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Abstract: 

D-amino acids are unique and essential signaling molecules in neural, hormonal, and immune 

systems. However, the presence of D-amino acids and their recruitment in early animals is mostly 

unknown due to limited information about prebilaterian metazoans. Here, we performed the 

comparative survey of L-/D-aspartate and L-/D-glutamate in representatives of four phyla of basal 

Metazoa: cnidarians (Aglantha); placozoans (Trichoplax), sponges (Sycon) and ctenophores 

(Pleurobrachia, Mnemiopsis, Bolinopsis, and Beroe), which are descendants of ancestral animal 

lineages distinct from Bilateria. Specifically, we used high-performance capillary electrophoresis 

for microchemical assays and quantification of the enantiomers.  L-glutamate and L-aspartate were 

abundant analytes in all species studied. However, we showed that the placozoans, cnidarians, and 

sponges had high micromolar concentrations of D-aspartate, whereas D-glutamate was not 

detectable. In contrast, we found that in ctenophores, D-glutamate was the dominant enantiomer 

with no or trace amounts of D-aspartate. This situation illuminates prominent lineage-specific 

diversifications in the recruitment of D-amino acids and suggests distinct signaling functions of 

these molecules early in the animal evolution. We also hypothesize that a deep ancestry of such 

recruitment events might provide some constraints underlying the evolution of neural and other 

signaling systems in Metazoa. 

 

Keywords: Placozoa, Ctenophora, Porifera, Cnidaria, Capillary electrophoresis, D-amino acids, 

Evolution, Neurotransmitters 
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Highlights 

• D-amino acids are essential for intercellular signaling and evolution  

• Enantiomers have been quantified in early-branching animals  

• Lineage-specific recruitment of D-glutamate could occur in ctenophores  

• D-aspartate is one of the primary enantiomers in other metazoans 

• Deep ancestry of such events could provide constraints in the evolution of signaling  

 

Graphical Abstract: 

  

 

Graphical abstract: D-amino acids are 

essential for intercellular signaling. Direct 

microchemical quantification of 

enantiomers in representatives of early-

branching animals suggests lineage-

specific recruitments of D-glutamate and 

D-aspartate.  Deep ancestry of such events 

might provide some constraints underlying 

the evolution of neural and other signaling 

systems in Metazoa. 
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1. Introduction  

Life is primarily based on L-amino 

acids, but the growing data from different 

disciplines stress the recruitments and 

importance of D-amino acids in various 

signaling and structural functions at all levels 

of biological organization [1-3]. With 

thousands of publications, the chemical 

biology of D-amino acids is transforming 

from scattered observations during the 1960-

90s [4-6] into a rapidly growing field with 

many promises for therapeutic and 

bioengineering [3,7]. For example, since 

bacteria are known sources of D-amino acids, 

there are specific enzymes and mechanisms, 

which recognize these enantiomers as a part 

of the immune response in mammals [8].  

One of the most prominent insights 

came from analyses of L-glutamate-mediated 

transmission. D-serine and D-aspartate had 

received a lot of attention [4,6] due to their 

relative abundance in the brain [9-11], and 

involvement in synaptic transmission, 

including glial signaling [12] and 

neuromodulation via NMDA receptors 

[13,14]. Surprisingly, D-glutamate was 

detected in neurons [15,16], but its functions 

are less understood; and D-glutamate is not 

as abundant in the mammalian brain as D-

aspartate [17]. D-glutamate was likewise 

found in Aplysia neurons [18,19], again at a 

significantly smaller level. The reason for an 

apparent ‘deficiency’ of the usage of D-

glutamate vs. D-aspartate in mammals and 

molluscs (and the majority of invertebrates 

studied so far) is unknown. Structural or 

chemical limitations might play a role. Still, 

there could be some evolutionary constraints 

in the usage of D-amino acids (including their 

synthesis and inactivation mechanisms), 

which requires comparative analyses. 

