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Abstract: Supramolecular complexes
consisting of a single-stranded oligothy-
mine (dTn) as the host template and
an array of guest molecules equipped
with a complementary diaminotriazine
hydrogen-bonding unit have been stud-
ied with electrospray-ionization mass
spectrometry (ESI-MS). In this hybrid
construct, a supramolecular stack of
guest molecules is hydrogen bonded to

Albertus P. H. J. Schenning*!*!

guest complexes for strands with
lengths of up to 20 bases, in which the
highest complex mass detected was
15 kDa; these complexes constitute 20-
component self-assembled  objects.
Gas-phase breakdown experiments on
single- and multiple-guest-DNA as-
semblies gave qualitative information
on the fragmentation pathways and the
relative complex stabilities. We found

that the guest molecules are removed
from the template one by one in a
highly controlled way. The stabilities of
the complexes depend mainly on the
molecular weight of the guest mole-
cules, a fact suggesting that the com-
plexes collapse in the gas phase. By
mixing two different guests with the
ssDNA template, a multicomponent
dynamic library can be created. Our re-

dTn. By changing the hydrogen-bond-
ing motif of the DNA host template or
the guest molecules, selective hydrogen
bonding was proven. We were able to
detect single-stranded-DNA (ssDNA)-

Introduction

DNA is a promising scaffold’! for organizing small mole-
cules through a noncovalent bottom-up approach to create
monodisperse nanosized objects.'>'®)  Noncovalent ap-
proaches such as groove binding,"! intercalation," hydro-
gen bonding,” and metal-ligand binding"” have been re-
ported. Furthermore, DNA can, for example, be used as a
building block to construct complex nanosized objects
through sticky-end cohesion.* ! With this approach, DNA
polyhedra®! and gridded structures®®?”! have been con-
structed. Insight into the strength and dynamics of binding is
essential for a deeper understanding of these DNA con-
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sults demonstrate that ESI-MS is a
powerful tool to analyze supramolec-
ular ssDNA complexes in great detail.

structs and will help the exploitation of this approach. DNA
constructs are usually analyzed by spectroscopic or micro-
scopic techniques. A technique that is less explored is ESI-
MS, which is a soft technique that transfers solutes into the
gas phase and allows the study of noncovalent interactions
and large nonvolatile chargeable biomolecules such as pro-
teins™>" and nucleic acids.”'~**! Furthermore, this technique
has recently been used to characterize a variety of supra-
molecular complexes.®™! Qualitative information on the
binding strength of the supramolecular complexes can be
obtained by collision-induced-dissociation (CID) experi-
ments. !

Recently, we have reported the ssDNA-templated self-as-
sembly of naphthalene and oligo(p-phenylene)vinylene di-
aminotriazine derivatives (G1 and G4, respectively) that
bind to a complementary strand of oligothymine (dT40, in
which 40 is the number of thymines) to yield uniform ob-
jects (Figure 1 and Scheme 1).'*1 With ESI-MS, we have
been able to detect distinct complexes of G1 or G4 with
dT10."Y The ESI-MS technique has also been used to study
noncovalent double-stranded-DNA (dsDNA)-guest com-
plexes®*! to enable drug screening.**! In addition to the
probing of selective hydrogen bonds!”! or the binding stoichi-
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Scheme 1. Molecular structures of dTr and the guests (Gx).
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Figure 1. Schematic representation of the formation of the dTn-guest
complexes. Blue bars: guests; red bars: hydrogen-bonding motif; black
strand: DNA backbone.

ometry, the affinities and selectivities of minor-groove bind-
ers¥>% have been proven with ESI-MS and CID experi-
ments. In the present study, ESI-MS is used to systematically
study the effects of template lengths and guest-molecule size
on complex detectabilities to explore the scope and limita-
tions of this technique for these supramolecular self-assem-
blies. With CID experiments, the relative strength of guest
binding to the ssDNA template in the gas phase was stud-
ied. Finally, ESI-MS was used for combinatorial screening of
these hybrid systems, in mixtures of two guests together
with the ssDNA template.

