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% Check for updates Marine cyclopianes are a family of diterpenoid with novel carbon skeleton and

diverse biological activities. Herein, we report our synthetic and chemical
proteomics studies of cyclopiane diterpenes which culminate in the asym-
metric total synthesis of conidiogenones C, K and 123-hydroxy conidiogenone
C, and identification of Immunity-related GTPase family M protein 1 (IRGM1) as
a cellular target. Our asymmetric synthesis commences from Wieland-
Miescher ketone and features a sequential intramolecular Pauson-Khand
reaction and gold-catalyzed Nazarov cyclization to rapidly construct the 6-5-5-
5 tetracyclic skeleton. The stereocontrolled cyclopentenone construction is
further investigated on complex settings to demonstrate its synthetic utility.
Furthermore, using an alkyne-tagged conidiogenone C-derived probe, IRGMI,
a master regulator of type | interferon responses, is identified as a key cellular
target of conidiogenone C responsible for its anti-inflammatory activity. Pre-
liminary mechanism of action studies shows that conidiogenone C activates
IRGM1-mediate dysfunctional mitochondria autophagy to maintain mito-
chondria quality control of inflammatory macrophages.

Terpenoid natural products with novel carbon skeletons and diverse
biological activities continue to attract attentions from synthetic
community'>. One recent example is the cyclopiane diterpenes*™,
These natural products share a 6-5-5-5 tetracyclic carbon skeleton with
6-9 stereocenters, including 3-4 all-carbon quaternary centers, two of
which are vicinal (Fig. 1)'*"". Furthermore, the different oxidation state
of A and D ring makes these natural products as challenging synthetic
target. Since the first two members conidiogenone (1) and con-
idiogenol (2) were isolated from the genus Penicillium*, more than 20
congeners have been discovered, some of which displayed important
biological activities. For example, conidiogenone (1) and conidiogenol
(2) were reported as potent and selective inducers of conidiogenesis in
P. cyclopium while conidiogenone C (4) showed potent cytotoxicity
against HL60 cell (ICso=38nM) as well as esophageal cancer cell

lines*'°. These natural products also exhibited significant activity
against methicillin-resistant Staphylococcus aureus (MRSA), with con-
idiogenone B (3) displaying MIC = 8 ug/mL°. More recently Zhang and
co-workers reported several congeners exhibited activity against
MRSA, and discussed the structure-antibacterial activity relationship
(SAR) of these natural products®. Furthermore, the anti-inflammatory
activity of 123-hydroxy conidiogenone C (9) was also disclosed, which
showed comparable potency to indomethacin'.

Due to the unique skeleton and intriguing biological activities,
these natural products quickly became attractive synthetic targets
(Fig. 2A)*22, Tu and co-workers reported the first total syntheses of
conidiogenone (1), conidiogenol (2) and conidiogenone B (3) in 24-27
steps through an efficient and well-designed semi-pinacol rearrange-
ment and corrected the absolute configuration of conidiogenone B».
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A) Natural products with oxidized A ring
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B) Natural products with oxidized A and D rings

(0] (o}
Me
LnH
Mg, Me
Me M
e
HO

conidiogenone C (4) conidiogenol D (5)  conidiogenone E (6)

Nazarov cyclization
and Target identification

conidiogenone (1) conidiogenol (2) conidiogenone B (3)

o
Me
LnH
H
Mg Me
Me
Me
OH

conidiogenone F (7)

conidiogenone K (8) 12B-hydroxy

conidiogenone C (9)

Fig. 1| Cyclopiane diterpenes. A Natural products with oxidazed A ring. B Natural Products with oxidazed A and D rings.

In 2019, Snyder and co-workers coined the “quaternary-centre-guided
synthesis” concept and reported the asymmetric total synthesis of
conidiogenone B (3) in 13 steps and its conversion into conidiogenone
(1) and conidiogenol (2) following Tu’s method*?*. Furthermore,
through their excellent synthetic approach, conidiogenones C (4) and
D (10) were also obtained in 16 steps by branching off an early-stage
intermediate. In 2020, Zhai and co-workers reported” their successful
approach to conidiogenone (1), conidiogenol (2) and conidiogenone B
(3) in 14-17 steps featured a late stage Danheiser annulation for con-
structing tetraquinane skeleton with vicinal all-carbon quaternary
centers, followed by ozonolysis and intramolecular aldol condensation
to forge the cyclohexanone ring. During the submission process of this
manuscript, Han, Lee and coworkers reported their approach to this
family. Through trimethylenemethane diyl-mediated cycloaddition,
the tetracyclic conidiogenone core was obtained which enabled a
divergent synthesis of five conidiogenones and formal synthesis of
conidiogenone B in 19-26 steps”. More recently, Carreira and co-
workers reported the first total synthesis of the related tetracyclic
diterpenoid aberrarone (not shown) through an elegant Nazarov-
cyclopropanation-aldol cascade, Jia and co-workers also achieved total
synthesis of aberrarone through an impressive Mn-mediated radical
cascade cyclization®®”. Beside these total synthesis investigation, a
synthetic proposal through computational planning was disclosed by
the Grzybowski group®. In addition, several enzymes involved in the
biosynthetic pathway of these natural products were recently
discovered®*. Herein, we report a collaborative effect in the asym-
metric total synthesis and target identification of conidiogenone C (4),
its oxidized congeners conidiogenone K (8) and 12B-hydroxy con-
idiogenone C (9) and reveal IRGM1 as a key cellular target of con-
idiogenone C (4) responsible for its anti-inflammatory activity.

