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Abstract

The heterotrich ciliate Blepharisma japonicum produces red pigment blepharismins, which function as self-defense toxin against predators
and as a photoreceptor for step-up photonegativity. The dibenzoperylenequinone moiety of blepharismins was shown to be biosynthesized via
the polyketide pathway. In this paper, the starter units of the biosynthetic pathway of blepharismins were determined to be isovaleryl-CoA and
butyryl-CoA by HPLC, LC/ESI-MS, and 'H and H NMR analyses of the pigments obtained from feeding experiment of L-leucine or sodium

butyrate in excess and deuterium-labeled L-leucine.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The heterotrich ciliate Blepharisma japonicum contains red
pigment blepharismins (BPs: 1a—1e) in their extrusive organ-
elles.' These pigments are known to have three functions: light
perception,” chemical defense against predators,® and protec-
tion against UV radiation.” In addition to chemical defense
against predators, BPs exhibit toxicity against other ciliates’
and inhibit the growth of Gram-positive bacteria such as meth-
icillin-resistant Staphylococcus aureus (MRSA).® The chemical
structure of BP-C, the major component of BPs, was elucidated
by Song et al.,” while the other homologs were elucidated inde-
pendently by Naoki et al. (Fig. 1).® BPs are also known to be
converted to oxyblepharismins by UV radiation.’ BPs are struc-
turally related to hypericin, a photodynamic toxin of Hyperi-
cum,'® and stentorin extracted from the negatively phototactic
ciliate Stentor coeruleus.'" Stentorin and oxyblepharismin are
also toxic to other ciliates, including predators.'” Recently,
maristentorin was isolated from the positively phototactic
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marine ciliate Maristentor dinoferus.'> We previously reported
that the dibenzoperylenequinone moiety of BPs was biosynthe-
sized via the polyketide pathway by assignment of the '*C
NMR spectrum of BP-C based on analyses of 2D spectrum of
3C-enriched samples obtained by feeding experiments using
13C-labeled sodium acetate.'® In feeding experiments of '*C-la-
beled acetate, the incorporation of labeled carbon into C5, C6,
and isopropyl group (C16, C17, C18) positions was one-tenth
lower than that of other carbons of the dibenzoperylenequinone
moiety of BPs; furthermore, the positions at which labeled
acetates were incorporated did not agree with the expected nor-
mal position, indicating that these portions of the dibenzoperyl-
enequinone moiety of BPs might be the starter unit of BP

BP-A(1a):R'=Et, R®=Et, R®=H
BP-B (1b): R'=Et, R®=/Pr, R®=H
BP-C (1c):R'=iPr, R®=iPr, R®=H
BP-D (1d): R' =Et, R?=iPr, R®=Me
or R'=iPr, RZ=Et, R®=Me
BP-E (1e): R' = iPr, R?=iPr, R®=Me

Blepharismin A-E (1a-1e)

Figure 1. Structures of blepharismins A—E.
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Scheme 1. Starter units of the biosynthesis of blepharismins: (a) branched-chain amino acid transaminase and branched-chain keto acid dehydrogenase, (b) butyryl-

CoA synthetase or butyryl-CoA transferase.

biosynthesis. It was also reported that the ethyl group attached
at the C6 carbon atom of BP-A, BP-B, and/or BP-D was weakly
enriched in pigments obtained by feeding '*C-labeled ace-
tates.'* We previously proposed that isovaleryl-CoA and bu-
tyryl-CoA might be the starter units of BP biosynthesis; these
compounds were derived from L-leucine or 4-methyl-2-oxopen-
tanoic acid through incorporation of '*C-labeled sodium
acetate (Scheme 1). In this paper, we conclude that the starter
units of biosynthesis of BPs are isovaleryl-CoA and butyryl-
CoA based on HPLC and LC/ESI-MS analyses of samples
obtained from feeding excess L-leucine or sodium butyrate
and 'H and “’H NMR spectra of pigments obtained from feeding
deuterium-labeled L-leucine.

