
1 

 

Exploring the Conformational and Binding Dynamics of HMGA2•DNA 

Complexes Using Trapped Ion Mobility Spectrometry – Mass 

Spectrometry 

Kevin Jeanne Dit Fouque,1 Sarah N. Sipe,2 Alyssa Garabedian,1 German Mejia,1 Linjia Su,1 Md 
Lokman Hossen,3 Prem P. Chapagain,3,4 Fenfei Leng,1,4 Jennifer S. Brodbelt,2 and Francisco 
Fernandez-Lima1,4* 

1 Department of Chemistry and Biochemistry, Florida International University, Miami, FL 33199, United States. 

2 Department of Chemistry, University of Texas, Austin, TX 78712 United States. 
3 Department of Physics, Florida International University, Miami, FL 33199, United States. 
4 Biomolecular Sciences Institute, Florida International University, Miami, FL 33199, United States. 

* Corresponding Authors: Francisco Fernandez-Lima, Email: fernandf@fiu.edu.  

ABSTRACT: The mammalian high mobility group protein AT-hook 2 (HMGA2) is an intrinsically disordered DNA-binding 
protein expressed during embryogenesis. In the present work, the conformational and binding dynamics of HMGA2 and 
HMGA2 in complex with a 22-nt (DNA22) and a 50-nt (DNA50) AT-rich DNA hairpin were investigated using trapped ion 
mobility spectrometry-mass spectrometry (TIMS-MS) under native starting solvent conditions (e.g., 100 mM aqueous 
NH4Ac) and collision induced unfolding/dissociation (CIU/CID) as well as solution fluorescence anisotropy to assess the 
role of the DNA ligand when binding to the HMGA2 protein. CIU-TIMS-CID-MS/MS experiments showed a significant 
reduction of the conformational space and charge state distribution accompanied by an energy stability increase of the 
native HMGA2 upon DNA binding. Fluorescence anisotropy experiments and CIU-TIMS-CID-MS/MS demonstrated for the 
first time that HMGA2 binds with high affinity to the minor grove of AT-rich DNA oligomers, and with lower affinity to the 
major groove of AT-rich DNA oligomers (minor groove occupied by a minor groove binder Hoechst 33258). The 
HMGA2•DNA22 complex (18.2 kDa) 1:1 and 1:2 stoichiometry suggests that two of the AT-hook sites are accessible for DNA 
binding, while the other AT-hook site is probably coordinated by the C-terminal motif peptide (CTMP). The HMGA2 
transition from disordered to ordered upon DNA binding are driving by the interaction of the three basic AT-hook residues 
with the minor and/or mayor grooves of AT-rich DNA oligomers.   

 

1. INTRODUCTION 

 The mammalian high mobility group protein AT-
hook 2 (HMGA2) is an intrinsically disordered protein of 
11.6 kDa that belongs to the non-histone chromosomal 
HMGA protein family predominantly expressed during 
embryogenesis.1, 2 This protein plays important roles in 
development as disruption of the HMGA2 expression 
pattern results in the deregulation of the cell growth,2, 3 
resulting in deficiency in human height4, 5 and human 
intelligence.6 In addition, in vivo studies in mouse models 
have contributed to establish the physiological role of 
HMGA2 by monitoring the effects of expression levels of 
the protein.7 These studies particularly reported that 
aberrant expression of HMGA2 is also connected to 
tumorigenesis8-11 and adipogenesis.12, 13 Such involvement 

in substantial physiological processes has implicated 
HMGA2 as potential therapeutic drug target for the 
treatment of cancer14 and obesity.15 The accumulating 
findings resulting in multiple functional roles 
demonstrate the broad importance of HMGA2 and make 
it one of the most investigated proteins to date. 

