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The aggregation and conformation of deoxyguanosine (dG) in an ammonium acetate buffer
solution were examined using mass spectrometry, ion mobility, and molecular mechanics/
dynamics calculations. The nano-ESI mass spectrum indicated that 4 and 6 dGs cluster with 1
NH4

�; 11 dGs with 2 NH4
�; 14, 16, and 17 dGs with 3 NH4

�; and 23 dGs with 4 NH4
�. The

collision cross sections with helium were measured and compared with calculated cross
sections of theoretical structures generated by molecular mechanics/dynamics calculations.
Three distinct arrival time distribution (ATD) peaks were observed for (4dG � NH4)

�. One
peak was assigned to the quadruplex structure of (4dG � NH4)

�, while the other two peaks
corresponded to the quadruplex structures of (8dG � 2NH4)

2� and (12dG � 3NH4)
3�, all with

the same m/z. Four ATD peaks were observed for (6dG � NH4)
� and assigned to the globular

structure of (6dG � NH4)
�, and the quadruplex structures of (12dG � 2NH4)

2�, (18dG �
3NH4)

3�, and (24dG � 4NH4)
4�. Two ATD peaks were observed for (11dG � 2NH4)

2� and
assigned to the quadruplex structures of (11dG � 2NH4)

2� and (22dG � 4NH4)
4�. All of the

other clusters in the mass spectrum (14, 16, and 17 dGs with 3 NH4
� and 23 dGs with 4 NH4

�)
only had one peak in their ATDs and in all cases the theoretical structures in a quadruplex
arrangement agreed with the experimental cross sections. These results provide compelling
evidence that quadruplexes are present in solution and retain their structure during the spray
process, dehydration, and detection. (J Am Soc Mass Spectrom 2005, 16, 989–997) © 2005
American Society for Mass Spectrometry

The stability and structure of DNA complexes is an
area of great interest. For years after Watson and
Crick proposed the DNA helix, many scientists

accepted the idea that DNA was a very uniform mole-
cule where two antiparallel strands were held together
by Watson-Crick base pairs to form a right-handed
helix. However, a number of NMR and X-ray crystal-
lography studies [1] have illustrated that a wide variety
of secondary DNA structures exist. In fact, hairpins [2],
cruciforms [3], guanine quadruplexes [4, 5], and left-
handed helices [6, 7] are just a few examples of alterna-
tive DNA conformations.
One DNA secondary structure of great interest is the

guanine quadruplex or G-quadruplex [4, 5]. G-quadru-
plexes are made up of G-quartet subunits, where 4
coplanar guanines (G) are linked together by Hoogsteen
hydrogen bonds (Scheme 1). When the G-quartets stack
on top of each other, they form the G-quadruplex,
which is very stable and important in DNA sequences
that are purine rich and contain runs of G. Recently,

interest in G-quadruplex structures has increased
greatly because of the many G-rich biologically signifi-
cant genome regions including the immunoglobulin
switch regions [8], gene promoter regions [9], sequences
associated with various human diseases [10], and the
end of chromosomes (telomeres) [11]. Having accessi-
bility to so many G-rich biological sequences has
prompted the idea of using G-quadruplexes as thera-
peutic agents and targets for anticancer drug design in
G-rich regions [12, 13]. Thus, understanding G-quadru-
plex interactions is essential in order to design a drug
that will bind correctly and effectively.
Electrospray ionization mass spectrometry (ESI-MS)

is a very important technique for the characterization of
biological molecules in the gas phase [14–16]. By gently
transferring ions from solution phase to gas phase, the
soft ionization process of ESI has proven to be invalu-
able for studying the noncovalent interactions of bi-
omolecules [17–21]. Recently, ESI-MS studies have illus-
trated that G-quadruplex stoichiometries exist in the
gas phase, indicating that there may be a level of
solution phase structure conservation. Several mass
spectrometry papers have reported “magic number”
quartet adducts of guanine and guanosine [22–24],
Goodlett et al. have observed dCGCG5CG tetramers
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[25], and Rosu et al. have detected tetramers of dTG4T
[26]. Although these studies show that stoichiometries
indicative of G-quadruplexes exist in the gas phase, the
overall conformation of each stoichiometry observed
still remains a question.
In this paper, we address the issue of whether G-

quadruplexes are obtained in the gas phase by reporting
on the gas phase clustering and conformational properties
of deoxyguanosine (dG) (Scheme 2) with NH4

