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Vacuolar type ATPases (V-ATPases) are a family of hetero-
multimeric ATP-dependent ion pumps that energize trans-

port processes, in particular of protons across membranes
by hydrolysis of ATP.1�3 Intracellular V-ATPases are involved
in various cellular processes, including receptor-mediated
endocytosis,4 intracellular membrane traffic, processing of pro-
hormones, degradation of proteins, and release of neurotrans-
mitters.5 Furthermore, plasma membrane V-ATPases have cri-
tical functions in different physiological processes such as urinary
acidification,6,7 bone resorption,8 and sperm maturation.9 V-AT-
Pases are associated with various human diseases, including
osteoporosis, tubular acidosis, tumor metastasis, infection by
influenza and other viruses, and bacterial infections by anthrax or
diphtheria10 and have an increasingly emerging potential as drug
targets.11�13 This renders the development and molecular under-
standing of potent V-ATPase inhibitors important research goals.

In the late 1990s, the polyketide macrolide archazolids A (1)
and B (2) were reported from the myxobacterium Archangium
gephyra by the groups of H€ofle and Reichenbach.14,15 With
activities in the low nanomolar region in vitro and in vivo, they
are among the most potent V-ATPase inhibitors known.14,16,17

On a molecular level, they selectively target V-ATPases, which
adds to their attractiveness for further development. Archazolid

A (1) has been shown to bind to the VO subunit c in a
noncovalent manner.17 Multiple copies of subunit c form a ring,
the structure of which was analyzed by X-ray crystallography at a
resolution of 2.1 Å in a bacterial homologue,18 and subsequently
the structure of the complete eukaryotic V-ATPase enzyme was
determined by cryo-electron microscopy with a resolution of
16.5 Å.19 Very recently, the binding site in this subunit has been
analyzed in more detail by cross-linking experiments of an
archazolid A derivative in combination with site-directed muta-
genesis studies of the protein, demonstrating that archazolid A
(1) binds to the equatorial region of the c-ring.20 While the
archazolids were originally isolated from Archangium gephyra,
more recent reports have indicated that the myxobacterium
Cystobacter violaceus produces a greater diversity of archazolids,
and two other derivatives, archazolid C (3)21 and archazolid D
(4), with glucosides at C-7 (3 and 4) and an additional hydroxyl
group (4),22 have been isolated from this myxobacterium.

While the archazolids were originally reported as planar
structures, their absolute and relative stereochemistry was deter-
mined in 2006 by high-field NMR studies in combination with
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ABSTRACT: Two structurally novel analogues of the macrolides
archazolids A and B, archazolid A-15-O-β-D-glucopyranoside
(archazolid E, 5) and iso-archazolid B (archazolid F, 6), were isolated
from themyxobacteriumCystobacter violaceus andArchangium gephyra,
respectively. Macrolactone 5 represents the first 15-O-glycoside of the
archazolids. iso-Archazolid B (6) incorporates a C-3 alkene and
presents the first constitutional isomer reported for this natural
product class. The structures of these polyketides were determined
by spectroscopic analysis, in particular by HMBC, HMQC, and
ROESY NMR investigations and by chemical degradation. iso-Arch-
azolid B (6) demonstrated extremely high antiproliferative and V-AT-
Pase inhibitory effects, with IC50 values in the picomolar range, while
only moderate activity was observed for glycoside 5. iso-Archazolid B
presents the most potent archazolid known.
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molecular modeling and derivatization23 and subsequently con-
firmed by total syntheses of archazolids A (1)24,25 and B (2).26 So
far only a limited number of SAR studies on synthetic27 and
natural analogues21,22 have been reported; this will be critical in
advancing these macrolide antibiotics and may help in deriving a
better molecular understanding of the function of the V-ATPase
enzyme.28 Herein, we describe the isolation, structure elucidation,
and biological evaluation of two structurally novel archazolid
derivatives, archazolid A-15-O-β-D-glucopyranoside (archazolid
E, 5) and iso-archazolid B (archazolid F, 6), from the myxobacter-
ium Cystobacter violaceus and Archangium gephyra, respectively.

