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The noncovalent complex formed in solution between minor groove binding molecules and
an oligonucleotide duplex was investigated by electrospray ionization-mass spectrometry
(ESI-MS). The oligonucleotide duplex formed between two sequence-specific 14-base pair
oligonucleotides was observed intact by ESI-MS and in relatively high abundance compared
to the individual single-stranded components. Only sequence-specific AB duplexes were
observed, with no evidence of random nonspecific aggregation (i.e., A:A or B:B) occurring
under the conditions utilized. Due to the different molecular weights of the two 14-base pair
oligonucleotides, unambiguous determination of each oligonucleotide and the sequence
specific duplex was confirmed through their detection at unique mass-to-charge ratios. The
noncovalent complexes formed between the self-complementary 5'-dCGCAAATITGCG-3'
oligonucleotide and three minor groove binding molecules (distamycin A, pentamidine, and
Hoechst 33258) were also observed. Variation of several electrospray ionization interface
parameters as well as collision-induced dissociation methods were utilized to characterize
the nature and stability of the noncovalent complexes. The noncovalent complexes upon
collisional activation dissociated into single-stranded oligonucleotides and single-stranded
oligonucleotides associated with a minor groove binding molecule. ESI-MS shows potential
for the study of small molecule-oligonucleotide duplex interactions and determination of
small molecule binding stoichiometry. (J Am Soc Mass Spectrol1l 1995, 6, 1154-1164)

Electrospray ionization-mass spectrometry (ESI
MS) has become an important analytical tech
nique for the characterization of biopolymers

[1-5]. Precise molecular weight, sequence, the site and
nature of chemical modification, and other structural
information can be obtained. One group of biopoly
mers that can be analyzed readily by ESI-MS are the
nucleic acids [6-10]. The polyanionic backbone of nu
cleic acids enables these molecules to be analyzed by
ESI-MS in the negative ion mode. It has been demon
strated recently that protein-protein, protein-ligand,
enzyme-substrate, and other important biological non
covalent complexes can be observed by ESI-MS [11-18].
In addition, the specific multimeric association of
oligonucleotides has been detected [19-21]. Instrumen
tally, the compromise between preserving noncovalent
complexes formed in solution and obtaining sufficient
desolvation to allow effective detection generally re-
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quires careful selection of electrospray ionization (ESI)
interface conditions [22].

The interaction and noncovalent binding of small
organic molecules to double helix or duplex form
DNA provides the basis of many antitumor, antiviral,
and antibiotic applications [23-31]. These small or
ganic molecule-oligonucleotide duplex noncovalent
complexes have been studied by a number of tech
niques, which include NMR [32-36], x-ray crystallog
raphy [37-40], gel footprinting [41-43], Fourier trans
form infrared [44], and linear dichroism [45]. A major
focus of small molecule-oligonucleotide duplex stud
ies has been the elucidation of structure-function rela
tionships. The eventual goal is to rationally design and
synthesize sequence-specific DNA binding small
molecules [46-49]. Several different classes of small
organic molecules are known to interact with duplex
form DNA. One such group is the minor groove binders
[50, 51]. Minor groove binding is characterized by
interaction of the bound molecule with the edges of
the base pairs in the minor groove of double helix
DNA. Hydrogen bonding, van der Waals forces, and
electrostatic interactions have been suggested to ac
count for their sequence selectivity [34, 35, 52-54]. The
oligonucleotide duplex itself is stabilized by hydrogen
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and DNA occurs through the binding of this molecule
into the minor groove of double-stranded DNA [34-40,
49-52]. Because of the scientific interest in small
molecules that int~ract with DNA, we have performed
additional studies by ESI-MS to determine if this tech
nique can be utilized in the study of these systems. We
have extended our studies to include two additional
known minor groove binding molecules. We also have
investigated the effect of interface heating and per
formed gas-phase collisional activation on these nonco
valent complexes. This article is the first detailed char
acterization of the noncovalent complex formed be
tween a minor groove binding molecule and duplex
form DNA by ESI-MS.

Figure 1. Model for the 1:1 Dm-oligonucleotide duplex nonco
valent complex (figure adapted from ref 77).

bond formation, hydrophobic interactions (base stack
ing), and electrostatic forces in the presence of stabiliz
ing counterions [55, 56). Oistamycin A (Om), a natu
rally occurring antibiotic, is a crescent-shaped linear
molecule that preferentially binds in the DNA duplex
minor groove of four or five successive AT base pairs
[52, 57]. Shown in Figure 1 is a representation of Om
binding to DNA. NMR studies have shown that with
the self-complementary 5' -dCGCAAATTTGCG-3'
oligonucleotide, both 1:1 and 2:1 Om-oligonucleotide
duplex noncovalent complexes can form in solution,
dependent on the concentration of Om and duplex in
solution [34]. The NMR results indicate that the 1:1
Om-oligonucleotide duplex noncovalent complex
forms first. Only after the addition of greater than 1
equiv of Om, does the 2:1 Om-oligonucleotide duplex
form, where Om is bound as a side-by-side antiparallel
dimer in the minor groove of the duplex (in the AAIT
or ATIT region) [34]. Association constants for the
binding of Om to a 16-base pair oligonucleotide du
plex and binding of Om to a 1:1 Dm-16-base pair
oligonucleotide duplex have been measured previ
ously and are 1.3 X 107 and 7.9 X 108 M -1, respec
tively [58].

