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Abstract

Nonketotic hyperglycinemia (NKH) is caused by deficient glycine cleavage
enzyme activity and characterized by elevated brain glycine. Metabolism
of glycine is connected enzymatically to serine through serine hydro-
xymethyltransferase and shares transporters with serine and threonine. We
aimed to evaluate changes in serine and threonine in NKH patients, and
relate this to clinical outcome severity. Age-related reference values were
developed for cerebrospinal fluid (CSF) serine and threonine from 274 con-
trols, and in a cross-sectional study compared to 61 genetically proven NKH
patients, categorized according to outcome. CSF p-serine and r-serine levels
were stereoselectively determined in seven NKH patients and compared to
29 age-matched controls. In addition to elevated CSF glycine, NKH patients
had significantly decreased levels of CSF serine and increased levels of CSF
threonine, even after age-adjustment. The CSF serine/threonine ratio dis-
criminated between NKH patients and controls. The CSF glycine/serine
aided in discrimination between severe and attenuated neonates with NKH.
Over all ages, the CSF glycine, serine and threonine had moderate to
fair correlation with outcome classes. After age-adjustment, only the CSF
glycine level provided good discrimination between outcome -classes.
In untreated patients, p-serine was more reduced than r-serine, with a
decreased bp/L-serine ratio, indicating a specific impact on bp-serine
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1 | INTRODUCTION

Nonketotic hyperglycinemia (NKH; OMIM# 605899) is
an ultrarare neurogenetic condition characterized by
deficient activity of the glycine cleavage enzyme (GCE),
with an estimated incidence of 1:76 000 births."* It is
caused by pathogenic variants in the genes encoding the
protein components of the GCE: P-protein encoded by
GLDC gene (OMIM# 238300), and the T-protein encoded
by the AMT gene (OMIM# 238310).” Clinically, patients
with the severe phenotype of NKH have developmental
delay evolving into profound -cognitive dysfunction,
intractable epilepsy, spasticity, and cortical blindness.**
Patients with an attenuated form of NKH have a better
outcome with variable cognitive dysfunction, treatable
or no epilepsy, and do not develop spasticity, but develop
chorea and sometimes ataxia. Based on the develop-
mental outcome, attenuated NKH is subdivided into
attenuated poor (developmental quotient [DQ] <20),
attenuated intermediate (DQ 20-50), and attenuated good
(DQ >50).* The GCE breaks down glycine into carbon
dioxide and ammonia, and the remaining one-carbon unit
is transferred to tetrahydrofolate (THF) as 5,10-methylene-
tetrahydrofolate.® Deficient activity of the GCE results in
accumulation of glycine in plasma and tissues, including
in brain tissue, reflected in elevation of cerebrospinal fluid
(CSF) glycine levels and an increase of the CSF/plasma
glycine ratio.° The CSF glycine relates to outcome with
higher CSF glycine levels correlating with lower DQ
values.* The pathophysiology of NKH is not well-known,
and current therapy, focused exclusively at mitigating the
effects of increased glycine has only limited impact.”” To
develop new therapeutic approaches to NKH, a more in-
depth evaluation of the biochemistry is indicated. Mouse
models of NKH using a gene-trap in the GLDC gene have
been described.'®'? All affected mice had elevated glycine
levels. A metabolomics analysis showed increased glycine
conjugates.”® Also, in these mouse models deficient
amounts of 5,10-methylene-THF and 5-methyl-THF have
been documented in affected fetuses.'®"

metabolism. We conclude that in NKH the elevation of glycine is accompa-
nied by changes in L-serine, p-serine and threonine, likely reflecting a per-
turbation of the serine shuttle and metabolism, and of one-carbon
metabolism. This provides additional guidance on diagnosis and prognosis,
and opens new therapeutic avenues to be explored.

cerebrospinal fluid, p-serine, L-serine, nonketotic hyperglycinemia, threonine

The biochemistry and transport of glycine is inter-
connected with that of serine and threonine (Figure 1).
The serine hydroxymethyltransferases (SHMT) are key
enzymes in this pathway, catalyzing the reversible equi-
librium reaction of glycine with 5,10-methylene-THF to
serine and THF. While a majority of serine is produced
via a de novo synthesis pathway,'* a substantial amount
of serine is formed from glycine by the action of the
SHMT enzymes.'>'® The mitochondrial SHMT (SHMTZ2)
is a major donor of one-carbon units via 5,10-methylene-
THF, whereas the cytoplasmic enzyme SHMT1 is only a
minor donor.'” On a whole-body level, both GCE and
SHMT are the major one carbon donors to the folate pool
with serine being the main one-carbon donor.'®™'® L-ser-
ine, produced by the de novo synthesis pathway and from
glycine, can be converted to p-serine, which has an
important physiological role in the developing brain.'®*°
This reaction is catalyzed by a serine racemase enzyme
present in glutamatergic and GABA-ergic neurons.”* An
increase in glycine in patients with NKH may be
expected to result in increased r-serine levels via the
reversible reaction catalyzed by the SHMT enzymes
(Figure 1, blue bold arrows), and in turn increase the pro-
duction of p-serine. However, in three patients with NKH
decreased levels of p-serine were reported in brain tissue,
suggesting a disruption of p-serine synthesis in NKH.**

