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 Dear Dr. Hackett, 

 

We thank you very much for the very quick review on our manuscript titled 

“The Marine-Derived Fungus Tinctoporellus sp. CBMAI 1061 Degrades the Dye 

Remazol Brilliant Blue R Producing Anthraquinones and Unique Tremulane 

Sesquiterpenes”. In the following lines we address and answer the reviewer’s 

comments on our revised manuscript. 

 

Reviewer’s comments 

 

 The only concern I have is the purity of some compounds (3-5), which has 

been raised by Reviewer 1. A further purified sample may give better spectrum and in 

addition, the mass spectrum with proper fragmentations also enforce the structural 

elucidation. 

 

As we pointed out, new samples of anthraquinones 2 – 5 have been obtained from 

RBBR degradation experiments with the fungus Tinctoporellus sp., in order to record 

better NMR spectra. The NMR spectra recorded for 2 - 5 clearly show the 

anthraquinones signals. In the 
1
H NMR spectrum of 4 we agree there are some minor 

impurities present, but in our hands with the small amounts of sample that we have 

available (less than 1 mg after final purification) we were unable to successfully 

remove these impurities. The presence of sulfonic acid and the amine groups in 

compounds 2 – 5 make these difficult to purify with the chromatographic peaks 

tailing in acidic or buffered eluents. Nevertheless, the new NMR data we believe are 

of good enough quality to unambigously identify compounds 2 – 5, which are 

obtained from a very complex medium. Considering the reviewer’s comments, if you 

feel that the NMR data of compound 4 is not suitable, we could eventually remove 

the mention to this compound from the manuscript. 
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In addition, the HRFTESI-MS spectra should be attached into the supplemental 

information, especially for compounds 3 and 4 as the identification of halogen atoms 

is heavily relied on the mass spec. 

 

We have included in the Supplementary Information file the HRESIMS for the 

anthraquinones 2 – 5. The exact masses and the isotopic pattern observed for the 

brominated anthraquinone 3 and the chlorinated anthraquinone 4 clearly support the 

structures we propose for these RBBR degradation products. We believe that MS/MS 

fragmentation would yield little if any additional support for the proposed structures 

since the presence of bromine and chlorine are clearly confirmed by the isotope 

patterns of the [M-H]
-
 ions for both compounds 3 and 4. 

 

Thank you very much for your attention. We look forward to your decision. 

 

     With best regards, 

Roberto G. S. Berlinck 

Professor of Chemistry 

Instituto de Química de São Carlos 

Universidade de São Paulo 

CP 780, CEP 13560-970 

Phone: +55-16-33739954; Fax: +55-16-33739952 

E-mail: rgsberlinck@iqsc.usp.br 
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Degradation of the dye Remazol Brilliant Blue R (RBBR) by the marine-derived fungus 

Tinctoporellus sp. CBMAI 1061 led to the formation of four unprecedented 

anthraquinones, of which two were halogenated. Investigation of the RBBR degradation 

medium also led to the isolation of three new tremulene terpenes, of which two bear 

novel 2-hydroxy- or 2-methoxy-3,4-dihydro-2H-pyrrole N-oxide moieties. The products 

of RBBR degradation and of the fungus metabolism have been identified by analysis of 

spectroscopic data. 
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Introduction 

Synthetic dyes are key components in various industrial processes of high economic 

value. Recently the world’s market for both pigments and dyes was forecast to reach U$ 

26.53 billion by the year 2017.1 However, synthetic dyes are recalcitrant chemicals that 

have proven difficult to degrade and are potentially environmentally harmful when 

disposed of in large quantities.2 Remazol Brilliant Blue R (RBBR, 1) is a synthetic dye 

widely used in textile pigmentation, because of its stability, intense blue color and 

strong attachment to textile through covalent bonding.
2
 RBBR (1) is also considered as 

a potentially toxic chemical.3 Currently there is much interest in developing 

environmentally friendly procedures for RBBR degradation, such as photocatalysis4 and 

bioremediation.  

An array of fungal strains have been investigated as potential RBBR 

bioremediation agents.
3-6

 The marine-derived fungus Tinctoporellus sp. CBMAI 1061 

was found to degrade RBBR (1) efficiently, promoting a 90% decolorization of RBBR-

containing growth medium in 12 days.7 However, the products of degradation remained 

unknown. Considering the importance of RBBR dye to the textile industry, a knowledge 

of the RBBR degradation products would help in the selection of a bioremediation 

procedure. With this in mind we set out to investigate the products of RBBR 

transformation by Tinctoporellus sp. CBMAI 1061. Herein, we report on the kinetics of 

the degradation process and the isolation and identification of the anthraquinone RBBR 

degradation products 2 to 5. Investigation of the culture medium obtained from the 

RBBR biotransformation by Tinctoporellus sp. CBMAI 1061 has also resulted in the 

isolation of the three new tremulene terpenes 6 to 8, two of which bear structurally 

unprecedented 2-hydroxy- or 2-methoxy-3,4-dihydro-2H-pyrrole N-oxide moieties. 
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Results and discussion 

