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ABSTRACT: DNA three-way junction (TWJ) structures transiently form during key cellular processes such as 
transcription, replication, and DNA repair. Despite their significance, the thermodynamics of TWJs, including the influence 
of strand length, base pair composition, and ligand binding on TWJ stability and dissociation mechanisms are poorly 
understood. To address these questions, we interfaced temperature-controlled nanoelectrospray ionization (TC-nESI) 
with a cyclic ion mobility mass spectrometry (cIM-MS) instrument that was also equipped with a surface-induced 
dissociation (SID) stage. This novel combination allowed us to investigate the structural intermediates of three TWJ 
complexes and examine the effects of GC base pairs on their dissociation pathways. We found that two TWJ-specific 
ligands, 2,7-TrisNP and TrisPOB, leads to TWJ stabilization, revealed by an increase in the melting temperature (Tm) by 
13 or 26 °C, respectively. To gain insights into conformational changes in the gas phase, we employed IMS and SID to 
analyze TWJs and their complexes with ligands. Analysis of IM arrival distributions suggested a single-step dissociation 
of TWJs and their intermediates for the three studied TWJ complexes. Upon ligand binding, a higher SID energy by 3 V 
(2,7-TrisNP) and 5 V (TrisPOB) was required to induce 50% dissociation of TWJ, compared to 38 V in the absence of 
ligands. Our results demonstrate the power of utilizing TC-ESI in combination with cIMS and SID for thermodynamic 
characterization of TWJ complexes and investigation of ligand binding. These techniques are essential for the TWJ design 
and development as drug targets, aptamers, and structural units for functional biomaterials. 
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Introduction 

The specific structures adopted by nucleic acids play 
essential role in numerous cellular processes, including 
transcription, replication, and DNA repair.1 These processes 
require specific secondary and higher-order tertiary 
structures of DNA, to fulfill their respective functions; 
therefore, they represent promising biomolecular targets. 
Many researchers have put considerable effort into 
characterizing these biomolecules as well as developing 
drugs that specifically target them. Most of this research has 
focused on hairpins,2 G-quadruplexes,3–7 i-motifs,8,9 and 
multi-way junctions. However, DNA junctions have recently 
received increased attention for their potential in cancer 
therapeutics.10–12 Also, nucleic acids and their complexes 
can serve as structural units for bottom-up fabrication and 
sensing devices.13–19 

Three-way junctions (TWJ) are non-covalent complexes 
composed of three partially complementary  strands.20 As 
shown in the Figure 1A, the junction is situated between all 
composing strands and represents a recognition site for a 
variety of binding partners, including proteins,21–23 small 
molecules,24–26 and metal ions.27 TWJs are of significant 
interest for developing new treatment approaches because 
ligand binding28 can alter their thermodynamic stability, 
cellular persistence, structure and/or functions.26,29–31 Novel 
therapeutic approaches targeting junctions aim to inflict 
severe genetic injuries to cause failure of the proliferation 
machinery in malignant cells,32 or control cellular 
processes.10,11 TWJ formation and stability is dependent on 
strand length, the presence of mismatches, and the self-
duplex formation. 

However, there is a paucity of data on unfolding and 
dissociation mechanisms of TWJs.25,26,33–35 This is attributed 
to the structural complexity of TWJs, which arises from the 
dynamics of potential multiple conformational states. 
Furthermore, these structures likely adopt multi 
conformational states during formation/dissociation, as suggested in Figure 1A. The presence of these intermediate 
states means that methods such as nuclear magnetic resonance,36 cryogenic electron microscopy,37 and calorimetric 
analysis34 are not well-suited for studying TWJs. A key limitation in the study of TWJs is the absence of tools that can 
provide insights into the thermodynamics and kinetics, specifically the identification of intermediates that take place during 
dissociation processes. 

