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Abstract

Nonketotic hyperglycinemia (NKH ) is an autosomal recessive
metabolic disorder caused by the defects in the glycine cleavage
system (GCS; EC 2.1.2.10), a multienzyme system that con-
sists of four individual components. NKH is a rare disorder in
many countries, but with a very high incidence in northern Fin-
land. To understand the genetic background of this high inci-
dence, we examined the GCS in a typical case of NKH at the
molecular level. The activity of P protein, a component of the
GCS, was not detected in the lymphoblasts of the patient, while
P protein mRNA of a normal size and level was present in the
cells. Structural analysis of P protein mRNA from the patient
revealed a single nucleotide substitution from G to T in the
protein coding region, which resulted in an amino acid alter-
ation from Ser>% to Ile3%*. No P protein activity was detected
when the mutant P protein with this amino acid substitution
was expressed in COS 7 cells. The patient was homozygous for
this mutation. Furthermore, this mutation was present in 70%
(14 of 20) of P protein gene alleles in Finnish patients with
NKH, whereas it was not found in 20 alleles of non-Finnish
patients. The results suggest that this mutation is responsible
for the high incidence of NKH in Finland. (J. Clin. Invest.
1992. 90:160-164.) Key words: glycine cleavage system P
protein gene * Finland » point mutation « expression study

Introduction

Nonketotic hyperglycinemia (NKH)! is an autosomal reces-
sive disorder characterized by abnormally high concentrations
of glycine in the plasma and cerebrospinal fluid in the absence
of excess organic acids (1). The fundamental defect lies in the
mitochondrial glycine cleavage system ([GCS; EC2.1.2.10])
(2), a multienzyme system that consists of four individual pro-
teins referred to as P, H, T, and L proteins (3). Previous studies
revealed that most patients with NKH have a defect in P pro-
tein (4), a pyridoxal phosphate-dependent glycine decarboxyl-
ase with two identical subunits. The recent cloning and se-
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quencing of the cDNA encoding the human P protein subunit
precursor provided the necessary molecular framework for di-
rect investigation of the molecular defects responsible for NKH
(5, 6).

NKH is a rare disorder in many countries, whereas the
incidence of NKH is very high in northern Finland (1:12,000
births) (7). Because of the national and regional isolation of
the Finnish population, there are about 30 monogenic dis-
orders that are either unique to, or appear at, a high frequency
in Finland; these disorders, including NKH, are designated
“Finnish genetic diseases” (8, 9). Clinically, NKH is a serious
disease with no effective therapy and a high neonatal mortality
rate. Those surviving have been severely mentally retarded and
suffered from intractable seizures. Despite the genetic and clin-
ical importance of NKH in Finland, the molecular defect in
Finnish patients is unknown. In fact, which component of
GCS is defective in Finnish patients has not been reported.

The main purpose of this study was to identify a common
molecular defect among NKH patients in Finland, which
might provide information about the genetic structure of Fin-
nish population. Another purpose of this investigation is to
establish an experimental paradigm for the direct investigation
for the mutations in patients with NKH. Because the GCS is
expressed specifically in mitochondria of the liver, kidney, and
brain, it was previously impossible to analyze the enzyme activ-
ity and the expression of mRNA without those tissues (10). In
this study, we used the EBV-transformed lymphoblasts as a
source of the enzyme proteins and mRNAs of the GCS compo-
nents. This approach is based on our recent observation that a
small amount of the GCS is expressed in lymphoblasts (11),
and allows examination of mutant GCS components and
mRNAs with blood samples.

Methods

The patients with NKH. 10 unrelated Finnish patients (1-10) were
clinically and biochemically diagnosed as having the neonatal type of
NKH at Oulu University Central Hospital. We established a lympho-
blast cell line from a patient (patient 1) with the typical clinical course
using EBVirus. The genomic DNA samples of the 10 patients were
obtained by extraction from either paraffin-enblocked samples (12) or
blood-blotted papers (13). DNA from non-Finnish patients with NKH
(three Japanese and seven Caucasians, including one Swede) was ex-
tracted from leukocytes or fibroblasts.