Incubation of Tinctoporellus sp. CBMAI 1061 in 200 mL of growth medium containing 

10 mg of RBBR (1) promoted the dye degradation in 12 days. Between day 13 and 17 

no significant change of the growth medium UV absorption could be verified. The 

fungus Tinctoporellus sp. CBMAI 1061 was subsequently grown at a 6 L scale under 

the same conditions for 12 days. After filtration, the liquid medium was adsorbed on a 

1:1:1 mixture of XAD-2, -4 and -7 resins. Washing the resin mixture with 1:1 

MeOH/acetone, followed by evaporation of the organic solvent mixture, yielded 1.2 g 

of a crude extract that was fractionated by gel filtration on Sephadex LH20 (MeOH), 

followed by C18 reversed-phase flash column chromatography. Subsequent reversed-

phase HPLC purification of each of the resulting fractions in turn gave the 

anthraquinones 2 – 5 along with tremulenes 6 – 8. 

The HRFTESIMS analysis of 2 gave a [M-H]
-
 ion at m/z at 302.01025 

appropriate for a molecular formula of C14H9NO5S. The 13C NMR spectrum showed 

twelve aromatic carbon resonances between δ 150 and 110, along with two carbonyl 

resonances at δ 184.09 and 182.74. Considering that 2 was isolated as a RBBR (1) 

degradation product, the fourteen signals observed in 
13

C NMR spectrum of 2 suggested 

the presence of an anthraquinone, and, therefore, the presence of a sulfonic acid group 

could be deduced from the molecular formula. Analysis of the 1D 1H and COSY NMR 

spectra of 2 identified a 1,2-disubstituted benzene ring, with signals of four hydrogen 

atoms at δ 8.14 (dd, J=8.0, 2.0 Hz), 7.85 (dd, J=8.0, 2.0 Hz), 7.91 (dd, J=8.0, 2.0 Hz), 

and 8.23 (dd, J=8.0, 2.0 Hz), as well as a pair of ortho aromatic hydrogens (δ 7.94 (d, 

J=8.0 Hz) and 7.41 (d, J=8.0 Hz)) that suggested the presence of a 1,2,3,4-

tetrassubstituted benzene ring. Two exchangeable hydrogen resonances, that were found 
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to not correlate to carbons in the HSQC spectrum, were observed at δ 9.32 and 7.49. 

These structural features along with the molecular formula suggested that the structure 

of compound 2 could be assigned as 1-amino-9,10-dioxo-9,10-dihydroanthracene-2-

sulfonic acid. Analysis of the HMBC spectrum confirmed this proposal. Key HMBC 

correlations were observed between C-10 (δ 183.74) and both H-4 (δ 7.41) and H-5 (δ 

8.14), between H-8 (δ 8.23) and C-9 (δ 184.09), between H-3 (δ 7.94) and C-1 (δ 

148.56), and between H-4 and C-2 (δ 138.16). Compound 2, as well as being an 

unreported RBBR (1) degradation product, is a new anthraquinone. The cleavage of the 

amino group at C-4 in RBBR (1), presumably by an enzymatic reaction promoted by the 

fungus Tinctoporellus sp. CBMAI 1061, leading to an unsubstituted anthraquinone at C-

4 has not been previously reported. 

 Comparison of the spectroscopic data obtained for degradation products 3 - 5 

with the data recorded for degradation product 2 allowed us to routinely assign their 

structures. The HRFTMS of 3 gave [M-H]
-
 ions at m/z 379.9230 and 381.9206 in a 1:1 

ratio, indicating the presence of a bromine atom in 3, and corresponding to the 

molecular formula C14H8NO5SBr. The molecular formula differs from that of 2 by the 

loss of a hydrogen and the addition of a bromine atom. In the 1H NMR spectrum, the 

doublets assigned to H-3 and H-4 in 2 are no longer seen and instead a sharp singlet at δ 

8.03 is observed that correlates to a sp2 carbon at δ 138.79 in the HSQC spectrum. A 

bromine substitutent at C-3 or C-4 would account for these 1H NMR differences and the 

molecular formula. Most likely the Br substituent is at C-4, since in the HMBC 

spectrum the H-3 resonance at δ 8.03 strongly correlates to carbons at δ 148.22, 106.06 

and 131.27 that were assigned to C-1, C-4 and C-12, respectively. Hence, the structure 
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of 3 was assigned as that of 1-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-

sulfonic acid. 

 The HRFTMS of compound 4 showed [M-H]- ions at m/z 335.9733 and 

337.9728 in a 3:1 ratio, appropriate for the molecular formula C14H8NO5SCl, containing 

a chlorine atom instead of the bromine atom seen in 3. The 1H NMR spectrum of 4 was 

very similar to that of 3, except the singlet at δ 8.03 in 3 had been replaced by a singlet 

at δ 7.82. In all other respects 3 and 4 appeared to be identical suggesting that the 

structure of 4 was 1-amino-4-chloro-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic 

acid. The small amount of 4 obtained precluded the acquisition of 1D 13C and 2D-NMR 

data. 

