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Abstract
Streptomyces sp. KY40-1, a strain isolated from the Kentucky Appalachian foothills, is the
producer of moromycins A (18) and B (19). Further investigations of this strain led to the isolation
and structure elucidation of the five new saquayamycins G – K (1–5), along with known
compounds. Two of the new compounds bear the unusual aminosugar rednose, which was found
here for the first time in angucyclines. The different attachment positions of this aminosugar in
these two compounds indicates a high acceptor substrate flexibility of the responsible glycosyl
transferase or alternatively the involvement of multiple glycosyl transferases. The cytotoxic
activity of the isolated compounds was determined using human prostate cancer (PC-3) and non-
small cell lung cancer (H460) cell lines. Cell viability assays showed that saquayamycins J (4), K
(5), A (7) and B (8) were most active in PC3 cells, with saquayamycin B (8) showing the highest
activity (GI50 = 0.0075 μM). The aminosugar-containing saquayamycins H (2) and saquayamycin
B (8) showed the highest activity against H460 cells, with a GI50 = 3.3 and 3.9 μM, respectively.
The results presented here provide more insights into the structure-activity relationship (SAR) of
saquayamycins with respect to the nature, number and linkage of sugar residues.

The angucycline group of antibiotics is one of the largest groups of polycyclic aromatic
polyketides, rich in chemical scaffolds and biological activities, predominantly anticancer
and antibacterial.1–3 Saquayamycins,4–8 urdamycins,9–17 and landomycins,18–24 are well
known angucycline antitumor antibiotics. The structures of both saquayamycins and
urdamycins contain the same aquayamycin (17)25–27 as aglycone with the C-glycosidic
sugar D-olivose attached at C-9 of the angucycline chromophore. So far, seven
saquayamycin analogues were reported from Streptomyces spp. Saquayamycins differ from
urdamycins by their saccharide patterns, which are attached at C-9 and C-3 positions in the
saquayamycins, but at C-9- and C-12b-positions in urdamycins. Saquayamycins A-D (7–10)
were first isolated from Streptomyces nodosus MH190-16F3 and were reported as platelet
aggregation inhibitors.4 Saquayamycins A-B (7–8) contain three different O-glycosidically
linked deoxysugars, L-rhodinose, L-aculose, and L-cinerulose (only in saquayamycin B).
Saquayamycin A (7) was reported to be unstable to acid, and even contact with silica gel led
to its conversion to saquayamycin B (8). Saquayamycins A1 (11), B1 (6), and C1 (12) were
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generated by partial acid hydrolysis of saquayamycins A-C (7–9), respectively.4 The two
isomers, saquayamycins E (13) and F (14) were produced by Actinomyces strain MK290-
AF1 and reported to inhibit the FPTase from bovine brain with IC50 values of 1.8 and 2.0
μM, respectively.5 They differ slightly from the saquayamycins A (7) and C (9) with respect
to their sugar moieties. The saquayamycin analogue A-7884 (16) was isolated from the
Streptomyces sp. #AM1699; it has a trisaccharide side chain connected at C-9, which
contains an L-rhodinose sugar moiety between the first sugar, a C-glycosidic bound D-
olivose, and L-aculose of saquayamycin A1 (11).28 Compound 16 showed inhibitory
activity in the inducible nitric oxide synthase (iNOS) assay with IC50 values of 43.5 μM,
better than saquayamycin A1 (11; IC50 values of 101.2 μM).28 Recently, the largest
saquayamycin analogue, saquayamycin Z (15), was reported from Micromonospora sp.
strain Tü6368.6 Saquayamycin Z (15) contains tetra- and pentasaccharide side chains linked
at C-3- and C-9-positions of the benz[a]anthracene core. The tetrasaccharide side chain of
saquayamycin Z (15) is striking due to the presence of an L-oliose, which is not a usual
sugar constituent of the angucyclines.6, 29 Very recently, Ren et al., reported three novel
members of the angucycline family named N05WA963 A, B and D, with the same
aglycones as in the moromycins A (18) and B (19), except for an additional methoxy group
attached at C-5.30 N05WA963 A, B and D were reported to have antiproliferative effects on
a panel of cancer cell lines such as SW620 (colon cancer), K-562 (chronic myelogeneous
leukemia), MDA-MB-231 (estrogen receptor negative breast cancer), YES-4 (esophageal
cancer), T-98 and U251SP (both glioblastomae).

To study the structure-activity relationship (SAR) of this saquayamycin group of antibiotics,
we looked for further saquayamycin analogues produced by Streptomyces sp. K40-1, the
strain earlier reported as the producer of moromycins A-B (18–19).7 The saccharide
attachments in moromycins A (18) and B (19) are like those of saquayamycins B (8) and B1
(6), respectively, however, their tetracyclic angucyclinone core has an aromatic ring B, and
thus no angular hydroxy groups at C-4a and C-12b positions.

We found five new metabolites, designated as saquayamycins G-K (1–5), produced by
repeated fermentations of the same strain, along with saquayamycin B1 (6), which was
previously not described as a natural product, and known saquayamycins. Two of the new
angucyclines, saquayamycins H (2) and I (3), bear the unusual aminosugar rednose, which
was found for the first time in an angucycline compound. Aminosugar-containing
angucyclines are very rare, and previously only three examples had been reported, namely
the marmycins A and B,31, 32 and mayamycin.33 The marmycins contain an unusual
branched and doubly (C- and N)-linked aminosugar, 3-epi-, 4-epi-vancosamine, and
mayamycin contains a unique C-glycosidically linked aminosugar, N-
demethylangolosamine, attached at the C-5-position of the benz[a]anthracenone core.
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Results and Discussion
Cultivation, Isolation and Structure Investigation

2.3 g of crude extract was obtained from a four day culture of Streptomyces sp KY40-1. On
the basis of TLC, UV and HPLC-MS (Figure S5) of the crude extract, several angucyclines
containing aquayamycin (17) were detected.34 Fractionation of the extract (2.30 g), using
various chromatographic techniques (Figure S1) led to the isolation of six new
saquayamycins G-K (1–5) and B1 (6). For comparison reasons we report here also NMR
assignments and NOESY correlations of saquayamycins A-B (7–8) (Figure S3–S6), which
were previously incompletely reported.7