Results and Discussion

Detection of ssDNA-guest complexes: First, the supra-
molecular complexes in ultrapure water with the template
dT10 and different guests, Gx, were studied under mild con-
ditions with ESI-MS in the negative mode. We systematical-
ly increased the strength of possible m—m interactions in the
complexes by using guest derivatives equipped with differ-
ent diaminotriazine hydrogen-bonding units, from a benzene
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(in G2),"7 to a naphthalene (in G1),!' a stilbene (in G3),
and finally an oligo(p-phenylene)vinylene (in G4)™"! core
(Figure 1 and Scheme 1). The guests themselves were hardly
detectable in the negative mode because the basic diamino-
triazine-substituted guests are barely deprotonated under
our ESI-MS conditions in ultrapure water.’¥ The ESI mass
spectra of solutions of dT10 show peaks for negatively
charged single strands [dT10]°", in which z is the number of
charges (Figure 2a). The ESI mass spectra of the solutions
containing ten equivalents of G1 relative to dT10 show
[dT10+ G1] complex peaks (in which m is the number of
G1 molecules) and the [dT10]*~ peaks; the guests are now
also visible as deprotonated guest molecules, [G1-H]'~ (Fig-
ure 2b). Deconvolution of this ESI mass spectrum yields
masses of distinct [dT104+m G1] complexes with up to 11
guests bound; [dT10+6G1] has the most intense complex
peak (Figure 2¢).’" Remarkably, the number of guests
bound is larger than the number of binding sites available
on the template. The detection of [dT10+11G1] complex
peaks could be caused by further aggregation of the guest
molecules to the complex during the formation of nanodrop-
lets.”™) The concentration inside such a droplet quickly in-
creases during the evaporation process®?! and can easily
reach 1.2 mm, at which point G1 starts to form aggregates at
room temperature."!! The presence of the [G1-H]'~ peak
suggests that, during the evaporation process and flight of
the ions to the detector, the complex can dissociate, which
leads to a distribution of distinct complexes that is not nec-
essarily present in solution.

Titration experiments in which up to 20 equivalents of G1
were added to dT10 show that, already at 6 equivalents of
G1, fully covered dT10-G1 complexes are observed
(Figure 3). For lower amounts of guest molecules
(<6 equiv), the concentration of G1 is too low for significant
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Figure 2. ESI mass spectra for a) [dT10]=0.05 mM and b) [G1]=0.5 mm
and [dT10]=0.05 mM in ultrapure water. c¢) Deconvoluted spectrum for
[G1]=0.5 mm and [dT10]=0.05 mm in ultrapure water.

binding, whereas the distribution and intensity of the peaks
hardly changes with 10 equivalents or more.”® With 20
equivalents of guest molecule, the same distribution is pres-
ent as with 10 and 15 equivalents, which suggests that, at
these concentrations of G1, most dT10 templates are fully
covered with G1 in solution.

Other diaminotriazine-equipped guest molecules were
also tested for binding to dT10. Mixtures containing ten
equivalents of the gallic acid derivative G2, the stilbene de-
rivative G3, or the oligo(p-phenylene)vinylene derivative
G4 all showed complex peaks when mixed with dT10
(Figure 4).°"! For G2 and G3, similar spectral features to
those of G1 were observed, whereas only up to six guests
bound to dT10 have been detected for G4 complexes.