 The HRFTESIMS spectrum of 5 gave a [M-H]
-
 ion at m/z 318.0073, appropriate 

for the molecular formula C14H9NO6S, that differs from that of 2 by the addition of an 

oxygen atom. In the 1H NMR spectrum the doublets assigned to H-3 and H-4 in 2, as in 

3 and 4, are no longer seen and instead a singlet at δ 7.56 is observed. The limited 

quantity of 5, as with 4, precluded the recording of 1D 
13

C and 2D-NMR data. 

However, by analogy with 3 and 4, a hydroxyl substitutent at C-4 would account for the 

1D 1H NMR data and the molecular formula. Therefore, the structure of 5 is tentatively 

assigned as 1-amino-4-hydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid. 

 Investigations on the RBBR biological degradation have been performed using 

either immobilized enzymes, mainly laccases, or crude fungal growth media and the 

degradation products have been analyzed by UV, HPLC-MS or HPLC-UV-MS.8-19 

Degradation of RBBR (1) by the fungus Polyporus sp. S133 resulted in the formation of 

a hydroxylated product, which, although mistakenly named, was suggested to be 

sodium 1-amino-4-hydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate (5).6 
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Degradations of RBBR (1) by an immobilized laccase of Trametes pubescens and by 

Aspergillus flavus also produced 5.
3,8

 Since RBBR (1) degradation by Tinctoporellus sp. 

CBMAI 1061 is likely promoted by a laccase,9 enzymes that promote free radical 

oxidations,10 the introduction of the hydroxyl group in RBBR is likely to proceed via a 

free radical mechanism. Bond cleavage between the anthraquinone and the substituted 

aniline may be catalyzed by a cytochrome P450 enzyme, a well-known aniline 

dealkylating enzymatic reaction.
11-13

  

To the best of our knowledge this is the first investigation in which products of 

RBBR (1) fungal degradation were isolated and identified by rigorous NMR and MS 

analysis. Moreover, the anthraquinones 2, 3 and 4 are unprecedented. Since 

anthraquinones exert an array of potent biological activities,
20

 the isolation of 2, 3, 4 and 

5 are of interest but the low yields we obtained precluded the evaluation of these 

compounds in biological screens. While the isolation of the halogenated products 3 and 

4 was completely unexpected since no bromine or chlorine salts were added to the 

medium, the composition of malt broth may well include chlorine and bromine salts that 

may represent halogen sources for the transformation of RBBR (1) into 3 and 4. 

 While investigating the formation of RBBR (1) degradation products in the 

growth medium of Tinctoporellus sp. CBMAI 1061, analysis by HPLC-UV-MS enabled 

us to detect the presence of additional culture products with UV absorptions in the 

region λmax 290 - 300 nm, as well as [M+H/Na]+ ions with m/z 266-303. Purification of 

these compounds by HPLC led to the isolation of the tremulene terpenes 6 – 8, of which 

7 and 8 are new 2-hydroxy- or 2-methoxy-3,4-dihydro-2H-pyrrole N-oxide terpene 

derivatives. The nitrogen-bearing 2-H-pyrrole pyrrole N-oxide moieties in 7 and 8 have 
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apparently not been previously reported in terpenoid natural products, although they are 

well known synthetically. 

 Tremulenetriol (6) gave a [M+Na]+ ion in the HRESIMS at m/z 277.1782 

appropriate for a molecular formula of C15H26O3. Olefinic resonances at at δ 142.1 and 

130.8 in the 13C NMR spectrum accounted for one of the three sites of unsaturation 

required by the molecular formula, requiring that 6 had to contain two rings. In the 
1
H 

NMR spectrum, two aliphatic methyl singlets (δ 1.03/0.80; Me-14, Me-15) and one 

methyl doublet (δ 0.86, J = 6.6 Hz; Me-13) were observed. Analysis of the gCOSY and 

gHSQC spectra of 6 unambiguously identified two isolated methylenes, one oxygenated 

(δH 3.89 and 3.74/δC 64.0, CH2-11) and one as an alkyl substituent (δH 2.17 and 1.82 /δC 

47.0, CH2-10), as well as a linear spin system which is shown in bold in Figure 1. The 

structure of the linear spin system extending from C-12 through to C-8, with a methyl 

branch (Me-13) at C-6, was confirmed by analysis of the HMBC spectrum (Figure 1). 

The three fragments, the two isolated methylenes and the linear C-12 to C-8 spin 

system, along with a gem-dimethyl group, could be connected via a series of gHMBC 

correlations [Me-14/15 (δ 0.80/1.03) to C-8 (δ 43.26), C-9 (δ 37.2), C-10 (δ 47.0); H-10 

(δ 2.17/1.82) to C-1 (δ 142.1) and C-2 (δ 130.9); H-11 (δ 3.89/3.74) to C-1, C-2 and C-

3 (δ 53.1); H-3 (δ 2.48) to C-1 and C-2; H-12 (δ 3.53) to C-2] summarized with arrows 

in Figure 1, establishing the linear carbon backbone of the terpene chain from C-1 to C-