Recently we reported [59] the observation by using
ESI-MS of the intact noncovalent complex formed be
tween a self-complementary 12-base pair oligonu
cleotide duplex and Om. Both 1:1 Om-oligonucleotide
duplex and 2:1 Om-oligonucleotide duplex noncova
lent complexes were observed, dependent on the con
centration of Om. Hsieh et al. [60] utilized ESI-MS to
study the binding of actinomycin O-a known DNA
duplex binding intercalator-to several single-stranded
oligonucleotides. Actinomycin 0 was observed to bind
preferentially to a single-stranded oligonucleotide con
taining a 5'-dCG-3' sequence. Other than our initial
communication, there have been no other reports that
utilized ESI-MS to study the interaction between
known DNA binding small molecules to duplex form
DNA. Numerous studies and reports in the literature
have demonstrated that the interaction between Om

Experimental

Negative ion ESI mass spectra were acquired with two
different quadrupole mass spectrometers. The first in
strument has been described previously and only spe
cific instrumental parameters will be noted here [61].
The single quadrupole mass spectrometer used a
heated metal capillary interface [62] without counter
current gas flow. The heated on-axis metal capillary
(Alltech, Deerfield, IL) was 20 cm 05 cm heated) in
length with a capillary diameter of 0.50 mm. Individ
ual parameters that were varied for different experi
ments include the capillary-skimmer potential bias
(~CS) and the capillary temperature. The metal capil
lary was heated resistively by using a power supply
(TCR 20S50-1-10T, Electronic Measurements, Neptune,
NJ) and the surface temperature of the capillary was
measured by using a thermocouple (CN9000A, Omega,
Stamford, cn The application of - 8 A 00 W) to the
capillary resulted in a surface temperature of - 75°C.
Experimental conditions for data acquisition with this
instrument include a sample flow rate of 0.20 p.L
min -1 [63], an electrospray potential of - 2.4 kV, and a
coaxial sheath gas of SF6 [64]. The mass spectrometer
utilized a Teknivent Vector/Two (Maryland Heights,
MO) data system for instrument control and data ac
quisition.

Negative ion ESI mass spectra were also acquired
with a Finnigan MAT TSQ-7000 (San Jose, CA) triple
quadrupole mass spectrometer. The electrospray ion
ization emitter (source) utilized for these studies is
identical to the one described previously, which was
used in place of the Finnigan MAT emitter. Experi
mental conditions for all mass spectrometry data
from the Finnigan MAT TSQ-7000 include a sample
flow rate of 0.20 p.L min -1, an electrospray potential of
- 2.2 kV, acquisition time of 2 min, capillary tempera
ture of 120°C, and a coaxial sheath gas of SF6 • Colli
sion-induced dissociation (CID) spectra were acquired
by using argon as the collision gas at a pressure of
- 1.45 mT and a 5-min acquisition time.

All oligonucleotides utilized in this study were pre
pared using phosphoramidite chemistry and purified
by reversed-phase high-performance liquid chro-
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matography followed by Centricon 3 (Amicon, Bev
erly, MA) filtration. The purified oligonucleotides were
diluted in water (typically by 10) and analyzed by
ESI-MS for failure sequence content and degree of
sodium adduction. If the failure sequence content was
> 5% or showed > 3 or 4 sodium adducts for any
charge state, the oligonucleotide was repurified. The
concentration of oligonucleotide varied from 20 to 75
J..l.M (measured as single-stranded material). Ois
tamycin (Om, M r = 481.5), pentamidine (Pm, M r =

340.2), and Hoechst 33258 (Ht, M r = 424.4) were pur
chased from Sigma Chemical (St. Louis, MO) and used
without further purification. Oligonucleotide samples
were annealed by heating to 95°C for 5 min and
cooling to room temperature over 3 h, unless other
wise noted. Solution conditions for oligonucleotide du
plex formation involved buffers of either ammonium
acetate or a mixture of ammonium citrate-ammonium
acetate.