Enzyme analysis of the glycine cleavage system. The overall activ-
ity of the GCS in lymphoblasts was determined by the decarboxylation
assay of [1-'“Clglycine (11, 14). The activities of P and H protein were
measured by the exchange reaction between glycine and NaH “CO,
(11, 15). The activity of T protein was determined by the glycine syn-
thesis reaction (16) in the presence of an excess amount of P, H, and
lipoamide dehydrogenase (Boehringer Mannheim Biochemicals, In-
dianapolis, IN). [1-'*C]Glycine and NaH '*CO, were purchased from
Amersham Corp. (Arlington Heights, IL). Protein concentration was



determined by the method of Bradford (17) with a kit from Bio-Rad
Laboratories, Richmond, CA.

RNA blot analysis. Total RNAs were extracted from the lympho-
blasts of patient 1 and a normal control by the method of Chomczynski
(18). Poly (A*) RNA fractions were purified with an mRNA Purifica-
tion Kit (Pharmacia-LKB, Uppsala, Sweden). 5 ug of poly(A*) RNA
were subjected to formaldehyde gel electrophoresis. After electrophore-
sis, the RNAs were transferred to a Hybond-N nylon membrane
(Amersham Corp.) by the capillary method, and hybridized with the
32p.labeled human P protein cDNA, pP12-1 (5). To determine the
level of P protein mRNA, the level of human g-actin mRNA (2.1 kbin
length) in the same blot was used as an internal standard. Radioactivity
of signals was determined by the Bio-Image analyzer BAS 2,000 (Fiji
Film, Kanagawa, Japan).

Sequencing analysis of P protein cDNA. The method of reverse
transcription from poly(A*) RNA and PCR amplification of P protein
cDNA has been previously described (5). The amplified 5'-half and
3'-half of the P protein cDNA fragments were subcloned into the ex-
pression vector pEUK-C1 (Clonetech Laboratories, Inc., Palo Alto,
CA). The sequence of the cloned P protein cDNA was determined by
the dideoxy-termination method with 15 internal primers. We used
either an automated A.L.F. DNA sequencer (Pharmacia-LKB) or a
manual method with 35S-a-dCTP (Amersham Corp.) and a Sequenase
sequencing kit (version 2.0, 7-deaza-dGTP edition; United States Bio-
chemical Corp, Cleveland, OH). Direct sequencing of the amplified
PCR products (19) was also used to clarify the ambiguous nucleotides
in the sequence analysis of the P protein cDNA clones.

Expression analysis of mutant P protein cDNA. The strategy for the
expression of the mutant P protein cDNA was essentially the same as
that of the previous report (5). Briefly, the chimeric P protein cDNA,
which had the normal 5'-half and mutant 3"-half of P protein cDNA,
was ligated with pEUK-C1 at Xbal and BamHI sites. The expression
vector that contained the normal P protein cDNA was similarly con-
structed. The expression vectors with normal and mutant P protein
cDNA were designated as pEUK-P(N) and pEUK-P(S5641), respec-
tively. 20 ug of each expression vector, wild-type pEUK-C1, pEUK-
P(N), and pEUK-P(S5641), was transfected into the COS 7 cells,
which were subconfluently cultured in 60 mm dishes using the Lipofec-
tin reagent (Gibco Laboratories, Grand Island, NY), according to the
manufacturer’s manual. After a 48-h incubation period, the cells were
harvested and stored at —80°C until analysis. The cell pellets were
thawed and lysed in 400 n1 of 20 mM potassium phosphate buffer (pH
7.0), 1 mM dithiothreitol, 0.1 mM pyridoxal phosphate, 2 ug/ml of
leupeptin, and 2 ug/ml of pepstatin A. The extracts were sonicated and
subsequently centrifuged at 15,000 g for 30 min at 4°C. The superna-
tant (300 ul) of each extract was used for the P protein assay.