 HMGA2 is composed of a negatively charged C-
terminal motif peptide (CTMP, highlighted in blue in 
Figure 1a) and three DNA binding motifs, each consisting 
of a positively charged “AT-hook” (highlighted in red in 
Figure 1a) peptide, which display specificity for binding to 
the minor groove of AT-rich DNA sequences.16 Each AT-
hook is comprised of a conserved central Arg-Gly-Arg-
Pro core sequence (underlined residues in Figure 1a) that 
deeply penetrates into the minor groove of DNA and 
forms a well-defined AT-hook:DNA complex.17 In 
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addition, a recent study reported that synthesized AT-
hooks also tightly bind to the major groove of DNA when 
the minor groove is occupied by a minor groove binder 
Hoechst 33258 (HOE).18 The particularity of HMGA2 to 
be able to transition from unstructured19 to a defined 
conformation, when bound to DNA,20 allows the protein 
to actively participate in diverse nuclear activities, 
including DNA replication, DNA repair, chromatin 
remodelling, and gene transcription and regulation.20-22 
One main roadblock in the structural elucidation of these 
conformational changes is the lack of three-dimensional 
structures owing to the biological heterogeneity of 
conformations for HMGA2 and its DNA-bound forms. It 
is this conformational heterogeneity which impedes 
structural characterization using traditional methods 
such as nuclear magnetic resonance (NMR) and X–ray 
crystallography;. these techniques have been only 
successful in the description of the intermolecular 
interactions that support the binding of the AT-hook 
motifs with DNA.23, 24 Although the biological activities of 
HMGA2 have been demonstrated via in vivo and in vitro 
studies, structural information and appropriate models 
remain incomplete. HMGA2 and its DNA-bound forms 
do not necessarily have a unique ground state (folded 
state or native structure) representing a single free-
energy minimum, but rather a distribution of ground 
states with the same energy (conformational space). 
Their structural characterization requires the use of 
analytical tools capable of sampling each conformational 
state (or microstate) which is ultimate related to the 
protein functions.  Native mass spectrometry (MS), 
particularly in combination with ion mobility 
spectrometry (IMS), has shown the potential for 
structural characterization as well as description of 
kinetic intermediates of biomolecules.25-28 IMS affords an 
additional dimension of separation of gas-phase 
conformation of ions and offers complementary insight 
relative to more conventional biophysical tools. Coupled 
with collision-induced unfolding (CIU), IMS can be used 
to determine the relative stability of gas-phase protein 
structures.29 The implementation of the trapped IMS 
(TIMS)30-32 technology has gained significant attention 
for the investigation of proteins due to the high trapping 
efficiency, higher ion mobility resolution (R up to ~425) 
and direct ion-neutral collision cross section 
measurements.32-34 In particular, the recent introduction 
of the convex electrode TIMS quadrupolar cell geometry 
enhanced the mobility range (K0 = 0.185 - 1.84 cm².V-1.s-1), 
thus enabling the characterization of native 
macromolecular complexes (experimental data shown up 
to 1MDa).34 Moreover, TIMS has recently been 
successfully employed for the structural elucidation of 
peptide/protein DNA binding in native conditions.35, 36 

 In the present work, the conformational and binding 
dynamics of free HMGA2 and in complex with a 22-nt 
(DNA22) or 50-nt (DNA50) AT-rich DNA hairpin (Figure 
1b) were investigated using TIMS-MS under native 
starting solvent conditions (e.g., 100 mM aqueous 
NH4Ac) and with CIU/CID as well as solution 
fluorescence anisotropy to assess the role of the DNA 
ligand when binding to the HMGA2 protein. In the 
following discussion, a special emphasis is placed on the 
capability of TIMS to probe conformational changes upon 
DNA binding in native conditions and as a function of the 
collision energy to assess the stability for the free and the 
DNA-bound system. In addition, we report for the first-
time experimental evidence of HMGA2 binding to the 
minor and/or major grooves of the AT-rich DNA 
oligomers (when minor groove occupied by HOE, Figure 
1c). 

 

Figure 1. Sequences of (a) HMGA2, (b) DNA hairpins and (c) 
Hoechst 33258 minor groove binder. The three AT-hook 
DNA binding regions (red) and the negatively charged 
CTMP (blue) are highlighted. The underlined residues 
represent the conserved core of each AT-hook. The AT-rich 
domains of the DNA hairpins are outlined in red. 

2. EXPERIMENTAL SECTION 

 2.1. Materials and Reagents. Details on HMGA2 
expression and purification have been previously 
reported.37 A 22-nt (DNA22, 6.6 kDa) and 50-nt (DNA50, 
15.3 kDa) AT-rich DNA sequence (Figure 1b) were 
purchased from Eurofins Scientific (Luxembourg City, 
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Luxembourg). These DNA hairpins contain a base pair 
stem and an AT-rich region in the middle of the stem. 
Hoechst 33258 was obtained from Sigma Aldrich (St. 
Louis, MO). Ammonium acetate (NH4Ac) was purchased 
from Fisher Scientific (Pittsburgh, PA). Solutions of 
HMGA2 alone or in complex with DNA (1:1 ratio) and 
DNA:HOE (1:1:4 ratio) were analyzed at a concentration 
of 10 µM in 100 mM aqueous NH4Ac for native conditions. 
Low concentration Tuning Mix standard (G1969-85000) 
was used to calibrate the TIMS instrument and obtained 
from Agilent Technologies (Santa Clara, CA). 

