
Arch. Microbiol. 97, 217--226 (1974) 
�9 by Springer-Verlag 1974 

Inhibition of Carotenoid Synthesis 
in Myxococcus fulvus (Myxobacterales) 

Hans  Kleinig  

Lehrstuhl fiir Zellbiologie, Institut ffir Biologie II  der Universit~t Freiburg i. Br. 

Received February 8, 1974 

Abstract. 1. The inhibitory effects of CPTA, nicotine, DPA, and San 6706 on 
carotenogenesis in Myxococcus/ulvus were investigated. 

2. The effects of CPTA, D-nicotine, and T.-nicotine were very similar. The action 
of the drugs wasadditive. The cyclization was inhibited at low doses, the intro- 
duction of the hydroxyl group at C-I' at higher doses. Lycopene accumulated at 
high drug concentration. The mode of action of the inhibitors is discussed. 

3. In  a carotenoid mutant of M. ]ulvus a stimulation of the "7,8-dehydro- 
genase" by CPTA was observed. 

4. The specific carotenoid content of bacteria was increased by DPA due to an 
enhanced formation of phytoene. At low doses of DPA small amounts of an inter- 
mediate carotenoid glucoside ester, a 7,8-dihydro derivative, were detected. 

5. DPA was taken up by the plasma membrane. Quantitative removal of DPA 
by washing was not possible. 

6. San 6706 specifically and reversibly blocked the desaturation ofphytoene. 

Key words: Myxobacteria -- Carotenoid Glucosides -- Carotenoid Synthesis -- 
Nicotine -- Diphenylamine -- Herbicides. 

Myxobaeter ia  are characterized by  the  presence of monocyclic and  
sometimes acyelie earotenoids conta in ing  glycosyl groups a t  C-I '  and  
double bonds a t  C-3',4'. The m a i n  p igment  of M./ulvus  is myxobae ton  
ester ( l ' -g lueosyloxy-3 ' ,4 ' -d idehydro-1 ' ,2 ' -  d ihydro-  fl, F-  caroten-4-  one 
ester) (Kleinig et al., 1970; Reichenbach and  Kleinig,  1971) which is a 
compound of the p lasma m e m b r a n e  (Kleinig, 1972). Dur ing  the investi-  
gat ions on the  biosynthesis  of these pigments ,  several substances con- 
sidered as possible inhibi tors  have been examined.  The aim of the  present  
report  is to describe the  effects on carotenogenesis and  its regulat ion in  
M. ]ulvus of four inhibi tors ,  2-(4-chlorophenylthio) t r i e thy lamine  hydro- 

chloride (CPTA), nicotine,  d ipheny lamine  (DPA), and  4-chloro-5- 
(d imethylamino)-  2 - a ,a ,a( t r i f luoro - m -  tolyl) - 3(2H)- pyr idazinone (San 
6706), which are very  promising for fur ther  studies on myxobaeter ia .  

Abbreviations Used. CPTA=2-(4-chlorophenylthio) triethylamine hydro- 
chloride; DPA = diphenylamine; San 6706 = 4- chloro - 5 - (dimeth ylamino) - 2 - 
0r162 -pyridazinone. 
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Materials and Methods 
M./ulvus strain Mxf2 and a carotenoid mutant M12 (Reichenbach, unpublished) 

were cultivated in Casitone liquid medium [Casitone (Difco) l~ MgS04 0.10/o, 
pH 6.8, not adjusted] as 100 ml batches in 500-ml Erlenmeyer flasks at 30~ on a 
rotary shaker. The cultures were illuminated with 3 fluorescent tubes, because 
carotenoid synthesis is light-stimulated in this organism. 

Cultures were harvested in the logarithmical growth phase. Densities were 
measured at 623 nm. 

Inhibitor s were applied in water (nicotine) or in 0.5 ml acetone solution (CPTA, 
DPA, San 6706) in the appropriate coneentrations. D-nicotine was kindly provided 
by Prof. K. Decker, Freiburg, CPTA by Amchem Products, Reading, England, and 
San 6706 by Sandoz AG, Basel, Switzerland. 

Binding studies with 3H-nicotine (spee. activity 308 mCi/mmol, The Radio- 
chemical Centre. Amersham. England) on the plasma membrane fraction (Kleinig, 
1972) and the 100000 g supernatant were performed according to the classical 
methods of equilibrium dialysis and centrifugation test. Concentration ranges of 
0.01 --0.0001 ~xmoles nicotine per 10 mg protein were used. Activities of aliquots of 
the samples were measured in 10 ml of 900/0 aqueous insta Gel (Packard Instru- 
ments) in a Tri Carb. 

