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Abstract: Hyaluromycin (1), a new member of the rubromycin family of antibiotics, was 

isolated from the culture extract of a marine-derived Streptomyces sp. as a HAase inhibitor 

on the basis of HAase activity screening. The structure of 1 was elucidated through the 

interpretation of NMR data for the compound and its 3″-O-methyl derivative in 

combination with an incorporation experiment with [1,2-
13

C2]acetate. The compound’s 

absolute configuration was determined by the comparison of its circular dichroism (CD) 

spectrum with those of other rubromycins. Hyaluromycin (1) consists of a γ-rubromycin 

core structure possessing a 2-amino-3-hydroxycyclopent-2-enone (C5N) unit as an amide 

substituent of the carboxyl function; both structural units have been reported only from 

actinomycetes. Hyaluromycin (1) displayed approximately 25-fold more potent 

hyaluronidase inhibitory activity against hyaluronidase than did glycyrrhizin, a known 

inhibitor of plant origin. 

Keywords: rubromycin; hyaluronidase inhibitor; marine actinomycetes; Streptomyces;  

2-amino-3-hydroxycyclopent-2-enone 
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1. Introduction 

Hyaluronidase (HAase)—an endoglycosidase—hydrolyzes hyaluronic acid (HA), the only  

non-sulfated glycosaminoglycan that is not attached to a core protein, which consists of a repeating 

unit of D-glucuronic acid and N-acetyl glucosamine. HA was synthesized by HA synthases which 

polymerize HA on the intracellular membrane surface. The HA polymers are extruded onto the 

glycocalyx or into the extra cellular matrix (ECM). HA exists mainly in the skin, primarily in the 

dermis, of mammalians and is degraded by various different HAases in the somatic cells in a  

step-by-step manner. HAase is found in a number of organisms, including mammals, bacteria 

(Streptomyces [1], Streptococcus [2]) and bacteriophages [3], as well as in the venom of terrestrial  

(bees [4], hornets [5], scorpions [6], snakes [7], lizards [8]) and marine (krill [9], lobster [10],  

fishes [11]) animals. One HAase is an acid-active enzyme in the mammalian circulatory system. Three 

types of eukaryotic HAase exist: Neutral-active endo-β-N-glucosaminidase, acidic-active  

endo-β-N-glucosaminidase, and endo-β-glucuronidase. 

HAs have several functions in inflammation [12,13], immunity oncogenesis, etc., largely depending 

on the molecular size of the polymer. Low-molecular weight HAs stimulate angiogenesis [14] and the 

induction of chemokines [15] and cytokines [16–18], while high-molecular weight HAs suppress these 

phenomena [13,15,19]. Recently, extremely high-molecular weight HAs (6–12 MDa) were found in 

naked mole-rat (Heterocephalus glaber) fibroblasts [20]; these compounds were more than five times 

larger than human and mouse HAs (0.5–3 MDa) [21]. Although the naked mole rat is known as an 

exceptionally long-lived rat (40/86, many of which were alive after 24 years) [22], surprisingly, 

neoplasms have never been found in the rat [22,23]. However, in the rats with HA synthase 

knockdown or HAase overexpression, tumor formation was observed [21]. 

HAase is some molecular target of anti-inflammatory and anti-allergic drugs. For example,  

anti-allergic agents such as disodium cromoglycate (DSCG) and tranilast and anti-inflammatory 

agents, like glycyrrhizin, demonstrate HAase inhibitory activity [24–26]. Further, the compound 48/80, 

a well-known histamine-releasing agent [27], also activates HAase [27]. Therefore, HAase inhibitors 

may become candidate compounds for anti-inflammatory drugs. In a previous study, various types of 

HAase inhibitors were reported: Proteins, glycosaminoglycans, polysaccharides, fatty acids, alkaloids, 

flavonoids, terpenoids, antioxidants, polyphenols, antibiotics, antinematodes, lanostanoids, synthetic 

organic compounds, glycosides and saponins [28]. However, very few studies have been reported on a 

screening of HAase inhibitor from microbial and marine-derived compounds. Also, the screening from 

actinomycetes has not been reported to the best of our knowledge. 

The rubromycin family of antibiotics consists of reddish polyketide pigments produced by some 

groups of actinomycetes (Streptomyces, Dactylosporangium and Actinoplanes). These compounds 

possess a naphthoquinone ring and an isocoumarin ring connected through a 5,6-spiroketal system. 

The rubromycins α (3), β (4), γ (5) [29,30], δ and 3′-hydroxy-β-rubromycin [31]; the griseorhodins  

A (6), C (7) and G [32]; the DK-7814s A (8), B and C [33]; purpuromycin (9) [34] and  

heliquinomycin (10) [35] are compounds that are structurally related to the rubromycin family  

(Figure 1). Rubromycins show inhibitory activity against human telomerase and the reverse 

transcriptase of human immunodeficiency virus-1 [36]. α-Rubromycin (3) is the only compound in this 

family that lacks the spiroketal structure, and it displays much lower activity against telomerase and 



Mar. Drugs 2014, 12 493 

 

 

HIV reverse transcriptase-1 than its spiroketal congeners [36]; this suggests that the spiroketal system 

acts as a pharmacophore for telomerase and HIV inhibition. Further, several structurally related 

analogues of rubromycins also inhibit telomerase [37]. Heliquinomycin, a glycosylated derivative of 

the rubromycins, bears a cymarose moiety, and exhibits a DNA helicase inhibitory activity against a 

wide range of cancer cells [35]. 

Figure 1. Natural rubromycins. 

 

The 2-amino-3-hydroxycyclopent-2-enone (C5N unit) has been found to be a partial structure of 

polyketides from actinomycetes (Figure 2). Most of the C5N unit-containing metabolites were isolated 

from Streptomyces and the others were isolated from Micromonospora (micromonospolide [38], 

R176502 [39]), Kitasatospora (bafilomycin B1 (14) [40], Sch 725424 [41]) and Amycolatopsis  

(ECO-0501 [42]). Compounds containing the C5N unit include diverse structural types such as 

manumycins [43], moenomycins [44], bafilomycins [40], enopeptins [45], senacarcins [46], limocrocin 

(17) [47], reductiline [48], reductiomycins [49], virustomycins [50], ECO-02301 [51], ECO-0501 [42], 

and 2880-II [52]. The molecular weights of these compounds range from 300 to 1500 daltons. 

