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ABSTRACT

Seven new halogenated peptides termed svetamycins A-G (1-7) have been isolated from
laboratory cultures of a Streptomyces sp. Svetamycins A-D, F, and G are cyclic depsipeptides
whereas svetamycin E is a linear analogue of svetamycin C. Their structures were determined
using extensive spectroscopic analysis, and their stereochemical configuration was established
by a combination of NMR data, quantum mechanical calculations, and chemical derivatizations.
Svetamycins are characterized by the presence of a hydroxyl acetic acid and five amino acids
including a rare 4,5-dihydroxy-2,3,4,5-tetrahydropyridazine-3-carboxylic acid, a y-halogenated
piperazic acid, and a novel d-methylated piperazic acid in svetamycins B-C, E, and G. Moreover,
isotope-labeled substrate feeding experiments demonstrated ornithine as the precursor of
piperazic acid and that methylation at the & position of the piperazyl scaffold is S-adenosyl-L-
methionine (SAM)-dependent. Svetamycin G, the most potent antimicrobial of this suite of

compounds, inhibited the growth of Mycobacterium smegmatis with an MICgg value of 2 pg/mL.
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INTRODUCTION

The emergence of resistance to antibiotics is unavoidable due to the natural selection for
resistant pathogens that takes place with each generation of newly discovered antibiotics.'
Therefore, there is a continuous need to identify new lead antimicrobials with improved activities
and/or novel mechanisms of action. Microorganisms are an excellent source of new
antimicrobial natural products skeletons because of their capability to synthesize a plethora of
small molecules with fascinating chemical structures and potent biological properties. Indeed,
four antibacterial small molecules approved by the U.S. FDA during 2011 to 2014 were either
microbial derived-natural products or synthetic derivatives thereof.” As part of an ongoing
collaboration between Fraunhofer IME and Sanofi, we have screened a part of the Sanofi’s
microbial extract library for antibacterial activity against opportunistic microbial pathogens. In
particular, methanol extracts of a Streptomyces sp. (DSM 14386) strongly inhibited the growth of
Eschericia coli, MRSA, and Mycobacterium smegmatis. Bioassay and UPLC-HRMS-guided
fractionation led to the isolation of five new chlorinated peptides termed svetamycins A-E (1-5)
together with the known chlorinated pentalenolactone AA-57.° Additionally, to determine if
strain DSM 14386 was biosynthetically capable of producing other halogenated peptides, DSM
14386 was cultivated with a nutrient medium supplemented with sodium bromide leading to the
production of two brominated congeners named svetamycin F (6) and G (7). Their structures
were elucidated by extensive NMR and HR-ESI-MS analysis along with quantum mechanical

calculations, chemical derivatization, and circular dichroism experiments.
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RESULTS AND DISCUSSION

Large scale fermentation (20 L) of DSM14386 was carried out, and the culture supernatant
was treated with a mixture of Amberlite® XAD-7 and -16. The bound compounds were
extracted with methanol and the dried extract was fractionated by Sephadex LH-20 column
chromatography, and further subjected to semi preparative HPLC (C-12 column) to yield pure
compounds 1-5. An additional fermentation was conducted on agar plates in which the NaCl of
the fermentation media was replaced with an equal amount of NaBr. Accordingly, fractionation

of the generated methanol extracts afforded the brominated compounds 6 and 7.

1 R'=R?=R%=H R4=Cl 5
2 R'=H, R%=Me, R®%=H R4=Cl
3 R'=R%=Me, R®=H Ry=Cl
4 R'=H R%R%=1-bond Rs4=Cl
6 R'=R%=R3=H R4 =Br
7 R'=R%=Me, R®*=H Ry =Br

The most abundant compound among this group was svetamycin A (1). Its molecular formula
was determined as C,4H35CINgO;( based on HR-ESI-MS and NMR data (see Table 1), indicating
11 degrees of unsaturation. The HSQC spectrum of 1 exhibited resonances characteristic of a
peptide bearing oxygenated and imine functionalities including four a-amino methines (6y 4.90,
dc 50.9; 0y 5.73, 8. 49.8; 01y 5.33, 8. 43.1; 0 4.71, & 56.9), two oxymethines (oy 3.93, 3. 62.6; o
4.06, 6. 63.8), two oxymethylene (6 3.67, 3.82, 8. 63.6;. oy 4.64, 5.30, d. 61.5), and one olefinic
methine (8 6.97, 8. 147.2). Besides, the °C NMR spectrum showed resonances ascribable to six

carbonyls at 6 166.6 - 172.7 and one quaternary carbon at & 60.4. Further analysis of the 2D
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NMR data allowed us to determine the presence of the amino acids alanine, a-methlyserine (o-
MeSer), piperazic acid (Pip), and y-chloro-piperazic acid (y-CIPip) together with a hydroxyacetic
acid residue (Haa). Additionally, TOCSY and COSY spectra showed that the remaining spin
system comprised an imine proton (H-5p,.ondrip) two oxymethines (H-3p,.onapip and H-4g,.
ondpip), two hydroxyl protons (OH-3p,.ondprip and OH-4g y.ondpip), and a a-amino methine (H-2g,.
ondpip) (Figure 1). This evidence in combination with key HMBC correlations from H-3g,-0ndpip
to C-1py-ondpip (0 166.6), C-2g,.0napip (8 56.9), C-4py-onaprip (6 62.6) and C-5p-onarip (6 147.2)
revealed the presence of a rare 4,5-dihydroxy-2,3,4,5-tetrahydropyridazine-3-carboxylic acid
(B,y-OHdPip). While monohydroxylated 8,e-dehydropiperazic acids have been reported in
kutznerides,* luzopeptides,4b and quinoxapeptides,* to the best of our knowledge, this report

represents the first occurrence of a 3,y-dihydroxydehydro piperazic acid.

Long-range correlations between a-protons to carbonyl carbons of adjacent amino acids led us
to establish the following partial sequence for 1: y-CIPip-Ala-p,y-OHdPip-Haa. Moreover, inter-
residue ROE correlations of NH-2.peser (0 7.68) to H-2pi, (6 4.90) and of NH-5pi, (6 4.67) to H-2
w-cpip (8 5.73), together with HMBC correlations from NH-2q.meser to C-1pip, (8 168.9) and NH-
Spip to C-1 y.cipip (6 171.8), linked the partial sequence a-MeSer-Pip to the C-terminus of y-CIPip.
Finally, the downfield chemical shifts of the oxygenated methylene protons at 6 5.30 and 4.64
along with a HMBC correlation from the later protons to 6 171.9 indicated an ester linkage
between C-2y,, and C-lgmese. Upon these spectroscopy data, the structure of 1 was
characterized as an 18-membered cyclic depsipeptide. With the amino acid sequence of 1 in
hand, it was evident that svetamycin A was structurally related to the piperazimycins, which
were isolated from a marine Streptomyces,’ and to the gerumycins that were isolated from an ant-

associated Pseudonocardia.’
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Table 1. NMR spectroscopic data (500 MHz, DMSO-d;) for Svetamycin A (1)

position

3a
3b

NH-2

OH-3

3a
3b
4a
4b
Sa
5b
NH-5

3a

3¢

a-MeSer
171.9
60.4
63.6

19.7

Pip
168.9
50.9

24.4

20.2

46.3

y-CIPip
171.8
49.8
34.5

8’ (J in Hz) HMBC*

3.67 dd (11.0, 7.5) 1,2,4
3.82dd (11.0,5.7) 1,2,4
142's 1,2,3

7.68s 1,2,3,4, lp
4.57t(6.5) 2,3

490 m 1,3,4

1.72 m 1,2,4,5
2.19m

1.35m

1.68 m 3,5

2.6l m

2.94brd (12.7) 3,4

4.67¢ 1«/-ClPipa 5«/—ClPip

5.73 dd (5.5, 1.2)

1.90 td

17 35 45 lAla

(11.8,5.5) 1,2,4,5
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3b, 4, NH-2, OH-3
3a, 4, NH-2, OH-3
3ab, NH-2

