
Abstract Primary hyperoxaluria type II (PH2) is a rare
disease characterized by the absence of an enzyme with
glyoxylate reductase, hydroxypyruvate reductase, and D-
glycerate dehydrogenase activities. The gene encoding
this enzyme (GRHPR) has been characterized, and a sin-
gle mutation has been detected in four PH2 patients. In
this report, we have identified five novel mutations. One
nonsense mutation (C295T) results in a premature stop
codon at codon 99. A 4-bp deletion mutation has been
found in the 5’ consensus splice site of intron D, resulting
in a predicted splicing error. Three missense mutations
have been detected, including a missense transversion
(T965G) in exon 9 (Met322Arg), a missense transition
(G494A) in the putative co-factor binding site in exon 6
(Gly165Asp), and a substitution of an adenosine for a
guanine in the 3’ splice site of intron G. The functional
consequences of the missense transversion and transition
mutations have been investigated by transfection of
cDNA encoding the mutated protein into COS cells. Cells
transfected with either mutant construct have no enzy-
matic activity, a finding that is not significantly different
from the control (empty) vector (P<0.05). These results
further confirm that mutations in the GRHPR gene form
the genetic basis of PH2. Ten of the 11 patients that we
have genotyped are homozygous for one of the six muta-
tions identified to date. Because of this high proportion 
of homozygotes, we have used microsatellite markers in
close linkage with the GRHPR gene to investigate the
possibility that the patients are the offspring of related in-
dividuals. Our data suggest that two thirds of our patients

are the offspring of either closely or distantly related per-
sons. Furthermore, genotyping has revealed the possible
presence of a founder effect for the two most common
mutations and the location of the gene near the marker
D9S1874.

Introduction

Primary hyperoxaluria type II (PH2) is a rare monogenic
disease with an autosomal recessive pattern of inheritance.
It results from the absence of an enzyme with D-glycerate
dehydrogenase (DGDH) activity (Williams and Smith
1968). The enzyme also has glyoxylate reductase (GR)
and hydroxypyruvate reductase (HPR) activities, which
are thought to be the favored reactions in mammals (Van
Schaftingen et al. 1989). The gene coding for this enzyme
has been assigned the locus designation GRHPR by the
human genome nomenclature committee (http://www.
gene.ucl.ac.uk/nomenclature/). PH2 is characterized by an
elevated urinary excretion of oxalate and L-glycerate
(Williams and Smith 1968; Chlebeck et al. 1994), caused
by the absence of GR and HPR activities, respectively. In-
creased plasma oxalate in PH2 patients can cause nephro-
lithiasis and nephrocalcinosis and can, in some cases, re-
sult in renal failure and systemic oxalate deposition. PH1,
characterized by increased urinary oxalate and glycolate
excretion, results from a deficiency of the liver-specific
peroxisomal enzyme alanine-glyoxylate aminotransferase.
Historically, the prognosis for PH2 patients has been more
favorable and the disease less common than PH1.
Whereas PH2 is still thought to have a more favorable
prognosis than PH1 (Milliner et al. 1998), the severity of
the clinical course and prevalence of PH2 have recently
been brought into question. End-stage renal disease has
now been documented in three of the 24 patients reported
in the literature (Kemper et al. 1997). In addition, PH2
may be more common than was previously suspected,
most probably because of the lack of availability of assays
for urinary glycolate and L-glycerate. Implementation of
these discriminatory assays at the Mayo Clinic has led to
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the recognition of PH2 in 20% of patients previously di-
agnosed with PH1 (Chlebeck et al. 1994).

GRHPR is a member of a family of NAD/NADP-de-
pendent dehydrogenases. Although the crystal structure of
the human enzyme has not been determined, crystallo-
graphic data is available for the enzyme from Hyphomi-
crobium methylovorum (Goldberg et al. 1994). The high
degree of similarity between the GRHPR protein se-
quences in human and other organisms, including H.
methylovorum (Cramer et al. 1999), allows the use of the
enzyme of the latter as a tentative three-dimensional
model for the human protein. Goldberg et al. (1994) have
concluded that the enzyme forms a symmetrical dimer,
with each monomer consisting of two structurally similar
domains, identified as the co-factor binding domain and
the catalytic domain. The domains are separated by a deep
cleft believed to form the putative binding sites for the co-
factor and substrate. The amino acids important in these
sites are highly conserved among the GRHPR protein se-
quences from eubacteria, plants, and animals and among
the predicted protein sequences from archaea and fungi
(Cramer et al. 1999). This structural information may be
useful in elucidating the functional characteristics of the
enzyme in normal and PH2 individuals.

