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1. Introduction 

Glycine is an important inhibitory neurotransmitter predominantly 
in caudal regions of the central nervous system (CNS). Additionally, 
glycine acts as a coagonist to glutamate at N-methyl-D-aspartate re-
ceptors (NMDAR). After its presynaptic release at inhibitory synapses, it 
binds to glycine receptors opening an intrinsic ion channel and facili-
tating the chloride conductance of the postsynaptic cell (Lynch, 2004). 
To allow for neurotransmission to proceed with high spatial and 

temporal resolution, the released neurotransmitter has to be rapidly 
removed from the synaptic cleft and (finally) shuttled back into the 
presynaptic terminal. The key players that are assumed to contribute 
crucially to both, regulation of the extracellular glycine concentrations, 
as well as the efficient recycling, are the high affinity glycine trans-
porters GlyT1 and GlyT2, which belong to the large family of SLC6A 
transporters (Gomeza et al., 2006). GlyT2 is expressed exclusively by 
glycinergic neurons and is responsible for the reuptake of glycine into 
the presynapse (Gomeza et al., 2003b). In contrast GlyT1, that is 
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expressed by major glial cell populations and a subset of glutamatergic 
neurons, facilitates the rapid glycine clearance from the synaptic cleft 
and additionally regulates NMDAR function by controlling the extra-
cellular glycine concentration at a subset of excitatory synapses 
(Gomeza et al., 2003a; Zafra et al., 1995). Pharmacological inhibition of 
GlyT1 through irreversible inhibitors results in a concentration depen-
dent elevation of the extracellular glycine level only in the CSF but not in 
other body fluids and without influencing other amino acid concentra-
tions (Martina et al., 2004). 

Mice lacking GlyT1 expression are not viable and die within a few 
hours after birth most likely due to respiratory deficiencies. Here, 
insufficient synaptic clearance was shown to lead to elevated extracel-
lular glycine concentrations and thus inducing GlyR hyperactivity, 
which results in glycine mediated overinhibition (Gomeza et al., 2003a). 
This phenotype was caused by glial GlyT1 expression, since glia specific 
GlyT1 gene inactivation caused a phenocopy of the full GlyT1 knock out 
at least at neonatal stages (Eulenburg et al., 2010). In contrast inacti-
vation of neuronal GlyT1 expression caused significant changes in the 
rodent behaviour suggesting altered glutamatergic signalling via 
NMDARs (Eulenburg et al., 2010; Martina et al., 2005). 

Taken together these findings corroborate the hypothesis that the 
phenotype seen in GlyT1 KO mice results from overactive glycinergic 
inhibition caused by accumulation of glycine in the extracellular space. 

Previous work suggested that mutations within the coding regions of 
the SLC6A9 gene might be causal for glycine transporter 1 encepha-
lopathy in humans (Alfadhel et al., 2016; Kurolap et al., 2016), a disease 
displaying many but not all facets of nonketotic hyperglycinemia, pre-
viously associated with loss of function mutations of the mitochondrial 
glycine cleavage system (Applegarth and Toone, 2001). 

Up to now three different families with different mutations and in 
total 6 individuals carrying GlyT1 mutations homozygously and dis-
playing the disease phenotype have been identified (Alfadhel et al., 
2016; Kurolap et al., 2016). Symptoms described in all patients include 
arthrogryposis and increased nuchal translucency in ultrasound scans 
during pregnancy. Lifeborn infants showed severe respiratory failure 
requiring persistent ventilation, encephalopathy, hypotonia progressing 
to limp hypertonicity in response to loud sounds and tactile stimulation, 
global developmental delay and dysmorphic features. Further symptoms 
were also muscular abnormalities, including clubfeet, hyperextension of 
the knees and joint laxity (Alfallaj and Alfadhel, 2019). In all patients a 
mildly elevated glycine concentration in the CSF with no changes in 
serum glycine was observed, which might be a good diagnostic marker 
for GlyT1 encephalopathy in the future (Kurolap et al., 2016). 

Three different mutations in the SLC6A9 gene have been reported in 
the context of GlyT1 encephalopathy in three different families: a ho-
mozygous missense mutation c.1219 A>G (p.Ser407Gly), a homozygous 
small deletion c.928_932 delAAGTC (p.Lys310Pheþfs*31), and a ho-
mozygous nonsense mutation c.1717 C>T (p.Gln573*) (Alfadhel et al., 
2016; Kurolap et al., 2016) due to consanguinity an autosomal recessive 
inheritance pattern is suggested (Alfallaj and Alfadhel, 2019). 

Although the correlation of homozygous mutations and the disease 
phenotype suggests a direct link, the consequence of the mutation on 
GlyT1 functions is unclear at present. In this study we now present a 
functional characterization of the GlyT1 mutations found in GlyT1 en-
cephalopathy patients including one previously unpublished mutation. 