Results

Total Synthesis

As conidiogenones C (4), K (8) and 123-hydroxy conidiogenone C (9)
feature an oxidized D ring with an addition all-carbon quaternary
center compared to the previously synthesized conidiogenone B,
conidiogenone and conidiogenol, we planned to construct this highly
substituted five-membered ring (D ring) at late stage by utilizing the
cyclopentenone 16 as corresponding precursor (Fig. 2B). This key
intermediate 16 is proposed to be accessed from precursor 13 through
gold-catalyzed 1,3-acyloxy migration followed by Nazarov

cyclization®*°, As shown in Fig. 2B, 1,6-enyne intermediate 11 obtained
from Wieland-Miescher ketone through an established synthetic
route*, could be advanced to propargylic benzoate 13 through intra-
molecular Pauson-Khand reaction (to give 12) and Sonogashira cross-
coupling. In the key step, 13 would first undergo gold-catalyzed 3,3-
rearrangement of enynyl benzoate and after gold catalyst coordinated
the formed allenoic benzoate, the resulting “bent-allene” structure 14
would react in a sequence of Nazarov cyclization, protonation and
hydrolysis of intermediate 15, to ultimately form the tetracyclic pro-
duct 16. The challenging all-carbon quaternary centers at C11 and C14
could be constructed through alkylation and conjugate addition by
Nagata reagent (Et,AICN). From 17, oxidation state adjustments in the
A and D rings would furnish conidiogenone C (4), conidiogenone K (8)
and 12f3-hydroxy-conidiogenone C (9). As 21 entities of the cyclopiane
diterpenes (25 members in total) exhibit a highly oxidized D ring, the
previously inaccessible natural products could be synthesized through
this strategy.

The synthetic route commenced from Wieland-Miescher ketone
which was prepared in one step by Luo’s procedure (Fig. 3A)*. Fol-
lowing the reported sequence” including selective ketone protection,
Weitz-Scheffer epoxidation, Eschenmoser-Tanabe fragmentation and
Wittig olefination, the 1,6-enyne 11 was synthesized. (For details, see
page S15-S17 of the Supplementary Information). Through Co,(CO)s-
mediated intramolecular Pauson-Khand reaction***, the tricyclic
skeleton was prepared in only 6 steps from commercially available 2-
methyl-1,3-cyclohexanedione. The success in setting the all-carbon
quaternary center at C5 may be explained by a Thorpe-Ingold effect
imparted by C9 stereocenter. The stereochemistry of C5 was further
confirmed by X-ray analysis of crystalline 18 which was synthesized
through stereoselective hydrogenation of the Pauson-Khand pro-
duct 12.

Ketone 18 was quickly elaborated to key enynyl acetates 21 and 22
by vinyl triflate formation, Sonogashira cross-coupling and acylation.
With the two diastereomers in hand, we started investigating the key
step (Table 1). When either substrate 21 or 22 were submitted to
Zhang's conditions (entries 1 and 3)*, the cyclopentanone ring was
formed as expected, but unsatisfactory diastereomeric ratio was
observed. Echavarren’s catalyst (Au(MeCN)(JohnPhos)SbF¢)* yielded
only minor improvement (Table 1, entry 2). Apparently, the Cé6 ste-
reocenter was not able to impart sufficient substrate control as both
products 16 and 24 are formed in all cases. Chirality transfer from
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A) Previous total synthesis of cyclopiane diterpenoids
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Fig. 2 | Reported total syntheses and our synthetic strategy of cyclopiane diterpenoids. A Previous total synthesis of cyclopiane diterpenoids. B Total synthesis of

cyclopiane diterpenoids by gold-catalyzed Nazarov cyclization.

propargylic alcohol moiety was not efficient either. During this inves-
tigation, Zhang and Liu reported*® significant improvement by using
enynyl benzoate substrates and, more importantly, identified ¢-
BuBrettphosAuCl as superior catalyst for chirality transfer. Inspired by

their work, the enynyl benzoates 13 and 23 were prepared. When 13
was submitted to the reported conditions, to our delight, the desired
product 16 was obtained as major product (Table 1, entry 7). The
undesired 24 could be synthesized when the “unmatched”
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A) Total synthesis of 123-hydroxy conidiogenone C
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diastereomer 23 was used as substrate. (Table 1, entry 6). Further
optimization showed that a combination of ¢-BuBrettphosAuCl and
AgSbFy, yielded exclusively the tetracyclic product 25 (Table 1, entry
8). In all cases, the cyclopentanone product was directly formed in the
reaction mixture and no benzoate product was observed which also
fascinated the overall transformation.

Previously, during the total synthesis of kadcoccinic acid A tri-
methyl ester”’, Trost and co-workers observed that when utilizing the
two diastereomers of enynyl acetate as substrates, the Nazarov cycli-
zation led to different cyclopentenone product. However, based on
the above result, the cyclopentenones 24 and 25 could be constructed
via efficient chirality transfer from the corresponding enynyl benzoate,
so we further explored this transformation with other substrates
containing multiple stereocenters and functional groups. As shown in
Table 2, the stereochemistry of cyclopentenones 34-41 was controlled
by the propargylic stereocenter of precursors 26-33, which were pre-
pared from intermediate 18, camphor, pleuromutilin and estrone. We
believe this approach could become a valuable option for skeleton
construction in complex settings.