Native mass spectrometry (MS) is a powerful method that can be used for such investigations. Previous studies have 
demonstrated that it is possible to characterize unfolding and dissociation mechanisms and ligand binding to DNA 
structures by MS, since non-covalent interactions, responsible for DNA secondary structure formation, can be preserved 
in the gas phase.38–40 However, it remains an open question whether solution and gas-phase stabilities correlate, despite 
the considerable effort researchers have put into understanding the gas and solution phase behavior of protein41–45 and 
DNA complexes.46–50  

One way of addressing this issue is by using temperature-controlled nanoelectrospray (TC-nESI), where the 
temperature of the spray solution is controlled, and temperature-induced changes are monitored by MS.5,51–58 From this 
information, is  it is possible to obtain thermodynamic information, and the nature and abundance of structural 
intermediates can be characterized. This type of analysis was exemplified in our previous work examining the 
thermodynamics of DNA G-quadruplex structures.58,59 Other recently commercialized technologies, such as surface-
induced dissociation (SID)60 and cyclic ion mobility (cIMS)61 have yet to be applied to such biomolecules. In this work, a 
combination of TC-nESI,62 SID, cIMS, UV-melting, and circular dichroism (CD) spectroscopy were used to examine the 
dissociation mechanism of three TWJs (Table 1). We compared the effects of nucleotide composition, strand length, and 
TWJ-binding ligands on TWJ stability to study their thermodynamics in unprecedented detail. 

 

Methods 

Oligonucleotide Preparation 

Oligonucleotides were designed to avoid mismatches and direct interaction of single strands between two or more 
domains.63 All oligonucleotides were obtained in the form of reverse-phase purified, dried samples (Eurogentec). To 

Figure 1: (A) The suggested scheme of three-way junction 
(TWJ) dissociation pathway with equilibrium constants. 
Initial structure of fully folded TWJ releases one of the 
strands with increasing temperature. Unfolded system 
contains only single strands at high temperature. (B) Mass 
spectrum of the 20 μM TWJ-3 (8 bps in each arm) averaged 
between 20 and 70 °C. 
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prevent undesired structural assemblies, the samples were dissolved in 100 µL of DNAse-free water (Fisher 
Bioreagents), heated to 80 °C for 1 minute, allowed to cool to room temperature, and stored in the freezer. Oligonucleotide 
concentrations were calculated from the Beer-Lambert law, based on the absorbance at 260 nm measured by a 
spectrophotometer (Genesys 10S, Thermo Fisher Scientific). The extinction coefficients of single-stranded sequences 
were calculated using an online tool available on molbiotools.com. Unless otherwise specified, a 20 mM oligonucleotide 
solution was prepared in 100 – 300 mM ammonium acetate solution (AmAc; for molecular biology, Sigma-Aldrich) at 
physiological pH (7.4). Mixtures of three oligonucleotides of 7 – 20 μM each (listed in the Table 1) were heated to 85 °C 
and incubated overnight at 4 °C to form the complex. 

Photometric Measurements and Structural Simulation 

Circular Dichroism: CD experiments were performed using a Chirascan CD spectrophotometer (Applied Photophysics, 
Leatherhead, U.K.) equipped with a sealed quartz cuvette (Hellma Analytics, Müllheim, Germany) with a light path length 
of 1 mm. Full wavelength scans of ellipticity absorption were recorded in the range of 210 to 320 nm using a spectral 
bandwidth 1 nm, a step resolution 1 nm, and a 5 s time per point. 

UV-Vis: Absorption spectra were acquired using a Cary 60 UV-Vis spectrophotometer equipped with a temperature-
controlled multicell holder (both Agilent Technologies, USA). Pristine solvent was used for background subtraction. UV-
Vis melting experiments were carried out with a gradient of 0.2 °C/min. 

'DINAMelt Server' structural simulations were conducted to detected structural mismatches such as bulges, hairpins 
and duplexes formation.  The ion concentrations, crucial for valid comparison with the MS thermal denaturation 
experiments, were set to 20 μM (oligonucleotides), 100 mM (Na+), and 0 mM (Mg2+). 

 

Table 1. DNA oligonucleotides forming three-way junctions used in this study. 