2. Results 

A novel mutation within the SLC6A9 gene was identified in two fe-
tuses in subsequent pregnancies of the same parents that showed 
increased nuchal translucency and severe arthrogryposis in ultrasound 
scans. Based on these findings both pregnancies were terminated. The 
observed malformations were very similar to previously described cases 
of GlyT1 encephalopathy (Alfadhel et al., 2016; Kurolap et al., 2016). 
Indeed, a retrospective genomic analysis of both fetuses by NGS revealed 
a homozygous sequence variant at chr1:g.44010781 G>A which is 

localized within the predicted exon 3 of the SLC6A9 gene encoding for 
GlyT1. This variant is predicted to results in an amino acid exchange 
from valine in position 118 to methionine (p.Val118Met, see also 
Table 1). Sequence comparison and a molecular model generated on 
basis of the crystal structure of LeuTa (Yamashita et al., 2005) suggested 
that this mutation is localized within the transmembrane domain (TM)1 
close to the predicted substrate and ion binding site of GlyT1 (see Fig. 1A 
and B). Subsequently, Sanger sequencing of the relevant exon in 
genomic DNA from the parents showed that both of them were hetero-
zygous carriers of the mutation (Fig. 1C). A later born healthy sibling 
was shown to be wild-type for the respective mutation, thus further 
supporting the hypothesis that the observed GlyT1 mutation is associ-
ated with the disease phenotype. To investigate the consequences of this, 
and of the previously identified mutations found in patients with GlyT1 
encephalopathy on transporter function, we set out for a detailed in-vitro 
characterization of these mutations to determine if the phenotype seen 
in GlyT1 encephalopathy might correlate to a loss of function of GlyT1 
protein. 

The different mutations that have been identified in GlyT1 enceph-
alopathy patients including the predicted changes on the GlyT1 protein 
have been summarized in Table 1. These mutations include two 
missense mutations, one previously identified by Alfadhel et al. (2016) 
that is predicted to cause an amino acid exchange at positions 407 (p. 
Ser407Gly), and the missense mutation first described in this study, that 
is predicted to cause an amino acid exchange at position 118 (p. 
Val118Met). Additionally, two mutations previously described by Kur-
olap et al. (2016) that are predicted to result in truncated transporter 
proteins were characterized. Moreover, a transporter carrying a SNP in 
position 594 (p.Gln594Glu), which did not result in a disease phenotype, 
was added to the characterization (Fig. 1A). 

To analyse the consequences of the respective mutations on trans-
porter function, we introduced the respective changes in an expression 
construct containing the cDNA sequence of human GlyT1c (R&D Sys-
tems) by site directed mutagenesis. All constructs were transfected into 
HEK293 cells and detergent extracts were prepared 2 days after trans-
fection. Western blot analysis of cells expressing the respective GlyT1 
mutants or the wild-type GlyT1 were probed with an antibody raised 
against the C-terminal domain of GlyT1. Here, in samples from wild-type 
GlyT1 expressing cells (hGlyT1wt) as well as in those from cells 
expressing hGlyT1S407G, hGlyT1V118M or the SNP hGlyT1Q594E showed 
an indistinguishable pattern of immunoreactive bands consistent with a 
full-length expressed glycine transporter. In Western blot analysis of the 
mutant hGlyT1S407G protein expressing cells the slight variations in band 
intensities observed are indicative for differences in expression levels, 
most likely resulting from differences in transfection efficacies (Fig. 1D). 
In all three samples a major band at ca. 80 kDa most likely representing 
the fully mature monomer and weaker bands at around 60 kDa most 

Table 1 
List of the hGlyT1 mutations characterized in this study, including reference of 
the first publication, its genetic description and predicted molecular weight. 

Mutation Source SLC6A9 Mutation Predicted 
Protein 
Weight 

hGlyT1S407G Alfadhel 
et al. 
(2016) 

ch1:g.44001591 A>G Point 
Mutant 

78.24 kDa 

hGlyT1K310F 

þfs*31 
Kurolap 
et al. 
(2016) 

ch1: 
g.44002864–44002868 
del 

Frame 
Shift 

37.12 kDa 

hGlyT1Q573* Kurolap 
et al. 
(2016) 

ch1:g.44000806 C>T Point 
Mutant 

63.13 kDa 

hGlyT1V118M this study ch1:g.44010781 G>A Point 
Mutant 

78.3 kDa 

hGlyT1Q594E this study ch1:g.43998001 G>C Point 
Mutant 

78.27 kDa 
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Fig. 1. GlyT1 encephalopathy associated GlyT1 Variants and SLC6A9 sequence analysis of a novel hGlyT1V118M mutation. (A) Schematic drawing of the GlyT1 
membrane topology based on homology to LeuTa. Previously identified mutations found in GlyT1 encephalopathy patients as well as a novel mutation suggested to 
cause GlyT1 encephalopathy are indicated in TM1, 7, 11 and IL2. (B) Amino acid sequence alignment LeuTa, GlyT1 and other members of the SLC6A family. 
Transmembrane domains, predicted on basis of the crystal structure of LeuTa are indicated as grey boxes (Yamashita et al., 2005). Position of the novel hGlyt1 
mutation V118M is coloured blue. The green and red boxes indicate residues contributing to the binding of sodium 1 and 2. Residues contributing to substrate 
binding in LeuTa are marked by yellow stars. Sequence alignment was calculated using Clustal Omega (Sievers et al., 2011). Amino acid identity is indicated by a (*), 
amino acid similarity is indicated by an (:). (C) Pedigree and sequence analysis of a novel hGlyt1V118M mutation identified in two fetuses showing symptoms similar to 
those seen in GlyT1 encephalopathy patients. Position of the mutation in the sequence analysis is indicated. (D) Western-blot analysis of HEK293 cell detergent 
extracts from cells expressing the indicated hGlyT1 expression constructs. Blots were probed with antibodies against the C-terminal domain of GlyT1 or the Myc-tag, 
as indicated. An anti-Tubulin antibody was used as a loading control. 
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likely representing an immature, core-glycosylated transporter mono-
mer and a band most likely representing the dimer of the mature isoform 
at around 190 kDa were observed (Bartholom€aus et al., 2008). For the 
mutations hGlyT1Q573* and hGlyT1K310Fþfs*31 no immune reactive 
bands were detected, consistent with a truncation at positions 573 and 
341, respectively (Fig. 1D). To allow for a detection of these truncated 
proteins, a 10 amino acid long Myc (around 1 kDa) was inserted into the 
expression constructs for these GlyT1 mutants and wild-type GlyT1 after 
the first 13 amino acids of the N-terminus of GlyT1 by site directed 
mutagenesis. Immunoblot of detergent extracts of Myc-tagged GlyT1 
(Myc-hGlyT1) transfected HEK293 cells revealed an almost identical 
band pattern as compared to hGlyT1 expressing cells regardless if GlyT1 
or Myc specific antibodies were used for detection. Due to a higher 
exposition time, even the very small fraction of the presumably fully 
unglycosylated monomer at around 50 kDa is visible in the Myc-h-
GlyT1wt lane (Fig. 1D). In samples from Myc-hGlyT1Q573* expressing 
cells two immunreactive bands at around 40 and 50 kDa and a (double-) 
band at around 100 kDa, followed by a slightly smaller band at around 
150 kDa were observed, which is consistent with a truncated GlyT1 
transporter being expressed in these cells, that aggregates to SDS resis-
tant dimers and higher order oligomers. The frame shift mutation 
hGlyT1K310Fþfs*31 shows just a faint band at around 32 kDa, consistent 
with a rather unstable truncated GlyT1 protein being expressed. 
Otherwise only faint unspecific bands are visible, that are also seen in 
the untransfected control lysate (Fig. 1D). 