10 and the locations of the tetrasubstituted alkene, of the branched methyl (Me-13), of 

the branched oxygenated methylenes (C-11 and C-12) and of the gem-dimethyl (Me-

14/15). gHMBC correlations observed between C-1 (δ 142.1) and both H-6 (δ 1.78) and 

H-8 (δ 1.39 and 1.35), between H-7 (δ 2.94) and C-2 (δ 130.8), and between H-10 

(δ 2.17) and C-7 (δ 43.3) identified a bond between C-1 and C-7, which created the two 
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required rings from the linear terpene backbone. To satisfy the molecular formula, the 

three oxygenated carbons C-4, C-11 and C-12 had to bear secondary and two primary 

hydroxy substituents, respectively. The relative configuration of 6 was established by 

the series of tROESY correlations illustrated in Figure 2. tROESY correlations observed 

between H-7 (δ 2.95) and H-4 (δ 3.95), H-5a (δ 1.78), H-6 (δ 1.71), H-12 (δ 3.53) and 

Me-14 (δ 0.80), as well as between H-4 (δ 3.95) and both H-6 (δ 1.78) and H-12 

(δ 3.53) meant that C-12, H-4, H-6 and H-7 were in a cis relationship, all on the same 

face of the seven membered ring in 6 (Figure 3). Therefore, the relative configuration of 

6, named tremulenetriol, was defined as 3S*, 4R*, 6S*, 7S*. The 1H and 13C 

assignments of 6 were in good agreement with those reported for tremulenediol (9), 

previously isolated from the growth medium of the wood rotting fungus Phellinus 

tremulae.21 

 Tremulenimine N-oxide A (7) gave a [M+H]+ ion in the HRESIMS at m/z 

280.1916 appropriate for the molecular formula of C16H25NO3, that differs from the 

formula of 6 by the addition of carbon and nitrogen atoms and the loss of a hydrogen 

atom and requires two additional sites of unsaturation. The NMR spectra obtained for 7 

were similar to the spectra of 6 except that the resonances assigned to the methylenes of 

the primary alcohols at C-11 and C-12 were missing. These had been replaced by a 

proton singlet resonating at δ 7.31 (H-11), correlated in the gHSQC to a downfield 

olefinic carbon resonance at δ 132.7 (C-11), and a proton resonance at δ 4.91 (d, J = 6.5 

Hz; H-12) correlated in the gHSQC to a carbon resonance at δ 102.0 (C-12). The 

chemical shifts of the carbon resonance at δ 102.0 and its attached proton (δ 4.91) were 

appropriate for a hemiacetal or hemiaminal functionality. Additionally, an oxy-methyl 

singlet at δ 3.66 was correlated to a carbon at δ 59.6 in the gHSQC spectrum. The 
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doublet at δ 4.92 (H-12) was coupled to the resonance assigned to H-3 at δ 2.69 in the 

gCOSY spectrum of 7, while the methoxy resonance at δ 3.66 (Me-16) correlated to the 

carbon at δ 102.0, assigned to the C-12 methine, in the gHMBC spectrum. The methine 

proton resonance at δ 4.92 (H-12)  showed HMBC correlations to both C-2 (δ 122.3) 

and C-11 (δ 132.8), while H-11 (δ 7.31) correlated to C-1 (δ 138.7), C-2 (δ 122.3), C-3 

(δ 52.3) and C-12 (δ 102.0). In the gCOSY spectrum, H-11 (δ 7.31) and H-12 (δ 4.91) 

showed a weak long-range W coupling.  

The above NMR evidence was consistent with a structure for 7 containing a 

nitrone group linking C-11 to C-12 to give a 3,4-dihydro-2H-pyrrole 1-oxide 

substructure having a methoxy substituent at C-12.  This proposed structure for 7 

contains the two additional sites of unsaturation and the additional atoms required by 

the molecular formula.  As with tremulenetriol (6), the relative configuration of 7 was 

established by the series of tROESY correlations illustrated in Figure 2, which showed 

that at the common stereogenic centers 6 and 7 had identical absolute configurations. 

The tROESY correlations observed for 7 included H-7 (δ 2.93)  to H-6 (δ 1.98) and H-4 

(δ 3.84) , and both H-3 (δ 2.68)  and H-4 (δ 3.84)  to H-12 (δ 4.91). A tROESY 

correlation between H-3 (δ 2.69) and Me-13 (δ 0.87) confirmed that H-3 and C-13 were 

cis, as in 6. On the basis of the observed tROESY correaltions, the relative 

configuration of tremulenimine 1-oxide A (7) was assigned as 3R*, 4R*, 6S*, 7S*, 

12R*. The 3,4-dihydro-2H-pyrrole 1-oxide moiety in tremulenimine 1-oxide A (7) has 

to the best of our knowledge not been previously reported in a natural product.  
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Figure 1. Key COSY (bold bonds) and HMBC correlations (arrows) observed for 

compounds 6 and 7. 

 

 

Figure 2. tROESY correlations observed for compounds 6 and 7. Dashed curves 

indicate weak correlations. 