Name Sequence (5ʹ to 3ʹ) 
Avg. Mass 

(Da) 

inter. standard TTTTTT 1763.22 

TWJ-1 

TWJ-1.1 ATCCGCATGACATTCGCCGT 5410.58 

TWJ-1.2 ACGGCGAATGACCGAATCAG 6160.08 

TWJ-1.3 CTGATTCGGTTCATGCGGAT 6139.04 

TWJ-2 

TWJ-2.1 CGGAACGGCACTCG 4273.84 

TWJ-2.2 CGAGTGCAGCGTGG 4344.87 

TWJ-2.3 CCACGCTCGTTCCG 4175.76 

TWJ-3 

TWJ-3.1 ATAGAACTGTCACATC 4849.24 

TWJ-3.2 CCACCGCTAGTTCTAT 4792.18 

TWJ-3.3 GATGTGACAGCGGTGG 5002.31 

 

Mass Spectrometry 

Mass spectra were acquired in negative mode utilizing an ion-mobility (IMS) spectrometer hyphenated with a time-of-
flight (TOF) MS (SELECT SERIES Cyclic IMS, Waters Corp.) equipped with both an electron capture dissociation (ECD) 
cell in post-IMS mode and a surface-induced dissociation (SID) or IMS-TOF-MS (Synapt G2S, Waters Corp.). The mass 
range was set to m/z 50 – 4000 with a 1 s scanning rate. The quadrupole profile was set automatically. The essential 
parameters of the mass spectrometer operating in “V-mode” were: 1 ‒ 2 kV capillary voltage, 20 V sampling cone, 20 V 
source offset, 25 °C source temperature, 10 V trap collision energy, 10 V transfer collision energy, 5 – 20 mL/min trap 
gas flow. A solution of a 20 mM cesium iodide (99.999%, analytical standard for HR-MS, Fluka) in a 50:50 
acetonitrile:water was used as a calibration solution for the MS system. As an internal standard, d(T)6 of 2.5 mM was 
added. 

Thermal Denaturation MS 

We used a laboratory-built temperature-controlled nanoelectrospray (TC-nESI) source first introduced by Marchand 
et al.5 Borosilicate nanoelectrospray emitters of ∼1 μm I.D. (B-100-75-10, Sutter Instrument) were made using 
micropipette puller equipped with metal filament (P1000, Sutter Instrument). The ESI emitter, filled with 5 – 10 μL of 
oligonucleotide solution, is placed between two temperature-controlled copper blocks that guarantee uniform heat 
distribution. The ESI emitter tip protruded from the copper blocks towards the MS inlet by no more than 1 mm. A Peltier 
element was used to precisely control the temperature of the copper parts, emitter and the sample solution, in the range 
of 13 – 90 °C. For thermal denaturation MS experiments, the rate of temperature increase was set to 1 °C/min, to 
minimize the appearance of kinetic products of DNA melting.64 More details on data processing are given in Supporting 
Information. 
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Results and Discussion  

Previous studies have indicated that non-covalent DNA complexes can be preserved in the gas phase.38,39 Therefore, 
it is possible to use TC-nESI to interrogate the structural aspects which contribute to the stability of a oligonucleotides 
complex.5,59 Other TC-nESI studies have focused on duplexes and quadruplexes. However, none of these studies have 
dealt with more complicated structures, let alone the unfolding and dissociation pathways of TWJs, nor was ion mobility 
spectrometry (IMS) used to examine the effects of heating on oligonucleotide conformational states. Also, there is a 
distinct lack of studies that focus on comparing gas-phase with solution stabilities. The focus of this work is to address 
these issues for TWJs. 

Identification of Intermediates 

For the initial melting experiments, two TWJs called TWJ-1 and TWJ-2 were tested to ascertain that structural 
information could indeed be obtained from such melting experiments. Duplex intermediates generated from melting this 
TWJ-1 had the potential to form different conformational states due to binding of mismatched base pairs. The mass 
spectra extracted at specific temperatures from the melting experiments showed multiple charge state series varying with 
the molecular mass of oligonucleotides (Figure 1B). For TWJ-1, the peaks for single strands were observed from m/z 
1200 to 1700, for dimers from m/z 1500 to 2000, and for the intact TWJ from m/z 1600 to 2500 (Figure 1B and S1). To 
generate the melting curves, the peak areas for each charge state were extracted and plotted as a function of 
temperature. (Figure 2A). 