To analyse the subcellular distribution of the respective hGlyT1 
mutants, HEK293 cells were transfected with the respective expression 
constructs and GlyT1 protein was visualized by immunohistochemistry 
and confocal microscopy. Here, analysis of wild-type hGlyT1 and the 
three apparently full length expressed mutants revealed a prevailing 
immunoreactivity within the plasma-membrane of the transfected cells, 
suggesting that the respective mutation does not interfere with mem-
brane insertion of the transporter (Fig. 2A). In contrast, the expression of 
the truncating mutations hGlyT1Q573* and hGlyT1K310Fþfs*31 did not 
produce any immunoreactive signals when antibodies against the C- 
terminal domain of GlyT1 were used (data not shown). Similar to the 
wild-type hGlyT1, also the Myc-tagged full length hGlyT1 transporter 
was clearly localized within the plasma membrane. Here a colocaliza-
tion of GlyT1 and Myc immunoreactivity was observed (Fig. 2B). After 
expression of the truncated Myc-tagged transporters Myc-hGlyT1Q573* 
and Myc-hGlyT1K310Fþfs*31, however, only Myc immunoreactivity was 
observed in intracellular compartments, colocalizing with a endo-
plasmatic reticulum (ER) retained DS-red, suggesting, that the trunca-
tion results in intracellular retention within the ER (Fig. 2C). To allow 
for a quantitative assessment of the level of surface expression of the 
respective mutations, each construct was cotransfected with an expres-
sion construct for wild-type mouse GlyT2, which was previously shown 
to efficiently localize to the plasma membrane (Armsen et al., 2007). 
The Mander’s coefficient for the GlyT2 and GlyT1 immunoreactivity 
indicative for the colocalization of both immunoreactivities was deter-
mined using ImageJ (Bolte and Cordeli�eres, 2006; Schindelin et al., 
2012). Here, both, the hGlyT1V118M or the SNP hGlyT1Q594E were 
indistinguishable from wildtype hGlyT1, whereas the Mander’s M2 
Coefficient for hGlyT1S407G, which represents the fraction of GlyT2 
overlapping GlyT1 immunofluorescence was significantly reduced, 
whereas the M1 coefficient, representing the fraction of GlyT1 immu-
nofluorescence overlapping with that of GlyT2, was only slightly but not 
significantly reduced. These findings might result from the lower 
expression level of hGlyT1S407G although a slightly reduced membrane 
insertion of the transporter cannot be excluded (Fig. 2D and E). 

These results were corroborated by surface biotinylation experi-
ments. Here, a major fraction of the apparent mature, fully glycosylated 
full length hGlyT1 protein was detected in the streptavidine-agarose 
bound surface fraction, representing the membrane protein fraction 
for both the wild-type hGlyT1 and its mutations hGlyT1S407G, 
hGlyT1V118M and hGlyT1Q594E. In all samples the band at ca. 60 kDa, 

presumably representing an immature, only core glycosylated GlyT1 
protein was excluded from this fraction (Fig. 3A). Interestingly, 
although immunocytochemical stainings suggest an almost complete 
surface localization of the full length hGlyT1 proteins, only a fraction of 
the mature hGlyT1 was detected in the membrane protein fraction, 
whereas some mature GlyT1 was also observed in the presumptive 
intracellular unbound fraction. To investigate if these findings results 
from insufficient labelling and/or binding to the streptavidine agarose 
beads of the hGlyT1 proteins, we cotransfected the cells used for our 
biotinylation experiments with a GlyT2 expression plasmid. For GlyT2 
previous studies have shown an almost complete enrichment of the 
immunreactive band at 100 kDa representing the mature GlyT2 isoform 
in the surface fraction of surface biotinylation experiments (Armsen 
et al., 2007). In our experiments performed here, however, some re-
sidual immunreactivity at 100 kDa was also observed in the unbound 
intracellular fraction, indicating insufficient biotinylation and/or pre-
cipitation of biotinylated proteins. This was not caused by saturation of 
the strepavidine beads, since increasing the bead volume did not change 
the precipitation efficacy. When comparing ratio of intensities of the 
presumably mature hGlyT1 isoforms in the different fractions of the 
biotinylation experiment, weaker signals within the surface fraction 
were observed in samples from hGlyT1S407G and hGlyT1V118M express-
ing cells. Additionally, however, also the immunreactive signal intensity 
in flow-through fractions was reduced, suggesting that this is caused by 
a loss of protein e.g. due to precipitation under assay conditions used, 
and not due to a reduced surface expression of the respective mutant 
(Fig. 3A). 

