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Abstract : A series of oligonucleotides were synthesized by automatic DNA synthesizer. The purity of crude
products was checked and their molecular weights determined by matrix assisted laser desorption ionization
mass spectrometry (MALDI-MS)} with an accuracy of better than 0.05% deviation even without using an
internal standard. This mass determining technology in combination with partial digestion of oligonucleotides
by 5'- and 3'-exonuclease provides a straightforward and simple method to obtain sequence information
of oligonucleotides. The extension of this technology to the sequencing of modified oligonucleotides and

genomic DNA and RNA might become possible.

Key words : digestion, exonuclease, matrix assisted laser desorption ionization mass spectrometry, oligo-

nucleotides, sequencing.

Synthetic oligonucleotides of various lengths can be
used as tools such as primers for PCR and gene probes
for diagnosis in the field of molecular biology. The a-
nalysis of purity and accurate-verification of sequence of
synthetic oligonucleotides are very difficult and time
consuming by conventional methods such as enzymatic
degradation and analysis by HPLC. The chemical meth-
od {(Maxam et al., 1980), enzymatic method (Sanger et
al,, 1977), and the wandering spot method (Bahl et al,
1976) to determine the sequence of DNA are very
laborious and usually require the handling of radio-
active material (Smith et al.,, 1987). These methods also
are limited in accuracy and do not allow the charac-
terization of modified oligomers.

Recently, MALDI-MS (Matrix Assisted Laser Desorp-
tion lonization Mass Spectrometry) has proven to be
as an appropriate analytical method giving high accu-
racy and compatibility in the analysis of oligonucleo-
tides (Schieltz et al, 1992; Kuang et al, 1993). MA-
LDI-MS was first demonstrated by Karas and Hillen-
kamp to be an excellent tool for the mass determina-
tion of high molecular weight biomolecules (Karas et
al., 1987, 1988). The ionization process is very mild
and leads to the desorption of intact molecules from
which usually no fragmentation products are generated.
MALDI works by irradiating a sample with a short laser
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pulse, then extracting the ionized molecules from the
ion source into the mass analyzer, usually in a time-
of-flight tube (Fig. 1). The sample is mixed with a spe-
cially selected “matrix” compound such as sinapinic
acid or dihydrobenzoic acid and is allowed to dry as
a crystalline coating on a probe tip. The matrix com-
pound is chosen to absorb light strongly at the laser
wavelength, and prevents the analyte from direct irra-
diation by laser light and from significant fragmentation.

Despite the great success of MALDI-MS in the analy-
sis of proteins (Beavis, 1992), oligosaccharides (Harvey,
1993), lipids (Martin et al,, 1992), and various polymers
(Tang et al., 1993), the analysis of oligonucleotides has
only been partially successful. The main difficulties of
analysis of oligonucleotides by MALDI-MS are their rel-
atively inefficient desorption and ionization behavior
and high tendency to form adducts with sodium and
potassium ions, resulting in multiple peaks or peak
broadening in the spectrum (Futh-Fehre et al, 1992).
The mass resolution also decreases dramatically with
increasing size of the molecule due to meta-stable ion
fragmentation in the time-of-flight analyzer tube {Coste-
llo et al, 1994). Therefore, an accurate mass determi-
nation of high molecular oligonucleotides (>300 mers)
becomes extremely difficult (Pieles et al, 1993; Tang
et al, 1994).

In these studies, we have synthesized a series of
DNA oligonucleotides and demonstrated the use of mat-
rix assisted laser desorption ionization mass spec-
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Fig. 1. Schematic illustration of matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF-MS).

trometry for the characterization of these synthetic oli- -
gonucleotides. Accurate molecular mass measurements
along with exonuclease digestion have been used for
complete sequence verification of molecules up to 40
nucleotides in length.

Materials and Methods

Acetonitrile (ACN) as solvent, ammonium acetate
(NH4OAc) and ammonium citrate as buffers, and 3-hy-
droxy picolinic acid (HPA) and picolinic acid (PA) as
MALDI matrices were purchased from Aldrich Chem-
ical Co. and used without further purification. The NH,*-
form cation exchange resin was from Pharmacia Co.
The calf spleen phosphodiesterase (CSP, 5'-exonuclease)
and snake venom phosphodiesterase (SVP, 3'-exonu-
clease) as termini specific enzymes were obtained from
Sigma Chemical Co. (St. Louis, USA). For all proce-
dures, high grade deionized water (Milli-Q, 18 MQ)) was
used, and all solutions were stored at 4°C and not fro-
zen. The enzymes were stable at 4°C for several weeks.

The oligonucleotides (12-, 17-, 33- and 40-mer) were
synthesized by an automatic DNA synthesizer (ABI
model 392) using a solid support made of controlled
pore glass. The products were purified in a HPLC (HP
model 1090} eluting with a linear gradient of 100%
eluent A (0.05 M NH4OAc/1% ACN) to 100% eluent
B (0.05 M NH4OAc/30% ACN) for 30 min. The 120-
mer rRNA was enzymatically isolated from Streptomy-
cetes (Park et al, 1991). These purified oligonucleoti-
des were stored at —70C.