2. Results and discussion

Polyketide synthase utilizes a wide assortment of starter
units such as straight- and branched-chain fatty acids and amino
acids."”® In many cases, the nature of a starter unit confers
important structural and biological features to the molecule.'®
It was reported that isovaleryl-CoA was used as a starter unit
in the biosynthesis of myxothiazol, an inhibitor of the electron
transfer system in the mitochondria of Stigmatella auran-
tiaca,"” and an analogue of the lipase inhibitor lipstatin of Strep-
tomyces toxytricini."® Isovaleryl-CoA is biosynthesized through
a pyruvate pathway from acetyl-CoA and pyruvate via a-keto-
isovalerate, and it can also be derived from the branched-chain
amino acid L-leucine.'® The first step in leucine degradation is
transamination to 4-methyl-oxopentanoate, which is further
processed by the Bkd (branched-chain keto dehydrogenase)
complex into thioester isovaleryl-CoA.

BP-A has two ethyl groups in the molecule, while BP-C and
BP-E each has two isopropyl groups. On the other hand, BP-B
and BP-D each has an ethyl and an isopropyl group in the mol-
ecule. BP-D and BP-E have an additional methyl group in the
carbon ring of dibenzoperylenequinone; however, the position
of the methyl group in the carbon ring of BP-D has not been rig-
orously determined. We presumed that the ratio of BPs obtained
from the culture medium of B. japonicum with excess precur-
sors of the starter units differed from the ratio of BPs obtained
from the culture medium of the protozoan cultivated under nor-
mal conditions. The starter units of the biosynthesis of BPs were
estimated to be isovaleryl-CoA or butyryl-CoA based on the

abovementioned result. Butyryl-CoA is also converted from
butyrate by the butyryl-CoA synthetase (or butyryl-CoA trans-
ferase). In particular, we expected that feeding excess L-leucine
would increase the ratio of BP-B, BP-C, BP-D, and BP-E,
which have isopropyl group(s) in their molecules, through the
use of L-leucine as the starter unit.

Feeding experiments of excess L-leucine and sodium buty-
rate were carried out according to the method described previ-
ously.” Pigments were isolated using a slightly modified
method to prevent errors in determination of the ratio of each
homolog during the purification procedure. The minimum
concentrations for the lethal toxicities of L-leucine and sodium
butyrate to B. japonicum cells were 125 and 31.3 mM, respec-
tively. Considering the toxicities for B. japonicum cells, we pre-
pared a culture of B. japonicum in a culture medium containing
12.8 mM of the putative precursors. After cultivation for three
days in the dark, the cells collected from 1 L culture of B. japo-
nicum were treated with a small amount of acetone, and ethyl
acetate was added to the mixture to extract pigments. The cells
were removed by centrifugation at 700g for 10 min, and the red-
colored supernatant was washed with brine. Evaporation of the
organic layer yielded crude pigments. These pigments were
subjected to HPLC on an ODS column with 60% CH3;CN con-
taining 0.05% TFA (Fig. 2). Based on the UV—vis absorption at
580 nm, the ratio of BP-A, BP-B, BP-C, BP-D, and BP-E
obtained from normal cultivation was 2:21:68:3:20, while the
ratios of BP-A, BP-B, BP-C, BP-D, and BP-E of the samples
obtained from feeding excess L-leucine and sodium butyrate
were 2:54:364:7:91 and 30:38:68:10:19, respectively (Table
1). In the case of feeding L-leucine, the ratios of BP-C and
BP-E, which have two isopropyl groups in the molecule, in-
creased by 5.4 and 4.6 times, respectively, while the ratios of
BP-B and BP-D, which have one isopropyl group in the mole-
cule, increased by 2.6 and 2.3 times, respectively (Table 1). In
contrast, the feeding experiment of sodium butyrate showed
that the ratio of BP-A, which has two ethyl groups in the
molecule, increased by 15 times, while the ratios of BP-B and
BP-D, which have one ethyl group in the molecule, increased
by 1.8 and 3.3 times, respectively (Table 1). In the feeding
experiments of 4 mM L-leucine or sodium butyrate, the results
obtained were almost similar to those obtained after feeding
12.8 mM of additives. In the case of feeding 1 mM L-leucine,
the ratio of BPs showed a slight change from the normal
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Figure 2. HPLC profiles of a mixture of blepharismins A—E: (a) normal
cultivation (retention time: BP-A=5.2, BP-B=7.4, BP-C=10.8, BP-D=14.0,
BP-E=20.6 min), (b) feeding of 4 mM L-leucine, (c) feeding of 4 mM sodium
butyrate. UV—vis detection at 580 nm.

