
 

 
 

BIOCHEMICAL SYMMETRIZATION/DESYMMETRIZATION OF ORGANIC 
COMPOUNDS. DENDRIMERIC RELATIONSHIP WITH MOLECULAR FORMULAS 
 
 
 
 
ABSTRACT. 
A criterion for systematization of organic compounds is described. Organic compounds 
(estimated to 16-20 millions) are of three types: (A) symmetric (especially meso and C2 
symmetric), (B) possible symmetry generators, i.e. compounds possessing a real or imaginary, 
but plausible, symmetric correspondent: irrechi (from irregular distribution of chiral carbons) 
and constitutional), and (C) archaic (or primitive) that are neither symmetric nor possible 
symmetry generators. Symmetric compounds are a minority in organic chemistry. The three 
groups are (bio)chemically interchangeable. In preceding papers we have demonstrated that 
almost all natural micromolecular combinations are either symmetric or possible symmetry 
generators; archaic (primitive) type is also represented in natural chemistry. On the other hand, it 
should be stressed that symmetric compounds, both meso and C2 symmetrical (C2 symm.) have 
been found almost exclusively in plants and microorganisms, and they are usually produced from 
constitutional (constit.) precursors. A series of symmetrization/desymmetrization reactions are 
presented, and the proof is evidenced that they can establish a new and coherent concept in 
biochemistry and organic chemistry. Symmetrization reactions can be followed according to 
chemical type involved: oxidation, cyclization, esterification, glycosylation, methylation, etc. 
This approach is valid to all major classes of compounds. A dendrimeric relationship is presented 
within molecular formulae. 
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1. INTRODUCTION 
 
The systematization of organic compounds 
(evaluated to 16-20 million at present time) is 
a difficult task, and this task belongs 
nonetheless to chemistry. The act is quite 
familiar in other sciences ‒ mathematics [1], 
physics [2], biology (Linnaeus, 1753, 1758, 
cited by [3]). Systematization of a multitude 
formed of similar elements, regardless of its 
magnitude, is not the most difficult task, the 
most difficult is to find out a principle, a 
criterion, able to logically integrate all present 
and future component entities. In a tentative 
for systematization of natural micro molecular 
organic compounds, the elements of symmetry 
– mirror plane of symmetry, center of 
symmetry and (alternating) axis of symmetry 
have been considered as principles (criteria) 

for the aimed task. It has been constantly 
searched the capacity of organic compounds to 
exist in a symmetric form [4-11].  
Organic compounds can be classified as 
follows: (A) Symmetric (symmetry in 
chemistry includes chirality [12-16]). 
Symmetric compounds constitute a minority 
in organic chemistry. The most studied 
symmetric compounds are in two groups: (A1) 
meso and (A2) C2 symmetrical (C2 symm.). 
(B) Potential symmetry generators; in other 
words, the investigated combination possesses 
a correspondent symmetric isomer, real or 
imaginary, but plausible. Potential symmetry 
generators are of two types: (B1) irrechi (from 
irregular distribution of chiral carbons); they 
have an identical skeleton with the C2 symm., 
and meso but they differ only by configuration 
of 

component chiral carbons. The phenomenon 
can be named isoskeletomeric relationship 
[16]. (B2) The forth type of isomers possibly 
possessing a different skeleton from the 

aforementioned three have been defined as 
constitutional (constit.) and they are either 
chiral or achiral [14-16]. 



 

 
 

(C) Archaic (or primitive) are combinations 
that are neither symmetric nor potential 
symmetry generators. 
The demanded conditions for every type have 
been described in previous papers [5,6,17,18]. 

 
2. BIOCHEMICAL 
SYMMETRIZATION/DESYMMETRIZAT
ION OF ORGANIC COMPOUNDS 

  
Transformation of a constit., compound in 
either meso or C2 symm., means 
symmetrisation; the reverse is 
desymmetrization. The two transformations 
are exemplified to different classes of 
compounds. 
 
2.1. MONO- AND DISACCHARIDES 
 

Plants, especially higher plants, produce all 
three stereoisomeric forms of tartaric acid [19] 
(Fig. 1.1.a). It should be noticed that 
dimerization of the lower part of meso-tartaric 
acid leads to (2S,3S)-(‒)-tartaric acid, while the 
upper part gives (2R,3R)-(+)-tartaric acid. 
Numerous other similar examples can be 
presented, and their significance is that C2 
symm. compounds (homodimers) are, in 
theoretical terms, derivatives of meso ones 
[20].
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Figure 1.1. Isomers of tartaric acid (a), biosynthesis of (R,R)-(+)-tartaric acid (L-tartaric) from 
D-Glc (b), biosynthesis of L-ascorbate from D-Man 1-P (c). 
 
The direct precursor of tartaric acid is L-
ascorbic acid [21] (Fig. 1.1.b), and ascorbic 
acid is produced from D-glucose. The latter 
is transformed to D-Man 1-P, via D-Glc 1-P 
and D-Fru 6-P. Ascorbate is biosynthesized 
from D-Man 1-P (Fig. 1.1.c). 
Vitaceae and Geraniaceae give (+)-tartaric 
acid, and Bauhinia reticulata (‒)-tartaric 
acid. An ester of the latter with caffeic acid 
was found in Rebula white grape [22], 
Cichorium intybus L., C. endivia L. and 
Lactuca sativa L (Fig. 1.2). Spinach leaves 
biosynthesizes meso-tartaric acid as an ester 

of p-coumaric acid. Pelargonium zonale L. 
produced all three isomers from glycolate-1-
14C [19]. 
An isolation procedure has been invented 
for the separation of the cinnamate 
derivatives from Müller‐Thurgau white 
wine. The products, isolated in crystalline 
state, were cis‐ 
and trans‐p‐coumaroyl‐(+)‐tartaric 
(coutaric) acid and 
trans‐caffeoyl‐(+)‐tartaric (caftaric) acid,

  
 



 

 

H

O
C

H 2N
H

H

OH O

H

O

H OO C CO OH

O H OH

S
C

O
C

CH

N

N H
H O OC

H

H

CO O H

2-S-G lutathionyl caftaric 
acid (constit.)

Coutaric acid (constit.)

O

O H

H
O

H

C OO H

CO O HH O

cis-Coum aroyl 
tartaric acid (constit.)

O

H O

H
O

H

CO OH

CO OHH O

Fertaric acid (constit.)

M eO

O

O H

H
O

H

C OO H

C OO HH O

C

C

O HH

HHO

C OO H

CO O H
L-(+)-Tartaric
acid (C 2 sym m .)

Caftaric acid (c onstit.)