Various D-amino acids were 

identified only in representatives of several 

bilaterian lineages such as annelids [5,6], 

arthropods [4,20-22], echinoderms [23], and 

hemichordates [24].  The most cell-specific 

microanalytical data exist for molluscs. The 

presence, release, and neuromodulatory 

action of D-aspartate have been demonstrated 

both in cephalopods [25-27] and gastropods 

[28-32]. D-glutamate distribution is less 

studied. D-glutamate was found in the testis 

of the prawn, Marsupenaeus japonicus [20], 

and in the nematode Caenorhabditis elegans, 

where it is involved in the control of 

development [33]. In the silkworm, Bombyx 

mori D-glutamate might control muscle 

contractions [21]. Although it is considered 

that D-glutamate in animals could 

enzymatically be produced by an amino acid 

racemase, similarly to the synthesis of D-
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aspartate and D-serine [34,35], the existence 

of specialized glutamate racemase has never 

been reported in animals. One notable 

exception is an isoform of the aspartate 

racemase from the acorn worm 

(Saccoglossus), which can catalyze the 

formation of both D-aspartate and D-

glutamate from their L-forms in vitro [24]. 

In summary, virtually nothing is 

known about even the usage of D-amino 

acids early in animal evolution.   There are no 

systematic cross-phyla comparisons of the 

recruitment of different enantiomers, and 

comparative data are available for only 7 out 

of 35 extant phyla. It appears that D-

glutamate is less abundant compare to D-

aspartate in most bilaterians studied so far. 

Here, we used high-resolution capillary 

electrophoresis assays to quantify D-amino 

acids in representatives of four basal 

metazoan phyla: Cnidaria, Porifera, Placozoa 

and Ctenophora. And we found evidence for 

a remarkable split in the recruitment of D-

aspartate and D-glutamate at the base of the 

animal tree of life. 

 

2. Materials and methods 

2.1. Animals.  

 For comparative microchemical 

assays, we collected animals from plankton at 

Friday Harbor Laboratories (University of 

Washington). The list includes the 

ctenophores, Beroe abyssicola, 

Pleurobrachia bachei, Bolinopsis 

infundibulum, and the hydrozoan jellyfish, 

Aequorea victoria (Hydrozoa, Cnidaria). The 

calcium sponge Sycon sp. (class Calcarea, 

Porifera) was collected at the docks of the 

Friday Harbor Laboratories. We maintained 

animals for up to one week in running 

seawater at ambient temperature before 

experiments.  

Trichoplax adhaerens (H1 

haplotype), 0.3-2mm in diameter, were 

maintained in the laboratory culture, and 

animals were fed on rice grains and algae 

[36].  

We dissected specific body parts of 

ctenophores under a stereomicroscope and 

washed samples three times (5 minutes) in 

artificial seawater. We also washed 

Trichoplax before the use, and each 

individual was separated for the assay. The 

samples were stored in a PCR tube containing 

Milli-Q water at -80oC until use. 

 

2.2. Microchemical assays of 

enantiomers (L-/D-glutamate, L-/D-
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aspartate) were performed using high-

resolution capillary electrophoresis (CE) 

with laser-induced fluorescence (LIF) 

detector. The principle and details of the 

protocol for amino acid separation assay 

were reported elsewhere[36-38] with some 

modifications for chiral analyses, which we 

summarize below.  

The CE, coupled with the ZETALIF 

detector (Picometrics, France), was used for 

the assay of amino acids. A helium-cadmium 

laser (325nm) from Melles Griot, Inc. 

(Omnichrome® Series56, Carlsbad, CA) was 

used as the excitation source. Before the 

photomultiplier tube (PMT), the fluorescence 

was both wavelengths filtered and spatially 

filtered using a machined 3-mm pinhole. All 

instrumentation, counting, and high-voltage 

CE power supply were controlled using DAx 

7.3 software.  

