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ABSTRACT

Type | signal peptidase, with its vital role in bextal viability, is a promising but
underexploited antibacterial drug target. In thghti of steadily increasing rates of
antimicrobial resistance, we have developed nowsatrotyclic lipopeptides, linking P2 and
P1’ by a boronic ester warhead, capable of inmbiEscherichia coli type | signal peptidase
(EcLepB) and exhibiting good antibacterial activitytrdgtural modifications of the
macrocyclic ring, the peptide sequence and thehpiz tail led us to 14 novel macrocyclic
boronic esters. It could be shown that macrocytibrais well tolerated in terms dicLepB
inhibition and antibacterial activity. Among thensiyesized macrocycles, potent enzyme
inhibitors in the low nanomolar range (e.g. compmbdf, EcLepB 1G5, = 29 nM) were
identified also showing good antimicrobial activ{g.g. compoundi2b, E. coli WT MIC =
16 pg/mL).The uniqgue macrocyclic boronic esters described are based on previously

published linear lipopeptidi€cLepB inhibitors in an attempt to address cytotdyiand

1



hemolysis. We show herein that structural changekea macrocyclic ring influence both the

cytotoxicity and hemolytic activity suggesting titae P2 to P1’ linker provide means for

optimizing off-target effectddowever, for the present set of compounds we weteable to

separate the antibacterial activity and cytotofiecs.

GRAPHICAL ABSTRACT

P2-P1' Boronic ester-linked
macrocycles  __-----..

Lipophilic tails
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Sequence modifications at P4 and P5
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Highlights

Compound 42b
EclLepBICs0 =175 nM
E.ColiWT MIC =16 uM
Cytotoxicity = 8 upM
Hemolysis = 11 %

» First-in-class P2—P1’ boronic ester-linked macrdicylgpopeptides.

» Compounds are potent inhibitors of bacterial typeghal peptidase (LepB).
* Good antibacterial activity was shown for macroegcl

* The antibacterial effect and cytotoxicity could hetseparated.

» The macrocyclic boronic esters can be used fobitibn of serine proteases.

Abbreviations
2-CTC 2-chlorotritylchloride

AMR antimicrobial resistance



CUuAAC copper(l)-catalyzed azide-alkyne cycloaddition
DCM dichloromethane

DIEA N, N-diisopropylethylamine

DMF dimethylformamide

DMSO dimethyl sulfoxide

E. coli Escherichia coli

EcLepB Escherichia coli type | signal peptidase

FMCA fluorometric microculture cytotoxicity assay
Fmoc 9-fluorenylmethyloxycarbonyl

HBTU N, N, N',N’-tetramethyl©-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
HFIP 1,1,1,3,3,3-hexafluoro-2-propanol

LiOH lithium hydroxide

MeOH methanol

NMO 4-methylmorpholinéN-oxide

TBAF tetran-butylammonium fluoride

SPase Ibacterial type | signal peptidase

TFA trifluoroacetic acid

1. Introduction

The high frequency of antimicrobial resistance (AMResents a global health emergency
according to a recent report by the World Healthadization [1]. Largely due to widespread
antibiotic misuse, resistance has made formerbtaide diseases deadly again [2]. Currently,
the number of deaths from bacterial infectionsssneated at 2 million people a year, and
projected to quintuple by 2050 [3]. These factswshlbat antimicrobial resistance places a
considerable burden on society and healthcare magstand highlight the importance of

developing new antibiotics to replace those that mo longer useful. The current WHO



priority pathogens list has a strong focus on Gregative bacteria, includingscherichia
coli (E. coli), in its highest-priority (“critical”) category fowhich new antibiotics are needed
[4].

Bacterial type | signal peptidase (EC 3.4.21.89as®Pl), a membrane-bound serine
endopeptidase, recognizes and cleaves the N-tdreigral peptide found in the majority of
pre-proteins that are translocated across membnraaethe Sec and Tat pathways. This
allows the secretion of a large number of matucggons that are critical for the survival and
virulence of bacteria [5,6]. In contrast to claasiSer/His/Asp proteases, and to type | signal
peptidases from the eukaryotic endoplasmic retroulihat act through a Ser/His dyad,
bacterial type | signal peptidases act through muen Ser/Lys catalytic dyad, which is
conserved in both Gram-positive and Gram-negatpecies [7]. Their role in bacterial
viability, together with the afore mentioned diffeces in the mode of action and the
relatively accessible position of its active site the outer surface of the cytoplasmic
membrane, make this enzyme a promising but undiiéag antibacterial drug target [8].
Only a few distinct groups of signal peptidase ltors have been reported, including the
macrocyclic arylomycin family (lipopeptides) [9-11krisynomycin [12], S-penems [§-
lactams) [13-16], oligopeptides [17,18] and a l@tanoketone [19,20]. Many opportunities
thus remain for antibacterial drug discovery.

To be effective, new classes of antibiotics mustroome the general problems of
entry into the cell, susceptibility to active eftluand possible toxicity caused by the lack of
selectivity between bacterial and mammalian cé@ld.[Periplasmic enzymes, such as SPase
I, have advantages when developing antibiotics tdwa@et Gram-negative bacteria, as such
drugs need only to pass the outer membrane ofdbble-membrane structure. Macrocycles,
which have been predominantly developed for treatro€ infectious disease and for use in
oncology [22], have several features that can begwgcome the problems listed above. Due to
their structural preorganization combined with somesidual remaining flexibility,
macrocycles can interact both with shallow bindsiggs and dynamic protein targets. In
addition macrocyclization also has the potential imorease both binding affinity and
selectivity [23]. It has been shown that macro@ation can be designed for improved
membrane permeability [24—-26], metabolic stabi[Ry,28] and pharmacokinetics [29]. In
addition, the number of cyclic peptide natural prag with demonstrated oral bioavailability
suggests that mid-sized peptidic macrocycles magplaly favorable physicochemical
properties beyond the rule of five [30]. Thus, negtal chemists have become increasingly

interested in macrocyclic compounds for expandingydable space.
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In our own work, we decided to develop macrocyadigyopeptides, aiming at
inhibition of theE. coli SPase IEcLepB) and having antibacterial activity. Here wpae the
design, synthesis and biological evaluation oftdinsclass P2—-P1’ boronic ester-linked
macrocyclic lipopeptides. We assessed their inbibibf EcLepB, as well as antibacterial
activity against a panel of Gram-negative strdtusther, tests of cytotoxicity and hemolysis

were carried out as a preliminary investigatiosafety.