� using
nano-ESI-MS, ion mobility [27, 28] and molecular model-
ing methods. Deoxyguanosine was used in this study
because of its small size and lack of a phosphate backbone.
By addressing how small guanine containing molecules
like dG behave, it will be easier to later evaluate the
properties of larger guanine containing molecules like the
telomere repeat dTTAGGG.

Experimental

dG was purchased from Sigma (St. Louis, MO), used
without further purification, and resuspended at a
concentration of 300 �M in a 150 mM NH4OAc/H2O
solution at pH 7. The solution was then annealed at
80 °C for 10 min, slowly cooled to room temperature,
and stored at 10 °C. Before use with nano-ESI, the
solution was diluted in half with H2O, so that dG had a
final concentration of 150 �M.
The details concerning the experimental setup for the

mass spectra and ion mobility measurements have been
published previously [29], so only a brief description
will be given. To obtain a mass spectrum, approxi-
mately 6 �L of the 150 �M dG solution was placed in a
metalized glass needle (spray tip). Ions were formed by
nano-ESI and a continuous beam was injected into a
specially designed ion funnel. The ion funnel acts as an
interface between the source and high vacuum chamber
and also compresses the stream of ions leaving the
capillary. This allows the ions to be transported to the
drift cell without the aid of high acceleration fields,

avoiding high energy ion-neutral collisions. After exit-
ing the ion funnel, the ions are gently injected into a
4-cm long drift cell filled with �5 torr of helium gas. A
weak, uniform electric field across the cell gently pulls
the ions through the He gas at a constant drift velocity.
After exiting the drift cell, the ions are gently acceler-
ated through a quadrupole mass filter, which is set to
select the mass range of interest in order to acquire a
mass spectrum.
In the ion mobility experiments, a pulsed beam of

ions is needed and can be acquired using the ion funnel.
By raising the potential of the last lenses in the funnel,
the ions become trapped. Periodically, the potential is
lowered for 10 �s, and a pulse of ions is released. The
injection energy of the ions into the drift cell can be
varied from 0 to 150 eV. At low injection energies, the
ions are gently pulsed into the cell and only need a few
“cooling” collisions to reach thermal equilibrium with
the buffer gas. However, at high injection energies, the
larger collision energy leads to internal excitation of the
ions before cooling, and equilibrium occurs. This tran-
sient internal excitation can lead to isomerization to the
most stable conformers or dissociation of dimers and
higher-order oligomers if they are present.
Once the pulsed ions enter the cell, they are quickly

thermalized by collisions with �5 torr helium buffer gas
and are gently pulled through the drift cell by the weak
electric field. After exiting the drift cell, the ions enter the
quadrupole which is set to a specific mass-to-charge ratio
(m/z) to eliminate any ions that might arise from fragmen-
tation in the drift cell and interfere with the ion mobility
experiments. The pulsed voltage of the ion funnel triggers
a timing sequence so that the ions are detected as a
function of time, yielding an arrival time distribution or
ATD. The reduced mobility, Ko, of the ion is accurately
determined from a series of ATDs measured at different
electric field strengths (10–23 V/cm) across the drift cell.
Through the use of kinetic theory, the ion’s collision cross
section can also be calculated.

Data Analysis

The reduced mobility of the mass-selected ions can be
obtained from the ATD using eq 1 [30]

Scheme 1. G-quartet.