In samples derived from HEK cell lysates expressing the truncated 
hGlyT1Q573* or hGlyT1K310Fþfs31 only a very minor fraction or no GlyT1 
immunoreactive protein at all were detected in the fraction representing 
the membrane proteins, consistent with a predominantly intracellular 
localization of the respective proteins. For hGlyT1Q573* a small part of 
the ca. 100 kDa aggregates appear in the pellet fraction. Whether this is 
due to very low surface expression of the truncated protein or due to 
precipitation of the protein under the assay conditions used, is unclear at 
present (Fig. 3B). 

It was shown previously that the posttranslational modification of 
the GlyTs corresponds to their surface trafficking. Here, only fully gly-
cosylated GlyT2 was shown to reach the plasma membrane (Martí-
nez-Maza et al., 2001). To analyse the glycosylation pattern of the 
respective mutant transporters, HEK cell detergent extracts from cells 
expressing either wild-type hGlyT1 or one of the respective mutant 
transporters were treated with EndoH (E), a deglycosidase that cleaves 
high mannose O-linked oligosaccharides from glycoproteins, and 
PNGaseF (P), that cleaves almost all glycans from glycoproteins (Fig. 3C 
and D). 

In untreated and EndoH treated lysates from hGlyT1 expressing cells, 
the presumably mature transporter isoform at ca. 80 kDa was the most 
prevailing isoform, whereas PNGaseF resulted in an apparent shift of 
this band to ca. 50 kDa most likely representing the fully unglycosylated 
transporter. In samples form cells expressing the wild-type hGlyT1 
protein, an EndoH sensitive band at around 60 kDa representing a core- 
glycosylated isoform is faintly visible. A similar pattern was also found 
in the lysates from cells expressing point mutants hGlyT1S407G and 
hGlyT1V118M and the SNP hGlyT1Q594E, demonstrating that the post-
translational modification was not disturbed by these mutations 
(Fig. 3C). Looking at the deglycosylation pattern of the truncated mu-
tants hGlyT1Q573* only a faint band at ca. 50 kDa showed sensitivity to 
both Endo H and PNGaseF, suggesting a core glycosylation usually 
occurring in the ER, whereas no significant change in the band pattern 
was observed in samples from hGlyT1K310Fþfs*31 expressing cells, sug-
gesting this mutant hGlyT1 protein was not posttranslationally glyco-
sylated at all (Fig. 3D). 

In order to investigate the impact of V118M and S407G on the mo-
lecular structure of the transporter, we performed all-atom molecular 
dynamics (MD) simulations using a hGlyT1 homology model generated 
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on basis of the LeuTa crystal structure in its wild type and mutated form 
with bound glycine and associated ions. The two mutations showed 
comparable stability and no large deviation in secondary structure 
compared to the hGlyT1WT transporter over 250 ns of simulation 

(Fig. 4B). This confirms experimental findings showing no significant 
impact on protein folding and trafficking. Representative snapshots 
showing the side chain orientation of hGlyT1V118M and hGlyT1S407G are 
depicted in Fig. 4A. We then calculated the frequency of polar contacts 

Fig. 2. Subcellular localization of hGlyT1 Mutants. (A) Immunocytochemical analysis of HEK293 cells expressing the indicated hGlyT1 expression constructs and an 
ER localized DS-Red (red) 48 h after transfection, using an anti-GlyT1 antibody (green) and the nuclei stained with DAPI (blue). (B) Immuncytochemical analysis of 
HEK293 cells expressing wild-type hGlyT1 or Myc-hGlyT1 and an ER-retained DS-Red (red) using GlyT1 (purple) and Myc (green) specific antibodies. Nuclei are 
visualized by DAPI (blue) staining. Note that in Myc-hGlyT1 transfected cells Myc and GlyT1 immunreactivity show a complete overlap. (C) Immuncytochemical 
analysis of HEK293 cells transfected with the indicated truncated Myc-hGlyT1 expression constructs and an ER retained DSRed. Nuclei were visualized by DAPI 
staining (blue). Myc-tagged truncated mutant hGlyT1 proteins were visualized by a Myc antibody (green). Note that Myc immunreactivity localizes to the ER as 
indicated by colocalization with DsRed fluorescence as indicated by yellow colour. (D) HEK293 cells coexpressing the respective hGlyT1 mutant and mGlyT2 were 
analysed by immunofluorescence using GlyT1 (red) and GlyT2 (green) specific antibodies. Colocalization of both fluorescences was quantified using ImageJ Mander’s 
coefficient (E). M1 indicates the fraction of hGlyT1 overlapping mGlyT2 and M2 indicates the fraction of GlyT2 overlapping GlyT1 (n < 6) (Bolte and Cordeli�eres, 
2006; Schindelin et al., 2012). The scale bar indicates 10 μm. 

