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Abstract 42 

L-serine serves as a central metabolic node that integrates glycolytic flux, lipid metabolism, and one-43 

carbon metabolism. In the mature central nervous system, L-serine is actively stereo-converted to D-serine, 44 

which functions as a neurotransmitter. However, the role of D-serine in cellular metabolism remains 45 

unclear. Here, we show that D-serine competes with mitochondrial L-serine transport, thereby suppressing 46 

one-carbon metabolism. Metabolomic analysis revealed that D-serine reduces intracellular glycine and 47 

formate levels, indicating inhibition of the initial step of the one-carbon pathway. Molecular dynamics 48 

simulations and enzymatic assays revealed that D-serine has low affinity for serine 49 

hydroxymethyltransferase 2 (Shmt2), which catalyzes the first step in mitochondrial one-carbon 50 

metabolism, and does not directly inhibit its activity. Instead, membrane transport assays demonstrated 51 

that D-serine competes with mitochondrial L-serine transport, depleting the substrate of Shmt2. 52 

Functionally, under L-serine poor conditions in vitro and ex vivo, D-serine inhibited the proliferation of 53 

immature and undifferentiated neural cells including glioblastoma stem cells, which depend highly on 54 

one-carbon metabolism. Notably, endogenous D-serine levels were low during early neurodevelopment, 55 

but increased with maturation, coinciding with a shift in the transcriptional profiles of serine metabolic 56 

enzymes at the cellular level. Given that L-serine supports neurodevelopment and D-serine modulates 57 

neurotransmission, this developmental shift in serine enantiomer metabolism appears to align with the 58 

functional transitions of the maturing nervous system. Thus, our findings reveal that serine chirality can 59 

influence mitochondrial substrate availability and one-carbon flux, offering previously unappreciated 60 

insight into the stereoselective regulation of cellular metabolism. 61 
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Introduction 63 

Serine is a unique amino acid, both L- and D-enantiomers of which are synthesized de novo in the 64 

central nervous system. L-serine is primarily synthesized from a glycolytic intermediate through the 65 

phosphorylated pathway, and further stereo-converted to D-serine (Fig. 1a). Serine enantiomers and their 66 

metabolites are critically involved in neural development and neurophysiology in three major ways. First, 67 

L-serine is a crucial carbon donor with the cofactor, folate for the one-carbon metabolism, which is a 68 

universal metabolic process for nucleic acid synthesis, methylation, and reductive metabolism. As these 69 

pathways essentially support proliferative cells, undifferentiated or cancer cells are particularly 70 

susceptible to deprivation of L-serine or inhibition of de novo L-serine synthesis(Geeraerts et al., 2021). 71 

Second, biosynthesis of membrane lipids requires L-serine as an integral component of sphingolipids and 72 

phosphatidylserine. The nervous system includes highly polarized neurons and glia, and has the highest 73 

lipid content/complexity in the mammalian body. Among membrane lipids, sphingolipids are particularly 74 

abundant in the nervous system and are essential for neuronal differentiation, polarization, synapse 75 

formation, and myelination, which are required for development and functional integrity of the nervous 76 

system(Hirabayashi and Furuya, 2008). Third, L-serine serves as a precursor for neurotransmitters, such 77 

as glycine and D-serine. L-serine is converted to glycine by serine hydroxymethyltransferase (Shmt) in the 78 

one-carbon metabolic pathway, and also into D-serine by serine racemase (Srr). Both glycine and D-serine 79 

bind physiologically, albeit with different affinities, to the obligatory (GluN1) and regulatory (GluN3) 80 

subunits of N-methyl-D-aspartate (NMDA) receptors, which regulate excitatory neurotransmission and 81 

are crucial in development and functions of the central nervous system(Chatterton et al., 2002; Nancy and 82 

Dingledine, 1988). In addition, glycine also binds to inhibitory glycine receptors and controls early 83 

embryonic development as well as a variety of motor and sensory functions(Lynch, 2004). 84 

Defects of L-serine synthesis due to single nucleotide polymorphisms in the genes encoding 3-85 

phosphoglycerate dehydrogenase (PHGDH), the rate-limiting enzyme in the phosphorylated pathway, or 86 

the downstream enzyme phosphoserine aminotransferase (PSAT1) are associated with congenital 87 

microcephaly and hypomyelination, and exhibit psychomotor retardation and seizures in humans (Jaeken 88 

et al., 1997; KONING et al., 2002). Phgdh deficient mice die in embryo after 13.5 days post-coitum and 89 

show systemic growth defects, especially severe hypoplasia of the central nervous system, with marked 90 

reductions of L-serine and sphingolipids(Yoshida et al., 2004). Indeed, proliferative-marker-positive cells 91 

and mature neurons are almost entirely absent in these mice, indicating that de novo biosynthesis of L-92 

serine is critical for neuronal proliferation and differentiation. Given that L-serine synthesis impacts 93 

diverse metabolites in one-carbon metabolism, lipid synthesis, and neurotransmitters glycine and D-94 

serine(Yang et al., 2010), L-serine likely serves multiple functions in neural development. Of note, serine 95 

synthesis shows drastic changes after neurogenesis. Neural progenitor cells (NPCs) express PHGDH, 96 

whereas mature neurons lack its expression and lose the ability to synthesize L-serine. In mature neural 97 

tissue, on the other hand, astrocytes take over L-serine synthesis, and supply neurons with L-serine for 98 

synthesis of neurotransmitter D-serine(Wolosker, 2011). This metabolic compartmentalization suggests 99 

that D- and L-serine serve distinct functions tailored to the metabolic demands of specific neural cell types 100 

and developmental stages. However, how D-serine contributes to cellular metabolism beyond 101 

neurotransmission remains largely unknown. 102 

In this study, we employed a metabolomics-based approach to examine how D-serine affects cellular 103 

metabolism, identified its primary target pathway in vitro, and assessed the functional consequences in 104 

neural cells both in vitro and ex vivo systems. 105 
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Main 107 

D-serine impacts metabolites in one-carbon metabolism 108 

To test whether serine chirality influences cellular metabolism in neural tissue, we compared 109 

metabolomic profiles of primary cultured neurons (PCNs) treated with or without L- or D-serine. Serine 110 

enantiomers markedly altered the levels of metabolites such as glycine, cysteine, hypotaurine, taurine, 111 

glutathione, AMP, uracil, and polyamines (Fig. 1A and Fig. S1A and B). These metabolites are 112 

components of the one-carbon metabolic network, including the folate cycle and synthetic pathways for 113 

purine, glutathione, taurine, and polyamine (Fig. 1B), all of which are initiated by one-carbon donation 114 

from L-serine. Compared to D-serine, L-serine affected a broader range of metabolic pathways, including 115 

several amino acid metabolism (Fig. 1C and Fig. S1C). Notably, however, D-serine uniquely caused a 116 

marked reduction in glycine levels (Fig. 1A), which was further confirmed using a two-dimensional 117 

HPLC system (2D HPLC), a highly sensitive tool to quantify enantiomers, to occur independently of any 118 

change in L-serine levels (Fig. 1E and F). Metabolites that showed similar reduction patterns to glycine 119 

were primarily polyamines and their intermediates (Fig. 1D). Given that glycine is synthesized in the 120 

initial step of the one-carbon pathway, and that polyamines are produced in a downstream branch of the 121 

one-carbon network (Fig. 1B), these results suggest that D-serine broadly suppresses one-carbon 122 

metabolism. In support of our view, D-serine treatment on PCNs further reduced production of formate, 123 

an intermediate of the folate cycle in one-carbon metabolism, whereas L-serine enhanced it (Fig. 1G). 124 

