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   We have characterized the inhibition of protein-protein interaction of the homodimer of proteasome 

assembling chaperone (PAC) 3 with thielocin B1 discovered from natural product sources. Molecular 

modeling using docking study and molecular dynamics simulation suggested that thielocin B1 exhibits 

distinct binding poses on the interface of the homodimer and the complex can be stabilized with five 10 

interactive residues on PAC3. Thielocin B1 was synthesized for the first time and was utilized for nuclear 

magnetic resonance (NMR) titration of the PAC3 homodimer. The data revealed significant chemical 

shift perturbations observed in eight residues on PAC3. We also synthesized a spin-labeled derivative to 

observe paramagnetic relaxation enhancement (PRE) effects. As a result, distinct decrease of intensities 

of the NH peaks was observed in sixteen residues of PAC3 in the presence of the spin-labeled derivative. 15 

The both NMR experiments and further in silico docking study have suggested that thielocin B1 

approaches one face to the PAC3 homodimer not to the monomer, releasing the subunit of the interface of 

the PAC3 homodimer by a rare pre-dissociation-independent mechanism.

Introduction 

   Protein–protein interactions (PPIs) play vital roles in numerous 20 

cellular functions, e.g., cell growth, DNA replication, and 
transcriptional activation. PPIs have been considered to be 
potential therapeutic targets for drug discovery; however, it is 
difficult to find small-molecule inhibitors that occupy large 
interaction interfaces of PPIs (750–1,500 A2).1 Recent studies 25 

have suggested that the protein surfaces are not necessarily flat, 
but involve grooves or indentations, and consequently, small-
molecule inhibitors would not need to cover the entire PPI 
interface but only interact with high-affinity regions, named “hot 
spots”.2–4 Another approach is to find small-molecule inhibitors 30 

that bind not into the interfaces but to PPI allosteric sites inducing 
a conformational change  of the active site.5 However, unlike 
enzymes, for which small-molecules packed in deep pockets have 
been well-designed, finding potent PPI inhibitors still remains 
quite a difficult task.6–8 In addition, there are two possible 35 

mechanisms known for inhibition of PPIs: (i) an inhibitor binds to 
the target protein after dissociation of PPI (pre-dissociation-
dependent mechanism), (ii) an inhibitor binds to the proteins 
inducing dissociation of PPI (pre-dissociation-independent 
mechanism).4 The complexity of the mechanisms makes it more 40 

difficult to design small-molecule PPI inhibitors. Therefore, it is 
considered that there is a compelling need for expansion of the 
screening libraries to find potent PPI inhibitors as the variety of 
approachable targets has raised up.9 

   In 2009, Shin-ya group has evaluated inhibition of three PPIs, 45 

i.e. TCF7/β-catenin, PAC1/PAC2, and PAC3/PAC3, by high-
throughput screening of over 100,000 diverse samples of crude 

metabolites and isolated natural products. Despite a huge 
chemical space of the natural-product library, the selective hits 
were found in last two of the three targets and the hit rates were 50 

less than 0.01%.10 Among them, the inhibition of PAC3/PAC3 is 
of our interest. PAC3, proteasome assembling chaperon 3, 
identified by Hirano et al. is a component of the α rings of the 
20S proteasome.11 They proposed that PAC3 forms a homodimer, 
whose crystal structure was elucidated by Yashiroda et al.,12 55 

associated with the formation of the α ring complexes, together 
with the PAC1/PAC2 heterodimer,13 and mediates the correct 
formation of half-proteasome in cooperation with PAC1/PAC2. 
PAC3 dissociates before the formation of half proteasomes, and 
dimerization of the half proteasomes would provide the 20S 60 

proteasome. Later, it was reported that a fourth PAC, PAC4 
interacts with PAC3 to stabilize each protein. It has been 
proposed that PAC3 and PAC4 act as a pair in vivo mammalian 
20S proteasome assembly;14–17 therefore, the interaction of PAC3 
and PAC4 should be important because siRNA-mediated 65 