Although 2-acetamino-3-hydroxycyclopent-2-enone itself developed no microbial activity, in the case 

of manymycin A (11), acetylation of 3″-OH (18) and 2″-NH (19) in the C5N unit led to a decrease of 

the biological activity [53]. Nisamycin (20), 11 that lacks the C5N unit, displayed six-fold more active 

antimicrobial activity than alisamycin (21), the analog that contains the C5N unit [54]. For the 

bafilomycins (14, 22 and 23) and enopeptins (16, 25, 26 and 27), no significant differences were 

observed in the microbial activity of compounds containing or lacking the C5N unit [40,55].  

Three bafilomycins compounds, bafilomycin A1 (22) (lacking the C5N unit), 14 (containing the C5N 

unit) and R176502 (24) (14 analog) exhibited similar potency for the inhibition of tumor cell 

proliferation [39]. These results suggest that the 2-amino-3-hydroxycyclopent-2-enone sub-structure is 

not related to the biological activity of these compounds (Figure 3). 
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Figure 2. Natural products containing the C5N substructure. 

 

Figure 3. Families of compounds containing the C5N substructure. 

 

The objective of this study is to obtain a new type of HAase inhibitor as an anti-inflammatory 

candidate compound from marine derived-actinomycetes. In this paper, we report the isolation, 

structural elucidation and bioactivity of hyaluromycin (1) (Figure 4), a new member of rubromycin 

family, from the culture extract of the Streptomyces sp. strain MB-PO13 isolated from marine sea 

squirt (Molgula manhattensis). This strain was selected from approximately 1,000 marine  
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organism-derived actinomycete strains through the screening of anti-inflammatory compounds on the 

basis of HAase inhibitory activity. In the last section of this paper, we report the results of the assays 

on the HAase inhibition of 1, derivative 1, rubromycins and glycyrrhizin, a known HAase inhibitor. 

Figure 4. Structure of hyaluromycin (1).  

 

2. Results and Discussion 

The producing strain MB-PO13 was cultured in A-3M medium at 30 °C for seven days, and the 

entire culture broth was extracted with EtOAc at pH 3. The extract was fractionated by reversed-phase 

column chromatography, followed by HPLC purification on a C18 column, to yield (1) as an optically 

active, red amorphous powder ([α]
25

D −168, DMSO). The molecular formula of C30H21NO13 was 

confirmed by high-resolution ESITOFMS data showing a pseudomolecular ion [M + H]
+
 at  

m/z 604.1091. The IR spectrum indicated the presence of hydroxyl (3357 cm
−1

) and carbonyl  

(1693 cm
−1

) functional groups. The UV spectrum showed absorption maxima at 307, 352, 368 and 506 

nm similar to those of the rubromycin class of antibiotics [29–35]. 

The 
1
H NMR spectrum of 1 measured in DMSO-d6 indicated the presence of one methoxy  

(δH 3.89), three methine (δH 6.41, 7.25 and 7.52) and four exchangeable (δH 9.44, 10.67, 11.90 and 

13.14) protons. In the 
13

C NMR spectrum, all of the 25 carbons assignable to γ-rubromycin core were 

detected. Comparison with the MS data showed that five carbon atoms were lacking [31,56,57]. The  
1
H-

1
H COSY spectrum established only one H-3/H-4 spin system. Further HSQC and HMBC analysis 

allowed the assignment most of the 
13

C signals except for C-9, C-8′a and C-9′ (Figure 5). An 

exchangeable proton at δH 9.44 showed a correlation with C-11, suggesting that this proton could be an 

amide proton. 

Figure 5. 
1
H-

1
H COSY and HMBC correlations of compound 1. 
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The NMR data and UV spectrum of 1 strongly indicated the presence of a γ-rubromycin (5) 

skeleton, but three carbons remained unassigned. Additionally, five further carbons were not detected 

in the 
13

C NMR spectrum. To establish the aromatic polyketide structure, a feeding experiment was 

conducted using [1,2-
13

C2]acetate to obtain 
13

C-enriched 1 for a 2D-INADEQUATE experiment. 

However, in the INADEQUATE spectrum, cross peaks were not observed because of the low 

concentration of 1 in NMR solvents. To improve its solubility, an O-methylation reaction of  
13

C-labeled 1 was carried out using an excess of methyl iodide and 1,8-diazabicyclo[5,4,0]-7-undecene 

(DBU) in MeCN/acetone. The reaction proceeded smoothly at 50 °C, and the starting material (1) was 

consumed within 1 h. The crude extract contained a mixture of three O-methylated adducts, whose 

structures were deduced from LC/MS analysis, to be in order of elution, the mono-, di- and trimethyl 

derivatives of 1 (Figure 6). The monomethyl derivative (2) was purified by preparative HPLC, and its 

structure was determined as follows. 

Figure 6. HPLC chromatogram of methylated derivatives of 1. 

 

The solubility of [1,2-
13

C2]acetate-labeled 2 in DMSO-d6 was much improved, allowing a  

high-quality 
13

C NMR spectrum to be obtained in which 31 discrete resonances could be observed 

(Figure 7). Of these resonances, 25 carbons were readily assigned to the rubromycin core on the basis 

of HMBC correlations (Figure 8, Table 1). The three carbons C-9, C-8′a and C-9′ had no  

HMBC correlations but were assigned on the basis of the INADEQUATE experiments. In the  

2D-INADEQUATE spectrum of [1,2-
13

C2]acetate-labeled 2, with the parameters optimized for  
1
JCC 50 Hz, cross peaks were observed for all of the carbons of the rubromycin core structure:  

C-4a/C-5, C-5a/C-6, C-7/C-11, C-9/C-9a, C-10/C-10a, C-2′/C-3′, C-3′a/C-4′, C-4′a/C-5′, C-6′/C-7′,  

C-8′/C-8′a and C-9′/C-9′a, with the exception of C-3/C-4 (Figure 9a). Because the coupling constant 

for C-3/C-4 read from the 
13

C NMR spectrum (Figure 7) was smaller (31.1 Hz), the INADEQUATE 

spectrum was measured with a parameter set optimized for 
1
JCC 35 Hz, which indicated a cross peak 

between C-3 and C-4 (Figure 9b), establishing the complete 
13

C NMR assignment for the rubromycin 

core of 2 (Figure 9d). Although cross peaks were not observed for C-1″, C-2″, C-3″, C-4″, and C-5″, 

the coupling constants 
1
JCC for C-1″/C-5″ (38.3 Hz) and C-3″/C-4″ (40.2 Hz) established these carbons 

as belong to two separate acetate units (Figure 9c). The incorporation patterns of [1,2-
13

C2]acetate in 

the C5N unit were consistent with those obtained for manumycin and asukamycin [58]. 
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Figure 7. 
13

C NMR spectrum of [1,2-
13

C2]acetate-labeled 2. 