Saquayamycin G (1)—Compound 1 is an orange-red solid with a molecular formula of
C37H41O14, indicating that one sugar molecule was missing compared to saquayamycins A
(7) and B (8). The 1H NMR spectrum of 1 displayed the same aromatic pattern as
aquayamycin (17), with sugar substitutions at the C-3- and C-9-positions. The aliphatic
region between δ 1.37–1.26 revealed three methyl protons as doublets indicating three 6-
deoxysugar moieties. This was confirmed by the presence of the three anomeric protons at δ
5.24 (d, 3.5 Hz), 5.22 (br d, 5.5 Hz), and 4.87 (brd, 11.0 Hz), consistent with one β-D- and
two α-L-glycosidically linked sugar moieties. The 13C NMR/HSQC spectra of 1 established
aquayamycin (17) as the aglycone. The last two carbonyls correspond to a quinone system,
with one carbonyl chelated with a peri-hydroxy group. In the sp3 region, two anomeric
carbon signals (δ 95.5 and 92.6) were observed along with seven methine, three quaternary,
five methylene, and four methyl signals. The 1H and 13C NMR data of 1 are closely related
to saquayamycins A (7) and B (8) with Δm/z =110, indicating the missing sugar B (L-
cinerulose or L-aculose) or sugar D (L-aculose) in compounds 7 and 8, respectively.

The HMBC and 1H-1H COSY correlations of 1 (Figure 1) revealed two partial structures,
the aquayamycin aglycone (17) and a disaccharide system. The attachment of the
disaccharide at the usual C-3-position was confirmed by a 3JC-H long range coupling
between the anomeric proton of α-L-rhodinose (δH 5.22) and C-3 (δC 82.7) of the aglycone.
All the three sugars A, C and D showed the same signal patterns and connectivity as
previously found in saquayamycins A (7) and B (8). The oxygenated carbon C-4A (δC 78.2)
of the D-olivose moiety of compound 1 appeared upfield compared to the same carbon of
saquayamycin A (7; C-4A, δC = 89.3, table 4), indicating a free OH group at C-4A of the β-
D-olivose sugar moiety. The couplings and chemical shifts were in full agreement with
structure 1 (Figure 1). The relative configuration of the sugar residues was further confirmed
by NOESY experiments (Figure 2), determining structure 1 as 3-α-L-rhodinosyl-4-1-α-L-
aculosyl-aquayamycin, which was subsequently named saquayamycin G.
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Saquayamycin H (2)—Compound 2 was obtained from fraction FIV as an orange-red
solid (Figure S1). It has similar physicochemical properties as saquayamycins G (1), A (7)
and B (8), showing an orange fluorescence under long UV (365 nm) light, and blue-violet
coloration with 2N NaOH. The molecular formula C43H49NO16 of compound 2 was
established by ESI HRMS, indicating a nitrogen-containing compound with Δm/z =15
higher than saquayamycins A (7) and B (8).

The 1H NMR of compound 2 was very similar to that of saquayamycin B (8) with the
exception that one of the two doublet olefinic protons of the L-aculose moiety was missing.
Instead, one singlet proton at δ 5.19 along with a broad signal with an integration of 2H at δ
4.78 was present. The 13C NMR/HSQC of compound 2 displayed 43 carbon atoms as in
saquayamycin B (8) with highly similar chemical shifts. The sole difference in the 13C NMR
spectrum was that the two methine carbons at C-2D (δC 143.3, Cq) and C-3D (δC 127.5,
CH) of the L-aculose moiety of saquayamycin B (8) were shifted to δ 159.1 (Cq) and δ 97.4
(CH), respectively. The down- field chemical shift of the quaternary carbon δ 159.1 in
compound 2 indicated its connection to a heteroatom, which turned out to be NH2 in this
case, as shown from the broad signal in the 1H NMR spectrum, in the β-position of the
carbonyl.

The full NMR assignments for compound 2 were deduced from the 1H-1H COSY, HSQC
and HMBC experiments (Figure 3 and Tables 1–2) indicating the presence of the rare
aminosugar rednose, which was connected at C-4C of the α-L-rhodinose moiety instead of
the α-L-aculose moiety found in the same position in saquayamycins A (7) and B (8). Based
on NOESY experiments (Figure 4), coupling constants and comparison with saquayamycin
B (8), compound 2 was established as 4A-α-L-cinerulosyl-3-α-L-rhodinosyl- 4C-1D-α-L-
rednosyl-aquayamycin, and consequently named saquayamycin H. The unusual trideoxy-
keto-aminosugar rednose was previously reported in two anthracycline type compounds,
CG21-C35 and rudolphomycin 36 (hence the name).

Saquayamycin I (3)—Compound 3 was obtained as an orange-red solid from the same
fraction as saquayamycin H (2), with a slightly higher polarity. Compound 3 is an isomer of
saquayamycin H (2) with the same molecular formula of C43H48NO16. The UV spectra of
compound 3 showed the band at 218 nm, characteristic of the L-rednose sugar moiety
(Figure S2).

The only difference in the 1H and 13C NMR spectra between compounds 2 and 3 was that
the ABX signals (CH-2B and CH2-3B) of the L-cinerulose sugar moiety in 2 were missing
in 3. Instead, two CH groups of the L-aculose moiety in 3 at δ 7.07 (dd, 10.0, 3.5 Hz; δC
145.2) and δ 6.05 (d, 10.0 Hz; δC 127.3) were observed instead.

