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MOF-mediated PRDX1 acetylation regulates
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SUMMARY

Signaling-dependent changes in protein phosphorylation are critical to enable coordination of transcription
and metabolism during macrophage activation. However, the role of acetylation in signal transduction during
macrophage activation remains obscure. Here, we identify the redox signaling regulator peroxiredoxin 1
(PRDX1) as a substrate of the lysine acetyltransferase MOF. MOF acetylates PRDX1 at lysine 197, preventing
hyperoxidation and thus maintaining its activity under stress. PRDX1 K197ac responds to inflammatory sig-
nals, decreasing rapidly in mouse macrophages stimulated with bacterial lipopolysaccharides (LPSs) but not
with interleukin (IL)-4 or IL-10. The LPS-induced decrease of PRDX1 K197ac elevates cellular hydrogen
peroxide accumulation and augments ERK1/2, but not p38 or AKT, phosphorylation. Concomitantly, dimin-
ished PRDX1 K197ac stimulates glycolysis, potentiates H3 serine 28 phosphorylation, and ultimately en-
hances the production of pro-inflammatory mediators such as IL-6. Our work reveals a regulatory role for
redox protein acetylation in signal transduction and coordinating metabolic and transcriptional programs

during inflammatory macrophage activation.

INTRODUCTION

Inflammation is a tightly controlled immune process responding
to various stimuli. Macrophages are sentinel immune cells cen-
tral to orchestrating inflammation.”? In response to stimuli, naive
macrophages undergo metabolic and transcriptional reprog-
ramming to polarize into diverse activated states.®* Pro-inflam-
matory macrophages are induced by Toll-like receptor (TLR) ag-
onists such as bacterial lipopolysaccharides (LPSs), whereas
anti-inflammatory macrophages are generated by helper T (Th)
2 cytokines such as interleukin (IL)-4 or immune suppressors
such as IL-10.%° Successful inflammation resolution relies on
balancing pro- and anti-inflammatory macrophages at the
inflammation site.

Macrophage activation correlates highly with cellular meta-
bolism.*” Inflammatory macrophages predominantly utilize aer-
obic glycolysis, whereas anti-inflammatory macrophages rela-
tively rely on mitochondrial oxidative phosphorylation. These
metabolic adaptations are crucial for determining macrophage
functional states.*® Signaling transduction driving macrophage
activation impacts metabolic pathways and transcription.® In im-
mediate response to LPS, Myd88, and TIR domain-containing
adaptor-inducing interferon-8 (TRIF) promote glycolytic meta-
bolism in macrophages.'® In TLR-activated dendritic cells, the
TBK/IKKe/AKT (TANK binding kinase/IkB kinase e/protein
kinase B) pathway rapidly stimulates glycolysis to support
anabolic demands.®'" However, detailed signaling pathways
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guiding early glycolytic metabolism in inflammatory macro-
phages remain unexplored.

Peroxiredoxin (PRDX) 1 is a thiol-dependent peroxidase
that reduces hydrogen peroxide'*'® and has been shown to
participate in signal transduction, such as mitogen-activated
protein kinase (MAPK)®'“2® and phosphatase and tensin
homolog (PTEN) pathways,”"*> by modulating intracellular
hydrogen peroxide levels. Hydrogen peroxide acts by oxidizing
effectors’ cysteine and thus regulates the activity of effectors.
For example, cysteine oxidation inhibits the activity of phospha-
tases, such as PTEN,?%?” whereas it activates the activity of ki-
nases, such as extracellular signal-regulated kinase 1/2 (ERK1/
2).%® Several post-translational modifications (PTMs) have been
identified on PRDX1, regulating the peroxidase activity of
PRDX1.2°®" Nevertheless, the function of modified PRDX1 in
signal transduction is not well understood. Phosphorylation of
PRDX1 at tyrosine 194 suggests a role of PRDX1 in signal trans-
duction. This phosphorylation occurs near the plasma mem-
brane upon growth factor stimulation, inactivating its peroxidase
activity and allowing localized hydrogen peroxide accumulation
for cysteine oxidation of effectors.> While evidence suggests
PRDX1’s involvement in non-immune cell signal transduction,
its function in macrophages responding to physiological
hydrogen peroxide production remains unknown.

Males absent on the first (MOF, also known as MYST1 or
KATS) is a lysine acetyltransferase (KAT) that catalyzes histone
H4 at lysine 16 (H4K16ac), activating transcription,®*° and
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plays an important role in cell development, proliferation, cell cy-
cle, and autophagy.®®*” Besides histone H4, MOF can also acet-
ylate non-histone proteins, modulating their properties and thus
participating in various biological processes.’®*° Although
some research has explored the role of MOF in response
to specific environmental stimuli and in cellular metabolism
maintenance,***¢*" its function in macrophages remains largely
unknown. Recently, MOF’s role in anti-viral immunity was char-
acterized, where it acetylates IRF3, negatively regulating the
transcriptional activity of IRF3 and reducing type | interferon pro-
duction.”® To investigate the mechanism underpinning the coor-
dination between initial signaling and cellular metabolism during
macrophage activation, we looked into our acetylome analysis
and found that PRDX1 might be a potential acetylation target
of MOF.** We aimed to determine if PRDX1 is a MOF substrate
and if this acetylation participates in signal transduction and
cellular metabolism during macrophage activation.

In this study, we demonstrated that MOF directly acetylates
PRDX1 at lysine 197 (PRDX1 K197ac) and this acetylation pro-
tects PRDX1 from hyperoxidation, thus maintaining PRDX1’s ac-
tivity under stress conditions. We observed that both MOF and
PRDX1 K197ac levels decrease during the early responses in in-
flammatory macrophages, but not in anti-inflammatory macro-
phages. PRDX1 K197 acetylation negatively regulates LPS-
induced hydrogen peroxide accumulation, ERK1/2 activation,
glycolytic metabolism, and IL-6 production. Our findings reveal
that acetylation of a redox signaling protein guides early meta-
bolic commitment, supporting transcriptional reprogramming
during inflammatory macrophage activation.

RESULTS

MOF acetylates PRDX1 at lysine 197

Our previous MOF acetylome screening identified PRDX1 as a
potential MOF target.** To verify that PRDX1 is a direct substrate
of MOF, we performed in vitrohistone acetyltransferase (HAT) as-
says followed by anti-acetyllysine (AcK) antibody immunoblot-
ting. We found that MOF directly acetylates PRDX1 (Figures 1A
and S1A).

Mass spectrometry analysis of in vitro-acetylated PRDX1
identified lysine 197 as the major acetylation site, with 66% of
lysine 197-containing peptides acetylated and 30% of lysine
192-containing peptides acetylated by MOF, while other de-
tected lysine sites were from 0% to 4% acetylated (Figures 1B
and S1B). This result suggested that lysine 197 of PRDX1 might
be the major acetylation site for MOF. To detect PRDX1 acetyla-
tion at lysine 197, we generated an antibody against K197
acetylation of PRDX1 (PRDX1 K197ac). The specificity of the
PRDX1 K197ac antibody was confirmed by three findings. First,
in vitro HAT assay followed by immunoblotting with the PRDX1
K197ac antibody showed that MOF acetylated PRDX1 at K197
in a dose-dependent manner (Figure 1C). Second, we mutated
lysine 197 and lysine 192, the two most abundant acetylated
sites identified in our mass spectrometry analysis (Figure 1B),
as well as three other lysine residues (K7, K109, 136) that scored
in previous MOF acetylome screening,** one at a time. The five
lysine residues are highly conserved in mammals and accessible
on the surface of PRDX1 (Figures 1D and S1C). Mutating a lysine
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to arginine (K-R) generates a residue that resists acetylation
while maintaining the positive charge. The results showed that
mutating lysine 197 abolished site-specific acetylation of
PRDX1 at K197 and dramatically reduced overall PRDX1 acety-
lation levels, while mutations at other lysines did not affect K197
acetylation (Figure 1E), confirming that K197 is the major acety-
lation site for MOF and PRDX1 K197ac antibody is indeed spe-
cific to K197 acetylation of PRDX1. Importantly, the PRDX1
K197ac antibody did not recognize non-acetylated purified
PRDX1 (Figure 1C, lane 1, and Figure 1E, lane 1-3). Third, immu-
noblotting analysis of Prdx1 knockout (KO) Raw264.7 macro-
phages (Figure S1D) showed an absence of signal from the
PRDX1 K197ac antibody in both steady state and LPS-stimu-
lated Prdx1 KO cells (Figures S1E and S1F), suggesting the
PRDX1 K197ac antibody does not cross-react with other
PRDX family proteins in cells. Notably, the peroxidase-defective
peroxidatic (Cys 52) and resolving cysteine (Cys 173) double
mutant (2CS) exhibited lower PRDX1 K197ac levels (Figure 1E,
lane 10), implying that the cysteine resides at positions 52 and
173 boost K197 acetylation. Furthermore, coenzyme A (CoA)
decreased PRDX1 K197 acetylation in the HAT assay, empha-
sizing that MOF enzymatically acetylates PRDX1 (Figure S1G).

We investigated the contribution of MOF in acetylating PRDX1
at lysine 197 by knocking down MOF in mouse bone-marrow-
derived macrophages (BMDMs) (Figures STH and S1l) and human
HEK293 cells. MOF depletion decreased PRDX1 K197ac, indi-
cating MOF mediates this acetylation in macrophages (Figure 1F)
and in a cancer cell line (Figure 1G). Although PRDX1 is known to
be deacetylated by HDACB or SIRT2 in cancer cells,”*° the de-
acetylation sites targeted by these enzymes have not been iden-
tified and it remains unclear whether deacetylation also occurs in
macrophages. BMDMs treated with a specific HDACG inhibitor tu-
bacin (Figure 1H) or depleted of SIRT2 (Figure 1lI) showed
increased PRDX1 K197ac, suggesting HDAC6 and SIRT2 revers-
ibly modify PRDX1 K197 acetylation in macrophages.

MOF protein and K197 acetylation of PRDX1 levels
decrease inimmediate response to LPS but notto IL-4 or
IL-10

To explore the role of PRDX1 K197ac during macrophage activa-
tion, we stimulated BMDMs with LPS for inflammatory response
and with IL-4 or IL-10 for anti-inflammatory response (Figure 2A).
We observed that PRDX1 K197ac levels and MOF protein levels
were both decreased following LPS stimulation (Figures 2B-2E),
while they were not affected following stimulation with IL-4
(Figures 2F-2l) or IL-10 (Figures 2J-2M), implying a specific
role of MOF-mediated K197 acetylation of PRDX1 in LPS-
induced inflammatory macrophages. Myd88-deficient or Trif-
depleted BMDMs stimulated with LPS showed no reduction in
PRDX1 K197ac or MOF levels, indicating the necessity of
Myd88 and TRIF pathways (Figures S2A-S2E). Since PRDX1
has been detected in cytosol, plasma membrane, nucleus, and
chromatin.,>>*4%° we asked which subcellular PRDX1 K197ac
pool contributes to the response to LPS. Our subcellular frac-
tionation result revealed that the LPS-induced decrease in
PRDX1 K197 acetylation levels occurred in the cytoplasmic
and membrane fractions (Figures S2F and S2G), consistent
with studies focusing on the role of PRDX1 in signaling
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Figure 1. MOF acetylates PRDX1 at lysine 197
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transduction.?"?*°" In fact, our fractionation result showed a
small portion of MOF in the cytoplasm (Figure S2J). Conversely,
PRDX1 K197ac levels in soluble nuclear and chromatin fractions
corresponded to bulk PRDX1 protein levels (Figures S2H and
S2l), implying that the regulation of PRDX1 K197ac is unlikely
to occur in the nucleus.

