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ABSTRACT

Covalent ligands are of great interest as therapeutic drugs or biochemical tools. Here,

we reported the discovery of highly selective and irreversible inhibitors of lipoprotein-

associated phospholipase A2 (Lp-PLA2) using a covalent-fragment-based approach. The

crystal structure of Lp-PLA2 in complex with a covalent fragment not only reveals the

covalent reaction mechanism but also provides a good starting point to design compound

8, which has a more than 130,000-fold and 3,900-fold increase in potency and selectivity,

respectively, compared to those of the covalent fragment. Furthermore, fluorescent

probes with high selectivity and sensitivity are developed to characterize Lp-PLA2 and its

enzymatic activity /n wifro or even in living cells in a way more convenient than

immunoblotting test or immunofluorescence imaging. Overall, we provide a paradigm for

application of the covalent-fragment-based strategy in covalent ligands discovery and the

advantage of the enol-cyclocarbamate as a new warhead in designing covalent inhibitors

of serine hydrolases.
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INTRODUCTION

Traditionally, a covalent modification strategy has been regarded as a liability in

pharmaceutical industry, mainly due to the safety concern, such as the possibility of non-

specific binding, haptenization and possible idiosyncratic drug reactions.’ Nevertheless,

considering the therapeutic benefits of extended duration of action, increased potency or

binding efficiency and binding to otherwise “intractable” targets, covalent ligands are of

interest as therapeutic drugs.? In addition, covalent ligands are frequently used as

biochemical tools for selective covalent modification of a target protein, in particular using

activity-based protein profiling (ABPP),3 4 providing a powerful® and applicable way to

characterise proteins and their functions.® 7

To date, a number of covalent ligands (e.g. aspirin, penicillin, omeprazole, clopidogrel,

neratinib etc.) have been approved as treatments for diverse clinical indications, making

a significant impact on human health.? However, these drugs identified in natural

products® were unexpectedly resulted from high-throughput screening campaigns.?
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Recently, several strategies have been developed to design covalent ligands. For

example, the choice of a highly reactive cysteine rather than lysine, serine or tyrosine of

targeted proteins as the covalent site could efficiently form covalent bonds to compounds

with otherwise low reactivity, resulting in significantly decreased risk of promiscuous

protein labeling.? Moreover, mimicking the intermediate state in the chemical reaction (i.e.

mechanism-based covalent inhibitors, Figure 1A) or directly adding reactive groups, often

named covalent warheads, to highly selective reversible ligands (Figure 1B) rather than

starting from a covalent fragment (Figure 1C) is generally used to derive potency and

selectivity of resulting covalent ligands.? 10-13 With these strategies, several purposely

designed inhibitors covalently attaching to a specific cysteine of protein kinases have

been approved as drugs in recent years,’ highlighting the utility and feasibility of

irreversible ligand design. Other strategies, such as DNA-encoded libraries featuring

electrophilic ligands, can also be used to develop covalent ligands, although examples of

such applications are sparse.’
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Figure 1. The strategies of covalent ligand design.

Although successful application has been achieved in targeting cysteine in protein

kinases, these approaches are not suitable in every case of covalent ligands design.

Covalent inhibitors design targeting lipoprotein-associated phospholipase A2 (Lp-PLA2,

UniProt accession code: Q13093), a serine phospholipase belonging to group VIl of PLA2

super-family, is exactly the case. This enzyme degrades certain oxidized phospholipids

(oxPLs) which are resulted from the oxidative attack on phospholipid components of

cellular membranes and lipoproteins into proinflammatory products, such as

lysophosphatidylcholine (lysoPC) and oxidized nonesterified fatty acids (oxNEFA)."® Lp-

PLA2 is considered to be closely related to vascular inflammation and the FDA had
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approved a reagent for measuring the Lp-PLA2 activity to identify individuals at higher

risk of cardiovascular disease events.'® Furthermore, Lp-PLA2 inhibitors have been

studied for treating inflammation-related diseases, such as coronary heart diseases,®

Alzheimer’s disease'”> 8 and diabetic macular edema.'%-2! However, darapladib (1), an

Lp-PLAZ2 inhibitor, was unable to meet its primary end points in phase Il clinical trials on

coronary heart diseases.??> 23 In this context, designing covalent Lp-PLA2 inhibitors with

higher potency and selectivity may be beneficial to take full advantages of the superiority

of covalent drugs. In addition, the covalent inhibitor also could be used to develop specific

probes as biochemical tools for elucidating functional versatility of the enzyme.

Given that serine and cysteine are the two most common covalent targeting residues,

the catalytic serine (S273), which is the only serine within the substrate binding pocket of

Lp-PLA2, could serve as an ideal covalent site. However, S273 is deeply located inside

the pocket (Figure S1A) and most of the potent reversible inhibitors completely occupied

the area around S273 (Figure S1B-F), leading to little space left for placement of an

additional warhead. It is thus inappropriate to form a covalent bond with S273 by directly

adding a warhead to known reversible inhibitors. Alternatively, replacing part of the non-
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covalent inhibitors with various warheads might be an option, whilst it is not easy to keep

the binding pose of the inhibitors before and after the replacement, and to ensure that the

introduced warhead is able to form a covalent bond with S273. Therefore, the

aforementioned strategies are not suitable to design the covalent inhibitors of Lp-PLA2

and another strategy is required. In addition, although a series of reversible Lp-PLA2

inhibitors have been disclosed,> 24 covalent inhibitors with high selectivity for Lp-PLA2

over PLA2VIIB have not been reported. PLA2VIIB, a homologous protein of Lp-PLA2,

has a sequence identity of 41% and a conserved catalytic site to Lp-PLA2, resulting in a

very similar substrate specificity of the two enzymes.'® Therefore, the high selectivity of a

covalent inhibitor towards Lp-PLA2 over PLA2VIIB should be considered.

Fragment-based lead discovery (FBLD) is a powerful approach for efficient discovery

of novel ligands that regulate protein functions.2® With the wide and successful application

of FBLD strategy in non-covalent ligand development,?® this strategy was also explored

to design covalent ligands. Some covalent fragment screening efforts have been made

recently?’-32 and a successful example is to design ligands covalently binding to the non-

catalytic cysteine in protein kinases.33 However, to the best of our knowledge, application
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of the covalent-fragment-based approach to discover potent covalent ligands targeting

serine has not been exemplified. This phenomenon is mainly caused by the concern that

covalent fragments must have relatively high reactivity to gain a reactivity-driven affinity

rather than a reversible binding affinity, resulting in subsequent bad selectivity.34 35 Here,

we utilize a covalent-fragment-based approach (Figure 1C) to design covalent Lp-PLA2

inhibitors and select an applicable covalent fragment binding to S273 of Lp-PLAZ2 at the

beginning. With the aid of multiple crystal structures, we quickly fill the remaining space

of the substrate binding pocket and grow the fragment into a covalent Lp-PLA2 inhibitor

with encouraging potency and selectivity. A further modification on this covalent inhibitor

generates Lp-PLA2-specific fluorescent probes with high selectivity and sensitivity, which

are useful to evaluate the binding efficiency of competitive ligands and label Lp-PLA2 /n

vitro or in living cells. These probes could also help to elucidate unexplored functions of

the enzyme in future studies.

RESULTS
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The choice of a covalent fragment/warhead. Given a relatively weak reactivity of

serine compared to cysteine in the enzymes,? we initially sought a covalent warhead from

known covalent ligands to ensure the formation of a covalent bond to S273. Among the

published Lp-PLA2 inhibitors, SB-222657 (2),3 JMN4 (3)3 and SB-253514 (4)% were

suggested to covalently binding to Lp-PLA2 (Figure 2A). However, the detailed covalent

binding modes of these ligands with the enzyme are not known yet. In contrast to the

extensive studies of B-lactam (a core of 2) and carbamate (a core of 3) covalent moieties

in antibiotics and probes, respectively,3® 40 the novel enol-cyclocarbamate covalent

moiety (core of 4) is rarely investigated. 4 is a natural product isolated from Pseudomonas

fluorescens (DSM 11579) and was studied for antibiotics discovery with a focus on its Z-

isomer.*! It shows an inhibitory activity against Lp-PLA2 with an ICsq of 51 nM and also

shows good selectivity for Lp-PLA2 over a range of other serine proteases, such as

porcine elastase, trypsin, chymotrypsin, thermolysin, fungal aspartic protease, bacterial

type IX metalloprotease, and the herpes protease enzymes.3® Furthermore, the

enantiomer of the chiral warhead of 4 has been successfully synthesized and confirmed

to be hydrolytically stable.*? 43 However, several issues of the enol-cyclocarbamate
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scaffold remain to be addressed. First, the accurate covalent binding mechanism of the

enol-cyclocarbamate with Lp-PLAZ2 is still unrevealed. The cyclocarbamate (C3) and the

a,B-unsaturated carbonyl groups (C1), are possible electrophiles for S273 (Figure 2A).

Second, the enol-cyclocarbamate derivatives have poor selectivity for Lp-PLA2 over

PLA2VIIB. The ICs, of 4 for Lp-PLAZ2 is a 9-fold of the IC5, for PLA2VIIB.38 Given the good

selectivity of 4 for Lp-PLA2 over other serine hydrolases, unsolved problems with the

enol-cyclocarbamate series as Lp-PLAZ2 inhibitors and the novelty of this warhead derived

from a natural product, we decided to focus on the enol-cyclocarbamate warhead. In

parallel, we tested the B-lactam and carbamate warheads using compounds SB-222657

(2) and JMN4 (3) as representatives but were unable to successfully determine their co-

crystal structures with Lp-PLAZ2. Such a failure might be due to a low solubility of these

two compounds in aqueous solution (2, cLogP: 5.5; 3, cLogP: 6.6).

Characterization of the enol-cyclocarbamate warhead reacting with Lp-PLA2. It has

been reported that the stereochemistry of the chiral carbon at the ring junction is not

critical to the Lp-PLA2 inhibition.#2 Following the reported synthesis route,*? we first

ACS Paragon Plus Environment

11



oNOYTULT D WN =

Journal of Medicinal Chemistry

synthesized fragment 5, an enantiomer of the chiral warhead in 4. The enzymatic assay

shows that this fragment has a millimolar inhibitory activity against both Lp-PLA2 and

PLA2VIIB with no selectivity (Figure 2A). We also determined a co-crystal structure of Lp-

PLA2 bound with 5 (PDB code: 6M06) to provide structural insight into the reaction

mechanism of this type of warhead (Figure 2B). Contiguous electron density was clearly

shown between S273 and 5, strongly implying the formation of a covalent bond, and

allowed to exactly place a covalent bond between the hydroxyl oxygen of S273 and the

C3 but not C1 atom of fragment 5.