After constructing the tetracyclic skeleton in 10 steps, modifica-
tion of D ring was required (Fig. 3A) for our first target 12p-hydroxy
conidiogenone C (8) which has an addition secondary alcohol group
comparing conidiogenone C. While constructing the poly-substituted
cyclopentane with two all-carbon quaternary centers are challenging,

cyclopentanone intermediate 25 severed as a practical precursor. The
Cl11 and Cl14 quaternary centers were synthesized through alkylation
and an efficient 1,4-addition of Nagata reagent***, both from the
convex face of the cyclopentenone. Notably, freshly prepared Et,AICN
in combination with TMSCI was crucial for high yield and proved
uniquely suitable to set this all-carbon quaternary center. In this sce-
nario, the nitrile group serves as masked primary alcohol for our tar-
gets. Commenced from key intermediate 43, the initially surveyed
metallic sodium or Sml, mediated reductions for stereoselective
construction of the C12 alcohol resulted in no product formation. We
then switched to NaBH, reduction and after screening reaction sol-
vents and temperatures, a separable mixture of 44 and 45 was
obtained. The tetracyclic skeleton as well as the stereochemistry from
alkylation and 1,4-addition was further confirmed through X-ray of
compound 44 and this undesired diastereomer was recycled to 43
through Ley oxidation. Compound 45 features the tetracyclic skeleton
and all four all-carbon quaternary stereocenters. From this inter-
mediate, the late-stage modification of A ring inspired by Tu’s syn-
thetic route” was investigated. Compound 46 was synthesized after
removing the ketal protecting group and protected the hydroxy group
as propionate. Then through methyl enol ether formation and allylic
oxidation as reported by Corey and Yu>, unsaturated ketone was
synthesized. From the enone intermediate, after deprotonation by
LDA, the a face of in-situ formed enolate was blocked by the adjacent B
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Table 2 | Stereocontrolled Cyclopentenone Construction!®!
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H ~o-v ' Me
26-33 n=0-1 34-41
Substrate Product Yield (%) Substrate Product Yield (%)
74% 75%
O0.__OMe
-
/ / 27
Me—,
OBz
73% 70%
Me_ Me Me_ Me Me_ Me Me_Me Me
H ; i
Me N\ j
Me Me Me me = HO
W\ 28 4 36 W\ 29 M o
Me & Me
BzO BzO
59% 62%
OMe OMe OMe

68%

MeO

%

“The reaction was carried out with t-BuBrettphosAuCl (5 mol%), AgSbFs (10 mol%) in wet CH,CL, at r.t.

Plsolated yield.

g°%%, thereby the C4 methyl group was correctly installed through this
stereoselective alkylation. Notably, propionate protection of the C12
hydroxy group proved necessary as the related acetate underwent
competitive alkylation during the methylation at C4. With 47 in hand,
the planned triple reduction® of ketone (Stork-Danheiser reductive
squence®), ester and nitrile groups were successfully achieved, and the
cyclohexanone ring with x-methyl group was constructed efficiently.
The final chemoselective reduction of neopentyl aldehyde 48 in the
presence of an unsaturated ketone group was achieved under our
previously reported combination®®®' of NaBH, and acetylacetone and
total synthesis of 12f3-hydroxy conidiogenone C was achieved.

With a synthetic route to 12p3-hydroxy conidiogenone C estab-
lished, we directed our attention to conidiogenones C and K (Fig. 3B).
To reach these two natural products, the C12 carbonyl group needed
to be removed. Attempts at direct conversion to methylene through
Huang Minlon modification of Wolf-Kishner reduction or Caglioti
reduction resulted in recovered starting material 43. The failure is
likely due to the sterically hindered environment of the C12 carbonyl
group, which preclude direct nucleophilic attack by hydrazine hydrate

or NH,NHTs. To overcome this problem, the carbonyl group was
deprotonated at C13 by KHMDS and transformed into the vinyl triflate
with Comins’ reagent. The planned two-step procedure consisting of
palladium-catalyzed reductive cross-coupling and hydrogenation were
attempted, but neither formic acid nor Et;SiH provided conversion,
indicating the steric hindrance preclude oxidative addition of palla-
dium catalyst. Ultimately, we found direct hydrogenolysis®*®° of the
vinyl triflate 49 enabled the transformation into 50 after treatment
with acid. A plausible pathway involves hydrogenation of the
double bond followed by substitution of the labile triflate inter-
mediate. From 50, through a similar sequence as above including
modification of A ring and chemoselective aldehyde reduction,
conidiogenone C (4) was synthesized. As the NaBH,-mediated trans-
formation of conidiogenone C (4) to conidiogenol D (5) was
reported®, our work also constituted a formal synthesis of con-
idiogenol D (5). After Weitz-Scheffer epoxidation of conidiogenone C,
the first total synthesis of conidiogenone K was completed (Fig. 3B).
The spectra of those three natural products were identical in all
respects to those previously reported’'>*,
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Biological evaluation and probe synthesis

After completing our synthesis, we firstly verified the cytotoxicity of
these three cyclopiane diterpenes against HL60 cells’. Disappointedly,
none of them probed to be toxic even at 40 uM concentration (Fig. S1).
Later on, we evaluated the anti-inflammatory activity of these three
cyclopiane diterpenes in type | interferon production in LPS-
stimulated RAW264.7 cells”?. Much to our delight, conidiogenone C

(4), rather than conidiogenone K (8) and 123-hydroxy conidiogenone C
(9), downregulated the mRNA expression levels of IFN-stimulated
genes (ISGs) Ifnb, Mx1 (Figs. 4A and S2). Of note, a series of both human
and mouse cancer (mostly leukemia) cell lines (Raji, HL-60, Jurkat,
K562, A20, etc.) have also been evaluated, and no inhibition of IFN-
stimulated genes (ISGs) (/fnb, Mx1) expression by conidiogenone C (4)
was observed (Fig. S3). Taken together, since the anti-inflammatory
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Fig. 4 | Identification of IRGM1 as a cellular target. A Mx1 and Ifnbl expression in
Raw264.7 treated with conidiogenone C by quantitative RT-PCR (n=3). B The
synthesis of conidiogenone C probe (51). C Mx1 and Ifnb1 expression in Raw264.7
treated with conidiogenone C or conidiogenone C probe (51) by quantitative RT-
PCR (n=3). D Concentration-dependent, Time-dependent and Competitive label-
ing of conidiogenone C probe (51) in living Raw264.7 cells. E Workflow for the
quantitative chemoproteomic profiling of conidiogenone C probe (51) in inflam-
matory macrophages. F Competitive labeling of probe (51) by conidiogenone C (4).
Rho: Rhodamine. CBB: Coomassie Brilliant Blue. G Overlap of the proteins identi-
fied by conidiogenone C probe (51) H The shortlist of 5 target proteins with
enrichment ratio L/H >10 and competition ratio L/M > 1.0 in three replicates. L/H:
the enrichment ratio of the “light” group using 20 uM of conidiogenone C probe
(51) versus the “heavy” group using 20 uM of conidiogenone C (4); L/M: the com-
petition ratio of the “light” group using 20 uM of conidiogenone C probe (51) versus