 

Figure 8. 
1
H-

1
H COSY and HMBC correlations of [1,2-

13
C2]acetate-labeled 2. 

 

Figure 9. 
13

C-
13

C couplings observed in 2D INADEQUATE (a,b) and 
13

C (c) NMR 

spectra of [1,2-
13

C2]acetate-labeled 2. The coupling of C-1″/C-5″ and C-3″/C-4″ were only 

observed in the 
13

C NMR spectrum (c). (a) Optimized for 
1
Jcc = 50 Hz; (b) Optimized for 

1
Jcc = 35 Hz; (c) 

13
C NMR spectra; (d) Observed in 2D INADEQUATE. 

  

(a) (b) 

  

(c) (d) 
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Table 1. NMR data for hyaluromycin (1) and [1,2-
13

C2]acetate-labeled 2 in DMSO-d6. 

Position 
1  [1,2-

13
C2]Acetate-labeled 2 

δC 
a
, Type δH, Mult. (J in Hz) 

b
 HMBC 

c
 δC 

a
, Type 

1
JCC (Hz), Mult. δH, Mult. (J in Hz) 

b
 HMBC 

c
 

2 (2′) 113.0, qC  
  

113.0, qC 42.4, dd 
  

3 29.1, CH2 2.37, m; 2.56, m 2, 4a 29.2, CH2 30.8, dd 2.38–2.60, m 2, 4a 

4 22.7, CH2 3.06, m; 3.17, m 2, 3, 4a, 5, 10a, 22.7, CH2 31.4, dd 3.07, m; 3.19, m 2, 3, 4a, 5, 10a 

4a 132.8, qC 
  

132.7, qC 59.8, dd 
  

5 119.5, CH 7.25, s 4a, 5a, 6, 9a, 10a 119.3, CH 59.9, dd 7.24, s 4a, 5a, 6, 9a, 10a 

5a 128.9, qC 
  

128.9, qC 54.6, dd 
  

6 110.9, CH 7.52, s 5, 5a, 7, 9a, 11 110.6, CH 56.0, dd 7.50, s 5, 5a, 7, 9a, 11 

7 144.7, qC 
  

144.9, qC 78.6, dd 
  

9 164.4, qC 
  

164.6, qC 72.5, dd 
  

9a 107.0, qC 
  

106.9, qC 76.3, dd 
  

10 150.0, qC 
  

149.9, qC 79.1, dd 
  

10a 141.1, qC 
  

140.9, qC 78.9, dd 
  

11 158.8, qC 
  

158.5, qC 78.4, dd 
  

2′ (2) 113.0, qC 
  

113.0, qC 42.4, dd 
  

3′ 39.4, CH2 3.55, d (18.0) 3, 2′, 3′a, 4′, 9′a 39.4, CH2 42.8, dd 3.49, d (17.9) 3, 2′, 3′a, 4′, 9′a 

  
3.48, d (18.0) 

  
 3.63, d (17.9) 

 
3′a 123.6, qC 

  
123.5, qC 71.6, dd 

  
4′ 157.8, qC 

  
157.8, qC 71.4, dd 

  
4′a 107.2, qC 

  
107.2, qC 56.5, dd 

  
5′ 185.9, qC 

  
185.8, qC 38.4, dd 

  
6′ 110.9, CH 6.41, s 4′a, 5′, 7′, 8′ 110.9, CH 65.5, dd 6.42, s 4′a, 5′, 7′, 8′ 

7′ 161.2, qC 
  

161.2, qC 71.3, dd 
  

8′ 180.2, qC 
  

180.1, qC 59.1, dd 
  

8′a 114.0, qC 
  

113.9, qC 59.1, dd 
  

9′ 148.3, qC  
  

148.3, qC 73.9, dd 
  

9′a 153.7, qC 
  

153.7, qC 74.8, dd 
  

7′-OMe 58.0, CH3 3.89, s 7′ 58.0, CH3  3.91, s 7′ 

1″ n.d. d 
  

200.0, qC 38.4, dd 
  

2″ 113.9, qC 
  

115.1, qC  
  

3″ n.d. d 
  

183.8, qC 39.8, dd 
  

4″ n.d. d 
  

32.6, CH2 40.5, dd 2.41, m 1″, 3″, 4″ 

5″ n.d. d 
  

24.4, CH2 38.3, dd 2.83, dd (3.7, 3.7) 1″, 2″, 3″, 5″ 

3″-OMe 
   

58.3, CH3  4.01, s 3″ 

10-OH 
 

10.67, s 9a, 10, 10a 
 

 10.71, s 9a, 10, 10a 

4′-OH 
 

13.14, s 3′a, 4′, 4′a 
 

 11.88, s 3′a, 4′, 4′a 

9′-OH 
 

11.90, s 
  

 13.15, s 
 

11-NH 
 

9.44, s 11 
 

 9.44, s 11, 1″, 2″, 3″ 

a Recorded at 125 MHz; b Recorded at 500 MHz; c Correlation are from proton(s) to carbon; d Not detected. 

