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Abstract: The HMGBI protein typically serves as a DNA chaperone that assists DNA-repair
enzymes and transcription factors but can translocate from the nucleus to the cytoplasm and even
to extracellular space upon some cellular stimuli. One of the factors that triggers the translocation
of HMGBI is its phosphorylation near a nuclear localization sequence by protein kinase C (PKC),
though the exact modification sites on HMGBI1 remain ambiguous. In this study, using
spectroscopic methods we investigated the HMGBI1 phosphorylation and its impact on the
molecular properties of the HMGB1 protein. Our nuclear magnetic resonance (NMR) data on the
full-length HMGBI1 protein showed that PKC specifically phosphorylates the A-box domain, one
of the DNA binding domains of HMGBI1. Phosphorylation of S46 and S53 was particularly
efficient. Over a longer reaction time, PKC phosphorylated some additional residues within the
HMGBI1 A-box domain. Our fluorescence-based binding assays showed that the phosphorylation
significantly reduces the binding affinity of HMGB1 for DNA. Based on the crystal structures of
HMGBI1-DNA complexes, this effect can be ascribed to electrostatic repulsion between the
negatively charged phosphate groups at the S46 side chain and DNA backbone. Our data also
showed that the phosphorylation destabilizes the folding of the A-box domain. Thus,
phosphorylation by PKC weakens the DNA-binding affinity and folding stability of HMGBI.



The HMGBI protein is a multi-functional DNA-binding protein with two HMG-box domains
referred to as A-box and B-box.! HMGBI typically functions as a DNA chaperone that assists
transcription factors, DNA repair/recombination enzymes, chromatin remodeling factors through
binding to distorted non-B-form DNA structures in the nuclei.”? Upon particular cellular stimuli
(e.g., by interleukin-1p or lipopolysaccharide), HMGB1 molecules translocate to the cytoplasm
and are even released via secretory lysosomes to extracellular space for signaling to induce innate
immune response of other cells.*# Lys acetylation and Ser phosphorylation trigger the
translocation of HMGB1.’ Protein kinase C (PKC) enzymes, including PKCa, can phosphorylate
HMGBI and were proposed to play a role in translocation of HMGBI from the cell nuclei.b”

Other aspects of the HMGBI1 phosphorylation by PKC have not been well characterized.
Although Oh et al. showed that PKC phosphorylates Ser residues of HMGB1 within or near the
nuclear localization sequences (NLS), they used Ser-to-Ala mutations for multiple residues (S35,
S39, S42, S46, S53, and S181) simultaneously and did not provide residue-specific information.’
A later study proposed the significance of the HMGBI residues S39, S53, and S181 as the PKC
phosphorylation sites,” whereas another study suggested the importance of S46.% Although these
data are qualitatively consistent with the predicted PKC sites (Figure 1A),’ the phosphorylation
sites and their modification efficiency remain to be determined more definitively. Regarding the
impact of phosphorylation by PKC, an increase in DNA-binding affinity was reported for the rat
HMGBI protein,’’ whereas an opposite result was reported for an insect HMGB1 homologue.”
Under the current situation with seemingly inconsistent information, more quantitative
investigations are desired to understand how PKC affects HMGB1’s molecular properties.

In this study, using nuclear magnetic resonance (NMR) spectroscopy, we investigated HMGB1

phosphorylation by PKCa and its impact on the molecular properties of human HMGB1. NMR is



useful to study protein phosphorylation at an atomic level.”/¥ Combining NMR and other
biophysical techniques, we characterized the impact of phosphorylation on its DNA-binding

affinity and stability of HMGBI.
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Figure 1. PKCo-induced phosphorylation of the full-length HMGBI1 protein occurs in the A-box domain. (A) Human
HMGBI1 amino-acid sequence (GenBank CAG33144.1). All Ser/Thr residues are underlined, among which the PKC
phosphorylation sites predicted by the NetPhos 3.1 server (https://services.healthtech.dtu.dk/services/NetPhos-3.1/)"¢
are indicated in green (a score > 0.5). (B) Overlaid 'H-'>N TROSY spectra recorded for the unmodified and
phosphorylated HMGB1 protein. The latter was recorded after 12 hours of the phosphorylation reaction using 1.6
pg/ml PKCa and 2 mM ATP together with PKC lipid activator. Signals from the Ser/Thr residues of the unmodified
HMGBI1 protein, which were assigned in our previous study,?’ are annotated. NMR signals from the S35 and S39 NH
groups were unanalyzable due to line broadening. More spectra recorded at different time points are shown in Figure
S1 in the SI. (C) Time courses of signal intensities for the NMR signals from the Ser and Thr residues of the
unmodified HMGB1 protein. The solid lines represent the best curves obtained with a mono-exponential decay
function. Values are normalized with 7,/I,, where I, and I, represent the original signal intensity and the intensity for
the reaction mixture, respectively. (D) Apparent decay rates for the signals from unmodified HMGBI1.