 

 Tremulenimine N-oxide B (8) gave a [M+H]+ ion in the HRESIMS at m/z 

266.17623 appropriate for the molecular formula of C15H24NO3, that differs from the 

formula of 7 by the loss of a methylene. The NMR spectra obtained for 8 were 

remarkably similar to the spectra of 7 except that the resonances assigned to the 

methoxy moiety in 7, at δH 3.66 (s)/δC 59.4, were no longer observed. Replacement of 
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the methoxy with a hydroxyl group would account for these NMR differences. Analysis 

of the 2D NMR data of 8 confirmed this hypothesis, with the C-12 resonance in 8, at δ 

94.8, slightly shielded relative to that seen in 7, at δ 102.0. Although degradation of 8 

prevented the collection of tROESY and optical rotation data, the close similarity of the 

1H and 13C NMR spectra of 8 and 7 strongly suggests the same relative configuration 

for the two compounds. 

 The isolation of nitrones (N-oxides) 7 and 8 is intriguing. In the absence of 

RBBR the tremulene terpenes could not be detected by HPLC-UV-MS analysis from 

cultures of Tinctoporellus sp. CBMAI 1061. Also, the production of the these terpenes 

was not observed with the addition of hydroxylamine to the growth medium . Therefore, 

it would appear that the addition of RBBR to Tinctoporellus sp. CBMAI 1061 cultures 

is a requirement for the production of the terpenes. However, the reasons for why 

RBBR is needed to stimulate the biosynthesis of the terpenes remains uncertain. 

 Tremulanes, for example tremulenediol A (9), were first isolated from cultures 

of the aspen (Populus tremuloides) rotting fungus Phellinus tremulae.
21

 Although these 

sesquiterpenes first appeared as non-regular terpenes,
21

 subsequent biosynthetic 

investigations provided evidence that the tremulane skeleton originates from farnesyl 

pyrophosphate, via humulene formation and a methyl group migration.22 Recently, a 

series of tremulene and tremulane terpenes have been isolated from various fungal 

strains.23-28 5α,12-Dihydroxy-1-tremulen-11-yl 2(S)-pyroglutamate was isolated from 

the basidiomycete Conocybe siliginea as the first tremulene derivative bearing a 

nitrogen-containing 2(S)-pyroglutamate moiety.27 Tremulene terpenes have shown 

moderate cytotoxic activity23 and vascular-relaxing activities against phenylephrine-
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induced vasoconstriction.26 Curiously, this class of rearranged sesquiterpenes is 

restricted to fungi. 

Conclusions 

We have investigated the degradation of the dye RBBR (1) by the marine-derived 

fungus Tinctoporellus sp. CBMAI 1061, which lead to the formation of the new 

anthraquinones 2 – 5. This was the first investigation of RBBR (1) degradation by a 

fungal strain in which the degradation products were unambiguously characterized by 

NMR and MS analyses. Moreover, the tremulene terpenes 6 – 8 have been isolated from 

the RBBR degradation medium as products of Tinctoporellus sp. CBMAI 1061 

metabolism. The tremulenes 7 and 8 are the first secondary metabolites with 3,4-

dihydro-2H-pyrrole 1-oxide substructures. Further investigations of the medium and 

growth requirements for improved production of metabolites by the fungus 

Tinctoporellus sp. CBMAI 1061 in the presence of RBBR (1) are underway in order to 

produce the additional amounts of compounds 2-8 required for evaluation in biological 

assays. 

Experimental Section 

General Experimental Procedures 

Optical rotations were measured using a Jasco P-2000 polarimeter in MeOH, at 25 oC. 

UV analysis was performed using a Jasco V-630 spectrophotometer. High resolution 

FTESIMS were recorded with a LTQ-Orbitrap Velos (Thermo Fisher Scientific) in 

direct infusion ESI ionization mode, with a voltage discharge at 3700 V and capilar 

temperature of 350 oC. Low and high resolution ESI-QIT-MS were recorded on a 

Bruker-Hewlett Packard 1100 Esquire–LC system mass spectrometer. NMR spectra 
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were recorded on an Agilent Technologies 500/54 Premium Shielded spectrometers 

operating at 499.85 MHz (
1
H) or 125.70 MHz (

13
C), using tetramethylsilane (TMS) as 

an internal standard, or on a Bruker AV-600 spectrometer with a 5 mm CPTCI 

cryoprobe, for which the
 1H chemical shifts are referenced to the residual DMSO-d6 

signal (δ 2.49 ppm) and 13C chemical shifts are referenced to the DMSO-d6 solvent peak 

(δ 39.5 ppm). HPLC-UV-MS analyses were performed using a Waters Alliance 2695 

chromatographic controller coupled in series to a Waters 2996 photodiode array 

detector operating in the range between 200 and 800 nm and a Waters Micromass ZQ 

2000 mass spectrometer detector operating in the range between 200 and 1000 Da, 

using ESI ionization, temperature of the ionization source at 100 oC, desolvation 

temperature at 300 
o
C and cone gas flow at 50 L/h. The HPLC-UV-MS analyses were 

performed using a GL–Sciences Inc. Inertsil phenyl (4,6 mm x 250 mm, 5 µm) column. 