Fig. 3. Subcellular localization and posttranslational 
modification of hGlyT1 Mutations. (A) Western-Blot 
analysis of a surface biotinylation experiments on 
HEK293 cells transfected with the different full length 
hGlyT1 and wt-mGlyT2 expression plasmids as indi-
cated, using an anti-GlyT1 and anti-GlyT2 antibody. 
The lysate (L), flow through (F), wash control (W) 
and pellet (P) fractions are indicated (n ¼ 3). (B) 
Surface biotinylation experiments on HEK293 cells 
transfected with the indicated Myc-tagged hGlyT1 
proteins using a Myc antibody for analysis. (n > 3). 
(C) Immunoblots detected with an anti-GlyT1 anti-
body of detergent extracts of wild-type and full-length 
hGlyT1 mutant expressing HEK293 cells treated with 
EndoH (E) and PNGaseF (P) and compared to a con-
trol without enzyme (Co) (n > 5). (D) Immunoblots 
detected with an anti Myc antibody of detergent ex-
tracts of Myc-tagged wild-type and the indicated 
hGlyT1 mutation expressing HEK293 cell detergent 
extracts treated with EndoH (E), PNGaseF (P), and 
compared to a control without enzyme (Co) (n > 5). 
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responsible for stabilizing the glycine ligand in its bound form (Fig. 4C 
and D). While S407G has no significant effect on ligand binding, V118M 
leads to slightly reduced hydrogen bonding and altered binding patterns 
for residues that stabilize the ligand aminogroup natively (i.e. contacts 

involving residues Y116 and S371). 
For the functional analysis of the hGlyT1 mutations, the different 

constructs were expressed in Xenopus laevis oocytes and transport asso-
ciated currents were analysed by two-electrode voltage clamp (TEVC) 

Fig. 4. All-atom molecular dynamics (MD) simulations using a hGlyT1 homology model in its wild type and mutated form with bound glycine and associated ions. 
(A) Model of hGlyT1 generated on basis of LeuTa (Bartholom€aus et al., 2008) or the respective mutants. Since wild-type and mutant hGlyT1 showed almost identical 
overall structure only wild-type hGlyT1 is shown. Representative snapshots display the side chain orientation of the wild-type and mutants visualizing predicted 
molecular changes within the GlyT1 protein caused by the respective mutation. Sodium ions are indicated in purple, chloride in green, and the glycine ligand is 
depicted in blue. (B) Transporter stability over 250 ns of simulation indicated by backbone root-mean-squared deviation (RMSD). (C) Frequency of polar contacts 
responsible for stabilizing the glycine ligand in its bound form during the dynamic simulation. (D) Representative snapshots of sodium and ligand binding in wild 
type and mutant hGlyT1. 
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recordings. Here, glycine induced currents were readily detected from 
oocytes expressing either hGlyT1wt, GlyT1Q594E, hGlyT1S407G or 
hGlyT1V118M. Current maximal amplitudes, however, appeared signifi-
cantly smaller in oocytes expressing the last two constructs (hGlyT1S407G 

64.5 nA � 16 nA (n ¼ 10); hGlyT1V118M 15.2 nA � 5.0 nA (n ¼ 15) in 
contrast to hGlyT1wt 106.1 nA � 27.2 nA (n ¼ 15) and GlyT1Q594E 133.2 
nA � 44.9 nA (n ¼ 12) expressing oocytes; Fig. 5A). Virtually no glycine 
induced currents were observed in oocytes expressing hGlyT1Q573* and 
hGlyT1K310Fþfs*31, demonstrating that these transporter mutants do not 
show any (residual) transport activity. This is in line with the previous 
results, indicating that they are not processed correctly and retained 
intracellularly. Subsequently, the affinity for the substrate glycine was 
determined. Here, the hGlyT1wt revealed a Km of 11 μM (95% CI 
11.0–12.6 μM, n ¼ 16). For the SNP hGlyT1Q594E a Km of 18 μM (95% CI 
17–19 μM, n ¼ 13) was established that was very similar to that deter-
mined on hGlyT1wt expressing oocytes. For the hGlyT1S407G mutant a Km 
value of 514 μM (95% CI 438–602 μM, n ¼ 10) was calculated, 
demonstrating that this mutation results in a more than 50 times 
reduction in glycine affinity compared to that determined for hGlyT1wt. 
A similarly reduced affinity for glycine was determined for the 
hGlyT1V118M mutation that showed a Km of 373 μM (n ¼ 15; 95% CI 

320–436 μM; Fig. 5B). Taken together these data demonstrate that all 
mutations found in GlyT1 encephalopathy patients resulted in a severe 
impairment of GlyT1 function that is predicted to result in a complete 
loss of GlyT1 mediated glycine transport activity in-vivo. 

3. Discussion 

In this study, we show that all hGlyT1 mutations previously identi-
fied in patients with GlyT1 encephalopathy, as well as a novel mutation 
identified in two fetuses with abnormalities consistent with GlyT1 en-
cephalopathy, result in severe transporter dysfunction. These findings 
support the hypothesis that the identified GlyT1 mutations are causative 
for the phenotype of GlyT1 encephalopathy. The GlyT1 mutations, 
hGlyT1Q573* and hGlyT1K310Fþfs*31 identified by Kurolap et al. (2016) 
have been predicted to be truncating mutations. In hGlyT1Q573* a stop 
codon before TM11 is predicted to result in a transporter lacking TM11 
and TM12. hGlyT1K310Fþfs*31 is predicted to cause a frame shift at po-
sition 310 resulting in a premature stop codon and a truncation of the 
transporter after TM4. Here, consistent with previous findings e.g. on 
mutations of GlyT2 found in hyperekplexia patients, the truncation of 
the transporter resulted in an ER retained incompletely processed 