Based on this crystal structure, a presumed mechanism of 5 reacted with Lp-PLA2 is

shown in Scheme 1. In brief, an acylation reaction proceeds through the nucleophilic

addition of the hydroxyl oxygen of S273 to the carbonyl carbon (C3) of fragment 5,

simultaneously facilitated by proton transfer from S273 to H351, which serves as a base,

resulting in a tetrahedral intermediate. Through H-bonding interactions, the major role of

the oxyanion hole formed by NH groups of F274 and L153 is to stabilize the negative-

charged tetrahedral intermediate. From the intermediate to products, a proton transfers

from H351 to the oxygen linked to C1 of 5 and the breakage of the scissile bond happens
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spontaneously. In addition, the terminal carboxyl group of the covalently bound fragment

oNOYTULT D WN =

H-bonds to Q352, and the pyrrolidine moiety forms hydrophobic interactions with W298,

11 F322 and H351 (Figure 2B).

Oymg
N N N
s e, OO0

20 SB-222657 (2) JMN4 (3)
21 Lp-PLA2: ICy, = 40 nM Lp-PLA2: ICy; = 5.9 nM

OH 5
31 SB-253514 (4)

32 Lp-PLA2: IC,, =51 nM Lp-PLAZ: I‘C50 = 01 7 mM
33 PLA2 VIIB: ICq, = 485 nM PLA2 VIIB: 67.0% @ 1 mM

49 Figure 2. Covalent binding of the enol-cyclocarbamates to Lp-PLA2. (A) Structures of

52 three suspected covalent inhibitors of Lp-PLA2 and fragment 5. The inhibition of fragment

56 5 against Lp-PLA2 and PLA2VIIB was shown under the structure. (B) A co-crystal
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structure of fragment 5 covalently bound to Lp-PLAZ2 (PDB code: 6M06). The direction for

fragment 5 to grow into a more potent ligand is shown by a blue arrow. A close-up view

of the binding pocket, in which fragment 5 (yellow) together with surrounding residues

(cyan) are shown as sticks and H-bonds are represented by dashed lines. The mesh

depicts the (2F,-F;) difference electron-density maps of the fragment contoured at 1.2 .

Scheme 1. A presumed mechanism for the reaction of fragment 5 with catalytic residues

of Lp-PLA2 based on the crystal structure of Lp-PLA2 in complex with 5.

Jf s /(/ \§273 gx 0§ S273
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A low reactivity of the enol-cyclocarbamate towards cysteine. Since fragment 5 can
covalently modify the catalytic serine of Lp-PLAZ, it is also possible to react with cysteine,
thereby resulting in unexpected covalent modification. It is thus important to explore the
electrophilicity and lability of fragment 5 targeting cysteine. We measured the half-life for

the reaction of 5 with glutathione (GSH t4/;), which is widely used to mimic proteinaceous
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cysteine reactivity.3- 44 To determine the rates of reaction with GSH, the N-phenyl

acrylamide (a positive control) or fragment § was incubated with GSH, and the remaining

GSH at varying time after incubation was determined. The GSH tq, of the N-phenyl

acrylamide is 285 min which is close to the reported value and for fragment 5 it is 1888

min, which is longer than most available warheads targeting cysteine and some approved

covalent drugs (Figure S2).#5 This result demonstrates that the enol-cyclocarbamate

warhead shows low reactivity towards cysteine, suggesting the low probability of non-

specific binding to cysteine.

A fusion of the covalent enol-cyclocarbamate and darapladib. As shown in Figure 2B

with a blue arrow, the complex structure also revealed that the terminal carboxyl group of

fragment 5 offers a perfect growth vector towards the unoccupied pocket which is exactly

the binding pocket for reversible inhibitors, providing a great opportunity for fragment

evolution in the next step. Subsequently, to accelerate the growth of fragment 5, we

overlaid the crystal structures of Lp-PLA2 in complex with fragment 5 as well as previously

reported non-covalent inhibitors to dig out a suitable scaffold fitting well into the

unoccupied pocket. To our delight, we found that the biphenyl ethanediamine moiety
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(fragment 6) of darapladib, the blue part shown in Figure 3A, could be a good candidate,

as the amide group of darapladib is proximal to the carboxyl group of 5 bound in Lp-PLA2

(a red circle shown in Figure 3A). Given that darapladib possesses superb Lp-PLA2

inhibitory potency (ICso: 0.7 nM) and decent selectivity (1,200-fold) against PLA2VIIB,46

we designed and synthesized compound 7 in which fragment 5 is fused into darapladib

based on the superimposition of two complex structures. Surprisingly, compound 7 not

only gains a high inhibitory activity against Lp-PLA2 with an ICsy of 25 nM, ~68,000-fold

improvement compared to 5, but also exhibits more than 1,000-fold selectivity for Lp-

PLA2 over PLA2VIIB (Figure 3A). In addition, compound 7 showed a time-dependent

inhibition on Lp-PLAZ2, indicating the irreversible binding feature as expected. A plot of the

observed rates of inhibition (4.s) of 7 against Lp-PLA2 versus concentration revealed a

Kinact/ Ki value of 3140 M-'-s-1, which is a typical sign for an irreversible inhibitor (Figure

S3A and S3B). A protein mass spectrometry analysis confirmed the covalent adduct of

Lp-PLA2 with a mass matching that of the wild-type enzyme modified by a condensation

with one molecule of compound 7 (Figure S4). We further solved the co-crystal structure

of compound 7 bound to Lp-PLA2 (PDB code: 6M08), and found that only one molecule

ACS Paragon Plus Environment
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of 7 covalently binds to S273 and no extra unfilled electronic density left behind. This is

consistent with the results from the enzymatic activity assay and the mass spectrometry

analysis, showing that compound 7 reacted with Lp-PLA2 with 1:1 stoichiometry.

The crystal structure of the Lp-PLA2-7 complex revealed that the enol-

cyclocarbamate warhead of 7 adopts a highly conserved binding pose of fragment 5 and

the covalent bond is exactly maintained (Figure 3B). Moreover, the biphenyl group of 7

inserts into a hydrophobic sub-pocket formed by L371, L369, F357, A355, Q352, G154,

L121,L111, and F110, while the ethanediamine moiety extends to the solvent region. The

crystal structures of Lp-PLAZ2 in complex with compound 7 superimposed on darapladib

demonstrate that the protein-ligand interaction patterns of the biphenyl ethanediamine

moiety in two complexes are highly conserved (Figure 3C). Therefore, in the Lp-PLA2-7

complex, both the warhead which is almost identical to fragment 5 and the non-covalent

interacting portion borrowed from darapladib bind to the pocket as we desired (Figure

3D), highlighting the power and advantage of the structure-based drug design strategy.

Notably, although compound 7 selectively inhibited Lp-PLA2 at a nanomolar

concentration, both the warhead (fragment 5) and the biphenyl ethanediamine moiety
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(fragment 6) showed extremely weak potency and low selectivity. Inhibition of fragment 6

on Lp-PLAZ2 is only 43% at a concentration of 200 uM, and it is 44% for PLA2VIIB at a

concentration of 250 uM (Figure 3A). It is thus suggested that contribution of the enol-

cyclocarbamate warhead and the reversible fragment 6 has a significantly synergetic

effect on the potency and selectivity improvement.

3
A ‘_ ” 5
S273
N__©O
- 0
DJ Cn\fo
HO i o ;, o
5 darapladib_
Lp-PLA2: IC5=1.7 mM g CHN
PLA2 VIIB: 67.0% @ 1 mM F A0 HN_\
= o <
e N 7
Fgc" A Lp-PLA2: IC4, = 25 nM
: PLA2 VIIB: IC4, = 26 UM
6 % Selectivity: 1040

Lp-PLA2: 43% @ 200 uM Fo— Y M
PLA2VIIB: 44% @ 250 UM

darapladib(1)
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Figure 3. The discovery of compound 7 by a fusion of the covalent enol-cyclocarbamate

and darapladib. (A) Schematic description for the design of compound 7 based on
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fragment 5 and darapladib. A red circle indicates the proximity between the amide of

darapladib and the carboxyl of 6 by superimposing the co-crystal structures of Lp-PLA2

in complex with 5 (yellow) and darapladib (blue). (B) The Lp-PLA2-7 complex structure

reveals interactions of 7 (green) with residues (blue) in the substrate binding pocket (PDB

code: 6M08). H-bonds are represented by dashed lines. (C, D) Structure superimposition

of Lp-PLA2-7 on Lp-PLA2-darapladib (C) or Lp-PLA2-5 (D).

Introduction of a substituent filling into an unoccupied sub-pocket. After a thorough

investigation on the complex structure of Lp-PLA2-7, we considered an unoccupied sub-

pocket formed by L107, A155, L159, A355, and F357 near the trifluoromethyl substituted

benzene ring of the biphenyl group. Substituents at the meta-position of the

trifluoromethyl on this benzene ring might occupy this hydrophobic sub-pocket (Figure

4A-B). Accordingly, we introduced a linear and a cyclic lipophilic substituent in

compounds 8 and 9, respectively, in order to fill the sub-pocket (Figure 4 and Figure S5).

The enzymatic activity assay demonstrated that a linear 1,1,1-trifluoroethoxyl group

introduced in compound 8 enhanced ~2-fold inhibitory potency to ICso = 13 nM. The

Kinact! K1 value of compound 8 (6835 M-"-s™") also showed ~1-fold increase compared to 7
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(Figure S3C and S3D). Most importantly, the selectivity of 8 for Lp-PLA2 over PLA2VIIB

reaches ~3,900-fold (Figure 4A), which is almost four times that of 7 (~1040-fold).

Compound 8 is by far the most selective inhibitor of Lp-PLAZ2 to the best of our knowledge.