2. Chemistry
2.1 Design

Recently, our group reported on linear lipopeptifigs] based on the decanoyl-
PTANA-aldehydeEcLepB inhibitor published by Buzder-Lantesal. [18]. We showed that
replacing the aldehyde by a boronic ester imprdtied&cLepB 1G5, 50-fold, and that boronic
esters and acids were equipotent. However, modesgiaaterial activity combined with
cytotoxicity limited their potential as leads fawuds. Since extensive optimizations of similar
lipopeptideEcLepB inhibitors, including arylomycin-like macrodgs, have been published
in recent patent literature [32,33], there was r@erest to explore novel chemical space to
address the toxicity issues. Therefore, we seartbredlternative sites for macrocyclization
allowing for chemistry different from previous ifitiors. As arylomycin is cyclized between
P2 and P4 and the side-chains of P1 and P3 aredoiarhydrophobic pockets in the enzyme,
we focused on a novel alternative cyclization betw®?2 and P1' (see Figure 1). The P1’
position corresponds to the diol attached to thefan the warhead. Macrocyclic boronic
esters, usually containing more than one boron atbave mostly been studied in
supramolecular chemistry [34]. To the best of cumwledge, this is the first report of boronic

ester-linked macrocycles being used as proteadations.



Macrocyclization
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Figure 1. Design of the boronic ester macrocyclic oligopgs (B) based on previously

reported lineaEcLepB inhibitor (A).

We started by investigating the conformational @refice of the peptidic backbone
upon P2-P1’" macrocyclization, to rule out the pmfigy that the cyclization would
destabilize the bioactive conformation of the pagptior the boronic ester. The initial
calculations were performed using a 3,4-dihydroxggidine boronic ester linked to a P2
cysteine, aspartic acid or glutamic acid, with assidthioethers and disulfides as linkers.
However, as the original hit had an asparagineintfmade sense to keep this in the cyclized
analogue. To facilitate the synthesis, the amides weplaced by a triazole, an excellent
peptide-bond isostere that can easily be formethéyClick’ reaction both in solution and on
a solid support [35]. Modelling different chain ¢ghs between the P2 substituent and the
boron-capturing diol suggested that variants incdgd2-5 atoms all gave reasonable
structures. By means of density functional theaaicuations, the macrocyclizations were
estimated to be energetically favored; see SuppieangMaterial for details. The final design
featured three unique boronic ester macrocycliéf@ds; a cis-pyrrolidine-3,4-diol boronic
ester with either an ethylene or a propylene linlerd an alkis cyclopentane-1,2,4-triol
boronic ester with an ethylene linker as shownigufe 1. We also decided to slightly modify
the oligopeptide sequence at positions P4 andRbiainvestigate changes to the lipophilic
tails at the N-terminus.

As a positive charge at P5 is crucial for MIC aityivn this series [31], we used commercial
ornithine instead of the 4-aminomethyl proline tam@ify the synthesis without
compromising the potency (for examples, 3¢dgand31hin Table 1).

2.1.1. Sructure-based design

The three selected macrocyclic structures, trudcatethe N-terminus, were further
investigated by means of conformational samplingtlué covalent protein-macrocycle
complexes. It was concluded that all three macresycould fit theEcLepB binding site with

backbone conformations identical to arylomycin andon-cyclized analogue, as shown in
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Figure 2. Overlays of arylomycin A2, the linear lgaie, and a pyrrolidine-based macrocycle
in the predicted protein-bound conformations arewshin Figure 3. The different linker
lengths did not disturb the backbone conformatibthe macrocyclic compounds compared

to the linear analogue (see Figures 2 and 3).
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Figure 2. Comparison of the binding conformation of arylommy@2 (left pane, tail not
shown) as observed in the crystal structure (PDByeRIlQ,[36] pink), the modelledN-
acetylated analogue of the macrocyclic compo8fd (green),and anN-acetylated linear

analogue of compourigilawith an ethylene glycol boronic ester (yellow).



Figure 3. A) Two views of modeled binding conformationstioé three designed macrocycles
covalently attached to S91 tcLepB (PDB entry: 31IQ) (the numbering system foe th
protein has been adjusted to reflect the correstgdience reported by Paettedl. [37]).

2.2 Chemistry

TetrapeptidesSa-d were synthesized by manual solid-phase peptidehegis (SPPS)
on 2-chlorotritylchloride (2-CTC) polymer resin ngi standard protocols for N-terminal 9-
fluorenylmethyloxycarbonyl-protected amino acidsm@€-AA-OH) solid-phase peptide
synthesis as described in the experimental chgnsstition (Scheme 1).

FmocHN\i).iOH _a» FmOCHN\i)CLOAO L,C_> EmocHN R2 le)k /H( \AOAO
\ \ ‘OtBu
1 2
Cmpd Ry R>
3 H #L_~_ NHBoc
3b Me s~ NHBoc
a " rrr‘\/\/HWNHbe

3d H o WNTR




Scheme 1.Solid-phase synthesis of tetrapepti@asd. Reagents and conditions: a) 2-CTC
DIEA, DCM, r.t., 2 h, then MeOH, r.t., 0.5 h; b)@0piperidine in DMF, twice, 5 min + 20
min, r.t.; ¢) Fmoc-AA-OH, HBTU, DIEA, DMF, r.t.,, 4 or 2 h + 2 h double-coupling or

overnight.

Synthesis of heteroaromatic tails is depicted iheBre 2. Compoun@ was prepared
via Suzuki coupling of methyl 6-bromo-nicotinate wighljutylphenyl)boronic acid, followed
by hydrolysis of the ester. Tidaryl pyridone taild was prepared from the corresponding 2-
pyridone derivative and (4-hexylphenyl)boronic agging a process similar to that reported
earlier [38]. The octynylnicotinic acid taill2 was synthesized using standard Sonogashira
coupling of ethyl 5-bromonicotinate with 1-octyrfellowed by alkaline hydrolysis of the
ester. The benzimidazole talls was synthesized by formylation of hexylbenzenengisi
hexamethylenetetramine in trifluoroacetic acid (JFk the second step, the resulting crude
aldehyde was condensed with 3,4-diaminobenzoic iadide presence of sodium pyrosulfite
to afford the final compound. Compoufifl was madeia iodination of methyl 1H-indole-5-
carboxylate with iodine in the presence of potassaarbonate, followed by Boc protection
under standard conditions. Suzuki coupling witthékylphenyl)boronic acid and subsequent
lithium hydroxide (LiOH) hydrolysis afforded the qeéred indole tail 20. The
biphenylpropiolic acid taik3 was synthesized by coupling of ethyl propiolatebiphenyl
boronic acid in the presence of copper(l) iodidd aitver(l) oxide as described earlier [39],
followed by ester hydrolysis.
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Scheme 2. Synthesis of the heteroaromatic tailReagents and conditions. a) (4-
butylphenyl)boronic, Pd(PBh, NaCOs;, toluene/EtOH/HO 3:1:2.5, 110 °C, microwave
irradiation, 40 min; b) NaOH, THFA® 5:1, reflux, 2 h; c¢) (4-hexylphenyl)boronic acid,
Cu(OAc), Py, mol. sieves, DCM, r.t., 20 h; d) LiOH, THF/®E/ H,O 3:2:1, r.t., overnight;
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e) 1l-octyne, bis(triphenylphosphine) palladium(lgichloride, copper(l) iodide and
diethylamine in DMF; 50 °C, 15 min; f) LIOH-J® in dioxane/HO, r.t., overnight;g)
hexamethylenetetramine, TFA, 75 °C, overnight; h3-daminobenzoic acid, sodium
pyrosulfite, DMF, 100C, 16 h; i) }, K.COs, DMF, r.t., overnight; j) BogO, DMAP, THF,
r.t., 1 h;k) (4-hexylphenyl)boronic acid, 4COs;, toluene/MeOH 1:1, Pd(PBhW, 75°C, 40
min; I) LIOH-H,O, THF/MeOH/HO 3:2:1, r.t.,, overnightm) ethyl propiolate, Cul, A%,
CsCQ, DCE, 8C°C, 24 h; n) LIOH-HO, THF/MeOH/HO 3:2:1, r.t.,, 1 h.

