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Summary

We discovered the missense mutation, A226V, in the orni-
thine-8-aminotransferase (OAT) genes of two unrelated
patients with gyrate atrophy of the choroid and retina
(GA). One patient, who was a compound for A226V and
for the premature termination allele R398ter, showed a
significant (P < .01) decrease in mean plasma ornithine
levels, following pyridoxine supplementation with a con-
stant protein intake: 826 + 128 uM (n = 5; no pyridoxine
supplementation) versus 504 + 112 uM (n = 6; 500 mg
pyridoxine/d) and 546 + 19 uM (n = 6; 1,000 mg
pyridoxine/d). In extracts of fibroblasts from a second GA
patient homozygous for A226V and from Chinese hamster
ovary cells expressing an OAT-cDNA ~containing A226V,
we found that OAT activity increased from undetectable
levels to ~10% of normal when the concentration of pyri-
doxal phosphate was increased from 50 to 600 pM.
A226V is the fourth disease-causing pyridoxine-responsive
human mutation to be reported.

Introduction

Gyrate atrophy of the choroid and the retina (GA) is a
slowly progressive, blinding autosomal recessive disorder.
The biochemical hallmark of GA is ornithine accumulation
with plasma and urine levels ranging 5-15-fold above nor-
mal. The primary defect is deficiency of ornithine-8-amino-
transferase (OAT), a mitochondrial matrix enzyme that
catalyzes the reversible interconversion of ornithine and
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A'-pyrroline-S-carboxylate (Valle and Simell 1989). OAT
monomers are synthesized as 49-kD precursors and are
processed to 45 kD on entry into the mitochondrial matrix,
where they assemble into the active homohexamers (Mar-
kovic-Housley et al. 1987). One molecule of cofactor pyri-
doxal-5'-phosphate (PLP) is bound covalently to each OAT
monomer at lysine 292 (Simmaco et al. 1986). We and
others have cloned and sequenced near-full-length human
OAT ¢cDNAs and have determined the organization of the
OAT structural gene (Inana et al. 1986; Ramesh et al.
1986; Mitchell et al. 1988b). More than 50 mutations have
now been identified at the OAT locus (Inana et al. 1988,
1989; Mitchell et al. 19884, 1989, 1991; Ramesh et al.
1988, 1990; McClatchey et al. 1990; Akaki et al. 1992;
Brody et al. 1992; Mashima et al. 1992; Michaud et al.
1992; Park et al. 1992).

GA is one of several inborn errors that affect enzymes
with vitamin-derived cofactors. In some of these conditions,
a small fraction of patients respond clinically and/or bio-
chemically to treatment with pharmacological doses of the
relevant vitamin. Some of the best-documented examples
of vitamin-responsive inborn errors involve enzymes that,
like OAT, utilize PLP as a cofactor. Five GA probands have
been described in whom plasma ornithine levels decreased
>33% in response to treatment with pyridoxine (Berson
et al. 1978; Kennaway et al. 1980; Hayasaka et al. 1981);
and a sixth in whom the GA phenotype was clinically mild
and who had a marked in vitro response to PLP on OAT
assay was described by Kennaway et al. (1989). OAT activ-
ity in fibroblast extracts from these patients increased when
the concentration of PLP in the enzyme assay was increased
10-100-fold.

Despite the wealth of clinical and biochemical experience
with vitamin-responsive inborn errors and the recent de-
scriptions of mutations in pyridoxine-responsive cystathio-
nine 3-synthase—deficient patients (Hu et al. 1993; Kozich
et al. 1993; Kraus et al. 1993), to date we are aware of
only three mutations in humans that have been shown
conclusively to be pyridoxine responsive. The first descrip-
tion of a vitamin-responsive mutation for any inborn error
was the OAT missense mutation V332M identified in a
pyridoxine-responsive GA patient by Ramesh et al. (1988).
The two other proved pyridoxine-responsive mutations are
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in the erythroid-specific 3-aminolevulinate synthetase of pa-
tients with X-linked sideroblastic anemia (Cotter et al.
1992; Cox et al. 1994). In this report, we describe a new
PLP-responsive OAT mutation, A226V, identified in two
patients with GA.

