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Constant values which characterize the inactivation of racemic sarin and of racemic soman by cyclodextrins under the conditions indicated a 
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pH e-CD fl-CD ~-CD 

Sarin Concentration range of CD used (raM) 2.5-50 1.5-10 10-50 
kzmin -I 8.0 1.6:1:0.2 x 10 -1 
k 2 min -1 9.0 9.7 �9 0.7 x 10 -2 
k~ '~x min -1 2.0 :t: 0.2 x 103 1.2 • 0.1xl02 
Kd mM 8.0 40 • 10 
K dmM 9.0 4.9 �9 0.7 
k2/K a M -1 rain -1 8.0 1,1 i 0.1 b 
k~aX/Kd M -1 min I 5,0 �9 1.4 x 104 2.5 �9 0.4 x 104 1.4 • 0.1 • 104 

Soman c Concentration range of CD used (raM) 7.5 50 0.2~4.0 2.5-50 
k 2 min -1 7.4 3.9 4- 0.4 x 10 2 5,9 • 0,6 x 10 -2 
k2 rain -1 8.0 2,4 4- 0.2 x 10 .2 
k~ nax rain -1 2.0 3- 0.2 x 103 3.0 =~ 0.3 x 103 3.0 + 0.2 x 102 
K d mM 7.4 18 • 5 0.53 • 0.05 
K d mM 8.0 5.5 -~ 1.1 
k~naX/Kd M -1 min -1 1.1 + 0.3 x 105 5.6 =k 0.8 x 106 5.4 • 1.2 x 104 

a All measurements were made in 10 mM Tris buffer, ionic strength 0.155 and at 25 ~ b Slope of the plot of kCD~ o against l y-CDJo which was a straight 
line. CValues corresponding to inactivation of soman by !3-cyclodextrin are taken from 8. 
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Relationship of prodigiosin condensing enzyme activity to the biosynthesis of prodigiosin and its precursors in 
Serrat ia  marcescens 
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Summary. Prodigiosin condensing enzyme (PCE) activities were present in Serratia marcescens wild type 08, mutants OF, WF and 
9-3-3. Their specific activities exhibited different maxima and at different times during the late log phase or the early stationary phase 
of cell growth. The levels of prodigiosin and its precursors also showed a significant increase at this period. The results support that 
prodigiosin and/or its precursors are secondary metabolites. The ubiquity of the PCE activity in mutants deficient in prodigiosin 
biosynthesis suggest that this particular enzyme may also be present in non-pigmented clinical isolates. 
Key words. Serratia marcescens; growth; prodigiosin; prodigiosin condensing enzyme; secondary metabolites. 

Prodigiosin is a characteristic red pigment synthesized by Serra- 
tia marcescens. This pigment has been shown to have some 
antibiotic properties. Biosynthesis of prodigiosin has been sug- 
gested to be mediated by plasmids 1'2 or transferred by a trans- 
ducing phage 3. In general, genes containing the genetic informa- 
tion for biosynthesis of secondary metabolites such as antibio- 
tics, are both chromosomal and extrachromosomal 4. In at least 
one case, structural genes for antibiotic synthesis have been 
located on plasmids 5. Normally the structural genes are chromo- 
somal, whereas regulatory genes controlling the expression of 
the genetic information appear to be extrachromosomal 4'6'7. 
Recently, cloning and expression in Escherichia eoli of Serratia 
marcescens genes encoding prodigiosin biosynthesis supported 
the idea that genes responsible for the production of prodigiosin 
lie mainly on the chromosome and that prodigiosin production 
is probably not mediated by a plasmid 8. 
Many clinical isolates of S. marcescens are non-pigmented and 
multiply resistant to antibiotics. When resistance plasmids of 
non-pigmented strains were transferred to pigmented strains of 

S. marceseens, spontaneous loss of production occurred. This 
has been suggested as a possible explanation for the predomi- 
nance of multiply resistant non-pigmented Serratia clinical 
isolates 9,10 However, it was suggested that the decrease in pig- 
mentation associated with RP4 carriage resulted from plasmid 
suppression of growth rate 11. Therefore, the relationship be- 
tween the presence of resistance plasmids and pigment produc- 
tion remains unclear. Perhaps prodigiosin serves a survival func- 
tion in nature where nutrients are limited for microbial growth. 
On the other hand, in clinical isolates, when adequate nutrients 
are available for all species present, prodigiosin production may 
not be necessary. 
A bifurcated pathway was proposed for the biosynthesis of 
prodigiosin I~14. The final step in prodigiosin biosynthesis invol- 
ves the Prodigiosin Condensing Enzyme (PCE) which condenses 
two substrate precursors: a monopyrrole, 2-methyl-3-amylpyr- 
role (MAP) and a bipyrrole, 4-methoxy-2,2'-bipyrrole-5-carbo- 
xaldehyde (MBC). Mutants have been isolated which are 
blocked in various steps in either the MAP or MBC path- 
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Figure 1. Relationship of growth kinetics to prodigiosin condensing en- 
zyme activities of 4 strains of Serratia marcescens ( - - -@ Growth; ( ) 
Prodigiosin condensing enzyme activity. 

