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Abstract  

The myosin cross-reactive antigen (MCRA) protein family is highly conserved 
among different bacterial species ranging from Gram-positive to Gram-negative 
bacteria. Beside their ubiquitous occurrence, knowledge on the biochemical and 
physiological function of MCRA proteins is scarce. The present work shows that 
MCRA protein from Streptococcus pyogenes M49 (SPH) and Lactobacillus 
acidophillus NCFM (LAH) are flavin adenine dinucleotide (FAD) enzymes which 
act as hydratases on (9Z) and (12Z) double bonds of C-16, C-18 non-esterified fatty 
acids. Products are 10-hydroxy and 10,13-dihydroxy fatty acids. Kinetic analysis 
suggests that FAD rather stabilizes the active conformation of the enzymes and is 
not directly involved in catalysis. Analysis of S. pyogenes M49 grown in presence 
of either oleic or linoleic acid showed that 10-hydroxy and 10,13-dihydroxy 
derivatives were the only products. No further metabolism of these hydroxy fatty 
acids was detected. Deletion of the hydratase gene caused twofold decrease in 
minimum inhibitory concentration (MIC) against oleic acid, but increased survival 
of the mutant strain in whole blood. Adherence and internalization properties to 
human keratinocytes were reduced in comparison to the wild type. These results 
indicate that the previously identified MCRA protein can be classified as a FAD 
containing double bond hydratase, within the carbon-oxygen lyase family, that 
plays a role in virulence of at least S. pyogenes M49. De novo crystal structure of 
selenomethionine substituted apo-LAH was solved by X-ray diffraction with MAD 
phasing. LAH has the highest structural homology to the family of flavin 
containing amine oxidoreductases. The structural homology assignment resulted in 
identification of four distinct homologous domains (hDs), where hD1 mediates 
FAD binding and hD2–hD4 should be responsible for a completion of the active 
site. Particularly, flexible hD4 domain may function as a lid of LAH active site. 
Despite high level of overall structure similarity between LAH and the members of 
flavin containing amine oxidoreductase family no active site residues and almost 
none of FAD binding residues are conserved. 
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1. Introduction  

Fatty acids (FAs) are carboxylic acids, which in most cases have long 
unbranched aliphatic tails and different degree of saturation. The FAs can be 
grouped based on their acyl tail length into volatile (C2-C6), medium-chain (C7-
C12) and long-chain fatty acids (C13-C22). The acyl chain length and degree of its 
unsaturation affects the FAs melting points and therefore their natural usage as the 
components of biological membranes or signaling molecules (Berg et al., 2007). 
FAs are ubiquitous constituents of complex compounds such as phospho-, glyco- 
and sphingolipids. These lipids broadly distributed across all kingdoms of life 
where different phospho- (e.g. phosphatidylcholine, phosphatidylserine, 
phosphatidylethanolamine and phosphatidylglycerol) and glycolipids 
(lipopolysaccharides and glyceroglycolipids) can be found in the membranes of all 
kingdoms, when sphingolipids (sphingomyelins, glycosphingolipids, cerebrosides 
and gangliosides) are mainly found in eukaryotic cells (Berg et al., 2007). 

Despite similarities in the lipid and free fatty acid contents, prokaryotes and 
eukaryotes have significant differences in the fatty acid and lipid biosynthesis. The 
FA biosynthesis system type II (FAS II) is found mainly in prokaryotes (Heath et 
al., 2001; Lu et al., 2004) and plant plastids (Ohlrogge and Jaworski, 1997), while 
fatty acids biosynthesis system type I (FAS I) is found only in eukaryotes 
(Johansson et al., 2008; Uttaro, 2006). FAS II system consists of single enzymes 
but FAS I is a multienzyme complex where the respective enzymatic activities 
represented on the single polypeptide. Importantly, the chemical aspects of the 
biosynthesis between these two systems are almost identical.  

The FA biosynthesis in prokaryotes and animals is taking place in cytoplasm, 
while in plants the FA biosynthesis is mainly localized in chloroplasts. The 
complex lipids of prokaryotes are synthesized and modified in the plasmatic 
membrane. Similarly, the eukaryotic pathways are located in the membranes of the 
smooth endoplasmic reticulum and/or plastids (Athenstaedt and Daum, 2006; 
Daum et al., 1998; Murphy and Vance, 1999; Rawyler et al., 1995; Waltermann et 
al., 2005; Waltermann et al., 2007).  
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The fatty acid and lipid contents of prokaryotes and eukaryotes have some 
overlapping, however bacterial lipids mainly include C-16:0 (predominant), C-16:1 
(predominant), C-18:0 and C-18:1(predominant) fatty acids (Oleary, 1962), while 
eukaryotic lipids primarily contain C-16:0 (predominant), C-18:0, C-18:1 
(predominant), C-18:2 (predominant), C-18:3, C-20:4, C-20:5, C-22:6 up to C-24:0 
(Bezard et al., 1994; Chamberlain et al., 1993).  