Threonine is another small neutral amino acid related
to glycine and serine, through biochemistry and mem-
brane transporters. In contrast to other animals, a bio-
chemical link between threonine and glycine does not
appear functional in humans. Humans do not have the
Escherichia coli bacterial enzyme threonine aldolase, also
known as r-serine/rL-threonine ammonia lyase, which
converts threonine directly into glycine. In mice, glycine
C-acetyltransferase catalyzes the conversion of glycine to
L-2-amino-acetoacetate, which then can be converted to
L-threonine by threonine dehydrogenase.”** In humans,
the latter enzyme is an expressed pseudogene without
activity. The small neutral amino acids glycine, serine,
and threonine share several transporters, which can
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FIGURE 1 Biochemistry of brain one-carbon metabolism including glycine in relation to serine, threonine, and folate metabolism.

Glycine is in equilibrium through the serine hydroxymethyltransferase enzymes (SHMTI1 and SHMT2) with serine, using 5,10-methylene-

tetrahydrofolate. In nonketotic hyperglycinemia there is deficient activity of the glycine cleavage enzyme (GCE), which breaks glycine down

into carbon dioxide, ammonia, and generates 5,10-methylene-tetrahydrofolate. In the presence of excess glycine due to deficiency in the

glycine cleavage system, one would expect an increase in serine through the SHMT enzymes (blue bold arrows). If 5,10-methylene-

tetrahydrofolate concentrations drop due to deficient generation by dysfunction of the glycine cleavage enzyme, one would expect a decrease

in the generation of serine (orange arrows). Furthermore, high glycine levels are purported to inhibit the serine racemase enzyme (orange

interrupted line). Gene symbols and reactions in blue, transporters across the inner mitochondrial membrane in green. The threonine

dehydrogenase (TDH) is active in mice but inactive in humans. GCAT, glycine acetyltransferase; GCE, glycine cleavage enzyme; MTHFD,

methylene-tetrahydrofolate dehydrogenase; MTHFR, methylene-tetrahydrofolate reductase; MTR, methionine synthase; SHMT, serine

hydroxymethyltransferase; PGDH, 3-phosphoglycerate dehydrogenase; PSAT, phosphoserine aminotransferase; PSPH, phosphoserine

phosphatase; SRR, serine racemase; THF, tetrahydrofolate

influence their levels. For instance, the neutral amino
acid transporter 1 ASCT1 (gene SLC1A4) transports ser-
ine, threonine and glycine, in addition to other neutral
amino acids, whereas ASCT2 (gene SLCI1A5) transports
alanine, serine, glutamine. Dysregulation of ASCT1, but
not ASCT2, affects brain levels of p-serine, L-serine, L-ala-
nine, L-threonine, and r-glycine.”> The Ascl transporter
(gene SLC7A10) carries these amino acids over the neu-
ronal membrane. Other transporters for small neutral
amino acids (including ATB®" [encoded SLCIAS5],
SNAT1 [encoded SLC38A1], SNAT2 [encoded SLC38A2],
SNATS5, and LAT2) display broad amino acid specificity
and have differential contributions to glial glycine

transport.”® The transporters SNAT1 (SLC38A1) and
SNAT2 (SLC38A2) carriers also share transport for serine,
threonine, and glycine. Transporters across the mito-
chondrial membrane SFXN1 and SFXN3 carry both race-
mic forms of serine and to a lesser extent alanine,
cysteine, and glycine, and impact one-carbon metabo-
lism.*” The transporter SLC25A38 is the main transporter
for glycine into mitochondria, and also transports alanine
and serine, but not threonine.?®

In this cross-sectional study, we evaluated the
impact of NKH on CSF levels of glycine, L-serine, p-ser-
ine, and threonine, in relation to age-matched controls,
and related the findings to clinical severity.
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2 | METHODS

2.1 | Human studies

The study was performed under IRB-approved pro-
tocols (Colorado COMIRB# 05-0790, Pittsburgh IRB#
STUDY19090211) for NKH patients and COMIRB#
17-1830 for controls. Informed consent was obtained
from all living subjects. All procedures were done in
accordance with the ethical standards of the ethics com-
mittee in accordance with the Helsinki Declaration of
1975 and as revised in 2000.

2.2 | Control values

Deidentified data for the calculation of age-specific refer-
ence ranges were obtained from CSF amino acid analyses
with apparently normal results from two clinical labora-
tories: Duke University Health System (N = 224;
ion-exchange method on a Hitachi L-8800 amino acid
analyzer) and Children's Hospital Colorado (N = 50;
ion-exchange method on a Biochrom 30+ Amino Acid
analyzer). Gender and age were recorded. A well-known
decline in the early years for serine and threonine
concentration was noted to evolve to a stable value in
older children and adults, with the correlation between
age and CSF amino acids values no longer significant
after age 10 years.