Coupling of the tail at the N-terminus of the sygdized tetrapeptide3a-d was
performed using 4’-hexyl-biphenyl-carboxylic acid 6-(4-butylphenyl)nicotinic acidb6,
giving intermediate24a-e(Scheme 3). The final oligopeptid@5a-ewere cleaved from the
solid support using a solution of 1,1,1,3,3,3-hix@b-2-propanol (HFIP)/DCM (1:4).

Rz R ) Rz R e
- . N
s j)k J\rf \)LO—O j)k JY Ao
‘OtBu ‘OtBu N
24a-e 25a-e
Cmpd Rl R2 R3
25a H A~ NHBoc I
25b Me #8 "~ NHBoc I
TS N bf
5c H \/\/NTNHP | R =
NH 5y P LY
N=\ O |
25d H AN I O N
CeH13 CaHg
25e H o~ NHBoc I

Scheme 3 Synthesis of oligopeptides3a-eand 24a Reagents and conditions: a) RCOOH,
HBTU, DIEA, DMF, r.t., 18 h; b) HFIP/DCM 1:4, r.t1, h.

To synthesize28a and 28b required for the Click reaction with propargyliegtides25a-¢
cis-pyrrolidine-3,4-diol was protected using a solatiof p-toluenesulfonic acid in
benzaldehyde dimethyl acetal (Scheme 4) [40]. Hsalting acetal wahl-alkylated with 1-
bromo-3-chloro-propane or 1-bromo-2-chloro-ethanthe presence of potassium carbonate.
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Scheme 4 Synthesis of the chloroalkyl derivatives a$-pyrrolidine-3,4-diol.Reagents and
conditions. a) benzaldehyde dimethyl acetaltoluenesulfonic acid, r.t., overnight; b) 1-

bromo-3-chloro-propane or 1-bromo-2-chloro-etha€;0;, MeCN, 21 h.

The copper(l)-catalyzed azide-alkyne cycloadditi@@uAAC) [41] between the
propargylic peptide@5a-eand azides, generateusitu by reaction of sodium azide with the
corresponding alkyl halide28a and28b, afforded the triazole derivativ@®a-f (Scheme 5).
Next, coupling of R)-boroAla-(+)-pinanediol at the C-terminus, follosveby complete
deprotection with TFA/DCM 1:1 mixture at elevatedemiperature resulted in
transesterification of pinanediol withs-pyrrolidine-3,4-diol to give the final cyclic bana
ester peptide8la-e Structure elucidation studies by NMR revealedtigbhepimerization
during the R)-boroAla-(+)-pinanediol coupling step. Such a rattion occurring via a
5(4H)-oxazolone intermediate is a well-establishelt effect of carboxyl activation [42,43].
The resulting epimers could not be separated by lR{.C method used and so the

compounds were submitted for testing as 1:2 misture
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Scheme 5 Synthesis of peptidekla-f with the cyclic boronic ester warheaéeagents and

conditions: a) NaN, DMF, 60 °C, overnight; bp5a-e in H,O/DMF, NaCOs, copper(ll)
sulfate pentahydrate, sodium ascorbate, 50 °C, aachr.t., 24 h or 30 °C, 48 h; dR)f

boroAla-(+)-pinanediol hydrochloride, HATU, DIEA,@M, 0 °C to r.t.,, 1 h; d) TFA/DCM
1:1,50 °C, 5 h.

For the preparation of the required cyclopenta2editriol moiety37, commercially
available cyclopentend2 was protected usintgrt-butyldiphenylsilyl chloride and sodium
hydride (Scheme 6). The resulting olefin was cotegeto the corresponding diol as described
earlier [44] using catalytic amounts of OQs@nd NMO as re-oxidant via the Upjohn
dihydroxylation protocol [45]. In agreement withetprevious report, the ratio betweanti-
and syn-isomers was approximately 8:1 and the isomersdcdd separated by column
chromatography. The diol was converted into thalkefth 1,3-diphenyl-2-propanone and
catalytic amounts of tosylic acid. Subsequent detmn with TBAF gave the free alcohol

34. Mitsunobu inversion [46] followed by ester hydmsik with lithium hydroxide afforded
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the correspondingyn-alcohol 35. This was alkylated withtert-butyl bromoacetate using
sodium hydride as a base and then reduced withH4Al THF to give pentatriol moiet$6.
Tosylation under standard conditions followed byaleophilic substitution with NajNed to

the required azida7.

"m0 ¢
o
HO. ab .o, c d e f
—_— si " —_— 7 -
0 oo o
oN
a O
34

32 33

" - Ho - N -
o o) i o
g.h LI
(o] (e} (6]
35 36

37

Scheme 6 Synthesis of the protectesgin-1,2,4-cyclopentanetriol moiety with the azidoethyl
linker. Reagents and conditions: a) NaH, dry THF, TBDPSCI, 16 h; b) OsO4, NMO,
tBUOH/THF/HO 3:2:1, r.t., 2 h; c) diphenylacetone, TsOH, DGM, overnight; d) TBAF,
THF, r.t.,, 1 h; e) p-nitrobenzoic acid, THF, DEADBt., 16 h; f) LIOH, THF/MeOH/water
3:2:1, r.t., 3 h; g) NaH, DMRert-butyl 2-bromoacetate, r.t., 14 h; h) LIAIHHF, r.t., 3 h; i)
TsCl, Py, DCM, r.t., 24 h; j) NajN\MeCN, 80°C, 48 h.