All solutions were prepared with 

ultrapure Milli-Q water (Milli-Q filtration 

system, Millipore, Bedford, MA) to 

minimize the presence of impurities. Borate 

buffer (30mM, pH=9.5) was used for sample 

preparation. All solutions were filtered using 

0.2μm filters. The buffers were degassed by 

ultrasonication for 10 min to minimize the 

chance of bubble formation. A 75mM o-

Phthalaldehyde (OPA)/β-mercaptoethanol 

(β-ME) stock solution was prepared by 

dissolving 10mg of OPA in 100μL of 

methanol and mixing with 1mL of 30mM 

borate and 10μL of β-ME. Stock solutions 

(10mM) of amino acids were prepared by 

dissolving each compound in the borate 

buffer. OPA and β-ME were stored in a 

refrigerator; fresh solutions were prepared 

weekly.  

All experiments were conducted 

using a 75cm length of 50μm I.D. × 360μm 

O.D. fused silica capillary (Polymicro 

Technologies, AZ). A 30mM borate/30mM 

sodium dodecyl sulfate (SDS) electrolyte 

(adjusted to pH [9 to 10] with NaOH), and 

15mM borate and 10mM beta-cyclodextrin 

electrolyte (adjusted to pH=10.0 with NaOH) 

was used for a separation buffer of chiral 

analysis of both glutamate and aspartate 

(Fig.1). 

We used the pre-column 

derivatization method. A 1μL of o-

Phthalaldehyde (OPA) was placed in a 0.5mL 

PCR tube. The total volume of a sample, 

OPA, and internal standard inside the tube 

was 20μL. For separation steps, the capillary 

inner-wall was successively washed with 1M 

NaOH, Milli Q water, and the separation 

buffer by applying pressure (1900mbar) to 

the inlet vial. Then the sample was loaded 
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using electrokinetic injection (8kV for 12s). 

The separation was performed under a stable 

20kV voltage at 20°C. 

In all CE tests, once an 

electropherogram was acquired, peaks were 

assigned based on the electrophoretic 

mobility of each analyte, and the assignments 

were confirmed by spiking corresponding 

standards into the sample. Five-point 

calibration curves (peak area vs. 

concentration) of analytes were constructed 

for quantification using standard solutions, 

and the dilution factor was required to be 

considered to determine the initial 

concentration. We used the 3σ method to 

determine the limit of detection (LOD). We 

calculated LOD from standard deviations of 

blank (n=5) and the calibration slope of low 

concentration standards. The reproducibility 

and accuracy of the method were evaluated 

by calculating the relative standard deviation 

(RSD) and error values. In order to determine 

the peak area in the electropherograms, a 

baseline was constructed and subtracted 

using a derlim algorithm of DAx software 

version 7.3 (Van Mierlo Software 

Consultancy, the Netherlands). Statistical 

data analysis was performed by Sigma Plot 

software (SPSS, Inc., Richmond, CA). 

All chemicals for buffers were 

obtained from Sigma-Aldrich, and standard 

amino acids were purchased from Fluka. We 

used ultrapure Milli-Q for all solutions and 

sample preparations. 

 

3. Results  

3.1. Development of a highly 

sensitive assay for separation of 

enantiomers using capillary 

electrophoresis.  

Fig. 1 shows the illustrative examples 

of the separation of the chiral forms of 

glutamate and aspartate. Since the 

interactions between beta-cyclodextrin 

electrolyte (β-CD) and o-Phthalaldehyde 

(OPA)-derivatives are pH-dependent, 

various pHs were tested to optimize the 

separation of the glutamate enantiomers 

(aspartate enantiomers showed significantly 

lesser dependence on pH). The L and D forms 

of glutamate closely migrated at pH 9.0, but 

they were resolved with increasing pH and 

were entirely separated at pH 10.0 (Fig. 1A). 