knockdown11 of PAC3 and the knockdown13 of PAC3 and PAC4 
impaired the proteasome function. 
   By high-throughput screening of PPI inhibitors from a natural 
product library as mentioned above, TB1 was found to be a 
potent and selective PPI  inhibitor of the PAC3 homodimer, with 70 

an IC50 value of 0.020 µM,10 in addition to JBIR-22 (IC50, 0.2 
µM).20 TB1 was identified as thielocin B1 (1), which had been 
isolated from the fermentation broth of Thielavia terricola RF-
143 by Yoshida et al. as a potent inhibitor for phospholipase A2 
(Fig. 1).18,19 Intriguingly, thielocin A1β and thielocin B3, which 75 

have a similar structure to 1, did not inhibit this PPI. As part of  
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Fig. 1 Structures of naturally occurring thielocins. 

our project to characterize PPI inhibitors discovered from a 
natural product library, we report herein the first total synthesis of 
1 and characterization of the inhibition mechanism on the basis of 5 

an in silico study of the 1/PAC3 complex and NMR titration of 
the PAC3 homodimer with 1 and its spin-labeled derivative. 

Results and Discussion 

Docking study and molecular dynamics simulation:  

   Glide docking21 of thielocin B1 (1, active) and thielocin B3 10 

(inactive) was performed by generating various poses on the 
interface of the PAC3 homodimer (PDB code: 2Z5E).12 
Interestingly, the energetically favored top 100 poses of 1 
indicated distinct structures on the surface of β-sheets of PAC3 
(Fig. 2a), although no cavities with volumes similar to those of 1 15 

were seen on the interface. On the other hand, the scattered poses 
of thielocin B3 had lower docking scores than those of 1 (Fig. 2b 
and 2c). It is conceivable that the central core of 1 defined the 
angle between the left and right wings; consequently, thielocin 
B3, which has a different core structure, would not have a 20 

suitable shape for binding to PAC3 (See  structures in Fig. 1). In  

 
Fig. 2 Overlay of energetically top 100 poses of thielocin B1 (1) (carbons 
in green) (a) and thielocin B3 (b) in the PAC3 dimer interface by docking 
simulation. (c) Docking score distribution for the complexes of 1/PAC3 25 

and thielocin B3/PAC3, where 100 poses for each compounds have been 
retained. 

 30 

Fig. 3 (a) Root mean square deviation of thielocin B1 (1) position to 
initial docking pose during the 20 ns MD simulation. (b) Barcode view of 
protein–ligand interaction fingerprint: Met1: Surf, Ser30: ChDon, Surf, 
His31: ChDon, Surf, Glu49: Surf, Ser51: Surf, Ser52: Surf, Val53: Surf, 
Thr63: ChDon, Surf, Thr64: Surf, Lys65: ChDon, Surf, Val66: BkDon, 35 

Surf, Leu67: Surf, Leu68: Surf, Asp71: Surf, Ala94: Surf, Leu96: Surf. 
ChDon = sidechain atoms act as H-bond donors. BkDon = backbone 
atoms act as H-bond donors. Surf = surface contact interactions. (c) A 
representative structure of 1/PAC3 complex with five interacting residues 
(Ser 30, His31, Lys65, Leu67, and Asp71) identified by protein–ligand 40 

interaction fingerprint analysis with >40% overall abundance among last 
10 ns MD simulation trajectories (left) and the X-ray crystal structure of 
the PAC3 homodimer (right, PDB code: 2Z5E), in which Ser30–
His31/Gly40′–Met42′ and Leu67/Leu67′ are found to be interface. 
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addition, we performed molecular dynamics (MD) simulation of 
the top-ranked docking pose of the 1/PAC3 complex (20 ns) to 
investigate whether the pose is sufficiently stabilized and which 
interactions are important for binding. As depicted in Fig. 3a, 
during MD simulation, the docking pose was quite stable for 20 5 

ns. Protein–ligand interaction fingerprint analysis suggested five 
interacting residues; Ser30, His31, Lys65, Leu67, and Asp71 on 
PAC3, with >40% overall abundance among the last 10 ns MD 
simulation trajectories (Fig. 3b). The representative structure of 
1/PAC3 is illustrated in Fig. 3c (left). Note that Ser30 and His31 10 

