
COMMUNICATIONS

Angew. Chem. Int. Ed. 1998, 37, No. 22 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3722-3139 $ 17.50+.50/0 3139

Polycephalin B and C: Unusual Tetramic Acids
from Plasmodia of the Slime Mold Physarum
polycephalum (Myxomycetes)**
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Light plays an important role during the life cycle of the
myxomycete Physarum polycephalum.[1] Young plasmodia,
which are of a remarkable yellow color, live inside decaying
trees and move away from the light, while older plasmodia,
which have stopped growing, move towards the light and
sporulate. Photoreceptors in the UV-A or blue light range
which contain maxima at 350 nm (UV-A) and 460 nm (blue
light) in their action spectra are responsible[1b] for these
phenomena.

Despite intensive efforts the nature of the photoreceptor
concerning this ªblue-light phenomenonº is as yet unknown.
Different types of pigments such as pteridines,[2] phenols,[3]

peptides, flavines, flavones, nitrogen-containing polyenes,[4] or
phytochromes[5] were assumed to be involved in the signal
cascade. Since not only the yellow plasmodia of wild-type

P. polycephalum but also the white mutants are photosensi-
tive, it was considered that the chromophore of the blue-light
receptor may be a flavin or a pteridine and that the orange-
yellow pigments occuring in the wild type have no function for
the signal transduction.

We were able to prove that the yellow wild type as well as
the white mutant LU 897�LU 898[6] contain a very similar
but only quantitatively different set of pigments of the
polyene type absorbing in the range under consideration.[7]

Taking into account that the UV maximum of a chromophore
can be bathochromically shifted up to 80 nm by integration
into a protein, as described for the photoreceptor of the
halophilic purple bacterium Ectothiorhodospira halophila,[8]

the yellow polyenes in Physarum plasmodia can be thought of
as acting as antenna pigments within a protein or protein
complex of this organism.

High-performance liquid chromatography (HPLC) of a
myxomycete culture exposed to diffuse light after growing for
five days under exclusion of light shows remarkable differ-
ences in the intensities of certain peaks in comparison to a
myxomycete culture growing under exclusion of light only
(Figure 1).[9] Apparently light stimulates the formation of two
metabolites, which cause a striking increase in the intensities
of peak 1 (tret� 34.47 min) and peak 2 (tret� 32.74 min). Here
we report on the isolation and structure elucidation of these
metabolites, which we have named polycephalin C (1) and B
(2).

Because the compounds are very sensitive to light, all steps
from incubation and extraction to chromatography were
carried out under exclusion of light and at low temperature
(4 8C). Plasmodia cultivated under axenic conditions[10] were
first thoroughly extracted with a mixture of acetone, meth-

Figure 1. HPLD chromatograms for the chloroform extract of P. poly-
cephalum cultures: a) growth for five days in the dark followed by two days
under illumination; b) growth for seven days in the dark (control).
Conditions for HPLC: column: Nucleosil 100 ± 5 C18 (250� 4 mm), mobile
phase A: water/acetonitrile (9/1), 0.1 % TFA, mobile phase B: acetonitrile,
0.1% TFA, linear gradient from A to B in 45 min, flow rate: 1.0 mL minÿ1,
photodiode array detection in the range of l� 200 ± 800 nm. A� absorb-
ance, tret� retention time, TFA� trifluoroacetic acid.
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anol, ethyl acetate, and chloroform (3/2/1/1). After the
removal of lipophilic components by partitioning between
n-hexane and methanol/water (9/1), the aqueous phase was
concentrated, dissolved again in water, and extracted with
chloroform. The organic phase was concentrated and sepa-
rated by chromatography on Sephadex LH-20 with methanol
as eluent. Further purification by partition between ethyl
acetate and citrate/HCl buffer (100 mm, pH 3.0) or an aqueous
solution of EDTA (50 mm, pH 4.75) provided polycephalin C
(1) and B (2) as amorphous orange-red powders. Starting
from 220 g of biomass 7.2 mg (0.003%) of 1 and 11.8 mg
(0.005 %) of 2 were obtained in pure form.

According to the high-resolution ESI mass spectrum, 1 has
the molecular formula C32H36N2O8. The UV spectrum (meth-
anol) shows absorption maxima at l� 253 and 390 nm.
Addition of dilute hydrochloric acid leads to a slight batho-
chromic shift of the long-wave absorption band (to l�
394 nm), which is displaced hypsochromically to l� 395 nm
after addition of a dilute solution of sodium hydroxide. This
behavior is typical for tetramic acids.[11] The IR spectrum of 1
contains inter alia bands at nÄ � 1686 (lactam), 1635, 1598
(polyene), and 2854 cmÿ1 (N-methyl).