Table 1
The ratio of blepharismins A—E obtained by normal cultivation and feeding of
excess L-leucine or sodium butyrate

Additive  Concentration Ratio of BPs*
(mM) BP-A BP-B  BP-C BP-D BPE
— — 2 21 68 3 20
L-Leucine 12.8 2 (1.0) 54 (2.6) 364 (5.4) 72.3) 91 4.6)
4.0 2(1.0) 37(1.8) 174 2.6) 5(1.7) 42 (2.1)
1.0 2(1.0) 20(1.00 64 (0.9 3 1.0) 18 (0.9)
Butyrate  12.8 30 (15) 38 (1.8) 68 (1.0) 10 (3.3) 19 (1.0)
4.0 19 (9.5) 51 (24) 68(1.0) 9(3.0) 24 (1.2)
1.0 8(4.0) 39(1.9 68 (1.0) 5(1.7) 19 (1.0)

? The ratio of BPs based on UV—vis absorption at 580 nm. Numbers in
parentheses denote an increase in the ratio compared to that in normal
cultivation.

cultivation, whereas by feeding sodium butyrate, the ratio of
BP-A, BP-B, and BP-D increased by 4.0, 1.9, and 1.7 times,
respectively. These results indicate that the starter units of the
isopropyl and ethyl groups of BPs were isovaleryl-CoA derived
from L-leucine and butyryl-CoA, respectively. We also clarified
the starter units of BP biosynthesis based on feeding experi-
ments with deuterium-labeled L-leucine.

B. japonicum cells were harvested from a culture medium
containing L-leucine-d;o (1 mM) by using the same cultivation
method as described above. Incorporation of L-leucine-d, into
BPs was expected to be detected by LC/ESI-MS analyses,
although a few changes in the ratio of BPs could be observed
in the culture containing 1 mM L-leucine. LC/ESI-MS analy-
ses revealed the incorporation of L-leucine-d;, into all BPs,
except BP-A (Fig. 3). In the case of BP-B and BP-D, which
have an isopropyl group, a molecular ion mass increase
by 7 Da (BP-B,,, BP-B;,) from the original compound was
newly detected in both pigments. On the other hand,
in the mass spectra of BP-C and BP-E, which had two iso-
propyl groups, a molecular ion mass increase by 7 or 14 Da
(BP-C,4,, BP-C,,, and BP-E,,, BP-E,,,) from the origin com-
pound was newly observed in two molecular ions. Although
the molecular ions of BP-C and BP-D are the same, the two
isomers could be differentiated based on the number of incor-
porated L-leucine-d;, molecules.

The incorporation of L-leucine-d;y into the isopropyl
groups of BPs was finally determined by 'H and H NMR
spectra analyses. A relative decrease was observed in integra-
tion at 6 3.91 (2H, septet) for the methine proton and at ¢ 1.39
(6H, d) and 1.42 (6H, d) for the methyl groups of isopropyl in
"H NMR of a mixture of BPs obtained from feeding of L-leu-
cine-d;o (1 mM), while observation of the peaks at 0 3.80 and
1.32 in *H NMR in acetone (Fig. 4) unequivocally proved the
incorporation of L-leucine-d, into the isopropyl group of BPs.

3. Conclusions

The starter units of the biosynthesis of BPs were determined
to be isovaleryl-CoA and/or butyryl-CoA derived from L-leu-
cine and sodium butyrate, respectively, based on HPLC, LC/
ESI-MS, and 'H and “H NMR analyses of the pigments
obtained from feeding experiments of their putative precursors
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Figure 3. LC/ESI-MS spectra of blepharismins A—E: (a) BPs obtained by
normal cultivation (retention time: BP-A=18.1, BP-B=19.6, BP-D=20.5,
BP-C=21.1, BP-E=22.0 min), (b) BPs obtained by feeding L-leucine-d;.
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Figure 4. 2H NMR spectrum of a mixture of blepharismins obtained by feeding
L-leucine-d;o (1 mM): (a) methine deuterons of isopropyl groups, (b) methyl
deuterons of isopropyl groups.

in excess and deuterium-labeled L-leucine. We are presently
investigating the biosynthetic pathway of the p-hydroxybenzyl-
idene unit of BPs and the precursor of the methyl group for
BP-D and BP-E.