The full assignment of compound 3 was deduced from the 1H-1H COSY, HSQC and HMBC
experiments (Figure 5 and Tables 1–2) indicating the attachment of the L-rednose moiety at
C-4A of the β-D-olivose moiety (sugar A). This was confirmed by long range coupling of
the proton at δ 5.50 (H-1B, δC 96.6) to C-4A (δC 88.4) and and from H-4A (δH 3.40) to
C-1B (δC 96.6). Thus, the rednose moiety was found in compound 3 in a different position
than in saquayamycin H (2), and the same O-glycosidic linked disaccharide chain (3-α-L-
rhodinosyl-4-1-α-L-aculose) as found in compounds 1, 7, and 8 is connected at C-3 of the
aquayamycin aglycone. The relative stereochemistry of the aglycone of compound 3 was
deduced from NOESY experiments (Figure 6), coupling constants and by comparison with
the related saquayamycins A (7) and B (8) and H (2). The relative configuration of the sugar
residues was established to be 4A-α-L-rednosyl-3-α-L-rhodinosyl-4C-1D-α-L-aculosyl-
aquayamycin, confirming structure 3 as indicated in Figures 5 and 6, which was
subsequently named saquayamycin I. The attachment of the L-rednose moiety in two
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different positions in saquayamycins H (2) and I (3) indicates acceptor substrate flexibility
of the aminosugar glycosyltransferase or the involvement of two different enzymes.

Saquayamycin J (4)—Compound 4 is a yellow solid with similar physicochemical
properties and staining to those of the earlier isolated saquayamycins. Its molecular weight
was deduced by ESIMS and (−)HRESIMS, establishing its molecular formula to be
C43H52O16, 4 amu higher than saquayamycins A (7) and B (8), attributed to the reduction of
two double bonds or ring openings. The NMR spectrum showed the same aromatic pattern
of the aquayamycin system and the characteristic ABX proton signals CH-2B and CH2-3B
along with the carbonyl of the L-cinerulose sugar moiety (sugar B, δC 208.0), confirming
the existence of the same sugar residues A and B in compound 4 as in saquayamycin B (8).
Comparing the NMR data with those of saquayamycin B (8) showed the absence of the
olefinic proton signals of the L-aculose sugar moiety (2D and 3D) and the carbonyl carbon
C-4D. Instead, two methylene groups and one oxygenated carbon at δC 29.9, 27.9 and 70.4,
respectively, were observed. The 4 amu difference between saquayamycin B (8) and
compound 4 was attributed to the reducing of C-2D and C-3D double bonds along with the
reduction of the carbonyl group at C-4D. The OH group at C-4D could be axial or
equatorial. The structure of 4 was further confirmed by 2D NMR experiments (Figures 7 and
8), exhibiting the same sugar residues A (D-olivose), B (L-cinerulose) and C (L-rhodinose)
and connectivity as found in 8 (Figures 7 and 8). However, based on coupling constants and
NOESY correlations the fourth sugar, residue D, was deduced to be L-rhodinose instead of
L-aculose, which was typically found in the same position, e.g., in compounds 1, 3, 7 and 8.
Hence the new compound 4 was determine to be 4A-α-L-cinerulosyl-3-α-L-
rhodinosyl-4C-1D-α-L-rhodinosyl-aquayamycin and named saquayamycin J. This is the
first angucycline with a disaccharide side chain consisting of the same sugar building blocks
(α-L-rhodinose) attached to C-3

Saquayamycin K (5)—Compound 5 was isolated as a yellow-orange solid. The two
isomers 4 and 5 were separated by HPLC followed by PTLC (see Figure S8). The (−)-
HRESI MS suggested the molecular formula C43H52O16 for 5 with a Δm/z 4 amu higher
than saquayamycin A (7), corresponding to two less double bond equivalents. Compound 5
has the same mass as saquayamycin J (4). The 1H and 13C NMR spectrum of compound 5
was similar to those of saquayamycins A (7) and J (4), except in the olefinic region, one set
of double bond protons of an L-aculose moiety were observed, not two as in 7. This
indicates that one of the L-aculose moieties of saquayamycin A (7) was reduced to an L-
rhodinose moiety to give compound 5. The overall structure was investigated by 2D NMR
studies (Figures 9 and 10; Tables 3 and 4) to determine, at which positions the L-aculose and
L-rhodinose moieties were located. In the HMBC spectrum, a 3J coupling was observed
from the L-rhodinose anomeric proton at δ 4.87 (δC 98.9) to C-4A (δC 89.2) and from H-4A
(δ 3.01) to C-1B (δC 98.9) fixing the linkage of the L-rhodinose sugar moiety at C-4A of the
D-olivose (sugar A). The structure of 5 and its configuration was finally determined to be
4A-α-L-rhodinosyl-3-α-L-rhodinosyl-4C-1D-α-Laculosyl- aquayamycin (Figures 9 and
10), and subsequently named saquayamycin K. An α-L-rhodinosyl sugar moiety (B) was
reported in the same position in A-7884 (16), where it is inserted between a D-olivose and
an L-aculose residue. The fact that a second α-L-rhodinose moiety was found in two
different positions in the isomers 4 and 5 indicates again either a high flexibility of the
corresponding glycosyltransferase or two different glycosyltransferases, similar to the
glycosyltransferase responsible for the L-rednose transfer in saquamycins H (2) and I (3).

Saquayamycin B1 (6)—Compound 6 was isolated as yellow solid, after several
chromatographic purifications of the main fraction FI. The (−)HRESI MS-derived molecular
formula C31H32O12, 224 amu less than saquayamycins A (7) and B (8), indicates two
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missing sugar residues. The UV data and the proton NMR spectrum of compound 6 revealed
its similarity to saquayamycin B (8), except the protons and carbon atoms of the sugar
residues C (L-rhodinose) and D (L-aculose) were absent (Tables 1 and 3). The chemical
shift of C-3 was upfield (δ 76.3; in saquayamycin B, δC 82.7), due to the attachement of a
free hydroxyl group. Thus, compound 6 was identified as saquayamycin B1, which had been
previously reported together with saquayamycins A1 (11), and C1 (12), obtained through
acid hydrolysis of saquayamycins B (8), A (7), and C (9), respectively,4, 5 although not as a
natural product. The reported NMR data of saquayamycin B1 were identical to those from
our isolated compound 6. We further confirmed the structure of 6 as saquayamycin B1 by
full NMR assignments using 2D NMR experiments (Figure 11). Based on NOESY
experiments (Figure 12), coupling constants and comparison with the reported data of
saquayamycin B1,4 compound 6 was shown to have the same configuration as
saquayamycin B1.

