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DNA fragments ha ve been ana lyzed by matrix-assisted laser desorption ioniza tion (MA LO!)
and electrospray mass spectro metry . In many cases, only th e single-stranded oligonu
cleotides ha ve been detected . Recently, spectra of in tact double-stranded DNA have been
obtained in both electrospray and massive cluster impact ionization . We show here the first
MALDI spectra of intact double-stranded DNA (EcoR1 adaptor 12/16) that is clearly not due
to nonspecific dimer formation. 6-Aza-2-th iothym ine w as used as the matrix in the pres enc e
of ammonium citrate. Via the same procedure but with othe r matrices commonly employed
for oligon ucleotide analysis, the intact DNA duplex was not detected. No sign of the
homodimer of eithe r of the sing le strands is observed . Altho ugh the spectrum also sho ws
peaks attributable to each of the sing le strands, these are d emonstrated to arise from the
DN A solu tion and not the samp le prepa ra tion or desorption p rocess. (J Am Soc Mass Spectrom
1995, 6, 972-975)

W ith th e surge of interest in the identificati on
and analysis of DNA, the ability to s tud y
noncovalent in terac tions , such as exis t be

tw een the strands of d ouble-stranded DNA, is of prime
importance to biomedical researchers and st ruc tu ra l
biologists. Soft ionization techniques such as matrix
assis ted laser desorption ioni zat ion (MA LD!) and elec
trospray have been used before for the analysis of
non covalently bound complexes, and are therefore rea 
sonable choices for the examination of DNA duplexes.
Althoug h there have been a n umbe r of reports in the
literature on the analysi s of oligon ucleotides and DNA
strands by MALDI [1-20], the spec tra shown of intact
double-stranded DNA ar e subject to criticism. In the
firs t place, the term " double-stranded" applied to DNA
denotes true complementary pa iring , not just dimers
of monomeric species . Second , in the spectra of a 1:1
mixture of two oligomers (A, B), detect ion of multiple
d imer peaks (AA, AB, BB) clea rly indicat es nonspecific
co-desorption of A and B. We cons ider that many of
the articles on th is subject tend to obscure the point
that thi s is not cons isten t w ith th e ionization of a sing le
AS species.

In a series of articles, a group at Oa k Ridge Na tiona l
Lab oratories has reported the analys is of oligo nu
cleotides [4-6) and then d ouble-stranded ON A [12-1 5).
Altho ugh the latter articles refer to the running of
double-stranded DNA on MA LO!, none of the spec tra
show DNA " flying" as the d uplex. Bai et al. [16) also
ran a duplex DNA, and althoug h the implication was
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th at in tac t double-stranded DNA had been detected
inta ct, it could be deduced that only monomer ions
we re involved. In a pr evious publication, we similarly
observed that a 16-m er base pair oligom er ionized as
two unpaired oligonucleotides [20]. Howe ver, because
the melting temperature of this DN A strand wa s ap
proximately 14 DC (ca lculations were made by using
the OLIGO version IV primer analysis software from
Nat ional Bioscien ces, Inc. (Plymo uth, MN) , melting
temperatures are quoted relevant to the concentration
of salts pr esent at sample pr ep aration, and the sample
wa s handled at room temperature, it was not surpris
ing that the duplex was not observed. Although the
" melting temperature" of DNA refers to that tempera
ture at which the strands break apa rt ill SOIUtiO Il , the
importance of this temper ature when solvents are re
moved and the sample is on the tar get is not obvious .
As a res ult, although the lack of intact DNA duplex
reported in MALDI could arise during sa mple prep a
rat ion because of th e physical- chemical conditions
used (e.g., source of samp le, temperature, pH, ionic
strength, interaction with matrices or acetonitrilc
wa ter solven t), it also cou ld arise from di ssociation
during the sample desorption and ionization process
(e.g .. local heating of the sam ple or di ssociat ion at
ion izat ion due to excess energy in the molecul es). It is
hard to judge the mean ing of " melting temperature"
in this context. In conclusion, altho ug h there are sev
era l rep orts on th e analysis of DN A via MALOI , only
the spectra of s ingle-str anded oligodeoxy nucleotides
hav e been obse rved .

