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ABSTRACT

High Mobility Group Protein Ala (HMGA1a) is a
highly abundant nuclear protein, which plays a cru-
cial role during embryogenesis, cell differentiation,
and neoplasia. Here, we present the first ever NMR-
based structural ensemble of full length HMGA1a.
Our results show that the protein is not completely
random coil but adopts a compact structure con-
sisting of transient long-range contacts, which is
regulated by post-translational phosphorylation. The
CK2-, cdc2- and cdc2/CK2-phosphorylated forms
of HMGA1a each exhibit a different binding affin-
ity towards the PRD2 element of the NFkB pro-
moter. Our study identifies connected regions be-
tween phosphorylation sites in the wildtype ensem-
ble that change considerably upon phosphorylation,
indicating that these posttranslational modifications
sites are part of an electrostatic contact network that
alters the structural ensemble by shifting the confor-
mational equilibrium. Moreover, ITC data reveal that
the CK2-phosphorylated HMMGA1a exhibits a different
DNA promoter binding affinity for the PRD2 element.
Furthermore, we present the first structural model for
AT-hook 1 of HMIGA1a that can adopt a transient «-
helical structure, which might serve as an additional
regulatory mechanism in HMAG1a. Our findings will
help to develop new therapeutic strategies against
HMGA1a-associated cancers by taking posttransla-
tional modifications into consideration.

INTRODUCTION

During the last decade, the function of intrinsically dis-
ordered proteins (IDPs) has become an additional focus
of structural research endeavours. Many studies show that
IDPs are involved in a broad range of important biochemi-

cal processes, such as transcriptional regulation, chromoso-
mal arrangement, virus integration, and large protein com-
plex assembly (1-5). Their participation in several maladies
like cancer, HIV, Alzheimer and Parkinson diseases was also
discovered (6-8). In order to gain a deeper understanding
of how IDPs work, several of their structural ensembles
have been calculated. These include structural representa-
tions of a-Synuclein, p27%P! Sicl, tau protein, p53, and the
measles virus nucleocapsid (9-14). Different methods have
been proposed to calculate structural ensembles of IDPs.
These are based on software packages such as ENSEM-
BLE, Flexible Meccano, molecular dynamic simulation-
based algorithms, and Bayesian statistics-based approaches
(15-18). IDPs are highly dynamic, which makes them flex-
ible for interactions with different classes of biomolecules,
such as other proteins, DNA, and RNA (19,20). An excel-
lent example for this promiscuity is the non-histone chro-
mosomal high mobility group Al protein (HMGAT), which
can interact with duplex B-DNA, holiday junctions, RNA,
and other proteins, such as the transcription factor NFkB1
(6,21-23).

HMG-proteins are the second most abundant class of
chromosomal proteins and they are involved in chromo-
somal rearrangement, DNA unbending, and transcrip-
tional regulation in higher eukaryotes (24-27). The HMGA
protein family consists of three members: HMGAIa,
HMGAI1b and HMGA?2 (28-30). HMGAa is involved in
several biochemical processes like embryogenesis, enhancer-
some assembly, neoplasia, and carcinogenesis. Overexpres-
sion of HMGA 1a has been detected for several types of can-
cer including breast, colon, thyroid, ovary, and gastric ma-
lignancies (31-34). High levels of HMGA 1a indicate a neg-
ative prognostic outcome for long term survival of cancer
patients (35). Therefore, a better understanding of the struc-
ture of HMGAla could be essential in the development of
therapeutic strategies against various cancers.

HMGA family members are highly unstructured and
contain three DNA-binding domains—denoted as AT-
hooks (AT1, AT2, AT3)—and a glutamate rich, highly neg-

“To whom correspondence should be addressed. Tel: +49 234 32 25466; Fax: +49 234 32 05466; Email: raphael.stoll@ruhr-uni-bochum.de

© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com



atively charged C-terminal region (Figure 1A) (36). X-ray
and NMR structures of HMGA1 have only been solved
for fragments of AT2 and AT3, each bound to AT-rich du-
plex DNA (21,37). A structural investigation of the overall
structure of HMGATa has not yet been performed. How-
ever, a structural analysis of only AT2 and AT3 showed
that HMGAla does not adopt classical secondary struc-
ture elements upon binding to DNA (21). The AT-hook
DNA binding domains consist of two major components
that bind to AT-rich DNA sequences. The first component
harbours the central RGR-motif, which directly binds into
the minor groove of the target DNA. The second compo-
nent consists of neighbouring pairs of positively charged
residues, such as arginine or lysine, which form hydrophobic
and electrostatic interactions with the DNA phosphodiester
backbone. Additionally, the second AT-hook contains a C-
terminal extension, which exhibits further contacts with the
backbone of the DNA and increases the binding affinity by
one or two orders of magnitude (21).

Due to their important cellular function, HMGAT1 pro-
teins are highly regulated. In fact, they are one of the
most posttranslational modified proteins in the nucleus, in-
cluding acetylation, methylation, and phosphorylation by a
broad range of different enzymes (38). Earlier studies had
shown that HMGAla is one of the most phosphorylated
nuclear proteins. HMGAIla is phosphorylated by several
kinases including Casein kinase 2 (CK?2), cyclin-dependent
kinase 2 (cdc2/CCNBI), protein kinase C (PKC), and the
homodomain-interacting protein kinase-2 (HIPK2) (39—
45). In vivo, CK2 constitutively phosphorylates residues
S99, S102 and S103, located at the negatively charged C-
terminus. In HMGADb, this reduces the binding affinity by
a factor of three for AT-rich DNA (45). In contrast, the cdc2
kinase phosphorylates residues S36, T53 and T78, which
are each adjacent to the three AT-hooks. These posttransla-
tional modifications (PTMs) also impair binding to AT-rich
DNA as they reduce the affinity by a factor of 4.5 (40,41).
However, little is known about the impact of PTMs on
the overall structure of HMGAT1 in its uncomplexed form
and, in particular, their structural impact on the AT-hooks.
It could be shown by ion-mobility separation-mass spec-
trometry (IMS-MS) that the C-terminal phosphorylation of
HMGA?2 leads to a higher compactness of HMGAZ2 (46).
Other studies revealed that various regions of HMGAI in
the complexed form are protected against proteolysis to a
different degree (45).

