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ABSTRACT: The high mobility group box 1 (HMGBI1), which is Hepatocyte Cell Model Secreted HMGB1 Proteoforms
released during acute acetaminophen (APAP) overdose, is thought to
mediate a subsequent immune response, particularly hepatic e —
infiltration of macrophages. The redox behavior of HMGB1 and the

proteoforms of HMGB1 present in oxidative environments has been

the subject of a number of confusing and contradictory studies. ToxicDoseof | s /©/ -
Therefore, a stable isotope dilution two-dimensional nanoultrahigh- ~Acetaminophen )k
performance liquid chromatography parallel reaction monitoring/high-

resolution mass spectrometry method was developed in order to

characterize and quantify oxidative modifications to the cysteine (Cys)

residues (Cys-23, Cys-45, and Cys-106) that are present in HMGBI. -
Disulfide linkages were determined using carbamidoethyl derivatiza-

tion before and after reduction as well as by direct analysis of disulfide

cross-linked peptides. A stable isotope labeled form of HMGB1 was

used as an internal standard to correct for sample to sample differences in immunoaffinity precipitation, derivatization, and
electrospray ionization. Four discrete HMGB1 proteoforms were found to be released from a hepatocarcinoma cell model of APAP
overdose after 24 h. Fully reduced HMGB1 with all three Cys-residues in their free thiol state accounted for 18% of the secreted
HMGBI. The proteoform with disulfide between Cys-23 and Cys-45 accounted for 24% of the HMGB1. No evidence was obtained
for a disulfide cross-link between Cys-106 and the other two Cys-residues. However, 45% of the HMGBI formed a cross-link with
unidentified intracellular proteins via an intermolecular disulfide bond, and 12% was present as the terminally oxidized cysteic acid.
Surprisingly, there was no evidence for the formation of HMGBI1 disulfides with GSH or other low molecular weight thiols. Secreted
plasma HMGB1 Cys-23/Cys45 disulfide proteoform together with the Cys-106/protein disulfide proteoforms could potentially
serve as early biomarkers of hepatoxicity after APAP overdose as well as biomarkers of drug-induced liver injury.
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B INTRODUCTION Scheme 1. Amino Acid Sequence of HMGB1 Showing the 3
Cys-Residues at 23, 45, and 106 (in brown), the 2 NLS

High mobility group box 1 (HMGBL), the most abundant Regions, and the Tail with 30 Acidic Amino Acids (in blue)

nonhistone protein in the nucleus, was first isolated as a

heparin binding protein (p30) with neurite outgrowth activity' 28 44
and its primary structure deduced from the nucleotide 10 20 30 NLS-1 40 50
sequence.” The 215 amino acid single-chain polypeptide is MGKGDPKKPR GKMSSYAFFV QTCREEHKKK HPDASVNFSE FSKKCSERWK
d of A-b d B-b binding d . 60 70 90 100
composed of A-box and B-box DNA-binding domains, an TMSAKEKGKF EDMAKADKAR YEREMKTYIP PKGETKKKFK DPNAPKRPPS
acidic C-terminal tail, and several redox-sensitive amino acids, 110 120 130 140 150
including three highly conserved Cys residues (Scheme 1). AFFLFCSEYR PKIKGEHPGL SIGDVAKKLG EMWNNTAADD KQPYEKKAAK
. . . . 160 170 NLS-2 190 200
H 1i multifunctional protein th A
MGBI is a multifunctional prote ! that acts as a DN LKEKYEKDIA AYRAKGKPDA AKKGVVKAEK SKKKKEEEED EEDEEDEEEE
chaperone as well as a damage-associated molecular pattern 210
with immune-stimulating effects.’ EDEEDEDEEE DDDDE e 36

HMGBI can be released in multiple contexts and bind to a
variety of extracellular receptors. Release of HMGB1 occurs
passively in necrotic cells,’ and it can be released during
regulated apoptosis of certain cell types.* Active secretion of Received: May 13, 2022
HMGBI from activated immune cells is possible, at least in Published: August 3, 2022
part through CD14-and TNF-dependent mechanisms.” The
immunological effects exerted by extracellular HMGBI1 are
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mediated through multiple receptors, including the receptor
for advanced glycation end products® as well as toll-like
receptors 2 and 47% In addition, HMGBI1 can recruit
inflammatory cells to damaged tissues by forming a complex
with chemokine receptors such as CXCL 12 and signaling via
CXCR4.” HMGBI binding to extracellular receptors can
induce a range of immunological effects including inflamma-
tion,> migration of maturing dendritic cells,"® and release of
cytokines like TNFa.'' The contribution of HMGBI to
pathological processes is evident from the decrease in lethality
of APAP overdose resulting from the administration of anti-
HMGBI antibodies’ or heparin.'”