Subject, Material, and Methods

Case Report and Clinical Evaluation of Pyridoxine Responsiveness
in Patient GAO84

GAO084 is a 7-year-old Australian girl who presented
with poor vision at 4 years of age. No other family mem-
bers have severe eye problems. Her parents are unrelated
healthy Caucasians with no known Italian ancestry. Oph-
thalmologic examination at 5 years of age revealed typical
GA lesions in the periphery of the retina, moderate myopia,
and mild astigmatism. At this time, corrected visual acuities
were 20/20 (right eye) and 20/40 (left eye). Visual fields
were clinically normal. Perimetry was not performed. Elec-
troretinography showed no response under scotopic condi-
tions and low potentials with lengthened b-wave implicit
times under photopic conditions. Fasting plasma ornithine
concentrations, measured at intervals of =1 wk, were 652,
596, and 620 uM (normal range 27-96 uM). Other amino
acid concentrations were normal. Pyridoxine (500 mg/d)
was administered, and, 1 mo later, fasting plasma ornithine
concentrations, at weekly intervals, were 281, 213, and
201 pM (mean = 232 pM, or 37% of the prepyridoxine
mean). Pyridoxine supplementation (500 mg/d) was contin-
ued, except during the trial described below. Dietary pro-
tein intake was unrestricted. Now, at 7 years of age, her
corrected visual acuity has fallen to 20/60 in each eye.
Fundoscopic appearances are essentially unchanged from
those at the time of diagnosis.

We performed a second trial of pyridoxine respon-
siveness in GA084, divided into three phases, each sepa-
rated by a 2-mo washout period. In phase 1, the dose of
pyridoxine was 500 mg/d; in phase 2, 0 mg/d; and in phase
3, 1,000 mg/day. During each phase, a 2-mo stabilization
period was followed by the collection of five or six blood
samples taken at weekly intervals. The patient’s protein
intake was estimated with a 3-d diet record, the intake
being kept as constant as possible, under dietetic supervi-
sion during each collection phase. Protein intake was 28,
30, and 27 gm/d during phases 1, 2, and, 3, respectively.
The values from each phase were compared by the un-
paired Student’s ¢ test.

Cell Lines, Cell Culture, and Enzyme Assays

Culture of patient and control fibroblasts and of the
CHO-K1 Chinese hamster ovary clone NC5 (Mitchell et
al. 1989) and OAT (Brody et al. 1992) and B-galactosidase
(Miller 1972, pp. 352—-355) assays were performed as de-
scribed. Fibroblasts of GA026, a GA patient of Italian de-
scent, were obtained from the National Institute of General
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Medical Sciences’ Human Genetic Mutant Cell Repository
(cell line GM6330).

OAT activity was measured radioisotopically, as we have
described elsewhere (Brody et al. 1992), except that saturat-
ing concentrations of ornithine (15 mM) and o-ketogluta-
rate (3 mM) were used for all assays and the duration of
the reaction was increased to 120 min. The concentration
of PLP in this “high substrate” reaction routinely was 50
UM and was increased to 600 UM, so vitamin respon-
siveness could be assessed. The OAT activity of control
fibroblast extracts is constant over this range of PLP con-
centrations. For assay of the OAT activity in transiently
transfected NC5 cells, we utilized 40-60 pg of cellular
protein/assay. For determination of the apparent Michaelis-
Menten constant (K,,,) of OAT for PLP in cell extracts, we
used 125 pg protein/assay for control fibroblasts and 250
pg/assay for fibroblasts from the A226V homozygote
GA026. We varied the concentration of PLP from 0 to 600
UM for the control fibroblast extracts and from 200 to 600
UM for the GA026 fibroblast extracts.

