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D-amino acids are increasingly recognized as important signaling
molecules in the mammalian central nervous system. However, the
D-stereoisomer of the amino acid with the fastest spontaneous race-
mization ratein vitro in vitro, cysteine, has not been examined in
mammals. Using chiral high-performance liquid chromatography
and a stereospecific luciferase assay, we identify endogenous D-cys-
teine in the mammalian brain. We identify serine racemase (SR),
which generates the N-methyl-D-aspartate (NMDA) glutamate recep-
tor coagonist D-serine, as a candidate biosynthetic enzyme for D-cys-
teine. D-cysteine is enriched more than 20-fold in the embryonic
mouse brain compared with the adult brain. D-cysteine reduces the
proliferation of cultured mouse embryonic neural progenitor cells
(NPCs) by ∼50%, effects not shared with D-serine or L-cysteine. The
antiproliferative effect of D-cysteine is mediated by the transcription
factors FoxO1 and FoxO3a. The selective influence of D-cysteine on
NPC proliferation is reflected in overgrowth and aberrant lamination
of the cerebral cortex in neonatal SR knockout mice. Finally, we per-
form an unbiased screen for D-cysteine–binding proteins in NPCs by
immunoprecipitation with a D-cysteine–specific antibody followed by
mass spectrometry. This approach identifies myristoylated alanine-
rich C-kinase substrate (MARCKS) as a putative D-cysteine–binding
protein. Together, these results establish endogenous mammalian
D-cysteine and implicate it as a physiologic regulator of NPC homeo-
stasis in the developing brain.
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Biochemical stereospecificity permits the extraordinary pre-
cision of enzymatic reactions and receptor–ligand interac-

tions. On account of the selective incorporation of L-amino acids
into proteins, D-amino acids were long considered “unnatural”
isomers, occurring endogenously only in microorganisms and
invertebrates (1). However, since the first report of free endog-
enous D-aspartate in human tissues in 1986 (2), D-amino acids
have come to be appreciated as physiologic signaling molecules
in mammals, particularly in the central nervous system (3).
The physiological roles of D-aspartate and D-serine, the first two

D-amino acids established in mammals (2, 4), remain the most well
characterized. Both molecules act at N-methyl-D-aspartate-type
glutamate receptors (NMDARs), with D-serine serving as the major
endogenous ligand for the coagonist (“glycine”) site (5), while
D-aspartate binds the glutamate site in addition to neuroendocrine
functions (6–8). Metabolism of diverse D-amino acids is mediated by
analogous pathways: both D-serine and D-aspartate are generated by
pyridoxal 5′-phosphate-dependent enzymes, serine racemase (SR)
and aspartate racemase, respectively (9, 10), and degraded by the
flavin adenine dinucleotide-dependent oxidoreductases D-amino
acid oxidase (DAAO) and D-aspartate oxidase (11–13).
The D-stereoisomers of a majority of proteogenic amino acids

have been identified in the mammalian brain (14). Despite this
widespread research into the presence and function of mammalian
D-amino acids, the endogenous D-stereoisomer of the amino acid

with the fastest in vitro spontaneous racemization rate, cysteine
(15), has not been examined. In the current study we identify
endogenous D-cysteine in the mammalian brain. D-cysteine is
greatly enriched in embryonic mouse brain, with levels exceeding 4
mM, and is physiologically regulated by SR. D-cysteine, but not
D-serine, diminishes proliferation of cultured embryonic neural
progenitor cells through Akt-mediated disinhibition of the tran-
scription factors FoxO1 and FoxO3a. These effects have func-
tional consequences in vivo, as neonatal SR−/− mice exhibit drastic
cortical overgrowth and aberrant layering. Lastly, we use unbiased
proteomics to uncover putative D-cysteine–interacting proteins, an
approach that identifies myristoylated alanine-rich C-kinase sub-
strate (MARCKS) as a candidate binding partner.

Results
Distribution of D-Cysteine in the Mammalian Brain. To search for
endogenous D-cysteine in mammals, we developed assays to
separate and measure L- and D-cysteine in tissue samples. High-
performance liquid chromatography (HPLC) is the gold standard
for resolution of stereoisomeric mixtures (16). We accordingly
developed a method for labeling of cysteine enantiomers followed
by chiral HPLC. Fluorescent labeling of free thiols with 4-(ami-
nosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F) (17) followed
by enantiomeric separation using the teicoplanin-based CHIRO-
BIOTIC T chiral column (SI Appendix, Fig. S1A) allows for robust
differentiation of L- and D-cysteine in purified solution and tissue
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lysates (Fig. 1A and SI Appendix, Fig. S1 B and C). This method
establishes the presence of endogenous D-cysteine in the mam-
malian central nervous system. D-cysteine is present at levels of
50 μM in the adult mouse brain (Fig. 1A), a concentration ap-
proximately one-fifth that of brain D-serine (4). We also detect
free D-cysteine in human cerebrospinal fluid at a concentration of
79 μM (SI Appendix, Fig. S1C).
While HPLC allows for sensitive determination of absolute