It has been widely proposed that the HMGB1 oxidation
state and extracellular function are linked in a ternary
relationship through its three Cys-residues: Cys-23, Cys-4S,
and Cys-106 (Scheme 1). It was suggested that HMGB1 Cys
residues could be fully reduced, form a disulfide between Cys-
23 and Cys-45 with Cys-106 being reduced, or all three Cys-
residues could be terminally oxidized to cysteic acid residues."
These proteoforms with different oxidation states were
proposed to correspond to chemokine functionality and
cytokine functionality and inactivity, respectively. Sequential
release of each HMGBI1 oxidative proteoform from injured
cells as pathological oxidative stress progressed and therefore
corresponded with each stage of inflammation; specifically,
leukocyte recruitment, leukocyte activation, and eventual
resolution of inflammation (reviewed in Lu et al.).'* Much
of the literature supporting such a relationship has been
confused by retractions, temporary removal, or expressions of
concern, and there is a paucity of studies providing definitive
characterization of secreted oxidized HMGB1 proteo-
forms.'”>”>> The role of HMGB1 oxidation in many
pathological conditions is therefore unclear despite the
potential effects this might have on immune-stimulating
function. Drug-induced liver injury (DILI) is a form of liver
damage during which HMGBI1 is released into circulation
where it can alter the immunological response. Oxidized
proteoforms of HMGB1 have the potential to act as
biomarkers of DILI and facilitate the development of specific
therapeutics, further motivating clarification of the specific
oxidized proteoforms of HMGBI that are secreted.

APAP overdose results in a potentially fatal condition
involving acute oxidative stress in the liver. APAP toxicity is
one of the most common forms of DILI, resulting in over
30,000 hospitalizations and hundreds of deaths per year.”*
APAP is metabolized in hepatocytes primarily via sulfation and
glucuronidation, with a small fraction being metabolized into
the reactive metabolite N-acetyl-p-benzoquinoneimine
(NAPQI)* primarily by cytochrome P450 (CYP) 2E1.°° At
subtoxic doses, NAPQI is detoxified by glutathione (GSH),
either by conjugation or reduction back to APAP.” In
overdose situations where GSH is depleted, NAPQI is thought
to induce hepatocyte cell death via conjugation to intracellular
proteins, particularly mitochondrial proteins, leading to
reactive oxygen species (ROS) leakage from the electron
transport chain, mitochondrial dysfunction, and acute oxidative
stress.”’

Here, we report the characterization of HMGBI1 oxidation
states from an in vitro hepatocarcinoma cell model of APAP
overdose using stable isotope dilution two-dimensional
nanoultra-high- performance liquid chromatography parallel
reaction monitoring/high-resolution mass spectrometry (2D-
nano-UHPLC-PRM/HRMS). HepaRG cells, which have
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similar morphology, CYP2E1 expression, and APAP sensitivity
to primary human hepatocytes,”® were used as an in vitro
hepatic model. Covalent labeling of free Cys thiols with
acrylamide with or without preceding Cys reduction allowed
for differentiation between free thiols and disulfide Cys
residues in HMGB1. A ["*C'*N]-HMGBI internal standard,
prepared through stable isotope labeling by amino acids in cell
culture (SILAC), was used for normalization and quantifica-
tion. HMGB1 digestion with trypsin or Glu-C endoproteinases
yielded peptides containing all three HMGB1 Cys-residues,
allowing direct detection and quantification of carbamidoethyl
(CAE)-Cys derivatives, Cys-disulfides, and terminally oxidized
cysteic acid. Four distinct HMGBI1 proteoforms that were
secreted by high-dose APAP from the HepaRG hepatocytes
were characterized, and their relative amounts established.