By NMR, we monitored the reaction of HMGB1 phosphorylation by PKC. Series of 'H-'SN
transverse relaxation optimized spectroscopy (TROSY)?! spectra were recorded for '*N-labeled
full-length HMGB1 immediately after mixing with PKCa, ATP, and activator lipids in a pH 7.4
buffer containing 100 mM NaCl. Figure 1B shows an overlay of the initial spectrum and the
spectrum after 12 hours of the phosphorylation reaction. While some signals of the unmodified
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protein became weaker, new signals from the phosphorylated HMGB1 protein gradually appeared.
Some of the new signals were in the spectral region characteristic for phosphorylated Ser/Thr
residues ("H, 8.7 — 9.1 ppm; SN, 116-121 ppm)?’. However, the new signals were difficult to
assign because there were many species due to multiple sites becoming phosphorylated at different
rates. Therefore, we focused on analyzing decays of the signals from the unmodified HMGB1
protein in the reaction time course.

The time courses of the signal intensities for the unmodified Ser/Thr residues in HMGBI1 are
shown in Figure 1C. The signals from unmodified S46 and S53 (and some residues near these
residues) rapidly became weaker and disappeared while the signals from other Ser/Thr residues
remained strong. Rapid decays in signal intensities were found only for residues in the A-box
domain, but not for those outside the A-box domain. Figure 1D shows the signal decay rates for
the Ser/Thr NH groups of the unmodified HMGB1 protein. These rates do not necessarily represent
the phosphorylation rates because phosphorylation of nearby residues can also cause the decay
indirectly. For instance, while the signal from T51 rapidly decayed, a new peak appeared nearby
the original signal (Figure 1B). Phosphorylation usually causes a larger change in 'H chemical
shifts.?? Considering it along with the virtually identical decay rates for T51 and S53, it is likely
that the new peak appearing nearby the original T51 signal is due to phosphorylation of S53,
though we cannot completely rule out the possibility that only small perturbation occurs for the
phosphorylated T51 amide group due to the lack of a hydrogen bond with phosphate. Nonetheless,
the rapid decay rates for S46 and S53 represent efficient phosphorylation of these residues.

Judging from prior studies on the intra-molecular interactions involving the C-terminal acidic
tail,’*?3-?¢ the low efficiency in phosphorylation for residues outside A-box may be partly due to

the tail. For example, the low phosphorylation efficiency of S181, which is predicted to be a PKC



site, may be due to strong interactions between the surrounding basic residues (K180, K182, K183,
K184, and K185) and the acidic tail. In this regard, interactions with other molecules (e.g., histone

H1) that can displace the C-terminal tail of HMGB1 may affect the phosphorylation efficiency.
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Figure 2. Impact of phosphorylation on the DNA-binding affinity of HMGB1. (A) Locations of S46 and S53 in the
crystal structure of a complex of the HMGB1 A-box domain with cisplatin-modified DNA (PDB 1CKT)”. (B, C)
Binding isotherm data for FAM-labeled 20-bp DNA in which a GG step is modified with cisplatin’’ (Panel B, the full-
length HMGBI1 protein; Panel C, the A-box domain). The experiments were conducted using a buffer of 10 mM
potassium phosphate (pH 7.5), 100 mM KCI, and 1 mM DTT.

In Figure 2A, the efficient phosphorylation sites, S46 and S53, are indicated in the crystal
structure of the HMGB1 A-box domain bound to cisplatin-modified DNA (PDB 1CKT)?’. Because
the distance from the S46 O, atom to the closest phosphate group is only 3.3 A, it appears that

electrostatic repulsion between the phosphoserine and DNA phosphate would make the DNA -
binding affinity of HMGB1 weaker. However, Ugrinova et al. reported that HMGBI
phosphorylated by PKC increased the binding affinity by an order of magnitude.’’ Perplexed by
their data, we decided to assess the impact of PKC-induced phosphorylation on the binding affinity

of HMGBI for cisplatin-modified DNA in our laboratory.



