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New classes of antibiotics are urgently needed to counter increasing levels of pathogen resistance. Peptide
deformylase (PDF) was originally selected as a specific bacterial target, but a human homologue, the inhibition
of which causes cell death, was recently discovered. We developed a dual-screening strategy for selecting
highly effective compounds with low inhibition effect against human PDF. We selected a new scaffold in
vitro that discriminated between human and bacterial PDFs. Analyses of struatiiéty relationships
identified potent antibiotics such as 2-(5-bromd-ihdol-3-yl)-N-hydroxyacetamide6p) with the same

mode of action in vivo as previously identified PDF inhibitors but without the apoptotic effects of these
inhibitors in human cells.

Introduction in the same essential pathway as in bacteria, (iii) to be inhibited
— .in vitro by the natural compound actinonin, used to design the
h il thle past ?ecald_e, there hai been an alarming In%rease."aompounds currently in clinical trials, and (iv) to be inhibited
D e elho0e i i by st nsame ol inds? ) Enaly, unen

o . ; . . used at a range of concentrations similar to the minimal
antibiotics to combat infectious diseases. This challenge can

be met by whole-cell screening or by a combination of genomics inhibitory concentrations (MIC) of the best compounds, acti-
o 7 nonin and its derivatives had an antiproliferative effect triggered
and mechanism-based drug design in cell-free assayse b 99

. . . 4 . mitochondrial function, including ATP letion, mem-
first step in this second approach is the search for vital genesby tochondrial dysfunction, including depletion, me

i ; . i . brane depolarization, and apoptosis induction, leading to cell
unique to bacteria and conserved in various bacterial genomes, . o4:6,12,14,15

The starting criteria for suitability are essentiality and selectivity .

(the so-called “druggability”) of the potential antibiotic target. di -l;.W 0 biCtgqugE; . t);pes,d P[)|F1BGand PDI?, hé‘vi peen
Inhibitors of the most suitable targets are then identified by high- Blascl?egr?aismiy. have or:Se glr";e\(:grgln:‘un::{iirg;g?sg;gﬁsa:nigz.ing
throughput screening in vitro, and the most promising molecules different types of PDR6 For example, Gram-negativés-

are improved by medicinal chemistry. Whole-cell studies must L -
then be carried out on the most promising compounds, selecteOI‘Che.”.chla °°"h*'?‘5 one PDFlB genelg) only, whereas Gram-.
positive bacteria such a@acillus spp. have two PDF genes:

on the basis of optimal antibiotic capacities. Constant monitoring . .
: i v .~ def encoding PDF1B, angkrB, encoding PDF2. The human
of the mode of action of the compound series is critical during PDF (mPDF) has been classified as a PDF1A.

this process. . . .
The aim of our study was to identify new compounds that

However, a decade after its introduction, the “cell-free” : IS .
approach may be considered disappointing, as it has brought tc)would selectively inhibit both types of bacterial PDFs (PDF1B

the pipeline only a couple of drugs all derived from natural and PDF2) without significantly inhibiting PDF1A.
products, including actinonin inhibiting peptide deformylase
(PDP).3-5 The recent demonstration of the existence of a PDF
homologue (mitochondrial PDF or mPDF) in hum&r¥gaised Design and Medium-Throughput Screening by NMR
major objections to the use of this otherwise very promising ldentify Indole Derivatives as Low-Affinity Ligands of PDF.
target?1°Indeed, mPDF proved (i) to be functional, displaying The binding potency of peptide deformylase inhibitors (PDFI)
PDF activity in the human mitochondrion, (ii) to be involved depends essentially on the additive effects of two chemical
groups: (i) a metal-binding group and (ii) the'Rtoup, which
* To whom correspondence should be addressed. Ph#13& 1 69 82 binds the S1pocket of PDF The increase in entropy due to
36 12. Fax:+33 1 69 82 36 07. E-mail: Thierry.Meinnel@isv.cnrs-gif.fr.  the binding of either of these low-affinity binding groups results

Results and Discussion

IUPR2355, Centre National de la Recherche Scientifique. in the molecule being a potent PDFI, with inhibition constants
58”528(1% gmsgﬂﬂ:xgg:iﬁg[:g x in the nanomolar range. The 'Slocket of bacterial PDFs of
#UPR2301, Centre National de la Recherche Scientifique. both types, PDF1B and PDF2, accepisutyl, n-pentyl,n-hexyl,

a Abbreviations: HSQC, heteronuclear single quantum correlatiof; IC n-phenyl,l7 and other cyclic side chaifisvith low levels of
inhibition constant; ID, indole derivativess;, inhibition or dissociation selectivity. mPDF has a modified Siocket that cannot tolerate
constant; MIC, minimum inhibitory concentration; PDF, peptide deformy- ; 19
lase; PDFI, peptide deformylase inhibitors; SAR, structaetivity relation- bulky chains such as phenyl chait$:'We therefore looked

ship; STD, saturation transfer difference; 3D, three-dimensional. for bulky, cyclic compounds that would bind to bacterial PDF

10.1021/jm060910c CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/15/2006



Inhibitors of Bacterial Peptide Deformylase Journal of Medicinal Chemistry, 2007, Vol. 50, Nb11

O

'-'{.,‘nu L . ’
[ M ' . '-.r
g L] Vel 0 G4 2 b
b ¢ s # ‘o \ )

n L] L]
° DA s \
*
[ ! v: by g ‘ -
] 0 '.Hl 0. ¥ & )
L]
] . . 0 * [
'Kl o @ " , ¢ M43 . ea
* npt L '.Qﬁ ’ . ;C s l
E133, \? Pi ‘h!/ . [ =
(. o0 ' N “‘ " ] 129 [] 4 »

4 ¥ R4 L "“]‘g, “we ' oy § | J &

2 ¢ ’ : - I
:“I\Ili'nillinium ™ ;‘ L . J‘ B e " 2 “""'“'“‘ . ". 1 f."! l, H.,\u’\,'vl*J L_

-Gl,m ) " 1] 0 -4 (%11
< 9 * o Vieo .

P " o @ " L 0.7 ‘

» g ¢ N ] n (¥4

LY
Tl egEm e '.. 4 J.'l'L
191 ) gt ! A -.J - e W rteomdant W,

e A R e g AR £ R R A R EEEEpOEESE EEEAER R TR EE e R p e TTaes
iy " Ll 7 " LAl T4 LX) S0 40 s P Lo ppm
rrst

Figure 1. Mode by which6b binds to the active site pocket of PDF1B, as probed by NMR. (A) HSQC footprifibgfop inset) on'*N-labeled

E. coli PDF. The reference spectrum is shown in black contours, and the spectrum in the presence of a stoichiometric amount of the compound is
overlaid in red. Significantly perturbed amide groups are labeled according to NMR chemical shift assighi@ienilsr footprints were obtained

with several ID, including 5Br-indole. (B) 3D structure Bf coli PDF. The peptide chain is shown in blue. Amino acids in which the amide group

NMR shift was perturbed by the binding 6b are shown in red (residues labeled in panel A). The catalytic metal cation is shown as a blue sphere.

(C) NMR saturation transfer difference experiment (STD) showing the transfer of magnetizatioit frooti PDF to 6b. Upper trace shows the

reference spectrum of the mixture. Peaks labeled with asterisks correspond to buffer signals. The numbered peaks correspond to signals originating
from 6b, as labeled in panel A. Lower trace shows STD signals. The arrow indicates the spectral region irradiated. Normalized STD intensities are
indicated.