We also changed the size of the template for dTn/G1 mix-
tures with n=35, 20, or 40, in which we kept the concentra-
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Figure 3. Deconvoluted ESI mass spectra for titration experiments in
which [G1] is increased from 0 to 0.45 mm and [dT10] is kept constant at
0.0225 mM in ultrapure water.
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Figure 4. Deconvoluted ESI mass spectra for a)[G2]=1mm and
[dT10]=0.1 mM, b)[G3]=1mm and [dT10]=0.1mm, and c)[G4]=
0.5 mm and [dT10]=0.05 mMm in ultrapure water. * indicates the mass of
the molecular ion for dT10.

tion of G1 the same and added a base equivalent of the
ssDNA template. The solution experiments with these mix-
tures all showed binding of G1 to the dTn template.” For
dT5-G1 and dT20-G1 complexes, the mass spectra could be
deconvoluted (Figure 5a and b) and up to 5 and 19 G1 mol-
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Figure 5. Deconvoluted ESI mass spectra for a) [G1]=1 mm and [dT5]=
0.2 mm and b) [G1]=1 mm and [dT20]=0.05 mM in ultrapure water. * in-
dicates the mass of the molecular ions for dT5 or dT20, respectively.

ecules bound to the template, respectively, have been de-
tected.® The mass spectrum of the longer dT40 with G1
only shows the [G1—H]'~ peak and some dT40 degradation-
product peaks.*”) The [dT40]° peaks are not visible, where-
as they are visible without guest molecules.*”!

In all of the experiments above, distinct dTn-G com-
plexes have been detected; these can reach up to a maxi-
mum mass of 15 kDa in the case of a ssDNA length of 20
bases. For dT40/G1 mixtures, no distinct complexes have
been detected. Still, the presence of the [G1-H]'~ peak and
the lack of [dT40]° peaks is evidence that G1 binds to
dT40.%78 The binding of the guest molecules observed with
ESI-MS is in agreement with the solution experiments.!!!
The reason that no distinct complex peaks are observed for
the dT40-G1 complex could be the relatively lower concen-
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Scheme 2. Molecular structures of the control ssDNA and control guests.
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tration of complex, the high number of possible peaks, the
high molecular weights of the dT40-G1 complexes (from 12
to 30kDa) that considerably broaden the peaks, or the
purity or fragmentation of dT40. The presence of a very
small amount of Na* and K% ions will further increase the
number of peaks for each [dT40+m G1] complex.

Selectivity study: To see whether the observed binding of
the guest to the template is selective, a variety of control ex-
periments were performed. When G1 is added to the homo-
DNA strands dAS, dA10, dA20, dG10, or dC10 (Scheme 2)
under the same conditions as those used for dTn, the most
intense peaks are from the free ssDNA, and only a few G1
molecules are bound to the ssDNA templates, which is in
line with the solution experiment.'**! In titration experi-
ments in which up to 20 equivalents of G1 were added to
dT10 or dA10, the detected amount of free dA10 is higher
than that of free dT10.%! Also, a higher number of G1 guest
molecules bind to dT10 rather than to dA10 during the
whole titration. The control experiments with other homo-
ssDNA strands clearly show that there is a clear preference
for binding to dT10, which is logical when it is considered
that threefold hydrogen bonding is possible for a thymine—
G1 complex.

The methyl ester derivative G5 (Scheme 2) and adenine
(G6) did not show binding to dT10,*”! whereas up to six
adenosines (G7), which is more water soluble than adenine,
bound to dT10 have been detected.”! These experiments
reveal that the binding of the diaminotriazine to the tem-
plate occurs through hydrogen bonding. This conclusion is
supported by a competition experiment in which an excess
of complementary dA20 strands is added to the dT20-G1

dC10
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complexes in solution to yield the more stable dsDNA.[+-%
This proves that the diaminotriazine unit binds to the dT20
template through hydrogen bonding!®! and that the dT20-
dA20 double strand is more stable than the dT20-G1 com-
plex. These results agree with the previously reported solu-
tion experiments with CD spectroscopy analysis, in which
the complementary strand dA40 (Scheme 2) was added to a
mixture containing the dT40-G1 complex.!'!

