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Intrinsically disordered proteins are abundant in the nucleus
and are prime sites for posttranslational modifications that
modulate transcriptional regulation. Lacking a defined three-
dimensional structure, intrinsically disordered proteins populate
an ensemble of several conformational states, which are
dynamic and often altered by posttranslational modifications,
or by binding to interaction partners. Although there is growing
appreciation for the role that intrinsically disordered regions
have in regulating protein-protein interactions, we still have a
poor understanding of how to determine conformational
population shifts, their causes under various conditions, and
how to represent and model conformational ensembles. Here,
we study the effects of serine phosphorylation in the

nucleosome-binding domain of an intrinsically disordered
protein – HMGN1 – using NMR spectroscopy, circular dichroism
and modelling of protein complexes. We show that phosphor-
ylation induces local conformational changes in the peptide
backbone and decreases the helical propensity of the nucleo-
some binding domain. Modelling studies using AlphaFold3
suggest that phosphorylation disrupts the interface between
HMGN1 and the nucleosome acidic patch, but that the models
over-predict helicity in comparison to experimental data. These
studies help us to build a picture of how posttranslational
modifications might shift the conformational populations of
disordered regions, alter access to histones, and regulate
chromatin compaction.

Introduction

Intrinsically disordered proteins (IDPs) or regions (IDRs) are
abundant in the nucleus and have key roles in regulating
chromatin packing and gene transcription.[1–3] Among the most
abundant nucleosomal proteins are the high mobility group
(HMG) protein families, HMGA, HMGB, and HMGN, which are
highly charged, intrinsically disordered, and extensively post-
translationally modified.[4,5] Their interactions with the nucleo-
some and with DNA are thought to regulate how chromatin
compacts, and how transcription factors and enzymes that
modify histones gain access to nucleosomes.[6,7] Lacking defined
tertiary structures and binding pockets, and with multiple
interaction partners, it is difficult to characterize the roles of the
HMG proteins. The HMG protein family also represents typical
IDPs, for which we still have a poor understanding of how to

characterize and visualize their multiple conformational states.
It is therefore also challenging to evaluate how posttranslational
modifications (PTMs) might alter these populations and affect
binding to their interaction partners.[8–11]

Within the HMG family, the nucleosome-binding HMGN
proteins (HMGN1–5, Supplementary Data S1) are represented
by HMGN1 in Figure 1. HMGN1 comprises 100 residues and has
a split nuclear localization signal (NLS), a nucleosome binding
domain (NBD) and a regulatory/chromatin-unfolding domain
(CHUD/RD), all of which are intrinsically disordered.[4,12,13]

Positively charged (5×Arg, 21×Lys) and negatively charged
(14×Glu) amino acid residues are enriched in these domains
and comprise 40% of the HMGN1 sequence. Ser and Thr as
potential phosphorylation sites are located within or at the
border of the domains, potentially increasing and/or extending
the charged character of the protein. Several PTMs throughout
the sequence have been reported: phosphorylation of serine,
acetylation of lysine, as well as serine ADP-ribosylation.[12,14–16]

However, it is not known what role many of these PTMs have,
individually or in combination, in the biological role of HMGN1.
Furthermore, little is known about the conformational states of
HMGN1, and how PTMs might alter the population of these
states, thereby regulating binding to the nucleosome and other
proteins, and access to histones.

Elucidating the role of PTMs in the conformational states
and interactions of IDRs such as HMGN1 faces several
challenges. Lacking a defined structure, IDPs/IDRs are highly
dynamic and may yield multiple dissimilar conformations in
response to transient physiological changes in the protein
environment or the installation of PTMs, making structural
analysis by crystallography or cryo-electron microscopy
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impractical.[17,18] In contrast, NMR spectroscopy shows sufficient
length- and timescale constraints (10� 12–10� 9 s and m) to
capture and differentiate between conformational intermedi-
ates, making this method ideally suited to the study of dynamic
proteins and IDRs.[19,20] Solid phase peptide synthesis, often
combined with protein ligations provides access to site-
specifically modified protein variants,[21,22] yet is labour-intensive
and possibilities for isotope-labelling for NMR spectroscopy are
limited by the high cost of isotope-labelled SPPS building
blocks. On the other hand, recombinant expression can yield
isotope-labelled samples for NMR, but native PTMs, and
especially combinations of PTMs, are difficult to install site-
specifically. Semi-synthetic approaches, in which a synthetic,
unlabelled protein segment (bearing the PTM) is ligated to a
recombinant segment, provide an attractive combination,
however a drawback of this approach is that local changes
around the PTM site are not observable because the synthetic
segment is unlabelled.[23] A detailed study of the local
conformational changes and interactions around a posttransla-
tionally modified residue is therefore typically only feasible with
synthetic peptide segments bearing site-specific PTM(s) and
acquiring NMR spectra at natural isotope abundance. This local

information can then be integrated with experimental data
from other techniques such as cross-linking mass spectrometry
(XL–MS), circular dichroism, and modelling data in a hybrid
approach to understand the biological roles and interactions of
IDRs.

