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Two new mutations in the dihydropteridine
reductase gene in patients with
tetrahydrobiopterin deficiency
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Abstract
Two new mutations have been identified
within the dihydropteridine reductase
(DHPR) gene in two patients with DHPR
deficiency. The total coding sequence of
the cDNA has been screened by chemical
cleavage of mismatch in both patients
and selected portions of the cDNA have
been sequenced. The first mutation iden-
tified causes a glycine to aspartic acid
substitution at codon 23 and seems
particularly frequent in Mediterranean
patients. Its occurrence within a glycine
string common to the amino-terminal
region in NADH dependent enzymes
suggests a possible causal mechanism for
the defect. The second change involves a
tryptophan to glycine substitution at
codon 108 and is carried by both alleles in
the second patient. It occurs in a motif
which shows similarities with a region of
dihydrofolate reductase (DHFR) and is
highly conserved within different animal
species.
(J Med Genet 1993;30:465-9)
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Dihydropteridine reductase (DHPR, EC
1.6.99.7) is an essential enzyme in the hydrox-
ylating system of the aromatic amino acids,
since it catalyses the regeneration of tetrahyd-
robiopterin (BH4), the natural cofactor of phe-
nylalanine, tyrosine, and tryptophan hydroxy-
lases, from the quininoid-dihydrobiopterin
produced in these coupled reactions."'3

Inherited DHPR deficiency in humans causes
hyperphenylalaninaemia as well as impaired
production of monoamine neurotransmitters
derived from tyrosine and tryptophan, dopa-
mine, norepinephrine, and serotonin.7 This
metabolic derangement leads patients to de-
velop progressive and irreversible brain deteri-
oration with severe neurological symptoms
including psychomotor retardation, hypotonia
of the trunk with limb hypertonia, and myo-
clonic epilepsy. A similar phenotype is shared
by two additional inborn errors of BH4 syn-

thesis, 6-pyruvoyl tetrahydropterin synthase
and GTP cyclohydrolase deficiencies, respon-
sible for impaired cofactor availability. On the
basis of worldwide series, an overall frequency
of such cases of 1 to 3% has been estimated
among all types of hyperphenylalaninaemia
detected by newborn mass screening.8 How-
ever, higher incidences have been reported in
Mediterranean and non-Caucasian popula-
tions.9

All these disorders, at present called BH4

deficiency, are clinically unresponsive to a re-
stricted phenylalanine diet, unlike phenylketo-
nuria, and so they have been previously
described as 'malignant' or 'atypical' hyper-
phenylalaninaemia.610 The unfavourable out-
come can be largely prevented by the early
administration of synthetic BH4, alone or in
combination with diet and substitutive neuro-
transmitter therapy with hydroxylated precur-
sors."' The choice of the best treatment, and
the individual adjustments required to obtain a
good clinical response, are difficult to deter-
mine. Some DHPR deficient patients respond
fully to BH4 administration, thus avoiding
both low phenylalanine diets and neurotrans-
mitter therapy, whereas others need neuro-
transmitter precursor supplementation.'2 The
clinical heterogeneity of DHPR deficiency has
been confirmed by enzyme studies, leading to
the identification of patients carrying a
mutated protein devoid of catalytic activity
(DHPR-CRM+), and of others lacking any
enzyme protein (DHPR-CRM-), or with dif-
ferent tissue distribution of residual activity.1'15

So far, our understanding of how DHPR
functions is limited. Protein chemistry has
shown that the native NADH dependent en-
zyme exists as a homodimer with a subunit
molecular weight of between 25 and 27 kDa.'6
Four cysteine residues are found in each
subunit of the human and rat enzyme. 17-20
The role of these cysteines is unclear; however,
studies with bovine DHPR suggest that these
residues do not form disulphide bridges.2' An
alternate role for at least one sulphydryl group
might be found in NADH binding since prein-
cubation with NADH protects the enzyme
against inhibition by a wide range of thiol
modifying agents. 16 17 22

Further information and possible genotype-
phenotype correlations may arise from the
identification of the underlying causal genetic
lesions in patients with different clinical pre-
sentations.
The cDNA sequence (and by inference the

amino acid sequence) of both human and rat
DHPR have been determined1820 and the rat
DHPR has been shown to have a region of
similarity with other NADH dependent en-
zymes.23

So far it seems that most cases of DHPR
deficiency result from point mutations, since
analysis of the restriction map excludes any
large deletion occurring within the gene. Mo-
lecular heterogeneity is, however, expected for
this disease, as inferred from the clinical pre-
sentation and Northern analysis.'8
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The identification of the molecular lesions
responsible may be of great clinical value:
identification of an association between pheno-
type and genotype may assist in a correct
choice of therapy from birth. Furthermore, the
identification of the molecular basis of DHPR
deficiency may help to define the structure and
organisation of the enzyme better. Finally,
mutation detection may allow earlier prenatal
diagnosis, now feasible only in the second
trimester of pregnancy by evaluation of the
enzyme activity in fetal erythrocytes.