that are located in the interface of the PAC3 homodimer by 
interaction with Gly40′, Lys41′, and Met42′ (Fig. 3c, right), 
interact with the carboxyl group on the left wing of 1 with high 
abundance (97% and 86%, sidechain atoms act as H-bond donors; 
91% and 61%, surface contact interactions, respectively). The 15 

methylenes in Lys65 interact with the dimethylbenzene ring of 1 
(96% surface contact interactions), thereby the amino group of 
Lys65 can intereact with Glu49 by hydrogen bonding (left) 
although Lys65 locates away from Glu49 in the X-ray crystal 
structure of the homodimer (right).  Leu67 that is also the portion 20 

of interface of the homodimer by interaction with Leu67′ (right) 
would interact with the central core of 1 by surface contact 
interactions (89%). Asp71 may interact with the methoxy group 
on the right wing of 1 by surface contact interactions (47%). 

Total synthesis of thielocin B1:  25 

   To characterize the inhibition mechanism, we planned to study 
for NMR titration of the complex of PAC3/thielocin B1. 
However, the supply of 1 from natural sources was limited; 
therefore, we needed to synthesize 1. Thielocin B1 (1) has a 
unique structure consisting of a 2,2′,6,6′-tetrasubstituted diaryl 30 

ether moiety and 4-hydroxy-2-methoxy-3,5,6-trimethylbenzoic 
acids by ester linkage. All five benzene rings are fully substituted. 
Although the syntheses of (+/–)-thielocin A1β,22,23 thielocin B3,24 

and various derivatives of thielocin B325 were reported, none of 
the thielocins having the 2,2′,6,6′-tetrasubstituted diaryl ether 35 

moiety, such as thielocin B1 (1), has been synthesized. We 
envisioned the disconnection of 1 to three units (Scheme 1): 
central core 2, left wing 3, and right wing 4. The right wing 4 can 
be synthesized by ester formation between two molecules of 
benzyl 4-hydroxy-2-methoxy-3,5,6-trimethylbenzoate (3). To 40 

avoid the significant problem of selective monoesterification of 
dicarboxylic acid 2a (Y = CO2H) with 3 or 4, we chose monoacid 
2b (Y = H) as a synthetic key intermediate and the introduction of 
one carboxyl group on the benzene ring after the esterification of 
2b with phenol 4. Benzyl groups were selected as the protecting 45 

groups for phenols and carboxylic acids because hydrogenolysis 
could remove all benzyl groups in one step under neutral 
conditions in the final step of the synthesis. 
   The total synthesis of 1 is illustrated in Scheme 2. Lactone 6 
was prepared according to a precedent procedure for alkaline 50 

ferricyanide oxidation of 5 utilized in the synthesis of various 
depsidone derivatives.26–28 After cleavage of the methyl ether in 6 
with BCl3, both phenolic hydroxy groups were protected with 
methoxylmethyl chloride (MOMCl). Then, the selective removal 
of the ortho-MOM ether using I2 in MeOH29 and protection of the 55 

resulting phenol with 4-chlolobenzyl chloride provided 7. 

 
Scheme 1 Retrosynthesis of thielocin B1 (1). 

Selective reduction of the lactone in 7 with NaBH4 was 
successfully performed at 0 °C in THF to afford 8 in 66% yield, 60 

whereas reduction of the lactone protected with a benzyl ether 
instead of the 4-Cl benzyl ether resulted in low yield. Electron-
withdrawing effect by the 4-Cl atom is crucial for the selective 
reduction of the lactone in the presence of the methyl ester.30 
Selective benzylation of the resulting phenolic hydroxyl group in 65 

8, reduction of the benzylic alcohol with Et3SiH–TFA31 and 
removal of the MOM group under acidic conditions in a one-pot 
reaction, afforded phenol 9. After the methylation of phenol 9 
(MeI, K2CO3), basic hydrolysis of the methyl ester 10 was 
performed at 200 °C under microwave irradiation to afford the 70 

central core unit 2b in 84% yield.32,33 2,6-Disubstituents on the 
benzene ring in 10 would prevent the surrounded methyl ester 
from hydrolysis under conventional conditions.34,35 As the core 
unit 2b was in our hand, we next investigated the coupling of the 
right wing 4. 75 