HMGBI is known to bind strongly to non-B-form DNA such as G-quadruplex,??%2? four-way
junction,’?3! and cisplatin-modified DNA?7%?. Through fluorescence-based titration assays used
in our previous study on HMGB1,%’ we examined the impact of PKC-induced phosphorylation on
the DNA-binding affinities (Figure 2B). Unlike the data of Ugrinova et al.,’’ our data clearly show
that PKC-induced phosphorylation weakens the binding affinity of HMGBI for cisplatin-modified
DNA. The dissociation constants K4 for the complexes with cisplatin-modified DNA were 9 (£ 1)
nM for the unmodified full-length HMGBI protein and 182 (= 12) nM for the phosphorylated
protein. The change in binding free energy AAG upon S46/S54 phosphorylation is calculated to be
+1.8 (£ 0.1) kcal/mol. For a further test, we also conducted the same experiments for a partial
construct (HMGBI1 residue 1-84) that contains only the A-box domain (Figure 2C). The
dissociation constants Kqs were 0.33 (£ 0.03) uM for the unmodified A-box domain and 3.6 (= 0.5)
uM for the phosphorylated A-box domain. The change in binding free energy upon
phosphorylation (AAG) was +1.6 (£ 0.1) kcal/mol. Although the Ka values are different between
the isolated A-box domain and the full-length HMGBI protein, the AAG values for them were
close, which is reasonable because the phosphorylation of the full-length HMGBI1 protein occurs
in the A-box domain. The positive AAG represents an energetic penalty, which can stem from the
vicinity of the negatively charged phosphoserine and DNA phosphate at the molecular interface.

When we monitored the PKCoa-catalyzed phosphorylation reactions for the isolated A-box
domain by NMR, many broad signals due to additional phosphorylation were observed after
completion of S46/S56 phosphorylation (Figure 3A; see also Figure S2). The large number of
additional broad signals in a narrow chemical shift range made us speculate that
hyperphosphorylation may enhance unfolding of the A-box domain. To investigate this

possibility, we conducted circular dichroism (CD) experiments for the unmodified,



phosphorylated, and hyperphosphorylated states of the A-box domain (Figure 3B). The CD
spectra suggested that the a-helical content of the hyperphosphorylated state is significantly lower.
The thermal denaturation data recorded by monitoring CD at 222 nm showed that
hyperphosphorylation causes a significant decrease in the melting temperature of the A-box
domain. These data show that phosphorylation destabilizes the A-box domain and enhances its
unfolding. This effect of hyperphosphorylation may be relevant to HMGBI in vivo because the
UniProt database indicates 7 phosphorylation sites that were experimentally identified within A-

box. We should also note that enhancement of the unfolded state through phosphorylation has also

been observed for some other proteins.’3/#
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Figure 3. Hyperphosphorylation destabilizes the A-box domain. (A) Zoomed 'H-'>N HSQC spectra recorded for the
A-box domain. The full HSQC and *'P NMR spectra are shown in Figure S2 in the SI. (B) Circular dichroism spectra
and thermal denaturation data for the unmodified, phosphorylated, and the hyperphosphorylated A-box domain
samples. The protein concentration in the CD experiments was 10 uM for each.

In conclusion, our study has provided spectroscopic information about HMGB1 phosphorylation
by PKCa. This kinase phosphorylates the HMGBI1 residues S46 and S53 efficiently and other

residues in the A-box domain more slowly, while the B-box domain remains unphosphorylated.



Compared to the unmodified state, the phosphorylated HMGBI1 protein exhibits weaker DNA-
binding affinity, presumably due to electrostatic repulsion between DNA phosphate and
phosphorylated S46 at the protein-DNA interface. Hyperphosphorylation of the A-box domain

significantly destabilizes its folding.
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SUPPORTING INFORMATION

Phosphorylation by the protein kinase C weakens

DNA-binding affinity and folding stability of the HMGBI1 protein
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1. Materials and Methods