H
O

H

C OO H

C OO HHO

H O

O

O H
Acyl
transferase

Esterase

Acyl
transferase

Esterase

Acyl
transferase

Esterase

Acyl
trans-
ferase

EsteraseAcyl/G SH
transferase

Esterase

 
 
Figure 1.2. Acylation and glutathionylation of L-(+)-tartaric acid. 
 
as demonstrated by spectral data, hydrolysis, 
chromatography, etc. Surprisingly, neither 
ferulic acid derivatives nor the free cinnamic 
acids were detected in this white wine. 
These compounds could constitute a 
biochemical pattern for this food product 
[23]. In phytoplasma susceptible grapevine 
variety ‘Chardonnay’ (Vitis vinifera L.), 
concentration of coutaric and caftaric acid 
changed as a function of the stage of 
infection [24]. Chardonnay grape pomace 
contained a diversity of esterified and 
glycosylated polyphenols which included 
trans-caftaric acid and cis- and trans-
coutaric acids, that were characterized by 1H 
and 13C NMR spectra [25]. In case of 
caftaric acid (the ester of tartaric acid with 

caffeic acid) desymmetrization is increased 
by S-glutathionylation [23]. The attachment 
of cinnamate derivatives to tartaric acids 
may occur by transacylation from acyl-CoA 
activated forms [26]. 
Of the three possible isomers of 1,4-
diphenyl-2,3-butanediol, a C2 symm. isomer 
(dextrorotatory) has been isolated from bull 
testis [27-29]. The absolute configuration of 
this compound has been determined to be 
(2S,3S), by synthesis of the natural diol 
from L-(+)-tartaric acid [30] (Fig. 1.3). 
Erythritol was among the first poyols 
discovered, before the elucidation of 
monosaccharides structure by E. Fischer. 
Erythritol was found in plants in free state or 
as an ester with orsellic acid. Some species 



 

 

of microorganisms of the genus Bacterium 
oxidize polyol to a 2-keto derivative, i. e., 

erythritol to erythrulose. The latter, when 
reduced, led to D-threitol (Fig. 1.4). 
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Figure 1.3. Configuration of a natural 
compound, 1,4-diphenyl-2,3-butanediol, has 
been proved by its synthesis from (+)-
tartaric acid. 
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Figure 1.4. Production of a natural and artificial derivatives of erythritol. 
 
Alternatively, the enantiomeric threitols 
were prepared by D- and L-threose 
reduction, the latter being prepared by chain 
shortening from suitable pentoses [31]. 
D-Mannitol (Fig. 1.5), on which C2 symm. 
phenomenon was evidenced for the first 
time, was found in plants. Relatively recent 
results have indicated that more than 100 
species of vascular plants contain mannitol, 
where it is responsible for different 
biochemical functions: a major carbon 
source, osmoprotectant, etc., [32]. Two 
mannitol biosynthetic pathways are known, 
one linear [32] and one cyclic [33]. The 
linear mannitol biosynthetic pathway takes 
place in higher plants and starts with the 
isomerization of fructose-6-phosphate to 
mannose-6-phosphate, by mannose-6-
phosphate isomerase (M6PI, EC 5.3.1.8), 
which is then converted to mannitol-1-
phosphate by mannose-6-phosphate 
reductase (M6PR, EC 1.1.1.224). In the final 
step, mannitol-1-phosphate is cleaved by 
mannose-1-phosphate phosphatase (M1PP, 
EC 3.1.3.22) to mannitol and inorganic 

phosphate (Fig. 1.6). In the cyclic 
biosynthesis of mannitol, biochemical 
transformations are the same, only mannitol 
is oxidized to fructose, and the latter 
phosphorylated, and thus the metabolic loop 
is resumed. 
The isomers of mannitol, iditol, mannaric 
and idaric acids were prepared by Fischer et 
al., [34-37]. Of the two enantiomers of 
iditol, L-iditol (Fig. 1.7) was found in 
natural materials, in the fruits of Sorbus 
aucuparia [38]. Both isomers are prepared 
especially by chemical synthesis [39,40]. 
Dimerization of one of the two enantiomeric 
halves of galactitol gives D-iditol, while the 
other half gives L-iditol. The same 
reasoning applied to allitol leads to D- and 
L-mannitol. Galactaric acid was obtained by 
oxidation of lactose with nitric acid. Then 
the following sequence was accomplished 
by Fischer: galactaric acid (meso) → (±)-
galacturonic acid (constit.) → (±)-galactonic 
acid (constit.) → (+)-galactonic acid 
(constit.)  + (‒)-galactonic acid (constit.). 
Every separated galactonic acid was
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Figure 1.5. Natural and artificial redox reaction of some monosaccharides. 
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Figure 1.6. Phosphorylation-dephosphorylation of D-mannitol. 
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Figure 1.7. Enzymatic oxidation of L-iditol and D-xylitol. 
 
reduced to galactose (constit.) and then to 
galactitol (meso) [41]. Ribitol has been 
found in nature at least in two plants, Adonis 
vernalis and Bupleurum falcatum root (the 
Chinese drug, Chei-Hou). In a combined 
form it is a constituent of riboflavin (vitamin 
B2). Since ribitol is a meso combination, the 
two ends are not equivalent. An answer 
should be given: ribitol is linked at 
heterocycle with its former aldehyde group 
in D-ribose. The enzyme D-xylulose 
reductase (xylitol:NAD+ oxidoredusctase, 
EC 1.1.1.9) catalyses the oxidation of xylitol 
and 3-deoxyxylitol. The substrate specificity 
of L-iditol dehydrogenase (L-iditol:NAD+ 

oxidoredusctase, EC 1.1.1.14) (Fig. 1.7) is 
nearly to that of D-xylulose reductase, the 
first was used for oxidation of xylitol, ribitol 
and 3-deoxyxylitol [42]. By reduction of L-
(+)-tartaric acid only one isomer, D-malic, 
was obtained [43]. It’s a unique trait of C2 
symm. compounds. 
A variety of biochemical functions are 
played by inositol and its derivatives (Figs. 
1.8 and 1.9). A group of phosphatides 
contain inositol. Phosphatidylinositol, as 
well as smaller amounts of phosphatides 
containing phosphate esters of inositol are 
present in membranes of all eukaryotes
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Figure 1.8. Biosynthesis of myoinositol. 
 
and have a specific role in regulating 
responses of cells to hormones and other 
external agents. One action of PAF on 
platelets is to induce a rapid cleavage of 
phosphatidylinositol 4,5-bisphosphate by 
phospholipase C to give diacylglycerol and 
inositol 1,4,5-trisphosphate. 
Phosphatidylinositol forms part of “anchors” 
used to hold certain proteins onto membrane 
surfaces. In birds and turtles erythrocytes, an 
important constituent is inositol 
pentaphosphate. 
Methylation of myo-inositol produces 
bornesitol (1-O-methyl myo-inositol) or 

ononitol (4-O-methyl myo-inositol). 
[However, sequoyitol (5-O-methyl myo-
inositol is meso). In anchor molecule, myo-
inositol is phosphorylated on C-1 and/or 
glycosylated on C-6.  
Linkage of two D-Glc (constit.) molecules 
gives trehalose (Glcpα1-1αGlcp, 
unreducing, C2 symm.) (Fig. 1.10), and 
phosphorylation produces trehalose-6-
phosphate. Trehalose is also found as 6,6’-
dimycolate (C2 symm.) [44-46] (Fig. 1.11). 
Hydrolysis of trehalose by trehalase destroys  
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Figure 1.9. Alternative phosphorylation, glycosylation, methylation, of myoinositol. 
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Figure 1.10. Biosynthesis of trehalose. 
 
the symmetric system. There are only three 
abundant naturally occurring disaccharides 
important to the metabolism of plants and 
animals: lactose (constit.), sucrose (constit.), 
and trehalose (C2 symm.) [47]. Trehalose, or 
“mushroom sugar,” is found not only in 
fungi but also in many other organisms, 
especially insects. It serves as the primary 
transport sugar in the hemolymph of insects 
and also acts as an “antifreeze” in many 
species. It forms up to 20% of the dry 
weight of anhydrobiotic organisms, which 
can survive complete dehydration. These 

include spores of some fungi, yeast cells, 
macrocysts of Dictyostelium, brine shrimp 
cysts (dried gastrulas of Artemia salina), 
some nematodes, and the resurrection plant. 
These organisms can survive for years in a 
dehydrated state. Hydrogen bonding 
between the trehalose and 
phosphatidylcholine may stabilize the dry 
cell membranes. One of the first detectable 
changes when the spores germinate is a 
rapid increase in the activity of the enzyme 
trehalase which hydrolyzes trehalose to 
glucose. Yeast cells guard against too 



 

 

intense glycolysis by synthesizing trehalose 
6-phosphate, which acts as a feedback 

inhibitor of hexokinase. 
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Figure 1.11. Biosynthesis of trehalose-6,6’-dimicolate (cord factor). 
 