D-cysteine concentration in biological samples, the long elution
times of this assay limit its throughput. To circumvent this issue,
we took advantage of the use of D-cysteine in the industrial syn-
thesis of D-luciferin (18) to develop a rapid and specific biolumi-
nescence assay for measuring free D-cysteine. Condensation of
D-cysteine with 2-cyano-6-hydroxybenzothiazole (CHBT) yields
D-luciferin, which is then oxidized to oxyluciferin upon addition of
adenosine triphosphate (ATP) and luciferase from the firefly
Photinus pyralis to generate light (Fig. 1B). The stereospecificity of
the P. pyralis luciferase for D-luciferin prevents the generation of
luminescence by L-cysteine. This assay readily detects low micro-
molar concentrations of D-cysteine (SI Appendix, Fig. S1D) and is
highly specific for D-cysteine, with less than 1% cross-reactivity
against L-cysteine, D-serine, and other biological thiols (SI Ap-
pendix, Fig. S1E).
We leveraged the simplicity of the luciferase assay to assess

the distribution of D-cysteine in the mammalian brain. D-cysteine
is enriched in regions of mouse forebrain (prefrontal cortex,

thalamus, striatum, and hippocampus) compared with midbrain
and hindbrain regions (pons/medulla and cerebellum), though
differences between forebrain regions were not significant
(Fig. 1C). In postmortem human brain, D-cysteine levels are over
10-fold higher in white matter than in gray matter (Fig. 1D).
Extrapolation from standard curve values yields concentrations
of 65.0 μM and 4.2 μM in white and gray matter, respectively.
D-cysteine appears to be primarily localized to neurons, as its
levels in cultured murine primary cortical neurons (PCNs) were
15 times greater than those found in primary mixed glial cultures
from mouse cortex (Fig. 1E).
Cysteine and serine are structurally similar: cysteine contains a

sulfhydryl group bound to its β-carbon, while serine contains a
chemically related hydroxyl group at the same position. Accord-
ingly, we hypothesized that SR, which generates D-serine from
L-serine, might also serve as a cysteine racemase. In support of this
hypothesis, we found that levels of D-cysteine are reduced by 80%
in the brains of adult SR null (SR−/−) mice (Fig. 1F). SR appears
to possess cysteine racemase activity, as the ability of brain lysates
to racemize exogenously added L-cysteine to D-cysteine is signifi-
cantly blunted upon deletion of SR (Fig. 1G). These data suggest
that SR may serve as a biosynthetic enzyme for D-cysteine.

Brain D-Cysteine Is Developmentally Regulated. We next interro-
gated potential developmental regulation of brain D-cysteine.
Separation of cysteine enantiomers by HPLC revealed that

A B C

D E F G

Fig. 1. Identification of endogenous D-cysteine in the mammalian brain. (A) Representative chromatogram from HPLC analysis of adult mouse brain extract.
(B) Reaction scheme for D-cysteine (D-cys) luciferase assay. Condensation of endogenous D-cys with exogenously added CHBT yields D-luciferin, which is oxi-
dized by D-luciferin–specific luciferase from the firefly P. pyralis to produce light. (C) Luciferase assay measurements of relative D-cys levels in lysates of various
regions of adult mouse brain (n = 3). PFC, prefrontal cortex; Thal, thalamus; Str, striatum; Hip, hippocampus; Mb, midbrain; Pons/Med, pons/medulla; and
Cbm, cerebellum. (d) Luciferase assay of D-cys levels in postmortem samples of human gray and white matter (n = 2). (E) Luciferase assay of D-cys in primary
cortical neuronal and mixed glial cultures (n = 6). (F) Luciferase assay of D-cys in brain lysates from adult wild-type (WT) and serine racemase knockout (SR−/−)
mice (n = 5). (G) L-cysteine racemization assay in brain lysates from adult wild-type and SR−/− mice (n = 4). Data are graphed as mean ± SEM **P < 0.01, ***P <
0.001, ****P < 0.0001, ANOVA with post hoc Tukey’s test (C), two-tailed unpaired Student’s t test (D–F), or ANOVA with post hoc Sidak’s test (G).
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D-cysteine, but not L-cysteine, is dramatically enriched in the
embryonic mouse brain compared with the adult (Fig. 2A and SI
Appendix, Fig. S1F). Brain D-cysteine concentrations are as high
as 4.5 mM at embryonic day 9.5 (E9.5) and decline steadily to
adult levels of 50 μM. Measurement of relative D-cysteine levels at
higher temporal resolution by luciferase assay highlighted two
time periods during which brain D-cysteine levels drop dramati-
cally: during midgestation (E9.5 to E13.5) and over the first 2 wk
of postnatal life (Fig. 2 B and C). By contrast, D-cysteine levels are
relatively stable from E13.5 to birth and during early adult life.
The two developmental periods during which D-cysteine levels

decrease markedly coincide with major milestones in forebrain
development. Beginning at E9, neuroepithelial cells, which
constitute the major neural stem cell (NSC) population in the
early embryonic central nervous system, begin to differentiate
into radial glial cells, the primary neural progenitor cell (NPC)
population of the developing brain (19). Similarly, radial glia and
other NPCs execute their final neurogenic divisions over the
course of the first week of postnatal life (20). These correlations
suggest that D-cysteine may be involved in cell fate decisions in
the developing forebrain. In order to explore this hypothesis, we
isolated and cultured NPCs from E13.5 mouse cortex and
monitored cellular D-cysteine concentrations during induced
differentiation into postmitotic neurons. Differentiation elicited
a robust increase in D-cysteine levels 24 h after initiation of
differentiation, which gradually declined over the following week
(Fig. 2d). This decrease was mimicked in PCNs allowed to

mature in vitro for 19 d, during which time D-cysteine levels
decreased by fourfold (Fig. 2E).
To confirm our findings in another context and assess their

potential conservation in human cells, we utilized the SK-N-SH
human neuroblastoma cell line, whose subclone SH-SY5Y has
been used as a model for neuronal differentiation (21). In this two-
stage system, cells are treated with retinoic acid, which induces
cell-cycle exit and initiates neurite outgrowth (i.e., differentiation
phase), before treatment with brain-derived neurotrophic factor
(BDNF), which further stimulates neurite outgrowth and arbori-
zation (maturation phase) (22). Retinoic acid–mediated differ-
entiation increased cellular D-cysteine content by 50% after 4 d;
induction of maturation with BDNF decreased D-cysteine levels to
below untreated values after 6 d (Fig. 2F). Collectively, these
observations point to a role for D-cysteine in neuronal cell fate
decisions.