Collision-induced-dissociation experiments: The relative sta-
bility of the ssDNA-guest complexes was studied by CID
experiments or tandem mass spectrometry on selected com-
plexes in the gas phase. After sample ionization, a single
complex of interest is isolated with the quadrupole mass an-
alyzer and only this isolated complex enters the collision
cell, in which the selected ion subsequently collides with the
collision gas. The degree of dissociation depends on the
mass of the collision gas used, the gas pressure in the colli-
sion cell, and the acceleration voltage, V,., which deter-
mines the kinetic energy of the ion. A higher acceleration
voltage yields a higher kinetic energy for the complex and,
thus, a higher collision energy between the complex and the
collision gas, argon in our case. With a higher V, . value or a
higher argon pressure in the collision cell, more guest mole-
cules are dissociated, either as neutral or charged species,
and this eventually results in virgin ssDNA. The argon pres-
sure in the collision cell was set to 1.2x 107> mbar, at which
value each ion faces multiple collisions with the collision
gas. We monitored the dissociative pathway and the degree
of dissociation of the isolated ion as a function of the volt-
age in the collision cell.”**? Quantitative values for guest-
binding energies cannot be obtained with these CID experi-
ments, because the threshold energy of dissociation cannot
be determined with our setup. The breakdown curve of a
single complex is measured by selecting a narrow m/z range
around the m/z value of the complex with the quadrupole
and by increasing the V. value in the collision cell. The
mass spectrum then shows the breakdown of the selected
complex and the appearance of the breakdown products of
the selected complex. The ion-survival yield (%) of the
parent ion and the appearance of collision products at each
V.. value were calculated relative to the total intensities of
all ions detected according to Equation (1), in which
I[dTn+m G]*~ is the intensity of the corresponding ion.

[[dTn+m G~
S I[dTn+m G-

m=0

Appearance [dTn+m G~ = x 100 %

(1)

For a fair comparison between the different complexes,
the collision energy, Ec,, was corrected for the center of
mass according to Equation (2), in which E,; is the kinetic
energy of the ion obtained in the accelerator, z is the
number of charges, V, is the acceleration voltage, M, is the
mass of the collision gas (argon), and M, is the mass of the
parent ion.”’)
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For the CID experiment, we initially studied
[dT54+m G1]*~ complexes because these low-molecular-
weight ions had a sufficiently high intensity of the parent
ions. The CID ion-appearance plots show that, for up to
triply charged complexes, the breakdown occurs through se-
quential loss of neutral G1 molecules, as shown, for exam-
ple, with the [dT5+2G1]*~ complex (Figure 6a). In contrast,
the dissociation of the quadruply charged complexes shows
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Figure 6. Ion-appearance plots for the CID experiments of
a) [dT5+2G1]  (m/z  780.92gmol™),  b) [dT5+2G1]*  (m/z
585.45 gmol '), and c) [dT5+4 G1]*~ (m/z 807.06 gmol ') as a function of
the collision energy, Ecy;.
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two fragmentation pathways. For instance, for the
[dT5+2G1]*" complex (Figure 6b), neutral G1 molecules
and charged [G1—H]'™ ions can be dissociated. It is remark-
able that, due to the increased charge repulsion,”” the basic
amines of the diaminotriazine are deprotonated. The break-
down of the triply charged complex with four guests,
[dT5+4 G1]*~, also shows a breakdown mechanism whereby
neutral G1 molecules are sequentially dissociated (Fig-
ure 6¢). At Eqy=0.2 eV, which corresponds to a V. value
of 5V, a very low voltage for ESI-MS experiments, only
90% of the parent ion survives. This implies that, even
when all DNA templates are still fully covered after the ion-
ization process, a distribution will always be present in the
ESI mass spectrum due to fragmentation in the collision cell
at this pressure. The gas-phase stabilities of the parent ions
of the [dT5+m G1]*~ complexes as a function of the number
of guests, m, and charges, z, were compared through the
parent-ion survival yield as a function of the Eqy and I
(Ecy value at which 50% of the parent ion survives) values
(Figure 7). In a comparison of a single, only hydrogen-
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Figure 7. Parent-ion survival yields for the CID experiments of
a) [dT54+m G1]>~ and b) [dT54-5G1]*". The lines are included to guide
the eyes.