2. DIMERIC DIESTERS 
 
A distinct subgroup of dimeric diesters is 
formed of chiral hydroxyl acids with 
relatively high molecular weight. 

Swinholides A and misakinolide A 
(bistheonellide A) (Fig. 2.1 and Table 2.1)

  

1 01

5

7

1 5

1 9
2 1

1 '

2 1 '

n
O

O

O

O

O

O

O

O

M e

M e
H O

R 1 M e

O M e

H
O H

M e

M e
O H

M e

H O
M e O

M e

M e

O H

H
O H

M e

H O

H O

H

O R 2H

O M eH

n

 
  
Figure 2.1. Natural C2 symm. and irrechi polyketides (see Table 1.1). 
Table 2.1. Polyketides. 
 
R1 R2 n Compound Isomer 

Me Me 1 Swinholide A C2 symm. 
Me Me 0 Misakinolide A (bistheonellide A) C2 symm. 
 



 

 

are similar compounds [48-50]. Swinholide 
A was isolated from the sponge Theonella 
swinhoei [48,51]. Swinholide A and 
misakinolide A are C2 symm. However, 

isoswinholide A is irrechi (ester bond on C-
21 is alpha, while on C-21’ is beta). Other 
dimeric diesters are formed of similar chiral 
hydroxy acids (Fig. 2.2).
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Figure 2.2. C2 symm. dimeric esters formed by internal esterification. 
 
The macrolide marinomycin A has been 
found in the actinomycete Marinispora 
[52,53]. A new metamorphosis-enhancing 
macrodiolide, luminaolide, was isolated 
from the crustose coralline algae 
Hydrolithon reinboldii. Its structure was 
elucidated by spectroscopic analysis [54,55]. 

SCH 351448 is an activator of low-density 
lipoprotein receptor promoter, which was 
discovered from the organic extract of the 
fermentation broth of a Micromonospora 
microorganism. It was also prepared by 
chemical synthesis [49]. Verbalactone, 
vermiculin, malyngolide dimer and 



 

 

tanikolide dimer are C2 symm. macrocyclic 
dimer lactones isolated from the roots of 
Verbascum undulatum Lam. a biennial plant 
of the genus Verbascum that belongs to the 
family Scrophulariaceae. These compounds 
were also prepared by chemical synthesis 
[56-58]. 
 
3. GLYCOLIPIDS 
 
C2 symm. complex glycolipids are  
constructed by the same principle as dimeric 
diesters (Fig. 3.1). Cycloviracin B1 is 
produced by the actinomycete strain 
Kibdelosporangium albatum so. nov. (R761-
7). The compound was also prepared by 

chemical synthesis [49]. In fact, cycloviracin 
B1 is simply chiral. However, its 
biochemical precursor, before the linkage of 
terminal glucosyl residue, is C2 symm. 
Glucolipsin A was found in Streptomyces 
purpurogeniscleroticus and Nocardia 
vaccinii strains. Spectroscopic investigations 
disclosed the symmetric structure of 
glucolipsin A and showed the presence of 
two β-glucose entities within its macrocyclic 
core. However, the absolute stereochemistry 
of the four chiral centers at the periphery 
remained elusive. The compound was also 
prepared by chemical synthesis [49]. 
Cyanolide A is characterized by its content 
of permethylated monosaccharides [57,59].
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Figure 3.1. Symmetric glycolipids. 
 
4. AMINO ACIDS AND THEIR 
DERIVATIVES 
 
The major part of amino acids are constit. 
However, all of them, including the 20 
fundamental ones, possess a symmetric 
correspondent [7,11]. 
 

 
4.1. MESO AND C2 SYMMETRIC 
AMINO ACIDS 
 
Meso term for amino acids and their 
derivatives has been attributed by a visual 
mirror plane of symmetry (Fig. 4.1.a). meso-
Cystine [60,61], meso-diaminopimelic acid 



 

 

[47,62-64] and meso-lanthionine [64-66] 
were studied within metabolism of amino 
acids as well as in investigations concerning 

resolution power of separation methods of 
these important compounds. Linear 
synthetic diamino
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Figure 4.1. Meso (a) and C2 symm. (b) amino acids. 
 
dicarboxylic acids present also meso isomers 
(L/D). Only amino acids with an even number 
of atoms in their skeletom (L,D-cystine) or an 
odd number (L,D-diaminopimelic acid, L,D-
lanthionine, L,D-homolanthionine) 

[61,65,67,68] have a mirror plane of 
symmetry. 
C2 Symmetric Amino Acids. C2 symm. forms 
of amino acids and their derivatives are much 
more numerous and of a higher structural 



 

 

variety than their meso isomers e.g. diamino-
dicarboxylic acids (Fig. 4.1.b, etc.). Natural 
cystine (L,L-cystine; Cys-Cys) is a veritable 
C2 symm. representative; both C2 symm. 
isomers of this amino acid are known: (L,L)-
cystine and (D,D)-cystine [61]. Both of them 
may suffer a reducing reaction, the reduced 
form being D- and L -cysteine (Cys) (constit.). 
Cys is relatively widespread in proteins’ 
constitution and this redox equilibrium 
reaction is characteristic to all oligo- and 
polypeptides containing Cys. It has been 
hypothesized that a cystine residue could bind 
two chains of cell wall polysaccharides 
[69,70]. When the two polysaccharide chains 
are identical, C2 symm. dimers are produced. 
Lanthionine presents a similar isomerism: 
(L,L)- and (D,D)-lanthionine are both C2 
symm.. α,ε-Diaminopimelic acid presents also 
two C2 symm. isomers: (L,L)- and (D,D)-
diaminopimelic acid (Fig. 4.1.b). Linear 
synthetic diamino dicarboxylic acids (L/L or 
D/D) are C2 symm. molecules. A series of 
representatives of these compounds were 
synthesized and their biochemical activity 
investigated [71,72]: α,α’-diaminoglutaric, 
α,α’-diaminoadipic, α,α’-diaminosuberic, α,α’-
diaminoazelaic, α,α’-diaminosebacic, α,α’-
bis(dimethylamino)sebacic, 1,10-
diaminodecane-1,10-dicarboxylic. 
It is easy to understand how Vickery (1957) 
[73] got involved in the compounds called C2 
symm.. In our opinion, there are three major 
arguments which disclosed these molecules to 
Vickery: (i) publications of the group directed 
by Work and Greenstein concerning chemistry 
and biochemistry of diaminopimelic acid; (ii) 
the results of the groups involved in 
investigations about chemistry and 
biochemistry of lanthionine; (iii) a dispute 
appeared in the sixth decade of the past 
century concerning the chemical 
representations of tartaric acid, carbohydrates 
and amino acids [73,74-76]. It is almost 
certain that amino acids, especially lanthionine 
and diaminopimelic acid, and not 
carbohydrates disclosed these molecules to 
Vickery. He evidenced an essential and 
characteristic feature of these compounds, and 
moreover he admitted that the problem is 
extremely important and complex. He got 
involved systematically in these compounds, 
including their chemical nomenclature [77]. 
Vickery (1957) [73] included α,ε-L,L-