4. Experimental section
4.1. General

L-Leucine-d,y was purchased from Cambridge Isotope Lab-
oratories Inc. (Andover, MA). HPLC analysis was carried out
with a Shimadzu 10A series. LC and ESI-MS systems for LC/
ESI-MS were Agilent 1100 series and Applied Biosystems
Mariner™ spectrometers, respectively. "H and *H NMR spec-
tra were obtained by Bruker Avance 600 in acetone-dg and
acetone, respectively.

4.2. Cultivation of B. japonicum and extraction of BPs

Enterobacter aerogenes was inoculated into 500 mL of
wheat grass powder (WGP; Pines international Co., Lawrence,
KS) medium in a 2-L Erlenmeyer flask at 25 °C. After 2 days,
500 mL culture of B. japonicum was added and cultivated
at 25 °C in the dark. The culture medium was centrifuged at
100g (3 min, two times), and the precipitated cells were washed
with physiologically balanced solution of SMB (synthetic me-
dia for Blepharisma: 1.5 mM NaCl, 0.05 mM KCI, 0.4 mM
CaCl,, 0.05 mM MgCl,, 0.05 mM MgSO,, and 2.0 mM sodium
phosphate buffer, pH 6.8).” The collected cells were suspended
in acetone, and the mixture was shaken. Ethyl acetate was
added to the suspension and recentrifuged at 700g for 10 min.
The red-colored supernatant was washed three times with brine,
and the combined organic layer was dried over anhydrous
Na,SO,4. Concentration of the organic layer in vacuo yielded
2.8 mg of red-colored pigments. The pigments were subjected
to HPLC and LC/ESI-MS.
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4.3. Feeding experiments with excess L-leucine, sodium
butyrate, and deuterium-labeled L-leucine

A typical feeding experiment was as follows. L-Leucine
(1.68 g, 12.8 mmol) was added to the culture medium
(500 mL) inoculated with E. aerogenes, followed by the addi-
tion of a culture of B. japonicum (500 mL). Cultivation and iso-
lation of the pigments by using the abovementioned condition
yielded 3.4 mg of a mixture of BPs. In feeding experiment of
1.41 g of sodium butyrate (12.8 mmol), 1.2 mg of a mixture
of BPs was obtained. In feeding experiment of 19.7 mg of
L-leucine-d; (1.0 mM) in 150 mL culture medium, 1.0 mg of
a mixture of BPs was obtained, which was used in LC/
ESI-MS and '"H NMR analyses. In feeding experiment of
65.6 mg of L-leucine-d;o (1.0 mM) in 500 mL culture medium,
3.3 mg of a mixture of BPs was obtained, which was used for ’H
NMR analysis.

4.4. HPLC analysis of blepharismins

The pigments extracted from B. japonicum were dissolved
in CH;CN and analyzed by HPLC on an ODS column (TSK
gel ODS-120T, 4.6x 150 mm; Tosoh, Japan). Elution condi-
tions were as follows: isocratic mode with 60% CH;CN in wa-
ter containing 0.05% trifluoroacetic acid; flow rate with 1 mL/
min at rt; UV—vis detection at 580 nm.

4.5. LC/ESI-MS analysis of blepharismins and deuterium-
labeled BPs

The pigments were analyzed by time-of-flight mass spec-
trometer with ESI. The mass range was set from 100 to
1000 m/z. The column for LC was Develosil (ODS-HG-5,
2.0x 150 mm; Nomura Chemical, Japan) connected to Guard
cartridge (ODS-UG-5, 2.0x 10 mm; Nomura Chemical). Elu-
tion conditions were as follows: gradient system from 28 to
95% (v/v) CH5CN in 10 mM ammonium acetate buffer (pH

6.8) for 30 min; flow rate of 0.2 mL/min at 25 °C; UV—vis de-
tection at 580 nm.
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