The sequencing of oligonucleotides was performed
by time dependent enzymatic degradation reaction. For
the 3'-exonuclease sequencing, ammonium citrate (0.450
M, pH 94, 1 pl), snake venom phosphodiesterase (0.005
~0.2 mU, 1 yl) and oligonucleotide (400 pmol, 1 i)
were mixed in water to make total volume of 10 pl.
The solution was incubated at 40°C, removed and mix-
ed with 2 yl aliquots at 3, 6, 10 and 20 min with 4 pl
of a 10:1 solution of 3-hydroxypicolinic acid/picolinic

acid. Resulting mixture was treated with cation exchange
beads in NHs*-form. 2 ul solution was loaded onto the
surface of a stainless-steel solid probe, and allowed to
dry at ambient temperature. For the 5’-exonuclease
sequencing, 8 pl of a mixture of 3-hydroxypicolinic acid
/picolinic acid/ammonium citrate (10:1:05), 1 ul of
oligonucleotide solution (200 pmol), and 1 ul of 5
mU/pl calf spleen phosphodiesterase were mixed to
make total volume of 10 pl.

MALDI mass spectra were obtained either on a Ref-
lex reflector time-of-flight (TOF) mass spectrometer
{Bruker Instruments Inc., Billerica, USA) or on a Voya-
ger-Elite reflector MALDI-TOF mass spectrometer (Per-
septive Biosystems, Framingham, USA). Samples were
irradiated with a nitrogen laser (337 nm) of which ave-
rage power was about 10° W/cm? The generated mo-
lecular ions were accelerated in a constant electrical
field +35 kV or —35 kV, depending on the mode
of ionization. The time difference between desorption
by a short laser pulse duration of 5 ns and ion detec-
tion is proportional to the square root of the mass
to charge (m/z) ratio. The spectra were obtained by
summing 30 signal laser pulses. An instrumental mass
resolution of up to 1,000 FWHM (the ratio of the peak
mass to the full width measured in mass units at half
height, m/dm) can be obtained for molecular ions be-
low ca. 15,000 Da. The calibration was accomplished
using a mixture of substance P (1347.6 Da), insulin
(5733.6 Da), cytochrome C (12327.1 Da), myoglobin
(16951.2 Da), and albumin (63255.3 Da) as internal
mass standards.

Results and Discussion

The oligonucleotide products obtained from an auto-
matic DNA synthesizer have been checked and failure
sequences were found by MALDI-MS. The MALDI
mass spectrum obtained from direct analysis of the
crude synthetic products, formed in the production of
5'-CGCGAATTCGCG-3' (12-mer, calculated molecular
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Fig. 2. Negative ion MALDI mass spectra of (A} crude and (B)
HPLC purified 12-mer oligonucleotide (expected sequence: 5'-
CGCGAATTCGCG-3, calculated molecular mass: 3645.7 Da).

mass 3,645.7 Da), is given in Fig. 2. Several intense
molecular ions are observed for 8-mer (5-CGC-
GAATT-3', 24072 Da) and 10-mer (5'-CGCGAAT-
TCG-3', 3,0255 Da) as well as the desired 12-mer
(Fig. 2A). The most abundant ion corresponds to mole-
cular ions for the failure sequence 8-mer, [1~7]*. The
failure sequence is simply established by measuring the
mass differences between adjacent members of this ion
series. If one starts measuring mass differences from
the {1~12]" molecular ion and proceeds to lower
mass, the reading direction is from the 5’ end to the
3’ end, as determined by the synthetic procedure.
These results can further be confirmed in the HPLC
chromatogram of crude mixture (Fig. 3), in which the
relative amounts of each oligonucleotide are well matched
with those in MALDI spectrum. Fig. 2B shows molecu-
lar ion determination of the HPLC purified 12-mer.

In addition to the molecular weight determination,
the sequence inforination of a particular oligonucleotide
would be highly desirable. Especially, oligonucleotides
containing non-natural building blocks cannot be se-
quenced according to the standard techniques which
were originally developed for DNA and RNA oligomers
and are limited to those compounds. As model com-
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Fig. 3. HPLC chromatogram of crude mixture from synthesis of
12-mer oligonucleotide 5'-CGCGAATTCGCG-3', including minor

byproducts of 8-mer (5-CGCGAATT-3') and 10-mer (5'-CGC-
GAATTCG-3').

pounds we chosed 5-GTAAAACGACGGCCAGT-3'
(M13 universal primer for PCR, 17-mer, 52255 Da),
5'-GCCAGGGTTTTCCCAGTCACGATGCAGAAT-
TCA-3' (33-mer, 10,1099 Da), and 5-TAGTAGTAG-,
TAGTAGTAGTAGTAGTAGTAGTAGTAGTAGT-3',
(40-mer, 12,5439 Da). The oligonucleotides were di-
gested in two separate reactions by the terminal specific
enzyme, calf spleen phosphodiesterase (CSP, 5'-exonu-
clease) and snake venom phosphodiesterase (SVP, 3'-
exonuclease). To obtain optimal distributions reactions
were conducted at time intervals and directly analyzed
by MALDI-MS. The negative ion MALDI mass spectra
from partial digestion of oligonucleotides.are presented
in Fig. 4.