Allele-specific oligonucleotide (ASO) hybridization. The genomic
DNA fragment containing the S5641 mutation site was amplified by
PCR with a set of primers; 5-dGTCTCTTGGTCCTACCTAATA (21
mer) and 5-dGTCACAAGATCGAAGTGGATT (21 mer). Both
primers were located in introns that were 5'- and 3'-adjacent to the
exon in which the mutation site resided. The thermoprofile of the poly-
merase chain reaction (PCR ) amplification was 30 cycles of 94°C for 1
min, 55°C for | min, and 72°C for 1 min. The PCR products (230 bp
in length) from a normal control, patient 1, and his parents were sub-
jected to electrophoresis on an agarose gel (4 X 11 cm) and transferred
onto a GeneScreen Plus nylon membrane (New England Nuclear, Bos-
ton, MA) by the alkaline transfer method (20). The ASO detection
probes for the normal allele and the mutant allele were
5'-dACTTGAACAGTTCGTCTG (17 mer) and 5-dACTTGAAC-
ATTTCGTCTG (17 mer), respectively. The underlined nucleotides
are located at the S5641 mutation site. The primers were 32P-labeled
with T4 polynucleotide kinase (TOYOBO, Tokyo, Japan) and
[v**P]ATP (Amersham Corp.).

The modified PCR for the detection of S5641 mutation. The basic
mechanism of this method is illustrated in Fig. 5. The forward and
reverse primers used here were 5'-dGGATCCTGCACCATGAAAC-
TG-AATA (25 mer) and 5'-dGCTACTTACTGCGAGTTCAGA-

CGTA (25 mer), respectively. The first 9-nucleotide sequence in the
reverse primer was taken from the sequence of the adjacent intron. The
underlined nucleotide in the forward primer was altered from A to T in
order to generate the recognition site for Sspl in the PCR products
amplified from the mutant allele. Similarly, the C nucleotide in the
reverse primer was replaced by the underlined T to make the recogni-
tion site for Rsal in PCR product amplified from the normal allele. The
amplification required denaturation at 94°C for 1 min, followed by an
annealing and extension step at 65°C for 1 min. This cycle was re-
peated 30 times. The restriction enzyme digestion with Rsal or Sspl
was performed in a total 20-ul system which contained 10 ul of PCR
products, 10 U of Rsal (TOYOBO) or Sspl (New England Biolabs,
Beverly, MA), and 2 ul of 10 X digestion buffers supplemented by the
manufacturers. The digests were subjected to electrophoresis on a 5.5%
agarose gel that contained 4% NuSieve GTG agarose (FMC Corp.,
Rockland, ME) and 1.5% SeaKem ME agarose (FMC Corp.). The
size-separated DNA bands were stained with ethidium bromide and
visualized with an ultraviolet transilluminator.

Results

Identification of the mutation in patient 1. The overall activity
of the GCS and each component of the GCS were determined
in the lymphoblast cells established from patient 1. The overall
activity and P protein activity were not detected, whereas the
activity of the other enzyme components were within the nor-
mal range (Table I), indicating that patient 1 had a defect in P
protein.

RNA blot analysis revealed that P protein mRNA ex-
pressed in the lymphoblasts of patient 1 could not be distin-
guished from that of the normal control in terms of size (Fig.
1). The level of the mRNA was 1.7-fold more than that of the
normal control, while the level of the 8-actin mRNA, which
was used as an internal standard, was 1.5 times more than the
normal control. Therefore, the ratio of patient and control P
protein mRNA level was estimated as 1.1 (1.7/1.5), indicating
that the level of P protein mRNA was not reduced from the
level of the normal control.

Analysis of the cDNA encoding the P protein identified a G
to T replacement at nucleotide 1,691 (for the nucleotide num-
ber, see reference 5). This mutation resulted in the substitution
of an isoleucine (codon ATT) for serine (codon AGT) at
amino acid residue 564 of the P protein precursor subunit ( Fig.
2). Using the single letter code for amino acids, we designated
this nucleotide change as the S5641 mutation. Other nucleotide
replacements observed were either silent mutations (T to A at
90,CtoTat2,211,Cto Tat2,271,and T to C at 2,496) not
altering amino acids or the errors caused by Taq DNA polymer-
ase(TtoGat 1,323, AtoCat 1,484,and T to G at 1,582). The
nucleotide changes due to the errors of Taq DNA polymerase
were verified by direct sequencing of the PCR products.

