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Chemical inhibition of phosphatidylcholine
biogenesis reveals its role
in mitochondrial division

Hiroya Shiino,1 Shinya Tashiro,2 Michiko Hashimoto,2 Yuki Sakata,3 Takamitsu Hosoya,3 Toshiya Endo,4,5

Hirotatsu Kojima,6 and Yasushi Tamura2,7,*
SUMMARY

Phospholipids are major components of biological membranes and play structural and regulatory roles in
various biological processes. To determine the biological significance of phospholipids, the use of chem-
ical inhibitors of phospholipid metabolism offers an effective approach; however, the availability of such
compounds is limited. In this study, we performed a chemical–genetic screening using yeast and identified
small molecules capable of inhibiting phosphatidylcholine (PC) biogenesis, which we designated PC inhib-
itors 1, 2, 3, and 4 (PCiB-1, 2, 3, and 4). Biochemical analyses indicated that PCiB-2, 3, and 4 inhibited the
phosphatidylethanolamine (PE) methyltransferase activity of Cho2, whereas PCiB-1 may inhibit PE trans-
port from mitochondria to the endoplasmic reticulum (ER). Interestingly, we found that PCiB treatment
resulted in mitochondrial fragmentation, which was suppressed by expression of a dominant-negative
mutant of the mitochondrial division factor Dnm1. These results provide evidence that normal PC biogen-
esis is important for the regulation of mitochondrial division.

INTRODUCTION

In yeast, the two most abundant phospholipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), are synthesized via phospha-

tidylserine (PS) decarboxylation and the Kennedy pathway.1,2 In the first pathway, PS is synthesized in the endoplasmic reticulum (ER) and

transferred to mitochondria or the endosome/vacuole, where it is converted to PE by the PS decarboxylases, Psd1 or Psd2.3 Next, PE is trans-

ported from the site of synthesis to the ER, where it is converted to PC by the PEmethyltransferases, Cho2, andOpi3.4–6 Thus, the synthesis of

PE and PC relies on the transport of their precursor phospholipids between the ER and mitochondria or endosomal/vacuolar mem-

branes.3,7–11 The first step in the Kennedy pathway is the conversion of ethanolamine and choline to phosphoethanolamine (P-Etn) and phos-

phocholine (P-Cho) by Eki1 and Cki1 kinases.12–14 Next, CDP-Etn and CDP-Cho, which are generated from P-Etn and P-Cho, react with diac-

ylglycerol present in the ER to produce PE and PC, respectively.15–18 Because Psd1 generates the majority of mitochondrial and cellular PE in

yeast,19,20 the physiological role of Psd1 has been well studied. Loss of Psd1 causes defects inmitochondrial fusion,21,22 mitochondrial protein

trafficking,23 and the function of mitochondrial respiratory chain proteins,24–26 which results in impaired respiratory growth. Although PE syn-

thesized outside mitochondria tends to remain in extra-mitochondrial compartments,20 the enhancement of PE generation by the Kennedy

pathway partially rescues the defects caused by Psd1 dysfunction.25–27 These facts indicate that PE is transported to mitochondria from the

outside, although it is inefficient. Psd1 localizes not only to themitochondrial innermembrane (MIM), but also to the ERmembrane. Both have

important roles in PE biogenesis in response to metabolic states28,29; however, other studies indicate that the role of ER-localized Psd1 is

functionally minor.30,31 These findings indicate that PE synthesis in mitochondria is important for normal mitochondrial function. With respect

to PC, previous studies have shown that a decrease in PC results in abnormal mitochondrial protein import and assembly.32,33 Moreover, the

effects of PC depletion on mitochondrial respiratory chain protein stability and membrane potential are lower compared with those associ-

ated with PE loss.25,32 In addition, the involvement of PC in mitochondrial morphogenesis has not been established.

Mitochondria are dynamicmembrane structures that constantly fuse and divide to maintain their normal tubular shape, which is important

for proper mitochondrial function.34–36 Dynamin-related GTPase proteins, Fzo1 and Mgm1, facilitate mitochondrial outer membrane (MOM)

andMIM fusion, respectively.37–39 Dnm1, which is also a dynamin-related GTPase, is responsible for mitochondrial division.40,41 In addition to
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these proteinaceous components of the mitochondrial membrane, phospholipids also play important roles in mitochondrial dynamics. For

example, mitochondrial PE and cardiolipin (CL) are necessary for proper mitochondrial fusion.21,22,42–44 Drp1 (mammalian ortholog of yeast

Dnm1) binds directly to CL, which enhances its oligomerization and assembly stimulated GTP hydrolysis to facilitate mitochondrial divi-

sion.45–50 In contrast, Drp1 binds to the head group of phosphatidic acid (PA) and saturated acyl chains of another phospholipid in the

MOM, thus inhibiting its oligomerization-stimulated GTP hydrolysis.51

In the present study, we developed a yeast chemical–genetic screening system to identify compounds that inhibit PC biosynthesis to

analyze the physiological significance of PC. Specifically, we screened for small molecules that specifically inhibit the growth of cells lacking

Psd2, Eki1, and Cki1. The two predominant phospholipids, PE and PC, are synthesized only via PS decarboxylation in mitochondria and

through subsequent PE methylations in the ER in the absence of Psd2, Eki1, and Cki1. Of the compounds that met these criteria, we deter-

mined their inhibitory effect on phospholipid metabolism by performing an in vitro phospholipid synthesis/transport assay that we previously

developed.52,53 Finally, we selected four compounds that were confirmed to inhibit PC biogenesis, designated PCiB-1, 2, 3, and 4, for PC

inhibitors 1, 2, 3, and 4. Our genetic and biochemical analyses revealed that PCiB-1 inhibited the PE transport step from mitochondria to

the ER, whereas PCiB-2, 3, and 4 inhibited the phosphatidylethanolamine (PE) methyltransferase activity of Cho2. We also found that mito-

chondria were markedly fragmented in yeast cells treated with PCiB compounds, which was suppressed following the expression of a domi-

nant-negative mutant of mitochondrial division factor Dnm1.54 These results indicate that PC biosynthesis is important for the regulation of

mitochondrial division.
RESULTS

High-throughput yeast chemical-genetic screen for the identification of phospholipid biogenesis inhibitors

