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Abstract Glucose-6-phosphate isomerase (GPI) deficien-
cy, an autosomal recessive genetic disorder with the typical
manifestation of nonspherocytic haemolytic anaemia, can
be associated in some cases with neurological impairment.
GPI has been found to be identical to neuroleukin (NLK),
which has neurotrophic and lymphokine properties. To fo-
cus on the possible effects of GPI mutations on the central
nervous system through an effect on neuroleukin activity,
we analysed DNA isolated from two patients with severe
GPI deficiency, one of them with additional neurological
deficits, and their families. The neurologically affected pa-
tient (GPI Homburg) is compound heterozygous for a 59
A - C (H20P) and 21016 T — C (L339P) exchange. Owing
to the insertion of proline, the H20P and L339P mutations
arelikely to affect the folding and activity of the enzyme. In
the second family studied, the two affected siblings showed
no neurological symptoms. The identified mutations are
1166 A - G (H389R) and 1549 C- G (L517V), which are
located at the subunit interface. We propose that mutations
that lead to incorrect folding destroy both catalytic (GPI)
and neurotrophic (NLK) activities, thereby leading to the
observed clinical symptoms (GPI Homburg). Those alter-
ations at the active site, however, that alow correct folding
retain the neurotrophic properties of the molecule (GPI Cal-
den).
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Introduction

Glucose-6-phosphate isomerase (GPI, EC 5.3.1.9) is a
dimeric enzyme that catalyses the reversible intercon-
version of fructose-6-phosphate and glucose-6-phosphate.
GPI may have a further function in addition to its essential
role in carbohydrate metabolism in all tissues. A protein,
originally called neuroleukin (NLK), was found to have
neurotrophic and lymphokine properties (Gurney et al.
19864, b). Sequencing confirmed that neuroleukin is GPI
(Chaput et al. 1988; Faik et al. 1988). GPI deficiency in hu-
mansis an autosomal recessive genetic disorder that has the
typical manifestation of nonspherocytic haemolytic
anaemia of variable clinical expression. It has been report-
ed that severe GPI deficiency can be associated with hy-
drops fetalis, immediate neonatal death and neurological
impairment (Whitelaw et al. 1979; Schroter et a. 1985;
Eber et al. 1986; Ravindranath et al. 1987; Shalev et al.
1993). Although several GPI variants in humans have been
defined in terms of electrophoretic mobility, thermal stabil-
ity, enzyme activity, and peptide mapping, at the nucleotide
level only 22 point mutations have been described to date
(reviewed in Beutler et a. 1997; Huppke et al. 1997). We
analysed the molecular basis of severe GPI deficiency in
two patients, one of them with additiona neurological im-
pairment, and their families. Four novel missense mutations
(59C, 1016C, 1166G, 1549G) were detected. On the basis
of our results we present a hypothesis to explain the rela
tionship between the mutations, the biochemical aterations
and the differing clinical manifestations.

Materials and methods

Patients

The detailed clinical history, haematological data and enzyme charac-
teristics of patient | (GPI Homburg), his mother and family Il (GPI
Calden) have been described previously (Schréter et al. 1985; Eber et
al. 1986; Neubauer et al. 1990). They were confirmed recently when
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Table 1 Selected haematological, biochemical and molecular genetic parameters of the affected patients and their heterozygous family mem-
bers. (f female, m male, G-6-P glucose-6-phosphate, GPI glucose-6-phosphate isomerase)

Subject Haematological data Biochemical data Genetic data
Hb Reticulocytes GPI activity ~ Stability2  G-6-P Nucleotide Structural
(grdl) (%) (IU/g Hb) (%) (umol/ml RBC) change change
Patient |
(propositus) 13.3 175 35 53 0.143 A-Cath9 His- Pro at 20
T-Cat 1016 Leu- Pro at 339
Mother | 15.0 21 31 73 0.035 T-Cat 1016 Leu- Pro at 339
Patient 11/1
(proposita) 11.0 20.0 12 50 0.061 A-Gat 1166 His- Arg at 389
C-Gat 1549 Leu- Val at 517
Patient 11/2
(propositus) 105 55.0 14 50 0.067 A-Gat 1166 His— Arg at 389
C-Gat 1549 Leu- Val at 517
Father |1 14.3 2.0 32 86 0.027 C-Gat 1549 Leu-Val at 517
Mother I1 138 24 27 79 0.021 A-Gat 1166 His— Arg at 389
Reference values f 12-16 0.5-15 50+10.5 94+12 0.026-0.043
m 14-18
a Percentage of activity after 60 min incubation at 45°C
Table 2 Restriction endonuc-
lease verification of the glucose- Fragment size (bp)
6-phosphate isomerase (GPI)
mutations identified. (PCR poly- . .
merase chain reaction) Mutation Patient Enzyme PCR Normal Mutant
59A - C | Banll 155 155 92, 63
1016T - C | Bbvl 352 118, 98, 59, 31, 24, 22 149, 98, 59, 24, 22
1166A -G /1, 11/2 Sphi 237 144, 93 237
1549C- G 1/1, 11/2 Alul 116 79, 25,12 91, 25