The determined crystal structure of compound 8 in complex with Lp-PLA2 (PDB code:

6MO07) revealed the conserved protein-ligand interactions as those presented in the co-

crystal structure of Lp-PLA2-7 except that the hydrophobic sub-pocket mentioned above

was perfectly occupied by the substituted 1,1,1-trifluoroethoxyl group at the terminal

benzene ring of 8 (Figure 4B). By comparison, compound 9, introducing a benzyloxy

group at the same position, showed a similar potency compared to 8, while its selectivity

for Lp-PLA2 over PLA2VIIB dramatically declines to ~360-fold (Figure S5). The reason

for such a drop in selectivity from 8 to 9 is that 9 is a more potent inhibitor of PLA2VIIB,

but the mechanism of action of the substituted benzyloxy group on PLA2VIIB remains

unknown.
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gy
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27 Figure 4. The discovery of compound 8 with high potency as well as selectivity for Lp-

PLA2 over PLA2VIIB. (A) Schematic description for structure-based optimization of

34 compound 7 to yield compound 8. (B) The co-crystal structures of Lp-PLA2-7 and Lp-

PLA2-8 (PDB code: 6M07) complexes, in which a sub-pocket marked with a gray arrow

41 was perfectly occupied by the introduced trifluoro-ethoxyl group.

High selectivity of compound 8 for Lp-PLAZ2 over other serine hydrolases. Because of

48 the concerns of nonspecific or off-target adduct formation, selectivity is one of the key

issues in design of safe and effective covalent ligands. It is especially important for

55 inhibitors of serine hydrolases like Lp-PLA2, due to the existence of a huge number of
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these enzymes in cells.*” With these considerations in mind, we applied the activity-based

protein profiling (ABPP) method to investigate the selectivity of compound 8 in HEK293T

cells.3” ABPP mainly utilizes the active-site directed covalent probes to target specific one

or subsets (families) of proteins in complex proteomes so as to provide a quantitative

readout of the functional state of the targeting protein(s).* The gel-based competitive

ABPP analysis was performed using FP-TAMRA which is a non-selective covalent

fluorescent probe of serine hydrolases. We first incubated the HEK293T lysate with

compound 8 at different concentrations and then added FP-TAMRA to the lysates. An in-

gel fluorescence scanning was performed on samples, showing that compound 8 did not

cross react with other serine hydrolases at concentrations up to 50 yM (Figure 5).

Presumably overlapped by other enzymes, a small amount of the basal Lp-PLAZ2 in the

HEK293T cell was not clearly visualized in the gel. To highlight the band of Lp-PLA2, we

repeated the same experiment with the HEK293T lysate added with the recombined

human Lp-PLA2 which was also used in other experiments involved in this study,

distinctly showing the changes of the Lp-PLA2 band before and after adding 8 at different
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concentrations (Figure 5). It is thus concluded that compound 8 has an excellent

selectivity for Lp-PLA2 over other serine hydrolases in the cells.

Lp-PLA2 HEK293T  HEK293T+Lp-PLA2
Compoun;isl;(u_M) 0 05 5 5 0 055 50 0 05 5 50
130— === =
MW (kDa) 30 e ===
95 — oy G B G i i i i
) ——— e~ o ———— —— —
70 —_——_——— e —— — —~
53 —
Lp-PLAZ -—> == EEEESS T < pra

33 — : a
25 —

17 —

— — e a— —

10 —

Figure 5. Selectivity evaluation of compound 8 in cells by the gel-based competitive ABPP
probed with FP-TAMRA which is a non-selective covalent fluorescent probe of serine
hydrolases. By comparison, the recombined human Lp-PLA2, the HEK293T lysate and
the mixture of these two were used in the first, second and third four samples,
respectively, and an in-gel fluorescence scanning was performed on all the samples.

Fluorescent probes design based on compound 8. Inspired by the excellent selectivity
of compound 8 in HEK293T cells, we decided to label compound 8 with different
fluorescent groups so as to provide an ideal fluorescent probe for Lp-PLA2. According to

the co-crystal structure of Lp-PLA2-8, the ethanediamine moiety is exposed to the solvent
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accessible region and is thereby an ideal site to attach fluorophores without interfering

with the inhibitory activity. Utilizing difluoroboron dipyrromethene and lissamine

rhodamine B as the luminophore, we designed and synthesized two fluorescent

compounds, 8-BODIPY and 8-RH, respectively (Figure 6A), based on compound 8. The

enzymatic activity assay showed that two fluorescent compounds maintain the nanomolar

potency against Lp-PLA2 (8-BODIPY: IC5, = 14 nM; 8-RH: IC5 = 25 nM). The gel-based

fluorescent labelling analysis with 8-BODIPY or 8-RH shown in Figure S6 revealed that

these two fluorescent compounds hardly label any other proteins except Lp-PLA2 and its

degradation at concentrations up to 5 pM, which is ~385-fold and 200-fold of the /n-vitro

IC5s0s of 8-BODIPY and 8-RH, respectively. This again manifests the excellent selectivity

of the two fluorescent probes and their parent compound (8). An immunoblotting test on

the same gel used for fluorescence scanning resulted in the bands identical to the

fluorescent bands, demonstrating that the selectivity and sensitivity of our fluorescent

probes are comparable to the antibody of Lp-PLA2 (Figure S6).
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Figure 6. (A) Chemical structures of 8-BODIPY and 8-RH. (B, C) An in-gel fluorescence

scanning using 8-BODIPY (B) or 8-RH (C) as a fluorescent probe with the HEK293T

lysate added with different concentrations of recombinant human Lp-PLA2. An

immunoblotting test was performed on the same gel used for the fluorescence scanning.

Fluorescent labeling of Lp-PLA2 by 8-BODIPY and 8-RH. With the high potency and

selectivity, 8-BODIPY and 8-RH are capable of specifically modifying Lp-PLA2 or

qualitative and even semi-quantitative characterization of the enzyme. We incubated the

two probes with the HEK293T lysate added with different concentrations of recombinant

human Lp-PLA2, an in-gel fluorescence scanning was then performed on samples, and
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eventually an immunoblotting test was carried out on the same gel used for the

fluorescence scanning (Figure 6B and 6C). With a more convenient way, the bands,

which qualitatively and semi-quantitatively label Lp-PLAZ2 in the lysate, resulted from the

in-gel fluorescence scanning are highly consistent with those from the immunoblotting

test.

In addition, 8-BODIPY or 8-RH can also be used as an activity-based probe for

profiling Lp-PLAZ2 inhibited by a competitive binding ligand. The gel-based competitive

ABPP analysis of compound 8 with the use of 8-BODIPY and 8-RH as probes confirmed

the inhibition of Lp-PLA2 by 8, which is not accessible by the immunoblotting test (Figure

s7).

Then the probes were tested in HEK293T cells which were transfected with the Lp-

PLA2 expression vector. Due to a poor solubility and membrane permeability of 8-RH,

only 8-BODIPY was tested. HEK293T cells were transfected with Lp-PLA2 and cultured

for 48 h followed by the incubation with 1 yM 8-BODIPY for 10 min. Then the cells were

collected for SDS-PAGE followed by the in-gel fluorescent scanning which showed a

distinct band of Lp-PLA2 (Figure S8). An immunoblotting test on the same gel resulted in
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the bands identical to the fluorescent bands, demonstrating the labelling of endogenous

Lp-PLA2 by 8-BODIPY (Figure S9).

Florescence polarization-based competitive experiment between 8-BODIPY and

darapladib. To investigate the competitive binding of our covalent inhibitors versus non-

covalent inhibitors to Lp-PLA2, an experiment of competition between 8-BODIPY and

darapladib was performed with a fluorescence polarization-based assay, as the

fluorescent probe, 8-BODIPY, is derived from the covalent inhibitor 8. Darapladib is the

most potent non-covalent inhibitor of Lp-PLA2 with an ICsq of 0.7 nM and thus was used

for this experiment. Recombinant Lp-PLA2 was first incubated with gradiently diluted

darapladib followed by an addition of 10 nM 8-BODIPY, and the signal of fluorescence

polarization decreased with the increased concentration of darapladib (Figure S10). This

result reveals that the half maximal competitive concentration of darapladib is 11.65 nM

in the presence of 10 nM 8-BODIPY, demonstrating the competition between 8-BODIPY

and darapladib. In contrast, the signal of fluorescence polarization only slightly changed

with the increased concentration of darapladib (Figure S10) when recombinant Lp-PLA2

was first incubated with 10 nM 8-BODIPY followed by the addition of gradiently diluted
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darapladib. These results show an irreversible binding of 8-BODIPY to Lp-PLA2 and

reveal that the higher binding ability of the covalent inhibitors allows them to compete for

potent non-covalent inhibitors.

Fluorescence imaging of 8-BODIPY in living cell. Next, 8-BODIPY was tested for live-

cell imaging. Living PC-3 cells, in which the endogenous Lp-PLA2 is expressed, were

treated with 8-BODIPY, ER-Tracker Red and Hoechst 33342 which characterizes Lp-

PLA2, endoplasmic reticulum (ER) and nucleus, respectively, for a confocal laser

scanning. The resulting imaging shows colocalization of fluorescence of 8-BODIPY and

ER-Tracker Red (Figure S11), suggesting Lp-PLA2 tends to co-localize with ER. Such a

result is consistent with the characteristic of secreted proteins like Lp-PLA24® and

matches an immunofluorescence imaging of Lp-PLA2 in a previous work.*°

To further confirm the binding of 8-BODIPY with Lp-PLA2 in the living cells, an

experiment of competitive binding with Lp-PL2 between 8-BODIPY and darapladib was

performed. The result showed that the florescent signal of 8-BODIPY within cells

decreased after the competitive binding of darapladib with Lp-PLA2 (Figure S12),

demonstrating the binding of 8-BODIPY with Lp-PLAZ2 in the living cells.
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DISCUSSION AND CONCLUSIONS

In summary, to accomplish the evolution of a covalent fragment/warhead into a potent

and selective ligand, we efficiently conducted two rounds of optimization and synthesised

compounds with the aid of the co-crystal structures. The resulting compound 8 has a

more than 130,000-fold increase in the inhibitory activity on Lp-PLA2 and a 3,900-fold

increase in the selectivity for Lp-PLA2 over PLA2VIIB. It is by far the most selective

inhibitor of Lp-PLA2. Furthermore, it shows an excellent selectivity over a wide range of

other serine hydrolases in the cells, providing a qualified covalent lead for further

development. Future studies are warranted to evaluate the potency of compound 8

against Lp-PLA2 /n vivo as well as the efficacy of the compound in the animal models for

Lp-PLA2-related diseases. Additionally, based on this compound, we designed selective

and sensitive Lp-PLAZ2 probes to characterize Lp-PLA2 /n vifro or even in living cells in a

more convenient way, and also to be used as probes of ABPP tailored for Lp-PLA2. Based

on these results, these probes could be considered as a useful chemical biology probe
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that might help understanding the role of Lp-PLAZ2 in physiological and pathophysiological

conditions.