   Esterification of 2b with the right wing 4† was performed using 
40 equivalent of trifluoroacetic anhydride (TFAA) in toluene at 
80 °C to provide 11 in 97% yield.23,24,36 The reaction was not 
completed at room temperature. Prior to the formylation of 11, 
we conducted a preliminary investigation using 9 and 10. 80 

However, the standard methods, Vilsmeier–Haack,37 modified 
Duff,38 Reimer–Tiemann,39 and sequential treatment with 
Br2/BuLi/DMF, were fruitless. The treatment of 10 with 
Cl2CHOMe–TiCl4,

40 resulted in desired formylation in poor 
yield. Notably, Cl2CHOMe–AgOTf we recently developed as a 85 

potent formylating reagent was quite effective.41 In fact, rapid 
formylation of 11 performed at 0 °C led to 12 in 54% overall 
yield after benzylation of the partially deprotected phenol with 4-
chlolobenzyl chloride. Oxidation of aldehyde 12 with NaClO2 in 
tBuOH–H2O afforded acid 13 (83%).42 Esterification of 13 with 90 

the left wing 3† using an excess amount of TFAA at 80 °C 
furnished 14 in 76% yield. Finally, benzyl ether, 4-chlorobenzyl 
ether, and benzyl esters in 14 were removed by hydrogenolysis 
(Pd/C 10%, H2 (1 atm)) in EtOAc–EtOH (1:1) in 15 min. The 
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Scheme 2 Total synthesis of thielocin B1 (1). 

product obtained was immediately worked-up and purified by 
preparative thin-layer chromatography on silica gel to isolate 
thielocin B1 (1) in 54% yield. The spectral data of the synthetic 1 5 

were in good agreement with those of the natural product. Thus, 
we accomplished the first total synthesis of thielocin B1 and 
unambiguously determined its structure.18  
   Inhibitory activity for PPI of the PAC3 homodimer was 
evaluated using a protein fragment complementation assay with 10 

monomeric Kusabira-Green fluorescent protein in vitro, as 
previously reported.10,20 The IC50 value of synthetic 1 was found 
to be 0.040 µM, which was in good agreement with that of 

natural thielocin B1 (0.020 µM). 

NMR measurement of the PAC3 homodimer in the presence 15 

and absence of thielocin B1:  

Next, we undertook NMR experiments in the presence and 
absence of 1 in hand to elucidate a detailed characterization of 
PPI inhibition by thielocin B1 (1) based on the 3D topological 
nature of the PAC3 homodimer. Titration of 15N-labeled PAC3 20 

homodimer (0.1 mM) with a 10 mM methanol-d4 solution of 1 
was performed as the final concetractions of 1 were 0.1, 0.2, 0.4, 
and 0.8 mM, respectively. The progressive spectral changes were 
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Fig. 4 Superimposed 1H–15N HSQC spectra of the PAC3 homodimer in the absence (black) and presence (red) of four molar excess (to PAC3 protomer) 
of thielocin B1 (1). The peaks showing chemical shift changes [[(∆δH)2 + (0.2 ∆δN)2]1/2 > 0.025 ppm] are labeled in the spectra. As examples, the peaks 
from Gly43 and Val101 are displayed as insets. 

observed as the concentration of 1 increased. Fig. 4 indicates 5 

comparison of two 1H–15N HSQC spectra of PAC3 in the 
presence of four molar excess of 1 (0.8 mM) to the protomer (0.2 
mM) and in the absence of 1. Chemical shift changes were 
quantified as [(∆δH)2 + (0.2 ∆δN)2]1/2, where ∆δH and ∆δN are the 
observed chemical shift changes for 1H and 15N, respectively. The 10 

small but distinct chemical shift changes (>0.025 ppm) were 
induced by 1 for the peaks originating from Gly40, Met42, 
Gly43, Glu49, Val101, Lys102, Val115, and Arg117 (Fig. 5). As 
these residues scatter throughout the monomeric PAC3, there 
seems to be no visible relationship between 1 and the monomeric 15 