Scheme 1.1D Structure and Labeling: Chemical Structurestbf Actinonin, and18 and Their Main PDF Inhibition Properties
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ID series 6b Actinonin 18
IC5o PDF2 = 0.01 pM IC5p PDF2 = 0.01 pM IC50 PDF2 = 0.3 pM
ICso mPDF = 130 uM 1C5o MPDF = 0.03 uM 1C5o mPDF = 83 uM

but not to mPDF. A medium-throughput screening system was the indole derivatives (ID; see Scheme 1 for labeling) is shown
used to identify such chemical groups by NMR. We used a in Figure 1B. Similar strong perturbations of the HSQC
pipetting robot connected to a flow-injection NMR probe and spectrum were also observed with ID and PDF2. Reciprocal
sequentially mixed peptide and non-peptide compounds with ligand-observed saturation transfer difference (STD) experi-
15N-labeledE. coli PDF (PDF1B), the resulting mixture being mentg2 were carried out to obtain information about the mode
injected into the NMR spectrometer. Chemical shift perturba- of binding of these derivatives to both PDF1B (Figure 1C) and
tions were monitored by recordingtH—'°N} heteronuclear PDF2 (data not shown). The strongest STD effect was observed
single quantum correlation (HSQC) spectra, which were com- at R; of the indole moiety, and the weakest effect was that for
pared with control data obtained with the free enzyme, as the methylene group attached at positiop Rhese results
previously describeé??! We selected compounds that caused confirm that the indole group bound to both PDF1B and PDF2
resonance broadening or a shift in the HSQC protein spectrum.and imply that position Ris buried the most deeply in the S’'1
The amide groups concerned were identified and located onpocket.

the three-dimensional (3D) structure of PDF1B (Figure 1A).  Structure—Activity Relationship (SAR) Analysis of ID and
Because compounds such as 5-bromoindole induced modifica-3D Modeling. Indole and 5-bromoindole had binding constants
tions of the{*H—15N} 2D NMR map in a region corresponding in the millimolar range, as shown by NMR titrations and/or
to residues located in the Sdocket of the enzyme, the indole  PDF inhibition assays (Table 1). We tried to increase the potency
scaffold was selected from this screening. The effect of one of of ID by introducing substituents at positionsg The synthesis
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Table 1. Structures and Associatedd€Values with the Various Types of PDFs

ICso 1Cso 1Cso MIC 1Cso ICso ICso Mic
Comp- Chemical structure “M) Cso (u M} uM) (M) (hg) mL)' (pg/mL) Comp- Chemical structure kM) Cso (u Mz uM)  (uM) G g/mL). (ng/mL)
mPDF  AtPDFIA E. coli . mPDF  AtPDF1A E.  coli e
ound PDFIB PDF2 B. subtilis ound PDFIB PDF2 B. subtilis
(human) IM101Tr (human) JMI101Tr

P,
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N
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1a ND >1000 >1000 >1000 ND ND
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5b &\Cfgkm ND 170 120 120 ND ND OH
N NH
1 Br ND >250 50 1 ND ND
o S—ch,
N
5'b ﬁ@:{k * ND 200 80 300 ND ND B
»
i
&
7 Br:
e N—cH,
Se b ND 300 35 100 ND ND 15 N, ND 500 6 04  ND ND
o
Y o
)
”/OH NoH
6a \ ND >1000 14 03 115 160 o -0
N D—CHy
16 N 200 35 003 0025 65 35
s:,O
; A
o N—OH
6b N P 360 130 0035 0013 6 31 )
N H,C.__O___N. o
18 % ND 83 0044 03 >300  >300
o
B N
6d ND 14 0027 0018 120 16
N Haen oM. oH
~) SLY YW
' 20 “on o ND >1000 52 110 ND ND
0
F
-OH ;
6e (N 00 >0 2 00  ND ND e STt
21 & o o ND 150 005 04 ND ND
N
H

a AtPDF1A corresponds to mitochondrial PDF1A fraknabidopsis thalianaa mitochondrial PDF whose specific activity of the purified form is higher
than that of mPDF and allows better assessment and inhibition properties of a mitochondrial PDF thaf fIRDFnot determined.

of 22 different ID is depicted in Schemes 2 and 3. Because most potent compoungb, suggesting that the addition of bulky
phenyl side chains at Pare known to be poorly accepted by substitutions at Rhas no effect on the affinity of ID. As
mPDF$1° but strongly accepted by PDF1B%?we prepared expected from the characteristics of the gdcket, none of the
the hydroxamic acid, hydroxylamine, and reverse hydroxamic ID tested significantly inhibited mPDFs (Scheme 1 and Table
acid of N-Boc-phenylalanine (compounds8, 20, and 21, 1). Finally, compoundsl8 and 21 also efficiently inhibited
respectively, Scheme 4). We first assessed the ability of all PDF1B with only mild effects on mPDFs. However, these
compounds to inhibit both PDF1B and PDF2. The hydroxamic compounds, unlike ID, inhibited PDF2 only poorly (Scheme 1
and reverse hydroxamic acid were the most efficient functional and Table 1). They would therefore not be expected to display
groups introduced at fRin terms of binding (Table 1). SAR  antibiotic activity against Gram-positive bacteria in vivo.
analysis was carried out with the hydroxamic acid derivatives A 3D model of 6b docked in the active site of PDF1B
by introducing various substituents at R Because 5-Brindole  indicated a perfect fit within the Shocket. The 5-Br group
derivative6b was the most potent inhibitor (Scheme 1), we also corresponded to the .Gnethyl group of the Met side chain
assessed the introduction of a methyl group a{@) or of a (Figure S1 in Supporting Information), four-carbon chains being
benzyloxycarbonyl group atR6d). Whereassj was one of optimal for acceptance in the Siocket!” In the model, position
the least potent inhibitors in this seri€g] was as active as the Ry is locked deep inside the Spocket, buried under the side
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Scheme 2.Synthesis of Indole Derivatives: Hydroxyketones, Ketothioacetyl Derivatives, and HydroxamicAcids

0 o)
_ X Br OH
HN-OH g { OH p N
N N

h R H
6a:X=H,R=H 1a:X=H,R=H 2
6b: X=Br,R=H c 1b:X=Br,R=H
6d: X =Br, R=Cbz 1c: X=H,R=Cbz

1d: X =Br, R=Cbz
0 o} 0
X =N X cl X S

N\ Z g A e N 7:0

N - N - N
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R R R
3a:X=H,R=H 4a:X=H,R=H 5a:X=H,R=H
3b: X=Br,R=H 4b: X=Br,R=H 5b: X =Br,R=H
3c:X=H,R=Cbz 4c: X =H,R=Cbz 5c: X=H,R=Cbz

o] 0
f OEt g X NHOH
S b o bk
N N NS N
H
7 8 eR;=H,X=4F ¢
fRy,=H, X=5-F

jRo = CHj, X = 5-Br

a(a) (1) HOBt, EDCI, NMM/DMF; (2) NHOH-HCI/DMF; (b) (1) (COCIp, DMF/THF; (2) GiiH260sSis/dioxane; (3) HCI(g), dioxane, 86C; (c) (1)
SOCL/CH,Cl,, 40 °C; (2) CH:N,, diethyl ether/CHCI,, 0 °C; (d) HCI(g), diethyl ether, OC; (e) KSAC/DMF; (f) (1) n-BuLi, ZnCITHF, 0 °C; (2)
BrCH,COOEt/toluene; (g) NKDH, ethanol, 8C°C.

Scheme 3.Synthesis of Hydroxylamines and Reverse Hydroxamic Acid Indole Derivatives

H o H NOH NHOH
Br Br. B Br:
M o m a, \_ b \__ _c . N\
N N N N
Br \ H H H H
7i 9 10
N g |
S

11

12
OBoc
NHOH NOHCHO
Br.
\ N N\ 10)
PS5 S0 ph 0
13 14 15 16

a(a) (1) POC4, DMF; (2) NaOH; (b) NHOH, HCl/pyridine; (c) NaBHCN, HCI; (d) (1) NaH/THF; (2) PhSEZI; (e) NaBHy/ethanol; (f) (1) PPk NBS;
(2) BocNH:0Boc, NaH /DMF; (g) (1) CECOOH/CHCly; (h) HCOOH, AgO/CH,Cl,.

chain of His132, consistent with the STD data. We cocrystallized the enzyme (Figure S2A,B of Supporting Information), the initial
6b with PDF1B. The difference between the electron density rate of reaction decreased rapidly, reaching a minimum within
maps of the free protein and of the complex confirmed that the 3 min, for both compounds. When the reaction was initiated
inhibitor bound to the active site according to the model by adding the substrate after incubating the enzyme with the
proposed in Figure S1. These data suggest that the antibioticinhibitor (Figure S2C,D), the kinetics of the reaction were linear
activity of ID may target bacterial PDFs in vivo without over a long period of time (10 min) and the initial reaction rate
inhibiting animal PDFs and causing apoptosis. corresponded to that reached after 3 min in the second phase
Like Actinonin, 6b Shows Slow, Tight Binding to PDF. of the experiment performed without prior incubation of enzyme
The most potent PDFI show slow, tight binding to PEE* and inhibitor. Thus, both actinonin aéth induced similar slow
Detailed kinetic analysis is required to characterize this pro- binding to PDF via a two-step mechanism (Figure S3A). The
cess?® We studied and compared the binding mechanisms of K, value for the inhibitor/enzyme pre-equilibrium wasl00
6b and actinonin. When the reaction was triggered by adding nM for both compounds, similar to previously reported vaRfes.
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Figure 2. 6bspecifically targets both PDF types in vivo. The xylose-inducible Y103 and D103 straBissobtiliswere cultured in the presence

of various concentrations afxylose (Xyl) to increase intracellular PDF concentrafié@onstitutive strains (Y101 and D101) were cultured under
the same conditions for comparison. MIC values were determinegbf@black squares, 103 series; white squares, 101 series) and compared with
those obtained for actinonin (black circles, 103 series; white circles, 101 series). (A) PDF2-deficient contpxif1Blgene is either constitutively
expressed (strain Y101) or inducible withxylose (strain D103). (B) PDF1B-deficient context. Tp@f2 gene is either constitutively expressed
(strain D101) or inducible with-xylose (strain Y103).