Coupling of the commercially available acids (bipylecarboxylic acid, 4’-hexyl-biphenyl-
carboxylic acid and 6-oxo-1-phenyl-1,6-dihydropymigt3-carboxylic acid) or the synthesized
acids (compounds, 12, 15, 20 and 23) at the N-terminus of the synthesized tetrape@ale
was followed by a solid-phase click reaction betwéee propargylic group and azi@gd.
Cleavage from the solid support gave peptidieéa-h The resulting free acids were coupled
with (R)-boroAla-(+)-pinanediol at the C-terminus; followbg simultaneous deprotection of
the side chains and the diol to give the final bareestergi2a-h The lipopeptidet3 used in
the NMR studies was prepared using the same pist@sofor42a-h Compound44 was

formed from43 by air-oxidation similar to that described by Sewe al.[47]
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Scheme 7.Synthesis of cyclic boronic ester peptidéZa-h Reagents and conditions: a)
RCOOH, HBTU, DIPEA, DMF, r.t., overnight; or RC(OJPO)OtBu, DIPEA, DMF, r.t.,
overnight; b) azid&6, copper(ll) sulfate pentahydrate, sodium ascorbeté-/water 3:1, r.t.,
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overnight; ¢) HFIP in DCM (1:4), r.t.,, 2 h; dR){boroAla-(+)-pinanediol hydrochloride,
HATU, DIPEA, DCM, 0°C, 1h; e) TFA/DCM 1:1, 45C, 2h.

3. Results and discussion
3.1. Invitro biology

To testin vitro potency againdtcLepB, we used a previously described FRET-based
assay [31]. The measured siCvalues (nM) for compound8la-f (esters with acis
pyrrolidine-3,4-diol moiety)31g-h (linear reference compounds, see Supplementaayfdat
detailg and42a-h sters withall-cis cyclopentane-1,2,4-triol moiety) are given in Tesbll
and 2, respectively.

In vitro antibacterial activity was determined against se@am-negative bacterial
strains, including three strains dEscherichia coli (WT, efflux-defective and drug-
hypersensitive), two strains oPseudomonas aeruginosa (WT and efflux-defective),
Klebsiella pneumoniae and Acinetobacter baumannii. Staphylococcus aureus was used as a
Gram-positive reference. The results are given E3sMjug/mL) in Tables 1 and 2.

All of the synthesized compounds were also evatlaie the HepG2 cell line for
cytotoxicity using a fluorometric microculture cybaicity assay (FMCA) [48] and for
hemolytic activity on human blood (see Tables 1 2nd

3.1.1. Effects of macrocyclization on enzyme inhibition

Comparing the homologous macrocycks, 31f, and42b (EcLepB IGses = 105, 104,
and 175 nM, respectively) with the linear refereanalogue81h having an asparagine in P2
and a boronic acid pinanediol est@clLepB IGy = 17 nM), it can be seen that the
macrocyclization slightly decreases the potencgrafyme inhibition. If this is an effect of the
macrocyclizatiorper se or a consequence of the difference in P1’ and2oisRlifficult to say.
However, as was expected from modeling, the mimoiations in the macrocycle in positions
facing solvent had no dramatic impact on enzyméitibn. Thus, this part of the molecule

can be used for modulating bacterial penetrati@ahADMET properties.

3.1.2. Arginine and histidine in P5 and N-methylation in P4 to reduce cytotoxicity

As both 31a and 31f showed cytotoxicity against HepG2 cells (Table Wwg
considered changes in P5 to alleviate this issasic®t al. [49] have reported that replacing
an aminoethyl group with an guanidinoethyl groupldgorovide a reduction of non-specific

cytotoxicity. We therefore synthesized two variant®5 carrying arginine3(L.g and histidine
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(31d) instead of ornithine. As was expected from thedeliog, since the P5 side chain is
solvent-exposed, both compounds were potent irdigivf LepB with I1G, values similar to
those of3la and 31f. Compound31c with arginine in P5 was clearly best, in terms of
inhibition (EcLepB IG5, = 41 nM) and antibacterial activities, but unforately, it was worse
in terms of cytotoxicity and hemolysis. The lesssibaP5 histidine substitution31d),
although active on the enzyme, was completely magh the MIC assay, and did not fare
well in the cytotoxicity and hemolysis assays.

N-methylation can modulate the properties of pepgtidend so a PMN-methylated
compound 81b) was also synthesized. Although this was toler&imth an enzyme inhibition
perspective, there was a significant loss in teomgIC. In addition, the methylation did not
have any dramatic effect on either cytotoxicityhemolysis.

3.1.3. Replacing cis-pyrrolidine-3,4-diol by all-cis cyclopentane-1,2,4-triol to reduce charge

A major challenge with compoundiad and the smaller macrocyclic inhibit@df
was clearly their hemolytic properties. It is knowmat reducing the number of positive
charges on amphipathic compounds can reduce hes{. Therefore, we designed a new
macrocyclic scaffold where the basic pyrrolidineswaplaced by a neutral cyclopentyl group
linked to P2 by an ether linkage. Although the hasg macrocycle42b showed a two-fold
reduction inEcLepB inhibition (IGo = 175 nM) compared to the two other macrocyclic
variants (compound3laand31f), it was twice as good in terms of its antibactleaictivity.
Compared to the equal-sized pyrrolidine based comgp@1la the level of hemolysis was
halved for the ether analogd2b (10.6%, see Table 2) and the cytotoxicity was cedu

3.1.4. Increasing polarity of thetails to reduce cytotoxicity

Inspired by the work on polymyxin analogues by Magfeal. [51], where more polar
tails resulted in reduced cytotoxicity, a numbedifferent tails, including truncated versions,
were introduced (compoun@deand42c — 42gsee Tables 1 and 2). From the results, it can
be concluded that the aliphatic part of the liptiphail is not the major driver for enzyme
inhibition (Table 2). Comparing, for examplé2a (biphenyl, IGy = 72 nM) with 42b
(hexylbiphenyl; 1Go = 175 nM), andt2c (1-phenylpyridin2-one; 1Gy = 1660 nM) with42d
(1-(4-hexylphenyl)pyridin2-one; 1Gy = 495 nM), it is clear that the hexyl chain only
marginally affects the enzyme inhibition. Howevéng length/lipophilicity of the tail is
crucial for the antibacterial activity, as shown &#yack of MIC activity for the truncated

analoguegl2aand42c
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With regard to the heteroaromatic tails (see Tahblasnd 2), the lipophilicity of these
was in general significantly reduced, with the etmm: of 42f and 42g which were
synthesized to incorporate hydrogen-bond donorso divthe less hydrophobic tails, 6-(4-
butylphenyl)nicotinyl 816 and the elongated 5-(oct-1-yn-1-yl)nicotiné2¢ were well-
tolerated in terms of enzyme inhibition, whereas Hent pyridinR2-one based compounds
(42c and42d) were less potent. Compoud@g geometrically similar to the latter, was less
potent in terms of enzyme inhibition. In the cas@-§4-hexylphenyl)-1H-benzo[d]imidazole
(42f), we observed an improvement in thelLepB inhibition, with this compound being the
most potent inhibitor in the current study £4G 29 nM).