the patients and their families were admitted to our hospital for further
detailed investigation. In contrast to earlier findings GPl Homburg
turned out to be heat labile like most of the other GPI variants. Repre-
sentative data are shown in Table 1.

Conventions

The translation-initiating ATG will be referred to as codon/amino ac-
id no. 1 and the corresponding adenine as nucleotide no. 1. Reference
sequences for GPI/NLK are GenBank accession nos. S81084 and
K03515.

Primers

Intron primer pairs sufficiently distant from the intron/exon borders
were designed to amplify the whole coding region of the human GPI

gene. We used the forward and reverse primers suggested by Xu et al.
(1995) and as the reverse primer for exons 1 and 18, respectively, the
following (5'- 3'): TCCAGACCCCAGGCCCGCGT (1R), ACA-
AGCTTATACCTCCTCCGTGGCATCT (18R). The sequences of
sense () and antisense (as) primers (5' - 3') for the polymerase chain
reaction (PCR) preceding restriction analysis were as follows:
CGCGTCTCACTCAGTGTACC (s), CTGAAGTGGTTGAAGCG-
GTC (as) for Banll digestion (exon 1), primersfor exon 12 (Bbvl) and
exon 13 (Sphl) as suggested by Xu et al. (1995), and GGCTCAGG-
GATTTCAGTAGCAACG (s), GCTCAGGCTCTATTTTCT (as) for
Alul digestion (exon 18).

Direct sequencing of amplified genomic DNA and mutation analysis

EDTA-blood samples were obtained from the patients and the family
members, and from 60 unrelated blood donors as controls. Genomic
DNA was prepared from an aliquot of the whole-blood sample using
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Fig. 1 A Sequence analysis of exon 1 amplified from genomic DNA
of patient | (GPI Homburg) and a control. An A - C transversion at
nucleotide 59 causes a His— Pro substitution at codon 20. B Restric-
tion-digestion analysis of the genomic region around the exon 1 mu-
tation in patient | and his mother. Polymerase chain reaction products
of 155 bp were digested with Banl| and analysed on a4% NuSieve 3:1
agarose gel. Thereis no Banll site in the sequence of the normal con-
trol and the patient’s mother (Co, M). However, the mutation at nucle-
otide 59 creates a Banl| site, providing fragments of 92 and 63 bp in
addition to the wild-type fragment from patient | (P). (L 100-bp lad-
der, +, —, presence and absence of the enzyme during incubation)

QIAamp spin columns (Qiagen, Hilden, Germany). Each exon of the
human GPI gene was amplified from genomic DNA by PCR using in-
tron primer pairs. The thermal profile for all reactions was denatur-
ation at 90°C for 45 s, annealing at 60°C for 1 min and extension at
72°C for 1 min 30 s. The 35 cycles were preceded by a denaturation
step at 95°C for 5 min and immediately followed by afinal extension
at 72°C for 5 min. The double-stranded PCR products were purified
with QIAquick spin columns (Qiagen, Hilden, Germany), and 60 ng
of the purified DNA was sequenced on an ABI Prism 373A DNA Se-
quencer by using Amplitag DNA Polymerase (Perkin-Elmer, Weiter-
stadt, Germany) FS dye terminator cycle sequencing (35 cycles at
96°C for 30 s, 58°C for 15 sand 60°C for 4 min). Each mutation was
verified by sequencing in both directions. Mutations were further con-
firmed by restriction analysis (Table 2). After PCR, the purified DNA
was digested with the appropriate enzyme (New England Biolabs,
Schwalbach/Taunus, Germany) according to the manufacturer’s spec-
ifications and separated on agarose gels (FMC BioProducts,
Rockland, Me.).