Recently, the first causal mutation has been
identified in a Turkish patient, the insertion of
the triplet ACT (threonine) after alanine 122.24
We report here the characterisation of two

new mutations within the DHPR gene in two
patients with DHPR deficiency.

Materials and methods
PATIENTS
DHPR deficiency was diagnosed by measure-
ment of urinary pterins and dried blood spot
assay of DHPR in two patients. Case 1 was
born to consanguineous parents of Portuguese
origin.25 Hyperphenylalaninaemia was detected
on neonatal screening and DHPR deficiency
was diagnosed at 3 months of age. Cultured
fibroblasts were DHPR-CRM+. Case 2 was
diagnosed as having DHPR deficiency in the
first month of life.9 He was born to a mother
from southern Italy who had a heterozygous
level of DHPR activity. However, the father
showed normal DHPR activity. Paternity test-
ing was not performed.

MUTATION DETECTION
Mutation detection was achieved by the chem-
ical cleavage of mismatch (CCM) method.2426
The DNA change was subsequently character-
ised by M13 subcloning2728 and dideoxy chain
termination sequencing.29

Total or messenger RNA from each patient
was isolated from approximately 4 x 107 cul-

Oligo R114

tured skin fibroblasts, using a guaninidinium/
phenol/chloroform extraction technique,
preceded by oligo(dT) cellulose to obtain
poly(A) + RNA. RNA was resuspended in
H20.

First strand cDNA was synthesised from
1 ig of poly(A) + RNA or 20 ptg of total RNA
using a cDNA synthesis kit (Amersham Inter-
national plc). RNA secondary structure was
minimised by heating to 65°C before cDNA
synthesis.
The coding portion of the cDNA was either

amplified in two overlapping sections using the
primer pairs A-D and I-F or in one piece
using the primers R114 and R113 (fig 1).
Amplified cDNA from the patients was then
mixed with similarly amplified and radio-
labelled control DNA to generate a hetero-
duplex. Mismatch sites were cleaved using the
chemical cleavage method. DHPR cDNA
from two normal subjects was used as con-
trols (KD4, S 116); a further control corres-
ponded to the human DHPR cDNA clone
described by Dahl et al.'8
For dideoxy chain termination sequencing

the PCR products were purified by electro-
phoresis on a 3% Nusieve agarose gel and then
subcloned into M13. Sequencing analysis was
performed on several clones for each patient by
means of the Sequenase sequencing kit
(United States Biochemical Corporation).

Results
Chemical cleavage of a heteroduplex of case 2
and an internally labelled control probe de-
rived from a human DHPR clone'8 (PCR pro-
ducts Rl 14-Ri 13, corresponding to the full
length coding sequence) showed three cyto-
sines that reacted with hydroxylamine. The
first at approximately 90 bases from the end of
the probe (fig 2A) corresponded to a G to A
conversion at base 92 (fig 2B). This results in
the change of the codon for Gly 23 (GGT) to
an aspartic acid codon (GAT). The second
faint band below the 92 bp mismatch (fig 2A)

Oligo R113
<1021

Coding sequence

Oligo

273

Oligo D

401

S' ATAAGGGTTCGATTCGGAGC

GTAGACCGATGGTTCGTAGA 5'

5' TCTTTGCGTTGCTGGAGGAT
CGGACGGTCTTTTCAGTGAT 5'

5' CGGAGCCGGGCTGGCAGGAG
TCCCGAGACGTATCGTGGAC 5'

Figure 1 Diagrammatic representation of the coding sequence of the human DHPR cDNA showing pairs of
oligonucleotide primers used for PCR amplification. The numbering (according to Dahl et all") indicates the base in

the cDNA which is complementary to the 5' residue of the oligonucleotide. PCR was performed using the Cetus

Perkin Elmer PCR protocol. For the primers A-D and I-F the final MgCl2 concentrations were 2 5 mmol/l and
1 25 mmol/l, respectively. Thirty five cycles of denaturation (two minutes at 95'C), annealing (two minutes at