Here, we have characterised the overall structure of wild-
type HMGA 1a and the effects of phosphorylation by CK2
and cdc2 on an atomic level using multidimensional nu-
clear magnetic resonance (NMR) spectroscopy and isother-
mal titration calorimetry (ITC). In order to analyse the
secondary and tertiary structure of HMGA1a, long range
contacts and structural features were analysed by param-
agnetic relaxation enhancement (PRE), *J couplings, and
chemical shift analysis (CSA). The effects of phosphory-
lation of HMGAla were analysed through chemical shift
perturbation (CSP) experiments and their effect on NFkB
PRD2 DNA promoter affinity was analysed using ITC as
well as NMR spectroscopy. In order to characterise the
structure in solution of HMGAIla, an IDP structural en-
semble has been calculated using the software package EN-
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SEMBLE (17,18,47). The acquired data presented here pro-
vide a deeper understanding of the structural properties of
HMGAIa, the structural effects of phosphorylation of dif-
ferent amino acids, and the functional consequences thereof
for promoter DNA binding of its AT-hooks.

MATERIALS AND METHODS
Cloning, expression, and purification of HVMIGA1a proteins

For the expression and purification, the codon-optimized
hmgala gene was always freshly transferred into chemical
competent Escherichia coli BL21 (DE3) T1R cells.

The hmgala gene was cloned into pET9a vector includ-
ing resistance genes for kanamycin. After transformation,
200 ml LB media [30 ug/ml Kanamycin (Roth)] overnight,
the culture was inoculated and incubated at 37°C at 200
rpm in a 1 | flask. Then, 8 1 LB-media were inoculated to
ODgpp = 0.1 and grown at 37°C and 160 rpm in 4 x 51
chicane flasks to an ODgyy ~ 0.6. Cells were harvested by
centrifugation at 4000 rpm (Sorval GS3 rotor) at room tem-
perature for 20 min and re-suspended in 2 1 N [0.5 g/I
SNH,4CI (Euroisotop]; 10 g '>2C-glucose)- or PN/3C (0.5
g/l BNH4CI; 2 g 3C-glucose (Euroisotop))-high density
minimal medium. Cells were adapted to minimal medium
for 1 h at 37°C and 160 rpm before induction by adding
0.5 mM IPTG (isopropyl B-D-1-thiogalactopyranoside) per
liter medium. Cells were harvested after 3 h at 37°C by cen-
trifugation at 4000 g (Sorval GS3 rotor) at 4°C. Afterwards,
cells were washed in RSB buffer and frozen in liquid nitro-
gen and stored at —80°C until usage. Protein purification
was performed as described by Reeves et al. applyinga TCA
extraction procedure (48). Crude protein extracts were ex-
changed twice into buffer before further use. Protein purity
was monitored by polyacrylamide-gel electrophoreses. Typ-
ically, samples contained >95% of pure protein.

Cysteine mutants for PRE measurements were produced
by standard protocol for QuikChange mutagenesis.

Preparation of PRD2 DNA oligonucleotide

PRD2 Promoter element was purchased by Eurofins ge-
nomics. Single stranded DNA oligos (forw: GGGAAA
TTCCTC; rev: GAGGAATTTCCC) were dissolved in
Phospho-NMR buffer and mixed in a 1:1 ratio. Annealing
of DNA was performed by heating the sample for 10 min to
98°C and then cooling down over 2 h with temperature gra-
dient to room temperature. Formation of double stranded
DNA was validated by 1D "H NMR spectra.

NMR assignment of backbone and sidechain resonances of
HMGA1a and its CK2-phosphorylated form

In order to obtain backbone chemical shifts for
HMGAI&SMC (ISN, 13CO, 13C0L, BCB, lHOL, 1HN), three-
dimensional triple resonance spectra were recorded on a
1.5 mM HMGAIlasgc (U-N/U-13C) sample in NMR
buffer (50 mM HEPES, 150 mM NacCl, 10 mM TECEP,
pH 7.0) at 298 K. All NMR spectra were recorded on
Bruker DRX, AVANCE 11, and AVANCE III HD spec-
trometers operating at 600 and 700 MHz 'H Larmor
frequencies, respectively. For assignment of chemical
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Figure 1. (A) Domain structure of HMGAla. The phosphorylation sites of cyclin-dependent kinase 2 (cdc2) and Casein Kinase 2 (CK2) are shown in
blue and red, respectively. PRE spin label positions are highlighted in orange. AT-hooks of HMGA 1a are coloured in red and underlined. The charged
C-terminus is coloured in blue. (B) Neighbour-corrected structural propensity analysis of HMGA la: All values were plotted with a five-residue smoothing
function. Values in range of [-0.1,0.1] are indicative of random coil structure. Helical propensities are in range of [0.1,1.0] and extended/B-sheet structures
are in range of [-0.1,-1.0] WT: Propensity plot of HMGA laggsc wt. CK2: Propensity plot of CK2-phosphorylated HMGA laggsc. Delta: Difference of
ncSSP-values of wt HMGA la and its CK2-phosphorylated form (AncSSP = ncSSPwt — ncSSPck2).

shifts of wt HMGATa at pH 7, the following spectra were
recorded: BT-HNCACB ('H: 1024/°N: 90/'3C: 140; ns:
16), BT-HNCOCACB ('H: 1024/15N: 90/13C: 140; ns: 16).
BT-HNCO ('H: 1024/°N: 90/13C: 140; ns: 16), virtually
decoupled IPAP-(H)CBCACON (13C: 1024/°N: 64/13C:
180; ns: 16), virtually decoupled IPAP-(H)CANCO (13C:
1024/°N: 64/13C: 128; ns: 32) , virtually decoupled IPAP
2D [3C,SN]NCO (BC: 1024/15N: 128; ns: 32) (49,50). The

use of carbon-detected (HYCBCACON and (H)CANCO
spectra simplified the assignment of sidechains due to the
increased signal dispersion of carbon-detected 2D [*C,°N]
NCO spectra compared to 2D [PN,'H] HSQC spectra
(Supplementary Figure S2). Chemical shifts were refer-
enced to DSS and indirect referencing for carbon and
nitrogen was employed. Assignments have been cross-
validated with the published assignments of HMGAla at



pH 6 by Buchko et al. (51). Assignments of 'H, *C, and °’N
NMR chemical shifts have been deposited in the Biological
Resonance Bank (BMRB, http://www.bmrb.wisc.edu/) un-
der accession numbers 27883 and 27884 for HMGA lasgc
and its CK2-phosphorylated form, respectively.