’RESULTS AND DISCUSSION

In the course of previous studies27 the myxobacterium Cysto-
bacter violaceus strain Cb vi10522 has been identified as an
efficient source for structurally novel archazolid derivatives, while
Archangium gephyra strain Ar 354816 was a more productive
source for archazolids A (1) and B (2). In order to study minor
natural archazolid derivatives, each of these organisms was
cultivated in 350 L bioreactors with 300 L of medium in the
presence of Amberlite XAD-16 (1%) for adsorption. In a similar
fashion, the adsorber resin and cell mass were harvested after 10
days by centrifugation and extracted with acetone to give a crude
extract. A detailed HPLC-MS analysis of these crude mixtures in
combination with the characteristic UV�vis spectra of the
archazolids (maximum 238/239 nm) suggested the presence of
at least one novel derivative in both fermentation broths. Con-
secutive purification by gel chromatography (Sephadex LH-20),
MPLC, and finally reversed-phase HPLC gave the novel meta-
bolites archazolid A-15-O-β-D-glucopyranoside (archazolid F, 5,

1.0 mg yield; apparent yield <0.0035 mg/L) from Cystobacter
violaceus strain Cb vi105 and iso-archazolid B (archazolid E, 6,
1.5 mg yield; apparent yield <0.005 mg/L) from Archangium
gephyra strain Ar 3548.

The close similarity of the 1H NMR, 13C NMR, and two-
dimensional NMR spectra of these two novel metabolites
suggested core structures closely related to those of the parent
natural products archazolids A (1) (Table 1) and B (2). Together
with the 13C NMR spectra and HRMS analysis of the novel
metabolite 5, indicating the molecular formula to be C48H72-
N2O12S, corresponding to 162 mass units (i.e., C6H10O5) higher
than archazolid A (1), the data suggest this macrolide to be a
hexose of archazolid A (1). The O-glycosidic nature of this com-
pound also became evident from a doublet at δ 4.22 (7.7 Hz),
attributed to an anomeric proton (1000-H). The signals for 2000-H
to 5000-H were resolved in CD3OD and assigned to glucose. The
13C NMR data also displayed the expected number of carbons
and chemical shifts for glucose. The position of the glucose unit
was further confirmed by ROESY experiments, which showed
interactions of H-1000 with H-14, and by long-range C�H
correlation from 1000-H to C-15 and from H-15 to C-1000. There-
fore, the sugar unit is situated at position C-15, and the new
glycoside has the constitution shown in Figure 1. Its structure was
further confirmed by TOCSY experiments and HMBC and
HMQC interactions. Further proof of its constitution was
obtained by hydrolysis and GC-/HPLC comparison with an
authentic sample of glucose. For the new glycoside, we suggest
the name archazolid E (5).

The 1H NMR spectrum of the novel metabolite 6 from
Archangium gephyra likewise showed characteristic 1H NMR
patterns of the archazolid core (Table 1). However, in contrast to
archazolid A (1), a methyl group at C-2 was missing, which
together with HRMS data (molecular formula C41H60N2O7S)
suggested 6 to be an isomer of archazolid B (2). Crucial in
deducing the structure of the novel metabolite was a doublet for
H-4 in the olefinic region [δ 6.21 ppm (J = 15.4 Hz)], one
doublet of a triplet for H-3 [δ 5.81 ppm (J = 15.4, 7.3 Hz)], and
the appearance of the H-2 protons in the aliphatic region [δ 3.17,
d (J = 15.4, 7.3 Hz)]. Consequently, this novel derivative bears a
double bond between C-3 and C-4 as shown, instead of an alkene
between C-2 and C-3. The E-configuration of the double bond
was assigned on the basis of the size of the coupling constant
(15.4 Hz) and NOE data, as shown in Figure 2. The structure of
this novel macrolide was confirmed byHMBC correlation as well
as HSQC data.29

Previous feeding studies with 13C-enriched acetate and
methionine to Archangium gephyra have shown that the macro-
cyclic core of archazolid A, with the exception of C-23, is derived
from these building blocks.23,30 As shown in Figure 3 for
archazolid B, the 5E,9Z,11Z,13E olefinic double bonds are within
these acetate or propionate fragments and not between these
building blocks, as commonly observed in polyketide biosynth-
esis (viz., 18E and 20E alkenes). This may suggest a flexible
dehydratase domain ormore likely an isomerization process. The
occurrence of the double-bond isomers archazolid B (2) and iso-
archazolid B (6) may also originate from a migration of the 2,3-
double bond (archazolid B) to the unusual 3,4-position in iso-
archazolid B (6) during the biosynthesis of these macrolides.