The structural and biological consequences of PTMs of
HMGN1 have been studied using several approaches, in vitro
and in cells, and indicate that serine phosphorylation within the
NBD is involved in dissociation of HMGN1 from the nucleosome.
Early studies on the phosphorylation of HMGN1 identified
phosphorylation sites within the NBD (Ser21 and Ser25) and
adjacent to the NLS (Ser7), and found that phosphorylated
HMGN1 in general was enriched in the cytoplasm compared to
the nucleus, suggesting that phosphorylation promotes trans-
location out of the nucleus.[24] Glutamic acid mutants of HMGN1
as phosphomimetics bearing a negative charge at these
positions were also shown to have decreased binding to
nucleosomes. In contrast, decreased nuclear import and
increased 14.3.3 protein binding were only observed when the
phosphate group was present.[25,26] In previous work from our
group, we introduced site-specific phosphorylation and acetyla-
tion PTMs in the N-terminal NLS and the C-terminal domains of

Figure 1. Schematic structure of HMGN1, the protein domains and their posttranslational modifications involved in protein dynamics and interactions. (a)
According to the proposed binding mode, the nucleosome-binding domain (NBD) of HMGN1 interacts with the acidic patch of the nucleosome subunits H2A
and H2B (side chains of glutamic acid residues shown as line structures), and the C-terminus binds to DNA. This interaction potentially regulates chromatin
compaction and transcriptional activation. (b) Posttranslational modifications might induce conformational changes and intramolecular rearrangements,
which can reshape the protein structure and dynamics, potentially yielding various subpopulations of HMGN1. (c) The amino acids of the HMGN1 protein
sequence are represented by their one-letter codes. The first amino acid (M, in grey) is usually removed from the mature protein. Posttranslational
modifications of HMGN1 as annotated in the UniProt entry (P05114) are marked at their position in the sequence (serine phosphorylation=yellow circle;
lysine acetylation=green rectangle; and ADP ribosylation=blue hexagon). Domains of HMGN1 are underlined in the protein sequence (NLS=nuclear
localization signal, NBD=nucleosome-binding domain, CHUD/RD=chromatin unfolding domain/regulatory domain). Nucleosome structures generated in
BioRender.
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HMGN1 using protein semi-synthesis and segmental isotope
labelling. Using these constructs, we showed that N-terminal
phosphorylation at Ser7 causes conformational changes in the
NBD (residues 13–26), shown by chemical shift perturbations in
the NMR spectra.[27] Studies on HMGN1 site-specifically phos-
phorylated within the NBD are however still missing. It is not
known how phosphorylation might alter the local conforma-
tions or binding interactions of the HMGN1 NBD. Several studies
have been carried out on HMGN2, which has overall 48%
sequence identity to HMGN1 but is almost completely con-
served within the NBD sequence (Supplementary Data S1). The
architecture of the HMGN2-nucleosome complex was explored,
employing NMR spectroscopy of methyl-labelled
nucleosomes.[28] Based on this study, it was concluded that
HMGN2 acts as a staple between the core histones and DNA via
interaction of the NBD with the nucleosome acidic patch (as
shown for HMGN1 in Figure 1) and the C-terminal region with
the DNA at the entry/exit point of the nucleosome.[28] A
glutamic acid mimic of serine phosphorylation did not bind to
nucleosomes.[28] The model of the HMGN2-nucleosome inter-
action was then expanded using data from cellular XL–MS
experiments, supporting an extended conformation of HMGN2,
and showing interactions at the nucleosome acidic patch and
either the histone H3 tail or the linker DNA.[29]

In this study, we investigate the effects of phosphorylation
of serine at two sites, pSer21 and pSer25, within the NBD
(residues 13–42) of HMGN1, comparing their local conforma-
tional changes and helical propensity with models and
experimental structural biology data. The NBD of HMGN1 is
highly conserved amongst the HMGN1 variants (Supplementary
Data S1), and has been shown to act as an independent
functional domain with the same activity as the full-length
protein,[30] so we use it as a synthetically-accessible segment
that is still feasible to study by 2D NMR spectroscopy at natural
isotope abundance. As experimental evidence for the structure
of the bound state of HMGN1 is still lacking, the effect of the
phosphorylations on the interactions of the HMGN1 NBD with
the acidic patch of the nucleosome is then explored using
AlphaFold3 models, suggesting that these phosphorylations
alter the helical architecture of the HMGN1 NBD and its
electrostatic interactions with the acidic patch of the histone
subunit H2A and H2B. Although the modelling results in
general support previous results showing a decreased binding
to the histone acidic patch (for HMGN2),[28] we also critically
evaluate the modelling data in comparison with experimental
data. These results provide a new structural and mechanistic
understanding of the way that PTMs could regulate the
biological role of HMGN1 in binding to nucleosomes and
regulating chromatin folding and histone modifications. Fur-
thermore, these studies expand our understanding of how
PTMs might alter conformational populations of IDPs, and how
we can integrate and evaluate information from structural
biology experiments and predictive modelling tools that have
recently become available.