Fig. 5. Functional characterization of hGlyT1 mutations. (A) Original traces of electrophysiological measurements in Xenopus leavis oocytes expressing different 
hGlyT1 mutants compared to the wild type hGlyT1 after superfusion with 10 μM and 10 mM glycine, respectively. (B) Dose response curves for the respective hGlyT1 
mutants showing the glycine induced currents in relation to the maximum observed current induced by 10 mM glycine. Of note, both truncated mutants showed no 
activity and were therefore omitted from the graph. (C) Maximum glycine induced current amplitudes determined on oocytes expressing the different hGlyT1 
mutants (for all measurements n > 8, p < 0.01 (**), p < 0.001 (***), two way ANOVA with Bonferroni post hoc correction). 
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shorter polypeptide (Eulenburg et al., 2006). This was further confirmed 
by our surface biotinylation experiments, showing that both truncated 
transporters are excluded from the surface fraction at large. In line with 
these findings, injection of cRNAs encoding for neither of these trans-
porter mutations produced glycine induced currents in Xenopus laevis 
oocytes, demonstrating that these transporters are completely deficient 
of glycine transport activity. This is concordant with previous findings 
demonstrating that amino acid residues essential for the COP II depen-
dent ER exit (i.e. the R575L576(X8)D585 motive) are located in the 
carboxyl tail of the protein (Fern�andez-S�anchez et al., 2008) which is 
lacking in these mutant transporters. 

In contrast to the truncated transporters hGlyT1Q573* and 
hGlyT1K310Fþfs*31, GlyT1 immunoreactive bands detected in Western 
blots from hGlyT1S407G and hGlyT1V118M were indistinguishable from 
those of wild-type hGlyT1 expressing cells, demonstrating that these 
proteins are expressed and carry most likely normal posttranslational 
modifications. This was verified by analysis of the glycosylation pattern 
of the transporter and wild-type-like stability in MD simulations. 
Furthermore, immunohistochemical as well as our surface biotinylation 
analysis demonstrated that both mutants reach the plasma membrane. 
Here, both mutants showed reduced signals in the pellet fraction con-
taining the surface proteins. There was, however, no increase in the 
corresponding band in the flow through, containing the unlabelled 
cytosolic proteins, detectable. The most likely explanation for the 
discrepancy is loss of hGlyT1 protein e.g. due to an increase in trans-
porter aggregation that are insoluble under the assay conditions used. 
Although this was only observed for both mutants but not for the wild- 
type hGlyT1 protein, this finding does not allow any conclusion on the 
stability of the mutant hGlyT1 proteins under physiological conditions. 
Furthermore it has to be noted, that, since these experiment were per-
formed in HEK293 cells, additional differences on protein stability, e.g. 
in astrocytes i.e. the cell population showing highest GlyT1 expression 
in-vivo, cannot be excluded. 

In line with a normal synthesis of the mutant transporter, glycine 
induced currents were readily detectable in oocytes expressing both 
transporter mutants, but only in the presence of very high glycine con-
centrations. Whereas wild-type hGlyT1 displays a Km of 11 μM, 
hGlyT1S407G showed a Km of 514 μM and the hGlyT1V118M mutant a Km 
of 373 μM. Also, the maximum inducible currents were strikingly 
reduced to approximately 60% for hGlyT1S407G and 20% for 
hGlyT1V118M of observed currents in wild-type hGlyT1 expressing oo-
cytes, respectively. Although the reduced current amplitude might at 
least in part result from differences in cRNA quality used for injection, 
these data demonstrate that due to the reduced glycine affinity the 
respective mutations result in an almost entire loss of GlyT1 function 
under physiological conditions in both cases. 

Structural models of GlyT1 on the basis of the crystal structure of the 
human serotonin and/or the bacterial LeuTa suggest that the Ser407 is 
localized within the transmembrane domain 7 and its hydroxyl-group is 
in very close proximity to both the ion binding sites for sodium and 
chloride (Coleman et al., 2016; Grouleff et al., 2015; Yamashita et al., 
2005). This is also recapitulated in our structural model presented here. 
The strong functional impairment of the hGlyT1S407G mutant suggests 
that the hydroxyl group has important functions in ion binding directly 
and/or stabilization of the ion binding sites during conformational 
transition of the empty transporter. The MD simulations corroborate this 
hypothesis. They suggest, that the negative effect of S407G on glycine 
transport is likely transmitted via an impaired stabilization of the bound 
chloride ion that indirectly stabilizes Na1 in its binding site, whereas the 
mutation appears not to affect glycine binding, directly. 

Sequence comparison to DAT and SERT suggest that Val118 is 
localized within the unwound part in the middle of TM1 that forms 
essential parts of both the ion and substrate binding site in transporters 
of the SLC6A family (Coleman et al., 2016; Grouleff et al., 2015; Wang 
et al., 2015; Yamashita et al., 2005). Interestingly, many interactions 
within this region of the transporter are not mediated by the amino acid 

side chains, but by the peptide backbone. Here the Carboxy-Oxygen of 
Val97 in SERT that is homologous to Val118 in hGlyT1 was shown to 
interact directly with the sodium bound to the second sodium binding 
site. An amino acid exchange to methionine at this position may result in 
a shift of positioning of this Carboxy group and thus might interfere with 
sodium binding (Coleman et al., 2019). MD simulations revealed, that 
V118M leads to a slight shift in the peptide backbone in the region of the 
mutation that results in a reduced hydrogen bonding and altered binding 
patterns for residues that stabilize the ligand amino group (i.e. contacts 
involving residues Tyr116 and Ser371). Although this does not lead to 
unbinding of the ligand in our simulations, it is tempting to speculate 
that the altered binding pattern at least contributes to the reduced 
glycine affinity observed in our functional assays. 