For biological evaluation of the analogues, their inhibitory
effect on the growth of the mammalian murine tissue cell line
L-929 was evaluated, in direct comparison with archazolids A, B,
C, and D (Table 2). Archazolid A-15-O-β-D-glucopyranoside
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Table 1. NMR Data for Archazolid A (1), Archazolid A-15-O-β-D-glucopyranoside (archazolid E, 5) and iso-Archazolid B
(archazolid F, 6) in CD3ODa

archazolid A (1)

archazolid A-15-O-β-D-glucopyranoside

(archazolid E, 5)

iso-archazolid B

(archazolid F, 6)

position δC δH mult. (J in Hz) δC δH mult. (J in Hz) δC δH mult. (J in Hz)

1 168.3 168.5 172.5

2 129.7 123.0 39.6 3.17d (7.3)

3 142.1 6.82 ddd (7.9, 7.5, 1.3) 142.3 6.81 t (7.5) 121.7 5.81 dt (15.4, 7.3)

4 40.6 2.91 dd (15.0, 7.5) 3.03 dd (15.0, 7.5) 40.9 2.93 dd (14.3, 7.0)/ 3.04 dd

(14.7, 8.1)

139.7 6.21 d (15.4)

5 136.9 137.5 134.8

6 130.4 5.21 dd (9.5, 1.2) 130.8 5.21 d (9.2) 134.8 5.33 d (8.8)

7 73.6 4.03 dd (9.4, 9.3) 73.9 4.04 t (9.5) 73.3 4.13 t (9.2)

8 41.6 2.30 ddq (9.5, 9.8, 7.0) 41.7 2.32 m 41.5 2.36 ddq (9.5, 9.5, 6.6)

9 132.7 5.27 d (9.6) 132.6 5.29 d (9.5) 132.3 5.26 d (9.9)

10 134.8 135.0 134.6

11 130.8 5.81 d (1.0) 131.2 5.80 s 130.6 5.77 s

12 133.6 133.5 133.1

13 129.3 6.56 dd (15.5, 0.9) 131.3 6.73 d (14.3) 129.2 6.56 d (15.8)

14 133.6 5.79 dd (15.5, 6.0) 130.9 5.73 dd (16.1, 6.2) 133.4 5.83 mb

15 75.5 4.31 dd (6.4, 3.2) 80.6 4.60 m 75.8 4.28 brs

16 44.5 1.80 ddq (9.0, 7.0, 3.2) 44.0 1.75 m 43.8 1.76 m

17 89.8 3.40 d (9.0) 89.0 3.47 d (6.6) 89.9 3.34 d (9.3)

18 135.7 136.2 135.8

19 129.9 5.87 dd (10.9, 1.2) 130.1 5.87 d (10.6) 130.0 5.81 d (11.1)

20 127.6 6.17 dd (15.5, 10.9) 127.8 6.16 dd (13.0, 12.3) 127.3 6.22 dd (15.0, 10.9)

21 135.1 5.63 dd (15.2, 7.0) 134.8 5.59 dd (15.2, 6.8) 135.2 5.59 dd (15.4, 7.3)

22 42.0 3.10 ddq (7.5, 7.0, 4.0) 42.0 3.12 dd (10.1, 6.1) 41.5 3.06 qdd (7.2, 6.6, 5.8)

23 77.6 5.97 d (4.1) 77.8 6.02 d (3.3) 72.3 5.85 dd (6.6, 1.8)