Table I. The Enzymatic Analysis of the GCS in Lymphoblasts
Established from Patient 1

Enzyme activity
Lymphoblasts Overall P protein H protein T protein
nmol of product formed/h per mg
Control 1.1 0.9 0.5 1.4
Patient 1 0 0 0.8 1.1
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Figure 1. RNA blot
analysis of P protein
mRNA. The upper au-
toradiogram shows the
hybridization pattern
of P protein mRNA.
The RNA blotted filter
was rehybridized with
human B-actin cDNA,
which was used as an
internal standard to es-
timate the level of P
protein mRNA. 5 um
of poly (A*) RNA puri-
fied from the lympho-
blasts of a control and
the patient 1 were sub-
jected to each lane.

P-protein mBRNA i

p-actin mANA - [ @l - 2.1 kb

To examine whether this mutation was a cause of NKH, we
designed an expression experiment to synthesize the mutant P
protein polypeptide in COS 7 cells (Fig. 3). When the normal P
protein cDNA was expressed in COS 7 cells, the specific activ-
ity of P protein in the cell extract was 8.7 + 1.4 nmol of glycine
formed per hour per milligram protein, which was almost
equivalent to the value in human liver (21). The value was 0.3
+ 0.1 when the mutant P protein cDNA was expressed in COS
7 cells. This value was similar to the specific activity of the
endogenous P protein in COS 7 cells (0.2 + 0.2).

Analysis of genotype in the NKH family. The genomic
DNA fragment containing the S5641 mutation site was ampli-
fied by PCR. The amplified DNA fragments from patient 1 and
his parents were analyzed by ASO probe hybridization. The
DNA fragments from his parents hybridized with both the nor-
mal and mutant probes, whereas those from patient 1 hybrid-
ized only with the mutant probe (Fig. 4 4). Therefore, the
parents and patient 1 were heterozygous and homozygous for
the S5641 mutation, respectively.

We developed a modified PCR method to detect the S5641
mutation rapidly and easily (Fig. 5). One nucleotide in each
forward and reverse primer was modified to produce recogni-
tion sites for the restriction enzymes in the PCR products. The
digestion patterns of the PCR products amplified from the ge-
nomic DNAs of the patient and his parents are shown in Fig.
4 B. The result was consistent with that of the ASO hybridiza-
tion as described above.

Normal Patient
e b G A TC G ATC -
r '_\-- /.L_> Ser
Se 8 z“' 8
T e -— . Q ser
564 = g b 564
¢ Ser(_;)—)-—,__ o = < lie
L4 - 2)
O e
Asn <<z/"'. - ~~\:tt Asn

Figure 2. Sequence analysis of a point mutation in P protein cDNA.
The autoradiogram shows the nucleotide change from G to T, which
resulted in the amino acid substitution from Ser>* to Ile3%.
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P-protein Activity
(nmole of glycine formed / h / mg)
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Figure 3. Expression of the normal and mutant P protein cDNA in
COS 7 cells. The expression vectors containing entire coding region
of normal or mutated P protein cDNA were transfected into the COS
7 cells. pPEUK-P(N) and pEUK-P(S5641) indicate the plasmid with
normal and mutant P protein cDNA, respectively. The experiments
were performed in triplicate. The values of means+SD were indicated.

The prevalence of this mutation in NKH patients. To exam-
ine the prevalence of this mutation in Finnish patients with
NKH, we prepared genomic DNA samples from nine addi-
tional unrelated NKH patients. The genomic DNA was ampli-
fied by PCR with the modified primer as shown in Fig. 5. The
digestion pattern of the PCR products (Fig. 6 A) indicated that
there were five homozygotes (Finnish patients 1,4, 5, 7,and 9)
and four heterozygotes (2, 3, 8, and 10) for this mutation in 10
unrelated NKH patients. One patient (patient 6) had no evi-
dence of the S5641 P protein allele. The allele frequency was,
therefore, 70% (14 out of 20). This mutation was not detected
in 10 non-Finnish patients with NKH (Fig. 6 B) that included
one Swedish patient (the non-Finnish patient 8).