Cytotoxicity assays—The cytotoxic activity of saquayamycins G-K (1–5) and B1 (6),
saquayamycins A and B (7 and 8) in comparsion with landomycin A22, 37–39 was
determined using PC3 (Prostate cancer) and H460 (non-small cell lung cancer) cell lines
(Figures S66 and S67, and Table 5). The results indicate that the cytotoxic activity of the
molecules is altered corresponding to their substitution and connectivity patterns (Table 5).
The compounds with ether linkage between C-3A and C-2B of the sugar D-olivose (A) and
L-cinerulose (B) sugar moieties showed slightly better activity than the opened one,
indicating that the rigidity of these two doubly-linked sugar moieties may play an important
role in improving the activity. Notably, compounds with fewer sugar residues are less active.
The the α,β-conjugated double bond (Michael acceptor) in the L-aculose moiety of
saquayamycin B (8) is advantageous compared to the saturated n L-rhodinose sugar moiety
in the same position of saquayamycin J (4). In the H460 cell line, saquayamycin H (2) with
the rare L-rednose sugar moiety was slightly more active than saquayamycin B (8) which
has the L-aculose moiety in the same position, suggesting a potential improvement of
activity through the amino group located at β-position of the L-aculose moiety. Currently,
we are investigating the molecular mechanism by which saquayamycins exert their cytotoxic
effects on both PC3 and H460 cells.

Experimental Section
General Experimental Procedures

UV spectra were recorded on a Shimadzu UV-1800 (Model TCC-240A) UV spectrometer.
NMR spectra were measured on Varian Vnmr 500 (1H, 500 MHz; 13C, 125 MHz)
spectrometer. ESIMS was recorded on a Finnigan LCQ ion trap mass spectrometer. HRMS
was recorded by ESIMS on an Agilent LC/MSD TOF (Resolution: 10,000; 3 ppm mass
accuracy; inlet systems: Agilent Technologies 1200 Series LC pumps) Mass Spectrometer
(Manufacturer: Agilent Palo Alto, CA, USA). HPLC purifications were carried out using a
Symmetry Prep C18 7μm column (7.8 × 300 mm) on a binary LC system (Solvent A: 0.2%
aq. formic acid, solvent B: acetonitrile; flow rate: 2.0 mL min−1; 0–15 min, 75-0% A (linear
gradient), 15–20 min 0% A and 100% B, 20 – 22 min 0 – 75% A (linear gradient), 22 – 27
min 75% A). HPLC-MS analyses were carried out using a Symmetry Anal C18 5μm column
(4.6 × 250 mm) on a binary LC system. Flash chromatography was carried out on silica gel
MN 60 (140–270 mesh ASTM). Rf values were measured on Polygram SIL G/UV254
(Macherey-Nagel & Co.). Size exclusion chromatography was performed using Sephadex
LH-20 (GE Healthcare).
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Cell Viability Assay
Prostate cancer cell line PC3 and non-small cell lung cancer cell line H460 were used to
determine the cytotoxicity of saquayamycins G-K (1–5), B1 (6), A (7), B (8) and
landomycin A. Cells were plated in 96 well plates at a density of 5 × 103 cells per well in
100 μL of full growth media and allowed to adhere overnight. The following day, media
was replaced with 100 μL fresh media containing DMSO control or serial concentrations of
the test compounds and plates were incubated for 48 h at 37 °C. At the end of the incubation
period, 10 μL of Resazurin (Sigma-Aldrich, St. Louis, MO) was added to each well and
further incubated for 3 hr at 37 °C. Cell viability was determined by measuring the
fluorescence at 560 nm excitation wavelength and 590 nm emission wavelength using a
Molecular Devices Spectramax M5 plate reader. Fluorescence was measured at the time of
treatment (time zero) and subtracted from the fluorescence values obtained after 48 h
treatment. Fifty percent growth inhibition (GI50) was measured using non linear regression
analysis and by fitting a sigmoidal dose response curve to the data using Graphpad Prism
(Graph Pad software Inc., Version 5.0). The well-studied cytostatic angucycline lead
compound landomycin A was used as a positive control standard.37–39 Experiments were
performed in four replicates.

SG-Medium
Glucose (20.0 g), yeast extract (5.0 g), Soytone (10.0 g), CoCl2·6H2O (1.0 mg) and calcium
carbonate (2.0 g) were dissolved in 1 L of demineralized water. The suspension (pH 7.2)
was sterilized by autoclaving for 33 min at 121 °C.

M2-Agar
Glucose (4.0 g), yeast extract (4.0 g), malt extract (10.0 g) and agar (15.0 g) were dissolved
in 1 L of demineralized water, then sterilized for 33 min at 121 °C. The medium was
adjusted to pH 7.2 with 2 N NaOH before sterilization.