PAC3. However, focusing on the mapped residues on the PAC3 
homodimer12 (Fig. 5b), we found out that the residues that exhibit 
distinct chemical shift changes (carbons in magenta) closely 
related to the interface of the PAC3 homodimer (see Ser30– 
His31/Gly40′–Met42′ in Fig 3(c), right).  20 

 

(a) 

 
 

 25 

(b)  

   

Fig. 5 Chemical shift perturbation of 1H–15N HSQC peaks of 15N-labeled 
PAC3 (0.2 mM of protomer) upon addition of 1 (0.8 mM). (a) Chemical 
shift differences are shown according to the equation ∆δ = [(∆δH)2 + (0.2 30 

∆δN)2]1/2. Proline residues and the residues whose 1H–15N HSQC peaks 
could not be used as a probe, because the peaks broadened or were 
unassigned, are denoted with asterisks. (b) Residues exhibiting distinct 
chemical shift changes ([(∆δH)2 + (0.2 ∆δN)2]1/2 > 0.025 ppm), Glu49, 
Gly40′, Met42′, Gly43′, Val101′, Lys102′, Val115′, and Arg117′, are 35 

shown as carbons in magenta (ball and stick model) on the crystal 
structure of the PAC3 homodimer (PDB code: 2Z5E). 

 
Further titration with 1 resulted in the precipitation of the protein. 
Presumably, dissociation of the PAC3 homodimer by the binding 40 

of 1 would promote aggregation of its destabilized PAC3. 
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Synthesis of spin-labeled thielocin B1 and PRE effects 

observation 

For additional structual validation, we planned to observe 
paramagnetic relaxation enhancement (PRE) effects using the 
spin-labeled derivative of thielocin B1 15 (Scheme 3). The PRE 5 

effects could provide long-distance information because the 
interaction between a specifically attached paramagnetic 
nitroxide radical and nearby (<approximately 25 Å) protons 
causes broadening of their NMR signals due to an increased 
transverse relaxation rate with an r–6 dependence on the unpaired 10 

electron–proton distance.43,44  
   The synthesis of spin-labeled derivative 15 is illustrated in 
Scheme 3. O-Alkylation of phenol 8 with 3-azido-1-iodopropane 
afforded 16. Transformation of 16 to 17 was performed according 
to the method in the preparation of 14 as shown in Scheme 2.†  15 

Treatment of 17 with TMSI prepared in situ resulted in removal 
of the benzyl groups and also substitution of the azido group to 
iodide, then MOM protection afforded 18 in 55% overall yield. 
Substitution of iodide 18 with 4-carboxy-2,2,6,6-
tetramethylpiperidine 1-oxyl under basic conditions, followed by 20 

removal of the MOM groups, and reoxidation of the 
corresponding N-hydroxy derivative formed provided desired 
nitroxide radical 15 with 90% purity. 

 
 25 

Scheme 3 Synthesis of spin-labeled thielocin B1 15. 

(a) 

 

(b) 

 30 

Fig.6  PRE effects observed for 1H–15N HSQC peaks of 15N-labeled 
PAC3 (0.3 mM of protomer) upon addition of spin-labeled 15 (0.9 mM). 
(a) Plots of the intensity ratios of the NH peaks of PAC3 in the presence 
of 15 before and after radical quenching with ascorbic acid. Proline 
residues and the residues whose peaks could not be used as a probe, 35 

because the peaks broadened, overlapped, or were unassigned, are 
denoted with asterisks. Data are mean ± S.D. derived from three separate 
experiments. (b) The residues exhibiting distinct decrease of peak 
intensities (< 0.4) Thr4, Ser29, Glu49, Thr13′, Phe39′, Lys41′, Gln70′, 
Ile75′, Val77′, Val99′, Lys102′, Asp103′, Lys104′, Gly108′, Lys110′, and 40 

Val115′ are shown as carbons in orange (ball and stick model) on the 
crystal structure of the PAC3 homodimer. Both chemical shift changes 
and weaken intensities were observed at Glu49, Lys102′, and Val115′ 
labeled in orange. 

