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Cells of Sulfolobus acidocaldarius were grown in a medium containing a series of stereospecifically
deuteriated tyrosines and the incorporation of these labelled tyrosines into caldariellaquinone (CQ)
was measured. The results show that the C-3 pro-S hydrogen of either L-or b-tyrosine is retained
during the transformation of these tyrosines to the benzothiophene moiety of CQ. The incorporation
of both o- and .-tyrosine into the cellular protein indicates that these cells can readily convert o-

tyrosine into L-tyrosine.

Caldariellaquinone (CQ) is a unique benzothiophene quinone
found only in species of extremely thermophilic and acidophilic
archaebacteria, i.e., Sulfolobus spp.,' Desulfurolobus ambiva-
lens,? and in three strains of Acidianus.® The biosynthesis of CQ
in Sulfolobus solfataricus and Sulfolobus acidocaldarius has been
previously studied in our laboratory.* It was found that tyrosine
serves as a precursor of CQ and that all carbons except C-1 of
tyrosine are incorporated as a unit into CQ. Furthermore, it
was demonstrated that only one hydrogen of the tyrosine was
incorporated into CQ and that it originated from the C-3
methylene of the tyrosine. The stereospecificity for the
incorporation of this hydrogen, however, was not established.
We now report in this communication that it is the pro-S
hydrogen of either L- or D-tyrosine that is incorporated into
CQ (Fig. 1).

In order to study the stereospecificity of the incorporation of
the C-3 hydrogen of tyrosine, four stereospecifically deuteriated
isomers of tyrosine (Fig. 1), (3S)-L-[2-2H, 3-2H]- 1, (3R)-D-[2-
H, 3-2H]- 2, (3S)-D-[3-2H]- 3 and (3R)-L-[3-2H]-tyrosine 4,
were synthesised using the procedure described by Kirby.?
The simultaneous synthesis of isomers 3 and 4 began from
(Z)-a-benzoylamino-4-methoxy[3->H]cinnamic acid, which
was reduced by hydrogenation in the presence of palladium
to N-benzoyl-O-methyl[3-2H]tyrosine, which was hydrolysed
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by 409, hydrogen bromide to give a mixture of tyrosine isomers
3 and 4. Isomers 1 and 2 were synthesised in an analogous
manner except that nonlabelled (Z)-x-benzoylamino-4-meth-
oxycinnamic acid was hydrogenated with deuterium gas. Each
pair of D-L isomers was resolved by treatment of its chloroacetyl
derivative with carboxypeptidase A from bovine pancreas
(Sigma).® The deuterium content of each sample was analysed
from the mass spectral data of its N,0O-bistrifluoroacetyl, butyl
ester derivative.® Total deuterium content of the tyrosine was
measured from the isotopic enrichment of the m/z 328 fragment
ion (M* — CO,C,Hy) and deuterium specifically at C-3 was
measured from the isotopic enrichment of the m/z 203 fragment
ion (M* — CH(NHCOCF;)CO,C,H;). The enantiomeric
purity of each sample was determined using the phenylalanine
ammonium lyase assay.” In this assay, L-tyrosine is deaminated
to p-hydroxycinnamic acid with the specific removal of the C-3
pro-S hydrogen of the tyrosine. Thus, each stereospecifically
labelled L-tyrosine sample was incubated with phenylalanine
ammonium lyase from Rhodotorula glutinis (Sigma) in Tris
buffer (65 mmol dm>, pH 8.6) and the appearance of p-
hydroxycinnamate was measured by the increase in absorption
at 333 nm. The p-hydroxycinnamic acid was then isolated by
extracting the acidified reaction mixture with ethyl acetate and
its deuterium content was calculated from the isotopic en-
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Fig. 1
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Table 1 Incorporation of stereospecifically labelled tyrosines into CQ and cellular protein by S. acidocaldarius

Distribution of 2H in CQ*

Distribution of 2H in protein tyrosine?

% Incorp.* % Incorp.*

Expt. Tyr. fed® 2H, 2H, into CQ 2H, 2H, ’H, into Tyr.
1. (3S)-L-[2-2H, 3-2H]}- 56.7 434 55.2 47.6 49.1 33 52

(829 100)/ (829 100 20.9)
2. (3R)-p-[2-?H, 3-’H]- 90.5 9.5 1.7 673 325 0.1 34

(100 54.8) (100 65.9 8.7)
3. (35)-p-[3-2H]- (66.8 33.2 47.0 61.0 38.8 0.2 47

(100 94.0) (100 98.2 9.8)
4. 3R)-L-[3-2H]- 94.0 6.0 7.8 77.0 22.6 04 27

(100 520) (100 470 5.6)