3ab, 4,0H-3, 2pp,
3bpip

3ab, 4, NH-2

3a,3b, 4b, NH-5, NH-
2a—MeSer

2, 3D, 4a, 5a

2, 3a, 4a, NH-2, meser
3b, 4b, 5ab

2, 3b, 4a, 5b, NH-5
3a, 4a, 5b, 2, cipip
4ab, 3a, 5a, NH-5

3a, 5b, 2,.cipip

3ab, NH-5p;,
2,3b, 5a
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3b 241ddd (11.8,4.6,1.2) 2,4,5 2,3a,4
4 525 4361t (11.4,4.6) 3,5 3b, 5b, NH-5
Sa 54.0 2.66td (12.8,11.6) 3,4 3a, 5b, 3an

©CoO~NOUTA,WNPE

5b 3.38ddd (11.6,4.7,1.8) 3,4 4, 5a,NH-5
1 NH-5 5.23 dd (12.8, 1.4) 5, 1Al 4, 5b

14 Ala

16 1 172.7

18 2 43.1 5.33°dq (8.3, 6.9) 1,3, Iponarip 3, NH-2, 2p,.0mapip
20 3 17.9 1.18 d (6.9) 1,2 2, NH-2

22 NH-2 8.15d(8.3) 1,2, lpronapip 2, 3, 2pyondpip 3py-
24 OHdPip

26 B,y-OHdPip
28 1 166.6
30 2 56.9 4.71 brd (5.4) 1,3,4 3, 4, OH-3, NH-241,

32 3 63.8 4.06 q (4.3) 1,2,4,5 2, 4, 5, NH-2 1, OH-
33 3, OH-4

35 4 62.6 3.93m 2,3,5 2,3, 5, OH-3, OH-4
37 5 1472 6.97d (2.3) 3,4 3,4, 0H-4

OH-3 5.27d (4.2) 1,2,3,4 2,3,4

OH-4 5.80 d (8.6) 3,4,5 3,4,5

44 Haa

46 1 166.7

48 2a 61.5 4.64d (15.6) 1, To-MeSer 2b, Sbpip, 2,-cipip
50 2b 5.30d (15.6) 1, 1g-MeSer 2a

53 “Recorded at 175 MHz; referenced to residual DMSO-d6 at & 39.51 ppm. "Recorded at 500
55 MHz; referenced to residual DMSO-d6 at & 2.50 ppm. “Proton showing HMBC correlation to

indicated carbon. “Proton showing ROESY correlation to indicated proton. “Signal overlapped
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Figure 1. Key 2D NMR data to establish the structure of B,y-OHdPip and the connectivity of the

residues in 1.

The configurations of the stereogenic centers of 1 were solved using a combination of
methods. The absolute configurations of a-MeSer and Ala were deduced as L by LC-MS
comparison of L- and D-FDLA (1-fluoro-2,4-dinitrophenyl-5-L/D-leucinamide) derivatives of the
acid hydrolysate of 1 with authentic standards (Advanced Marfey’s method).” The L- and D-
FDLA derivatives of Pip were detected at retention times of 31.5 and 29.0 min on the
reconstructed ion chromatogram for m/z 425 [M + H], respectively (see Advanced Marfey’s
Analysis, Experimental Section). As reported by Cai et al,® the L-FDLA derivative of the D-Pip
should elute before the L-Pip derivative. Thus, the absolute configuration of Pip was determined
to be L. To establish the absolute stereochemistry of y-CIPip, we first established its relative
configuration by analyzing ROESY spectrum and 3JH,H coupling constants. The equatorial
position of H-2,.cipi, was assigned on the basis of its intermediate and small 3JH,H coupling
constants of (5.5 and 1.2 Hz). In addition, key ROE correlations between H-2,.cipip/H-3a,_cipip, H-

Zy-ClPip/H‘3by-ClPip, H-5ay_c1pip/H-3ay_01pip, and H‘4y-ClPip/NH‘5y-ClPip indicating H‘4y-ClPip was axial
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(see Figure 2a). We then synthesized an authentic sample of (3R,5S)-5-chloropiperazic acid by
using a variation of two previously described routes (see Scheme 1),” and applied the advanced

Marfey’s method which pointed out the presence of (3R,5S5)-5-chloropiperazic acid.

Scheme 1. Synthesis of (3R,55)-5-chloropiperazic acid

o o
§i> NaH, BnBr §i> KOH, MeOH TBSCI PPN
O~/ ——— 0 ———— " HO < NoBn T > TBSO = 0Bn

3 THF/DMF, tt, 4d B reflux, 6h H DCM :
~0OH ~0Bn OH OTBS
8 9 10 1
0 PivCI, NEts P o P o
aq. KCOy J o~ THF, 0 °C oA o~ Pd/C, EOAG oA M~
—_— HO v~ 0Bn —_— ‘\/N v~ S0Bn _— N v~ “OH
MeOH/THF, 0 °C 51Bs BuLi, THF, -79 °C / 5TBS Hay / 5TBS
’//\ Bn Bn
o)
HN
12 \‘( 13 14
o)
//Z) o 0 o o)
PhsP, CBry ?\/ N)K/\ABr DBAD, LDA OJ(N oTBS NaOMe Voo OTBS
—_— B —_— —_—
THF { OTBS DMPU, THF ‘\/ N DCM, -33°C N
Bn Bn  Boc ’\\‘ Bod
Boc Boc
15 16 17
o)
TBAF OH PhsP, CCI LiOH, H,0
. MeO TR bl —»
THF N. MeCN
Boc/ ’\\‘
Boc
18 19 20 21

Once again ROE correlations and *Jii 11 coupling constants were used to determine the relative
configuration of 8,y-OHdPip. The intermediate 3JH,H coupling constant between H-2g ,.onapip and
H-3gy-onaprip (5.5 Hz) along with strong ROE correlations between H-2g ,.ondpip/H-4p,y-ondprip and
H-3gy-onapip/NHala indicated H-2p,.0ndrip and the hydroxyl group at C-3p,.0mdrip Were
pseudoaxial, whereas the hydroxyl group at C-4g,.ondprip Was pseudoequatorial (see Figure 2b)."°
Together, this NMR data indicated the relative configuration of the stereogenic centers in B,y-

OHdPip as 2R*, 3R*, 45*. Interestingly, this result highlighted a structural key difference of

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

svetamycins with respect to natural product cyclodepsipeptides, in which the a-proton of N’-
acyl-piperazic acid or N”-acyl-3,e-dehydropiperazic acid is located in an equatorial or
pseudoequatorial orientation due to a rotameric A'’-strain effect.” "' In particular, the
piperazimycins and gerumycins, which have similar amino acid sequences and stereochemistry
at comparable centers to svetamycin A, bear piperazate residues displaying axial orientations for

the a-carboxamide groups.

a) b) C)

3Jh2-H3a = 5.5 Hz 3Jhio-H3 = 5.5 Hz 2Jh-c3 = -3.7 Hz 3Jho-3a = 5.2 Hz
3Juotap = 1.2 Hz Juz-Ha = 4.3 Hz 3Jhz-ca = 2.1 Hz
3Juams = 2.3Hz 2Jus.ca = 5.2 Hz
3 -
JHS-C3 = 24Hz
2Jus-co = -0.5 Hz

Figure 2. Key ROESY correlations and *Juy coupling constants to establish the relative

stereochemistries of a) y-ClIPip, b) B,y-OHdPip, and c¢) 6-MePip.

