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Abstract: in this paper we review the current understanding of biological and physiological 

role of D-α-amino acids and the significance of their presence in foodstuffs. The importance 

of the 19 L-α-amino acids used as building blocks of proteins it is well-known, but the 

biological role of their D-enantiomers in the body has to be further adequately clarified. 

Today it is well established the presence of D-α-amino acids in microorganisms, plants, 

lower animals, mammalian and humans. In food products, D-α-amino acids are generated 

from L-α-amino acids via racemization depending on the processing procedures or the 

use/presence of microorganisms when fermentation occurs.  
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INTRODUCTION 

 

About 500 α-amino acids (AAs) exist in nature, but only 20 are proteogenic, 

i.e. constitute the building blocks of proteins. With the only exception of Gly 

they are chiral molecules being their α-carbon atom a tetrahedral 

stereocentre. Therefore, they can exist as one of two possible stereoisomers. 

The two configurations, L and D (or S and R, respectively, in the Cahn-
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Ingold-Prelog nomenclature, with the exception of Cys), are illustrated in 

figure 1. 
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Figure 1. Structural formula of L- and D-α-amino acids 

 

It is worth mentioning that for Ile and Thr, bearing a second stereogenic 

centre at their β-carbon atom, four stereoisomers are possible. The isomers 

found in proteins are L-Ile and L-Thr with (2S,3S) and (2S,3R) absolute 

configurations, respectively. The (2S,3R) stereoisomer of Ile is called 

L-allo-Ile, whereas L-allo-Thr indicates the (2S,3S) stereoisomer of Thr. 

Proteins/peptides from living organisms contain predominantly L-AAs 

(Kvenvolden, 1975).  

Both the D- and the L-configurated AAs interconvert one to the other over a 

period of time, approaching the equilibrium by the racemization process. 

This process is the result of either a random thermal energy or of a catalyzed 

chemical mechanism. It was proposed to use the AA D/L ratios as a dating 

method, as it is known that L-AAs diminish while the D-forms accumulate in 

dead organisms until equilibrium conditions are reached (Brown, 1985) 

(Robins et al., 2001). In the case of AAs containing a single stereogenic 

centre (at the α-carbon atom) the equilibrium ratio is 1/1 (racemic mixture). 

After the equilibrium is reached the conversion from D- to L-stereoisomer is 

just as rapid as the conversion from L- to D-stereoisomer. Racemization rate 

in dead organisms is influenced by different environmental factors, e.g. 

temperature, AA composition of proteins, water content, pH, ionic strength, 

interaction with bacteria and fungi, etc. As there is a great variability of D/L 

ratios depending on the environment the AA dating should be used only as a 

relative dating technique and must rely on other techniques such as 
14

C. 

D-AAs have been considered unnatural AAs, but the development of 

improved analytical techniques has shown the presence of free and protein-

bound D-AAs in considerable amounts not only in prokaryotes but also in 

eukaryotes including humans.  
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In microorganisms, free and conjugated D-AAs were found in bacteria, 

yeasts and moulds. In bacteria, some D-AAs (D-Ala, D-Asp, D-Asn, 

D-isoAsp, D-Glu, D-Gln, D-isoGln) are part of the structure of cell wall 

peptidoglycans playing an important role in the bacteria resistance to 

proteolytic digestion (Tipper et al., 1979). Free D-AAs were also detected in 

cytoplasm of certain microorganisms (Bhattacharyya et al., 1969). In Gram-

positive bacteria, D-Ala of lipoteichoic acids (LTA) plays a key role for the 

immune response, LTA acting as immunostimulatory molecules (Morath et 

al., 2005). In plants, D-AAs, in particular D-Asp, D-Glu, D-Ala, D-Asn, 

D-Gln, D-Ser, occur naturally in many species in low concentration (0.2-8%) 

either in free state as in pea seedlings, barley lings, tobacco leaves or hops 

blossoms or in conjugated forms (peptides) as in pasture grass, wild rice, 

pea, lentil, tobacco leaves (Brückner et al., 1994). D-Val and D-Leu were 

detected only in coconut milk (Brückner et al., 2003). Plants can use, 

metabolize and biosynthesize D-AAs and peptides containing D-isomers. 