The remaining six carbons were attributed to the methoxycyclopentenone moiety based on the  

2D-NMR analytical data. A COSY cross peak between H-4″ and H-5″ established a two-carbon 

fragment consisting of two methylene groups. H-4″ was correlated with the three sp
2
 trisubstituted 

carbons C-1″ (δC 200.0), C-2″ (δC 115.1), and C-3″ (δC 183.8) and H-5″ to C-1″. An HMBC 
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correlation between the protons of OMe-3″ and the carbon C-3″ and the chemical shifts of the 

aforementioned three carbons established the presence of a cyclopent-2-enone bearing a methoxy 

substitution at the 3-position. This six-carbon unit was connected to C-11 through an amide linkage on 

the basis of the HMBC correlations of an amide proton (δH 9.44) with C-1″, C-2″, and C-3″, finally 

providing the full planar structure of 2. 
1
H and 

13
C NMR resonances for the 3-hydroxycyclopent-2-enone 

subunit of 1 were not detected. This result could be attributed to the keto-enol tautomerization of the 

1,3-diketone structure. All carbons for the cyclopentenone unit were detected in the methylated 

derivative 2, in which tautomerization does not occur. Similar observations have been reported for 

several other compounds containing the same 1,3-diketo substructure [40,59,60]. 

The absolute configuration of the spiro carbon C-2 (C-2′) of 2 was determined from circular 

dichroism (CD) data. In the CD spectrum of 2, two characteristic Cotton effects were observed  

(Figure 9), a positive one at 224 nm (Δε = +25.7) and a negative one at 262 nm (Δε = −10.0). These 

results are in agreement with those previously obtained for β-rubromycin (4), γ-rubromycin (5) and 

griseorhodin A (6) [61,62]. Therefore, the absolute configuration of 2 was determined to be S  

(Figure 10). To our knowledge, the only member of this family of compounds possessing an R 

configuration of the spiro center is heliquinomycin (10), whose absolute configuration was deduced 

from X-ray analysis and which possesses Cotton effects opposite to those of the above molecules [34]. 

Figure 10. CD spectrum and absolute configuration of 2. 

 

Hyaluromycin (1) displayed 25-fold more potent inhibitory activity against HAase from bovine 

testes with an IC50 value of 14 μM, than did glycyrrhizin (IC50 = 340 μM), a well-known  

plant terpenoid [26]. Interestingly, β-rubromycin (4) and γ-rubromycin (5), which lacks the 

aminocylopentenone unit, showed no inhibitory activity in the concentration range from  

0.013% to 0.5%. More noteworthy is that the derivative 2, in which the enol hydroxyl group in the 

cyclopentane unit is protected as a methyl ether, showed no inhibitory activity in the concentration 

range from 0.013% to 0.5%. These results suggest that the 2-amino-3-hydroxycyclopent-2-enone 

subunit, and possibly its tautomeric structure, play an essential role in hyaluronidase inhibition  

(Table 2). 

  



Mar. Drugs 2014, 12 500 

 

 

Table 2. HAase inhibition (%) of 1, 2, β-rubromycin (4), γ-rubromycin (5) and glycyrrhizin. 

Compound 0.0031 0.0063 0.013 0.025 0.050 0.10 0.25 0.50 1.0 2.0 (%) 

1 7.1 33.5 70.5 94.2 94.9 96.7      

2   0 0 0 0 0 0    

β-Rubromycin (4)   0 0 0 0 0 0    

γ-Rubromycin (5)   0 0 0 0 0 0    

Glycyrrhizin     10.6 20.0 37.9 87.6 99.1 99.2  

3. Experimental Section 

3.1. General Experimental Procedures 

Sodium [1,2-
13

C2]acetate was purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA). 

Optical rotations were measured using a JASCO DIP-3000 polarimeter. UV spectra were recorded on a 

Hitachi U-3210 spectrophotometer. IR spectra were measured by a Perkin-Elmer 100 spectrometer. 

NMR spectra were obtained on a Bruker AVANCE 500 spectrometer in DMSO-d6 and referenced to 

the residual solvent signals (δH 3.36, δC 40.6). HRESITOFMS were recorded on a Bruker microTOF 

apparatus. Cosmosil 75C18-PREP (Nacalai Tesque, Inc., Nakagyo-ku, Kyoto, Japan, 75 μm) was used 

for ODS column chromatography. HPLC separation was performed using COSMOSIL 5C18-AR-II 

Packed Column (Nacalai Tesque, Inc., Nakagyo-ku, Kyoto, Japan, 10 × 250 mm) with a photodiode 

array detector. 

3.2. Microorganism 

Strain MB-PO13 was selected by screening the HAase inhibitory activity of approximately  

1000 strains of marine organisms-derived actinomycetes. The strain was isolated from a sea squirt 

specimem (Molgula manhattensis) collected at a harbor near Minato-ku, Tokyo. The strain was 

identified as a member of genus Streptomyces on the basis of 99.2% 16S rRNA gene sequence identity 

(1429 nucleotides; DDBJ accession number AB840588) with Streptomyces misawanensis strain 

NBRC 13855 (accession number AB184533). 

3.3. Fermentation 

Strain MB-PO13 growing on a yeast-starch agar medium consisting of soluble starch (Wako Pure 

Chemical Industries, Ltd., Chuo-ku, Osaka, Japan) 1.0%, yeast extract (Becton, Dickinson and 

Company, Sparks, MD, USA) 0.2%, and agar 1.5% (pH 7.2) was inoculated into 500 mL K-1 flasks 

each containing 100 mL of the V-22 seed medium consisting of soluble starch 1.0%, glucose 0.5%, 

NZ-case (Wako Pure Chemical Industries, Ltd., Chuo-ku, Osaka, Japan) 0.3%, yeast extract (Difco 

Laboratories) 0.2%, tryptone (Difco Laboratories) 0.5%, K2HPO4 0.1%, MgSO4 7H2O 0.05%, and 

CaCO3 0.3% (pH 7.0). The flasks were placed on a rotary shaker (200 rpm) at 30 °C for four days. 

Then, the seed culture (3 mL) was transferred into 500 mL K-1 flasks each containing 100 mL of the 

A-3 M production medium consisting of soluble starch 2.0%, glycerol 2.0%, glucose 0.5%, 

Pharmamedia 1.5%, yeast extract 0.3%, and Diaion HP-20 resin (Mitsubishi Chemical Co., Chiyoda-ku, 
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Tokyo, Japan) 1%. The pH of the medium was adjusted to 7.0 before sterilization. The inoculated 

flasks were placed on a rotary shaker (200 rpm) at 30 °C for seven days. 