Although all of these compounds were active in terof enzyme inhibition, all
changes to the lipophilic tail resulted in increhddIC values. Only42g the indole
derivative, had any appreciable antibacterial pribg® but still was appreciably worse than
42b. In terms of cytotoxicity and hemolytic propertigbe less lipophilic compound8le
423 42¢ 42d, and42ewere, however, superior #2b. Clearly, the separation of antibacterial

properties and toxicity is a significant challerigelipopeptides targetingcLepB.

18



Table 1

Inhibition potency againdfcLepB, antibacterial activity, cytotoxicity and hemolysis for macrbcymronic ester8la-hwith acis-pyrrolidine-3,4-diol moiety.

MIC (ng/mL)
EcLepB IG A Cytotoxicit Hemolysis
cmpd structure PE Tso E.c? E.ct E. c? P.a° P.a K.pd A.b" S.a. Y Y Y
(nM)* ICs0 (LMY (%)
o N
Sa H 1% 2.{ g 105 32 8 8 64 64 32 16 32 4.0 17.4+1.1
> . 4x1.
ﬁiﬂ e (68-162)
H;NJ/
N'N/—\Sh
N/
3P M’ U%TOHM’ 5 O\,,B’O %8 64 16 32 > 64 64 32 64 32 8.5 9.6+1.8
IS Gl I ' (59-159)
H2NJ/
N/N/_\N
31 g o Y go 41
c (e} [} \B/
g “%%“%Hﬁu (31-52) 16 4 8 > 64 32 16 16 16 2.4 21.0+2.9
o 2 o = o
HNJ/
HN” “NH,
N-N/_\Sh
31d g oo o dd 107
o w2 , > 64 > 64 64 > 64 > 64 > 64 > 64 > 64 5.4 41+0.2
N = Y N N/
OA R W (84-136)
HN;N
N/N/jSN/\(
N/
Ste o jf:nﬁ N 0)5’0 42 > 64 32 64 > 64 > 64 > 64 > 64 32 29.1 7.3+05
e Nel TN IN - (34-51)
HQNJ/
N/NK\N
) o A
3H o f j;(w“ﬁ i 104 64 16 32 > 64 > 64 64 32 32 95 101+1.1
N N /.. . A1
G G H%Oru (77-141)
H2NJ/
g
OH
31 Ho§ v 9 g OH 52
J O “J*NUH;(N*NJ?“VB‘OH 8 1 0.5 64 16 2 4 0.025 10.1 48+0.4
OJ/’HO:HO: (38-71)
H,N
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3 E
OH
31h Ho v g Qg 17
“ﬁﬁ”ﬁuﬁ“vs\o 8 2 05 64 32 2 4 0.025 117

SO (16-18)

11.7+0.8

95% Confidence interval is shown in parenthe¥es;oli ATCC 25922 WTEE. coli AtolC (CH3130, efflux-defective mutant isogenic to ATCC 2592R)roli D22 (CGSG 5163, Ips mutant, drug-hypersensitiRe)aeruginosa PAO1
WT; 'P. aeruginosa efflux-defective PAO750 (isogenic to PAOK. pneumoniae ATCC 13883 WT!'A. baumanii ATCC 19606 WT!S aureus ATCC 29213 (Gram-positive referencieytotoxicity of HepG2 cells.

Table 2
Inhibition potency againdcLepB, antibacterial activity, cytotoxicity and hemolysis for macrbcymronic esterg2a-hwith a cyclopentane-1,2,4-triol moiety.

MIC (ng/mL)
EcLepB 1G5 . X . . . . A Cytotoxicity _
cmpd R E.c. E.c. E.c. P. a. P. a K. p. A b S. a , Hemolysis (%)
(nm)? ICs0 (UM)
42a 72
> 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64 0.2+0.3
¥ (56-93)
42b 175
16 4 4 64 32 8 8 2 8.0 106 +1.4
¥ (144-213)
42c O 1660
NPy > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64 0.04 £0.01
@ (1060-2590)
42d 0> 495
D\; > 64 > 64 > 64 > 64 > 64 > 64 > 64 64 > 64 0.03+£0.15
T (359-683)
42e /\“ ‘ 41
Z ¢ (33-52) > 64 64 > 64 > 64 > 64 > 64 > 64 32 > 64 0.01£0.01
42f N 29
J@ﬂ@\f > 64 16 64 > 64 64 64 64 4 24.4 0.5+0.2
(25-34)
429 [ 225
O O 32 32 16 64 64 64 64 16 23.7 28+0.6
L (195-261)
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42h ) 227
O > 64 > 64 > 64 > 64 > 64 > 64 > 64 32 28.2 0.01 £0.02
B (168-305)

95% Confidence interval is shown in parenthe¥es;oli ATCC 25922 WTCE. coli AtolC (CH3130, efflux-defective mutant isogenic to ATCC 259%)roli D22 (CGSC 5163, Ips mutant, drug-hypersensitfie)aeruginosa PAO1
WT; 'P. aeruginosa efflux-defective PAO750 (isogenic to PAOK. pneumoniae ATCC 13883 WT!A. baumanii ATCC 19606 WT'S. aureus ATCC 29213 (Gram-positive referenciytotoxicity of HepG2 cells.
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3.2. Confirmation of macrocyclization

Macrocyclization of compound42a-h was corroborated by mass spectrometric and
NMR analyses of compound3 (Figure 4). This polyalanine analogue has a simplified
structure that enabled unambiguous and quick spectral analyses.

'H NMR assignment was performed using a NOESY-TOCSY backboiie ard
further corroborated by the cross peaks observed in gC®8YC- and™H,>N-gHSQC, and
'H,3c- and*H,"™N-gHMBC spectra. The spectra were obtained at several temperattinies w
the 25 °C-80 °C range to support interpretation of overlapping signa@ss{gplementary
data for details). The observed molecular mass [M+F29.3558 (calcd 729.3532 for
C36H4sBNgOg), along with the key NOE correlations shown in Figure 4, confirmieg r
closure. The latter NOBsere in agreement with the computed cyclic geometd3diTable
S1), and none corresponded to its hydrolyzed, ring-opened analogue @iglihe'H NMR
signals of43 were doubled, and did not coalesce at high temperatures, whicreckital be
a 2:1 mixture of epimers due to partial racemization of the HBoaactid during the final
coupling of the boronic amino acid. It is well known that activation of @iterminal
carboxylic acid of the peptide chain is associated with oxazdtongation that leads to the
formation of peptide epimers [42].