B MATERIALS AND METHODS

Chemicals and Reagents. Reagents and solvents were LC/MS-
grade quality unless otherwise noted. Biosynth Carbosynth
(previously Vivitide) (Gardner, MA) provided peptides with the
sequences M[O]SSYAFFVQTC[O3H]RE, M[O]SSYAFFVQTCRE,
RPPSAFFLFCSEYRPK, and RPPSAFFLFC[O3H]SEYRPK (>95%).
Burdick and Jackson (Muskegon, MI) supplied LC/MS grade water
and acetonitrile. Cambridge Isotope Laboratories (Andover, MA)
supplied [®C4"°N,] Iysine, ["*C4"*N;] tyrosine, and [*Hg] acetic
anhydride. EMSCO/FISHER (Philadelphia, PA) supplied Pierce
Protein A/G magnetic agarose beads, formic acid, Dulbecco’s
phosphate buffered saline (DPBS), Gibco HepaRG cryopreserved
cells, Gibco HepaRG thaw, plate, and general-purpose medium
supplement, and Gibco Williams E medium with glutaMAX. Fisher
Scientific (Pittsburgh, PA) supplied ammonium hydroxide (Optima).
MilliporeSigma (Billerica, MA) supplied the anti-HMGBI1 rabbit
polyclonal antibody (pAb) against the C-terminal acidic tail of
HMGBI1 (H9539), APAP, GSH, acrylamide, ethylenediaminetetra-
acetic acid (EDTA)-free protease inhibitor cocktail, r-cysteine,
chloramine-T hydrate, triethanolamine, and ethanolamine. Novus
Biologicals (Centennial, CO) supplied polarity sensitive indicator of
viability (pSIVA) and propidium iodide (PI). Promega (Madison,
WI) supplied mass spectrometry grade trypsin endoproteinase.
Thermo Fisher Scientific (Waltham, MA) supplied tris(2-carbox-
yethyl)-phosphine (TCEP), endoproteinase Glu-C from Staph-
ylococcus aureus V8, Tris HCl pH 8 solution, and dimethyl
pimelimidate (DMP). Horseradish peroxidase (HRP) was supplied
by Santa Cruz Biotechnology, Dallas, TX). PerkinElmer (Waltham,
MA) supplied the Western Lightning Plus electrochemical lumines-
cence (ECL) reagent.

APAP Hepatocyte Overdose Cell Model. Differentiated
HepaRG cells were seeded at a density of 0.5 X 10° cells per well
in 24-well plates in Williams E medium with glutaMAX and 1X Gibco
HepaRG thaw, plate, and general-purpose medium supplement
added. Cells were cultured at 37 °C with 21% O, and 5% CO, for
8 days to allow full expression of cytochrome P450 enzymes,
according to manufacturer instructions (Biopredic International,
Rennes, France). Williams E medium containing 10 mM APAP was
added to cells for 24 h to model the toxic overdose of APAP. A 10
mM APAP concentration was chosen to model severe APAP toxicity
as, according to the Rumack—Matthew nomogram, hepatotoxicity
becomes likely in vivo starting at serum APAP concentrations of
approximately 3 mM at 4 h postoral ingestion.”’ Given maximal
APAP serum concentrations occurring 0.5—1.5 h after oral
administration and an elimination half-life of 2.6 h, maximal serum
concentrations of 10 mM APAP are biologically possible and
relevant.*® Media and released cell proteins were collected following
APAP exposure to high concentrations of APAP.

Expression and Purification of SILAC-Labeled HMGB1.
SILAC HMGBI internal standard was prepared and purified as
described previously.>' Briefly, the coding sequence of human
HMGB1 was cloned into a pRKS plasmid and linked to the
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glutathione S-transferase (GST) tag, and the plasmid was expanded in
Escherichia coli. Human kidney HEK293 cells (ATCC CRL-1573)
were transfected with GST-HMGB1 pRKS plasmid using lipofect-
amine 2000 transfection reagent (Invitrogen). Transfected HEK293
cells were cultured in DMEM/F12/SILAC medium containing 0.2
mM [BC,"N,] tyrosine and 0.5 mM [3C¢"®N,] lysine for at least
three passages. Transfected cells were harvested in NP-40 lysis buffer
containing protease inhibitor cocktail after 24 h transfection. Lysis via
sonication followed by centrifugation to remove cellular debris yielded
SILAC-HMGB-containing supernatant that was incubated with GSH
Sepharose beads at 4 °C overnight. Beads were washed, and SILAC-
HMGBI was released via TEV enzymatic cleavage overnight at 4 °C.

Western Blots and Cell Staining. HMGB1 was detected via an
HMGBI rabbit pAb (H9539) and antirabbit HRP. Western blots
were developed by use of ECL reagents. Necrosis-specific and
apoptosis-specific staining were done with pSIVA and PI dyes,
respectively, following washing of live cells with PBS and fixation of
cells with 5% formaldehyde.