Me-2 12.6 1.91 d (1.2) 12.8 1.93 s

Me-5 16.8 1.73 d (1.2) 16.8 1.75 d (1.1) 13.3 1.87 d (0.7)

Me-8 17.7 0.84 d (7.0) 17.9 0.85 d (6.6) 17.8 0.87 d (6.6)

Me-10 24.7 1.80 brs 24.9 1.80 s 24.8 1.82 s

Me-12 19.9 1.93 d (1.2) 20.0 1.95 d (1.1) 20.1 1.95 d (1.1)

Me-16 12.6 0.74 d (7.0) 12.9 0.78 d (7.0) 12.8 0.73 d (7.3)

OMe-17 56.2 3.16 s 56.2 3.18 s 56.0 3.16 s

Me-18 13.0 1.64 d (1.2) 12.9 1.64 s 12.2 1.64 s

Me-22 17.6 1.15 d (7.0) 17.5 1.22 d (7.0) 17.2 1.07 d (7.0)

10 73.3 6.04 dd (9.1, 4.5) 73.5 6.05 dd (9.2, 4.8) 73.2 6.03 dd (9.2, 4.4)

20 173.9 174.1 174.2

30 156.1 156.3 155.4

40 116.7 7.21 s 116.6 7.18 s 117.5 7.29 s

50 46.0 1.92 m 46.1 1.86 m/1.93 m 45.9 1.91 m/1.82 m

60 25.8 1.77 m 26.0 1.81 m 24.8 1.78 m

70 23.4 1.01 d (6.0) 23.5 1.04 d (6.6) 23.2 1.02 d (7.0)

80 22.4 1.02 d (6.0) 22.5 1.05 d (6.6) 23.2 1.03 d (6.6)

10 0 158.2 158.4 158.3

20 0 27.5 2.75 s 27.7 2.76 s 27.4 2.75 s

10 0 0 102.0 4.27 d (7.7)

20 0 0 75.3 3.28 ddd (12.1, 8.8, 5.5)

30 0 0 78.1 3.39 m

40 0 0 77.9 3.22 ddt (7.2, 5.0, 2.3)

50 0 0 71.9 3.39 m

60 0 0 62.9 3.75 dd (11.7, 5.5)/3.89 dd (11.7, 2.6)
aRecorded at 600MHz (1H) and 150MHz (13C). bThe coupling constants for H-14 could be deduced in d6-acetone: δ 5.79 ppm, dd, (J = 16.1, 4.1 Hz).
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demonstrated antiproliferative activities with submicromolar
concentrations (IC50 = 0.51 μM). It was less potent than the
parent natural product archazolid A (1), but three times more
active than the corresponding 7-O-β-glucosylated archazolid (3)
(IC50 = 1.6 μM).27 This may suggest that the 15-OH might not
be as important for binding compared with the hydroxyl at C-7;
this is in agreement with previous data obtained for a 15-oxo
derivative.27 Together with previous data these results suggest
the fragment between C-7 and C-15 to be part of the pharma-
cophore region of these macrolide antibiotics. iso-Archazolid B
(6), in contrast, demonstrated extremely potent antiproliferative
activity, with an IC50 value in the subnanomolar range, which is
around 10 times more active than archazolids A (1) and B (2).
Notably, it is the most potent archazolid known. iso-Archazolid B
(6) was also evaluated for inhibition of purified V-ATPase
holoenzyme from themidgut of the tobacco hornwormManduca
sexta. Likewise, it demonstrated extremely high potency in this in
vitro test, comparable to that of archazolids A (1) and B (2).
These data indicate that a certain degree of structural flexibility in
the C-1 to C-4 region is possible while retaining the biological
potency. The observation that archazolid F is equipotent to
archazolids A and B in the enzyme assay but has a much more
pronounced antiproliferative activity is noteworthy and may sug-
gest a different biological availability and/or possibly also another

biological target. Notably, the solution conformation of arch-
azolid A (1)23,31 in this region closely resembles that of an
E-configured C-3 alkene, as present in iso-archazolid B (6), which
may indicate that the solution conformation of this structural
domain also correlates to the bioactive conformation.