Spin-labeling of HMGA1a cysteine-mutants with the param-
agnetic MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl-methanesulfonothioate) label

Cysteine-mutants of HMGAla (U-"N) were exchanged
into DTT-buffer (50 mM HEPES, 20 mM DTT, pH 7.6) and
incubated for 2 h at room temperature in order to reduce all
thiol groups. During the next step, DTT was removed us-
ing 7 kDa ZEBA spin desalting column (GE), the protein
was exchanged into reaction buffer (50 mM HEPES, 10 mM
MTSL (Toronto Research Chemicals), pH 7.5), and labelled
overnight in the dark at room temperature. Finally, the sam-
ple was exchanged into NMR buffer (50 mM HEPES, 150
mM NacCl, 10% D,O, pH 7.0) using a 7 kDa ZEBA spin de-
salting column (GE). In order to obtain diamagnetic sam-
ples, the spin label was reduced by addition of 2 mM sodium
ascorbate (Roth) and incubation for 12 h.

NMR acquisition of para- and diamagnetic spectra of
MTSL-labeled HMGA1a and its CK2-phosphorylated CK2
form

For PRE analysis of HMGAla (U-°N), the cysteine-
mutants T21C, S36C, S49C, S64C, G80C, and G97C
were analysed. For its CK2-phosphorylated form, spectra
of HMGA1la (U-’N) cysteine mutants S64C and G97C
were recorded. NMR samples contained 0.4 mM MTSL-
labeled HMGA 1a protein (U-'"N) in NMR buffer (50 mM
HEPES, 150 mM NacCl, 10% D,0, pH 7.0/CK2-form: ad-
ditionally 2 mM NaF, 2 mM sodiumpyrophosphate, 2 mM
B-glycerolphosphate) at pH 7. All 2D ["H,'H] HISQC
spectra (ns 32, TDg: 2k, TDysn: 256) under para- and dia-
magnetic conditions were recorded on a Bruker DRX 600
MHz spectrometer at 298 K (52). Data were processed with
nmrPipe and analysed using the CCPNMR 2.4.2 software
package (53-55). PRE derived constraints were calculated
according to (56).

In vitro phosphorylation of HMGA1la by Casein kinase 2
and/or cdc2

For phosphorylation of HMGA1la (U-'"N and U-'N/U-
13Q), 600 pl of a 1 mM sample were exchanged into phos-
phorylation buffer (50 mM Tris—HCI, 10 mM MgCl,, 0.1
mM EDTA, 2 mM DTT, 0.01 % Brij 35, 20 mM ATP, pH
7.5) containing 1x phosphatase inhibitor cocktail (Thermo
Scientific) using a 7kDa ZEBA spin desalting column (GE).
25 000 Units of CK2 (New England Biolabs) and/or 50
wg of cdc2/CCNBI (Abcam) were used in the phospho-
rylation reaction. The phosphorylation was performed for
12 h at 30°C. Afterwards, HMGAla was exchanged into
Phosphor-NMR buffer (50 mM HEPES, 150 mM NacCl, 20
mM DTT, 2 mM NaF, 2 mM beta-glycerolphosphat, 2 mM
sodium pyrophosphate, 10% D,O, pH 7.0) as described pre-
viously.
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Chemical shift perturbation analysis of CK2-, cdc2-, and
CK2/cdc2-phoshorylated HMGAla

In order to investigate the sites, extent, and impact of phos-
phorylation of HMGAla by CK2 and/or cdc2, a chem-
ical shift perturbation analysis was carried out. For each
HMGAIa form (U-"N/U-3C), a 2D ['’N,'HHSQC spec-
trum (ns: 8, TDg: 2k, TDsn: 256) of a 1.5 mM sample
in Phosphor-NMR buffer was measured at pH 7. Spectra
were recorded on a Bruker AVANCE 111 HD 700 MHz spec-
trometer at 298 K. Data were processed by TopSpin 3.5 and
referenced to DSS. Calculation of chemical shift distance
was performed with CCPNMR 2.4.2 (53-55). For shift dis-
tance calculations, nitrogen shifts were rescaled by a factor
of 0.15.

Measurement of 2D ['SN,'H] sfHSQC spectra at different
pH values

For each pH value (4.0 and 7.0), a 2D ['*N,'H] sfHSQC
spectrum (ns: 8, TDy: 2k, TDjsn: 128) of 0.4 mM sample
(U-°N) in NMR buffer was recorded. All spectra were ac-
quired on a Bruker DRX 600 MHz spectrometer at 298 K.
All data were processed by TopSpin 3.5 and spectra were
analysed using CCPNMR 2.4.2 (53-55).

Measurement of 2D [3C,’>N] NCO NMR spectra of
HMGAT1a in complex with the PRD2 DNA element

For both HMGAla wt (U-"N/U-13C) and CK2 phos-
phorylated HMGAla (U-N/U-13C), virtually decoupled
IPAP 2D [*C,'SN] NCO (3C: 1024/"°N: 128; ns: 64) spec-
tra of the non-phosphorylated as well as the phosphory-
lated form of a 0.2 mM sample with 3.4 x (for wt HMGA1a)
and 3.5x (for CK2 phosphorylated HMGAIla) stoichio-
metric excess of DNA in Phosphor-NMR buffer were
recorded (49,50). All spectra were acquired on a Bruker
Avance 11 HD 700 MHz spectrometer at 298 K. Data were
processed by TopSpin 3.5 and spectra were analysed using
CCPNMR 2.4.2 (53-55).