4 The M* m/z 630 and the M* + 1 m/z 631 ions were used for the measurement of the isotopic distribution in the CQ. The measured normalised ion
intensity for an unlabelled CQ sample was 100%, and 44.3% for M * m/z 630 and 631, respectively. * The intensity data were obtained from the M * —
101 m/z 328 fragment ion of the N,O-bis(trifluoroacetyl)butyl derivative of the tyrosine. The measured normalised ion intensity for an unlabelled
tyrosine derivative sample was 100, 17.6 and 0.0%, for the m/z 328, 329 and 330, respectively. ¢ Sample (1) contains 78.6%; of (3S)-L-form and 16.4%, of
(BR)-L-form, sample (2) contains 78.6%, of (3R)-D-form and 16.4%, of (35)-pD-form, sample (3) contains 68.0%, (35)-p-form and 14.2% of (3R)-p-form,
and sample (4) contains 68.0% of (3R)-L-form and 14.2% of (3S)-L-form. ¢ The %, incorporation of the indicated isomer into CQ. ¢ The %,
incorporation of deuterium of C-3 tyrosine into protein-bound tyrosine. / Numbers in parentheses are the observed normalised ion intensities.

richment of the M* m/z 164 ion. The difference between the
deuterium content of the p-hydroxycinnamic acid and the total
deuterium content in the starting L-tyrosine was used to
determing the stereochemical purity for the C-3 hydrogen of
tyrosine. Since the enzyme only acts on L-tyrosine, the
enantiomeric purity of the two D-isomers was assumed to be
the same as the L-isomers since the synthesis and resolution
methods used were the same. The two D-isomers treated with
the enzyme did not produce any detectable amount of p-
hydroxycinnamic acid, indicating no significant amount of
L-isomer contamination in the samples.

Data on the deuterium content and enantiomeric purity of
each sample are shown in the Table. Compounds 3 and 4
contain ca. 18% unlabelled molecules consistent with the extent
of labelling of the [1-2H]-p-anisaldehyde used in the synthesis.
The labelled molecules were ca. 82.7% enantiomerically pure.
This stereoimpurity resulted from racemization at the C-2
position of tyrosine during its chemical conversion into the
chloroacetyl derivative prior to its resolution with carboxy-
peptidase.®

Four cultures of Sulfolobus acidocaldarius were grown for
3 days at 70 °C in a yeast extract medium* (100 cm?), each
supplemented with 45 mg of one of the stereospecifically
deuteriated tyrosines. The distribution of 2H in the CQ and in
the protein-bound tyrosine in the cells was analysed by mass
spectrometry as previously described.* The results (Table) show
that the C-3 deuterium from all four tyrosine isomers were
readily incorporated into the cellular protein, but only isomers
1 and 3 contributed a significant amount of deuterium into the
CQ. These results indicate that it is the pro-3S hydrogen of
either L- or D-tyrosine that is retained during the biosynthesis
of CQ.

The quantitative incorporation of pro-3R or pro-3S hydrogen
of the tyrosines into CQ was calculated from the deuterium
incorporated in CQ and the enantiomeric purity of each isomer.
Thus, for experiment 1 and 4, it was shown that the pro-3S
‘isomer was incorporated into CQ to an extent of 55.8%, and the
pro-3R isomer was incorporated to an extent of <0%,. Similarly,
it was shown from the incorporation data reported for experi-
ment 2 and 3, that the pro-3S isomer of D-tyrosine was
incorporated into CQ to an extent of 48.4%, and the pro-3R
isomer was incorporated to an extent of <29. Thus all of the
deuterium incorporated into CQ were derived from the pro-3S
hydrogen.

The stereospecificity of a number of biosynthetic processes
involving the loss or retention of the prochiral C-3 centres of
phenylalanine and tyrosine has been investigated.® Depending

upon the specific reaction involved, either the pro-3R7~°''° or
pro-3S3!! hydrogen could be retained during the process.
However, since no clear pattern has emerged between the
stereochemistry of the proton lost in these different reactions
and a specific reaction type or mechanism, it is impossible to
relate the observed loss of the pro-S hydrogen of tyrosine during
formation of the benzothiophene ring of CQ with a specific
reaction pathway. Thus, the true importance of this stereo-
chemical information on CQ biosynthesis from tyrosine will
only become apparent when the specific steps in the reaction
are established.

A further interesting observation on the metabolism of
tyrosine by S. acidocaldarius is that both p- and L-tyrosine are
readily utilised by the cells. The utilisation of D-tyrosine by
S. acidocaldarius is apparent from the data presented in the
Table which show that both isomers are incorporated efficiently
into both CQ and the cellular proteins. The efficient utilisation
of both D- and L-tyrosine was also confirmed by the observation
that cells grown on the yeast extract medium supplemented with
15 mg DL-tyrosine consume 87%, of the added tyrosine. (This
was established by quantitation of the difference in the free
tyrosine present in the medium before and after cell growth by
amino acid analysis.) If we assume that all tyrosine in proteins is
L-tyrosine, then some mechanism must be in place to convert
the D-tyrosine into L-tyrosine. At present, there are two
mechanisms known to accomplish this conversion. One is the
direct conversion of p-amino acids into L-amino acids via a
racemase.! 2~'* The other mechanism is the oxidation of D-amino
acids to keto acids via p-amino acid oxidase,!?''4'!5 p-amino
acid dehydrogenase,'® or transamination. Since other work has
shown that the first step in the metabolism of D- and L-tyrosine
by S. acidocaldarius is its conversion into p-hydroxyphenyl-
pyruvate (pHPP) (unpublished results), this finding would
support the involvement of this keto acid in the conversion of
D- into L-tyrosine by these cells. The ready reversibility of the
L-tyrosine into p-hydroxyphenylpyruvate is also apparent from
the data presented in the Table which show that the (3.5)-L-[2-
2H, 3-2H]tyrosine is incorporated into cellular protein with
almost complete loss of the C-2 deuterium, suggesting that all of
the cellular tyrosine equilibrates with this keto acid.