D-Cysteine Inhibits NPC Proliferation through Modulation of the
Akt-FoxO Signaling Axis. Prenatal brain development reflects a
balance between NPC proliferation (self-renewal) and differen-
tiation (neurogenesis). Because NPCs are the predominant brain
cell type during embryonic life, during which D-cysteine is pre-
sent at high levels, we explored the influence of D-cysteine on
these two fundamental properties of NPC homeostasis. Treat-
ment with 1 mM D-cysteine, the concentration found in perinatal
brain, for 48 h reduced proliferation of cultured NPCs by ∼50%
as determined by staining for the mitotic marker Ki-67 and in-
corporation of the nucleotide analog 5-ethynyl-2′-deoxyuridine

A B C

D E F

Fig. 2. Brain D-cysteine levels are developmentally regulated. (A–C) D-cys levels in brain lysates from mice of indicated ages determined by (A) HPLC (main
group effect ****P < 0.0001, ANOVA) and (B and C) luciferase assay (***P < 0.001, ANOVA) (n = 3). (D) Luciferase assay measurements of relative D-cys levels
in primary cortical NPCs that were either left undifferentiated (D0) or differentiated for the indicated number of days (n = 3). (E) Luciferase assay of D-cys
levels in PCNs cultured for the indicated number of days after isolation (n = 3), ****P < 0.0001, ANOVA. (F) Luciferase assay of D-cys levels in SK-N-SH cells left
undifferentiated (R0) or differentiated with retinoic acid for 4 d (R4) followed by BDNF (B3, B6) (n = 5). Data are graphed as mean ± SEM *P < 0.05, **P < 0.01,
***P < 0.001, ANOVA with post hoc Tukey’s test.
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(EdU), which labels dividing cells (SI Appendix, Fig. S2 A and B).
Importantly, these effects were not elicited by equivalent con-
centrations of D-serine or L-cysteine (Fig. 3A). The lack of in-
fluence of L-cysteine on NPC proliferation appears to be due to
inefficient racemization to D-cysteine in cultured NPCs (SI Ap-
pendix, Fig. S2C). Promotion of cell-cycle exit by D-cysteine was
not associated with an induction of neuronal differentiation, as
D-cysteine treatment did not significantly alter the numbers of
newborn or mature neurons present in the cultures as monitored

by doublecortin and MAP2 immunofluorescence, respectively
(SI Appendix, Fig. S2 E and F).
Kimura and coworkers (23) recently reported that exogenous

D-cysteine can serve as a metabolic precursor for hydrogen sul-
fide (H2S) upon oxidation by DAAO. To determine whether
D-cysteine inhibits NPC proliferation via H2S production, we
treated NPCs with D-cysteine and the DAAO inhibitor (24)
6-chloro-1,2-benzisoxazol-3(2H)-one (CBIO). Consistent with
DAAO functioning as a physiologic degradative enzyme for
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Fig. 3. D-cysteine inhibits neural progenitor cell proliferation through activation of FoxOs. (A) Representative images and quantification of immunostaining
for Ki-67 and DAPI in NPCs treated with saline (vehicle) or 1 mM of the indicated amino acid for 48 h (n = 3). Data were quantified as the number of Ki-
67–positive (Ki-67+) cells as a percent of the total number of (DAPI+) cells. (Scale bar, 50 μm.) (B) Representative immunoblots and quantification of phospho-
and total Akt, FoxO1, and FoxO3a in NPCs. Cells were starved overnight followed by treatment with vehicle or the indicated concentration of D-cys for 1 h,
followed by stimulation with complete medium for 5 min. Data are expressed as the normalized ratio of phosphorylated to total protein in each condition
(n = 4 to 5). (C) Immunostaining for FoxO3a and DAPI in NPCs treated with vehicle or 1 mM D-cys for 48 h. Data are expressed as the ratio of the mean FoxO3a
fluorescence intensity in the nucleus (DAPI-positive area) compared with the cytoplasm (n = 25 to 35 cells per group). (Scale bar, 10 μm.) (D and E) Immu-
nostaining for (D) p21Cip1, p27Kip1, (E) Sox2, and DAPI in NPCs treated with vehicle or 1 mM D-cys for 48 h. Data were quantified as in A (n = 3). (Scale bar, 50
μm in D and 20 μm in E.) (F) EdU and DAPI staining in NPCs. Cells were infected with lentivirus producing shRNA against a nontargeting control (shCtrl) or
shRNAs targeting FoxO1 and FoxO3a for 72 h before treatment with vehicle or 1 mM D-cys for 48 h, followed by addition of 10 μM EdU for 2 h. Data were
quantified as in A (n = 3). (Scale bar, 50 μm.) Bar graphs depict mean ± SEM; violin plots show median (dark line) ± interquartile range (dashed lines). *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = P > 0.05, ANOVA with post hoc Tukey’s test (A, B, F) or two-tailed unpaired Student’s t test (C–E).