To account for this age-related decline in concentrations
of serine and threonine, we sought to calculate age-adjusted
z-scores for NKH patients in our study. To create the nor-
mal average values at each age represented, we modeled
the trend of serine and threonine by age in the normal con-
trol population. As proposed by DeVore et al., 36 potential
models that use various functions and fractional polyno-
mials were considered.” In addition, exponential declines
to an established asymptote in biology are best modeled as
a Gompertz curve with formula f(t) = ae %, so this was
also considered. The best fitting model from the
37 options was chosen based on the highest R* value, sep-
arately for serine and threonine. It was evident that the
normal standard deviation of serine and threonine also
varied by age, so a normalized age-dependent standard
deviation was also derived. The same series of models
described above were fitted, but with the absolute scaled
residuals from the mean model as outcome and with age
as predictor. The best model for the standardized resid-
uals was chosen based on highest R* value. For each
patient, the Z-score was calculated using the formula:
Z = (measured value — predicted mean value)/predicted
SD, where predicted mean is the predicted average value
using the best fitting mean model, and predicted SD is
the predicted residual from the best fitting standard devi-
ation model. Visualization was done by scatterplots of
the analyte versus age with the modeled mean and SD
(Figure 2). This allows for a comparison of age-adjusted
patient values as described before.*

Glycine Serine Threonine
o o o
S q, e I o - ®  Controls
© Soe ® Patients
— Line of best fit
--- +-18D
g 84 ¢
3 <
L
. g4,
- L]
g g1°
3 : °
o ° E .
€ o | 2 g% g .
2 87°¢ 5 © | 8 s1¢
o D s 27
' = i
o 8 7 H °
gqr .
{ i - :
o | % g R . .
49 y .
o
": . "t ] -t',".i"',‘;;.‘;"“';"'."‘
.
. o B e o __ o ____e__
o | DT IIPPINE 40t o o onue srhee s Za ~. 5 .
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 24 48 72 96 120 144 168 192 216 0 24 48 72 96 120 144 168 192 216 0 24 48 72 96 120 144 168 192 216
Age, months Age, months Age, months

FIGURE 2

Modeling of CSF serine and threonine values in normal controls. Values of CSF glycine (A), CSF serine (B), and CSF

threonine (C) are shown in relation to age in months with controls in red and nonketotic hyperglycinemia patients shown in blue. The line

of best fit developed by modeling control data is provided and the 1 SD curve in a dotted line. The CSF serine values of patients are in the

lower half of the control values (except for two patients), and the CSF threonine tend to cluster above the average particularly during early

months. CSF, cerebrospinal fluid
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2.3 | Patient values

Inclusion criteria for this cross-sectional study included a
certain diagnosis of NKH based on biochemical value,
clinical presentation, and molecular results,! and the
availability of results for CSF amino acids glycine, serine
and threonine. Patient values were extracted from the
clinical records or via a questionnaire collected between
2005 and January 2022 for the results of CSF glycine, ser-
ine and threonine, and for plasma levels of glycine and
serine. Levels of CSF protein and other amino acids were
reviewed where available to exclude blood contamina-
tion. Patients were clinically characterized into severe,
attenuated poor, attenuated intermediate, or attenuated
good classes according to previously published criteria.*
The molecular diagnosis of NKH was recorded from the
medical record as the pathogenic variants identified in
GLDC and AMT.”

2.4 | Stereoselective levels of serine
Stereoselective amino acids r-Ser, p-Ser, Gly, Thr, and
Met were measured after chiral derivatization with N-iso-
butyryl-L-cysteine and OPA by reverse phase HPLC on an
XBridge C18 column with fluorescence detection, with
details in Supporting Information Materials.*'

2.5 | Statistical analysis

Normality of distribution was evaluated by Wilk—Shapiro
and Kolmogorov-Smirnov tests. An initial analysis was
done for neonates age <1 months of age, where control
values were not substantively changed by age. When ana-
lyzing all subjects (neonates and older) to correct for age,
the age-adjusted Z scores for serine and threonine were
computed as described above, and used for comparison,
whereas for glycine raw values were compared, as the
influence of age was limited. An initial analysis of the
raw values was also done.

Comparison between controls and patients and
between severe and attenuated NKH patients was done
by two-sided independent samples Student t-test or by
Mann-Whitney U (MWU) test if normally distributed or
not, respectively. The strength of the difference was eval-
uated by Cohen's d. Comparison for all parameters in
neonates was done by both MWU and t-test using dis-
criminator sex or discriminator protein type. Comparison
of amino acid levels between controls, severe and attenu-
ated NKH patients or between different classes of NKH
was done by one-way analysis of variance (ANOVA), and

if significant, Tukey's post hoc adjustments were used to
report pairwise comparisons. For nonnormal distribu-
tions, Kruskal-Wallis and Dunn tests were used to com-
pare across class. A p < 0.05 was considered significant.
For relationships analysis, a Pearson or Spearman corre-
lation statistic was computed depending on normality of
distribution. Statistical comparisons were done using
IBM SPSS version 28, or by using R version 4.0.2.

