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Aetheramide A

Aetheramides are structurally distinctive cyclic peptides isolated from a novel myxobacterial genus proposed to be termed “Aetherobacter”. The
structures were solved by a combination of NMR analyses, quantum mechanical calculations, and chemical derivatizations. Aetheramides which
contain a unique polyketide moiety and two amino acid residues potently inhibited HIV-1 infection with ICs, values of ~0.015 M. Furthermore
aetheramides showed cytostatic activity against human colon carcinoma (HCT-116) cells with IC5, values of 0.11 «M.

Natural products may be used as leads and scaffolds for
elaboration of new utrgently needed drugs to combat
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infectious diseases which are the main cause of death
worldwide.! Myxobacteria have proven to be an excellent
source of secondary metabolites, many of which originate
from mixed polyketide-nonribosomal peptide biosynthetic
pathways.> These natural products are characterized
by showing both unique structures and novel modes of
action.” Recently, we reported the discovery of a new
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myxobacterial genus for which we proposed the name
“Aetherobacter”.* This new genus is closely related to
Sorangium, which is one of the most prolific producers of
active natural products among myxobacteria.’ A. rufus
(SBSr003) is the first strain from this new genus to be
chemically studied. It was cultivated in a yeast-based
medium,® and LC-MS analysis of the ethyl acetate extracts
showed the presence of two major compounds containing
peptidic fragments and possessing the same molecular formula.
Moreover, antifungal activity and cytotoxic effects against a
human colon tumor cell line (HCT-116) were observed in these
extracts. Bioassay (cytotoxicity) and 'H NMR guided frac-
tionation led to the isolation of two new unusual depsipeptides,
termed actheramides A (1) and B (2) (Figure 1). Their
structures were elucidated by extensive NMR and ESIMS
analysis, chemical derivatizations, and combined analysis
of homonuclear (H—H) and heteronuclear (C—H)>?

J-couplings and quantum mechanical calculations.
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Figure 1. Structure of aectheramides A (1) and B (2).

HRESIMS of aetheramide B (2) displayed an [M + H]"
peak at m/z 719.3920 (calcd for C41Hs55N,09, 719.3908),
consistent with the molecular formula C4H54N>Oy. Its IR
spectrum displayed absorption bands at 3367 and 1673 cm ™!,
suggesting the presence of hydroxyl and carbonyl func-
tionalities. The "H NMR spectrum of 2 in DMSO-d;
(Table S1) exhibited signals characteristic of a peptide
containing a polyketide section including an exchangeable
NH proton at ¢ 8.13 (1H, d, J = 8.3 Hz), an N-methyl
amide at 6 2.96 (3H, s), and two vinyl methyls at 6 1.65
(3H, s) and 1.55 (3H, s). Additionally, a downfield pair of
triplets at 0 7.32 2H, t, J = 7.5 Hz) and 7.23 (1H, t, J =
7.5 Hz) and a doublet at 6 7.39 (2H, d, J = 7.5 Hz),
characteristic of a phenyl group, were observed. The
HSQC spectrum revealed the presence of two o-amino
methines ((3c_1 588, 6H—1 392, 6(:_7 549, 6]—[—7 550), three
oxygenated methines (0c.og 84.9, 026 3.48, Oc33 78.5,
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On.sz 5.38, Ocias 73.1, Onza 4.77), and four olefinic
methines ((Sc_zz 1404, 6]_[_22 645, (5(:_30 1267, 6]_[_3() 580,
5(:_31 1302, 6H—31 644, (5(:_32 1275, (5]_[_32 560) A detailed
analysis of the 2D NMR spectra (HSQC, HMBC, COSY,
and 2D-HOHAHA) confirmed the presence of a peptidic
fragment (C1—C15) composed by valine and a rare
3-(4-hydroxy-3-methoxyphenyl)-2-(methylamino)propanoic
acid (mNMeTyr) (see Figure 2). The remaining fragment
(C16—C40) was identified as a polyketide containing three
spin systems (A—C) shown in Figure 2.