Carotenoid pigments and menaquinone were extracted with acetone and sep- 
arated on silica gel thin layers with petroleum ether/diethylether/aeetone mixtures 
as reported previously (Kleinig, 1972; Kleinig and Reichenbaeh, 1973b). _For 
quantitative measurements of carotenoid pigments the s values of the correspond- 
ing carotenes were used, which were calculated from the ~i't0 values given by 
Davies (1965): phytone 68000, phytofluene 73000, f-carotene 123000, neurosporene 
161000, lycopene 185000, y-carotene 166000. An s value of 18600 was used for 
menaquinone (Isler et al., 1958). DPA was determined according to the procedure of 
Salton and Schmitt (1967) 

Results and Discussion 

W h e n  M.  [ulvus was grown under  the s t andard  condit ions described 
above, generat ion t ime was about  6 h and  the specific carotenoid conten t  

was about  0.45 (nmoles per mg dry  weight) dur ing  the  log growth phase. 
The p igment  pa t t e rn  of un t r ea t ed  cultures was 800/0 myxobac ton  ester 
(I), 15~ 4-ketotorulene,  and  5~ minor  components  inc luding traces of 
phytoene and  phytofluene, carotenes, myxobac t in  ester, hydroxyla ted  
pigments  and  others (see ref. Reichenbach and  Kleinig,  1971). 

Structure formulae 

( I )  R "-. - .  - .  - -  \ -- - -  "- "- "- " -  o - g l u c o s y l m o n o e s t e r  

( I I )  -. -. ~ ~ ~ ~ ~. -. -. -. ~. -. ~ o-glueosyl monoester 

( I I I )  -. -. "- "- "- "- "- \ x ~ "- \ o,  g l u c o s y l m o n o e s t e r  
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The Effect of CPTA and Nicotine 

CPTA was found to accumulate lycopene in certain plants and fruits 
tha t  normally do not accumulate this pigment (Coggins et al., 1970; 
Yokoyama et al., 1971 ; Hsu et al., 1972). This effect was interpreted as an 
inhibition of the cyclases (Hsu et al., 1972; Bat ra  et al., 1973) similar to 
the effect caused by  nicotine (Howes and Batra,  1970). 

The effect of CPTA on earotenogencsis in M. ]ulvus is shown in Fig. 1. 
At low concentrations (0.1--10 [zM) the cyclization reaction was gradu- 
ally inhibited and myxobacton ester (I) was replaced by  an acyclic 
carotenoid glucoside ester (II). The structure of this pigment has been 
described elsewhere (Kleinig and Reichenbach, 1973a). At higher doses 
(20--100 ~zM) a second effect became evident. The carotenoid glucosides 
decreased rapidly and lycopene accumulated. This means tha t  the intro- 
duction of the hydroxyl group at C-1' of carotenes was inhibited. These 
two effects of  CPTA were nearly identical with the effects caused b y  
nicotine in M./u lvus  (Kleinig and Reichenbach, 1973 b), CPTA, however, 
acts at a hundredfold lower dose. The action of both drugs was, indeed, 
additive as can be seen from the log concentration-response curves in 
Fig. 2. I t  can not be decided from this graph, however, whether the inter- 
action is functional or competitive, although the latter is more probable, 
since both reactions, the cyclization and the hydroxylation at  C-1', may  
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Fig. 1. Effect of CPTA on carotenoid synthesis in M./ulvus. Values are given in per 
cent of total carotenoid and in nmoles total carotenoid per mg dry weight. - o - o -  
myxobaeton ester ( I ) ; - x - x -  aeyclic glucoside ester ( I I ) ; - . - . - ke to to ru l ene ;  