 2.2. HMGA2 Labeling and Fluorescence 
Anisotropy. His-tagged mouse HMGA2 were labeled 
with the fluorescence reagent tetramethylrhodamine-5-
maleimide (TMR) through the thiol group of cysteine 
residue of HMGA2. Specifically, 100 µM of HMGA2 was 
incubated with 200 µM of TMR in the presence of 200 µM 
tris-(2-carboxyethyl) phosphine hydrochloride (TCEP) in 
10 mM sodium phosphate buffer (pH 7.2), containing 20 
mM NaCl for 2 hours at room temperature to yield TMR 
labeled HMGA2 (HMGA2-TMR). HMGA2-TMR was 
purified with a Ni-NTA column. An extinction coefficient 
of 95,000 M-1 cm-1 at 541 nm in methanol was used to 
determine the HMGA2-TMR concentration. The purity of 
HMGA2-TMR was verified by using size exclusion 
chromatography (Superdex Peptide 10/300 GL) of AKTA 
FPLC. 

 Fluorescence anisotropy experiments were used to 
determine the dissociation constants (Kd) of HMGA2 
binding to DNA50 oligomer in the absence or presence of 
HOE, using the Varian Cary Eclipse fluorescence 
spectrophotometer with the excitation wavelength at 543 
nm and the emission wavelength at 575 nm. Excitation 
and emission slits are 5 and 10 nm, respectively. For the 
HMGA2-TMR binding experiments, increasing 
concentrations of DNA50 or DNA50:HOE were titrated 
into 20 nM of HMGA2-TMR in a buffer solution 
containing 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl at 
room temperature. The anisotropy values of HMGA2-
TMR were determined and calculated by the equation 
(1):38  

𝑟 =  
𝐼𝑉𝑉 −𝐺𝐼𝑉𝐻

𝐼𝑉𝑉 +2𝐺𝐼𝑉𝐻
   (1) 

where r is the calculated anisotropy, IVV is the observed 
polarized intensity corresponding to vertically polarized 
excitation and vertically polarized emission, IVH is the 
observed polarized intensity corresponding to vertically 
polarized excitation and horizontally polarized emission, 
G factor is the ratio of the sensitivities of the detection 
system for vertically and horizontally polarized light. The 
binding data were fit using the equation (2):39  

y = 
(𝑎+𝑥+𝐾𝑑)− √(𝑎+𝑥+𝐾𝑑)2−4𝑎𝑥

2𝑎
   (2) 

where y is the binding ratio of A/Amax, for which A and 
Amax are the relative and maximum anisotropy, 
respectively; x is the titrate concentration, a is the 
HMGA2-TMR concentration, and Kd is the dissociation 
constant. 

 2.3. TIMS-MS Instrumentation. Ion mobility 
experiments were performed on a custom built nESI-
TIMS coupled to an Impact q-ToF mass spectrometer 
(Bruker Daltonics Inc., Billerica, MA, Figure S1).40 nESI 
emitters were pulled from quartz capillaries (O.D. = 1.0 
mm and I.D. = 0.70 mm) using Sutter Instruments Co. 
P2000 laser puller (Sutter Instruments, Novato, CA). 
Protein solutions were loaded in a pulled-tip capillary, 
housed in a mounted custom built XYZ stage in front of 
the MS inlet, and sprayed at 800-1100 V via a tungsten 
wire inserted inside the nESI emitters. Briefly, the ion 
mobility separation in a TIMS device is based on holding 
the ions stationary using an electric field (E) against a 
moving buffer gas (Figure S1).30 In the present design, the 
TIMS analyzer section is composed of convex electrode 
geometry, as described elsewhere.32, 34 The TIMS unit is 
controlled by an in-house software in LabView (National 
Instruments) and synchronized with the MS platform 
controls.40 The general fundamentals of TIMS as well as 
the calibration procedure have been described in the 
literature.41-44 

 TIMS experiments were carried out using nitrogen 
(N2) as buffer gas, at ambient temperature (T). The gas 
velocity was kept constant between the funnel entrance 
(P1 = 2.6 mbar) and exit (P2 = 0.8 mbar, Figure S1) 
regardless of the protein solutions. An rf voltage of 250 
Vpp at 450 kHz was applied to all electrodes. Ions were 
softly transferred and injected into the TIMS analyzer to 
avoid potential activation, by keeping a low ΔV (ΔV = 50 
V) between the deflector (Vdef) and the funnel entrance 
(Vfun) as well as between the funnel entrance and the 
TIMS analyzer to generate native-like ion mobility 
distributions (Figure S1). Here, a Vdef of -130 V with a Vfun 
of -180 V for a Vramp at −230 to -90 V and base voltage (Vout) 
of 60 V was used for HMGA2 and in complex with DNA 