The elution gradient was performed using a 1:1 mixture of MeOH + 0.1% HCO2H and 

MeCN + 0.1% HCO2H as the organic solvent and a 30 mM acetic acid/amonnium 

acetate buffer (pH 4.5) as the aqueous phase. Elution was performed starting with 40% 

of organic phase until 80% of organic phase during 20 min., remaining at 80% organic 

phase during 10 min., then decreasing to the initial conditions and a reconditioning time 

of 5 min., in a 1 mL/min flow rate. 

Fungal strain 

The strain Tinctoporellus sp. CBMAI 1061 was isolated from a specimen of the sponge 

Dragmacidon reticulatum and identified as previously described.
9,29

 The strain has been 

maintained  in the Brazilian Collection of Industrial and Environmental Microorganisms 

(CBMAI) at Universidade Estadual de Campinas (CPQBA/UNICAMP). 

Fungal growth and RBBR degradation 
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Pellets of 0.5 cm diameter were obtained from 2% malt extract solid medium on which 

Tinctoporellus sp. CBMAI 1061 was grown. Twelve pellets were used to inoculate 500 

mL Schott flasks containing 200 mL of 2% malt broth, that were maintained at 28 oC 

and 160 rpm for 72 h. Then, a 20 mL aliquot of a 500 ppm solution of RBBR (1) was 

filtered through a 0.22 µm membrane (Millipore) and added to each flask, which were 

then re-incubated at 28 
o
C and 160 rpm. During the following 17 days, medium aliquots 

of 1 mL were collected each day. The aliquots were filtered and subjected to UV 

analysis at λmax 580 nm, until the disappearance of RBBR UV absorption bands was 

complete. Degradation was found to be complete after 12 days. Under the same 

conditions a larger scale RBBR (1) degradation by Tinctoporellus sp. CBMAI 1061 was 

performed with 30 Schott flasks for 12 days.  

Medium extraction and metabolites isolation 

At the end of the larger scale RBBR (1) degradation experiment, the medium was 

filtered through a pad of celite. The filtered medium was extracted with 10% v/v of a 

1:1:1 mixture of the resins Amberlite XAD-2, XAD-4 and XAD-7 for 24 h with gentle 

shaking. The resin mixture was separated by filtration and the aqueous fraction was 

discarded. The resin mixture was extracted with 1:1 MeOH/acetone for 2 hours and then 

filtered. The organic extract was evaporated and dried in vacuo, to give 1.2 g of a crude 

extract. This extract was fractionated in 400 mg aliquots on a Sephadex LH-20 (170 x 2 

cm column) column with MeOH as eluent. The resulting fractions were analyzed by 

TLC, using 8:2 CH2Cl2/MeOH as eluent, and observed under UV light at λmax 254 nm. 

The six fractions obtained were analyzed by HPLC-UV-MS. A later eluting fraction (21 

mg) was chromatographed on a C18 reversed-phase column (2 g) with gradient elution 

from H2O to MeOH to give 12 fractions which were individually analyzed by HPLC-
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UV-MS. The 10% MeOH and 30% MeOH fractions were combined (7.7 mg) and 

fractionated by HPLC using an Inertsil phenyl (4.6 mm x 250 mm, 5 µm) column with 

24:76 MeCN/ 30 mM AcOH/AcONH4 buffer (pH 4.5) as eluent to yield anthraquinones 

2 (3.0 mg), 3 (1.9 mg), 4 (1.2 mg) and 5 (1.0 mg). Anthraquinones 3 and 5 were purified 

by HPLC using a C18 reversed-phase InertSustain column (25 x 1 cm, 5 µm), with 70:30 

(0.05%TFA in H2O)/MeCN as eluent at 2 mL/min. 

 A second fraction (854 mg) obtained from the Sephadex LH-20 chromatography 

was also fractionated by reversed-phase C18 (10 g) using a gradient of H2O to MeOH to 

give six fractions. A second purification on a C18 column (5 g) of the 3:2 and 4:1 

MeOH/H2O fractions with a gradient of MeOH in H2O resulted in nine and six 

fractions, respectively. The 3:2 (75 mg) and 1:1 (62 mg) MeOH/H2O fractions were 

further purified by HPLC using an Inertsil phenyl column (4.6 mm x 250 mm, 5 µm) 

with either 1:1:8 MeCN/MeOH/H2O or 1:4 MeCN/H2O as eluent to give compounds 6 

(17 mg), 7 (5 mg) and 8 (3.3 mg). During solvent solubility testing for NMR analyses, 

partial degradation of compounds 6 – 8 occurred which required re-purification under 

the same HPLC conditions to give samples of 6 (3.0 mg), 7 (3.4 mg) and 8 (1.0 mg) in 

80-90% purity. A final C18 reversed-phase HPLC purification using an InertSustain 5 

µm, 25 x 1.0 cm column, with for 6 13:7 and for 7 7:3 H2O/MeCN as eluent gave pure 

samples of 6 (1.6 mg) and 7 (0.5 mg). 