LPS-induced decrease of PRDX1 K197 acetylation
elevates cellular hydrogen peroxide accumulation
To determine the functional alteration elicited by K197
acetylation, we evaluated its effect on peroxidase activity us-
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protein followed by western blot for AcK, PRDX1
K197ac, PRDX1, and MOF. Negative controls in
lanes 1-3.

(D) Protein domain and indicated lysine sites
(Lys7, Lys109, Lys136, Lys192, Lys197), peroxidatic
(Cys52), and resolving (Cys173) cysteines on human
PRDX1. Protein structure illustration created by Py-
mol using PDB: 2X9S.

(E) In vitro HAT assays with hMOF on WT, lysine-to-
arginine mutants of hPRDX1 (K197R, K192R, K109R,
K136R, K7R), or cysteine-to-serine double mutant
(2CS, C52S/C173S).

(F-I) Western blot analysis of PRDX1 K197ac in
MOF-depleted (shMOF) mouse BMDM (F),
HEK293 human cells (G), BMDMs treated with
16 uM tubacin for 18 h (H), or BMDMs depleted of
SIRT2 (shSIRT2) (l). shCTRL: shRNA control
harboring non-targeting sequence for mammalian
cells. Band intensities from three or four experi-
ments were quantified, and relative levels of
K197ac/total PRDX1 normalized to control were
analyzed with a two-tailed unpaired t test. Data
shown as mean + SEM (F and G).
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ing a lysine to glutamine (K-Q) mutant,
mimicking acetylation, and performing
in vitro peroxidase assays®? (Figures 3A
and S3A). The results showed that, at
the onset of the reaction, there was
no significant difference in NADPH
oxidation between the wild type (WT)
(Figure 3B, blue line) and K197Q mutant
(Figure 3B, purple line). However, after
approximately 800 s (13 min) of incuba-
tion, the NADPH oxidation in the K197Q
mutant began to surpass that of the
WT protein. This suggested that K197
acetylation of PRDX1 could enhance its
peroxidase activity upon prolonged exposure to hydrogen
peroxide.

During the catalytic cycle, PRDX1 is oxidized by hydrogen
peroxide, forming homodimers. These homodimers are further
reduced by the thioredoxin (Trx)/Trx reductase (TrxR) system
to monomers for the next catalytic cycle. Under persistent or
high concentrations of hydrogen peroxide exposure, PRDX1 un-
dergoes hyperoxidation, where PRDX1 is further oxidized to a
monomeric hyperoxidized form that cannot be reduced by the
Trx/TrxR system (Figures S3B).?>°° Therefore, to investigate
how K197 acetylation enhances the peroxidase activity of
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Figure 2. MOF protein and K197 acetylation of PRDX1 levels
decrease in immediate response to LPS but not to IL-4 or IL-10

(A) Schematic illustration of pro-inflammatory and anti-inflammatory macro-
phage activation.

(B-E) Western blot time course analysis of PRDX1 K197ac (B) and MOF
(D) in BMDMs in response to LPS (100 ng/mL) at indicated time points
(hours).

(F-1) Western blot time course analysis of PRDX1 K197ac (F) and MOF (H) in
BMDMs in response to IL-4 (20 ng/mL) at indicated time points (hours).
(J-M) Western blot time course analysis of PRDX1 K197ac (J) and MOF (L) in
BMDMs in response to IL-10 (10 ng/mL) at indicated time points (hours). Band
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PRDX1, we examined the redox state of PRDX1 K197ac in Prdx1
KO HEK293 cells complemented with either empty vector (EV),
FLAG-tagged WT, K197R, or K197Q PRDX1 (Figures S3C and
S3D). In the steady state, K197Q mutant showed an increased
proportion of monomeric PRDX1 compared to WT or K197R
mutant (Figures S3E and S3H). A 10-min exposure to hydrogen
peroxide resulted in an increased proportion of dimeric PRDX1
where the K197 mutations did not significantly impact the mono-
mer-to-dimer ratio compared to WT (Figures S3E and S3F). This
observation supported the finding that the K197Q mutant has
similar peroxidase activity to WT in the in vitro peroxidase assay
within 13 min of incubation. Importantly, K197Q mutant exhibited
a lower level of PRDX1 hyperoxidation upon 10-min exposure to
hydrogen peroxide (Figures S3G). Prolonged exposure to
hydrogen peroxide (3 h) resulted in an increased proportion of
monomeric PRDX1, particularly in K197Q mutant (Figure S3H
and S3I). Similar to 10-min exposure, persistent hydrogen
peroxide exposure for 3 h maintained a lower level of hyperoxi-
dation in K197Q mutant compared to K197R mutant (Figure S3J).
These results suggest that K197-acetylated PRDX1 possesses
higher resistance to hyperoxidation, which could potentially
contribute to the observed elevation in peroxidase activity result-
ing from acetylation at lysine 197 of PRDX1. Together, K197
acetylation impacts the kinetics of peroxidase activity, particu-
larly under prolonged hydrogen peroxide exposure: at the onset
of the cycle, the peroxidase activity of constitutively acetylated
PRDX1 is comparable to WT but surpasses WT by lowering its
hyperoxidation level.

We sought to investigate whether the regulation of PRDX1
peroxidase activity by K197 acetylation modulates cellular
hydrogen peroxide levels in response to LPS in macrophages.
Peroxy Orange 1 staining in BMDMs showed that loss of MOF
increased cellular hydrogen peroxide accumulation following
3-h LPS stimulation but did not affect cellular hydrogen peroxide
accumulation in unstimulated macrophages (Figure 3C), sug-
gesting an LPS-dependent role for MOF in regulating the redox
state of macrophages. RNA sequencing showed that transcript
levels of reactive oxygen species (ROS)-metabolizing and
redox-regulating enzymes, including PRDX1 (Figure 3D), were
unchanged in both LPS-stimulated and unstimulated MOF-
depleted BMDMs (Figure 3E), indicating LPS-induced MOF-
dependent hydrogen peroxide accumulation is likely to be a
post-transcriptional event.

Prdx1 KO in Raw264.7 cells increased hydrogen peroxide
accumulation when unstimulated; LPS stimulation for 3 h further
enhanced this accumulation (Figure 3F), highlighting the role of
PRDX1 in scavenging hydrogen peroxide in macrophages. To
assess the hydrogen peroxide-scavenging capacity of K197-
acetylated PRDX1, we used Prdx1 KO Raw264.7 cells for comple-
mentation assays with either EV, FLAG-tagged WT, K197R, or
K197Q PRDX1 (Figure 3G). In unstimulated conditions, WT or
K197Q PRDX1, but not K197R or 2CS PRDX1 mutants, rescued
elevated hydrogen peroxide levels caused by loss of PRDX1

intensities from three experiments were quantified, and relative levels of
K197ac/total PRDX1 or MOF/ACTIN normalized to control were analyzed with
one-way ANOVA followed by Dunnett’s multiple comparison test. Data shown
as mean + SEM (C, E, G, |, K, M).



Cell Reports

¢? CellPress

OPEN ACCESS

A in vitro peroxidase assay C Peroxy Orange 1
ns <0.0001
HS SH S-S  HS SH 14 .
7
H:0. ﬁ 6 NADP* Q
“X“X X g 12
2xmo Q@20 () 9 oz
12 1+ R S
HS SH NADPH -+ H 4 _ %% 1.0
wT ISNg £
A0 065 - K197Q By <08
~ WT-H202 My 1 o
. 0.60 T
D Sotrcasiand/SinksicfcallulanROS 6 100 200 300 400 500 600 700 800 900 1000
NOX  XO ETC  CYP450 Incubation time (sec)
~ N S E
(X3 Transcript levels of ROS metabolizing enzymes upon MOF knockdown
l -LPS +LPS
H,0 PRDX| H,0, GPx H,0 51 5-
o [CRary
Trox TiXied 2GSH  GSSG o 2 E
© = ]
sL 0 e =R} -
NADPH  NADP* NADP*  NADPH 85 Ecaas 8y e
H0 %l’ % %1, E
Sie, Ss
F Peroxy Orange 1 -5- | | ] ; -5- | | | | :
0.0499 0.0023 0 5 10 15 20 0 5 10 15 20
516 . Log2(baseMean + 1) Log2(baseMean + 1)
a
5
1.4 = _ S99 CNOYOON c o
S S T e s A S e T i)
»1.2 . QLA 000000V0V0VVVVVOFFIFFFONNNOVOVOOVOVOVVVOVVOVOOVOVLOVOVOOOO
2
g 1 +LPS
2oy oy L
So8 -LPS
el
€ oLl 1L,
@ 5 @ Log2FC(shMOF/shCTRL) l -log(padj) ¢ e @@ @
N N 2 w9 wvo 223898
oF oF AU
& &
-LPS +LPS
Peroxy Orange 1
G H <0.0001 <0.0001 |
Empty vector (EV] s T TeE—
ROVIWT jat L <0.0001 Peroxy Orange 1
PRDX1-K197R <0.0001
PROXI 208 24— <00001 <0.0001 e
REDT2CS & 2 <0 <0 <0.0001  <0.0001 = 1.1
LPs g e . 8 <0.0001
—_— -
- 2 10
Prax1KO ik
Raw 264.7 % 16 ] g
5 f S 09 iy
& O 1.2 c
NN o 1.
pERS 3 5 2
koa] ¥ S % & « 508 o 08
w5 )]s : 2
9 £ ol lE ; — 0 _
o O +LPS
-LPS +LPS
J HyPer7-MEM HyPer7-NES EV HyPer7-NLS
Empty vector (EV) x o x o x o x g
PRDXT-WT LES3 QR 508 L0059 >,_’§§8
= Esgﬂ:gg;g k] = ¥ T S @m=zTQ@m=zT¥ & @w=¥L<
"\ proxt2cs (-
C > r ) H0, 25 —_—— - —— - ——— = o= e = | Flag
A~ /_, ) — 75
Prdx1KO - - —
ot MEEQ,‘H.%pef;y 50“ ————— . GFP
NLS-Hyper7
377’ T ———— —————— - ‘-—— -— - ‘ ACTIN
K HyPer7-MEM L HyPer7-NES M HyPer7-NLS
<0.0001 <0.0001
g 0.0027 <0.0001 5 <0.0001 <0.0001 5 <0.0001 <0.0001
— 5 O
€ 204 00187 00334 <0.0001 <0.0001 L 20 ns ns ns ns ns ns € 20 ns ns ns ns ns ns
< . S )
2 16 e 3 > 16 > 16
2 3 3
o < c
£ 12 Jg 1.2 3 g 1.2
=z e} e = Qo L ade en . s, . =
© ae 30 et,
S 0.8 = B . . S 084+ o e SO g 08
(g 2 o kol 2oee (/9)7 g
5 0.4 T T T T T T 1 T T T é 0.4 T 1 T T T I [ 1 1 T § 0.4
¢ L g0 @ L gt g0 ¢ S g0 @ L g0
O LR O LR
-H,0, 50 uM H,0, -H,0, 50 uM H,0,

Cell Reports 43, 11

(legend on next page)

4682, September 24, 2024 5



¢ CellPress

OPEN ACCESS

(Figure 3H). Three-hour-LPS-stimulated Prdx71 KO cells comple-
mented with EV, K197R, or 2CS mutant had higher hydrogen
peroxide levels than those with WT PRDX1. K197Q mutant cells
showed lower hydrogen peroxide levels than WT PRDX1 (Fig-
ure 3H), consistent with in vitro peroxidase assays showing the
acetylation at lysine 197 on PRDX1 enhances its peroxidase activ-
ity upon prolonged exposure to hydrogen peroxide (Figure 3B).

Given K197 de-acetylation of PRDX1 is mediated by HDAC6
and SIRT2 (Figures 1H and 1l), we tested their effects on
hydrogen peroxide levels in LPS-stimulated macrophages.
HDACSG inhibition by tubacin (Figure 3l) or SIRT2 knockdown
(Figure S3K) attenuated LPS-induced hydrogen peroxide
accumulation. Collectively, we showed that MOF-mediated
PRDX1 K197ac enhances its peroxidase activity, which in
turn enables macrophages to restrict hydrogen peroxide
accumulation, while HDACG6- or SIRT2-mediated K197 deace-
tylation of PRDX1 decreases hydrogen peroxide accumulation
in response to LPS.

