
PERSPECTIVES 

suppressor genes are present in natural 
populations but at low to moderate fre- 
quencies26. This observation may be re- 
lated to laboratory studies, indicating that 
many suppressor alleles seem to exert det- 
rimental effects on viability and/or fertility 
in the homozygous state. Periods of severe 
inbreeding, as associated with the found- 
ing of genetically isolated populations, 
could result in the rapid loss of suppressor 
alleles and a consequent sudden release of 
new TE-mediated regulatory phenotypes. 
Such a scenario may help explain how 
novel regulatory variants, which in a large 
randomly mating population might be selec- 
ted against, could become established in 
small isolated populations and perhaps 
lead to the emergence of phenotypically 
distinct species (Fig. 3). 

Conclusion 
As data continue to accumulate over 

the next several years, we should be in a 
better position to evaluate definitively the 
role played by TEs in regulatory evolution. 
Nevertheless, based on presently avail- 
able evidence, it seems clear that the once 
popular notion that TEs are merely junk 
DNA and of no evolutionary consequence 
is no longer tenable. On the contrary, it 
may turn out that these small viral-like 
DNA sequences are critically important 

to the sudden emergence of phenotypic 
novelties over evolutionary time. 
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The functions of secondary metabolites in bacteria are generally not known, although 
it is to be assumed that their production in nature must be of some benefit to the 
producer organism. Most microbial secondary metabolites may perhaps best be 
viewed as pheromones. Their production may thus represent a form of microbial 

social behaviour. Because cells that are close to each other spatially are normally 
closely related genetically, a simple application of Hamilton's rule may be used to 

account for the benefits that such secondary metabolite production afford the producer. 
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contrast, a restricted distribution (which 
is almost species specific) and no obvious 
function in general metabolism'. In sub- 
merged batch cultures of microorganisms, 
the onset of secondary metabolism often 
correlates with the ending of the most 
rapid growth phase (the trophophase) and 
the beginning of the stationary phase or 
'an idiophase (Greekpeculiar) in which are 
displayed metabolic idiosyncracies.. .. The 
concept of primary and secondary meta- 
bolic processes, as now generally under- 
stood, is clearly related to this distinction'3. 

While secondary metabolism is per- 
haps easier to recognize than to define, 
we shall adopt theview that its crucial fea- 
ture is indeed a restricted distribution 
among a very small number of organisms4, 
a fact that alone might lead one to con- 
sider that secondary metabolites could be 
expected to confer specific benefits on 
their producers. However, in the three 
decades since Bu'lock's papers, the func- 
tions of these molecules generally remain 
far from obvious. Here, we raise arguments 
in support of the view that many, if not 
most, bacterial secondary metabolites are 
best viewed as pheromones. Although 
similar arguments may undoubtedly be a p  
plied to other unicellular organisms, such 
as ciliates, algae and fungi, our focus will 
be on the relevant phenomena in bacteria, 
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and it is worth pointing out that a number 
of secondary metabolites, such as tetrodo- 
toxin, that were once ascribed to higher 
organisms are now known to be the prod- 
ucts of symbiotic or commensal bacteria5. 

Bacterial pheromones 
A pheromone is a chemical excreted by 
an organism into the environment that 
acts to elicit a specific response from 
other organisms of the same species. 
The importance of pheromones in the 
life cycle of various species of mam- 
mals, insects and fungi is well known. 
In the past decade, it has become 
apparent that pheromones influence 
the behavior and development of 
prokaryotes. Pheromones excreted 
by myxobacteria, actinomycetes and 
cyanobacteria elicit specific develop- 
mental responses from these organ- 
isms. In addition, pheromones excreted 
by Enterococcus faecalis function in 
conjugation, and pheromones of lumi- 
nous bacteria regulate bioluminescence 
of these organisms. 

This quotation represents the abstract 
of the 1986 review by StephensG, in which 
she sought, successfully and from a very 
dispersed literature, to 'collect and de- 
scribe cases of pheromone production by 
prokaryotic organisms and the responses 
elicited by these signalling substances'. 
In the cases considered, the organisms 
exhibited obvious visual or morphologi- 
cal changes on exposure to the relevant 
pheromone. Thus, myxobacteria aggre- 
gated to form fruiting bodies, Enterococcus 
(previously Sh-eptococcus) faecalis mated 
(underwent conjugation), Vibrio biolumi- 
nesced, Streptomyces species sporulated 
(and synthesized antibiotics, inter alia), 
and the filamentous cyanobacterium 
Cylindrospermum licheniforme formed 
akinetes (spore-like structures). Sub- 
sequent events have served amply to flesh 
out the details of these and other re- 
sponses, such that it is being increasingly 
widely recognized that a variety of pro- 
karyotic microorganisms communicate 
with members of their own species by 
means of chemical signals that can elicit 
profound physiological changes. 