Results and Discussion

To investigate the role of phosphorylation of serine residues 21
and 25 within the NBD of HMGN1 and to explore local
conformational changes in this region, we synthesised the NBD
(HMGN1_13–42) by solid phase peptide synthesis (SPPS),
allowing us to install site-specific PTMs and yielding four
variants (Figure 2): HMGN1_NBD_unmod; HMGN1_NBD_S21;
HMGN1_NBD_pS25; and HMGN1_NBD_pS21pS25. To mimic
their context in the protein chain, and to minimize any effects
of charged termini, the N� and C� termini were acetylated and
amidated, respectively. The synthesis proceeded smoothly via a
combination of automated and manual SPPS, and minimal β-
elimination of the phosphate was observed when performing
the coupling and deprotection steps manually at room temper-
ature. After purification by HPLC, the four variants were
obtained in high purity and yielding 8–12 mg of each variant,
from the synthesis at 0.033 mmol scale.

Recent advances in AI modelling tools like AlphaFold3,
RoseTTAFold and others, have revolutionised how we predict
the structure of a given protein from its sequence, based on
training on proteins in structural databases.[31–33] Their strengths
are in predicting the structures of well-folded, globular
proteins.[11] Although they typically predict conformations of
IDRs with low confidence and/or accuracy, the ability to predict
the structures of full protein sequences (including flexible
termini and loops) has increased our appreciation of how
abundant IDRs are in the proteome.[32,34,35] Forming loops and
linkers between domains or the N- and C-termini of many
proteins, IDRs are typically cut off from X-ray crystallography
and cryo-EM samples to facilitate handling or crystallisation, or
are not visible because they are too dynamic.[32,36] The recently-
released AlphaFold3 server,[31] now comes with the possibility to
include some PTMs, including phosphorylation, but so far there
are few benchmarks to evaluate how well it handles these
PTMs, partly because experimental data on the structures of
intrinsically disordered phosphoproteins are very limited. To
model the conformations predicted for the HMGN1 NBD
variants, we submitted each of the four NBD variants (HMGN1
residues 13–42) to the AlphaFold3 server and compared their
modelled structures within the set of five output structures as
well as between the variants. In almost all five predicted models
of all four variants, an α-helix is predicted with surprisingly high
confidence (90>plDDT>70) for the residues 18–25 around the
phosphorylation sites (Figure 3). In the modelled structures, the
remainder of the NBD is either random coil, or has short
partially helical segments. Whereas the unmodified variant
forms a distinct ‘kink’ at residues 23–25 in all models, the
modified variants are overall more extended, suggesting that
phosphorylation increases the random coil nature of the NBD.

HMGN1 is highly charged, with the potential for both intra-
and intermolecular electrostatic interactions and salt bridges
due to the high proportion of arginine and lysine residues,
especially in the NBD. The helical conformation of residues 18–
25 predicted in the models places the three arginine residues
Arg19, Arg20 and Arg23 on the same face of the helix with
Arg19 and Arg23 in a stacked i, i+4 arrangement and forming
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a positively-charged face that could potentially interface with
the histone acidic patch via bifurcated salt bridge formation.
The serine or phosphoserine residues 21 and 25 project from
the opposite face (Figure 3). Phosphorylation of both Ser21 and
Ser25 would likely lead to electrostatic repulsion of the negative
charges, potentially distorting the helix. On the other hand,
phosphorylation of Ser21 alone introduces the possibility of salt
bridge formation between the phosphate group and the side-
chain of Lys18 (3.0 Å, Figure 3b), potentially stabilising the
helical conformation; a higher helical content is seen in all
predicted models of HMGN1_NBD_pS21 than in HMGN1_
NBD_pS25 (Figure 3c, and Supplementary Data S2). In studies
to develop parameters for modelling phosphoserine and
phosphothreonine, it was found that glutamic acid mutants
have less pronounced effects on partial secondary structure

than the phosphorylated residues, especially for smaller
peptides.[34] The synthesis and conformational evaluation of the
true phosphorylated residues is therefore important to learn
how well the models correlate with experimental data.