It is noteworthy that our work presented here used a covalent-fragment-based

approach to successfully discover serine-targeted covalent ligands. As a result, we

efficiently obtained a covalent inhibitor of Lp-PLA2 with an outstanding selectivity and

potency from a covalent warhead (fragment 5) and a reversible fragment (fragment 6)

which is derived from a well-known reversible inhibitor by crystal structures

superimposition, although both fragments have extremely weak selectivity as well as

potency. It is thus manifested that the covalent-fragment-based lead discovery could be

utilized as a feasible way complementary to the conventional approaches used for design

of covalent drugs or probes, especially when the warhead cannot be directly added to

reversible ligands.

EXPERIMENTAL SECTION

Chemistry. Fragment 5 was resulted from the deprotection of the intermediate 5a,

which was described in the literature.*? Compound 6 was obtained following the synthetic
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route reported previously®®. As shown in Scheme 2, compound 7 was synthesized

according to the General Procedure C by using compounds § and 6 as the starting

oNOYTULT D WN =

11 materials.

14 Scheme 2. Synthesis of compounds 5 and 72.
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33 aReagents and conditions : (a) THF, TBAF, 25 °C, 16 h. (b) DMF, HATU, DIPEA,

3 25 °C, 16 h.

40 Compounds 8 and 9 were synthesized according to Scheme 3. The intermediates 7a

44 and 7b were obtained from coupled reactions between 4-formylphenylboronic acid and

47 6a as well as 6b, and were subsequently transformed into 8a and 8b after reductamination

51 with N, M-diethylethylenediamine. 8a and 8b generated compounds 8 and 9 after a

54 condensation reaction with fragment 5.
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Scheme 3. Synthesis of compounds 8 and 9.

6a,7a,8aand 8: R= %O
\—CF,

6b, 7b,8band 9: R= FOL@

bReagents and conditions : (a) toluene/methanol/water (v/v/v) = 2/1/1, Na,COs,

Pd(PPhj3)4, 80 °C, 16 h; (b) DCM, activated molecular sieve (MS4A, graininess), 25 °C,

16 h, then, MeOH, NaBH,, 25 °C, 30 min; (c) DMF, HATU, DIPEA, 25 °C, 16 h.

Fluorescent probes 8-BODIPY and 8-RH were synthesized according to Scheme 4.

The linker 13 were obtained from a deprotection of 12, which was prepared from 2-

(carbobenzoxyamino)-1-ethanol through protection, nucleophilic substitution and

alkylation reactions. The pharmacophores 7a and 5 were successively introduced to 13

by reductamination and condensation reactions, respectively. The resulting compound 15

was then transformed into 16 by a deprotection reaction. At last, the fluorophores, 17a
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and 17b, were introduced by nucleophilic substitution and condensation reactions,

respectively.

Scheme 4. Synthesis of fluorescent probes 8-BODIPY and 8-RH¢°.
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°Reagents and conditions : (a) DCM, TsCIl, DMAP,Et3;N, 0°C to 25 °C, 5 h; (b) MeCN,

N-Boc pentamethylene diamine, K,CO3, 50°C, 16 h; (c) DMF, DIPEA, iodoethane, 25 °C,
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16 h; (d) MeOH, Pd/C, H,, 25 °C, 16 h; (e) DCM, activated molecular sieve (MS4A,

graininess), 25 °C, 16 h, then, MeOH, NaBH,, 25 °C, 30 min; (f) DMF, HATU, DIPEA,

25 °C, 16 h; () DCM/TFA (v/v = 5:1), 25 °C, 16 h.

Enzymatic assay /in vifro. The inhibitory activity of compounds against the human

recombinant Lp-PLA2 or PLA2VIIB was measured according to the protocol of Chen et

al.5" The substrate 2-thio-PAF (Cayman Chemical) and 5,5'-dithiobis-(2-nitrobenzoic

acid) (DNTB, Sigma-Aldrich) were used to produce the product with an absorbance at

412 nm. The recombinant was directly added to the enzymatic system: 5 uL of the

compound, 10 yL of 10 mM DNTB, and 10 L of protein were incubated for 30 min at

25 °C. Finally, 175 uL of substrate solution (100 mM Tris pH 7.2, 1 mM EGTA, 50 uM 2-

S-PAF) was added to the enzymatic system. Enzymatic kinetics were measured every

minute of the reaction time (10 min in total), and an initial velocity was obtained to

measure the inhibition. The IC5, curves were generated using GraphPad Prism, and each

IC50 measurement was repeated at least three times.

Crystal structure determination. The purified protein was concentrated to 4 mg/mL for

crystallization. Crystallization of Lp-PLA2 was carried out by mixing the protein with an
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equal volume of the precipitant solution (0.1 M MOPS pH 6.6, 0.4 M Li,SOy4, 27% (W/v)

(NH4)2S0Oy4, 1 M Na-Ac, 1.4% (v/v) 1,4-butanediol). Crystals were obtained by the vapor-

diffusion method in hanging drops at 20 °C.

Crystals of the Lp-PLA2-5 complex were prepared by soaking crystals of apo Lp-

PLAZ2 into the reservoir solution containing 50 mM fragments 5 for 16 h. Micro-seeding

was used to obtain the crystals of Lp-PLA2 in complex with compound 7 or 8. Crystals of

the protein-compound complex were harvested in the mix of reservoir solution and 4

mg/mL Lp-PLAZ2 containing 1 mM compound 7 or 8 added with micro-seeds of apo Lp-

PLAZ2 crystals. All crystals were directly flash frozen in liquid nitrogen before diffraction

test.

Data were collected at 100 K at the Shanghai Synchrotron Radiation Facility (SSRF)52

and were processed with the HKL software packages.®® The structures were solved by

molecular replacement, using the program PHASER®* with the search model of PDB 5I9I.

The structures were refined with the program PHENIX55 and REFMAC5.56 With the aid of

the program Coot,>” compounds and water molecules were fitted into the initial Fo-Fc
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map. The complete statistics, as well as the quality of three determined structures, are

shown in Table S1.

Gel-based competitive ABPP assays. HEK293T (human embryonic kidney) cells

were cultured at 37 °C under 10% CO, in DMEM containing phenol red, stable glutamine,

and 10% (v/v) Fetal Bovine Serum (Gibico). Cells were passaged at 80-90% confluence

by resuspension in fresh medium. Cell pellets were thawed on ice, resuspended in cold

lysis buffer (20 mM HEPES pH 7.2, 2 mM DTT, 250 mM sucrose, 1 mM MgCl,, 2.5 U/mL

benzonase) and incubated on ice (15-30 min). Cells were lysed with a probe sonicator,

and diluted to 2 mg/mL in the lysis buffer. Protein concentrations were determined with

the Bradford Protein Assay. Recombinant human Lp-PLA2, the HEK293T lysate (2.0

mg/mL) or the HEK293T lysate (2.0 mg/mL) added with the recombinant human Lp-PLA2

was pre-incubated with vehicle or inhibitor (0.5 pyL 40 x inhibitor stock, 30 min, 37 °C)

followed by an incubation with the activity-based probe, FP-TAMRA (Thermo Scientific™,

88318), 8-BODIPY or 8-RH at a concentration of 1 uM for 20 min at 37 °C. Final

concentrations for the compound are indicated in the main text and figure legends.

Reactions were quenched with Laemmli buffer. Samples were resolved on a 12.5%
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acrylamide SDS-PAGE gel and visualized by in-gel fluorescent scanning (Typhoon FLA

9500, GE Healthcare, Figure 5 and Figure S7).

Fluorescent labeling of Lp-PLA2 by 8-BODIPY and 8-RH. HEK293T lysate (2.0

mg/mL) or HEK293T lysate (2.0 mg/mL) in addition with recombinant human Lp-PLA2

was incubated with different concentrations of 8-BODIPY or 8-RH (30 min, 37 °C).

Reactions were quenched with Laemmli buffer. Samples were run on a 12.5% acrylamide

SDS-PAGE gel and visualized by in-gel fluorescent scanning (Typhoon FLA 9500, GE

Healthcare) followed by immunoblotting (Figure 6 and Figure S6).

For the experiment of endogenous Lp-PLA2 labelling, HEK293T cells were seeded

in six-well plates and incubated for 16 h. The following day, cells were transfected with

an Lp-PLA2 (47-429) expression vector using Lipofectamine 3000 (Life Technologies).

After 48 h, cells were washed by Phosphate Buffered Saline (PBS) once followed by the

addition of either 8-BODIPY (1 uM) or DMSO as a control in PBS for 10 min. Cells were

then collected for SDS-PAGE gel followed by in-gel fluorescent scanning (Typhoon FLA

9500, GE Healthcare) and immunoblotting (Figure S8 and S9).
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Immunoblotting. Samples (20 yL) were denatured with Laemmli buffer was run on a

12.5% acrylamide SDS-PAGE gel. Proteins were transferred to 0.2 ym polyvinylidene

difluoride membranes (Bio-Rad, 160177). Membranes were washed with TBS (50 mM

Tris, 150 mM NaCl) and blocked with 5% bovine serum albumin (BSA) in TBS-T (50 mM

Tris, 150 mM NaCl, 0.1% Tween 20) for 1 h at 25 °C. Membranes were then incubated

with the primary antibody (Human PLA2G7/PAF-AH/Lp-PLA2 Antibody, 1:2000, R&D

Systems, AF5106-SP, Lot: CCDC041809A; GAPDH Rabbit mAb antibody, 1:5000, Cell

Signaling Technology, 2118L, Lot: 10) in 5% BSA TBS-T for 16 h at 4 °C, washed with

TBS-T, incubated with the secondary antibody (Rabbit anti-Goat IgG-HRP, 1:10000,

absin, abs20005, Lot: #17; Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L), Jackson

ImmunoResearch, 111-035-003, 1:10000, Lot: 146671) in 5% BSA TBS-T (1 h, 25 °C)

and washed with TBS-T. Imaging solution (Tanon™ High-sig ECL Western Blotting

Substrate, 180-501) was added to develop membranes and chemiluminescence was

detected on the ChemiDoc (Bio-Rad) using standard chemiluminescence settings.