bonded guest with multiple-bound guests, the I5, value when
multiple guests are bound should be significantly higher
than that when one guest is bound because of additional
guest—guest interactions However, clearly, both the m and z
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values do not change the I5, value to a large extent (Figure 7
and Table 1). We found that I5y=0.27 eV for [dT5+1G1]*~
and I5,=0.25eV for [dT5+5G1]*, that is, a difference of

Table 1. I5, values of [dT5+m Gx]*~ ions.

Ton I, value [eV]

m=1 m=2 m=3 m=4 m=5
[dT54+m G1]* n.d. 0.30 0.30 0.28 0.28
[dT54+m G1P~ 027 0.27 0.25 0.25 0.25
[dT5+m G2]*~ 0.60 nd 045 nd®  ndb
[dT5+m G3]*~ 0.55 n.d.l 0.42 n.d.l n.d.
[dT54+m G4~ 0.70 nd  0.62 nd®  nd®

[a] n.d.=not determined.

less than 10%. Hence, the dissociation is neither coopera-
tive nor anti-cooperative. Apparently, these complexes do
not necessarily retain their solution structure when brought
into the gas phase, but collapse into a structure with more
host-guest interaction (see below). When compared, the
quadruply charged complexes appear to be slightly more
stable than the triply charged complexes (Figure 7b); for in-
stance, with five G1 molecules bound, I5,=0.28 and 0.25 eV
for the quadruply and triply charged complexes, respective-
ly.

To study the relative gas-phase stabilities of the com-
plexes with the different guests, CID experiments were per-
formed on [dT54+1Gx]*” and [dT5+3Gx]*" complexes
(Figure 8) under standard conditions. The corresponding ion
peaks were selected and the voltage of the collision cell was
increased until the parent ions were no longer detected. It
should be noted that the E, value has been corrected for
the mass of the parent ion for a fair comparison. When
three guests are bound, it is clear that the larger guests bind
more strongly, as indicated by the higher I5, value (Figure 8a
and Table 1). This agrees well with an increased guest-guest
interaction for bigger guest molecules. When [dT5+3 Gx]*~
and [dT54+1Gx]*~ are compared, the Iy, value of
[dT54+1Gx]*" is lower in all cases, results that are similar to
those already found for G1 (Figure 8 and Table 1). For
[dT5+1 Gx]*~ individually, no or hardly any difference in the
I5, value is expected if the guests are only hydrogen bonded
to the DNA template. By contrast, for collapsed structures
in which the sum of all the van der Waals interactions will
count, the I;, value should increase with the molecular
weight of the guests. Here, we notice an apparent linear in-
crease of the I5, value of the [dT5+1Gx]*~ parent ions with
the molecular weight of the guest molecules (Figure 8 and
Table 1). This clearly shows that the templated structures
that are present in solution collapse in the gas phase as ob-
served earlier.?*®%) This structural collapse can easily
occur during the evaporation process or during the several
tens of microseconds when the ions travel through the colli-
sion cell.[4%]

Mixed guest systems: We have also performed competition
experiments in which two guests are mixed in solution with
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parent ions versus the mass of the guest molecule. The lines are included
to guide the eyes.

the ssDNA template. We added one base equivalent of each
guest for a fair competition experiment. As an illustrative
example, G1 was mixed with G2 in the presence dT10
(Figure 9).°) Under mild conditions, with V.. =15V, distinct
complexes of dT10 with both G1 and G2 bound in various
ratios can be detected with masses of up to 12000 Da. When
the V,. value is increased, the ions are broken down to
lower mass ions and the mass spectrum becomes simpler.
Eventually, at V,,.=30V, most of the G1 is removed from
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Figure 10. ESI mass spectra of the [dT5+1G141G2]*" ion at different
Ve Values.