Therefore, these findings indicate that D-serine exerts an inhibitory effect on the one-carbon metabolism, 125 

in contrast to the supportive role of L-serine. 126 

 127 

D-serine suppresses one-carbon flux by competing with L-serine transport to mitochondria 128 

In the central nervous system, glycine is synthesized from L-serine by serine 129 

hydroxymethyltransferase (Shmt) 1 and 2 (Fig. 2A), which performs the first transfer of a carbon unit 130 

from L-serine to folate in one-carbon metabolism (Pan et al., 2020). In the presence of mitochondrial 131 

Shmt2, transfer of a carbon unit from L-serine to tetrahydrofolate (THF) and glycine production depends 132 

primarily on mitochondrial enzyme, but not cytoplasmic Shmt1 (Fig. 2A)(Ducker et al., 2016). Therefore, 133 

the molecular target of D-serine in its inhibition of the initial step of one-carbon metabolism is likely 134 

mitochondrial Shmt2 or supply of its substrates into mitochondria (Fig. 2A). To study whether D-serine 135 

impacts catalytic activity of Shmt2, we compared homotetrameric assembly of human SHMT2 combined 136 

with either L- or D-serine in the presence of THF and pyridoxal phosphate (PLP) (Fig. S2). When L- or D-137 

serine was placed in the binding pocket of Shmt2, the eliminating carbon in D-serine was more distant 138 

from phosphorus (P) and oxygen (O) in PLP by 1.50 Å (C-P) and 1.10 Å (C-O) than that in L-serine (Fig. 139 

2B and  Fig. S2A and B), suggesting that D-serine is not a good substrate for SHMT2. To investigate the 140 

stability of serine enantiomers in the binding pocket, we further performed molecular dynamic (MD) 141 

simulation of the serine-bound SHMT2 complex systems. MD simulation indicated that binding of D-142 

serine did not affect the overall structure of SHMT2 compared to that of L-serine (Fig. S2C). On the other 143 

hand, molecular interactions of D-serine with SHMT2 were unstable and D-serine could not stay in the 144 

serine-binding pocket of SHMT2 (Fig. 2C and Supplementary video 1), which is supported by a recent 145 

report that SHMT does not use D-serine as a substrate in the canonical hydroxymethyl-transferase 146 

reaction in one-carbon metabolism(Miyamoto et al., 2024). In contrast, L-serine remained placed stably in 147 

the pocket (Fig. 2C and Supplementary video 2). Therefore, D-serine was unlikely to compete with L-148 

serine binding to SHMT2. Indeed, an in vitro experiment using recombinant SHMT2 showed that D-149 

serine did not affect conversion of L-serine to glycine (Fig. 2D). 150 

Next, we wondered whether D-serine inhibits supply of Shmt2 substrate(s), L-serine or THF, to 151 

mitochondria. Since reduction of glycine caused by D-serine in PCNs was compensated by addition of L-152 

serine, but not of THF (Fig. 1E, 2E), we assumed that L-serine supply to mitochondria is disturbed by D-153 

serine. Moreover, in PCNs, endogenous L-serine synthesis was not disturbed by addition of D-serine (Fig. 154 

1F), suggesting that D-serine affects L-serine transport to mitochondria, but not its synthesis. To confirm 155 

that D-serine impacts L-serine transport to mitochondria, we semi-permeabilized a neuroblastoma cell line, 156 

Neuro2a, to loosen cell membranes and monitored [H3]L-serine transport into mitochondria and other 157 
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organelles in the presence or absence of D-serine. Intriguingly, D-serine competitively inhibited transport 158 

of L-serine in a dose-dependent manner (IC50, 1.604 mM) (Fig. 2F). Thus, these results suggested that D-159 

serine impairs one-carbon metabolism by competing with L-serine transport to mitochondria, but not by 160 

direct inhibition of Shmt2 activity. 161 

To further understand the overall cellular responses to the D-serine burden, we performed RNA-162 

sequencing using Neuro2a cells treated with D-serine. D-serine mildly, but significantly altered the 163 

transcriptome profile compared with vehicle control (Fig. 2G and H). There were 685 up-regulated genes 164 

(log2 fold-change > 0, adjusted p-value < 0.05) and 905 down-regulated genes (log2-fold change < 0, 165 

adjusted p-value < 0.05) (Fig. 2H). To determine whether genes with significant alterations are clustered 166 

in specific functional gene sets, we performed gene set enrichment analysis. Notably, D-serine enhanced 167 

expressions of genes associated with mitochondrial functions, such as respiratory chain complex 168 

assembly, ATP synthesis driven by proton motive force, and mitochondrial gene expression / translation. 169 

On the other hand, gene sets linked to amino acid import across the plasma membrane, cellular growth, 170 

and neuron projection extension were down-regulated (Fig.2I and J and Fig.S3). These dynamic 171 

transcriptional changes in the neuroblastoma cell line indicate that D-serine can impact polarization and 172 

growth of immature neurons negatively and further indicate that immature neurons resist D-serine-173 

induced cellular stress by enhancing mitochondrial function, including energy synthesis. 174 

 175 

D-serine inhibits proliferation of tumor cells 176 

One-carbon metabolism provides essential metabolites for nucleotide synthesis, methylation, and 177 

reductive metabolism, and supports cellular proliferation. Tumor cells are highly proliferative and are 178 

particularly susceptible to deprivation of one-carbon units by L-serine restriction or inhibition of de novo 179 

serine synthesis (Newman and Maddocks, 2017).  Given that D-serine inhibits one-carbon flux by 180 

competing with L-serine in PCNs and the neuroblastoma cell line, we wondered whether D-serine 181 

influences proliferation of neural tumor cells. To test this idea, we treated several human/rodent 182 

neuroblastoma cell lines cultured in the regular medium containing sub-millimolar L-serine and fetal 183 

bovine serum with D-serine. Consistent with our findings that D-serine competes with L-serine transport 184 

(Fig. 2F), high concentrations of D-serine were required to suppress proliferation of neuroblastoma cell 185 

lines cultured in regular medium (Fig. S4A). In contrast, culturing in L-serine/glycine-free medium with 186 

dialyzed fetal bovine serum reduced the proliferation of Neuro2a cells with much lower D-serine 187 

concentrations (IC50 = 1.94 mM) (Fig. S4B-D), which corresponds to the efficacy of D-serine on 188 

inhibition of L-serine transport (IC50 = 1.604 mM) (Fig. 2F). Indeed, with L-serine/glycine-free medium, 189 

D-serine significantly inhibited proliferation of all neuroblastoma cell lines tested, at low millimolar 190 

concentrations (Fig. 3A). In accordance with its effect on PCNs (Fig. 1E), D-serine inhibited production 191 

of glycine and suppressed proliferation of Neuro2a cells, which was rescued by supplementation with L-192 

serine (Fig. 3B and Fig. S4E). Moreover, supplementations with glycine and downstream metabolites of 193 

the folate cycle in the one-carbon pathway (Fig. 1B), such as formate, inosine monophosphate (IMP), or 194 

5,10-meTHF, phenocopied the rescue effect by L-serine (Fig. S4E-I). On the other hand, combinations of 195 

glycine and metabolites of the methionine cycle (methionine or methylcobalamin (meCbl)) as well as 196 

other metabolites associated with one-carbon metabolism (thymidine monophosphate (dTMP) or 197 

glutathione) (Fig. 1B) failed to liberate cells (Fig. S4J and K). These results suggest that D-serine impacts 198 

the folate cycle rather than the methionine cycle in one-carbon metabolism to prevent growth of 199 

neuroblastoma cells. 200 

As neurons and astroglia share a common developmental origin, we further tested whether glial 201 

tumor cells also show vulnerability to D-serine. Glioblastoma is the most common malignant brain tumor 202 

in adults, whose survival rate is low despite advances in surgical and medical neuro-oncology(Bent et al., 203 