Results and Discussion

The study of noncovalent complexes by ESI-MS first
requires determining effective emitter, ESI interface,
and instrumental conditions [22]. Ideally, only those
noncovalent complexes that exist in solution will be
observed in the mass spectrum. Experimental condi
tions that lead to nonspecific aggregation (i.e., high
concentrations, slow droplet desolvation, etc.) were
avoided in these studies. It has been reported that
nonspecific dimers have been observed at elevated
analyte concentrations from solutions that contain no
stabilizing counterions [65-67]. For the majority of the
work reported here, the oligonucleotide concentration
was < 100 J..l.M. Shown in Figure 2 is the ESI mass
spectrum of the self-complementary 5'-dCGCAAATT
TGCG-3' oligonucleotide in unbuffered aqueous solu
tion (concentration 75 J..l.M; M r = 3645.5). The mass
spectrum was acquired by using gentle interface con
ditions (ilCS = -100 V, capillary heating of - 10 W,
capillary temperature of 75°C). A charge state distri
bution that corresponds to only the single-stranded
oligonucleotide is observed as expected. The instru-

100
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Figure 2. Negative ion electrospray mass spectrum of 5'
dCGCAAATITGCG-3' in aqueous solution only, acquired with
the single quadrupole instrument.
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mental conditions used to acquire Figure 2 were the
same as those used previously to observe noncovalent
complexes of this self-complementary oligonucleotide
(i.e., low capillary-skimmer potential bias and capil
lary temperatures) [59]. In a solution without the stabi
lizing counterions, oligonucleotide duplex noncovalent
complexes are not stable in solution and are not ob
served. No dimers, trimers, tetramers, or other contri
butions due to random aggregation or nonspecific as
sociation during the ESI process are observed. This
experiment provides a necessary and convincing con
trol for studies in which noncovalent complexes exist
in solution at similar ESI-MS conditions and oligonu
cleotide concentrations.

Self-complementary oligonucleotides are attractive
for these studies due to spectral simplicity and the
need for reduced sample preparation and purification.
However, assignment of a peak due to either single
stranded or duplex species in the ESI mass spectrum of
an annealed self-complementary oligonucleotide in
buffer can be complicated. Both single-stranded and
duplex oligonucleotide ions with even charge states
can have the same mass-to-charge ratio, where the
duplex has twice the charge of the single-stranded
oligonucleotide (monomer). For example, the self
complementary 5'-dCGCAAATTTGCG-3' oligonu
cleotide, both (single-stranded oligonucleotide)-J and
(duplex)-6 ions have the same nominal mass-to-charge
ratio value (1214). Odd charge states of self-comple
mentary oligonucleotide duplexes are assigned easily
due to their unique mass-to-charge ratio. In Figure 3,
the peaks at 111/2 1040 (il- 7 ) and 1457 (il- 5 ) are odd
charge states specific to the oligonucleotide duplex
(M r = 7290). However, peaks at 111/2 1214 and 1822
may include contributions from both single-stranded
and duplex oligonucleotide ions due to the same mass
to-charge ratio of even charge states. One possible
method for assignment of these ions is based on the
incremental mass-to-charge ratio difference of known
adducts. Inspection of the spectrum showed a spacing
of 111/2 5.6 ± 0.3 units between the peak at 111/2 1822
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Figure 3. Negative ion electrospray mass spectrum of 5'
dCGCAAATITGCG-3' (75 JLMl annealed in 20-mM ammonium
acetate (pH - 8.ll acquired with the Finnigan MAT TSQ-7000
instrument at a capillary temperature of 120°C.
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have contributions from two different ions are noted in
Figure 4A by placing both labels above the peak. For
example, the peak at III/Z 1031 may have contribu
tions from both [~:2Dm]-1l and [M + Dm]-4. The ob
servation of single-stranded oligonucleotides with Dm
in Figure 4a is not surprising, given the possibility of
hydrogen bonding between Dm and single-stranded
oligonucleotides. In addition, there may be an electro
static attraction between the positively charged Dm
and the negatively charged oligonucleotide. However,
numerous studies in the literature have demonstrated
that Dm binding in the minor groove of double
stranded DNA is the biologically significant interaction
for this molecule.

Electrospraying the annealed solution results in the
observation, at higher mass-to-charge ratio, of a charge
state distribution for the 2:1 Dm-oligonucleotide du
plex noncovalent complex as evidenced by unique odd
charge state peaks (i.e., [~:2Dm]-7). These data are
shown in Figure 4b. This result is consistent with NMR

o
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Figure 4. Negative ion ESI mass spectra of 20-JLM Om-20-JLM
S'-dCGCAAATITGCG·3' in 10-mM ammonium acetate-l0-mM
ammonium citrate (pH - 8.3). Peaks labeled M are single·
stranded oligonucleotide, ~ are oligonucleotide duplex, (a:l0m)
are 1:1 Om-duplex, (a:20m) are 2:1 Om-duplex, 1M + Om) are
single-stranded oligonucleotide with one Om, and (M + 20m)
are single-stranded oligonucleotide with two Om. Individual
conditions for each mass spectra are as follows: (a) not annealed,
aCS of -100 V, capillary heating of - 10 W 1- 75°C>; Ib)
annealed, instrumental conditions the same as in (A); (c) an
nealed, ~CS of -125 V, capillary heating of - 12 W ( - 105°C>.