- + - + -  lycopene 
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l~ig.2. Log concentration-response curves for CPTA and CPTA in ~he presence of 
0.05 mM nicotine. The triangle gives the value for 0.05 mM nicotine alone. The 
formation of the acyclic glucoside ester (II) at the expense ofmyxobacton ester (I) is 

given 

involve protonation at C-2/C-2' as the first stage (Liaaen-Jensen, 1963; 
Singh et al., 1973). This could mean that  both inhibitors act by inter- 
ference with this reaction itself and not e.g. by binding to the correspond- 
ing enzymes as suggested by Batra et al. (1973). The former interpre- 
tation is also supported by the fact, tha t  synthetic D-nicotine has the 
same effects as naturally occurring L-nicotine in M. ]ulvus. Furthermore, 
preliminary binding studies with all-nicotine on isolated plasma mem- 
branes and soluble proteins of M. julvus were negative. The action of 
CFTA at lower doses than nicotine can be explained by  the better lipid 
solubility of CPTA, since both the cyclization and the hydroxylation are 
supposed to be membrane-associated. Expectedly, although the effects of 
CPTA were reversible, it was considerably more difficult to remove this 
drug by  washing than nicotine. 

Lycopene was the only carotene synthesized at higher doses of CPTA 
(20--100 vM). Especially, no 3',4'-didehydrolycopene could be detected. 
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This could indicate tha t  the hydroxylation step (and the glycosidation) at  
C-I '  preceeds the introduction of the C-3',4'-double bond in the biosyn- 
thetic pa thway leading to myxobacton ester. The occurrence of 4-keto- 
torulene, however, can not be explained than  without the assumption of an 
additional mechanism. Neurosporene w~s also not  accumulated, although 
this pigment seems to be the step in the carotene pa thway from which the 
glycoside pa thway branches off (see below). 

The specific carotenoid content of the bacteria remained constant over 
a wide range of CPTA concentrations as can be seen from Fig. 1. At 
higher doses, however, lycopene accumulated. This could be interpreted 
as a specific stimulation. There is, however, another explanation which 
seems to be more probable in connection with two further observations. 
Concentrations of CPTA above 0.1 mM seriously inhibited bacterial 
growth. Also at lower doses, the cultures never reached the same high 
densities of untreated cultures at  the end of the log growth phase. The 
same has been observed with nicotine (Kleinig and Reichenbach, 1973 b). 
The second observation was, tha t  M. ]ulvus generally accumulated caro- 
tenoids at  the end of the log growth phase. Thus, the lycopene accumu- 
lation may  simply reflect such an end-log situation. The same inter- 
pretation might  be valid for the carotenoid accumulation in a flavo- 
bacterium in the presence of nicotine as observed by  McDermott  et al. 
(1973) and perhaps in Blakeslea trispora in the presence of CPTA as 
found by Hsu et al. (1972). 
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Fig. 3. Effect of CPTA on the carotenoid synthesis in the carotenoid mutant M12 of 
M./ulvus. Values are given in per cent of total carotenoid. - o - o -  myxobacten 
ester (I); - x - x -  acyclic glucoside ester (II); -A-a-  7,8-dihydro derivatives 

(e.g. III);  - + - + -  lycopene 
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One further effect of CPTA is shown in Fig. 3. A mutant  M 12 of M. 
/ulvu~ has been isolated (Reichenbach, unpublished) that  contains ap- 
preciable amounts of 7.8-dihydroglycoside esters besides myxobacton 
ester. The structure of these pigments will be described elsewhere (Rei- 
chenbach et al., unpublished). CPTA caused the same net effects in this 
mutant  as in the wild strain, The ~eyclic glueoside ester was synthesized 
at lower doses, lyeopene was formed at higher doses of CPTA. Unex- 
pectedly, no 7,8-dihydro-pigments were enriched, although the corre- 
sponding dehydrogenation step somehow seems to be defective in this 
mutant. This indicates a stimulation of the "7,8-dehydrogenase" which 
can, however, not be explained at the moment. The same CPTA effect 
might be also responsible for the absence of neurosporene in the wild 
strain as reported above. 

The Effect of DPA 

DPA is known to suppress the formation of the more unsaturated 
carotenoids in many microorganisms and has been found to be very 
useful for elaboration of possible biosynthetic pathways and for the en- 
riehement of new pigments (e.g. Goodwin and Osman, 1954; Liaaen- 
Jensen et al., 1971 ; Davies, 1970; Malhotra et al., 1970a). 