/./ﬂ

Scheme 4.Synthesis of Pseudopeptide Derivatives

0 0
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H H{ H H H
19 ‘

Cytotoxicity at 10 pM {%)

OH
=0

N
20 121 H

Caspase activity (Arbitrary Units)

1C38 65 (2342 pM) ¢

a(a) (1) HOBt, EDCI, NMM/DMF; (2) NBOH-HCI/DMF; (b) (1)
NH>OH, HCl/pyridine; (2) NaBHCN, CHsCOOH/methanol; (c) (1)
PhCHNHOH-HCl/pyridine; (2) NaBHCN, CHCOOH/methanol; (3)
HCOOH, acetic anhydride; (4) £Pd/C.

] 10 20 30 40 50
[Drug] (uM)

Figure 3. 6b does not cause significant toxic effects by inducing
apoptosis in human cells. Apoptosis in KB cells was assessed by

Table 2. Comparison of the Main Kinetic and Thermodynamic
Parameters Describing PDF2 Inhibition B and Actinonin

measuring caspase induction. The inset shows the results of toxicity parameter actinonin 6b2
assays in the presence of AB drug with various cell types. Ky (M) 185+ 15° 91+ o

Ki* app (NM) 10+ 19 15+ 20

Ki* (nM) 29408 56+ 1.9
The Ky* value (Figure S3B,C) corresponded to the PDF EI/(KI*:L) 647 16+ 3

; ; indicati ; indi 5 (s1)¢ 0.075+ 0.008 0.074+ 0.008

concentration used in the assay, indicating tlght binding. Because ke (-1 0.0011% 0.0003 0.0049- 0.0009
we could not use lower enzyme concentrations, khisvalue tarz (Min) 10 24

should be considered aska* app (Table 2). The constants for
binding to PDF2 of both actinonin anflb were therefore
determined using Henderson's metfo@Figure S3D). The two
compounds had simildf*, in the nanomolar range (Table 2).
However, compound8, the pseudopeptide analogue, displayed
neither slow nor tight binding to PDF2. This accounts for the
low ICsg of compoundl8 for PDF2 (Scheme 1). This suggests
that6b, unlike 18, is able to induce a change in the conformation
of the protein. This property might be displayed by any potent
PDFI. Because compoun@d also displayed slow and tight (D101 and Y101), each with only one type of PDF (Table 3).
binding, the ID series was considered a promising source of We found that the MIC values of actinonigb, andéd followed
potent and specific PDFI. similar trends, being lower in thgkrB (PDF2) gene-inactivated
ID Have Antibiotic Activity. We determined the antibiotic ~ context. These results confirmed thdef was less strongly
properties of certain ID. IBacillus subtilis the MIC of 6b expressed thagkrB?” and suggested th&b and 6d targeted
was similar to that of actinonin, in theg/mL range, whereas  both PDF1B and PDF2. The MIC &b was half that of
that of6d was slightly higher (Table 3). We assessed the effects actinonin inE. coli (Table 3). InE. coli, actinonin is detoxified
of 6b, 6d, and actinonin on twd. subtilis strain derivatives by the AcrAB-tolC efflux pump. We used ®IC mutant to

2The PDF2 concentration used in the assay was 25 nM. The analysis in
Figure S2D indicates that the active site enzyme concentration of our
preparation was 1% 2 nM, i.e., 46-50% the initial enzyme concentration.
b Derived from the curve shown in Figure S2BDerived from the curve
shown in Figure S2Cd Derived from the curve shown in Figure S2B.
e Derived from the curve shown in Figure S2M@erived from the curve
shown in Figure S2D9 Derived from the curve shown in Figure S2Es
= KL',/(K|/K|* — 1) andt]_/z = |Og 2/1%
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Table 3. In Vivo Antibiotic Activity of the ID Serie$§

MIC (ug/mL)

bacterial strain actinonin  6b 6d 6a 2 18 21
E. coli JM101Tr 32-64 4-8 120 114 >300 >300 >300
K37 32-64 16-32 ND ND ND ND ND
CAG1284 0.1250.25 8-16 25 95 =300 32 120
B. subtilis 168 1-2 2-4 16 160 >300 >300 >300
D101P 1-2 2-4 12 150 >300 >300 >300

Y101b 0.125-0.25 -2 6 145 >300 8 9

aldentical results were obtained with MO34&Both strains were
derived from 1687 D101 is deficient in PDF1Bdefgene), the minor PDF
in B. subtilis?” and Y101 is deficient in PDF2ykrB gene).c ND, not
determined.

determine whether such efflux was involvedbimdetoxification.
The MIC of 6b was only slightly lower in this mutant, whereas
that of actinonin was lower than that in the wild type by a factor
of 300. Thus, this efflux system detoxified ID less efficiently
than actinonin. Compound 6a, 18, and21 had no antibiotic
activity.

ID Specifically Target PDF in Vivo. We next assessed the
specificity of PDF targeting bgb in vivo, using twoB. subilis
mutants in which (i) both thegkrB and def genes had been
inactivated and (ii) a supplementary copy of one of the two
PDF genes was placed under the control ofXlgiR promoter.
Under these conditions, the synthesis of PDF1B or PDF2 from
the gene concerned dependstLexylose?’ The MIC values of
both actinonin an@b depended strongly anxylose concentra-
tion in both mutant strains (Figure 2). The range of induction
was similar in both genetic contexts, with a plateau reached a

the same concentration. Moreover, at concentrations 4 times

the MIC (as indicated in Table 3), both actinonin @txinduced
bacteriostatic activity in the fitgl h after drug addition. Finally,
we determined the frequency with which resistancélicaand
actinonin appeared iB. subtilis Similar values (5« 1077) were
obtained for these two compounds, in keeping with previous
reports for actinoni® The resistant strains isolated 6h at 8
times the MIC showed (i) resistance to actinonin at 8 times the
MIC and (ii) a decrease in doubling time by a factor of&
Actinonin-resistant strains also proved to be resista6btd he

resistant strains were sensitive to other antibiotics, consistent

with the resistance being specific to the inhibited target, PDF.
Resistance t6b and actinonin was consistent with the bypassing
of PDF activity induced by Met-tRN¥et transformylase gene
(fmt) inactivation?® The sequencing of a number @if-resistant
clones led to the identification of various mutationsfrint, all

of which were predicted to lead to gene-function inactivation.
Because the major fitness cost associated withfthignactiva-

tion conferring PDFI resistance can be compensated only partly

by further mutations, at extremely low (1) rates?® PDF may

be considered a target of choice for new antibiotics. These data

provide further evidence that the bacterial targelaflike that
of actinonin, is PDF.