Plasmids

pGEM4 (Promega) was used for all cloning manipula-
tions. phuOAT6 is a human-liver OAT ¢DNA containing
the complete 1,317-bp open reading frame, 60 bp of 5'-
nontranslated sequence, and 635 bp of 3’-nontranslated
sequence (Mitchell et al. 1988b). mPS5 is a mouse B-tubulin
cDNA probe used as a control for northern blot studies
(Sullivan and Cleveland 1986). For B-galactosidase expres-
sion, we used the plasmid pCH110 (Hall et al. 1983),
which contains the Escherichia coli lacZ gene. The eukary-
otic expression vector p91023b (Oprian et al. 1987) was
a gift from R. Kaufman (Genetics Institute).

RNA and DNA Isolation, Northern Blotting, Dideoxy Sequencing,
and Probe Preparation

These techniques were performed by standard protocols.
We have described this elsewhere (Brody et al. 1992).

Anti-OAT Peptide Antiserum and Immunoblotting

We used an antiserum directed against an OAT peptide
spanning residues 32—50 to perform immunoblot analysis.
We have described the technique elsewhere (Brody et al.
1992).

Identification of Mutations

The nine coding OAT exons of each patient were ampli-
fied from genomic DNA, with primers corresponding to
flanking intronic regions, and SSCP analysis of these PCR
products was performed under three different electropho-
retic conditions, as described elsewhere (Michaud et al.
1992). For any exon showing abnormal migration with
respect to control samples, genomic DNA from the patient
was amplified, and the PCR products were sequenced di-
rectly in both directions. The presence of mutations discov-
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ered in this fashion was confirmed by allele-specific oligo-
nucleotide hybridization to the slot-blotted products of a
different PCR amplification of the patient’s genomic DNA.

Construction of Expression Vectors Containing OAT Mutations

We created an A226V-containing OAT cDNA as fol-
lows. We amplified OAT exon 7 from the genomic DNA of
GAO026 and subcloned the 60-bp exonic BamHI fragment
containing the A226V codon into a wild-type OAT cDNA
from which this cassette had been excised. The A226V
OAT cDNA was cloned into p91023b, sequenced in both
directions over its entire length, including the regions flank-
ing the cloning sites, and found to be identical to the wild-
type sequence, except for the A226V mutation. We have
elsewhere described the construction of expression plas-
mids containing wild-type and V332M- and R180T-OAT
cDNAs in p91023b (Brody et al. 1992). R180T, which
yields normal amounts of immunoreactive OAT peptide
but has no detectable enzyme activity (Brody et al. 1992),
serves as a negative control.

Transfections

NCS5 cells were cotransfected with OAT-containing ex-
pression vectors and pCH110 as described elsewhere
(Mitchell et al. 1989). The technique is a modification of
the calcium phosphate precipitation method of Chen and
Okayama (1987).

Results

Clinical Trial of Pyridoxine Supplementation in GA084

The effects of pyridoxine administration on plasma orni-
thine concentrations in GA084 are shown in figure 1. The
mean ornithine concentration during the first period of
pyridoxine treatment (500 mg/d) was 504 + 112 uM (n
= 6). During the second period, when pyridoxine was with-
drawn, mean ornithine was 825 = 128 uM (n = 6). In the
third period, during pyridoxine supplementation at 1,000
mg/d, mean ornithine values were 546 = 19.5 pM (n
= 5). Plasma ornithine values during period 2 differed sta-
tistically from those in period 1 (P < .01) and in period 3 (P
< .001). Plasma ornithine values did not differ significantly
between periods 1 and 3.

Mutation Identification

SSCP analysis of amplified genomic DNA (not shown)
revealed identical migration patterns for GA026, GA084,
and a normal control in exons 3-6, 8, and 9. In exon 7,
both GA084 and GA026 showed an identical abnormal
pattern. GA026 appeared to be homozygous for the pat-
tern, and GA084 appeared to be heterozygous. In exon
11, GA084 also showed an abnormal migration pattern,
consistent with heterozygosity for a second mutant allele.
In exon 10, each of these patients is homozygous for one
polymorphic variant of the synonymous mutation N378N,
GAO026 for AAC and GA084 for AAT (Martin et al. 1991).
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Figure | Biochemical response of GA084 to pyridoxine supple-
mentation. Fasting plasma ornithine levels are indicated on the vertical
axis, and the pyridoxine doses for each of the three phases are indicated
on the horizontal axis. The dots (®) represent individual plasma levels
obtained during each test period, and the horizontal bars indicate the
mean ornithine level during each phase. The hatched zone indicates the
normal upper and lower limits of plasma ornithine concentrations (21—

77 uM).