Discussion

The nucleotide change from G to T at position 1,691 in the P
protein cDNA was a cause of NKH, as evidenced by the follow-
ing observations. First, this nucleotide change is the only muta-
tion found in the P protein cDNA synthesized from patient 1.
Second, this nucleotide change produced a mutant P protein
with the amino acid substitution from Ser>** to Ile**, which

A B B 540
-t -
[ [
Q o
(3] (3]
1 L]
. ‘ R o -51bp
Normal Probe - m Rsal - 24 or 27 bp
e -51bp
Mutant Probe - “ Sspl- - 24 or 27 bp

Figure 4. Transmission of the point mutation in the family of the
patient 1. The normal and mutant P protein alleles in family
members of the patient 1 were detected by (4) the ASO probe hy-
bridization and (B) the modified PCR method, followed by Rsal and
Sspl digestions. The digested DNA fragments were size separated by
5.5% agarose gel electrophoresis and visualized by ethidium bromide

staining.
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Figure 5. Schema for a new detection method for the S5641 mutation.
The genomic DNA fragments containing the mutation site were am-
plified by the modified PCR primers. The dots indicate the positions
of nucleotide in PCR primers that were modified to generate the rec-
ognition sites for the restriction enzymes in PCR products. The PCR
products amplified from the normal allele can be digested by Rsal
(A), while the products from the mutant allele can be digested by Sspl
(B). The bold-faced letters of nucleotide represent the S5641 muta-
tion site. Rectangles symbolize the PCR primers.

showed no activity when it was expressed in COS 7 cells. The
result of this analysis appeared to be in agreement with the
undetectable P protein activity in lymphoblast cells from pa-
tient 1. Finally, the nucleotide change found in P protein
cDNA from patient 1 existed in his P protein gene in a homo-
zygous form. The mutation was transmitted from his parents,
who were both heterozygous for the mutation.

The S5641 mutation was found to be responsible for high
incidence of NKH in Finland. In Finnish patients with NKH,

A Finnish
NKH patient

1 2 3 456 7 8 9 10

\ \ ; \
- 51 bp
Rsa l m_ 24 0r 27 bp

B Non-Finnish
NKH patient

1 2 3.4.5 6 7 8 9 10
S e ) O 1PN ] N R P

1
-51 bp
Rba l —- 24or2t bp
— 51 bp
Sspl —- 24 0r 27 bp

Figure 6. Detection of the point mutation in DNA from Finnish and
non-Finnish patients with NKH. The photographs showed the diges-
tion patterns of Rsal and Sspl of the PCR products amplified from
genomic DNA prepared from (4) 10 Finnish patients with NKH
and (B) 10 non-Finnish patients with NKH.

70% (14 of 20) of mutant alleles have the S5641 mutation. The
observation resembles the results of the molecular analysis of
the mutation in ornithine-6-aminotransferase (OAT) defi-
ciency in Finland. The OAT deficiency causes gyrate atrophy
of the choroid and retina with high incidence ( 1:50,000 births)
in Finland (22). The L402P mutation is responsible for 85% of
the mutant OAT alleles of the Finnish patients (23). In addi-
tion, the L402P mutation was not found in the non-Finnish
patients, as was the case of the S5641 mutation in the non-Fin-
nish cases of NKH. One Swedish patient with NKH did not
have the S5641 mutation. This narrow distribution of the S5641
as well as that of the L402P mutation confirms the previous
view of the genetic isolation of Fins from other population
groups (24).

The S5641 mutation was found in the homozygous state
only in five patients, while four patients were probably com-
pound heterozygotes of the S5641 mutant gene and another
mutant P protein gene. This heterogeneity was rather unex-
pected; NKH is clustered mainly in the northern part of Fin-
land, probably because of a subisolation, strongly suggesting
that one mutation could account for all the NKH patients, as in
the case of aspartylglucosaminuria, another typical example of
a Finnish genetic disease (25). The Finnish population ex-
panded from 250,000 in 1700 A.D. to five million at present,
by founding and merging the immigrants into a considerable
basic population with a probable continuity since the Stone
Age (9). The molecular heterogeneity in the Finnish genetic
diseases demonstrated by this study and the others may reflect
the complexity in the founding of the Finnish population. Ad-
ditional studies including molecular characterization of the re-
maining Finnish patients with NKH are in progress, and will
further clarify the population genetics of NKH in Finland.