The gene that is mutated in PH2 patients has only re-
cently been characterized. We have described a cDNA
that encodes DGDH activity (Cramer et al. 1998) and
have subsequently demonstrated that it also encodes HPR
and GR activities (Cramer et al. 1999). This cDNA has
been identified as an 1198-nucleotide clone encoding a

984-nucleotide open reading frame. The open reading
frame translates to a predicted 328-amino-acid protein
with a predicted mass of 35,563 Da. Another group has
identified an identical cDNA with HPR and GR activities,
encoding a 328-amino-acid protein (Rumsby and Cregeen
1999). We have recently determined the genomic struc-
ture of the GRHPR gene and demonstrated that it contains
nine exons and eight introns spanning approximately 9 kb
pericentromeric on chromosome 9, within the reference
interval D9S1874–D9S273 (Cramer et al. 1999). A sche-
matic diagram of the genomic structure and intron/exon
nomenclature used in this report is given in Fig.1. Poly-
merase chain reaction/single-stranded conformation poly-
morphism (PCR-SSCP) analysis and sequence analysis of
four PH2 patients (representing two pairs of siblings)
have revealed a single nucleotide deletion in exon 2 re-
sulting in a frame-shift mutation. The mutated gene is pre-
dicted to encode a truncated protein of 44 amino acids,
which lacks the putative co-factor and substrate binding
sites; this is believed to be the disease-causing mutation
for these patients (Cramer et al. 1999).

In this report, we describe our analysis of mutations in
the GRHPR gene from seven additional PH2 patients.
Five new mutations have been identified that include mis-
sense, nonsense, and deletion mutations. We describe our
results concerning our functional analysis of the missense
mutations. Because of the high proportion of homozygous
mutations observed, we have also investigated the possi-
bility that the patients are the offspring of related individ-
uals and comment on the presence of a founder effect for
the most common mutations.

Materials and methods

Patients

All new patients studied in this report were confirmed as being
PH2 patients by the definitive diagnostic urinary oxalate and uri-
nary L-glycerate assays. DNA samples from four patients were ob-
tained from Ospedale Mauriziano Umberto in Torino, Italy. Three
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Fig.1 Distribution of the six known mutations in the human
GRHPR gene. Boxes Exons, lines introns, shaded boxes sequence
translated into the catalytic domain of the protein, solid boxes se-
quence translated into the co-enzyme binding domain of the pro-
tein. Conserved sequences important in co-factor and substrate
binding are designated by an asterisk (based on crystallographic
data for the enzyme from Hyphomicrobium methylovorum; Gold-
berg et al. 1994)



patients were of Caucasian Italian (CIt) descent, while the fourth
was of Indian Asian (InAs) descent. Both CIt1 and CIt2, a 50-year-
old male and 26-year-old female, respectively, are currently on
dialysis. Both CIt3 and InAs1, a 4-year-old male and 8-year-old fe-
male, respectively, have a normal glomerular filtration rate and
nephrolithiasis. Patients CIt1 and InAs1 have previously been re-
ported in literature (Marangella et al. 1995). Blood samples were
obtained from two patients in the USA, a Caucasian American
(CA1) male and an African American (AA1) adolescent female.
AA1 is currently on dialysis after a failed renal transplant. Lastly,
a blood sample of an 8-year-old female (GER1) was obtained from
the University Children’s Hospital, Hamburg, Germany. This pa-
tient has been previously reported in the literature (Kemper and
Müller-Wiefel 1996). All protocols were approved by the Institu-
tional Review Board of Wake Forest University School of Medi-
cine.

PCR-SSCP technique

Blood was collected from the North American and German pa-
tients and shipped on ice by courier to Wake Forest University
School of Medicine. Total genomic DNA was isolated by using the
QIAmp DNA Blood Mini Kit (Qiagen, Valencia, Calif.). For the
Italian patients, blood was collected, and total genomic DNA was
isolated at the Renal Stone Laboratory, Ospedale Mauriziano Um-
berto, Italy. PCR-SSCP was applied to all nine exons of the PH2
patients by using a method previously described (Cramer et al.
1999). Any exons that displayed aberrant SSCP patterns compared
with the wild-type control were re-amplified with non-radioactive
primers and sequenced with an ABI Prism 377 DNA Sequencer at
the Nucleic Acid Sequencing Facility of the Comprehensive Can-
cer Center of Wake Forest University (CCCWFU).

Site directed mutagenesis – construction of missense mutants

Site-directed mutagenesis was used to construct mutant clones to
represent the missense mutations of patients AA1 and InAs1. The
cDNA for human GRHPR was previously subcloned into the
mammalian expression vector pcDNA3.1zeo(–) (Invitrogen, Carls-
bed, Calif.) at the XbaI and KpnI restriction sites (Promega, Madi-
son, Wis.; pGRHPR3.1; Cramer et al. 1999).