The hydroxyl groups of β-CD become 

negative in a basic condition; with a 20kV 

separation voltage, the electroosmotic flow is 

towards the negative electrode, while β-CDs 

move in the opposite direction[39]. Thus, the 

more an analyte interacts with the β-CD, the 
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slower the complex moves to the negative 

electrode. Fig. 1B shows that the interaction 

strength between β-CD and analytes are L-

Aspartate>D-Aspartate>D-Glutamate>L-

Glutamate. 

Calibration curves were constructed 

by injecting a series of standard mixtures 

covering the tested concentration range (Fig. 

1C). Equations were obtained by the least-

squares linear regression analysis of the peak 

area versus analyte concentration. Fig. 1D 

summarizes the results of the determination 

of reproducibility regarding the accuracy, 

within-day, and day-to-day precision assays 

and limits of detection (LOD). The intra-

assay precision of the method based on 

within-day repeatability was performed by 

replicate injections (n=4), where peak areas 

were measured. The statistical evaluation 

provided the relative standard deviations 

(RSD) at different concentrations. The inter-

assay precision (between-day variation) of 

the method was established by triplicate 

measurements of each concentration over 

three different days. The measured 

concentrations had RSD values <4%.  

In summary, we achieved reliable and 

reproducible assays with nanomolar limits of 

detection (LOD, Fig. 1D).  

3.2. Detection of endogenous 

enantiomers in ctenophores, 

placozoans, sponges, and 

cnidarians.  

The current separation protocol, with 

β-CD as a chiral selector, was highly 

sensitive. As a result, for the samples 

obtained from marine animals, we usually 

performed 1:100 dilutions to be within the 

range of the detection scheme. In all tests 

summarized below, the presence of both D-

and L-forms was confirmed by spiking of 

respective analytes for the same sample, 

immediately after the first assay.  

Figs. 2,3 illustrate examples of these 

assays for ctenophores and placozoan 

species, respectively. Fig. 4 summarizes the 

quantification of enantiomers in all species 

studied and their evolutionary relationships. 

Specifically, we profiled four 

ctenophores species: Pleurobrachia, Beroe, 

Mnemiopis, and Bolinopsis (Figs. 2,4), which 

represent distinct phyletic lineages of this 

earliest-branched animal clade[40]. 

Considering a relatively complex 

morphological organization of Ctenophora, 

we separately analyzed different organs in 

two species (Pleurobrachia and Beroe), 

including the aboral organ – the gravity 

sensor and an analog of the elementary 
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brain[41,42]. All ctenophore samples 

produced comparable results with relatively 

similar concentrations of both L-glutamate 

and L-aspartate. Surprisingly, we did not 

detect D-aspartate in ctenophores (Figs. 

2CD, 2S-3S-supplement). Instead, we 

identified D-glutamate, which was present at 

a relatively high level (about 1/10 of the L-

glutamate concentrations– Fig. 4A). In 

ctenophores, such apparent “deficit” of D-

aspartate and the abundance of D-glutamate 

contrasts with the profiles of enantiomers in 

mammals and the majority of studied 

bilaterians[17,18].    

On the other hand, Trichoplax had a 

high level of D-aspartate, L-aspartate, and L-

glutamate, but no D-glutamate was detected 

(Fig. 3). Again, the identities of every 

enantiomer were confirmed by spiking each 

standard (Fig. 3A). We obtained similar 

results in the sponge Sycon and the cnidarian 

Aglantha (Figs. 4A, 2S-supplement). 

Although we do not entirely exclude the 

presence of D-glutamate in placozoans, 

sponges, and cnidarians (maybe at trace 

amounts or in specific cells), D-aspartate is a 

prevail enantiomer in these three basally 

metazoan lineages as in Bilateria (Fig. 4B). 

  

 

4. Discussion 

Recent phylogenomic reconstructions 

suggest that Ctenophores are the earliest-

branching lineage of all animals [40,43]. The 

second branch on the animal tree of life could 

be the lineage leading to sponges (or Porifera, 

see also [44]).  The current consensus also 

stands that Placozoa is the sister group to the 

clade Cnidaria+Bilarteria [40,43,44] and Fig. 