Scheme 2. Deoxyguanosine.
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where l is the length of the cell, T is the temperature in
Kelvin, p is the pressure of the He gas (in torr), V is the
voltage, tA is the ions’ arrival time taken from the center
of the ATD peak and to is the amount of time the ion
spends outside the drift cell before reaching the detec-
tor. A series of arrival times aremeasured by changing the
voltage applied to the drift cell. A plot of tA versus p/V
yields a straight line with a slope inversely proportional to
Ko and an intercept of to. Once Ko is found, the ion’s
collision cross section, �, can be obtained using eq 2
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where e is the charge of the ion, No is the number
density of He at STP, T is temperature, kb is Boltzmann’s
constant, and � is the ion-He reduced mass [30].

Theoretical Modeling

Conformational analysis of the ions is obtained by
comparing the experimental cross section from ATDs to
the cross sections of theoretical structures. Theoretical
starting geometries where the dGs are arranged in a
quadruplex structure were created using Hyperchem
[31] and then analyzed with AMBER 7 [32] to generate
candidate structures for each dG cluster. We have had
success in using the AMBER set of molecular mechan-
ics/dynamics programs to provide reliable structures
for many small nucleotides systems [33–35]. In these
cases, the theoretical cross sections agree well with the
ion mobility data.
An annealing/energy minimization cycle is used to

generate 200–300 structures for each cluster. In this
cycle, an initial minimization of the structure is fol-
lowed by 30 ps of molecular dynamics at 600 K and 10
ps of molecular dynamics in which the temperature is
incrementally dropped to 50 K. The resulting structure

is then energy-minimized again and used as the starting
structure for the next minimization/dynamics run. Af-
ter all low-energy structures are obtained, theoretical
cross sections must be calculated for comparison with
experimental cross sections. For ions with less than 200
atoms, the angle-averaged collision cross section of each
structure is calculated using a temperature-dependent
projection model with appropriate atomic collision radii
calculated from the ion–He interaction potential [36,
37]. For larger ions, collision cross sections of each
structure are calculated using hard-sphere scattering
and trajectory models developed by the Jarrold group
[38, 39]. A scatter plot of cross section versus energy is
collected for the minimized structures and the average
cross section of the lowest 5–10 kcal/mol structures are
then compared with the experiment.

Results and Discussion

Mass Spectra

A typical nano-ESI mass spectrum for dG in ammonium
acetate is shown in Figure 1. The two dominant peaks in
the mass spectrum correspond to m/z values of 4 and 6
dGs with 1 NH4

�, where the (4dG � NH4)
� peak

corresponds to the “magic number” peak which has
previously been observed in other ESI-MS studies [22–
26]. Other larger dG clusters are also observed in the
mass spectrum and correspond to 11 dGs with 2 NH4

�;
14, 16, and 17 dGs with 3 NH4

�; and 23 dGs with 4
NH4

�.

Ion Mobility

In order to examine the conformational properties and
determine whether the dG clusters with ammonium
have a G-quadruplex arrangement, each ion was ana-
lyzed with ion mobility. In each case, the appropriate
ion was gently injected into the drift cell and its ATD
collected.

Figure 1. ESI mass spectrum of dG doped with ammonium; dG clusters from (4dG � NH4)
� to

(23dG � 4NH4)
4� are observed. Clusters which have more than one peak in the ion mobility

experiments are shown in bold.
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(4dG � NH4)�. Arrival time distributions for the clus-
ter of 4 dGs with 1 NH4

� are shown in Figure 2. All of
the ATDs were obtained under similar experimental
conditions except injection energy which was set at a
low, intermediate, and high voltage. Three peaks are
observed for all of the ATDs, but the abundance of each
peak changes with injection energy. The peaks at 610
and 700 �s dominate the lowest injection energy (30 eV)
ATD, but as the injection energy is raised the peak at
610 �s becomes only a minor feature, while the peak at
930 �s becomes much more abundant. Since multiple
peaks are observed in the ATDs, either multiple confor-
mations or aggregates occur in the experiment. The
cross section of each peak was measured yielding 150
Å2 for the shortest time peak, 186 Å2 for the intermedi-
ate peak, and 288 Å2 for the longest time peak (assum-
ing all peaks correlate to the �1 ion).
Theoretical modeling was utilized to determine the

conformation of each peak observed in the ATDs. Two
hundred low-energy structures were generated for
(4dG � NH4)