/X HMBC correlations
7\ ROESY correlations

Figure 2. NMR-based connectivity of the fragments of acther-
amide B (2). Fragments A—C are indicated by dashed lines. Key
HMBC correlations used to connect the fragments and ROESY
correlations used to determine the geometry of the double bonds
are indicated by single- and double-sided arrows, respectively.

Key HMBC correlations from the upfield methyl doub-
let at 6 0.58 (3H, d, J = 6.7 Hz) and from the methine
protonatd 4.24(1H, q,J = 6.7 Hz) to the carbonyl carbon
at 6 171.7 (C-16) and ketone carbon at 197.2 6 (C-19)
allowed us to determine the presence of a 2-methyl-
3-oxopropanoic acid residue (A). On the basis of HSQC-
TOCSY and COSY correlations, it was clear that spin
system B started with an olefinic methine (0.5 6.45, 0c.o>
140.4) and continued with three sequential methylenes and
an oxymethine (0. 3.48, Oco6 84.9). Spin system C
contained a conjugated diene (0y.30 5.80, Oc30 126.7,
éH_31 644, (3(:_31 1302, 5H—32 560, 6(:_26 1275) and two
oxymethine groups (6H_33 538, 6c_33 785, 6H_34 477, 6034
73.1). HMBC correlations from the proton at 6 4.77 to the
aromatic carbon resonances at 0 141.3 (C-35) and 126.6
(C-36) extended this spin system to a phenyl ring. The
complete structure of 2 was established from interpretation
of a single HMBC experiment. Long-range correlations
from the methyl group at & 1.55 (H-29) to the sp> carbon
signals for C-28 (6 138.7) and C-30 and to the carbon
resonance at ¢ 84.9 linked fragments C and B, while
connectivity of fragment B to A was determined by HMBC
correlations from the vinyl methyl at 6 1.65 (H-21) to the
carbon resonances at 6 140.4 and 197.2. Thus, the poly-
ketide fragment in 2 was identified as the unusual 14,15-
dihydroxy-9-methoxy-2,4,10-trimethyl-3-oxo-15-phenyl-
pentadeca-4,10,12-trienoic acid (Dmpp). Moreover,
connectivity of the 8-keto acid residue to the N-terminus
of mNMeTyr was indicated from an HMBC correlation
between the methyl amide proton at 6 2.96 and the
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carbonyl at ¢ 171.7. The downfield oxymethine proton
at 0 5.38 (H-33) suggested a carboxylic acid ester at this
position, and it was confirmed by an HMBC correlation
from H-33 to the carbonyl carbon of valine (6 169.4), thereby
completing the structure of 2 as a 21-membered ring.

The absolute configurations of L-Val and p-m/NMeTyr
were assigned by chromatographic analysis (UV and
TIC) of the .- and p-FDLA (1-fluoro-2,4-dinitrophenyl-
5-leucinamide) derivatives of the acid hydrosylate of 2
(advanced Marfey’s method).” Several techniques were
used to determine the configuration of the stereocenters
of the polyketide fragment. A >Jy;_y; coupling constant of
15.1 Hz between H-31 and H-32 indicated a trans disub-
stituted olefin. The E geometries of the A%*3% and A%*??
trisubstituted olefins were deduced from strong ROE
correlations between Me-29 and H-31 and between Me-
21 and H-23a, respectively. The relative configurations of
the stereocenters at C-33 and C-34 were established by
using a combination of J-based configurational analysis,®
quantum mechanical calculations of the homo- and
heteronuclear J-coupling values,” ¢ and ROESY correla-
tions. The heteronuclear coupling constants were accu-
rately measured from J-resolved HMBC'® and HETLOC"!
experiments, and ROE correlations were obtained from
ROESY and HSQC-ROESY."? '"H NMR data of 2 re-
corded in CD;CN displayed a relatively large *Jy;_ of
6.6 Hz between H-33 and H-34 indicating an anti relation-
ship between these protons. Therefore the threo configura-
tion between the hydroxyls at C-33 and C-34 was deduced
from ROE correlations between H-32/H-36, H-33/H-36,
and H-32/H-34 (Figure 3A).