3.4. Extraction and Isolation 

After incubation, 100 mL of ethyl acetate was added to each flask, and the flasks were allowed to 

shake for one hour. The mixture was centrifuged at 6000 rpm for 10 min and the organic layer was 

separated from the aqueous layer containing the mycelium and evaporated to give 450 mg of crude 

extract from 1 L of culture. This extract was subjected to reversed-phase ODS column chromatography 

with a gradient of MeCN/0.1% aqueous HCO2H (2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 v/v). The fraction 

eluted with 70% MeCN was pooled and evaporated in vacuo, and the major part of the solvent 

evaporated in vacuum. The remaining aqueous phase was extracted twice with EtOAc concentrated to 

give a red solid (46 mg). The final purification was achieved by preparative HPLC using a linear 

gradient of MeCN/0.1% aqueous HCO2H (MeCN concentration: 15%–85% for 0–30 min) at  

4 mL/min, yielding hyaluromycin (20 mg) with a retention time of 22.5 min. 

3.5. Hyaluromycin (1) 

Red powder; [α]
25

D −168 (c 0.005, DMSO); UV (1% DMSO in MeOH) λmax (log ε) 257 (4.74), 307 

(sh, 4.30), 352 (4.40), 368 (sh, 3.98), 472 (sh, 3.80), 506 (3.78), 544 (sh, 3.62); (1% DMSO in 0.01 N 

methanolic HCl) 250 (4.60), 307 (sh, 4.22), 354 (4.02), 366 (sh, 3.68), 474 (sh, 3.66), 504 (3.69), 545 

(sh, 3.43); (1% DMSO in 0.01 N methanolic NaOH) 236 (4.60), 259 (4.50), 333 (sh, 3.92), 392 (3.94), 

503 (sh, 3.77), 539 (3.98), 570 (3.95); IR (ATR) νmax 3357, 2935, 1981, 1693, 1599, 1537, 1440, 1331, 

1221 cm
−1

; 
1
H and 

13
C NMR data, see Table 1 and Supplementary Information; HRESITOFMS  

[M + H]
+
 604.1091 (calcd for C30H22NO13, 604.1086). 

3.6. Feeding Experiment 

[1,2-
13

C2]Acetate-labeled hyaluromycin (1) was prepared by culturing the producing strain in a 

liquid medium containing sodium [1,2-
13

C2]acetate. The inoculation, cultivation, extraction and 

purification were conducted in the same manner as described above. Sodium [1,2-
13

C2]acetate  

(20 mg/mL in distilled water) was added at 48 h after inoculation, then every 24 h four times. After 

further incubation for two days, the culture broth was extracted with EtOAc. From 1 L culture, 20 mg 

of [1,2-
13

C2]acetate-labeled 1 was obtained. 

3.7. Methylation of [1,2-
13

C2]Acetate-Labeled Hyaluromycin (1) 

3″-O-Methylhyaluromycin (2) labeled with [1,2-
13

C2]acetate: DBU (40 μL, 0.27 μmol) and CH3I 

(400 μL, 6.43 μmol) were added to a stirred solution of [1,2-
13

C2]acetate-labeled 1 (20.0 mg,  

0.83 μmol) in Me2CO/MeCN (400 μL each). After heating at 50 °C for 1 h, the reaction mixture was 

diluted with water and EtOAc (500 μL each), and the organic layer was separated and evaporated  

in vacuo. The residue was purified by ODS column chromatography by a gradient of MeCN/0.1% 

aqueous HCO2H (2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 v/v). Final purification was achieved by 

preparative HPLC using a linear gradient of MeCN/0.1% aqueous HCO2H (MeCN concentration: 
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15%–85% for 0–30 min) at 4 mL/min to give 3″-O-methyl [1,2-
13

C2]acetate-labeled hyaluromycin  

(2, 7.2 mg, 36% yield, tR = 18.8 min) as a red powder. For physico-chemical properties, see the data 

for non-labeled 2 described below. 
1
H and 

13
C NMR data, see Table 1 and Supplementary Information. 

3.8. Methylation of Hyaluromycin (1) 

For the measurement of physico-chemical properties and biological evaluation, a small portion of 

non-labeled 1 was methylated to give non-labeled 2 in the same manner as described above.  

3″-O-methylhyaluromycin (2): Red powder; [α]
25

D −77 (c 0.005, DMSO); UV (1% DMSO in MeOH) 

λmax (log ε) 249 (4.82), 314 (sh, 4.02), 350 (4.10), 366 (sh, 3.77), 498 (3.88); (1% DMSO in 0.01 N 

methanolic HCl) 248 (4.75), 315 (sh, 4.30), 356 (4.15), 491 (3.87), 520 (3.77); (1% DMSO in 0.01 N 

methanolic NaOH) 254 (4.50), 392 (3.81), 538 (3.90), 560 (3.89); IR (ATR) νmax 3348, 2934, 1677, 1604, 

1514, 1439, 1331, 1228 cm
−1

; 
1
H and 

13
C NMR data, see Supplementary Information; HRESITOFMS 

[M + Na]
+
 640.1057 (calcd for C31H24NO13Na, 640.1062). 

3.9. Hyaluronidase Inhibitory Activity 

HAase inhibitory activity was measured by the turbidimetric assay described by Ferrante [63] with 

slight modifications. HAase (EC 3.2.1.35) from the bovine testes type I-S (Sigma-Aldrich Co. LCC, 

St. Louis, MO, USA) and HA sodium salt from rooster comb (Wako Pure Chemical Industries, Ltd., 

Chuo-ku, Osaka, Japan) were dissolved in acetate buffer (0.2 M sodium acetate, 0.15 M NaCl, pH 5.0). 

The mixtures contained 100 μL of 0.01% HAase and 20 μL of either 0.0031%–0.10% 1,  

0.013%–0.50% 2, 0.013%–0.50% β-rubromycin (isolated from Streptomyces), 0.013%–0.50%  

γ-rubromycin (BioViotica Naturstoffe GmbH, Dransfelder Weg, Dransfeld, Germany) or  

0.050%–2.0% glycyrrhizin (Tokyo Chemical Industry Co., Ltd., Chuo-ku, Tokyo, Japan) in DMSO 

(Table 2). The mixtures were incubated at 37 °C for 20 min. After incubation, 100 μL of 0.1% HA was 

added and the mixtures were further incubated at 37 °C for 60 min. After incubation, the enzymatic 

reaction was terminated by the addition of 1 mL of 2.5% cetyltrimethylammonium bromide (CTAB) in 

2% aqueous NaOH. The turbidity at 400 nm was measured after 30 min. All incubations were 

performed in triplicate. 