G1 and G3 or G1 and G4 combinations.*! At low V.
values, the parent ion is still intact. Upon an increase in the
voltage, the smaller G1 dissociates first and, upon a further
increase in the V. value to 30 V, G2 also dissociates. At this
high V,. value, some fragmentation products of dTS can
also be seen. These CID experiments again show that G2

binds more strongly to dT5 than G1. With G3 and G4, simi-
lar results were obtained.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Conclusion

We have explored the scope and limitations of ESI-MS for
the detection of hydrogen-bonded supramolecular com-
plexes of ssDNA and guest molecules. Individual ssDNA—
guest complexes could be detected up to a mass of 15 kDa,
which is noteworthily high since the complex consists of 20
components. CID experiments show that the hydrogen-
bonded guest molecules can be dissociated from the DNA
template one by one in a highly controlled way. Remarka-
bly, we have found a linear relationship of the molecular
weight of the guest molecules with the Iy, value of the
[dT5+1 Gx]*~ complexes, which shows that the stability is
not only determined by the hydrogen-bond interaction and,
therefore, a complex with a small number of guests does not
necessarily retain its solution hydrogen-bonded structure in
the gas phase. Interestingly, upon an increase in the collision
energy of two different guests bound to dTn in solution, the
weakest bound guest can be dissociated first. This promising
tool will allow for combinatorial screening of molecules
binding to DNA.

In general, we have shown that ESI-MS and CID experi-
ments are useful techniques for identifying and studying se-
lective and nonselective secondary interactions in templated
supramolecular assemblies. These methods provide impor-
tant information concerning secondary interactions in these
supramolecular assemblies in the gas phase.

Experimental Section

Materials: The synthesis, purification, and characterization of G3 and G5
can be found in the Supporting Information. ssDNA was supplied freeze
dried and HPLC purified by MWG Biotech AG. All solvents purchased
from Acros Chemica, Aldrich, or Fluka were of p.a. quality. All other
chemicals were commercially available and were used without further pu-
rification.

General methods: UV/Vis and fluorescence spectra were performed on a
Perkin—Elmer Lambda40 and Perkin—Elmer LS-50B spectrophotometers.
CD, UV/Vis, and fluorescence spectra were recorded on a JASCO 815 in-
strument equipped with a Peltier PFD-425S temperature controller.
High-resolution ESI-MS was performed on Q-Tof Ultima Global mass
spectrometer (Micromass, Manchester, UK) equipped with a Z-spray
source. The analysis was performed with MassLynx 4.1 software and the
spectra were deconvoluted with the MaxEnt-1 program. Electrospray
ionization was achieved in the negative mode by direct and continuous
injection of 0.5-4 mm solutions in MilliQ water at room temperature with
a rate of 5pLmin~' and by applying 5 kV on the needle. The collision
cell was filled with argon (1.2x107° mbar) as the collision gas and the
cone voltage was set to 150 V. For a typical single-run CID experiment,
the acceleration voltage was increased up to 50 V in small steps, with in-
jection for 30 s for each V.. value. From the area underneath the intensi-
ty chromatogram of the specific mass region of each ion, the relative in-
tensities of each ion peak at every V, . value could then easily be calcu-
lated.

Sample preparation: All ESI-MS samples were prepared by addition of
ssDNA in MilliQ water to the solid guest and subsequent sonification of
the mixture at 70°C for at least 5 min. In the case of G4, a concentrated
solution of G4 in HPLC-grade tetrahydrofuran (THF) was injected into
the dTn solution in MilliQ water and the THF was removed by heating
the sample to 70°C. For the titration experiments, dT10 or dA10 solu-
tions were mixed with a G1-dT10 (20:1) or G1-dA10 (20:1) solution, re-
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spectively. Before injection into the mass spectrometer, the solutions
were heated to above 70°C to erase all memory effects and they were
subsequently annealed at room temperature for at least 2 h.
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