In all GlyT1 encephalophathy patients, severe malformations like 
arthrogryposis and dysmorphic facial features have been observed. This 
contrasts mouse models carrying GlyT1 deficiencies, that showed only 
neurological abnormalities like respiratory depression or –for mice with 
neuronal GlyT1 deficiency– altered learning behaviour (Dubroqua et al., 
2012; Eulenburg et al., 2010; Yee et al., 2006). Future studies will have 
to analyse the differences in GlyT1 functions between humans and 
rodents. 

In summary, we could show that truncation of the transporter caused 
by the hGlyT1Q573* and hGlyT1K310Fþfs*31 mutations resulted in a 
complete loss of GlyT1 function. The transporter is not processed 
correctly and not translocated into the cell membrane, where it could 
facilitate glycine transport. The missense mutations hGlyT1S407G and 
hGlyT1V118M are processed correctly and inserted into the plasma 
membrane, but their transport activity is severely diminished and most 
likely constitutes a functional knock out under physiological conditions. 
Thus, our results support the hypothesis that the loss of GlyT1 function is 
causative for the symptoms seen in GlyT1 encephalopathy patients. 

4. Materials and methods 

4.1. Genetic analysis 

The parents of the two fetuses received genetic counselling and 
agreed to the genomic analysis and the subsequent analysis of the 
identified mutation. For the genetic analysis DNA was extracted from 
cord blood of the fetus, and conducted whole exome sequencing on a 
NovaSeq6000 platform (Illumina, San Diego, USA) after enrichment 
with the SureSelectXT Human All Exon v6 kit (Agilent, Santa Clara, 
USA). Sequencing reads were mapped to the Genome Reference Con-
sortium Human Genome Build 37 (GRCh37) using BWA-0.5.10,14. 
Duplicates were removed using samblaster,15. Single-nucleotide vari-
ants and small insertions/deletions were called using freebays 16 and 
annotated using SnpEff-3.3 (Ensembl-GRCh37.73),17. Sequencing data 
was analysed using the megSAP pipeline (https://github.com/imgag 
/megSAP). The variant list was filtered for rare variants (MAF < 1%) 
with a potential effect on protein structure. Classification of the identi-
fied variants substantially followed ACMG guidelines (Richards et al., 
2015). Segregation analysis was performed with Sanger sequencing 
using the BigDye Terminator v3.1 kit (Thermo Fisher Scientific, Wal-
tham, USA) after amplification using FastSart Taq DNA polymerase 
(Sigma-Aldrich, St. Louis, USA) according to manufacturer’s 
instructions. 

4.2. Plasmids 

Point mutations, hGlyT1S407G, hGlyT1Q594E and hGlyT1V118M, were 
inserted into a pcDNA3.1 plasmid carrying the hGlyT1 cDNA (R&D 
Systems) using the QuikChange Lightning and QuickChange XL Site- 
Directed Mutagenesis Kits (Agilent technologies, Santa Clara, USA). 
For the truncated mutations, hGlyT1K310Fþfs*31 and hGlyT1Q573*, a Myc- 
tag was inserted after 13AA in frame in a two-step PCR based approach 
using Pfu DNA Polymerase (Promega, Madison, USA) into the hGlyT1- 
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pcDNA3.2 before using the QuikChange Lightning Site-Directed Muta-
genesis Kit (Agilent technologies, Santa Clara, USA). All plasmids were 
verified by sequencing. Additionally, the pDsRed2-ER (Clontech, 
Mountain View, USA) and mGlyT2 (Armsen et al., 2007) plasmid was 
used for Immunocytochemistry. 

4.3. Cell culture 

HEK293 cells were cultured in DMEM with 10% fetal bovine serum, 
1% Glutamine and 1% Penicillin-Streptomycin (Gibco, Thermo Fisher 
Scientific, USA) on 6 wells with a diameter of 34.8 mm for biotinylation 
and deglycosilation experiments or on glass coverslips with 12 mm 
(Wenzel, Germany) diameter coated with poly-L-lysine in 24 wells 
(Sarstedt, Nümbrecht, Deutschland) for immunocytochemistry. Cells 
were transfected with Lipofectamine 2000 (Thermo Scientific, USA) 
following manufacturers instructions for 24 h and cultured for further 
24 h. 

4.4. Western blotting 

HEK293 cells were lysed 48 h after transfection in 2 mg/mL Dode-
cylmaltosid or 0.1% (v/v) NP40 in PBS (bioWORLD, USA) and protease 
inhibitor cocktail (Roche, Switzerland). Protein samples were diluted in 
4x sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 20% glycerol, 
0,01% pyronin Y or bromphenolblue, 407.5 mM β-mercaptoethanol or 
200 mM dithiothreitol) and analysed by SDS-PAGE and Western blotting 
as described (Eulenburg et al., 2006). Antibodies used are Rabbit 
anti-GlyT1 (Synaptic Systems, Germany) and Rabbit anti-Myc (Santa--
Cruz, USA). 

4.5. Deglycosylation 

HEK 293 cells were lysed 48 h after transfection in 2 mg/mL Dode-
cylmaltosid or 0.1% (v/v) NP40 in PBS (bioPLUS Chemical, USAs) and 
protease inhibitor cocktail (Roche, Switzerland). Protein samples were 
treated with 500 U PNGaseF or EndoH (New England Biolabs, USA) for 
90 min at 37 �C before stopping the reaction with sample buffer and 
proceeding to Western blot analysis. 