the “medium” group using 20 uM of conidiogenone C probe (51) together with 20
times excess of conidiogenone C (4) for competition. I In vitro competitive pull-
down assay using conidiogenone C probe, followed by western blot to confirm that
conidiogenone C directly binds to IRGM1 protein. Con C = conidiogenone C.J The
representative MS/MS spectrum for the identification of conidiogenone C-labeled
IRGM1 peptide containing one of the binding residue C373, MS/MS spectrum of
conidiogenone C-labeled IRGM1 peptide containing binding residues C374 and
C375 had been showed in Supplementary Information. The yellow symbol refers to
the protein IRGML. K, L In vitro pull-down assay of conidiogenone C probe (51) with
WT IRGML1 and Cys-to-Ala mutants (n =3). All measurements are presented as
mean + SD for three biological replicates (a, ¢, 1), n=3 independent experiments
with similar results (d, f, i). Statistical differences were determined by one-way
ANOVA followed by Dunnett’s multiple comparison tests (I). Source data are pro-
vided as a Source Data file.

activity was very specific and selective in inflammatory macrophages,
thereby it would be worthwhile to further decipher the cellular
mechanism of action (MOA) of immunosuppressant conidiogenone C
(4), given that IFN-I plays a central role in the pathogenesis of auto-
immune diseases®®.

Therefore, we introduced an alkyne handle and synthesized an
activity-based conidiogenone C probe (51) (Fig. 4B), which could be
subsequently linked with azide-fluorescent dye or azide-biotin to label
the direct cellular protein targets. Again, the mRNA expression levels
of ISGs after treatment with conidiogenone C (4) or probe (51) were
tested, and conidiogenone C probe (51) downregulated the mRNA
expression of ISGs in LPS-stimulated RAW264.7 cells, similar to con-
idiogenone C (4) (Fig. 4C).

Chemical proteomics and target identification

Next, we conducted conidiogenone C probe (51) labeling experiments
in LPS-stimulated RAW264.7 living cells or cell lysates (Figs. 4D and
S4A). Initial Raw264.7 living cell labeling by treating with con-
idiogenone C probe (51) indicated a decrease in signal intensity with
increasing probe concentrations, while time-dependent labeling
proved to be almost empty (Fig. S4A). The unsatisfactory live cell
labeling experiments might be largely due to the facile hydrolysis of
the probe ester bond in the Raw264.7 cells. Later on, upon 3 h treat-
ment of LPS-stimulated RAW264.7 cell lysates with 20 uM of con-
idiogenone C probe (51), we observed strong probe labeling based on
in-gel fluorescence scanning. Subsequent competitive probe labeling
upon coincubation with increasing concentrations of conidiogenone C
(4) indicated that conidiogenone C probe (51) binds to similar cellular
targets with conidiogenone C (4), as labeling fluorescence intensity
decreased accordingly.

As shown in Figs. 4E, F, we then proceeded to competitive che-
moproteomic profiling with conidiogenone C probe (51) in LPS-
stimulated RAW264.7 cell lysates. The lysis was then reacted with
azide-biotin, and after enrichment and digestion, the peptides were
labeled as “light, “medium” or “heavy” by dimethyl labeling. The
labeled proteins were identified and quantified by SDS-PAGE or LC-MS/
MS analysis. In all three replicates, the enrichment ratio L/H was
assigned as the “light” group by using 20 uM of conidiogenone C probe
(51) versus the “heavy” group by using 20 uM of conidiogenone C (4),
while the competition ratio L/M was calculated as the “light” group by
using 20 uM of conidiogenone C probe (51) versus the “medium”
group by using 20 uM of conidiogenone C probe (51) together with 20
times excess of conidiogenone C (4) for competition. Overall, after
performing three replicates, 262, 145, and 145 proteins with both L/H
enrichment ratio and L/M competition ratio over 1.0 have been found
respectively (for more detail, see additional Excel file “proteomics
tables”), among them 59 proteins have been found in all three biolo-
gical replicates and thereby assigned as potential targets (Fig. 4G and
Table S7). Of note, further Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis and Gene ontology (GO enrichment ana-
lysis of these 59 proteins using DAVID (Fig. S4C, D) provided limited
information for our target protein assessment®,

Finally, as seen in Fig. 4H, a shortlist including XPO1, AT1Al,
IRGM1, GNAI2, and TNPO1 was selected out of 59 proteins with
enrichment ratio L/H >10 and competition ratio L/M>1.0 in all three
replicates. Among them, Immunity-related GTPase family M protein 1
(IRGM1), an important protein which regulates innate immunity and
inflammatory response®’°, was identified as the potential promising
cellular target (Fig. 4H). Competitive pull-down assay by coincubation
with conidiogenone C (4) either in lysates or living cells
(Fig. 41 and S4B) suggested that conidiogenone C (4) directly binds to
IRGML1 protein.