3 | RESULTS

3.1 | Patient and controls characteristics
We collected data on 61 patients with proven NKH,
29 female (48%) and 32 male (52%) (Table S1). There
were pathogenic variants documented in AMT in
10 patients (16%) and in GLDC in 51 patients (84%), of
which for 1 patient a pathogenic variant in only one
allele had been identified. All patients were characterized
to disease severity: 32 patients with severe NKH (55%)
and 26 patients with attenuated NKH, of which 6 attenu-
ated poor (10%), 7 attenuated intermediate (12%), 7 atten-
uated good, and 6 attenuated where the subset was not
established (attenuated not otherwise specified), except
for three patients who were too young to assign severity
class. Data of the CSF values were collected at an age
<7 days in 32 patients (52%), >7 days but <31 days (first
month) in 11 patients (18%), >1 month and <1 year in
14 patients (23%), and at age >1 year in 4 patients (7%).

We also collected data from 274 controls (139 females
and 132 males), of which 224 were from Duke Univer-
sity Health System and 50 from Children's Hospital
Colorado, with the Duke group being older (median:
3.7 years) than the Colorado group (median: 0.47 years,
MWU p < 0.001). There were no statistical differences
between both centers for CSF glycine, serine and threo-
nine. There were 34 neonates (age <1 month), and
105 infants (age >1 month and <1 year), which allowed
to map the age-related trends.

3.2 | Control values for CSF glycine,
serine, and threonine

The distribution of control values for glycine, serine and
threonine followed a decline in early life, attaining an
apparently stable value. The decline was most rapid in
the first 6 months for glycine, the first year for threonine,
and the first 5years for serine (Figure 2). After age
10 years a significant correlation with age was not
observed. The age-related changes in control CSF glycine
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were minor compared with the marked elevations of
glycine observed in CSF from NKH patients. The CSF
serine values did not fit well with a Gompertz curve, and
the best fit was described with a fractional polynomial:

f :62.78—4'—;?—6.98 x log(t) —0.36 x lo\g/(;) showing an
R?* = 0.69 (Figure 2B). The model of best fit for CSF

—0.15t

threonine was the Gompertz curve as f(t) = 24.16¢%%¢
with a = 24.16, b = —0.96, and ¢ = 0.15, with R*> = 0.47
(Figure 2C). The age-adjusted mean, SD, and percentiles
are listed in Table S2.

3.3 | Patient values for CSF glycine,
serine, and threonine

Of the 61 patients, plasma glycine levels of five patients
were not recorded or recorded in an imprecise way
(i.e., >1000 pM). Plasma serine was available for
22 patients. CSF glycine and serine were available on all
61 patients, and CSF threonine in 60 patients.

3.4 | Neonates

We first examined neonates (age <1 month), where most
patients are diagnosed and the age-related decline in
CSF amino acids is insignificant (Table 1). In patients with
NKH, CSF amino acids were significantly different
from the normal distribution, but plasma glycine was not.
As expected, CSF glycine levels were elevated compared
to controls (all patients 233 + 127 uM [mean + SD]
vs. controls 9.9 + 3.4 uM). CSF threonine levels were sig-
nificantly increased in patients compared to controls
(patients 80.6 + 32.7 uM vs. controls 58.8 + 19.9 uM)
and CSF serine levels were significantly decreased com-
pared to controls (patients 52.6 + 17.9 uM vs. controls
65.4 + 14.1 uM). The CSF glycine/serine ratio was elevated
in patients compared to controls (patients 4.62 + 2.36
vs. controls 0.155 + 0.057) and the CSF serine/threonine
ratio was significantly decreased (patient 0.066 + 0.041
vs. control 1.18 + 0.29), both with a larger Cohen's d effect
size than CSF glycine alone. In this age group, in controls
there was a moderate positive correlation between CSF

TABLE 1 Comparisons for neonates age <31 days
All Patients Patients
Controls patients severe attenuated Contr. vs. Pats. vs. Severe Severe vs. Att.
mean mean mean mean patients p  control effect  vs. Att. p effect size
Parameter +SD (N) + SD (N) + SD (N) + SD (N) value® size Cohen'sd value® Cohen's d
CSF 99+ 34 233 + 127 276.6 + 1253 127.3 + 54.4 <0.001 2.37 (1.78-2.95) <0.001 1.34 (0.58-2.08)
glycine® (35) (43) (30) 11)
CSF serine® 65.4 + 141 52.6 +17.9 52.6 + 20.2 54.2 +12.0(11) <0.001 0.78 (0.32-1.24) 0.424 —0.07 (—0.78-
(35) (43) (30) 0.61)
CSF 58.8 £19.9 80.6 +32.7 833+ 344 76.2 +29.1 (10) 0.001 0.79 (0.32-1.25) 0.724 0.21 (—0.51-
threonine®  (35) (42) (30) 0.93)
Plasma NA 1174 £ 521 1276 + 577 926 + 240 (10) NA NA 0.015 0.69 (—0.06—
glycine (37) (26) 1.43)
Plasma NA 208 + 126 199 + 129 254 + 132 (4) NA NA 0.304 —0.42 (—1.59-
serine® (15) (10) 0.76)
CSF/plasma NA 0.21 £0.10 0.239 + 0.107 0.146 + 0.069 NA NA 0.012 0.95 (0.18-1.70)
Gly® (37) (26) (10)
CSF/plasma NA 028 £0.12 0.293 +£0.126 0.244 + 0.103 NA NA 0.506 0.41 (—0.77-
Ser (15) (10) @ 1.57)
CSF Gly/Ser 0.155 4624236 548+222 241 +1.11(11) <0.001 2.54 (1.94-3.14)  <0.001 1.54 (0.76-2.30)
+0.057  (43) (30)
(35)
CSF 1.18 +0.29 0.066 0.075 £ 0.043 0.037 + 0.018 <0.001 5.65 (4.64-6.65)  0.001 1.00 (0.24-1.74)
Ser/Thr® (35) +0.041 (30) 10
(42)

Note: Significant test results are highlighted by bold text.