Because of the extremely potent cytotoxic activity of arch-
azolid F against cell line L-929, it was further evaluated against a
range of other cancer cell lines. As shown in Table 3, archazolid F
showed extreme potency in all cases, with IC50 values in the
picomolar range. Furthermore, a certain degree of selectivity was
observed for specific cell lines, which might be important for the
future development of archazolids as chemotherapeutic agents.

’EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
determined on a Perkin-Elmer 241 instrument. UV spectra were
recorded on a Shimadzu UV-2102 PC scanning spectrometer. IR spectra
were measured with a Nicolet 20DXB FT-IR spectrometer. NMR
spectra were recorded in CD3OD and CO(CD3)2 on a Bruker DMX-
600 and a Bruker WM-400 spectrometer. ESIþ and DCI mass spectra
(reactant gas ammonia) were obtained on a Bruker ICR APEX-QE
spectrometer; high-resolution data were acquired using peak matching
(M/DM = 10 000). Pure compounds were characterized by analytical
HPLC on a Nucleosil C18 (column: 125 � 2 mm, 5 μm, flow rate:
0.3 mL/min), with diode array detection. Preparative HPLC was carried

Figure 3. Biosynthetic origin of archazolid B (2) and iso-archazolid B
(6), in analogy with the biosynthesis of archazolid A (C-methyl groups
may originate from methionine or methyl-malonyl-CoA).23

Figure 1. Archazolid A-15-O-β-D-glucopyranoside (archazolid E, 5):
numbering of atoms (a) as well as HMBC (single arrows) and ROESY
interactions (double arrows) (b).

Figure 2. HMBC (single arrows) and ROESY interactions (double
arrows) for the C-1 to C-7 subunit of 6.

Table 2. Inhibition of the V1/Vo Holoenzyme Activity and
Cytotoxicity of the Archazolids

enzyme inhibition

V1/Vo holoenzyme:

IC50[nmol/mg enzyme]a
growth inhibition

L-929: IC50 [nM]g

archazolid A (1) 0.6b 0.81

archazolid B (2) 0.6c 1.1

archazolid C (3) 210d 1600d

archazolid D (4) 1200e 330e

archazolid E (5) n.d.f 510

archazolid F (6) 0.7 0.11
aThe specific enzyme activity of the controls without inhibitors was
approximately 1.5 μmol mg�1 min�1. b 0.8 nmol/mg enzyme accords
to 10 nM. cValue taken from ref 17. dValue taken from ref 22. eValue
taken from ref 21. f n.d.: not determined. gOrigin of the mammalian cell
line: Murine connective tissue DSM ACC 2.
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out on an Agilent Technologies 1200 Series from Agilent with a
Nucleosil column (250 � 21 mm, 5 μm, flow rate: 18 mL/min, detec-
tion: UV absorption at 254 nm) from Machery, Nagel & Co. Analytical
TLC was performed with TLC aluminum sheets, silica gel Si 60 F254
(Merck), solvent: mixtures of ethylacetate/petroleum ether, detection:
UV absorption at 254 nm, dark blue spots on staining with cerium-
(IV)sulfate-phosphomolybdic acid in sulfuric acid followed by charring.
Culture Conditions, Production, and Isolation of Archazolid A-15-

O-β-D-glucopyranoside (archazolid E, 5). For isolation of archazolid E
(5) from Cystobacter violaceus, a 300 L fermentation batch of strain Cb
vi105, isolated at the HZI, was grown in M7 medium in the presence of
3 L of Amberlite XAD-16 adsorber resin at 30 �C.17 After harvesting by
centrifugation, the mixture of wet cell mass and adsorber resin was
extracted with acetone (4 � 4 L) by stirring, sedimentation, and
decanting. Evaporation gave the crude extract (13.7 g), which was
dissolved in methanol for further purification by gel chromatography on
SephadexLH20 (Fluka Steinheim, solvent:methanol, flow rate: 7mL/min).
Further purification by medium-pressure RP chromatography (solvent:
methanol/water, 85:15, detection 230 nm, flow rate: 55 mL/min) and
HPLC (solvent: acetonitrile/water, 63:37, detection 254 nm diode
array, flow rate: 15 mL/min) gave archazolid E (5) (1.5 mg) together
with other archazolids as previously reported.22

