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Three new himeic acids E–G were isolated from a marine-derived fungus, Aspergillus sp., and their 
structures were determined by spectroscopic analysis. Although himeic acid A inhibited the activity of ubiq-
uitin-activating enzyme (E1), the three new derivatives did not.
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Protein degradation is regulated by the ubiquitin-protea-
some system and is essential for various cellular events in-
cluding cell-cycle control, transcription, and development.1,2) 
The ubiquitin-proteasome system consists of the ubiquitin 
system, which is composed of three enzymes [ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2), 
and ubiquitin-protein ligase (E3)] and catalyzes ubiquitination 
of client proteins, and the 26S proteasome, which degrades 
polyubiquitinated client proteins.1–6) In our search for anti-
cancer agents targeting the ubiquitin-proteasome system, we 
isolated himeic acid A (1)7) (Fig. 1) from the culture of a ma-
rine-derived Aspergillus sp. and hyrtioreticulin A8) from the 
marine sponge Hyrtios reticulatus as E1 inhibitors. E1 activity 
is essential for the ubiquitin-proteasome system and, therefore, 
inhibitors against E1 would be another powerful agent for the 
treatment of cancer. We isolated 1 together with himeic acids 
B (2) and C (3) from the Aspergillus culture. In spite of their 
structural similarities, their inhibitory effects differed.7) While 
1 caused 65% inhibition at 50 µm, 2 and 3 had no effect even 
at 100 µm. Since 1 did not inhibit E1-like enzymes for other 
ubiquitin-like modifiers, namely, SUMO-1 and ISG15, it seems 
to be a specific inhibitor of the ubiquitin E1 enzyme. In the 
continuing search for more potent E1 inhibitors, we tried to 
find minor congeners of himeic acids in the culture. Here, we 
report the isolation and structural elucidation of himeic acids 
E–G (4–6).

The fungus was cultured, and then the mycelium and broth 
were separated by filtration. The mycelium was extracted with 
EtOAc and the concentrated extract was partitioned between 
n-hexane and 90% MeOH–H2O. The culture broth was ex-
tracted with n-BuOH and the extract was partitioned between 
n-hexane and 90% MeOH–H2O. The two aqueous MeOH 
fractions were combined and subjected to octadecyl silica 
(ODS) column chromatography with MeOH–H2O (20, 40, 60, 
80, 100%). The fractions eluted with 60 and 80% MeOH–H2O 
were also combined, and repeatedly purified by ODS HPLC 
with MeCN–H2O–trifluoroacetic acid (TFA) to afford 4–6 
together with 1–3 and microsphaerone C (7).9)

High resolution-electrospray ionization (HR-ESI)-MS 
showed the molecular formula of 4 to be C22H30N2O7, which 
is identical to that of 3. The 1H- and 13C-NMR spectra in 
DMSO-d6 (Table 1) were almost superimposable on those of 
3 except for the coupling pattern of olefinic signals. H-10 and 
H-11 were observed at δ 6.07 (dt, J=11.9, 7.3 Hz) and 6.22 (d, 

J=11.9 Hz), respectively. The magnitude of the coupling con-
stant showed that 4 has a cis double bond, in contrast to trans 
in 3. The specific rotation of 4 was −12°, the sign of which 
was the same as for 1 and 3 (−15° and −9.8°, respectively). 
Accordingly, the absolute configuration of C-3′ of 4 was indi-
cated to be S based on biogenetic considerations. Therefore, 4 
was shown to be a geometrical isomer of 3.

The molecular formula of 5 was established by HR-ESI-
MS as C17H24N2O4, C5H6O3 less than that of 4. The 1H- and 
13C-NMR spectra of 5 (Table 2) readily showed the pres-
ence of two mutually coupled signals at δ 7.44 (d, J=4.3 Hz) 
and 9.53 (d, J=4.3 Hz) instead of the absence of a unit X, 
C-1′–C-5′ (see Fig. 1) and a singlet signal at δ 13.06 (17-NH) 
compared to 4. The remaining unit, C-1–C-17, was identical 
to the corresponding unit of 4, which was unambiguously 
established by 2 dimensional (2D)-NMR spectra. These data 
suggested that the unit X in 4 was replaced by a hydrogen 
atom in 5.