ID Do Not Trigger Apoptosis. Actinonin has been reported
to induce apoptosis in some cell lines, with cytotoxicity, and
with ICsp values in the range of-210 uM.612.14.15 ower levels
of toxicity were observed witlsb than with actinonin in various
cell lines (Figure 3). Apoptosis was strongly induced by

Journal of Medicinal Chemistry, 2007, Vol. 50, Nd51

Conclusions

We report here the first identification of a PDFI based on
the medium-throughput NMR screening of different scaffolds,
followed by SAR analysis, kinetic characterization, and mode-
of-action determination and demonstration of antibiotic activity
for the best compounds. The rationale for this screening was
based on the structural analysis of mPB¥Jhis made it
possible to select PDFIs that inhibited both types of bacterial
PDF, without significantly inhibiting mPDF. The mLogP value
associated with6b (1.84) makes this molecule an excellent
candidate drug. Further modification of ID, which currently have
few substituents, could be used to improve their permeability
and pharmacological properties, creating a new generation of
antibiotics. In addition, some toxicity &b was observed in a
number of cell lines, although to a lesser extent than actinonin
(Figure 3, inset). Because this effect is necessarily unrelated to
mPDF inhibition, identification of the target(s) involved would
be of strong interest to lower toxicity of future ID. Next
developments will therefore include the determination of the
inhibition capacities by ID of various human metallopeptidases
such as matrix metalloproteases (MMPs) or angiotensin |
converting enzyme (ACE), which are known to be slightly
inhibited by PDFI such as BB-3497 and various hydroxamate
derivatives of the actinonin series, including actinonin itg&H

Experimental Section
Protein Analysis. Escherichia coliPDF (PDF1B) andacillus

tstearothermophiluE’DFZ (PDF2) were used as the representatives

of the two bacterial PDF classes. They were purified in the presence
of nickel to yield highly active Ni-PDF2 PDF activity was
measured as previously descrif@dVe monitored, at 37C, the
absorbance at 340 nm of NADHy = 6300 M1 cm™1), essentially
as previously described Fo-Met-Ala-Ser (Bachem AG, Well-am-
Rhein, Switzerland) was used as the substrate, and actinonin (Sigma,
L’Isle d’Abeau Chesnes, France) was used as a PDF inhibitor for
the purposes of comparison. The reaction was started by adding
5-15 ulL of purified enzyme. All inhibitors were diluted in
dimethylsulfoxide, and the final assay buffer contained 10% of this
solvent. For the determination of all d€values (IGo is the
concentration giving 50% inhibition of enzyme activity), to prevent
the effects associated with slow bindi#fg?® each inhibitor was
incubated with the enzyme for 10 min at 28 before kinetic
analysis, which was initiated by adding the substrité:Labeled
PDFs were produced as previously descritledMR experiments
were carried out with a Bruker Avance 600 MHz NMR spectrom-
eter equipped wit a 3 mmitriple-resonance flow-injection probe.
The probe was connected to a Gilson liquid handler controlled by
the NMR console (Bruker BEST system). The injection protocol
was as previously describéd.For chemical shift perturbation
experiments, 9@&L of 1 mM 15N-labeled PDF1B was mixed with
an equal volume of the tested ligand (3 mM), dissolved in the same
buffer, in a 96-well plate. The mixture was refrigerated 4C4on
a Gilson 242 Peltier rack before injection and HSQC experiments.
The conditions for saturation transfer differeffaxperiments were
similar except that the final PDF (unlabeled) and ligand concentra-
tions were 2QuM and 1 mM, respectively. STD irradiation was
carried out for 1 or 2 s, with the carrier set on the solid methyl
protein (0.5 ppm), using a field strengftB,/(2r) of 100 Hz.
Chemistry. All solvents and chemicals were purchased from

actinonin, as shown by the measurement of caspase activationroPS and Aldrich, respectively. DMF, THF, and g, were dried

in KB cells (Figure 3). At the Ig of the two compounds,

actinonin induced apoptosis at least 10 times more strongly than

6b in KB cells. At the 1Gy of actinonin in KB cells,6b gave
negligible levels of apoptosis. Thus, ID fulfill in vivo the
conditions imposed at the beginning of the study; they do not

according to standard procedures and stored dv& molecular
sieves under argoH NMR spectra were recorded on a Bruker
ARX-250 spectrometer, and chemical shifts were expressed in ppm
downfield from TMS. IR spectra were obtained with a Perkin-Elmer
Spectrum One FT-IR spectrometer equipped with a MIRacle single-
reflection horizontal ATR unit (zirconiumselenium crystal). FAB

block mPDF because they do not trigger apoptosis, but they doand CI mass spectra were recorded at the ENS in Paris. Elemental

have potent antibiotic activity.

analyses were carried out by the microanalysis service at Paris VI
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University (France) or at Gif-Sur-Yvette (CNRS, France). Experi- MHz, CDCk): 6 3.76 (s, 2H), 5.28 (s, 1H), 7.34.28 (m, 3H),
ments performed under argon were run on a vacuum line. The 7.39 (d,J = 7.8, 1H), 7.48 (dJ = 7.7, 1H), 8.12 (s, 1H) ppm.
various synthetic pathways for the products are depicted in SchemesCI-MS: m/z= 217 [M + NH;"], 50%; 200 ([M+ H]*), 30%. An
2—4. General procedures for the chemical syntheses of all etheral solution of HCI(g) (63@L, C = 6 N, 3.78 mmoL, 2.2
compounds described are reported below, and elemental analysi®quiv) was added to a solution (10 mL) 34 in diethyl ether. We
results for target compounds are shown in Table S1 in Supporting added 5 mL of DMF, and diethyl ether was carefully evaporated.
Information. A solution (5 mL) of KSAc (432 mgM = 114.20, 3.78 mmolL,
3-Carboxymethylindol-1-carboxylic Acid Benzyl Ester (1c). 2.2 equiv) in DMF was added, via a syringe, under argon. The
A solution of 2-(indol-3-yl)acetic acid (500 m¢y] = 175.19, 2.85 solution was stirred overnight at room temperature. Evaporation
mmoL) and LHMDS (1 M in THF, 6.27 mmoL, 2.2 equiv, 6.27  of the solvent under vacuum yield&d, which was further purified
mL) in freshly distilled THF (10 mL) was stirred at78 °C under by column chromatography, with elution with a 8/2 v:v mixture of
argon for 1 h. Benzyl chloroformate (508, M = 170.60,d = ethyl acetate/cyclohexane (220 mg, yield of 52%)(silica gel,
1.195, 3.42.mmoL, 1.2 equiv) was then added. The reaction mixture ethyl acetate/cyclohexane, 1/1 v:v mixture.6. IR (cnTl): 1788
was stirred at-78 °C for 2 h, and solvents were then evaporated (vco). *H NMR (250 MHz, CDC}): ¢ 2.34 (s, 3H), 3.78 (s, 2H),
under vacuum. The residue was dissolved in water and extracted3.95 (s, 2H), 7.097.57 (m, 5H), 8.19 (s, 1H) ppm. CI-HRMS:
with diethyl ether. The aqueous layer was then acidified to pH 3 expected for GHi.NO,S" (IM + H]"), 248.0445. Observed,

with aqueous 0.1 N HCI, resulting in the formation of 3-carboxy-
methylindol-1-carboxylic acid benzyl estéc as a white precipitate,
which was filtered off and washed with pentane (795 mg, yield of

248.0448.
Thioacetic Acid S[3-(5-Bromo-1H-indol-3-yl)-2-oxopropyl]
Ester (5b). The same procedure applied to (5-bromoindol-3-yl)-

90%). R (silica gel MerckF 254, CECI,/CH3;0H, 9/1 v:v mixture)
= 0.4.Tf = 152°C. IR (cnm1): 1728 and 16941(0). *H NMR
(250 MHz, DMSO¢): ¢ 3.77 (s, 2H), 5.53 (s, 2H), 7.297.66
(m, 8H), 7.74 (s, 1H), 8,14 (dl = 8.1, 1H) ppm. CI-MS:m/z =
327 [M + NH4*], 100%. Expected values for;§H;sNO,4: C, 69.89;

H, 4.89; N, 4.53. Observed: C, 69.78; H, 5.00; N, 4.55.
3-Carboxymethyl-5-bromoindol-1-carboxylic Acid Benzyl
Ester (1d). The same procedure applied to 2-(5-bromoindol-3-yl)-