diamminopimelic acid in the same category 
with threitol, tartaric acid and cystine. 
Lanthionine was discovered as a product of 
action of alkali on wool [78,79]. 
Subsequently, this C2 symm. amino acid was 
discovered in living matter and its isomers 
synthesized and characterized [65,66]. When 
meso isomer is naturally methylated, methyl 
group is found on D-moiety since this 
fragment come from L-Thr via a didehydro 
intermediate [80-82]. As expected, 
homolanthionine [68 Chiku et al., 2009] 
presents also three linear isomers, two C2 
symm. and one meso. α,ε-Diaminopimelic acid 
was discovered in bacterial products [83 
Work, 1951]. Even from its discovery this 
amino acid was compared with cystine and, as 
expected, three isomers were identified, two as 
a pair of externally compensated isomerides 
(L,L- and D,D) and the other one as a non-
resolvable, internally compensated meso form 
(L,D-). To accomplish their separation, a 
synthetic mixture of the three forms was 
converted into diamides and treated with a hog 
kidney amidase-Mn2+. The action of the L-
directed enzyme led to the following mixture: 
the free L,L-diaminopimelic acid, the D,D-
diamide and the L-diaminopimelic acid-D-
monoamide. This mixture was then separated 
by ion-exchange chromatography [61,67 
Work et al., 1955; Hoare and Work, 1957]. At 
least L,L- and meso forms are natural 
compounds [47 Metzler and Metzler, 2003], 
and an epimerase converts L,L-
diaminopimelic acid to the meso-isomer [84 
Hudson et al., 2006]. An interesting 
biochemical equivalence of lanthionine and 
diaminopimelic acid has been noticed [85 
Mengin-Lecreulx et al., 1994]. 
 
4.2. Bioactive natural products ‒ 
diketopiperazines (DKPs) and their 
derivatives 
 

An impressive number of natural 
products containing 2,5-diketopiperazine ring 
in their molecule have been isolated and 
studied [86-89]. When the two aminoacids are 
identical, C2 symm. diketopiperazines are 
produced. These compounds disclose a large 
variety of biological activities and accordingly 
they are investigated concerning their 
biosynthesis, genetics, synthesis and medicinal 
properties. 



 

 

 
4.2.1. DKPs of amino acids coded in DNA 
(the common amino acids) 
  

2,5-Diketopiperazines were discovered 
by E. Fischer (1906) [90]. Of the 20 common 
amino acids, 19 produce homogenous meso or 
C2 symm. 2,5-diketopiperazines (DKPs) and 
derivatives. Their symmetrical properties are 
investigated especially by Cahn-Ingold-Prelog 
analysis of all chiral centers. When the result 
consists of two enantiomeric halves (evident 
or imaginary), DKPs are meso. Hence all 
DKPs formed of two enantiomers of amino 
acids are meso. A spectacular green-like 
reaction consisted in dimerization of rac-
pipecolic acid. In the absence of every 
catalyst, an unusual case of chiral self-

recognition took place, the only DKP being the 
meso-product [91] (Fig. 4.2). 
 

OH
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H

H
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O

meso DKP  
: 
Figure 4.2. By dimerization of rac-pipecolic 
acid, exclusively meso DKP is obtained. 
 
When the result of Cahn-Ingold-Prelog 
analysis of a 2,5-diketopiperazine consists of 
two identical chiral halves uniformly linked 
(evident or imaginary), it is C2 symm. (Table 
4.1). All possible forms of homogenous (LL, 
DD) and mixed 

 
 
Table 4.1. 2,5-Diketopiperazines of natural aminoacids, as C2 symm. molecules.  
 

HN

NH

O

O

R

R

H

H

2,5-Diketopyperazines

6

2

1

Cyclo-
L-Pro-L-Pro

N

N

O

O

H H6 21

 
 

R  2,5-Diketopiperazine R  2,5-Diketopiperazine 
-CH3  Ala -CH2-CH2-

CONH2  
Gln 

-CH(CH3)2  Val -CH2-COOH  Asp 
-CH2-CH(CH3)2  Leu -CH2-CONH2  Asn 
-CH(CH3)-CH2-CH3 
(3S)  

Ile -CH2-(4-
OH)Phenyl  

Tyr 

-CH(OH)-CH3 (3S)  Thr -CH2-Phenyl  Phe 
-CH2-OH  Ser -CH2-Imidazolyl  His 
-CH2-SH  Cys -CH2-Indolyl  Trp 
-CH2-CH2-S-CH3  Met -(CH2)2-guanidyl  Arg 
-CH2-CH2-COOH  Glu -(CH2)3-NH2  Lys 
 
(D and L) DKPs, as well as of different amino 
acids, were synthesized and/or discovered in 
natural materials [87,88,92-95]. 2,5-
Diketopiperazines formed of different amino 
acids are important since their doubling as 
chiral molecules leads to C2 symm. ones. 
Cyclo(L-Val-L-Val) (C2 symm.) and cyclo(L-
Val-D-Val) (meso) were synthesized in view 
of their comparative oxidation with 

dioxiranes [96]. Cyclodipeptide synthases 
were discovered as a novel enzyme family 
that employs aminoacyl-tRNAs as substrates 
for 2,5-diketopiperazine synthesis [97]. A 
number of 51 cyclodipeptide synthases were 
analyzed concerning their substrate 
specificity, and the conclusion was that they 
use 17 proteinogenic amino acids [98]. 
 



 

 

4.2.2. DKPs with varying structure 
 
A C2 symm. DKP derivative supposed to be 
biosynthesized from L-ornithine is dimerumic 
acid (Fig. 4.5). It has been isolated from the 
mold Monascus anka, [99 Taira et al., 2002]. 
β-Hydroxycaprinyl-serine is a constit. 
dihydroxy acid. According to the rule 
mentioned above, its anhydride, diether and 
dilactone, serratamolide, are C2 symm. 
Serratamolide is a metabolic product of 
Serratia sp. [100]. Both carboline homodimer 
and ent-carboline homodimer are C2 symm. 
(Fig. 4.5) and they both have been 

synthesized either from L- or from D-Trp 
[101]. Pipecolic acid derived DKP (C2 symm.) 
was synthesized by using scandium triflate-
catalyzed [4 + 2] aza-annulation and 
temporary anchoring to a resin [102]. 
Bipolaramide was isolated from cultures of 
Bipolaris sorokiniana; it was also prepared by 
chemical synthesis, and many of 
intermediates are also C2 symm. [103]. Two 
artificial C2 symm. DKPs has been 
synthesized, one destined to the preparation 
of pure aminoacids methylated on the 
asymmetric carbon [88], and the other, CWO-
324, destined to mimick safranin C [104].

 

D im erum ic acid  (chitwin)

OH

H O

N O

N

O H

O H

O

H N
NH

O

O

H

H

Serratam olide 
(chitwin)

H O

O

O

O

O

O

O

H
N

N
H

O H

C arboline hom odim er
(chitw in)

N

N

O

O

H

H

OH
O M eM eO

M eO

O H

O M e

H
N

N
H

N

N

O

O

H

H

OH
O M eM eO

M eO

O H

O M e

H
N

N
H

ent-C arboline hom odim er
(chitwin)

N
N

O

O

H

H H

H

M e

M e

O

O

Pipecolic acid  derived
D K P (chitw in) 

N

N

O

O

O M e

O M e

H

M e

M e

H

OM e

OM e

C W O -324 (chitwin)

 -H ydroxycaprinyl-
serine

C OO H
O H

O
N H

HO

T etraalkyl D K P
(chitwin)

M e

M e

N
N

O

O M e

M e
R

R

Ph
Ph

Bipolaram ide
(chitwin)

O

H O

N

H

N

OH

O H

 
 
Figure 4.3. C2 symm. natural DKPs derivatives. 
 