Furthermore, we employed a combined quantum-mechanical (QM)/NMR approach to compare
experimental and calculated °C and 'H NMR chemical shifts to corroborate the proposed
configuration for the B,y-OHdPip residue. Since the absolute configuration of a-MeSer, Pip, and
v-CIPip were already determined, the QM calculations were performed on eight possible
diastereoisomers of 1 arising from the three stereocenters of B,y-OHdPip (compounds 1a-1h, see

Figure S1). An extensive conformational search at the empirical level was carried out for 1a-1h
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by using Monte Carlo Molecular Mechanics (MCMM), Low-Mode Conformational Sampling
(LMCS), and Molecular Dynamics (MD) simulations (see Computational Details, Experimental
Section). All the obtained conformers were then submitted to a geometry and energy
optimization step at the DFT (density functional theory) level. To obtain information on the
stereochemistry of B,y-OHdPip, BC and 'H NMR chemical shifts were predicted at the
M062X/6-31g(d,p) level for 1a-1h, taking account the Boltzmann distribution of the conformers
for each stereoisomer obtained at the same level of theory. Subsequently, the corrected mean
absolute error (CMAE) values were used to compare calculated and experimental values (see
Computational Details, Table 2 and Figure 3). As shown in Figure 3, isomer 1g showed the
lowest °C and "H CMAE values (1.60 ppm and 0.21 ppm, respectively), confirming the 2R*,
3R*, 45* as the most probable relative configuration at B,y-OHdPip and suggesting 2S, 35, 4R
absolute configuration. To further corroborate our findings, we also employed the recently
introduced DP4+ method that has proven to be a powerful tool for the correct stereochemical
assignment of organic compounds.'® Herein, we observed that isomer 1g had the highest sDP4+
probabilities for both *C and 'H (99.99% and 99.84%, respectively). These probabilities
confirmed the absolute configuration of the residue ,y-OHdPip as 25, 3S, 4R with a high level

of confidence.

In addition, a careful analysis of the energy- and geometry-optimized conformers la-lh
pointed out two main different arrangements of the B,y-OHdPip residue for each of the
conformers. In the first arrangement, named Conf A, the a-proton of pB,y-OHdPip is
pseudoequatorial oriented, while in the second arrangement, termed Conf B, the proton H-2g,.
ondpip 18 pseudoaxial oriented (see Figure 4). Analysis of the conformers of 1g on the basis of the

experimental ROE data clearly indicated that only Conf B was in agreement with the ROE
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correlation between H-2g,.onapip/ H-4py-onapip- Besides, analysis of the energies of the

conformers of 1g at the M062X/6-31g(d,p) level of theory highlighted specific relative

contributions of the Conf A/Conf B species on the final Boltzmann distribution (see Experimental

section).'*"? Interestingly, Conf B represented the main conformer in 1g (relative weight on the

final Boltzmann distribution: 69%), while Conf 4 which was not in agreement with the NMR

data, represented the minor conformer (relative weight on the final Boltzmann distribution:

31%). Taken together, the reported data supports 2S5, 3S, 4R as the most probable absolute

configuration for ,y-OHdPip residue.

2.70

2.50

2.30

2.10

1.90

B'°C CMAE, ppm

1.70

1a

1b

1c 1d 1e 1f
stereoisomers

19

1h

0.33

0.31

0.29

0.27

0.25

0.23

0.21

0.19

0.17

0.15

B'H CMAE, ppm

Figure 3. °C (opaque and transparent red bars) and 'H (opaque and transparent blue bars)

corrected mean absolute errors (CMAE) histograms related to compounds 1a-h, as indicated in

Table 2. CMAE:s related to compound 1g are highlighted with opaque colored bars.
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1g - ConfA 1g - ConfB

Figure 4. 3D representation of the most energetically favored conformers in 1g.
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Table 2. “C/'"H MAE (ppm) values, and DP4+ data reported for all the possible considered

stereoisomers of compound 1 (1a-1h)

Stereoisomer ~ Configuration at >C CMAE 'H CMAE sDP4+ probability”
B,y-OHdPip (ppm)* (ppm)” BC data 'Hdata  all data
1a 2R, 3R, 4R 2.46 0.33 0.00% 0.00% 0.00%
1b 2R, 3R, 4S 2.65 0.29 0.00% 0.00% 0.00%
lc 2R, 38, 4R 2.11 0.32 0.00% 0.00% 0.00%
1d 2R, 38, 4S8 1.98 0.26 0.01% 0.00% 0.00%
le 2S,3R, 4R 2.12 0.24 0.00% 0.16% 0.00%
1f 28, 3R, 4S8 232 0.30 0.00% 0.00% 0.00%
1g 25, 38, 4R 1.51 0.21 99.99% 99.84%  100.00%
1h 25, 38, 48 2.54 0.32 0.00% 0.00% 0.00%

«13C CMAE = (Z[|(dexp — Oscaled)|])/n, summation of the absolute error values (difference of the
absolute values between corresponding experimental, 8., and scaled calculated, Oscated, B¢
chemical shifts), normalized to the number of considered chemical shifts (n); the related data are
reported in Table S8. The dscaieq Values were obtained by the corresponding calculated chemical
shift data (Ocarcd, S€€ Computational Details); the latters were produced using the “multi standard”
approach, using TMS as reference compound for sp° °C atoms, benzene for sp’ °C atoms
(excluding carbonyl carbons), and N-Methylformamide for carbonyl carbons. > H CMAE =
2[|(Oexp — Oscaled)|]/n, summation of the absolute error values (difference of the absolute values
between corresponding experimental, dc.p, and scaled calculated, Jscaled, "H chemical shifts),
normalized to the number of considered chemical shifts (n); the related data are reported in Table
S9 . The 0saleq Values were obtained by the corresponding calculated chemical shift data (Ocaicd,

see Computational Details); the latters were produced using the “multi standard” approach, using
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14

Page 14 of 40



Page 15 of 40

©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

TMS as reference compound for sp’ 'H atoms, and benzene for 'H atoms bound to sp> *C atoms.
‘sDP4+ probabilities related to the set of data reported in Table S8 ('*C chemical shift set of

data) and Table S9 ('H chemical shift set of data).

HR-ESI-MS and NMR data supported the molecular formula of C,sH37;CINgO;y and
Cy6H39CINgOj for compounds 2 and 3, respectively. The NMR data clearly indicated that the
amino acid sequences of 2 and 3 are the same as that of 1, except for small changes in the
resonances ascribable to the piperazic acid residue (see 'H and *C NMR data at Table 3 and
Table 5). Indeed, compound 2 contained an additional methyl group whereas 3 displayed two
additional methyl groups, which explained the 14 and 28 amu mass differences with 1.
Furthermore, COSY and TOCSY correlations of 2 revealed a spin system starting from the
aminomethine proton H-2 s5.mepip (6 4.88) to the secondary amine NH-55.mepip (6 4.88). Taken this
data together with key HMBC correlations from the methyl protons at & 1.00 (Me-55.mepip) to the
methylene at 28.2 (C-45.mcpip) and to the methine at 52.3 (C-55.mcpip) established the presence of
an unusual 6-methylhexahydropyridazine-3-carboxylic acid (8-MePip). Therefore, svetamycin B
(2) was assigned as a C-5pj, methyl analogue of 1. In similar fashion, interpretation of the 2D
NMR data of svetamycin C (3) allowed us to determine this compound as the C-5pi, dimethyl
congener of 1. To the best of our knowledge, this is the first report of either a d-substituted
piperazic acid or a methyl piperazic congener. Up to date, only y-chloro and y-hydroxy
congeners of piperazic acid have been reported from peptide natural products.'> The absolute
configurations for L-a-MeSer, 3R,5S5-y-CIPip, and L-Ala in 2 and 3 were determined by using the
advanced Marfey’s method. The relative configuration of 6-MePip in 2 was determined by

analysis of homonuclear coupling constants 3JH,H and ROE correlations. In particular, the
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intermediate 3JH,H coupling constant of 5.2 Hz between H-25 mepip and H-3a5.vepip together with
ROE correlations between H-3as.mepip/H-55-Mepip, H-4a5-mepip/Me-55-mepip, and H-4bs.vepip/Me-55.
Mepip Suggested an equatorial orientation for both H-2;5.mepip and Me-5;5.mepip (see Figure 2c¢). Also,
the relative configurations of ,y-OHdPip in 2 and 3 were deduced as 2R*, 3R*, 45* on the basis
of ROE, correlations, 3JH,H coupling constants, and chemical shifts. Unfortunately, we were not
able to establish the absolute configurations of neither 6-MePip in 2 nor §,6-dMePip in 3 by

using Marfey’s analysis.
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Table 3. '"H NMR Data (500 MHz, DMSO-dg) for Svetamycins B-D (2-4)

position

3a
3b

NH-2
OH-3

3a
3b
4a
4b

Me-5a
Me-5b
NH-5

70 34 4
O (J in Hz) Oy (J in Hz) O (J in Hz)

a-MeSer a-MeSer a-MeSer

3.71dd (10.7, 8.0) 3.61dd (10.8, 6.4) 3.6l m

3.81dd (10.8, 5.6) 3.83dd (10.8, 5.9) 3.88" m

143 s 1.37s 1.46's

7.55s 7.78 s 7.43 s

4.44 br. dd (8.0, 5.5) 4.76" br. dd (6.2, 5.7) 4.06" m
d-MePip 0,0-dMePip v,e-dPip