The largest chemical shift differences of the epimers wbserved for the nuclei of
the macrocycle, suggesting that the point of epimerization 1S (fFigure 4). The amide
temperature coefficients of all amide protons4@f were in the range of 4.0-4.6 ppb/K,
suggesting them to be in equilibrium between intramolecularly kygirdbonded and solvent-
exposed states, apart from those of Ala-1 and P2, whose values of 9.2appb&1 ppb/K
revealed them to be solvent exposed [52,53]. The latter are mast Uikavailable for
intramolecular hydrogen bonding due to their participation in theraoogcle. Upon
hydrolysis to44, the amide temperature coefficient of P2 decreased to 3.8 ppb/Kgand
this group became available for intramolecular hydrogen bonding dilmngpening of the

macrocycle and the consequent major structural change.

Furthermore, the computed cyclization free energies given ireTzblpredict that the
ring-closed forms of the macrocycles are stable towards tygisoin DCM, DMSO and

water.
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Figure 4. The cyclic peptide3 (ICsp 18 nM; MIC > 64ug/mL on all strains) and the linear
peptide44 used for NMR confirmation of macrocyclization, with the key N@EBimation

being shown as red arrows.

4. Summary and conclusions

This project was initiated in response to the observed cytotoxic ameblyie
liabilities among previously studied linear lipopeptide boronic aadsesters[31]. We have
designed and synthesized first-in-class P2—P1’ boronic ester-linkerdeyeles. This extends
the chemical space available for designtd.epB inhibitors, allowing more options for
tuning the properties of the boronic ester warhead, and potentialindet® potentEcLepB
inhibitors with improved antibacterial activity aimulvitro toxicity profiles.

Ultimately, 14 novel macrocyclic lipopeptides differing in thaamocyclic linker, the
peptide sequence and in the lipophilic tail were synthesized to igstesthe structural
requirements for enzyme inhibition, antibacterial activity and tyxiMS and NMR analyses
provided the macrocycle to exist in the ring-closed form. Good enayhnitgtion and MIC

data showed that the macrocyclization was indeed tolerated leyptlyene. Macrocyclization

via an ether linkage, as #2b, resulted in a compound active against all strains in the

antibacterial panel, including wild types.
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Cytotoxicity and hemolysis remained highly correlated with antds&al activity. For
the macrocyclicEcLepB inhibitors having MIC activities, cytotoxicity and hemolysis
remained at the levels observed for the linear analogues. Thk#gstie right balance
between the total charge of the peptide, the composition and lendtb bfydrophobic tail,
the overall hydrophobicity and amphipathicity resulting in morecéffe and safdecLepB
inhibitors remains an important challenge when targeting this enzyme.

To conclude, we have demonstrated that the P2 to P1’ linker camnl@rwneans for
future optimization of the properties &cLepB inhibitors. We also envision that P2—-P1’

boronic ester-linked macrocycles can be of general use against other grotease

5. Experimental section

5.1. Chemistry

5.1.1. General methods

Analytical thin layer chromatography (TLC) was performed udvgyck aluminum sheets
precoated with silica gel 6G:4&. Column chromatography was performed on Merck silica gel
60 (40-63um). The microwave reactions were performed in a Biotage Imitiatoducing
controlled irradiation at 2450 MHz with a power of 0-300#.and**C NMR spectra were
recorded on Varian Mercury Plus instruments$;at 399.9 MHz andC at 100.6 MHz at 25
‘C. Exact molecular masses were determined on Micromass Q#fia§® spectrometer
equipped with an electrospray ion source. Analytical RP-HPLC-MS peaformed on a
Gilson RP-HPLC system with a Finnigan AQA quadrupole low-resmiutiass spectrometer
in positive or negative ESI mode using a Onyx Monolithig @.6 x 50 mm 5um
(Phenomenex) with MeCN in 0.05% aqueous HCOOH as mobile phasecat eate of 4
mL/min. Preparative RP-HPLC was performed on a system eqlipjile a Nucleodur C18
HTec 5um column (150 x 21.2 mm) or a Phenomenex GBnbcolumn (150 x 21.2 mm),
using a HO/CHsCN gradient with 0.1% TFA or #D/CH;CN gradient with 20 mM TEAA, in
both cases using UV detection at 220 nm and 254 nm. The purity of the peptde
determined by RP-HPLC using the columns: ACE 5 C18 (50 x 4.6 mm) acléddur C18
HTec 5um (4.6 x 50 mm), bD/CH;CN gradient with 0.1% TFA or #/CH;CN gradient
with 20 mM TEAA and UV detection at 220 nm and 254 nm. All peptides shguety
above 95%.
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5.1.2. General method for solid phase synthesis of oligopeptides
TetrapeptideSa-d were synthesized by manual solid-phase peptide synthesis (88R$2-

chlorotritylchloride polymer resi{2-CTC, 1.63 mmol/g) in a 10-mL disposable syringe fitted
with a porous polyethylene filter and N-terminal fluorenylmékycarbonyl-protected
amino acids. Coupling of the first amino acid: Fmoc-propargyl-Gly{O8 eq.) to the 2-
CTC resin (1.0 eq.) was performed in anhydrous DCM (7.5 mL) in thermpre®f DIEA (3.0
eq.) with shaking at room temperature for 2 h. Then, MeOH (2 mL)added to cap the
unreacted resin and the mixture was shaken for 30 min. The resiiltes&sl f washed with
several portions of DCM, DMF and again DCM and dried under highuwagc overnight.
Loading of the starting material was calculatea increase in dry weight. Next, the resin
swelling was performed in DMF for 20 min, Fmoc protecting grovgs removed by
treatment with 20% piperidine in DMF (2 x 3 mL, 5 + 20 min) and thgrpet was washed
with DMF (5 x 3 mL, 5 x 2 min). Then, coupling of the appropriate amaid: &moc-AA-
OH (4.0 eq.) was performed in DMF (3 mL) using HBTU (4.0 eq.), inptesence of DIEA
(8.0 eq.) with shaking at room temperature. In the case of Fmo®léer 4 h, with Fmoc-
Orn(Boc)-OH, Fmoc-ThtBu)-OH and FmodN-Me-Thr(Bu)-OH overnight and with Fmoc-
Arg(Pbf)-OH and Fmoc-His(Trt)-OH the double coupling was perfarigadter 2 h the resin
was washed with DMF and treated with a freshly made soluti&mofc-AA-OH, HBTU and
DIEA in DMF and shaken for 2h). After each coupling, the resin washed with DMF (4 x
4 mL) and subsequently de-protected and washed as described above.eAd tbe the
coupling cycle the resin was washed with several portions of DWE©OH and DCM and
dried under high vacuum, overnight. Method (A) for coupling of the tailDMFHBTU
activation. The coupling of the tails at the N-terminus of the sgitbd tetrapeptides was
performed using the acid (4 eq.) in DMF (2 mL), in the presenEHEA (8 eq.) and HBTU
(4 eq.) at room temperature, shaking overnight. The resin was thaedvastensively with
several portions of DMF, MeOH and DCM and dried under high vacuuethdd (B) for
coupling of the tail via mixed anhydrid8tep 1.Heterocyclic acid derivative (0.520 mmol, 1
eg.)was reacted with Boc anhydride (2.110 mmol, 4 eq.) in dry tetrahydrofuran enpeesf
pyridine (2.640 mmol, 5 eq.) at r.t. overnight. After full consumption ottistamaterial
volatiles were removeih vacuo. Aqueous 0.5M hydrochloric acid solution was added and the
product was extracted with ethyl acetate. The organic layemw@ahed with water, separated
and dried over sodium sulfate. Volatiles were remaweehcuo yielding a crude product as
yellowish oil, which was used in the next step without further patifie. Step 2The 2-CTC