4.2.3. Chlorinated Leu Monocyclic 
Derivatives 
 
Dysamides A-E (Fig. 4.6) are all C2 symm. 
structures, DKPs of chlorinated Leu; they 

are all N-methylated in DKP ring. They 
have been isolated from marine organisms 
i.e. from marine sponges of the genus 
Dysidea [105].

 
 



 

 

Dysamide B
(chitwin)

Me

Me

N
N

O

O H

H
Cl2HC

CHCl2
Dysamide C
(chitwin)

Me

Me

N
N

O

O

Cl2HC

CHCl2

Dysamide E
(chitwin)

Me

Me

N
N

O

O
CCl3

Cl3C

Dysamide A
(chitwin)

Me

Me

N
N

O

O H

H
Cl3C

CCl3

 
 
Figure 4.4. C2 symm. DKPs based on chlorinated Leu. 
 
4.2.4. L-Phe and L-Tyr Monocyclic 
Derivatives 
 
Some monocyclic derivatives of L-Phe and 
Tyr are C2 symm. dimers (Table 4.2). 
Cyclo(L-Phe-L-Phe) was isolated from P. 
nigricans [106] and from a marine mangrove 
endophytic fungus and presented a 
remarkable anthelmintic activity against H. 
nana and Schistosoma mansoni in mice [107]. 
All three DKP of Phe – LL, DD and DL have 
been synthesized and compared [108]. The 
tyrosine analogue cyclo(L-Tyr-L-Tyr) was 
isolated from the culture liquid of Cordyceps 

sinensis (Berk.) Sacc [109]. Biochemical and 
physiological activities of the tyrosine dimer 
consisted in reversible blockage of voltage-
dependent L-type calcium channels, increased 
the heart rate and cardiac function in the rat 
and was converted into the DOPA analogue 
by PC12 cell lysate, a good producer of 
tyrosine hydroxylase [110]. In fact, both 
cyclo(LTyr-L-Tyr) and the DOPA analogue 
were intermediates in the biosynthesis of the 
anticancer natural products, the ecteinascidins 
[111]. The dimethyl analogue of cyclo(L-Tyr-
L-Tyr) was isolated from Streptomyces 
griseus (SC488) [112].

 
 
Table 4.2. Diketopiperazines of L-Phe and L-Tyr.  
 

Diketopiperazines of L-Phe and L-Tyr

N
N

O

O

H

H

R4

R3

R1 R6

R5

R2

 
 

R1 R2 R3 R4 R5 R6 Compound  Isomer 
H H H H H H cyclo(L-Phe-L-Phe) C2 symm.  

OH H OH H H H cyclo(L-Tyr-L-Tyr) C2 symm. 
OH OH OH OH H H cyclo(L-DOPA-L-DOPA) C2 symm. 
OH H OH H Me  Me N,N-Dimethyl-cyclo(L-Tyr-

L-Tyr) 
C2 symm. 

 
5. A DENDRIMERIC RELATIONSHIP WITH MOLECULAR FORMULAE   
 
Compounds resembling to a tree have been 
called dendrimers [113, 114]. We have 
found a dendrimeric relationship within 
molecular formulae (Fig. 5.1): the trunk is 

molecular formula, branches of order I (that 
depart directly from the trunk) are isomers 
structure ... the terminal branches represent 



 

 

physical, chemical and biological properties of every isomer. 
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Figure 5.1. Dendrimeric relationships within molecular formula.  
 
REFERENCES 
 
1) Polya G. Kombinatorische 

Anzahlbestimmungen für Gruppen 
Graphen und chemische 
Verbindungen. Acta Mathem. 
1937;68:145. 

2) Heisenberg W. Physics and 
Philosophy, The Revolution in 
Modern Science. London George 
Allen & Unwin; 1958. 

3) Porter R. Ed., The Biographical 
Dictionary of Scientists. Oxford 
University Press; 1994. 

4) Iga DP. Basic Principles of the 
Strategy Concerning the Elucidation 
of Configuration of Chiral Centers of 
Linear Isomeric Aldohexoses. Found. 
Chem. 2018a;20:31. DOI 
10.1007/s10698-017-9292-5 

5) Iga DP. Carotenoid Structures, an 
Illustration of a New Kind of 
Symmetry in Chemistry. Chem. Res. 
J. 2021;6(1):20. 

6) Iga DP, Popescu D,  Niculescu VIR. 
On the impact of meso compounds 
and their isomers: towards a new type 

of oscillation?. Chem. Res. J. 
2022;7:39. 

7) Iga DP, Popescu D,  Niculescu VIR. 
Bermuda Triangle in Chemistry. Asian 
J. Chem. Sci. 2022;12(2);14.  

8) Iga DP. An Integrative Action based 
on Molecular Formula and an Exercise 
of Comparative Chemistry Indicate a 
Relationship of Hierarchy and a 
Phenomenon of Duality in Chemistry. 
Chem. Res. J. 2022;7(4):64.  

9) Iga DP. An Exercise of Comparative 
Chemistry – On the Possibility of an 
Alternative to the Chemical World of 
Today Living Things. Asian J. Res. 
Biochem. 2022;10(4):22. Article no. 
AJRB.91360.  

10) Iga DP. All the Major Metabolites 
Containing a Significant Aliphatic 
Moiety Possess At Least One Real or 
Envisaged Meso Isomer. Open Acc. J. 
Bio. Sci. 2022;4(5):2034. 2022- 4(5) 
OAJBS.ID.000486. DOI: 
10.38125/OAJBS.000486 

11) Iga DP. New Chemical Dualities 
Illustrated by Meso and C2 
Symmetrical (CTS) Compounds. 



 

 

Asian J. Biochem. Genet. Molec. Biol. 
2022;12(4):15. Article 
no.AJBGMB.92355, ISSN: 2582-
3698.  

12) Finar IL. Organic Chemistry. Vol 1, 
Longmans Green and Co Ltd London; 
1963. 

13) Finar IL. Organic Chemistry. Vol 2, 
Longmans Green and Co Ltd London; 
1964. 

14) Roberts JD, Caserio MC. Basic 
Principles of Organic Chemistry. W A 
Benjamin Inc Amsterdam; 1977. 

15) Klyne W, Buckingham J. Atlas of 
Stereochemistry Absolute 
Configurations of Organic Molecules. 
Vol 1, Chapman and Hall London; 
1978. 

16) Fujita S. Chirality and RS-
Stereogenicity as Two Kinds of 
Handedness Their Aufheben by 
Fujita’s Stereoisogram Approach for 
Giving New Insights into 
Classification of Isomers. Bull. Chem. 
Soc. Jpn. 2016;89:987. 

17) Iga DP. Chitwin Compounds: A New 
Revelation of Chemistry and Biology. 
Chem. Res. J. 2018b;3:63. 

18) Iga DP. A New Kind of Symmetry in 
Chemistry and Biology and a Virtual 
Mirror Intrinsic to Vegetable Tissues 
Evidenced by Comparative Structural 
Analysis of Dochi Compounds. Chem. 
Res. J. 2020;5:71. 

19) Wagner GJ, Yang C, Loewus, FA. 
Stereoisomeric Characterization of  
Tartaric Acid Produced during L-
Ascorbic Acid Metabolism in Plants. 
Plant Physiol. 1975;55:1071.  