Florescence polarization-based experiment for exploring the competitive binding of

8-BODIPY and darapladib with Lp-PLAZ2. The assay buffer (100 mM Tris pH 7.2, 1 mM
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EGTA) containing 15 nM recombinant Lp-PLA2 were incubated with 10 nM 8-BODIPY for

30 minutes followed by 30 minute-incubation of various concentrations (0.4-100 nM) of

darapladib at 25 °C, and conversely the enzyme was incubated with various

concentrations of darapladib followed by addition of 10 nM 8-BODIPY. After that, the

fluorescence polarization (FP) was determined using a BODIPY FP filter set and a

BODIPY dichroic mirror (excitation = 485 nm, emission = 528 nm).

Fluorescence imaging of 8-BODIPY in living PC-3 cells. PC-3 cells were seeded on

glass bottom culture dishes (NEST Cat. No. 801001). After 24 hours, the cells were first

washed with Phosphate Buffered Saline (PBS) 3 times and incubated with 1 yM ER-

Tracker Red (Beyotime, C1041) in Hank's Balanced Salt Solution (HBSS, 0.1% DMSO)

for 30 minutes at 37 °C. After that the cells were washed with PBS 3 times and incubated

with 1 yM 8-BODIPY and 5 pg/mL Hoechst 33342 in PBS (0.1% DMSO at final) for 10-

30 minutes followed by a confocal laser scanning microscopy.

Competitive binding of 8-BODIPY and darapladib with Lp-PLA2 in living Hela cells.

Hela cells were seeded in 96-well plates. After 24 h, cells were washed with PBS 3 times

followed by 2.5 pM darapladib or DMSO as a control in PBS for 30 min. Then 8-BODIPY
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was added to each well to a final concentration of 1 uM for 10 min. After that, cells were

washed with PBS 3 times and images were taken using an Operetta high content imaging

system (PerkinElmer). The fluorescence quantification was carried out by the Columbus

image data analysis system (PerkinElmer). The mean fluorescence intensity of cell

regions calculated separately by Columbus image data analysis system (PerkinElmer).

Synthetic chemistry. All reagents were purchased from commercial suppliers and

used without further drying or purification unless otherwise stated. Dry solvents were

obtained commercially and stored under a nitrogen atmosphere with activated molecular

sieves (MS4A, graininess). Yields were not optimized.

"H NMR and '3C NMR spectra were recorded on a Bruker AC400, a Bruker AC500

or a Bruker AC600 NMR spectrometer in the deuterated solvent stated. Chemical shifts

() of the compounds dissolved by deuterated chloroform, were quoted in parts per million

(ppm) and using tetramethylsilane (0 ppm) as an internal reference for '"H NMR spectra

and the residual non-deuterated solvent signal (77.16 ppm) as an internal reference for

13C NMR spectra, while the chemical shifts (d) of the compounds dissolved by deuterated

methanol (3.31 ppm for 'TH NMR spectra and 49.0 ppm for '3C NMR spectra ) and
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dimethylsulfoxide (2.50 ppm for "H NMR spectra and 39.5 ppm for '3C NMR spectra) were

recorded by using the residual non-deuterated solvent signal as an internal reference.

Data are reported as follows: chemical shift (ppm), multiplicity (indicated as: bs, broad

signal; s, singlet; d, doublet; t, triplet; q, quartet; p, quintet, sx, sextet; m, multiplet and

combinations thereof), coupling constants (J) in Hertz (Hz) and integrated intensity. Low-

resolution mass spectra were determined on an Agilent liquid-chromatography mass

spectrometer system that consisted of an Agilent 1260 infinity LC coupled to Agilent 6120

Quadrupole mass spectrometer (ESI). High-resolution mass spectra were conducted on

a triple TOF 5600+ MS/MS system (AB Sciex, Concord, Ontario, Canada) in the negative

or positive ESI mode. The purity of all the tested compounds were determined by HPLC

using the same analytical method (Table S2) and all the tested compounds possessed =

95% purity. The representative HPLC traces are included in supporting information.

Column chromatography was performed on silica gel (200-300 mesh) or with pre-packed

silica cartridges (4-40 g) from Bonna-Agela Technologies Inc. (Tianjin, China) and eluted

with a CombiFlash@ Rf 200 from Teledyne Isco, and preparative TLC was performed on
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HSGF 254 (0.4 - 0.5 mm thickness; Yantai Jiangyou Company, Yantai, Shangdong,

China).

General Procedure A: The corresponding aryl halide (1 mmol), (4-formylphenyl)

boronic acid (1 mmol), Na,CO3; (2 mmol) and Pd(PPh3)4 (0.1 mmol) were dissolved in a

mixed solvent containing toluene, methanol and water (v/v/v = 2/1/1). Under nitrogen

atmosphere the mixture was heated to 80 °C and stirred for 16 h. The reaction was

guenched with saturated NH,Cl aqueous solution and extracted with EA for three times.

The combined organic layers were washed by saturated aqueous NaCl solution (x3),

dried over MgSQ,, filtered, and concentrated under reduced pressure. Purification by

column chromatography on silica gel afforded the corresponding aryl formaldehyde.

General Procedure B: The solution of aryl formaldehyde (1 mmol) in dry DCM was

added by the corresponding amine (1 mmol) and activated molecular sieves (MS4A,

graininess). The mixture was stirred for 16 h at 25 °C and concentrated under reduced

pressure. The residue was redissolved by methanol and stirred another 30 minutes

following the addition of NaBH,4 (1 mmol). The reaction was directly purified by column

chromatography on silica gel to afford the corresponding amine.
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General Procedure C: The solution of 5 (1 mmol) in DMF was successively added by

the HATU (1.5 mmol), DIPEA (39 pL, 2 mmol) and corresponding amine (38 mg, 1 mmol).

The mixture was stirred for 16 h at 25 °C. The reaction was quenched with saturated

NH,4Cl aqueous solution and extracted with EA for three times. The combined organic

layers were washed by saturated aqueous NaCl solution (x3), dried over MgSQ,, filtered,

and concentrated under reduced pressure. Purification by column chromatography on

silica gel afforded the corresponding amide.

(S, E)-2-(3-oxotetrahydro-1H,3 H-pyrrolo[1,2-c]oxazol-1-ylidene)acetic acid (5). The

intermediate 5a was synthesized based on the route reported in the literature.*? The 'H

NMR and '3C spectral data of colorless oily 5a that we obtained are identical to the

literature.42 'TH NMR (400 MHz, Chloroform-a) & 5.62 (d, J = 2.0 Hz, 1H), 4.90 (ddd, J=

8.9, 6.7, 1.7 Hz, 1H), 4.24 — 4.16 (m, 2H), 3.72 — 3.63 (m, 1H), 3.28 (ddd, /= 11.3, 8.7,

4.7 Hz, 1H), 2.62 (dtd, /= 13.1, 6.8, 3.4 Hz, 1H), 2.16 — 1.99 (m, 2H), 1.64 — 1.53 (m,

1H), 1.05 - 0.97 (m, 2H), 0.04 (s, 9H). 3*C NMR (126 MHz, Chloroform-d) 5 166.4, 165.4,

156.8, 95.9, 64.3, 62.6, 46.1, 30.4, 26.3, 17.5, -1.4 (3C). LRMS (ESI, m/2):284 [M+H]".

ACS Paragon Plus Environment

44

Page 44 of 82



Page 45 of 82

oNOYTULT D WN =

Journal of Medicinal Chemistry

Finally, the solution of 5a (100 mg, 0.35 mmol) in THF was added by 1M TBAF in

THF (1.4 mL, 1.4 mmol). The mixture was stirred for 16 h at 25 °C. The reaction was

quenched with saturated NH4Cl aqueous solution and extracted with DCM for three times.

The combined organic layers were washed by saturated aqueous NaCl solution (x3),

dried over MgSO4, filtered, and concentrated under reduced pressure. Purification by

column chromatography on silica gel afforded white solid 5 (yield 100%). '"H NMR (500

MHz, Chloroform-d) & 5.67 (d, J= 2.0 Hz, 1H), 4.92 (ddd, J= 9.0, 6.6, 2.0 Hz, 1H), 3.70

(dt, /=11.4,7.9 Hz, 1H), 3.31 (ddd, J=11.3, 8.8, 4.6 Hz, 1H), 2.61 (dtd, /= 13.2, 7.0,

3.2 Hz, 1H), 2.19 — 2.03 (m, 2H), 1.63 (dq, J = 12.7, 9.4 Hz, 1H). 1*C NMR (126 MHz,

Chloroform-a) & 171.9, 168.0, 156.5, 95.3, 64.5, 46.1, 30.4, 26.4. HRMS (ESI): m/z [M-

H]- calculated for CgHgNO,4, 182.0459; found, 182.0453.

N, N'-diethyl-NP-((4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)methyl)ethane-1,2-diamine

(6). "H NMR (500 MHz, Chloroform-d) & 7.68 (s, 4H), 7.60 — 7.54 (m, 2H), 7.43 (d, /= 7.9

Hz, 2H), 3.87 (s, 2H), 2.73 (t, J= 6.2 Hz, 2H), 2.62 (t, J= 6.2 Hz, 2H), 2.55 (q, /= 7.1 Hz,

4H), 1.03 (t, J= 7.1 Hz, 6H). '3C NMR (126 MHz, Chloroform-d) 5 144.6, 140.7, 138.4,

129.3 (d, J = 32.4 Hz), 128.9 (2C), 127.4 (2C), 127.3 (2C), 125.8 (q, J = 3.8 Hz, 2C),
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124.4 (d, J= 271.8 Hz), 53.6, 52.6, 47.1 (2C), 46.8, 11.7 (2C). HRMS (ESI): m/z [M+H]*

calculated for CooHosF3N», 351.2043; found, 351.2043.

(S, E)-M-(2-(diethylamino)ethyl)-2-(3-oxotetrahydro-1 H,3 H-pyrrolo[1,2-c]oxazol-1-

ylidene)-M-((4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide (7). Starting with 5

(20 mg, 0.11 mmol) and 6 (38 mg, 0.11 mmol), the white solid 7 was obtained according

to the General Procedure C (yield 84%). '"H NMR (400 MHz, Chloroform-ad) 6 7.67 (t, J=

7.0 Hz, 4H), 7.58 (d, J= 8.0 Hz, 2H), 7.28 (d, J= 8.2 Hz, 2H), 6.00 (d, /= 1.9 Hz, 1H),

4.98 (ddd, /= 9.0, 6.7, 1.9 Hz, 1H), 4.70 (s, 2H), 3.82 (dt, /= 15.0, 5.6 Hz, 1H), 3.75 -

3.62 (m, 2H), 3.34 — 3.16 (m, 6H), 2.84 — 2.67 (m, 1H), 2.60 (dq, J= 12.1, 5.7 Hz, 1H),

2.16 — 2.05 (m, 2H), 1.65 (dg, /= 12.6, 9.4 Hz, 1H), 1.33 (t, /= 7.2 Hz, 6H). 13C NMR

(126 MHz, Chloroform-d) & 169.5, 166.9, 156.5, 143.9, 139.9, 135.5, 129.8 (d, J= 32.3

Hz), 128.2 (2C), 127.50 (2C), 127.47 (2C), 125.9 (q, /= 3.8 Hz), 124.3 (d, J= 271.9 Hz),

93.6,64.6,53.4,52.9,48.4 (2C), 46.1,44.4, 30.8, 26.3, 9.4 (2C). HRMS (ESI): m/z[M+H]*

calculated for C,ogH33F3N3O3, 516.2469; found, 516.2472.