To determine whether the helical conformations and intra-
molecular interactions predicted in the modelled structures
correlate with experimental data, the conformation of the NBD
variants was then determined using circular dichroism (CD)
spectroscopy. Concentrations of the four peptides were
normalised, based on the peak height in the analytical HPLC
trace. As shown in Figure 4a, all four NBD variants show a
typical ‘random coil’ CD spectrum for the NBD, in keeping with
our previous studies on full-length HMGN1.[27] At the same
concentrations, the intensity of the peaks at 196 nm is greatest
for the doubly-phosphorylated HMGN1_NBD_pS21pS25 and

Figure 2. HMGN1 nucleosome binding domain (NBD, residues 13–42) variants synthesised by solid phase peptide synthesis. The sequences of the peptides
are shown in one-letter amino acid codes and peptides are acetylated at the N-terminus and amidated at the C-terminus. Phosphoserine posttranslational
modifications are shown as yellow circles and their residue positions marked. The ESI-MS trace with charge series marked, and analytical HPLC chromatograms
(inset, absorbance at 214 nm in black, absorbance at 280 nm in grey) are shown.
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HMGN1_NBD_pS25 variants, suggesting that these two variants
are relatively more ‘disordered’ than the HMGN1_NBD_pS21
and HMGN1_NBD_unmod variants. For the CD experiments, we
focused on comparison between the differently modified
variants, however, tools such as DichroIDP that include data-
bases of IDPs have the potential to categorise and quantify the
conformations of IDPs.[37] The phosphorylation at Ser25 seems
to have the most influence on the conformation, as additional
phosphorylation at Ser21 (HMGN1_NBD_pS21pS25) does not
increase the intensity of the peak at 196 nm (blue and pink data
series). The (partial) helical conformations indicated by the
models, therefore, are not reflected in the experimental CD
spectra, but the trend that HMGN1_NBD_pS25 and HMGN1_
NBD_pS21pS25 are ‘more disordered’ than the HMGN1_NBD_
pS21 and HMGN1_NBD_unmod variants is consistent with the
modelled structures and number of helical residues (Supple-
mentary data S2).

To determine whether phosphorylation affects the overall
helical propensity of the HMGN1 NBD variants, each of the
variants was titrated with the helix-inducing solvent trifluoroe-
thanol (TFE, 0–80%) and CD spectra were acquired. The minima
of the CD curves of all variants shifted towards higher wave-
lengths with increasing % TFE and the minima at 222 nm
increased in intensity, indicating increased helical content
(Supplementary Data S3). None of the variants, however,
formed a purely helical structure with clear minima at 205 and
222 nm, even in 80% TFE, showing that the HMGN1 NBD largely

retains its disordered nature. This is also in keeping with
expectations, based on the typical sequence composition of
IDRs, with a high content of prolines and charged residues.[9,38]

In this study, we used the same buffer as for the NMR
experiments to be able to compare the data, however
alternative buffers that include crowding agents and additional
components[39,40] to more closely mimic the cell nucleus might
be relevant for future studies. The intensity of the minimum at
222 nm was plotted against %TFE (Figure 4b) and suggests that
both phosphorylations, individually and together, decrease the
helical propensity of the HMGN1 NBD, with phosphorylation at
Ser21 having the biggest influence (HMGN1_NBD_pS21, green
data series). Although the differences in the order of the
variants are small when comparing Figure 4a and b, one
possible rationalization for the apparent change in order could
be that the effects of phosphorylation on helicity might be the
result of different types of interactions (e.g. electrostatic,
hydrogen-bonding) and increasing amounts of TFE could
promote these to different degrees. The data series of the
doubly-modified variant HMGN1_NBD_pS21pS25 closely over-
laps with that of the HMGN1_NBD_pS21 variant, suggesting
that the effects of the two phosphorylations are not additive.
The unmodified variant shows the highest helical propensity,
but is still far from a classical helical CD spectrum, even at 80%
TFE.

To investigate the local and residue-specific changes
associated with HMGN1 NBD phosphorylation, the conforma-