A B
H33 032) HO H33)
HO H34 RO H34
OR C32
anti gauche”

Figure 3. Newman projections, ROE correlations, and 3Tun
and **Jc_y values used to assign the threo configuration of
C33/C34in (A)2and (B) 1.
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According to Murata’s method® aetheramide B shows
2Jc_p values that may be classified as “medium” (—3.5 for
H-34/C-33 and —3.4 Hz for H-33/C-34). Thus, we addi-
tionally determined the relative configuration at C-33/C-
34 by using a combined NMR-quantum mechanical cal-
culations approach. This method has proven to be useful in
establishing the configuration of stereogenic centers within a
macrocycle and in cases where the calculated®J_y; cannot
be qualitatively classified as “large” or “small”."* The rele-
vant J values for all possible configurations (three syn and
three anti rotamers) of the C-33/C-34 stereocenters at the
DFT MPWI1PW91/6-31G(d,p) level (see Computational
Details in the Supporting Information) were calculated and
quantitatively compared to the experimental ones. Table 1
shows that the lowest total absolute deviation (TAD) value
(ZlJcated — Jexptl) corresponds to the threo anti arrangement.
This result confirms the configuration determined by the
J-based analysis presented above. The determination of the
configurations of the remaining stereocenters (C-17 and
C-26) could not be unambiguously defined by our spectro-
scopic analysis. A subsequent attempt, involving quantum
mechanical calculations of the '*C chemical shifts of the four
possible stereoisomers and their comparison with the experi-
mental counterpart,”° did not reveal sufficient evidence for a
safe stereoassignment of C-17 and C-26, leaving therefore
open their determination by total synthesis.

Table 1. Calculated and Experimental J Values (Hz) for the
Fragment C-32/C-35in 2

calculated”
erythro threo
anti g g™ anti g g exptl®
3Juss_c3s 3.1 1.0 5.1 14 52 11 2.6
Jusa_css —-17 —-29 40 -33 -30 3.1 -3.5
8 JHs3_H34 7.6 2.3 2.7 7.6 55 25 6.6
Juss_csa  —2.3 1.2 -51 —-40 -35 1.0 -34
TAD 44 11.1 156 3.0 43 16.6

“MPWI1PW91/6-31G(d,p) calculated J values. ® Experimental values
obtained from J-resolved HMBC, HETLOC, and HSQMBC spectra.
“Gauche ™. Y Gauche*. Total absolute deviation (TAD) values calculated
from the equation (Z[Jcaieq — Jexpt|)- Stereoisomer displaying lowest TAD
value appears in bold.

Aetheramide A (1) eluted from the C12 HPLC column
shortly before 2. Its molecular formula was determined to
be C4Hs54N>O9 by HR-ESI-MS (719.3912 [M + HJ*,
calcd for C41HssN>Og, 719.3908) indicating 1 to be an
isomer of 2. Furthermore, 2D NMR data for 1 closely
resembled those of aetheramide B with the exception of
slight changes in the resonances belonging to the valine
residue and the fragment C25—C35 (see Table S2). Indeed
an HMBC correlation between the oxymethine proton at
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0 5.91 (H-34) and the valine carbonyl resonance at 169.4 (C-1)
indicated an ester linkage at this position, therefore establishing
the structure of 1 as a 22-membered lactone ring. an
coupling values and ROE data analysis confirmed the
E geometries for all the olefins, while the absolute configura-
tions of r-val and p-mNMeTyr were determined by the
advanced Marfey method. J-based configuration analysis
was used to establish the relative configuration at C-33/C-34.
Indeed, a combination of a small *J;;_1; of 0.8 Hz between
H-33 and H-34 and small *J_y coupling constants of 0 Hz
measured between H-34/C-33 and H-33/C-34 suggested a
threo gauche™ (g~) configuration (Figure 3B). This result
was fully supported by ROE correlations between H34/H32,
H-33/H-36, OH-33/H-36, and H-33/H-34 (Figure 3B) and by
the quantum mechanical calculations approach (see Table S4).
Moreover, these results are in agreement with the configura-
tion established for actheramide B.