4 of 10 | PNAS Semenza et al.
https://doi.org/10.1073/pnas.2110610118 D-cysteine is an endogenous regulator of neural progenitor cell dynamics in the

mammalian brain

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110610118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110610118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110610118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110610118/-/DCSupplemental
https://doi.org/10.1073/pnas.2110610118


www.manaraa.com

D-cysteine, CBIO treatment alone phenocopied the anti-
proliferative effect of D-cysteine and potentiated its influence on
NPC proliferation (SI Appendix, Fig. S2D). This result suggests
that the antiproliferative actions of D-cysteine in NPCs are in-
dependent of H2S production.
Cell proliferation is regulated by myriad signaling pathways,

many of which converge on protein kinase B/Akt (25). We
therefore hypothesized that D-cysteine inhibits Akt signaling.
Accordingly, 1-h D-cysteine pretreatment dose-dependently
inhibited the induction of Akt phosphorylation at Thr308 and
Ser473 elicited by growth factor supplement stimulation (26) of
growth factor–starved NPCs (Fig. 3B). Akt can phosphorylate
and thereby regulate the activity of diverse proteins. We assessed
the influence of D-cysteine on several of the most prominent Akt
targets. The most dramatic influence of D-cysteine was on
phosphorylation of the forkhead box O transcription factors
FoxO1 and FoxO3a, which are negatively regulated by Akt (27).
In accordance with the 50% reduction of NPC proliferation,
1 mM D-cysteine reduced phosphorylation of FoxO1 (at Ser256)
and FoxO3a (Ser253) by ∼50% (Fig. 3B). D-cysteine also re-
duced phosphorylation of glycogen synthase kinase 3β (GSK-3β)
(28), albeit to a much lesser extent (SI Appendix, Fig. S3A). By
contrast, D-cysteine did not affect the activity of the mammalian
target of rapamycin complex 1 (mTORC1) (29–31) as deter-
mined by phosphorylation of its targets p70 S6 kinase (S6K) and
eukaryotic translation initiation factor 4E-binding protein 1 (4E-
BP1) (SI Appendix, Fig. S3A). A 48-h treatment with 1 mM
D-cysteine was sufficient to reduce Akt, FoxO1, and FoxO3a
phosphorylation in the absence of starvation or growth factor
manipulations (SI Appendix, Fig. S2C).
We next focused on the actions of D-cysteine upon FoxO-

mediated signaling in NPCs. FoxOs are also inactivated by se-
rum and glucocorticoid-regulated kinase 1 (SGK1) (32), another
target of which is N-myc downstream regulated gene 1 (NDRG1)
(33). D-cysteine reduced NDRG1 phosphorylation at Thr346 in
NPCs (SI Appendix, Fig. S2B), suggesting that SGK1 activity is
inhibited and may thus contribute to the activation of FoxOs by
D-cysteine. SGK1 and Akt are both downstream of phosphoi-
nositide 3-kinase (PI3K); thus, D-cysteine may act upstream of
Akt and influence PI3K activity to modulate NPC proliferation
(34, 35).
Akt-mediated phosphorylation of FoxOs promotes their

binding to 14-3-3 chaperones, which sequester FoxOs in the cy-
toplasm and thereby inhibit their transcriptional activity (27).
Accordingly, D-cysteine, which inhibits Akt-mediated FoxO
phosphorylation, stimulates the nuclear translocation of FoxO3a
(Fig. 3C) and induces expression of FoxO target genes, including
the cyclin-dependent kinase inhibitors p21Cip1 and p27Kip1, which
mediate cell cycle exit (36), and the pluripotency factor Sox2 (37),
which is essential for the maintenance of NPC identity (38)
(Fig. 3 D and E). FoxOs are also central regulators of pro-
grammed cell death (27, 32), a process essential for proper brain
development (39–41). Thus, D-cysteine stimulated caspase 3
cleavage, an essential step in apoptosis (40), after 48 h (SI Ap-
pendix, Fig. S3D). Crucially, lentiviral shRNA-mediated double
knockdown of FoxO1 and FoxO3a to 28% and 40% of control
levels, respectively (SI Appendix, Fig. S3E), prevented the inhibi-
tion of NPC proliferation by D-cysteine (Fig. 3F), demonstrating
that FoxO-dependent transcription is the crucial effector of
D-cysteine signaling in NPCs.

Expansion and Aberrant Lamination of the Cerebral Cortex in
Perinatal SR−/− Mice. In light of the finding that D-cysteine, but
not D-serine, regulates cortical NPC proliferation, we made use
of SR−/− mice as a model to explore the influence of D-cysteine
upon cortical development in vivo. We first established that
D-cysteine is enriched in the neonatal cortex compared with
other brain regions (Fig. 4A). We next confirmed loss of

D-cysteine in the SR−/− brain at developmentally relevant time
points. In contrast to adult SR−/− mice, whose brains contain
nearly 80% less D-cysteine than wild-type controls, E16.5 and
postnatal day 0 (P0) SR−/− brains had only 40 to 50% less
D-cysteine than wild-type brains (Fig. 4B), suggesting that SR
regulates brain D-cysteine levels in an age-dependent manner.
However, we suspected that reducing D-cysteine levels by half
would still be sufficient to induce neurodevelopmental alterations.
Indeed, cortices of E16.5 SR−/− mice were 32% thicker than wild-
type counterparts, with expansion being particularly pronounced in
neurogenic zones (cortical plate, subplate, and intermediate zone
[IZ]) but also evident in the subventricular zone (SVZ) (Fig. 4C).
Proliferative NPCs reside in the intermediate, subventricular, and
ventricular zones (VZ) of the developing cortex (19). We found
increased fractions of proliferative cells, as determined by phos-
phohistone H3 (S10) staining, which marks mitotic cells, in SR−/−

cortex (Fig. 4D), consistent with a function for D-cysteine as an
endogenous inhibitor of NPC proliferation. Hyperproliferation was
especially evident in the IZ but was also observed in the SVZ. Loss
of D-cysteine, by disinhibiting NPC proliferation, would be expec-
ted to result in an expansion of the NPC population. Thus, a
greater fraction of VZ/SVZ cells stained positive for the NPC
marker Sox2 in E16.5 SR−/− cortices (Fig. 4E).
We continued our examination of developmental aberrations