The 1H- and 13C-NMR spectra of 6 (Table 2) were similar 
to 5 except for the presence of a methyl group (δH 3.56 (3H, 
s) and δC 51.2 (qC)). Heteronuclear multiple bond connectivity 
(HMBC) cross peaks from δ 3.56, 2.27 (H2-2), and 1.50 (H2-3) 
to δ 173.4 (C-1) showed that the additional methyl group was 
accommodated on a methyl ester at C-1. The coupling con-
stant of olefinic hydrogens at δ 6.25 and 6.63 was 16.1 Hz, 
which suggested the trans-configuration. The molecular 
formula C18H26N2O4 indicated by HR-ESI-MS supported the 
structure of 6 analyzed using the NMR data.

The effects of himeic acids E–G (4–6) and microsphaerone 
C (7) on the formation of the E1-ubiquitin intermediate were 
tested by Western blotting.7,8) They were unable to inhibit the 
intermediate’s formation even at 200 µm. These results clearly 
showed that both a 4-pyrone ring and unit X (C-1′–C-5′) were 
essential to inhibit formation of the E1-ubiquitin intermediate 
and confirmed the previous result that himeic acid A (1), but 
not B (2) or C (3), inhibited E1 activity.7)

Despite many attempts to develop E1 inhibitors, only four 
natural inhibitors, panapophenanthorine,10) himeic acid A,7) 
largazole,11) and hyrtioreticulin A,8) and two synthetic inhibi-
tors, PYR-4112) and NSC624206,13) have been discovered so 
far. Among them, PYR-41 is cell-permeable and blocks protein 
degradation and cytokine-induced activation of nuclear factor-
kappa B (NF-κB), which leads to the activation of p53 in cells 
and death of cells transformed with wild-type p53. Nowadays, 
inhibitors targeting the ubiquitin system including E1, E2, 
and E3 enzymes, the delivery system, and deubiquitinating 
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enzymes are also candidates for anticancer drugs, and several 
compounds are now undergoing preclinical and clinical tri-
als.14–16) Although a NEDD8 E1 inhibitor, MLN4924,17,18) is 
now under phase I/II trials, no ubiquitin-E1 inhibitor has been 
evaluated yet. The discovery of ubiquitin-E1 inhibitors is ur-
gently needed to develop more efficient anticancer drugs and 
to investigate the complex ubiquitin-proteasome system.

Experimental
Optical rotation was determined with a JASCO P-1000 po-

larimeter in MeOH. UV spectra were measured on a JASCO 
V-550 spectrophotometer in MeOH. IR spectra were measured 
on a JEOL JIR-6500W spectrophotometer. NMR spectra 
were recorded on a Bruker Avance 500 NMR spectrometer in 
DMSO-d6. Chemical shifts in DMSO-d6 were referenced to 
the residual solvent peaks, δH 2.49 and δC 39.5. Mass spectra 
were measured on a Bruker esquire3000plus-K1 or Bruker 
Bio-TOF mass spectrometer.

Extraction and Isolation ​ The strain of Aspergillus sp. 

(MF275),7) which was isolated from mussel, was cultured in a 
medium (40 mL×14) composed of 2.0% malt extract and 0.5% 
peptone in 50% seawater at 25°C with shaking for two weeks. 
The mycelium and culture broth were separated by filtration. 
The mycelium was extracted with EtOAc and the concen-
trated extract (337.9 mg) was partitioned between n-hexane 
(186.5 mg) and 90% MeOH–H2O (125.5 mg). The culture broth 
was extracted with n-BuOH and the extract (930.8 mg) was 
partitioned between n-hexane (262.0 mg) and 90% MeOH–
H2O (645.3 mg). The two aqueous MeOH fractions were 
combined and subjected to ODS column chromatography with 
MeOH–H2O (20, 40, 60, 80, 100%). The fractions (102.2 mg) 
eluted with 60 and 80% MeOH–H2O were also combined and 
repeatedly purified by ODS HPLC with MeCN–H2O–TFA 
(27.5–35% MeCN–H2O containing 0.05% TFA) to afford hi-
meic acids E (4, 0.98 mg), F (5, 1.28 mg), and G (6, 0.98 mg) 
together with himeic acids A (1, 17.4 mg), B (2, 0.80 mg), and 
C (3, 55.6 mg) and microsphaerone C (7, 3.0 mg).9)