20) Azarnia N, Jeffrey GA,  Shen MS. The 
Crystal Structures of Allitol and D-
Iditol. Acta Crystalogr. 
1972;B28:1007. 

21) Conklin PL, Gatzek S, Wheeler GL, 
Dowdle J, Raymond MJ, Rolinski S, 
Isupov M, Littlechild JA, Smirnoff N. 
Arabidopsis thaliana VTC4 Encodes 
L-Galactose-1-P Phosphatase, a Plant 
Ascorbic Acid Biosynthetic Enzyme. 
J. Biol. Chem. 2006;281(23):15662. 
DOI 10.1074/jbc.M601409200 

22) Mozetic B, Tomazic I, Skvarc A, 
Trebse P. Determination of 

Polyphenols in White Grape Berries 
cv. Rebula. Acta Chim. Slov. 
2006;53:58. 

23) Singleton VL, Timberlake CF, Lea, 
AGH. The phenolic cinnamates of 
white grapes and wine. J. Sci. Food 
Agric. 1978;29:403. 

24) Rusjan D, Veberic R. Mikulic-
Petkovsek M. The response of 
phenolic compounds in grapes of the 
variety ‘Chardonnay’ (Vitis vinifera 
L.) to the infection by phytoplasma 
Bois noir. Eur. J. Plant Pathol. DOI 
10.1007/s10658-012-9967-7 

25) Lu Y, Yeap Foo L. The polyphenol 
constituents of grape pomace. Food 
Chem. 1999;65:1. 

26) Fry SC, Willis SC, Paterson AEJ. 
Intraprotoplasmic and wall-localised 
formation of arabinoxylan-bound 
diferulates and larger ferulate 
coupling-products in maize cell-
suspension cultures. Planta 
2000;211:679. 

27) Neher R. Ein Neuartiges Glykol Aus 
Hodengewebe (+)-1,4-Diphenylbutan-
2,3-Diol. Helv. chim. Acta 
1963;46:1083.  

28) Eik-Nes KB. Factors controlling 
secretion of testosterone in 
anesthetized dogs. in: Proceedings of 
the 6th Pan-American Congress of 
Endocrinology, p. 411. Ed. C. Gual: 
Excerpta Medica, Medica, 
Amsterdam; 1966. 

29) Iturriza F, Carlini MR, Piva F, Martini 
L. Neuroendocrine effects of a non-
steroidal compound of testicular 
origin. Experientia 1977;33(3):396. 

30) Hill RK,  Bradberry TF. Absolute 
configuration of (+)-1,4-diphenyl-2,3-
butanediol. Experientia 
1982;38(1):70. 

31) Meldola R. The Chemical Synthesis of 
Vital Products and the Inter-Relations 
Between Organic Compounds. Vol. I. 
Edward Arnold, London; 1904. 

32) Saxena SC, Kaur H, Verma P, Petla 
BP, Andugula VR, Majee M. Chapter 
9, Osmoprotectants: Potential for Crop 
Improvement Under Adverse 
Conditions. In  Plant Acclimation to 
Environmental Stress. Tuteja N, Singh 



 

 

Gill S. (eds.) Springer Science-
Business Media, New York; 2013;197. 
DOI 10.1007/978-1-4614-5001-6_9 

33) Velez H, Glassbrook NJ. Daub, ME. 
Mannitol biosynthesis is required for 
plant pathogenicity by Alternaria 
alternata. FEMS Microbiol. Lett. 
2008; 285:122.  

34) Fischer E, Hirschberger J. Ueber 
Mannose. IV. Ber. deut. chem. Ges. 
1889;22:3218. 

35) Fischer E. Ueber d und i 
Mannozuckersäure. Ber. deut. chem. 
Ges. 1891;24:539.  

36) Fischer E. Ueber die Configuration 
des Traubenzuckers und seiner 
Isomeren. Ber. deut. chem. Ges. 
1891;24:1836.  

37) Fischer E.  Fay IW. Ueber Idonsäure 
Idose Idit und Idozuckersäure. Ber. 
deut. chem. Ges. 1895;28:1975. 

38) Bertrand G, Lanzenberg, A. 
Preparation of D-iditol by D-idose 
reduction. Compt. rend. 1906;143:291.  

39) Cramer FB, Pacsu, E. Studies in the 
Ketone Sugar Series. VIII. The 
Structure of l-Sorbose Pentaacetate. J. 
Am. Chem. Soc. 1937;59:1467.  

40) Wright L, Hartmann L. Catalytic 
Isomerization of the Hexitols; D-
Glucitol, D-Mannitol, L-Iditol, and 
Galactitol. J. Org. Chem.,  
1961;26(5):1588.  

41) Fischer E, Hertz J. Reduction der 
Schleimsäure. Ber. deut. chem. Ges. 
1892;25:1247. 

42) Anderson PJ. Oxidation of 3-
deoxyxylitol by L-iditol 
dehydrogenase. Biochim. Biophys. 
Acta 1965;110(3):627.  

43) Fischer E. Configuration der 
Weinsäure. Ber. deut. chem. Ges.  
1896;29:1377. 

44) Fischer E, Delbrück K. Synthese neuer 
Disaccharide vom Typus der 
Trehalose. Ber. Deut. Chem. Ges. 
1909;42(2):2776.  

45) Asselineau C, Asselineau J. Trehalose 
containing glycolipids. Prog. Chem. 
Fats Other Lipids 1978;16:59.  

46) Asselineau C, Asselineau J, Laneelle 
G, Laneelle MA. The biosynthesis of 
mycolic acids by mycobacteria. Curr. 

Alternat. Hypoth. Prog. Lipid Res. 
2002;41:501. 

47) Metzler DE, Metzler CM. 
Biochemistry: the chemical reactions 
of living cells. Elsevier Amsterdam; 
2003. 

48) Kobayashi J, Zeng C-M,  Ishibashi M. 
Keruffaride a new all-
ciscyclopentanepentol-containing 
metabolite from the okinawan marine 
sponge luffariella sp. J. Chem. Soc. 
Chem. Commun. 1993;1:79.  

49) Kang EJ,  Lee E. Total Synthesis of 
Oxacyclic Macrodiolide Natural 
Products. Chem. Rev. 2005;105:4348. 

50) Shin I, Hong S, Krische MJ. Total 
Synthesis of Swinholide A: An 
Exposition in HydrogenMediated C-C 
Bond Formation. J. Am. Chem. Soc. 
2016;138(43):14246.  

51) Carmely S, Kashman Y. Structure of 
swinholide-a, a new macrolide from 
the marine sponge Theonella 
swinhoei. Tetrahedron Lett. 
1985;26:511.  

52) Cragg GM, Grothaus PG, Newman 
DJ. Impact of natural products on 
developing new anti-cancer agents. 
Chem Rev. 2009;109:3012.  

53) Kwon HC, Kauffman CA, Jensen PR, 
Fenical W. Marinomycins A-D, 
antitumor-antibiotics of a new 
structure class from a marine 
actinomycete of the recently 
discovered genus “Marinispora”. J. 
Am. Chem. Soc. 2006;128:1622. 

54) Kitamura M, Schupp PJ, Nakano Y, 
Uemura D. Luminaolide, a novel 
metamorphosis-enhancing 
macrodiolide for scleractinian coral 
larvae from crustose coralline algae. 
Tetrahedron Lett. 2009;50(47):6606.  