(S, E)-M-(2-(diethylamino)ethyl)-2-(3-oxotetrahydro-1 H,3 H-pyrrolo[1,2-c]oxazol-1-

ylidene)-M-((2'-(2,2,2-trifluoroethoxy)-4'-(trifluoromethyl)-[1,1'-biphenyl]-4-
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yl)methyl)acetamide (8). 6a was synthesized following the route reported previously.58 H

NMR (400 MHz, Chloroform-a) 8 7.72 (d, J= 8.2 Hz, 1H), 7.25-7.20 (m, 1H), 7.13 (s, 1H),

4.46 (g, J= 7.9 Hz, 2H). 13C NMR (126 MHz, Chloroform-a) & 154.5, 134.7, 131.3 (q, J=

33.3 Hz), 123.5 (q, /= 273.3.3 Hz), 123.0 (q, /= 278.5 Hz), 120.9 (q, J= 3.8 Hz), 117.3,

111.5 (q, /= 3.8 Hz), 67.3 (g, /= 36.6 Hz).

Starting with 6a (583 mg, 1.81 mmol) and (4-formylphenyl)boronic acid (272 mg, 1.81

mmol), 7a was obtained as a white solid by using the General Procedure A (81%). 'H

NMR (400 MHz, Chloroform-a) & 10.08 (s, 1H), 8.01-7.93 (m, 2H), 7.69 (d, J = 8.2 Hz,

2H), 7.53 (d, J= 7.9 Hz, 1H), 7.49-7.41 (m, 1H), 7.20 (s, 1H), 4.38 (g, J = 7.9 Hz, 2H).

13C NMR (126 MHz, Chloroform-d) 6 192.0, 154.4, 142.4, 135.8, 134.0, 131.9 (q, /= 32.9

Hz), 131.9, 130.2 (2C), 129.7 (2C), 123.7 (q, J= 272.4 Hz), 123.1 (q, J= 278.2 Hz), 120.0

(g, /= 3.8 Hz), 110.3 (q, /= 3.4 Hz), 66.5 (q, /= 36.1 Hz). LRMS (ESI, m/2):349 [M+H]".

According to the General Procedure B, the colorless oily 8a was obtained from 7a

(500 mg, 1.44 mmol) and M, M-diethylethane-1,2-diamine (202 uL, 1.44 mmol) (yield

73%). '"H NMR (400 MHz, Chloroform-a) & 7.49 (d, J= 8.2 Hz, 3H), 7.44-7.38 (m, 3H),

7.19 (s, 1H), 4.30 (g, /= 8.0 Hz, 2H), 3.87 (s, 2H), 2.73 (t, /= 6.1 Hz, 2H), 2.61 (t, /= 6.1
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Hz, 2H), 2.53 (q, /= 7.1 Hz, 4H), 1.02 (t, /= 7.1 Hz, 6H). 3C NMR (126 MHz, Chloroform-

d) & 154.4, 137.2, 135.7, 134.9, 131.8 (2C), 130.9 (q, /= 32.9 Hz), 129.7 (2C), 128.9,

123.7 (q, J= 272.3 Hz), 123.1 (q, /= 278.3 Hz), 120.0 (d, /= 3.8 Hz), 110.8 (d, J= 3.8

Hz), 66.6 (g, J = 36.0 Hz), 52.7, 51.3, 46.8 (2C), 44.2, 9.9 (2C). LRMS (ESI, m/2):449

[M+H]*.

Starting with 5 (20 mg, 0.11 mmol) and 8a (49 mg, 0.11 mmol), the white solid 8 was

obtained based on the General Procedure C (82%). '"H NMR (500 MHz, Chloroform-a) &

7.52 (d, J=7.9 Hz, 2H), 7.46 (d, J= 8.1 Hz, 1H), 7.40 (d, /= 8.0 Hz, 1H), 7.26 (d, /= 8.0

Hz, 2H), 7.18 (s, 1H), 6.02 (d, /= 2.0 Hz, 1H), 4.99 (ddd, /= 9.1, 6.7, 1.9 Hz, 1H), 4.70

(s, 2H), 4.35 (g, /= 8.0 Hz, 2H), 3.85 (dt, /= 12.3, 6.0 Hz, 1H), 3.79 — 3.70 (m, 1H), 3.65

(dt, J= 11.1, 7.9 Hz, 1H), 3.31 - 3.16 (m, 6H), 2.83 (q, /= 7.3 Hz, 1H), 2.62 (dq, /= 12.2,

5.8 Hz, 1H), 2.14 - 2.05 (m, 2H), 1.64 (dq, /= 12.8, 9.4 Hz, 1H), 1.32 (t, /= 7.3 Hz, 6H).

13C NMR (126 MHz, Chloroform-a) & 168.8, 166.5, 156.6, 154.3, 136.2, 135.5, 134.5,

131.9, 131.0, 130.2 (2C), 126.8 (2C), 123.7 (d, J = 272.5 Hz), 123.2 (d, J = 278.4 Hz),

120.0 (d, J= 3.9 Hz), 110.5, 93.7, 66.5 (d, /= 36.1 Hz), 64.6, 52.8, 52.3, 48.1 (2C), 46.0,
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43.8, 30.7, 26.2, 9.2 (2C). HRMS (ESI): m/z [M+H]* calculated for CsoHs4FsN3Oa,

614.2448; found, 614.2448.

(S, E)-N~((2'-(benzyloxy)-4'-(trifluoromethyl)-[1,1'-biphenyl]-4-yl)methyl)- A+ (2-

(diethylamino)ethyl)-2-(3-oxotetrahydro-1 4,3 A-pyrrolo[1,2-c]oxazol-1-ylidene)acetamide

(9). The solution of 2-bromo-5-(trifluoromethyl)phenol (500 mg, 2.08 mmol) in DMF was

added by (bromomethyl)benzene (249 pL, 2.08 mmol), K,CO3; (374 mg, 2.71 mmol) and

KI (17 mg, 0.104 mmol). The mixture was stirred for 3 hours at 120 °C. The reaction was

guenched with saturated NH,Cl aqueous solution and extracted with EA for three times.

The combined organic layers were washed by saturated aqueous NaCl solution (x3),

dried over MgSQ,, filtered, and concentrated under reduced pressure. Purification by

column chromatography on silica gel afforded the colorless oily 6b (yield 76%). "H NMR

(400 MHz, Chloroform-a) 8 7.71 (d, J= 8.1 Hz, 1H), 7.52 (d, J= 7.3 Hz, 2H), 7.45 (t, J=

7.3 Hz, 2H), 7.38 (t, /= 7.2 Hz, 1H), 7.19 (s, 1H), 7.15 (d, J= 8.2 Hz, 1H), 5.21 (s, 2H).

13C NMR (126 MHz, Chloroform-a) & 155.5, 135.8, 134.0, 131.0 (q, J= 32.7 Hz), 128.8

(2C), 128.4, 127.3 (2C), 123.8 (q, J/= 272.2 Hz), 118.9 (q, /= 3.9 Hz), 116.7, 110.3 (q, J

= 3.7 Hz), 71.2.
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Starting with 6b (521 mg, 1.58 mmol) and (4-formylphenyl)boronic acid (237 mg, 1.58

mmol), 7b was obtained as a white solid by using the General Procedure A (79%). 'H

NMR (400 MHz, Chloroform-a) & 10.06 (s, 1H), 7.93 (d, /= 8.3 Hz, 2H), 7.73 (d, J= 8.2

Hz, 2H), 7.47 (d, J= 7.9 Hz, 1H), 7.41-7.30 (m, 7H), 5.14 (s, 2H). 13C NMR (126 MHz,

Chloroform-a) & 192.0, 155.8, 143.5, 136.0, 135.5, 133.4, 131.7 (q, J= 32.5 Hz), 131.3,

130.3 (2C), 129.5 (2C), 128.7 (2C), 128.2, 127.1 (2C), 124.0 (q, J= 272.3 Hz), 118.2 (q,

J=3.8 Hz), 109.9 (g, /= 3.3 Hz), 70.8. LRMS (ESI, m/2):357 [M+H]*.

According to the General Procedure B, the colorless oily 8b was obtained from 7b

(500 mg, 1.40 mmol) and M, M-diethylethane-1,2-diamine (197 pL, 1.40 mmol) (yield

83%). '"H NMR (400 MHz, Chloroform-a) 6 7.53 (d, J= 7.9 Hz, 2H), 7.44 (d, J= 7.8 Hz,

1H), 7.37 (d, J= 7.9 Hz, 2H), 7.35-7.23 (m, 7H), 5.11 (s, 2H), 3.85 (s, 2H), 2.72 (t, J= 6.1

Hz, 2H), 2.59 (t, J= 6.1 Hz, 2H), 2.51 (q, J = 7.1 Hz, 4H), 1.00 (t, J= 7.1 Hz, 6H). 13C

NMR (126 MHz, Chloroform-a) 6 155.7, 137.0, 136.2, 135.2, 134.1, 131.2, 130.7 (q, /=

32.5 Hz), 129.9 (2C), 129.0, 128.6 (2C), 128.0(2C), 127.0 (2C), 124.0 (q, J = 272.3 Hz),

118.0 (d, /= 3.8 Hz), 109.8 (d, /= 3.6 Hz), 70.7, 52.4, 50.5, 46.7 (2C), 43.6, 9.6 (2C).