and the first adduct peak. Assignment of the peak at
111/= 1822 to the 4 - charge state of the duplex (~-4)

enables an adduct mass of approximately 22 u to be
calculated. An adduct of 22 u corresponds to the
molecular weight difference for substitution of sodium
for a hydrogen, a typical contaminant in oligonu
cleotide samples. Therefore, the peak at 1822 can be
identified with a high degree of certainty as the 4 
charge state of the duplex. The peak at 111/= 1214 is
believed to be comprised of both single-stranded and
duplex ions, based on the observation of the duplex at
111/= 1040 and observation of an intense signal at m/z
910 for the 4 - charge state of the single-stranded
oligonucleotide. Observation of single-stranded
oligonucleotide peaks at lower mass-to-charge ratio
(i.e., III/Z < 1000) may be due to incomplete duplex
formation or the dissociation of high charge state du
plex ions in the electrospray interface [20]. The latter is
less likely because the average charge state for duplex
ions is expected to be lower and to yield lower charge
state monomers (compare Figures 2 and 3).

Generally, the effective formation of oligonucleotide
noncovalent complexes in solution requires anneal
ing. The heating and gradual cooling process results in
formation of the most stable small molecule
oligonucleotide duplex conformation. In this study we
investigated the effect of the annealing process on the
Dm-oligonucleotide noncovalent complex. Shown in
Figure 4 are mass spectra obtained under different
interface and solution conditions: before annealing the
solution by using gentle interface conditions (Figure
4a), after annealing by using gentle interface condi
tions (Figure 4b), and after annealing by using very
energetic interface conditions, as used in more conven
tional ESI-MS studies (Figure 4c). The concentration of
Dm in this experiment (Figure 4a-c) was adjusted to
twice that of the oligonucleotide duplex.

The nonannealed solution (Figure 4a) contains a
number of different charge state distributions, as evi
denced by unique molecular weight or odd charge
state ions. The presence of stabilizing counterions en
ables the formation of several noncovalent species,
which include both 1:1 and 2:1 Dm-oligonucleotide
duplex noncovalent complexes, without annealing.
There are, however, a large number of peaks that
correspond to single-stranded oligonucleotides; these
may arise from the formation of less stable complexes
(i.e., base pair mismatched) that are dissociated more
readily in the ESI interface. There is also a significant
component that corresponds to the single-stranded
oligonucleotide with a Dm adduct. Unique identifiable
odd charge state peaks include 1:1 Dm-oligonucleo
tide duplex (i.e., [~:lDml-7), 2:1 Dm-oligonucleotide
duplex (i.e., [~:2Dm]-7), low charge state single
stranded oligonucleotides (Le., M -3), and single
stranded oligonucleotides with a Dm adduct (i.e., [M
+ Dm]-S). These results indicate that small
molecule-oligonucleotide duplex noncovalent com
plexes can form prior to annealing. Peaks that may
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are detected with only minor adduction (Figure 5b and
d. A decrease in the relative abundance of the nonco
valent complex species in the gas phase is evident by a
comparison of the relative abundances for the ~-7

oligonucleotide duplex noncovalent complex ion and
C- 4 single-strand oligonucleotide ions (Figure Sa-c).
With an increase in interface energy, the intensity of
~ -7 (the oligonucleotide duplex) relative to the inten
sity of C -~ is decreased. Also, the increase in interface
excitation has a detrimental effect on the observation
of high charge state duplex ions (e.g., the ~ -9 peak).
At gentle interface energy conditions, the ~ -9 species
is present in mach greater abundance, but under
harsher interface conditions it has disappeared; pre
sumably it has dissociated into single-stranded ions.
The harsher interface conditions employed in Figure
Sc, although they are energetic enough to decrease the
abundance of the noncovalimt complex, are insufficient
to induce detectable dissociation of the oligonucleotide
covalent bonds.

o
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Figure 5. Comparison of negative ion ESI-mass spectra of 20-p.M
S'-dCCCCAAATITCCCC-3' (strand C, M, = 4104) and 20-p.M
S'-dGGGGAAATITGGGG-3' (strand G, M, = 4424) solution, an
nealed in lO-mM ammonium citrate-lO-mM ammonium acetate,
pH 8.3, acquired under (a) extremely gentle interface conditions
(~CS of - 50 V, capillary heating of - 10 W, - 75°C>, (b) gentle
interface conditions (~CS of -100 V, capillary heating of - 10
W), and (c) harsh interface conditions (~CS of -100 V, capillary
heating of - 12 W, - 105 ·C). Peaks labeled C, G, and u arise
from the two single-stranded species and the sequence specific
oligonucleotide duplex (CG), respectively.