In animals, studies over the last decades have shown the presence of D-AAs, 

in particular D-Ser and D-Asp in different mammalian tissues and body 

fluids of insects and humans (Hamase et al., 2002) (Nagata et al., 2007). Part 

of these D-isomers may originate from the oral and intestinal floras and 

rumen microorganisms. D-AAs are found also in marine invertebrates, in 

some bivalves exceeding 1% of the wet weight of organism (Felbeck et al., 

1987). In these organisms the D-AAs may originate from the seawater. The 

presence of D-AAs in tissues and fluids of marine invertebrates can 

constitute a reservoir for producing L-isomers in extreme conditions 

(malnutrition, stress). In mammals, D-AAs are considered physiologically 

active compounds and markers of diseases and aging via in vivo 

racemization of the corresponding L-isomers (Hamase, 2007). In particular 

D-Ser and D-Asp were found in significant amounts in mammalian tissues 

being produced by the action of endogenous serin racemase and aspartate 

racemase (Homma, 2007) (Yoshimura et al., 2003). It has been shown that 

endogenous D-Ser from cerebral cortex plays an important role in both 

physiological and pathological processes (Wolosker et al., 1999). 

Endogenous D-Asp is involved in endocrine system (Long et al., 1989). In 

different human proteins D-Asp is formed during aging of certain tissues 

including teeth (Helfman et al., 1975) (Helfman et al., 1976), bones (Ohtani 

et al., 1998) and eye cataracts (Fujii et al., 2007).  
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BIOLOGICAL SIGNIFICANCE OF D-αααα-AMINO ACIDS 

 

The presence of D-AAs in human tissues is well accepted today. The 

excretion of the D-stereoisomers of AAs in physiological fluids is influenced 

by age, diet, physiological state and antibiotic therapies. Some D-AAs, in 

particular D-Asp, D-Ser and D-Ala are abundant in urine and blood sera. 

D-AAs have beneficial activities and applications in biomedical sciences but 

some of them increases during human pathologies or diseases. 

Known biological functions (beneficial and harmful effects) of D-AA are 

summarized in table 1.  

 

Table 1: Beneficial and adverse effects of D-α-amino acids in humans 

 

D-αααα-amino 

acid 

Beneficial role Reference  Adverse effect Reference  

D-Ala -Important for the 

immunosuppressive 

cyclosporine A 

biosynthesis 

-Novel cancer gene 

therapy paradigm 

(Hoffmann 

et al., 1994) 

(Stegman et 

al., 1998) 

 

 

 

-Pathophysiology 

of Alzheimer’s 

disease (high 

D-Ala and low 

D-Asp) 

-Renal damages

  

-Increased free 

radicals 

production 

-Associated with 

cow mastitis 

(Csapó et al., 1995) 

(Hamase et al., 2002) 

(Gonzalez-Hernández 

et al., 2003)  

D-Val Inhibition of hepatic 

tumor growth 

(Sasamura 

et al., 1998) 

-Associated with 

cow mastitis 

-Autogenesis and 

maintenance of 

tumors 

(Csapó et al., 1995) 

D-Leu Therapeutic 

properties as 

analgesic 

(Man et al., 

1987) 

-Associated with 

cow mastitis 

-Maintenance of 

tumors 

(Csapó et al., 1995) 

(Fisher, 1998) 

D-Met   Maintenance of 

tumors 

(Sasamura et al., 

1998) 

D-Phe -Treatment of 

depression and 

Parkinson’s disease 

-Therapeutic 

properties as 

analgesic 

(Iumatov et 

al., 1991) 

(Spatz et al., 

1975) 

(Walsh et 

al., 1986)  
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-Stress protective 

action 

D-Tyr Antiinflammatory 

activity 

(Hansford et 

al., 2003) 