To investigate which subcellular hydrogen peroxide pool is
affected by PRDX1 K197ac, we used HyPer7, a pH-insensitive
hydrogen peroxide sensor,”® in Prdx1 KO HEK293 cells com-
plemented with PRDX1 K197 mutants to examine hydrogen
peroxide levels in different compartments (plasma membrane
[MEM], cytoplasm [NES], nucleus [NLS]) (Figures 3J-3M and
S3L). Cells lacking PRDX1 (EV) showed higher HyPer7-MEM
responses at steady state and upon hydrogen peroxide chal-
lenge compared to WT PRDX1, indicating the role of PRDX1 in
modulating hydrogen peroxide levels in the plasma membrane
compartment (Figure 3K). WT and K197Q, but not K197R,
PRDX1 reduced HyPer7-MEM responses (Figure 3K), sug-
gesting PRDX1 K197ac regulates hydrogen peroxide levels
near the plasma membrane. This was consistent with intracel-
lular hydrogen peroxide staining in BMDMs (Figure 3H).
PRDX1 or PRDX1 K197ac had minimal effect on HyPer7
oxidation in cytoplasm and nucleus (Figures 3L and 3M),
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indicating these compartments may relatively rely on other
antioxidants, such as PRDX2.°° Intriguingly, 2CS mutant
PRDX1 showed higher Hyper7 responses compared to
Prdx1 KO cells (EV) in all compartments (Figures 3K-3M),
suggesting possible additional functions of the 2CS mutant.
Together, our findings indicate that PRDX1 K197ac modulates
hydrogen peroxide levels in the vicinity of the plasma
membrane. This observation is supported by subcellular frac-
tionation results showing reduced cytoplasmic and mem-
brane-associated PRDX1 K197ac levels upon LPS challenge
(Figure S2F-82I).

LPS-induced reduction of PRDX1 K197 acetylation
augments ERK1/2 phosphorylation

Our hydrogen peroxide staining suggested a redox role of
MOF in macrophages is LPS dependent (Figure 3C). To system-
ically investigate the role of MOF upon LPS stimulation, we
analyzed differentially expressed genes (DEGs) in MOF-depleted
BMDMs: 2,447 upregulated and 2,576 downregulated in unsti-
mulated (—LPS) (Figure 4A; Table S1); 2,286 upregulated and
1,792 downregulated in LPS stimulated (+LPS, 3 h) conditions
(Figures 4B; Table S2). We categorized DEGs into six clusters
based on LPS response (Figures 4C and 4D). Cluster 1 (1,278
DEGs) and cluster 3 (1,298 DEGs) were downregulated by loss
of MOF, unaffected by LPS (Figure 4E). Gene Ontology (GO)
analysis showed enrichment in “DNA repair,” “DNA replication,”
“cell cycle phase transition,” and “mitosis-related events” (Fig-
ure S4A). Cluster 2 (494 DEGs) was downregulated by loss of
MOF only with LPS, with no significant enriched GO terms. Clus-
ter 4 (1,073 DEGs) was upregulated by loss of MOF with LPS in-
dependence (Figure 4F), showing GO terms “autophagy” and
“response to nutrient level” (Figure S4B). Cluster 5 (912 DEGs)
was upregulated by LPS and further increased by loss of MOF,
enriched in signaling pathways such as “pattern recognition re-
ceptor signaling,” “immune response-regulating signaling,”

Figure 3. LPS-induced decrease of PRDX1 K197 acetylation elevates cellular hydrogen peroxide accumulation
(A) Schematic illustration of in vitro peroxidase assay (Trx, thioredoxin; TrxR, thioredoxin reductase).

(B) In vitro peroxidase assay using purified 0.5 uM WT or K197Q mutant of hPRDX1, 5 uM yTrx, 0.5 uM yTrxR, 10 uM hydrogen peroxide, and 200 uM NADPH.
Peroxidase activity was monitored by A340 decrease, which reflects NADPH oxidation. Negative controls lack hydrogen peroxide. Data from nine replicates
shown as mean + SEM analyzed with two-way ANOVA followed by Sidak’s multiple comparison test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
(C) Cellular hydrogen peroxide accumulation in MOF-depleted BMDMs stimulated with LPS (100 ng/mL, 3 h) or unstimulated, assessed by Peroxy Orange 1
(PO-1) staining.

(D) Schematic illustration of major hydrogen peroxide-metabolizing enzymes in mammalian cells.

(E) MA plot (the log2 fold changes on the y axis versus the log2 average expression level signal on the x axis) of hydrogen peroxide-metabolizing enzymes in RNA
sequencing (RNA-seq) of MOF-depleted BMDMs stimulated with LPS (100 ng/mL, 3 h) or unstimulated. Red dots, DEGs; green dots, hydrogen peroxide-
metabolizing enzymes. Log2 fold change (log2FC) (shMOF/shCTRL) and -log(adjusted p) of green dots in MA plot are shown in the dot plot.

(F) Cellular hydrogen peroxide accumulation in WT or Prdx1 KO Raw264.7 cells stimulated with LPS (100 ng/mL, 3 h) or unstimulated, assessed by PO-1 staining.
(G) Schematic illustration of complementation assay in Prdx1 KO Raw264.7 cells. Western blot shows exogenous WT and mutant PRDX1 protein levels.

(H) Cellular hydrogen peroxide accumulation in Prdx1 KO Raw264.7 cells complemented with empty vector (EV) or WT, K197R, K197Q, or 2CS mutant PRDX1
stimulated with LPS (100 ng/mL, 3 h) or unstimulated, assessed by PO-1 staining.

(I) Cellular hydrogen peroxide accumulation in BMDMs pre-treated with 16 pM tubacin for 18 h followed by LPS stimulation (100 ng/mL, 3 h) assessed by PO-1
staining.

(J) Schematic illustration of Hyper7 experiments in Prdx1 KO HEK293 cells. Western blot shows exogenous WT and mutant PRDX1 and Hyper7 levels.

(K-M) Response of plasma membrane-targeted (MEM) (K), cytoplasm-targeted (NES) (L), and nucleus-targeted (NLS) (M) Hyper7 in Prdx1 KO HEK293 cells
complemented with EV, WT, K197R, K197Q, or 2CS PRDX1 treated with 50 pM hydrogen peroxide or untreated. Ratio of oxidized to reduced Hyper7 signals
shown as geometric mean + SEM (n = 6, two independent samples in triplicates), analyzed with two-way ANOVA by Tukey’s multiple comparisons test.

Fold changes of PO-1 staining in treated samples normalized to control. n = 9, three independent samples in triplicates (C, F, and I). n = 6, two independent
samples in triplicates (H). Data shown as mean + SEM, analyzed with either two-way ANOVA followed by uncorrected Fisher’s least significant difference (LSD)
test (C and F), Sidak’s multiple comparison test (H), or analyzed with a two-tailed unpaired t test (I).
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Figure 4. LPS-induced reduction of PRDX1 K197 acetylation augments ERK1/2 phosphorylation

(A and B) MA plot of DEGs (red dots) from RNA-seq in MOF-depleted BMDMs (shMOF vs. shCTRL) stimulated with LPS (100 ng/mL, 3 h) or unstimulated.
(C and D) Venn diagram of DEGs between LPS-stimulated and unstimulated macrophages showing downregulated (C) or upregulated (D) genes.

(E and F) Heatmap of DEGs in each cluster. Cluster 5 (in green) is LPS responsive and MOF sensitive.

(G) GO enrichment analysis for genes in cluster 5 using KEGG in ClusterProfile. MAPK pathway (in green) is enriched.

(legend continued on next page)
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“positive regulation of response to external stimulus,” and
“small GTPase-mediated signal transduction” (Figure S4B),
suggesting an unexplored role of MOF in regulating signaling
transduction in BMDMs. Moreover, MAPK signaling was the
most highly enriched pathways in Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis (Figure 4G). Cluster 6
(1,374 DEGs) was upregulated regardless of LPS, enriched in
“T cell activation,” “positive regulation of cytokine production,”
and “regulation of tumor necrosis factor production,” and
it shared overlapping GO terms with cluster 5, indicating the
importance of MOF in macrophage biology (Figure S4B).

RNA sequencing indicates a role for MOF in the MAPK
signaling pathway (Figure 4G). Since PRDX1 modulates MAPK
and PTEN/PISK/AKT pathways via regulating cellular ROS
levels,?3-25:32:51:56-60 e jnvestigated the effects of MOF-mediated
PRDX1 K197ac on MAPK and AKT activation in LPS-induced mac-
rophages (Figure 4H). MOF-depleted BMDMs showed increased
ERK1/2 phosphorylation at Thr202/Tyr204 after 30 min of
LPS stimulation, without affecting p38 or AKT phosphorylation
(Figures 4l and 4J). Transcript levels of MAPK family kinases
were not significantly upregulated upon loss of MOF (Figures 4K
and 4L). In addition, N-acetylcysteine (NAC) treatment, which re-
duces cellular ROS levels, attenuated LPS-induced ERK1/2 phos-
phorylation in MOF-depleted BMDMs (Figure S4C), highlighting
the role of ROS in MOF-mediated ERK1/2 phosphorylation.

Prdx1 KO Raw264.7 cells exhibited elevated ERK1/2 and p38,
but not AKT, phosphorylation upon LPS stimulation (Figure S4D).
Complementation of Prdx71 KO cells with PRDX1 mutants (Fig-
ure 4M) showed that the K197R mutant, but not WT or K197Q
mutant, augmented ERK1/2 phosphorylation following 30 min
of LPS stimulation (Figure 4N). Remarkably, the K197Q, but not
WT or K197R, mutant diminished ERK1/2 phosphorylation
following 1 h of LPS stimulation (Figure 4N), suggesting that
constitutively acetylated PRDX1 leads to a shorter induction of
ERK1/2 phosphorylation compared to WT PRDX1. This aligns
with our previous finding that the K197Q mutant has better
hydrogen peroxide-scavenging ability than WT upon prolonged
hydrogen peroxide exposure or 3 h of LPS stimulation
(Figures 3B, 3H, and 3K). p38, AKT, or c-Jun N-terminal kinase
(UNK) phosphorylation in the PRDX1 complementation assay
were affected by the PRDX1 K197 acetylation status (Figure 4N),
suggesting that PRDX1 K197ac may be responsible for
rendering the specificity of hydrogen peroxide signaling toward
the regulation of kinase activity. It is possible that this could
result from compartmentalized regulation of hydrogen peroxide
levels by PRDX1 K197ac (Figure 3K). Furthermore, HDACG inhi-
bition by tubacin (Figures 1H, 3I, and S4E) specifically reduced
ERK1/2 phosphorylation in response to LPS (Figure S4E), accen-
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tuating the reversibility of the effect of PRDX1 K197ac on ERK1/2
activation. Taken together, we showed that the absence of
PRDX1 K197ac augments LPS-induced ERK1/2 phosphoryla-
tion, whereas the presence of PRDX1 K197ac attenuates
ERK1/2 phosphorylation. We hypothesize that, in nature, LPS-
induced reduction of PRDX1 K197ac (Figures 2B-2E) enables
cells to sense and transmit signals from the cell surface via in-
crease of local hydrogen peroxide concentration and subse-
quent ERK1/2 phosphorylation.