acetic acid (200 mgM =254.09, 0.787 mmol) yieldedd (280
mg, yield of 92%).R; (silica gel CHCI,/CH;OH, 9/1 v:v mixture)
= 0.5, T = 88 °C. IR (cnT1): 1729 and 16921c). 'H NMR
(250 MHz, acetonels): 6 3.80 (s, 2H), 5.51 (s,2H), 7.15 (s,1H),
7.24-7.82 (m, 7H), 8.12 (dJ = 8,1, 1H), 11.16 (s, 1H) ppm. CI-
MS: m/z = 405, 407 [M+ NH4"], 40%; 388, 390 [M], 30%.
Expected for GH14BrNO4-0.5H,0: C, 54.53; H, 3.87; N, 3.53.
Observed: C, 54.67; H, 3.72; N, 3.44.
1-(5-Bromo-1H-indol-3-yl)-3-hydroxypropan-2-one (2).Oxalyl
chloride (104uL, M = 126.93,d = 1.455, 1.18 mmolL, 1.5 equiv)
was added at OC, under argon, to a solution (10 mL) of 2-(5-
bromo-H-indol-3-yl)acetic acid (200 mgM = 254.09, 0.788 MHz, acetoneds): 6 2.34 (s, 3H), 3.98 (s, 2H), 4.07 (s, 2H), 5.50
mmoL) in THF containing a few drops of DMF. The mixture was (s, 2H), 7.15-7.80 (m, 9H), 8.15 (d,J = 1.5, 1H) ppm.
stirred at room temperature for 2 h, and the solvent was then CI-HRMS: expected for §H»aNO,S™ [M + NH4'], 399.1379;
evaporated under vacuum. Tris(trimethylsilyloxy)ethylene (GIz5 observed, 399.1375.
M = 292.59,d = 0.885, 1.94 mmoL, 2.3 equiv) was added, under Diazo Compound 3c. 3ovas isolated with a yield of 91%;
argon, to the residue dissolved in 10 mL of dioxane. After the (silica gel, ethyl acetate/cyclohexane, 1/1 v:v mixturep.5. IR
mixture was stirred at room temperature for 10 h, 10 mL of aqueous (cm™): 2102 @cn), 1730, and 16361cc). *H NMR (250 MHz,
HCI (0.1 N) was added and the solution was heated &t@for acetoneds): 0 3.78 (s, 2H), 5.50 (s, 2H), 5.82 (s, 1H), 7:2B.69
30 min. NaCl was added, and the solution was extracted with diethyl (m, 8H), 7.70 (s, 1H), 8.17 (d] = 8, 1H) ppm. CI-MS: m/z =
ether. The organic layer was washed with brine, dried over MgSO 351 [M + NH,4*], 100%.
and evaporated to dryness under vacuum. After purification by  2-(Indol-3-yl)-N-hydroxyacetamide (6a).A DMF solution (10
column chromatography (silica gel, elution with g@t,/CH;0OH, mL) of 2-(indol-3-yl)acetic acid (500 mgsl = 175.19, 2.85 mmol),
95/5 v:v mixture), 1-(5-bromo-H-indol-3-yl)-3-hydroxypropan-2- 1-hydroxybenzotriazole (HOBT) (425 migl, = 135.13, 3.14 mmol,
one?2 was obtained (45 mg, yield of 219} (silica gel, CHCI,/ 1.1 equiv), and 1-(3-dimethylaminopropyl)-3-ethylcarboxylimine
CH3OH, 9/1 v:v mixture)= 0.5. T = 88 °C. IR (cnT?1): 1702 hydrochloride, EDCI (602 mgyl = 191.71, 3.14 mmol, 1.1 equiv),
(vco)- *H NMR (250 MHz, CDC}): ¢ 3.00 (s, 1H), 3.81 (s, 2H),  was stirred under argon for 5 min. We then add&chethylmor-
4.31 (s,2H), 7.15 (s,1H), 7.19.32 (m, 2H), 7.64 (s, 1H), 8.21 (s,  pholine (NMM) (345uxL, M = 101.15,d = 0.92, 3.14 mmol, 1.1
1H) ppm. CI-MS: vz = 285, 287 [M+ NH,4"], 80%; 268, 270 equiv). The reaction mixture was stirred at room temperature for 2
[M*], 100%. Expected for GH10BrNO.: C, 49.28; H, 3.76; N, h, and hydroxylamine hydrochloride (218 mi, = 69.5, 3.14
5.22. Observed: C, 49.10; H, 3.75; N, 5.17. mmol, 1.1 equiv) was added. The solution was stirred overnight,
Thioacetic Acid S[3-(Indol-3-yl)-2-oxopropyl] Ester (5a). and the DMF was then evaporated under vacuum to give a yellow
Thionyl chloride (15QuL, M = 118.97,d = 1.63, 2.06 mmoL, 1.2 oil that was dissolved in ethyl acetate. This solution was succes-
equiv) was added, under argon, to a solution (10 mL) of 2-(indol- sively washed with water and aqueous NaHC®fter the usual
3-yhacetic acid (300 mgM = 175.19, 1.72 mmol) in CKCl.. workup, solvent evaporation gaéa as a white solid (260 mg,
The mixture was heated at 4C for 3 h, and the solvent was yield of 60%). IR (cnT%): 1638 (o). *H NMR (250 MHz, DMSO-
evaporated at low pressure. The residue was dissolved ¥ClgH  dg): 0 3.44 (s, 2H), 7.02 (t) = 7.1, 1H), 7.12 (tJ = 7.1, 1H),
(10 mL) and added to a freshly prepared solution of diazomethane 7.19 (s, 1H), 7.39 (dJ = 7.8, 1H), 7.62 (dJ = 7.6, 1H), 8.74 (s,
in diethyl ether under argon via a syringe (10.4 niL= 0.66 M, 1H), 10.65 (s,1H), 11.85 (s, 1H) ppm. Expected fapHGoN,0-:
6.88 mmoL, 4 equiv). After being stirred afQ for 4 h, the solution C, 63.15; H, 5.30; N, 14.73. Observed: C, 62.96, H, 5.31, N, 14.63.
was evaporated under reduced pressure to give in a 95% yield the 2-(5-Bromo-1H-indol-3-yl)-N-hydroxyacetamide (6b).Starting
diazo compoun@®a as a yellow oil that was used without further  from (5-bromo-H-indol-3-yl)acetic acid (200 mgVl = 254.09,
purification. 3a. R (silica gel, ethyl acetate/cyclohexane, 1/1 v:iv.  0.787 mmol), 116 mg ofb was obtained, with a yield of 55%
mixture)= 0.65. IR (cnT1): 2100 (cn), 1726 fco). 'H NMR (250 (C18 silica gel, ethyl acetate/methanol, 1/1 v:v mixture).8. T¢

acetic acid (300 mgM = 254.09, 1.18 mmol) gave 227 mg of
thioacetic acid 5-[3-(5-bromoH-indol-3-yl)-2-oxopropyl] estebb,
giving a yield of 59% R (silica gel, ethyl acetate/cyclohexane, 1/1
v:v mixture)= 0.5.1H NMR (250 MHz, CDC}): ¢ 2.36 (s, 3H),
3.78 (s, 2H), 3.92 (s, 2H), 7.33.29 (m, 3H), 7.72 (s, 1H), 7.48
(d,J=7.7, 1H), 8.18 (s, 1H) ppm. CI-HRMS: observed farld; s
BrNO,St ([M + H]"), 7°Br 325.9850,81Br 327.9830; observed,
79Br 325.9843 81Br 327.9837.

Diazo Compound 3b. 3bwas isolated in a 95% yieldRs (silica
gel, cyclohexane/ethyl acetate, 3/7 v:v mixture.5. IR (cnr?):
2101 (en), 1715 pco). *H NMR (250 MHz, CDCh): o 3.75 (s,
2H), 5.68 (s, 1H), 7.22 (d&J = 8.5,4) = 1.5, 1H), 7.34 (s, 1H),
7.37 (d,2) = 8.5, 1H), 7.75 (d4J = 1.5, 1H) ppm. CI-MS:m/z =
278, 280 [M], 60%; 250, 252 ([M— N;]*), 100%.

3-(3-Acetylsulfanyl-2-oxopropyl)indole-1-carboxylic Acid Ben-
zyl Ester (5¢). The same procedure applied to 3-carboxymethylin-
dol-1-carboxylic acid benzyl ester (200 mgl, = 309.32, 0.647
mmoL) gave 178 mg obc, corresponding to a yield of 729
(ethyl acetate/cyclohexane, 1/1 v:v mixture)0.6.'H NMR (250
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=145°C. IR (Cn’rl): 3417 on), 3213 pnn), 1633 co). IH NMR
(250 MHz, DMSO€g): 6 3.49 (s, 1H), 7.267.44 (m, 3H), 7.87
(s, 1H), 8.86 (s, 1H), 10.59 (s, 1H), 11.14 (s, 1H) ppm. CI-MS:
m/z= 270, 272 [M+ H]*, 100%. Expected for {gHoBrN,O,: C,
44.63; H, 3.37; N, 10.41. Observed: C, 44.52, H, 3.52; N, 10.45.
5-Bromo-3-hydroxycarbamoylmethylindole-1-carboxylic Acid
Benzyl Ester (6d).Starting from 5-bromo-3-carboxymethylindol-
1-carboxylic acid benzyl ester (120 mg,= 388.21, 0.309 mmol),
50 mg of6c was obtained with a yield of 40%. IR (ctH): 1650
and 1690 %co). *H NMR (250 MHz, DMSO#dg): 6 3.40 (s, 2H),
5.56 (s, 2H), 7.458.10 (m, 9H), 8.95 (s, 1H), 10.75 (s, 1H) ppm.
Expected for GgHisBrN,O,: C, 53.62; H, 3.75; N, 6.95. Ob-
served: C, 53.73; H, 3.54; N, 7.11.
(4-Fluoro-1H-indol-3-yl)acetic Acid Ethyl Ester (8e). To a
cooled solution of 4-fluoro-#-indole 7e (M = 135.05, 300 mg,
2.22 mmol) in 3.3 mL of THF, we added 1.39 mL (2.22 mmol) of
1.6 M n-BuLi in hexane, keeping the solution belowQ with an
ice bath. After 15 min, 2.22 mLfdl N ZnCl, in diethyl ether was