2023; Delgado-López and Corrales-García, 2016). Among human glioblastoma cell lines (U87, U251, 204 

SF126), U251 cells were the most sensitive to D-serine treatment (Fig. 3C). Supplementation with glycine 205 

and formate restored proliferation of U251 (Fig. 3D), and 5,10-meTHF recovered the vulnerability to D-206 

serine, albeit very mildly (Fig. 3E), supporting the significance of one-carbon metabolism in growth of 207 

glioblastoma cell lines too. To further test the anti-proliferative effect of D-serine in the tumor 208 
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microenvironment, we made an organotypic brain slice culture from mice with orthotopic xenografts of 209 

glioblastoma cells expressing Venus fluorescence(Tamura et al., 2019). Brain slices of mice implanted 210 

with U87 cells in the striatum were cultured ex vivo for 7 days in serine/glycine-free media containing D-211 

serine or vehicle. D-serine strikingly suppressed expansion of U87 cells with Venus fluorescence 212 

compared to the control treatment, even in ex vivo tumor culture (Fig. 3F and G). Since glioma stem cells 213 

(GSCs) in the glioblastoma have self-renewal and tumor-initiating capacity and cause cancer 214 

recurrence(Gimple et al., 2022; Tang et al., 2021), we wondered whether GSCs also have similar 215 

vulnerability to D-serine. In vitro, D-serine reduced viability of cell lines for GSCs (hG008 and hG020), 216 

established from human glioblastoma specimens25, in a dose-dependent manner with greater efficacy to 217 

the hG008 line (Fig. 3H). This growth defect in hG008 cells induced by D-serine was rescued by 218 

supplementation with glycine and formate, as in neuroblastoma and glioblastoma cells (Fig. S4L). hG008 219 

cells have a sphere-forming capacity23, and we also observed D-serine-induced reduction of sphere 220 

diameters of hG008 cells cultured under the sphere-forming conditions (Fig. 3I). Moreover, in brain slices 221 

of mice with orthotopic xenografts of hG008 cells expressing Venus fluorescence, D-serine significantly 222 

inhibited growth and invasiveness of hG008 cells (Fig. 3J and K). Thus, brain tumor cells showed 223 

consistent vulnerability to D-serine via inhibition of one-carbon metabolism. 224 

 225 

D-serine induces apoptosis by interfering with one-carbon metabolism in neuroprogenitor cells 226 

Neural stem cells have similar characteristics to neural tumor cells with high proliferative 227 

capacity(Reya et al., 2001). To test whether D-serine also affects immature neurons, we made a primary 228 

culture of neuroprogenitor cells (NPCs) from telencephalon in E14 mice in serine-free Neurobasal 229 

medium, treated with D- or L-serine from DIV1. At DIV7, L-serine treatment significantly increased the 230 

number of neurons with a condensed neurites compared to vehicle-treated neurons. In contrast, D-serine-231 

treated culture had fewer number of neurons with sparse neurites, suggesting that D-serine has a negative 232 

impact on maturation of NPCs (Fig. 4A). Furthermore, D-serine activated cleavage of caspase-3 dose-233 

dependently in Nestin-positive NPCs and Tubb3+ developing neurons 48 h after treatment, whereas L-234 

serine had no effect (Fig. 4B-D, Fig. S5A-C). In contrast, vesicular glutamate transporter 2 (vGlut2)-235 

positive mature excitatory neurons, glutamate decarboxylase-67 (Gad67)-positive mature inhibitory 236 

neurons, and glial fibrillary acidic protein (Gfap)-positive glial cells did not undergo apoptosis under D- or 237 

L-serine treatment (Fig. 4B and Fig. S5D and E), suggesting that mature neurons and astrocytes are 238 

resistant to D-serine. Consistently, D-serine treatment at DIV7 did not activate cleavage of caspase-3 or 239 

reduce proliferation of neurons (Fig. 4E and F). Susceptibility of NPCs was pronounced in the presence 240 

of D-serine, but was not caused by other D-amino acids, such as D-aspartate, D-alanine, or D-proline (Fig. 241 

S6A), which can be detected in mammalian intestinal bacteria(Gonda et al., 2023). As D-serine is a 242 

coagonist of NMDA receptors(Mothet et al., 2000; Wolosker and Balu, 2020), we further tested whether 243 

D-serine neurotoxicity involves NMDA receptors(McNamara and Dingledine, 1990). Blockade of Ca2+ 244 

influx through NMDA receptors by a non-competitive NMDA antagonist, MK-801, or of D-serine-245 

binding to the receptors by 5,7-dichlorokynurenic acid (DCKA) did not attenuate D-serine neurotoxicity 246 

(Fig. S6B and C). Also, inhibition of the receptor’s downstream signal by N-nitro-L-arginine methylester 247 

(L-NAME) or an antioxidant (glutathione) did not affect enhanced cleavage of caspase-3 by D-serine (Fig. 248 

S6D and E). Thus, our findings suggest that apoptosis triggered by D-serine in NPCs does not mediate 249 

NMDA receptors. To test whether apoptosis triggered by D-serine involves amino acid metabolism, we 250 

supplemented NPCs treated with D-serine from DIV1 with various L-amino acids or glycine. As expected, 251 

among L-amino acids and glycine, L-serine specifically and dose-dependently inhibited cleavage of 252 

caspase-3 caused by D-serine (Fig. 4G and H), which is consistent with competitive mitochondrial 253 

transport of serine enantiomers (Fig. 2F). Moreover, similar to the observation that 5,10-methylene THF 254 

rescued neural tumor cell growth (Fig. S4I), 5,10-methylene THF restored D-serine-induced cleavage of 255 

caspase-3 in NPCs (Fig. 4I), suggesting that D-serine interferes with L-serine functions, such as its role in 256 

one-carbon metabolism. 257 

To further rule out alternative mechanisms, we examined whether D-serine disrupts L-serine-258 

mediated lipid synthesis. During the neuronal development, NPCs require L-serine to synthesize 259 
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membrane sphingolipids and phospholipids that support cellular expansion and neurite elongation (Fig. 260 

S7A). A comparative lipidomic study using NPCs revealed that D-serine treatment increased 261 

phosphatidylserine, but not sphingolipids or other phospholipids (Fig. S7B and C). To test whether D-262 

serine is incorporated into phosphatidylserine, we extracted membrane lipids, hydrolyzed 263 

phosphatidylserine using phospholipase D (PLD) to release serine, and quantified serine enantiomers 264 

using 2D HPLC (Fig. S7D and E). Phosphatidylserine extracted from NPCs cultured without D-serine 265 

harbored only L-serine, but supplementation with D-serine significantly increased phosphatidyl-D-serine 266 

and decreased phosphatidyl-L-serine (Fig. S7F). This effect was abolished by co-supplementation with L-267 

serine (Fig. S7F). However, exogenous phosphatidyl-L-serine failed to rescue D-serine-induced apoptosis 268 

(Fig. S7G), indicating that composition of membrane phosphatidyl-serine is not the primary cause of cell 269 

death. Together, these results demonstrate that D-serine impairs the survival of immature neural cells not 270 

by modulating neurotransmission or lipid metabolism, but by disrupting one-carbon metabolism through 271 

competition with L-serine. 272 

 273 

Enantiomeric shift of serine metabolism during neural development 274 

Serine metabolism is fundamental to multiple cellular functions and crucial for neural development. 275 