To screen for small molecules that inhibit phospholipid biosynthesis, we generated a yeast mutant strain, in which PE and PC synthesis is high-

ly dependent on the transport of PS and PE between the ER and mitochondria (Figure 1A). We deleted the EKI1 and CKI1 genes, which are

important for PE and PC synthesis via the Kennedy pathway,11–13 and the PSD2 gene,55 which encodes the extra-mitochondrial PS decarbox-

ylase. In addition, the PDR1 and PDR3 genes, which encode transcriptional activators of the multidrug resistance ABC transporters, were

deleted to enhance the effect of the small molecule on yeast cells.56–59 When grown in a normal growth media, in which lyso-PE was not sup-

plemented, the resulting pdr1Dpdr3Deki1Dcki1Dpsd2D (termed 5D) cells produced PE only through Psd1 in the MIM. In addition, 5D cells

synthesized PC only by methylation of PE synthesized in mitochondria by ER-resident Cho2 and Opi3 (Figure 1A). The intact PE and PC syn-

thetic pathways in 5D cells are considered major pathways in yeast,18 and we confirmed that control 2D (pdr1Dpdr3D) and 5D cells grew simi-

larly (Figure 1B). Thus, we would expect that compounds that exacerbate the growth of the 5D, but not the 2D strain, would inhibit either PE or

PC synthesis step via phospholipid transport between the ER andmitochondria (Figures 1A and 1B). Using over 210,000 compounds provided

by the Drug Discovery Initiative at the University of Tokyo, we searched for compounds that inhibited the growth of 5D cells. We dispensed

5D cell suspensions into 384-well plates and each well contained a different compound. After incubating for 24 h, the OD600 was measured as

an index of cell growth. Figure 1C shows the representative results from testing 3,200 compounds (10 plates). Among the compounds that

strongly inhibited the growth of the 5D strain, we selected those that did not inhibit the growth of the 2D strain (Figure 1D).
In vitro validation of compound inhibition of phospholipid biosynthesis

To determine whether the compounds identified by cell growth-based screening actually had an inhibitory effect on phospholipid biosyn-

thesis, we used an in vitro phospholipid synthesis/transport assay that we developed previously.52,53 For the in vitro assay, we synthesized

radioisotope (RI)-labeled PS by incubating a yeast membrane fraction containing the ER and mitochondria with 14C-serine and monitored

the conversion of PS to PE and PC. Of the 44 compounds that passed the cell growth-based screening, we identified 7 compounds that signif-

icantly inhibited PC synthesis (Figure S1). Because 3 of the 7 compounds were already validated inhibitors, including niguldipine, a calcium

channel blocker specific for L-type Cav1.260; bexarotene, a selective retinoid X receptor agonist61; and disulfiram, an irreversible inhibitor of

aldehyde dehydrogenase,62 they were excluded from further analysis (Figure S1).Wedesignated the remaining compounds PC inhibitors 1, 2,

3, and 4 (PCiB-1, 2, 3, and 4) and performed further characterizations. PCiB-1 and 2 are structurally similar and both have a phenylurea struc-

ture, suggesting that they inhibit the same targetmolecule. Both PCiB-3 and -4 contain a tosyl group and are structurally different fromPCiB-1

and 2 (Figure 2A).

We examined the growth of 2D and 5D cells on agar plates with or without PCiB-1, 2, 3, and 4 and determined the toxicity against 5D cells

(Figure 2B). We also carried out the same in vitro assay as in Figure S1 and confirmed the specific inhibitory effects of the PCiB compounds on

PC synthesis (Figure 2C). PS synthesis was not affected by PCiB compounds (Figure 2C, total), indicating that Cho1 is not their target. Similarly,

PE was normally produced and even accumulated in the presence of PCiB compounds (Figures 2C and 3), which indicated that Psd1 activity

was unaffected by PCiB. The IC50 values of PCiB-1, -2, -3, and -4 against phosphatidyldimethylethanolamine (PDME) and PC synthesis were

7.0, 2.0, 0.4, and 6.8 mM, respectively (Figure 2C).
In vivo validation of PCiB compounds on PC biosynthesis

Since PCiB-1, 2, 3 and 4 showed clear inhibition of PC synthesis in vitro, we determined whether they had the same effects in vivo. Phospho-

lipids in 2D and 5D cells weremetabolically labeled with 32P-phosphate in the presence or absence of either PCiB compound and analyzed by

thin-layer chromatography (TLC). PCiB treatment resulted in similar effects on the phospholipid composition of 2D and 5D cells. Specifically,
2 iScience 27, 109189, March 15, 2024
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Figure 1. Overview of the chemical–genetic screening to isolate inhibitors of phospholipid biosynthesis

(A) Schematic diagram of 5D cells used for the screening. PDRE indicates pleiotropic drug resistance responsive element.

(B) Serial dilutions of 2D and 5D cells were spotted onto a YPD plate with DMSO and cultivated at 30�C for 2 days.

(C) Of the more than 21,000 compounds screened, results using 3,200 compounds are shown as representative examples.

(D) Compounds that were found to inhibit the growth of 5D cells were reexamined for their effect on the growth of 2D and 5D cells. DMSOwas added to two lanes

on either end of a 384-well plate. The same compound was added to four vertically adjacent wells.
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Figure 2. PCiB compounds inhibit the conversion of PE to PC

(A) Chemical structures of PCiB-1, -2, -3, and -4.

(B) Serial dilutions of 2D and 5D cells were spotted onto a YPD plate with 15 mM PCiB-1, -2, -3, or -4, and cultivated at 30�C for 2 days.

(C) Heavy membrane fractions isolated from wild-type yeast cells were incubated with 14C-Serine for 60 min in the presence of DMSO, PCiB-1, -2, -3, or -4.

Phospholipids were extracted and analyzed by TLC followed by radioimaging. The bar graphs indicate the amounts of total 14C-labeled phospholipids

relative to DMSO control (100%), and the amounts of PS, PE, and PC + PDME relative to total 14C-labeled phospholipids (100%). Means G SEM of triplicate

experiments were shown. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05; p values were obtained from the unpaired two-tailed t-test.

(D) IC50 of PCiB-1, -2, -3, and -4 for the PC + PDME synthesis were measured. The same experiments as in Figure 2C were performed in the presence of different

concentration of PCiB-1, -2, -3, or -4 (0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 15, 30, 45, or 60 mM).
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PCiB-3 and PCiB-4 markedly inhibited PC synthesis in vivo, whereas the inhibitory effects of PCiB-1 and PCiB-2 were weaker than those of

PCiB-3 and PCiB-4. (Figures 3A–3C). In addition, a marked accumulation of PE was observed when 2D and 5D cells were treated with

PCiB-3. These results suggest that PCiB-3 inhibits the conversion of PE to PC. We also found that PCiB-2, PCiB-3, and PCiB-4 affected the

accumulation of PI differently in 2D and 4D cells, in which PCiB-2 treatment caused PI accumulation in 2D cells, but not in 5D cells. Conversely,

PCiB-3 treatment resulted in PI accumulation in 5D cells, but not in 2D cells, whereas PCiB-4 treatment caused PI accumulation in 2D and

5D cells. As shown in Figures 3E and 3F, the relative amount of PI tended to increase when the synthesis of phospholipids, such as PS, PE,

and PC, was inhibited, which indicates that PCiB-2, -3, and -4 affect phospholipid metabolism. We confirmed that the PCiB analogs showed

no inhibitory effects on PC accumulation (Figures 3D and S2). These results confirm that PCiB compounds are inhibitors of PC synthesis,

although PCiB-1 and -2 were not as effective as PCiB-3 and -4 in vivo.