These data showed that, as temperature increased, both TWJ-1 and TWJ-2 dissociated into duplex intermediates and 
then to monomers. TWJ-1 had a typical sigmoidal melting curve, with Tm = 45 ± 1 °C. Between 35 and 70 °C, the charge 
state distributions corresponding to all three possible duplex-like intermediates (1:2, 1:3, and 2:3) were observed at Tmax 
of ~50 °C (Tmax is defined as a temperature where the species reaches the highest abundance). The MS melting of TWJ-
1 and TWJ-2 revealed minor differences in thermal stabilities of the duplex-like intermediates (Figure 2B and S2, 
respectively). Specifically, the Tmax for the 2:3 complex is shifted by 3 °C to lower temperature compared to the other 
intermediates. The UV-melting experiments, performed under the same solvent conditions as the MS melting 
experiments, showed an ambiguous, two-step dissociation (Figure S3). This variation in thermostability was also evident 
when comparing with the MS melting of individual duplexes (Figure S4), where the Tm of the 2:3 complex was found to 
be significantly higher (by 6 – 8 °C) compared to two other duplexes. In contrast, the MS melting temperature matches 
the first step inflection point, which indicated Tm = 47.7 °C. This implies that the 2:3 duplex, with the highest number of 
additional base pairs (bps), is more stable than the other two duplexes and competes with TWJ formation. The van’t Hoff 
analysis showed the difference of ∆G° = 6.7 kJ/mol (Figure S9). Based on this information, we propose that the potential 
differences in Tmax values originate from the additional bps forming in the overhanging sequences of intermediate 

Figure 2: Thermal characterization of the TWJ-1 complex composed of 10 bps in each arm in 100 mM ammonium acetate. 
(A) The MS thermal denaturation profiles of 20 μM (each strand) TWJ-1 with (B) magnified view of duplex-like intermediates, 
(fit: LOWESS). (C) Putative structures of the duplex-like intermediates according to 'DINAMelt Server' structural simulation; 
formation of additional base pairs between overhanging strands highlighted in light blue. The ion concentrations, crucial for 
comparison with the MS thermal denaturation experiments, were set to 20 μM (each strand), 100 mM (Na+), and 0 mM (Mg2+) 
(D) Comparison of Van’t Hoff analyses of duplex-like intermediates formed from TWJ-3 and (E) of individual duplexes in the 
absence of the corresponding third strand. 
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duplexes. To test this hypothesis, a nearest-neighbor analysis of duplexes (DINAMelt)65 was performed to identify the 
formation of the bps in the overhangs (Figure 2C).63,66 The simulation of the 1:2 complex showed no additional base-
pairing between the overhangs. In contrast, three additional C≡G bps and one non-canonical T=G pair67 were predicted 
to occur in the overhangs of the 1:3 complex. These simulations suggest that the energy difference is due to the large 5-
nt bulge in strand 3 and the remaining overhang of strand 1. Melting curves were also simulated and plotted as a function 
of temperature (Figure S5). This revealed another phenomenon that could be a potential source of thermodynamic 
inconsistencies between simulation, gas-phase or solution-phase analysis: long single-stranded oligonucleotides are 
prone to form hairpins or self-dimers. The 2:3 complex was predicted to form a hairpin-like intermediate formed by strand 
2, reaching almost 50% abundance during the simulated melting. This additional interaction may significantly alter the 
TWJ stability. By mixing only two of the TWJ-forming strands, we could compare the Tm values of duplex-like 
intermediates with those that do not originate from the TWJ. Both MS- and UV-melting experiments (Figure S4 and S6) 

identified a significant stabilization within the 2:3 duplex, with a Tm increase of 6–8 °C and a ∆𝐺𝐴
°  decrease of −8 kJ/mol, 

which is contrary to the simulations. Experimental data can differ from simulations due to differences in ionic strength, 
ion type, or in the concentrations used. Discrepancies may also arise from the noise in the mass spectra, especially when 
considering low-abundance signals. Lower Tm values were observed for all duplex-forming systems when one of the three 
strands was not present in the mixture. 