4. Conclusions 

Hyaluromycin (1), a new member of rubromycin family of antibiotics, was isolated from a  

marine-derived Streptomyces sp. as a HAase inhibitor on the basis of HAase activity screening. 

Hyaluromycin (1) consists of rubromycin common structure and 2-amino-3-hydroxycyclopent-2-enone 

(C5N) structure; both structures units have been reported only from actinomycetes. Hyaluromycin (1) 

displayed approximately 25-fold more potent inhibitory activity against HAase than did glycyrrhizin, a 

well-known plant terpenoid. Interestingly, β-rubromycin (4) and γ-rubromycin (5), lacking the  

C5N unit, showed no inhibitory activity. More noteworthy is that the derivative 2 in which the enol 

hydroxyl group in the cyclopentane unit is protected as a methyl ether showed no inhibitory activity. 

These results suggest that the C5N unit plays an essential role in the observed hyaluronidase inhibition. 

The present study may provide new insight for developing new, promising anti-inflammation molecules. 



Mar. Drugs 2014, 12 503 

 

 

Acknowledgments 

The authors would like to thank Naoya Oku, Toyama Prefectural University, for assistance with 

NMR measurements. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Ohya, T.; Kaneko, Y. Novel hyaluronidase from streptomyces. Biochim. Biophys. Acta 1970, 198, 

607–609. 

2. Hamai, A.; Morikawa, K.; Horei, K.; Tokuyasu, K. Purification and characterization of 

hyaluronidase from Streptococcus dysgalactiae. Agric. Biol. Chem. 1989, 53, 2163–2168. 

3. Baker, J.R.; Dong, S.; Pritchard, D.G. The hyaluronan lyase of Streptococcus pyogenes 

bacteriophage H4489A. Biochem. J. 2002, 365, 317–322. 

4. Kemeny, D.M.; Dalton, N.; Lawrence, A.J.; Pearce, F.L.; Vernon, C.A. The purification and 

characterisation of hyaluronidase from the venom of the honey bee, Apis mellifera. Eur. J. Biochem. 

1984, 139, 217–223. 

5. Kolarich, D.; Léonard, R.; Hemmer, W.; Altmann, F. The N-glycans of yellow jacket venom 

hyaluronidases and the protein sequence of its major isoform in Vespula vulgaris. FEBS J. 2005, 

272, 5182–5190. 

6. Pessini, A.C.; Takao, T.T.; Cavalheiro, E.C.; Vichnewski, W.; Sampaio, S.V.; Giglio, J.R.; 

Arantes, E.C. A hyaluronidase from Tityus serrulatus scorpion venom: Isolation, characterization 

and inhibition by flavonoids. Toxicon 2001, 39, 1495–1504. 

7. Girish, K.S.; Kemparaju, K. Inhibition of Naja naja venom hyaluronidase: Role in the 

management of poisonous bite. Life Sci. 2006, 78, 1433–1440. 

8. Tu, A.T.; Hendon, R.R. Characterization of lizard venom hyaluronidase and evidence for its 

action as a spreading factor. Comp. Biochem. Physiol. B 1983, 76, 377–383. 

9. Karlstam, B.; Ljungloef, A. Purification and partial characterization of a novel hyaluronic  

acid-degrading enzyme from Antarctic krill (Euphausia superba). Polar Biol. 1991, 11, 501–507. 

10. Krishnapillai, A.M.; Taylor, K.D.A.; Morris, A.E.J.; Quantick, P.C. Characterisation of Norway 

lobster (Nephrops norvegicus) hyaluronidase and comparison with sheep and bovine testicular 

hyaluronidase. Food Chem. 1999, 65, 515–521. 

11. Hopkins, B.J.; Hodgson, W.C. Enzyme and biochemical studies of stonefish (Synacneja trachynis) 

and solidfish (Gymnapistes marmoratus). Toxicon 1998, 36, 791–793. 

12. Noble, P.W.; McKee, C.M.; Cowman, M.; Shin, H.S. Hyaluronan fragments activate an NF-kappa 

B/I-kappa B alpha autoregulatory loop in murine macrophages. J. Exp. Med. 1996, 183, 2373–2378. 

13. Termei, R.; Laschinger, C.; Lee, W.; McCulloch, C.A. Intercellular interactions between mast 

cells and fibroblasts promote pro-inflammatory signaling. Exp. Cell Res. 2013, 319, 1839–1851. 

14. Feinberg, R.N.; Beebe, D.C. Hyaluronate in vasculogenesis. Science 1983, 220, 1177–1179. 



Mar. Drugs 2014, 12 504 

 

 

15. McKee, C.M.; Penno, M.B.; Cowman, M.; Burdick, M.D.; Strieter, R.M.; Bao, C.; Noble, P.W. 

Hyaluronan (HA) fragments induce chemokine gene expression in alveolar macrophages. The role 

of HA size and CD44. J. Clin. Investig. 1996, 98, 2403–2413. 

16. Kobayashi, H.; Terao, T. Hyaluronic acid-specific regulation of cytokines by human uterine 

fibroblasts. Am. J. Physiol. 1997, 273, 1151–1159. 

17. Nakamura, K.; Yokohama, S.; Yoneda, M.; Okamoto, S.; Tamaki, Y.; Ito, T.; Okada, M.; Aso, K.; 

Makino, I. High, but not low, molecular weight hyaluronan prevents T-cell-mediated liver injury 

by reducing proinflammatory cytokines in mice. J. Gastroenterol. 2004, 39, 346–354. 

18. Asari, A.; Kanemitsu, T.; Kurihara, H. Oral administration of high molecular weight hyaluronan 

(900 kDa) controls immune system via toll-like receptor 4 in the intestinal epithelium.  