To identify the target molecule of PCiB, we analyzed the phospholipid composition of yeast cells lacking an enzyme involved in PC biosyn-

thesis. Specifically, we metabolically labeled yeast cells lacking either Cho1, Psd1, Cho2, or Opi3 with 32P-phosphate and analyzed the RI-

labeled phospholipids by TLC (Figure 3D). As expected, PS and PE levels were decreased relative to total phospholipid levels in cho1D

and psd1D cells, respectively, whereas the relative levels of PI and PC were increased. These data indicate that along with the in vitro results

(Figure 2C), Cho1 and Psd1 are unlikely a target of PCiB compounds. On the other hand, relative PC levels were significantly decreased,

whereas PE and PI levels were increased in cho2D cells compared with the wild-type. The phospholipid profile of cho2D cells was similar

to that of PCiB-2, -3 and -4-treated cells (Figures 3B and 3E), suggesting that Cho2 is the target of PCiB compounds. Opi3 is unlikely the target

because phosphatidylmonomethylethanolamine (PMME), which is the signature phospholipid of opi3D cells, did not accumulate in PCiB-

treated cells (Figure 3D).

PCiB-2, -3 and -4 impair Cho2 PE methyltransferase activity

Our in vitro and in vivo analyses suggest that PCiB compounds may inhibit either of the steps involved in the conversion of PE to PC, PE trans-

port from mitochondria to the ER, or PE methylation (Figure 4A). Therefore, we determined whether PCiB compounds block the PE
4 iScience 27, 109189, March 15, 2024
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Figure 3. PCiB-3 and -4 affect phospholipid composition in vivo

(A) 2D and 5D cells were cultivated in SCDmedia containing 32P-phosphate for 6h in the presence of 30 mMPCiB-1, -2, -3, -4, or their analog compound. The total

phospholipids were extracted and analyzed by TLC and radioimaging.

(B–D) Amounts of each phospholipid relative to total phospholipids were determined. Values are mean G SEM (n = 3).

(E) Wild-type, cho1D, psd1D, cho2D, and opi3D cells were cultivated in SCDmedia containing 32P-phosphate for 6h. Total phospholipids were extracted from the

indicated cells and separated on TLC.

(F) Amounts of each phospholipid relative to total phospholipids were determined. Values are meanG SEM (n = 3). ****p < 0.0001, ***p < 0.001, **p < 0.01, and

*p < 0.05; p values were obtained from the unpaired two-tailed t-test.
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methylation step. To directly evaluate PE methylation, we incubatedmembrane fractions isolated from wild-type or opi3D cells with 3H-S-ad-

enosylmethionine (SAM), a methyl donor for PE methylation, and measured the synthesis of 3H-labeled PMME, PDME and PC by TLC. Using

the wild-type membrane fraction, the amounts of 3H-labeled PMME, PDME, and PC were drastically decreased in the presence of PCiB-2, -3,

or -4, whereas they were unchanged following PCiB-1 treatment. These results suggest that PCiB-2, -3, and -4, but not PCiB-1, inhibit Cho2-

mediated incorporation of 3H -SAM into PE (Figures 4B and 4C). Similarly, a significant inhibition of 3H-labeled PMME synthesis was observed

in the presence of PCiB-2, -3, and -4 using a membrane fraction lacking Opi3, which methylates PMME and PDME.4,6 These results indicate

that Cho2 activity is inhibited in the presence of PCiB-2, -3, and -4. In contrast, PCiB-1 did not have a significant effect on PE methylation

(Figures 4B and 4C). Because PCiB-1 clearly inhibits PC synthesis in vitro (Figure 2C), PCiB-1 may decelerate PE transport from mitochondria

to the ER, resulting in defective PC synthesis. Although it is not known what factors facilitate PE transport from the MIM to MOM, the ERMES

complex may be responsible for PE transfer from MOM to the ER.63–66 Therefore, we determined whether the overexpression of an ERMES

subunit (Mmm1,Mdm12, or Mdm34) could rescue the PCiB-associated growth defects. Interestingly, Mmm1,Mdm12, or Mdm34 overexpres-

sion largely restored the growth defects of PCiB-1-treated 5D cells, whereas it hardly or only slightly restored the growth of PCiB-2 and

-4-treated 5D cells (Figure 4D). These results suggest that overexpression of a single subunit can improve lipid transport efficiency and pro-

mote PC synthesis in the presence of PCiB-1, although the ERMES complex functions as a multi-subunit complex. To confirm this, we eval-

uated phospholipid transport using membrane fractions overexpressing Mmm1. Immunoblotting of the membrane fraction confirmed that
iScience 27, 109189, March 15, 2024 5



A

B

C

D

E F G

Figure 4. Characterization of PCiB compounds

(A) Schematic diagram of predicted targets of PCiB compounds.

(B) Heavy membrane fractions isolated from wild-type and opi3D cells were incubated with 3H-SAM for 60 min in the presence of 30 mM PCiB-1, -2, -3, -4, or their

analog compounds. The 3H-labeled lipids were analyzed by TLC and autoradiography.

(C) Amounts of total 3H-labeled phospholipid (PMME+PDME+PC) in the wild-type membrane, and amounts of PMME relative to DMSO control in the opi3D

membrane were determined from triplicate experiments. Values are mean G SEM. (n = 3). ****p < 0.0001, and *p < 0.05; p values were obtained from the

unpaired two-tailed t-test.
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Figure 4. Continued

(D) Proliferation curves are shown for 5D cells with the multi-copy plasmid encoding theMMM1,MDM12, orMDM34 gene (O/E), or empty vector (vector) in the

presence or absence of PCiB compounds. PCiB-1, -3, and -4 were used at 30 mMwhile PCiB-2 was used at 15 mM. Three independent colonies of 5D cells for each

condition were cultivated by shaking on a 96-well plate in a plate reader and the OD600 values were measured every 20 min for 60 h.

(E) Immunoblotting of membrane fractions isolated from 5D cells with the multi-copy plasmid encoding theMMM1 gene (Mmm1 O/E) or empty vector (vector).

(F) The membrane fractions as in (E) were incubated with 14C-Serine for 60 min in the presence of DMSO, PCiB-1, -2, -3, or -4. Phospholipids were extracted and

analyzed by TLC followed by radioimaging.