Measurement of R1/R2 relaxation data and HN 3J coupling
constants of HMGAla

T, /T, relaxation data were measured on a | mM NMR
sample of HMGAla (U-'"N) in NMR buffer at pH 7.0.
Standard Bruker pulse programs were used and data were
recorded on a Bruker DRX 600 MHz spectrometer at 298K.
For T, relaxation measurements, a CPMG-based pulse pro-
gram was used. For T, time measurement relaxation delays
of 15, 31, 79, 126, 174, 221, 269, 316, 364, 411, 443 and
491 ms were used. Delays of 20, 170, 330, 480, 630, 780,
930, 1080, 1230, 1380, 1600 and 2000 ms were used for T,
relaxation measurements. Relaxation data were processed
using TopSpin 3.5. The analysis of spectra and data fit-
ting was carried out using CCPNMR 2.7 (53-55). In order
to determine *J coupling constants, a standard Bruker 3D
[SN,'H,'H,] HNHA spectrum was recorded on a Bruker
DRX 600 MHz spectrometer at 298 K. Spectra were pro-
cessed using TopSpin 3.5 and the coupling constants were
determined using the CCPNMR 2.7 software package (53—
55).
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Prediction of PRE-Profiles for HMGA1la using Flexible
Meccano

For the prediction of random coil PRE-Profiles, the soft-
ware package Flexible Meccano was used (15). For each
PRE label position, a random coil ensemble of 10 000
structures and its PRE profile was generated. The intrinsic
linewidth used during simulation was calculated based on
the corresponding NMR-spectra.

Calculation of the structural ensemble of wt HMGA1a using
ENSEMBLE

HMGAIa structural ensembles were calculated with the
software ENSEMBLE (47). Briefly, four independent en-
sembles consisting of 100 structures each were selected out
of structural pools of ~20 000-80 000 conformers. Re-
straints were fitted sequentially into the ensemble in the
following order: chemical shifts, PRE-data, R;-relaxataion
data, and finally *J couplings. The independent ensembles
were grouped into eight structural clusters by an RMSD-
based clustering method using the Clusco software package
(12,57).

ITC measurement of HMGA1la in complex with the PRD2
element of the NFkB promoter

In order to measure binding affinities and enthalpies
between both phosphorylated or non-phosphorylated
HMGAIla (unlabelled) and the PRD2 DNA element,
isothermal titration calorimetry was performed. All data
were acquired on a microcal ITC 200. ITC data were ac-
quired in Phosphor-NMR buffer at 298 K. In the reaction
cell, a DNA concentration of 0.09 mM was used. In the sy-
ringe, an HMGA1la (wt or CK2-phosphorylated form) con-
centration of 0.45 mM was used. Data analysis was per-
formed with the independent model fitting and minimiza-
tion algorithm of Affinimeter software (www.affinimeter.
com). An independent three binding site model was used
to fit the data, which is in good agreement with our NMR
data. This model is based on site-specific equilibrium con-
stants and describes ligand binding to a multivalent recep-
tor with a number of independent binding sites (58). For
the fitting of the data, an n-value of 0.33 was assumed for
each independent site and the concentration values for sub-

stances in cell and syringe were fitted within a range of +10
9 0.

RESULTS
Secondary structure of wildtype HMGA1la

To determine as to whether HMGAla contains residual
secondary structure propensities, we acquired 3D proton-
and carbon-detected triple resonance spectra at neutral
pH to obtain chemical shifts and performed a neighbour-
corrected secondary structure (ncSSP) analysis as shown
in Figure 1B (59). HMGAIla only shows low propensity
for secondary structures. Most of the ncSSP values are
within the range from —0.1 to 0.1, which indicates ran-
dom coil structure. Interestingly, the first AT-hook shows
a small propensity for an a-helical structure of ~0.15. The

other AT-hooks do not possess a propensity for secondary
structure over their entire length. In contrast to the re-
mainder of the protein, the negatively charged C-terminal
region shows, on average, a significant propensity for an
extended/B-sheet structure of 20%.

Tertiary structure of HMGAla

In order to investigate as to whether HMGATla adopts
an internal structure, which is based on long range con-
tacts between different regions, we performed nitroxide
spin labelling of HMGA1la. To this purpose, cysteine
point mutations were introduced in six positions (T21,
S36, S49, S64, G80, G97) of HMGAIla and labelled
with (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-
3-yl)methyl-methanesulfonothioate) (MTSL) (Figure 1A).
The attachment of paramagnetic MTSL at specific sites in
proteins can be used to measure transient interactions. Due
to the paramagnetic nature of the MTLS spin labels, the
HSQC peaks of "N amides that are in close proximity or
in transient contact with the MTSL spin labels will become
line-broadened because of enhanced transverse relaxation
rates. This effect depends on the distance from the spin la-
bel, and can be measured by recording para- as well as dia-
magnetic spectra and plotting intensity ratios against the
protein sequence (60). Based on these intensity ratios, dis-
tances between the label and the amide proton can be calcu-
lated for contacts up to 2 nm (56). In order to investigate as
to whether the DNA binding AT-hooks exhibit long-range
contacts to other regions of the protein, spin-labels were
positioned close to them (T21, S36, S49, S64, G80, G97).
These include residues T21 for AT1, S64 for AT2 and G80
for AT3. Additionally, residues at the C-terminus (G97) and
between the AT-hooks (S36, S49) were MTSL-labelled to
obtain more information on the function of the negatively
charged carboxy-terminus. In Figure 2, the intensity ratios
are plotted for all labelled positions against the amino acid
sequence of HMGA1la. For amino acids T21 and S36, long
range contacts could not be detected. This suggests that
AT and the linker region between AT1 and AT?2 lacks pref-
erential contacts to other regions of HMGATla. The ob-
tained intensity profiles correlate well with the predicted
non-contact profiles generated by Flexible Meccano (15).
Serine 49, which is close to AT2, shows a weak contact
to region ranging from 76 to 86 that includes AT3. Note-
worthy, long range contacts to other regions in HMGAla
for AT2 and AT3 could indeed be detected. AT2 shows
long range contacts to the C-terminal region of HMGAla.
Spin-labeling at position 64 leads to a strong decrease of
signal intensities in the region ranging from E96 to E106
with a minimum of signal intensity observed for residues
Q101 and S102. Based on I'; rates of this region, this corre-
sponds to an average distance of AT2 to the C-terminus of
~1.8 nm in the HMGA1la ensemble. AT3 also shows con-
tacts to the C-terminus of the protein. Spin labeling at po-
sition 80 leads to increased paramagnetic relaxation rates
at the glutamate rich region of HMGAla. These contacts
of AT2 and AT3 can be confirmed by the spin label at posi-
tion G97 that shows similar relaxation enhancement effects.
In summary, paramagnetic relaxation analysis shows that
HMGAIa has an internal domain organization character-
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Figure 2. PRE-Profiles of wildtype HMGA la. Gray background indicates
random-coil PRE-Profiles for specific label position calculated with Flexi-
ble Meccano based on 10 000 structures and the intrinsic linewidth of each
dataset. Yellow stars indicate the MTSL-label site.
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Table 1. Overview of experimental input data for the ENSEMBLE calcu-
lation and RMSD values of the computed HMGA 1a ensemble