HMGB1 Cys-CAE Derivatization. Media from APAP (10 mM,
24-h exposure) or control HepaRG cell samples was split into two
aliquots, and an identical amount of reduced SILAC HMGBI internal
standard (100 ng) was spiked into each. One aliquot for each sample
was reduced via addition of TCEP to a final concentration of 50 mM
and 30 min incubation at 37 °C. A concentrated solution of
acrylamide in Tris HCl, pH 8.0 was added to reduced and
nonreduced aliquots to yield a final concentration of 0.5 M acrylamide
and 30 mM Tris. After acrylamide addition, samples were incubated at
room temperature in the dark for 1 h. An equimolar Cys quench to
remove residual acrylamide was done following acrylamide derivatiza-
tion by incubation for 30 min at room temperature.

HMGB1 Immunoaffinity Precipitation. Protein A/G magnetic
beads were washed twice with DPBS and twice with buffer A (0.1 M
sodium phosphate, pH 7.4) before use. A total of 40 uL dispersed,
prewashed beads was incubated with 100 yL buffer A and 100 uL
Anti-HMGBI rabbit pAb for 2-h at 4 °C, followed by the addition of
400 uL buffer A and overnight incubation at 4 °C. Beads were then
washed twice with buffer A and twice with 1 mL of cross-linking
buffer (0.2 M triethanolamine, pH 8). Beads were suspended in 1 mL
of 25 mM DMP prepared in cross-linking buffer and incubated at
room temperature for 1 h. Beads were washed once with 1 mL of
blocking buffer (0.1 M ethanolamine, pH 8.2) and incubated at room
temperature for 30 min in 1 mL of blocking buffer. Blocking buffer
was then removed, and the beads were washed twice with PBS,
followed by a 10 min incubation in elution buffer (0.1 M glycine-HC],
pH 2.5) at room temperature and an additional two washes with PBS.
Beads were aliquoted into 10 clean protein LoBind tubes, and control
or APAP-overdosed cell media acrylamide labeled, as described
previously, was added for overnight incubation. HMGB1 was eluted
with 15 min vigorous shaking of beads in 100 uL elution buffer, which
was subsequently neutralized via addition of 50 uL 250 mM
NH,HCO;. Postelution, the beads were washed once with 10 mM
NH,HCO;, pH 6.0 with wash solution added to neutralization buffer
to collect any residual HMGBI still bound. The combined elute was
dried under N, for subsequent resuspension and digestion.

In Solution Lysine Acetylation and Enzymatic Digest.
Samples digested with Glu-C were first acetylated with [*Hy] acetic
anhydride (AA) as follows. Dried samples were resuspended in a
solution containing 50 uL of acetonitrile, 100 L of 100 mM
NH,HCO;, and S uL of AA pH adjusted to pH 8.0 via dropwise
addition of ammonium hydroxide. Samples were incubated at 37 °C
for 1 h. Glu-C samples were then adjusted to pH 4 via dropwise
addition of acetic acid, and 500 ng of Glu-C was added per sample.
Samples digested with trypsin were not acetylated and were directly
resuspended in 100 uL of 25 mM NH,HCO; containing 40 ng of
trypsin. Both digests were incubated overnight at 37 °C and dried
under N, the following day. Samples were stored dry at —80 °C until
LC/MS analysis, at which point they were resuspended in 30 uL
water/acetonitrile (99.5:0.5 v/v) containing 0.1% formic acid.

2D-Nano-UHPLC-PRM/HRMS. UHPLC-HRMS was conducted
on a Q Exactive HF hybrid quadrupole-Orbitrap mass spectrometer
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coupled to a Dionex Ultimate 3000 RSLC nano with capillary
flowmeter chromatographic system (Thermo Fisher Scientific, San
Jose, CA). A trapping column (Acclaim PepMap C,4 cartridge 1 mm
X § mm, 100 A, Thermo Scientific) and analytical column (C;3 AQ
nano-LC column with a 10 ym pulled tip 75 pm X 25 cm, 3 pm
particle size; Columntip, New Haven, CT) were used in the 2D
system for preconcentration and peptide separation, respectively. The
2D-nano-LC system was controlled by Xcalibur software from the Q-
Exactive mass spectrometer. Samples were loaded onto the trapping
column with an 8 uL injection and loading solvent of water/
acetonitrile (99.7:0.3 v/v) containing 0.2% formic acid. Peptides were
separated on the analytical column with a linear gradient at a flow rate
of 0.4 pL/min: 2% B at 2 min, 5% B at 15 min, 35% B at 40 min, 99%
B at 50—60 min, and 2% B at 58—75 min. Solvent A was water/
acetonitrile (99.5:0.5 v/v) containing 0.1% formic acid, and solvent B
was acetonitrile/water (98:2 v/v) containing 0.1% formic acid.
Nanospray Flex ion source (Thermo Scientific) was used for
ionization. Spectrometer analysis conditions were: spray voltage
2500 V, ion transfer capillary temperature 250 °C, ion polarity
positive, S-lens RF level 53, in-source collision-induced dissociation
(CID) 1.0 eV. The full-scan parameters were resolution 60,000,
automatic gain control (AGC) target 1 X 10, maximum IT 100 ms,
scan range m/z 300—1600. The PRM parameters were resolution
30,000, AGC target S X 10%, maximum IT 80 ms, loop count 15,
isolation window 1.5 Da, NCE 25. PRM transitions for peptides of
interest were scheduled as described in Tables S1—S3.