data for the Om to oligonucleotide duplex concentra
tion. After annealing the solution, no peaks due to
single-stranded oligonucleotides with a Om are ob
served at high mass-to-charge ratio (Figure 4b). These
results suggest that the 2:1 Om-oligonucleotide du
plex noncovalent complex is the most stable conforma
tion given the Om concentration and oligonucleotide
sequence. In addition, these results demonstrate that
Om has a significant binding affinity to this oligonu
cleotide duplex. The differences observed between Fig
ure 4a and b are due solely to the annealing process.
Ions due to both single-stranded oligonucleotides and
single-stranded oligonucleotides associated with Om,
observed at lower mass-to-charge ratio in Figure 4b,
may arise from incomplete or mismatched duplex for
mation or the dissociation of higher charge state ions
of the 2:1 Om-oligonucleotide duplex noncovalent
complex in the ESI interface [20]. No 1:1 Dm
oligonucleotide duplex (i.e., [~:Dm] -7) or low charge
state single-stranded oligonucleotide ions (i.e., M -J)

are observed in Figure 4b, unlike the nonannealed
solution (Figure 4a).

Greater activation in the ESI interface causes the 2:1
Om-oligonucleotide duplex ions to be largely dissoci
ated (with the exception of the 5 - charge state at
higher mass-to-charge ratio). The 2:1 Om-oligonucleo
tide duplex is dissociated into single-stranded oligonu
cleotides and single-stranded oligonucleotides with
varying amounts of Om (Figure 4c), which give rise to
additional peaks in the higher mass-to-charge ratio
range. Peaks that apparently arise from the breakup of
the 2:1 Om-oligonucleotide duplex in the ESI interface
include single-stranded oligonucleotides with a Om
adduct (i.e., [M + Dmj-~), single-stranded oligonu
cleotides with two Om adducts (i.e., [M + 2Dmj-4),
and single-stranded oligonucleotides (i.e., M- 3).

Oligonucleotides of different molecular weight
that are sequence specific (Le., complementary) circum
vent the ambiguities associated with the use of self
complementary oligonucleotides, because the two sin
gle-stranded oligonucleotides and the sequence-specific
duplex have different mass-to-charge ratio values.
Shown in Figure 5 are the ESI mass spectra obtained
for an annealed solution that contained two sequence
specific 14-base pair oligonucleotides. The molecular
weight of the duplex is 8528 u. Charge state distribu
tions for the two single-stranded oligonucleotides,
strand C and strand G, are observed along with a
charge state distribution for the oligonucleotide duplex
that consists of one C strand and one G strand (C:G =

~). With very gentle interface conditions, broad peaks
due to a distribution of putatively solvated and/or
adducted ions are detected (Figure 4a). The adducting
species may include water, ammonium ions, sodium
ions, and other counterions. The gentleness of the
interface conditions enables the most effective detec
tion of the intact noncovalent complex, but generally
results in reduced sensitivity. With increased capillary
heating and a larger capillary skimmer bias (~CS), ions
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Figure 6. Product ion mass spectra for (a) 7 - (I40-eV collision
energy) and (b) 6 - (I20-eV collision energy) charge states of the
duplex formed from the oligonucleotides and solution conditions
given in Figure 4. All spectra were acquired with 1.42-mT argon
collision gas.
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to note that only the noncovalent complex composed
of one C strand and one G strand is observed. No
nonspecific dimers (i.e., CC or G:G) are observed com
plexed with the minor groove binding molecule. A
comparison of the oligonucleotide charge state distri
butions observed in Figures 5c and 7 reveals two
noteworthy points. First, the relative abundance of

Figure 7. Negative ion electrospray mass spectrum of the same
two 14-base pair oligonucleotides and solution conditions used in
Figure 4, after the addition of Om (6 p.M). Acquired with the
single quadrupole instrument at a DoCS of -125 V and capillary
heating of - 12 W (- 105 dc). Peaks labeled Do and D.:I0m
correspond to the sequence-specific oligonucleotide duplex (C:G)
and the duplex complexed with the minor groove binding
molecule Om, respectively.

For all interface conditions, charge state distribu
tions for the duplex are shifted to lower charge state
(higher mass-to-charge ratio) than the charge state dis
tributions for the single-stranded oligonucleotides. The
reduced charging for oligonucleotide complexes has
been observed previously and may be due to several
factors, which include breakup of higher charge states
of the duplex in the interface region or the displace
ment of negative charges from the anionic backbone by
ion molecule reactions during transfer to the gas phase
(driven by structural and/or coulombic constraints for
a more compact structure) [12]. The only peaks in
Figure 5 that are not due to either the single-stranded
C, single-stranded G, or duplex (CG) species, are
those at 111 /z 786 and 1270. The peak at 111 /z 786
(Figure Sa) corresponds to a citrate cluster species. This
particular peak is not observed in Figure 5c, where the
increased energy induces its dissociation to lower
mass-to-charge ratio species. The small contribution
evident at 111/: 1270 might be due to two G strands in
a hairpin-type structure with two Na or one K ion to
form a quadruplex-type noncovalent complex. No cor
responding contribution for two C strands is observed.
Oligonucleotides with several consecutive G base pairs
are known to form these types of DNA structures [68,
69] and have been previously observed by mass spec
trometry [70].