LRMS (ESI, m/2):457 [M+H]*.
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Starting with 5 (20 mg, 0.11 mmol) and 8b (50 mg, 0.11 mmol), the white solid 9 was

obtained based on the General Procedure C (80%). '"H NMR (400 MHz, Chloroform-a) &

7.56 (d, J= 8.1 Hz, 2H), 7.42 (d, J= 7.9 Hz, 1H), 7.38 — 7.29 (m, 6H), 7.26 — 7.20 (m,

3H), 6.04 (d, /= 2.0 Hz, 1H), 5.11 (s, 2H), 4.99 (ddd, /= 9.0, 6.7, 1.9 Hz, 1H), 4.69 (s,

2H), 3.83 - 3.63 (m, 3H), 3.35 - 3.10 (m, 6H), 2.60 (dq, /= 12.1, 5.7 Hz, 1H), 2.11 (dq, J

=9.3,7.1 Hz, 2H), 1.65 (dg, /= 12.6, 9.2 Hz, 2H), 1.30 (t, /= 7.2 Hz, 6H). 3C NMR (126

MHz, Chloroform-a) & 169.3, 166.9, 156.5, 155.8, 137.5, 136.3, 134.7, 133.9, 131.3,

131.1 (d, J= 32.8 Hz), 130.5 (2C), 128.8 (2C), 128.2, 127.2 (2C), 126.6 (2C), 124.1 (d, J

= 272.5 Hz), 118.3 (d, /= 4.1 Hz), 110.0, 93.7, 70.9, 64.6, 53.1, 48.4 (2C), 46.1, 44.5,

30.8, 29.8, 26.3, 9.6 (2C). HRMS (ESI): m/z [M+H]* calculated for CasHsgFsN3Oa,

622.2887; found, 622.2900.

(S, E)-3-(5,5-difluoro-7,9-dimethyl-5H-414,514-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)-A~(5-(ethyl(2-(2-(3-oxotetrahydro-1 4,3 H-pyrrolo[1,2-c]oxazol-

1-ylidene)-A~((2'-(2,2,2-trifluoroethoxy)-4'-(trifluoromethyl)-[1,1'-biphenyl]-4-

yl)methyl)acetamido)ethyl)amino)pentyl)propanamide (8-BODIPY). The solution of

benzyl (2-hydroxyethyl)carbamate (2 g, 10.25 mmol) and DMAP (250 mg, 2.05 mmol) in
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DCM was cooled in an ice bath. Then, TsCl (2.15 g, 11.28 mmol) and Et;N (1.56 mL,

11.28 mmol) in DCM were successively added to this solution. After dropwise addition,

the mixture was warmed to 25 °C and stirred for 5 hours. The reaction was quenched with

saturated NH,Cl aqueous solution and extracted with DCM for three times. The combined

organic layers were washed by saturated aqueous NaCl solution (x3), dried over MgSQy,

filtered, and concentrated under reduced pressure. Purification by column

chromatography on silica gel afforded white solid 10 (yield 91%). '"H NMR (400 MHz,

Chloroform-d) & 7.76 (d, J = 8.2 Hz, 2H), 7.40-7.27 (m, 7H), 5.21 (s, 1H), 5.05 (s, 2H),

4.08 (t, /= 5.0 Hz, 2H), 3.43 (q, J = 5.4 Hz, 2H), 2.42 (s, 3H). '3C NMR (126 MHz,

Chloroform-d) & 156.2, 144.9, 136.2, 132.4, 129.8 (2C), 128.3 (2C), 127.9, 127.8 (2C),

127.7 (2C), 68.9, 66.5, 39.9, 21.4. LRMS (ESI, 7/2):350 [M+H]*.

The solution of 10 (3.26 g, 9.34 mmol) in acetonitrile was added by N-Boc-cadaverine

(1.45 g, 7.18 mmol) and K,CO3; (2.6 g, 18.68 mmol) and the mixture was stirred for 16 h

at 50 °C. Then, the mixture was filtered and the filtrate was directly purified by column

chromatography on silica gel to afford colorless oily 11 (yield 51%). '"H NMR (500 MHz,

DMSO-ak) & 7.35 (d, J= 6.1 Hz, 4H), 7.30 (td, /= 6.0, 2.4 Hz, 1H), 7.18 (t, J= 5.7 Hz,
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1H), 6.74 (t, J= 5.9 Hz, 1H), 5.01 (s, 2H), 3.09 (g, /= 6.3 Hz, 2H), 2.90 (q, /= 6.6 Hz,

4H), 2.56 (t, /= 6.5 Hz, 2H), 2.46 (t, /= 7.1 Hz, 2H), 1.37 (s, 11H), 1.25 (q, /= 6.8, 5.4

Hz, 2H). 13C NMR (126 MHz, DMSO-a) & 156.2, 155.6, 137.3, 128.3 (2C), 127.7 (3C),

77.3,65.2,49.0, 48.9, 40.4, 29.5, 29.2, 28.3 (3C), 24.1. LRMS (ESI, m/2):380 [M+H]*.

11 (1.39 g, 3.67 mmol) and DIPEA (1.28 mL, 7.34 mmol) was dissolved in DMF and

added by iodoethane (441 pL, 5.51 mmol). The mixture was stirred for 16 h at 25 °C. The

reaction was quenched with saturated NH,Cl aqueous solution and extracted with EA for

three times. The combined organic layers were washed by saturated aqueous NaCl

solution (x3), dried over MgSQ,, filtered, and concentrated under reduced pressure.

Purification by column chromatography on silica gel afforded colorless oily 12 (yield

68%)."H NMR (600 MHz, DMSO-a) 6 7.54 (t, /= 5.7 Hz, 1H), 7.36 (d, J= 7.2 Hz, 4H),

7.31 (td, J= 6.5, 2.8 Hz, 1H), 6.80 (t, /= 5.8 Hz, 1H), 5.04 (s, 2H), 3.37 (q, /= 6.3 Hz,

2H), 3.07 (q, J=7.2, 6.6 Hz, 4H), 2.96 (d, J= 8.1 Hz, 2H), 2.90 (q, /= 6.7 Hz, 2H), 1.60

(p, J= 8.2, 7.7 Hz, 2H), 1.36 (s, 11H), 1.24 (t, /= 9.1 Hz, 2H), 1.18 (t, /= 7.2 Hz, 3H).

13C NMR (151 MHz, DMSO-a) 5 156.2, 155.7, 136.9, 128.4 (2C), 127.9, 127.8 (2C),
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77.4, 65.7, 51.6, 50.4, 47.2, 40.0, 35.5, 29.0, 28.3 (3C), 23.4, 22.7, 8.6. LRMS (ESI,

m/2):408 [M+H]*,

The air of the solution 12 (1.02 g, 2.50 mmol) in methanol was exchanged with

nitrogen and then add Pd/C (100 mg) to this solution. After the nitrogen was further

exchanged with hydrogen, the mixture was stirred for 16 h at 25 °C. The mixture was

filtered and the filtrate was evaporated to obtain colorless oily 13 (93%). '"H NMR (400

MHz, Methanol-c4) & 3.07-2.96 (m, 4H), 2.75 (t, J= 6.2 Hz, 2H), 2.67 (q, /= 7.1 Hz, 2H),

2.61-2.52 (m, 2H), 1.57-1.47 (m, 4H), 1.43 (s, 9H), 1.35-1.32 (d, /= 6.7 Hz, 2H), 1.08 (t,

J= 7.1 Hz, 3H). LRMS (ESI, m/2):274 [M+H]".

According to the General Procedure B, the colorless oily 14 was obtained from 13

mg, 1.44 mmol) and 7a mg, 1.44 mmol) (yie 0). Z,
(393 1.44 ) and 7a (500 1.44 ) (yield 85%). 'H NMR (400 MH

Chloroform-a) & 7.57-7.44 (m, 5H), 7.41 (d, J= 8.0 Hz, 1H), 7.18 (s, 1H), 4.34 (q, J= 8.0

Hz, 2H), 4.03 (s, 2H), 3.15-2.97 (m, 6H), 2.96-2.90 (m, 2H), 2.81 (t, J= 7.6 Hz, 2H), 1.74-

1.62 (m, 2H), 1.50 (dt, /= 14.5, 7.0 Hz, 2H), 1.43 (s, 9H), 1.37-1.28 (m, 5H). 13C NMR

(126 MHz, Chloroform-d) & 156.3, 154.4, 136.3, 135.4, 134.8, 131.9, 131.2 (d, /= 32.8

Hz), 129.9 (2C), 129.2 (2C), 123.7 (d, J= 272.4 Hz), 123.2 (d, J= 278.2 Hz), 120.1 (d, J
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= 3.6 Hz), 110.7 (d, J= 3.4 Hz), 79.3, 66.7 (q, /= 35.9 Hz), 52.6, 47.4, 43.6, 40.1, 29.8,

29.7,28.5 (3C), 24.1, 24.0, 22.8, 9.3. LRMS (ESI, m/2):606 [M+H]*.

Starting with 5 (20 mg, 0.11 mmol) and 14 (59 mg, 0.11 mmol), the colorless oily 15

was obtained based on the General Procedure C (65%). '"H NMR (400 MHz, Chloroform-

&) 57.53 (d, /= 8.2 Hz, 2H), 7.49 (d, J= 8.0 Hz, 1H), 7.42 (d, J= 7.8 Hz, 1H), 7.28 (d, J

= 8.2 Hz, 2H), 7.18 (s, 1H), 6.06-6.01 (m, 1H), 5.04-4.97 (m, 1H), 4.72 (s, 2H), 4.36 (q, J

= 8.0 Hz, 2H), 3.89-3.62 (m, 3H), 3.35-3.26 (m, 1H), 3.21-2.82 (m, 8H), 2.67-2.59 (m,

1H), 2.17-2.06 (m, 2H), 1.77-1.69 (m, 2H), 1.64 (td, /= 9.6, 2.9 Hz, 1H), 1.52 (dt, J =

14.2, 7.1 Hz, 2H), 1.43 (s, 9H), 1.33-1.28 (m, 5H). 13C NMR (126 MHz, Chloroform-d) &

166.5, 164.9, 156.9, 156.2, 154.4, 137.7, 136.5, 135.9, 134.7, 131.9, 131.1 (q, /= 33.0

Hz), 130.1 (2C), 129.7, 127.9, 126.7 (2C), 123.7 (d, J = 272.3 Hz), 123.1 (d, J = 278.3

Hz), 120.0 (d, J= 3.6 Hz), 110.6 (d, /= 3.4 Hz), 94.4, 79.2, 66.6 (q, /= 35.9 Hz), 64.5,

52.5,49.7,49.3,47.5, 46.0, 40.0, 30.8, 29.8, 29.6, 28.5 (3C), 26.3, 24.1, 9.4. LRMS (ESI,

m/2):771 [M+H]*.