HMGB1 Cys Oxidation State Quantification. Relative percent
disulfide and thiol oxidation state at each HMGBI1 Cys residue was
calculated using the acrylamide labeled signal in TCEP reduced and
nonreduced samples. The four most intense transitions for each
acrylamide peptide were selected, and the peak area ratio of unlabeled
to SILAC- labeled peptide was calculated for each in Skyline
(MacCoss Laboratory, University of Washington, Seattle, WA). The
average area of the four transitions for each peptide in nonreduced
samples was calculated as the signal representing free thiol Cys
residues. The same calculation for TCEP-reduced samples was used
as the signal for free thiol and disulfide Cys. Subtraction of the two
yielded the signal for disulfide Cys residues, allowing relative
quantitation. Sulfonic acid oxidized Cys peptides were also quantified
with the peak area ratio of the four most intense transitions. Sulfonic
acid peptide signal intensity was adjusted for ionization efficiency
differences compared to acrylamide peptides by multiplying sulfonic
acid area ratios by a factor of 5.1. This was based on analysis of the
difference in peak area per mol synthetic acrylamide or sulfonic acid
peptide analyzed via 2D-Nano-UHPLC-PRM/HRMS (Table S4).
Relative quantitation of the three oxidation states was then performed
directly. Statistical analysis was performed with GraphPad Prism
(v9.3, GraphPad Software Inc., La Jolla, CA).

Direct Disulfide Connectivity Characterization. Recombinant
HMGBI was oxidized with 0.5 mM chloramine-T in the presence of
0.5 mM reduced GSH in 25 mM NHHCO,, pH 7.0 via a 1 h
incubation at 37 °C. Immunopurification as described previously
followed by elution, and overnight trypsin digestion with 60 ng of
trypsin at pH 7.0 and 37 °C was done to generate disulfide-linked
peptides for optimization of 2D-Nano-UHPLC-PRM/HRMS and
demonstration of peptide detectability. Disulfide-linked HMGBI1
peptides were detected in biological samples via immunoaffinity
precipitation (IP), as described previously, of 600 uL APAP-
overdosed (10 mM APAP 24-h exposure) HepaRG media followed
by digestion with 60 ng of trypsin for 18 h at pH 7.0 and 37 37 °C.

Total HMGB1 Quantification. Total HMGB1 was quantified as
described previously.>' Briefly, HMGB1 was immunopurified from
media with a constant amount of SILAC-HMGBI added prior to
purification. Eluent from immunopurification steps was further
purified via gel electrophoresis under reducing conditions and
Coomassie blue stained to allow for HMGBI bands to be cut out
of the gel. Following destaining, samples were acetylated with [*Hg]
acetic anhydride in-gel and digested with Glu-C overnight in-gel.
Peptides freed from the gel pieces with sonication following digestion
were analyzed via 2D-Nano-UHPLC-PRM/HRMS, as described
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previously, but with PRM for peptides E*HKKKHPDASVNFSE®,
KYGKFE®!, K'**KAAKLKE', and K'"*SKKKKE'* instead of the
Cys-containing peptides used in oxidation state quantitation. The
three most intense transitions were selected for each peptide, and the
peak area ratio of each unlabeled peptide to SILAC- labeled peptide
pair was calculated. Calibration curves (Supplementary Figure 1) were
used to calculate absolute amount of each peptide present, and the
average of the four was taken as the total amount of HMGBI present.