Number of

Restraint Type restraints RMSD
13C, chemical shift 87 0.51 ppm
13Cg chemical shift 66 0.51 ppm
15Ny chemical shift 71 1.08 ppm
"Hy chemical shift 68 0.14 ppm
13C’ chemical shift 72 0.53 ppm
'H, chemical shift 38 0.09 ppm
PRE 55 NA

3] 34 NA
’NR, 53 0.65
Total 545 NA

RMSD values are based on measured and back-calculated shift values for
atoms based on the structure ensemble.

ized by long range contacts between AT2 and AT3 with the
Glu-rich C-terminal region of HMGA 1a. Interestingly, the
N-terminal region of HMGA1a that includes the first AT-
hook lacks any long-range contacts to other regions of the
protein.

Structural model of HMGA1a calculated with ENSEMBLE

The NMR-based ensemble of HMGATa is based on 545
NMR-derived restraints including chemical shifts, PRE-
data, and *J coupling constants and was calculated with the
software package ENSEMBLE. A compilation of the input
data is shown in Table 1. The structural ensemble consists
of four independent calculated ensembles of 100 structures
each. Figure 3A shows the fractional contact map of the
entire ensemble. Obviously, HMGA1a is not a completely
random coil polypeptide and can adopt several conforma-
tions that are, for example, either very compact (Figure 3B,
cluster 6) or fully extended (Figure 3B cluster 7). The crucial
function of the negatively charged C-terminus for the struc-
tural regulation of the ensemble emerges through a detailed
analysis of the contact map. Several regions, including AT2
and AT3, show contacts to the C-terminus. For a more de-
tailed picture of the structural ensemble of HMGAla, the
structures have been analysed by C,—C, RMSD-based clus-
ter analysis. Thereby, eight structural clusters could be as-
signed (Figure 3B). Clusters 1, 2 and 3 show open confor-
mations and are more extended. They predominantly show
contacts between neighbouring regions. Cluster 4 includes
conformers that are more compact and contain contacts to
the C-terminal region of HMGAla as well as a region lo-
cated between AT2 and AT3. Cluster 5 consists of conform-
ers that exhibit contacts between AT3 and the C-terminus.
Overall, the most compact structures are found in cluster 6.
It shows a very compact conformation of HMGAla with
contacts between almost all regions. Clusters 7 and 8 are
only populated to a low extent and are characterized by
rather extended conformations.

Impact of phosphorylation by casein kinase 2 on the sec-
ondary and tertiary structure of HMGAla

HMGAIa is one of the most posttranslational modified
nuclear proteins (38). Phosphorylation of HMGA la leads
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to several effects in the cell, which include reduced bind-
ing affinity towards DNA and the alteration of protein
complex stability, as observed for the enhancersome. In
order to investigate the impact of PTMs on the overall
structure, HMGAla was phosphorylated by protein ki-
nases CK2 and/or cdc2. Figure 4 shows the 2D ['°N,'H]
HSQC spectra of wt HMGA1la and the CK2-, cdc2-, and
CK2/cdc2-phosphorylated forms. To validate the efficiency
of CK2 phosphorylation we checked the resonance frequen-
cies of S99, S102, and S103 observed in non-phosphorylated
HMGAIa. After phosphorylation of HMGA1la, NMR sig-
nals for the non-phosphorylated form of these three amino
acids could not be detected (Supplementary Figures S3 and
S4), which indicates phosphorylation to nearly complete
extent. Furthermore, the *Cp chemical shifts for residues
S99, S102, and S103 change upon phosphorylation by ap-
proximately 2 ppm each, clearly suggesting three phos-
phorylation sites (61). Other possible phosphorylation sites
like S14, T21, T78, and others did not show any chem-
ical shift perturbations which would indicate phosphory-
lation. Based on the NMR data, CK2 thus yields a sin-
gle new species of HMGA la with three completely phos-
phorylated residues—S99, S102, and S103. The signal dis-
persion of the wt protein for protons is very small, con-
sistent with its mainly intrinsically disordered character.
Phosphorylation induces strong chemical shift perturba-
tions towards lower field for several amino acids. In Fig-
ure 1B, the ncSSP profile of the CK2-phosphorylated form
of HMGAIa is shown. Phosphorylation leads to a more
extended/B-sheet like conformation of the C-terminus rich
in negatively charged residues. A comparison of the sec-
ondary structure propensity plots for wt HMGAla and
its CK2-phosphorylated form reveals significant changes in
the region ranging from 75 to 80 suggesting a propensity
for more extended conformations within the random coil
regime. AT loses its helical propensity and appears ran-
dom coil in nature. To extract more information about the
impact of the phosphorylation of HMGAla by CK2, we
performed a CSP analysis of the CK2-phosphorylated form
shown in Figure 5B. Phosphorylation induces significant
shift perturbations at the C-terminus and additionally in
the region ranging from amino acid 70 to 86, which already
showed secondary structure changes in the ncSSP analy-
sis. This region harbours AT3 and one of two previously
identified protein-protein interaction sites. Due to chemi-
cal exchange, the amide resonances of the AT-hooks are
severely affected by line broadening. To overcome this prob-
lem and to investigate as to whether all AT-hooks are influ-
enced by the C-terminal phosphorylation, we measured 2D
["N,'*C] CON spectra to record proline resonances (Fig-
ure 5A, Supplementary Figure S1). The AT-hook regions
are proline-rich and, therefore, these residues can be con-
sidered as important probes for the structural properties
of the AT-hooks. Supplementary Figures S1 and 5A show
the proline region of the 2D [°N,'*C] CON spectrum and
corresponding 1D slices thereof. After phosphorylation of
HMGAIla by CK2, prolines 52, 54, 57, 79, 83, and 87 of
the second as well as third AT-hook experience small chem-
ical shift perturbations. Additionally, line broadening could
be observed which are indicative for chemical exchange of
these residues between open and more compact species of
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HMGAIa. These could suggest that the C-terminal mod-
ifications lead to structural alterations of these two AT-
hooks due to transient long-range interactions, for which
even clearer and stronger evidence is provided by the PRE-
analysis (see below). Notably, no such effect could be de-
tected for ATTI.