Fermentation, Extraction and Isolation
Streptomyces sp. KY40-1 (originally isolated, purified and taxonomically identified by M.
K. Kharel from a soil sample collected from the foothills of the Appalachian mountains near
Cave Run Lake, Kentucky, USA, maintained as glycerol spore suspension at −80 °C and
named as KY002)7 was cultivated on M2-agar plates at 28 °C for 3 days. With pieces of
well-grown agar cultures of Streptomyces sp. KY40-1, a 250 mL Erlenmeyer flask pre-
culture containing 100 mL of SG-medium, was inoculated and cultivated at 28 °C (250 rpm)
for three days. The obtained 100 mL pre-culture was used to inoculate 60 250 mL
Erlenmeyer flasks (each with 1 mL preculture), each containing 100 mL of SG-medium and
incubated at 28 °C and 250 rpm. After 4 days the culture broth was harvested. The obtained
reddish-brown culture broth was mixed with Celite and filtered affording the mycelium and
water phases. The mycelium was extracted with EtOAc (4 × 300 mL), sonicated and filtered,
while the water phase was extracted with EtOAc (3 × 2 L). Extracts were combined and
evaporated to dryness under vacuum at 35 °C, giving 2.30 g of a dark-red solid crude
extract, whose chromatographic purification yielded known metabolites and six new
congeners (1–6): The crude extract (2.30 g) was chromatographed on silica gel (column 2 ×
50 cm) using a stepwise MeOH-CH2Cl2 gradient (0–100% MeOH) and monitoring by TLC
to yield fractions FI (1.0 g, yellow-orange solid), FII (0.1 g, orange solid), FIII (0.2 g,
orange-red solid), FIV (0.15 g, orange-red solid), FV (0.1 g, orange solid), FVI (0.95 g,
orange solid), and FVII (0.1 g, yellow- orange solid) (see also supporting information Figure
S1). Purification of fraction FI using HPLC (SymmetryPrep™ C18 7μm, 7.8 × 300 mm
column; MeCN-H2O, 0.2% formic acid; flow rate 2.0 mL min−1) afforded saquayamycin A
(7; orange-red solid, 26.3 mg) and saquayamycin B (8; yellow-orange powder, 95.3 mg)
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along with the sub-fraction FIC. Further fractionation and purification of the sub-fraction
FIC using PTLC (see Figure S1, for the PTLC eluting system conditions) and Sephadex
LH-20 (2 × 50 cm, 50 % MeOH-CH2Cl2) yielded saquayamycins B1 (6; yellow solid, 2.3
mg), J (4; yellow-orange solid, 10.7 mg) and K (5; yellow-orange solid, 8.3 mg), and further
separation and purification of fractions FIII and FIV following figure S1 gave the
saquayamycins G (1; orange-red solid, 10.5 mg), H (2; orange-red solid, 8.3 mg), and I (3;
orange-red solid, 9.2 mg) along with 4′,7-dihydroxyisoflavanone (white solid, 8.7 mg).
Fractions FII, FV-FVII were excluded based on the TLC and HPLC-MS analysis, since no
major products were isolated in enough amounts for NMR characterization (Figure S1).

Saquayamycin G (1)—Orange-red solid; Rf 0.56 (silica gel, MeOH/CH2Cl2 7:93 v/v),
blue-violet coloration with 2N NaOH; UV/vis (MeOH) λmax (log ε) 218 (4.50), 330 sh
(4.05), 433 (4.14), 468 sh (4.11) nm; 1H NMR (CDCl3, 500 MHz), see Table 1; 13C NMR
(CDCl3, 125 MHz), see Table 2; (−)-APCI MS m/z 709 [M−H]−; (−)-ESI MS m/z 709 [M
−H]−; (+)-ESI MS m/z 711 [M+H]+; (−)-HRESIMS m/z 709.2501 [M−H]− (calcd for
C37H41O14, 709.2502) and m/z 691.2393 [M–H2O–H]− (calcd for C37H39O13, 691.2396).

Saquayamycin H (2)—Orange-red solid; Orange fluorescence under long UV (365 nm);
Rf 0.47 (silica gel, MeOH/CH2Cl2 7:93 v/v); Blue-violet coloration with 2N NaOH; UV/vis
(MeOH) λmax (log ε) 218 (4.66), 281 (4.59), 330 sh (4.14), 433 (4.27), 468 sh (4.22)
nm; 1H NMR (CDCl3, 500 MHz), see Table 1; 13C NMR (CDCl3, 125 MHz), see Table 2;
(−)-APCI MS m/z 834 [M−H]−; (−)-ESI MS m/z 834 [M−H]−; (+)-ESI MS m/z 836 [M
+H]+; (−)-HRESIMS m/z 834.2968 [M−H]− (calcd for C43H48NO16, 834.2978) and m/z
816.2862 [M–H2O–H]− (calcd for C43H46NO15, 816.2872).

Saquayamycin I (3)—Orange-red solid; Orange fluorescence under long UV (365 nm);
Rf 0.29 (silica gel, MeOH/CH2Cl2 7:93 v/v); Blue-violet coloration with 2N NaOH; UV/vis
(MeOH) λmax (log ε) 218 (4.65), 281 (4.50), 329 sh (4.15), 435 (4.25), 468 sh (4.20)
nm; 1H NMR (Acetone-d6, 500 MHz), see Table 1; 13C NMR (Acetone-d6, 125 MHz), see
Table 2; (−)-APCI MS m/z 834 [M−H]−; (−)-ESI MS m/z 834 [M−H]−; (+)-ESI MS m/z
836 [M+H]+; (−)-HRESIMS m/z 834.2968 [M−H]− (calcd for C43H48NO16, 834.2978) and
m/z 816.2862 [M–H2O–H]− (calcd for C43H46NO15, 816.2872).

Saquayamycin J (4)—Yellow-orange solid; UV absorbing (254 nm), Orange-red
fluorescence under long UV (365 nm); Rf 0.41 (silica gel, MeOH/CH2Cl2 7:93 v/v), 0.17
(silica gel, 70% EtOAc/n-Hexane); Blue-violet coloration with 2N NaOH; UV/vis (MeOH)
λmax (log ε) 218 (4.61), 328 sh (4.15), 431 (4.25), 468 sh (4.20) nm; 1H NMR (CDCl3, 500
MHz), see Table 3; 13C NMR (CDCl3, 125 MHz), see Table 4; (−)-APCI MS m/z 823 [M
−H]−; (−)-ESI MS m/z 823 [M−H]−; (+)-ESI MS m/z 825 [M+H]+; (−)-HRESIMS m/z
823.3189 [M−H]− (calcd for C43H51O16, 823.3182), and m/z 805.3085 [M–H2O–H]− (calcd
for C43H49O15, 805.3077).