Culture Conditions, Production, and Isolation of iso-Archazolid B
(archazolid F, 6). Archangium gephyra, strain Ar 3548, isolated at the
HZI, was cultured for 10 days at 30 �C in a 350 L bioreactor with 300 L of
medium in the presence of 3 L of Amberlite XAD-16 adsorber resin,
according to the previously reported procedure.16 XAD-16 adsorber
resin was thoroughly eluted with acetone (4 � 4 L). The acetone was
evaporated in vacuo followed by distribution of the residue between
water and ethyl acetate. The organic layer was separated and concen-
trated in vacuo. The residue was dissolved in methanol, washed three
times with heptane, and filtered through a silica plug. Evaporation gave
the crude extract (26.1 g), which was dissolved in methanol for further
purification by gel chromatography on Sephadex LH 20 (Fluka Stein-
heim, solvent: methanol, flow rate: 7 mL/min). Further purification by
medium-pressure RP chromatography (solvent: methanol/water, 8:2,
detection 230 nm, flow rate: 65mL/min) and high-pressure RP chroma-
tography (solvent: acetonitrile/water, 65:35, detection 230 nm diode
array, flow rate: 15 mL/min) gave archazolid F (6) (1.0 mg) together
with other archazolids as previously reported.16

Physicochemical Properties of Archazolid E (5): colorless oil.
[R]25D �37.89 (c 0.57, MeOH); λmax (log ε) 239 nm (4.9); NMR
data, see Table 1; HRMS (ESI) for C48H72N2O12NaS [MþNa]þ calcd
m/z 923.4704, found m/z 923.4711.
Hydrolysis of Archazolid E. Glucose was detected as the per-TMS-

silylated methyl-glycoside according to the method of Chaplin.32

Physicochemical properties of archazolid F (6): colorless oil;
[R]25D �25.0 (c 0.11, MeOH); λmax (log ε) 238 nm (4.9); IR (film)
νmax 2931, 2889, 2361, 1602, 1019 cm�1; NMR data, see Table 1;

HRMS (ESI) for C41H60N2O7NaS [M þ Na]þ calcd 747.4018, found
747.4012; HRMS for C41H60N2O7KS [M þ K]þ calcd m/z 763.3758,
found m/z 763.3752.

Cell Culture and Growth Inhibition Assay. The L-929 mouse cell line
was from the German Collection of Microorganisms and Cell Cultures
(DSMZ) and cultivated in DME medium (Gibco BRL) plus 10%
newborn calf serum at 37 �C and 10% CO2 in a moist atmosphere.
Growth inhibitionwasmeasured onmicrotiterplates. Aliquots of 120μL of
the suspended cells (50 000mL�1) were added to 60μL of a serial dilution
of the inhibitor. After 5 days, metabolic activity per well was determined
using the MTT assay.33 The results were related to control wells, which
were incubated with only the vehicle methanol. These were set to 100%.

V-ATPase Assays. V-ATPase was purified according to published
procedures.34 Standard V-ATPase assays with a final volume of 160 μL
and a pH of 8.1 consisted of 3 μg of protein, 50 mM Tris-MOPS, 3 mM
2-mercaptoethanol, 1 mMMgCl2, 20 mM KCl, 0.003% C12E10, 20 mM
NaCl, and 3mMTris-HCl. After 5min of preincubation at 30 �Cwith or
without inhibitors, 1 mMTris-ATPwas added, and after incubation for 2
min, the reaction was stopped by placing the tube in liquid nitrogen. As a
control, the inhibition of the V-ATPase activity by the established
inhibitor archazolid A was tested in parallel assays.17 Inorganic phos-
phate produced in the assays of V-ATPase was measured according to
the protocol of Wieczorek et al.35 (Table 2).

’ASSOCIATED CONTENT

bS Supporting Information. Copies of NMR spectra for
archazolid E (5) and archazolid F (6). This material is available
free of charge via the Internet at http://pubs.acs.org.
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