in neonatal (P0) SR−/− mice, which exhibited increased weight of
both whole brain and forebrain (Fig. 4 F andG). Cortical thickening
was even more pronounced in P0 brain, with a 41% increase in
overall cortical thickness in SR−/− mice. This expansion was
accounted for by a near doubling of the thickness of deep cortical
layers (layers V and VI), while the thickness of layers II to IV was
unaffected (Fig. 4H). This expansion would most likely be due to an
overproduction of early-born deep-layer neurons, which could result
from an increase in the size of the progenitor pool as observed
above. Accordingly, a greater percentage of SR−/− cortical cells
stained positive for Tbr1 and Ctip2, markers of subplate/layer VI and
layer V neurons (42, 43), respectively (Fig. 4 I and J). By contrast,
numbers of Satb2+ later-born upper-layer neurons (44) were un-
changed (Fig. 4K). Exaggerated proliferation and expansion of the
cerebral cortex in SR−/− mice appear to be attributable to the same
molecular mechanisms impacted by D-cysteine in NPCs in vitro, as
phosphorylation of Akt, FoxO1, and FoxO3a was increased in
neonatal SR−/− cortex (Fig. 4L). Together, these data support the
hypothesis that loss of D-cysteine promotes Akt-mediated expansion
of the cortical NPC population and thereby increases cortical size
through overproduction of deep-layer neurons.

Characterization of Myristoylated Alanine-Rich C-Kinase Substrate as
a Putative D-Cysteine–Binding Protein. In order to further clarify
the molecular functions of D-cysteine, we employed an unbiased
proteomic approach to screen for potential D-cysteine–binding
partners in NPCs. We immunoprecipitated proteins from
D-cysteine–treated NPCs with either an anti–D-cysteine antibody or a
control preimmune immunoglobulin G (IgG), after which proteins
eluted by D-cysteine were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). We filtered identified
proteins by their frequency of occurrence in the contaminant re-
pository for affinity purification (CRAPome) (45). We noted an
increase in immunoprecipitated proteins with CRAPome fre-
quency ≥0.4; accordingly, we prioritized proteins below this thresh-
old as putative true-positive hits (SI Appendix, Fig. S4A). A total of
44 proteins met this criterion, among which were the myristoylated
alanine-rich C-kinase substrate (MARCKS) and its homolog
MARCKSL1 (Fig. 5A and SI Appendix, Fig. S4 B–E). We were
particularly intrigued by the presence of MARCKS, as it is known to
interface with PI3K signaling (46). To validate our mass spectro-
metric results, we performed anti–D-cysteine immunoprecipitation
followed by Western blot in human embryonic kidney (HEK 293)
cells overexpressing myc-tagged MARCKS. MARCKS was
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Fig. 4. Aberrant cortical architecture in embryonic and neonatal SR−/− mice. (A) Luciferase measurements of D-cys levels in lysates from cortex, striatum/
thalamus (Str/Thal), or midbrain/hindbrain (Mb/Hb) of P0 wild-type (WT) mice (n = 3). (B) Luciferase measurements of D-cys levels in SR−/− mouse brain lysates
at the indicated ages. Data are normalized to luciferase measurements in age-matched wild-type controls (n = 4 to 5). (C) Representative DAPI staining and
quantification of cortical zone thickness in coronal cortical sections from E16.5 WT and SR−/− mice. Layer thicknesses in SR−/− mice are normalized to the mean
thickness of the corresponding layer in WT mice (n = 4 to 5). MZ, marginal zone; CP, cortical plate; SP, subplate; IZ, intermediate zone, SVZ, subventricular
zone; VZ, ventricular zone; and Tot. Cx., total cortical thickness. (D) Immunostaining for phosphohistone H3 (pH3, S10) and DAPI in E16.5 WT and SR−/− cortical
sections. Data are expressed as the ratio of pH3+ cells to total (DAPI+) cells in the indicated layer of SR−/− mice, normalized to WT controls (n = 4). (E)
Immunostaining for Sox2 and DAPI in E16.5 WT and SR−/− cortical sections. Data are expressed as the ratio of Sox2+ cells to total (DAPI+) cells in the VZ/SVZ (n =
4 to 5). (F and G) Weight of (F) whole brains and (G) forebrains of P0 WT and SR−/− mice (n = 8 to 11). (H) Representative DAPI staining and quantification of
cortical layer thickness in P0 WT and SR−/− mice, quantified as in C (n = 4 to 5). (I–K) Immunostaining for (I) Tbr1, (J) Ctip2, (K) Satb2, and DAPI in P0 WT and
SR−/− cortical sections. Data are quantified as the ratio of marker-positive cells to the total number of (DAPI+) cells (n = 4 to 5). (L) Representative immunoblots
and quantification of phospho- and total Akt, FoxO1, and FoxO3a in cortical lysates from P0 WT and SR−/− mice. Data are expressed as the normalized ratio of
phosphorylated to total protein (n = 5). (Scale bars, 100 μm.) Data are graphed as mean ± SEM *P < 0.05, **P < 0.01, ***P < 0.001, ns = P > 0.05, ANOVA with
post hoc Tukey’s test (A and B) or two-tailed unpaired Student’s t test (C–L).
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immunoprecipitated by the anti–D-cysteine antibody, but not the
control IgG (Fig. 5B), thus confirming our LC-MS/MS data.
Basic bioinformatic analyses of published datasets (47, 48)

revealed that Marcks mRNA is enriched in progenitor compared
with neuronal cell populations in E14.5 mouse brain (SI Ap-
pendix, Fig. S4G). Like D-cysteine, MARCKS mRNA expression
decreases in the brain over the course of embryonic and post-
natal development (SI Appendix, Fig. S4H). By contrast, tran-
script expression of the NMDAR GluN1 subunit, which acts as
the receptor for D-serine, is enriched in neuronal populations
and increases over developmental time (SI Appendix, Fig. S4 G
and H). Srr mRNA is also enriched in neuronal populations,
consistent with the greater loss of D-cysteine in adult versus
perinatal SR−/− mice (SI Appendix, Fig. S4G). Importantly,
MARCKS mRNA expression was strongly correlated (R2 =
0.8593, P < 0.001) with the magnitude of proliferation inhibition
by D-cysteine in a panel of human cancer cell lines (Fig. 5C and