To gain a functional overview of how serine chirality contributes to these processes, we monitored serine 276 

enantiomers and glycine using the 2D HPLC system. L-serine levels in the mouse cerebral cortex showed 277 

a gradual increase during embryonic development, dropped at birth, and remained at a concentration 278 

above 500 nmol/g thereafter (Fig. 4J). As glycine synthesis depends in part on L-serine, glycine showed a 279 

similar trend to L-serine in embryo and maintained levels above 800 nmol/g after birth (Fig.4J). On the 280 

other hand, D-serine was trace during the embryonic stage, but increased gradually after birth. Therefore, 281 

the D/L-serine ratio exhibited a steady increase after birth and reached 0.4 in mature mouse brain (Fig. 4J). 282 

The dynamics of serine enantiomers during the brain development is corroborated by transcriptional 283 

profiles associated with serine chial metabolism. Bulk RNA-seq data of developing neurons derived from 284 

mouse embryonic stem cells (ESC)(Hubbard et al., 2013) or human inducible pluripotent stem cells 285 

(iPSC)(Burke et al., 2020) in public databases showed that diverse transcriptions found in the 286 

phosphorylated pathway of L-serine synthesis (PHGDH, PSAT1, and PSPH), one-carbon metabolism 287 

(SHMT1/2, MTHFD1/2, and MTHFD1/2L), and nucleic acid synthetic pathway (DHFR, TYMS, 288 

MTHFS) decrease along with the neuronal maturation (Fig. S8A and B). In contrast, D-serine-synthetic 289 

enzyme SRR increases after days in vitro 7 (DIV7) in ESC-derived neurons and NPC/Rosetta cells 290 

(DIV14-21) in human iPSC-derived neurons. Subunits of NMDA receptors, including Grin1/GluN1, to 291 

which D-serine or glycine binds, are expressed in matured neurons after DIV16 of mouse ESC-derived 292 

cells (Fig. S8A) or those at DIV49 of human iPSC-derived cells (Fig. S8B). Alterations of serine 293 

metabolism during development were further supported by single-cell RNA-seq performed by Bella et 294 

al.(Bella et al., 2021), which provides crucial information about the trajectory of differentiating cells and 295 

cell type-specific transcriptional profiles during mouse brain development in vivo. Uniform manifold 296 

approximation and projection (UMAP) illustrates that Sox2+ neural progenitor cells (cluster 1, 7, 9, and 297 

11) express L-serine synthetic enzymes (Phgdh, Psat1, Psph) and folate cycle enzymes (Tyms, Mthfd1, 298 

Dhfr) as well as a proliferation marker gene Mki67 (Fig. 4K and Fig. S8C and D). Apoe+ and Aldh1l1+ 299 

astrocytes (cluster 7) also express L-serine synthetic pathways, whereas Tubb3+ mature neurons (cluster 0, 300 

2, 3, 4, 5, 8, 12, 13, 15, 16, 19, 22) do not express serine synthetic enzymes (Fig. 4K and Fig. S8C and D). 301 

Tubb3+ neurons weakly express Srr at P4 but not E10 (Fig. S8E). These transcriptional profiles suggest 302 

that reduction of L-serine biosynthesis during neural development accompanies inactivation of the folate 303 

cycle and one-carbon metabolism, and that mature neurons start to synthesize D-serine. Given that the 304 

folate cycle and one-carbon metabolism, essential for nucleic acid biosynthesis, are the metabolic 305 

signature of cell proliferation, NPCs lose their metabolic activity for proliferation in the embryonic stage 306 

but instead develop the capacity for neurotransmission during the postnatal development. Although we 307 

found that D-serine inhibits L-serine-dependent one-carbon metabolism, its endogenous production is 308 

minimal in neural stem/progenitor cells and increases only after the onset of neuronal maturation, 309 

coinciding with the upregulation of Srr. Thus, D-serine is unlikely to play a direct role in regulating 310 
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proliferative metabolism during early neurodevelopment. Rather, its selective synthesis in post mitotic 311 

neurons appears metabolically rational, aligning with their shift from proliferation to neurotransmission. 312 

  313 
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Discussion 314 

We found that D-serine competes with mitochondrial transport of L-serine, thereby limiting substrate 315 

availability for Shmt2 and suppressing one-carbon metabolic flux. This metabolic interference leads to 316 

reduction of glycine and formate, as well as downregulation of downstream pathways including 317 

polyamine synthesis. Functionally, under L-serine limited conditions, D-serine suppresses the proliferation 318 

and survival of immature neural cells, independent of NMDA receptor activation. Moreover, we 319 

demonstrated that endogenous D-serine production increases postnatally in tandem with neuronal 320 

maturation, whereas early progenitor cells remain devoid of D-serine synthetic enzyme. These findings 321 

highlight a previously unrecognized, stereoselective regulation of cellular metabolism by D-serine, and 322 

provide a rationale for its selective synthesis in mature neurons where proliferative metabolic activity is 323 

no longer required. 324 

In the central nervous system, L-serine increases during fetal development and declines rapidly after 325 

birth, while D-serine increases only after birth and reaches the mature levels within a few weeks (Fig. 4J). 326 

This postnatal increase of D-serine is consistent with a previous report in rats(Hashimoto et al., 1993) and 327 

can be explained by a gradual increase of Srr after birth in mouse glutamatergic neurons (Fig. S8A and E) 328 

or forebrain tissue(Miya et al., 2008). In the mature brain, the majority of Srr is restricted to neurons(Balu 329 

et al., 2014; Miya et al., 2008), which coincides with our view that D-serine synthesis is a sign of neuronal 330 

maturation. In contrast, PHGDH is not expressed in neurons, but is confined to astrocytes in mature 331 

brain(Yang et al., 2010). This astrocyte-specific expression of the L-serine synthetic enzyme accords with 332 

our findings that a set of genes encoding enzymes for L-serine synthesis and one-carbon metabolism are 333 

downregulated in mature neurons, but confined to a cell population with mature astrocyte markers (Fig. 334 

4K and S8). Given that astrocytes require one-carbon metabolism for proliferation and that neurons 335 

prioritize neurotransmission, such cell-type specific and enantio-selective serine metabolism in the 336 

matured brain appears to be a reasonable metabolic compartmentalization. Indeed, loss of D-serine 337 

synthesis does not trigger developmental abnormalities(Miya et al., 2008), but causes functional or 338 

structural abnormalities in mature neurons(Balu et al., 2012; Basu et al., 2009; Horn et al., 2017; Sultan et 339 

al., 2015). Furthermore, supplementation with D-serine in the neonatal brain enhances functional 340 

development of forebrain neurons(Nomura et al., 2016). Therefore, it is likely that D-serine does not 341 

promote differentiation of NPCs, but contributes to functional maturation of differentiated neurons. 342 

While D-serine is important for functional maturation of neurons as well as excitatory 343 

neurotransmission through NMDA receptors(Basu et al., 2009; Horn et al., 2017; Mothet et al., 2000), D-344 

serine has an inhibitory effect on proliferation and triggers apoptosis in NPCs and other immature cells 345 

(Fig. 3 and 4). Extracellular D-serine is a classic trigger of excitotoxicity in neurons(Patel et al., 1990; 346 

Shleper et al., 2005), whereas it induces intracellularly necrosis/apoptosis in renal tubular cells at high 347 

doses(Kaltenbach et al., 1979; Williams and Lock, 2004). Excitotoxicity of D-serine has been reported in 348 

mature neurons in ischemic or neurodegenerative diseases and mediates NMDA receptors (Inoue et al., 349 