DNA melting can be a complex process involving partially melted intermediates comprising both double-stranded and 
melted regions. While photometric or calorimetric methods measure Tm as the dissociation of 50% base pairs, MS 
measurements provide Tm that can be defined as 50% dsDNA molecules being fully dissociated into two ssDNA. To 
distinguish between these two definitions of Tm, IMS measurements were conducted. TC-ESI-IMS-MS experiments on 
TWJ-1 and TWJ-2 showed minimal or negligible changes in arrival time distribution (ATD), as depicted in Figures S7 and 
S8. Such changes in ATD have been demonstrated to give evidence about changes in the conformation of DNA 
complexes.68 This implies that, despite the anticipated zipper-like opening, we observed dissociation of full dsDNA regions 
as a single-step process. Although significant differences in thermodynamic data obtained from MS melting were 
observed and could be caused by additional base pair formation/breakage, such interactions do not substantially alter 
the TWJ secondary structure and its dissociation intermediates in the gas phase. 

The van’t Hoff analysis of MS melting showed a significant difference in ∆𝐺𝐴
°  of duplexes released from individual 

duplexes relative to the TWJ complex, with an average of −20 kJ/mol, as depicted in Figure 2D and 2E (details shown in 
Figure S9). Altogether, this could be interpreted as the stability of TWJ being higher than the stability of any individual 
duplexes. This thermodynamic property of TWJ makes it a promising candidate for use as a specific and reliable probe 
for detecting single-stranded oligonucleotides15 and influencing the stability of branchpoints in vivo.69 

Effect of GC Base-Pairing on TWJ Dissociation 

The stability of DNA is significantly influenced by its nucleotide composition. This is because GC bps (with three 
hydrogen bonds) provide a stronger stabilizing effect compared to AT pairs (with only two hydrogen bonds). To investigate 
the effect of strand composition on the TWJ dissociation pathway, we designed TWJ-3 without mismatches or bulges in 
the overhangs. The TWJ-3 structure was designed to contain two, four, or six GC bps in each 8-bp-long arm (Table 1). 
An overview mass spectrum with the main TWJ-3 forms is shown in Figure 1B. Using TC-nESI-MS, the relative 
abundances of TWJ-3 forms were obtained and plotted as a function of temperature (Figure 3). Starting with fully formed 
TWJ-3, we observed a significant increase in the abundance of duplex-like intermediates depending on the number of 
GC bps in the original TWJ-3. A study of the intermediate 
melting curves showed significant variation in their gradients 
when the temperatures rose above 30 °C. The least stable 
intermediate, i.e., the 1:2 duplex, was detected at an 
insignificant level during the entire temperature ramp; its low 
stability is mainly caused by the presence of only two GC 
bps involved in binding. Supporting this, UV-melting of 
individual duplexes did not show a sigmoidal melting curve 
for the 1:2 complex (Figure S10), which suggests the 
absence of any folded duplex at the starting temperature. 
With a higher number of GC bps, we observed a steeper 
gradient for the 1:3 and, more notably, for the 2:3 complex. 
These species reach a maximum abundance at a solution 
temperature between 40 and 45 °C. Interestingly, the 
melting profiles of individual strands appear to rise with two 
different slopes. At temperatures below 45 °C, we first 
observed dissociation of the TWJ-3 into duplexes and 
monomers. The change of the main source of monomers 
(see Figure 3) is identified around 45 °C, where a change in 
the monomer curve slopes could be identified 
corresponding with the Tmax of duplex intermediates 
(indicated by dashed line in the Figure 3). The complex 
melting profiles are the reason why the melting 
temperatures could not be directly obtained from the melting 

Figure 3: MS thermal analysis of the 20 μM TWJ-3 composed 
of 8 bps in each arm using TC-nESI-MS, (fit: LOWESS). MS 
thermal denaturation profiles extracted from MS data, 
temperature gradient of 1 °C/min. A change in the dissociation 
process is indicated with a dashed line (see text). Dissociation 
of the 1:2:3 complex results in three duplex-like intermediates 
(left) followed by dissociation of the generated duplex-like 
intermediates into single strands (right). 
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curves. Instead, the Tm values were calculated from the thermodynamic data (Figure S11), which showed 28.1 ± 1.1 °C 
for two GC bps (1:2), 33.9 ± 1.7 °C for four GC bps (1:3), and 47.4 ± 2.9 °C for six GC bps (2:3). The overall stabilizing 

trend showed a decrease in ∆𝐺𝐴
°  by 3 kJ/mol per every 2 additional GC bps. Simultaneously, the TWJ-3 abundance 

reaches an insignificant level. Instead, the still-folded 1:3 and 2:3 duplexes become the main sources of monomers. The 
differences in intermediate stabilities suggest a delicate balance of the forces involved in the TWJ formation with the main 
contribution of number bps in each arm. The results suggest a complex dissociation mechanism with multiple pathways 
as proposed in Figure 1. 