4.88 br. dd (5.5, 1.4)
1.76 m

2.17 br. d (13.5)

1.36 m

1.51 br. dd (12.6,4.0)
2.69" m

1.00° br. d (6.5)

4.14d (12.2)

v-ClPip

5.8d(8.8)

4.88 br. dd (5.4, 1.6)
1.96 m

2.07 dq (13.5,2.2)
1.34 dt (13.3, 3.2)
1.42 br. dd (13.3, 4.0)

1.00 br, s
1.01 br. s
457" s

v-ClIPip

5.83br. s

ACS Paragon Plus Environment

4.99 br. dd (4.3, 1.1)
1.82m

2.09" m

2.21m

2.32 br. dd (11.6, 6.6)
7.12 br. d (2.8)

v-CIPip

5.77 br. s
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3a
3b

5a
5b
NH-5

NH-2

OH-3
OH-4

1
2a
2b

1.93 td (13.0, 6.0)
2.38m
4361t (11.2,5.4)

2.67°m
3.39m
5.27"

Ala
531 q (7.0)

1.19 br. d (6.9)
7.94 br. d (6.9)

B,y-OHdPip

4.67d (4.8)
4.05 q (4.3)
3.94m

6.97 br. d (2.0)
527"
5.85d(8.7)

Haa

4.71 d (15.9)
5257 d (15.9)

The Journal of Organic Chemistry

1.89 ddd (12.7, 11.2, 6.0)
2.40 br. ddd (12.8, 4.5, 1.7)
4.46 tt (10.9, 4.6)

2.69td (12.7, 11.0)

3.41 br. ddd (12.8, 4.4, 2.0)
5.21°

Ala

5.38 q (7.0)
1.18 d (7.0)
7.91 br. d (7.0)

B,y-OHdPip

4.56" br. d (5.0)
4.06 q (4.0)
3.95m

6.93 br. d (1.1)
5.22°

5.73.d (8.3)

Haa

473" d (16.2)
5.18d(16.2)

2.10°m

2.50"

412 m

272" m

3.35

5.48 br. dd (12.8, 1.4)

Ala

5.23 q (6.9)
1.19 br. d (6.9)
8.06 br. d (6.9)

B,y-OHdPip

4.88" br. s
4.02m

391" m

7.05 br. d (2.8)
541br.s

6.06 br. d (8.3)

Haa

4.87" d (15.9)
5.11d(15.9)

“Recorded at 500 MHz; referenced to residual DMSO-d; at & 2.50 ppm. "Signal overlapped
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Table 4. '"H NMR Data for Svetamycins E-G (5-7)

position

3a
3b

NH-2
OH-1
OH-3

3a

3b

4a

4b

Sa

5b
Me-5a
Me-5b
NH-5

5¢ 6’ 7°
oy (Jin Hz) Oy (Jin Hz) Oy (Jin Hz)
a-MeSer a-MeSer a-MeSer

3.53°d (10.8) 3.69dd (11.0, 7.7) 4.06°s

3.64d (10.8) 3.78 dd (11.0, 5.8) 4.06°

1.35s 143 s 1.54s

7.96 s 7.59s 7.72 s
4.55 br. dd (7.7, 5.8)

0,0-dMePip Pip 9,0-dMePip

4.88 br. s 492 m 5.04 br. dd (5.8, 1.6)

2.00°m 1.72°m 1.99 m

2.00°m 220m 2.07m

1.38°m 1.35m 1.46 m

1.38°m 1.74°m 1.76 td (13.3, 3.5)
2.6l m
295m

1.03s 1.14s

1.08 s 1.16's

4.64 s 4.60° br. dd (12.7, 1.6)

v-CIPip v-BrPip v-BrPip
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3a
3b

5a
5b
NH-5

NH-2

OH-3
OH-4

1
2a
2b

“Recorded at 500 MHz; referenced to residual DMSO-ds at & 2.50 ppm. Recorded at 500

The Journal of Organic Chemistry

5.80 br. dd (5.5, 2.3)
1.97°m

2.65°m

4241t (10.9, 4.5)

2.68°m

3.36°

5.49 br. dd (12.3, 1.8)
Ala

5.04 dq (8.5, 6.8)

1.16 d (6.8)

7.59 d (8.5)
B,y-OHdPip

475br. d (5.2)

4.00 br. dd (5.2, 3.5)
3.96t(3.3)

6.86 d (3.0)

Haa

4304d (17.3)
435d(17.3)

5.70 br. dd (6.2, 1.3)
2.05td (12.8, 6.2)
2.50°

451 m

2.82 q(12.3)

3.45m

5.28“br.dd (12.3, 1.7)
Ala

5.35°dq (8.2, 6.9)

1.18 d (6.9)

8.13d(8.2)
B,y-OHdPip

4.71d(5.4)
4.05 q (4.6)
3.94 ddd (8.6, 4.5, 2.5)
6.97d (2.5)
5.26°d (4.3)
5.81d(8.6)

Haa

4.61°d (15.8)
5.37°d (15.8)

5.86 br. dd (6.2, 1.5)
2.20 ddd (13.5, 12.4, 6.2)
2.77 ddd (13.5, 4.0, 1.7)

4.32 dddd (12.2, 10.5, 4.5,

4.1)
2.94 dd (13.4, 11.0)

3.45 br. dd (13.6, 4.4)

Ala

5.27 q(6.9)
1.33d (6.9)

B,y-OHdPip

4.99 br. d (5.7)

4.17 br. dd (5.7, 5.3)

4.02 br. dd (5.3, 3.0)

7.07 d (3.0)

Haa

4.85°d (16.3)
5.37d(16.3)

MHz; referenced to residual CD;OD at & 3.31 ppm. “Signal overlapped
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1

2

2 Table 5. *C NMR Data for Svetamycins B-G (2-7).

5

6 b
7 2¢ 34 4¢ 54 6° 7

8

9 pOSitiOH Oc oc oc Oc Oc Oc
10

11 oa-MeSer o-MeSer o-MeSer a-MeSer oa-MeSer oa-MeSer
12

" 1 172.0 171.9 172.2 173.5 171.8 172.4
1

12 2 60.5 59.8 60.6 60.1 60.5 61.5
17

18 3 63.9 63.4 63.8 64.6 64.3 63.0
19

20 4 19.1 19.9 19.0 19.6 19.3 17.4
21

22 0-MePip 9,0-dMePip v,e-dPip 0,0-dMePip Pip 0,0-dMePip
23

gg 1 169.0 169.1 168.9 170.2 169.0 169.9
g? 2 49.7 49.7 50.9 49.5 51.2 49.2
gg 3 243 21.4 172 229 242 195
32 4 28.2 31.8 19.7 31.9 20.2 314
gg S 52.3 50.9 145.5 50.9 46.4 50.5
gg Me-5a 28.3 28.4 27.1
> Me-5b 19.3 22.7 22.1 21.4
38

39 v-CIPip v-ClIPip v-CIPip v-CIPip v-BrPip v-BrPip
40

41 1 171.4 171.7 170.6 172.0 171.3 173.8
42

ﬁ 2 49.7 48.8 50.2 49.1 51.0 50.3
jg 3 34.7 34.2 34.4 34.8 35.6 35.1
j; 4 52.6 52.3 52.5 52.5 452 41.9
gg S 54.1 54.0 53.4 53.6 54.7 53.9
51 Ala Ala Ala Ala Ala Ala
52

gj 1 172.4 172.3 172.4 172.8 172.0 173.2
gg 2 43 .4 43.1 44.0 45.4 43.0 45.1
57

58

59

60
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3 18.1 17.9 17.9 18.0 18.1 16.7
B,y-OHdPip PB,y-OHdPip PB,y-OHdPip B,y-OHdPip B,y-OHdPip P,y-OHdPip