(G) The bar graphs indicate the amounts of total 14C-labeled phospholipids relative to DMSO control (100%), and the amounts of PS, PE, and PC + PDME relative

to total 14C-labeled phospholipids (100%). Values are meansG SEM (n = 4). **p < 0.01, and *p < 0.05; p values were obtained from the unpaired two-tailed t-test.
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the amount ofMmm1was approximately 2-fold higher in 5D cells carrying the 2mm-plasmid encodingMMM1 comparedwith that in the vector

control (Figure 4E). The level of an ERMES subunit,Mdm12, and phospholipid synthetic enzymes, Cho1, Psd1, Cho2, andOpi3 were not signif-

icantly different upon the Mmm1 overexpression, whereas the level of the ERMES subunit, Mdm34, was slightly decreased (Figure 4E). The

MOM proteins, Tom70 and Tom40, were used as loading controls. We performed the in vitro phospholipid synthesis/transport assay using

the membrane fractions. The results indicated that Mmm1 overexpression significantly enhanced PS synthesis regardless of the presence of

PCiB compound (Figures 4F and 4G, total). In addition, we observed that the relative amount of PCwas significantly increased in the presence

of PCiB-1, but not in the presence of PCiB-2, -3, or -4. These results suggest: 1) overexpression of Mmm1, a single subunit of the ERMES com-

plex, improves the efficiency of phospholipid transport; and 2) Cho1 activity is negatively regulated by PS. Thus, our results likely indicate that

PS synthesis is activated by a decrease in the amount of PS in the ER membrane resulting from enhanced PS transport from the ER to mito-

chondria. We conclude that PCiB-1 likely blocks PE transport from mitochondria to the ER.

PCiB compounds induce mitochondrial division

Because we were able to identify PCiB compounds that inhibit PC biosynthesis, we used them to analyze the physiological significance of PC.

In particular, we analyzed the role of PC in mitochondrial morphogenesis, because other phospholipids, such as PE, CL, and PA, regulate

mitochondrial fusion and division.21,22,45–51 We treated 2D and 5D cells with PCiB compounds and observed mitochondria by fluorescence

microscopy. The results indicated that the treatment with PCiB-2, -3, or -4 caused a slight mitochondrial fragmentation in 2D cells, whereas

the PCiB-1 treatment did not significantly affect mitochondria morphology in 2D cells. Moreover, we found that mitochondria were markedly

fragmentedwhen 5D cells were exposed to any of the compounds (Figures 5A and 5C). The difference in the effect of the PCiB compounds on

mitochondrial morphology between 2D and 5D cells was presumably due to the difference in PE levels. Our phospholipid analysis revealed a

relatively higher PE level in 2D cells compared with that in 5D cells, which was probably due to the presence of Psd2 and/or the Kennedy

pathway (Figures 3A–3C). Therefore, we hypothesized that PC plays an important role in mitochondrial morphogenesis and that its signifi-

cance becomes more pronounced when PE levels are reduced. In support of this concept, we observed that �60% of cho2D cells exhibited

fragmented mitochondria, while �40% of the cho2D cells still maintained tubular mitochondrial morphology (Figures 5B and 5C).

PCiB-1 and PciB-2 markedly fragmented mitochondria in 5D cells, despite their low inhibitory effect on PC synthesis in vivo. Thus, PCiB-1

and PCiB-2 may exhibit side effects that exacerbate mitochondrial function. Because of the reduction in membrane potential (DJ) across the

MIM, which causesmitochondrial fragmentation,51,67 wemeasured theDJ of PCiB-treatedmitochondria.DJwas significantly reduced in the

presence of PCiB-1 or PCiB-2, but not PCiB-3 or PCiB-4 (Figure 5D). These results suggest that PCiB-1 and PCiB-2, which have similar struc-

tures, share the common effect of decreasing DJ and promoting mitochondrial division in a PC-independent manner.

Mitochondrial fragmentation is caused by either increased mitochondrial division or impaired mitochondrial fusion. To distinguish be-

tween the two, we observed mitochondria in 5D or cho2D cells expressing Dnm1-109, a dominant-negative mutant that inhibits Dnm1 func-

tion.54,68 Interestingly, most of the 5D cells treated with PCiB compounds exhibited elongated tubular mitochondria when Dnm1-109 was

expressed. Similarly, we observed connected tubular mitochondria in almost all cho2D cells expressing Dnm1-109 (Figure 5B). These results

clearly indicate that mitochondrial fusion occurs normally in cho2D cells or PCiB-treated 5D cells. Thus, PCiB-inducedmitochondrial fragmen-

tation results fromenhancedmitochondrial division. In other words, normal PCbiogenesis negatively regulatesmitochondrial division. To test

this idea further, we determined whether the Cho2 overexpression suppresses enhanced mitochondrial division by PCiB-3 and PCiB-4. The

results indicated that Cho2 overexpression partly restored mitochondrial tubular morphology in the presence of PCiB-3, but not PCiB-4

(Figures 5E and 5F). These results suggest that PCiB-3 is an inhibitor of Cho2 and that PCiB-4 acts differently from PCiB-3 in inhibiting PC

synthesis (Figures 5E and 5F). In support of this, we found that the ER morphology was drastically altered in the presence of PCiB-4, but

not PCiB-3 (Fig, 5G). Normally, when labeled the ER membrane with fluorescent proteins, we observe signals from the ER membrane along

the plasma membrane and a ring-like signal from the nuclear membrane. 5D cells treated with PCiB-3 exhibited a normal ER morphology

similar to the DMSO control. In contrast, PCiB-4 treated 5D cells displayed a aggregated multiple dot signal. PCiB-1 and PCiB-2 had a minor

impact on nuclear morphology (Figure 5G).

When Dnm1 is labeled with a fluorescent protein, oligomerized Dnm1 is detected as multiple punctate signals colocalized with mitochon-

dria40,69–72; however, the Dnm1 oligomers exist in a quiescent state and mitochondrial division does not frequently occur at these sites. We

also observed that punctate signals of oligomerized Dnm1 were localized to mitochondria in wild-type and cho2D cells (Figure 5H). The num-

ber of Dnm1 dots was slightly larger in cho2D cells compared with that of the wild-type cells (Figure 5I). Although the increased number of

Dnm1 dots may contribute to the enhancement of mitochondrial division, what triggers the initiation of mitochondrial division is still unclear.

CL on the MOM activates Dnm1/Drp1 and promotes mitochondrial division,45–50 whereas Dnm1/Drp1 bound to PA and saturated fatty acids
iScience 27, 109189, March 15, 2024 7



Dnm1-109

Dnm1-109

DMSO

PCiB-1

PCiB-2

PCiB-3

PCiB-4

CA

Tubular Fragmented

B

0

50

100

1 2 3

D
M

SO

PCiB
4

W
T 1 2 3

D
M

SO

PCiB
4 1 2 3

D
M

SO

PCiB
4

Dnm1-109

Tubular

Fragmented

D

0

1

2

3

M
em

br
an

e 
po

te
nt

ia
l (

a.
u.

)

PCiB
1 2 3 4

D
M

SO

C
C

C
P

*
****

**

** ****
********

****
n.s.

n.s.
n.s.

n.s.

**

n.s.

** **

n.s.

0

50

100

Cho2 OE

3 4

D
M

SO PCiB
3 4

D
M

SO PCiB

Tubular Fragmented

* **
n.s.

