sequence, three possibilities exist: a substitution,
) insertion, or deletion is present. A comparison of the cal-
culated length to the length of the wild-type sequence will
The variablex represents the number of stranals= 1 for easily distinguish between the three possibilities. No change
single-stranded DNA and = 2 for double-stranded DNA.  in length indicates a substitution, for example a single nu-

Rounding the number of each element to an integer will cleotide polymorphism. Longer or shorter oligonucleotide
result in a mass discrepancy between the theoretical and exsequences compared to the wild-type sequence would in-
perimental average molecular weight. Adding or subtract- dicate insertions or deletions, respectively, and identify a
ing hydrogens from the model chemical formula corrects for need for tandem mass spectrometry.
this difference in average molecular weight. Large correc-  In order to determine the ability of the algorithm to rou-
tion factors are a result of the range of nitrogen and oxygen tinely identify monoisotopic mass, ten sequential internally
in the various nucleotides. The number of nitrogen atoms calibrated mass spectra of the coding strand SNP 22 ampli-
in the four different nucleotides ranges from three to five, con were acquired. Isotopic distributions of the 1¢éharge
which corresponds to a 28 Da difference, and the number of state were employed to generate experimental monoiso-
oxygen atoms ranges from five to seven, corresponding to atopic masses with the isotopic fitting procedure using both
32 Da difference. a sequence-specific araleratidebased approach. When

Once the corrected model chemical formula is obtained, monoisotopic masses were generated using the sequence-
this formula is used to generate a theoretical isotopic dis- specific approach the average mass accuracy was found to
tribution. The isotopic fitting procedure then uses this dis- be 18 £ 1.3 ppm (confidence interval of the mean at the
tribution to determine the experimental monoisotopic mass 95% confidence level). Thaveratideapproach produced
(vide supra). an average mass measurement accuracy.®f11.3 ppm

The inset inFig. 1b shows the aligned theoretical (solid (confidence interval of the mean at the 95% confidence
circles) and experimental isotopic distribution for the wild- level). These results are summarizedTamble 1 The con-
type sequence generated using tieeratide approach. sistent mass measurement accuracies obtained from both
Chi-square values are represented by triangles and are listedhe averatideapproach and the sequence-specific approach
in the table. In this case, the most abundant peak in the ex-validates theaveratide approach. However, a sequence
perimental isotopic distribution is determined by the fitting (locus)-specific approach may prove more useful for shorter
procedure to correspond to the theoretical most abundantamplicons or for regions of the genome that are highly
isotope. The experimental monoisotopi'z value was invariable (i.e., CpG islands, repeat regions).

Table 1
Comparison of neutral monoisotopic mass measurements for 7-deaza modified and unmodified SNP 22 amplicons generated using a sequence-specific
and averatideapproach

Species Neutral monoisotopic mass
Theoretical Sequence-specific approach Averatideapproach
Experimental Error (ppm) Experimental Error (ppm)
Wild-type 16221.739 16221.720 1.8+ 1.2 16221.716 1.8+ 1.3
7-Deaza guanine 16217.758 16217.792 -2.1 16217.791 -2.0
7-Deaza adenine 16213.777 16213.812 -2.1 16213.813 2.2

2 Average of monoisotopic mass measurements- (L0).
b Average mass erron(= 10) + Cl of the mean at the 95% confidence level.
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3.2. ESI-FT-ICR mass spectrometry of 7-deaza guanine ment accuracy to unequivocally distinguish modified and
products unmodified sequences from one another. Furthermore, the
determination of complete incorporation of modified bases

After the development of the isotopic fitting algorithm, an was needed to elucidate optimal PCR conditions. For both of
application became apparent. The use of 7-deaza modifiedthese reasons, we adopted #weratideapproach described
purines to completely replace unmodified purines during in Section 3.10 analyze amplicons containing 7-deaza mod-
PCR was under investigation in our laboratory. Substitu- ified purines.
tion of a vinylinic carbon for the N-7 nitrogen lowers the Initial attempts to generate PCR products containing 7-
mass by one Dalton. A shift in mass from the wild-type deaza guanine (6) in our laboratory only proved success-
sequence can be used to determine the number of guanineful after tandem PCR, and even then with poor yield (data
or adenines depending on which deaza analog was presenhot shown). Other researchers have noted that optimal am
during PCR. For the SNP 22 locus amplified in the presence plification of DNA with Tagand dUTP (a modified dNTP)
of 7-deaza guanine, the 4-Da mass shift observed indicategypically requires a higher concentration in comparison to
there are four guanines incorporated during amplification. the other dNTPs in the reaction. This is a result of the in-
This information in conjunction with the primer sequence efficiency of Taqpolymerase incorporating modified bases.
would restrict the number of possible base compositions. Applying this observation to the 7-deaza analogs, prelimi-
The sequence for the’@-modified coding strand of the nary PCR optimization included varying the concentration
SNP 22 PCR product is shown kig. 2a Bolded guanines  of the modified base. By doubling the concentration of the
indicate sites where’6 is incorporated when the template deaza-modified base in comparison to the other dNTPs, PCR
is amplified with ¢dGTP in place of dGTP. efficiency was dramatically increased. AcZoncentration