PRE effects were measured from the peak intensity ratios 45 

between two 1H–15N HSQC spectra of the PAC3 homodimer (0.3 
mM for protomer) acquired in the presence and absence of the 
nitroxide radical of 15 (0.3, 0.6, 0.9 mM).† When the three 
equivalent of 15 was added to the PAC3 protomer, distinct 
decrease of intensities of the NH peaks was observed at Thr4, 50 

Thr13, Ser29, Phe39, Lys41, Glu49, Gln70, Ile75, Val77, Val99, 
Lys102, Asp103, Lys104, Gly108, Lys110, and Val115 residues, 
respectively (Fig. 6a).  The above residues shown as carbons in 
organge in Fig. 6b are located in certain direction of the PAC3 
homodimer. Both chemical shift changes and weaken intensities 55 

were observed at Glu49, Lys102, and Val115 resideus. It is 
conceivable that 15 would approach from the bottom face of the 
PAC3 homodimer shown in Fig. 6b, and the nitroxide radical 
moiety in 15 should be close to the right side bottom where most 
of the residues as shown carbons in orange are mapped. 60 
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Docking study for spin-labeled derivative 15 and PAC3 

homodimer 

Based on the above results obtained by NMR studies, we 
performed in silico docking study for 15 and the PAC3 
homodimer using Molecular Operating Environment (MOE) 5 

program.45 The significant pose obtained is illustrated in Fig. 7a. 
It suggests that thielocin B1 (1) approaches from the bottom face 
of the PAC3 homodimer shown in Fig. 7a interacting the left 
wing of 1 with Glu49, closely to the Gly40′–Gly43′ interface of 
the homodimer. The right wing of 1 is mapped at the left side 10 

bottom of the homodimer because the nitroxide moiety in 15 
should be close to the right side bottom of the homodimer as the 
PRE effects were observed. After the approch of 1 to the PAC3 
homodimer, it is conceivable that the subunit of interface Gly40′–
Gly43′ would be released from Ser30–His31 when the left wing  15 

 
(a) 

 
(b) 

 20 

Fig. 7 (a) Docking model of spin-labeled derivative 15 (stick model, 
carbons in green)/PAC3 homodimer (PDB code: 2Z5E). Residues 
exhibiting significant chemical shift changes by NMR titration with 
thielocin B1 (1) are shown as carbons in magenta (ball and stick model). 
Residues exhibiting PRE effects by spin-labeled 15 are shown as carbons 25 

in orange. Residues exhibiting both effects are shown as carbons in cyan. 
(b) Overlay of the MD simulation model of the complex of 1 (stick 
model)/PAC3 and spin-labeled derivative 15 (wire model) described in 
the docking model (a) 

of 1 may interact to Ser30–His31. Thus, movement of Val101′ 30 

and Lys102′ located on the backside of Gly40′–Gly43′ could be 

induced. It is supported by the fact that the chemical shift changes 
were observed at Gly40, Met42, Gly43, Val101, and Lys102. The 
right wing of 1 can move on the β-sheet layers of PAC3 as 
illustrated in Fig. 7b inducing dissociation of the PAC3 35 

homodimer. 

Conclusions 

   To characterize the inhibition mechanism of thielocin B1 (1) 
discovered from a natural product library as a potent PPI inhibitor 
of the PAC3 homodimer, we have demonstrated the in silico 40 

docking studies of complexes of 1/PAC3 and thielocin B3/PAC3. 
It was suggested that distinct structures of 1 on the β-sheets of 
PAC3 are favored rather than scattered poses observed in the 
thielocin B3/PAC3 complex with lower docking scores. MD 
simulation of the top-ranked docking pose of 1/PAC3 (20 ns) 45 

indicated that the complex is considered to be stabilized by the 
five interacting residues, Ser30, His31, Lys65, Leu67, and Asp71, 
by sidechain atoms acting as H-bond donors and/or surface 
contact interactions to 1. 
   We also have demonstrated the first total synthesis of thielocin 50 