%
 o

f c
el

ls
 w

ith
 tu

bu
la

r o
r 

fra
gm

en
te

d 
m

ito
ch

on
dr

ia

%
 o

f c
el

ls
 w

ith
 tu

bu
la

r o
r 

fra
gm

en
te

d 
m

ito
ch

on
dr

ia

PCiB-2 PCiB-3 PCiB-4PCiB-1

E
PCiB-3 PCiB-4DMSO

DMSO

F

G

0

5

10

15

Th
e 

nu
m

be
r o

f 
D

nm
1 

do
t p

er
 c

el
l

WT

Su9-GFP Dnm1-mCherry Merged DIC

*

H

I

WT

Figure 5. PCiB promotes mitochondrial fragmentation

(A) Mitochondria in 2D and 5D cells were visualized by expressing mitochondria-targeted GFP (Su9-GFP) and observed under a confocal laser microscope after

6h-incubation with the indicated 30 mM PCiB compound. Mitochondria in 5D cells expressing Dnm1-109 (dominant negative mutant) were also observed.

Maximum projection images were shown.

(B) Mitochondria in cho2D cells with or without expression of Dnm1-109 were observed and shown as in (A).

(C) Quantitation of mitochondrial morphology. Cells containing tubular or fragmented mitochondria were scored. Values are mean G SEM (n = 3). At least 100

cells were visualized in each experiment. ****p < 0.0001, **p < 0.01, and *p < 0.05; p values were obtained from the unpaired two-tailed t-test.

(D) Mitochondrial fraction isolated from wild-type yeast cells were pretreated with the indicated PCiB compound or CCCP and then the DJ was measured by

using JC-1 fluorescent dye. Values are mean G SEM (n = 3). **p < 0.01; p values were obtained from the unpaired two-tailed t-test.
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Figure 5. Continued

(E) Mitochondria in 5D cells overexpressing Cho2 were visualized by Su9-GFP and observed under a confocal laser microscope after 6h-incubation with 30 mM

PCiB-3 or -4. Maximum projection images were shown. Scale bars, 5 mm.

(F) The bar graphs show the ratio of cells observed in (E) that contain tubular mitochondria or fragmented mitochondria. Values are meanG SEM (n = 3). At least

100 cells were visualized in each experiment. **p < 0.01, and *p < 0.05; p values were obtained from the unpaired two-tailed t-test.

(G) The ER in 5D cells were visualized by expressing the ER-targeted GFP (BipN-GFP-HDEL) and observed under a confocal laser microscope after 6h-incubation

with the indicated 30 mM PCiB compound. A single optical slice around the center of cells is shown for each condition. Scale bars, 5 mm.

(H) Wild-type and cho2D cells expressing Su9-GFP and Dnm1-mCherry were observed under a confocal laser microscope. Maximum projection images were

shown. Scale bars, 5 mm.

(I) The number of punctate Dnm1-mCherry signal per cell was counted. Values are mean G SEM (n = 3). At least 100 cells were visualized in each experiment.

*p < 0.05; p values were obtained from the unpaired two-tailed t-test.
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is inactivated.51 Herein, we found that PC is another important regulator of Dnm1-dependent mitochondrial division, especially when the PE

level is low. These findings provide new insight into the regulatory mechanism of mitochondrial division.

DISCUSSION

In the present study, we established a synthetic lethal chemical screen using 5D cells, in which the synthesis of PE and PC was strictly depen-

dent on phospholipid transport between the ER and mitochondria (Figure 1A). In principle, the compounds identified using this screen are

expected to inhibit multiple steps in the synthesis and transport of PS, PE, and PC. Therefore, we performed a biochemical assay to evaluate

their inhibitory effects on phospholipid synthesis and transport. As a result, we identified PCiB compounds that inhibit PC biogenesis in yeast.

Specifically, PE methylation was inhibited in the presence of PCiB-2, -3, and -4, whereas PE transport from mitochondria to the ER was pre-

sumably blocked by PCiB-1. Because of the similarity in structure between PCiB-1 and -2, it is possible that they act similarly. In other words,

the inhibition of PEmethylation in the presence of PCiB-2may be the result of the inhibition of PE export frommitochondria. Although PCiB-3

and PCiB-4 also share similar structural features, they affect phospholipid composition as well as mitochondrial and ER shapes differently,

which suggests that they act on PC synthesis through different mechanisms. In any case, future studies are needed to verify the direct inter-

actions between PCiB compounds and their target proteins to validate their targets.

In fungi, there are two PEmethyltransferases, Cho2 andOpi3. Cho2mediates the initial methylation of PE, whereas Opi3 is responsible for

the last two methylation steps.4,6 In higher organisms, such as mammals, only Opi3 is conserved, whereas Cho2 is lost during evolution, sug-

gesting that Cho2 inhibitors may exhibit antifungal activity. In fact, widely used organophosphorus fungicides, such as IBP (S-benzylO,O-dii-

sopropyl phosphorothiolate), EDDP (O-ethyl S,S-diphenyl phosphorodithiolate), and ESBP (S-benzyl O-ethyl phenylphosphonothiolate) for

rice blast control, inhibit PE methylations in Pyrieularia oryzae.73–75 Therefore, PCiB-2, -3, and -4 may also have potential as fungicides against

rice blast.

PCiB-1 did not strongly affect PE methylation (Figures 4B and 4C). The growth defect of 5D cells induced by PCiB-1 was largely restored

by overexpression of a subunit of the ERMES complex, which functions as lipid transfer machinery at the ER-mitochondria contact site (Fig-

ure 4D), suggesting that PCiB-1 is an inhibitor of PE transport from mitochondria to the ER. Currently, the factors that facilitate PE transport

from the MIM to the MOM are unknown. It is also unclear whether the ERMES complex is responsible for the transport of PE from the

MOM to the ER. Previously, we showed that the recombinant Mmm1-Mdm12 complex facilitated nitrobenzoxadiazole (NBD)-PE transport

between liposomes,64 suggesting a role for the ERMES complex in PE transport. However, it was difficult to determine whether the ERMES

complex transferred PE because the phospholipid substrate used in this experiment was PE, in which the head group was labeled with

NBD.64 When we evaluated the PE transfer function of ERMES using an in vitro assay with membrane fractions and 14C-labeled PE, it

was not evident that the ERMES complex was required for PE transport.52 Furthermore, different studies showed that the Mmm1-

Mdm12 complex did not bind to PE at all, although Mmm1 and Mdm12 alone could bind to PE.65,66 Moreover, the results of our

in vitro experiments suggest that Mmm1 overexpression promotes PS transport rather than PE transport, which in turn, activated PS syn-

thesis, resulting in the partial restoration of PC synthesis (Figures 4F and 4G). Therefore, PCiB-1 may be used to identify factors involved in

the PE transfer process. For example, a multi-copy suppressor screen that restores the growth of 5D cells in the presence of PCiB-1 would

be a powerful tool for this purpose.