The tandem quadrupole mass spectrometer allows
the oligonucleotide duplex ions to be dissociated in the
gas phase, which potentially provides information on
the distribution of charges between the two 14-base
pair oligonucleotides that comprise the noncovalent
complex. The product ion spectra for dissociation of
the 7 - and 6 - charge states of the duplex are shown
in Figure 6. A wide mass range was scanned to ensure
that all charge states of the dissociated duplex would
be observed. Dissociation of the oligonucleotide du
plex ions results in the observation of ions that corre
spond to the single-stranded oligonucleotides that
comprise the duplex. The spectrum for the ~ -7 species
yields primarily the C -4, C- 3, G -4, and G -3 products.
The product ion spectrum of the ~ -6 species results in
the observation of C- 3 and G- 3 products almost ex
clusively. These results indicate that the charge ob
served on the electrosprayed duplex ions is distributed
equally on both of the oligonucleotides in the gas
phase [20].

The duplex formed by the two 14-base pair oligonu
cleotides has a minor groove binding site, for which
Om has a high binding affinity-specifically the center
region of the two oligonucleotides that contains the
5'-dAAATIT-3' sequence [52]. Shown in Figure 7 are
the two sequence-specific 14-base pair oligonucleotides
after addition of Om to the solution (at a Om to duplex
ratio of approximately 0.3). Charge state distributions
for the two single-stranded oligonucleotides, along
with a charge state distribution for the oligonucleotide
duplex and the 1:1 Om-oligonucleotide duplex nonco
valent complex, are evident in Figure 7. It is important
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III/Z

Figure 8. Negative ion electrospray mass spectra of 5'
dCGCAAATITGCG-3' in 30-mM ammonium acetate (pH - 8.1)
with three different minor groove binding molecules, distamycin
(a), pentamidine (b), and Hoechst 33258 (c), acquired with the
single quadrupole instrument under similar interface conditions.

higher charge states for single-stranded oligonu
cleotides (i.e., C - b, G - b) are less intense in Figure 7
than in Figure 5. Second, lower charge states for non
covalent complexes (i.e., d -5) have greater relative
abundance in Figure 7 when compared to Figure 5c.
In part, these differences may be due to the greater
capillary-skimmer bias used to acquire the spectrum
shown in Figure 7 compared to Figure 5c, or may
reflect the slightly different solution conditions. How
ever, from these observations it appears that the non
covalent complex that incorporates the minor groove
binder is more stable in the gas phase.

A number of molecules have been shown to interact
with duplex DNA through minor groove interactions
[37,50]. Shown in Figure 8 are ESI-MS mass spectra for
three different minor groove binding molecules: dis
tamycin (Figure 8a), pentamidine (Figure 8b), and
Hoechst 33258 (Figure 8c), with the self-complemen
tary duplex. The peak at m/z 1214 likely arises from
contributions from both single-stranded and duplex
oligonucleotides. A distinctive mass-to-charge ratio
shift is observed in each case due to the minor groove
binding molecules. At the concentration of minor
groove binding molecule to oligonucleotide used (ap
proximately 0.6 to 1), noncovalent complexes of the
duplex with two minor groove binding molecules are
not expected. This is supported by the absence of any
unique odd charge states (5 -) for the 2:1 minor groove

binding molecule-oligonucleotide duplex. This obser
vation enables the assignment of peaks at m/z 1374
(Figure 8a), m/z 1327 (Figure 8b), and m/z 1355
(Figure 8e) a,s arising from the single oligonucleotide
strand with the minor groove binding molecule as an
adduct, and not as a 2:1 minor groove binding
molecule-oligonucleotide duplex. These ions most
likely arise from the breakup of 1:1 minor groove
binding molecule-oligonucleotide duplex noncovalent
complexes in the ESI interface region. Differences in
the relative intensities of the minor groove binding
molecule-oligonucleotide duplex ions in Figure 8 may
reflect uncertainties in preparation of the small sam
ples used in this work, as well as small differences in
the optimal ESI interface conditions, and day-to-day
variations in instrumental performance, rather than
differences in the dissociation of the complexes in the
ESI interface.