Journal of Medicinal Chemistry, 2007, Vol. 50, Nb7 1

IR (Cmfl): 3348 @nk), 3190 (o), 1625 ¢co). IH NMR (250
MHz, acetoneds): 6 3.59 (s, 2H), 7.10 (dJ = 8.5, 1H), 7.35 (s,
1H), 7.41 (d,J = 8.5, 1H), 7.67 (s, 1H), 10.00 (s, 1H), 10.29 (s,
1H) ppm. CI-HRMS: expected for {gH10N,0.Cl (M + HT]),
225.0431 (100%), 227.0461 (33%); observed 225.0432 (100%),
227.0413 (32.4%).

(5-Methoxy-1H-indol-3-yl)acetic Acid Ethyl Ester (8h). We
obtained 219 mg of the est&h (yield of 46%) from 300 mg of
5-methoxy-H-indole 7h (M = 147.18, 2.04 mmol}*H NMR (250
MHz, acetoneds): 6 1.23 (t,J = 7, 3H), 3.73 (s, 2H), 3.82 (s,
3H), 4.15(qJ =7, 2H), 6.79 (dJ = 8.5, 1H), 7.11 (s, 1H), 7.26
7.32 (m, 2H), 9.97 (s, 1H) ppm.

2-(5-Methoxy-1H-indol-3-yl)-N-hydroxyacetamide (6h).Start-
ing from 219 mg of the esteBg (M = 233.26, 0.94 mmol), we
obtained 90 mg (yield of 43%) of the hydroxamic aéld (M =
220.22). IR (cmY): 3307 fnp), 3160 fop), 1620 fco). 'H NMR
(250 MHz, acetonek): o 3.57 (s, 2H), 3.81 (s, 3H), 6.77 (d&]
=8.8,43= 2.3, 1H), 7.15 (dJ = 2.3, 1H), 7.22 (s, 1H), 7.28 (d,

added. The cooling bath was removed, and the mixture was stirredJ = 8.8, 1H), 7.93 (s, 1H) ppm, 10.04 (s, 1H). HRMS: expected
for 24 h. The solvent was then evaporated under vacuum to give afor Cy3H13N,O3 ([M+H*]), 221.0926; observed 221.0928.

wax, which was further dissolved in anhydrous toluene (3.3 mL).
Ethyl 2-bromoacetate (246L, 2.22 mmol) was added, and the
solution was stirred for 24 h. The mixture was then acidified with
1 N HCI and poured into ethyl acetate. The organic layer was
washed with brine and dried over Mg&aQhe ester was subjected
to chromatography on silica gel, eluting with 10% ethyl acetate/
cyclohexane to give 158 mg (32%) 8& *H NMR (250 MHz,
acetonedg): 0 1.24 (t,J = 7, 3H), 3.88 (s, 2H), 4.16 (q] = 7,
2H), 6.71 (dd,sJHF = 11, 3\]HH = 8, lH), 7.06 (td,SJHH = 8, AJHF
= 5.4, 1H), 7.23 (dJ = 8, 1H), 7.28 (d>Jur = 1.9, 1H), 10.34 (s,
1H) ppm.

2-(4-Fluoro-1H-indol-3-yl)-N-hydroxyacetamide (6e) NH,OH-
HCI (497 mg, 7.15 mmol) was added as a powder to 6.4 mL of a
1 M solution of sodium ethoxide in ethanol. This solution was added
to an ethanol solution (10 mL) of the es8%(158 mg, 0.715 mmol,
M = 221.03). The mixture was stirred under argon at8Gor 24

(6-Bromo-1H-indol-3-yl)acetic Acid Ethyl Ester (8i). We
obtained 192 mg of the est&i (yield of 45%) from 300 mg of
6-bromo-H-indole (7i) (M = 196.05, 1.53 mmol)}}H NMR (250
MHz, DMSO-dg): 6 1.23 (t,J = 7.2, 3H), 3.76 (s, 2H), 4.13 (q,
J=7.2,2H), 7.19 (dd3J = 8.5, = 1.5, 1H), 7.34 (s, 1H), 7.55
(d,J = 8.5, 1H), 7.62 (dJ = 1.5, 1H), 10.28 (s, 1H) ppm.

2-(6-Bromo-1H-indol-3-yl)-N-hydroxyacetamide (6i).Starting
from 192 mg of the este3i (M = 282.16, 0.68 mmol), we obtained
136 mg (yield of 74%) of the hydroxamic ac& (M = 269.09).

IR (cm™): 3335 (np), 3230 fon), 1615 fco)- *H NMR (250

MHz, acetoneds): ¢ 3.60 (s, 2H), 7.17 (dd®J = 8.5,4] = 1.5,

1H), 7.30 (s, 1H), 7.6 (m, 2H), 8.0 (s, 1H), 10.0 (s, 1H), 10.27 (s,

1H) ppm. CI-HRMS: expected for gH10N>0,"Br (M + HT)),

290.9745; observed 290.9743.
2-(5-Bromo-2-methyl-1H-indolyl)acetic Acid Ethyl Ester (8j).

We obtained 201 mg of the est@y (yield of 48%) from 300 mg

h. After the mixture was cooled and the solvent was evaporated of 5-bromo-2-methyl-H-indole 7j (M = 210.06, 1.43 mmol)!H
under vacuum, the residue was dissolved in ethyl acetate. ThisNMR (250 MHz, acetonek): 6 1.18 (t,J = 7, 3H), 2.33 (S, 3H),

organic layer was washed with brine, aqueous Nagl©Q N HClI,
and finally with brine and dried over MgSOAfter evaporation
under vacuum, the hydroxamic aci® was dissolved in a 1:1

3.66 (s, 2H), 4.06 (qJ = 7, 2H), 7.10 (d,J = 8, 1H), 7.22 (d,
J =8, 1H), 7.56 (s, 1H), 10.11 (s, 1H) ppm.
2-(5-Bromo-2-methyl-1H-indolyl)- N-hydroxyacetamide (6j).

mixture of acetone/cyclohexane. Slow evaporation of acetone at Starting from 201 mg of the est& (M = 296.16, 0.68 mmol),

low pressure gave 75 mg 6Eas a white solid (51%). IR (cn):
3354 (/n), 3280 on), 1631 fco). *H NMR (250 MHz, acetone-
dg): 0 3.72 (s, 2H), 6.70 (dBJyr = 11,334 = 8, 1H), 7.05 (td,
3Jun = 8,%Jur = 5.4, 1H), 7.22 (dJ = 8, 1H), 7.28 (s, 1H), 10.00
(s, 1H), 10.43 (s, 1H). CI-HRMS: expected forg813N30.F ([M
+ NH41]), 226.0992; observed 226.0991.

(5-Fluoro-1H-indol-3-yl)acetic Acid Ethyl Ester (8f). We
obtained 91 mg of the est@&f (yield of 44%) from 125 mg of
5-fluoro-1H-indole (7f) (M = 135.05, 0.926 mmol}H NMR (250
MHz, acetoneds): 6 1.24 (t,J = 7.2, 3H), 3.74 (s, 2H), 4.13 (q,
J=17.2,2H), 6.92 (tJ =9, 1H), 7.30 (dJ = 9, 1H), 7.38 (m,
2H), 10.21 (s, 1H) ppm.

2-(5-Fluoro-1H-indol-3-yl)-N-hydroxyacetamide (6f).Starting
from 91 mg of the estef (M = 221.23, 0.41 mmol), we obtained
21 mg (yield of 25%) of the hydroxamic acéf (M = 208.19). IR
(cm™1): 3360 @nn), 3175 fon), 1625 pco). *H NMR (250 MHz,
acetonaals): 0 3.57 (S, ZH), 6.91 (td3,JH|: = SJHH = 9-3:4JHH =
2.3, 1H), 7.33-7.41 (m, 3H), 8.00 (s, 1H), 10.08 (s, 1H), 10.22 (s,
1H) ppm. CI-HRMS: expected for gH10NOF (M + HT),
209.0726; observed 209.0720.