! 166.3 166.4 166.9 165.3 166.3 166.6
2 56.9 56.9 55.9 55.1 56.7 55.8
3 63.7 63.7 63.0 65.2 63.8 62.9
4 62.4 63.0 61.3 62.3 62.6 60.9
5 146.9 147.1 146.4 144.2 146.8 145.3

Haa Haa Haa Haa Haa Haa
1 166.4 166.1 166.8 172.5 166.6 166.6
2 61.9 61.3 62.5 59.9 61.5 62.2

“Recorded at 175 MHz; referenced to residual DMSO-dg at & 39.51 ppm. Recorded at 175

MHz; referenced to residual CD;OD at 6 49.15 ppm

Evident from the total ion chromatogram (TIC) obtained from the LC/MS, the methanol
extract also contained two low abundance chlorinated compounds (4-5) eluting at considerably
shorter retention times compared to 1-3. The HR-ESI-MS spectrum of svetamycin D (4)
suggested a molecular formula of C,4H33CINgO that differed from that of 1 by subtraction of
two hydrogen atoms and required 12 degrees of unsaturation, one more than compound 1.
Although the 1D and 2D NMR spectra of 4 (see 'H and '’C NMR data at Table 3 and Table 5)
contained small impurities, it clearly indicated that the amino acid sequence of 4 is the same as
that of 1 except for the substitution in 4 of 9,e-dehydropiperazic acid (6,e-dPip) for a piperazic
acid residue in 1. The HR-ESI-MS of compound 5 displayed a molecular ion at 677.2675
[MJrH]Jr suggesting a molecular formula of CysH4;CINgO;;. Examination of the NMR data of 5

(see 'H and *C NMR data at Table 4 and Table 5) revealed that its amino acid sequence was
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identical to that of 3, although comparison of the 'H and >C NMR chemical shifts of 3 and 5
showed differences in some resonances. In particular, the proton and carbon resonances
corresponding to H-2pa.c in 5 (O 4.33; ¢ 59.9) were shifted upfield in comparison to their
respective ones in 3 (dy 4.73, 5.18; d¢ 61.3). Besides, the molecular formula of 5 required the
presence of 10 degrees of unsaturation, one more than compound 3. Taken together these data,
svetamycin E (5) was determined as the acyclic analogue of svetamycin C (3). It is worth to
mention that the respective acyclic congeners of 1 and 2 were detected by LC-HR-MS in a
methanol extract of DSM14386. However, their low yields prevented their isolation and
confirmation of their structure by NMR. An insufficient quantity of 5 prevented us from
performing Marfey’s analysis or to acquire ROESY data. Nevertheless, we assumed identical
configurations for 3 and 5 at comparable stereogenic centers since their structures, and optical

rotation values, and NMR data are quite similar.

LC-MS examination of the methanol extract from the bromide-enriched fermentation allowed
us to identify two new brominated peptides. Svetamycin F (6) and svetamycin G (7) displayed in
the ESI-MS spectrum an isotopic distribution of the ions [M+H]", 1:1, at m/z 675/677 and m/z
703/705, respectively, implying the presence of bromine. Their major ion peaks in the HR-ESI-
MS spectrum were consistent with a molecular formula of Cy4H3sBrNgO;y for 6 and
Cy6H39BrNgOj for 7, which in turn differed from the molecular formula of 1 and 3, respectively,
by the replacement of chlorine with a bromine atom. Successively, comparison of the 2D NMR
data (acquired in CD3;OD) of 6 to that of 1 determined that the bromine atom was located at the
C-4,.:pip position (see 'H and '>C NMR data at Table 4 and Table 5). Indeed, the chemical shift
for C-4,ppip in 6 was ca 10 ppm upfield when compared to that of C-4,.cipjp in 1. In similar

fashion, 2D NMR data for 7 clearly determined svetamycin G to be the C-4,.gpip-bromo-
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derivative of 3. We were unable to carry out Marfey’s analysis on 6 and 7 due to the scarce
amount of isolated material. However, we propose similar configurations for 6, 7, and 1 at
comparable stereogenic centers on the basis of their NMR data (chemical shifts, ROE

correlations, and 3JH,H) and optical rotation values.

The biosynthetic origin of the piperazic acid units in the svetamycins was studied by feeding
experiments with labeled precursors. LC-HR-ESI-MS/MS analysis of an extract prepared from a
culture of Streptomyces sp. DSM14386 fed with L-[3,3,4,4,5,5-2H6]-0mithine revealed mass
shifts for 1-3 indicating incorporation of ornithine. Exact determination of the mass shifts was
complicated by the presence of three piperazic acid moieties and the chlorine isotopic pattern
(see Figure S2). However, these results are consistent with the recently report by Walsh et al.
that determined ornithine, and not glutamine, as the starting point in the biosynthesis of piperazic
acid in Kutzneria spp. Indeed, it was demonstrated that formation of N’-OH-Orn by the ornithine
N-hydroxylase Ktzl, is the initial step for conversion of ornithine to piperazic acid.'
Additionally, LC-HR-ESI-MS/MS analysis of compounds 1-3 obtained from an L-[methyl-"H;]-
methionine feeding experiment showed mass shifts of 3 Da for 2 and of 6 Da for 3, whereas for
compound 1 no mass shift was observed (see Figure S3). These results prove that the
introduction of the methyl groups in the piperazic acid units in the svetamycins is S-adenosyl-L-

methionine (SAM)-dependent.

Microbroth dilution and microbial cell viability assays were used to evaluate the antimicrobial
activity of compounds 1, 3, and 5-7 towards M. smegmatis, E. coli, C. albicans, and MRSA. The
results are summarized in Table 6 and furnished insights in the structure-activity relationships of
this structural class of piperazic acid-containing peptides. Svetamycin G (7) showed the most

potent activity against M. smegmatis (ICgp = 2 ng/mL) whereas svetamycin C (3) and 7 were the
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most potent antibiotics towards MRSA (MICs = 16 pg/mL). Svetamycin E (5) inhibited the
growth of neither M. smegmatis nor MRSA at concentrations as high as 64 ug/mL, indicating

that macrocyclization is needed for the antibiotic activity. Among the cyclic peptides, compound

©CoO~NOUTA,WNPE

11 7 was 4-16 times more potent than svetamycin F (6) while compound 3 was 4-fold more potent
13 than svetamycin A (1). All together, these results revealed that methyl substitution of the
16 piperazic acid unit at 3-position increases the activity. Finally, the weaker potency of 3 compared
18 to 7 showed that replacement of chlorine by bromine has beneficial effects on the antimicrobial
activity. Svetamycins A and C did not inhibit the growth of either E. coli or C. albicans at
23 concentrations up to 64 pg/mL. Instead, the activity of the extract towards this Gram-negative

25 pathogen was traced to the known pentalenolactone AA-57.°

29 Table 6. Antimicrobial activities for compounds 1, 3, and 5-7 (ng/mL)

M. smegmatis MRSA E. coli C. albicans M. tuberculosis
o (ICs0) (MIC) (MIC) (MIC) (ICs0)

36 1 32 64 > 64 > 64 65.6
8 16 > 64 > 64 54.0

3

5 > 64 > 64 nd nd nd
6 32 64 nd nd nd
7

2 16 nd nd nd

47 nd = not determined

53 Although piperazic acid-containing cyclic peptides such as hytramycins and lydiamycins have
55 been reported to exhibit anti-Mycobacterium tuberculosis activity,® '® svetamycins A (1) and C

58 (3) did show a very weak activity against the standard M. tuberculosis strain H37Rv with 1Cg

ACS Paragon Plus Environment
25



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

values of 65 and 54 pg/mL, respectively (see Table 6). Also, compounds 1 and 3 were cytotoxic

to a hepatoma cell line (HepG2) with ICs values of 11.04 + 4.02 and 3.59 £ 1.19 pg/mL.