resin containing3a (0.130 mmol, 1 eq.) was suspended in DMF (3 mL) containing mixed
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anhydride prepared in Step 1 (presumed 0.52 mmol, 4 eq.) and DIPEA (1.8201%raq.).
The reaction mixture was shaken at r.t. overnight. The resiniblaed, washed with DMF
(5x2mL), DCM (5 x 2 mL) and THF (5 x 4 mL). General methoddleavage from the
solid support2-CTC resin containing oligopeptides was added into a mixture of/BEIX
1:4 (4 mL) and the reaction mixture was shaken at room tempefatukes h. The resin was
filtered off and washed with DCM and THF. The volatiles wevaperatedin vacuo.
Purification. The crude peptides were dissolved in THF (2.5 mL) a@MeCN (1:1, 2.5
mL), filtered through a 0.45 um nylon membrane filter and purified3 runs by preparative
RP-HPLC. The reported yields are based on calculated loading oligbpeptide on 2-CTC

resin.

5.1.3. General method for the copper (1)-catal yzed azide-alkyne cycloaddition in solution

To a solution of the alkyl chlorid28a or 28b (1.3 eq. or 1.5 eq.) in DMF, sodium azide (2.6
eg. or 3.0 eq.) was added. The reaction mixture was stirred at ®@efQight. Then, peptide
25a-e (1.0 eqg.) in HO/DMF 1:3, NaCO; (3 eq.), sodium ascorbate (0.8 eqg.) and
CuSQ-5H,0 (0.4 eq.) were added and stirred at 50 °C or 60 °C for 24 h andfat 24 h or

at 30 °C for 48 h. The reaction mixture was filtered through a 0.45pylbh membrane,
diluted with H20/MeCN (1:1) and purified by preparative RP-HPLC.

5.1.4. General method for the copper(l)-catalyzed azide-alkyne cycloaddition on the solid
phase

2-CTC resin containing bound oligopeptid&éa-h (0.130 mmol, 1 eq.) was mixed with THF
(1.8 mL) containing azid&7 (0.140 mmol, 1.1 eq.). In a separate vial sodium ascorbate
(0.140 mmol, 1.1 eq.) was dissolved in water (0.900 mL). To this solution capfate svas
added (0.060 mmol, 2.3 eq.), which quickly generated brown solution. The resultitignso
was immediately taken into the reactor containing oligopeptide aaitke. The reaction
mixture was shaken at r.t. overnight. Then, the resin was @|tevashed with DMF (3 x 5
mL), H,O (3 x 5 mL), THF (3 x 5 mL) and DCM (3 x 5 mL).

5.1.5. General method for the coupling of oligopeptides with R-(+)-boro-Ala-pinanediol and
for side chain deprotection and cyclization

To a solution of the peptide (1 eq.) in anhydrous DCM (10 mL) HATUg(2 and DIEA (3
eg.) were added under nitrogen atmosphere at 0 °C and the reactiore miatustirred at 0

°C for 6 min, therR-(+)-boro-Ala-pinanediol (2 eq.) was added and the reaction mixture was
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stirred at room temperature for 1h. To the DCM solution of crugadeegenerated iR-(+)-
boro-Ala-pinanediol coupling step (1 eq.) TFA was added to a fitial oA TFA/DCM 1:1.
The resulting mixture was stirred at 50 °C for 5 h. The solveats wvemoved under reduced

pressure and the residue was purified by preparative RP-HPLC.

5.2. Computational details

All calculations were performed within the Schrodinger Small-Ngke Drug Discovery
Suite 2017-1 using the OPLS3 force field.[54] The crystal structutemB fromE. coli was
downloaded from the Protein Data Bank [55] (PDB entry: 311Q) anc#fier prepared using
the Protein Preparation Wizard [56] implemented in Maestro [SAgudefault settings. This
included addition of hydrogens, hydrogen-bond network optimization, removal tef wa
molecules forming less than three hydrogen bonds to non-watersaanestrained
minimization. To evaluate if macrocycles cyclized betweerbtivenic acid and P2 could fit
into the LepB binding pocket and interact with the protein in a aimihy as arylomycin, the
macrocyclic compounds were built into the active site manuallygutiie protein-bound
conformation of arylomycin as a template. This was done by addirfg)@oro-alanine to
arylomycin which was attached covalently to S91 in the proterhamging the side-chains
of arylomycin to an Orn-TANA sequence, deletion of the remainmimp@ acids, truncating
the lipophilic tail to an acetyl group and converting the boronic txidn ethylene glycol
boronic ester. The resulting complex was refined using 1 000 steps of MCMM condorahati
sampling in a GB/SA continuum solvation model for water. The bororsiée and protein
side chains within 5 A from the boronic-peptide were sampled. Pragekbbne and amino
acids more than 5 A away from the boronate ester were kept ffozerresulting binding
mode was consistent with the previously published modeling of a sifimikar peptide
boronic acid [31]. Using the refined structure, seven macrocyclésinkier lengths varying
between 2-5 and 2-4 carbon atoms between amine-tetrazole and etzaidetvere built,
respectively. To evaluate if the peptides still could adopt thdoraggin backbone
conformation after macrocyclization, the protein-macrocycle cexesl were refined using
5 000 steps MCMM conformational sampling and a GB/SA continuum smivatodel for
water. Side chains within 5 A of the macrocycles were tioemove but not sampled. The
protein backbone and side chains more than 5 A away from the mdraoyopound were

kept frozen.
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5.3. EcLepB inhibition assay

In vitro potency againsEcLepB was determined using a FRET-based assay as described
previously. Briefly, the peptide substrate included Dabcyl adltloeescence acceptor, and
EDANS as the donor, attached to the termini (i.e. Dabcyl-
VGGTATA | GAFSRPGLE(EDANS)-OH). After pre-incubation d&clLepB (estimated 50

nM) with synthesized compounds for 10 min, the reaction was initiaitbdswbstrate (final
concentration &M; K, 20 uM), and the increasing fluorescence intensity was monitored
continuously at 535 nm at 22 °C for 2 h. Cleavage rates were plottefiiastion of inhibitor
concentration, and non-linear regression analysis of the sigmoidatelp®mse curves was
employed to calculate half-maximal inhibitory concentration s{IC in CDD
(https://www.collaborativedrug.com).