Covalent IRGM1 modification

In possession of an electrophilic enone moiety which very often
serves as reactive warhead that can covalently react with nucleophilic
amino acid residues (i.e. cysteine) on target proteins™ >, the poten-
tial covalent IRGM1 modifications of conidiogenone C (4) has been
further investigated. To decipher the specific covalent binding sites
of IRGM1, conidiogenone C (4) was incubated with purified recom-
binant IRGM1 protein for 1h at 29 °C. Then the conidiogenone
C-IRGM1 complex was digested with trypsin and the conidiogenone
C-labeled IRGM1 fragment was further detected by LC-MS/MS ana-
lysis. Much to our delight, one specific peptide 368FLPCVCCCLR377
was identified which contains three conidiogenone C-modified resi-
dues C373, C374, C375 (Fig. 4) and S6). Later on, the three identified
binding sites (C373, C374, C375) of IRGM1 were mutated and then
subjected to the pull-down experiments. Whereas site mutagenesis
of single cysteine residue (C373A, C374A, C375A) to Ala partially
weakened the binding ability of conidiogenone C with IRGMI, the
whole mutagenesis of all 3 cysteine residues to Ala (3CA) drastically
interrupted the interaction (Fig. 4K-L). Therefore, cysteine residues
(C373A, C374A, C375A) were identified as nucleophilic amino acid
hotspots responsible for the covalent modification of conidiogenone
C (4) on IRGML.

IRGM1 modulation

IRGM1, one of Immunity-related GTPase family protein, is a master
suppressor of type | interferonopathy®7°, To confirm if IRGMI is
directly responsible for the type | IFN suppression of conidiogenone C
(4) observed in inflammatory macrophages, cellular IRGM1 was
knocked down by transfecting corresponding small interfering RNA
(siRNA) into RAW264.7 cells (Fig. S7). Indeed, upon silencing of IRGM1,
no more inhibition of IFN-stimulated genes (ISGs) (Ifnb, MxI) expres-
sion by conidiogenone C (4) was observed (Fig. 5A). Of note, upon
treatment with conidiogenone C (4), both mRNA and protein expres-
sion levels of IRGM1 showed no dramatic change, nor did the cellular
thermal shift of IRGM1 (Fig. S8A, B).
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Fig. 5 | Evaluation of IRGMI1 activation by conidiogenone C (4). A /fnbl and Mx1
expression in Raw264.7 transfected using IRGM1 siRNA or negative siRNA, followed
by LPS and conidiogenone C (4) treatment (n =3). B IfnbI expression in Raw264.7
with or without mtDNA depletion by ethidium bromide (EtBr), followed by LPS and
conidiogenone C treatment (n =3). C Cytosolic mtDNA expression in Raw264.7
pretreated with LPS and conidiogenone C (n=3). D, E Mitochondrial membrane
potential in Raw264.7 stained with the potentiometric dye JC-1 measured by flow
cytometry. Cells were treated with DMSO or conidiogenone C after transfected
using /rgmI siRNA or negative siRNA. Representative dot plot in (D), quantification

in (E) (n=3). F, G Mitochondrial membrane potential in Raw264.7 stained with the
potentiometric dye JC-1 measured by flow cytometry. Cells were treated with
Bafilomycin Al(Bar Al) or conidiogenone C. Representative dot plot in (F), quan-
tification in (G) (n=3). H A schematic depiction of MOA that conidiogenone C
modulates IRGMI-mediated type | interferon production. mtDNA: Mitochondrial
DNA. All measurements are presented as mean + SD for three biological replicates
(a-c, e, g). Statistical differences were determined by a one-way ANOVA followed by
Dunnett’s multiple comparison tests(a) or a two-sided Student’s t-test (b, c, e, g).
Source data are provided as a Source Data file.

Previous studies have identified that IRGM impacts mitochondrial
DNA (mtDNA)-dependent induction of type I interferon (IFN-I)
responses mainly via regulating mitophagy flux®’°%, Released mtDNA in
cytosol, would act as danger-associated molecular patterns (DAMPs),

thereby induce activation of the type I IFN response®” ¢, To see
whether the suppression of IFN-I by conidiogenone C (4) depends on
released mtDNA or not, we depleted mtDNA by cell culture in ethidium
bromide (EtBr). Not surprisingly, conidiogenone C (4) no longer
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inhibited the expression of Ifnbl after depleting mtDNA (Fig. 5B).
Meanwhile, we also observed the significant decrease of cytosolic
mtDNA in the LPS-stimulated RAW264.7 cells upon treatment with
conidiogenone C (4) (Fig. 5C). Collectively, conidiogenone C (4) sup-
pressed the type I IFN response by reducing the release of mtDNA into
cytosol.

Since LPS treatment normally induces mitochondrial dysfunction”,
we argued that conidiogenone C (4) might activate IRGM1-mediate
dysfunctional mitochondria autophagy, to rescue LPS-induced
mitochondrial dysfunction. Indeed, after measuring mitochondrial
membrane potential in LPS-stimulated RAW264.7 cells, we noticed
that conidiogenone C (4) significantly rescued the low mitochondrial
membrane potential induced by LPS treatment (Fig. 5F, G). In addi-
tion, either inhibition of lysosomal function with autophagy inhibitor
bafilomycin Al or silencing of IRGM1 would drastically weakened the
rescue effect caused by conidiogenone C (4) (Fig. 5D-G). Thus, in
inflammatory macrophages, conidiogenone C (4) could activate
IRGMI-mediated mitochondria autophagy, thereby maintain the
mitochondria quality control.