Site-directed mutagenesis by PCR was used to modify the
pGRHPR3.1 sequence (Higuchi et al. 1988). By this method, two
overlapping fragments of the target sequence were PCR-amplified.
Each reaction involved the use of one flanking primer that hy-
bridized to the vector sequence, just outside either the XbaI or
KpnI restriction sites, and one internal primer that hybridized at the
site of the mutation and contained the mismatched base. Internal
primer sequences for AA1 were: 5’-GGGGAGCCGAGGCCTA-
GTGAACTCAA-3’ and 5’-TTCACTAGGCCTCGGCTCCCCT-
CTCA-3’; and for InAs1 were: 5’-GGCGCATAGACCAGGCC-
ATTGCTCG-3’ and 5’-ATGGCCTGGTCTATGCGCCCCAGC-3’.
Flanking primer sequences were: 5’-CTCACTATAGGGAGACC-
CAAGCTGGC-3’ and 5’-GGTCAAGGAAGGCACGGGGGA-
GG-3’. The modifications were a thymine to a guanine (methion-
ine to arginine, codon 322) and a guanine to an adenosine (glycine
to aspartate, codon 165) for patient AA1 and InAs1, respectively.
Each PCR was performed with 100 ng pGRHPR3.1, 15 pmol each
primer, 0.64 mM dNTPs, 1×ThermoPol Reaction Buffer (contain-
ing 2 mM MgCl2; New England Biolabs, Beverly, Mass.), in a fi-
nal volume of 100 µl. Amplifications consisted of 94°C for 5 min,
80°C for 5 min (2 U VentR DNA polymerase, supplied by New
England Biolabs, was added at this stage), followed by 30 cycles
of 94°C for 45 s, 63°C for 1 min, and 72°C for 1 min, and a final
extension (72°C) of 7 min. The PCR products were separated on a
1.5% agarose gel, and the appropriate band was excised and puri-
fied by using the Geneclean II Kit (Bio 101, Vista, Calif.). The two
overlapping fragments were combined in a second round of PCR
amplification with the flanking primers. The PCR mix was identi-
cal to that above, except 50 ng of each DNA fragment was used.
Amplification consisted of 94°C for 5 min, 80°C for 5 min (2 U

VentR DNA polymerase was added at this stage), followed by 
30 cycles of 94°C for 1 min, 63°C for 1 min, and 72°C for 1 min
30 s, with a final extension (72°C) of 7 min. The resulting mutated
DNA fragment was gel-purified (Geneclean II Kit) and subcloned
back into pcDNA3.1zeo(–) at the HindIII and NheI restriction sites
to create plasmids pmGRHPR3.1 (InAs1 and AA1). Plasmid DNA
was purified by using the Wizard Plasmid kit (Promega). The cor-
rect introduction of the mutant base and the absence of poly-
merase-introduced sequence errors was confirmed by automated
fluorescent dideoxy nucleotide sequence analysis of overlapping
500-bp fragments, as described above for exon PCR products.

Transient transfection and enzymatic activities

COS cells were obtained from the Tissue Culture Core Laboratory
of CCCWFU. Transfection experiments were performed by using
Lipofectamine (Gibco BRL, Grand Island, N.Y.) as previously 
described (Cramer et al. 1999). A mass of 3.6 µg of each plasmid,
viz., vector alone [pcDNA3.1zeo(–)], wild type GRHPR
(pGRHPR3.1), or the missense mutants (pmGRHPR3.1 AA1 and
InAs1), was co-transfected with 1.2 µg luciferase reporter plasmid
(pGL3 control; Promega) to control for differences in transfection
efficiencies. Each co-transfection was performed in triplicate.
Some 23 h after transfection, the cells were scraped off the plates,
spun briefly, and stored as a cell pellet at –70°C until required.

The cells were lysed by sonication in 100 µl 100 mM TRIS, pH
8.5. Protein concentration was determined by the BCA microassay
according to the manufacturer’s protocol (Pierce, Rockford, Ill.).
Luciferase activity was measured in 20-µl aliquots of cell lysate at
37°C, by using the Promega luciferase assay system, in a Turner
TD-20e luminometer according to the manufacturer’s protocol.

DGDH, HPR, and GR enzymatic activities were determined as
previously described (Cramer et al. 1999). DGDH activity is ex-
pressed as V (pmol hydroxypyruvate phenylhydrazone formed/
min per milligram protein per light unit). HPR and GR assays were
performed in the presence of 100 µM NADPH. The assay was ini-
tiated by the addition of enzyme, and the A340 recorded every 15 s,
over a period of 180 s, by using a Beckman DU-640 spectropho-
tometer. The initial linear rate was used to determine enzymatic
activity in each extract.