B RESULTS

HMGB1 Release Induced by High Concentrations of
APAP. HMGBI release had a dose-dependent relationship
with APAP concentration above the threshold of APAP
toxicity of S—10 mM in a hepatocarcinoma cell model (Figure
1A). High concentrations of APAP led to cell death primarily

(A) MW Acetaminophen (mM) 50 ng
koa 0,0 1.0 2.0 3.0 5.0 10.0 HmGB1
37_| —
25 w— 1

Figure 1. APAP induces dose-dependent HMGBI1 release via
necrosis, indicating passive HMGBI1 release. (A) HMGB1 Western
blot of HepaRG media following 24 h incubation with various
concentrations of APAP. (B) HepaRG cells exposed to 10 mM APAP
for 24 h stained with apoptosis-specific stain pSIVA and (C) necrosis
specific-stain PI. (D) HepaRG cells exposed to 100 yM of known
apoptosis-inducing agent doxorubicin stained with apoptosis-specific
stain pSIVA and (E) necrosis specific-stain PL

through oncotic necrosis rather than by apoptosis followed by
secondary necrosis. This indicated that HMGBI release at high
concentrations of APAP was through passive diffusion
following loss of membrane integrity, not by regulated
secretion (Figure 1b). After a 24 h exposure to 20 mM
APAP, most of the HMGB1 was secreted from hepatic cells
and released into the media at levels that were much greater
than those found with control cells or activated immune cells
(Figure 2A,B).

Cys-Redox State Quantification. Unbiased quantifica-
tion of thiol, disulfide, and terminally oxidized sulfonic acid
HMGB-Cys residues was done through differential reduction
followed by CAE derivatization of free thiols with acrylamide
(Figure 3). Covalent modification of free thiols with
acrylamide prevented artifactual oxidation during analysis.
Apart from a small amount of terminal oxidation of Cys-106 to
cysteic acid, no other HMGB1 Cys-oxidation states were
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detected, thus quantification was mainly limited to these three
Cys-oxidation states. TCEP reduction followed by CAE
derivatization made it possible to calculate the amount total-
Cys. Cys-disulfide was then determined from the difference
between free-Cys and total-Cys. The ionization efficiency of
terminally oxidized Cys-containing HMGB1 peptides was
approximately five times lower than the corresponding CAE-
modified peptides, allowing adjustment for those differences
when making quantitative comparisons (Supplementary Table
1). Peptides containing Cys-23 and Cys-106 were obtained via
trypsin digest, while a peptide containing Cys-45 was obtained
via Glu-C digest. The methionine residue within the Cys-23-
containing tryptic peptide was entirely oxidized to sulfoxide
with no evidence of sulfone formation. Oxidation of other
methionine residues was not investigated. Lysine residues in
Glu-C peptides were acetylated with [*Hg]-acetic anhydride to
improve chromatographic behavior. Typical chromatograms
for endogenous HMGB1 and SILAC standard Cys-containing
tryptic peptides are shown in Figure 4; typical mass spectra are
shown in Supplementary Figures 2—6. Relative HMGB1 redox
state quantitation showed that Cys-23 and Cys-45 had
matching oxidation states, Cys-23 was present as 82% Cys-
disulfide and 18% as free-Cys, while Cys-45 was 87% Cys-
disulfide and 13% free-Cys (Figure SA,B). Cys-106 was 46%
Cys-disulfide, 42% free-Cys, and 12% terminally oxidized to
cysteic acid (Figure SC).

Characterization of HMGB1 Cys-disulfides. Cys-disul-
fidle HMGBI1 peptides were characterized by conducting
protease digestion without TCEP reduction in order to
establish the disulfide connectivity. Recombinant HMGBI1
was oxidized with chloramine-T in the presence of 0.5 mM
GSH. Chloramine-T is known to induce protein disulfide
bonds via generation of hydroxyl radicals.””** The solution
was kept below pH 7.0 to avoid disulfide scrambling and
thiol—disulfide exchange commonly observed at higher pH
ranges.”* Chloramine T oxidation yielded the cross-linked Cys-
23 to Cys-45 disulfide tryptic peptide M-
(O)"*SSYAFFVQTC*(C*SER*)R*, the Cys-23 to GSH
disulfide peptide [M(O)"“SSYAFFVQTC*(CEG)R*'], and
the cross-linked Cys-106 to GSH disulfide tryptic peptide
[R”PPSAFFLFC'*(CEG)SEYRPK''?] (Figure 6), represen-
tative mass spectra for which are shown in Supplementary
Figures 7 and 8, respectively. Cross-linked disulfide peptides
between Cys-23 and Cys-106, Cys-45 and Cys-106, and Cys-
45 and GSH were not detected. The cross-linked Cys-23 to
Cys-45 disulfide tryptic peptide M-
(O)BSSYAFFVQTC?(C*SER*)R* was also observed in
the HMGB1 secreted from hepatocytes by high concentrations
of APAP (Figure 7). However, C-23 and C-106 glutathiony-
lated tryptic peptides characterized in the chloramine T
reaction with HMGB1 and GSH were not detected. HMGB1
tryptic peptides with metabolic modification of the C-106
glutathionylation or C-106 cystine were also not detected in
hepatocyte secretion samples. Dimerization of HMGBI1 via
Cys-106 intermolecular disulfides cannot be ruled out due to
difficulty in generating a detectable Cys-106 disulfide peptide,
but no evidence of dimerization was observed in nonreducing
Western blots of biological samples.