Effect of Ligand Binding 

A cavity in the center of TWJs may act as a specific binding site for small molecules. Two previously reported TWJ-
binding drugs with high specificity, azacryptands 2,7-TrisNP (hereafter TrisNP) and TrisPOB, were investigated in this 
study (mass spectra in Figure S12, structures in Figure S13).24,70,71 The binding and stabilizing effect of these drugs on 
the TWJ-3 were measured by UV melting, CD, TC-nESI-MS, and SID. The CD spectra showed spectral changes upon 
ligand binding in the range of 210 – 320 nm (Figure S14) in agreement with previous literature.35 Changes in this range 
can be attributed to several phenomena, such as binding of ligands in the chiral TWJ cavity site28,72 or when the TWJ 
structure changes between different conformations.73 

The UV-melting experiment showed an ambiguous melting profile of TWJ-3, suggestive of two-step dissociation. 
However, in the presence of TrisNP or TrisPOB, we observed a sigmoidal, single-step melting curves with Tm values of 
52 and 55 °C, respectively (Figure 4A). Consistent with UV-melting experiments, a significant increase of Tm of TWJ-3 in 
the presence of ligands was observed using TC-nESI-MS (Figure 4B). When 7 μM of TWJ-3 were mixed with an 
equivalent amount of TrisNP or TrisPOB, the Tm increased from 31.9 to 45.0 or 58.0 °C, respectively. The melting curves 
of intermediates showed their significant stabilization. Even at 90 °C, i.e., the upper temperature limit of the TC-nESI 
source, we could not detect any dissociation of duplex-like intermediates when the ligand was added to the TWJ. Notably, 
in the presence of TrisNP, we could identify the presence of free TWJ-3 with a maximum abundance of 40% at 52 °C. In 
contrast, free TWJ-3 was not detected at any significant abundance when TrisPOB was added. We hypothesize that 
TrisPOB binding raises the Tm of TWJ-3 to the point where it outweighs the stability of TWJ; as a result, simultaneous 
dissociation of all TWJ were observed. Furthermore, this observation highlights the fine differences in the ligand-induced 
effects on TWJ dissociation that are not revealed by a simple comparison of Tm data obtained from UV-melting or CD 
experiments. Finally, when we compared MS melting of TWJ-3 alone and in the presence of TrisNP or TrisPOB, we found 
that the appearance of unfolding curves became cooperative, especially when TWJ-3 was mixed with TrisPOB. This 
suggests that ligand bound the central branchpoint cavity in 1:1 ratio and can prevent TWJ from sequential dissociation. 
This is also supported by low-abundant signals of duplex:ligand complexes in the mass spectra (Figure S12). 

To corroborate this observation, we performed SID measurement on TWJ-3 in the absence or presence of ligands. 
To the best of our knowledge, this is the first time that SID is applied to multimeric DNA complexes. SID employs the 
impact of biomolecules on an electrode surface leading to the release of individual complex subunits. Compared to other 
gas-phase fragmentation techniques like collision-induced dissociation (CID) or electron-capture dissociation (ECD), SID 
is exclusively capable of providing insights into the secondary structure and stability of biomolecular complexes in the 
gas phase. 

Unlike for peptides and proteins,73,74 the SID mass spectra showed considerable fragmentation (Figure S15). 
However, as demonstrated in Figure 4C, all single strands appeared with similar profiles in the presence of ligands. The 
SID energy required to unfold 50% of the TWJ-3 was found to be 38 V. Matching the UV-melting and TC-nESI-MS 
experiments, higher energies (41 and 43 V, respectively) were required for complexes with TrisNP and TrisPOB. 