PRE-analysis of internal structure of Casein Kinase 2 phos-
phorylated HMGA1la

To determine as to whether the phosphorylation of
HMGAIa alters these tertiary structures, we measured
PREs for amino acids S64 and G97. Based on the six PRE
data sets on non-phosphorylated HMGA1a, results from
the ENSEMBLE calculations on wildtype HMGA1a, and
the CK2 phosphorylation sites, we carefully designed PRE
spin label mutants S64C and G97C of HMGAa as these
would shed light on the kinase-mediated impact on the
HMGAIa structural ensemble. In Figure 5C, the PRE-
profiles of S64 and G97 are shown. The phosphorylation
of HMGAla by CK2 strengthens the long-range contact
of the C-terminus to AT3 and its adjacent regions. The
distance of the C-terminus to this region decreases and
thus compresses the C-terminal region. This phosphoryla-
tion leads to a contact of G97 to the region ranging from
residues 72 to 80 that is located right in front of AT3. In
contrast, contacts of S64 to the identified wild-type contact
region at the C-terminus are not altered. Only regions adja-
cent to S64 are affected, which indicatives a tighter contact
of the C-terminus to the region ranging from residues 72 to
80. Thus, HMGA 1a exhibits transient long-range contacts
in despite of its IDP character.

Chemical shift perturbation analysis of cdc2-phosphorylated
HMGAla

In order to analyse the effects of HMGAIla phosphory-
lation by cyclin-dependent kinase 2 at position S36, T53,
and T78, we compared the non-phosphorylated and cdc2-
phosphorylated 2D ['N,'H] HSQC spectra and carried out
a chemical shift perturbation analysis (Figure 5D). The
phosphorylation by cdc2 induces chemical shift perturba-
tions in several regions of HMGA1la. The largest changes
could be detected for residues closer to the phosphoryla-
tion site. Additionally, the C-terminus rich in negatively
charged residues is strongly affected and experiences sub-
stantial CSPs. This effect is in good agreement with the
observed tertiary structure of HMGAla by PRE-analysis.
Phosphorylation of HMGA1a by cdc2 not only affects the
phosphorylation sites themselves, but also alters the overall
ensemble structure of HMGAla.

Impact of dual phosphorylation of HMGA1la by Casein Ki-
nase 2 and cyclin-dependent kinase 2

Several studies have shown that HMGA/la is phosphory-
lated by multiple kinases at the same time in the nucleus.
Therefore, we investigated the impact of dual phosphory-
lation of HMGAla by CK2 and cdc2, which play a cru-
cial role during cell cycle control. It could been shown
that this phosphorylation pattern could decrease the bind-
ing affinity of HMGA1la to AT-rich DNA by factor of 10
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(45). In Figure 4A, we present the superposition of the 2D
[SN,'H] HSQC spectra of the CK2-, cdc2-, and CK2/cdc2-
forms of HMGA1la. Our NMR spectra clearly show that
resonances of phosphorylation sites in non-phosphorylated
HMGAIa are not detectable in the 2D [°N,"H] HSQC
spectrum of phosphorylated HMGA1la anymore and that
phosphorylation is therefore almost complete (Supplemen-
tary Figures S3 and S4). The comparison of the three spec-
tra clearly shows that the structural ensembles of these three
forms are indeed different. The effects of phosphorylation
by cdc2 and CK2 are not independent of each other. The
amino acids S99, S102 and S103, which are phosphory-
lated by CK2, experience CSPs after dual phosphoryla-
tion in comparison to the CK2-form itself. This suggests
that the C-terminus is affected by cdc2 phosphorylation
and that the dual phosphorylated form adopts a differ-
ent conformational ensemble than the single phosphory-
lated forms. On the contrary, other regions, such as the N-
terminal region ranging from amino acids 13 to 21, do not
exhibit CPSs after phosphorylation neither by CK2 or cdc2
nor by CK2 and cdc2 simultaneously. This clearly demon-
strates that HMGA 1a contains an electrostatic regulatory
network, which is modulated by PTMs and regulates the
structural IDP ensemble through controlled changes of the
charge distribution within the protein.

Analysis of the general structural role of the C-terminus of
HMGAla

In order to investigate the impact of the electrostatic in-
teraction of the C-terminus of HMGAla on its overall
structure, we reduced the pH-value of the NMR sample
to 4. In Figure 4B, the superposition of the 2D [N, H]
sfHMQC spectra of the CK2-form at pH 4 and pH 7
are shown. Obviously, the low pH leads to a strong de-
crease of the signal dispersion in the proton dimension,
which is indicative for an even higher random-coil propen-
sity of HMGA1a as compared to neutral pH. Several res-
onances in the crowded region between 8.2 and 8.6 ppm in
proton dimension and 121.0 to 124.5 ppm in nitrogen di-
mension are even less well dispersed (Figure 4C). In con-
clusion, the charged C-terminus seems to be essential for
the overall tertiary organisation of HMGA1la. Changes in
charge distribution by PTMs, like phosphorylation, methy-
lation, and acetylation, are not only the major regulatory