� in a G-quartet arrangement. The angle-
averaged collision cross section of each structure was

calculated using methods described in the Experimental
section and a cross section versus energy plot was then
used to help identify the ions observed in the ATDs.
The scatter plot of cross section versus energy for (4dG
� NH4)

� starting as a G-quartet is shown in Figure 3.
Two distinct families of structures that differ in cross
section occur in the scatter plot. The lowest-energy
family of structures has an average cross section of 227
Å2 where the dGs are not in a G-quartet, but are a
globular or random formation. The other family of
structures, 10 kcal/mol higher in energy, has an aver-
age cross section of 291 Å2, and in this family the 4 dGs
are arranged in a G-quartet with the NH4

� placed right
above the quartet, hydrogen bonding to the guanine
oxygens (as shown in Figure 4).
The three ATD peaks for (4dG � NH4)� were

analyzed to determine if any of the observed peaks
correspond to the globular or G-quartet families. The
peak at 930 �s has an experimental cross section of 288
Å2, which agrees very well with the cross section
calculated for the G-quartet. However, the two shortest
time peaks with cross sections of 150 Å2 and 186 Å2� do
not match the cross section of the globular structure
(227 Å2), indicating that the globular structure is not
present in the experiment. This brings forth an interest-
ing question: What structures actually correspond to
the two shortest time peaks in the ATDs?
The injection energy dependence of (4dG � NH4)

�

suggests that the peaks at shorter times in the ATD
could be aggregates of the single G-quartet peak at 930
�s [19, 40, 41]. From eqs 1 and 2, we see that

tA �Const
�

e
� to (3)

where Const is a collection of constants or known
parameters. Hence,

Figure 3. The scatter plot of cross section versus energy for (4dG
� NH4)

� beginning molecular mechanics/dynamics calculations
in a G-quartet arrangement. Two families of structures corre-
sponding to a globular and G-quartet form are observed in the
scatter plot.

Figure 2. Arrival time distributions (ATDs) for (4dG � NH4)
�

measured at different injection energies. Three peaks occur for all
three injection energies and are assigned to (4dG � NH4)

�, (8dG
� 2NH4)

2�, and (12dG� 3NH4)
3� by comparing the experimental

and theoretical cross sections. As IE is increased, the abundance of
(12dG � 3NH4)

3� decreases because it is broken into (4dG �
NH4)

� and (8dG � 2NH4)
2�.
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tA(M)� tA(D)�
Const

e(M) ��(M)�
�(D)

2 � (4)

and the only way that tA(M) � tA(D) is if �(M) �
�(D)/2, where M represents a monomer with charge
e(M) and D a dimer with charge 2e(M). However, for all
real systems �(M) � �(D)/2 resulting in tA(M) � tA(D).
This becomes obvious if you realize the maximum cross
section for a dimer occurs when the monomer subunits
are fully separated and only in this limit does �(M) �
�(D)/2. As they come closer together, �(D)/2 becomes
smaller until the final dimer structure is obtained. This
same argument indicates that the trimer with charge
3e(M) must arrive at the detector before the dimer and
so forth for higher aggregates. Hence, the two peaks at
shorter time than the (4dG � NH4)

� peak at 930 �s
could be due to aggregates of (4dG � NH4)

�.
Two hundred theoretical structures were generated

for both (8dG � 2NH4)
2� and (12dG � 3NH4)

3� in a
quadruplex arrangement to see if aggregation was
occurring. The scatter plot obtained for (8dG �
2NH4)

2� indicated that both a globular and G-quadru-
plex family of structures were present in which the
G-quadruplex (378 Å2) is 10 kcal/mol lower in energy
than the globular structures (400 Å2). When (12dG �
3NH4)

3� was analyzed, only one family of structures
was observed in its scatter plot corresponding to a
quadruplex structure with a cross section of 449 Å2. No
globular structures were found in the scatter plot for
(12dG � 3NH4)

3�, suggesting that once three G-quar-
tets stack they become very stable and do not want to
convert to a globular form. However, in order to
determine if the (12dG � 3NH4)