2008; Mustafa et al., 2010; Sasabe et al., 2007; Shleper et al., 2005). In contrast, the D-serine toxicity, 350 

which we observed in neural culture, occurs only in immature neurons, and can be rescued by L-serine or 351 

intermediates of the one-carbon metabolism, but not by inhibitors of NMDA receptors or their 352 

downstream signals (Fig. 4G-I and S6). The latter toxicity reported in kidneys mediates hydrogen 353 

peroxide generated through degradation of D-serine by a D-serine catabolic enzyme, D-amino acid oxidase, 354 

plentiful in kidneys(Maekawa et al., 2005). Nonetheless, D-amino acid oxidase is not expressed in 355 

neurons or in the forebrain(Gonda et al., 2022). Furthermore, as we could not find protective effects by an 356 

antioxidant against D-serine toxicity in immature neurons (Fig. S6E), involvement of oxidative stress by 357 

hydrogen peroxide is unlikely. Thus, D-serine toxicity observed in this study does not appear mediated by 358 

mechanisms previously reported. Importantly, Okada et al., suggests that renal tubular toxicity by D-359 

serine can be ameliorated by L-serine(Okada et al., 2017). Although the authors did not demonstrate 360 

involvement of one-carbon metabolism in D-serine toxicity in the kidneys, their observation could be 361 

associated with our findings that D-serine functionally competes with L-serine (Fig. 4H). 362 

We show that D-serine attenuates cell proliferation by inhibiting one-carbon metabolism (Fig. 3). D-363 

serine concentration required to inhibit cell proliferation is greater than physiological concentration (~300 364 
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μM), therefore it is unlikely that physiological level of D-serine determines cell fate. However, it is 365 

important to understand that concentration of D-serine increase over the brain development that interferes 366 

efficient L-serine metabolic process. Since proliferative cells require one-carbon units for nucleotide 367 

synthesis and methylation (Fig. 1B), one-carbon metabolism is crucial for both developmental and 368 

proliferative tissues(Ducker and Rabinowitz, 2017). As we observe that immature cells are susceptible to 369 

D-serine (Fig. 4), demand for one-carbon units is highest in fetal development(Ducker and Rabinowitz, 370 

2017). Indeed, in humans, deficiency of L-serine or folate, which receives one-carbon units from L-serine, 371 

leads to congenital defects in the central nervous system(Acuna-Hidalgo et al., 2014; Beaudin and Stover, 372 

2009). Supply of one-carbon units from L-serine has both cytoplasmic and mitochondrial branches in one-373 

carbon metabolism (Fig. 1B), but the mitochondrial pathway is critical in embryonic development(Ducker 374 

and Rabinowitz, 2017; MacFarlane et al., 2008). Therefore, transport of L-serine, generated in the 375 

cytoplasm, into mitochondria appears to be a critical step for cellular proliferation during development. A 376 

seminal study by Kory et al. has shown that sideroflexin 1, a multipass inner mitochondrial membrane 377 

protein, and its homologs mediate L-serine transport to mitochondria(Kory et al., 2018). Notably, they 378 

show in vitro that D-serine competes with L-serine transport through sideroflexin 1. Together with our 379 

results from an in vivo L-serine competition assay (Fig. 2F), D-serine may compete with general L-serine 380 

transport to mitochondria through transporters, such as sideroflexin homologs. In addition, de novo serine 381 

synthesis and mitochondrial one-carbon pathway are required for the proliferative phenotype in a large 382 

variety of human cancers(Jain et al., 2012; Labuschagne et al., 2014; Lee et al., 2014; Lewis et al., 2014; 383 

Nilsson et al., 2014). Therefore, the broad anti-proliferative effect of D-serine on neural tumor cells (Fig. 384 

3) supports our idea that D-serine inhibits the mitochondrial one-carbon pathway. Since cancer genetics 385 

indicate two pathways not targeted by existing therapies, de novo serine synthesis and mitochondrial one-386 

carbon metabolism(Ducker and Rabinowitz, 2017; Newman and Maddocks, 2017), inhibition of L-serine 387 

transport to mitochondria, such as by potent D-serine derivatives, to disconnect these two pathways might 388 

be a reasonable target for development of cancer therapeutants. 389 

Neuronal metabolism exhibits the unique property of serine isomerization to adapt to functional 390 

maturation (Fig. 4). Consequently, mature cerebrum contains sub-millimolar levels of D-serine, which 391 

account for a quarter of total serine in the cerebrum and are about 100-times higher than blood 392 

levels(Miyoshi et al., 2009). This active stereo-conversion of serine in the cerebrum is unique to 393 

mammals among vertebrates(Nagata et al., 1994), implying that neurophysiological functions of D-serine 394 

are inseparable from the functional evolution of the cerebrum in higher vertebrates. Indeed, whereas 395 

either D-serine or glycine are required to activate NMDA receptors, D-serine binds to the GluN1 subunit 396 

of NMDA receptors with higher affinity than does glycine(Furukawa and Gouaux, 2003) and also has an 397 

inhibitory effect on the GluN3 subunit by competing with glycine(Chatterton et al., 2002). Therefore, 398 

extracellular D-serine appears to be evolutionarily important as a neurotransmitter, with different 399 

properties than glycine. On the other hand, the inhibitory function of intracellular D-serine against 400 

mitochondrial one-carbon metabolism (Fig. 1 and 2) may be an evolutionarily inherited trait from the 401 

biological ancestors of mitochondria, bacteria(Archibald, 2015). Notably, bacteria depend on one-carbon 402 

metabolism for their growth, and D-serine attenuates bacterial growth by inhibiting L-serine 403 

metabolism(Cosloy and McFall, 1973). Therefore, bacterial sensitivity to D-serine may reveal a common 404 

pathway for inhibition of mitochondrial one-carbon metabolism by D-serine. Given that neurons do not 405 

express enzymes for mitochondrial one-carbon metabolism upon maturation (Fig. S8), evolutionary 406 

acquisition of neurophysiological functions of D-serine without cytotoxicity may be due to the fact that 407 

mature neurons are not proliferative and do not depend on this conserved metabolic feature of 408 

mitochondria. While complete understanding of the significance of serine stereo-conversion in the 409 

developmental brain will require further studies to illuminate neurogenesis under spatio-temporally 410 

controlled D-serine, our findings provide a basis to understand the significance of maintaining serine 411 

enantiomer balance in the central nervous system. 412 

  413 
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Materials and Methods 414 

Animals 415 

All animal experiments were approved by the institutional Animal Experiment Committee and 416 

conducted in accordance with Institutional Guidelines on Animal Experimentation at Keio University. 417 

C57BL/6Jjcl mice were purchased from CLEA Japan (Tokyo, Japan).  ICR mice were from Charles River 418 

Laboratories (Wilmington, MA, USA). Female BALB/c nude mice (BALB/cSlc-nu/nu) were from Japan 419 

SLC (Shizuoka, Japan).  Mice were raised in 12 h light and dark cycle with free access to food (CE-2, 420 

CLEA Japan) and water in the specific pathogen-free environment.  421 

 422 

Antibodies 423 

Rabbit polyclonal antibodies to cleaved caspase-3 (5A1E) and to GAPDH (14C10) were purchased 424 

from Cell Signaling Technologies (Danvers, MA, USA). Mouse monoclonal antibodies to GFAP (Z0334), 425 

vGLUT2 (8G9.2), and GAD67 (1G10.2) were from Agilent Technologies (Santa Clara, CA, USA), 426 

