




lutes under high osmolarity conditions is not only common 
in the microbial world (Archaea and Bacteria) (17, 25, 26, 
33, 58, 72) but is also characteristic of fungal, plant, animal, 
and even human cells (19, 35, 78). Twelve compounds are 
currently known to function as osmoprotectants and com
patible solutes for B. subtilis (Fig. 1), and with the exception 
of ectoine, each of these compounds is structurally related to 
either proline or glycine betaine (Fig. 2). The exact bio
physical mechanism(s) through which compatible solutes 
act is not completely understood, but their functioning is 
generally explained in terms of the preferential exclusion 
model (4). This model suggests that compatible solutes are 
excluded from the immediate hydration shell of proteins be
cause of unfavorable interactions with the peptide backbone 
(70). This results in a nonhomogeneous distribution of these 
solutes within the cell water and a preferential hydration of 
protein surfaces. As a consequence of this thermodynamic 
disequilibrium, there is a driving force for the protein to oc
cupy a smaller volume to reduce the amount of excluded wa
ter, thereby promoting the stabilization of the protein's na
tive structure. In addition to their role in maintaining 
cellular water content and turgor, compatible solutes also 
protect proteins in vitro from denaturation caused by freez
ing, heating, desiccation, and high ionic conditions and 
have beneficial effects on membrane integrity, protein sta
bility, and folding (26, 33, 54, 88). Recent data strongly sug
gest that compatible solutes also serve a protein stabilizing 
function in vivo (15, 23). 
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SYNTHESIS OF ECTOINE AND GL YCINE 

BETAINE FOR OSMOREGULATORY 

PURPOSES 

In the genus Bacillus, the second most frequently synthesized 
compatible solute in response to high osmolality is ectoine 
( 1,4,5 ,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) 
(Fig. 2) (48). As in the moderate halophile Halomonas elon
gata (24, 57), aspartate ß-semialdehyde, an intermediate in 
the biosynthesis of lysine, threonine, methionine, and di
aminopimelic acid (see chapter 16), serves as the precursor, 
and three enzymatic steps are required for its conversion to 
ectoine (67) (Fig. 3). The structural genes (ectABC) encod
ing the ectoine biosynthetic enzymes are clustered in the 
genome of B. pasteurii, and their transcription is induced by 
increases in medium osmolality (48). B. subtilis cannot pro
duce this tetrahydropyrimidine, but, like many other bacte
rial species, it can take up ectoine for osmoprotective pur
poses, albeit with low affinity (38). 

Glycine betaine (N,N,N-trimethyl glycine) (Fig. 2) is 
one of the most potent compatible solutes found in nature 
(25, 26, 33 ). A number of microorganisms, in particular 
halophilic phototrophic eubacteria (33) and some extreme 
halophiles (65), can synthesize it de novo by stepwise 
methylation of glycine. But many bacterial species (50), in
cluding B. subtilis (10, 11), produce glycine betaine from 
an exogenous supply of choline through two sequential ox
idation reactions. B. subtilis uses a soluble, metal-contain-
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FIGURE 2 Chemical structures of osmoprotectants used by B. subtilis. 