SI Appendix, Fig. S4F). These data indicate that MARCKS is
present in the cell types upon which D-cysteine exerts its actions
and displays a developmental expression profile consistent with
that of D-cysteine, supporting the notion that it may be a physi-
ologically relevant D-cysteine–interacting protein.
We next investigated the impact of D-cysteine on MARCKS-

mediated signaling. A 48-h treatment with 1 mM D-cysteine re-
duced MARCKS phosphorylation at Ser159/163 in NPCs
(Fig. 5D). As its name suggests, MARCKS is the major substrate
of protein kinase C (PKC) (49). Upon activation by calcium,
diacylglycerol, or other stimuli, PKC binds and phosphorylates
MARCKS, an action which translocates MARCKS from the
plasma membrane, where it is basally localized, into the cyto-
plasm (50). D-cysteine reduced phosphorylation of MARCKS
elicited by the PKC activator phorbol 12-myristate 13-acetate
(PMA) in starved NPCs (Fig. 5E) and prevented the binding of
overexpressed myc-tagged MARCKS and HA-tagged PKCα
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Fig. 5. MARCKS is a putative D-cysteine–interacting protein. (A) Amino acid sequence of mouse MARCKS protein. Peptides identified by mass spectrometric
analysis of anti–D-cys immunoprecipitates are highlighted in yellow. (B) Immunoblots of lysates (input) and immunoprecipitates (IP) from HEK 293 cells
overexpressing myc-MARCKS. Lysates were immunoprecipitated with either preimmune rabbit immunoglobulin (IgG) or rabbit anti–D-cys antibody (D-cys). (C)
Correlation between MARCKS mRNA expression [as determined by the Human Protein Atlas (84), available at http://www.proteinatlas.org] and anti-
proliferative effect of D-cys, as determined by the ratio of cell number after treatment with 1 mM D-cys for 48 h compared with vehicle-treated cells, in a panel
of human cancer cell lines (n = 3). (D and E) Immunoblots and quantification of MARCKS phosphorylation in NPCs that were either (D) treated with vehicle or
1 mM D-cys for 48 h (n = 4) or (E) starved overnight followed by 20-min treatment with vehicle, 1 mM D-cys, and/or 250 nM PMA as indicated (n = 5). (F)
Immunoblots and quantification of lysates (input) and anti-myc immunoprecipitates (IP) from HEK 293 cells overexpressing HA-PKCα and myc-MARCKS
constructs. Cells were starved overnight followed by 20-min treatment with vehicle, 1 mM D-cys, and/or 500 nM PMA as indicated. Data are expressed as
ratio of HA-PKCα in the IP fraction to HA-PKCα in the input fraction (n = 4). (G) Representative images and quantification of immunostaining for myc and DAPI
in HEK 293 cells overexpressing myc-MARCKS and treated as in F. Data are expressed as the ratio of the mean myc-MARCKS fluorescence intensity in the
membrane compared to the cytoplasm (n = 15 to 20 cells per group). (Scale bar, 20 μm.) (H) Immunostaining for myc and PIP2 in HEK 293 cells overexpressing
myc-MARCKS. Cells were starved overnight before treatment with vehicle or 1 mM D-cys for 1 h followed by treatment with 100 ng/mL IGF-I for 10 min. Data
are expressed as the Pearson correlation coefficient between myc and PIP2 stains at the plasma membrane (n = 15 to 20 cells per group). (Scale bar, 15 μm.)
Bar graphs depict mean ± SEM; violin plots show median (dark line) ± interquartile range (dashed lines). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns = P > 0.05, sum of squares F test (C), two-tailed unpaired Student’s t test (D), or ANOVA with post hoc Tukey’s test (E–H).
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induced by PMA in starved HEK 293 cells (Fig. 5F). D-cysteine
further prevented the ability of PMA to stimulate myc-
MARCKS internalization in HEK 293 cells (Fig. 5G).
MARCKS is known to associate with the lipid phosphatidyli-

nositol 4,5-bisphosphate (PIP2) at the membrane during inactive
(starved) cellular conditions (46). Upon growth factor stimula-
tion, activation of MARCKS by PKC and other kinases disso-
ciates it from PIP2, freeing PIP2 to be phosphorylated by PI3K
to form phosphatidylinositol 3,4,5-trisphosphate (PIP3), the es-
sential molecule for Akt activation (51, 52). Stimulation of
starved HEK 293 cells with insulin-like growth factor I (IGF-I)
decreases the colocalization of PIP2 and myc-MARCKS at the
membrane, and D-cysteine completely blocks this decrease
(Fig. 5H). Thus, D-cysteine causes MARCKS to sequester PIP2
away from PI3K in response to growth factor signaling, providing
a mechanistic basis for inhibition of Akt signaling by D-cysteine.
While preliminary, these findings suggest that MARCKS may be
a physiologic interactor of D-cysteine.