15 was dissolved in a mixed solvent containing DCM and TFA (v/v = 5:1). The mixture

was stirred for 16 h at 25 °C. The reaction was quenched with NaHCO3; aqueous solution
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and extracted with DCM for three times. The combined organic layers were washed by

saturated aqueous NaCl solution (x3), dried over MgSOy,, filtered, and concentrated under

reduced pressure. Purification by column chromatography on silica gel afforded colorless

oily 16 (yield 77%). 'H NMR (400 MHz, Methanol-d4) & 7.62-7.51 (m, 3H), 7.47-7.41 (m,

2H), 7.35 (t, J= 7.7 Hz, 2H), 6.26-6.22 (m, 1H), 5.10-5.02 (m, 1H), 4.81 (s, 2H), 4.64-4.61

(m, 2H), 3.84-3.76 (m, 1H), 3.67-3.55 (m, 2H), 3.30-3.08 (m, 7H), 2.97-2.89 (m, 2H), 2.64-

2.58 (m, 1H), 2.16-2.08 (m, 2H), 1.69-1.66 (m, 1H), 1.62-1.59 (m, 2H), 1.49-1.42 (m, 2H),

1.39-1.37 (m, 5H). HRMS (ESI): m/z [M+H]* calculated for Cs3H41FsN4O4, 671.3027;

found, 671.3011.

Starting with 16 (20 mg, 0.030 mmol) and 17a (9 mg, 0.030 mmol), the orange red

solid 8-BIDOPY was obtained based on the General Procedure C (85%). 'H NMR (500

MHz, Chloroform-d) & 7.48 (ddd, J= 14.5, 7.4, 5.3 Hz, 3H), 7.42 — 7.37 (m, 1H), 7.29 (d,

J=7.9Hz, 1H), 7.23 (d, J= 7.8 Hz, 1H), 7.18 (s, 1H), 7.09 (d, J= 16.3 Hz, 1H), 6.87 (dd,

J=17.9, 3.6 Hz, 1H), 6.27 (d, J= 3.1 Hz, 1H), 6.14 — 5.96 (m, 3H), 5.29 (d, J= 1.8 Hz,

1H), 5.08 — 4.97 (m, 1H), 4.79 — 4.61 (m, 2H), 4.35 (q, /= 8.0 Hz, 2H), 3.70 - 3.48 (m,

2H), 3.36 (t, /= 7.1 Hz, 1H), 3.31 — 3.22 (m, 3H), 3.22 — 3.15 (m, 2H), 2.90 - 2.83 (m,
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1H), 2.81 — 2.73 (m, 1H), 2.71 — 2.57 (m, 4H), 2.56 — 2.50 (m, 4H), 2.48 (q, J= 7.1 Hz,

1H), 2.37 (t, J= 7.4 Hz, 1H), 2.23 (s, 3H), 2.13 = 2.00 (m, 2H), 1.62 (dq, /= 12.5, 9.4 Hz,

1H), 1.54 — 1.48 (m, 1H), 1.45 (q, J= 7.5 Hz, 2H), 1.38 (p, J= 7.9 Hz, 1H), 1.14 - 0.95

(m, 3H). 3C NMR (126 MHz, Chloroform-a) & 172.0, 165.7, 163.9, 160.2, 157.8, 157.2,

154.4,144.1,137.7,136.3, 135.3, 135.0, 133.5, 131.8, 131.0 (d, /= 33.3 Hz), 130.1 (2C),

128.5 (2C), 127.8, 124.0, 123.7 (d, J= 273.9 Hz), 123.1 (d, J= 278.4 Hz), 120.5, 120.0,

117.5, 110.8, 94.9, 66.6 (q, /= 35.7 Hz), 64.5, 53.8, 52.6, 49.2, 48.1, 46.0, 39.5, 35.9,

30.8, 29.6, 29.08, 27.0, 26.3, 25.0, 24.7, 15.0, 11.9, 11.3. HRMS (ESI): m/z [M+H]*

calculated for C47Hs4[11B]Fg NgOs, 945.4116; found, 945.4132

(S, E)-2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-( A-(5-(ethyl(2-(2-(3-

oxotetrahydro-1H,3 H-pyrrolo[1,2-c]oxazol-1-ylidene)-A~((2'-(2,2,2-trifluoroethoxy)-4'-

(trifluoromethyl)-[1,1'-biphenyl]-4-

yl)methyl)acetamido)ethyl)amino)pentyl)sulfamoyl)benzenesulfonate (8-RH). According

to the synthesized route of 12, the bright red solid 8-RH was obatained from 16 (20 mg,

0.030 mmol) and 17b (18 mg, 0.030 mmol) (yield 81%). "H NMR (500 MHz, DMSO-a) &

8.4 (d, /= 1.8 Hz, 1H), 8.0 — 7.8 (m, 2H), 7.6 — 7.5 (m, 3H), 7.5 - 7.4 (m, 3H), 7.3 (t, J=
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8.5 Hz, 2H), 7.1 -6.9 (m, 4H), 6.9 (d, /=2.2 Hz, 2H), 6.3-6.2 (m, 1H), 5.0 -4.9 (m, 3H),

4.8-4.6 (m, 2H), 3.7 - 3.6 (m, 8H), 3.5 3.4 (m, 1H), 3.4 — 3.4 (m, 2H), 3.2 - 3.2 (m, 1H),

2.9 (q, J=6.9, 5.7 Hz, 2H), 2.5 (dd, J= 11.8, 5.2 Hz, 4H), 2.4 - 2.3 (m, 2H), 2.0 - 1.9 (m,

3H), 1.6 (dq, J= 12.7, 9.8 Hz, 1H), 1.4 (p, J= 6.9, 6.4 Hz, 2H), 1.3 (dt, /= 14.4, 8.1 Hz,

2H), 1.3 = 1.2 (m, 2H), 1.2 (t, J= 7.1 Hz, 12H), 0.9 (t, J= 7.0 Hz, 3H). 13C NMR (126 MHz,

DMSO-a) & 165.0, 162.7, 157.5, 157.1 (2C), 156.5, 155.0 (2C), 153.9, 148.1, 141.7,

138.2, 134.6, 133.9, 132.9, 132.7 (2C), 131.6, 130.5, 129.4, 129.3 (d, /= 32.4 Hz), 129.2

(2C), 127.3 (2C), 126.47 (2C), 125.7, 123.9 (d, J = 272.5 Hz), 123.8 (d, J = 277.8 Hz),

119.1 (d, J = 4.1 Hz), 113.6 (2C), 113.5 (2C), 110.4, 95.4, 65.1 (q, J = 35.0 Hz), 63.7,

63.7, 54.9, 53.0, 48.2, 47.3, 45.6, 45.3 (4C), 42.6, 30.2, 30.1, 29.1, 29.0, 25.7, 23.9, 12.4

(4C). HRMS (ESI): m/z [M+H]* calculated for CgoHesFsNsO10S2, 1211.4415; found,

1211.44009.
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ABBREVIATIONS

NH4CI, ammonium chloride; HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; DCM, dichloromethane; EA, ethyl

acetate; TsCl, 4-toluene sulfonyl chloride; DIPEA, N, N-diisopropylethylamine; DMF, N,A-

dimethylformamide; MeCN, acetonitrile; THF, tetrahydrofuran; K,COj;, potassium

carbonate; Na,COs;, sodium carbonate; NaHCOj;, sodium bicarbonate; EtsN,

trimethylamine; DMAP, (4-dimethylaminopyridine; min, minute; MeOH, methanol; NaBHy,,

sodium borohydride; TBAF, tetrabutylammonium fluoride; MgSO,4, magnesium sulphate;

NaCl, sodium chloride; PPhs, triphenylphosphine; Pd(PPhj3),,

tetrakis(triphenylphosphine)palladium(0) and TFA, trifluoroacetic acid, HPLC, high

performance liquid chromatography.
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Figure 2. Covalent binding of the enol-cyclocarbamates to Lp-PLA2. (A) Structures of three suspected
covalent inhibitors of Lp-PLA2 and fragment 5. The inhibition of fragment 5 against Lp-PLA2 and PLA2VIIB
was shown under the structure. (B) A co-crystal structure of fragment 5 covalently bound to Lp-PLA2 (PDB

code: 6M06). The direction for fragment 5 to grow into a more potent ligand is shown by a blue arrow. A
close-up view of the binding pocket, in which fragment 5 (yellow) together with surrounding residues (cyan)
are shown as sticks and H-bonds are represented by dashed lines. The mesh depicts the (2Fo-Fc) difference

electron-density maps of the fragment contoured at 1.2 0.
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Figure 3. The discovery of compound 7 by a fusion of the covalent enol-cyclocarbamate and darapladib. (A)
Schematic description for the design of compound 7 based on fragment 5 and darapladib. A red circle
indicates the proximity between the amide of darapladib and the carboxyl of 5 by superimposing the co-
crystal structures of Lp-PLA2 in complex with 5 (yellow) and darapladib (blue). (B) The Lp-PLA2-7 complex
structure reveals interactions of 7 (green) with residues (blue) in the substrate binding pocket (PDB code:
6M08). H-bonds are represented by dashed lines. (C, D) Structure superimposition of Lp-PLA2-7 on Lp-
PLA2-darapladib (C) or Lp-PLA2-5 (D).
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Figure 4. The discovery of compound 8 with high potency as well as selectivity for Lp-PLA2 over PLA2VIIB.
(A) Schematic description for structure-based optimization of compound 7 to yield compound 8. (B) The co-
crystal structures of Lp-PLA2-7 and Lp-PLA2-8 (PDB code: 6M07) complexes, in which a sub-pocket marked

with a gray arrow was perfectly occupied by the introduced trifluoro-ethoxyl group.
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Figure 5. Selectivity evaluation of compound 8 in cells by the gel-based competitive ABPP probed with FP-
TAMRA which is a non-selective covalent fluorescent probe of serine hydrolases. By comparison, the
recombined human Lp-PLA2, the HEK293T lysate and the mixture of these two were used in the first, second
and third four samples, respectively, and an in-gel fluorescence scanning was performed on all the samples.
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Figure 6. (A) Chemical structures of 8-BODIPY and 8-RH. (B, C) An in-gel fluorescence scanning using 8-
BODIPY (B) or 8-RH (C) as a fluorescent probe with the HEK293T lysate added with different concentrations
of recombinant human Lp-PLA2. An immunoblotting test was performed on the same gel used for the
fluorescence scanning.
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