3� was really occurring
as a quadruplex, 12 dGs and 3 NH4

� were placed in a

random orientation and 200 structures were acquired
from 600 K simulated annealing. From this starting
structure, only one family of structures in a globular
conformation was observed. The globular family has an
energy 25 kcal/mol higher than the quadruplex struc-

Figure 4. The side and top view of the quadruplex theoretical structures for (4dG � NH4)
�, (8dG �

2NH4)
2�, and (12dG � 3NH4)

3� which correspond to the three peaks in the ATDs in Figure 2. The
guanine oxygen atom is red, guanines are blue, ammonium is yellow, and sugars are shown in white
(hydrogen atoms on each dG have been omitted for clarity).

Table 1. Experimental and theoretical collision cross sections
(Å2) of the dG clusters

dG Cluster Expta

Theoryb

Quadruplex Globular

Nominal (4dG � NH4)� peak
(4dG � NH4)� 288 291 227
(8dG � 2NH4)2� 372 378 400
(12dG � 3NH4)3� 450 449 436

Nominal (6dG � NH4)� peak
(6dG � NH4)� 296 360c 295
(12dG � 2NH4)2� 452 450 432
(18dG � 3NH4)3� 579 583 602
(24dG � 4NH4)4� 692 695 671

Nominal (11dG � 2NH4)2�

peak
(11dG � 2NH4)2� 440 442 421
(22dG � 4NH4)4� 682 680 658

Others
(14dG � 3NH4)3� 513 511 492
(16dG � 3NH4)3� 539 543 517
(17dG � 3NH4)3� 572 575 595
(23dG � 4NH4)4� 690 687 662

a1% reproducibility error.
bGlobular cross sections are averages of the lowest 5–10 kcal/mol
structures where dGs are arranged randomly in the starting structure;
cross sections of the quadruplexes are averages of the lowest 5–10
kcal/mol structures when the starting structure for the dGs are in
quadruplex arrangement (see text); � 2% standard deviation.
cThe cross section for the quadruplex form of (6dG � NH4)� was taken
from the starting structure as it quickly converted to a globular form.
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tures (which occurred when the starting structure was a
quadruplex) and a cross section 13 Å2 smaller (Table 1).
No conformers corresponding to a quadruplex struc-
ture occur when the starting structure is not a
quadruplex.
Originally, a �1 charge was used to calculate the

experimental cross sections corresponding to (4dG �
NH4)

�. However, if aggregation is occurring, the peaks
at 610 and 700 �s will not have a �1 charge. Cross
section is directly proportional to charge (eq 2), so the
shortest time peak at 610 �s may not actually be 150 Å2

as calculated for (4dG � NH4)
�, but may instead

correspond to 300 Å2 for (8dG � 2NH4)
2� or 450 Å2 for

(12dG � 3NH4)
3�. Neither the globular or quadruplex

conformation of (8dG� 2NH4)
2� match the experimen-

tal �2 cross section, and the globular structure for
(12dG � 3NH4)

3� does not agree within 2% of the �3
cross section. However, the quadruplex structure of

(12dG � 3NH4)
3� does agree within 2% of the �3 cross

section, allowing the shortest time peak to be assigned
to the quadruplex conformation of (12dG � 3NH4)

3�.
Similarly, a cross section of 372 Å2 is obtained for the
700 �s peak [assuming it corresponds to (8dG �
2NH4)

2�] and this value is in good agreement with the
cross section obtained for the quadruplex structure of
(8dG � 2NH4)

2�. All of the quadruplex structures are
illustrated in Figure 4.
By identifying all of the ATD peaks corresponding to

the nominal mass of (4dG�NH4)
�, the injection energy

dependence can be explained. At low injection energy,
most of the sample is (12dG � 3NH4)

3� and (8dG �
2NH4)

2�. However, as the injection energy is raised,
(12dG � 3NH4)

3� is broken into (8dG � 2NH4)
2� and

(4dG � NH4)
�, explaining the increase in (4dG �

NH4)
� and decrease in (12dG � 3NH4)