Discussion
D-amino acids, once thought to be unnatural isomers, are an
important class of endogenous signaling molecules whose roles in
mammalian neurobiology continue to be unearthed. Our present
work describes the newest member of this family, D-cysteine. By
developing sensitive and specific assays for the detection of
D-cysteine, we report the identification of endogenous D-cysteine
in mammals. We elucidate its actions in cortical development and
delineate a signaling axis and putative binding partner mediating
these effects. Our findings not only have implications for the un-
derstanding of the functions of D-amino acids in the nervous system,
but also provide insight into the regulation of NPC homeostasis in
the developing brain by small molecules.
The regional distribution of D-cysteine in the adult brain

closely parallels that of SR and D-serine (9, 53), with enrichment in
forebrain regions, including the prefrontal cortex and hippocampus.
Conversely, D-cysteine localizations are reciprocal to those of
DAAO (53). These data are consistent with conceptualizations of
SR and DAAO as biosynthetic and degradative enzymes for
D-cysteine, respectively (23). It will be of interest to explore the
extent to which modulation of D-cysteine levels contributes to pre-
viously observed phenotypes of SR−/− and DAAO−/− mice.
In contrast to their similar regional localizations, the temporal

distributions of D-cysteine and D-serine are inversely related.
Brain D-cysteine content drops drastically during early postnatal
life, while D-serine levels increase over the same period (54).
Interestingly, D-aspartate shows a similar developmental ex-
pression profile as D-cysteine (2, 54, 55). SR expression parallels
that of D-serine in mouse brain (54), though its transcript ex-
pression, along with D-serine levels (55), is mostly stable during
prenatal development in human brain (SI Appendix, Fig. S4H).
SR is further enriched in neuronal compared with progenitor
populations in the embryonic mouse brain (SI Appendix, Fig.
S4G), and while adult SR−/− mice lack 80% of brain D-cysteine,
D-cysteine levels are decreased by only 40% and 50% in em-
bryonic and neonatal SR−/− brains, respectively. Further, our
HPLC analysis shows that the developmental trajectory of
L-cysteine expression is neither inverse nor parallel to that of
D-cysteine. Collectively, these observations imply the existence of
SR/cysteine racemization-independent pathways for D-cysteine
production in the developing brain.
Our analyses of D-cysteine actions in NPCs suggest its major

function is to inhibit their proliferation. This finding appears
somewhat contradictory, as D-cysteine is present at high levels
during developmental periods in which NSC/NPC proliferation
is widespread. However, as proliferative growth factors are pre-
sent at high levels at these time points (19, 20, 56), the existence
of endogenous inhibitors or “brakes” on growth factor signaling
serves a homeostatic function, as evidenced by macrocephaly and

neurodevelopmental disorders in patients and animal models
containing loss-of-function mutations in negative regulators of
growth factor signaling cascades (57–59). By inactivating Akt,
D-cysteine may serve as such a brake, in a manner similar to the
phosphatase and tensin homolog (PTEN) and other inhibitors of
growth factor/Akt signaling (60, 61). Our findings support a
model wherein, as the fraction of proliferative cells decreases
over development due to an increase in terminally differentiated
cells (neurons), the proliferation-limiting effects of D-cysteine
become progressively less necessary and its production is de-
creased. It will be interesting in future studies to determine
whether high D-cysteine levels persist in neurogenic niches of the
adult brain and whether D-cysteine and SR may accordingly
regulate the balance between quiescence and proliferation of
adult NSCs.
We identified the transcription factors FoxO1 and FoxO3a as

the crucial effectors of D-cysteine in NPCs. FoxOs are estab-
lished negative regulators of NPC proliferation and neurogenesis
(62, 63). While we did observe increased numbers of deep-layer
cortical neurons in SR−/− mice, apparently due to an expanded
NPC pool, D-cysteine did not have a direct effect on neurogenic
differentiation of NPCs in vitro. However, by activating FoxOs,
D-cysteine may inhibit differentiation in response to extrinsic
signals, particularly by inducing expression of Sox2, which op-
poses neurogenesis (38). FoxOs and Sox2 specify the stem cell
identity of populations including NPCs (37, 38, 62, 63). Ac-
cordingly, D-cysteine may itself function to maintain NSC/NPC
identity. This hypothesis aligns well with our finding that D-cys-
teine levels decrease rapidly from E9.5 to E13.5 and P0 to P7,
two periods of widespread NSC/NPC differentiation (19, 20).
Importantly, further work will be required to determine whether
D-cysteine acts on NPCs in a paracrine or autocrine/cell-
autonomous manner in vivo.
We found that D-cysteine, but not D-serine, reduces prolifer-

ation of NPCs. Thus, the neurodevelopmental aberrations ob-
served in SR−/− mice, which stem from expansion of the NPC
population and involve enhanced Akt activation and consequent
FoxO inhibition, appear to be attributable to D-cysteine. How-
ever, our data do not exclude a role for D-serine in related cel-
lular events during corticogenesis. Interestingly, p21Cip1 gene
expression was found to be decreased in the cortex of adult
SR−/− mice (64), consistent with stimulation of FoxO-mediated
p21Cip1 transcription by D-cysteine.
Our proteomic analysis of anti–D-cysteine immunocomplexes

identified MARCKS as a putative D-cysteine interactor.
MARCKS has established roles in forebrain development, and its
germline knockout is embryonic lethal in mice (65). MARCKS−/−

mice display aberrant cortical lamination and incomplete fusion of
the cerebral hemispheres as well as area-specific defects in NPC
proliferation and migration (66). Sequestration of PIP2 by
MARCKS regulates PI3K-dependent signaling (51) and thus
provides a mechanistic link between D-cysteine–MARCKS inter-
actions and D-cysteine–mediated Akt inhibition. We previously
demonstrated that SR is physiologically inhibited by PIP2 (67),
suggesting the potential existence of an autoregulatory feedback
loop for D-cysteine production and signaling through MARCKS.
Future studies will be required to delineate the consequences of
D-cysteine–MARCKS binding on cortical development in vivo.
We considered the possibility that the NMDAR might serve as