4: 1H- and 13C-NMR (DMSO-d6) see Table 1. HMBC 
correlations: H2-2/C-1, C-3, C-4; H2-3/C-1; H2-8/C-10; H2-
9/C-10, C-11; H-10/C-8, C-9, C-12; H-11/C-9, C-10, C-13; H-
13/C-11, C-12, C-14, C-15; H-16/C-12, C-14, C-15, C-17; H-2′ 
(δ 2.81)/C-1′, C-3′, C-5′; H-2′ (δ 3.12)/C-1′, C-4′; H-3′/C-4′; 
H-5′/C-2′, C-3′, C-4′; 17-NH/C-2′. IR (film) cm−1: 2927, 
2852, 1734, 1716, 1699, 1684, 1653, 1558, 1541, 1506, 1458, 
1205, 1182, 1134. UV λmax (MeOH) nm (log ε): 300 (sh, 3.1), 
249 (3.9). HR-ESI-MS m/z: 433.1965 (M−H)− (Calcd for 
C22H29N2O7: 433.1975). ESI-MS m/z: 433 (M−H)−. [α]D

20 −12° 
(c=0.89, MeOH).

5: 1H- and 13C-NMR (DMSO-d6) see Table 2. HMBC cor-
relations: H2-2/C-3; H2-9/C-10, C-11; H-10/C-9, C-11, C-12; 
H-11/C-9, C-10, C-13; H-13/C-11, C-12, C-15; H-16/C-12, C-14. 
IR (film) cm−1: 2927, 2854, 1734, 1716, 1699, 1684, 1653, 1558, 
1541, 1506, 1458, 1205, 1182, 1136. UV λmax (MeOH) nm 
(log ε): 230 (3.2). HR-ESI-MS m/z: 319.1662 (M−H)− (Calcd 
for C17H23N2O4: 319.1658). ESI-MS m/z: 319 (M−H)−.

6: 1H- and 13C-NMR (DMSO-d6) see Table 2. HMBC cor-
relations: H2-2/C-1, C-3; H2-3/C-1; H2-8/C-10; H2-9/C-8, C-10, 
C-11; H-10/C-8, C-9, C-12; H-11/C-9, C-12, C-13; H-13/C-11, 
C-12, C-15; H-16/C-17; 1-OMe/C-1; 12-NH/C-13, C-15; 
17-NH2/C-15. IR (film) cm−1: 2924, 2854, 1734, 1716, 1699, 
1684, 1670, 1653, 1635, 1558, 1541, 1522, 1508, 1207, 1182, 
1134. UV λmax (MeOH) nm (log ε): 297 (sh, 3.1), 246 (3.9). 
HR-ESI-MS m/z: 333.1777 (M−H)− (Calcd for C18H25N2O4: 
333.1814). ESI-MS m/z: 333 (M−H)−.

Measurement of E1 Activity ​ This assay was performed 
as described previously.7,8)

Table  1.  1H- and 13C-NMR Data for 4 in DMSO-d6

δH δC

1 174.5
2 2.16 t 7.3 33.7
3 1.45 m 24.5
4 1.22 m 28.5a)

5 1.22 m 28.6a)

6 1.22 m 28.7a)

7 1.22 m 28.7a)

8 1.41 m 28.7a)

9 2.29 q 7.3 28.7a)

10 6.07 dt 11.9, 7.3 141.5
11 6.22 d 11.9 120.9
12 146.8
13 6.40 s 118.4
14 177.2
15 115.1
16 8.47 s 143.6
17 163.1
1′ 173.2
2′ 2.81 dd 17.5, 5.0 41.9

3.12 dd 17.5, 8.4
3′ 2.78 ddq 8.4, 5.0, 6.9 34.5
4′ 176.7
5′ 1.13 s 6.9 17.1

12-NH 12.13 br s
17-NH 13.06 s

a) May be interchangeable.