Another important finding of this study is the implication of PC biosynthesis in the regulation of mitochondrial division. CL positively and

PA negatively regulate Dnm1/Drp1-dependent mitochondrial division,44–50 indicating the importance of phospholipids in the regulation of

mitochondrial division. The present study further revealed that the inhibition of PC biogenesis promotesmitochondrial division. This suggests

that PC serves as a negative regulator of mitochondrial division. Supporting this idea, it has been reported that Drp1 is inactivated by its bind-

ing to the head group of PA and the saturated acyl chain of PC.50 Although steady-state levels of PC varied depending on which PCiB com-

pound was used to treat 5D cells, mitochondria were fragmented regardless of the PCiB compound. These results suggest that not only a

decrease in PC levels, but also changes in the balance of other phospholipids and/or mitochondrial membrane potential (DJ) may affect

mitochondrial division. In fact, our results strongly suggest that the role of PC in regulatingmitochondrial division becomes particularly impor-

tant under conditions of low PE (Figures 3 and 5). We also found thatDJwas significantly reduced in the presence of PCiB-1 or -2 (Figure 5D).

Although PCiB-3 and PCiB-4 commonly cause marked inhibition of PC synthesis, their effects on mitochondria and ER morphology

are different (Figures 5E and 5G), suggesting that they act on different targets. Thus, the amount of PC reduced by PCiB-3 and PCiB-4

may differ depending on the organellemembranes. For example, even if the overall cellular phospholipid compositions do not differ between
iScience 27, 109189, March 15, 2024 9
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PCiB-3- and PCiB-4-treated cells (Figure 3A), the local PC level of certain membranes, such as the MOM and ER membrane, or the ER-mito-

chondria contact site, may be different. Becausemitochondrial division is known to occur at ER-mitochondria contact sites,76,77 the change in

the PC level at the specific region may trigger mitochondrial division. In fact, it was reported that an ER-localized phospholipid hydrolase

altered the phospholipid composition at ER-mitochondria sites, which is critical for mitochondrial fusion and division.78 Collectively, the

PCiB compounds obtained in the present study are inhibitors of PC biogenesis in yeast, and they may be used as research tools to analyze

the physiological roles of PCs and the mechanisms of mitochondrial morphogenesis.
Limitations of the study

Although we succeeded in isolating several compounds that inhibit PC synthesis in yeast, one limitation of this study is that the tar-

gets of PCiB compounds have not been clearly identified. PCiB-2, -3, and -4 strongly inhibit the first PE methylation activity, suggest-

ing that Cho2 is the target of the PCiB compounds. However, PCiB-2, 3, and 4 showed different effects on phospholipid composition

(Figures 3 and 4), mitochondrial division (Figure 5), and the ER morphology, suggesting that they have different targets. Specifically,

it is unclear at this point why the effect of PI accumulation is different between 2D and 5D cells treated with PCiB-2 and PCiB-3; why

PCiB-1 and -2, but not PCiB-3 and -4, markedly reduce mitochondrial DJ; why the suppression of mitochondrial division by Cho2

overexpression differs between PCiB-3 and PCiB-4; or why only PCiB-4 results in a drastic change in ER morphology. Furthermore,

it has been suggested that PCiB-1 inhibits PE transport, but the transport factors for PE are also unknown. Further studies using these

compounds are expected to resolve these issues and contribute to the elucidation of the underlying mechanisms of phospholipid

metabolism mediated by the ER and mitochondria.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabibit polyclonal anti-Mmm1 Endo Lab N/A

Rabibit polyclonal anti-Mdm34 Endo Lab N/A

Rabibit polyclonal anti-Mdm12 Endo Lab N/A

Rabibit polyclonal anti-Tom70 Endo Lab N/A

Rabibit polyclonal anti-Tom40 Endo Lab N/A

Rabibit polyclonal anti-Tim23 Endo Lab N/A

Rabibit polyclonal anti-Cho1 Kojima et al.52 N/A

Rabibit polyclonal anti-Psd1 Kojima et al.52 N/A

Rabibit polyclonal anti-Cho2 Kojima et al.52 N/A

Rabibit polyclonal anti-Opi3 Kojima et al.52 N/A

Cy5 AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson ImmunoResearch Labs Cat# 111-175-144;

RRID:AB_2338013

Bacterial and virus strains

XL2-blue N/A N/A

Chemicals, peptides, and recombinant proteins

PCiB-1 Asinex ASN7114421

PCiB-2 Enamine Z44598158

PCiB-3 Enamine Z56757277

PCiB-4 Vitas-M STK089344

Phosphorus-32 (H332PO4) PerkinElmer Health Sciences, Inc. NEX053

L-Serine, [14C(U)] Moravek, Inc. MC-265

Adenosyl-L-methionine, S-[methyl-3H]- PerkinElmer Health Sciences, Inc. NET155

TLC glass plates, silica gel layer, SILGUR C UV254 Macherey-Nagel 810123

PVDF membrane (Immobilon-FL) Merck-Millipore Cat# PFL00010

BSA Nakarai tesque Cat# 01860-65

CCCP Sigma-Aldrich Cat# C2759

JC-1 Thermo Fisher Scientific Cat# T3168

ATP Sigma-Aldrich Cat# A7699

Zymolyase-20T Nakalai tesque Cat# 07663-91

Experimental models: Organisms/strains

FY833- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63 Winston et al.79 N/A

2D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63

pdr1D::kanMX4 pdr3D::hphMX

This study N/A

5D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63

pdr1D::hphMX pdr3D::natNT2 cki1D::CgTRP1

eki1D::CgHIS3 psd2D::kanMX4

This study N/A

cho1D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63 cho1D::kanMX4 Shiino et al.11 N/A

psd1D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63 psd1D::kanMX4 Tamura et al.80 N/A

cho2D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63 cho2D::kanMX4 This study N/A

opi3D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63 opi3D::kanMX4 This study N/A

(Continued on next page)

14 iScience 27, 109189, March 15, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dnm1-mCherry- MATa ura3-52 his3-D200 leu2-D1 lys2-D202

trp1-D63 Dnm1-mCherry::kanMX4

This study N/A

Dnm1-mCherry cho2D- MATa ura3-52 his3-D200 leu2-D1 lys2-D202

trp1-D63 Dnm1-mCherry::kanMX4 cho2D::hphMX

This study N/A

Oligonucleotides

See Table S1

Recombinant DNA

pBS-kanMX4 Kakimoto-Takeda et al.31 N/A

pBS-hphMX Kakimoto-Takeda et al.31 N/A

pBS-natNT2 Sakaue et al.81 N/A

pBS-CgHIS3 Kitada et al.82 N/A

pBS-CgTRP1 Kitada et al.82 N/A

pRS426-Mmm1 This Study N/A

pRS426-Mdm12 This Study N/A

pRS426-Mdm34 This Study N/A

pRS426-Cho2 Kojima et al.52 N/A

pRS316-Su9-GFP Kakimoto et al.83 N/A

pRS315-Dnm1-109-HA Cerveny et al.68 N/A

pRS316-BipN-GFP-HDEL Kakimoto-Takeda et al.31 N/A

Software and algorithms

ImageJ Schneider et al.84 https://imagej.nih.gov/ij/

GraphPad Prism6 GraphPad https://www.graphpad.com/

scientific-software/prism/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yasushi Tamura,

(tamura@sci.kj.yamagata-u.ac.jp).