In contrast to MALOI, DNA duplexes have been
observed via electrospray [21, 22]. In a careful study,
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Ding and Anderegg [23] were able to distinguish ho
modimers from heterodimers of DNA fragments. With
both 6-mer complementary and noncomplementary
oligonucleotide pairs, only nonspecific noncovalent
dimers were observed. Even d(TTTTIT) gave a similar
dimer distribution. However , two octanucleotides (Tm
= 7.4 °C) showed a preference in the spectrum for
heterodimer formation and this excess was attributed
to DNA-duplex folding. Two complementary pentade
canucleotides (Tm = 39.1 "C) sho wed little formation of
the homodimer and were detected as double-stranded
DNA.

Recently a spectrum of a short piece of double
stranded DNA wa s obtained under massive cluster
impact ionization [24]. Although the double-stranded
peak was quite small in comparison to the peaks from
the single strands, it could be identified positively by
its mass because the strands were different lengths.
When we consider that the melting temperature of the
duplex was low « -100 °C; calculations were made
by using the OLIGO version IV primer analysis soft
ware from National Biosciences, Inc. (Plymouth, MN).
Meltin g temperatures are qu oted relevant to the con
centration of salts present at sample preparation), the
fact that intact DN A wa s detected at all is quite sur
prising. Unfortunately, an expansion of the homodimer
region wa s not sho wn to totally preclude clustering as
the source of the duplex peak.

In a previous publication, we reported a new proto 
col for the analysis of oligonucleotides by MALDI that
employed 6-aza-2-thiothyminc (ATT) as the matrix [20].
In attempts to develop a method for the detection of
inta ct double-stranded DNA, we observed that the
peak that corresponds to the oligonucleotide duplex is
often observed when AI I is used as the matrix and
care is taken to avoid acidic pH and elevated tempera
ture during samp le preparat ion . To clearly resolve the
peak of the homodimer from that of the heterodimer, a
DNA duplex (EcoR1 adapt or) composed of a 16-mer
and complementary 12-mer was chosen for this work.

Experimental

EcoR1 adaptor double-stranded 16/12 as a frozen so
lution and nuclease Sl (from A spergillu s orizae) were
purchased from Promega (Madison, WI). 6-Aza -2
thiothymine (ATT), 2',4 ' ,6'-trihydroxyacetophenone
(THA) , 3-hydroxypicolinic acid (HPA), and ammo
nium citrate were purchased from Aldrich Chemical
Co. (Milw aukee, WI). Apomyoglobin (horse skeletal
muscle) and insulin (bovine pancreas) were both of
sequencing grade and were obtained from Sigma
Chemical Co. (St. Louis, MO). All of the preceding
mater ials were used without further purification.

The MALDI spectra were acquired on a Kratos
MALDI-TOF III instrument (Columbia, MD) with the
instrument operated in linear mode. The accelerating
voltage was - 22 kV and negative ion sp ectra were
acquired.

EcoR1 adaptor was stored at - 20 °C until used and
then thawed in wet ice when needed for sample prepa
ration. Subsequent freezings and thawings produced
lower quantities of intact DNA in the spectra obtained.
The adaptor (0.5 J.tL, 10 pmoljJ.tL) was mixed directly
on the MALDI target slide with 1 J-LL of the matrix
solution [ATT, THA, or HPA dissolved in a 1:1 (v /v)
solu tion of acetonitrile and 20-mM ammonium citrate]
[20]. The sample was allowed to dry at 4 "C in a
vacuum desiccator for 10 min and then were analyzed
by MALO!. Fifty laser shots were obtained linearly
from across the sample surface and then averaged.
These were enough to produce a good signal to noise
ra tio. The instrument was calibrated by using external
standards of bovine insulin (5732.0 MW) and horse
ap omyoglobin (16950.5 MW).

Digestion with nuclease Sl [25, 26] was performed
at 20 °C in ammonium citrate buffer (25 /-LL, 0.2 M, pH
5) that contained 1-mM zinc acetate and 0.1 u/ /-LL of
nuclease enzyme. Three microliter of EcoR1 adaptor
was added and the sample digestion followed over
time. Aliquots were taken from the mixture and ap
plied directly to the laser slid e at 0, 1, 2, 5 and 15 min.