Abbreviations: Att., attenuated; Contr., controls; CSF, cerebrospinal fluid; Gly, glycine; N, count; Pats., patients; SD, standard deviation; Ser, serine; Thr,

threonine.

#Comparisons are done by two-sided Student ¢-test if normally distributed or by the Mann-Whitney U test for those not normally distributed.

bStatistically significantly different from the normal distribution.
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ANOVA, analysis of variance; CSF, cerebrospinal fluid

threonine and serine (r = 0.636, p < 0.001) and fair corre-
lation of CSF threonine with CSF glycine (r = 0.355) but
not between glycine and serine. In patients, there was a
fair positive correlation between CSF glycine and threo-
nine (Spearman p = 0.467, p < 0.001), and inverse with
CSF serine (Spearman p = —0.308, p = 0.006), but not
between CSF serine and CSF threonine. There was no sig-
nificant difference by sex or by affected protein (P or T) for
any parameter.

We next compared severe NKH patients (n = 30) to
attenuated NKH patients (n = 11) (Table S2). Severe
NKH patients compared to attenuated patients had sig-
nificantly higher plasma glycine (severe 1276 + 577 uM
vs. attenuated 926 + 240 uM), higher CSF glycine levels
(severe 276 + 125 uM vs. attenuated 127 + 54 uM) and
higher CSF/plasma glycine ratio (severe 0.239 + 0.107
vs. attenuated 0.146 + 0.069). There was no significant
difference in CSF threonine, CSF serine or plasma serine
levels between severe and attenuated NKH. However, the
CSF glycine/serine ratio discriminated between severe
5.48 + 2.22 and attenuated NKH 241 + 1.11, p < 0.001,
and the effect size using Cohen's d statistic was larger for

CSF glycine/serine ratio than for CSF glycine alone,
although the confidence intervals overlapped.

Controls, attenuated, and severe NKH neonates were
combined in an ANOVA analysis (Figure 3). CSF glycine
showed significant differences (p < 0.001, F = 86.4) with
post hoc analysis showing significant differences between
all three classes (p < 0.001 for each comparison). The CSF
serine showed significant difference (p = 0.007, F = 5.3)
with post hoc analysis showing a significant difference
between controls and severe (p = 0.007), but not with the
attenuated patients (p = 0.13). Similarly, CSF threonine
showed significant differences (p = 0.003, F = 6.5) with
post hoc analysis showing significant difference between
controls and severe (p = 0.002), but not with the attenu-
ated patients (p = 0.20). Similarly, significant differences
were present for the CSF glycine/serine ratio (p < 0.001,
F = 107.7), with significant differences between all three
classes (p < 0.001 for each comparison). The CSF serine/
threonine ratio showed significant differences (p < 0.001,
F = 281.3) with post hoc analysis showing significant dif-
ferences between controls and both severe and attenuated
NKH (p < 0.001 for each comparison), but not between
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severe and attenuated classes (p = 0.86). Thus, the stron-
gest distinction, according to the largest F value, between
severe and attenuated NKH patients was by the CSF gly-
cine/serine ratio, whereas the CSF serine/threonine ratio
showed a strong distinction between controls and affected
patients but was in effective at discriminating between
severe and attenuated patients (Figure 3).

3.5 | All ages

In the neonatal period, there were insufficient numbers
of each of the attenuated outcome subclasses to allow a
comparison by severity, and this analysis required the full
age range. An ANOVA analysis showed significant
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differences between the outcome classes for CSF glycine,
CSF/plasma glycine ratio, CSF serine, CSF threonine,
and particularly for CSF glycine/serine ratio (Supporting
Information Results, Table S3 and Figure S1). However,
there was also an age-related difference (p < 0.001 with
attenuated good having a significantly older age). Fur-
thermore, moderate correlations were found between
NKH class and: CSF glycine (Spearman p = —0.781), the
CSF glycine/serine ratio (p = —0.724), and the
CSF/plasma glycine ratio (p = —0.682) (each p < 0.001).
Fair correlations were found between NKH class: and
CSF threonine (p = —0.546, p < 0.001) and CSF serine
(p =—0.321, p = 0.02).