The amino acid (Ser>®*) altered by the S5641 mutation is
present in a particular domain of the P protein. Ser** is located
at the NH,-terminus in a decapeptide (Ser*** to Trp*"*), which
is directly repeated in a nonapeptide from Ser®’ to Trp?!'°® (Fig.
7). The amino acid residue that binds to pyridoxal phosphate,
a cofactor of P protein, was determined in chicken P protein
(26), and corresponds to Lys”** of the human P protein based
on the structural similarity between the chicken and human
enzymes. This critical residue resides between the two repeti-
tive structures in P protein polypeptide (Fig. 7), suggesting that
a region from Ser>* to Trp®! is important in P protein func-
tion. In fact, another mutant P protein polypeptide previously
identified in a Japanese patient also had a defect in the region
from Ser>%* to Trp®!%; Phe 7> was deleted by three-base deletion
in P protein gene (5). Because Phe™¢ is located closely to
Lys", the binding site of a pyridoxal phosphate, the deletion
of Phe® seems likely to interfere with its binding or its func-
tion (Fig. 7). Site-directed mutagenesis of P protein might elu-
cidate the structure-function relationship of this protein.

The clinical course of NKH considerably varies among pa-
tients, and it will be interesting to compare the severity of the
phenotype of mutation(s) present in the patients. The classical
presentation is of a very young infant with overwhelming ill-
ness, while some patients with relatively mild mental retarda-
tion have been reported (1). Some residual overall activity of
the GCS was detected in a late-onset patient, and was undetect-
able in a patient with the neonatal type (27). The S564] muta-
tion could account for the early onset of the overwhelming
symptoms, which is common in Finnish patients with NKH
(7); when P protein cDNA with the S5641 mutation expressed
in COS 7 cells, no residual enzyme activity was observed. We
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564 573
e Ser Ser Ser Asp Leu Ala Pro lle Thr Trp
Finnish case: lle
807 815
Ser Ser Ser lle Leu -—- Pro lle Ser Trp
756 754 \
Phe Tnr Lys

Japanese case: deleted

HOOC

Figure 7. Two mutant P protein polypeptides identified in patients
with NKH. The decapeptide between Ser*** and Trp*"* is almost di-
rectly repeated in the nonapeptide between Ser®®” and Trp®'®. Phe’*
was deleted by the three-base deletion identified in a Japanese patient.
Pyr-P stands for pyridoxal phosphate. The altered amino acid result-
ing from the point mutation is shown in a large letter.

infer that homozygotes of this mutation have no residual en-
zyme activity in vivo and develop the severe clinical symptoms
in the early period of life.

A simple and rapid method was developed for the detection
of the S564I mutation. This method was originally developed
for the detection of mutant Kirsten ras oncogenes in human
cancer tissues (28 ). The original method was designed to detect
only the mutant allele by digestion of one restriction enzyme,
leaving a possibility of a false negative caused by partial diges-
tion. We improved the original method to allow the detection
of both normal and mutant alleles by using two different restric-
tion enzymes (Fig. 7). The result of one digestion pattern is
confirmed by the result of the other digestion, which increases
the reliability of the assay. Recently, we applied this detection
method to the prenatal diagnosis of a fetus at high risk, and
successfully diagnosed the case (data not shown).

We have established a direct analysis system of the muta-
tions responsible for NKH using lymphoblasts. Previously, a
major difficulty for the molecular analysis of P protein defi-
ciency was to obtain P protein mRNA, which is expressed only
in the liver, kidney, and brain. In fact, the autopsied liver tissue
was used as a source of P protein mRNA in our previous study
(5). In this study, we used EBV-transformed lymphoblasts that
were recently found to provide an accessible source of P protein
enzyme protein and mRNA (11). The establishment of this
strategy should facilitate the molecular analysis of the defects in
other NKH patients.
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