CONCLUSION

In summary, we have discovered seven new halogenated piperazic acid-containing peptides,
svetamycins A-G, that add to a small class represented by the piperazimycins and gerumycins.
Svetamycins contain one hydroxyacetic acid residue, one alanine, and three tailored piperazate
moieties, among which are the previously wundescribed 6-methyl- and 6,6-
dimethylhexahydropyridazine-3-carboxylic acids along with the unusual 4,5-dihydroxy-2,3.,4,5-
tetrahydropyridazine-3-carboxylic acid. The latter, is the first example of a piperazyl scaffold
that in a peptide displays a pseudoequatorial conformation for the a-carboxamide group. In
closing, this study also showed the utility of using a combined QM/NMR approach together with
the DP4+ probability method for solving the configuration of stereogenic centers in natural

products.

EXPERIMENTAL SECTION
General Experimental Procedures.

Optical rotations were measured with a Kruess LC-Serie 1 polarimeter, and IR spectra were
obtained using a Fourier Transform (FT) Infrared Spectrometer (Japan Bunkou Ltd., JASCO
FT/IR-420, vimax 600-4.000 cm™, 20 °C) equipped with a Diamond ATR accessory. NMR spectra

were recorded in DMSO-ds and CD3;0D on a Bruker Avance 500 MHz spectrometer equipped
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with a 5 mm TXI cryoprobe. CQF- COSY, 2D-HOHAHA, HSQC, HMBC, and ROESY
experiments were recorded using standard pulse programs. HSQC experiments were optimized
for 1JC_H = 145 Hz, and HMBC spectra were optimized for 2’3JC_H = & and 6 Hz. UPLC-HR-MS
data were obtained on a quadrupole time of flight spectrometer (LC-QTOF maXis II, Bruker
Daltronics, Bremen, Germany) or a micrOTOF-LC spectrometer (Bruker Daltronics, Bremen,
Germany) using a BEH C18 (150 x 2.1 mm, 1.7 um column, Waters, Germany) with a linear
gradient of 5-95% ACN + 0.1% FA at 450 4L/min in 18 min with UV detection in 205-640 nm
range. Mass spectra were acquired using the ESI source in the range from 50-2000 m/z. HPLC
for separation and purification was performed on a semi-preparative Agilent 1200 HPLC system
equipped with a Jupiter Proteo C12 column (250 x 25 mm, 4 um, DAD at 220 and 254 nm). All
solvents used for separation and purification were analytical grade. The Marfey’s analysis was
performed in positive mode on an Agilent Series LC/MSD VL mass spectrometer (Agilent

Technologies, Santa Clara, California).

Bacterial Strains and Cell Line. Streptomyces sp. DSM14386 was bought from the Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany. Staphylococcus aureus ATCC 33582, Escherichia coli ATCC 53218, Mycobacterium
smegmatis ATCC 607 and Mycobacterium tuberculosis H37Rv ATCC 27294 and the human
liver cancer cell line HepG2 ATCC HB8065 were bought from the American Type Culture
Collection, Manassas, Virginia. Candida albicans FH 2173 is from the strain collection of

Sanofi-Aventis Deutschland GmbH, Industriepark Hochst, Germany.

Cultivation and Extraction. Pre-cultures of Streptomyces sp. DSM 14386 were conducted in
0.3 L Erlenmeyer flasks with 0.1 L of pre-culture medium (20 g/L glucose, 5 g/L meat extract, 5

g/L yeast extract, 5 g/L peptone, 3 g/L caseine, 1.5 g/L NaCl, at pH 7.5) followed by incubation
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for 4-7 days on a rotary shaker at 180 rpm and 28°C. The inoculation of the main fermentation
with the pre-cultures was conducted in forty 2 L Erlenmeyer flasks, containing 0.5 L of the main-
culture medium (30 g/L glycerol, 5 g/ CaCOs, 15 g/L soybean meal, 2 g/l NaCl, at pH 7.5)
followed by incubation on the rotary shaker at 180 rpm and 28°C for 7 days. After 7 days’
fermentation, the cells and the supernatant were separated by centrifugation, followed by
addition of a mixture of 2 % Amberlite® XAD 16 and XAD 7 (1:1) to the supernatant and
stirring overnight. The resin was harvested afterwards, washed with H,0O, lyophilized, extracted

with MeOH and dried under reduced pressure to yield 4 g.

Cultivation on Agar plates and Extraction. Main-culture medium supplemented with 1.5%
of agar was used to conduct static fermentations in twenty agar plates (24 x 24 cm, Nunc). After
the incubation at 28°C for 7 days, the agar cultures were harvested and extracted by adding 4 L
H,0O and homogenizing by vigorous stirring. Once homogenized, extraction was performed by
the addition of 4 L EtOAc and stirring overnight, followed by centrifugation and evaporation of

the EtOAc to yield 18 g of dry extract.

Cultivation on NaBr Agar plates and Extraction. An additional static fermentations was
conducted on ten agar plates (24 x 24 cm, Nunc) replacing 1.5 g/L NaCl with 1.5 g/L NaBr.
After the incubation at 28°C for 7 days, the agar cultures were harvested and extracted by adding
2.0 L H,0O and homogenizing by vigorous stirring. Once homogenized, extraction was performed
by the addition of 2.0 L EtOAc and stirring overnight, followed by centrifugation and

evaporation of the EtOAc to yield 6.1 g of dry extract.

Isolation. The extracts prepared from liquid and solid fermentations were fractionated over a

Sephadex LH-20 column (150 x 10 cm), respectively, using MeOH as eluting solvent. Fractions
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containing the peptides were purified by semi-preparative reversed-phase HPLC (Jupiter Proteo
C12, 250 x 25 mm, 4 um, DAD at 220 and 254 nm) eluting with a linear gradient of 50-85%
MeOH/H,0 with 0.05% TFA in 35 min to yield compounds 1 (3.69 mg, tg = 17.3 min), 2 (0.42
mg, tg = 22.4 min), 3 (0.93 mg, tg = 24.9 min), 4 (0.25 mg, tg = 13.2 min), 5 (0.40 mg, tg = 15.3

min), 6 (0.81 mg, tg = 19.5 min) and 7 (0.26 mg, tg = 26.2 min).

Svetamycin A (1). colorless, amorphous powder; [0]®p -3.3 (¢ 0.009, MeOH); LC-UV
[(MeOH in H0+0.05% TFA)] Amax 213, 240 nm; IR (film) vmax 3265, 2949, 2359, 2341, 1734,
1672, 1630, 1558, 1419, 1247, 1202, 1126, 1018, 913 cm™’; 'H and *C NMR data, see Table 1;

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for Cp4H;35CINgO¢Na 653.2057; found 653.2059.

Svetamycin B (2). colorless, amorphous powder; [0]®p -5.2 (¢ 0.002, MeOH); LC-UV
[(MeOH in H,O0+0.05% TFA)] Amax 213, 240 nm; IR (film) vyax 3264, 2948, 2360, 2341, 1739,
1689, 1641, 1540, 1436, 1205, 1135, 842 cm™; 'H NMR data, see Table S2; HRMS (ESI-TOF)

m/z: [MJrNa]Jr calcd for CsH37CINgO¢Na 667.2213; found 667.2225.

Svetamycin C (3). colorless, amorphous powder; [a]®b -2.4 (¢ 0.004, MeOH); LC-UV
[(MeOH in HyO0+0.05% TFA)] Amax 213, 240 nm; IR (film) vyax 3269, 2967, 2359, 2341, 1745,
1673, 1633, 1541, 1417, 1244, 1200, 1128, 1055, 939 cm™'; '"H NMR data, see Table S3; HRMS

(ESI-TOF) m/z: [M+Na]+ calcd for Cy6H39CINgO19Na 681.2369; found 681.2374).