Genotyping by microsatellite markers

A total of 11 patients, seven from this report and four studied pre-
viously (Cramer et al. 1999), and 93 controls were typed by using
three microsatellite markers: D9S1874, D9S1787, and D9S273.
Radiation hybrid analysis performed by the Sanger Center (http://
www.sanger.ac.uk/) mapped the gene within the reference interval
D9S1874–D9S273. This interval is 5 cM in length, with D9S1787
being located 1.1 cM centromeric to D9S273. The polymorphic re-
gions containing dinucleotide repeats were PCR-amplified with
end-labeled oligonucleotide primers. Genethon primer sequences
(Evry, France) were used for each of these markers (Weissenbach
1996). End-labeling of the forward primer was performed in a re-
action containing 10 µM primer, 2.5 pmol γ32P-ATP at 3000 Ci/
mmol, 1× kinase reaction buffer, and 3 U T4 polynucleotide kinase
(Promega), incubated at 37°C for 30 min. Each PCR was per-
formed by using 50–100 ng genomic DNA, 1 µM 32P end-labeled
forward primer, 1 µM unlabeled reverse primer, 0.2 µM dNTPs,
1× Taq DNA polymerase buffer (Promega), 1.5 mM MgCl2, and
0.3 U Taq DNA polymerase (Promega), in a final volume of 10 µl.
Amplifications consisted of 94°C for 5 min, followed by 25 cycles
of 94°C for 30 s, 62°C for 30 s, and 72°C for 30 s, with a final ex-
tension (72°C) of 7 min. An aliquot of 1 µl of each reaction was
mixed with 7 µl sequencing stop buffer (87% formamide, 0.02 M
EDTA pH 8.0, 0.05% bromophenol blue, 0.05% xylene cyanol FF)
and 12 µl H2O, denatured at 95°C for 3 min, and snap-cooled on
ice. An aliqot of 2 µl of each cooled sample was loaded on a 6%
polyacrylamide/42% urea sequencing gel and run at 70 W for 3–
5 h. Kodak X-OMAT film was exposed to gels overnight at –70°C
and developed in a Kodak M35A X-OMAT processor. In scoring,
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the samples producing the band with the slowest mobility were ar-
bitrarily designated as allele 1. Haplotypes for the patients were
constructed with reference to marker order, in a family context.
For probands whose family was not available, haplotypes were
constructed by using homozygosity. Allele frequencies for the
DNA markers were determined from 186 control alleles. The con-
trol group consisted of 38 African American, 52 Caucasian Amer-
ican, and three Caucasian Italian individuals.

Statistics

Student’s t-test was applied (P<0.05) to the raw data from the en-
zyme assay in order to determine whether the mean enzymatic ac-
tivities of each clone were significantly different. Statistical com-
parison of allele frequencies between PH2 patients and the control
group was performed by using the Fexact program (Exact Infer-
ence for Unordered R×C Contingency Tables; Division of Biosta-
tistics and Epidemiology, Dana-Farber Cancer Institute, Harvard
School of Public Health, Boston, Mass.; Mehta and Patel 1983).
P values were calculated by using the Monte Carlo Algorithm.

Results

Identification of new mutations 
and their functional consequences

In a previous report, we identified a single nucleotide
deletion in exon 2 of the GRHPR gene in four PH2 pa-
tients from two unrelated families (two pairs of siblings;
Cramer et al. 1999). This deletion results in a frame-shift
and introduction of a premature stop codon at codon 44.
These data supported the hypothesis that mutations in the
GRHPR gene result in PH2. To test this hypothesis fur-
ther, we evaluated the GRHPR gene of seven additional
PH2 patients for deviations from the wild-type sequence.
PCR-SSCP assays, previously described by us (Cramer et
al. 1999), were used to screen each of the nine exons, in-
cluding intron-exon boundaries, for aberrant electro-
phoretic mobility. Exons displaying abnormal SSCP pat-
terns were subsequently sequenced. Two patients, CA1
and GER1 (see above for patient descriptions and nomen-
clature), were found to be homozygous for the known
deletion mutation in exon 2 (data not shown). Among the
remaining five patients, five novel mutations were discov-
ered and are discussed below.

Nonsense mutation

Figure 2A shows the PCR-SSCP analysis of exon 4 of pa-
tients CIt1 and CIt2. The double-headed arrow points to
the abnormal migration of the PCR product for the two
patients in lanes 3 and 8, compared with the wild-type
control in lane 1. Figure 3A shows the sequencing results
from exon 4 of patient CIt1. The results reveal a single
nucleotide substitution: a thymine for a cytosine in codon
99. The sequencing results for patient CIt2 were identical
(data not shown). This substitution creates an amino acid
change from an arginine (CGA) to a stop codon (TGA).
The predicted result is a truncated protein of 98 amino

acids, instead of 328, lacking the putative co-factor and
substrate binding sites. Both patients are homozygous for
this mutation (Fig.3A). Furthermore, the PCR-SSCP pat-
tern (Fig.2A, lanes 9 and 10) and subsequent sequencing
(not shown) confirm the parents of patient CIt2 to be het-
erozygotes. This mutation is predicted to cause the loss of
a BamHI restriction enzyme site (Table 1).
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Fig.2A–C Autoradiograms of PCR-SSCP analysis of exons 4, 6,
and 9 of GRHPR for patients compared with normal controls. Ar-
rows Shift in band pattern in PH2 patients. A Autoradiogram of
exon 4. Lane 1 Normal control, lanes 2, 4 PH2 patients with nor-
mal exon 4, lane 3 patient CIt1, lane 5 patient CIt3, lanes 6, 7 par-
ents of CIt3, lane 8 patient CIt2, lanes 9, 10 parents of CIt2. B Au-
toradiogram of exon 9. Lanes 1, 4, 5 Normal controls, lane 2 pa-
tient AA1, lane 3 PH2 patient with normal exon 9. C Autoradi-
ogram of exon 6. Lane 1 Normal control, lanes 2, 3 PH2 patients
with normal exon 6, lane 4 patient InAs1
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Deletion mutation