Figure 3. AlphaFold331 models of HMGN1 NBD variants. For each variant, the five predicted models are shown on the left, fitted pairwise to the top ranked
prediction (model 0, darkest colour) and shown in cartoon representation. For the top ranked prediction (model 0) of each variant, a segment is shown with
key residues around the phosphorylation site(s) labelled and shown in stick representation, coloured by atom type. The number of residues assigned as helical
for each model is summarised in Supplementary Data S2.
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tional features of the four HMGN1 variants HMGN1_NBD_
unmod, HMGN1_NBD_pS21, HMGN1_NBD_pS25, and
HMGN1_NBD_pS21pS25 were investigated using NMR spectro-
scopy, at natural isotope abundance. Spectra (1H, 1H-1H TOCSY,
1H-1H NOESY, 1H-13C HSQC and 1H-15N HSQC) were acquired in
20 mM potassium phosphate buffer, pH 6.5, on 600 MHz or
900 MHz NMR spectrometers to assign the backbone resonan-
ces and determine through-space NOE interactions and con-
formational features (Figure 5 and Supplementary Data S5).
Initial analysis of the spectra confirmed the disordered nature of
the peptides, with poor dispersion of the amide resonances in
the proton dimension, and in agreement with the CD data and
previous studies on HMGN1.[27] The phosphoserine residues
were easily identified by their characteristic downfield shifts
upon phosphorylation (Figure 5c and Supplementary Data
S5).[41] The poor dispersion and low sequence diversity made
assignment by the sequential assignment method challenging,
however, all backbone Hα, Cα and NH resonances could be
assigned from the higher-resolution spectra acquired at
900 MHz and by comparison of the four variants (Supplemen-
tary Data S4). The secondary Hα and Cα chemical shifts
(Figure 5a and b) were calculated to determine whether any of

the variants showed secondary structure propensity – indicated
by series of positive or negative (>~0.1 ppm for Hα,>~1 ppm
for Cα) secondary shifts. The Hα secondary shifts are all
<0.06 ppm, with the exception of the phosphorylated serine
residues. The random coil shifts for phosphoserine were taken
from those determined previously for random coil peptides of
posttranslationally modified residues.[41] The Cα secondary shifts
are also small (<0.6 ppm), but show more differences between
the variants than the Hα secondary shifts, especially in the first
half of the sequence, suggesting that phosphorylation does
cause some local perturbations within this region. Interestingly,
the Cα secondary shifts are mostly positive within the first half
of the sequence (typically indicating α-helical tendencies), and
mostly negative in the second half (typically indicating β-sheet
tendencies).[42] This is consistent with the structures predicted
by AlphaFold3, at least in terms of higher α-helical content in
the N-terminal half of the NBD. Although the Cα shifts are small
in magnitude and therefore it is difficult to draw strong
conclusions from them about the secondary structural features,
they might represent a promising sensitive experimental
parameter for indications of partial secondary structure and
subtle conformational changes. Chemical shift perturbations
(CSPs) were calculated for the amide chemical shifts (Figure 5c),
and show that the phosphorylations have mostly local effects
on the neighbouring residues 18–27.

Predictions of the secondary structure content and order
parameter (S2) were made from the HN, NH, Hα and Cα chemical
shifts using TALOS-N.[43,44] All variants and residues are predicted
to be coil or loop structures and the probabilities of helices (pH,
Figure 5d) are very low, suggesting that the experimental data
does not support the extent of helicity predicted in the
AlphaFold3 models (Figure 3). This is in keeping with the CD
data, indicating that AlphaFold3 over-predicts the helicity of
these disordered HMGN1 variants. The predicted S2 values
(most <0.5) also suggest that the NBD is dynamic. Nevertheless,
the trend and the location of the helices are supported by the
TALOS� N data; Helical content is highest for the unmodified
variant, and variations in helicity upon phosphorylation are
located in the residues 18–27, suggesting local conformational
effects upon phosphorylation.

As expected for IDRs, analysis of the 1H-1H NOESY spectrum
did not reveal any long-range interactions. The significant signal
overlap made assignment of many of the NOE signals
ambiguous and so it was not feasible to obtain sufficient
distance restraints to calculate meaningful ensembles of NMR
structures. Hα-Hδ NOEs and Cβ, Cγ chemical shifts suggested
that all proline residues are in the trans-conformation. Predic-
tions of the 3JHNHα coupling constants[45] (Supplementary Data
S6) gave values between 5.4 and 7.5 Hz, and fit with the
coupling constants that could be measured in the 1H spectra,
further supporting the disordered nature of the NBD, with φ
angles of 30–90°. Despite the lack of long-range NOEs or strong
indicators of secondary structure, HN� HN sequential NOE
interactions were observed between Leu24HN-pSer25HN and
pSer25NH-Ala26HN for the HMGN1_NBD_pS25 and HMGN1_
NBD_pS21pS25 variants, but not for the HMGN1_NBD_unmod
and HMGN1_NBD_pS21 variants, suggesting that phosphoryla-

Figure 4. Circular dichroism (CD) data for HMGN1 variants. (a) CD spectra in
20 mM potassium phosphate buffer, pH 6.5 at 20 °C, and 20 μM peptide
concentration. Spectra are the average of five scans, with baseline spectra
(buffer) subtracted.; (b) intensity of the CD spectrum minimum at 222 nm,
representing helicity, with increasing concentrations of trifluoroethanol
(TFE).
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tion of Ser25 causes a slight shift in the backbone conformation,
in keeping with the predicted structure in Figure 3c.