The effect of increasing DPA concentrations on carotenoid formation 
and growth of M. ]ulvus is shown in Fig. 4. In  contrast to CPTA and hi- 
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Fig. 4. Effect of DPA on carotenogenesis and growth in M. lulvus. Values are given 
in.per cent of total carotenoid and in nmoles total carotenoid per mg dry weight. 
- o - o -  myxobacton ester; - e - o -  ketotorulene; -~ -a -  7,8-dihydro derivative 

(III) ; - + - + - phytoene 
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cotine, DPA caused an increase of the specific carotenoid content al- 
ready at very low concentratior~ due to an enhanced formation of phyto- 
ene. A concomitant gradual inhibition of growth was also observed. 
Phytofluene and the other carotenes of the Porter-Lincoln series were 
present only in negligible concentrations. Comparatively small amounts 
of a Iess unsaturated glucoside ester, l '-glucosyloxy-3',4'-didehydro-1',2', 
7,8-tetrahydro-~p,~-carotene ester (III), appeared at  very low doses of 
DPA and reached its highest concentration at 0.002 mM DPA (about 6~ 
of total carotenoid). This pigment was also found in the mutant  M 12 
(Reichenbach et al., unpublished) and is believed to be an intermediate in 
the myxobacton ester pathway. 

The synthesis of isozeaxanthin instead of canthaxanthin in the pres- 
ence of DPA has been found in a green alga (Gribanovski Sassu, 1972). 
Similar intermediates with a hydroxyl group at C-4 could not be 
detected in M./ulvus. A stimulation of carotenoid glycoside synthesis in 
the presence of DPA as has been reported by Ogawa et al. (1970) for the 
blue-green alga Anabaena variabilis was also not observed in M./ulvus. 

The menaquinone content of M./ulvus was only very slightly affected 
by  DPA if at all which is in accordance with the findings of Salton and 
Schmitt (1967) for some Gram-positive bacteria. 

DPA was taken up into the plasma membrane of M./ulvus as expect- 
ed. This was shown with isolated membranes. Quantitative removal of 
DPA from DPA-treated bacteria by washing was not possible. Bacteria 
were grown for 16 h with 0.02 mM DPA, washed, and rcincubated in 
fresh medium for another 8 h (more than one generation time). At the 
beginning of the reincubation period, 0.02 mg DPA were found in the 
extracted bacterial lipids, which corresponds to 6~ of the originally 
applied amount. At the end of the reincubation period the same absolute 
amount was measured. During this time phytoene was almost the only 
carotenoid formed. At the end of reincubation, small amounts of myxo- 
bacton ester appeared, obviously due to the dilution of bound DPA by 
growth. This tight retaining within the membrane which is certainly due 
to the highly lipophilic nature of DPA makes this drug not so suitable for 
reversible inhibition kinetics in M. ]ulvus. For enrichment of the 7,8- 
dihydro derivative (III) and perhaps other minor components, however, 
DPA is very useful. 

The Effect of San 6706 

This herbicide inhibits the synthesis of colored earotenoids and causes 
accumulation of phytoene in wheat seedlings (Barrels and MeCullough, 
1972). 

In M. [ulvus the effect of San 6706 is very similar. After addition of 
0.01 mM San 6706 the formation of all unsaturated earotenoids was ira- 
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Fig. 5. Effect of San 6706 on carotenoid synthesis in M. ]ulvus. Carotenoid values are 
given in nmoles (from a 100 ml-culture). At 0 h (arrow) San 6706 (0.01 raM) was 
added to the cultures. - o - o -  myxobacton ester (I); - . - . -  ket~torulene; - + - + -  

phytoene; dotted line, specific carotenoid content (nmole per mg dry weight) 

mediatelyprevented and phytoene, normally present only in trace amounts 
was the only carotenoid synthesized (Fig.5). The absoIute amounts of 
myxobacton ester and ketotorulene remained constant over the in- 
cubation period (Fig. 5) which is in accordance with the earlier finding 
tha t  virtually no degradation or turnover of carotenoid pigments occurs 
in M. ]ulvus under the standard conditions used (Kleinig and Reichen- 
bach, 1973b). At lower concentrations of the drug the synthesis of 
myxobacton ester was par t ly  inhibited, intermediary pigments, however, 
were not detected. This indicated tha t  San 6706 interferes very specifically 
with the dehydrogenationreaction onthe phytoene level. At concentrations 
of about 0.1 mM San 6706, growth of bacteria was seriously inhibited. 

San 6706 was easily removed from the bacteria: by  washing. In  con- 
t rast  to the DPA experiments, phytoene was not further accumulated 
after washing, and myxobacton ester was again formed. This easy re- 
movcabil i ty and the very distinct inhibitory effect makes this drug very 
promising for further studies on carotenogenesis and its regulation in M. 
]ulvus which are in progress. 
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