From the spectra, nucleotides from the 3’ end can
clearly be assigned by different individual masses for
each A (313.2 Da), T (289.2 Da), C (329.2 Da), and
G (304.2 Da). The sequence is simply established by
measuring the mass differences between adjacent mem-
bers of this ion series. If one starts measuring mass
differences from the molecular ion and proceeds to
lower mass, the reading direction is from the 3’ end
to the 5’ end, as determined by the synthetic proce-
dure. There is no ambiguity in assigning each observed
oligonucleotide, because the oligonucleotide masses dif-
fer from one another by at least 9 Da and these values
can be allowed within the mass accuracy below ca.
15,000 Da. The calculated and measured molecular
masses for the ladder of digested 17-mer by SVP are
summarized in Table 1. In the particular case of 33-
mer, twenty nine sequences from 3’ end are easily de-
termined, but the remaining four nucleotides near the
5’ end are not detected. This results because of either
chemical noise evident in the MALDI mass spectrum
below m/z 1000 or incomplete digestion by 3'-exonu-
clease.
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Fig. 4. Negative ion MALDI mass spectra resulting from partial
digestions by snake venom phosphodiesterase of the oligonucleo-
tides (A) 17-mer (5-GTAAAACGACGGCCAGT-3'), (B) 33-mer
(5'-GCCAGGGTTTTCCCAGTCACGATGCAGAATTCA-3'), and
(C) 40-mer (5'-TAGTAGTAGTAGTAGTAGTAGTAGTAGTAG-
TAGTAGTAGT-3').

From these results, it is necessary that the separate
digestion reactions with both 5'-exonuclease CSP and
3’-exonuclease SVP should be applied to determine
the full sequences, because neither enzyme hydrolyzes
an oligonucleotide shorter than about 3~4 residues
in length. The optimal enzyme concentration or time
of digestion varies somewhat from sample to sample,
therefore enzyme concentration or time of digestion
should be varied to obtain spectra of overlapping par-
tial digests which when reconstructed give the entire

Table 1. The sequence obtained from partial digestions by SVP
of the 17-mer oligonucleotide 5-GTAAAACGACGGCCAGT-3',
and their calculated and measured masses

Sequence [M'H] Teale [M'H] " found
GTAAAACGACGGCCAGT 52255 52263
GTAAAACGACGGCCAG 49214 49217
GTAAAACGACGGCCA 45922 4591.7
GTAAAACGACGGCC 42791 42797
GTAAAACGACGGC 3989.9 3989.6
GTAAAACGACGG 3700.8 3699.8
GTAAAACGACG 33717 33727
GTAAAACGAC 30425 30429
GTAAAACGA 27534 27532
GTAAAACG 24403 24395
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Fig. 5. Molecular mass determination of 120-mer RNA (expected
molecular mass: 40810 Da) by negative ion MALDI mass spec-
trometry, showing deletion of 2 bases.

sequence. The negative ion MALDI mass spectrum (Fig.
4B) of partially digested 40-mer oligonucleotide with
repeated sequences of TAG shows the dependence of
enzyme concentration and digestion time. Generally,
it is most preferable to obtain the major part of the
sequencing information with snake venom phosphodi-
esterase, which tends to produce a more even distribu-
tion of products since the enzyme apprears to be less
sequence-dependent. In this. case the last few 5 resi-
dues are easily determined with calf spleen phospho-
diesterase. The mass accuracy is tested with an enzy-
matically isolated RNA sample. The molecular weight
of oligonucleotides can routinely be determined by
MALDI-MS with an accuracy of better than 0.05% de-
viation even without using an internal standard (Fig.
5).

In conclusion, the major features of MALDI-MS are relative
ease of handling for non-mass spectrometry specialists and
rapid data collection and interpretation. The mass deter-
mining technology described above in combination with
a time dependent degradation by 5'- and 3'-exonu-
cleases provides a straightforward and simple method
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to obtain the sequence information of oligonucleotides
containing natural building blocks. The extension of this
technology to the sequencing of modified oligonucleo-
tides and genomic DNA might become possible if both
efficient desorption of longer oligomers (100~300
mers) and increased sensitivity to the low femtomole
range can be achieved. We are currently investigating
other features of MALDI to apply these methods for
sequence determination of higher oligonucleotides up
to 200-mer. The optimization of ladder-sample prepa-
ration, the finding of a more suitable matrix, and the
enhancement of instrument conditions are included in
this goal.
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