Svetamycin D (4). colorless, amorphous powder; [a]®b -8.8 (¢ 0.001, MeOH); LC-UV
[(MeOH in H,0+0.05% TFA)] Amax 213, 240 nm; IR (film) vmax 3360, 2937, 2360, 2341, 1678,
1635, 1558, 1421, 1244, 1200, 1126, 1058, 963 cm™; 'H and °C NMR data, see Table 3 and
Table 5; HRMS (ESI-TOF) m/z: [MJrNa]Jr calcd for Cy4H33CINgOoNa 651.1900; found

651.1864.
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Svetamycin E (5). colorless, amorphous powder; [0]®p -5.5 (¢ 0.002, MeOH); LC-UV
[(MeOH in HyO0+0.05% TFA)] Amax 213, 240 nm; IR (film) vyax 3387, 2945, 2360, 2341, 1647,
1523, 1407, 1290, 1200, 1137, 1013, 950 cm™; '"H NMR data, see Table S4; HRMS (ESI-TOF)

m/z: [MJrNa]Jr calcd for CocH41CINgO1Na 699.2476; found 699.2497.

Svetamycin F (6). colorless, amorphous powder; [0]®p -10.8 (¢ 0.004, MeOH); LC-UV
[(MeOH in HyO+0.05% TFA)] Amax 213, 240 nm; IR (film) viax 3268, 2970, 2359, 2341, 1747,
1673, 1643, 1541, 1417, 1245, 1201, 1128, 1055, 1014, 944 cm™; '"H NMR data, see Table S5
and S6; HRMS (ESI-TOF) m/z: [MJrNa]+ caled for Cy4H;35BrNgOoNa 697.1552; found

697.1530.

Svetamycin G (7). colorless, amorphous powder; [0]®p -16.9 (¢ 0.001, MeOH); LC-UV
[(MeOH in HyO0+0.05% TFA)] Amax 213, 240 nm; IR (film) vyax 3328, 2963, 2358, 2341, 1748,
1666, 1627, 1540, 1437, 1412, 1246, 1201, 1127, 1013, 928 cm™; '"H NMR data, see Table S7;

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for Cy6H39BrNgO9Na 725.1865; found 725.1884.

Synthesis of (3R,55)-5-chloropiperazic acid (21). (3R,55)-5-chloropiperazic acid was
synthesized by using a variation of two previously described routes.” In brief, NaH (ca. 60%
dispersion in mineral oil, 1.38 g, ca. 34.5 mmol) was added to a solution of (R)-dihydro-5-
(hydroxymethyl)-furanone (8) (2 g, 17.2 mmol) in 14 mL of DMF and 10 mL of THF under Ar.
Subsequently, benzyl bromide (4.1 mL, 34.5 mmol) and TBAI (0.64 g, 1.7 mmol) were added
and the mixture was stirred for 4 days at rt. The reaction was then quenched with a phosphate
buffer solution (pH 7, 10 mL), diluted with DCM (4 x 50 mL), and washed with water (3 x 15
mL). The organic phase was dried over Na,SO, and concentrated under reduced pressure. The

organic residue was then purified by SiO; flash chromatography using gradient elution with 10:1,

ACS Paragon Plus Environment

30

Page 30 of 40



Page 31 of 40

©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

5:1, 1:1 petrol:EtOAc to afford 1.75 g (49 %) of the protected lactone 9 as a yellowish oil.
Conversion of 9 into 13 was carried out following the synthetic route reported by Andreou et
al.’* Hydrogenation of 13 (1.8 g, 3.62 mmol) in EtOAc (36 mL) was performed in an H,-reactor
with Pd/C (0.019 g, 0.18 mmol). The mixture was vigorously stirred at 4 bar overnight. The
mixture was then filtered through celite and concentrated under reduced pressure. The residue
was purified by SiO, flash chromatography using gradient elution with 8:1, 5:2, 1:1
petrol/EtOAc to afford 0.94 g (63.7 %) of the primary alcohol 14 as a yellowish oil. Subsequent
conversion of 14 into 19 was performed as reported by Hale et al.”® To obtain 20, LiOH.H,O
(0.03 g, 0.06 mmol) was added to a stirred solution of 19 (0.08 g, 0.02 mmol) in THF (1.40 mL)
and H,O (0.70 mL) at 0 °C, and stirred for 75 min. The reaction mixture was then acidified to pH
2 with a 10% aqueous HCI and in turn extracted with EtOAc (3 x 30 mL) and CH,CL, (30 mL).
The combined organic layers were dried with Na,SO,, filtered, concentrated under reduced
pressure, and purified by RP-HPLC (Synergy Fusion C18, 250 x 25 mm, 4 um, DAD at 220 and
254 nm, eluting with a linear gradient of 50-85% MeCN/H,O with 0.05% TFA in 25 min and

then isocratic) to yield compound 20 (0.03 g, fg = 26.2 min).

Compound 20. [a]*p +7.17°(c 0.151, CH,Cl,) '"H NMR (500MHz, DMSO-ds) 6= 4.63 (1H, br.
t,J=3.6 Hz, H3), 4.12 (1H, dd, J = 10.2, 3.8 Hz, Hs), 3.38 (1H, dd, J = 14.2, 2.8 Hz, Hec,), 3.16
(1H, br. dd, J = 14.2, 4.0 Hz, He, overlapped), 2.30 (1H, ddd, J = 14.5, 10.5, 3.6 Hz, Hye,), 2.23

(1H, dt, J= 14.5, 4.5 Hz, Hyay), 1.43, 1.46 and 1.37 (18H, 2 x s, -OC(Me); overlapped)

TFA (0.12 mL, 1.5 mmol) was added to a stirred solution of 20 (0.03 g, 0.007 mmol) in DCM
at rt and under Ar , stirring for 1 h. Evaporation in vacuo afford 0.03 g of the (3R,5S)-5-chloro-

piperazic acid trifluoroacetic acid salt 21.
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Compound 21."H NMR (500MHz, CDs;OD) 6=4.54 (1H, q, J=17.5, 4.0 Hz, Hs), 4.27 (1H, dd,
J=9.2, 5.0 Hz, Hs), 3.48 (1H, dd, J = 14.5, 2.8 Hz, Heq), 3.27 (1H, br. dd, J = 14.5, 4.0 Hz,

Heax), 2.46 — 2.41 (2H, m, Hyeqand Hazy)

Feeding experiments. A solution of 33 ul L-[methyl-*H;]methionine (0.03 mol/L, 45.7 mg,
400 uL. DMSO/H,0 1:3) was added on day 0, 2 and 4 to a 10 mL DSM14386 culture and
cultivated for 7 days in total at 28°C and 180 rpm. After 7 days the culture broth was lyophilized
and extracted with MeOH to generate dry extract. The extract was analyzed using UHR-ESI-MS.

A solution of 33 ul L-[3,3,4,4,5,5-2H6]-omithine (0.03 mol/L, 52.4 mg, 400 uL. DMSO/H,0
1:3) was added on day 0, 2 and 4 to a 10 mL DSM 14386 culture and cultivated for 7 days in total
at 28°C and 180 rpm. After 7 days the culture broth was lyophilized and extracted with MeOH to

generate dry extract. The extract was analyzed using UHR-ESI-MS.

Advanced Marfey’s Analysis. Approximately 0.3 mg of 1 was dissolved in 200 ul MeOH,
transferred to a 10 mL round flask, dried and hydrolyzed with 800 L HCI (6 N). The round
flask was placed for 16 hours in a preheated oven at 110 °C. After the hydrolysis, the solution
was transferred to a glass vial, dried and dissolved in 100 xL H,O and divided into two portions.
To 50 uL of hydrolyzed 1 20 uL NaHCOs (1 N) and 100 L of a 1% 1-fluoro-2,4-dinitrophenyl-
5-L-leucinamide (L-FDLA or D-FDLA solution in acetone) was added to each portion. The thus
prepared samples were derivatized in the dark at 40°C for 40 min, cooled to room temperature,
neutralized with 20 uL. HCI (2 N) and dried in vacuum. Residues were dissolved in 50 uL
MeOH. Analyses of the L- and L/D-FDLA (mixture of L- and D-FDLA) derivatives were
performed using a Phenomenex Jupiter Proteo C12 column (4 um, 250 x 4.6 mm,) with a linear
gradient of 25-70% ACN/H,O with 0.05% TFA in 35 min at a flow rate of 0.5 mL/min. An

Agilent Series LC/MSD VL mass spectrometer was used for detection in positive mode.
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Retention times (#g, min) of the FDLA-derivatized amino acids for svetamycin A-C (1-3): L-
Alanine 31.9, D-Alanine 35.8 m/z 384 [M+H]', L-N-Methyl-L-serin 27.2, D-N-Methyl-L-serin
29.6 m/z 414 [M+H]", L-(3R,5S)-Cl-piperazic acid 30.9, D-(3R,5S)-Cl-piperazic acid 33.9 m/z
459 [M+H]". Retention time (g, min) of the FDLA-derivatized piperazic acid for svetamycin A

(1): L-piperazic acid 31.5, D-piperazic acid 29.0 m/z 425 [M+H]".