a D-cysteine receptor, given the structural similarity between
D-cysteine and the NMDAR coagonist D-serine (5). However, we
did not identify any NMDAR subunits in our anti–D-cysteine
immunoprecipitates, and the developmental expression profile
of the D-serine–binding GluN1 subunit (68) is reciprocal to that
of D-cysteine (SI Appendix, Fig. S4 G and H). Our data do not
exclude the possibility of NMDAR-mediated functions of
D-cysteine in the adult brain. However, in addition to being
present at much lower levels than D-serine (50 μM compared
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with 250 μM), D-cysteine exhibits 20-fold lower affinity for
forebrain synaptic NMDAR sites (69). H2S is known to facilitate
NMDAR neurotransmission (70). Accordingly, D-cysteine may
also influence NMDAR function indirectly through DAAO-
mediated production of H2S (23), as exogenous D-cysteine has
been shown to exert H2S-dependent dendritogenic effects in
cultured cerebellar neurons (71).
The strongest link between D-amino acids and human neuro-

psychiatric phenotypes comes from schizophrenia. Polymorphisms
in the SRR gene, as well as decreased D-serine levels, have been
identified in multiple cohorts of patients with schizophrenia
(72–75), and SR−/− mice have been found to recapitulate many of
the molecular and behavioral correlates of schizophrenia (76).
While these phenotypes have primarily been attributed to im-
paired D-serine–mediated NMDAR neurotransmission during
adulthood (77), schizophrenia is increasingly appreciated as a
neurodevelopmental disorder (78–81). Alterations in MARCKS
expression in schizophrenia have also been described (82, 83).
Accordingly, it will be of great interest to determine D-cysteine
levels in patients with schizophrenia and to explore the extent to
which D-cysteine–dependent neurodevelopmental aberrations
underlie schizophrenia-related phenotypes of SR−/− mice.

Materials and Methods
Separation of L- and D-Cysteine by High-Performance Liquid Chromatography.
L- and D-cysteine from tissue lysates were separated using the CHIROBIOTIC T
chiral HPLC column (5-μm particle size, L × D 25 cm × 4.6 mm) (Supelco)
attached to a Waters 2690 alliance separations module connected to a
fluorescence detector. Solvent was 20 mM ammonium acetate (80% vol/vol)-
methanol (20% vol/vol) followed by isocratic elution. The flow rate was
0.05 mL/min. Cysteine stereoisomers were detected by fluorescence at exci-
tation λ 380 nm and emission λ 510 nm. The column was maintained at room
temperature. D-cysteine from brain lysates was extracted by homogeniza-
tion in 100 mM HEPES buffer pH 7.5 using a handheld homogenizer on ice
with 10 to 15 strokes. The homogenates were then lysed using a Branson
sonicator on ice with six pulses of 10 to 15 s each. The samples were then
centrifuged at 16,000 × g for 30 min at 4 °C. After centrifugation the su-
pernatant was harvested in a prechilled tube. Proteins in the supernatant
were precipitated by adding 12 N HCl to the lysate to a final concentration
of 2 N. The sample was cooled on ice for 30 min and centrifuged at 16,000 ×
g for 30 min at 4 °C. The supernatant containing cysteine was harvested. The
supernatant was neutralized by adding one volume 10 N NaOH followed by
addition of 1 volume of ABD-F in 200 mM sodium borate buffer pH 8.0
containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 0.1 volume of
10% tri-n-butylphosphine in acetonitrile to label the free thiol of cysteine.
The mixture was incubated at 50 °C for 5 min and vortexed thoroughly after
incubation. The mixture was placed on ice and 0.01 volume of 2.5 N HCl

added to neutralize the sample. The sample was then diluted 1:1 with HPLC-
grade water and filtered using a Millex LG 0.2-μm syringe filter (Millipore)
into an amber HPLC vial. The fluorescently labeled sample was used for in-
jection (10 μL volume) on the preequilibrated chiral HPLC column and the
labeled thiols were detected by fluorescence. The areas under the respective
peaks were quantified based on a standard curve of purified L- and
D-cysteine standards.

D-Cysteine Luciferase Assay. Tissue samples were homogenized on ice in five
volumes of lysis buffer (500 mM tricine, 100 mM MgSO4, 2 mM EDTA, 1%
Triton X-100, pH 7.8) supplemented immediately before homogenization/
lysis with 10 mM tris(2-carboxyethyl)phosphine (TCEP), 200 mM K2CO3, and
0.1 mg/mL CHBT (Santa Cruz). In the case of cultured cells, culture media
were aspirated, cells were washed twice with ice-cold phosphate-buffered
saline (PBS), and cells were harvested on ice in the above solution at a vol-
ume of 250 μL per 35-mm dish. Following sonication, samples were incu-
bated at 30 °C for 10 min with shaking to allow for D-luciferin formation.
Samples were then cooled on ice and cleared by centrifugation at 16,000 × g
at 4 °C for 30 min. Supernatants were transferred to fresh tubes and neu-
tralized with 12 N HCl to a pH of 7.8. ATP was added to a final concentration
of 5 mM, after which D-luciferin–specific Quantilum Recombinant Luciferase
(Promega) was added to a final concentration of 25 μg/mL. Samples were
transferred to opaque 96-well plates and incubated at room temperature in
the dark for 5 min, at which point luminescence was measured on a Spec-
traMax M3 microplate reader (Molecular Devices) with a 500-ms integration
time. Luminescence values were normalized to total protein concentration,
obtained from supernatants using a colorimetric protein assay (Bio-Rad).

L-Cysteine Racemization Assay. A total of 20 μg of protein from precleared
brain lysates was incubated in luciferase assay buffer (see above) with 50 μM
pyridoxal 5′-phosphate (Sigma) for 10 min at 37 °C prior to addition of 1 mM
L-cysteine and incubation at 37 °C for times ranging from 0 to 60 min.
Samples were then placed on ice and reactions were quenched by addition
of 10 mM TCEP, 200 mM K2CO3, and 0.1 mg/mL CHBT. Samples were then
incubated at 30 °C for 10 min and cooled on ice. Samples were then neu-
tralized with HCl and processed for luminescence measurements as
described above.

Data Availability.All study data are included in the article and/or SI Appendix.
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