wayl3.Z4. Mutant OF is blocked late in the synthesis of MBC 
and accumulates 4-hydroxy-2,2'-bipyrrole-5-carboxaldehyde 
(HBC). This leads to the production of norprodigiosin, a hy- 
droxy analogue of prodigiosin 15. WF and 9-3-3 are non-pig- 
mented mutants which are blocked in the synthesis of one of the 
two corresponding precursors, and produce MAP and MBC, 

respectively t3. The presence of PCE has been reported in mutant 
9-3-316. Recently, Feng and Tsang t: reported that the PCE in 
mutant WF could be released from isolated cell envelopes using 
neutral detergents. One of our objectives was to quantify and 
relate the PCE activities to cell growth in S. marcescens  using 
pigmented strains: wild type 08 and mutant OF; and non-pig- 
mented strains: mutants WF and 9-3-3. In addition, an attempt 
was made to correlate the levels of prodigiosin and its precursors 
with PCE activities and cell growth. 
M a t e r i a l s  and  methods .  Bactopeptone (0.5%)-Glycerol (1%) 
(PG) broth was used for bacterial cultivation. Wild type strain 
08, and mutants OF, WF and 9-3-3 were grown in 100 ml of PG 
broth and 1 ml aliquots of each culture were taken at 2-h inter- 
vals for 24 h. Cell growth was monitored by the total cellular 
protein TM at each interval. PCE activities were also assayed at 
each interval. A substrate mixture containing MBC and the 
monopyrrole 2,4-dimethyt-3-ethylpyrrole (DEP) was used for 
the PCE assay. The condensation of MBC with DEP yields a 
prodigiosin analogue with spectral properties nearly identical 
with prodigiosin ~6. MBC, the bipyrrole, was extracted with di- 
chloromethane from the supernatant of mutant 9-3-3 cultures 
grown in batch ~9. DEP, an analogue of MAP, was used in place 
of MAP because MAP is neither commercially available nor 
easily extracted from mutant WF cells. 
The mixture was incubated at 27 ~ for 30 min. Any prodigiosin 
formed was then extracted with 1% acetic acid in methanol. 
After centrifugation, the supernatant was read at 535 nm. This 
serves as a measure of PCE activity. Aliquots were also taken to 
determine the levels of prodigiosin and norprodigiosin or its 
precursors synthesized by the corresponding mutants. For wild 
type 08, cells were first centrifuged and washed. Prodigiosin was 
extracted with 1% acetic acid in methanol and read at 535 nm. 
The procedures for mutant OF were the same except that the 
norprodigiosin extracted was read at 498 nm. MBC was moni- 
tored in supernatant of mutant 9-3-3 cultures by taking the 
difference in absorbance at 365 nm and 400 nm 2~ MAP was 
monitored by a syntrophic pigment synthesis method 2~, 22. This 
method involves the cross-feeding of MBC to growing mutant 
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Figure 2. Progress of biosynthesis of prodigiosin and its precursors in 
Serratia marcescens. Biosynthesis of prodigiosin in strain 08 and norpro- 
digiosin in mutant OF. 
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Figure 3. Progress of biosynthesis of prodigiosin and its precursors in 
Serratia marcescens. Biosynthesis of MAP in mutant WF and MBC in 
mutant 9-3-3. 
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WF cells. The pigment thus formed is proportional to the levels 
of MAP present. 
Results  and discussion. The kinetics of cell growth in wild type 08, 
mutant  OF, WF and 9-3-3 were identical as monitored by the 
cellular protein content (fig. 1). Based on these results, there were 
no differences in cellular multiplication between pigmented and 
non-pigmented strains. PCE activities started at the 4th hour  for 
pigmented strains 08 and mutant  OF, but later at the 6th hour  
for the non-pigmented mutants  WF and 9-3-3. All four strains 
showed a gradual increase in specific PCE activities with time. 
Maximal values were not  reached until after the 8th hour (08:2.7 
A535/mg protein and h, 24 h; OF: 3.5 Asgs/mg protein and h, 10 
h; WF:  2.7 A53s/mg protein and h, 14 h; 9-3-3:10.5 As3s/mg 
protein and h, 16 h). It appeared that  maximal PCE activities 
were reached during the late log phase or the early stationary 
phase of cell growth. 
The penultimate step of the prodigiosin biosynthetic pathway is 