(5-Chloro-1H-indol-3-yl)acetic Acid Ethyl Ester (8g). We
obtained 198 mg of the est8g (yield of 43%) from 300 mg of
5-chloro-H-indole (7g) (M = 151.60, 1.98 mmol):H NMR (250
MHz, acetoneds): 6 1.24 (t,J = 7, 3H), 3.77 (s, 2H), 4.14 (q,
J =7, 2H), 7.24 (dJ = 8.5, 1H), 7.35-7.40 (m, 2H), 7.79 (s,
1H), 10.33 (s, 1H) ppm.

2-(5-Chloro-1H-indol-3-yl)-N-hydroxyacetamide (6g).Starting
from 198 mg of the este8g (M = 233.26, 0.85 mmol), we obtained
194 mg (yield of 95%) of the hydroxamic acét) (M = 224.64).

we obtained 160 mg (yield of 83%) of the hydroxamic agjdM
= 283.12). IR (cm%): 1690 fco). *H NMR (250 MHz, acetone-
de): 0 2.44 (s, 3H), 3.69 (s, 2H), 7.14 (d,= 8.4, 1H), 7.26 (d,
J=28.4, 1H), 7.67 (s, 1H), 10.20 (s, 1H) ppm. CI-HRMS: expected
for C11H1aN,0,7%Br (M + 3H]T), 285.0239; observed 285.0234.
5-Bromo-2-methyl-1H-indole-3-carbaldehyde (9)POCE (267
uL, 2.86 mmoL,d = 1.64) was added under argon af® to a
solution of 5-bromo-2-methylH-indole 7j (500 mg, 2.38 mmol)
in 5 mL of DMF. This mixture was stirred at room temperature
overnight, and 2 mL ©2 N aqueous NaOH was then added. The
solution was stirred for 2 h. It was then poured into ethyl acetate.
After the mixture was washed with water, dried, and evaporated to
dryness, 526 mg dd was isolated as a white solid (yield of 93%).
IR (cm™1): 1628 ('c—0). *H NMR (250 MHz, acetonel): 6 2.78
(s, 3H), 7.33 (d3J = 8.45, 1H), 7.36 (d3J = 8.45, 1H), 8.33 (s,
1H), 10.15 (s, 1H), 11.04 (s, 1H) ppm. CI-MSw/z = 255, 257
[M + NH4*], 85%; 238-240, [M*], 100%. Expected for GHg-
BrNO: C, 50.45; H, 3.39; N, 5.88. Observed: C, 50.42, H, 3.49;
N, 5.87.
5-Bromo-2-methyl-1H-indole-3-carbaldehydeoxime (10)NHx-
OH-HCI (70 mg, 1.01 mmol) was added to a solution9200
mg, 0.84 mmol) in 5 mL of pyridine. The solution was stirred at
room temperature fo5 h and then evaporated to dryness. The
residue was dissolved in ethyl acetate, and the resulting solution
was successively washed il N HCI and brine and dried over
MgSQ,. The solvent was evaporated, and 210 mg@ifvas isolated
as a yellow oil in quantitative yield. IR (cm): 1622 (c—n). H
NMR (250 MHz, acetonel): 6 2.53 (s, 3H), 7.27.35 (m, 2H),
7.80 (s, 1H), 8.32 (s, 1H), 9.69 (s, 1H), 10.49 (s, 1H) ppm. Expected
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for CioH9BrN,0-0.25H0: C, 46.63; H, 3.72; N, 10.87. Ob-
served: C, 46.69; H, 3.66; N, 10.58.
N-[2-(5-Bromo-2-methyl-1H-indole-3-yl)methyllhydroxyl-
amine (11).To a 10 mL solution of 10) (110 mg, 0.43 mmol) in
methanol, we added a few crystals of methyl orange followed by
a few drops of an ethanolic solution of HCI(g) (2 N). The solution

Boularot et al.

CH,Cl,. The solution was stirred f® h at 0°C under argon, then
washed with water and aqueous NaHCADd dried over MgS©
Filtration and evaporation at low pressure gave 80 miSpfvhich
was tested without further purification because of the instability of
this molecule during silica gel chromatography.NMR (250 MHz,
CD,Cly): 6 8.13 (d,J =9, 1H), 7.83 (dJ = 7.4, 2H), 7.73 (d,

turned reddish purple. The red color of the solution was maintained J = 1.7, 1H), 7.6 (m, 4H), 4.47 (s, 2H), 3.4 (s, 1H), 2.69 (s, 3H).

by adding HCI, and an amount of 2 equiv of NafN (55 mg,
0.86 mmol) in 5 mL of THF was added. The solution was stirred.
A few hours later, the red color was stable and the solution was
left with stirring overnight. The solvent was evaporated, the residue
was dissolved in 5 mL of methanol, and 5 mL of water was added.
The pH was adjusted to 9 witl N agueous NaOH. This solution
was extracted with CHCl,. After the usual workupll (110 mg)
was isolated as a yellow oil in a quantitative yield and was
characterized without further purificatioAH NMR (250 MHz,
acetoneds): 0 2.51 (s, 3H), 5.16 (s, 2H), 7-17.3 (m, 2H), 8.10
(s, 1H), 10.34 (s, 1H) ppm. CI-MSm/z = 255, 257 [M"], 30%;
224, 226 ((M— NHOH]™), 100%. Expected for H11BrN,O: C,
47.08; H, 4.35; N, 10.98. Observed: C, 46.97; H, 4.51; N, 11.13.
5-Bromo-2-methyl-1-(phenylsulfonyl)-H-indole-3-carbalde-
hyde (12).A solution of 5-bromo-2-methylHi-indole-3-carbalde-
hyde9 (500 mg, 2.10 mmol) was added afQ under argon to a
suspension of NaH (110 mg, 4.62 mmol, 2.2 equiv) in 10 mL of
THF. The solution was stirred for 1 h, and a solution of
benzenesulfonyl chloride (320L, 2.52 mmol, 1.2 equiv) was

CI-HRMS: expected for gH140sNBrS ([M — H]*), 392.9909
(96%), 394.9889 (100%); observed 392.9911 (24.7%), 394.9895
(24.2%).
N-(1-Benzenesulfonyl-5-bromo-2-methyl-i-indol-3-ylmethyl)-
N-hydroxyformamide (16). Formic acid (3.77 mL, 0.1 mol) was
added dropwise at @C to acetic anhydride (9.45 mL, 0.1 mol).
The mixture was then heated at %0 for 2 h and left to cool to
room temperature. We addéd (80 mg, 0.2 mmol) dissolved in
10 mL of CH,CI, dropwise, at room temperature, to this solution.
The mixture was stirred overnight, and evaporation of the solvent
under vacuum gave an oil, which was subjected to silica gel
chromatography, with elution with Gi&l,/CsH1,, 99.5/0.5 (viv
mixture) in the presence of a few drops of acetic acid. Following
evaporation, we obtained 50 mg db (yield of 60%) upon
precipitation from an ether solution into pentafid. NMR (250
MHz, acetoneds): 0 2.72 (s, 3), 4.81 (s, 2H), 7.47 (dd3J =
8.8,41=1.9, 1H), 7.63 (tJ = 7.5, 2H), 7.73 (d) = 7.5, 1H), 7.8
(d,J=1.9, 1H), 7.94 (dJ = 7.5, 2H), 8.13 (dJ = 8.8, 1H), 8.35
(s, 1H), 9.10 (s, 1H) ppm. FABMS: 423, 425 ([M+ H]"), 10%;

added. The mixture was stirred overnight at room temperature. We 461, 463 ((M+ NH4*]), 10%. CI-HRMS: expected for £H;50,N3-

then added 50 mL of water and extracted the solution with ethyl
acetate. The organic layer was washed successively with 0.1 N HCI
aqueous NaHC@and brine and dried over MgQJFiltration over
Celite and evaporation gave 700 mg b2 (95% vyield) after
recrystallization from a pentane/acetone mixtuie¢.NMR (250
MHz, acetoneds): ¢ 3.05 (s, 3H), 7.57 (ddBJ = 8.9,4] = 2.1,
1H), 7.6-8.0 (m, 5H), 8.19 (dJ = 8.9, 1H), 8.41 (dJ = 2.1,
1H), 10.32 (s, 1H) ppm. CI-MSm/z = 378, 380 [M], 100%.
2-(5-Bromo-2-methyl-1-(phenylsulfonyl)- H-indol-3-yl)etha-
nol (13). To a solution of12 (700 mg, 1.85 mmol) in 10 mL of
methanol, we added a solution of NaBt84 mg, 2.22 mmol) in
10 mL of methanol. After the mixture was stirred #® h atroom

BrS (IM + NH,*]), 440.0280 (95.6%), 442.0260 (100%); observed

,440.0292 (86.4%), 442.0247 (92.9%).