Raster3D picture of rabbit GPI at 2.5-A resolution

The figure is based on X-ray structures of pig (Shaw and Muirhead
1977; Davies 1991) and rabbit GPI (Davies and Muirhead, unpub-

Fig. 2 Raster3D picture of the X-ray structure of rabbit glucose-6-
phosphate isomerase (GPI). The structure of rabbit GPI solved to 2.5-
A resolution (Davies and Muirhead, unpublished) showing those po-
sitions in the dimer corresponding to the mutations in human GPI.
Also shown are residues located near to the active site. For clarity ac-
tive-site residues and mutations are shown for one monomer only, ex-
cept for His389, which is on the second monomer. One monomer is
coloured yellow, the other, blue. Active-site residues are green; mutat-
ed residues identified in this paper are red and labelled (numbering as
in human GPI). Image produced using MOLSCRIPT (Kraulis 1991)
and RASTER3D (Merritt and Murphy 1994)

lished). It was produced using the programs Molscript (Kraulis 1991)
and Raster3D (Merritt and Murphy 1994).

Results

Earlier studiesin our laboratory had identified two patients
with the variant enzymes GPl Homburg and GPI Calden,
respectively, at the haematological and biochemical level
(Schroter et al. 1985; Eber et a. 1986; Neubauer et al.
1990). Those patients (I, 11/1, 11/2) with severe GPI defi-
ciency showed the characteristic haemolytic anaemia (Ta-
ble 1) and a significant decrease in granulocyte function. In
addition, the patient with GPI Homburg showed neurol ogi-
ca impairment, e.g. myopathy and mental retardation
(Schroter et al. 1985).

In order to analyse the underlying molecular defect we
determined the nucleotide sequence of all the exonsand in-
tron-exon junctions of the GPI gene on PCR-amplified
DNA from patient | (GPI Homburg) and the two siblings,
/1, 1172, (GPI Caden) together with their families. Four
different missense mutations were detected by sequencing
and then confirmed by restriction analysis (Tables 1, 2; Fig.
1). Patient | was shown to be compound heterozygous for
mutations located in exon 1 (H20P) and in exon 12



(L339P), respectively. The patient’s mother is heterozygous
for the exon 12 mutation; his father was not available for
molecular analysis. In the second family studied, the two
affected siblings (11/1, 11/2) are compound heterozygous for
substitutions in exon 13 (H389R) and in exon 18 (L517V),
respectively. Their parents are heterozygous for the nucle-
otide changes in exon 13 (mother) and exon 18 (father), re-
spectively (Table 1). To exclude the possibility that these
novel mutations are silent polymorphisms, identical ge-
nomic fragments were amplified from 60 unaffected indi-
viduals of European origin and examined for the presence
of these four base substitutions. The base substitutions de-
tected in the GPI-deficient patients |, 11/1 and 11/2 were not
found in any of these DNA samples, thus making the exist-
ence of polymorphism unlikely. An analysis of two known
polymorphisms in the GPI gene (Xu and Beutler 1994) re-
vealed that the mutations identified here arein linkage with
nucleotides 489A and 1356G, respectively.

To establish a structure-function relationship between
the identified mutations and the phenotypes of the patients,
we analysed the location of the affected amino acids. The
three-dimensional structure of the GPl enzyme is based on
X-ray data of pig (Shaw and Muirhead 1977; Davies 1991)
and rabbit GPI (Davies and Muirhead, unpublished). It is
assumed that the structure in human will be homologous.
The crystal structure of pig GPI at medium resolution
(Davies 1991) indicates that His20 is the last residue in an
a-helix and lies on the surface of the dimer. Leu339isin an
internal B-strand and immediately precedes a proline resi-
due. Neither of theseresiduesis closeto the active site (Fig.
2), but the insertion of proline in elements of regular sec-
ondary structure would be expected to affect the correct
folding and hence both the structure and the activity of the
enzyme. Therefore thereis little doubt of the causative role
of the exon 1 and 12 mutations in the determination of the
severe phenotype in patient 1. He exhibits a drastically de-
creased GPI activity in all tissues examined (Schroter et al.
1985; Table 1), i.e. erythrocytes (7% of normal), leukocytes
(9%), skeletal muscle (17%) and cerebrospinal fluid (0%).
Both mutations found in the second family are in highly
conserved regions of the molecule. His389 is a proposed
active-site residue. Leu517 is close to the essential Lys519
(Fig. 2). They are both at the subunit interface and lie in
parts of the structure that undergo conformational changes
when a competitive inhibitor is bound (Shaw and Muirhead
1976). It is probabl e that the molecule would fold correctly,
but residues in the active site are mutated and the correct
conformational change on binding substrate may be inhib-
ited. This suggests that both mutations would affect the cat-
alytic activity of the enzyme and be responsible for the de-
creased GPI activity in both patients (Table 1).