the synthesis of MBC from HBC, a reaction which requires an 
O-methytransferase enzyme. Recombinant  D N A  techniques 
have been employed to isolate and clone Streptomyces  chromo- 
somal DNA segments coding for this enzyme in order to 'com- 
plement'  mutants  from both Streptornyces and Serratia 23. The 
last step of the biosynthesis of either prodigiosin or norprodigio- 
sin involves a condensation reaction between MA P and MBC in 
the wild type 08 or between MA P and HBC, the modified bipyr- 
role in mutant  OF. Our studies showed that  mutant  OF was able 
to condense DEP and MBC with a PCE activity comparable to 
that  in wild type 08. It is likely that  the two enzymes are similar, 
if not identical, and cannot  distinguish HBC from MBC. Mutan t  
9-3-3 exhibited a three-fold higher maximal specific PCE activity 
when compared to those of the other three strains. This could 
possibly be due to the higher permeability of the substrates 
through the cell envelopes of 9-3-3 and/or a higher intrinsic 
specific activity of the enzyme in the mutant  itself. However, no 
satisfactory explanation or physiological significance can be as- 
signed to the differences in enzyme activities among the four 
strains at this time. 
The appearance of prodigiosin in wild type 08 and norprodigio- 
sin in mutant  OF occurred at the 8th hour  and shortly after the 
12th hour, respectively (fig. 2). The levels of both pigments in- 
creased significantly during the late log phase or the early statio- 
nary phase of  cell growth. The late decrease in cell associated 
prodigiosin levels might be attributed to its release into the 
culture media as a result of cell autolysis. The biosynthesis of the 
two precursors of prodigiosin are shown in figure 3. Format ion 
of MBC in mutant  9-3-3 and MAP in mutant  WF started at the 
10th and 12th hour, respectively. Both levels also increased grad- 
ually with time. The decrease in the MA P level may be due to its 
relative instability after release into the growth media. From 
figures 1 and 3, it can be seen that  the PCE activities precede the 
biosynthesis of both  precursors. Evidence has been reported that  
MAP and MBC pathways share a common intermediate at an 
early step in their biosynthesis and hence are subject to common 
control ~2. 
Various possible functions of prodigiosin have been proposed, 
such as being an antibiotic 24, a component  of  a specific receptor 
for kappa phages 2s'26, and a secondary metabolite 27, which 
serves to remove unwanted intermediates from primary metabo- 
lism 2s. Expression of the genes encoding for antibiotic biosyn- 
thesis usually does not occur at high growth rates 29. This pheno- 
menon suggests that  during rapid growth either antibiotic syn- 
thetases (such as the PCE) are not  formed, or if formed, their 
activity is inhibited, or that  precursors are not available in satu- 
rating concentrations. A characteristic of secondary metabolites 
is their delayed maximal biosynthesis until cellular multiplica- 
tion has ceased. Based on both  the PCE activities and pigment 
and/or  precursor levels, our results support the proposition that  
prodigiosin is a secondary metabolite, and suggest that  norpro- 
digiosin in mutant  OF,  MA P in mutant  WF, and MBC in mu- 
tant  9-3-3 may behave similarly. It has atso been suggested that  

some clinical isolates may have a defect in the condensing en- 
zyme 3~ since pigment(s) other than prodigiosin could be formed 
when supplied with MBC plus MAP, and MBC alone. If  this is 
true, then why do these three particular mutants:  OF, WF and 
9-3-3, possess PCE activities while some clinical isolates do not. 
Further  studies are warranted to clarify the presence or absence 
of PCE activity in various strains of S. marcescens. 
Prodigiosin and its precursors produced by S. marcescens can be 
assayed easily. Moreover, PCE represents one of the few anabo- 
lic membrane-associated enzymes for the biosynthesis of second- 
ary metabolites. This can serve as a model is whereby further 
studies should reveal more about  the underlying enzymology 
and genetics of secondary metabolism. 