and DNA:HOE oligomers. Ion-heating experiments 
(CIU) were performed prior to the TIMS by increasing the 
ΔV (ΔV = 50-250 V) between the deflector (Vdef) and the 
funnel entrance (Vfun). Collision induced dissociation 
(CID) experiments were carried out by increasing the 
activation voltage at the entrance of the collision cell 
stepwise (6-40 V, with 2 V increment) without m/z 
selection (this set-up is limited to m/z 3000 quadrupole 
isolation prior to CID events). All experiments were 
performed in triplicates and were reproducible across the 
replica measurements.  

 2.4. Structure Representation. The HMGA2 protein 
as well as the DNA22 and DNA50 templates were built 
using Avogadro.45 Because HMGA2 contains three minor-
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groove binding AT-hook regions, docking was performed 
for each of these segments using HDOCK,46 which uses a 
hybrid algorithm of template-based modelling and ab 
initio for docking. For the HMGA2 docking to DNA22, 
each AT-hook region was first docked to the DNA minor-
groove and the rest of the protein structure was 
connected to the docked segment. Also, while a specific 
AT-hook region was docked to DNA, the C-terminal tail 
of the HMGA2 was docked with either of the other two 
AT-hook regions at a time. In this way, six different 
HMGA2•DNA22 complexes were built. For docking to 
DNA50, two AT-hook segments were docked to two 
minor-groove sites at a time, while the remaining AT-
hook region was docked to the C-terminal tail. This 
resulted in three different HMGA2•DNA50 complexes. 
Note that the generated structures are only for 
representation purposes and are not proposed candidate 
structures based on experimental collision cross sections. 

3. RESULTS AND DISCUSSION 

 3.1. Characterization of HMGA2 using nESI-(CIU)-
TIMS-MS. The native mass spectrometry analysis of the 
HMGA2 (11.6 kDa) resulted in a broad charge state 
distribution, ranging from [M + 6H]6+ to [M + 12H]12+ 
under native-like solution conditions (highlighted in 
black in Figure 2a). This broad charge state distribution 
was rationalized as a structural change in the folded 
protein (6+ to 8+) towards more extended conformations 
(9+ to 12+), which is typical of an intrinsically disordered 
protein. This assignment was further supported by the 
ion mobility distributions, for which relatively narrow 
single ion mobility bands (∼1500 Å²) were characteristic 
of the [M + 6H]6+ to [M + 8H]8+ ions, whereas significantly 
broader ion mobility bands at larger CCS values were 
observed for higher charge states (9+ to 12+, black traces 
in Figure 2b). The wider mobility bands suggest a higher 
structural heterogeneity for the 9+-12+ charge states. 

 Recent experimental evidence showed that the 
negatively charged CTMP can effectively interact with 
each of the positively charged AT-hook sections 
(manuscript in preparation), thus increasing the 
structural heterogeneity. That is, at least multiple 
HMGA2 structural combinations should be considered 
based on the intramolecular CTMP interactions: i) AT-
hook 1 interacting with CTMP, ii) AT-hook 2 interacting 
with CTMP, and iii) AT-hook 3 interacting with CTMP, as 
illustrated in Figure 2c. 

 The conformational changes and stability of the 
HMGA2 were also studied using collision induced 
unfolding (CIU) prior to the TIMS-MS analysis. During 
CIU, ion heating from energizing collisions with the 
buffer gas allows the molecular ions to overcome 
conformational barriers and sample other local, free-

energy minima not initially accessible by native nESI-
TIMS-MS.29, 47 The TIMS settings were modified by 
increasing the potential difference (ΔV = 50-250 V) 
between the deflector (Vdef) and the funnel entrance (Vfun) 
to induce collisional unfolding (Figures 2d and S2). In the 
case of the free HMGA2, no major changes aside from a 
slight broadening were observed in the ion mobility band 
arising from the [M + 6H]6+ ions (Figure 2d), consistent 
with a more structured protein in the 6+ charge state. For 
higher charge states (7+ to 11+), CIU resulted in several 
unfolding transitions evidenced by the observation of 
additional ion mobility bands at higher TIMSCCSN2 values 
in agreement with an intrinsically disordered protein 
(Figures 2d and S2). 
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Figure 2. HMGA2 (11.6 kDa) native nESI generated mass 
spectrum (a), native ion mobility distributions (b), 
representative intra-molecular interactions, for which AT-
Hook segments and CTMP are colored in gray and blue, 
respectively (c) and CIU fingerprints (d). The voltage 
difference (ΔV) of the CIU is denoted in white and eV z / 
DoF (in meV) values in pink for each CIU profile. Note that 
individual TIMS spectra for each CIU conditions are 
available in Figure S2. 