Sequencing of cloned exon 7 amplified from genomic
DNA showed GA026 to be homozygous and GA084 to be
heterozygous for a C—T transition at position 677, which
converts alanine 226 (GCG) to valine (GTG) (A226V) (fig.
2A). By allele-specific oligonucleotide hybridization, we did
not find A226V in 83 other GA probands or in 32 controls.
In GA084, we also identified a C—T transition at position
1192 in exon 11. This mutation creates a termination co-
don (CGA-TGA) and is designated “R398ter” (fig. 2B).

Analysis of Fibroblast OAT Activity, mRNA, and Antigen

OAT activity was undetectable (<1% of control) at both
standard (50 pM) and high (600 uM) PLP concentrations
in extracts of GA026 (A226V/R398ter) fibroblasts. By con-
trast, the OAT activity in extracts of GA084 (A226V/
A226V) increased from 9 nmol product/mg/h (1.8% of
control) to 44 nmol product/mg/h (8.9% of control) when
the concentration of PLP in the assay was increased to
600 UM.

Northern blot analysis of fibroblast RNA from both
GA026 and GA084 (not shown) showed normal amounts
of a normal size OAT mRNA. By immunoblotting, fibro-
blasts from each patient contained reduced but detectable
amounts of an OAT antigen with slightly slower migration
than wild-type OAT (illustrated in fig. 3 for GA026).

Expression of A226V
To test directly whether A226V is a PLP-responsive mu-
tation, we performed transient transfection studies compar-
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Figure 2 a, Sequence of cloned OAT exon 7 fragments of GA084 and GA026. The complementary strand sequence is shown. The template

DNAs were individual exon 7 clones from GA084 (“normal” and “mutant”) and pools of hybridizing exon 7 clones from GA084 (» = 16) and
GA026 (n = 13). b, Results of direct sequencing of amplified exon II in the father of GA084, GA084, and a normal control, showing heterozygosity

for R398ter in GA084 and her father.

ing its activity with that of the previously reported PLP-
responsive allele (V332M) and a PLP-nonresponsive OAT
allele that has detectable OAT antigen (R180T). NCS5, a
clonal line of CHO K1 cells that expresses no endogenous
OAT mRNA, antigen, or enzymatic activity (Brody et al.
1992), was used as the recipient cell line in these studies.
Cells transfected with A226V, V332M, R180T, and wild-
type OAT expression vectors produced large amounts of
OAT mRNA (not shown) and antigen (fig. 3). In cells
transfected with the A226V construct, OAT antigen was
detectable in amounts similar to those of cells transfected
with the wild-type OAT construct. However, as in fibro-
blasts, the migration of the A226V peptide was slightly
slower than that of wild-type OAT.

Despite normal amounts of OAT antigen, OAT activity
normalized to B-galactosidase activity was barely detectable
at 50 pM PLP for either A226V or V332M (table 1). At

anti OAT e nonimmune -

antiserum serum

Figure 3 Immunoblot study of mutant and normal OAT expres-
sion in fibroblasts and transfected CHO cells. The lanes contain whole
cell protein from the indicated sources. Fifty micrograms of protein were
loaded in each lane, except lanes 7-9, which each contain 100 mg. Lane
8, Fibroblast protein from the A226V homozygote, GA026. Lane 9, Fifty
micrograms each of protein from CHO cells transfected with wild-type
OAT and with A226V-containing OAT constructs. On a shorter exposure
both upper (A226V) and lower (wild-type) bands were visible. Negative
controls include nontransfected cells (lane 1) and samples exposed to
preimmune serum (lanes 10-12).