4B. Regardless of the proposed phylogenies, 

these four groups represent crucial taxon 

sampling to understand the origin and 

evolution of animal traits, the nervous 

system, and neurotransmitters in particular 

[45].  

We showed that the placozoans, 

cnidarians, and sponges had high micromolar 

concentrations of D-aspartate, whereas D-

glutamate was not detectable. In contrast, D-

glutamate was the main enantiomer in 

ctenophores, with no or trace amount of D-

aspartate (Fig.4). This situation illuminates 

lineage-specific diversifications in the 

recruitment of D-amino acids and suggests 

distinct signaling functions of these 

molecules early in the animal evolution. This 

hypothesis might explain the observed 

relatively low abundance (or reduced 

recruitment) of D-glutamate in neural 

systems of bilaterians. It could be a result of 
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the early split and parallel the evolution of D-

amino acids’ signaling systems from the 

common metazoan ancestor to the lineage led 

to ctenophores (predominantly D-glutamate) 

and the rest of the animals (predominantly D-

aspartate), respectively.  

It was shown that in ctenophores, 

both D- and L- glutamate induced muscle 

contractions and elevation of intracellular 

Ca2+ [43]. Thus, one or two enantiomers of 

glutamate could act as a neuromuscular 

transmitter(s) in ctenophores. The functions 

of D-aspartate in sponges, placozoans, and 

cnidarians are unknown, but potentially D-

amino acids can be incorporated in toxins and 

signaling peptides as in bilaterians [46].  

What would be likely sources of D-

glutamate in ctenophores and D-aspartate in 

placozoans, sponges, and cnidarians? 

Dietary, bacterial/symbiotic origins and 

enzymatic synthesis are possible sources to 

be explored. At least two serine/aspartate 

racemases have been implicated in the 

synthesis of D-aspartate in bilaterians 

[34,35,47]. Nonetheless, the synthesis of D-

glutamate is largely unresolved. D-glutamate 

might be produced by lineage-specific and 

genetically unrelated enzymes. For example, 

a specialized aspartate racemase(SSS) can 

catalyze L- to D-glutamate conversiton only 

in hemichordates [24].  

We did not find any obvious 

candidate for genes encoding D-glutamate 

synthetic or degradation enzymes in the 

sequenced genomes of Pleurobrachia and 

Mnemiopsis (such as D-aspartate oxidase 

[EC1.4.3.1] or D-glutamate cyclase 

[EC4.2.1.48]). Yet, in ctenophores, we found 

genes encoding putative serine 

racemase/dehydrogenase, which might be 

candidates for future expression studies and 

enzymatic assays (Fig 1S, Supplement-1).  

Similar orthologs can also be explored as 

candidates for L- to D-aspartate conversion 

in sponges and cnidarians.  There is just one 

putative racemase with unknown specificity 

in Trichoplax (Supplement-1). Thus, we 

expect the discovery of novel enzymatic and 

nonenzymatic pathways of D-amino acid 

synthesis and catabolism at the base of the 

animal tree of life.   

Finally, we did not exclude a 

possibility for the presence of D-aspartate in 

specific cells of ctenophores and D-glutamate 

in sponges, placozoans, and cnidarians. Some 

improvements in LODs and single-cell 

methods could be implemented to minimize 

errors and expand comparative surveys[45]. 

However, our study suggests the early 
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evolutionary split in the recruitment of D- 

glutamate between ctenophores and the rest 

of the animals. And, a broader sampling 

would be required to test further the 

hypothesis outlined in Fig. 4B.  
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Figures and Legends  

 

Figure 1.  Ultrasensitive Capillary Electrophoresis Assay for Separation of Enantiomers. A 

and B: Electropherograms of Glutamate and Aspartate enantiomers. A) The separation conditions 

were pH-dependent (from 9.0 to 10.0) with the optimum at pH=10. B) The electropherograms of 