Abcam (Cambridge, UK), and Merck Millipore (Darmstadt, Germany), respectively. 427 

 428 

Cell culture and proliferation assay 429 

NPCs and primary cultured astrocytes (PCAs) were prepared as follows.  Telencephalon tissues from 430 

ICR mice were dissected at the embryonic day 14, treated with papain, and disassembled by pipetting. 431 

The cell suspension was passed through a 40-μm filter, centrifuged, and resuspended in a Neurobasal 432 

medium without serine (NB-S). NB-S was manufactured  by Research Institute for the Functional Peptide 433 

(Yamagata, Japan) based on the concentration of each chemicals in Neurobasal media (ThermoFisher: 434 

21103049)  described in the technical resources at ThermoFisher. NPCs were cultured in NB-S 435 

supplemented with 2% B-27 supplement (ThermoFisher, Waltham, MA, USA), 1% Penicillin-436 

streptomycin solution (ThermoFisher), and 1% GlutaMAX supplement (ThermoFisher).  For PCAs, 437 

NPCs were differentiated into astrocytes within 7 days by changing the medium to D-MEM (high 438 

glucose) (Fujifilm Wako, Tokyo, Japan) supplemented with 10% FBS (A5256701, ThermoFisher) and 439 

1% Penicillin-Streptomycin at 24 h in vitro. 440 

Neuroblastoma (Neuro2a, F11, NSC34, and SHSY5Y) and glioma (U87, U251, SF126) cell lines 441 

were cultured in MEM supplemented with 10% dialyzed FBS (S-FBS-NL-065, SERENA Europe GmbH, 442 

Brandenburg, Germany), 5 mM D-glucose, 65 μM sodium pyruvate, 1 ×  MEM vitamin solution 443 

(ThermoFisher), 2 mM L-glutamine, 0.15 mM L-proline, 0.15 mM L-alanine, 0.15 mM L-aspartic acid, 444 

0.15 mM L-glutamic acid, and 0.34 mM L-asparagine (-SG media) as described in Tajan et al.(Tajan et al., 445 

2021), unless otherwise noted. Proliferation of NPCs, PCAs, and cancer cell lines was analyzed with Cell 446 

Counting Kit-8 in accordance with the manufacture’s protocol (Dojindo, Kumamoto, Japan). 447 

 448 

Western blot 449 

NPCs were harvested in a lysis buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20 mM 450 

ethylenediaminetetraacetate (EDTA), 1% TritonX-100, protease inhibitor cocktail (Sigma-Aldrich, St. 451 

Louis, MO, USA)].  Protein concentration was analyzed with a BCA assay kit (ThermoFisher), and 20-80 452 

µg of protein were subjected to SDS-PAGE.  Then, proteins were transferred to the PVDF membranes 453 

and blocked with 10% skim milk in PBST. Proteins were detected with anti-cleaved caspase-3 antibody 454 

or ant-GAPDH antibody (Cell Signaling Technology, MA, USA), and HRP-conjugated secondary 455 

antibodies (Jackson ImmunoResearch Laboratories, PA, USA). 456 

 457 

Metabolomics 458 

Cells were washed twice with 10 mL of PBS(-). The PBS(-) was aspirated, and 1 mL of MeOH 459 

containing internal standards was added to the dish. The dish was left for 10 min, and a sample solution 460 

was obtained and transferred to a tube. For metabolite extraction, the tube was vortexed and subsequently 461 

centrifuged at 20,380×g for 10 minutes at 4 °C (MDX-310, TOMY Seiko, Tokyo, Japan).  The 150 μL of 462 

supernatant was transferred to another tube and dried by centrifugation at 1,600 rpm (366×g) for 90 min 463 

at room temperature (VC-96W, Taitec, Saitama, Japan).  Then, 10 μL of 90% MeOH were added, 30 μL 464 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted August 5, 2025. ; https://doi.org/10.1101/2024.09.03.610855doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.03.610855
http://creativecommons.org/licenses/by/4.0/


of H2O were added and mixed, and then the tube was centrifuged at 20,380×g for 10 minutes at 4 °C.  465 

The 20 μL of supernatant were transferred to a vial and injected into the LC-MS system. 466 

The LC-MS instrument has previously been described in detail(Fuse et al., 2020).  Briefly, an 467 

Agilent Technologies 1290 Infinity LC system and a G6230B time-of-flight MS (TOF–MS) (Agilent 468 

Technologies, Santa Clara, CA, USA) were used.  Each sample was analyzed in positive and negative 469 

modes.  Conditions for the analysis in positive mode were set as described previously, with slight 470 

modification(Tomita et al., 2018).  The temperature of the LC columns was set at 40 °C.  For negative 471 

mode, the chromatographic separation was performed using an ACQUITY HSS T3 column (2.1 i.d. × 50 472 

mm, 1.8 μm; Waters, Milford, MA, USA) at 30 °C.  The mobile phase, consisting of solvent A (0.1% 473 

formic acid in water) and solvent B (acetonitrile), was delivered at a flow rate of 0.3 mL/min.  In this 474 

study, 50–1,200 m/z was used for the MS setting in negative mode.  475 

Data processing from raw LC-MS data to produce a data matrix including metabolite concentration 476 

(sample × metabolite) was described previously(Pang et al., 2021).  Data analyses were performed using 477 

MetaboAnalyst (ver. 5.0, https://www.metaboanalyst.ca/)(Pang et al., 2021) to produce volcano plots and 478 

to conduct pathway analysis and pattern searches. Overall data profiles were visualized using MeV TM4 479 

(ver. 4.9.0, https://sourceforge.net/projects/mev-tm4/). 480 

 481 

Quantification of glycine and serine enantiomers 482 

Glycine and serine enantiomers in cell-cultured media or brain tissues were measured using two-483 

dimensional HPLC, as previously described(Gonda et al., 2023; Ishii et al., 2018).  Briefly, samples were 484 

mixed with 9 volumes of MeOH and centrifuged to remove protein depositions.  Supernatants were spin-485 

dried and resuspended in Milli-Q water.  Resuspensions were resuspended in 200 mM sodium borate, and 486 

then derivatized with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F). NBD-conjugated amino acids were 487 

injected into a two-dimensional HPLC system (NANOSPACE SI-2 series, Shiseido, Tokyo, Japan), 488 

separated on an octadecylsilyl column (Singularity RP18, 1.0 mm inner diameter (ID) × 250 mm) 489 

(designed by Kyushu University and KAGAMI Co. Ltd., Osaka, Japan), and further separated into 490 

enantiomers on a Pirkle-type enantioselective column (Singularity CSP-001S, 1.5 mm ID × 250 mm) 491 

(designed by Kyushu University and KAGAMI). Fluorescence of NBD-amino acids was detected at 530 492 

nm with excitation at 470 nm. D- and L-serine peak in a chromatogram were detected and standard curve 493 

was drawn by the peak height of those standards. The absolute amount of  D- and L-serine were calculated 494 

by standard curve method. 495 

 496 

Quantification of formate in the culture media 497 

Formate concentration in the culture media was measured using Enzychrom Formate assay kit 498 

(BioAssay Systems) according to the manufacturer’s protocol.  499 

 500 

SHMT2 activity assays 501 

The SHMT2 gene was cloned from cDNA of HeLa cells using primers 5’- 502 

GCCCATATGGCCATTCGGGCTCAGCAC-3’ (forward) and 5’- 503 

GCCCTCGAGATGCTCATCAAAACCAGGCA-3’ (reverse) and subcloned into the pET41a vector 504 