5.4. Minimal inhibitory concentration (MIC) assay

Compounds were evaluated against a panel of Gram-negativeidauteluding: E. coli
ATCC 25922, wild-type; CH3130, an efflux-defectivdolC mutant isogenic to ATCC
25922; D22, a drug-hypersensitiiyg<C mutant ofE. coli; P. aeruginosa PAO1, wild-type;
PAQO750, an efflux-defective mutant isogenic to PA®1pneumoniae ATCC 13833, wild-
type; A. baumannii ATCC 19606, wild-type; and the Gram-positiSeaureus ATCC 29213,
wild-type. In vitro antimicrobial activity of each compound was determined by mewastire

MIC value using the broth micro-dilution technique in cation-adjusted EkElinton II
medium (Becton-Dickinson, 212322) according to EUCAST and CLSI guide@oespound
prepared in MHII medium was dispensed into a 96-well round-bottomeutitec plate to
give final assay concentrations from jg@/mL down to 0.25.g/mL (two-fold dilution series

in 10 wells, plus two control wells: medium control with no bacteriacanpound, and
growth control with bacteria added but no compound). Bacteria prefraredresh colonies
(grown on non-selective agar, incubation 18-24 h at 35 °C % 2 °C) were suspended in saline to
0.5 McFarland % 1.5 x 18 CFU/mL).50 pL of this bacterial suspension was transferred to
10 mL of MHII broth to give a final bacterial concentratians x 1 CFU/mL (acceptable
range 3- 7 x 16 CFU/mL). 50 uL of bacterial suspension was pipetted into each well (except
the medium control well, where 5@ MHII was pipetted). Final volume in each well was

100pL. Plates were covered and incubated without shaking for 16-20 h at82 °C. MIC
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was read visually, as complete inhibition of growth by the unaged using the medium-

only wells as the control.

5.5. Cytotoxicity assay

Cytotoxicity was assessed in HepG2 cells using fluorometricomilture cytotoxicity assay
(FMCA) [48]. The cell line HepG2 was obtained from ATCC, and cultured in Eagle’
Minimum Essential Medium (ATCC) supplemented with 10% fetal bovieeurs,
penicillin/streptomycin (100 U/100 pg/mL) and L-glutamine 2 mM fgaiin Sigma St Louis,
MO, USA). HepG2 cells were passaged 2 times/week and usadhatly for 20 passages.
Cells were finally seeded in Nunc 384-well assay platesdanaity of 1000 cells/wellThe
FMCA is based on measurement of fluorescence generated fromlysyslrof fluorescein
diacetate (FDA) to fluorescein by cells with intact plasmambranes. HepG2 cells
(1000/well) were seeded in 384-well plates using the pipetting robatds 4000 (Beckman
Coulter, Fullerton CA, USA) and cultured overnight before inhibitors \adked by acoustic
dispensing (Echo 550 from Labcyte Inc, CA, USA) directly from 38#-smurce plates
(Labcyte) containing 1 or 10 mM compound stock solutions in DMSO. Eachatord was
dispensed for dose-response, with eight two-fold dilutions in duplicaten finighest
concentrations of 64 or 32 uM, to generatgidCBortezomib (2 uM) was used as positive
control, and dose response testing of doxorubicin (highest concentration)2wpi/
performed repeatedly to follow assay performance over thfter 72 h incubation with
drugs in a culture chamber (at 37 °C, humidity 95%, 5%)QGke 384-well plates were
centrifuged (200 x g, 60 sec), the culture medium was remoyexd Biotech ELX washer
(Biotek, Winooski, VT, USA) and 70 pL phosphate buffered saline (PRfn&§iwas added
to the wells. This procedure was repeated once. Subsequently, &® \ptat centrifuged
(200 x g, 30 sec) and the PBS was removed by the ELX washewaitdr 50 pL/well of
assay buffer (HEPES-buffered saline with 0.5 mM Mg&id 0.5 mM CaG) pH 7.4) was
added to the plates using a Multidrop 384 (Thermo Fischer ScientiicUSA). Finally, 1
pL of fluorescein diacetate (0.5 mg/mL in DMSO) was added to watl using the pipetting
robot Biomek NX (Beckman Coulter, Fullerton CA, USA). The plateseviken incubated
for 50 min in a Cytomat (37 °C, humidity 95%, 5% £ ®hermo Fischer Scientific) before
being analyzed in a Fluostar Omega microplate reader (BM@Gno&xgies, Germany) with
wavelengths set at 485 nm (excitation) and 530 nm (emissBytdtoxicity was assessed
after 72 h with cell survival presented as survival index (SI, &bhed as fluorescence in test

wells in percent of control cultures with blank values subtracteder@rifor a successful
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assay included a signal-to-noise ratio in control cultures > 10<@0% and a positive
control (bortezomib) Sl of < 5%. The half maximal inhibitory concmn (1Gg) was
determined from log concentration-effect curves in GraphPad Pummg a non-linear

regression analysis.

4.6. Hemolysis assay

Compounds were evaluated for hemolytic activity using red blood &elin heparinized
human blood. Red blood cells (RBC) were washed three times in Thrdtér (130 mM
NaCl, 4 mM KCI, 2.8 mM Na acetate, 1 mM MgC10 mM HEPES, 10 mM glucose, 1 mM
CaCl, adjusted to pH 7.4) and resuspended in the same buffer. Final cothmesitia the
hemolysis assay were: 1M1 compound, 1% DMSO, and 50% RBC, assayed in a200
volume in a microtiter plate. The mixture was incubated at 37of@5 min with shaking
(250 rpm). After incubation, RBCs were removed by centrifugation (10§Cfor 10 min),
100uL clear plasma was transferred to a fresh microtiter péate the amount of hemoglobin
measured using a spectrophotometer at 540 nm. The complete lys@ contained 2%
Triton X-100 (in Tyrode buffer) instead of compound; the negative controaiceat Tyrode
buffer but no compound. Percent hemolysis was calculated as: |@bpoand] - [Abs
negative control] / [Abs complete lysis control] - [Abs negatieetml] x 100. Values greater

than 1% hemolysis at 1M were regarded as a red flag.
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