B DISCUSSION

HMGBI1 is passively released during acute pathological
conditions such as APAP overdose and has an important
role in the subsequent immune response.'” Despite the
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Figure 3. HMGBI purification and derivatization protocol. APAP-
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culture (SILAC) HMGBI1 internal standard. Differential TCEP
reduction was followed by acrylamide derivatization, HMGBI1 IP,
and HR-LC/MS analysis of trypsin and Glu-C peptides.

potential for specific HMGB1 proteoforms to serve as
pathology-specific biomarkers and their relevance for the
biological response to pathology, there is no consensus on
what HMGB1 proteoforms are secreted under different
conditions. The field is marred by contradictory and ill-
designed studies that have served to obfuscate the role of
HMGBI in many pathological conditions.”** There are three
main reasons for this untenable situation. First, most of the
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>1600 studies of circulating HMGB1 that were designed to
assess the role of HMGBI in various clinical conditions have
analyzed it in serum rather than plasma.*> HMGBI, which is
present in platelets"’s_37 and other white blood cells,**™* is
secreted during the clotting process when serum is prepared.
Therefore, studies of serum HMGB1 provide little insight into
whether HMGBI is involved in the particular disease state
being studied let alone what proteoforms are involved in that
disease. Second, it is often suggested that acetylation of lysine
residues on nuclear localization signal (NLS)1 and/or NLS2
(Scheme 1) on HMGBI is required before HMGBI can be
secreted.*’ ™" This suggestion is based on an incorrect
interpretation of matrix-assisted laser desorption mass spectra
in an early publication®® and on LC-MS data that were later
retracted.”® Using a novel technique involving deuteroacety-
lation of HMGBI1 lysine residues coupled with IP and
UHPLC-HRMS analysis, we definitively showed that lysine
residues on NLS1 or NLS2 are not acetylated when HMGB is
secreted into the serum.’’ Third, none of the studies on the
oxidation state of the thee Cys-HMGBI residues have used
rigorously validated methodology.”’ In addition, it has been
assumed that Cys-derivatization with reagents such as
iodoacetamide always go to 100% completion. This means
that when reduction of disulfide residues and a second
derivatization step is used (such as with N-ethyl maleimide) to
determine total Cys-levels, overestimates of disulfide content
are possible. In order to overcome these problems, we have
employed efficient HMGB1 Cys-derivation with acrylamide to
a CAE derivative in the presence of a stable isotope labeled
HMGBI internal standard followed by IP and UHPLC-HRMS
analysis. This provides the free Cys-concentrations. A second
experiment is then conducted using TCEP reduction of Cys-
disulfides in the presence of the same labeled internal standard
to give the total (free + disulfide) Cys-concentration. This has
made it possible to rigorously quantify at least four of the
discrete reduced and oxidized proteoforms that are secreted
following incubation of hepatocytes with concentrations of
APAP typical of those found in overdose situations (Figure 8).
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Terminal oxidation was not detected on Cys-23 or Cys-45 but accounted for 12% of Cys-106 residues.