Increase of 

production of 

free radicals 

(Gonzalez-Hernández 

et al., 2003) 

D-Trp Niacin activity (Shibata, 

1999) 

(Shibata et 

al., 2000) 

  

D-Asp -Antinociceptive 

effect 

-Neuroendocrine 

role 

-Role in 

reproduction 

(D'Aniello, 

2007) 

(D’Aniello 

et al., 2005) 

(Onat et al., 

1995)  

  

D-Arg -Cancer treatment 

-Dilator action 

(Calver et 

al., 1991) 

(Szende et 

al., 2001)  

Light toxicity 

(DL50 2800 

mg/kg in mice) 

(Navarro et al., 2005) 

D-Ser -Endogenous 

modulator of the 

retina 

-Neuronal activity 

-Modulator of 

glutamatergic 

neurotransmission 

(Bauer et 

al., 2005) 

(Estevens et 

al., 2003) 

(Miller, 

2004) 

(Wolosker 

et al., 2002)  

-Inductor of 

nephrotoxicity 

-Pathophysiology 

of Alzheimer’s 

disease 

-Renal damages 

(Hamase et al., 2002) 

(Ganote et al., 1974) 

(Man et al., 1987) 

D-Thr   Affects the 

neurotransmitter 

balance in the 

brain  

(Boehm et al., 1998) 

D-Cys -Beneficial effects in 

acute alcohol 

intoxication 

-Protection in cancer 

therapeutics 

(Roberts, 

1995) 

(Tsukamoto, 

1990)  

-no mutagenicity (Glatt et al., 1985) 

D-Pro Antitumor effect in 

association with 

PEG-DAO (D-amino 

acid 

oxidase-polyethylene 

glycol) 

(Fang et al., 

2002) 

  

 

It is known that natural and synthetic D-AAs containing peptides are used as 

antibiotics: gramicidin, bacitracin, polymixins, tirocidins, actinomycin, 
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valinomycin. These antibiotics act by disrupting bacterial cell membranes 

through ion channels formation. 

 

D-αααα-AMINO ACIDS IN FOODSTUFFS. MECHANISM OF 

FORMATION. 

 

Usually, food proteins contain L-isomers of AAs, but some D-stereoisomers 

occur in foods either naturally originated or processing-induced under 

specific conditions, e.g. high temperatures, strong acid and alkali, 

fermentation processes or in case of adulteration/fortification of 

non-fermented foods (Chiavaro et al., 1998) (Friedman et al., 1984) (Hayase 

et al., 1975). Free D-AAs are not significant in diet (except some marine 

foods) but are component of proteins which are susceptible to racemization 

by processing. Regarding the taste, usually D-AAs taste sweet as compared 

to their L-isomers which generally have bitter flavor. The hydrophobic 

groups of the side chains of D-Val, D-Leu, D-Trp, D-Phe are involved in the 

intensity of sweet taste, which is greater than that of D-Ala. In some cases, 

the sweetening power of D-AAs with hydrophobic groups is higher than that 

of sucrose (Linden et al., 1999). 

The main D-stereoisomers of AAs that occur in different food products are 

given in Table 2. 

 

Table 2: D-α-Amino acids in different foodstuffs 

 

Type of D-αααα-amino acid Food products Reference  

D-Ala, D-Asp, D-Glu, D-Val, D-Leu, 

D-Ile, D-Ser 

yoghurt, kefir, curdled 

milk, cheese (Gouda, 

Cheddar, Emmentaler, 

Parmesan), ewe’s milk 

(Brückner et al., 1992) 

D-Ala, D-Asp, D-Asn, D-Glu, D-Gln, 

D-Leu, D-Met 

Lactic fermented juice of 

carrots 

(Brückner et al., 1989) 

D-Ala Cabbage juice (Brückner et al., 1989) 

D-Ala, D-Gln Sourdough before baking (Gobetti et al., 1994) 

D-Asp, D-Glu, D-Phe Roasted coffee (Palla et al., 1989) 

D-Pro, D-Ala, D-Glu, D-Asp Beer, wine, vinegar (Calabrese et al., 1995) 