LPS-induced decrease of PRDX1 K197 acetylation
boosts glycolysis

Inflammatory macrophages undergo metabolic reprogramming
toward glycolysis to sustain their function. Given that the
ERK1/2 signaling cascade has been implicated in stimulating
glycolysis in cancer cells,®' we examined the impact of MOF-
mediated PRDX1 K197ac on glycolytic metabolism in LPS-
induced macrophages. Using Seahorse glycolysis stress assay,
we measured extracellular acidification rate (ECAR) as a proxy
for lactate production and found that MOF-depleted BMDMs
stimulated with LPS for 3 h showed enhanced glycolytic capacity
(Figures 5A, 5B, and S5A). Pre-treatment with U0126, a selective
MEK1/2 inhibitor that specifically abolishes ERK1/2 phosphory-
lation (Figure S5B), diminished the increased glycolytic capacity
from LPS-stimulated as well as LPS-stimulated and MOF-
depleted macrophages (Figures 5A and 5B), suggesting that
MOF contributes to LPS-stimulated glycolytic metabolism.
U0126 inhibition did not abolish LPS-induced glycolysis, con-
firming the involvement of other pathways, such as the AKT
pathway,”®'" which is independent of MOF. U0126 inhibition
did not lower LPS-stimulated glycolysis in MOF-depleted
BMDMs to control levels, suggesting MOF might regulate glycol-
ysis through ERK1/2-independent mechanisms. These findings
underscore the intricate regulation of glycolysis in response
to LPS.

RNA sequencing of MOF-depleted BMDMSs, with or without
LPS stimulation, showed unchanged transcript levels of glycol-
ysis enzymes (Figures 5C and 5D), suggesting MOF-induced
enhanced glycolysis upon LPS stimulation is post-transcrip-
tional. Moreover, MOF-depleted BMDMs pre-treated with NAC
(Figure S4C) exhibited reduced glycolytic capacity upon LPS
stimulation (Figure 5E), suggesting a ROS-dependent mecha-
nism. Overexpression of WT MOF decreased glycolytic capacity
upon LPS stimulation, while enzymatically inactive MOF (E350Q)
increased it, suggesting the enzymatic activity of MOF is
involved (Figure S5C).

To investigate the role of PRDX1 and PRDX1 K197 acetylation
in glycolysis, BMDMs depleted of PRDX1 or over-expressing

(H) Schematic illustration of LPS-induced pathways analyzed via western blot in the following analyses.

(I and J) MAPK and AKT activation analysis of MOF-depleted BMDMs stimulated with LPS (100 ng/mL) for the indicated times (hours). Band intensities of
phosphorylated and total kinase from three independent experiments were quantified and relative ratio of phosphorylated to total protein normalized to control
(shCTRL, t = 0 h) were analyzed with two-way ANOVA followed by Sidak’s multiple comparison test.

(K) Schematic illustration of MAPK pathways.

(L) MA plot of genes encoding MAPK pathway kinases from RNA-seq in MOF-depleted BMDMs stimulated with LPS or unstimulated. Red dots, DEGs; green
dots, MAPK pathway kinases. Log2FC (shMOF/shCTRL) and -log(padj) of green dots in MA plot are shown in the dot plot.

(M) Schematic illustration of complementation assay in Prdx7 KO Raw264.7 cells.

(N) MAPK and AKT activation analysis of Prdx7 KO Raw264.7 cells complemented with EV or WT, K197R, or K197Q PRDX1-expressing plasmids in response to

LPS (100 ng/mL) at indicated time (hours).
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Figure 5. LPS-induced decrease of PRDX1 K197 acetylation boosts glycolysis

(A and B) Seahorse glycolysis stress assay (A) and glycolytic capacity (B) of MOF-depleted BMDMs pre-treated with 10 uM U0126 or DMSO for 18 h followed by
LPS stimulation (100 ng/mL, 3 h).

(C) Schematic illustration of enzymes in glycolysis.

(D) MA plot of glycolytic enzyme genes from RNA-seq in MOF-depleted BMDMs stimulated with LPS (100 ng/mL, 3 h) or unstimulated. Red dots, DEGs; green
dots, glycolytic enzymes. Log2FC (shMOF/shCTRL) and —log(padj) of green dots in MA plot are shown in the dot plot.

(E-I) Glycolytic capacity of MOF-depleted BMDMs pre-treated with 10 mM NAC or untreated for 18 h followed by LPS stimulation (100 ng/mL, 3 h) (E); PRDX1-
depleted BMDM s followed by LPS stimulation (100 ng/mL, 3 h) (F); BMDMs lentivirally transduced with EV, WT, K197R, or K197Q PRDX1 followed by LPS
stimulation (100 ng/mL, 3 h) (G); BMDMs pre-treated with 16 pM tubacin or DMSO for 18 h followed by LPS stimulation (100 ng/mL, 3 h) (H); and SIRT2-depleted
BMDMs followed by LPS stimulation (100 ng/mL, 3 h) (I).

n =9, three independent samples in triplicate (B, E, G-l). n = 3, three independent samples (F). Data shown as mean + SEM and analyzed with either one-way
ANOVA followed by Tukey’s multiple comparisons test (B and G) or two-tailed unpaired t test (E, F, H, and I).
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Figure 6. LPS-induced decrease of PRDX1 K197 acetylation potentiates production of the pro-inflammatory cytokine IL-6

(A) Schematic illustrating LPS-induced MAPK signaling to chromatin such as H3S28p, for inducible transcription in macrophage.

(B and C) Western blot for H3S28p of MOF-depleted BMDM s stimulated with LPS (100 ng/mL) at indicated time (hours) (B). Band intensities were quantified and
relative levels of H3S28p/H3 normalized to control (C).
(D) Venn diagram showing overlap between LPS-induced H3S28p-enriched genes from dataset GSE63792 and LPS-induced MOF-augmented genes (cluster 5);

38 genes are shared.
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WT, K197R, or K197Q PRDX1 mutants were utilized. Firstly,
PRDX1-depleted BMDMs showed enhanced glycolytic capacity
upon LPS stimulation (Figure 5F), suggesting the involvement of
PRDX1 in regulation of glycolysis during inflammatory macro-
phage activation. Secondly, overexpression of K197R, but not
WT or K197Q PRDX1 in BMDMs elevated glycolytic capacity
upon LPS stimulation (Figure 5G), indicating that PRDX1 K197
acetylation status regulates glycolysis. In addition, BMDMs
pre-treated with tubacin (Figure 5H) or depleted of SIRT2 (Fig-
ure 5l) showed increased glycolytic capacity in response to
LPS, highlighting the reversible regulation of glycolytic capacity
via PRDX1 K197ac. Taken together, these results suggest that
loss of MOF or PRDX1 K197ac enhances glycolytic capacity,
while PRDX1 K197ac limits it in response to LPS.

LPS-induced decrease of PRDX1 K197 acetylation
potentiates production of the pro-inflammatory

cytokine IL-6

The LPS-triggered MAPK signaling cascade can phosphorylate
histone proteins such as H3 at serine 28 (H3S28p), leading to
rapid transcription of inflammatory genes such as /I6°? (Fig-
ure 6A). Given MOF-mediated PRDX1 K197ac modulates LPS-
induced ERK1/2 activation, we investigated whether MOF-medi-
ated PRDX1 acetylation regulates inflammatory genes via
H3S28p. Firstly, MOF-depleted BMDMs showed augmented
H3S28p at 30-60 min after LPS exposure (Figures 6B and 6C),
parallel to the timing of induction of ERK1/2 signaling (Figure 4H).
Secondly, 38 of the MOF-sensitive, LPS-induced genes (Fig-
ure 4F, cluster 5) overlap with LPS-induced H3S28p-enriched
genes (Figures 6D and S6A). We further selected //6 from cluster
5 to investigate whether PRDX1 K197ac influences its expres-
sion. MOF depletion increased not only //6 transcript levels (Fig-
ure 6E) but also secretion level (Figure 6F). Inhibition of ERK1/2
using U0126 attenuated the induction of //6 expression observed
following LPS treatment as well as following depletion of MOF in
LPS-treated BMDMs (Figure 6G), indicating that the MOF-medi-
ated ERK1/2 signaling cascade contributes to this transcrip-
tional upregulation. Moreover, scavenging cellular ROS by
NAC also diminished the induction of //6 expression by LPS
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and by depletion of MOF in LPS-treated BMDMs (Figure 6H),
suggesting that ROS contributes to this process.

Prdx1 KO in Raw264.7 macrophages augmented LPS-
induced /lI6 expression (Figure 6l) and secretion of IL-6 (Fig-
ure 6J), phenocopying the effects of MOF depletion in BMDMs
(Figures 6E and 6F). The complementation assay demonstrated
that K197R, but not K197Q, PRDX1 mutant increased bulk levels
of H3S28p (Figure 6K), /16 expression (Figure 6L), and secretion
of IL-6 (Figure 6M) in response to LPS, suggesting that PRDX1
K197ac regulates LPS-induced //6 production via H3S28p.
Given H4K16ac is the major substrate of MOF and functions in
transcriptional activation, we examined whether PRDX1
K197ac affects H4K16ac. Prdx1 KO cells complemented with
PRDX1 K197R or K197Q mutants exhibited no change in bulk
H4K16ac level in response to LPS (Figure S6B), suggesting
that the transcriptional regulation of /i6 elicited by PRDX1
K197ac is unlikely to be mediated through modulation of
H4K16ac bulk levels. HDACS6 inhibition by tubacin diminished
LPS-induced 116 expression (Figure 6N) and IL-6 secretion (Fig-
ure 60), indicating the reversibility of PRDX1 K197ac-modulated
IL-6 production. Furthermore, inhibition of glycolysis by
2-deoxy-d-glucose (2-DG), a glycolysis inhibitor, abrogated
LPS-induced and/or MOF-mediated //6 expression (Figure 6P),
suggesting that MOF-sensitive glycolysis contributes to LPS-
induced /I6 expression. Together, these results suggest that
loss of MOF or PRDX1 K197ac enhances the bulk level of
H3S28p and thus IL-6 production, while PRDX1 K197ac limits
it in response to LPS.

DISCUSSION

Here, we describe the MOF/PRDX1/ERK axis, which regulates
macrophage activation at both metabolic and transcriptional
levels. By identifying PRDX1 as a new substrate for MOF, we
demonstrate that MOF tunes LPS-induced macrophage activa-
tion via PRDX1 acetylation at lysine 197. Mechanistically, in
immediate response to LPS, MOF protein is reduced and
thus PRDX1 K197ac is decreased. LPS-induced decrease of
PRDX1 K197ac impairs its peroxidase activity, increasing

(E) Normalized counts of //6 from RNA-seq.

(F) IL-6 ELISA assay for culture supernatants from MOF-depleted BMDMs stimulated with LPS (100 ng/mL, 3 h) or unstimulated.
(G and H) RT-gPCR for //6 mRNA in MOF-depleted BMDMs pre-treated with 10 1M U0126 for 18 h (G) or pre-treated with 10 mM NAC for 18 h (H) followed by LPS

stimulation (100 ng/mL, 3 h).
(
(

1) RT-gPCR for /16 mRNA in Prdx1 KO Raw264.7 cells stimulated with LPS (100 ng/mL, 3 h) or unstimulated.
J) IL-6 ELISA assay for culture supernatants from Prdx7 KO Raw264.7 cells stimulated with LPS (100 ng/mL, 3 h) or unstimulated.

(K) Western blot for H3S28p in Prdx1 KO Raw264.7 cells complemented with EV or WT, K197R, or K197Q PRDX1 stimulated with LPS (100 ng/mL, 1 h).
(L) RT-gPCR for //6 mRNA in Prdx1 KO Raw264.7 cells complemented with EV or WT, K197R, or K197Q PRDX1 stimulated with LPS.
(M) IL-6 ELISA assay for culture supernatants from Prdx7 KO Raw264.7 cells complemented with EV or WT, K197R, or K197Q PRDX1 stimulated with LPS (100

ng/mL, 3 h).