Please refer also to Supplementary Figure S1. (B) Chemical shift pertur-
bation analysis of CK2-phosphorylated HMGA 1a: The Red line indicates
the 4o-level. During analysis, all chemical shift perturbations above this
level were considered to be significant. Yellow circles highlighted phos-
phorylation site S99, S102, and S103. (CSP values are reported in ppm).
Yellow stars indicate the MTSL-label site. (C) PRE-profiles (I/1j) of CK2-
phosphorylated HMGA 1a at position S64 and G97: The dashed lines in-
dicate random coil PRE profile calculated using Flexible Meccano. Grey
bars represent wt HMGAI1 PRE profiles. Yellow circles indicate CK2
phosphorylation site at positions S99, S102, and S103. Yellow stars high-
light MTSL-label sites. (D) Chemical shift perturbation analysis of cdc2-
phosphorylated HMGA 1a: The red line indicates 4o-level. During analy-
sis, all chemical shift perturbations above this level were taken as signifi-
cant. A blue cross indicates an amino acid resonance that is significantly
perturbed. Yellow circles label the phosphorylation site S36, T53, and T78
(CSPs are reported in ppm).
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mechanisms that structurally regulate the entire ensem-
ble of the IDP HMGAIla but—as shown for the CK2-
phosphorylated form of HMGAla—can also modulate its
DNA binding affinity by up to three orders of magnitude as
shown by our ITC data (Figure 6).

Analysis of the DNA-binding mode of HMGA1la after C-
terminal phosphorylation by Casein Kinase 2

In order to investigate the impact of HMGATla phospho-
rylation by CK2 in more detail, we acquired carbon de-
tected NCO NMR spectra for a deeper insight into the
structural changes of the AT hooks after DNA binding ei-
ther in a phosphorylated or non-phosphorylated form. For
this purpose, the prolines in the AT-hooks served as struc-
tural probes (Figure 6A). Our data show, that the chemical
shifts of the prolines in the AT-hooks in wt and CK2-form
of HMGA1a are same when bound to DNA, in contrast to
the DNA-free wt and CK2-form of HMGA 1a (Figure 5A).
Apparently, the C-terminus of HMGA1a is replaced by the
DNA. Hence, as prolines experience chemical shift pertur-
bations upon CK2 phosphorylation, the C-terminus clearly
modulates the DNA binding affinity of the AT-hooks, but
does not changes the overall structure of the final DNA-
protein complex.

In addition, we performed isothermal titration calorime-
try (ITC) in order to obtain binding constants for the inter-
action between HMGA1la and DNA. Based on statistical
analysis carried out using the AFFINImeter software pack-
age, the ITC data could be satisfactorily fitted assuming a
model with site-specific equilibrium constants that describe
ligand binding to multivalent HMGAla with three inde-
pendent DNA binding sites (58). Our ITC data reveal that
the three AT hooks of HMGA 1a exhibit different affinities
towards the PRD2 DNA element. Based on the acquired
data it is not possible to assign the measured Kp values to a
specific AT-hook. But it can be claimed that two AT-hooks
show Kp values of 10-40 nM and a third AT-hook in the
submicromolar range (~0.1 wM). After phosphorylation of
the C-terminus of HMGAa, the affinity of two AT-hooks
is reduced by one order of magnitude to the submicromolar
range (0.2-0.6 wM) and the remaining one by even three or-
ders of magnitude to the submillimolar range (approx. 0.5
mM) (Figure 6B).

DISCUSSION

NMR-based characterisation of the structural ensemble of
the intrinsically disordered protein HMGAla

Here, we present the first NMR-based model for full-
length HMGAT1a and shed light on the impact of its post-
translational modifications, especially phosphorylation, on
structural and functional changes. HMGA1la consists of
four regions, including three AT-hooks and a negatively
charged C-terminus. Our data reveal that HMGA la is not
totally random coil but rather adopts a complex structural
ensemble. The analysis of the calculated structural ensem-
ble based on our chemical shifts as well as R, relaxation
data, PRE-profiles, and *J couplings shows that HMGA la
adopts different transient secondary and tertiary structures.

To obtain information about secondary structures we
measured chemical shifts for HMGA laggsc, which revealed
that most of its regions are random coiled. Interestingly,
our study showed for the first time that one of the DNA-
binding domains (DBDs), AT1, transiently adopts a struc-
tured a-helical conformation. Additionally, the C-terminus
of HMGA a shows an extended and/or B-sheet-like con-
formation.

To acquire tertiary structure information of HMGAla,
we performed PRE experiments with spin-labels attached
to different sequence positions. Our analysis shows that the
glutamate-rich negatively charged C-terminus is in tran-
sient contact with the second and the third AT-hook (Fig-
ure 3B: clusters 3, 4 and 5). Thus, HMGA1a loops back
on itself, bringing its C-terminus and the second as well as
the third AT-hook together. Our results provide a possible
structural mechanism on how post-translational modifica-
tion of the C-terminus influences the DNA-binding proper-
ties of HMG-proteins (45,46).

Phosphorylation of HMGA 1a has been extensively stud-
ied during the last decade, but its structural effects on the
IDP are still not fully understood (38). On the one hand,
phosphorylation of HMGAT1la by CK2 has been identified
as a constitutively PTM pattern present in insect HMGA 1a.
On the other hand, different studies showed that the expo-
sition of B-lymphocytes to the cytokine interleukin-4 leads
to a phosphorylation of HMGA1la by CK2 after 15 min
(62,63). This implies that this type of phosphorylation plays
a crucial role during the regulation of HMGA1la. Func-
tional studies showed that the C-terminal phosphorylation
of HMGAD leads to a three-fold reduction of the binding
affinity towards DNA (45). Therefore, we took a closer look
at the impact of phosphorylation by different kinases on the
structural properties of HMGAla.

Phosphorylation orchestrates the structural ensemble of the
intrinsically disordered protein HMIGAla

Our structure ensemble reveals that contacts frequently oc-
cur between regions or adjacent regions that are phospho-
rylated by different kinases, e.g. cdc2 and CK2. Taking into
account that contacts in IDPs are often mediated by polar
and less by hydrophobic amino acids, this observation could
explain how the structural ensemble of HMGAIa is regu-
lated (64). The cluster analysis shows that more compact
conformers of HMGA 1a exhibit contacts in the vicinity of
the CK2 and cdc2 phosphorylation sites located at AT2 and
ATS3 (see Cluster 4). These contacts could play a crucial role
in the regulation of HMGA1a, because phosphorylation at
these sites would alter the electrostatic interactions and pos-
sibly shift the structural ensemble towards different, either
more open or compact conformers. Our data indicate that
HMGAIa is regulated by an electrostatic contact network,
which regulates the structural ensemble of the IDP (see Fig-
ure 7B).