Saquayamycin K (5)—Yellow-orange solid; UV absorbing (254 nm), Orange-red
fluorescence under long UV (365 nm); Rf 0.42 (silica gel, MeOH/CH2Cl2 7:93 v/v), 0.21
(silica gel, 70% EtOAc/n-Hexane); Blue-violet coloration with 2N NaOH; UV/vis (MeOH)
λmax (log ε) 218 (4.66), 328 sh (4.15), 434 (4.26), 468 sh (4.21) nm; 1H NMR (CDCl3, 500
MHz), see Table 3; 13C NMR (CDCl3, 125 MHz), see Table 4; (−)-APCI MS m/z 823 [M
−H]−; (−)-ESI MS m/z 823 [M−H]−; (+)-ESI MS m/z 825 [M+H]+; (−)-HRESIMS m/z
823.3189 [M−H]− (calcd for C43H51O16, 823.3182), and m/z 805.3085 [M–H2O–H]− (calcd
for C43H49O15, 805.3077).
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Saquayamycin B1 (6)—Yellow solid; UV absorbing (254 nm); Rf 0.50 (silica gel,
MeOH/CH2Cl2 7:93 v/v); Blue-violet coloration with 2N NaOH; UV/vis (MeOH) λmax (log
ε) 218 (4.23), 328 sh (3.88), 429 (3.98), 468 sh (3.94) nm; 1H NMR (CDCl3, 500 MHz), see
Table 3; 13C NMR (CDCl3, 125 MHz), see Table 2; (−)-APCI MS m/z 595 [M−H]−; (−)-
ESI MS m/z 595 [M−H]−; (+)-ESI MS m/z 597 [M+H]+; (−)-HRESIMS m/z 595.1821 [M
−H]− (calcd for C31H31O12, 595.1821), m/z 577.1724 [M–H2O–H]− (calcd for C31H29O11,
577.1715), m/z 559.1604 [M–2H2O–H]− (calcd for C31H27O10, 559.1609), and m/z
1191.3703 [2M–H]− (calcd for C62H63O24, 1191.3714).

Saquayamycin A (7)—Orange-red solid; UV absorbing (254 nm); Orange-red
fluorescence under long UV (365 nm); Rf 0.69 (silica gel, MeOH/CH2Cl2 7:93 v/v); Blue-
violet coloration with 2N NaOH; 1H NMR (CDCl3, 500 MHz), see Table 3; 13C NMR
(CDCl3, 125 MHz), see Table 4; (−)-APCI MS m/z 819 [M−H]−.

Saquayamycin B (8)—Yellow-orange powder; UV absorbing (254 nm); Orange-red
fluorescence under long UV (365 nm); Rf 0.70 (silica gel, MeOH/CH2Cl2 7:93 v/v); Blue-
violet coloration with 2N NaOH; UV/vis (MeOH) λmax (log ε) 218 (4.50), 330 sh (4.12),
428 (4.24), 468 sh (4.20) nm; 1H NMR (CDCl3, 500 MHz), see Table 1; 13C NMR (CDCl3,
125 MHz), see Table 2; (−)-APCI MS m/z 819 [M−H]−.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
1H-1H-COSY (bold lines) and selected HMBC long range couplings (→) of saquayamycin
G (1).
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Figure 2.
Selected NOESY correlations (↔) in saquayamycin G (1).
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Figure 3.
1H-1H-COSY (bold lines) and selected HMBC long range couplings (→) of saquayamycin
H (2).
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Figure 4.
Selected NOESY correlations (↔) in saquayamycin H (2).
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Figure 5.
1H-1H-COSY (bold lines) and selected HMBC long range couplings (→) of saquayamycin I
(3).
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Figure 6.
Selected NOESY correlations (↔) in saquayamycin I (3).
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Figure 7.
1H-1H-COSY (bold lines) and selected HMBC (→) correlations of saquayamycin J (4).
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Figure 8.
Selected NOESY correlations (↔) in saquayamycin J (4).
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Figure 9.
1H-1H-COSY (bold lines) and selected HMBC long range couplings (→) of saquayamycin
K (5).
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Figure 10.
Selected NOESY correlations (↔) in Saquayamycin K (5).
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Figure 11.
1H-1H-COSY (bold lines) and selected HMBC (→) correlations of saquayamycin B1 (6).
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Figure 12.
Selected NOESY (↔) correlations in saquayamycin B1 (6).
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Table 1

1H NMR (500 MHz) assignments of saquayamycins B (8), G (1), H (2) and I (3), δ in ppm relative to TMS
(multiplicity, J/Hz).

Position
Saquayamycin B (8) a) Saquayamycin G (1) a) Saquayamycin H (2) a) Saquayamycin I (3) a)

δH (CDCl3) δH (CDCl3) δH (CDCl3) δH (Acetone-d6)

2 2.48, d (13.5, Ha), 3.15, dd
(13.0, 3.0, He)

2.49, d (13.5, Ha), 3.16, dd
(13.5, 3.0, He)

2.48, d (13.5, Ha), 3.16, dd
(13.5, 3.0, He)

2.89, brd (13.0, Ha), 2.96, brd
(13.0, He)

3-CH3 1.37, s 1.38, s 1.37, s 1.39, s

4 1.81, d (15.5, Ha), 2.25, dd
(15.5, 3.0, He)

1.81, d (15.0, Ha), 2.26, dd
(15.0, 3.0, He)

1.84, d (15.0, Ha), 2.25, dd
(15.5, 3.0, He)

2.22, d (15.5, Ha), 2.31, dd
(15.5, 2.0, He)

4a-OH 4.31, brs 4.32, brs 4.35, brs 4.31, brs

5 6.42, d (10.0) 6.42, d (9.5) 6.42, d (10.0) 6.43, d (9.5)

6 6.87, d (9.5) 6.88, brd (10.5) 6.87, d (9.5) 6.82, d (9.5)

8-OH 12.27, s 12.28, s 12.26, s 12.32, s

10 7.85, d (7.5) 7.85, d (8.0) 7.85, d (7.5) 7.90, d (7.5)

11 7.57, d (7.5) 7.58, d (7.5) 7.57, d (7.5) 7.57, d (8.0)

12b-OH 4.56, brs 4.59, brs 4.56, brs 4.62, brs

Sugar A, β-D-olivose

1A 4.93, brd (9.5) 4.87, brd (11.0) 4.93, brd (9.5) 4.91, brd (11.0)