A small mass shift of the 7-deaza modified PCR amplicon was chosen as our upper concentration limit based on other
from the unmodified product requires high mass measure-researchers’ work indicating that DNA could be amplified

(a) 5' GGG GCC ATC AGA GAA ATATAC CTC TTATTA CCA CCT GGA AAT TAC CACCCT GG 3'
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Fig. 2. (a) The éG-modified sequence is shown with@ sites in bold. The neutral monoisotopic mass is 16 217.758 Da, approximately a 4 Da shift from

the unmodified sequence. (b) ESI FT-ICR mass spectrum of the coding strand of the 7-deaza-guanine SNP 22 PCR product. Notation is the same as
Fig. 1h Some forward primer is present and the resulting peaks in the mass spectrum are labeled with their charge state. This FT-ICR mass spectrur
was acquired with 512k data points and digitized at rate of 1 MHz. An expansion of theH&ge state is shown, along with the algorithm output.

The algorithm was run using theveratidesequence and the resulting values are represented by triangles in the inset and listed in the accompanying
table. Solid circles rfcommepresent the theoretical isotopic distribution. The monoisatpi@lue is labeled with an arrow.
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with a 2x concentration of the modified dNTP. Concentra- This is double the number of potential sites for tA€ prod-

tions of 1x and 1.5¢< were also investigated. Amplicons uct, so the mass difference between tfa emodified and
from the three different reactions were quantified using UV unmodified product is about8 Da. Therefore, less stringent
absorbance and qualitatively examined on a 2% agarose gelmass measurement accuracies are required to differentiate
both methods indicated that the<2concentration of the  the dA modified and unmodified product. However, sev-
modified dNTP produced the largest amount of amplicon eral authors have reported that amplification ugiagpoly-
without producing artifacts (data not shown). merase will not proceed solely in the presence ‘@I P

Once ¢G was incorporated into the PCR products, we [45,46] so it was essential that we demonstrate that com-
attempted to generate single-stranded products. Efforts toplete incorporation of @ was achieved in absence of dATP.
denature double-stranded PCR products containing deazaJo attain high mass measurement accuraciesatieeatide
modified bases using both heat and solution composition approach using the isotopic fitting algorithm was applied to
[24] in our laboratory proved unsuccessful (unpublished the A system.
data). However, we were able to generate single-stranded The method described iBection 2.2was used to effec-
PCR products containing’dGTP by lambda exonucle- tively amplify the SNP 22 locus containingd&s. The se-
ase digestion. The resulting single-acquisition ESI-FT-ICR quence of the @-modified product is shown irfFig. 3a
mass spectrum of the single-stranded species is shown iriThere are eight‘@ sites, indicated in bold.

Fig. 2h The double-stranded SNP 22 PCR product was not Experimental neutral monoisotopic masses were de-
detected after lambda exonuclease digestion nor were truntermined from the isotopic fitting algorithm using the
cated species clearly demonstrating the ability of lambda averatidebased chemical formula, describedSaction 3.1
exonuclease to process the modified bases. and the 13 charge state of the single-strandethcSNP

In Fig. 2b peaks from the internal mass calibrant, PEG- 22 product internally calibrated using & Gligonucleotide.
1000, are labeled with asterisks. Internally calibrated data Fig. 3b shows the aligned theoretical (solid circles) and
was used to generate an experimental monoisotopic mas®xperimental isotopic distribution. Chi-square values are
for the 13" charge state using theveratidebased chemi-  indicated by triangles and the monoisotopiz value is de-
cal formula and the isotopic fitting algorithm. The experi- noted with an arrow. Both the experimental and theoretical
mental monoisotopian/z value was then used to calculate monoisotopic masses for both thgeratideand sequence-
the experimental neutral monoisotopic magable 1lists specific approach are listed rable 1 Mass measurement
both the theoretical and experimental neutral monoisotopic accuracies of-2.1 ppm for the sequence-specific approach
masses along with the mass measurement accuracies oband —2.2 ppm for theaveratideapproach were obtained,
tained from both theaveratideand sequence-specific ap- which confirms PCR products containingAc were suc-
proach. Data for the’& product was collected with 512k  cessfully amplified with complete replacement of dATP
data points. with ¢’ dATP.