N) RT-gPCR for //6 mRNA in BMDMs pre-treated with 16 pM tubacin or DMSO for 18 h followed by LPS stimulation (100 ng/mL, 3 h) or unstimulated.

O) IL-6 ELISA assay for culture supernatants from BMDMs pre-treated with 16 uM tubacin or DMSO for 18 h followed by LPS stimulation (100 ng/mL, 3 h).
P) RT-gPCR for /6 mRNA in MOF-depleted BMDMs pre-treated with 5 mM hexokinase inhibitor 2-deoxy-d-glucose (2-DG) for 1 h followed by LPS stimulation
100 ng/mL, 3 h).

(Q) MOF-mediated K197 acetylation of PRDX1 regulates inflammatory macrophage activation. Reduced MOF protein upon LPS stimulation decreases PRDX1
K197 acetylation, leading to elevated hydrogen peroxide and activation of ERK1/2 signaling. This cascade enhances glycolysis and H3S28p, potentiating IL-6
production in activated macrophages.

n =9, three independent samples in triplicate (F-J and L-P). Data shown as mean + SEM analyzed with two-way ANOVA followed by Sidak’s multiple comparison
test (G, E, F, I, J, and N), one-way ANOVA followed by Dunn’s multiple comparisons test (G, H, L, M, and P) or two-tailed unpaired t test (O).
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cellular hydrogen peroxide accumulation, which enhances
ERK1/2 phosphorylation. This signaling cascade boosts glyco-
lytic metabolism of macrophages and primes transcription for in-
flammatory cytokine production. Notably, PRDX1 K197 acetyla-
tion responds to LPS, but not to IL-4 or IL-10, suggesting that
MOF/PRDX1/ERK axis specifically pertains to inflammatory
macrophages. Interestingly, while IL-4 can induce ERK1/2 phos-
phorylation through a STAT6-independent pathway,®*°° neither
MOF protein levels nor PRDX1 K197ac are affected by IL-4 stim-
ulation. This underscores that MOF-dependent PRDX1 K197ac
constitutes a specific upstream mechanism for the ERK1/2
signaling cascade in inflammatory macrophages.

PTMs are crucial for protein structure, stability, localization, in-
teractions, and functions, closely tied to molecular regulation in
various cellular processes.®®®” We show that acetylation of
PRDX1 enhances its resistance to inactivation of peroxidase ac-
tivity caused by hyperoxidation. Initially, K197 acetylation
does not significantly affect the monomer-to-dimer ratio but
lowers the hyperoxidation level. Upon prolonged hydrogen
peroxide challenge, K197 acetylation increases resistance to hy-
peroxidation and results in a higher proportion of monomeric,
likely reduced, PRDX1. Our findings align with previous studies
showing the acetylation of peroxiredoxins (PRDX1 or PRDX2)
leads to increased peroxidase activity,”®*° and enhanced resis-
tance to hyperoxidation upon persistent hydrogen peroxide
exposure.®® Collectively, PRDX1 K197ac enhances resistance
to hyperoxidation and thus may increase the proportion of
PRDX1 found in the reduced form, leading to the observed eleva-
tion in peroxidase activity of PRDX1.

The PRDX1 catalytic cycle begins with hydrogen peroxide
binding in the fully folded (FF) active site. The peroxide oxi-
dizes the peroxidatic cysteine to sulfenic acid. A resolving
thiol on another PRDX1 molecule then reacts with the sulfenic
acid, releasing water and forming a disulfide bond. This re-
quires the sulfenic acid to transition to a locally unfolded
(LU) conformation, preventing reversion to the FF state. Trx
or other small-molecule thiols reduce the disulfide, regenerat-
ing free thiols, allowing the FF active site to refold and prepare
PRDX1 for subsequent catalytic cycles.®® We speculate that
K197ac may affect local protein conformation of PRDX1 or
interaction with Trx during catalysis and thus prevent hyperox-
idation. In addition, our in vitro HAT assay shows a decrease
of PRDX1 K197ac in the 2CS mutant, implying that cysteine
53 and cysteine 173 boost its acetylation at lysine 197. This
implies a crosstalk between cysteine 52 and/or 173 and lysine
197. Of note, the latest structural report on the oxidized and
reduced state of a transaldolase enzyme of Neisseria gonor-
rhoeae discovers a covalent crosslink between a cysteine
and a lysine residue. This covalent crosslink serves as a struc-
turally allosteric switch for its enzymatic activity.®® In light of
this observation, we speculate that acetylation at lysine 197
may similarly act as an allosteric switch in response to redox
alterations.

While acetylation stands as the second most frequent PTM in
proteins,’® its role in signaling transduction (excluding tran-
scription factor and histone protein) is less explored compared
to phosphorylation.”'~"® We demonstrate that PRDX1 K197ac
regulates ERK1/2 phosphorylation during TLR4 signaling.
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PRDX1 is known to modulate hydrogen peroxide levels,
affecting cysteine oxidation of target proteins such as kinases
or phosphatases, and thus mediating signal transduction,
particularly in the context of exogenous addition of hydrogen
peroxide or growth factors in cancer cells.®'“2> However,
the regulation of hydrogen peroxide signaling in macrophage
under physiological cellular hydrogen peroxide induction condi-
tions remains largely uncharacterized. Moreover, the action of
PRDX1 depends on stimuli type, exposure period, local
hydrogen peroxide concentration, subcellular localization of
targets, and cellular context.>>”” It is not known how molecular
mechanisms underpinning PRDX1 achieve the specificity for
signal transduction. Our study shows K197 acetylation selec-
tively affects the plasma membrane pool of hydrogen peroxide
without significantly impacting cytoplasmic or nuclear pools,
indicating a compartmentalized regulation. Unlike Prdx1
knockout, which induces global MAPK activation in macro-
phages, LPS-induced reduction of PRDX1 K197ac selectively
enhances ERK1/2 activation without affecting p38 or AKT acti-
vation in TLR4 signaling, corroborating that specificity in kinase
activation by PRDX1 K197ac might associate with compart-
mentalized regulation of hydrogen peroxide concentration.
Indeed, our subcellular fractionation results reveal diminished
cytoplasmic and membrane fraction of PRDX1 K197ac upon
LPS challenge rather than nuclear fraction. Earlier research in-
dicates subcellular localization determines MAPK signaling
output.’®’® We propose that PRDX1 near the plasma mem-
brane represents the main subpopulation of the protein, which
changes its K197 acetylation status in response to LPS and
drives specificity in ERK1/2 modulation in macrophages. This
aligns with studies showing PRDX1 phosphorylation at specific
subcellular locations for growth factor signal transduction and
mitotic progression.®*"?

Extensive studies demonstrate metabolic reprograming to
glycolysis drives LPS-induced macrophage activation, particu-
larly in longer-term exposure scenarios.®®®> However, initial
signaling mechanisms orchestrating this shift remain poorly un-
derstood. In early LPS response, Myd88 and TRIF play crucial
roles in triggering glycolysis in macrophages.'® Upon TLR stim-
ulation, the TBK/IKKe-AKT pathway rapidly stimulates glycolytic
metabolism to support dendritic cell activation and function.® "
Here, we introduce a Myd88 and TRIF downstream signaling
cascade involving the MOF/PRDX1/ERK axis that facilitates
early glycolytic engagement in LPS-activated macrophages.
While ERK1/2 activation has been implicated in stimulating
glycolysis in cancer cells,®"*5®" the crosstalk between ERK acti-
vation and glycolysis in macrophages requires further explora-
tion. Our findings illustrate MOF-mediated PRDX1 K197ac con-
tributes to LPS-induced glycolysis. Moreover, our results
show AKT activation is unaffected by MOF-mediated PRDX1
K197ac, suggesting that the AKT pathway alone does not fully
account for promoting glycolytic metabolism in early LPS
response. Of note, ERK1/2 inhibition via U0126 in MOF-depleted
BMDMs could not reduce LPS-stimulated glycolysis to the level
observed in the control, indicating that MOF may contribute to
glycolysis via other mechanisms. In fact, recent studies show
that loss of MOF reduces mitochondrial OXPHOS®® and fatty
acid B-oxidation,®? hinting that attenuated mitochondrial activity
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upon loss of MOF may also contribute to the augmentation of
glycolysis.

Recent work indicates rapid induction of histone modifica-
tions, such as H3528p°* and H3.3S31p,° upon LPS stimulation,
promoting inflammatory gene expression in macrophages. For
instance, H3S28p is mediated by MSK1/2, which are down-
stream kinases of p38 and ERK1/2, and is enriched at the
promoters and enhancers of LPS-induced genes, stimulating
transcription.®’ Our study reveals MOF depletion increases
H3S28p levels following LPS stimulation. Interestingly, only a
subset (11%) of H3S28p-enriched genes are affected by MOF
depletion, suggesting involvement of other kinase cascades
such as p38, which MOF depletion does not impact. Future
work is warranted to investigate whether H3.3S31p is affected
by MOF and to identify the MOF-sensitive chromatin regions of
H3S28p. Our study highlights IL-6 as an illustrative example of
a H3S28p-enriched, MOF-sensitive, and PRDX1 K197 acetyla-
tion-sensitive gene. IL-6 plays a pivotal role in immune homeo-
stasis, hematopoiesis, regulating inflammation, supporting
development, and modulating metabolism.’>°®> Dysregulated
IL-6 production is implicated in the onset of chronic inflammation
and autoimmune diseases® and linked to persistent phenotypes
in COVID-19 infection.® Our study suggests that antagonism of
MOF-mediated PRDX1 K197ac events, such as HDAC6 or
SIRT2 inhibition, can reversibly regulate IL-6 production,
providing new therapeutic targets for treating IL-6-associated
diseases.

Overall, we identified MOF as a regulator of macrophage acti-
vation through PRDX1 acetylation at lysine 197. Our findings also
filla gap in our knowledge about the specificity in MAPK pathway
in response to stress and initial signaling cascade to stimulate
glycolysis in macrophages. We propose that MOF-mediated
PRDX1 K197ac acts as a signaling hub in inflammatory macro-
phages, modulating glycolytic metabolism and inflammatory
gene transcription, at least in part via ERK1/2 (Figure 6Q). The
selective responsiveness of PRDX1 K197ac also renders targets
aimed at the inflammatory but not anti-inflammatory macro-
phage subpopulation.