To investigate the interactions of the HMGN1 NBD variants
with the acidic patch of the nucleosome,[28] we took advantage
of the possibility to model protein complexes in AlphaFold3.
Experimentally, it has been shown that phosphorylation (or
mutation to glutamic acid) of Ser21 and Ser25 abolishes
binding to the nucleosome,[25,28] however, a model of the

hypothetical complex with the modified variants might help to
rationalise the mechanism. The histone dimer H2A� H2B con-
tains eight negatively-charged residues (H2A: Glu55, Glu60,
Glu63, Asp89, Glu90 and Glu 91; H2B: Glu102 und Glu110) that
comprise the acidic patch, and mimics the nucleosome in terms
of its interactions with HMGN2.[28,46] We first modelled the H2A–
H2B complex, which forms the expected core histone fold
(Figure 6a). Each of the HMGN1 NBD variants was then

Figure 5. NMR data of HMGN1 NBD variants. (a) Secondary Hα chemical shifts; (b) Secondary Cα chemical shifts plotted against the primary sequence (Full
spectra in Supplementary Data S5); (c) Section of the 1H-15 N HSQC spectrum showing the backbone amide region and resonances that shift significantly upon
phosphorylation of either Ser21, Ser25, or both (black arrows) and chemical shift perturbations (CSPs, Δδ) of the amide resonances; (d) TALOS-N[43] predictions
of probability of helix (pH) for each of the four variants. Terminal residues are by default given a probability of 0.33. (e) Section of the NBD (residues 18–27)
shown as a line structure and indicating resonances in the 1H-15N HSQC spectrum that shift to a small (faint ovals) or large (bold ovals) extent upon
phosphorylation of either Ser21, Ser25, or both.
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modelled as a ternary complex with H2A–H2B, so that the intra-
and intermolecular interactions between all residues in the
complex are modeled simultaneously. As shown in Figure 6b–e,
all four variants were predicted to interact with the face of the
H2A� H2B dimer that forms the acidic patch, although this gives
no information about affinities. None of the HMGN1 NBD
variants caused a significant alteration of the H2A/H2B histone
core fold. In all variants, the arginine residues Arg19, Arg20 and
Arg23 orient towards the acidic patch. In the unmodified variant
HMGN1_NBD_unmod, Ser21 faces towards the acidic patch
face of the nucleosome and could potentially form hydrogen
bond interactions with Glu60 (Figure 6b inset), in addition to
salt bridges formed between the arginine residues and the
acidic patch. In previous modelling and mutational experiments
on HMGN2, only the side chains of Arg22 (Arg19 in HMGN1)
and Arg26 (Arg23 in HMGN1) were involved in interactions with
the nucleosome, while Arg23 (Arg20 in HMGN1) faces towards
the solvent.[28,29]

The key hydrogen-bonding interactions between the NBD
and nucleosome are disrupted upon phosphorylation (Fig-
ure 6c–e). In the phosphorylated variants HMGN1_NBD_pS21,
HMGN1_NBD_S25 and HMGN1_NBD_pS21pS25, the partial
helical conformation of residues 19–25 is also disrupted in
many models (Supplementary Data S2), presumably because
the negatively-charged phosphoserines orient away from the
negatively-charged acidic patch. Interestingly, all of the phos-
phorylated variants interact with the H2A-H2B dimer in the
opposite orientation (N!C, left to right in Figure 6c to e) to
that of the unmodified variant (C!N, left to right in Figure 6b),
which would prevent a functional interaction of the C-terminal
CHUD with the DNA at the entry/exit point or with the histone
H1 binding site. These results overall agree with the literature in
that phosphorylation of the NBD disrupts and causes a decrease
in binding to the nucleosome, however the partial helical
conformation of HMGN1 predicted makes the structures more
compact than the random coil extended structures generated
based on NMR and XL–MS data.[28,29]

Figure 6. Top-ranked AlphaFold331 models of histones H2A (yellow) and H2B (red), forming the histone core fold and the acidic patch, shown in cartoon
representation. (a) The histone tails are removed for clarity and the acidic patch residues are labelled and shown in stick representation and coloured by atom
type. (b–e) Models of the H2A/H2B dimer with each of the HMGN1 NBD variants with residues 19–25 shown in stick representation and coloured by atom
type. Orientations of the HMGN1 NBD peptides are marked by N (N-terminal) and C (C-terminal) and phosphorylated serines are labelled. The inset to panel
(b) shows the interactions of unmodified HMGN1 NBD with the acidic patch residues, with potential hydrogen bonding and salt bridge interaction distances
marked by dashed lines and distances.
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Conclusions