The 1H NMR spectrum of 1 displays two overlapping
groups of signals for triene moieties between d� 7.51 and 5.93,
and signals for an AB2 system at d� 3.95 (2 CH2) and 3.73
(2 CH) for the two hydroxyethylidene groups. The aliphatic
protons of the cyclohexene ring (d� 1.56 ± 2.80) couple with
those of both triene moieties. The 13C NMR spectrum contains
the signals for 14 olefinic CH, 4 aliphatic CH, 4 aliphatic CH2,
and 2 N-methyl groups as well as 8 quaternary carbon atoms.
The HMBC and HMQC correlations connect each of the two
hydroxyethylidene groups (d� 59.29, 69.35) with an N-
methyltetramic acid (d� 26.96, 101.43, 173.31, 175.10,
194.34) that is linked with one of the triene chains, which
are in turn leading vicinally into the cyclohexene ring. The
above data indicate structure 1 for polycephalin C.[12]
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The configuration at C-5 of the tetramic acid was estab-
lished after hydration of 1 with hydrogen on Pd/C. The
circular dichroism (CD) spectrum of the hydrated com-
pound[13] shows a parallel lapse to that of decahydrophysar-
orubinic acid as well as that of the synthetically prepared
3-acetyl-5-hydroxymethyl-N-methyltetramic acid with 5S
configuration.[7] Therefore, 1 should have S configuration at
both C-5 and C-5'.

To confirm the structure of 1 and determine the relative
stereochemistry at positions 3'' and 4'', the isomeric diols 3 and
4 were synthesized as model compounds. According to the
method of Corey et al.,[14] 2,4-pentadienol and methyl acrylate
were coupled by a Diels ± Alder reaction, and the resulting
species was reduced with LiAlH4 to yield 3 and 4 (Figure 2).
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Figure 2. Structures and selected 1H NMR data of trans- and cis-3,4-
dihydroxymethylcyclohexene (3 and 4, respectively).

The coupling constant of the protons H-3 and H-4 is 5.3 Hz
for the cis form 4. The coupling constant of the trans
compound 3 is 8.5 Hz, which is in accordance with the value
found in 1 for the corresponding protons of the cyclohexene
ring (J� 8.8 Hz). The protons at C-5 and C-6 of the cis isomer
4 appear as a coupled system of equivalent nuclei. In
comparison, while the protons at position C-6 of the trans
isomer 3 are isochronous, the protons of the methylene group
at C-5 are not and appear at different shifts (d� 1.46 and
1.76). This is in exact agreement with the data obtained for 1.

According to NMR spectroscopy and LC/APCI mass
spectrometry (m/z 562, C31H34N2O8; APCI indicates chemical
ionization at atmospheric pressure), peak 2 in the chromato-
gram in Figure 1) (polycephalin B) corresponds to an N-de-
methylated polycephalin C. The HMBC and HMQC correla-
tions relate a hydroxyethylidene group (d� 59.12, 69.29) to an
N-methyltetramic acid (d� 26.95, 101.44, 173.48, 174.81,
193.97). As in 1 the protons of the serine residue split into a
doublet (d� 3.96, CH2CH) and a triplet (d� 3.76, CH2CH).
The second hydroxyethylidene group (d� 62.11, 64.46) is
connected to a tetramic acid without a substituent at N (d�
101.44, 173.48, 174.81, 195.80). In this case the protons at
position 6' are not isochronous, and their signals split into a
doublet of doublets. Thus, there are three signals at d� 3.92,
3.84, and 3.79 in the 1H NMR spectrum of the serine residue.
Which of the two tetramic acid moieties is N-methylated has
not yet been determined. Considering these data polycepha-
lin B is assigned structure 2.[15]

Peak 5 in the chromatogram in Figure 1 corresponds to
physarorubinic acid A (5), which we had isolated earlier.[7]

Spectroscopic data reveal that peak 6 corresponds to a
polyenetetramic acid which contains one less double bond.
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This compound, named physarorubinic acid B, has structure
6.[16] Thus, two further polyene compounds which are respon-
sible for the yellow color of the wild-type plasmodia of
Physarum polycephalum have been isolated besides physaro-
chrom A.[17]

Polycephalin C (1) is very sensitive to light and changes
under specific illumination conditions to another compound
corresponding to peak a (Figure 1). The structure elucidation
of the compound corresponding to peak a will be reported in
detail elsewhere together with the biosynthesis of 1, which
may contain the precursors 5 and 6.
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