Limitations of the study

We show that PRDX1 K197ac affects ERK1/2 activation via
hydrogen peroxide based on the current understanding that
ERK1/2 oxidation occurs at low hydrogen peroxide concentra-
tions (0.1 uM).2>°° Our study lacks direct evidence that PRDX1
K197ac impacts ERK1/2 oxidation. Future work is warranted to
identify MOF-mediated PRDX1 K197ac-sensitive ERK1/2 oxida-
tion sites using cysteine redox proteomics. Investigating ERK1/2
substrates sensitive to MOF-mediated PRDX1 K197ac can eluci-
date the detailed mechanism of PRDX1 K197ac in glycolysis and
transcriptional regulation, and thus phosphoproteome experi-
ments are warranted.
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Antibodies

Rabbit Anti-KAT8/MYST1/MOF antibody Abcam Cat# ab200660; RRID:AB_2891127
[EPR15803]

Rabbit Anti-SIRT2 antibody Active Motif Cat# 61045, RRID:AB_2793485
Rabbit Anti-Peroxiredoxin 1 antibody Abcam Cat# ab41906, RRID:AB_2284360
Mouse Anti-alpha-Tubulin antibody Sigma-Aldrich Cat# 75168, RRID:AB_477579
Rabbit Anti-Lamin B1 antibody Abcam Cat# ab16048, RRID:AB_443298

Rabbit Anti-VDAC2 antibody

Mouse Anti-H3 antibody

Rabbit Anti-Acetylated-Lysine Antibody
Mouse Anti-FLAG M2 antibody

Rabbit Anti- Phosphor-p38 MAPK (Thr180/
Tyr182), Clone 12F8

Rabbit Anti-p38 MAPK (D13E1) antibody

Rabbit Anti-Phospho-p44/42 MAPK (Erk1/
2) (Thr202/Tyr204) (D13.14.4E) antibody

Rabbit Anti-p44/42 MAPK (Erk1/2) Antibody
Rabbit Anti-Phospho-Akt (Ser473) Antibody
Rabbit Anti-Akt Antibody

Rabbit Anit-Phospho-SAPK/JNK (Thr183/
Tyr185) (98F2)

Rabbit Anit-SAPK/JNK Antibody

Rabbit Anti-Histone H3 (phospho S28)
antibody [E191]

Mouse Anti-B-Actin Antibody (C4)
Rabbit Anti-peroxiredoxin-SO3 antibody

Sheep Anti-Mouse IgG, Whole Ab ECL
Antibody, HRP Conjugated

Donkey Anti-Rabbit IgG, Whole Ab ECL
Antibody, HRP Conjugated

Rat Anti-mouse F4/80, PE Conjugated

Rat Anti-mouse/human CD11b, APC/
Cyanine7 Conjugated

Goat anti-Mouse IgG (H + L) secondary
Antibody, Alexa Fluor™ 488 Conjugated

Cell Signaling Technology
Active Motif

Cell Signaling Technology
Sigma-Aldrich

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Abcam

Santa Cruz Biotechnology
Abcam

Cytiva

Cytiva

BioLegend
BioLegend

Thermo Fisher

Cat# 9412, RRID:AB_10828727
Cat# 39763, RRID:AB_2650522
Cat# 9441, RRID:AB_331805
Cat# F1804, RRID:AB_262044
Cat# 4631, RRID:AB_331765

Cat# 8690, RRID:AB_10999090
Cat# 4370, RRID:AB_2315112

Cat# 9102, RRID:AB_330744
Cat# 9271, RRID:AB_329825
Cat# 9272, RRID:AB_329827
Cat# 4671, RRID:AB_331338

Cat# 9252, AB_2250373
Cat# ab32388, RRID:AB_732931

Cat# sc-47778 HRP, RRID:AB_2714189

Cat# ab16830
RRID:AB_443491

Cat# NXA931, RRID:AB_772209

Cat# NA934, RRID:AB_772206

Cat# 123110, RRID:AB_893498)
Cat# 101225, RRID:AB_830641

Cat# A-11029,
RRID:AB_2534088

Rabbit Anti-PRDX1 K197ac Antibody This paper N/A
Bacterial and virus strains

Rosetta 2 (DE3) E. coli. Lab strain N/A

DH5a E. coli. Lab strain N/A

E. coli. BL21(DE3) Lab strain N/A
Chemicals, peptides, and recombinant proteins

LPS from E. coli serotype 0111:B4 Sigma-Aldrich Cat# L2630
N-acetyl-L-cysteine Sigma-Aldrich Cat# A9165
Tubacin Sigma-Aldrich Cat# SML0065
Recombinant Murine IL-4 Peprotech Cat# 214-14
Recombinant Murine IL-10 Peprotech Cat# 210-10
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2-Deoxy-D-glucose TCI Chemicals Cat# D0051
u0126 Cell Signaling Technology Cat# 9903
Lipofectamine 2000 Thermo Fisher Cat# 11668019
Peroxy Orange 1 Tocris Bioscience Cat# 4944
Oligomycin Thermo Fisher Cat# 75351
Protein A/G Magnetic beads Thermo Fisher Cat# 88802
N-ethylmaleimide Sigma-Aldrich Cat# E3876
Catalase from bovine liver Sigma-Aldrich Cat# C9322
Wheat Germ Agglutinin Conjugates, Alexa Thermo Fisher Cat# W32464
Flour 555

Alexa Fluor 647 Phalloidin Cell Signaling Technology Cat# 8940S
VECTASHIELD Antifade Mounting Medium Vector Laboratories Cat# H-1200
with DAPI

Critical commercial assays

Subcellular protein fractionation kit for Thermo Fisher Cat# 78840
cultured cells

lllumina TruSeq Stranded mRNA Prep, lllumina Cat# 20040534
Ligation

Mouse IL-6 ELISA assays BioLegend Cat# 431307
Deposited data

RNA-seq data This paper GEO: GSE231941
Proteome data This paper PRIDE: PXD046284
Experimental models: Cell lines

Mouse: primary BMDMs This paper N/A

Mouse: Raw264.7 cell line BIOSS excellence cluster N/A

Human: HEK293 cell line BIOSS excellence cluster N/A

Mouse: L929 cell line Laboratory of Dr. Tim L&mmermann N/A

Mouse: Raw264.7 Prdx1 KO cells This paper N/A

Human: HEK293 Prdx1 KO cells This paper N/A
Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory N/A
Oligonucleotides

shRNA for human MOF: 5'-CGAAAT This paper N/A
TGATGCCTGGTATTTCTCGAGAAAT

ACCAGGCATCAATTTCG-3

shRNA for mouse MOF: 5’-CGAAA This paper N/A
TTGATGCCTGGTATTTCTCGAGAA

ATACCAGGCATCAATTTCG-3

shRNA for mouse MOF: 5’-GCCTTC This paper N/A
CAGTTCACTGACAAACTCGAGTTT

GTCAGTGAACTGGAAGGC-3'

shRNA for mouse SIRT2: 5'-CAGTGT This paper N/A
CAGAGTGTGGTAAAGCTCGAGCTT

TACCACACTCTGACACTG-3'

sgRNA for Prdx1 Knockout in Raw 264.7 This paper N/A

cells: 5'-AAGCGCACCATTGCTCAGGA-3'

sgRNA for Prdx1 Knockout in Raw 264.7 This paper N/A

cells: 5-AGCGCACCATTGCTCAGGAT-3'

sgRNA for Prdx1 Knockout in Raw 264.7 This paper N/A

cells: 5-TCGACAGATAACAATAAACG-3'

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
sgRNA for Prdx1 Knockout in HEK293 cells: This paper N/A
5'-CACGGAGATCATTGCTTTCA-3'

sgRNA for Prdx1 Knockout in HEK293 cells: This paper N/A
5-CGGAGATCATTGCTTTCAGT-3

sgRNA for Prdx1 Knockout in HEK293 cells: This paper N/A
5-TTGGTATCAGACCCGAAGCG-3’

Overlapping PCR primers for site-specific This paper N/A
mutation on PRDX1, see Table S4

qPCR primers, see Table S5 This paper N/A

Recombinant DNA

pCDHblast lentiviral vector

Human PRDX1-expressing plasmid
pSpCas9(BB)-2A-GFP (PX458)

psPAX2 plasmid

pMD2.G plasmid

pCS2+HyPer7-NES

pCS2+HyPer7-NLS

pCMV-HyPer7-MEM

Yeast Trx and TrxR -expressing plasmids
pLKO.1-puro vector

pLKO.1-puro non-mammalian shRNA
control plasmid

pET28(a)
pFastBac vector

Pegoraro et al.”®

Baltz et al.””
Ran et al.”®

Laboratory of Prof. Didier Trono
Laboratory of Prof. Didier Trono
Pak et al.>*

Pak et al.>*

Pak et al.>

Laboratory of Prof. Sang Won Kang
Sigma-Aldrich

Sigma-Aldrich

Novagen
Thermo Fisher

Addgene; Cat# 22661
Addgene; Cat# 38086
Addgene; Cat# 48138
Addgene; Cat# 12260
Addgene; Cat# 12259
Addgene; Cat# 136467
Addgene; Cat# 136468
Addgene; Cat# 136465
N/A

Cat# SHC001

Cat# SHC002

Cat# 70777
Cat# 10712024

Software and algorithms

Image Lab software (v5.2)
StepOnePlus Software (v2.3)

FlowJo software (v10)

Gen5 (v2.0)

GraphPad Prism (v10)

PyMOL

MaxQuant (v. 1.6.5.0)

Seahorse XFe 96 Wave software (v2.6)

Bio-Rad

Thermo Fisher

Flowjo Software

Agilent

GraphPad Software

Schrodinger

Max Planck Institute of Biochemistry
Agilent

https://www.bio-rad.com

https://www.thermofisher.com

https://www.flowjo.com/
https://www.agilent.com

https://www.graphpad.com

https://pymol.org/2/

https://www.maxquant.org/

https://www.agilent.com

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation and activation of bone marrow-derived macrophages

For generation of BMDMs, tibia and femur from 8 to 10-week-old male C57BL/6 wild-type (The Jackson Laboratory) or Myd88 KO
mice®® were isolated. Bone marrow cells were flushed out with RPMI-1640 medium and then passed through a 70 um cell strainer.
Cells were collected by centrifugation and counted. A total of 2 x 10° bone marrow cells was grown in a non-treated 10-cm dish
(Corning) with RPMI-1640 medium (Gibco, 42401-018) containing 2 mM GlutaMax supplement (Gibco, 35050061) and 10% FBS
(Sigma-Aldrich, F7524) supplemented with 10% L929 conditioned medium for macrophage differentiation (hereafter “macrophage
medium”) at 37°C in 5% CO,. Additional macrophage medium was added on days 3 and 5. By day 6, 56 million BMDMSs per dish
were typically obtained and confirmed by flow cytometry (PE-conjugated F4/80 and APC/Cyanine7-conjugated CD11b antibodies;
around 98% double-positive cells).

For activation at day 7, BMDMs (5 x 108 per 10-cm dish) were grown with media in the absence of L929 conditioned medium in a
non-treated culture dish and then stimulated with TLR agonists or IL-4/IL-10 (concentration and incubation time as indicated in figure
legends). For transduction, BMDMs (5 x 108 per 10-cm dish) were incubated with lentiviral particles overnight. The next day, BMDMs
transduced with a shRNA plasmid were selected by incubation with 6 ng/mL puromycin for 24 h or BMDMs transduced with a
PRDX1-expressing plasmid were selected by incubation with 7 ug/mL Blasticidin for 24 h. Cells at day 3 post-transduction were stim-
ulated with 100 ng/mL of LPS for indicated time.
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Cell culture

Raw?264.7 cell line and HEK293 cell were acquired from BIOSS excellence cluster, Freiburg, Germany and were cultured in GlutaMAX
supplemented DMEM medium (Gibco, 31966-021) with 10% fetal bovine serum (PAN-Biotech or anprotec) at 37°C in 5% CO,. L929
mouse fibroblast cells were gifts from Laboratory of Dr. Tim L&mmermann and were cultured in GlutaMax-supplemented DMEM me-
dium with 10% fetal bovine serum at 37°C in 5% CO,.

Animal experiments

All animal experiments were performed in accordance with the guidelines for the use of experimental animals of German ethics laws,
approved by local authorities, the Committee on Research Animal Care and the Regional Council Freiburg, and conducted under the
project Akh-iTo-2 (sacrifice without pretreatment) with approval from the Max Planck Institute’s welfare officer, Dr. Stefanie Kunz.

METHOD DETAILS

Generation of anti-PRDX1 K197ac antibody

The C-terminal 14 amino acid (186-199) peptide of human PRDX1 with acetylation at lysine197 (PDVQKSKEYFSKacQK) was syn-
thesized, KLH-conjugated and used to immunize rabbits. Sera were affinity purified using an acetylated peptide column followed
by a non-acetylated peptide column to obtain the final PRDX1 K197ac antibody (Genscript).

Plasmid construction

For ectopic expression of MOF, plasmids were generated as described previously.'% Briefly, mouse wild-type or E350Q mutation of
MOF was C-terminally Flag-tagged and cloned into a CMV-driven lentiviral vector (vector from Addgene, 22661). For ectopic expres-
sion of PRDX1, plasmid encoding human PRDX1 (Addgene, 38086) was cloned into same vector with an N-terminal FLAG tag.
PRDX1 mutants were generated by overlapping PCR with site-specific mutated primers (Table S4). For shRNA plasmid cloning, for-
ward and reverse complementary DNA oligonucleotides were synthesized (Sigma-Aldrich), annealed, ligated to pLKO.1-puro vector
(Sigma-Aldrich, SHC001). The shRNA control contains non-targeting control for mammalian cells, which was obtained from Sigma-
Aldrich (SHC002).