600 uM PLP, the activity of wild-type OAT did not change,
but that of V332M and A226V alleles increased to 15.8%
and 12.9% of control, respectively. In extracts of R180T-
transfected cells, OAT activity was undetectable at both
PLP concentrations. The apparent K, of OAT for PLP
measured at saturating concentrations of ornithine and of
5-oxoglutarate was 122 uM in fibroblast extracts from
GA026 and 6 uM in control fibroblast extracts.

Discussion

A226V is the second PLP-responsive OAT mutation to
be identified in GA and, to our knowledge, the fourth
documented PLP-responsive mutation known for any hu-
man enzyme (Ramesh et al. 1988; Cotter et al. 1992; Cox
et al. 1994). Three GA patients who have A226V mutant
alleles have now been described: GA026, GA084, and the
patient of Park et al. (1992), who is a genetic compound
for A226V and a splice-site mutation. GA084, whom we
showed to have a significant reduction in plasma ornithine
levels following the administration of therapeutic doses of
pyridoxine (fig. 1), is also a genetic compound for an
A226V allele (fig. 2A) of maternal origin (data not shown)
and a paternally derived premature-termination allele,
R398ter (fig. 2B). The A226V homozygote GA026 was
unfortunately not available for clinical trials of pyridoxine
administration.

Pyridoxine responsiveness may be underdiagnosed in GA
patients. Figure 1 demonstrates that, in GA084, multiple
determinations of plasma ornithine were necessary in order
to clearly demonstrate the pyridoxine response. In practice,
we recommend that, in order to evaluate pyridoxine re-
sponsiveness, at least three fasting plasma ornithine levels
be determined prior to and during pyridoxine supplementa-
tion in all patients with GA, under conditions of constant
dietary arginine intake. Patients receiving pharmacological
doses of pyridoxine should be tested for the development
of peripheral neuropathy (Schaumburg and Berger 1988).

Detectable immunoreactive OAT peptide was present in
the cells of only a small fraction of GA patients in our



620

Am. J. Hum. Genet. 56:616-622, 1995

Table |

Enzymatic Activity of the Products of OAT Alleles Assayed at Standard and High PLP
Concentrations

OAT ActiviTY
50-uM PLP 600-uM PLP
ALLELE Mean (Range) % Detectable Mean (Range) % Detectable
Wild type ......... 1.76 (1.80-2.01) 100 1.71 (1.20-1.98) 100
R180T ovvvvvveeeeee .01 (0-.02) <1 .01 (0-.04) <1
V332M e, .01 (0-.02) <1 27 (.08-.42) 15.8
A226V ............. .03 (.01-.05) 1.7 22 (.12-.32) 12.9

NOTE.—The values are the ratio of OAT activity (nmol product/h/mg protein) to B-galactosidase activity
(umol product/h/mg protein) in extracts of CHO NCS cells cotransfected with an expression plasmid containing
the indicated OAT allele (25 pg) and the B-galactosidase plasmid, pCH110 (5 pug). For each transient transfection
experiment, OAT and B-galactosidase activity were measured in triplicate, and mean values were determined.

These data are the means and ranges of the mean of three transient transfection experiments.

series (Brody et al. 1992). As expected, both A226V and
V332M, the two PLP-responsive alleles reported to date,
have detectable OAT antigen. GA patients whose cells con-
tain stable OAT peptide should be evaluated carefully for
pyridoxine responsiveness.

Expression studies of A226V confirmed PLP respon-
siveness to an extent similar to V332M, the previously
reported PLP-responsive OAT mutation. The apparent K,
value of A226V for pyridoxal phosphate is similar to that
reported in fibroblasts of other pyridoxine-responsive GA
patients (Kennaway et al. 1989). Of >80 GA cell lines that
we have studied, all have <6% residual OAT activity,
suggesting that even the low levels of OAT activity ob-
served in the expressed mutant OATs at high PLP concen-
tration may prevent or slow the development of GA.