PCR-SSCP analysis of exon 4 of patient CIt3 is also
shown in Fig.2A. The single-headed arrow points to the
abnormal migration of the PCR product for CIt3 in lane 5,
compared with the wild-type control in lane 1. Sequenc-
ing results reveal a 4-bp deletion immediately down-
stream of the 5’ splicing site (donor site) in intron D (Fig.
3B). The patient is homozygous for this mutation,
whereas the PCR-SSCP pattern (lanes 6, 7) and subse-
quent sequencing (not shown) have revealed the parents
to be heterozygous. Figure 4 shows the consensus se-
quence required for the proper functioning of the spliceo-

some at the 5’ splice site (Blencowe 2000) compared with
the sequences found in a normal control and patient CIt3.
Presumably, the lack of consensus sequence would pre-
vent the spliceosome from binding to the 5’ splice site,
thereby preventing the removal of intron D.

Missense mutations

PCR-SSCP analysis of exon 9 of patient AA1 demon-
strated the presence of an aberrant product when com-
pared with the wild-type control (Fig.2B, lane 2). Se-
quencing results revealed a single nucleotide substitution:
a guanine for a thymine in codon 322 (Fig.3C), which is
predicted to introduce a StuI restriction enzyme site. The
patient is homozygous for this mutation. This creates an
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Table 1 Characteristics of the six known mutations in the GRHPR gene of PH2 patients (– loss of a restriction site in the presence of
the mutated base, + addition of a restriction site in the presence of the mutated base, n/a: not applicable)

Exon/intron Nucleotidea cDNA change Amino acid change Frequency in Affected 
18 PH2 alleles restriction site

Exon 2 103delG 1 bp deletion Asp35Thr frameshift 8 (44.4%) None
aa 44/stop

Exon 4 C295T Nonsense transition Arg99stop 4 (22.2%) –BamHI
Exon 9 T965G Missense transversion Met322Arg 2 (11.1%) +StuI
Intron D del 5’ splice consensus 4 bp deletion and splicing n/a 2 (11.1%) None

site AAGT error
Exon 6 G494A Missence transition Gly165Asp 1 (5.6%) +XbaI
Intron G G 3’splice site A Missence transition and n/a 1 (5.6%) None

splicing error

aNucleotides are numbered in reference to the first nucleotide of the initiation codon

Fig.4 The four-base deletion in patient CIt3 disrupts the 5’ splice
site consensus sequence required for correct spliceosome binding.
The nucleotide sequence at the boundary of exon 4 and intron D of
patient CIt3 and a normal control are compared with the consensus
sequence required for RNA splicing in higher eukaryotes
(Blencowe 2000). Arrows Exon/intron boundary, G guanine, A ad-
enosine, C cytosine, U uracil, R purine

Fig.5 The missense mutations in patients AA1 and InAs1do not
encode a functional GRHPR gene. COS 1 cells were co-trans-
fected with luciferase reporter vector and empty vector
(pcDNA3.1), or wild type (pGRHPR3.1), or mutant AA1 (pm-
GRHPR3.1 AA1), or mutant InAs1 (pmGRHPR3.1 InAs1). En-
zyme activities were determined as described. DGDH D-glycerate
dehydrogenase activity, bars mean ± SEM (n=3), numbers in
parentheses fold-increase in enzyme activity relative to the empty
vector, asterisk significantly different from the corresponding
wild-type control vector and not significantly different from the
corresponding empty vector (P<0.05).

Fig.3A–E Nucleotide sequence analysis of mutated exons com-
pared with normal control. An isolated section of each electro-
pherogram is shown. The deduced nucleotide sequence and the
codons corresponding to the hGRHPR protein are located above
each panel. Arrows Affected nucleotide(s). A Electropherogram of
exon 4 of patient CIt1 (same as CIt2, not shown), compared with
normal control. B Electropherogram of exon 4 and intron D of pa-
tient CIt3, compared with normal control. C Electropherogram of
exon 9 of patient AA1, compared with normal control. D Electro-
pherogram of exon 6 of patient InAs1, compared with normal con-
trol. E Electropherogram of intron G and exon 8 of patient InAs1,
compared with normal control
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amino acid change from a methionine (ATG) to an argi-
nine (AGG). This site has been shown to be either con-
served or subject to conservative substitution in the pre-
dicted GRHPR proteins from various organisms (Cramer
et al. 1999). The effect of this nucleotide substitution on
enzyme activity was investigated by construction of a mu-
tant clone and subsequent transfection into COS cells, as
detailed above. A graphical comparison of DGDH en-
zyme activity between the control (empty vector), the
wild type (pGRHPR3.1), and the mutant (pmGRH-
PRAA1) clone is shown in Fig.5. This figure demon-
strates that the enzymatic activity of the mutant clone is
significantly less than that of the wild-type control and not
significantly different from the background control. Fur-
thermore, the results of the GR and HPR assays followed
the same pattern (data not shown).