Discussion

Given these results (Table 1) we were able to compare the
haematological and biochemical data with the modifica-
tions of the primary structure of the enzyme. As an effect of
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the reduced GPI activity, increased amounts of the sub-
strate, glucose-6-phosphate, could be measured (Table 1;
Schroter et al. 1985; Eber et al. 1986; Neubauer et al. 1990).
Thefourfold elevated glucose-6-phosphate concentrationin
patient | is probably indicative of a serious perturbation of
glycolysis. We further show that both GPI variants exhibit
enzyme instability (Table 1), a characteristic that has been
related to the loss of enzyme activity. The K, valuefor fruc-
tose-6-phosphate is slightly reduced in the two siblings but
threefold lowered in patient I, implying a higher affinity of
the mutated enzyme for its substrate (Eber et al. 1986;
Neubauer et a. 1990). This in turn would impair the bal-
ance between binding and dissociation of the substrate, thus
resulting in areduced turnover.

Like GPI from other species (Shaw and Muirhead 1977),
the human GPI that is under current investigation is com-
posed of two identical subunits of M, 66,000. Both subunits
contain alarge and a small domain, each having a paralel
[-sheet core surrounded by a-helices linking the B-strands,
a structure typical of glycolytic enzymes (Achari et al.
1981). The active site is situated in a cleft between the large
and small domains of the monomer, close to the subunit in-
terface, and isformed by the association of the two subunits
(Shaw and Muirhead 1976). Enzyme deficiency may result
from instability of the protein dueto alterations either in the
individual monomer or in the subunit interface. Due to the
insertion of proline this could be a consequence of the mu-
tations H20P and L339P (Fig. 2). On the other hand, struc-
tural alterations affecting the active site and/or the subunit
interface have been taken to suggest alterations in specific
activity and other kinetic properties. This seems to be the
case in the H389R and L517V mutations as both of them
are located in the active site and at the subunit interface
(Fig. 2).

It is worthwhile considering the possible pathophysio-
logical significance of the relationship between the neuro-
logical symptomatology and GPI deficiency. The involve-
ment of GPI/NLK in neurological processesis exemplified
by the finding that NLK has been associated with motor
neurone disease (Gurney et al. 1984) and with the neuropa-
thology sometimes found in patients with AIDS (Lee et al.
1987). In a bioassay it was shown that the dimer is respon-
sible for catalytic activity (GPI) and the monomer for neu-
rotrophic (NLK) activity (Mizrachi 1989). Besides our pa-
tient | (GPI Homburg), neurological symptoms have also
been found in patients with the variants GPI Utrecht (Hell-
eman and van Biervliet 1975), GPI Paris (Kahn et al. 1978),
GPI Mount Scopus (Shalev et a. 1993), and with a GPI
variant described by Zanella et al. (1980). Until now, only
GPI Mount Scopus has been characterized at the molecular
level (Beutler et al. 1997). In view of a possible effect of
GPI mutations on the central nervous system through an ef-
fect on NLK activity, it istempting to set up the following,
somewhat speculative, hypothesis: mutations that specifi-
cally destabilise the monomer seem to destroy both catalyt-
ic (GPI) and neurotrophic (NLK) activity. This could ex-
plain the neurological symptoms of patient |. Mutations at
the active site that are in or close to the subunit interface
and destabilise the dimer, but not necessarily the monomer,
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lead to protein with a loss of catalytic activity but intact
neurotrophic properties. As a result the clinical picture of
the two siblings (11/1, 11/2) is characterized by chronic
haemolytic anaemia aone without any neurological defi-
cits.

Ten out of 19 GPI missense mutations identified so far
(reviewed in Beutler et al. 1997) support our hypothesis as
they occur in or close to the subunit interface (T195I,
T224M, R347C, R347H, T375R, L487F E495K, 1525T
and D539N; R273H is a possible active-site residue). The
patients carrying these mutations show no neurological def-
icit. Similarly, the patients harbouring the other GPI muta-
tions exhibit no neurological symptoms. In the case of GPI
Mount Scopus (R347C) it was impossible to ascertain
whether the sensineural deficits of the patient were directly
related to the enzyme deficiency, or were secondary to neo-
natal hyperbilirubinaemia and tissue hypoxia due to pro-
found anaemia (Shalev et al. 1993). In contrast, our investi-
gations revealed that the neuromuscular symptoms of
patient | are directly related to enzyme deficiency (Schroter
et a. 1985). However, in a randomly associating system,
the two different mutated GPI monomers (A*, A°) of a
compound heterozygous patient would provide A*A*,
A*A° and A°A° dimers. Unfortunately, neither the ratios
amongst the two homodimers and the heterodimer are
known, nor which species is most abnormal or unstable.
Thus, in order to determine the pathophysiology of each of
these mutants unambiguously it is necessary to find ho-
mozygotes or produce them by genetic engineering.
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