(Novagen, WI, USA) at restriction enzyme sites of NdeI and XhoI. C-terminally hexahistidine (His6)-505 

tagged human SHMT2 was purified as follows. E. coli BL21 (DE3) pLysS-competent cells were 506 

transformed with pET41-SHMT2, cultured at 37 °C in Luria-Bertani medium containing 20 µg/mL 507 

kanamycin, and grown until the OD600 reached 0.6-0.7. Isopropyl β-D-thiogalactopyranoside was added 508 

to a final concentration of 0.5 mM, and culturing was continued for an additional 24 h at 20°C. Harvested 509 

cells were resuspended in 20 mM sodium phosphate buffer (pH7.4) containing 500 mM NaCl and 510 

protease inhibitors (Nacalai Tesque, Kyoto, Japan), and sonicated using a Sonifier 250 instrument 511 

(Branson, CT, USA).  Lysed cells were centrifuged at 20,000 × g for 10 min at 4 °C, and imidazole was 512 

added to the supernatant to a final concentration of 100 mM. The supernatant was applied to a His 513 

SpinTrap column (Cytiva, Tokyo, Japan).  The column was washed with 20 mM sodium phosphate buffer 514 

(pH7.4) containing 500 mM NaCl and 100 mM imidazole. and recombinant protein was eluted with 20 515 
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mM sodium phosphate buffer (pH7.4) containing 500 mM NaCl and 500 mM imidazole. Protein fractions 516 

were buffer-exchanged into 50 mM Tris-HCl (pH8.0) containing 100 mM NaCl and 10% glycerol using 517 

an Amicon Ultra-0.5 centrifugal filter 10K device (Merck Millipore, Darmstadt, Germany). 518 

SHMT2 activity was determined by measuring the production of glycine.  The reaction mixture (150 519 

µL) contained 50 mM HEPES-NaOH (pH8.0), 0.2 mM L-serine, 50 μM PLP, 50 μM THF, 1 mM 520 

dithiothreitol, and recombinant SHMT2 (2 µg). D-serine was added at concentrations varying from 0.1 to 521 

0.4 mM.  The reaction mixture was incubated at 37 °C for 10 min, and then 600 µL of MeOH were added 522 

to terminate the reaction. Glycine was derivatized with ortho-phthaldialdehyde (OPA) and N-tert-523 

butyloxycarbonyl-L-cysteine (Boc-L-Cys), and an aliquot (10 µL) was injected into an LC-4000 Series 524 

HPLC system (Jasco Corp., Tokyo, Japan) equipped with a Mightysil RP-18GP column (150 × 4.6 mm 525 

i.d.; Kanto Chemical Co., Tokyo, Japan). A gradient of solvent A (50 mM sodium acetate buffer, pH 6.0) 526 

and solvent B (acetonitrile) was applied at a flow rate of 1 mL/min.  A linear gradient was applied for 35 527 

min from 10% to 21% solvent B for glycine analysis. Excitation and emission wavelengths for 528 

fluorescence detection were 344 nm and 443 nm, respectively. 529 

 530 

L-serine transport assay in semi-permeabilized cells 531 

Neuro2A cells were seeded on poly-D-lysine coated 24-well-plate, cultured for 3 days, and subjected 532 

to the transport assay. Transport of L-[3H]serine was examined in semi-permeabilized cells. For plasma 533 

membrane permeabilization, cells were treated with saponin, an agent that permeabilizes the plasma 534 

membrane but leaves membranous organelles intact(Klepinin et al., 2016; Kuznetsov et al., 2008). The 535 

optimized saponin concentration and treatment time were verified by optical microscopy. Transport 536 

assays were performed as described previously(Lee et al., 2022; Wiriyasermkul et al., 2012) with some 537 

modifications. After washing the cells with 37oC pre-warmed Dulbecco’s Phosphate Buffered Saline 538 

(DPBS) with 1 mM MgCl2 and 0.25 mM CaCl2, they were incubated for 6 min in the same buffer 539 

containing 40 μg/mL saponin (Fujifilm) for plasma membrane permeabilization. Transport of 10 μM L-540 

[3H]serine (100 Ci/mol; Moravek Biochemicals, Brea, CA, USA) with or without D-serine (at indicated 541 

concentrations) was measured for 10 min in the same buffer including saponin. After terminating the 542 

reaction and cell lysis, an aliquot of the lysate was used to measure protein concentration by BCA protein 543 

assay (Takara Bio). The lysate was mixed with OptiPhase HiSafe 3 (PerkinElmer), and radioisotope 544 

activity was monitored by LSC-8000 β-scintillation (Hitachi, Tokyo, Japan). Data shown in the figures 545 

were those subtracted from uptake values at 0 min. Kinetics of inhibition was fitted to the Nonlinear 546 

Regression: dose-response – inhibition model of GraphPad Prism 8.4. 547 

 548 

RNA-sequence and analysis 549 

Neuro2a cells were cultured in D-MEM with 10% FBS. The medium was changed to D-MEM(-SG) 550 

including 10% dialyzed FBS with or without 5 mM D-serine. Cells were harvested in Trizol after 18 h of 551 

incubation at 37 °C in a CO2 incubator. RNA was extracted from cells according to the manufacture’s 552 

protocol. mRNA libraries of each sample were prepared using a TruSeq Stranded mRNA library Kit 553 

(Illumina, San Diego, CA) according to the manufacturer’s protocol and paired end sequences were read 554 

by NovaSeq (Illumina). Adapter sequences were trimmed from raw sequences with Trim Galore 555 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and trimmed sequences were 556 

mapped to the mouse genome (GRCm38/mm10) using HISAT2 557 

(https://daehwankimlab.github.io/hisat2/). Aligned sequences were counted using FeatureCounts 558 

(https://subread.sourceforge.net/). Differentially expressed genes were identified by DESeq2 559 

(https://bioconductor.org/packages/release/bioc/html/DESeq2.html). Gene Set Enrichment analysis was 560 

performed to find enriched biological pathways using ClusterProfiler 561 

(https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html) with the following settings: 562 

pAdjustMethod = fd, pvalueCutoff = 0.05, minGSSize = 10, maxGSSize = 400.  563 

 564 

 565 
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Glioma stem cell culture 566 

hG008 and hG020 cells, established from human glioblastoma specimens(Fukaya et al., 2016), were 567 

cultured in Ultra-Low attachment cell culture flasks (Corning, Kennebunk, ME, USA) in a medium, in 568 

which ingredients were manually mixed in MEM to make DMEM/Ham’s F-12 with HEPES without 569 

serine and glycine (D/H-SG). The D/H-SG medium was supplemented with 2% B-27 (ThermoFisher), 570 

20�ng/mL recombinant human fibroblast growth factor-basic (PeproTech, Rocky Hill, NJ, USA), 571 

20�ng/mL recombinant human epidermal growth factor (PeproTech), 1000�units/mL recombinant 572 

human leukemia inhibitory factor (Nacalai Tesque, Kyoto, Japan), and 1 unit/mL heparin. Sphere 573 

formation of hG008 cells (1×104 cells/well in 96-well plates with ultra-low attachment surface, Corning) 574 

was observed using EVOS M5000 (ThemoFisher) and the maximum diameter of spheres in each well was 575 

measured after 7 days of culture. 576 

 577 

Ex vivo cancer growth assay 578 

U87 and hG008 cells were transduced with the lentiviral vector CSII-EF-ffLuc, and single-cell 579 

suspensions were cultured in 96-well plates. Xenografts were implanted in the brain of female BALB/c 580 

nude mice as described previously25. Briefly, mice were implanted with Venus fluorescence-labeled U87 581 