PCR-SSCP analysis was also completed for all exons
of patient InAs1. The only exon to demonstrate an aber-
rant SSCP product when compared with the wild-type
control was exon 6 (Fig.2C, lane 4). Sequencing results
revealed the patient to be heterozygous for a single nu-
cleotide substitution: an adenosine for a guanine in codon
165 (Fig.3D), which is predicted to introduce a XbaI re-
striction enzyme site. This creates an amino acid change
from a glycine (GGC) to an aspartate (GAC). This amino
acid is 100% conserved in the GRHPR from species rep-
resenting Archaebacteria, Eubacteria, plants, fungi, and
animals and is located within the putative co-factor bind-
ing site (Cramer et al. 1999). The alteration of this highly
conserved residue was predicted to affect protein function
adversely. This prediction was investigated by construc-
tion of a mutant clone and subsequent transfection into
COS cells. Figure 5 shows that the DGDH enzymatic 
activity of pmGRHPR InAs1 is significantly less than 
that of the wild-type control (pGRHPR3.1) and not si-
gnificantly different from the background control
(pcDNA3.1). Likewise, the GR and HPR enzymatic activ-
ities for pmGRHPR InAs1 are significantly less than the

wild type and not significantly different from the empty
vector (data not shown).

No other exons had abnormal SSCP patterns for pa-
tient InAs1. However, sequencing of all exons and intron
boundaries revealed a heterozygous substitution of an
adenosine for a guanine in the 3’ splice site (acceptor site)
of intron G (Fig.3E), presumably on the opposite chro-
mosome to the exon 6 mutation. The absence of a correct
acceptor site is predicted to cause aberrant splicing be-
tween exons 7 and 9, with all or part of exon 8 being
spliced out of the mRNA and presumably resulting in an
unstable product that would be quickly degraded. Patient
InAs1 is the only compound heterozygote for a GRHPR
mutation that we have identified.

Summary of mutations

Table 1 contains a summary of the six known GRHPR
mutations, their position, and consequences for the nu-
cleotide and amino acid sequence. Also tabulated is the
frequency of each mutation among the alleles studied by
our group. Only 18 alleles were included in this analysis
(the alleles of siblings were not counted twice), which
demonstrated the exon 2 deletion as the most common,
being present in just under half the alleles. The affected
restriction site (if any) is also noted, because of the poten-
tial use for genetic screening. Figure 1 gives a diagram-
matical representation of the gene and the known muta-
tions. The position of mutations is given relative to the
catalytic and co-factor binding domains of the protein, 
in addition to the specific residues highly conserved in 
the putative substrate and co-factor binding sites of the
H. methylovorum protein (Goldberg et al. 1994). In sum-
mary, the mutations in exon 2, exon 4, and intron D would
result in truncated proteins lacking all the putative co-fac-
tor and substrate binding sites, whereas the substitution in
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Table 2 Haplotype analysis of
PH2 patients and available par-
ents, as generated by three mi-
crosatellite markers(nd not de-
termined or could not be am-
plified for indeterminate rea-
sons, id indeterminable)

aSiblings previously reported
in literature (Cramer et al.
1999)
bSiblings previously reported
in literature (Cramer et al.
1999)

Mutation Patient/Parent Allelotypes Haplotypes

D9S1874 D9S1787 D9S273

Exon 2 GER1 5,5 9,9 8,8 5,9,8 5,9,8
CA1 5,5 5,10 5,6 id id
CA2a 5,5 10,10 8,8 5,10,8 5,10,8
CA3a 5,5 10,10 8,8 5,10,8 5,10,8
CA4b 5,5 5,5 8,8 5,5,8 5,5,8
CA5b 5,5 5,5 8,8 5,5,8 5,5,8

Exon 9 AA1 4,4 3,3 7,7 4,3,7 4,3,7

Exon 6/Intron G InAs1 nd 4,9 8,9 id id

Exon 4 CIt1 4,4 6,6 8,8 4,6,8 4,6,8
CIt2 4,4 6,9 4,6 4,6,6 4,9,4
Father –CIt2 4,6 6,6 6,6 4,6,6 6,6,6

Intron D CIt3 4,4 5,9 8,8 4,5,8 4,9,8
Mother – CIt3 4,7 5,6 8,8 4,5,8 7,6,8
Father – CIt3 4,4 9,9 7,8 4,9,8 4,9,7



exon 6 alters an amino acid in the putative co-factor bind-
ing site.