J. Biol. Chem. 2010, 285, 24751–24758. 

19. Delmage, J.M.; Powars, D.R.; Jaynes, P.K.; Allerton, S.E. The selective suppression of 

immunogenicity by hyaluronic acid. Ann. Clin. Lab. Sci. 1986, 16, 303–310. 

20. Tian, X.; Azpurua, J.; Hine, C.; Vaidya, A.; Myakishev-Rempel, M.; Ablaeva, J.; Mao. Z.;  

Nevo, E.; Gorbunova, V.; Seluanov, A. High-molecular-mass hyaluronan mediates the cancer 

resistance of the naked mole rat. Nature 2013, 499, 346–349. 

21. Holmes, M.W.; Bayliss, M.T.; Muir, H. Hyaluronic acid in human articular cartilage. Age-related 

changes in content and size. Biochem. J. 1988, 250, 435–441. 

22. Sherman, P.W.; Javis, J.U.M. Extraordinary life spans of naked mole-rats (Heterocephalus glaber). 

J. Zool. 2002, 258, 307–311. 

23. Buffenstein, R. Negligible senescence in the longest living rodent, the naked mole-rat: Insights 

from a successfully aging species. J. Comp. Physiol. B 2008, 178, 439–445. 

24. Sakamoto, K.; Nagai, H.; Koda, A. Role of hyaluronidase in immediate hypersensitivity reaction. 

Immunopharmacology 1980, 2, 139–146. 

25. Kakegawa, H.; Mitsuo, N.; Matsumoto, H.; Satoh, H.; Akagi, M.; Tasaka, K.  

Hyaluronidase-inhibitory and anti-allergic activities of the photo-irradiated products of tranilast. 

Chem. Pharm. Bull. 1983, 33, 3738–3744. 

26. Furuya, T.; Yamagata, S.; Shimoyama, Y.; Fujihara, M.; Morishita, N.; Ohtsuki, K. Biochemical 

characterization of glycyrrhizin as an effective inhibitor for hyaluronidase from bovine testis. 

Biol. Pharm. Bull. 1997, 20, 973–977. 

27. Kakegawa, H.; Matsumoto, H.; Satoh, T. Activation of hyaluronidase by metallic salts and 

compound 48/80, and inhibitory effect of anti-allergic agents on hyaluronidase. Chem. Pharm. Bull. 

1985, 33, 642–646. 

28. Girish, K.S.; Kemparaju, K.; Nagaraju, S.; Vishwanath, B.S. Hyaluronidase inhibitors: A 

biological and therapeutic perspective. Curr. Med. Chem. 2009, 16, 2261–2288. 

29. Brockmann, H.; Lenk, W.; Schwantje, G.; Zeeck, A. Rubromycin II. Chem. Ber. 1969, 102,  

126–151. 

30. Brockmann, H.; Zeeck, A. Rubromycins. 3. The constitution of alpha-rubromycin, beta-rubromycin, 

gamma-rubromycin, and gamma-iso-rubromycin. Chem. Ber. 1970, 103, 1709–1726. 

31. Yan, J.X.; Fan, S.X.; Pei, H.S.; Zhu, B.Q.; Xu, W.S.; Naganawa, H.; Hamada, M.; Takeuchi, T.  

8-Methoxygriseorhodin C, a new member of griseorhodin antibiotic. J. Antibiot. 1991, 44,  

1277–1279. 



Mar. Drugs 2014, 12 505 

 

 

32. Eckardt, K.; Tresselt, D.; Ihn, W. The structure of the antibiotic griseorhodin C. J. Antibiot. 1978, 

31, 970–973. 

33. Ohshima, M.; Ishizaki, N.; Horiuchi, T.; Marumoto, Y.; Sugiyama, N. Novel antibiotics substance 

DK-7814. Jpn. Patent 57,032,286, 20 February 1982. 

34. Coronelli, C.; Pagani, H.; Bardone, M.R.; Lancini, G.C. Purpuromycin, a new antibiotic isolated 

from Actinoplanes ianthinogenes N. sp. J. Antibiot. 1974, 27, 161–168. 

35. Chino, M.; Nishikawa, K.; Umekita, M.; Hayashi, C.; Yamazaki, T.; Tsuchida, T.; Sawa, T.; 

Hamada, M.; Takeuchi, T. Heliquinomycin, a new inhibitor of DNA helicase, produced by 

Streptomyces sp. MJ929-SF2 I. Taxonomy, production, isolation, physico-chemical properties and 

biological activities. J. Antibiot. 1996, 49, 752–757. 

36. Ueno, T.; Takahashi, H.; Oda, M.; Yokoyama, A.; Goto, Y.; Mizushima, Y.; Sakaguchi, K.; 

Hayashi, H. Inhibition of human telomerase by rubromycins: Implication of spiroketal system of 

the compounds as an active moiety. Biochemisrty 2000, 39, 5995–6002. 

37. Yuen, T.Y.; Ng, Y.P.; Ip, F.C.F.; Chen, J.L.Y.; Atkinson, D.J.; Sperry, J.; Ip, N.Y.; Brimble, M.A. 

Telomerase inhibition studies of novel spiroketal-containing rubromycin derivatives. Aust. J. Chem. 

2013, 66, 530–533. 

38. Ohta, E.; Ohta, S.; Kubota, N.K.; Suzuki, M.; Ogawa, T.; Yamasaki, A.; Ikegami, S. 

Micromonospolide A, a new macrolide from Micromonospora sp. Tetrahedron Lett. 2001, 42, 

4179–4181. 

39. Laakso, J.A.; Mocek, U.M.; Van, D.J.; Wouters, W.; Janicot, M. R176502, a new bafilolide 

metabolite with potent antiproliferative activity from a novel Micromonospora species.  

J. Antibiot. 2003, 56, 909–916. 

40. Werner, G.; Hagenmaier, H.; Albert, K.; Kohlshorn, H. The structure of the bafilomycins, a new 

group of macrolide antibiotics. Tetrahedron Lett. 1983, 24, 5193–5196. 

41. Yan, S.W.; Chan, T.M.; Terracciano, J.; Patel, R.; Loebenberg, D.; Chen, G.; Patel, M.; Gullo, V.; 

Pramanik, B.; Chu, M. New antibiotic Sch 725424 and its dehydration product Sch 725428 from 

Kitasatospora sp. J. Antibiot. 2005, 58, 192–195. 