B1. The central core structure, 2,2′,6,6′-tetrasubstitued diphenyl 
ether 2b, was synthesized from depsidone derivative 6 via 
selective reduction of lactone 7, in which the phenolic hydroxyl 
group was protected with a 4-chlorobenzyl group. We avoided 
selective esterification of 2a; a carboxyl group was introduced 55 

after esterification of 2b with 4. Efficient formylation of 11 using 
Cl2CHOMe–AgOTf was performed to afford 12. Oxidation of the 
aldehyde 12, esterification of the resulting acid with 3, and 
hydrogenolysis furnished thielocin B1 (1) whose spectral data 
were identical to those of the natural product. Therefore, the 60 

structure of 1 was unambiguously determined. Synthetic 1 
exhibited potent inhibitory activity for PPI of the PAC3 
homodimer, with IC50 value of 0.040 µM, which was in good 
agreement with that of natural thielocin B1 (0.020 µM). 
   The NMR titration experiment of the PAC3 homodimer (0.2 65 

mM for protomer) with 1 (0.8 mM) indicated distinct chemical 
shift changes at Gly40, Met42, Gly43, Glu49, Val101, Lys102, 
Val115, and Arg117. These results suggest that 1 intercalates into 
the PAC3 homodimer rather than monomeric PAC3. However, 
further titration with 1 failed due to precipiation of the protein. 70 

For further structual validation, spin-labeled 15 was synthesized, 
and PRE effects for the PAC3 homodimer were measured in the 
presence and absence of nitroxide radical of 15. PRE effects were 
observed at Thr4, Thr13, Ser29, Phe39, Lys41, Glu49, Gln70, 
Ile75, Val77, Val99, Lys102, Asp103, Lys104, Gly108, Lys110, 75 

and Val115 residues when the three equivalent of 15 was added 
to the PAC3 homodimer (0.3 mM for protomer). Based on the 
results of above NMR studies and additional docking study for 
spin-labeled derivative 15 and PAC3 homodimer, we conclude 
thielocin B1 (1) approaches from the bottom face of the PAC3 80 

homodimer as shown in Fig. 7a interacting the left wing of 1 with 
Glu49, closely to the Gly40′–Gly43′ interface of the homodimer. 
The right wing of 1 is mapped at the left side bottom of the 
homodimer because the nitroxide radical moiety in 15 should be 
close to the right side bottom of the homodimer as the PRE 85 

effects were observed. Then, the subunit of interface Gly40′–
Gly43′ would be released from Ser30–His31 when the left wing 
of 1 may interact to Ser30–His31 as the chemical shift changes 
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were observed at Val101′ and Lys102′ located on the backside of 
Gly40′–Gly43′ as well as at Gly40′, Met42′, and Gly43′. The fact 
that PAC3 was precipitated in the presence of more than four 
molar excess of 1 to the protomer indicates that the dissociation 
of the homodimer by the intercalation of 1 would destabilize the 5 

structure of PAC3 in an aqueous solution. 
   The overall results suggest a roof-like binding pose of the 
complex of 1/PAC3 similar to the crystal structure of the complex 
of ZipA with an inhibitor, as reported previously.46 The 
hypothesis that PPI inhibitors contain small scaffolds with 10 

multiple aromatic rings connected by rigid linkers47 is highly 
matched in our results. The results also suggest that thielocin B1 
promotes PPI inhibition of the PAC3 homodimer by a rare pre-
dissociation-independent mechanism, such that a small molecule 
can intercalate into the dynamic trimer complex of TNF,48 or 15 

surviving homodimers.49 We think our approach to the discovery 
of natural-product-based PPI inhibitors confirms the likelihood of 
finding a highly potent and selective inhibitor. Both in silico 
simulation based on the crystal structure of the proteins and NMR 
titration studies for observation of both chemical sift changes and 20 

PRE effects can strongly support the elucidation of the crucial 
mechanism of PPI inhibitions by a small molecule. 
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