 3.2. Characterization of HMGA2•DNA22 complex 
using nESI-(CIU)-TIMS-CID-MS of complex. Native 
nESI-MS analysis of the HMGA2•DNA22 complex (18.2 
kDa) in an equimolar ratio resulted in a 1:1 and 1:2 binding 
stoichiometry (green squares and triangles in Figure 3a). 
A charge state distribution, ranging from [M + 6H]6+ to 
[M + 10H]10+, was observed for HMGA2•DNA22 1:1 complex 
(green squares), while a narrower charge state 
distribution (8+ and 9+) was observed for the 
HMGA2•DNA22 1:2 complex (green triangles). The TIMS 
spectra for HMGA2•DNA22 1:1 complex displayed similar 
TIMSCCSN2 values (∼1750 Å²) for the [M + 6H]6+ to [M + 
8H]8+ ions (green square traces in Figure 3b). This feature 
combined with narrower ion mobility distributions as 
compared to the free HMGA2, suggest that the structural 
heterogeneity of HMGA2 is restricted upon DNA22 
binding. A slight increase in the CCS values was observed 
for the [M + 9H]9+ and [M + 10H]10+ions relative to the 
lower charge states, suggesting that these structures are 
more extended, and that the presence of the shorter DNA 
hairpin is not sufficient to stabilize multiple AT-rich 
binding motifs (i.e., AT-hooks). As the charge state 
increases, no major change in the width of the mobility 
bands was observed; these results suggest that the 
conformational rearrangement of the more extended 
structures upon DNA binding into a more collapsed 
distribution when compared to the 9+ to 12+ charge states 
of the free HMGA2 (black square traces in Figure 3b). The 
slight unfolding observed for the 9+ and 10+ charge states 
of HMGA2•DNA22 1:1 complex is attributed to the flexible 
domains of the protein rather than any disturbance in the 
intermolecular interaction network. Note that similar 
features were observed for the HMGA2•DNA22 1:2 
complex, for which similar TIMSCCSN2 values (∼2075 Å²) 
were obtained for the [M + 8H]8+ and [M + 9H]9+ ions 
(green triangle traces in Figure 3b). The narrow mobility 
bands observed for the HMGA2•DNA22 1:2 complex also 
suggest a collapse of the structural heterogeneity when 
compared to the free HMGA2 (black square traces in 
Figure 3b). 

 Interesting insight is derived by considering the 
conformational dynamics of HMGA2•DNA22 as compared 
to an analogous complex containing a truncated version 
of the protein, a 10-residue peptide containing a single AT 
hook (AT-Hook3).35 The conformational dynamics of AT-
Hook3•DNA22 and HMGA2•DNA22 complexes exhibited 
significant differences. The AT-Hook3 peptide has only 
one RGRP core and fully interacts with the DNA22 
substrate, restricting the complex conformational 
dynamics and thus yielding narrower IMS distribution. In 
the case of the HMGA2•DNA22 complex, the DNA22 
substrate can interact with one out of the three RGRP 
cores from the AT-hook regions, as illustrated in Figure 
3c, thus allowing the rest of the protein to adopt multiple 
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conformations (broader IMS distribution). In addition, 
CTMP interacts with the positively charged AT-hook 
regions (manuscript in preparation).  

For the HMGA2•DNA22 1:1 stoichiometry, multiple intra- 
and inter-molecular interactions can be accessible: i) AT-
hook 1 and DNA22 while CTMP interacts with either AT-
hook 2 or AT-hook 3, ii) AT-hook 2 and DNA22 while 
CTMP interacts with either AT-hook 1 or AT-hook 3, and 
iii) AT-hook 3 and DNA22 while CTMP interacts with 
either AT-hook 1 or AT-hook 2, as illustrated in Figure 3c. 
Moreover, the HMGA2•DNA22 1:2 stoichiometry was also 
observed using equimolar starting solution ratio. In this 
case, two AT-hooks are interacting with the DNA22 while 
the third is likely interacting with the CTMP (three 
combinations). The hypothesis that one of the AT-hook 
is interacting with the CTMP (likely pre-formed 
structure/substrate) is also supported by the absence of 
the 1:3 stoichiometry in experiments with  1:3 excess 
DNA22 in solution (see typical MS spectrum in Figure S3). 