The types of responses to these phero- 
mones nicely parallel those in the much 
better-understood social insects7 and 
include communicating changes in nu- 
tritional availability, and the desire to mate 
and to aggregate. A number of recent re- 
views are available@-14, and a summary of a 
variety of prokaryotic systems appears in 
Table 1. In many cases, these pheromones 
are small, diffusible molecules of known 
structure. For present purposes, however, 
the conclusion is clear: prokaryotic phero- 

mone production is widespread (and 
plausibly universal), and pheromones are 
involved in a number of known microbial 
activities. By definition, such pheromones 
are excreted by producer cells (and they 
sometimes elicit their own production), 
and in the absence of exogenous molecules 
their actions necessarily exhibit a cell- 
density dependence. 

Secondary metabolism: 
in search of function 

Although some authors have argued 
that secondary metabolites may be 'waste' 
or 'overflow' products15J6, or evolution- 
ary leftovers with a previous autophysio- 
logical function but no modem function17, 
many commentators do assume that (the 
chemical activities of) secondary metab 
olites must be of some benefit to the pro- 
ducer under at least some of the conditions 
that it encounters in nature. It is therefore 
reasonable, as for instance Campbell4, 
Lucknerl8 and Vininglg do, to distinguish 
explanations for secondary metabolism 
that are based on activities that affect 
the producer species itself (e.g. Refs 
4,19-24) ('intrinsic functions') from those 
(e.g. Ref. 25) that assume that their major 
role in improving survival is by affecting 
competing species, for example by anti- 
biosis ('extrinsic functions'). In view of the 
definition of pheromones above, how- 
ever, we need a slightly subtler distinc- 
tion: if the producer organism is a single 
microbial cell, and the 'target' organism is 
a different member of its own species, 
pheromones function neither purely in- 
trinsically nor purely extrinsically. It there- 
fore seems best simply to refer to such a 
functionality as pheromonal. 

Thus, instead of seeking to define the 
functions of secondary metabolites more 
specifically, for instance, as antibiotics, 
mineral scavengers (siderophores), differ- 
entiation signals, morphogenetic agents, 
sporulation inducers, and so on4J9, a more 
useful view at this level is that most mi- 
crobial secondary metabolites may best 
be construed as pheromones, since they 
are certainly excreted (and, as Stephens6 
points out, often tend to be moderately 
lipophilic), and in some cases do have 
demonstrable activity on the producing cell 
and its relatives. That no functions have 
been found in all cases merely reflects the 
poverty of methods at our disposal for 
analyzing physiology at the single-cell 
level, and for dealing with the extraordi- 
nary heterogeneity observable within 
even the simplest laboratory cultures of 
non-filamentous, planktonic bacteria26.27. 

It pays to advertise: the evolution 
of social behaviour 

If one accepts that at least some mi- 
crobial secondary metabolites are phero- 

monal, and thus involved in the social 
behaviour of members of a given species, 
how then should we seek to quantify the 
benefits that their excretion brings to the 
producer cell? Although neither microbial 
ecologists nor those natural-products 
chemists, who seek function in secondary 
metabolism, seem to have taken up these 
ideas in any detail at all, the appropriate 
framework here is the body of ideas of 
genetical kinship theory encapsulated in 
Hamilton's rule. Hamilton28$29 extended 
the scope of fitness theory to include the 
effects of the actions of individuals on 
their genetic relatives, to show how traits 
that do not increase the likelihood of an 
individual's successful reproduction can 
be selected for and spread if they confer a 
sufficiently great benefit on kin. Specifi- 
cally (and see Refs 30,31), if we consider 
an action by an individual organism (such 
as the production of a pheromone), it has 
a cost in terms of a decrease in the num- 
ber of its own offspring, denoted by c, and 
a benefit in the increase of the recipient's 
offspring, denoted by b. The donor and 
the recipient are related to each other by 
a degree of relatedness, r. (Of course, 
in the case of microbes in nature that 
reproduce asexually, the degree of re- 
latedness between parents, children, 
grandchildren, and so on, is very close to 
1.) Hamilton's rule then states that the 
social action is favoured by selection if 
rb -c > 0. Given that cells in nature will nor- 
mally be located adjacent to their parents 
and siblings, and that those on the edge 
of a colony are aware of the surrounding 
nutritional status, the potential benefits, 
in terms of preparing one's kin for 
nutritional hardships or bonanzas to 
come, is very great. While this is not the 
place to develop this in quantitative 
detail, it should be clear that the costs of 
producing many of these signals are likely 
to be very small relative to the benefits, 
particularly if the molecules are auto- 
inducers in the sense that the secretion of 
a pheromonal signal molecule actually 
stimulates its own synthesis by the target 
cells. 