55) Humisto A, Jokela J, Liu L, Wahlsten 
M, Wang H, Permi P, Machado JP, 
Antunes A, Fewer DP, Sivonen K. 
The swinholide biosynthesis gene 
cluster from a terrestrial 
cyanobacterium, Nostoc sp. strain 
UHCC 0450. Appl Environ Microbiol 
2018;84:e02321-17. 
https://doi.org/10.1128/AEM.02321-
17. 



 

 

56) Das B, Laxminarayana K, Krishnaiah 
M, Nandan Kumar D. A 
Stereoselective Total Synthesis of 
Verbalactone. Helv. Chim. Acta,  
2009;92:1840. 

57) Venkatesham A, Rao RS, Nagaiah, K. 
Stereoselective synthesis towards 
verbalactone and (+)-(3R,5R)-3-
hydroxy-5-decanolide. Tetrahed. 
Asym. 2012;23:381.  

58) Vanjivaca S, Ramanakumar K, 
Rajeswary M, Vantikommu J, Sridhar 
G, Palle S. An alternative 
stereoselective total synthesis of 
Verbalactone. Arkivoc 2018;part 
vii:50.  

59) Pereira AR, McCue C, Gerwick WH. 
Cyanolide A, a Glycosidic Macrolide 
with Potent Molluscicidal Activity 
from the Papua New Guinea 
Cyanobacterium Lyngbya bouillonii. J. 
Nat. Prod. 2010;73(2):217. 
doi:10.1021/np9008128. 

60) Hirs CHW, Moore S, Stein, WH. The 
Chromatography of Amino Acids on 
Ion Exchange Resins. Use of Volatile 
Acids for Elution. J. Am. Chem. Soc. 
1954;76:6063. 

61) Work E, Birnbaum SM, Winitz M, 
Greenstein JP. Separation of the three 
isomeric components of synthetic α,ε-
diaminopimelic acid. J. Am. chem. 
Soc. 1955;77(7):1916. 

62) Meadow PM, Work E. Biosynthesis of 
diaminopimelic acid and lysine in 
Escherichia coli. I. The incorporation 
of 14C from various organic precursors 
into the diaminopimelic acid of a 
lysine-requiring mutant. Biochem. J. 
1959;72:396. 

63) Richaud C, Higgins W, Mengin-
Lecreulx D, Stragier P. Molecular 
Cloning, Characterization, and 
Chromosomal Localization of dapF, 
the Escherichia coli Gene for 
Diaminopimelate Epimerase. J. 
Bacteriol. 1987;169(4):1454. 

64) Uehara A, Fujimoto Y, Kawasaki A, 
Kusumoto S, Fukase K Takada, H. 
Meso-Diaminopimelic acid and meso-
lanthionine, amino acids specific to 
bacterial peptidoglycans, activate 
human epithelial cells through NOD1. 

J. Immunol. 2006;177:1796. doi: 
10.4049/jimmunol.177.3.1796 

65) Brown GB, du Vigneaud, V. The 
stereoisomeric forms of lanthionine. J. 
Biol. Chem. 1941;140:767. 

66) Kellner R, Jung G, Horner T, Zahner 
H, Schnell N, Entian K-D, Gotz F. 
Gallidermin: a new lanthionine-
containing polypeptide antibiotic. Eur. 
J. Biochem. 1988;177:53. 

67) Hoare DS, Work E. The Stereoisomers 
of αε-Diaminopimelic Acid: their 
Distribution in Nature and Behaviour 
towards certain Enzyme Preparations. 
Biochem. J. 1957; 65:441. 

68) Chiku T, Padovani D, Zhu W, Singh 
S, Vitvitsky V, Banerjee R. H2S 
Biogenesis by Human Cystathionine 
γ-Lyase Leads to the Novel Sulfur 
Metabolites Lanthionine and 
Homolanthionine and Is Responsive to 
the Grade of Hyperhomocysteinemia. 
J. Biol. Chem. 2009;284(17):11601. 

69) Fry SC. Cross-linking of matrix 
polymers in the growing cell walls of 
angiosperms. Ann. Rev. Plant Physiol. 
1986;37:165.  

70) Hon DN-S, in Wood and Cellulosic 
Chemistry. Hon DN-S, Shiraishi N. 
(eds). Marcel Dekker New York and 
Basel; 2001. 

71) Simmonds DH. Analogues of 
Diaminopimelic Acid as Inhibitors of 
Bacterial Growth. Biochem. J. 
1954;58:520.  

72) Berger EA, Heppel, LA. A Binding 
Protein Involved in the Transport of 
Cystine and Diaminopimelic Acid in 
Escherichia coli. J. Biol. Chem. 
1972;247(23):7684.  

73) Vickery HB. Assignment of D and L 
prefixes to the tartaric acids. J. Chem. 
Educ. 1957;34:339. 

74) Abernety JL. Some difficulties and 
common errors related to the 
designation of sugar configurations. J. 
Chem. Educ. 1956;33(2):88.  

75) Abernety JL. Assignement of D and L 
prefixes to the tartaric acids. J. Chem. 
Educ. 1957;34(3):150. 

76) Nenitzescu CD. Assignment of D and 
L prefixes to the tartaric acids: An 



 

 

unsettled stereochemical question. J. 
Chem. Educ. 1957;34(3):147. 

77) Downey PF, Black, S. A New 
Naturally Occurring Isomer of β-
methyllanthionine. J. Biol. Chem. 
1957;228:171.  

78) Horn MJ, Jones DB. The isolation of 
lanthionine from human hair, chicken 
feathers, and lactalbumin. J. Biol. 
Chem. 1941;139:473. 

79) Horn MJ, Jones DB, Ringel SJ. 
Isolation of a new sulfur-containing 
amino acid (lanthionine) from sodium 
carbonate-treated wool. J. Biol. Chem. 
1941;138:141. 

80) McAuliffe O, Ross RP, Hill C. 
Lantibiotics: structure, biosynthesis 
and mode of action. FEMS Microbiol. 
Rev. 2001;25:285. 

81) Stein, T. Bacillus subtilis antibiotics: 
structures, syntheses and and specific 
functions. Molec. Microb. 
2005;56(4):845. doi:10.1111/j.1365-
2958.2005.04587.x 

82) Goto Y, Li B, Claesen J, Shi Y, Bibb 
MJ, van der Donk WA. Discovery of 
Unique Lanthionine Synthetases 
Reveals New Mechanistic and 
Evolutionary Insights. PLoS Biol. 
2010;8(3):e1000339. 
doi:10.1371/journal.pbio.1000339. 

83) Work, E. The isolation of a,e-
diaminopimelic acid from 
Corynebacterium diphtheriae and 
Mycobacterium tuberculosis. 
Biochem. J. 1951;49:17. 

84) Hudson AO, Singh BK, Leustek T, 
Gilvarg C. An L,L-Diaminopimelate 
Aminotransferase Defines a Novel 
Variant of the Lysine Biosynthesis 
Pathway in Plants. Plant Physiol. 
2006;140:292.  

85) Mengin-Lecreulx D, Blanot D, Van 
Heijenoort J. Replacement of 
Diaminopimelic Acid by 
Cystathionine or Lanthionine in the 
Peptidoglycan of Escherichia coli. J. 
Bacteriol. 1994;176(14):4321.  

86) Witiak DT, Wei, Y. Dioxopiperazines: 
Chemistry and biology. In: Prog. Drug 
Res. 1990;35:249. Jucker E. (ed.) 
Birkhäuser Basel. 
https://doi.org/10.1007/978-3-0348-

7133-4_7 
87) Huang R, Zhou X, Xuc T, Yang X, 

Liu, Y. Diketopiperazines from 
Marine Organisms. Chem. Biodiv. 
2010;7:2809.  