Overall, as shown in Fig. 5H, in LPS-stimulated RAW264.7 cells,
owing to mitochondrial dysfunction, released mtDNA in cytosol con-
stantly serves as DAMPs to further enhance type I interferon produc-
tion. Upon treatment with conidiogenone C (4), it directly binds to
IRGM1 to promote IRGMI-mediate dysfunctional mitochondria
autophagy, thus eliminates cytosolic mtDNA and suppresses the type |
interferon response in inflammatory macrophages. Our results also
demonstrate that conidiogenone C (4) is the first small molecular
activator of IRGML

Discussion

In summary, we completed the asymmetric total syntheses of con-
idiogenone C, conidiogenone K and 12f-hydroxy conidiogenone C.
Our synthesis features a gold-catalyzed 1,3-acyloxy migration and
Nazarov cyclization with efficient chirality transfer. Meanwhile, the
hydrogenation of vinyl triflate and chemoselective reduction of alde-
hyde through combination of NaBH, and acetylacetone can also be
envisaged to find further application in total synthesis. Furthermore,
biological evaluation disclosed conidiogenone C (4) as anti-
inflammatory agent. By performing chemical proteomic profiling
with conidiogenone C probe (51) in LPS-stimulated RAW264.7 cell, we
identified IRGM1 as a key cellular target of conidiogenone C (4). Pre-
liminary MOA studies reveal that conidiogenone C (4) suppresses the
type | interferon production by activating IRGMI1-mediate dysfunc-
tional mitochondria autophagy, thereby maintain mitochondria qual-
ity control of inflammatory macrophages. Our present total synthesis
has opened the gate for SAR studies and further preparation of con-
idiogenone C (4) analogues. Meanwhile, since IRGML1 is a guardian of
mitochondrial DAMPs-mediated autoinflammation®, the identifica-
tion of conidiogenone C as the very first small-molecule activator of
IRGM1 could potentially shed light on the further investigation of
IRGM1 biology and potential therapeutical application for the treat-
ment of a series of autoimmune diseases (IBD, Psoriasis, SLE, etc.).

Method

General information for organic synthesis

All reactions involving air or moisture sensitive reagents were carried
out under an argon atmosphere with dry solvents or anhydrous con-
ditions, unless otherwise noted. A heat-gun at 650 °C under vacuum
was used to further dry glassware (over 70 °C). Subsequently, stuffed
with the rubber stopper, back-filling with inert gas was carried out
three times. Solids were dissolved with the appropriate solvent and
added to reaction under inert gas counter flow. Liquids reagents were
transferred to reaction vessels by oven-dried stainless-steel cannulas
or nitrogen flushed syringes. Low temperature reactions were carried
out in a Dewar vessel filled with ethanol (=78 °C) or distilled water/ice

(0 °C). High temperature reactions equipped with a reflux condenser
were heated with silicon oil bath.

NMR spectra were recorded on a Brucker Avance Ill HD 500 MHz
and 400 MHz spectrometer equipped with a CroProbe TM. Chemical
shifts were reported in parts per million (ppm) respectively to the
residual solvent signal (*H NMR: CDCl; (7.26 ppm); CD30D (3.31 ppm).
BC NMR: CDCl; (77.2 ppm); CD30D (49.0 ppm)). The reported data is
represented as follows: chemical shift in parts per million (ppm, &
scale), multiplicity, coupling constants J in Hz, integration intensity
and proton assignment. Abbreviations used for analysis of multiplets
are as follows: s (singlet), br (broad singlet), d (doublet), t (triplet), q
(quartet), quin (quintet), h (hextet), and m (multiplet). Variable tem-
perature NMR spectroscopy was performed at the Northwest A&F
University NMR facility.

Mass spectroscopy (MS) experiments were performed in high
resolution with an AB SCIEX Triple TOF 5600+ spectrometer (AB
SCIEX, Boston, MA, USA). IR spectra were recorded on a Perkin-Elmer
Frontier FT-IR spectrometer.

Cell culture

RAW264.7 cells were cultured in DMEM (Gibco) supplemented with
10% FBS (Excell) and Penicillin/Streptomycin (Gibco). Cells were grown
at 37°C, 5% CO, in a 95% humidified atmosphere. In vitro study,
RAW264.7 cells were pre-stimulated with 100 ng/mL LPS (Sigma) for
3h, and then treated with Conidiogenone C or Conidiogenone C
probes.

Cell viability assay
RAW?264.7 cells were seeded into 96-well plate overnight at 5000 cells
per well The culture medium was replaced with medium containing
varying concentrations of Conidiogenone C, 123-Conidiogenone C or
Conidiogenone K for 24 h. Cell numbers were assessed using the CCK-
8 reagent at OD 450.

Fluorescence labeling experiments

For the labeling of proteins in cell lysates, frozen RAW264.7 cells were
resuspended in ice-cold 0.1% Triton/PBS buffer. The cells were lysed by
sonication in ice and cell lysates were collected by centrifugation
(20,000 g, 30 min) at 4°C to remove the debris. The protein con-
centration was determined by using the PierceTM BCA Protein Assay
kit (Thermo Fisher Scientific).100 uL of cell lysates (2 mg/ml) were
incubated with Conidiogenone C or Conidiogenone C probes. The
resulting lysates were precipitated by 400uL methanol, 100 pL
chloroform and 300 pL Milli-Q water. For visualizing the probe labeling
efficiency by in-gel fluorescence, the precipitated proteins were
resuspended in 100 pL PBS containing 0.4% SDS, 1 mM CuSO,, 100 uM
TBTA ligand, 100 uM N5-TMARA, and 1 mM TCEP for 1 h at room tem-
perature. The reacted samples were resolved on 10% SDS-PAGE gels
and imaged by a ChemiDocTM MP imaging system (Bio-Rad). The gels
were then stained by Coomassie brilliant blue to demonstrate equal
loading.