To validate this model, we investigated the effect of the
phosphorylation of HMGA1la by CK2 and/or cdc2. The
overlay of the 2D ['H, "'N] HSQC NMR spectra clearly
shows that phosphorylation at different sites induces strong
chemical shift perturbations for both forms. Further, these
effects do not occur only locally, but also affect residues
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that are located far apart in the amino acid sequence of
HMGAIa (Figure 4A). Our data suggest that phosphoryla-
tion by CK2 (at S99, S102, and S103) strengthens the con-
tact between the C-terminus and the region ranging from
amino acids 71 to 80. In addition, this phosphorylation
leads to a more extended/B-sheet-like structure of the C-
terminus.

Interestingly, chemical shift perturbations of C-terminal
residues reveal that the C-terminus of HMGA1a is also af-
fected by phosphorylation at the cdc2 phosphorylation sites
(i.e. S36, T53, T79). This observation correlates very well
with our structural ensemble, which displays contacts be-
tween the phosphorylation sites T53 as well as T79 and the
C-terminus. This clearly shows that PTMs can modulate the
structural ensemble of HMGA 1a, corroborating previously
predicted potential structural effects of phosphorylation on
SPXX and TPKK/R motifs (65). Our study clearly reveals
that transient internal long-range contacts of intrinsically
disordered HMGA 1a play a crucial role in the modulation
and regulation of the entire structural ensemble, with severe
consequences for the DNA binding affinity of HMGA 1a.

Phosphorylation of HMGA1a modulates its DNA binding to
the NFkB PRD2 promoter element

Our ITC binding studies reveal that phosphorylation of
HMGAa by CK2 greatly reduces the binding affinity of all

AT hooks for the PRD2 promoter DNA element. For other
HMG-group proteins like HMG1-d, it was shown that the
negatively charged C-terminus plays a crucial role for DNA
binding (66). However, it was unclear as to why introducing
negative charges at the C-terminus would affect the bind-
ing properties of HMGAla. We are now able to explain
the molecular basis of this long-range structural effect in
the IDP protein HMGA la upon phosphorylation of its C-
terminus through CK2 and suggest a structural model that
is in full concordance with our ITC and NMR data. In fact,
we could show by PRE-experiments that phosphorylation
of S99, S102, and S103 enhances contacts between the C-
terminus and the region ranging from amino acids 71 to
80 of HMGA 1a and that phosphorylation by CK?2 even in-
creases this effect. This region is lysine-rich and the positive
amine group of its side chain can efficiently coordinate neg-
ative phosphate groups. Interestingly, similar contacts were
identified for the phosphorylated C-terminus of HMGA2
by proteolysis and IMS-MS analysis (46).

This observation links the C-terminus to DNA binding
regions and can explain the influence of phosphorylation
of the C-terminus on the DNA binding affinity of AT2 and
AT3 to the PRD2 element of the NFkB promoter. Our
structural model of HMGAIa is based on the structural
ensemble clusters which adopt more open or closed con-
formations. For example, in clusters 1 and 2, all AT-hooks
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are exposed and thus more accessible to DNA. To illustrate
this, we modelled the structure of cluster 2 docked to AT-
rich DNA as shown in Figure 7A. Here, the AT-hook re-
gion was aligned with the published NMR structure of AT3
(21). The RMSD of the central binding motif of the third
AT-hook is 1.8 A, which indicates that the AT-hook in the
median structure of cluster 2 indeed adopts a very similar
conformation to the DNA-bound form. Presumably, this
suggests a mechanism of conformational selection for the
HMGATla/DNA complex.

Furthermore, our cluster analysis of the non-
phosphorylated HMGA 1a ensemble reveals that clusters 3
and 4 contain more closed conformers whose C-terminus
contact AT2 and/or AT3 as well as the linker region
connecting AT2 and AT3 (Figure 3B).

A closer look at more closed HMGAla conformers like
clusters 3 and 4 sheds light on the mechanism of impaired
DNA binding. The CK2-mediated stabilisation of contacts
of the C-terminus to the region between AT2 and AT3
probably increases the number of closed conformers in the
HMGAI1a ensemble and impairs DNA binding by steric
interference (see Figure 7A). This model is in good agree-
ment with our observation that the C-terminal phospho-
rylation of HMGAa does not influence the final binding
mode of AT-hooks to the PRD2 element of the NF«B pro-
moter (Figure 6A). We can conclude that reduced DNA-

binding affinity is induced by perturbation of the structural
ensemble towards a more compact, binding-impaired con-
formation as found in cluster 4 (Figure 3B). Evidently, the
C-terminus of HMGA 1a is crucial for the regulation of the
IDP.

Interestingly, the identified region between AT2 and AT3
contains several lysine residues which can be acetylated
by PCAF, which implies another important, yet comple-
mentary mechanism of regulation for the compaction of
HMGAIla’s C-terminus (67). Acetylation of this region
would alter the electrostatic properties and could counter-
act the effect of phosphorylation. This proposed model of
regulation shall be explored in future.

CONCLUSION

In this study, we present the first NMR-based structural
characterization of free HMGAIla in solution. Our data
show that HMGAa is not a totally random coil polypep-
tide but adopts a tertiary structure that is based on tran-
sient long-range contacts and, as such, it bears all the
traits of an IDP (Figure 7B). These contacts appear to
play a crucial role during the regulation of HMGAIla by
PTMs, such as phosphorylation. Based on our NMR data
we present a mechanism for the impact of phosphoryla-
tion of HMGA1a on the structural ensemble. (Figure 7A,



B). We could show that CK2-phosphorylation of the C-
terminus impairs DNA binding by steric interference. This
model is fully corroborated by ITC-based promoter DNA
binding studies of both wild-type and CK2-phosphorylated
HMGATa. Additionally, we present data on the structural
properties of the first AT-hook. Presumably, this much im-
proved structural understanding of full length wild-type
and CK2-phosphorylated HMGA1la will ultimately even
contribute to the development of new therapeutic strategies
against HMGA la-associated types of cancer.
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