The majority of FAs can only be found in the living organisms in esterified 
forms or bound to carrier proteins and therefore a real free fatty acids concentration 
in the most cases is bellow 10 nM range (Kleinfeld et al., 1996; Richieri and 
Kleinfeld, 1995). Thus, constant homeostasis between the FAs biosynthesis and 
degradation must be held in order to escape their toxicity. As it will be reviewed 
below, application of free fatty acids to bacteria in the 20-1000 M range can cause 
significant cellular toxicity.  

Particularly, this work is based on a physiological and biochemical 
characterization of a family fatty acid double bond hydratases which may be 
involved in the fatty acid detoxification and bacterial virulence. Therefore, this 
aspect will be reviewed below in greater detail, the examples of such toxicity, and 
possible mechanisms which cope with it in bacteria. 

1.1. Fatty acids toxicity in bacteria  

It may sound unusual that well known free fatty acids and their derivatives can 
be toxic for many bacteria. However a number of evidences suggest that volatile, 
medium-chain and long-chain fatty acids significantly inhibit bacterial growth and 
affect metabolic processes, and where the long-chain fatty acids are so far the best 
studied group regarding these effects.  

1.1.1. Toxicity of long-chain fatty acids and their derivatives 
It is known that low concentrations of the long-chain fatty acids like oleic (C-

18:19Z) and stearic (C-18:0) acids inhibit the anaerobic thermophilic biogas 
production in cattle. The inhibitory concentrations of the fatty acids can be in the 
range of 200-500 g/mL. The observed inhibition has a permanent character and 
even the fatty acids deprival does not restore the growth. Importantly, no adaptation 
to the inhibitory concentration is observed and the bacteria response is identical to 
those of not pre-exposed to the fatty acids. It is found that oleic acid is less 
inhibitory if it is added to the bacteria in esterified form such as glycerol ester. 
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These findings indicate importance of the free fatty acid state on the toxicity  in 
bacteria (Angelidaki and Ahring, 1992). A new study on toxicity of linoleic (C-
18:29Z,12Z), myristic (C-14:0) and oleic acids to propionibacteria shows that these 
fatty acid significantly affect their growth and metabolism. According to the 
results, P. freudenreichii subsp. shermanii and subsp. freudenreichii are more 
sensitive to unsaturated fatty than P. acidipropionici, P. jensenii and P. thoeni. 
Addition of other lipids like cholesterol and soya lecithin to the medium is proved 
to be enough to overcome antibacterial activity of linoleic acid. Similarly, the 
inhibitory action is almost undetectable in milk, retentate media or lactic curd. The 
authors propose that inhibition takes place due to the effect on potassium effluxes 
and disturbances in the cell membranes (Boyaval et al., 1995). More data are 
available on the fatty acids toxicity from the experiments on Porphyromonas 
gingivalis, Selenomonas artemidis, and Streptococcus sobrinus. In particular, 
myristoleic acid (C-14:19Z) is inhibitory towards S. artemidis at a concentration 
<100 g/ml, while palmitoleic  (C-16:19Z) and oleic acids are generally inhibitory 
towards P. gingivalis and S. sobrinus, but no correlation between the position of the 
double bond and the minimum inhibitory concentration is observed (Shapiro, 
1996).  

Production of conjugated linoleic acid (CLA) from linoleic acid using growing 
cultures of Propionibacterium freudenreichii ssp. shermanii JS is associated with a 
significant inhibitory effect of these fatty acids on the bacteria (Rainio et al., 2001). 
Additionally, linoleic acid or CLA at different concentrations have bacteriostatic, 
bactericidal, or no effect depending on the bacterial strain, fatty acid concentration, 
fatty acid type, and growth medium in lactobacilli. Both fatty acids display dose-
dependent inhibition. The inhibitory effect is more pronounced in broth than in 
milk which is similar to the previous investigations. Notably, the CLA isomer 
mixture ((9Z,11E)-CLA and (10E,12Z)-CLA) is less inhibitory than linoleic acid 
itself. Lactobacillus reuteri ATCC 55739, a strain capable of isomerizing linoleic 
acid to CLA is severely inhibited in the presence of linoleic acid in broth or milk. 
All strains increase membrane content of linoleic acid or CLA levels when are 
grown with the exogenous fatty acids. However, no correlation between level of 
fatty acid incorporation into the membrane and inhibition by that fatty acid is 
observed (Jenkins and Courtney, 2003). The growth of ruminal bacteria 
Pseudobutyrivibrio ruminis is significantly inhibited by linoleic and oleic acids, 
while no inhibition is found in the presence of stearic acid (Koppova et al., 2006). 
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Cellulolytic bacteria do not grow in the presence of any polyunsaturated fatty acids 
(PUFA) at 50 g/mL nor do some butyrate-producing bacteria, including the 
stearate producer Clostridium proteoclasticum, Butyrivibrio hungatei and 
Eubacterium ruminantium. Linoleic acid affected the membrane structure and 
causes detectable damage to the cell integrity in all investigated bacteria (Maia et 
al., 2007). A study on the effectiveness of growth inhibition of E.coli O157:H7, 
Yersinia enterocolitica and Salmonella sp. by lauric, myristic and palmitic (C-16:0) 
acids and their monoglycerides demonstrate that a total of 20 g/mL of myristic 
and palmitic acids and their monolgycerides show promising bioactivity (60-80%) 
against E. coli O157:H7 within 10-24 h; 50 g/mL of monolaurin inhibit Y. 
enterocolitica and E. coli O157:H7 by > 90 % of control for 96 h; otherwise, 40 
g/mL of monolaurin and 30-50 g/mL of lauric acid reduce Y. enterocolitica 
growth by > 65 % of control. The effect of lauric acid and its monoglyceride 
against Salmonella spp. is moderate (inhibition of approximately 30 %) (Altieri et 
al., 2009). 