1-amino-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid 2: glassy solid; UV 

(MeOH) λmax (log ε) 248 (2.36), 277 (1.95), and 478 (1.69); 
1
H NMR and 

13
C NMR 

(DMSO-d6) see Table 1; HRFTESIMS (neg.) m/z 302.0117 (calcd for C14H8NO5S [M - 

H]-, 302.0123). 
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1-amino-4-bromo-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid 3: glassy solid; 

UV (MeOH) λmax (log ε) 246 (2.38), 311 (1.67), and 485 (1.75); 
1
H NMR and 

13
C NMR 

(DMSO-d6) see Table 1; HRFTESIMS (neg.) m/z 379.9230 (calcd for C14H7NO5S
79Br 

[M - H]-, 379.9228). 

1-amino-4-chloro-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid 4: glassy solid; 

UV (MeOH) λmax (log ε) 246 (2.07), 310 (1.37), and 488 (1.47); 
1
H NMR and 

13
C NMR 

(DMSO-d6) see Table 1; HRFTESIMS (neg.) m/z 335.9733 (calcd for C14H7NO5S
35

Cl 

[M - H]-, 335.9733). 

1-amino-4-hydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid 5: glassy solid; 

UV (MeOH) λmax (log ε) 251 (2.08), 288 (1.47), and 539 (1.62); 1H NMR and 13C NMR 

(DMSO-d6) see Table 1; HRFTESIMS (neg.) m/z 318.0073 (calcd for C14H8NO6S [M - 

H]
-
, 318.0072). 

Tremulenetriol (6): amorphous clear solid; [α]D = +17.4 (c 0.00155, MeOH); 1H NMR 

and 13C NMR (DMSO-d6) see Table 2; HRESIMS (pos.) m/z 277.1782 (calcd for 

C15H26O3Na [M+Na]+, 277.1780). 

Tremulenimine N-oxide A (7): amorphous pale yellow solid; [α]D = +3.6 (c 0.00175, 

MeOH); 
1
H NMR and 

13
C NMR (DMSO-d6) see Table 2; HRESIMS (pos.) m/z 

280.1916 (calcd. for C16H26NO3 [M+H]+, 280.1913). 

Tremulenimine N-oxide B (8): pale yellow solid; 1H NMR and 13C NMR (DMSO-d6) 

see Table 2; HRFTESIMS (pos.) m/z 266.17623 (calcd. for C15H24NO3 [M+H]+, 

266.17562). 
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Table 1. 
13C and 1H NMR data of anthraquinones 2, 3, 4 and 5 in DMSO-d6 [δ, multiplicity (J in Hz)].  

 

  2     3     4  5 

Position  13Ca 
  

 1Hb  13Ca 
  

 1Hb 1Hb 1Hb 

1 148.56  148.23    

2 138.16  138.44    

3 132.85 7.94 (d, 8.0) 138.79 8.03 (s) 7.82 (s) 7.56 (s) 

4 114.28 7.41 (d, 8.0) 106.06    

5 126.30 8.14 (dd, 2.0 and 8.0) 126.36 8.10 (dd, 2.0 and 8.0) 8.09 (dd, 2.0 and 8.0) 8.26 (dd, 2.0 and 8.0) 

6 133.52 7.85 (dt, 2.0 and 8.0) 133.65 7.85 (dt, 2.0 and 8.0) 7.84 (dt, 2.0 and 8.0) 7.89 (dt, 2.0 and 8.0) 

7 134.55 7.91 (dt, 2.0 and 8.0) 134.20 7.88 (dt, 2.0 and 8.0) 7.88 (dt, 2.0 and 8.0) 7.95 (dt, 2.0 and 8.0) 

8 126.58 8.23 (dd, 2.0 and 8.0) 126.06 8.17 (dd, 2.0 and 8.0) 8.17 (dd, 2.0 and 8.0) 8.29 (dd, 2.0 and 8.0) 

9 184.09  183.57    

10 182.74  182.05    

11 112.68  114.64    

12 134.58  131.27    

13 132.47  132.97    

14 134.19  133.55    

NH2  7.49 (bs)  7.50 (bs) 7.49 (s) 8.14 (bs) 

SO3H  9.32 (bs)  9.58 (bs) 9.59 (bs) 9.71 (bs) 

a125 MHz; b500 MHz 
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Table 2. 
13C and 1H NMR data of compounds 6, 7 and 8 [δ, multiplicity (J in Hz)]. 

 

  6    7    8 

Position  13Ca 
  

 1Hb  13Ca 
  

 1Hb  13Cc 
  

 1Hd 

1 142.1  138.7  139.25  

2 130.8  122.3  122.93  

3 53.2 2.50 (m) 52.3 2.68 (m) 53.64 2.69 (m) 

4 67.6 3.94 (bdd) 69.1 3.84 (m) 69.7 3.89 (m) 

5 39.5 1.78 (ddd, 2.1, 5.3, 13.9); 

1.61 (bm) 

44.0 2.28 (m); 2.30 (dd, 10.2, 13.7) 44.41 2.28 (m); 1.39 (m) 

6 31.6 1.10 (m) 28.6 1.98 (ddd, 1.9, 7.7, 15.5) 28.84 1.99 (m) 