These findings suggest a comparable stabilizing effect in the gas phase upon ligand binding as shown by the TC-
nESI-MS experiments. However, intermediate profiles vary between solution and gas-phase melting/unfolding. Ionic 
strength and solvation of polyanionic DNA backbone are known to have a tremendous effect on the stability and the 
structure of oligonucleotide complexes.41,47,48 In the gas phase, we expect high electrostatic repulsions altering the 
structures and ligand binding. Solution and gas-phase results have shown increasing energy required for melting of the 
TWJ upon ligand binding. However, the differences between intermediates stability and their affinity towards the ligands 
are changed in the gas phase. Altogether, Figure 4 illustrates the complexity associated with formation of the TWJ and 
its binding to the specific TWJ-binding ligands. 

 

Conclusions 

In conclusion, this study provides valuable insights into the thermodynamics and dissociation mechanisms of three 
TWJs in both solution and gas phase using a combination of TC-nESI-MS, SID, UV-melting, and CD spectroscopy. The 
ability to differentiate and quantify various distinct solution and gas-phase populations and intermediates at different 
temperatures provides detailed information about the TWJ species involved in complex dissociation. Collectively, our 
results suggest that the melting process of TWJs proceeds in a stepwise, multi-pathway fashion in the absence of ligands, 
but becomes more uniform in the presence of TWJ-binding ligands. The examination of IMS data demonstrated that 
neither the TWJ complexes nor the duplex-like intermediates exhibited any change in drift time during the temperature 
ramp. This observation suggests that the release of the DNA strand is a single-step process. These findings highlight the 
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importance of considering the effects of parameters such as strand length, composition, and ligands in future applications 
of DNA/RNA branchpoints. These parameters are important to consider when developing applications of diagnostic tools 
based on oligonucleotide structures. The methodology presented here can be used for the detailed characterization of 
TWJ aptamers from systematic evolution of ligands by exponential enrichment (SELEX) to investigate unfolding in the 
absence and presence of ligands (e.g., MN4 aptamer) or oligonucleotide-based sensing systems. Here, we have shown 
that state-of-the-art TC-nESI-MS, combined with SID and IMS, are valuable analytical techniques that can support 
standard solution-based methods and provide detailed information on dissociation mechanism and energetics of binding 
events. A combined methodology based on MS and other techniques can provide fast and precise information for 
developing of DNA structural probes,15,17 nano-architectures,75 aptamers,76 and biomolecular diagnostic tools.77 

 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website. Mass spectrum of TWJ-1 (Figure S1); 
MS-melting of TWJ-2 (Figure S2); UV-melting of TWJ-1 (Figure S3); MS melting of individual TWJ-1 duplexes (Figure S4); 
Simulated melting profiles of TWJ-1 duplexes showing internal folding (Figure S5); UV-melting profiles of TWJ-1 duplexes 
(Figure S6); Heat maps of individual TWJ-1 forms (Figure S7); Heat maps of individual TWJ-2 forms (Figure S8); 
Thermodynamic comparison of TWJ-1 (Figure S9); UV-melting profile of TWJ-3 (Figure S10); Van’t Hoff plot of TWJ-3 (Figure 
S11); Mass spectra of TWJ-3 with ligands (Figure S12); Structures of used ligands (Figure S13); The CD spectra of TWJ-3 with 
ligands (Figure S14); SID spectra of TWJ-3 mixed with ligands at different SID energies (Figure S15).  The original date are 
available in an ETH Zurich data archive (www.research-collection.ethz.ch) under the doi 10.3929/ethz-b-000574178. 

 

Figure 4: Effect of TWJ-binding ligands on dissociation of 7 μM TWJ-3 complex in 100 mM AmAc. (A) UV-Vis thermal 
denaturation profiles, fit: sigmoidal, 4PL of 7 µM TWJ-3 in the absence and in the presence of ligands, temp. gradient of 
0.2 °C/min. (B) The TC-nESI-MS thermal denaturation profiles of 7 μM TWJ-3 without ligand (left), with 7 μM TrisNP (center) or 
7 μM TrisPOB (right), temp. gradient of 1 °C/min, fit: LOWESS. (C) Profiles showing normalized intensity of individual species 
as a function of SID voltage, energy gradient of 3V/step, fit: sigmoidal, 4PL or Gaussian. Tm/ESID is shown as a dashed line. 
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