Acknowledgment. We wish to thank Ms Laurie Hecht for the preparation 
of the manuscript. 
* To whom all correspondence should be addressed. 
+ Present address: Blackhawk College, East M oline, Illinois 61244, USA. 

1 Qian, H. L., Feng, J.S., and Tsang, J.C., Microbios Lett. 33 (1982) 
101. 

2 Qian, H. L., Feng, J. S., Schock, L., Anevski, P., and Tsang, J. C., in: 
Abstracts of the Annual National Meeting of American Society for 
Microbiology, K- 113 (1982). 

3 Loren, J. G., Vinas, M., Fuste, M. C., and Guinea, J., Microbiologica 
4 (198i) 153. 

4 Hopwood, D. A., Rev. Microbioi. 32 (1978) 373. 
5 Martin, J. F., and Demain, A. L., Microbiol. Rev. 44 (1980) 230. 
6 Thompson, C.J., Ward, J.M., and Hopwood, D.A., Cloning of 

antibiotic resistance and nutritional genes in streptomycetes. J. Bact. 
151 (1982) 668. 

7 Cai, R.S., Liang, S., Yang, S., Wang, J., and Zhong, J., Nucleic 
Acids and Proteins. Proc. Symp. Nucleic Acids and Proteins, Beijing, 
People's Republic of China, p. 581. Van Nostrand Reinhold 1981. 

8 Dauenhauer, S.A., Hull, R.A., and Williams, R.P., J. Bact. 158, 
(1984) 1128. 

9 Holland, S., and Dale, J.W., Microbios Lett. 9 (1979) 85. 
10 Muto, Y., Tsuji, A., Kaneoko, Y., and Goto, S., Microbiol. Immun. 

25(1981) I101. 
11 Platt, D.J., and Summerville, J. S., Microbios Lett. 27 (1984) 7. 
12 Williams, R.P., and Hussain Qadri, S. M., The Pigment of Serratia. 

The Genus Serratia, p. 3 I. Eds A. yon Graevenitz and S.J. Rubin. 
CRC Press, Boca Raton, Florida 1980. 

13 Santer, U. V., PH.D. Thesis, Yale Univ., New Haven 1958. 
14 Morrison, D.A., J. Bact, 91 (1966) 1599. 
15 Williams, R.P., and Green, J. A., J. Bact. 72 (1956) 537. 
16 Mukherjee, P. P., Goldschmidt, M. E., and Williams, R.P., Biochim 

biophys. Acta 136 (1967) 182. 
17 Feng, J.S., and Tsang, J.C., in: Abstracts of the Annual National 

Meeting of American Society for Microbiology, K-11 (1985). 
18 Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J., J, 

biol. Chem. 193 (1951) 265. 
19 Wasserman, H.H., McKeon, J.E., Smith, L.A., and Forgione, P., 

Tetrahedron Suppl. 8, Part II (1966) 647. 
20 Williams, R.P., and Gott, C.L., Biochem. biophys. Res. Commun. 

I6 (1964) 47. 
21 Feng, J. S., Qian, H. L., and Tsang, J. C., J. Liquid Chromat. 5 (1982) 

1329. 
22 Lowe, J.A., Humphrey, P.E., and Tsang, J.C., Trans. Ill. State 

Acad. Sci. 78 (1985) 121. 
23 FeiteIson, J. S., and Hopwood, D.A., Molec. gen. Genet. 190 (1983) 

394. 
24 Gerber, N.N., Crit. Rev. Microbiol. 3 (1975) 469. 
25 Patel, K.A., and Dave, P. J., Curr. Sci. 49 (1980) 912. 
26 Patel, K.A., Patel, I.R., Mehta, A.M., and Dave, P.J., Ind. J. exp. 

Biol. 18 (1980) i353. 
27 Williams, R. P., Appl. Microbiol. 25 (1973) 396. 
28 Weinberg, E.D., Perspect. Biol. Med. 14 (1971) 565. 
29 Martin, J. F., Manipulation of gene expression in the development of 

antibiotic production, in: Antibiotics and Other Secondary Metabo- 
lites. Biosynthesis and Production, pp. 19-37. Eds R. Hiitter, T. 
Leisinger, J. Nfiesch and W. Wehrli. Academic Press, New York 
1978. 

30 Ding, M.J., and Williams, R.P., J. clin. Microbiol. 17 (1983) 476. 

0014-4754/87/040397-0351.50 + 0.20/0 
�9 Birkhfiuser VerIag Basel, 1987 