The synthesis of all four variants of the HMGN1 NBD site-
specifically modified by serine phosphorylation enables us to
precisely study the effects of phosphorylation on the conforma-
tion and potential interactions of this IDR. Taken together, our
results show that phosphorylation increases the disorder and
decreases the helicity of the NBD. Although phosphorylation
does not induce any overall conformational change in the NBD,
local conformational changes are seen in the neighbouring
residues, as shown by the NOE interactions and chemical shift
perturbations. These small and local changes might never-
theless influence the conformational populations sampled by
the HMGN1 NBD, and the energy barriers between conforma-
tions, thereby destabilising the partial helix. Models of the
HMGN1 NBD with the nucleosome acidic patch suggests that
electrostatic repulsion between the phosphate group(s) and the
acidic patch is the main driving force for the lack of nucleosome
binding of the phosphorylated variants, as intrinsic conforma-
tional changes seem insufficient to cause a lack of binding.
Further studies underway in our group will investigate the
effects of phosphorylation on the other domains of HMGN1,
and the effects of PTMs and combinations of PTMs on
nucleosome interactions in binding studies.

In addition to insights into HMGN conformation and
interactions, our results increase the examples and under-
standing of how models of protein segments (with PTMs)
correlate with experimental structural biology data and with
newly available models of protein-protein interactions. For this
case, we see that the helicity predicted in the models of the
HMGN1 NBD is reflected in the experimental data, but to a
much smaller extent – as only slight changes in the CD spectra,
secondary Cα chemical shifts and helical probability. Using the
standard visual representation of cartoon helices, sheets and
coils used by modelling approaches and visualisation software,
it is difficult to portray conformational ensembles and partial
conformations.[11] In contrast, the experimental data give us a
more nuanced view of the extent of structural features, but the
changes are small for IDRs compared to proteins with defined
structures. As AlphaFold and other modelling approaches are
trained on larger, structured proteins in the structural data-
bases, our results here suggest that they over-predict the
helicity of IDRs, especially of small protein segments. Models of
IDRs therefore need to be interpreted with caution, and further
studies comparing predicted models of IDRs with experimental
data are needed. The data presented here demonstrate some of
the structural tools and parameters that can be used to
determine partial conformations and conformational changes,
but also highlight the ongoing need for sensitive experimental
methods to study the conformational populations of IDRs and
their changes upon posttranslational modification, as well as
the need for better ways to represent these conformational
nuances visually.

Materials and Methods

Solid Phase Peptide Synthesis

HMGN1 NBD variants HMGN1_NBD_unmod, HMGN1_NBD_
pS21, HMGN1_NBD_pS25, and HMGN1_NBD_pS21pS25 were
synthesised by a combination of automated and manual 9-
fluorenylmethoxycarbonyl (Fmoc) based solid phase peptide
synthesis (SPPS) on Rink amide resin (loading: 0.57 mmol/g) at
0.033 mmol scale. Residues 22–42 were synthesised at 0.1 mmol
scale on a Gyros Chorus automated peptide synthesizer using
5 eq. of amino acid, 5 eq. of diisopropylcarbodiimide (DIC) and
10 eq. of OxymaPure with coupling at 90 °C for 4 min and
double couplings for Lys, Val, residues after Pro, and after 20
amino acids. Fmoc deprotection was carried out with 20%
piperidine in dimethylformamide (DMF, 2×1 min at 90 °C). After
residue 22, the resin was washed, dried and split. Each of the
variants was continued manually at 0.033 mmol scale in 10 mL
syringes equipped with a polypropylene frit. Residues were
double-coupled at 2.5 eq. for 40 min at room temperature,
using [benzotriazol-1-yloxy(dimethylamino)methylidene]-dime-
thylazanium hexafluorophosphate (HBTU, 2.4 eq., 0.5 M in DMF)
as activator and diisopropylethylamine (DIPEA, 5 eq.) as base.
Phosphoserine residues were introduced via Fmoc-Ser(PO-
(OBzl)OH)-OH (Fluorochem) and coupled overnight. Fmoc
deprotection was carried out with 20% piperidine in DMF
2×5 min at room temperature. After Fmoc deprotection, the N-
terminal residue was acetylated using acetic anhydride/DIPEA/
DMF 1 :2 :17 for 2×5 min. Progress of the synthesis was
monitored by small-scale test cleavages and analysed by LC–
MS. Peptide resins were then washed with DCM and dried
under vacuum before cleavage with trifluoroacetic acid (TFA)/
triisopropylsilane(TIPS)/H2O 95 :2.5 : 2.5 for 3 h, followed by
precipitation with diethylether and extraction into water, then
lyophilisation.