2A 1.45, m (Ha), 2.41, ddd (12.5,
4.0, 2.5, He)

1.40 m (Ha), 2.44 m (He) 1.45, ddd (14.0, 11.5, 3.0, Ha),
2.41 (ddd, 12.5, 2.5, 1.5, He)

1.40, m (Ha), 2.47 brdd (12.5,
4.5)

3A 3.78, m 3.80, brm 3.78, m 3.95, m

3A-OH - 3.46, brs - 4.75, brs

4A 3.45, dd (9.0, 9.0) 3.16, dd (10.5, 9.0) 3.45, dd (9.0, 9.0) 3.40, dd (9.0, 9.5)

4A-OH - n.o.b) - -

5A 3.54, dq (9.0, 6.0) 3.48, m 3.54, dq (9.0, 6.0) 3.63, m

6A 1.36, d (6.5) 1.37, brd (7.5) 1.36, d (6.0) 1.43, d (6.0)

Sugar B, α-L-cinerulose or α-L-rednose

1B 5.15, d (2.5) - 5.15, d (3.0) 5.50 (s)

2B 4.31, brs - 4.32, m -

2B-NH2 - - - 6.38, brs

3B 2.60, dd (17.5, 3.0, Ha), 2.64,
dd (17.5, 3.0, He)

- 2.60, dd (17.5, 3.0, Ha), 2.64,
dd (17.5, 3.0, He)

5.10, s

5B 4.69, q (7.0) - 4.69, q (6.5) 4.63, q (6.5)

6B 1.35, d (7.0) - 1.34, d (6.5) 1.31, d (6.5)

Sugar C, α-L-rhodinose

1C 5.22, brd (4.0) 5.22, brd (5.5) 5.22, d (2.5) 5.24, brs

2C 1.44, m (Ha), 2.01, m (He) 1.90, m (Ha), 2.00, m (He) 1.90, m (Ha), 2.00, m (He) 1.96–1.88, m (Ha) 1.96–1.88,
m (He)

3C 1.88, m (Ha) 1.88, m (He) 1.45, m (Ha), 1.85, m (He) 1.45, m (Ha), 1.85, m (He) 1.43, m (Ha), 1.82, m (He)

4C 3.66, brs 3.67, brs 3.69, brs 3.73, brs

5C 4.21, brm 4.22, m 4.21, brq (6.5) 4.20, m

6C 1.26, d (6.5) 1.26, d (6.5) 1.30, d (7.0) 1.22, d (6.5)
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Position
Saquayamycin B (8) a) Saquayamycin G (1) a) Saquayamycin H (2) a) Saquayamycin I (3) a)

δH (CDCl3) δH (CDCl3) δH (CDCl3) δH (Acetone-d6)

Sugar D, α-L-aculose or α-L-rednose

1D 5.24, d (3.5) 5.24, d (3.5) 5.17, s 5.38, d (3.5)

2D 6.86, dd (10.5, 3.5) 6.85, dd (10.0, 3.5) - 7.07, dd (10.0, 3.5)

2D-NH2 - - 4.78, brs -

3D 6.01, d (10.5) 6.07, d (10.5) 5.19, s 6.05, d (10.0)

5D 4.51, q (6.5) 4.51, q (7.0) 4.32, m 4.58, q (6.5)

6D 1.34, d (6.5) 1.35, d (7.0) 1.34, d (6.5) 1.28, d (7.0)

a)
See also Figures S12–17, S20–31 and S60–65,

b)
not observed.
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Table 3

1H NMR assignments (500 MHz, CDCl3) of saquayamycins A (7), J (4), K (5) and B1 (6), δ in ppm relative
to TMS (multiplicity, J/Hz).

Position
Saquayamycin A (7)a) Saquayamycin J (4)a) Saquayamycin K (5)a) Saquayamycin B1 (6)a)

δH δH δH δH

2 2.47, d (13.5, Ha), 3.13, dd
(13.5, 2.5, He)

2.47, d (13.0, Ha), 3.16, dd
(13.0, 3.0, He)

2.49, d (13.5, Ha), 3.16, dd
(13.5, 3.0, He)

2.60, d (13.5, Ha), 2.93, dd
(12.5, 2.5, He)

3-CH3 1.36, s 1.38, s 1.38, s 1.27, s

3-OH - - - 3.90, brs b)

4 1.81, d (15.0, Ha), 2.24, dd
(15.5, 3.0, He)

1.81, d (15.5, Ha), 2.24, dd
(15.0, 2.5, He)

1.82, d (15.5, Ha), 2.26, dd
(15.5, 3.0, He)

1.82, d (15.0, Ha) 2.25, dd
(14.0, 2.0, He)

4a-OH 4.30, brs 4.38, brs 4.31, brs 3.54, brs b)

5 6.40, d (10.0) 6.42, d (10.0) 6.42, d (10.0) 6.38, d (10.0)

6 6.86, d (9.5) 6.87, d (9.5) 6.89, d (10.0) 6.87, d (9.5)

8-OH 12.25, s 12.27, s 12.26, s 12.26, s

10 7.83, d (8.0) 7.85, d (8.0) 7.85, d (8.0) 7.87, d (7.5)

11 7.56, d (7.5) 7.57, d (8.0) 7.58, d (7.5) 7.59, d (8.0)

12b-OH 4.56, brs 4.56, brs 4.57, brs 4.98, brs b)

Sugar A, β-D-olivose

1A 4.84, brd (11.0) 4.93, brd (9.5) 4.84, brd (10.0) 4.94, brd (10.0)

2A 1.45, m (Ha), 2.48, m (He) 1.41, m (Ha), 2.41, ddd, 12.5,
4.5, 2.0, He)

1.33 m (Ha), 2.49 m (He) 1.40, m (Ha), 2.42, ddd (12.5,
4.5, 2.0, He)

3A 3.86, m 3.78, m 3.79, m 3.79, m

3A-OH 4.23, brs - 3.46, brs -

4A 3.17, dd (9.0, 8.5) 3.45, dd (9.0, 9.0) 3.01, dd (8.5, 8.5) 3.46, dd (9.0, 9.0)