The dissociation of the noncovalent complexes was
studied to qualitatively investigate their gas-phase sta
bility and to determine whether differences in solution
binding affinity of the minor groove binders was re
flected in their gas-phase stability. Product ion spectra
for collision-induced dissociation of the oligonu
cleotide duplex noncovalent complexes are shown in
Figure 9. Experimental conditions utilized to acquire
the spectra were identical including oligonucleotide
and ammonium acetate concentration. The nonad
ducted 5 - charge state of each noncovalent complex
was examined, due to their relatively large abundance
in the mass spectra and the absence of potential contri
butions due to monomer species. Shown in Figure 9a is
the product ion spectrum of the oligonucleotide du
plex, lIl/z 1456 (d -5). As expected, the oligonucleotide
duplex dissociates into single-stranded oligonu
cleotides (M- 3 and M- 2). Dissociation of the minor
groove binding molecule-oligonucleotide duplexes
(Figure 9b, c, and d) results in the observation of
several ions, specifically the 3 - and 2 - charge states
of the single-stranded oligonucleotides, and the 3
and 2 - charge states of the single-stranded oligonu
cleotides with a minor groove binding molecule, The
only case where this was not observed was for the
dissociation of the 1:1 Ht/oligonucleotide duplex,
where the [M + HtJ- 2 ion was not detected (Figure
9d). These results show that the 1:1 minor groove
binding molecule-oligonucleotide duplex noncovalent
complexes are dissociated easily, These results also
indicate that the bare oligonucleotide duplex dissoci
ates more readily than the three minor groove bind
ing-oligonucleotide duplex complexes. The similarity
of the dissociation behavior may be attributed to the
absence of significant binding differences between the
three minor groove binding molecules and/or that
the dissociation behavior is governed primarily by the
oligonucleotide duplex, which in this experiment re
mained constant.

Of recent interest concerning minor groove binding
has been the ability of these molecules to bind as a
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Figure 9. Product ion mass spectra of the self-complementary
oligonucleotide, 5'-dCGCAAATITGCG-3', in 30-mM ammonium
acetate (pH - 8.3) with three different minor groove binding
molecules. All spectra were acquired with 100-eV collision en
ergy and 1.40-mT argon collision gas. Product ion mass spectra
for (al the ~ -5 ion, (bl the (A:1Dml- 5, (c) the U.:Pml- 5, and (dl
the (A:Htl- 5 ion.
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Experimental conditions for tandem mass spectrome
try studies of both noncovalent complexes were identi
cal. The only solution difference was the concentration
of the minor groove binding molecule Om. For the
dissociation of the 1:1 Om-oligonucleotide duplex,
only one Om adduct along with the single-stranded
oligonucleotide was observed. For the dissociation of
the 2:1 Om-oligonucleotide duplex, ions with both one
and two Om adducts for a single oligonucleotide are
observed along with single-stranded oligonucleotide
ions. No 1:1 Om-oligonucleotide duplex was observed
from the dissociation of the 2:1 Om-oligonucleotide
duplex. In addition, no bare oligonucleotide duplex is
observed from the dissociation of either the 1:1 or 2:1
Om-oligonucleotide duplex. At lower collision ener
gies the parent noncovalent complex ion remains the
most abundant ion. Both the 1:1 and 2:1
Om-oligonucleotide duplex complexes dissociate to
yield intact single-stranded oligonucleotide and
single-stranded oligonucleotide with Om adduct ions.
Dissociation of the 2:1 Om-oligonucleotide duplex also
results in the observation of single-stranded oligonu
cleotide with two Om.

In this experiment, the single-stranded oligonu
cleotide with Om ions results from dissociation of the
Om-oligonucleotide duplex noncovalent complex. It is
known that Om is buried in the minor groove of the
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Figure 10. Product ion mass spectra for the 5 - charge states of
1:1 (a, 50 eV; b, 125 eV; c, 200 eV) and 2:1 (d, 50 eV; e, 125 eV; f,
200 eV) Dm-oligonucleotide duplex complexes in 30-mM ammo
nium acetate (pH - 8.1) at different collision energies. All spec
tra were acquired with 1.40-mT argon collision gas.

dimer in the minor groove of duplex DNA [71-77].
The simultaneous binding of two minor groove
binding molecules has been exploited by several groups
seeking to rationally design enhanced binding affinity
to mixed (A-T and C-G) [72-77] and C-G [71]
oligonucleotide sequences. NMR experiments have
shown that the binding of two Om molecules in the
minor groove of the 5' -dCGCAAATTTGCG-3'
oligonucleotide duplex results in an expansion of the
minor groove by - 2.8 A [34]. In addition, the solu
tion binding affinities of Om to an oligonucleotide
duplex and Om to a 1:1 oligonucleotide duplex nonco
valent complex are known [58]. With binding affinity
and structural differences between the 1:1 and 2:1
Om-oligonucleotide duplex noncovalent complexes, it
is of interest to determine if differences can be ob
served in the gas-phase dissociation of these com
plexes.