An example of bacterial 
cooperation: the breaking of 
dormancy in Micrococcus luteus 

To give an example, (bacterial) dor- 
mancy may be defined as a reversible 
physiological state of low metabolic activity, 
in which cells can persist for extended 
periods without division. In bacteria, this 
often corresponds to a state in which cells 
are not 'alive' in the sense of being able to 
form a colony when plated on a suitable 
solid medium, but to a state in which they 
are not 'dead' in that when conditions are 
more favourable they may be resuscitated 
so as to revert to a state of 'aliveness' as 
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so defi11ed3~. We have recently found3335 
that viable cells of M. luteus can secrete a 
pheromone-like substance, which is a p  
parently necessary (though not sufficient) 
for the resuscitation of starved, dormant 
cells of the same organism. Why should 
such cells wish to resuscitate their kin? 
Clearly because for microbes in balanced 
growth, growth and reproduction go hand 
in hand, and in the competition for the 
new nutrients, it is much better for you 
and your siblings/clones to be quickest off 
the mark (without false starts, which would 
be costly in terms of protein turnover), 
since while the competition is waking 
up, you have depleted the new nutrient 
source and turned it into progeny and 
reserve material (see also Ref. 36). As well 
as the more conventional induction of 
gene expression, then, cooperation and 
pheromonal activation of metabolic path- 
ways are thus a key to rapid response, 
and cognate arguments can self-evidently 
be applied to each of those systems 
(Table 1) in which the essential exogen- 
ous stimulus is a substantial change in 
nutrient status. 

Table 1. Some examples of pheromone-like activity in prokaryotes 

Organism Role Chemical nature 

Agrobacterium 
tumefaciens 56-58 

Conjugation N-(3-oxooctanoyl)-homoserine lactone 

0 ,!, 
Genetic competence Modified decapeptide Bacillus subtilis59,60 

Sporulation Not yet known 

Cylindrospermum 
iicheniformee2 

Akinete (spore) formation 

S 

(tentative) 
0 

Enterococcus 
f a e ~ a l i s ~ c , ~ ~ , ~ ~  

Conjugation, leading to genetic Hydrophobic, linear hepta- and 
exchange octa-peptides, 

e.g. PheLeuValMetPheLeuSerGly 

Autoinducer of virulence, N-(3-oxohexanoy1)-homoserine lactone 
carbapenem biosynthesis 

I '  I 
O H 

Agpregation/sex factor Not yet known (protein has homology w~th 
lux) 

Some corollaries of the view of 
microbial secondary metabolites 
as pheromones 

A number of authors have espoused the 
view that it can make sense even for typi- 
cal laboratory strains that do not exhibit 
marked morphological differentiation to 
indulge in physiological differentiation, 
even in isotropic media, since this maxi- 
mizes the chance of surviving unfavour- 
able conditions that may arise26; Koch37 
refers to such strategies as an insurance 
policy, and carrying it out almost certainly 
requires signals. It is also clear from studies 
of colony dynamics (e.g. Refs 38-42) that 
cell-cell communication is a major, if un- 
resolved, feature of bacterial growth on 
solid surfaces. One should also expect 
that, when viewed in quantitative terms 
(cf. Refs 13,43-46), these pheromonal sig- 
nals should be honest in the sense used 
by Grafen47 (since r is close to 1) and that 
there should be a fair degree of specificity 
within a genus or species; where the same 
or very similar pheromone molecules are 
used by different microorganisms (and 
for different purposes), as with Enuinia 
carotouora and Vibrio fischeri (see Refs 12, 
48,49) it may be noted that in nature these 
organisms would not come into contact, 
the former being a pathogen of terrestrial 
plants, the latter a marine microbe that 
can participate in symbioses with the light 
organs of certain fishes. Correspondingly, 
where the signal is a molecule with a wide- 
spread species distribution (i.e. not a true 
secondary metabolite in our definition), 
as with glutamine for swarming in Proteus 
mirabilis50, and perhaps in colonies 