(1-Hydroxycarbamoylmethyl-2-phenylethyl)carbamic Acid
tert-Butyl Ester (18). We prepared 50 mg df8 with a 55% yield,
following the usual procedure for hydroxamic acid synthesis starting
from 3+ert-butoxycarbonylamino-4-phenylbutyric acid (0.308
mmoL, M = 279.33,m = 86 mg).'H NMR (250 MHz, DMSO-
dg): 0 1.36 (s, 9H), 2.16 (m, 2H), 2.72 (m, 2H), 3.99 (m, 1H),
6.71 (d,J = 8.6, 1H), 7.19-7.35 (m, 5H), 8.83 (s, 1H), 10. 40 (s,
1H) ppm. Expected for GH»oN204:0.25H0: C, 60.29; H, 7.59;

N, 9.37. Observed: C, 60.19; H, 7.38; N, 9.58.

(1-Hydroxyaminomethyl-2-phenylethyl)carbamic Acid tert-

temperature, the solution was poured into ethyl acetate and washedutyl Ester (20). Compound20 was prepared from (1-formyl-2-

with water and brine. The organic layer was dried over MgSO

phenylethyl)carbamic acitert-butyl esterl9 following the same

and the solvent was evaporated under vacuum. The alcohol wasprocedure as fofll. The product was purified by flash chroma-

subjected to silica gel chromatography, with elution with cyclo-
hexane/ethyl acetate, 70/30, yielding 700 md.8in quantitative
yield as a pale-yellow powdetH NMR (250 MHz, acetongl):
0 2.64 (s, 3H), 4.02 (s, 1H), 4.72 (s 2H), 7.45 (8d= 8.9, =
2, 1H), 7.83 (d,J = 2, 1H), 7.6-8.0 (m, 5H), 8.13 (dJ = 8.9,
1H) ppm. CI-MS: m/z = 380, 382 [M'], 100%.

tert-Butyl 2-(5-Bromo-2-methyl-1-(phenylsulfonyl)-1H-indol-
3yl)methyl(tert-butoxycarbonyloxy)carbamate (14).To a solution
of 13 (220 mg, 0.58 mmol) in 10 mL of THF, we successively
added, at room temperature under argon,sHPA equiv, 167 mg,
0.64 mmol). We stirred the mixture for 15 min and then added
N-bromosuccinimide (1.1 equiv, 113 mg, 0.64 mmol). The mixture
was stirred at room temperature overnight. The bromo derivative

tography over silica gel (95:5 GBI,/AcOEt) to give a white solid
(45%).*H NMR (250 MHz, CDC}): 6 1.4 (s, 9H), 2.6-2.7 (m,
1H), 2.8 (dJ=6.7, 2H), 3.1-3.3 (m, 1H), 4.+4.2 (m, 1H), 4.5
4.6 (m, 1H), 7.2-7.5 (m, 7H). Expected for zH,,N,0s: C, 63.13;
H, 8.32; N, 10.51. Observed: C, 63.17; H, 8.14; N, 10.43.

(1-Hydroxycarbamoylmethyl-2-phenylethyl)carbamic Acid
tert-Butyl Ester (21). Compound21 was synthesized as descriBed
from (1-formyl-2-phenylethyl)carbamic actdrt-butyl esterl9. IR
(cm™Y): 1682 (co). *H NMR (250 MHz, CDC}): 6 1.38 (s, 1H),
2.83 (d,J = 6.7, 2H), 3.08-4.01 (m, 2H), 4.19 (m, 1H), 4.61 (d,
J = 3.9, 1H), 7.157.80 (m, 5H), 8.32 (s, 1H), 8.85 (s, 1H).
Expected for GsH»oN,04:0.2H,0: C, 60.47; H, 7.58; N, 9.40.
Observed: C, 60.67; H, 7.57; N, 9.31.

was not isolated and was subsequently tested in this solution. A Microbiology. Two wild-type Bacillus subtilis strains were

solution of N,O-bis(tert-butoxycarbonyl)hydroxylamine (135 mg,
0.58 mmol) in 5 mL of DMF previously stirred for 15 min with
NaH (1.1 equiv, 15 mg) was added to the bromo derivative. The
resulting solution was stirred for 2 h. After the addition of £H
CL,, the solution was washed with water, aqueous®lHand brine
and dried over MgS® The solvent was evaporated, and the residue
was subjected to silica gel chromatography, with elution in,-CH
Cl,/CgH12, 70/30 and 80/20, giving 150 mg 4# (yield of 44%).
IH NMR (250 MHz, acetonek): ¢ 1.35 (s, 9H), 1.49 (s, 9H),
2.67 (s, 3H), 4.87 (s, 2H,), 7.47 (d¥l = 8.8, = 1.8, 1H), 7.63
(m, 3H), 7.78 (dJ = 1.8, 1H), 7.9 (dJ = 7.5, 2H), 8.13 (d,) =
8.8, 1H) ppm. CI-MS:m/z = 612, 614 [M"], 100%.
N-((5-Bromo-2-methyl-1(phenylsulfonyl)-H-indol-3-yl)meth-
yhhydroxylamine (15). We added 77%L of trifluoroacetic acid
(40 equiv) to a solution o4 (150 mg, 0.25 mmol) in 10 mL of

used: MO3482, a prototrophgkin prophage-cured derivative of
JH642, and 168t(pC2).37 Strains Y101 AykrB::nm, trpC2) and
D101 (Adef:nm, trpC2) were derived from 168 Two 168
derivatives (one in which both wild-type PDF lod€fandykrB)
were deleted and another in which one PDF locus was conditionally
expressed under the controliokylose) were used Y103 (Adef:

nm, AykrB::erm, AthrC::xylR-Pyya-ykrB-spg trpC2) and D103
(Adef:erm, AykrB::nm, AthrC::xyIR-P,ya-defspg trpC2). E. coli
strains K37 ¢alK), IM101Tr galK, rpsL, recA56, srl-300::TrL0),

and CAG1284 £, tolC21Q0:Tnl10, rph-) have been described
elsewhere&8-40 Drug susceptibility was determined by culturing an
inoculum containing (3+4) x 10* CFU. The inoculum was cultured
for 18 h at 37°C in 3 mL of Muelle—Hinton broth medium
(Sigma) in the presence of various dilutions of the drug. The MIC
value obtained corresponds to the lowest concentration of the drug
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at which less than 10% control levels of growth occurred, as
assessed by the measurement of optical density at 600 nmgg, OD
~ 3 x 10° CFU/mL).

Cell-Based AssaysApoptosis in KB cells was assessed by
measuring luminescence due to caspase-3/7 induction, with the
Caspase-Glo 3/7 kit (Promega). In this assay, a Z-DEVD prolu-

minescent substrate produces light in the presence of caspase-3/7,

ATP, O,, and Glo luciferase. A 1® M docetaxel concentration
used as internal standard induced caspase activity by a factor of 2.
Toxicity assays were performed with the CellTiter 96 AQeous One
solution proliferation assay kit (Promega), using colorimetric
measurement at 490 nm. All assays were carried out in triplicate
with a Biomek workstation (Beckman) in 96-well plates.

3D Modeling. All PDF sequences were numbered as for the
EcPDF sequence, as previously descrifed substitution of
residue X in any PDF indicates that the substitution concerns the
residue corresponding to amino acid X in EcPDF. Three-
dimensional (3D) modeling was carried out with Insight Il software
(Accelrys). The 3D structures d?seudomonas aerugino$DF
(PaPDF1) bound to a benzathiozinerfgydroxamic (BTH) deriva-
tive (PDB entry 1S17} and PaPDF1 bound to actinonin (PDB
entry 1LRY)® were aligned. Compoun@b was constructed with
the Sketcher module, aligned on the structure of both actinonin
and BTH, using the hydroxamate group as a fixed anchor and was
used to replace either compound in the 3D structure. &he
structure docked to PaPDF1 was subjected to further energy
minimization with the CharmM force field, and the lowest energy
structure was selected.
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