Shown in Figure 10 are product ion spectra for
the 1:1 Om-oligonucleotide duplex (Figure lOa, b,
and c) and for the 2:1 Om-oligonucleotide duplex
(Figure 10d, e, and f) obtained by using different
co1Iision energies. The 5 - charge state was utilized as
the precursor ion for both the 1:1 and 2:1
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oligonucleotide duplex and that it forms hydrogen
bonds to the nucleotides that comprise the oligonu
cleotide duplex [34, 37, 40]. The surface area of the
oligonucleotide duplex should be greater than that of
the Dm buried in the minor groove. Therefore, the
oligonucleotide duplex will undergo most if not all of
the collisions. Dissociation of the Dm-oligonucleotide
duplex may begin at one of the duplex ends, which
results in the "unzipping" of the double helix struc
ture. As the double helix is "unzipped," the
hydrogen-bonded Dm may remain noncovalently
bound to one of the now two single-stranded oligonu
cleotides. If the single-stranded oligonucleotide with
Dm undergoes additional collisions, dissociation be
t\o\'een the oligonucleotide and Dm would occur (CID
of single-stranded oligonucleotides with a Dm resulted
in the observation of the single-stranded oligonu
cleotides; data not shown).

At all three collision energies, the 1:1 Dm
oligonucleotide duplex dissociates more readily than
the 2:1 Dm-oligonucleotide duplex. At higher collision
energies, both the 1:1 Dm-oligonucleotide duplex and
2:1 Dm-oligonucleotide duplex also undergo signifi
cant fragmentation. For the 1:1 Dm-oligonucleotide
duplex, the overall intensity of the most abundant ion
decreased by a factor of - 18. For the 2:1 Dm
oligonucleotide duplex, the overall intensity of the
most abundant ion decreased by a factor of - 5. The
differences observed in Figure 10 indicate that the 2:1
Dm-oligonucleotide duplex is more stable in the gas
phase relative to the 1:1 Dm-oligonucleotide duplex.
These results appear to reflect solution binding, where
the 2:1 Dm-oligonucleotide duplex was previously
found to be more stable than the 1:1 Dm-oligonucleo
tide duplex. The increase in stability may be due to the
additional stacking interactions between the two Dm
molecules in the minor groove [34]. Both the 1:1 and
2:1 Dm-oligonucleotide duplex noncovalent com
plexes appear to dissociate less than the bare oligonu
cleotide duplex (Figure 9a). The stability differences
observed between the oligonucleotide duplex (Figure
9a), 1:1 Dm-oligonucleotide duplex (Figure lOa-c),
and 2:1 Dm-oligonucleotide duplex (Figure lOd-£)
may be related, in part, to the slightly different center
of-mass collision energies that apply for these studies
(due to differences in mass-to-charge ratio of the pre
cursors). However, it appears that the present results
support a qualitative correlation between the solution
and gas-phase stability of these noncovalent com
plexes.

Conclusions

The analysis of oligonucleotides for molecular weight
and sequence information can be accomplished readily
by using ESI-MS. The results presented here demon
strate that ESI-MS and ESI tandem mass spectrometry
are effective analytical techniques for the detection of
specific minor groove binding molecule-oligonucleo-

) Am Soc Mass Spectrom 1995.6.1154-1164

tide duplex noncovalent complexes. Under appropriate
solution and ESI interface conditions, signal intensities
for oligonucleotide duplex noncovalent complexes are
observed in relatively high abundance. In certain cases,
the signals for the noncovalent complex were greater
than those observed for the single-stranded oligonu
cleotide components. Our results demonstrate that only
the sequence-specific oligonucleotide duplexes ex
pected in solution are observed in the ESI mass spec
tra. No nonspecific dimers, trimers, or other aggrega
tion were observed or were of minor contribution
under the conditions used. 'For the two 14-base pair
sequence-specific oligonucleotides, the minor groove
binding molecule Dm was observed to be associated
specifically with the sequence-specific oligonucleotide
duplex, and nonspecific duplexes complexed with Dm
were not observed. These noncovalent complexes have
been shown to be dissociated readily in the gas phase
into their component parts. The stability of the 2:1
Dm-oligonucleotide duplex in the gas phase was found
to be greater than the 1:1 Dm-oligonucleotide duplex
at all energies, which is consistent with known solu
tion behavior. The ability to rapidly observe small
molecule-oligonucleotide duplex noncovalent com
plexes by ESI-MS may enable the analysis of minor
groove binding molecules with different functional
groups, structures, and properties. ESI-MS may also
contribute to the study of molecules with enhanced
binding to specific DNA sequences. The small concen
trations required « 5 nmol of noncovalent complex)
consumed (generally < 100 pmol of noncovalent com
plex), and the relative speed with which experiments
can be performed may enable ESI-MS to be used as a
specific rapid screening technique prior to detailed
experiments utilizing more traditional techniques
(two-dimensional NMR, x-ray crystallography).
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