 Individual AT-hooks exhibit specificity for binding to 
the minor groove of AT-rich DNA oligomers, but they can 
also interact with the DNA major groove when the minor 
groove is not available.18 Additional TIMS-MS 
experiments of incorporating a minor groove binder 

HOE48 to the DNA22 were performed to assess the 
potential of HMGA2 to bind to the major groove of the 
AT-rich DNA oligomers. HOE was added in excess (x4) to 
ensure the minor groove of DNA was fully occupied and 
restricted HMGA2 binding to the DNA major groove. 
Native nESI-MS analysis revealed that HMGA2 has the 
ability to bind to the DNA22•HOE complex, resulting in a 
1:1:1 and 1:1:2 binding stoichiometry (purple circles and 
inverted triangles in Figure 3a), for which both 
HMGA2•DNA22•HOE complexes displayed a narrow 
charge state distribution (7+ and 8+). The TIMS spectra 
for both HMGA2•DNA22•HOE complexes showed 
comparable TIMSCCSN2 values (∼1750 Å²) and ion mobility 
widths as HMGA2•DNA22 (purple circles and inverted 
triangle traces in Figure 3b). These results suggest that 
the conformational and binding dynamics are not 
disturbed when adding DNA22•HOE to the HMGA2 
protein and will probably not alter the nuclear activities 
when binding to the major groove of DNA oligomers. 

 The conformational changes and stability of the 
HMGA2•DNA22 complexes were studied using collision 
induced unfolding (CIU) prior to the TIMS-MS analysis 
and collision induced dissociation (Figures 3d, 3e and S4). 
Upon CIU of the HMGA2•DNA22 complexes,   
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Figure 3. HMGA2•DNA22 (green) and HMGA2•DNA22•HOE (purple) native nESI generated mass spectra (a), native ion mobility 
distributions (b), representative intra-and inter-molecular interactions, for which DNA, AT-Hook segments and CTMP are colored 
in orange, gray and blue, respectively (c), CIU fingerprints (d) and collision induced dissociations curves (e). The voltage difference 
(ΔV) of the CIU is denoted in white and the eV z / DoF (in meV) values are denoted in pink for each CIU profile. Note that 
individual TIMS spectra for each CIU conditions are shown in Figure S4. The CID data represent the mean value ± standard 
deviation (SD) of three independent experiments. 

changes in the ion mobility distributions were only 
observed for the higher charge states (9+ and 10+) of 
HMGA2•DNA22 1:1 at high collisional energies (ΔV > 200 
V), while no major changes in the ion mobility 
distributions were observed for all charge states (8+ and 
9+) of the HMGA2•DNA22 1:2 complexes, supporting a 
transition from disordered to ordered upon DNA 
binding. Significant conformational changes were not 
observed for the HMGA2•DNA22•HOE 1:1:1 and 1:1:2 
complexes. A direct comparison between the systems can 
be performed based on the energy per degrees of freedom 

(DoF, calculated as 3N – 6, where N is the number of 
atoms in each molecule) during the CIU process 
((eV•z/DoF) values in Figure 3d, pink). The 
HMGA2•DNA22 1:1 complex started unfolding at ∼190 
meV (9+) while the DNA-free HMGA2 already presented 
unfolding events at ∼90 meV (9+), suggesting that the 
DNA substrate stabilizes the HMGA2•DNA complex and 
restricts the HMGA2 unfolding. In addition, CIU profiles 
for the HMGA2•DNA22 1:2 complex, did not reveal any 
transition as compared to HMGA2•DNA22 1:1, further 
supporting the hypothesis that the DNA substrate 
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stabilizes the HMGA2 protein in the complex. Finally, 
complementary CID experiments were used to evaluate 
the HMGA2•DNA22 1:1 and HMGA2•DNA22•HOE 1:1:1 
binding affinity (Figure 3e). Note that the CID 
experiments for HMGA2•DNA22 1:2 and 
HMGA2•DNA22•HOE 1:1:2 are not provided due to low 
signal intensity. As the collisional activation increases, a 
decrease in the molecular ion signal was observed, arising 
from the dissociation of the complex. Comparison 
between the CID profiles of the HMGA2•DNA22 1:1 and 
HMGA2•DNA22•HOE 1:1:1 showed that the 
HMGA2•DNA22•HOE complex dissociates faster as 
compared to the HMGA2•DNA22 complex. This suggests 
that the binding affinity becomes weaker when HMGA2 
binds to the DNA major groove rather than the case when 
binding to the DNA minor groove.  