Similarly to the thuggacins, a family of macrolide
lactones isolated from Sorangium cellulosum,'* aethera-
mide A rearranges into aetheramide B (and vice versa)
when dissolved in MeOH. This transesterification reaction
occurs spontaneously, and within 24 h the equilibrium 1:1
is reached. It is also worthwhile to note that the presence of
both aetheramides in freshly prepared extracts of fermen-
tation broths and cell pellets was confirmed by LC-MS and
NMR analysis.

To determine the absolute configuration at stereocenters
C-33 and C-34, the modified Mosher method was applied
to actheramide B.'> Treatment of 1 with an excess of R- or
S-a-methoxy-o-trifluoromethylphenylacetic acid (MTPA)
for 24 h yielded the respective bis-M TPA esters. Analysis
of "H NMR chemical shift differences (Ads.z) from the
"HNMR, COSY, and HSQC spectra (Figure 4 and Table S5)
revealed that the absolute configuration at C-33 is R and
therefore the absolute configuration at C-34 was also estab-
lished as R.

+0.05 +0.10

Figure 4. Ads_r values (ppm) for the C-33 MTPA esters of 1.

Aetheramides were screened for antibacterial, antifun-
gal, cytotoxic, and anti-HIV activity. The effect of aether-
amides on HIV-1 was evaluated by infecting the indicator
cell-line TZM-bl with the HIV| o; isolate according to
established procedures (Figure 5).'® Indeed, actheramides

(14) Steinmetz, H.; Irschik, H.; Kunze, B.; Reichenbach, H.; Hofle,
G.; Jansen, R. Chem.—Eur. J. 2007, 13, 5822.
(15) Hoye, T. R.; Jeffrey, C. S.; Shao, F. Nat. Protoc. 2007, 2, 2451.
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A (1) and B (2) potently inhibited HIV-1 with an ICs, value
of 0.015and 0.018 uM, respectively. Measuring ATP levels
as a parameter of cell viability of TZM-bl cells resulted in
I1Csy values of 0.14 uM for 1 and of 0.12 uM for 2.
Furthermore, 1 showed cytostatic activity toward the
human colon tumor cell line HCT-116 with an ICs, value
of 0.11 uM. The cytostatic activity of actheramide B was
practically identical to that observed for 1. Aetheramides
also exhibited moderate antifungal activity against Candida
albicans at loads of 20 ug/disk.
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Figure 5. HIV-1 inhibition by aetheramides A (1) and B (2). The
mean relative decrease in HIV infectivity in TZM-bl cells is given
as a function of increasing drug concentrations. Gray circle, 1;
open box, 2; black triangle, DMSO control. Error bars are
standard deviations of four independent measurements.

In summary, aetheramides are a new class of antiviral
natural products isolated from the new myxobacterium strain
SBSr003 that belongs to the recently discovered genus
“Aetherobacter”. Aetheramides are cyclic depsipeptides that
contain the unique structural polyketide moiety Dmpp and
two amino acid residues including the unusual 3-(4-hydroxy-
3-methoxyphenyl)-2-(methylamino) propanoic acid. Thus,
the discovery of aetheramides from a new myxobacterial genus
and their potent HIV-1 activity represent another example of
the enormous biosynthetic capabilities of these micro-
organisms and their importance in drug discovery programs.
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