Quantitative profiling of Conidiogenone C-interacting proteins
For the identification of Conidiogenone C -interacting proteins,
the cells were lysed by sonication in ice-cold 0.1% Triton/PBS
buffer and cell lysates were collected by centrifugation (20000 g,
30 min) at 4 °C to remove the debris. The protein concentration
was determined by using the Pierce™ BCA Protein Assay kit
(Thermo Fisher Scientific). 1 mL cell lysates (2 mg/mL) were incu-
bated with Conidiogenone C or Conidiogenone C probes. The
resulting lysates were precipitated by 4 mL methanol, 1mL
chloroform and 3 mL Milli-Q water. The precipitated proteins were
resuspended in 100 yL PBS containing 0.4% SDS. The resulting
lysates reacted with 1mM CuSO,4, 100 uM TBTA ligand, 100 uM
azide-biotin, and 1mM TCEP for 1h at room temperature. The
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resulting click-labeled lysates were centrifuged at 8000 g for 5 min
at 4 °C and washed twice with 1 mL cold methanol. The proteins
were resuspended in 1 mL PBS containing 1.2% SDS. 100 uL strep-
tavidin beads (Thermo Fisher Scientific) were washed for three
times with 1mL PBS, and resuspended in 5mL PBS, which was
added to the protein solution. The resulting solution was incu-
bated for 4 h at 29 °C, followed by washing with 5 mL PBS for three
times, and 5 mL distilled water for three times. The resulting beads
were resuspended in 500 ul PBS containing 6 M urea and 10 mM
dithiothreitol and incubated at 37°C for 30 min, followed by
addition of 20 mM iodoacetamide for 30 min at 37 °C in the dark.
The beads were then collected by centrifugation and resuspended
in 200 pL PBS containing 2 M urea, 1 mM CaCl, and 10 ng/uL trypsin
(Enzyme& Spectrum). Trypsin digestion was performed at 37 °C
with rotation 16 h and the beads were washed with 200 pl distilled
water for three times. For dimethyl labeling, per 100 uL peptides
were reacted with 4 L of 4% “light” formaldehyde (Sigma) and 4 pL
of 0.6 M Sodium cyanotrihydridoborate (Sigma), “Medium” for-
maldehyde (CD,0) (Sigma) and 4 uL of 0.6 M Sodium cyanotrihy-
dridoborate, “heavy” formaldehyde (*CD,0) (Sigma) and 4 uL of
0.6 M Sodium cyanoborodeuteride (Sigma), respectively.

The resulting solution incubated at room temperature for 2 h. The
reaction was quenched by adding 16 uL 1% ammonia and 8 pL 5% formic
acid. The “light”, “Medium” and “heavy” samples were 1:1:1 mixed and
the mixture was collected and desalted with C18 column (Thermo
Fisher Scientific). Eventually, 3 biological replicated samples were
identified by Orbitrap Fusion™ Lumos™ (Thermo scientific, USA).

For in vitro pull down-Western blot experiment, the procedures of
pull down assay were largely the same as described above. After
washing beads, 2 x loading buffer were added into beads, and then
denatured for 5 min at 95 °C with the detection being western blot.

The LC-MS/MS analysis of digestion samples was performed on
LC-MS/MS using Orbitrap Fusion™ Lumos™ (Thermo scientific, USA).
The raw data was analyzed using MSFragger V22. The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier
PXD047981 (https://proteomecentral.proteomexchange.org/).

In vivo pull down assay

For the labeling of Conidiogenone C targets in living cells, the
Raw264.7 cells were grown to 80% confluence. The cells were sti-
mulated with LPS (100 ng/mL) for 24 h. Then, the cells were incu-
bated with Conidiogenone C or Conidiogenone C probes for 10 min.
The cells were collected by PBS wash for three times and cen-
trifugation at 188 g for 3 min. The cells were lysed by sonication in
ice-cold 0.1% Triton/PBS buffer and cell lysates were collected by
centrifugation (20000 g, 30 min) at 4 °C to remove the debris. The
protein concentration was determined by using the PierceTM BCA
Protein Assay kit (Thermo Fisher Scientific). 1 mL cell lysates (2 mg/
mL) reacted with 1mM CuSO,4, 100 uM TBTA ligand, 100 uM azide-
biotin, and 1mM TCEP for 1h at room temperature. The resulting
click-labeled lysates were centrifuged at 8000 g for 5 min at 4 °C and
washed twice with 1mL cold methanol. The proteins were resus-
pended in 1 mL PBS containing 1.2% SDS. 100 uL streptavidin beads
(Thermo Fisher Scientific) were washed for three times with 1 mL
PBS, and resuspended in 5 mL PBS, which was added to the protein
solution. The resulting solution was incubated for 4 h at 29 °C, fol-
lowed by washing with 5mL PBS for three times, and 5 mL distilled
water for three times. 2 x loading buffer were added into beads, and
then denatured for 5min at 95°C with the detection being
western blot.

Western blot analysis
Cell lysates were run on a 10% gradient Bis Tris gel and transferred to a
PVDF membrane using standard methods. The membrane was probed

with GAPDH (Abcam ab181602; 1:1000), IRGM (CST #14979; 1:1000).
Samples were incubated with horseradish peroxidase-conjugated
secondary antibodies (CST #7074, 1:5000) for 2h at RT, then
washed twice with TBST. The signals were visualized by enzyme-linked
chemiluminescence (Yeasen). Protein band was analyzed by using
image J software. The uncropped and unprocessed scans of blots are
provided as a Source Data file.

Quantitative RT-PCR

Total RNA was extracted from cells using Fast Pure Cell/Tissue Total
RNA Isolation Kit (Vazyme), and cDNA was prepared using HiScript IlI
All-in-one RT SuperMix Perfect for qPCR (Vazyme) according to the
manufacturer’s guideline. Quantitative RT-PCR was performed using
Taq Pro Universal SYBR qPCR Master Mix (Vazyme). Relative gene
expression was determined using the standard 244 calculations by
normalizing to GAPDH. The primer pairs of all genes used in this study
are shown in Supplementary Data 1.

siRNA transfection

For RNA interference, RAW264.7 cells were transfected in a 12-well
plate with 12.5 pmol targeted siRNA and negative control siRNA using
GP transfect mate (Genepharma) following the manufacturer’s
instructions. The siRNA used in the present study are as follows:
negative control siRNA (Genepharma, A06001); Mouse IRGM1 siRNA
(sense 5- GCACAUGUGACUUAUUCAUTT -3, anti-sense 5- AUGAAU
AAGUCACAUGUGCTT -3’).