88) Borthwick AD. 2,5-Diketopiperazines: 
Synthesis, Reactions, Medicinal 
Chemistry, and Bioactive Natural 
Products. Chem. Rev. 2012;112:3641. 

89) Guo C-J, Yeh H-H, Chiang Y-M, 
Sanchez JF, Chang S-L, Bruno KS, 
Wang CCC. Biosynthetic Pathway for 
Epipolythiodioxopiperazine 
Acetylaranotin in Aspergillus terreus 
Revealed by Genome-Based Deletion 
Analysis. J Am Chem Soc. 
2013;135(19):7205. 
doi:10.1021/ja3123653. 

90) Fischer E. Synthese von Polypeptiden. 
XV. Ber. Deut. Chem. Ges. 
1906;39(3):2893. 

91) Nonappa K, Ahonen M, Lahtinen, 
Kolehmainen E. Cyclic dpeptides: 
catalyst/promoter-free, rapid and 
environmentally benign cyclization of 
free aminoacids. Green Chem. 
2011;Issue 5. 

92) Nitecki DE, Halpern B, Westley JW. 
A Simple Route to Sterically Pure 
Diketopiperazines. J. Org. Chem. 
1968;33(2):864. 

93) Kopple KD, Ghazarian HG. A 
Convenient Synthesis of 2,5-
Piperazinediones. J. Org. Chem. 
1968;33(2):862. 

94) Jung ME, Rohloff JC. Organic 
Chemistry of L-Tyrosine. 1. General 
Synthesis of Chiral Piperazines from 
Amino Acids. J. Org. Chem. 
1985;50(24):4909. 

95) Cui C-B, Kakeya H, Osada, H. Novel 
Mammalian Cell Cycle Inhibitors, 
Tryprostatins A, B and Other 
Diketopiperazines Produced by 
Aspergillus fumigatus. II. Physico-
chemical Properties and Structures. J. 
Antibiot. 1996;49(6):534. 

96) Annese C, D’Accolti L, Fusco C, 
Ciriaco F. Advances in Artificial Life, 
Evolutionary Computation and 
Systems Chemistry. WIVACE 2015. 
Communications in Computer and 
Information Science, vol 587. Rossi F, 



 

 

Mavelli F, Stano P, Caivano D. (eds) 
Springer, Cham; 2016. 

97) Gondry M, Sauguet L, Belin P, Thai 
R, Amouroux R, Tellier C, Tuphile K, 
Jacquet M, Braud S, Courçon M, 
Masson C, Dubois S, Lautru S, Lecoq 
A, Hashimoto S, Genet R, Pernodet 
JL. Cyclodipeptide synthases are a 
family of tRNA-dependent peptide 
bond-forming enzymes. Nature Chem. 
Biol. 2009;5(6):414. 

98) Jacques I, Moutiez M, Witwinowski J. 
et al. Analysis of 51 cyclodipeptide 
synthases reveals the basis for 
substrate specificity. Nat. Chem. Biol. 
2015;11:721. 
https://doi.org/10.1038/nchembio.186
8 

99) Taira J, Miyagi C, Aniya Y. 
Dimerumic acid as an antioxidant 
from the mold, Monascus anka: the 
inhibition mechanisms against lipid 
peroxidation and hemeprotein-
mediated oxidation. Biochem. Pharm. 
2002;63(5):1019. 
https://doi.org/10.1016/S0006-
2952(01)00923-6 

100) Wasserman HH, Keggi JJ, McKeon 
JE. Serratamolide, A Metabolic 
Product Of Serratia. J. Am. Chem. 
Soc., 1961;83(19):4107. 
DOI: 10.1021/ja01480a046 

101) Deveau AM, Costa NE, Joshi EM, 
Macdonald TL. Synthesis of 
diketopiperazine-based carboline 
homodimers and in vitro growth 
inhibition of human carcinomas. 
Bioorg. Med. Chem. Lett. 
2008;18(12):3522.  

102) Dandapani S, Lan P, Beeler AB, 
Beischel S, Abbas A, Roth BL, Porco 
JA, Panek JS. Convergent Synthesis of 
Complex Diketopiperazines Derived 
from Pipecolic Acid Scaffolds and 
Parallel Screening against GPCR 
Targets. J. Org. 
Chem. 2006;71(23):8934.  

103) Somei M, Kawasaki T. A simple 
synthesis of the indole alkaloid 
bipolaramide and its derivatives. 
Chem. Pharm. Bull. 
1989;37(12):3426.  

104) Ong CW, Chang YA, Wu J-Y, Cheng 
C-C. Novel design of a pentacyclic 
scaffold as structural mimic of 
saframycin A.Tetrahedron 
2003;59(41):8245.  

105) Su J-Y, Zhong Y-L, Zheng L-M, Wei 
S, Wong Q-W, Mak TCW, Zhou Z-Y. 
Three New Diketopiperazines from a 
Marine Sponge Dysidea fragilis. J. 
Nat. Prod. 1993;56:637. 
https://doi.org/10.1021/np50094a033 

106) Brinkenshaw JH, Mohammed YS. 
Studies in the biochemistry of 
microorganisms. III. The production 
of L-phenylalanine anhydride (cis-L-
3,6-dibenzyl-2,5-dioxopiperazine) by 
Penicillium nigricans (Bainier) Thom. 
Biochem. J. 1962;85:523. 

107) Walchshofer N, Sarciron ME, Garnier 
F. et al. Anthelmintic activity of 3,6-
dibenzyl-2,5-dioxopiperazine, 
cyclo(L-Phe-L-Phe). Amino Acids 
1997;12:41. 
https://doi.org/10.1007/BF01373425 

108) Stipanovic RD, Howell CR. The 
Structure of Gliovirin, a New 
Antibiotic from Gliocladium virens. J. 
Antibiot. 1982;35(10):1326. 

109) Jia JM, J. M.; Ma XC, X. C.; Wu CF, 
C. F.; Wu LJ, L. J.; Hu G. 
Cordycedipeptide A, a New 
Cyclodipeptide from the Culture 
Liquid of Cordyceps sinensis (BERK.) 
SACC. Chem. Pharm. Bull. 
2005;53:582. 

110) Saleh MB, Kerr RG. Oxidation of 
tyrosine diketopiperazine to DOPA 
diketopiperazine with tyrosine 
hydroxylase. J. Nat. Prod. 
2004;67:1390. 
https://doi.org/10.1021/np034083j 

111) Jeedigunta S, Krenisky JM, Kerr RG. 
Diketopiperazines as Advanced 
Intermediates in the Biosynthesis of 
Ecteinascidins. Tetrahedron 
2000;56:3303.  

112) Alvarez ME, Houck DR, White CB, 
Brownell JE, Bobko MA, Rodger CA. 
et al. Isolation and structure 
elucidation of two new calpain 
inhibitors from Streptomyces griseus. 
J. Antibiot. 1994;47:1195.  



 

 

113) André S, Ortega PJC, Perez MA, Roy 
R, Gabius HJ. Lactose-containing 
starburst dendrimers: influence of 
dendrimer generation and binding-site 
orientation of receptors (plant/animal 
lectins and immunoglobulins) on 

binding properties. Glycobiol. 
1999;9(11):1253. 

114) Boas U, Heegaard PMH. Dendrimers 
in drug research. Chem. Soc. Rev. 
2004;33:43.

 
 