Materials availability

Plasmids and yeast strains generated in this study are available from the lead contact.

Data and code availability

All data reported in this article will be shared by the lead contact upon request. This paper does not report original code. Any additional in-

formation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, we used a Saccharomyces cerevisiae strain, FY833 (MATa ura3-52 his3-D200 leu2-D1 lys2-D202 trp1-D63) as background

strains.79 All the yeast cells used in this study are listed in the key resources table.

METHOD DETAILS

Strains, plasmids, primers, and growth conditions

To obtain 2D and 5D cells, we deleted the PDR1, PDR3, CKI1, EKI1, PSD2, OPI3, and CHO2 genes by homologous recombination using the

appropriate gene cassettes amplified from the plasmids listed in the key resources table.85 The primer pairs #NU1080/1081, #NU1084/1085,

#YU1143/1144, #NU509/510, #NU403/404, #YU1637/1638, #YU1639/164 were used to amplify the gene cassette for the disruption of the

PDR1, PDR3, CKI1, EKI1, PSD2, OPI3, and CHO2 genes, respectively (key resources table).

pRS426-Mmm1, pRS426-Mdm12, and pRS426-Mdm34, URA3-2m plasmids that overexpresses Mmm1, Mdm12, and Mdm34, respectively,

from the own promoter, was constructed as follows. DNA fragments encoding the MMM1, MDM12, andMDM34 genes with own promoter
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and terminator were cut frompRS314-Mmm1, pRS314-Mdm12, andpRS314-Mdm34,80 with BamHI andXhoI and inserted the BamHI/XhoI site

of pRS426 vector.86

Yeast cells were grown in YPD (1% yeast extract, 2%polypeptone, and 2%glucose), YPLac (1% yeast extract, 2%polypeptone, and 3% lactic

acid), and SCD (0.67% yeast nitrogen base without amino acids, 0.5% casamino acid, and 2% glucose), with appropriate amino acids

supplements.

To obtain yeast growth curve, we prepared yeast culture as described below. Briefly, 3 independent colonies of 5D cells with vector or

2m-plasmids were inoculated to SCD media and cultivated for 24h. The overnight cultures were diluted with SCD media to OD600 = 0.01

and 100 ml aliquots were dispensed to a 96-well plate with or without PCiB compounds. The 96-well plate was incubated at room temperature

withdouble orbital shaking at 425 cpm in a plate reader (Epoch 2, BioTek), and the OD600 values were measured every 20 min for 60 h.

Yeast growth based chemical screening

Overnight culture of 2D or 5D cells in YPD was diluted with YPD medium to OD600 = 0.01 and its 40 ml aliquots were dispensed to the assay-

ready 384-well plates with compounds using a liquid dispenser (MultiFlo FX, BioTek). After 24h incubation at 30�C, the 384-well plates were

thoroughly vortexed using a MixMate (Eppendorf) and OD600 values were measured using a plate reader (Epoch 2, BioTek).

In vitro phospholipid synthesis/transport assays

The in vitro assay to monitor the fate of 14C-labeled PS was performed essentially as described previously.52,53 Briefly, [14C(U)]-L-serine was

added to yeast membrane fractions (12,000 3 g pellet) resuspended in assay buffer (300 mM sucrose, 20 mM Tris-HCl, pH 7.5, 40 mM KCl,

2 mM CTP, 1 mM S-adenosylmethionine, 0.1 mM MnCl2, 2 mM MgCl2) at a final concentration of 2 mCi/ml. To observe PE methylation, we

added 3H-SAM to yeast membrane fractions (100,0003 g pellet) resuspended with the assay buffer (20 mM Tris-HCl pH 7.5, 300 mMSucrose,

40 mM KCl, 2 mM CTP, 0.5 mM L-Serine, 0.1 mMMnCl2, 2 mMMgCl2) at a final concentration of 15 mCi/ml. To stop the reactions, we added

900 ml of 2:1 chloroform/methanol to the samples and vortexed for 15 min. Then, 200 ml of 0.1 M KCl/0.1 MHCl was added to the samples and

further vortexed for 15min at room temperature. After 5min spin, the organic phasewas collected anddried underN2 gas. The resulting lipids

were dissolved in chloroform and subjected to the analysis by thin-layer chromatography (TLC) followed by radioimaging with an Amersham

Typhoon scanner.

Immunoblotting

For immunoblotting, proteins were transferred to polyvinylidene fluoride Immobilon-FL or Immobilon-P membranes (Millipore). The trans-

ferred proteins were detected by fluorophore-conjugated to secondary antibodies (Cy5 AffiniPure Goat Anti-Rabbit IgG (H+L), Jackson

ImmunoResearch Laboratories) and analyzed with a Typhoon imager (GE Healthcare).

Fluorescence microscopy

Logarithmically growing yeast cells cultivated in SCD were observed using a model IX83 microscope (Olympus) with a CSU-X1 confocal unit

(Yokogawa), a 1003 and 1.4 numerical aperture objective lens (UPlanSApo; Olympus), and an EM-CCD camera (Evolve 512; Photometrics).

MetaMorph software (Molecular Devices) was used to analyze images. GFP was excited using a 488-nm laser (OBIS; Coherent) and the emis-

sion was passed through 520/35-nm filter. The confocal fluorescent sections were collected every 0.2 mm from the upper to the bottom surface

of yeast cells. The obtained confocal images were subjected to maximum projection using Image J software (NIH).

Membrane potential measurement

The membrane potential of mitochondria isolated from wild-type yeast cells grown in YPLac was measured using the fluorescent dye JC-1.

Briefly, 400 mg mitochondrial fractions were resuspended in 100 ml assay buffer (600 mM mannitol, 20 mM HEPES-KOH pH 7.5, 40 mM KCl,

0.25%BSA, 5mMATP, 200 nM JC-1) with or without either 20 mMPCiB compound or 30 mMCCCP. Samples were incubated at 30�C for 30min

and fluorescence was measured at excitation/emission 485/535 and 535/595 nm. The mitochondrial membrane potential was expressed as

the ratio of red to green fluorescence.