Crude peptides were dissolved in water, filtered and purified
using RP-HPLC on a preparative scale C18 column (Phenomen-
ex) on a Waters Autopurify system using a 2.5%/min gradient
of acetonitrile (ACN) in water with 0.1% formic acid and a flow
rate of 30 mL/min. Fractions were analysed by electrospray
ionization mass spectrometry (ESI-MS) and analytical RP-HPLC. If
necessary, peptides were repurified on a Knauer HPLC system
using a semi-preparative C18 column (Phenomenex) using a
2%/min gradient of ACN in water with 0.05% TFA and a flow
rate of 10 mL/min. The cleanest fractions were combined and
8–12 mg of each variant was obtained. The purified peptides
were dissolved in 0.1 M HCl and lyophilised twice to exchange
TFA salts for HCl salts, and divided into several aliquots.

CD Spectroscopy

Peptide stock solutions in water were quantified using a
Nanodrop instrument and their UV absorbance at 214 nm, using
an extinction coefficient of 82 534 mol� 1 cm� 1, calculated from
the absorbance of the amide bonds.[47] Stocks were then
normalised to give equal intensity peaks at 214 nm in analytical
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HPLC spectra. Circular dichroism spectroscopy was performed
in 20 mM H2KO4P buffer, pH 6.5, with 0.01% NaN3 at a protein
concentration of 20 μM using a JASCO J-815/150S spectropo-
larimeter at 20 °C and a path length of 2 mm. Scans were
recorded in the range 190 to 260 nm with 1 nm resolution and
a scan rate of 50 nm/min and the spectra are the average of
five scans after signal correction via subtraction of the spectrum
of the relevant buffer.

CD spectra of the peptides in increasing concentrations of
trifluoroethanol (TFE) were acquired by diluting a 10-fold stock
of the peptide with the relevant amounts of 10×buffer, TFE and
water to make nine samples of each variant corresponding to
TFE concentrations of 0, 10, 20, 30, 40, 50, 60, 70 and 80% TFE.
Spectra with the corresponding TFE concentration were
subtracted from each of the respective peptide spectra.

NMR Data Acquisition, Assignment and Analysis

Peptide samples (2 mg) were prepared in 20 mM potassium
phosphate buffer, pH 6.5, with 10% D2O, 10 μM DSS, and 0.01%
NaN3. NMR data were acquired on a Bruker Avance III 600 MHz
spectrometer with liquid-N2 cooled cryoprobe or a NEO
900 MHz spectrometer with TCI cryoprobe at the Utrecht NMR
Centre with samples at 298 K. For each sample, 1H, 1H-1H TOCSY
(isotropic mixing time 60 ms), 1H-1H NOESY (mixing time
200 ms), 1H-13C HMQC and 1H-15N HSQC spectra were acquired.
Spectra were processed in TopSpin 4.1.4, including phasing,
baseline correction and calibration on the DSS signal (1H at
0 ppm). 13C and 15N dimensions were calibrated indirectly from
the 1H dimension, according to IUPAC recommendations using
a ratio of 0.251449530 for 13C and 0.101329118 for 15N.[48,49]

Assignment of the spectra was carried out in CCPN v3.2.1,[50]

using the sequential assignment method and secondary
chemical shifts were calculated by subtracting the random coil
chemical shifts of the respective amino acid from the observed
chemical shift.[51] Random coil chemical shifts of phosphorylated
serine were used for residues pS21 and pS25, for the modified
variants.[41]

Chemical shift perturbation (CSP) values for NH chemical
shifts were calculated using the formula:[52]

Dd ppmð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðwN � DdNÞ2 þ ðwH � DdHÞ2

2

r

where the weighting values are wN=0.158 and wH=1, and
ΔδN and ΔδH indicate the difference in chemical shift (ppm)
between HMGN1_NBD_unmod and the various phosphorylated
variants.

AlphaFold3 Models

The AlphaFold331 server was used to predict the structures of
the four HMGN1 NBD variants (HMGN1 residues 13–42), using
the default settings. The five models predicted were fitted by
matching atoms in Pymol[53] 2.5.2 to the top ranked prediction

(model 0) for visualization. For models of the nucleosome acidic
patch, canonical histone H2 A (Uniprot: P84051) and H2B
(Uniprot: P02283) sequences from Drosophilia melanogaster
(Dm.), as used to map the electrostatic potential of the acidic
patch,[46] were modelled as a complex, first alone, and then with
each of the four HMGN1 NBD variants. In the latter case, the
sequences of all three proteins (H2 A, H2B and the relevant
HMGN1 variant) were submitted as input so that inter- and
intramolecular interactions within the complex were modelled
simultaneously. The five predicted models were fitted to the
top ranked prediction (model 0) and the histone tails were
removed for visualization in Pymol.

Supporting Information Summary

Supporting information is included, showing the sequences of
HMGN1–5, number of helical residues in the AlphaFold3 model
structures, TALOS-N data, 1H and 13C NMR spectra, NMR
chemical shifts, predicted 3JHNHA coupling constants, and TFE
titration curves.
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