3�. This result
indicates that the lowest injection energy is probably
the closest to solution conditions, since the largest
clusters can be broken at the higher injection energies.
Thus, only low injection energy ATDs are shown for the
rest of the clusters observed.
After assigning the ATDs, it was found that none of

the peaks observed agrees with the globular forms of
(4dG � NH4)

�, (8dG � 2NH4)
2�, or (12dG � 3NH4)

3�.
This observation brought forth an interesting question
because the globular form of (4dG � NH4)

� is lower in
energy than the G-quartet, but did not occur in the
experiment. To test the stability of the quadruplex form
of (4dG�NH4)

�, 300 K molecular dynamics simulation
were performed, instead of the 600 K simulated anneal-
ing cycle. The dynamics were run for 1 ms and every 5
ps a structure was saved and its cross section calculated.
In the dynamics simulations, (4dG � NH4)

� remains in
the quadruplex structure for the whole ms, indicating
that it is a very stable structure and not easily converted
to the globular form (except when heated as in the
annealing protocol). The dynamics run is given in
Figure 5a, where no change in structure is observed
between the break at 10 ns and 0.9 ms. Since the
globular conformation of (4dG � NH4)

� is predicted to
be lower in energy than the G-quartet, it appears that

Figure 5. 300 K molecular dynamics simulations for (a) (4dG �
NH4)

� and (b) (6dG � NH4)
� starting in a quadruplex arrange-

ment. One ms of dynamics were run. There is no change in
structure during the break from 10 ns to 0.9 ms in either dynamics
run. (4dG � NH4)

� retains a quadruplex structure for the whole
ms of dynamics, while (6dG � NH4)

� falls into a globular
structure after only a few picoseconds and remains globular.

Figure 6. The ATD for (6dG � NH4)
� at IE � 30eV. The four

peaks are assigned to (6dG � NH4)
�, (12dG � 2NH4)

2�, (18dG �
3NH4)

3�, and (24dG � 4NH4)
4� by comparing the experimental

and theoretical cross sections.
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quadruplexes are present in solution and survive the
ESI process and subsequent dehydration intact. If qua-
druplexes were not present in the solution, a globular
structure should have been observed for (4dG�NH4)

�.

(6dG � NH4)�. The ATD for (6dG � NH4)
� is shown

in Figure 6 at an injection energy of 30 eV. Four peaks
are observed in the ATD with cross sections of 173, 193,
226, and 296 Å2 (calculated for a �1 ion). Theoretical
modeling was performed in order to determine the
structure associated with each ATD peak. Due to the
aggregation present in the (4dG � NH4)

� system, three
higher order clusters including (12dG � 2NH4)

2�,
(18dG � 3NH4)

3�, and (24dG � 4NH4)
4�, all with the

same m/z as (6dG � NH4)
�, were evaluated.

Both randomly arranged and G-quadruplex struc-
tures were used as the starting structures for (6dG �
NH4)

�, (12dG � 2NH4)
2�, (18dG � 3NH4)

3�, and
(24dG � 4NH4)

4� in the 600 K simulated annealing
protocol. Upon analysis of the cross section versus
energy scatter plots for (6dG � NH4)

�, only one family
of structures with a cross section of 295 Å2 was ob-
served for both the G-quadruplex and randomly ar-
ranged starting structures. In both cases, the only family
of structures which were observed correspond to dGs
arranged in a globular formation around the NH4

� ion
(Figure 7). The cross section of this globular structure
agrees within 2% of the experimental value for the ATD
peak at 1050 �s (Table 1). The starting structure of (6dG
� NH4)

� in a quadruplex arrangement appeared to be
very unstable as it did not survive one minimization in
the annealing protocol before it converted to a globular
structure. The instability of (6dG � NH4)

� became
apparent in the 300 K molecular dynamics simulations.
In the dynamics simulation, the quadruplex form of
(6dG � NH4)

� converted to the globular form after just
a few picoseconds, indicating that it was not stable in a
quadruplex arrangement and explaining why it was not
observed in the experiment (see Figure 5b).
The theoretical structures obtained for (6dG �

NH4)
� only allowed assignment of the longest time

peak, and the earlier time peaks could not be accounted
for. Based on the fact that aggregates are observed for
the nominal (4dG � NH4)

� feature, the experimental
cross sections for the three shortest time peaks were
recalculated for �4, �3, and �2 clusters, giving values

of 692, 579, and 452 Å2. To compare these cross sections
with theory, the scatter plots of energy versus cross
section for (12dG � 2NH4)

2�, (18dG � 3NH4)
3�, and

(24dG � 4NH4)
4� were examined. When the dGs were

randomly arranged in the starting structures for (12dG
� 2NH4)

2�, (18dG � 3NH4)
3�, and (24dG � 4NH4)

4�,
only one family of structures in a globular conformation
resulted. However, in all cases the globular structures
did not match any of the experimental cross sections
(Table 1). When a G-quadruplex starting structure was
used, only one family of structures in a G-quadruplex
orientation resulted, and in all cases the G-quadruplex
structure was at least 20 kcal/mol lower in energy than
the corresponding globular structure. The average cross
sections for each are reported in Table 1. After analysis
of all the cross sections for the clusters, the peaks in the
ATD in Figure 6 could be assigned. The peak at 700 �s
agreed with the cross section for the (24dG � 4NH4)

4�

quadruplex, the peak at 770 �s matched the quadruplex
structure for (18dG � NH4)

3�, the (12dG � 2NH4)
2�

quadruplex structure was assigned to the peak at 850
�s, and the globular structure for (6dG � NH4)

�

correlated with the peak at 1050 �s. The quadruplex
structures for (12dG� 2NH4)

2�, (18dG� 3NH4)
3�, and

(24dG � 4NH4)
4� are all shown in Figure 7. The (12dG

� 2NH4)
2� quadruplex structure has three G-quartets

stacked on top of each other with an NH4
� ion between

each layer. Four G-quartets stack in the (18dG �
3NH4)

3� quadruplex, while the two extra dGs assemble
directly below the quartets. (24dG � 4NH4)

4� has 6
layers of G-quartets stacked on top of each other and
the 4 ammonium ions sit between the two top and
bottom layers, leaving two G-quartets in the middle of
the cluster to stack without any cation stabilization.

(11dG � 2NH4)2�. A typical ATD for (11dG �
2NH4)

2� is shown in Figure 8 at an injection energy of
30 eV. Two peaks are observed in the ATD with cross
sections of 341 and 440 Å2 (assuming a�2 charge state).
Due to the presence of higher order clusters in the
nominal (4dG � NH4)

� and (6dG � NH4)
� peaks,

randomly arranged and quadruplex structures of both
(11dG � 2NH4)

2�and (22dG � 4NH4)
4� were modeled

to compare to the experimental values obtained from
the ATD peaks.
Three hundred low-energy structures were gener-

Figure 7. Theoretical structures for (6dG � NH4)
�, (12dG � 2NH4)

2�, (18dG � 3NH4)
3�, and (24dG

� 4NH4)
4�; (6dG � NH4)

� is the only cluster which does not have a quadruplex structure. The
guanine oxygen atom is red, guanines are blue, ammonium is yellow, and sugars are shown in white
(hydrogen atoms on each dG have been omitted for clarity).
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ated for both (11dG � 2NH4)
2� and (22dG � 4NH4)

4�.
Only one family of structures was observed for the
randomly arranged starting structures of (11dG �
2NH4)

2� and (22dG � 4NH4)
4� corresponding to glob-

ular structures. However, the globular cross sections
did not match any of the experimental cross sections.
When a quadruplex structure was used as the starting
structure, only one family of structures corresponding
to a quadruplex family was observed in the scatter plots
(average cross section reported in Table 1). The cross
section of the quadruplex structures for (11dG �
2NH4)

2� and (22dG � 4NH4)
4� agree with the experi-

mental values, allowing the quadruplex structure of
(22dG � 4NH4)

4� to be assigned to the shortest time
peak and the quadruplex structure of (11dG� 2NH4)

2�

to be assigned to the longest time peak. The quadru-
plexes for (11dG � 2NH4)

2� and (22dG � 4NH4)
4� are

shown in Figure 8. The (11dG � 2NH4)
2� quadruplex

has two G-quartets stacked on top of each other, while
the three remaining dGs assemble below the G-quartets,
and an NH4

� coordinates between each layer. Five
G-quartets stack in the (22dG � 4NH4)

4� quadruplex
and the two extra dGs stack directly below the quartets.