In the first of four detected proteoforms, HMGB1 was found
to be fully reduced, with all three Cys-residues in the free thiol
form. In the three other proteoforms, HMGB1 was oxidized to
a disulfide between Cys-23 and Cys-4S5, with variation in
oxidation state at Cys-106. The preferential disulfide formation
between Cys-23 and Cys-4S was inferred based on identical
amounts of disulfide formation and structural proximity. This
was confirmed via direct characterization of a disulfide linked
Cys-23/Cys-45 peptide ([M-
(0)"*SSYAFFVQTC*(C*SER*)R**] isolated by trypsin
digestion of secreted HMGBI1 (Figure 7). The Cys-23/Cys-
45 disulfide bond potentially alters the structure of the A box
region of HMGBI1 (amino acids 1—79; Figure 1), which
contains both Cys-23 and Cys-45. The A box of HMGBI has
previously been implicated as the driver of HMGBI’s
chemokine effects, as it has been shown to induce migration
of immune cells at ten times lower concentrations than that of
the B box of HMGB1 (amino acids 89—63; Scheme 1).*
Oxidation and Cys-23 to Cys-45 disulfide distortion of the A
box region therefore may disrupt HMGBI’s chemokine
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signaling effects, resulting in a different immune response to
pathology involving acute oxidative stress. Terminal oxidation
to cysteic acid was previously proposed to occur at all three
Cys-residues in HMGBI released following APAP-overdose.”
Following acute oxidative stress, terminal oxidation was
thought to inactivate HMGB1 and help resolve the
inflammatory response. Terminal oxidation of HMGB1 was
observed to occur only at Cys-106 and in only 12% of
HMGBI, providing further evidence that previously proposed
models of HMGBI oxidation are incorrect.

A Cys-106 disulfide was unequivocally characterized;
however, no evidence of disulfide formation with Cys-23,
Cys-45, or GSH was obtained. It was very surprising given the
relatively high concentrations of GSH in the hepatocytes. We
cannot discount the possibility that one or more of the lysine
residues close to Cys-106 could have been acetylated, which
would have prevented the generation of a tryptic peptide
containing Cys-106. However, this seems very unlikely as we
were unable to detect any acetylated lysine residues when the
Cys-106-containing peptide was analyzed as a CAE derivative
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Figure 7. 2D-nano-UHPLC-PRM/MS chromatogram of Cys-23 to Cys-45 disulfide-linked HMGBI1 peptide from APAP overdose hepatocyte cell

model. Low disulfide peptide ionization efficiency relative to sample

matrix components results in some unassigned ions. The unassigned ions

eluted at slightly different retention times to the Cys-23 to Cys-45 disulfide-linked HMGBI1 peptide.

after Glu-C digestion. Some 45% of the Cys-106 was present as
a disulfide in the HMGBI secreted from hepatocytes by high
doses of APAP. Therefore, Cys-106 must have formed an
intermolecular disulfide bond with Cys-residues on other
intracellular proteins. This suggests that HMGB1 may form an
intermolecular disulfide through specific binding to an
unexpected partner or indiscriminately with a range of
proteins, challenging our ability to identify them. Metabolic
processing of HMGB1 intermolecular disulfides may addition-
ally produce unexpected modifications. The existence of other

proteoforms of HMGBI1 (such as NAPQI-adducts) that were
either not recovered by the immunopurification step and/or
not detected by LC-MS analysis cannot be ruled out.
Therefore, other proteoforms of HMGBI1 could have been
present. The formation of intermolecular disulfides of HMGB1
by cross-linking Cys-106 to other intracellular proteins offers a
potential explanation for the functional diversity of HMGBI:
Different protein disulfides could conceivably have different
activities on the relevant receptors activated by HMGBI.
Characterizing these cross-linked HMGBI disulfides poses a
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Figure 8. Oxidative proteoforms detected following treatment of
hepatocytes with high concentrations of APAP and their relative
proportions.

formidable challenge. Fortunately, the stable isotope dilution
UHPLC-HRMS method that has been developed for HMGB1
Cys-106 disulfides can be readily adapted for plasma samples.
This will allow the importance of these disulfides to be
assessed in APAP overdose as well as in different inflammatory
diseases, while structural studies are conducted to fully
characterize the relevant cross-linked proteins. Additionally,
the methods developed for HMGBI1 cysteine oxidation
characterization can be extended to other proteins involved
in oxidative pathology. Finally, we anticipate that quantifying
Cys-23/Cys-34 cross-linked HMGBI in plasma could provide
a more specific biomarker of APAP overdose than the current
method of analyzing all HMGBI proteoforms. It is conceivable
that similar HMGBI proteoforms will arise as a result of injury
induced by other liver toxicants. Previous studies have reported
the presence of human serum albumin Cys-34 NAPQI-adducts
after APAP overdose.***’ Therefore, quantifying HMGB1
proteoforms together with albumin Cys-34 NAPQI-adducts in
plasma*”*® offers a way to distinguish APAP-mediated liver
injury from DILI as well as more general toxicant-mediated
liver injury.
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