The inset inFig. 2b shows both the experimental and In addition to amplifying éA-modified products, we
theoretical (solid circles) isotopic distribution of the ™13  successfully generated single-stranded species, indicating
charge state for the’6& SNP 22 coding strand. Chi-square lambda exonuclease can digest modified bases. Even more
values are represented with triangles and listed in the ta-interesting is the presence of three adjacent adenines out-
ble. Note that the most abundant peak in the experimentalside of the primer region where/& was inserted during
isotopic distribution does not correspond to the theoretical the PCR. The contiguous nature of these sites demonstrate
most abundant isotope. If the most abundant isotope fromthat not only doeJaqpolymerase insert the modified bases
the experimental data had been used without the isotopicbut also that lambda exonuclease can process multiple, ad-
fitting algorithm, a+1 Da error would have been incurred. jacent modifications. These two observations are validated
However, the algorithm was able to correctly produce the by a mass comparison of the experimental and theoretical
expected monoisotopic neutral mass. neutral monoisotopic masses, which are 16 213.813 and

An average error of-2.0 ppm was determined for the 7- 16 213.777 Da, respectively with a resulting mass error of
deaza guanine modified amplicon, which means the exper-—2.2 ppm.
imental neutral monoisotopic mass differed b¥.03 Da. Another report indicates that PCR products can be ampli-
Since this is less than the change in mass due to the substified in the sole presence ofdATP using exo {) Pyrococ-
tution of a single ¢G for an unmodified guanine (i.e., 1 Da), cus furiosus(Pfu) DNA polymerase[23]. The advantages
we were confident that completé@ incorporation at all of exo () Pfu are the lack of terminal transferase activity,
four sites in the amplified region occurred. which would result in only blunt-ended species, and a higher

fidelity (i.e., lower misincorporation rate). The properties of
3.3. ESI-FT-ICR mass spectrometry of 7-deaza adenine several DNA polymerases have been examined elsewhere
products [47]. However,Taq polymerase does have a higher proces-

sivity (i.e., the number of bases extended before the enzyme

The coding strand of the SNP 22 locus contains eight po- falls off the template) and may be more amenable incorpo-
tential sites for 7-deaza adenin€ A3 to be incorporated.  ration of 7-deaza purines.
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(a) 5'GGG GCC ATC AGA GAA ATA TAC CTC TTA TTA CCA CCT GGA AAT TAC CAC CCT GG 3'
(b)
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Fig. 3. (a) Sequence of the coding strand for th& NP 22 PCR product. The primer region is underlined ahdl sites are in bold. (b) ESI FT-ICR
mass spectrum of the coding strand of the 7-deaza-adenosine SNP 22 PCR product. The output of the algorithmaw&rggideezhemical formula

is shown. Triangles indicatg? values and numerical values are listed in the table. The low®salue indicates the most abundant isotopic peak. The
monoisotopic mass is indicated with an arrow. Solid circles correspond to the theoretical isotopic distribution.

After initial experiments with €A products were com-  species (generated from lambda exonuclease digestion)
plete, gas-phase dissociation experiments with the excesdmproves mass accuracy. Additionally, an isotopic fitting
product were performed using sustained off-resonance ir-procedure that determines monoisotopic mass from iso-
radiation collision-induced dissociation (SORI-CI[)8]. topically resolved experimental data could further improve
SORI-CID results indicate that cleavage at 7-deaza sites ismass accuracy and precision. A deviation in base composi-
not observed which is in accord with our previous studies tion when compared with wild-type would warrant tandem
[19]. This approach could be used to reduce fragmentationmass spectrometry to determine the precise nature and
pathways when sequencing large PCR products. |ncorporat-|OCati0n of the sequence variation. The incorporation of
ing 7-deaza analogs in the PCR phase is a simple method’-deaza purines during PCR selectively eliminates disso-
to selectively reduce fragmentation from intact PCR ampli- Ciation pathways, thus reducing the number of product ion
cons and combined with high mass measurement accuracie§hannels and improving signal-to-noise. These techniques
and associated algorithms, this overall strategy will greatly in combination would improve tandem mass spectrome-

improve top-down sequencing using tandem [9]. try experiments and allow gas-phase sequencing of larger
amplicons.

4. Conclusions
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