Production of L929 conditioned medium

929 mouse fibroblast cells (2 x 10°) were seeded in a T175 flask and supplemented with 5 mL of GlutaMax-supplemented DMEM
medium on day 7. Culture supernatant was harvested on day 10 by centrifugation (3,000 rpm, 10 min), filtered through a 0.22 um filter,
aliquoted, and stored at —20°C until use.

Generation of lentiviral particles

HEK?2983 cells were cultured in GlutaMAX-supplemented DMEM medium with 10% fetal bovine serum (PAN-Biotech or anprotec)
at 37°C in 5% CO,. Cells (5 x 10%) in a 10-cm tissue culture plate were co-transfected with 3.33 pg lentiviral plasmid, 2.5 pg psPAX2
packaging plasmid (Addgene, 12260), and 1 ng pMD2.G envelope-expressing plasmid (Addgene, 12259) using Lipofectamine
2000 reagent (Thermo Fisher). Culture supernatants were collected on days 2 and 4 and concentrated using Lenti-X concentrator
(Takara).

CRISPR-Cas9-mediated gene knockout

Raw264.7 cells and HEK293 cells were cultured in GlutaMAX-supplemented DMEM medium with 10% fetal bovine serum at 37°C in
5% CO,. Small guide RNAs (sgRNAs) targeting PRDX1 exon 3 or exon 4 in mouse (NC_000070.7; Gene ID: 18477) and human
(NC_000001.11; Gene ID: 5052) gene loci were designed for CRISPR-Cas9 editing. Each sgRNA was cloned into pSpCas9(BB)-
2A-GFP (PX458) plasmid (Addgene, #48138). Raw264.7 cells or HEK293 cells were transfected with plasmids using Lipofectamine
2000 and single-cell sorted into a 96-well plate using MoFlo sorter. Single cell clones were screened by immunoblotting with anti-
PRDX1 antibody. Prdx1 KO Raw264.7 and HEK293 cells were maintained in GlutaMAX-supplemented DMEM medium with 10% fetal
bovine serum.

Subcellular fractionation and Western blot

For whole cell lysis, cells were lysed on ice for 20 min with RIPA buffer (150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 50 mM
Tris-Cl, pH 7.5). Subcellular fractions (cytoplasmic, membrane, soluble nuclear, and chromatin) were isolated simultaneously using
the subcellular protein fractionation kit for cultured cells (Thermo Fisher). Lysis buffers were supplemented with 20 mM sodium buty-
rate, 10 mM nicotinamide, protease inhibitors (Roche), and PhosSTOP (Roche). Lysates were quantified using the Bradford assay
(Bio-Rad), diluted with 6x sample buffer, boiled at 95°C for 5 min, and resolved on a 12% Bis-Tris gel. Proteins were transferred
onto PVDF membranes (Amersham), probed with primary antibodies followed by HRP-conjugated secondary antibodies. Immuno-
detection was performed using Lumi-Light Western Blotting Substrate (Roche). Images were captured with ChemiDoc XRS+ (Bio-
Rad), and band intensities were quantified using Image Lab software (v5.2, Bio-Rad).
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Reverse transcription followed by quantitative PCR

Cells were lysed in TRIzol reagent (Thermo Fisher) to collect total RNA, which was further extracted using Direct-zol RNA Miniprep
Plus Kits (Zymo Research) according to the manufacturer’s instructions. cDNA was synthesized using the GoScript Reverse
Transcription kit (Promega). For quantitative PCR (gPCR), diluted cDNA was amplified with SYBR Green dye (Roche) on a
StepOnePlus Real-Time PCR System (Thermo Fisher). Relative RNA expression differences among samples were determined using
the comparative Ct (AACT) method in StepOnePlus Software v2.3. Briefly, Ct values were first normalized to that of housekeeping
gene HPRT in the same sample (ACT) and then differences of Ct values between each treated and control group (AACT) were used to
calculate the fold changes within each sample using the formula 2"—AACT. Each gPCR experiment included three technical repli-
cates per biological sample. Primers used are listed in Table S5.

RNA sequencing analysis

BMDMs were transduced overnight with lentiviral particles carrying shRNA against MOF (shMOF) or non-targeting control (shCTRL)
plasmids, followed by selection with 6 ng/mL puromycin. At day 3 post-transduction, cells were either stimulated with LPS for 3 h or
left unstimulated. Total RNAs from 3 independent samples were extracted using Direct-zol RNA Miniprep Plus Kits (Zymo Research),
and their concentration were quantified with Qubit 2.0 (Thermo Fisher). Paired-end libraries (100 bp length) were prepared using II-
lumina TruSeq Stranded mRNA Prep, Ligation (lllumina, 20040534), and sequenced on a NovaSeq 6000 (lllumina) at the Deep
Sequencing Facility of the Max Planck Institute for Immunobiology and Epigenetics.

Raw sequencing data were processed using the snakePipes mRNA-seq pipeline (v2.5.0).'°" Adapters were trimmed with cutadapt
(v2.8) using parameters '-q 20 —trim-n’. Trimmed reads were aligned to the mm10 genome using STAR (v2.7.4).'%? The aligned reads
were counted using Gencode GTF (m9) via featureCounts (v2.0.0)'°® The gene-level counts obtained from featureCounts were used
for differential expression analysis via DESeq2 (v1.26.0).'%* Differential expression analysis was performed using DESeq2
(v1.26.0),"°* with genes considered differentially expressed at a g-value cutoff of 0.05. Gene Ontology (GO) enrichment analysis
of differentially expressed genes was conducted using ClusterProfile (v3.17.4).'° Normalized counts from DESeq2 were used for
gene expression comparisons across samples. MA plots, dot plots, and heatmaps depicting gene expression changes were gener-
ated using ggplot2 (v3.3.2) and pheatmap (v1.0.12) in R (v4.1.3).

Recombinant protein expression and purification

His-tagged wild-type or mutant human PRDX1 was cloned into the pET28(a) vector (Novagen, 70777) and transformed into Rosetta 2
(DE3) E. coli. A single colony was grown overnight in 10 mL LB broth containing 50 mg/mL kanamycin and 30 mg/mL chloramphen-
icol. The culture was expanded to 500 mL in a 2 L shaker flask, and grown at 37°C until an OD600 of 0.6-0.8 was reached. Protein
expression was induced with 1 mM IPTG at 30°C for 4 h. Cells were harvested by centrifugation (6,000 rpm, 15 min, 4°C), resus-
pended in ice-cold lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 2 mM imidazole, protease inhibitors), and sonicated. The
lysate was centrifuged (20,000 rpm, 20 min, 4°C), and the supernatant was incubated with Ni-NTA beads (Qiagen) for 2 h at 4°C
with gentle rotation. The beads were washed sequentially with three buffers: wash buffer 1 (10 mM imidazole), wash buffer 2
(25 mM imidazole), and wash buffer 3 (40 mM imidazole), which are all containing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and pro-
tease inhibitors. Protein was eluted with elution buffer (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 200 mM imidazole, protease inhibi-
tors). After concentration (Amicon, Millipore) and centrifugation (20,000 rpm, 10 min), gel filtration was performed using HPLC with a
Superdex 200 10/300 GL column (Cytiva) equilibrated with 20 mM Tris, 150 mM NaCl, pH 7.5. PRDX1 monomers were collected,
concentrated, quantified by Bradford assay, flash-frozen in liquid nitrogen and stored at —80°C.

The pET17b-yTrx and yTrxR plasmids,*” gifts from Prof. Sang Won Kang (Ewha Womans University, Seoul, South Korea), were
used to transform E. coli BL21(DE3). A 500 mL expression culture was initiated from 50 mL of a single cell clone culture, and protein
expression was induced with 1 mM IPTG at 30°C for 4 h. Cells were harvested by centrifugation (6,000 rpm, 15 min, 4°C), resus-
pended in ice-cold lysis buffer (20 mM Tris-HCI, pH 7.5, 10 mM NaCl, 1 mM EDTA, 5 mM DTT, protease inhibitors), and sonicated.
The lysate was centrifuged (20,000 rpm, 30 min), and the supernatant treated with salt-active nuclease (Serva) on ice for 10 min, fol-
lowed by another centrifugation (20,000 rpm, 20 min).

For yTrxR purification, the supernatant was loaded onto a DEAE Sepharose column (Cytiva), washed with buffer A (20 mM Tris—HCI
pH 7.5, 1 mM EDTA), and eluted with a step gradient of 0-500 mM NaCl. Fractions containing yTrxR were collected, concentrated
using a 10 kDa Amicon and dialyzed against buffer B (20 mM HEPES-NaOH, pH 7.0, 1 mM EDTA) using a 3.5 kDa dialysis cassettes
(Thermo Fisher). Following dialysis, an equal volume of 2M ammonium sulfate dissolved in buffer B was added to equilibrate the post-
dialyzed proteins. The yTrxR was further purified on a Phenyl Sepharose column (Cytiva) using a reverse gradient of 1-0 M ammonium
sulfate in buffer B. Pure yTrxR fractions were pooled, concentrated, dialyzed against assay buffer (50 mM HEPES-NaOH, pH 7.0,
1 mM EDTA), quantified by Bradford assay, flash-frozen in liquid nitrogen and stored at —80°C.

For yTrx purification, the supernatant was similarly loaded onto a DEAE Sepharose column, washed with buffer A, and eluted with a
step gradient of 0-500 mM NaCl. Fractions containing yTrx were concentrated using a 3 kDa Amicon and purified on a Superdex 200
10/300 GL column equilibrated with 20 mM Tris, 150 mM NaCl, pH 7.5. Pure yTrx fractions were pooled, concentrated, quantified by
Bradford assay, flash-frozen in liquid nitrogen and stored at —80°C.

For cloning, expression and purification of MOF,_45g in Sf21 cells, the Bac-to-Bac expression system (Thermo Fisher) was used to
express N-terminally tagged HA-3XFLAG-MOF,_455 in Sf21 cells. The human MOF gene was cloned into the pFastBac vector.
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Bacmids were generated in DH10Bac E. coli, and Sf21 cells were transfected with 0.5-1 ug bacmid-DNA using Cellfectin Il (Thermo
Fisher). Virus stocks were harvested after 4 days, and cell pellets for protein purification were collected after 2 days. The cell pellet
was lysed in buffer (25 mM Tris, 150 mM NaCl, 10% glycerol, protease inhibitors, pH 7.4) using dounce homogenization (20 cycles).
After centrifugation (40,000 g, 4°C, 30 min), the supernatant was incubated with anti-FLAG M2 agarose beads (Sigma-Aldrich) for
1.5 h at 4°C with gentle rotation. The beads were washed four times with lysis buffer and centrifuged (5 min, 1,000 g, 4°C). Elution
was performed by incubating the beads with lysis buffer containing 3XFLAG-peptide (250 pg/mL) for 1 h at 4°C with gentle rotation.
The eluent was collected and further purified using a Superdex S200 10/300 gel filtration column (Cytiva) in buffer (25 mM Tris,
150 mM NaCl, 10% glycerol, pH 7.4). Fractions containing MOF were pooled, concentrated, flash-frozen in liquid nitrogen, and
stored at —80°C. SDS-PAGE followed by InstantBlue (Expedition) was used to monitor all purification steps.