42. Banskota, A.H.; McAlpine, J.B.; Sørensen, D.; Ibrahim, A.; Aouidate, M.; Piraee, M.;  

Alarco, A.M.; Farnet, C.M.; Zazopoulos, E. Genomic analyses lead to novel secondary 

metabolites part 3. ECO-0501, a novel antibacterial of a new class. J. Antibiot. 2006, 59, 533–542. 

43. Zeeck, A.; Schrӧder, K.; Frobel, K.; Grote, R.; Thiericke, R. The structure of manumycin. I. 

Characterization, structure elucidation and biological activity. J. Antibiot. 1987, 40, 1530–1540. 

44. Huger, G. Moenomycin and related phosphorus-containing. Antibiotics 1979, 5, 135–153. 

45. Koshino, H.; Osada, H.; Yano, T.; Uzawa, J.; Isono, K. The structure of enopeptins A and B, 

novel depsipeptide antibiotics. Tetrahedron Lett. 1991, 32, 7707–7710. 

46. Nakano, H.; Yoshida, M.; Shirahata, K.; Ishii, S.; Arai, Y.; Morimoto, M.; Tomita, F. Senacarcin 

A, a new antitumor antibiotic produced by Streptomyces endus subsp. aureus. J. Antibiot. 1982, 

35, 760–762. 

47. Brockmann, H.; Grothe, G. Über Actinomycetenfarbstoffe, II. mitteil.: Limocrocin, ein gelber 

actinomycetenfarbstoff. Chem. Ber. 1953, 36, 1110–1115. 



Mar. Drugs 2014, 12 506 

 

 

48. Ojika, M.; Shizuri, Y.; Niwa, H.; Yamada, K.; Iwadare, S. Structure and synthesis of reductiline, a 

novel metabolite from a variant of Streptomyces orientalis. Tetrahedron Lett. 1982, 23,  

4977–4980. 

49. Simizu, K.; Tamura, G. Reductiomycin, a new antibiotic. I. Taxonomy, fermentation, isolation, 

characterization and biological activities. J. Antibiot. 1981, 34, 649–653. 

50. Omura, S.; Shimizu, H.; Iwai, Y.; Hinotozawa, K.; Otoguro, K.; Hashimoto, H.; Nakagawa, A. 

AM-2604 A, a new antiviral antibiotic produced by a strain of Streptomyces. J. Antibiot. 1982, 35, 

1632–1637. 

51. McAlpine, J.B.; Backmann, B.O.; Piraee, M.; Tremblay, S.; Alarco, A.M.; Zazopoudos, E.; 

Farnet, C.M. Microbial genomics as a guide to drug discovery and structural elucidation:  

ECO-02301, a novel antifungal agent, as an example. J. Nat. Prod. 2005, 68, 493–496. 

52. Grote, R.; Zeek, A.; Drautz, H.; Zӓhner, H. Metabolic products of microorganisms. 246. 2880-II, 

a metabolite related to ferulic acid from Streptomyces griseoflavus. J. Antibiot. 1988, 41,  

1275–1276. 

53. Zeeck, A.; Frobel, K.; Heusel, C.; Schrӧder, K.; Thiericke, R. The structure of manumycin. II. 

Derivatives. J. Antibiot. 1987, 40, 1541–1548. 

54. Hayashi, K.; Nakagawa, M.; Fujita, T.; Tanimori, S.; Nakayama, M. Nisamycin, a new 

manumycin group antibiotic from Streptomyces Sp K106 .2. Structure determination and 

structure-activity-relationships. J. Antibiot. 1994, 47, 1110–1115. 

55. Hinzen, B.; Raddatz, S.; Paulsen, H.; Lampe, T.; Schumacher, A.; Häbich, D.; Hellwig, V.;  

Benet, B.J.; Endermann, R.; Labischinski, H.; et al. Medicinal chemistry optimization of 

acyldepsipeptides of the enopeptin class antibiotics. ChemMedChem 2006, 1, 689–693. 

56. Puder, C.; Loya, S.; Hizi, A.; Zeeck, A. Structural and biosynthetic investigations of the 

rubromycins. Eur. J. Org. Chem. 2000, 5, 729–735. 

57. Suetsuna, K.; Osajima, Y. Isolation of structure of dideoxygriseorhodin C produced by a 

Streptomyces sp. Agric. Biol. Chem. 1989, 53, 241–242. 

58. Thiericke, R.; Zeeck, A.; Nakagawa, A.; Omura, S.; Herrold, R.E.; Wu, S.T.S.; Beale, J.M.;  

Floss, H.G. Biosynthesis of the manumycin group antibiotics. J. Am. Chem. Soc. 1990, 112, 

3979–3987. 

59. He, H.; Shen, B.; Korshalla, J.; Siegel, M.M.; Carter, G.T. Isolation and structural elucidation of 

AC326-α, a new member of the moenomycin group. J. Antibiot. 2000, 53, 191–195. 

60. Li, F.; Maskey, R.P.; Qin, S.; Sattler, I.; Fiebig, H.H.; Maier, A.; Zeeck, A.; Laatsch, H. 

Chinikomycins A and B: Isolation, structure elucidation, and biological activity of novel 

antibiotics from a marine Streptomyces sp. isolate M045. J. Nat. Prod. 2005, 68, 349–353. 

61. Bringmann, G.; Kraus, J.; Schmitt, U.; Puder, C.; Zeeck, A. Determination of the absolute 

configurations of γ-rubromycin and related spiro compounds by quantum chemical CD 

calculations. Eur. J. Org. Chem. 2000, 15, 2729–2734. 

62. Yunt, Z.; Reinhardt, K.; Li, A.; Engeser, M.; Dahse, H.M.; Gϋtschow, M.; Bruhn, T.;  

Bringmann, G.; Piel, J. Cleavage of four carbon-carbon bonds during biosynthesis of the 

griseorhodin A spiroketal pharmacophore. J. Am. Chem. Soc. 2009, 131, 2297–2305. 

  



Mar. Drugs 2014, 12 507 

 

 

63. Ferrante, N.D. Turbidimetric measurement of acid mucopolysaccharides and hyaluronidase 

activity. J. Biol. Chem. 1956, 220, 303–306.  

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