D-Leu, D-Pro, D-Phe Honey  (Pawlowska et al., 1994) 

D-Asp, D-Ala, D-Phe, D-Leu, D-Val Heated almonds (Man et al., 1987) 

D-Asp, D-Ala, D-Phe, D-Leu, D-Val Heated bacon (Fuse et al., 1984) 

D-Asp, D-Ala Processed chicken muscle (Liardon et al., 1983) 

D-Asp, D-Ala, D-Phe, D-Leu, D-Val, 

D-Met 

White bread toast (Bunjapamai et al., 1982) 
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D-AAs are quite common in dairy products and fermented beverages (beer, 

vinegar, wine) resulting from bacterial activity of different microorganisms. 

It is considered that fermented milk products contain higher amounts of 

D-AAs (D-Ala, D-Glu, D-Asp) than pasteurized or UHT milk/milk products 

(Csapó et al., 2007). Variable amounts of D-AAs were found in sourdough as 

a result of acidic bacteria and yeast used in fermentation and also in roasted 

coffee, processed fish meals, honey, hamburger meat, liquid spices and eggs. 

In fruits and fruit juices D-AAs could originate from different sources: plant, 

soil, microorganisms or heat treatments (pasteurization) of juices. 

The presence of D-AAs in foods can be used as an important biomarker of 

thermal treatment, microbial quality and adulteration or fortification of the 

products. In milk, it is considered that a concentration above 4% of D-Ala 

represents an indicative of microbial milk contamination. In honey, the 

enantiomeric ratio of leucine and proline represents a molecular marker of 

age, processing and storage of product. The presence of D-Pro in wines and 

vinegar is used as an indicator for age dating (Chiavaro et al., 1998).  

The findings of D-AAs in commercial foods has stimulated extensive studies 

on the racemization mechanisms that take place in processed foods: 

base-catalyzed or acid-catalyzed, catalyzed by microbial enzymes or by the 

Maillard reaction. One of the fastest protein-bound L-AA which converts via 

racemization to the corresponding D-form is D-Glu.  

The most important mechanism of formation of D-AAs is racemization 

under alkali conditions. The base-catalyzed racemization of AAs is governed 

by acidic proton abstraction from the chiral center of the molecule by bases 

due to resonance stabilization of the planar generated carbanion (Bodanszky, 

1984), as shown in figure 2. 
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Figure 2. Mechanism of base-catalyzed racemization 
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Racemization follows the rate expression: 

ln
1+D/L

1-D/L
}{ = 2k

i 
t

 
 

The rate of racemization 2ki depends on whether the AAs are in free state or 

linked into peptides/proteins. Racemization of some AAs (Ser, Cys, Thr) 

generates not only the D-stereoisomer but also xenobiotic AAs which are 

very reactive and can have toxic effects (dehydroalanine, lysinoalanine) 

(Hayashi, 1982). 

Base-catalyzed racemization occurs in alkali-treated proteins (casein, 

lactalbumin, soy protein, corn protein, wheat proteins) at a temperature 

greater than 50
o
C (Master et al., 1979). The racemization is produced during 

different types of food processing, such as extraction of proteins from 

vegetal sources or bones from meat carcasses, inactivation of mycotoxins, 

protein inhibitors, elimination of nucleic acids from a single-cell biomass. 

The process of β-elimination increases with pH, heat and time of treatment. 

Casein heated at 230
o
C for 20 minutes contains 31% of D-Asp (Hayase et 

al., 1975). Soybean protein treatment under conditions of 0.1 N NaOH and 

75
o
C leads to racemization half-life of essential Cys in less than 30 minutes 

(Friedman et al., 1985). It is considered that racemization of AAs in proteins 

is significantly higher than racemization of free AAs. However, the 

combination of heat and alkali produces higher rates of racemization of 

essential AAs than only heat treatment of foods. 