Evaluation of the effects of oleic acid on primary adhesion and biofilm 
production in eight genotypically different S. aureus strains as well as in the 
biofilm-negative S. carnosus TM300 shows dose dependent inhibition of the 
primary adhesion with an IC50 around 160 g/mL. The adherent bacterial 
population decreases proportionally with increasing concentrations of oleic acid 
whereas an opposite effect is observed on the planktonic population. In the 
presence of oleic acid, the expression of sigB, a gene potentially involved in 
bacterial survival through an effect on fatty acid composition, is not induced. The 
results suggest a natural protective effect of oleic acid against primary adhesion 
(Stenz et al., 2008). Interestingly, linoleic acid can inhibit bacterial conjugation as 
it was shown in the high- throuput screen for the plasmid R388 and a laboratory 
strain of E.coli as a model system. Downstream analysis proves that the chemical 
class of unsaturated fatty acids acts as true inhibitors of the conjugation 
(Fernandez-Lopez et al., 2005).  

Sucrose fatty acid esters such as sucrose palmitate (P-1670) show synergist 
enhancement of the bacteriostatic activity of nisin (is a polycyclic peptide with 
antimicrobial properties which is used as a food preservative) against Gram-
positive but not Gram-negative bacteria. Some enhancement of the bactericidal 
activity of nisin against Listeria monocytogenes is also observed. The synergism is 
observed for all tested fatty acids esters (sucrose palmitate (P-1570 and P-1670) or 
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sucrose stearate (S-1570 and S-1670)), which enhanced the antimicrobial activity 
of nisin against several strains of L. monocytogenes, Bacillus cereus (both cells and 
spores), Lactobacillus plantarum and Staphylococcus aureus. However, the 
combination of nisin and the sucrose fatty acid esters does not affect Gram-
negative bacteria (Salmonella enteritidis, Salm. typhimurium and Pseudomonas 
aeruginosa) (Thomas et al., 1998).  

FAs as well as their mono-, di-, and triacylglycerol forms are able to inhibit a 
human toxic shock syndrome clinical isolate (MN8) and two S. aureus clinical 
bovine mastitis isolates (305 and Novel). The seven most potent inhibitors across 
all strains tested by minimum inhibitory concentration analysis included lauric acid, 
glycerol monolaurate, capric (C-10:0), myristic acids (9Z,11E)-CLA and 
(10E,12Z)-CLA. The saturated FAs (lauric, capric, myristic) and glycerol 
monolaurate behave similarly and reduce overall growth. In contrast, the 
polyunsaturated FAs (linoleic, (9Z,11E)-CLA and (10E,12Z)-CLA) delay the 
beginning of the exponential growth in a dose-dependent fashion. The results 
suggest that lipids are  important in the control of S. aureus during an infection 
(Kelsey et al., 2006). The analysis of effects of the free bile acids (FBAs) cholic, 
deoxycholic and chenodeoxycholic acids on the bioenergetics and growth of 
lactobacilli and bifidobacteria reveals that FBAs at the MIC may disturb membrane 
integrity and that this effect can lead to leakage of the protons, potassium ions  and 
other cellular components and eventually lead to the cell death (Kurdi et al., 2006). 
Additionally, a potassium salt of CLA (CLA-K) has been tested against three 
Gram-positive (Bacillus cereus, Staphylococcus aureus, and Streptococcus mutans) 
and five Gram-negative (Pseudomonas aeruginosa, Salmonella typhimurium, 
Vibrio parahemolyticus, Klebsiella pneumoniae, and Proteus mirabilis) bacteria. 
The study shows that CLA-K mediates growth inhibition for all tested strains, 
particularly the Gram-positive strains. The IC50 value of CLA-K is 96 g/mL for 
B. cereus and S. mutans; 383g/mL for S. aureus, K. pneumoniae and P. 
aeruginosa, 574 g/mL for S. typhimurium and V. parahemolyticus; 766 g/mL for 
P. mirabilis. All cells which are grown in the medium with CLA-K contain CLA in 
their membranes and exhibit irregular cell surface and cell disruption, which are 
greater in Gram-positive than Gram-negative strains. (Byeon et al., 2009). 
Recently, linoleic acid and -linolenic acid (LNA; C-18:39Z,12Z,15Z) has been 
shown to increase the lag phase of B. fibrisolvens JW11 and where the growth is 
initiated only when the PUFA had been converted to vaccenic acid (VA; C-