Lactococcus lactise8 

Micrococccus 
I ~ t e u s ~ ~ - ~ ~  

Myxococcus spp.69-72 

Resuscitation from dormancy Not yet known 

Fruiting body formation Amino acids, and/or peptides and 
and sporulation proteases; fatty acids 

Pneumococcus ~ p . ~ 3  Genetic competence Protein, mol. wt c. 10000 Da 

Proteus mirabili~so.~~ Swarming and virulence Glutamine 

Pseudomonas 
aerugin0sa~9,6~ 

Autoinducer of virulence genes N-(3-oxododecanoyl)-homoser~ne lactone 

0 
Autoinducer of phenazine Not yet known 
antibiotic biosynthesis 

Streptomyces 
g r i s e ~ s 9 . 7 ~ - ~ ~  

Autoinducer of sporulation and 2S-isocaproyl-3R-hydroxymethyl-y- 
streptomycin biosynthesis butyrolactone 

Autoinducer of virginiamycin Various butyrolactones/butanolides 
biosynthesis 

Vibrio fischeri, 
V. haweyi11,12,14 

Bioluminescence N-(3-oxohexanoy1)-homoserine lactone 
( V. fischeri) 

" I 
0 H 

N-(3-hydroxybutanoy1)-homoser~ne lactone 
(V. haweyi) 
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generally, it is reasonable that the high 
cell density of producer and recipient 
organisms means that over the relevant 
spatial location they are virtually axenic. 

Finally, it is worth stressing that the 
existence of pheromones implies the exist- 
ence of receptors, and that there is, in 
fact, increasing evidence that prokaryotic 
microorganisms may possess receptors 
even for higher eukaryotic hormones such 
as insulin51~52. This would imply that the 
evolutionary roots of the vertebrate endo- 
crine system may be far more ancient than 
is generally belie~ed5~-5~, and adds weight 
to the view that intercellular signalling 
by pheromones may be a property of all 
bacteria. 

In conclusion: (1) the phenomenon 
of cell-cell communication between pro- 
karyotic organisms of the same species is 
widespread, and probably not at all con- 
fined to differentiating organisms in the 
usual sense; (2) any major change in physio 
logical state induced by environmental 
factors is in one sense 'developmental', 
and may be communicated by chemi- 
cal signalling to other organisms of the 
same type; (3) the 'function' of so-called 
secondary metabolites is actually con- 
nected with regulation of their own physi- 
ology (and not, say, as an antibiotic weapon 
against other species - such biological ac- 
tivity usually occurring at higher concen- 
trations; see also Ref. 55); (4) therefore, 
such secreted bioactive molecules should 
in many cases be considered as semio 
chemicals or pheromones; and (5) there 
are straightforward ecological and evol- 
utionary reasons, based on genetical kin- 
ship theory, why bacteria and other 
unicellular microorganisms should indeed 
behave in this way. As well as opening up a 
major area of bacterial physiology, we be- 
lieve that this realization has substantial 
implications for microbial drug discovery 
and production. 

Acknowledgements 
D.B.K. thanks John Hedger, Gareth 
Morris, Neil Porter, Brian Rudd and Bob 
Wootton for useful discussions, and the 
Chemicals and Pharmaceuticals 
Directorate of the BBSRC for financial 
support. D.B.K. and A.S.K. thank the 
Royal Society for financial support 
under the terms of the Royal 
Society/Russian Academy of Sciences 
Joint Project scheme. 

References 
1 Bu'lock, J.D. (1961) Ado. Microb. Physiol. 3, 

293-333 
2 Bennett, J.W. and Bentley, R. (1989)Adu. Appl. 

Microbiol. 34, 1-28 
3 Bu'lock, J.D. et a[. (1965) Can. J. Microbiol. 11, 

765-778 
4 Campbell, I.M. (1984)Adv. Mimb. Physiol. 25,l-60 
5 Jensen, P.R. and Fenical, W. (1994) Annu. Rev. 