7 43.3* 2.94 (bdd) 44.4 2.93 (m) 44.6 2.93 (m) 

8 43.3* 1.39 (ddd, 1.7, 8.6, 12.3); 

1.35 (dd, 9.9, 12.3) 

45.0 1.37 (dd, 11.9, 12.1); 1.42 

(ddd, 1.5, 7.2, 11.9) 

45.19 1.40 (m) 

9 37.2  36.3  36.55  

10 47.0 2.17 (dd, 1.8, 14.6); 1.82 (bd, 

14.3) 

46.2 2.24 (bd, 19.9); 2.10 (bdt, 

17.6) 

46.53 2.24 (m) e 2.11 (dt, 17.3) 

11 64.0 3.89 (d, 11.1); 3.74 (d, 10.5) 132.7 7.31 (s) 132.34 7.27 (s) 

12 60.8 3.53 (d, 6.8) 101.9 4.90 (d, 6.3) 94.76 5.06 (d, 8.9) 

13 15.8 0.86 (d, 6.7) 17.6 0.87 (d, 7.4) 17.78 0.88 (d, 7.4) 

14 27.0 0.79 (s) 27.6 0.93 (s) 27.83 0.93 (s) 

15 28.4 1.03 (s) 29.1 1.03 (s) 29.36 1.03 (s) 

16   59.3 3.65 (s)   
a150 MHz; b600 MHz; c100 MHz; d400 MHz; *overlapping signals 
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Page S2 - Figure S1. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 2. 

Page S2 - Figure S2. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 2. 

Page S3 - Figure S3. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 2. 

Page S3 - Figure S4. Expansion of the 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 2. 

Page S4 - Figure S5. HRFTESI Mass Spectrum of anthraquinone 2. 

Page S4 - Figure S6. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 3. 

Page S5 - Figure S7. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 3. 

Page S5 - Figure S8. HRFTESI Mass Spectrum of anthraquinone 3. 

Page S6 - Figure S9. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 4. 

Page S6 - Figure S10. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 4. 

Page S7 - Figure S11. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 4. 

Page S7- Figure S12. HRFTESI Mass Spectrum of anthraquinone 4. 

Page S8 - Figure S13. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 

Page S8 - Figure S14. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 

Page S9 - Figure S15. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 

Page S9 - Figure S16. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 5. 

Page S10 - Figure S17. HRFTESI Mass Spectrum of anthraquinone 5. 

Page S11 - Figure S18. 1H NMR spectrum of tremulenetriol (6) (DMSO-d6, 600 MHz). 

Page S12 - Figure S19. 13C NMR spectrum of tremulenetriol (6) (DMSO-d6, 150 MHz). 

Page S13 - Figure S20. 1H NMR spectrum of tremuleneimine N-oxide A (7) (DMSO-d6, 600 MHz). 

Page S14 - Figure S21. 13C NMR spectrum of tremuleneimine N-oxide A (7) (DMSO-d6, 150 MHz). 

Page S15 - Figure S22. 1H NMR spectrum of tremuleneimine N-oxide B (8) (DMSO-d6, 400 MHz). 

Page S15 - Figure S23. 13C NMR spectrum of tremuleneimine N-oxide B (8) (DMSO-d6, 100 MHz).

Page 27 of 42 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



S2 

 

 

Figure S1. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 2. 

 

Figure S2. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 2. 
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Figure S3. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 2. 

 

Figure S4. Expansion of the 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 2. 
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Figure S5. HRFTESI Mass Spectrum of anthraquinone 2. 

 

Figure S6. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 3. 
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Figure S7. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 3. 

 

Figure S8. HRFTESI Mass Spectrum of anthraquinone 3. 
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Figure S9. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 4. 

 

Figure S10. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 4. 
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Figure S11. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 4. 

 

Figure S12. HRFTESI Mass Spectrum of anthraquinone 4. 
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Figure S13. 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 

 

Figure S14. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 
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Figure S15. Expansion of the 1H NMR spectrum (600 MHz, DMSO-d6) of anthraquinone 5. 

 

 

Figure S16. 13C NMR spectrum (150 MHz, DMSO-d6) of anthraquinone 5. 
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Figure S17. HRFTESI Mass Spectrum of anthraquinone 5. 
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Figure S18. 1H NMR spectrum of tremulenetriol (6) (DMSO-d6, 600 MHz). 
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Figure S19. 13C NMR spectrum of tremulenetriol (6) (DMSO-d6, 150 MHz). 
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Figure S20. 1H NMR spectrum of tremuleneimine N-oxide A (7) (DMSO-d6, 600 MHz). 
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Figure S21. 13C NMR spectrum of tremuleneimine N-oxide A (7) (DMSO-d6, 150 MHz). 
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Figure S22. 1H NMR spectrum of tremuleneimine N-oxide B (8) (DMSO-d6, 400 MHz). 

 

 

Figure S23. 13C NMR spectrum of tremuleneimine N-oxide B (8) (DMSO-d6, 100 MHz). 
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Conversion of RBBR dye to anthraquinones by the fungus Tinctoporellus sp., also producing novel tremulene 
terpenes.  
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