14, 16, and 17 dGs with 3 NH4
� and 23 dGs with 4

NH4
�. An ATD for (16dG � 3NH4)

3� is shown in
Figure 9. Only a single peak is detected and similar
ATDs are observed for 14 and 17 dGs with 3NH4

�, and
23 dGs with 4 NH4

� (see Table 1 for experimental and

theoretical cross sections). A single peak in the ATD
suggests that these systems do not have aggregates and
each has only one structure. Theoretical modeling was
again performed on randomly arranged dGs and a
quadruplex arrangement of each cluster. When scatter
plots for the randomly arranged dGs were analyzed, in
each case only one family of structures was observed.
As with the other clusters examined, these families
correspond to globular structures, and the cross sec-
tions do not correlate with the experimental cross
sections (Table 1). When quadruplexes were used as
starting structure of each cluster, only one family of
structures corresponding to G-quadruplexes was ob-
served. The quadruplex structures determined from
theoretical calculations where all lower in energy than
the globular structures and all matched the experimen-
tal cross sections measured from the ATDs within 1–2%
(Table 1). Figure 10 illustrates the theoretical structures
of these four clusters. As with the quadruplex structures
shown in the other clusters, G-quartets stack on top of
each other and if too few dGs are present to finish a
quartet, they just sit below the stacked quartets, with
the exception of (17dG � 3NH4)

3�, where the extra dG
prefers to coordinate to the side of the quadruplex.

Summary

Mass spectrometry, ion mobility, and molecular mechan-
ics/dynamics results presented in this paper provide
several important insights into the gas-phase conforma-
tions of G-quadruplexes. The primary observations are
given below.

1. dG clusters readily with ammonium ions and com-
plexes from (4dG � NH4)

� to (24dG � 4NH4)
4� are

observed using both mass spectrometry and ion
mobility.

2. Quadruplex structures are exclusively observed for
all dG clusters in the presence of ammonium ion
except (6dG � NH4)

�, which has a globular struc-
ture.

Figure 9. Single peak ATDs are observed for complexes where
14, 16, and 17 dGs cluster with 3 NH4

�, and 23 dGs cluster with 4
NH4

�, indicating that only one structure is present for each
complex. The ATD shown is for (16dG � 3NH4)

3�.

Figure 8. The ATD for (11dG � 2NH4)
2� at IE � 30 eV. The two

ATD peaks are assigned to quadruplex structures for (11dG �
2NH4)

2� and (22dG � 4NH4)
4�. The theoretical structures which

correspond to the experimental cross sections are shown below
the ATD. The guanine oxygen atom is red, guanines are blue,
ammonium is yellow, and sugars are shown in white (hydrogen
atoms on each dG have been omitted for clarity).
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3. If the number of dGs is not a multiple of four, then
at least two G-quartets must stack to provide suffi-
cient stability for a quadruplex structure to result.
(6dG � NH4)

� is not stable in a quadruplex struc-
ture and forms a globular structure readily. In the
case of (11dG � 2NH4)

2�, where two G-quartets
stack, a quadruplex structure is retained in which
the excess dGs assemble below the quartets.

4. The G-quartet structure of (4dG � NH4)
� is not the

lowest energy structure predicted by AMBER calcula-
tions, but it is very stable as shown from 1 ms of 300 K
molecular dynamic simulations. Since the G-quartet
form of (4dG � NH4)

� is the only conformation
observed experimentally (the lowest-energy globular
structure is not observed), it appears that solution
phase quadruplexes are retained in the absence of
solvent following the spray/evaporation process.
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