Because of the impact of age on NKH class, and the
age-related decline in CSF serine and threonine, these
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FIGURE 4 Serine enantiomers comparing patients with nonketotic hyperglycinemia with controls in the first year of life. The levels of

L-serine (A) and p-serine (B) as a function of age are shown for controls as blue dots and for patients with untreated nonketotic

hyperglycinemia as orange triangles and the benzoate-treated patient as a red diamond. This shows a decrease of both L-serine and p-serine

in nonketotic hyperglycinemia patients. The ratio of p-serine/L-serine (C) and of p-serine/total serine are shown for controls and nonketotic

hyperglycinemia patients. Nonketotic hyperglycinemia patients show a greater decrease in p-serine than in L-serine
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values were transformed into Z-values based on values
derived from modeling of the control CSF values. Compar-
ing all controls (n = 257) with all patients, the CSF serine
z-score was significantly lower in patients z = —0.98 + 2.0
(n = 52) compared to controls z = 0.009 + 1.02
(p < 0.001). The CSF threonine z-score was higher in
patients z = 0.62 + 1.34 (n = 51) compared to controls
Z=10.004 + 1.11 (p = 0.004). Comparing severe with atten-
uated NKH patients, the serine z-score and the threonine
z-score were not statistically different (p = 0.15 and
p = 0.44 respectively), nor was the serine z-score/threo-
nine z-score (p = 0.91) (Table S4). Only the CSF glycine/
serine z-score remained significant (p < 0.00I). On a com-
parison across all classes, the CSF glycine (and particularly
after log transformation) provided the best discrimination
between the various outcome classes (Table S5), whereas
after using the age-corrected z-score, neither serine or
threonine showed significant differences. Finally, the dif-
ference between attenuated poor and the combination of
attenuated intermediate and attenuated good is particu-
larly pertinent to families. Attenuated intermediate/good
group had a later CSF sampling, and was best predicted by
lower CSF glycine levels (even more significant after log
transformation) (Table S6).

3.6 | Clinical applications

CSF glycine has been used as the primary biochemical
diagnostic marker for NKH, and indeed over all ages, the
values in patients (range 27-593 uM) did not overlap with
those in controls (range 0.30-17.30 uM). Strikingly, the
CSF serine/threonine ratio also provided diagnostic dis-
crimination between patients (range 0.01-0.2) and con-
trols (range 0.46-3.0). The value of this new criterion was
exemplified by differentiation of transient NKH patients
from classic NKH (see Supporting Information Results,
Table S7). For prognosis, the CSF glycine and the CSF
glycine/serine can be used with a correct prediction in
62% and 58% of cases, respectively (Supplemental Infor-
mation F).

3.7 | Serine stereoisomers

In brain tissue, serine consists of both stereoisomers
L-serine and p-serine, which were not separated by the
methods used in clinical laboratory amino acid analyses.
We evaluated these two isomers using a stereospecific anal-
ysis in CSF samples from 29 controls in the first year of life,
five neonates with NKH (Patients 648, 679, 680, 681, 633),
one 6-month-old infant with attenuated poor NKH (Patient
674), and one 5.5-month-old infant (Patient 682) treated

with benzoate with concomitant relatively low CSF glycine
level of 40.8 pM and plasma glycine 213 pM. Patient
648 had an elevation of all CSF amino acids suggesting a
likely serum contamination, which can increase the level
of L-serine but should not affect the level of p-serine, which
is absent in serum. All values were normally distributed. In
controls, p-serine showed a strong age-related decline
(Pearson correlation with age r = —0.8, p < 0.001), which
for L-serine was minimal (r = —0.4, p = 0.034). L-serine
was decreased in untreated NKH patients (33.6 + 5.0 uM
mean + SEM) compared to age-matched controls
(45.1 + 1.4 uM, two-sample t-test p = 0.007) (Figure 4A).
Young infants age <2 months with untreated NKH had
reduced p-serine (7.9 + 1.5 uM, n = 5) versus controls
(189 + 1.1 uM, n = 8, p < 0.001) (Figure 4B). Furthermore,
the ratio of p-serine/i-serine and of p-serine/total serine
was reduced in all untreated patients (age <2 months: 0.17
+ 0.02, 14 + 1%, respectively) compared to age-matched
controls (0.37 + 0.02, 27 + 1%, respectively, p < 0.001 for
both), indicating an additional lowering effect on p-serine
(Figure 4C,D). Interestingly, the one patient treated with
benzoate showed a low normal p-serine and p-serine/L-
serine ratio (Figure 4, red diamond).

The SHMT enzymes use 5,10-methylene-THF as a
cofactor, which is only present in tissue, whereas CSF
only contains 5-methyl-THF. Retrieval from the clinical
charts of CSF 5,10-methyl-THF levels measured in a clin-
ical laboratory (Medical Neurogenetics) showed in three
cases normal levels of 73, 209, and 65 nM compared to
the normal range 40-240 nM.

4 | DISCUSSION

Confirming previous observations, NKH patients show
elevated levels of glycine in plasma and CSF with an
increased CSF/plasma glycine ratio. These measures were
more increased in severe NKH than in attenuated NKH
patients.*® This reflects accumulation of the substrate
glycine due to the deficient GCE activity. This was
accompanied by significant changes in two other neutral
amino acids threonine and serine.