(5×105 cells/2 μL in PBS) or hG008 (1×105 cells/2 μL in PBS) under anesthesia on a stereotaxic 582 

apparatus (Narishige Scientific Instrument Lab, Tokyo, Japan). Mice were sacrificed after 6 days (U87) or 583 

35 days (hG008) of implantation. Mouse brains were dissected, cut into a 200-μm slices, and cultured on 584 

the Millicell cell culture inserts (Millipore-Sigma, Burlington, MA) placed on a 35 mm glass-bottom dish 585 

filled with D/H-SG medium with or without 100 mM  D-serine. Fluorescence images were taken with a 586 

FV3000 (Olympus, Tokyo, Japan) on days 0 and 7 and analyzed with Image J software 587 

(https://imagej.nih.gov/ij/index.html).  588 

 589 

Statistics 590 

No statistical methods were used to predetermine sample size. Blinding was not performed. No 591 

randomization was used. Prism 10 (GraphPad Software) was used for data plotting and statistical analyses. 592 

Statistical significance was determined with unpaired t-tests to compare two groups, or one-way analysis 593 

of variance (ANOVA) for multiple comparisons when data were normally distributed and had equal 594 

variance. ANOVA was followed by Dunnett’s post-hoc test (comparison to control) or Tukey’s post-hoc 595 

test (comparisons among samples). 596 

 597 

Data Availability 598 

RNA-seq data are available at Gene Expression Omnibus (GEO) with accession number GSE268106. 599 

 600 
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Figures 610 

 611 

Fig. 1 D-serine inhibits one-carbon metabolism 612 

A. A heatmap shows top 25 metabolites in PCNs altered by treatment with D- and/or L-serine in the 613 

metabolomic analysis (n = 3). B. Major metabolites in the one-carbon metabolism. C. KEGG metabolic 614 

pathways enriched in D-serine treated cells compared to vehicle treated cells.  D. Pearson’s correlation 615 

coefficients between glycine and other metabolites. Top 25 metabolites positively (red) and negatively 616 

(blue) correlated with glycine are shown. E, F. Concentrations of glycine (E) and L-serine (F) in PCNs 617 

were quantified using HPLC (n = 4). G. Concentrations of formate in the culture media of PCNs treated 618 

with 2 mM D- or L-serine (n = 4).  Data are presented as the mean ± s.e.m. (E, F, and G). Statistical 619 

significance was evaluated by one-way ANOVA followed by Dunnett’s post hoc-test (E, F, and G). *p < 620 

0.05 (A). Data are the representative of two independent experiments. 621 
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 624 

Fig. 2 D-serine inhibits cytoplasmic L-serine transport to mitochondria 625 

A. L-serine/glycine transport and conversion across cytoplasm and mitochondria in one-carbon 626 

metabolism. B. Binding sites of D- (right) or L-serine (left), THF, and pyridoxal phosphate (PLP) in the 627 

ligand-bound SHMT2 complex systems. Arrows indicate carbon atoms on serine enantiomers that 628 

transfer to THF. C. Time series variation of the number of contact atoms within the distance cutoff of 7.0 629 

Å from D- or L-serine observed at the initial structure.  D. SHMT2 enzymatic activity determined by 630 

glycine production is shown as percent of control (with no D-serine) (n = 3).  E. Relative concentrations 631 

of glycine in NPCs treated with or without 2mM D-serine and/or 50 μM THF.  F. Inhibition of 632 

mitochondrial L-serine transport by D-serine was examined in semi-permeabilized cells (n = 4).  G. A 633 

PCA plot shows RNA-seq results from cells treated with D-serine (pink) or control (gray).  H. A volcano 634 

plot indicates differentially expressed genes in cells treated with D-serine vs controls. Gene expressions 635 

with adjusted p-values < 0.05 are highlighted in yellow (up) or blue (down).  I. Bar plots show 636 

Normalized Enrichment Score for the top 10 up or down-regulated GSEA-enriched categories. Color, q-637 

value.  J. GSEA plots for a core subset of gene ontologies are displayed. Data are plotted as the mean ± 638 

s.e.m. (D, E, and F). Statistical significance was evaluated by one-way ANOVA followed by Tukey’s 639 

post hoc-test (D) or Dunnett’s post hoc-test (E). 640 
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 642 

Fig. 3 D-serine attenuates proliferation of neural tumor cells 643 

A, C, H. Relative proliferation of neuroblastoma cell lines (A), glioblastoma lines (C), and glioma stem 644 

cells (H) treated with D-serine at indicated doses were analyzed 48 h after treatment (n = 4, each). Cells 645 

with the vehicle treatment were used as 100% proliferation controls. B. Glycine concentration in Neuro2a 646 

cells was quantified 48 h after treatment with D- and/or L-serine (n = 3). D, E. Cell proliferation was 647 

assessed 48 h after treatment with 5 mM D-serine and formate/folates at indicated doses (n = 4). Cell 648 

proliferation was compared to that of cells treated with D-serine alone.  F, G, J, K. Ex vivo slice cultures 649 

of mouse brain transplanted with U87 (F, G) or hG008 cells (J, K) expressing Venus fluorescence were 650 

treated with D-serine. Representative images of the xenograft at 0 and 7 days after treatment are shown (F, 651 

J). Increased area of fluorescence after 7 days of culture was measured (G, K). I. Sphere diameters of 652 

glioma stem cells (hG008) were measured at 7 days after treatment with D-serine at indicated doses. Data 653 

are presented as the mean ± s.e.m. (A-E, G-I, and K). Statistical significance was evaluated by one-way 654 

ANOVA followed by Dunnett’s post-hoc test (B, D, and E) or by Student’s t-test (G and K). 655 

 656 
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  658 

Fig. 4 Developmental transition of serine enantiomer synthesis and enantio-selective effects on 659 

immature and mature neurons 660 

A. Light microscopic view showing primary cultured NPCs treated with 1mM D- or L-serine for 7 days in 661 

serine-free media. B. Immunofluorescent images are NPCs treated with 1 mM D-serine for 48 hours. 662 

Cleaved caspase-3 (c-Casp-3), green (left) or red (right); βIII Tubulin, red (left); GAD67, green (right); 663 

and DAPI (blue). C.  Numbers of NPCs per area at DIV7 in (A) were counted (n = 4). D. Western blots 664 

indicate cleavage of caspase-3 in cultured neurons at 48 h after treatment of D-serine with indicated doses. 665 

E. Western blots indicate cleavage of caspase-3 in cultured neurons at 48 h after treatment of serine 666 

enantiomers with indicated doses starting at DIV1 (immature) or DIV7 (mature neurons or astrocytes).  F. 667 

Relative cell proliferation of NPCs after 48 h treatment of 1mM serine enantiomers was analyzed (n = 4). 668 

G. H. Cleavage of caspase-3 in NPCs induced by 1mM D-serine was observed in the presence of various 669 

L-amino acids (1 mM each) (G) or L-serine at indicated doses (H). I. Cleavage of caspase-3 in NPCs 670 

triggered by 2 mM D-serine was observed in the presence or absence of 40 μM 5,10-meTHF. J. 671 

Concentrations of serine enantiomers and glycine and the ratio of serine enantiomer concentrations in the 672 

cerebrum during development (n= 3-4). K. Single-cell transcriptome profiles of enzymes involved in 673 

serine metabolic pathways during mouse brain development. Original data were from Bella et al(Bella et 674 

al., 2021).  Data are plotted as the mean ± s.e.m. Statistical significance was evaluated by One-way 675 

ANOVA followed by Dunnett’s post hoc test (C). All in vitro data are the representative of at least two 676 

independent experiments. 677 
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