Results and Discussion

The tw o strands of the EcoR1 adaptor are 16 and 12
bases long, respectively, as shown:

5'-AATTCCGTTGCTGTCG-3' 4863.2 MW

I 11111111111
3'- GGCAACGACACC-P04-5' 3744.4 MW

Neither 2' ,4' ,6'- trihydroxyacetopheno ne (Figure 1; in
set) nor 3-hydroxypicolinic acid produced any peaks at
the ma ss of the duplex when EcoR1 adaptor wa s
analyzed. Instead the spectrum consisted of both the
singly and doubly charged ions from the individual
strands.

When 6-aza-2-thiothymine (ATT) was used as the
matrix, the spectrum showed good intensity of the
intact double-stranded DNA molecular ion peak at
8609.3 (see Figure 1; the mole cular weight of the intact
EcoRl adaptor DNA [M - Hj- is 8606.6). Good reso
luti on and accuracy were obtained (external standard,
0.03%) as reported for ATT [20]. Although some
depurination was obse rved, this may have occurred
during desorption or may have been present in the
original sample. There wa s no sign of any homodimer
[2M - H] (rn/z 7488, 9725) being formed from the
individual strands althou gh peaks were present for
each of the monomeric single strands (rnjz 3743, 4863).
To resolve whether these were present in the original
sample or arose during the desorption process, the
results from each laser sho t were profiled against the
mass of the single strand and double-strand. Predomi
nantly, the ions from the double-stranded DNA did
not occur in individual laser pulses with the single-
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Fig ure 2. MALD I spec tru m (50 laser sho ts) of EeaRl 12/ 16
ad aptor (rn.i trix aznthiothymine) after digestion wi th nuclease S1.
An immed iate wi thdrawal W m in) of the sample sho ws littl e
change from the origin,,1 materia l (see Figure 1I. After 2 min,
a lmost a ll ot the sing le-stranded oligonucleo tides had been di 
ges ted (Figure 2; 2 mi n),

MALDI is a soft ion iza tion tech niq ue s uitable for the
determination of oligonucleo tides . We demonstrate
here that indeed it may be used to detect inta ct
doub le-st ra nded DNA when h-al:a-2-th iothy mi ne wi th
ammo nium citrate is used as the matrix [2D]. Although
monom er oligo nucleotides were seen in the spect rum

Conclusion

stranded masses, which suggests tha t (a) some
"crysta ls" on the surface conta ined single-stra nded
and othe rs double-stranded DI\':\ or (b) in the desorp
tion process the laser hit some cry stals wit h sufficient
energy to break the strands apart before thei r fligh t. To
tes t w he ther ru pture of the duplex occurs d ur ing sam
ple prepa ration, the procedure was carried ou t with
cooled so lu tions , where the sam ple sl ide was held at
4 0c. Th is had no effect on the spectrum. Under the
ass umption that the presen ce 0 1dena tured DI\'A in the
original sample wa s more likely , a n attempt was made
to pa rtially d igest the samp le by usi ng nuclease 51 [25,
26]; th is shou ld preferenti al ly cut the single-stranded
DN A and also attack the d uplex (especially its pro
tru d ing end) , but at a much slower ra te [26]. Thus ,1

lime cour se was follow ed for the digestion: al iqu ots
we re removed for ana lysis a t 0, 1,2,5, and 15 min and
a th reshold amount of till' cnzv me was used . The
digestion conditions were a compro mise and no t idl'<l l
for the direct prep a rat ion of the MALDI sa mple. Even
though a significan t loss in sensi tiv ity occurred , peaks
fro m the single-stranded Df\iA rapidly disappeared . A
spectrum taken irnmediatclv af ter ad di tion of the en 
zy me is shown in Figure 2 (() min) and shows litt le
change compared to tha t in Figure I. Afte r 2 min, the
peaks d ue to the sing ll.'-s tr,l nd l'd oligorners han ' al l
bu t disappeared (Figure 2; 2 min). A longer reactio n
time res ul ted in dcgrada tion of ev en the 01\':\ and
fina lly its total loss .
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Note in Proof

In a conference proceeding (p. 970, Abstracts of the
42 '1<1ASMS Conference on Mass Spectrometry and Al
lied Topics, Chicago, Illinois, 1994) Wu et aL reported
the detection of double-stranded DNA, alth ough they
correctly point out that this could also be attributable
to the single-strande d species,
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