CSF threonine was also elevated in NKH patients and
had moderate correlation with CSF glycine. It provided a
good distinction between affected patients and controls,
but not between severe and attenuated NKH. The reason
for this increase is not clear. In humans, no metabolic
pathway connects threonine metabolism to glycine, and
the threonine dehydrogenase enzyme is an inactive
pseudogene,** although the GCE and the threonine
dehydratase enzyme are both pyridoxal-phosphate-
containing enzymes. Whereas the transport into mito-
chondria does not appear to be shared amongst these
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amino acids, multiple small neutral amino acid carriers
such as ATB®", SNAT1, SNAT2, SNATS5, and LAT2 pro-
vide shared transport over the plasma membrane
between threonine and glycine. These carriers have broad
substrate specificity over small neutral amino acids and
contribute to glial glycine transport.”® Interestingly, the
ASCT1 transporter (gene SLC1A4) is primarily involved
in the transfer of small neutral amino acids from astro-
cytes to neurons and transports both serine and threo-
nine as well as glycine.

Since these small neutral amino acid carriers also
transport serine, an increase in serine would also be
expected. Furthermore, an increase in the substrate gly-
cine for the equilibrium reaction catalyzed by SHMT
enzymes would be expected to increase the formation of
serine. Surprisingly, this is not what was observed.
Rather, a significant decrease in CSF serine levels was
documented in NKH patients. Accurate recognition of
this deficiency required taking the substantial age-related
decline in CSF serine values into account.****When the
normal range is broadened to the first 6 months of life
rather than the month-by-month values, low values in
the first month of life (where normal serine is
65.8 + 14 uM) would then be inaccurately reported as
middle of the normal range in the sixth month of life
(where normal serine is 47.9 + 8.6 uM). The decrease in
serine impacted both L-serine and p-serine, which is syn-
thesized from L-serine via serine racemase. The decrease
in p-serine (25%-69% of average control) was more pro-
nounced than the decrease in L-serine as reflected in the
decreased p-serine/L-serine ratio, implying an additional
effect on p-serine beyond r-serine synthesis. Fair correla-
tions were found between CSF serine or CSF threonine
and outcome severity classes, but the best distinction by
severity classes was by the CSF glycine level.

Several lines of evidence have previously documented
disturbances in serine metabolism in NKH. First, a gly-
cine load in control subjects increases serine levels
through the action of SHMT; however, this rise is absent
in NKH patients.>**® In contrast, glycine levels rise in
NKH patients following a serine load, similar to con-
trols.>*373% Second, the rate of conversion of 2-'*C-
glycine into serine was reduced.”®*' This indicates that
the SHMT reactions are reversible in controls, but in
NKH patients only serine can be converted into glycine
and not the reverse. It was reported that the serine level
in the brain of an NKH patient was 56% of controls.*?
Low levels of p-serine (38% of controls) in brain cortex
were previously documented in three patients with NKH,
whereas in that study L-serine was normal.*

The biochemistry of glycine and serine is closely
related. Mitochondrial complexome analysis shows the
coexistence of both the GLDC and the SHMT?2 proteins as

part of a 175 kDa complex.** The GCE provides a substan-
tial contribution to serine synthesis, even in comparison
with the well-known de novo serine biosynthetic pathway
starting from 3-phospho-glycerate."*® The decrease in ser-
ine levels reflects that this synthesis from glycine was not
sufficiently effective in NKH. The rapid increase of glycine
upon loading with serine indicates that the SHMT protein
is present and active, and the inability of the reverse reac-
tion thus implicates insufficient cofactor for serine synthe-
sis, namely, mitochondrial 5,10-methylene-THF, which
should have been provided by the GCE. Both SHMT2 and
GCE are main contributors to mitochondrial one-carbon
charging of folate."” Indeed, such a deficiency of one-
carbon charged folates was shown in the NKH mouse.'” In
brain tissue the major sources of 5,10-methylene-THF are
serine through SHMT2, formate via formyl-THF synthase
and formyl-THF dehydrogenase, and the GCE (Figure 1)."*
Intramitochondrial 5,10-methylene-THF is critically impor-
tant for several reactions: (1) synthesizing thymidylate
from 5,10-methylene-THF,* (2) using formyl-THF by
methionyl-tRNA transformylase to make formyl-methio-
nine-tRNA which is required for mitochondrial protein
synthesis initiation,"”*>* and (3) using 5,10-methylene-
THF to generate the taurinomethyl-modification of the
wobble uridine base of certain mitochondrial tRNAs such
as tRNALeu(UUR), in which absence mitochondrial
protein translation stalls.*” Insufficient mitochondrial one-
carbon charged folates causes severe mitochondrial dys-
function.**® Furthermore, decreased methylation of folate
vitamers impairs brain growth. The decreased serine levels
reflects that this synthesis from glycine with GCE-derived
5,10-methylene-THF is ineffective in NKH patients, and
may even reflect additional serine catabolism to glycine via
SHMT?2 to provide sufficient levels of intramitochondrial
5,10-methylene-THF. Cytosolic one-carbon folates donate
to the homocysteine-methionine cycle, which through S-
adenosylmethionine contributes to multiple methylation
reactions and in the nucleus supports purine and pyrimi-
dine synthesis.'”*’ Only a mild increase in CSF homocyste-
ine was previously documented in NKH patients, and
CSF 5-methyl-THF was normal. In mouse studies, decr-
eased levels of both 5,10-methylene-THF and 5-methyl-
THF were described in brain tissue of NKH mice.'""?
Further studies in brain tissue of human patients with
NKH would be required to provide direct evidence of the
impact on folate vitamers in this condition.