Microsatellite linkage with the GRHPR gene 
in PH2 patients

Ten out of 11 patients studied by our group were homozy-
gous for their mutation. This high proportion of homozy-
gotes prompted us to assess the haplotype background of
each patient in order to determine whether the patients
were the offspring of related individuals.

The allelotype and haplotype data for the patients is
summarized in Table 2. Data not shown in Table 2 include
the heterozygosity of the control group: 86%, 76%, and
50% for markers D9S1874, D9S1787, and D9S273, 
respectively, compared with that for the patients of 
0%, 36%, and 27%. The similar haplotypes (5,9,8; 5,5,8
and 5,10,8) generated for the most common mutation,
103delG (exon 2), suggest the presence of a common an-
cestral haplotype resulting from a founder effect (Table 2).
This suggestion is supported by the finding that all pa-
tients share the same allelotype (5,5) at locus D9S1874.
At D9S1787, the presence of three alleles co-segregating
with the mutant allele represents a departure from the ho-
mozygous pattern at D9S1874. These data suggest that
there has been at least one recombination event between
D9S1874 and D9S1787 since formation of the founder al-
lele.

The two pairs of North American siblings with the
103delG mutation studied in a previous report (Cramer et
al. 1999; designated as CA2–5) had no personal knowl-
edge of relatedness between their two families. The co-
segregation of the mutated allele to the two haplotypes
5,10,8 and 5,5,8 supports the belief that these two families
are not closely related. However, the finding that all pa-
tients with this mutation, except CA1, are homozygous
for all markers, suggests they are all offspring of related
individuals. Whether the parents are closely or distantly
related to each other cannot be ascertained from these
data. Because of heterozygosity at D9S1787 and D9S273,
patient CA1 is most probably not the offspring of related
individuals. Furthermore, the divergence of alleles for this
patient (Table 2), including a further co-segregation of the
mutant allele at D9S273, suggests that this patient’s chro-

mosomes have undergone more recombinations than that
of the other patients.

Patient AA1, being homozygous for all markers, is
also probably the offspring of related individuals, whereas
patient InAs1, who is heterozygous for D9S1787 and
D9S273, is most probably not.

The haplotypes constructed for the two patients (CIt1
and CIt2) with the identical mutation in exon 4 suggest
that these two patients are not closely related (Table 2).
However, the similarity of the chromosomes indicates the
retention of a partial founder haplotype, with evidence of
at least one recombination. The homozygosity of patient
CIt1 suggests that he is the offspring of related individ-
uals, whereas the heterozygosity of CIt2 at D9S1787 and
D9S273 suggests otherwise for this patient. Likewise,
CIt3 does not appear to be the product of related persons.

Allele frequencies are tabulated in Table 3. The fre-
quency of patient alleles (the alleles of siblings were not
counted twice), were compared with the frequency among
the control group. Table 3 shows that the allele frequen-
cies for D9S1874 differ significantly, whereas for
D9S1787 and D9S273, there are no significant differ-
ences. These data indicate that D9S1874 is in linkage dis-
equilibrium with the GRHPR gene, whereas D9S1787 and
D9S273 are not.

Discussion

In this report, we have identified five novel mutations in
the GRHPR gene in PH2 patients of African American,
Caucasian Italian, and Indian Asian background. We have
also detected the previously published exon 2 mutation in
two more patients of North European (Caucasian Ameri-
can and German) descent. Ten out of the 11 patients stud-
ied by our group were homozygous for their given muta-
tion. The spectrum of mutations identified included dele-
tions, a nonsense transition, a missense transition, and
missense transversions, resulting in either a truncated pro-
tein or a protein with a missense mutation or a splicing er-
ror. The missense mutations were found to result in a dys-
functional GRHPR protein in vitro. Therefore, it appears
that all six mutations discovered thus far are disease-caus-
ing mutations. This result further confirms previous evi-
dence (Cramer et al. 1999) indicating that mutations in the
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Table 3 Comparison of allele
frequencies between PH2 pa-
tients and non-PH2 controls

aP<0.05 corresponds to a sig-
nificant difference between pa-
tient and control allele frequen-
cies

D9S1874 D9S1787 D9S273

Allele PH2 Controls Allele PH2 Controls Allele PH2 Controls

4 8 (50%) 53 (29%) 3 2 (11%) 21 (12%) 4 1 (6%) 8 (5%)
5 8 (50%) 20 (11%) 4 1 (6%) 16 (9%) 5 1 (6%) 26 (15%)
Other 0 (0%) 113 (60%) 5 4 (22%) 40 (22%) 6 2 (11%) 38 (21%)

6 3 (17%) 23 (13%) 7 2 (11%) 24 (14%)
9 5 (28%) 38 (21%) 8 11 (6%) 62 (35%)

10 3 (17%) 21 (12%) 9 1 (6%) 6 (3%)
Other 0 (0%) 19 (11%) Other 0 (0%) 14 (8%)

P<0.0001a P=0.8240a P=0.3590a



GRHPR gene form the genetic basis of PH2. Furthermore,
the heterozygosity of asymptomatic parents supports the
original belief (Williams and Smith 1968) that PH2 is in-
herited in an autosomal recessive pattern.