Proteins

The 'N-labeled human HMGBI protein expressed in Escherichia coli strain BL21 (DE3)
was purified as described by Wang et al.! The '’N-labeled A-box domain of the HMGBI1 protein
was prepared as described by Sahu et al.> Recombinant Protein kinase Co. was purchased from
Sigma-Aldrich (cat no. 14-484). 5.0 mM DTT was used to maintain the reduced (i.e., thiol) state

of the HMGBI cysteine residues.
Phosphorylation reactions

Full-length HMGBI1 or A-box protein was dissolved in 400 uL buffer containing 10 mM
potassium phosphate (pH 7.4), 100 mM NaCl, 5 mM DTT and 10 mM MgCl.. The protein solution
was mixed with a 100 pL solution of PKC lipid activator (Sigma-Aldrich; cat no. 20-133A)
containing 0.5mg/ml phosphatidylserine and 0.05mg/ml diacylglycerol in 20mM MOPS (pH 7.2),
25mM B-glycerol phosphate, ImM sodium orthovanadate,1mM dithiothreitol and 1mM CaCl..

The phosphorylation reaction was started by adding a 4 pL solution of PKCa and 2 mM ATP.
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NMR-based monitoring of phosphorylation

NMR experiments were conducted using a Bruker Avance III spectrometer operated at a
'H frequency of 750 MHz. To monitor phosphorylation by PKC, series of '"H-'>N TROSY spectra
were recorded at 25°C immediately after adding the PKC enzyme and ATP to a solution of 100
uM 'N-labeled full-length HMGB1 or 250 uM '"N-labeled A-box. A cryogenic TCI probe was
used to record these spectra. The NMR spectra were processed with NMR-Pipe? and analyzed with
NMRFAM-SPARKY* and NMR-View’, based on our previous NMR chemical shift assignment

data.!?
Chromatographic isolation of phosphorylated A-box

A phosphorylation reaction mixture of A-box was diluted at least 5-fold with a buffer of 50
mM Tris-HCI (pH 7.5), and 1 mM EDTA. Using a Cytiva AKTA Pure system, the solution was
loaded onto a Source-S cation-exchange column (10 ml) equilibrated with a buffer of 50 mM Tris-
HCI (pH 7.5), and 1 mM EDTA. After the column was washed at 0 mM NaCl, the proteins were
eluted with a gradient of 0 — 600 mM NaCl in the same buffer. A reaction mixture at the reaction
time of 6 hours was used to isolate the A-box proteins phosphorylated at the major phosphorylation
sites. Another reaction mixture at 3 days was used to isolate the hyperphosphorylated A-box
protein. The phosphorylation was confirmed through 1D 3'P NMR experiments using the Bruker

Avance III 750-MHz spectrometer with a broadband DiffBB probe.
Fluorescence-based measurements of DNA-binding affinity

FAM-labeled cisplatin-modified 20bp DNA was prepared as described by Wang et al.'
Binding affinity of phosphorylated full-length HMGBI1 or A-box was measured using FAM

fluorescence anisotropy. Protein titration was conducted in a buffer of 10mM potassium phosphate

S2



(pH 7.5), 100 mM KCl and 1mM DTT with 1 nM FAM-labeled cisplatin-modified DNA. The
dissociation constant Ks was determined from the anisotropy data using MATLAB (MathWorks,

Inc), as previously described.!
Circular dichroism experiments

Circular dichroism (CD) experiments were conducted using a Jasco J-815 CD spectrometer.
CD wavelength scans were performed at 10 °C from 200 to 250 nm. Thermal denaturation
experiments were then carried out at 222 nm at temperatures from 10 to 90 °C, at a scan rate of 1
°C/min. All measurements were made using a | mm quartz cuvette filled with 500 uL of each

sample. Measured samples were 0.1 mg/ml proteins in 40 mM potassium phosphate (pH 7.4), 100
mM KCI, and 2 mM DTT. The melting temperatures (7») were determined through fitting with

Sigma Plot.
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Figure S1. Series of 'H-'>N TROSY spectra recorded for the reaction mixture of the full-length
SN HMGBI1 protein being phosphorylated by PKCo.. These spectra were used for the data shown
in Figure 1.
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Figure S2. Additional NMR data on phosphorylation of the '>N-labeled HMGB1 A-box domain.
(A, B, C) Full-range of 'H-'>"N HSQC spectra recorded for the unmodified (A), phosphorylated
(B), and hyperphosphorylated (C) A-box domains. The spectra in Figure 3A are the same as these
but are zoomed to show the broad line-shapes of signals from the hyperphosphorylated A-box
domain more clearly. (D, E) *'P NMR spectra recorded for the phosphorylated (D) and

N (ppm)

hyperphosphorylated (E) states of the A-box domain.
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