Serine biosynthesis and the GCE are primarily located
in the astrocyte, and donate L-serine to the neuron, called
the serine shuttle.’>>? In the neuron, serine racemase cat-
alyzes synthesis of p-serine. The decrease in the p-serine/
total serine ratio indicates that p-serine synthesis is
affected beyond the decrease in its precursor L-serine.
This could be due to a dysfunction of serine racemase or
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to a dysfunction in the serine shuttle. Glycine has been
shown to competitively inhibit serine racemase in mouse
tissue, but the equivalence in humans and applicable
concentrations will require further study.’>>* It is tempt-
ing to consider that the less reduction in p-serine in
patient 682 related to his glycine lowering treatment with
benzoate. Glycine elevation also resulted in release of p-
serine from neurons through the Ascl transporter.>* Defi-
ciency of the ASCT1 transporter (SLC1A4), which is the
main transporter of p-serine, as well as for the shuttle of
L-serine to neurons, resulted in decreased p-serine and -
serine in mouse brain, and increased threonine, glycine
and vr-alanine, a finding surprisingly similar to what we
observed in CSF of human NKH patients.>> Moreover,
human patients with pathogenic variants in SCL1A4
(OMIM# 616657) have a phenotype of progressive severe
spastic quadriplegia, thin corpus callosum, and develop-
mental delays, which are also core symptoms of severe
NKH, not explained by previous hypotheses on
pathophysiology.”>>° The exact mechanism for these
amino acid changes will require further exploration in
human brain samples and in cell experiments.

Both 1-serine and p-serine have important functions
in brain.'*'%2%%! p_serine is, like glycine, a major mod-
ulator of NMDA-receptors with the roles differing by
development and brain region.’>®* Glycine is a preferen-
tial activator of GluN1/GluN2B receptors and p-serine a
preferential activator of GluN1/GluN2A NMDA recep-
tors.®? p-serine is also essential for long term potentia-
tion.%> In mouse brain, p-serine increases with age as
glycine is reduced probably due to activation of the GCE,
and p-serine is more important as an NMDA coagonist in
older mice.>**> However, we confirm previous findings
that in human CSF bp-serine levels decrease with age in
the first year,32 illustrating the need for caution when
extrapolating from mouse data to human.

Our study has several clinical implications. Diagnosis
of NKH can be made by elevated glycine, but the ratio of
CSF serine/threonine also provides diagnostic evidence
even without involvement of glycine. This can be used to
discriminate classic NKH from transient NKH, where
CSF glycine and CSF/plasma glycine ratio are elevated,
but we show that the CSF serine/threonine ratio is nor-
mal. The CSF glycine level provides the best biochemical
discriminator between severity outcome classes, which
allows prognostic prediction in up to 60% of patients.
These new insights also provide opportunities for new
therapeutic avenues beyond glycine reduction, currently
employed with benzoate therapy. Addressing one-carbon
charging of folates in mouse models with either formate
or methionine has improved fetal brain growth in NKH
mouse models.'"'* L-serine supplementation has been
provided in serine deficiency syndromes, and p-serine

has been tried in neurological disorders.®* ®® These strat-
egies should be carefully explored as untoward effects are
possible. For instance, serine treatment at 200 and
400 mg/kg/day accompanied by an increase in sodium
benzoate to accommodate increased glycine formation
resulted in reduction of CSF glycine from 122 to 56 pM,
and clinically with disappearance of stereotypic move-
ments, convulsions, and myoclonic jerks.69 However, the
patient developed drowsiness evolving into severe apathy,
hypotonia, and cessation of spontaneous drinking,
followed by episodes of restlessness, crying and tonic con-
vulsions necessitating treatment discontinuation.®* The
unfortunate evolution in this single case should not be a
deterrent to novel therapeutic trials, but rather provide a
warning that, after thorough studies in animals, clinical
trials should be conducted with proper planning and
careful management to control for adverse effects.
Whether reduction of brain glycine will be sufficient to
restore brain serine and threonine levels will be impor-
tant to be evaluated.

Our study has several limitations. Due to the ultrarare
nature of the condition, only a cross-sectional study was
possible, and required collection over a period of more
than 15 years. This does not allow a systematic control
over all variables of collection and analysis in the same
way as a controlled research study, even though we sys-
tematically collected measures of blood contamination
such as CSF protein levels. It does, however, reflect the
data found in clinical practice. We were only able to col-
lect a limited number of CSF samples for the measure-
ments of serine stereoisomers since sampling for research
only was not ethically justified and most laboratories do
not routinely keep left-over materials, and, in addition,
one sample had apparent serum contamination. Since
every sample had the same profile, we believe that the
findings can be generalized, but this will benefit from
future confirmatory studies.

We conclude that in NKH the elevation of glycine
is accompanied by changes in r-serine, p-serine, and
threonine, indicating a perturbation of the serine
shuttle and metabolism and of one-carbon metabo-
lism. This provides additional guidance on diagnosis
and prognosis and opens new therapeutic avenues to
be explored.
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