 3.3. Characterization of HMGA2•DNA50 complex 
using nESI-(CIU)-TIMS-CID-MS and solution 
fluorescence anisotropy. Native nESI-MS analysis of 
HMGA2 in the presence of a longer DNA stem loop 
(DNA50) in an equimolar ratio resulted in the observation 
of the HMGA2•DNA50 complexes (26.9 kDa) with a 1:1 
binding stoichiometry over a narrow charge state 
distribution (7+ to 9+, blue squares in Figure 4a). The 
presence of a lower charge state distribution as compared 
to the HMGA2•DNA22 complex probably derived from the 
longer DNA50 stem loop which has two AT-rich binding 
regions (Figure 1b) that may interact with multiple AT-
hook motifs, thus accounting for the maintenance of 
more compact conformations. This suggests that upon 
DNA50 binding, the structural heterogeneity of HMGA2 is 
significantly reduced, supporting a transition from 
disordered to ordered. The TIMS profiles showed similar 
TIMSCCSN2 values (∼2175 Å²) for all three charge states 
(blue square traces in Figure 4b). Note that similar results 
as the one observed for HMGA2•DNA22, were obtained 
when comparing HMGA2•DNA50 to the DNA-free 
HMGA2 protein. In addition, the mobility band widths of 
HMGA2•DNA50 were found like the one observed for the 
HMGA2•DNA22 1:1 complex (green square traces in Figure 
4b), despite having a larger DNA. This feature suggests 
that the structural heterogeneity of HMGA2 is even more 
restricted upon DNA50 binding, which is also consistent 
with relatively close TIMSCCSN2 values and ion mobility 
width when comparing HMGA2•DNA22 1:2 (green triangle 
traces in Figure 4b) with HMGA2•DNA50. In the case of 
the HMGA2•DNA50 complex, the DNA50 substrate, 
containing two AT-rich binding regions, can interact with 
multiple AT-hook regions. These findings suggest 
multiple HMGA2•DNA50 binding scenarios: i) AT-hook 
1,2 and DNA50 while CTMP interacts with AT-hook 3, ii) 
AT-hook 1,3 and DNA50 while CTMP interacts with AT-
hook 2, and iii) AT-hook 2,3 and DNA50 while CTMP 
interacts with AT-hook 1, as illustrated in Figure 4c. 

 TIMS-MS experiments inserting the minor groove 
binder HOE to the DNA50 assessed the potential of 
HMGA2 to bind to AT-rich DNA major grooves (as 
previously, HOE was added in excess, x4). Native nESI-
MS analysis revealed that HMGA2 binds to the 
DNA50•HOE complex, resulting in a 1:1:1 and 1:1:2 binding 
stoichiometry (magenta circles and inverted triangles in 
Figure 4a), for which both HMGA2•DNA50•HOE 
complexes displayed a narrow charge state distribution 
(8+ and 9+). The presence of HMGA2•DNA50•HOE 1:1:2 
suggests that HMGA2 is able to bind to the two major 
grooves of the long stem loop DNA. The TIMS spectra for 
both HMGA2•DNA50•HOE complexes showed 
comparable TIMSCCSN2 values (∼2200 Å²) and ion mobility 
band widths as HMGA2•DNA50 (magenta circles and 
inverted triangle traces in Figure 4b). As showcased for 
HMGA2•DNA22, these features suggest that the 
conformational and binding dynamics are not disturbed 
when adding DNA50•HOE to the HMGA2 protein and will 
probably not alter the nuclear activities when binding to 
the major groove of DNA oligomers. 

 The conformational changes and stability of the 
HMGA2•DNA50 complexes were investigated using CIU 
and CID (Figures 4d, 4e and S5). The CIU range accessible 
(up to 230 meV, pink values) in this platform did not 
reveal any unfolding transitions for all HMGA2•DNA50 
complexes, which also supports the hypothesis that the 
larger DNA substrate further stabilizes the HMGA2 
protein in the complex in agreement with the CIU results 
for the HMGA2•DNA22 1:2 complex. This increase in 
stability upon binding to DNA50 as compared to DNA22 
was reflected through their CIU profiles. In fact, the 
HMGA2•DNA22 1:1 complex started unfolding at ∼190 
meV (9+) while HMGA2•DNA50 did not show any 
unfolding events (Figures 3d and 4d). Moreover, CID 
experiments were used to assess the HMGA2•DNA50 1:1 
and HMGA2•DNA50•HOE 1:1:1 binding affinity (Figure 4e). 
Note that the CID experiments for HMGA2•DNA50•HOE 
1:1:2 are not provided due to low signal intensity. 
Comparison between the two CID profiles showed that 
the HMGA2•DNA50•HOE complex dissociates at slightly 
lower collisional activation as compared to the 
HMGA2•DNA50 complex. This result suggests that the 
binding affinity becomes weaker when HMGA2 binds to 
the major groove of the large stem loop DNA in 
agreement with previous observation on HMGA2•DNA22. 