4.6. Biotinylation 

HEK 293 cells were washed with ice cold PBS (pH ¼ 7,9) and treated 
with 2 mL of a 0.24 mg/mL EZ-Link™ Sulfo–NHS–SS-Biotin (Thermo 
Fisher Scientific, USA) for 40 min at 4 �C, quenched with 100 mM 
glycine in PBS, washed with PBS and lysed in 1% (v/v) NP40 (bio-
WORLD, USA) and protease inhibitor (Roche, Switzerland) (lysate 
fraction, L). 25 μg protein (0,5 μg/μL) was coupled to 50 μL PBS washed 
Streptavidin-agarose beads (Thermo Fisher Scientific, USA) for 3 h at 4 
C while overhead shaking. The beads were pelleted (1000�g, 3 min), 

the intracellular fraction collected (flow through fraction, F) and after 
washing with PBS (wash fraction, W) the proteins were eluted (pellet 
fraction, P) from the beads using an equivalent volume 2x sample buffer 
containing 50 mM DTT for 30 min at 37 �C. The collected samples were 
then analysed by Western blot. 

4.7. Immunocytochemistry 

After washing with PBS, transfected HEK293 cells were fixed in 4% 
paraformaldehyde in PBS for 10 min on ice, quenched with 100 mM 
glycine in PBS and blocked and permeabilized for 30 min in blocking 
solution (2% (w/v) bovine serum albumin, 2% (v/v) normal goat serum 
and 0.3% (v/v) Triton-X-100 in PBS). The cells were then incubated with 
primary antibody diluted in blocking solution for 2 h at room temper-
ature in a wet chamber, washed with PBS and incubated with secondary 
antibody (Alexa 488 and Alexa 635 conjugated goat antibodies raised 
against the respective species, Thermo Fisher, USA) and in blocking 

solution for 1h at room temperature in a wet chamber, followed by in-
cubation with DAPI in PBS for 10 min at room temperature. After 
washing in PBS, the glass coverslips were briefly dipped in water and 
mounted on microscopy slides using Aqua Polymount (Polyscience Inc., 
USA). Antibodies used are rabbit GlyT1 (Synaptic Systems, Germany) of 
for colabeling experimentsguinea pig anti-GlyT1 (Schl€osser et al., 2015) 
and rabbit anti-Myc (Abcam, USA). HEK 293 cells were imaged using a 
63 x objective on an LSM800 laser scanning microscope (Zeiss, Ger-
many). Mander’s coefficients, as indicators for colocalization were 
calculated using ImageJ (Bolte and Cordeli�eres, 2006; Schindelin et al., 
2012). 

4.8. Molecular dynamics simulation 

Molecular dynamics simulations used a previously generated ho-
mology model of hGlyT1 based on LeuTa (Bartholom€aus et al., 2008). 
Point mutations were introduced with The PyMOL Molecular Graphics 
System, (Version 2.0 Schr€odinger, LLC). The protein was embedded into 
a solvated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 
bilayer using CHARMM-GUI (Wu et al., 2014). The solvent ion con-
centration was 0.15 mol/l NaCl. Prior to simulation, we placed 2 sodium 
ions (Na1, Na2), 1 chloride and a zwitterionic glycine inside the channel 
at their suggested binding sites (Alfadhel et al., 2016; Fratev et al., 
2019). 

Simulations were carried out with GROMACS 2020 (Abraham et al., 
2015; Van Der Spoel et al., 2005) in combination with the 
Amber99SB*-ILDN force field (Best and Hummer, 2009; Lindorff-Larsen 
et al., 2010), the TIP3P water model (Jorgensen et al., 1983), 
Berger-derived POPC lipids (Cordomí et al., 2012) and ion parameters 
by Joung and Cheatham (2008). Zwitterionic glycine parameters were 
taken from Horn (2014). Van-der-Waals interactions were cut-off at 1 
nm and electrostatics were treated by PME (Essmann et al., 1995) 
beyond 1 nm. Temperature and Pressure were kept at 310 K and 1 bar 
using the stochastic V-Rescale Thermostat (Bussi et al., 2007) and 
Parrinello-Rahman Barostat (Parrinello and Rahman, 1981), respec-
tively. Bonds involving hydrogen atoms were kept constant using LINCS 
(Hess et al., 1997). The time step was 2 fs. After system preparation, we 
performed 2000 steps energy minimization (steepest descent) and 20 ns 
position-restrained equilibration (Fc ¼ 1000 kJ/mol/nm2). Finally, re-
straints were gradually lifted over 3 ns, followed by 250ns unrestrained 
simulation. Molecular dynamics trajectories were analysed using GRO-
MACS tools and Biotite (Kunzmann and Hamacher, 2018). The 
Baker-Hubbard algorithm (Baker and Hubbard, 1984) was used to detect 
hydrogen bonds and polar contacts involving ions were calculated by a 
distance criterion of 0.3 nm. 

4.9. Electrophysiology 

Defolliculated Xenopus laevis oocytes were purchased from EcoCyte 
Bioscience Germany. The oocytes were injected with 46 nl of cRNA (1 
μg/μl), stored in ND96 solution (in mM NaCl 960; KCl 20; CaCl2 10; 
MgCl2 10; HEPES 50; pH 7.4) and incubated for 4 days at 16 �C. Oocytes 
were superfused with ND96 solution without calcium containing 
different concentrations of glycine. Currents mediated by recombinant 
expressed glycine transporters were determined using the two- 
electrode-voltage-clamp (TEVC) technique. Substance induced cur-
rents were measured as changes of the stable baseline during solution 
change at a set membrane potential of – 50 mV. Current traces were 
recorded after amplification by a TurboTec-03X (npi elctronics, Ger-
many) and analysed using the software Cell Works and Cell Works 
Reader (npi electronics, Germany). 
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