5A 3.53, m 3.54, m 3.53, m 3.55, m

6A 1.35, d (6.0) 1.37, d (6.0) 1.33, d (6.5) 1.38, d (6.0)

Sugar B, α-L-aculose or α-L-cinerulose or α-L-rhodinose

1B 5.34, d (3.5) 5.15, d (3.0) 4.87, brs 5.16, d (3.0)

2B 6.81, dd (10.0, 3.5) 4.31, brm 1.90–1.80, m (Ha, He) 4.32, brq (3.0)

3B 6.10, d (10.5) 2.60, dd (17.5, 3.0, Ha), 2.65,
dd (17.5, 3.5, He)

1.20, m (Ha), 1.90, m (He) 2.60, dd (16.5, 3.0, Ha), 2.66,
dd (17.5, 3.5, He)

4B - - 3.32, brm -

4B-OH - - 4.93, brs -

5B 4.72, q (6.5) 4.69, q (7.0) 3.84, m 4.70, q (7.0)

6B 1.39, d (7.0) 1.34, d (7.0) 1.29, d (6.0) 1.35, d (6.5)

Sugar C, α-L-rhodinose

1C 5.21, brs 5.23, brd (2.5) 5.23, brs -

2C 1.45, m (Ha), 1.88, m (He) 1.42, m (Ha), 1.80, m (He) 1.45, m (Ha), 1.90, m (He) -

3C 1.99–1.88, m (Ha, He) 1.76, m (Ha, He) 2.01–1.90, m (Ha, He) -

4C 3.65, brs 3.54, brm 3.67, brs -

5C 4.18, m 4.15, m 4.22, m -

6C 1.24, d (6.0) 1.20, d (6.0) 1.26, d (7.0) -
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Position
Saquayamycin A (7)a) Saquayamycin J (4)a) Saquayamycin K (5)a) Saquayamycin B1 (6)a)

δH δH δH δH

Sugar D, α-L-aculose or α-L-rhodinose

1D 5.22, d (3.5) 4.76, brd (2.5) 5.24, d (3.5) -

2D 6.85, dd (9.5, 3.5) 1.70, m (Ha), 1.95, m (He) 6.86, dd (10.0, 3.5) -

3D 6.04, d (10.0) 1.80, m (Ha, He) 6.07, d (10.5) -

4D - 3.26, brm - -

4D-OH - 5.27, brs - -

5D 4.50, q (7.0) 3.61, m 4.52, q (6.5) -

6D 1.32, d (7.0) 1.21, d (6.0) 1.34, d (7.0) -

a)
See also Figures S32–37, S40–45 and S48–59,

b)
Assignments may be interchangeable among the signals.
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Table 4

13C NMR (125 MHz) assignments of Saquayamycins A (7), J (4) and K (5) in CDCl3, δ in ppm relative to
TMS.

Position

Saq. A (7) Saq. J (4) Saq. K (5)

δC, mult. a) δC, mult. a) δC, mult. a)

1 205.1, C 205.0, C 205.1, C

2 50.3, CH2 50.4, CH2 50.4, CH2

3 82.7, C 82.6, C 82.8, C

3-CH3 25.6, CH3 25.6, CH3 25.6, CH3

4 44.6, CH2 44.7, CH2 44.7, CH2

4a 80.1, C 80.1, C 80.2, C

5 145.7, CH 145.8, CH 145.7, CH

6 117.6, CH 117.6, CH 117.7, CH

6a 138.9, C 138.9, C 139.0, C

7 188.3, C 188.5, C 188.4, C

7a 114.1, C 114.2, C 114.1, C

8 158.1, C 158.1, C 158.3, C

9 138.3, C 138.0, C 138.8, C

10 133.7, CH 133.8, CH 133.8, CH

11 119.8, CH 119.8, CH 119.9, CH

11a 130.6, C 130.7, C 130.6, C

12 182.4, C 182.4, C 182.5, C

12a 138.9, C 139.1, C 139.0, C

12b 77.6, C 77.6, C 77.6, C

Sugar A, α-D-olivose

1A 71.2, CH 71.6, CH 71.2, CH

2A 39.0, CH2 36.9, CH2 38.9, CH2

3A 71.4, CH 76.9, CH 71.6, CH

4A 89.3, CH 74.6, CH 89.2, CH

5A 74.5,CH 74.7, CH 74.7, CH

6A 18.5, CH3 17.6, CH3 18.7, CH3

Sugar B, α-L-aculose or α-L-cinerulose or α-L-rhodinose

1B 95.2, CH 91.5, CH 98.9, CH

2B 142.4, CH 71.3, CH 27.3, CH2

3B 127.4, CH 40.1, CH2 30.1, CH2

4B 195.4, C 208.0, C 71.7, CH

5B 71.6, CH 77.9, CH 71.5, CH

6B 15.3, CH3 16.3, CH3 18.0, CH3

Sugar C, α-L-rhodinose

1C 92.5, CH 92.8, CH 92.6, CH

2C 24.8, CH2 25.0, CH2 24.9, CH2
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Position

Saq. A (7) Saq. J (4) Saq. K (5)

δC, mult. a) δC, mult. a) δC, mult. a)

3C 24.7, CH2 24.7, CH2 24.7, CH2

4C 76.3, CH 74.4, CH 76.4, CH

5C 67.1, CH 67.6, CH 67.1, CH

6C 17.3, CH3 17.4, CH3 17.4, CH3

Sugar D, α-L-aculose or α-L-rhodinose

1D 95.4, CH 98.8, CH 95.5, CH

2D 143.3, CH 29.9, CH2 143.3, CH

3D 127.4, CH 27.9, CH2 127.5, CH

4D 197.0, C 72.3, CH 197.1, CH

5D 70.7, CH 70.4, CH 70.8, CH

6D 15.3, CH3 18.0, CH3 15.4, CH3

- - - -

a)
See also Figures S32–37, S40–45 and S54–59.
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