It should be noted that the incorporation of both p- and
L-tyrosine was also observed during the biosynthesis of
plastoquinones and tocopherol in higher plants.!” It was
suggested that pHPP was the first intermediate of the pathway
and that it was generated from either D- and L-tyrosine by either
a dehydrogenase or an oxidase. The pHPP was then oxidatively
converted into homogentisic acid, which serves as a common



J. CHEM. SOC. PERKIN TRANS. 1 1991

intermediate to plastoquinones, tocopherols and probably

cQH

Acknowledgements

We thank Kim Harich for running the mass spectra and Linda
D. White for editing the manuscript. This work was supported
by National Science Foundation grant DMB-8718216.

References

1 M. De Rosa, S. De Rosa, A. Gambacorta, L. Minale, R. H. Thomson
and R. D. Worthington, J. Chem. Soc., Perkin Trans. 1, 1977, 653.

2 A. Trincone, V. Lanzotti, B. Nicolaus, W. Zillig, M. De Rosa and
A. Gambacorta, J. Gen. Microbiol., 1989, 135, 2751.

3 A. Segerer, A. Neuner, J. K. Kristjansson and K. O. Stetter, Int. J.
Sys. Bacteriol., 1986, 36, 559.

4 D. Zhou and R. H. White, J. Bacteriol., 1989, 171, 6610.

5 G. W.Kirby and J. Michael, J. Chem. Soc., Perkin Trans. 1,1973,115.

6 R. H. White, Biochemistry, 1985, 24, 6487.

7 K. Ogata, K. Uchiyama, H. Yamada and T. Tochikura, Agric. Biol.
Chem., 1967, 31, 600.

8 R. H. Wightman, J. Staunton, A. R. Battersby and K. R. Hanson,
J. Chem. Soc., Perkin Trans. 1, 1972, 2355.

9 R. K. Hill, in Bioorganic Chemistry, ed. E. E. van Tamelen, Academic
Press, New York, 1978, vol. 2, p. 111.

1337

10 R. Ife and E. Haslam, J. Chem. Soc. C, 1971, 2818; P. G. Strange,
J. Staunton, H. R. Wiltshire, A. R. Battersby, K. R. Hanson and
E. A. Havir, J. Chem. Soc., Perkin Trans. 1, 1972, 2364; R. J. Parry,
Bioorg. Chem., 1978, 7, 277; G. W. Kirby and S. Narayanaswami,
J. Chem. Soc., Chem. Commun., 1973, 322; B. E. Ellis, M. H. Zenk,
G. W. Kirby, J. Michael and H. G. Floss, Phytochem., 1973, 12, 1057.

11 M. A. Rosen, K. J. F. Farnden and E. E. Conn, J. Biol. Chem., 1975,
250, 8302; R. B. Herbert and J. Mann, Tetrahedron Lett., 1984, 25,
4263.

12 R. P. Raunio, M. J. Munter, O. J. Jaakkola and J. T. Karppinen,
Folia Microbiol., 1978, 23, 341. }

13 M. Bodanszky and D. Perlman, Science, 1969, 163, 352.

14 T. Robinson, Life Sci., 1976, 19, 1097.

15 M. P. Simonetta, M. A. Vanoni and B. Curti, FEM S Microbiol. Lett.,
1982, 15, 27; E. M. Kubicek-Pranz and M. Rohr, J. Appl. Biochem.,
1985, 7, 104; E. M. Kubicek-Pranz and M. R6hr, Biotechnology Lett.,
1985, 7, 9; T. H. Manoharan and K. Jayaraman, Mol. Gen. Genet.,
1978, 164, 51; R. Konno and Y. Yasumura, J. Nutr., 1984, 114, 1617.

16 J. Wild, M. Filutowicz and T. Klopotowski, Arch. Microbiol., 1978,
118, 71; J. Wild and B. Obrepalska, Mol. Gen. Genet., 1982, 186, 405.

17 D. R. Threlfall and G. R. Whistance, Biochem. J., 1968, 108, 24P;
G. R. Whistance and D. R. Threlfall, Biochem. J., 1968, 109, 577,
G. R. Whistance and D. R. Threlfall, Biochem. J., 1970, 117, 593.

Paper 1/00582K
Received 6th February 1991
Accepted Tth February 1991