Mitochondrial membrane potential

Raw264.7 cells were incubated in 5 pg/mL Jc-1 (Invitrogen) in serum-
free DMEM for 20 min at 37 °C. Cells were washed twice, resuspended
in PBS, and then were analyzed on a flow cytometer CytoFLEX
(Beckmen).

Binding sites identification by LC-MS/MS

Recombinant IRGM1 protein (YEASEN, YSGF-XS-202402-G0042) was
solubilized in 100 pL PBS to a final concentration of 1 mg/ml. The
proteins was then incubated with 10 uM Conidiogenone C or DMSO
at 29 °C for 3 h. After washing with 200 pL PBS for three times, the
proteins were resuspended in 100 pL ddH,O of containing 6 M urea
and 10 mM DTT and incubated at 37 °C for 30 min, followed by
addition of 20 mM IAA for 30 min at 37 °Cin the dark. After washing
with 400 pL 50 mM NH4HCO; for three times, the proteins were
resuspended in 200 pL digestion buffer (1M Urea, 50 mM
NH4HCO3), 0.5 pg Lys-C and 2.5 pg trypsin were added. After an 16 h
digest at 37 °C, the peptides were eluted by 400 pL ddH,O. The
sample was dried in a vacuum centrifuge, desalted with an analytical
C18 column (Agela Technologies) using Agilent HPLC system.
Mobile phase A: 2% ACN-98% H,0 (adjusted to pH 10 with NH3-H,0);
B:98% ACN-2% H,0 (adjusted to pH 10 with NH3-H,0). Samples were
separated using a 20 min gradient of buffer B at a flow rate of 1.5 mL/
min, as follows: 0 min 0% B; 0.1 min 5% B; 1 min 8% B; 7 min 14% B;
12 min 24% B; 16 min 40% B; 18 min 95% B; 20 min 15% B. The columns
were operated at 25 °C and the temperature was controlled by a
built-in column heater. The 20 fractions were combined into 5
fractions and dried in a SpeedVac. The fractions resuspended in 0.1%
formic acid in ddH,0 for LC-MS/MS analysis. The LC-MS/MS analysis
of digestion samples was performed on LC-MS/MS using Orbitrap
Fusion™ Lumos™ (Thermo scientific, USA). The raw data was ana-
lyzed using MSFragger V22 with setting a variable modification of
+359.2459 Da and 302.2245 Da, selecting Default as the workflow.
The sequence fasta file of IRGM1 was used as the sequence searching
database.The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD056084 (https://
proteomecentral.proteomexchange.org).
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Pulldown assay for Binding sites validation

Flag-tagged IRGM1 WT or mutations were transiently transfected in
HEK293FT cells. The HEK293FT cell lysates incubated with 5 uM Con-
idiogenone C or Conidiogenone C probes at 29 °C for 1 h. The resulting
lysates were precipitated by 4 mL methanol, 1 mL chloroform and 3 mL
Milli-Q water. The precipitated proteins were resuspended in 100 pL
PBS containing 0.4% SDS. The resulting lysates reacted with 1mM
CuSOy4, 100 uM TBTA ligand, 100 uM azide-biotin, and 1 mM TCEP for
1h at room temperature. The resulting click-labeled lysates were cen-
trifuged at 8000 g for 5 min at 4 °C and washed twice with 1 mL cold
methanol. The proteins were resuspended in 1 mL PBS containing 1.2%
SDS. 100 pL streptavidin beads (Thermo Fisher Scientific) were washed
for three times with 1 mL PBS, and resuspended in 5 mL PBS, which was
added to the protein solution. The resulting solution was incubated for
4 h at 29 °C, followed by washing with 5mL PBS for three times. 2 x
loading buffer were added into beads, and then denatured for 5 min at
95°C with the detection being western blot. Uncropped and unpro-
cessed scans are provided in source data file.

Data analysis

The isotopic modifications (28.0313, 32.0564 and 36.07566 Da for
light, medium and heavy labeling, respectively) are set as static mod-
ifications on the N-terminal of a peptide and lysines. The ratios of
reductive dimethylation were quantified by the CIMAGE software as
described previously.

Statistical analysis

Results are expressed as mean + s.d. Fold change in relation to control
groups of three independent cell culture and subsequent procedures.
We analyzed the data in GraphPad Prism (GraphPad Software 9.5). The
respective figure legends provide information on the specific statis-
tical test used for each assay.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study, including experimental
procedures, NMR spectra and target identification are available within
the article and its Supplementary Information files. The X-ray crystal-
lographic coordinates for structures reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC), under
deposition numbers 2164144 and 2164173. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange Consortium
(https://proteomecentral.proteomexchange.org) via the PRIDE partner
repository with the dataset identifier PXD047981 and PXD056084
[https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=
PXD047981] (proteomics profiling experiments in RAW264.7 cells).
[https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=
PXD056084] (Binding site identification experiments). All primer data
generated in this study are provided in the Supplementary Data 1. LC-
MS/MS data of chemo-proteomic profiling related to Fig. 4H and Fig. 4G
are provided in the Supplementary Data 2. LC-MS/MS data of binding site
identification related to Fig. 4)-L are provided in the Supplementary
Data 3. The uncropped and unprocessed scans of blots are provided in
the Source Data. All data are available from the corresponding author
upon request. Source data are provided with this paper.
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