Acid-catalyzed racemization occurs at a slower rate than base-catalyzed 

racemization and consists in protonation of carboxyl group of an L-AA 

which facilitates the elimination of α-CH proton with the consequent 

generation of asymmetric dehydroalanine, which regenerates in an equimolar 

mixture of D- and L-isomers, as shown in figure 3. 
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Figure 3. Mechanism of acid-catalyzed racemization 
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In fermented foods, an enzymatic racemization is involved by the action of 

racemases and epimerases from bacteria (Brückner et al., 1992). The 

mechanisms involve either the isomeric inversion catalyzed by 

pyridoxal-phosphate coenzyme of the microbial racemase or the conversion 

of L-Lys in D-Lys by microbial and plant enzymes via pipecolic acid 

(Fangmeier et al., 1981). 

Literature data report the formation of D-AAs in many vegetal and animal 

food products as a result of the Maillard reaction, which is a non-enzymatic 

browning reaction in food products (Brückner et al., 2001). The reaction 

takes place between sugars and amino groups. Recently it has been shown 

that the mechanism of action involves the formation of relatively stable 

Amadori compounds (fructose-AAs) and carbanions (Pätzold et al., 2006). 

Despite of their beneficial role in some diseases, D-AAs in diet could have 

negative effects, primary affecting the digestibility of food proteins and their 

nutritional value. Enzymatic hydrolysis of proteins containing D-AAs at 

peptide bonds with L-AAs is slower than that of native proteins, generating 

nonmetabolizable and nutritionally antagonist products. D-stereoisomers of 

essential AAs are poorly utilized, the efficiency of their use in diet strongly 

depending on the activity of D-AA oxidase (DAAO). Mammals absorb and 

metabolize D-AAs via enzymatic (DAAO) oxidation in mitochondria to the 

corresponding α-keto acids which further undergo stereospecific 

transamination yielding the L-enantiomer normally metabolized. Literature 

data report inhibition of DAAO activity by some synthetic preservatives used 

in food and apple juices, like potassium sorbate (Oguri et al., 2007). 

Biochemically, intake of high amounts of D-AAs from processed foods can 

lead to an increase of the DAAO system. Another pathway of D-AAs 

metabolism involves the epimerases and racemases. Potential toxic effects of 

some D-AAs can be induced by oxidative damage of their metabolic 

products as H2O2 (Ercal et al., 1996). Certain D-AAs can increase free 

radicals inducing lipoperoxidation in liver and kidney under specific 

pathological conditions (Cortes-Rojo et al., 2007). 

Several analytical methods are used to detect D-AAs in tissues and food 

products. These methods are based on enantiomeric separation techniques, 

either enzimatically or chemically (reaction with an optically pure reagent or 

uses of chiral stationary phases): HPLC analysis consisting of pre-column 

derivatization with DAAO and chemical modification with 

o-phenylendiamine (Oguri et al., 2005), gas-chromatography (Casal et al., 

2000), gas-chromatography coupled to mass spectrometry (Brückner et al., 

2001), capillary electrophoresis (Vandenabeele-Trambouze et al., 2000), 
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immunocytochemical methods (Schell et al., 1995), enzymatic methods 

using D-AA oxidase (Nagata et al., 1987). 

 

CONCLUSIONS AND FUTURE ASPECTS 

 

In the present review we have considered the presence of D-AAs in 

microorganisms, plants and animals, their adverse and health-promoting 

effects, occurrence in foodstuffs in particular in processed food products. We 

presented also a brief summary of the principal analytical methods used for 

D-AAs determination. Foods are complex mixtures in which not only L-AAs 

from proteins play an important role but also other naturally occurring AAs 

and D-AAs.  

Detection of D-AAs in foodstuffs is used as biomarker of microbial quality, 

thermal treatment and adulteration/fortification of the products. The main 

negative effect of the presence of D-AAs in foods is the decreasing of 

protein digestibility. Evidence showed that in some cases low digestibility of 

proteins can be successfully used in weight control diets or in chronic pain 

control. Complete significance of D-AAs in foods is not entirely known and 

there is still a great demand to thoroughly investigate their role. 
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