In vitro peroxidase assay
Purified 0.5 uM hPrdx1, 5 uM yTrx, 0.5 uM yTrxR, and 200 uM NADPH were mixed in 180 pL per reaction with assay buffer (50mM
Hepes-NaOH pH 7.0, 1mM EDTA). The 180 puL of pre-cocktail was transferred into each well in a clear flat-bottom black well 96-well
plate (FALCON, 353219) and the reaction was initiated by adding final concentration of 10 uM H,O, to 180 pL pre-cocktail. The
NADPH oxidation was monitored for 15 min by absorbance at 340 nm at 30°C (measurement every 20 s) via VICTOR Nivo Multimode
Plate Reader (PerkinElmer).

In vitro HAT assay

In vitro acetylation of PRDX1 was performed using 2 uM of recombinant human PRDX1 protein incubated at 30°C for 2 h at 300 rpm
with 0.2 uM of recombinant human MOF and 20 uM of acetyl-CoA (Sigma-Aldrich) in a buffer containing 10 mM Tris-HCI pH8.0,
150 mM NaCl, and 1 mM DTT (30 pL final volume). The reaction mixture was separated on a Tris-glycine gel, followed by immuno-
blotting with an anti-acetyllysine or anti-PRDX1 K197ac antibody.

Mass spectrometry

For identifying acetylation sites, in vitro HAT reactions were mixed with Laemmli buffer adjusted to 10.5 mM TCEP (pH7.0), heated for
10 min (70°C), followed by SDS-PAGE (16% Novex, Thermo Fisher; colloidal Coomassie, Expedeon). In-gel propionylation followed a
published method.'°® In-gel digestion with trypsin (Promega) and peptide clean-up were as previously described.'®” Nano-scale LC-
MS analysis was performed on a Q Exactive mass spectrometer as previously described'°® with modifications below. Samples were
injected twice employing a “60 min” and “120 min” nLC-MS method, respectively. The 60 min method: gradient: 10% for 5 min, 40%
for 40 min, 80% for 4 min (%B buffer; 250 nL/min flow rate), followed by a wash-out step: 80% for 5 min, inverse gradient from 80% to
0% for 1 min, and re-equilibration at 2% B buffer for 5 min (flow rate: 450 nL/min). The 120 min method: gradient: 5% for 5 min, 30%
for 90 min, 40% for 10 min, 80% for 2 min (%B buffer; 300 nL/min flow rate), followed by a wash out: 80% for 5 min, inverse gradient
from 80% to 2% for 2 min, and re-equilibration at 2% B buffer for 5 min (flow rate: 500 nL/min). All measurements were carried out in
DDA mode employing the “sensitive method”. Data were analyzed using MaxQuant (v. 1.6.5.0) employing standard parameters for
peptide and final protein identification role-up (both at 1%FDR). MS raw data were searched simultaneously with the target-decoy
standard settings against the Uniprot Homo sapiens database (Uniprot_reviewed+Trembl including canonical isoforms; August
2019) concatenated with an in-house curated FASTA file containing commonly observed contaminant proteins. Cysteine carbami-
domethylation was set as a fixed modification and N-terminal acetylation, lysine acetylation, deamidation (NQ) and methionine oxida-
tion as variable modifications. For in-gel propionylated samples lysine propionylation was added. For identification of post-transla-
tional modifications, site FDR was set to 5%. Mass spectrometry raw data were analyzed similarly as previously described’?® using
Peaks Studio version X (Bioinformatics Solution Inc.) enabling the ’inchorus’ mode including an optional Mascot 2.2 database search
using the decoy-fusion database search strategy (1% peptide FDR). Parameter settings for PTM searches were set as described
above. Maximum (allowed) variable PTMs per peptide were set to four.

Measurement of extracellular acidification rates (ECAR)

To examine glycolysis rates, the Seahorse Glycolysis Stress Assay was performed using the XF96 Extracellular Flux Analyzer (Agi-
lent). Transduced or treated BMDMs were plated at 50,000 cells/well on attachment factor-coated Seahorse XF Cell Culture Micro-
plates (Agilent) with macrophage medium and incubated overnight. The next day, cells were treated with or without 100 ng/mL LPS in
macrophage medium without L929 conditioned medium for 3 h. Cells were then washed with assay medium (Agilent) and replaced
with 180 pL of assay medium without glucose. Plates were incubated at 37°C in a non-CO, incubator for 60 min to degas, while
ensuring cells were undisturbed using Bright Field imaging.

During the assay, glucose (10 mM), oligomycin (1 uM), and 2-DG (50 mM) were sequentially added to ports A, B, and C, respec-
tively. Hoechst dye (Thermo Fisher) was added to port C for cell counting via BioTek Cytation imager post-assay. Four baseline mea-
surements were taken before adding any compounds, followed by measurements after each sequential addition. Glycolysis was
calculated by subtracting the last ECAR measurement before glucose injection from the maximum ECAR value prior to oligomycin
injection. Glycolytic capacity was calculated by subtracting the last ECAR measurement before glucose injection from the maximum
ECAR value post-oligomycin injection. Data were analyzed using Seahorse XFe 96 Wave software, and ECAR values were normal-
ized to cell numbers, reported as absolute rates (mpH/min/1000 cells).
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Peroxy Orange 1 staining

Intracellular hydrogen peroxide levels were assessed using Peroxy Orange 1 (PO-1) staining (Tocris Bioscience). Transduced
BMDMs (1.2 x 10° cells/well) or PRDX1-complemented Prdx? KO Raw264.7 cells (2 x 10° cells/well) were seeded in 6-well
plates. The next day, cells were incubated with 10 uM PO-1 for 20 min and then stimulated with 100 ng/mL LPS for 3 h at
37°C. Cells were washed with PBS, detached using 20 mM EDTA in PBS or Trypsin, and resuspended in PBS with 1 pg/mL
DAPI for live/dead cell analysis. Stained cells were analyzed for oxidized PO-1 fluorescence (ex. 543 nm/em. 647 nm) and
DAPI (ex. 358 nm/em. 461 nm) using a Fortessa Il flow cytometer (BD), acquiring at least 10,000 events per sample. Mean fluo-
rescence intensity (MFI) of oxidized PO-1 was calculated using FlowJo software (v10), and fold changes were normalized to the
control by MFI.

Enzyme-linked immunosorbent assay (ELISA)

Transduced or treated BMDMs (1.2 x 10° cells/well) or PRDX1-complemented Prdx? KO Raw264.7 cells (2 x 10° cells/well) were
seeded in 6-well plates and stimulated with 100 ng/mL LPS for 3 h in 1 mL of medium. Culture supernatants were collected by centri-
fugation at 500 x g for 5 min. Mouse IL-6 ELISA assays (BioLegend, 431307) were conducted according to the manufacturer’s pro-
tocol. Absorbance at 450 nm was measured using a Bio-tek Synergy4 Multimode Plate Reader, and results were analyzed with Gen5
2.0 software.

HyPer7 measurements

HyPer7 sequences in plasmids pCS2+HyPer7-NES (cytoplasm, Addgene, 136467), pCS2+HyPer7-NLS (nucleus, Addgene,
136468), and pCMV-HyPer7-MEM (plasma membrane, Addgene, 136465), were cloned into a CMV-driven lentiviral vector. Lentiviral
particles carrying Hyper7 plasmids were generated. HEK293 Prdx1 KO cells were co-transduced with PRDX1-and Hyper7-express-
ing plasmids at 1:1 ratio. After a 24-h infection, cells were selected with 16 pg/mL Blasticidin for 3-6 days. Subsequently, cells (5 x
10%/12 well) were treated with 50 uM hydrogen peroxide or left untreated for 3 h. Cells were then trypsinized, resuspended and
analyzed for fluorescence - reduced Hyper7 (ex. 405 nm/em. 530 nm) and oxidized Hyper7 (ex. 488 nm/em. 530 nm) — using Fortessa
Il flow cytometer (BD). At least 10,000 events per sample were acquired. The ratio of oxidized to reduced Hyper7 fluorescence in-
tensity per cell was calculated using FlowJo software (v10, Flowjo Software). Geometric means of the ratios per sample were
presented.

Immunofluorescence

To confirm HyPer7 localization, HyPer7-expressing cells (1 x 10°/well) were seeded onto ibi-treated p-Slide 8 Well chambers
(ibidi). For Alexa Fluor 555 Wheat Germ Agglutinin (WGA) (Thermo Fisher) staining, cells were incubated with 1 pg/mL WGA in
PBS at 37°C for 10 min. Cells were then fixed using 4% methanol-free formaldehyde (Thermo Fisher) at RT for 10 min, permea-
bilized with 0.2% Triton X-100 in PBS at RT for 10 min, and blocked with 2% BSA in PBS for 1 h. Cells were incubated with mouse
anti-GFP primary antibody (Roche) at 4°C overnight. The next day, cells were washed with PBS and incubated with Alexa Fluor
488-conjugated goat anti-mouse secondary antibody (Thermo Fisher) at RT for 1 h. For Alexa Fluor 647 Phalloidin (Cell Signaling
Technology) staining, antibody-stained cells were incubated with a 1:20 dilution of Alexa Fluor 647 Phalloidin in PBS at RT for
15 min. Samples were mounted using DAPI-containing medium (Vector Laboratories) and imaged with a Spinning Disc
microscope.

Redox state assessment of PRDX1

Sample preparation was followed as described previously.'?® Briefly, Flag-tagged PRDX1-complemented HEK293 Prdx1 KO
cells were either treated with 50 uM H,O, for indicated time or left untreated. After H,O, treatments, cells were washed with
1X PBS and incubated with 100 mM N-ethylmaleimide (Sigma) in PBS for 10 min at room temperature to alkylate free cysteine
residues.

For PRDX1 dimerization, cells were lysed in a buffer containing 40 mM HEPES, 50 mM NaCl, 1 mM EGTA, 1% CHAPS, Com-
plete protease inhibitors (Roche), pH 7.4, and 10 mg/mL catalase (Sigma), along with 100 mM N-ethylmaleimide (NEM). Lysates
were diluted in a nonreducing sample buffer (62.5 mM Tris-HCI, pH 7.0, 10% glycerol, 1.5% SDS, and 0.025% bromophenol
blue) and resolved on a 12% Bis-Tris SDS-PAGE followed by Western blotting. Band intensities of PRDX1 dimer and monomer
were quantified using Image Lab software (v5.2, Bio-Rad), and ratios (monomer/dimer) relative to control samples were
calculated.

For PRDX1 hyperoxidation, NEM-treated cells were harvested and lysed in a buffer with 50 mM Tris, 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, pH 7.4. After protein quantification, 1000 pg of total lysates was incubated with 5 uL of anti-Flag M2 antibody over-
night at 4°C with rotation and then incubated with 30 pL of Protein A/G Magnetic beads (Thermo Fisher) for another 2 h. Subsequently,
the beads were washed with 0.05% TBST three times. Proteins were eluted in SDS-PAGE reducing sample buffer in a 95°C heating
block for 10 min and then magnetically separated from the beads for Western blotting.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 10.0. All data represent mean + s.e.m. of the corresponding number of samples,
except for Hyper7 ratio data, which represent geometric mean + s.e.m. All experiments in this study were repeated at least three
times. The number of corresponding biological samples and statistical hypothesis tests are detailed in the figure legends. Briefly,
statistical analyses included two-tailed unpaired t-tests (Figures 1F-1l, 3I, 5E, 5F, 5H, 51, 60, S3K, and S5A), one-way ANOVA
(Figures 2C, 2E, 2G, 2I, 2K, 2M, 5B, 5G, 6G, 6H, 6L, 6M, 6P, S2B, and S2D), two-way ANOVA (Figures 3B, 3C, 3F, 3H, 3K-3M,
4J, 6C, 6E, 6F, 61, 6J, 6N, S3F, S3I, and S6A), and mixed effect analysis (Figure S5C). pp-values <0.05 were considered statistically
significant and are reported as exact values in the figures, while pp-values >0.05 were considered not statistically significant and are
denoted as “ns”.
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