Microbiol. 48.559-584 

6 Stephens, K. (1986) CRCCrit. Rev. Microbiol. 
13,309-334 

7 Wilson, E.O. (1971) The Insect Societies, 
Belknap Press 

8 Aaronson, S. (1981) Chemical Communication 
at  the Microbial Level (Vols I and II), CRC 
Press 

9 Khokhlov, A.S. (1991) Microbial Autoregulators. 
Harwood Academic Publishers 

10 Kaiser, D. and Losick, R. (1993) Cell 73, 
873-885 

11 Swift, S. et a/. (1993) Mol. Microbiol. 10, 
511-520 

12 Fuqua, W.C., Winans, S.C. and Greenberg, E.P. 
(1994) J. Bacteriol. 176,269-275 

13 Williams, P. (1994) J. Pharm. Pharmacol. 46, 
252-260 

14 Swift, S., Bainton, N.J. and Winson, M.K. (1994) 
Trends Microbiol. 2, 193-198 

15 Haslam, E. (1985) Metabolites and Metabolism: 
a Commentary on Secondary Metabolism, 
Clarendon Press 

16 Haslam, E. (1986) Nat Prod. Rep. 3,217-249 
17 Davies, J. (1990) Mol. Microbiol. 4,1227-1232 
18 Luckner, M. (1984) Secondary Metabolism in 

Microorganisms, Plants and Animals (2nd edn), 
Springer-Verlag 

19 Vining, L.C. (1990) Annu. Reu. Microbiol. 44, 
395-427 

20 Demain, A.L. (1974) Ann. N Y Acad. Sci. 235, 
601-612 

21 Calam, C.T. (1979) Folia Microbiol. 24,276-285 
22 Zahner, H. (1979) Folia Microbiol. 24,435-443 
23 Chater, K.F. (1989) Trends Genet. 5,372-377 
24 Nisbet, L.J. and Porter, N. (1989) Symp. Soc. 

Gen. Microbiol. 44,309-342 
25 Williams, D.H., Stone, M.J., Hauck, P.R. and 

Rahman, S.K. (1989) J. Nat. Prod. 52,1189-1208 
26 Koch, A.L. (1987) in Escherichia coli and 

Salmonella typhimurium: Cellular and 
Molecular Biology (Vol. 2) (Neidhardt, F.C., 
Low, K.B., Magasanik, B., Schaechter, M. and 
Umbarger, H.E., eds), pp. 1606-1614, American 
Society for Microbiology 

27 Kell, D.B., Ryder, H.M., Kaprelyants, A.S. and 
Westerhoff, H.V. (1991) Antonie van 
Leeuluenhoek 60,145-158 

28 Hamilton, W.D. (1963) Am. Nat. 97,354-356 
29 Hamilton, W.D. (1964) J. Theor. Biol. 7,l-52 
30 Grafen, A. (1985) Oxf. Sum. Euol. Biol. 2,28-89 
31 Grafen, A. (1991) in Behaoioural Ecology: an 