Computational Details. Maestro 10.2" was used for generating the starting 3D chemical
structures of all possible relative diastereoisomers of compounds 1. In particular, we considered
the eight diastereoisomers arising from the combination of the three stereocenters on the f,y-
OHdPip moiety, named: 1a (2R, 3R, 4R- B,y-OHdPip), 1b (2R, 3R, 4S- B,y-OHdPip), 1c (2R, 38,
4R- B,y-OHdPip), 1d (2R, 35, 4S- B,y-OHdPip), 1e (25, 3R, 4R- B,y-OHdPip), 1f (25, 3R, 4S- B,y-
OHdPip), 1g (25, 3S, 4R- B,y-OHdPip), 1h (2§, 3S, 4S5- B,y-OHdPip) (Figure S1, Supporting
Information). Optimization of the 3D structures was performed with MacroModel 10.2* using
the OPLS force field and the Polak-Ribier conjugate gradient algorithm (PRCG, maximum
derivative less than 0.001 kcal/mol). Starting from the obtained 3D structures, we performed
conformational searches at the empirical molecular mechanics (MM) level with Monte Carlo
Multiple Minimum (MCMM) method (50000 steps) and Low mode Conformational Search
(LMCS) method (50000 steps), allowing a full exploration of the conformational space.
Moreover, molecular dynamics simulations were performed at 450, 600, 700, 750 K, with a time
step of 2.0 fs, an equilibration time of 0.1 ns, and a simulation time of 10 ns. A constant
dielectric term of DMSO, mimicking the presence of the solvent, was used in the calculations to
reduce artifacts. For each diasterecoisomer, all the conformers obtained from the above mentioned
conformational searches were minimized (PRCG, maximum derivative less than 0.001 kcal/mol)

and compared. We used the “Redundant Conformer Elimination” module of MacroModel 10.2%°
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to select non-redundant conformers, specifically excluding those differing more than 21.0 kJ/mol
(5.02 kcal/mol) from the most energetically favoured conformation and setting a 0.5 A RMSD
(root-mean-square deviation) minimum cut-off for saving structures. The following mentioned
QM calculations were performed using Gaussian 09 software.”' Firstly, the selected conformers
from MM experiments were optimized at QM level using the MPW1PWO1 functional and the 6-
31G(d) basis set.”> Experimental solvent effects (DMSO) were reproduced using the integral
equation formalism version of the polarizable continuum model (IEFPCM)*. After this step at
the QM level, the obtained optimized geometries were visually inspected to remove further
possible redundant conformers. All the selected conformers from the optimization step for the
different diastereoisomers of compounds 1a-1h were accounted for the subsequent computation
of the *C and '"H NMR chemical shifts, using the M062X functional and the 6-31G(d,p) basis
set. Final >C and '"H NMR spectra for each of the investigated diastereoisomers were built
considering the influence of each conformer on the total Boltzmann distribution taking into
account the relative energies (M062X/6-31G(d,p)). Calibrations of calculated *C and 'H
chemical shifts were performed following the multi-standard approach (MSTD).** In particular,
sp2 Be (excluding carbonyl carbons) chemical shift data were computed using benzene as
reference compound,”” * carbonyl '*C chemical shift data using N-Methylformamide as
reference, and the remaining ">C chemical shift data using tetramethylsilane (TMS) as reference.
On the other hand, 'H chemical shifts related to hydrogens bound to sp® *C were computed
using benzene as reference compound, while TMS was used for the remaining 'H chemical shift
data. Subsequently, the scaled BC and '"H NMR chemical shifts (Oscaled) Were obtained by a linear
fit of the calculated (dcaica) versus experimental (Sexp) 3C NMR chemical shifts. The intercept (b)

and slope (a) were determined and used to state the empirically scaled theoretical chemical
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shifts: Oscaled = (Ocaled — b)/a. Experimental and calculated BC and 'H NMR chemical shifts were
then compared computing the Ad parameter (see Tables S8-S9, Supporting Information): Ad =
|0cxp — Oscaled| Where, Oexp (ppm) and Ocaled (ppm) are the BC/'H experimental and scaled
calculated chemical shifts, respectively. The corrected mean absolute errors (CMAEs) for all the

possible diastereoisomers (see Table 2) were computed:

CMAE = w
n

defined as the summation through n of the absolute error values (difference of the absolute
values between corresponding experimental and scaled calculated '*C-"H chemical shifts),
normalized to the number of the chemical shifts considered (n). Furthermore, sDP4+ (DP4+
related to scaled shifts) probabilities related to all the stereoisomers of 1 were computed
considering both >C and 'H chemical shifts, and comparing them with the related experimental

data (Table 2)

Antimicrobial Assays. Stock solutions of the compounds were prepared at 6.4 mg/mL in
DMSO (Sigma-Aldrich, Germany) and used to perform the biological testing in duplicates (64 -
0.03 pg/mL) in 100 uL cation-adjusted Miiller-Hinton broth (Becton, Dickinson and Company,
Germany) containing a suspension of S. aureus ATCC 33582 (~5 x 105 cells/mL), E. coli
ATCC53218 (~5 x 10° cells/mL) or C. albicans FH 2173 (~1 x 106 cells/mL) on 96-well round
bottom plates. The plates were incubated with shaking (180 rpm) at 37°C for 18 h, and the
minimum inhibitory concentrations (MICs), defined as the lowest concentration inhibiting the
visible growth the microorganisms, determined. For testing against M. smegmatis, a 48-h culture
grown at 37°C in brain heart infusion (BHI) broth (Becton, Dickinson and Company)

supplemented with 1% Tween 80 (Sigma-Aldrich) was diluted to ~1 x 10> cells/mL in cation-
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adjusted Miiller-Hinton broth, and 100 uL aliquots were dispensed on white 96-well flat bottom
plates. The compounds were tested in duplicates (64 - 0.03 ug/mL) in the cell suspension. After
incubation with shaking (180 rpm) at 37°C for 48 h, cell viability was determined using the
BacTiter-Glo assay (Promega, Germany) according to the manufacturer’s instructions, using a
LUMlIstar OPTIMA microplate luminometer (BMG Labetch, Germany) for read-out. ICg
values, defined as the lowest concentration causing >80% reduction of the luminescence
intensity, were recorded. For determining activity against M. tuberculosis H37Rv ATCC 27294,
the Microplate Almar Blue Assay (MABA) was performed as described previously,” using the
detection reagent provided with the CellTiter-Blue assay kit (Promega). Read-out was performed

on an EnVision fluorescence microplate reader (PerkinElmer USA).

Cytotoxicity. HepG2 Cells (ATCC HB8065) were seeded in 96-well plates (10.000 cells/well)
in a total medium volume of 100 pl per well (DMEM-F12; 1% NEAA; 1% NaPyr; 5% SVF) and
pre-incubated for four hours at 37 °C and 5% CO,. Afterwards, 1 pl of tested compounds was
added and incubated for 40 hours at 37 °C and 5% CO,. Cell viability was assed upon addition of
100 pl of CellTiter-Glo reagent (Promega G7571) following manufacturer instructions. The

cytotoxicity testing was performed in duplicates.
ASSOCIATED CONTENT

Supporting Information. 1D and 2D NMR spectra and data for 1-7, and (3R,55)-5-
chloropiperazic acid, together with computational details of 1. This material is available free of

charge via the Internet at http://pubs.acs.org.
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