In fibroblast extracts, an increment of OAT activity in
the presence of high PLP concentrations was demonstrated
only for GA026. In the two other patients, both of whom
are genetic compounds with a single A226V allele, Park et
al. (1992) and we were unable to demonstrate an in vitro
response to PLP. In GA084, we speculate that the single
A226V allele results in a sufficient amount of OAT activity
to reduce circulating ornithine levels during high-dose pyri-
doxine supplementation but that this level of OAT falls
below the detection limit of our assay in fibroblast homoge-
nates. GAO84 cells also contain the R398ter mutation,
which is predicted to have no detectable OAT activity,
because we have elsewhere demonstrated that two prema-
ture termination alleles that flank R398 closely—R396ter
and G401lter—have no detectable activity (Brody et al.
1992). It is possible that the mutant peptide produced by
the R398ter allele may interfere with the function of the
A226V peptide. Of note, the results suggest that clinical
assessment of pyridoxine responsiveness is more sensitive
than in vitro evaluation of the pyridoxine response of OAT
activity in fibroblast extracts.

A226V results from a C—T transition at a CpG dinucleo-
tide, a common occurrence in mammalian genomic DNA
(Labuda and Striker 1989). GA026 and GA084, who are of
different ethnic origins, are each homozygous for a different
form of the intragenic polymorphism N378N. Together,
these observations suggest that OAT alleles containing
A226V may have arisen on at least two separate occasions.
At present, we have no explanation for the somewhat
slower migration of OAT peptides containing A226V, with
respect to wild-type OAT in denaturing polyacrylamide
gels (fig. 3).

It will be of interest to define the mutations and study
the characteristics of OAT in the four other GA patients
in whom a reduction of plasma ornithine levels, following
pyridoxine supplementation, has been described elsewhere
(Berson et al. 1978; Kennaway et al. 1980; Hayasaka et
al. 1981). Since many residues may influence the position
of the amino acids that react directly with PLP, further
heterogeneity in the molecular basis of PLP responsiveness
is expected.

Although we cannot eliminate an effect of PLP on the
stability of OAT peptides containing A226V (Kennaway
et al. 1989), the following observations are consistent with
a direct influence of A226 on OAT catalysis. First, A226
is in a block of sequence showing remarkable conservation
in all OATs and other @-aminotransferases studied to date
(fig. 4). In bacterial @-amino acid pyruvate aminotransfer-
ase (-APT)—the only w-aminotransferase for which the
three-dimensional structure is known (Watanabe et al.
1989)—the residue corresponding to A226 is situated four
residues from the conserved glutamate residue that interacts
directly with the hydroxyl group of carbon 3 of PLP (fig. 4).
In the analogous region of an a-aminotransferase, aspartate
aminotransferase—the conformation of which closely re-
sembles the PLP-binding region of @-APT, although it bears
no sequence similarity—mutations have also been shown



Michaud et al.: Pyridoxine-Responsive Gyrate Atrophy

* *
OAT (human) PNVAAFMVETP
OAT (rat) PNVAAFMVETP
OAT (yeast) PNVAAIIVETP
OAT (plant) PNVCAYMVETP
OAT (P. malar.) PNV CAFIVETP
GABAT (fungus) P-VAAIIVETP
GABAT (pig) KHGCAFLVDEV
APT (bacteria) S NI AAVFVETP
DAPT (bacteria) - EIAAVIIETP

Figure 4  Conservation of A226 and surrounding residues in OAT
and other w-aminotransferases. The sequences are aligned as by Watanabe
et al. (1990). The sequences shown are OAT from human (Inana et al.
1988), rat (Mueckler and Pitot 1985), Sacharomyces cerevisiae (Degols
et al. 1987), plant (Vigna aconitifolia) (Delauney et al. 1993), and Plasmo-
dium falciparum (Schmid et al. 1993), as well as fungal gamma aminobu-
tyric acid transaminase (GABAT) (Richardson et al. 1989), @-APT (Yo-
naha et al. 1992), and bacterial 7, 8-diamino-pelargonic acid aminotrans-
ferase (DAPT) (Otsuka et al. 1988). The alanine residue corresponding
to A226 in human OAT, and the glutamate residue known to interact
directly with PLP in APT, are indicated by asterisks (*).

to alter PLP binding (Morino and Shimada 1990). On
the basis of these observations, it seems likely that A226
influences the interaction of the OAT apoenzyme with PLP.
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