Evolutionary Approach (Krebs, J.R. and Davies, 
N.B., eds), pp. 5-31, Blackwell 

32 Kaprelyants, A.S., Gottschal, J.C. and Kell, D.B. 
(1993) FEMS Microbiol. Reu. 104,271-286 

33 Kaprelyants, A.S. and Kell, D.B. (1993) Appl. 
Enu. Microbiol. 59,3187-3196 

34 Kaprelyants, AS., Mukamolova, G.V. and Kell, 
D.B. (1994) FEMS Microbiol. Lett. 115,347-352 

35 Votyakova, T.V., Kaprelyants, A.S. and Kell, 
D.B. (1994) Appl. Enu. Microbiol. 60, 
3284-3291 

36 Westerhoff, H.V., Hellingwerf, K.J. and 
van Dam, K. (1983) Proc. Natl Acad. Sci. USA 
80,305-309 

37 Koch, A.L. (1993) 1 Theor. Biol. 160, 1-21 
38 Shapiro, J.A. and Hsu, C. (1989) J. Bacteriol. 

171,5963-5974 
39 Budrene, E.O. and Berg, H.C. (1991) Nature 

349,630-633 
40 Shapiro, J.A. and Trubatch, D. (1991) Physica 

D 49,214-223 
41 Wimpenny, J.W.T. (1992) Adv. Microb. Ecol. 12, 

469-522 

42 Ben-Jacob, E. et a/. (1994) Nature 368, 
46-49 

43 Grafe, U. et al. (1983) Biotechnol. Lett. 5, 
591-596 

44 Hashimoto, K., Nihira, T. and Yamada, Y. 
(1992)J. Ferment. Bioeng. 73,61-65 

45 Li, W., Nihira, T., Sakuda, S., Nishida, T. and 
Yamada, Y. (1992) J. Ferment. Bioeng. 74, 
214-217 

46 Wirth, R. (1994) Eur. J. Biochem. 222,235-246 
47 Grafen, A. (1990) J. Theor. Biol. 144,517-546 
48 Williams, P. el  al. (1992) FEMS Microbiol. Lett. 

100,161-167 
49 Pearson, J.P. et al. (1994) Proc. Natl Acad. Sci. 

USA 91,197-201 
50 Allison, C., Lai, H-C., Gygi, D, and Hughes, C. 

(1993) Mol. Microbiol. 8,53-60 
51 Leroith, D. et a/. (1986) Rec. Prog. Hormone 

Res. 42,549-587 
52 Lenard, J. (1992) Trends Biochem. Sci 17, 

147-150 
53 Pertseva, M. (1991) Comp. Biochem. Physiol. 

100A, 775-787 
54 Leroith, D., Roberts, C., Lesniak, M.A. and 

Roth, J. (1986) Experientia 42,782-788 
55 Williams, S.T. (1982) Pedobiologia 23, 

427-435 
56 Piper, K.R., Beck von Bodman, S. and 

Farrand, S.K. (1993) Nature 362,448-450 
57 Zhang, L.H., Murphy, P.J., Kerr, A. and 

Tate, M.E. (1993) Nature 362,446-448 
58 Fuqua, W.C. and Winans, S.C. (1994) 

J. Bacteriol. 176,2796-2806 
59 Joenje, H., Gruber, M. and Venema, G. (1972) 

Biochim. Biophys. Acta 262 189-199 
60 Magnuson, R., Solomon, J. and Grossman, A.D. 

(1994) Cell 77,207-216 
61 Grossman, A.D. and Losick, R. (1988) Proc. Natl 

Acad. Sci. USA 85,4369-4373 
62 Hirosawa, T. and Wolk, C.P. (1977) J. Gen. 

Microbiol. 114,433 
63 Clewell, D.B. (1993) Cell 73,9-12 
64 Clewell, D.B. (1993) in Bacterial Conjugation 

(Clewell, D.B., ed.), pp. 349-387, Plenum Press 
65 Bainton, N.J. et al. (1992) Gene 116,87-91 
66 Jones, S. et al. (1993) EMBO J.  12,2477-2482 
67 Pirhonen, M., Flego, D., Heikinheimo, R. and 

Palva, E.T. (1993) EMBO J. 12,2467-2476 
68 Godon, J.J., Jury, K., Shearman, C.A. and 

Gasson, M.J. (1994) Mol. Microbiol. 12, 
655-663 

69 Varon, M., Tietz, A. and Rosenberg, E. (1986) 
J. Bacteriol. 167, 356-361 

70 Shimkets, L.J. (1990) Microbiol. Rev. 54, 
473-501 

71 Kim, S.K., Kaiser, D. and Kuspa, A. (1992) 
Annu. Rev. Microbiol. 46, 117-139 

72 Kuspa, A., Plamann, L. and Kaiser, D. (1992) 
J. Bacteriol. 174, 7360-7369 

73 Tomasz, A. and Mosser, J.L. (1966) Proc. Natl 
Acad. Sci. USA 55,58-66 

74 Allison, C. and Hughes, C. (1992) Sci. Progr. 75, 
403-421 

75 Pierson, L.S., Ill, Keppenne, V.D. and Wood, 
D.W. (1994) J. Bacteriol. 176,3966-3974 

76 Horinouchi, S. and Beppu, T. (1992) Annu. Rev. 
Microbiol. 46,377-398 

77 Horinouchi, S. and Beppu, T. (1994) Mol. 
Microbiol. 12,859-864 

78 Barabas, G., Penyige, A. and Hirano, T. (1994) 
FEMS Microbiol. Reu. 14, 75-82 

79 Okamoto, S., Nihira, T., Kataoka. H., Suzuki, A. 
and Yamada, Y. (1992) J. Biol. Chem. 267, 
1093-1098 

TREE uol. 10, no. 3 March 1995 