1μM of L-glutamate and D-aspartate, and 100 nM of D-glutamate and L-Aspartate at pH=10.0. C) 

Standard calibration curves used in the study. D) Correlation coefficients (r), the relative standard 

deviation (RSDs), and limits of detection (LOD) for the enantiomer separation conditions. Samples 

were loaded using electrokinetic injection (8 kV for 12 s) and then analyzed under a stable 20 kV 

voltage at 20oC in 50 μm inner diameter (I.D.) and 360 μm outer diameter (O.D.) capillary with 

15 mM borate and 10 mM of beta-cyclodextrin electrolyte (β-CD).  
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Figure 2. Detection of D-/L-Glutamate and D-/L-aspartate in Pleurobrachia and Beroe 

(Ctenophora): D-glutamate as the major endogenous enantiomer. Electropherograms and 

concentration profile of glutamate and aspartate enantiomers in Pleurobrachia bachei (A) and 

Beroe abyssicola (B) – samples represent whole animals. (C) Electropherograms of standards. (C) 

Electropherograms of Pleurobrachia spiked with D-glutamate (1 µM), L-aspartate (1 µM), and D-

aspartate (10 µM). (D) Electropherograms of Pleurobrachia spiked with L-glutamate (10µM). 

Note, D-aspartate was not detected in A (Pleurobrachia), B (Beroe), D (Pleuronrachia). Samples 

were loaded using electrokinetic injection (8 kV for 12s) and then analyzed under a stable 20 kV 

voltage at 20oC in 50µm inner diameter (i.d.) and 360µm outer diameter (o.d.) capillary with 15 

mM borate and 10 mM β-CD, pH=10.0.  
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Figure 3. Electropherograms and concentration profile of glutamate and aspartate 

enantiomers in Trichoplax adhaerens (Placozoa): D-aspartate as the major endogenous 

enantiomer.  (A) The green (upper) electropherograms of Trichoplax spiked with standards [peaks: 

L-glutamate (10 µM), D-Glu (1 µM), D-aspartate (10µM), and L-aspartate (1 µM). The black 

(lower) electropherogram is a Trichoplax sample under control conditions. (*) is an unknown peak. 

Note, D-glutamate was not detected in Trichoplax. (B) Concentration profile of glutamate and 

aspartate in Trichoplax (n=4). Samples were loaded using electrokinetic injection (8 kV for 12 s) 

and then analyzed under a stable 2 0kV voltage at 20oC in 50 μm I.D. and 360 μm O.D. capillary 

with 15mM borate and 10 mM β-CD, pH=10.0. 
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Figure 4. Presence and quantification of D-/L-Glutamate and D-/L-aspartate representative 

of four phyla of basal Metazoa (+Supplementary Figs:S2,3S). (A) The table with calculated 

endogenous concentrations of different enantiomers (μM±SD, n=3-5). AO – aboral organ; WB – 

whole body. (B) The hypothesis of a possible early split in the recruitments of D-amino acids in 

different animal lineages. The lineage led to Ctenophores might show the predominant usage of 

D-glutamate. In contrast, the lineage led to the rest of the animals (including sponges, placozoans, 

cnidarians, bilaterians) showed the predominant recruitments of D-aspartate[17,18]. The 

phylogenetic tree is based on the reconstructions summarized elsewhere[40,43,44]. 

 

  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2020. ; https://doi.org/10.1101/2020.04.26.036582doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.26.036582
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplement-1:  

Putative Racemases in Basal Metazoans 

Fig 1S-Supplement. Phylogenetic tree of Serine dehydrogenase/Serine racemase orthologs in 

representative animal lineages. 
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Fig. 2S-Supplement. Examples of the enantiomer separations in ctenophores, cnidarians, and 

sponges.  
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Fig. 3S-Supplement. Detections of D-glutamate in different tissues of Pleurobrachia bachei.  

 

 

 

 

Supplement-2:  

Sequences used for the reconstruction of the phylogenetic tree in Fig.1S.  
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