 Complementary fluorescence anisotropy solution 
experiments were performed on the HMGA2•DNA50 in 
the absence and presence of HOE (Figure 4f). DNA50 and 
DNA50•HOE solutions were titrated into 20 nM of TMR 
labeled HMGA2 in 10 mM Tris-HCl (pH 8.0) containing 
200 mM NaCl. Note that the His-tag does not affect the 
binding of HMGA2 to AT-rich DNA sequences, as 
previously reported.49 Fitting of HMGA2 binding to  
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Figure 4. HMGA2•DNA50 (blue) and HMGA2•DNA50•HOE (magenta) native nESI generated mass spectra (a), native ion 
mobility distributions (b), representative intra-and inter-molecular interactions, for which DNA, AT-Hook segments and 
CTMP are colored in orange, gray and blue, respectively (c), CIU fingerprints (d), collision induced dissociations curves (e), 
and solution fluorescence anisotropy (f). Ion mobility distributions of HMGA2•DNA22 1:1 (green squares) and 1:2 (green 
triangles) are shown for direct comparison with HMGA2•DNA50 1:1 complex. The voltage difference (ΔV) of the CIU is 
denoted in white and the eV z / DoF (in meV) values ae denoted in pink for each CIU profile. Note that individual TIMS 
spectra for each CIU conditions are shown in Figure S5. The CID and anisotropy data represent the mean value ± standard 
deviation (SD) of three independent experiments. 

DNA50 yielded a Kd of 7.3±1.1 nM (blue squares in Figure 
4f), which was consistent with our previously published 
results.39 However, results from the titration of 
DNA50•HOE at a molar ratio of 1:4 could not be fitted to a 
single binding site model. These results were then fitted 
to a model of two independent binding sites, yielding two 

dissociation constants: 23.6±5.6 nM and 391±143 nM 
(magenta circles in Figure 4f). This result suggests that 
two independent binding reactions occurred in this 
titration experiment: one for HMGA2 binding to DNA50 
with a Kd of 23.6±5.6 nM and another one for HMGA2 
binding to the DNA50•HOE complex with a much higher 
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Kd of 391±143 nM. The high Kd of HMGA2•DNA50•HOE 
complex stems from the fact that the minor groove of 
DNA50 AT-rich regions was occupied by the minor groove 
binder HOE. As a result, HMGA2 binds to the major 
groove, resulting in a much higher Kd in agreement with 
the gas-phase experiments.18 If this hypothesis is correct, 
further increase of HOE concentration in the binding 
reaction mixture should shift the binding curve to the 
right. At a point where the minor groove of AT rich 
regions of DNA50 oligomer is fully occupied by HOE, 
HMGA2 can only bind to the major groove of the 
DNA50•HOE complex with a higher Kd. Indeed, increasing 
the molar ratio of HOE to 10 (DNA50•HOE 1:10) 
significantly shift the binding curve to the right (orange 
triangles in Figure 4f). Fitting this binding data to a single 
binding site model yields a Kd of 137±3 nM, indicating that 
HMGA2 binds to the major groove of DNA50. 

4. CONCLUSIONS 

 Native ion mobility-mass spectrometry analysis of 
HMGA2 indicated a conformational heterogeneity 
dependence with the charge state and significantly more 
conformational broadening in the DNA-free from when 
compared to the HMGA2•DNA complexes. CIU 
experiments showed higher energetic stability of HMGA2 
upon DNA binding, the larger the DNA the greater the 
stability.  

Gas-phase and solution experimental evidence 
demonstrated that HMGA2 binds to the minor and/or 
major (when minor groove occupied by HOE) grooves of 
the AT-rich DNA oligomers. CID profiles showed that the 
HMGA2•DNA•HOE complexes dissociate at lower 
collisional activation when compared to the 
HMGA2•DNA complexes, in good agreement with the 
higher dissociation constants (Kd) observed in solution in 
the presence of HOE.  

Native (CIU)-TIMS-CID-MS prove to be a powerful and 
complementary biophysical tool capable of providing 
structural insights from disordered proteins and their 
complexes that are inaccessible using traditional 
methods. These discoveries of HMGA2 binding to the 
DNA major groove have great biological consequences 
since a variety of DNA-binding proteins carry the AT-
hook core motifs. That is, HMGA2-like proteins can 
effectively bind to DNA minor and/or major grooves and 
still participate in nuclear activities, such as 
transcription, chromatin remodeling, and DNA repair. 
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