The presence of disease-causing missense mutations is
useful for studying the structure and function of the hu-
man GRHPR protein molecule. The G494A (exon 6) mu-
tation alters an absolutely conserved amino acid that is 
involved in the putative co-factor binding site of the
H. methylovorum enzyme (Fig.1). The loss of protein
function therefore confirms the importance of this amino
acid in the human protein in vitro. The T965G (exon 9)
mutation does not affect any of the putative co-factor or
substrate binding sites (Fig.1). However, the methionine
is conserved in H. methylovorum and conservatively sub-
stituted with a valine and leucine in Cucurbita maxima
and Schizosaccharomyces pombe, respectively (Cramer et
al. 1999). Furthermore, recent completion of the Dro-
sophila melanogaster euchromatic genomic sequence
(Adams et al. 2000) has allowed us to identify the putative
GRHPR homolog for this organism. Comparison with
other GRHPR sequences has shown this methionine to be
conserved in D.melanogaster (S. D. Cramer, unpub-
lished). The substitution of an arginine, which represents
a charge change, is therefore a significant alteration, and
the loss of protein function confirms the importance of
this residue. The mechanism by which protein function is
lost can be speculated about on the basis of the crystallo-
graphic studies of the H. methylovorum enzyme. The po-
sition of this residue in the peripheral catalytic domain of
the native monomer (Goldberg et al. 1994) suggests that it
is not involved in the dimerization domain. Instead, the
structural abnormality introduced by the arginine could
destabilize the structure and trigger proteolytic degrada-
tion, interfere with the protective role of molecular chap-
erones (if required), and allow aggregation of the un-
folded or partially folded protein (Hartl et al. 1994;
Scriver and Waters 1999), or if the dimer is stable, it could
simply interfere with the role of the catalytic subunit.

The functional importance of these two mutant
residues demonstrates the potential contribution of mis-
sense mutations toward an understanding of the structure
and function of the human GRHPR protein. This knowl-
edge could aid the design of new therapeutic approaches
to PH2.

The unusually high occurrence of homozygous muta-
tions among the patients studied (10 out of 11) prompted
us to investigate the possibility that the patients are the
offspring of related individuals. Furthermore, haplotyping
was applied to investigate whether common mutations
present in unrelated individuals had arisen independently
or were the result of a founder effect. Genotyping with
microsatellite markers suggested that 7 out of 11 patients
were the offspring of related individuals. The degree of
relatedness could not be determined from this analysis;
however, the parents of CA2–5 denied any knowledge of
consanguineous marriages within their family pedigree.
The remaining four patients did not appear to be the off-
spring of related parents. This, coupled with evidence that

some patients of the same nationality with identical muta-
tions are unrelated (exon 2 and exon 4 mutations), sug-
gests that the disease alleles have undergone recombina-
tion and are not limited to a small inbred population. This
supports observations that the PH2 patients reported in the
literature are drawn from different populations. Therefore,
this presence of disease alleles in “outbred” populations
should encourage a more rigorous approach of the use of
discriminatory diagnostic assays, which currently appear
to be under-utilized (Petrarulo et al. 1998; Leumann and
Hoppe 1999).

The data for the 103delG (exon 2) mutation suggest
that historical recombinations around D9S1787 have dis-
rupted a founder mutation that is most likely of North Eu-
ropean descent. Furthermore, comparison of the German
and American alleles at D9S1787 indicates that recombi-
nation has also occurred after segregation of the mutation
into these two populations. This evidence of recombina-
tion suggests that the founder mutation is probably several
generations old.

The homozygosity at D9S1874 for all the PH2 patients
(Table 2), coupled with the significant differences in allele
frequencies between patients and controls at this marker
only (Table 3), implies linkage of the disease with
D9S1874. Further evidence of linkage with this marker
may prove useful for molecular diagnostics of PH2.

In conclusion, this report provides further evidence for
the genetic basis of PH2. The identification of mutations
in the North American and Italian populations could
prove helpful in genetic counseling, molecular diagnos-
tics, and the development of therapeutic approaches to-
ward PH2. In addition, elucidation of the structural and
functional characteristics of the human protein by use of
these and as yet undiscovered mutations could potentially
be of use in the development of therapeutic approaches.
Furthermore, the presence of disease alleles in “outbred”
populations, coupled with previous evidence of under-di-
agnosis, should prompt a more diligent application of dis-
criminatory diagnostic assays.
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