Chemicals

Chemical compounds for screening were obtained from the Drug Discovery Initiative at the University of Tokyo (Tokyo, Japan). PCiB-1 (Asi-

nex), PCiB-2 (Enamine), PCiB-3 (Enamine), PCiB-4 (Vitas-M), PCiB-2 analog (Maybridge), PCiB-3 analog (Labotest), PCiB-4 analog (Enamine,

Zelinsky Institute) were used from stock solutions of 100 mM in DMSO.

PCiB-1 analog was synthesized by the reaction of 2,4-difluorophenyl isocyanate with 3-((3-azido-5-(azidomethyl)benzyl)thio)-1,2,4-

thiadiazol-5-amine (Figure S3). All reactions were performed with dry glassware under atmosphere of argon. Analytical thin-layer chromatog-

raphy (TLC) was performed on precoated (0.25 mm) silica-gel plates (Merck Chemicals, Silica Gel 60 F254, Cat. No. 105715). Preparative thin-

layer chromatography (PTLC) was performed on silica-gel (Wako Pure Chemical Industries Ltd., Wakogel B-5F, Cat. No. 230-00043). Melting

point (Mp) was measured on an OptiMelt MPA100 (Stanford Research Systems) and is uncorrected. 1H NMR spectra were obtained with a

Bruker AVANCE 500 or 400 spectrometer at 500 or 400MHz. 13C NMR spectra were obtained with a Bruker AVANCE 500 or 400 spectrometer

at 126 or 101 MHz. 19F NMR spectrum was obtained with a Bruker AVANCE 400 spectrometer at 376 MHz. CDCl3 (Kanto Chemical Co., Inc.,
16 iScience 27, 109189, March 15, 2024
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Cat. No. 07663- 23) or DMSO-d6 (Kanto Chemical Co., Inc., Cat. No.11560-43) was used as a solvent for obtaining NMR spectra. Chemical

shifts (d) are given in parts per million (ppm) downfield from (CH3)4Si (d 0.00 for 1H NMR in CDCl3) or the solvent peak (d 77.0 for 13C NMR

in CDCl3, d 2.50 for 1H NMR, and d 39.5 for 13C NMR in DMSO-d6) as an internal reference or a,a,a-trifluorotoluene (d –63.0 ppm for
19F NMR in DMSO-d6) as an external standard with coupling constants (J) in hertz (Hz). The abbreviations s, d, m, and br signify singlet,

doublet, multiplet, and broad, respectively. IR spectra were measured by diffuse reflectance method on a Shimadzu IRPrestige-21 spectrom-

eter attached with DRS-8000A with the absorption band given in cm–1. High-resolution mass spectra (HRMS) were measured on a Bruker

micrOTOF mass spectrometer under positive electrospray ionization (ESI+). 3,30-Disulfanediylbis(1,2,4-thiadiazol-5-amine)87 and 1-azido-3-

(azidomethyl)-5-(bromomethyl)benzene88 were prepared by the reported method.
Characterization data of compounds

Synthesis of 3-((3-azido-5-(azidomethyl)benzyl)thio)-1,2,4-thiadiazol-5-amine (S1)

To a solution of 3,30-disulfanediylbis(1,2,4-thiadiazol-5-amine) (78.8 mg, 247 mmol) in EtOH (7.0 mL) were added KOH (55.3 mg, 986 mmol,

4.0 equiv) and 1-azido-3-(azidomethyl)-5-(bromomethyl)benzene (66.0 mg, 247 mmol) dissolved in EtOH (0.50 mL) at room temperature. After

stirring for 2 h at the same temperature, to the mixture was added H2O. The mixture was extracted with CH2Cl2, and the combined organic

extract was washed with brine, dried (Na2SO4), and after filtration, the filtrate was concentrated under reduced pressure. The residue was

purified by preparative TLC (n-hexane/EtOAc = 1/1) to give S1 (60.6 mg, 190 mmol, 77%) as a pale yellow oil. TLC Rf 0.62 (n-hexane/EtOAc =

1/1); 1H NMR (CDCl3, 500 MHz) d 7.14 (s, 1H), 7.09 (s, 1H), 6.86 (s, 1H), 5.48–5.66 (br s, 2H), 4.37 (s, 2H), 4.32 (s, 2H); 13C NMR (CDCl3, 126 MHz)

d 182.7, 166.7, 140.8, 140.3, 137.6, 125.1, 119.4, 117.5, 54.2, 35.3; IR (KBr, cm�1) 3396, 2112, 1607, 1518, 1250; HRMS (ESI+)m/z: [M + H]+ Calcd

for C10H10N9S2
+ 320.0495; Found 320.0494 (Figure S4).

Synthesis of 1-(3-((3-azido-5-(azidomethyl)benzyl)thio)-1,2,4-thiadiazol-5-yl)-3-(2,4-difluorophenyl)urea (PCiB-1 analog)

To a solution of S1 (38.7 mg, 121 mmol) in 1,4-dioxane (2.0 mL) were added 4-methylmorpholine (40.0 mL, 365 mmol, 3.0 equiv) and 2,4-difluor-

ophenyl isocyanate (16.0 mL, 137 mmol, 1.1 equiv) at room temperature. After stirring with heating at 50�C for 24 h, the mixture was cooled to

room temperature and concentrated under reduced pressure. The residue was purified by preparative TLC (n-hexane/acetone = 3/1) to give

PCiB-1 analog (17.4 mg, 36.7 mmol, 30%) as a colorless solid. Mp 167 ºC (decomp.); TLC Rf 0.42 (n-hexane/acetone = 3/1); 1H NMR (DMSO-d6,

400 MHz) d 11.42–11.74 (br s, 1H), 9.09 (s, 1H), 7.87–8.00 (m, 1H), 7.33–7.43 (m, 1H), 7.26 (s, 1H), 7.19 (s, 1H), 7.06–7.14 (m, 1H), 7.03 (s, 1H),

4.46 (s, 2H), 4.45 (s, 2H); 13C NMR (DMSO-d6, 101 MHz) d 176.8, 164.7, 158.2 (dd, JC�F = 245.0, 12.0 Hz), 153.3 (dd, JC�F = 247.7, 12.9 Hz),

152.0, 140.6, 139.8, 138.0, 125.4, 123.7 (d, JC�F = 8.4 Hz), 122.1 (dd, JC�F = 11.3, 3.6 Hz), 119.1, 117.7, 111.4 (dd, JC�F = 22.1, 3.4 Hz), 104.2

(dd, JC�F = 27.1, 23.9 Hz), 52.8, 34.2; 19F NMR (DMSO-d6, 376 MHz) d –117.0, –124.3; IR (KBr, cm�1) 3385, 2106, 1719, 1545, 1229; HRMS

(ESI+) m/z: [M + H]+ Calcd for C17H13F2N10OS2
+ 475.0678; Found 475.0663 (Figure S4).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown asmeanwith standard error. Unpaired two-tailed student’s t-test were performed for the statistical analyses using Prism 6 soft-

ware (GraphPad). IC50 values were calculated using Prism 6 software (GraphPad).
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