Fig.  1.  Structures of 1–7
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Table  2.  1H- and 13C-NMR Data for 5 and 6 in DMSO-d6

5 6

δH δC δH δC

1 174.6 173.4
2 2.16 t 7.3 33.6 2.27 t 7.4 33.3
3 1.45 m 24.5 1.50 m 24.4
4 1.22 m 28.5a) 1.25 m 28.45a)

5 1.22 m 28.6a) 1.25 m 28.48a)

6 1.22 m 28.7a) 1.25 m 28.6a)

7 1.22 m 28.7a) 1.25 m 28.7a)

8 1.40 m 28.7a) 1.42 m 28.1
9 2.26 q 7.3 28.7a) 2.20 q 7.3 32.3

10 6.03 dt 11.8, 7.3 140.7 6.63 dt 16.1, 7.3 138.5
11 6.18 d 11.8 121.0 6.25 d 16.1 122.6
12 145.3 145.7
13 6.28 s 118.2 6.39 s 116.0
14 177.3 177.7
15 117.3 117.7
16 8.32 s 141.5 8.26 d 6.2 141.5
17 165.4 165.4
1-OMe 3.56 s 51.2
12-NH 12.08 br s 12.06 d 6.2
17-NH2 7.44 d 4.3 7.43 d 4.5

9.53 d 4.3 9.52 d 4.5
a) May be interchangeable in each column.

http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1146/annurev.biochem.68.1.1015
http://dx.doi.org/10.1146/annurev.biochem.68.1.1015
http://dx.doi.org/10.1146/annurev.biochem.70.1.503
http://dx.doi.org/10.1146/annurev.biochem.78.081507.101607
http://dx.doi.org/10.2183/pjab.85.12
http://dx.doi.org/10.1016/j.bmcl.2004.10.012
http://dx.doi.org/10.1016/j.bmcl.2004.10.012
http://dx.doi.org/10.1016/j.bmc.2012.05.044
http://dx.doi.org/10.1016/j.bmc.2012.05.044
http://dx.doi.org/10.1016/j.bmc.2012.05.044
http://dx.doi.org/10.1016/j.bmc.2012.05.044
http://dx.doi.org/10.1016/j.bmc.2012.05.044
http://dx.doi.org/10.1021/np020098q
http://dx.doi.org/10.1021/np020098q
http://dx.doi.org/10.1371/journal.pone.0029208
http://dx.doi.org/10.1371/journal.pone.0029208
http://dx.doi.org/10.1371/journal.pone.0029208
http://dx.doi.org/10.1158/0008-5472.CAN-07-0568
http://dx.doi.org/10.1158/0008-5472.CAN-07-0568
http://dx.doi.org/10.1158/0008-5472.CAN-07-0568
http://dx.doi.org/10.1158/0008-5472.CAN-07-0568
http://dx.doi.org/10.1177/1087057111433843
http://dx.doi.org/10.1177/1087057111433843
http://dx.doi.org/10.1177/1087057111433843
http://dx.doi.org/10.1038/nrd3321
http://dx.doi.org/10.1038/nrd3321
http://dx.doi.org/10.1016/j.cell.2010.11.016
http://dx.doi.org/10.1016/j.ejphar.2009.08.042
http://dx.doi.org/10.1016/j.ejphar.2009.08.042
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1038/nature07884
http://dx.doi.org/10.1016/j.molcel.2009.12.024
http://dx.doi.org/10.1016/j.molcel.2009.12.024
http://dx.doi.org/10.1016/j.molcel.2009.12.024
http://dx.doi.org/10.1016/j.molcel.2009.12.024
http://dx.doi.org/10.1016/j.molcel.2009.12.024
http://dx.doi.org/10.1016/j.molcel.2009.12.024