65'C), and extension (three minutes at 72'C) were performed. For the primers R1 14 and R1 13, 35 cycles of
denaturation (two minutes at 96'C), annealing (two minutes, 30 seconds at 65'C), and extension (three minutes at

72'C) were performed at a final MgCl2 concentration of 1 25 mmol/l.
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Figure 2 (A) CCM analysis of the entire coding
sequence ofDHPR (PCR primers R113 to R114) from
the normal control KD4 andfrom case 2 showing
hydroxylamine reactivity at 92 bp. The second faint
band below corresponds to a secondary reaction from a
matched cytosine nearby.30 The probe, which was derived
from the cDNA clone described by Dahl et al,"8 was
internally labelled by PCR.3' H and 0 indicate
hydroxylamine and osmium tetroxide reactions which
were performed for 10 and 60 minutes and for one and
five minutes respectively. (B) Sequence analysis between
bases 79 and 102 for KD4 and case 2 showing the G to
A conversion that changes the codon for Gly 23 to
Asp 23.

corresponds to a secondary reaction from a

matched cytosine nearby.30 The third reactive
cytosine at approximately 490 bases from the
end of the probe (results not shown) corres-

ponds to a mutation at codon 158 and was also
seen in another Italian DHPR deficient patient
(Smooker et al, submitted). Expression studies
showed this mutation to be causal (Smooker et
al, submitted).
When end labelled PCR product I-F from

the normal control KD4 was used as the probe
to prepare heteroduplexes with case 1 and with
a control S1 16, both showed reactivity with
hydroxylamine indicating a mismatched cyto-
sine approximately 126 bp from the end of the
probe (fig 3A). Sequencing of this region
showed a G to A conversion at base 420
changing CTG to CTA, conserving the
Leu 132 codon (fig 3C). No other CCM react-
ivity was seen for case 1 with either hydroxyl-
amine or osmium tetroxide in IF or AD PCR
products. However, sequencing of the I-F
PCR product of case 1 showed a T to G
conversion at base 346 that changed the codon
for tryptophan 108 (TGG) to a glycine codon
(GGG) (fig 3B). This T to G alteration (which
forms a T/C mismatch with the T in the
labelled strand) was not detected by the CCM
method, probably because of the high stability
of the surrounding G/C base pairs (Cotton et
al, submitted). This problem can be overcome

by using a slightly different CCM proced-

28'

234 _

54 a

B
GATC
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T~r
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GiG

C
G ly
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Leu
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mutant

Leu

Figure 3 (A) CCM gel showing hydroxylamine
reactivity approximately 126 bp from the end of the
probe in the I-F PCR products of the normal control
SI 16 and case 1. The probe was obtained from similarly
amplified KD4 cDNA. Restriction digestion of the
control DNA with Sau961 gave a staggered cut that
was filled in with 32P dCTP using the Klenow fragment
ofDNA polymerase I to give an end labelled probe.
Reactions were performed for five, 30, 60, and 120
minutes. The fainter reactivity showed by control SI 16
is because of heterozygosity for the corresponding DNA
change.24 (B) Sequence analysis of the I-F PCR
product of case 1 and the normal control KD4 between
bases 341 and 359 showing the T to G conversion at
base 346 that changes the codon for Trp 108 (TGG) to
a glycine codon (GGG). (C) Sequence analysis between
bases 399 and 426 from the DHPR deficient case 1 and
from the normal control KD4 (used as probe for the
CCM reactions in (A)) showing the T to A conversion
at base 420 which corresponds to the hydroxylamine
reactivity. This conversion changes the normal leucine
codon (CTG) to an alternative leucine codon (CTA).

ure.32 33 Since all the five sequenced M13
clones carried this change at codon 108 and
since case 1 was born to consanguineous par-
ents, he is homozygous for this mutation.

Discussion
In this paper we report two new mutations
affecting the DHPR gene in two patients with
DHPR deficiency.
The mutation in case 2 is a conversion of

glycine to aspartate at codon 23. This glycine
is located within a highly conserved 'glycine
fingerprint' found in human DHPR (fig 4)
and common to most NADH binding enzymes
at their amino-terminal.3435 In these enzymes a
I-a-f fold is centred around a highly con-
served sequence Gly-X-Gly-X-X-Gly (where
X is any amino acid) that constitutes a tight
turn at the end of the first strand of a f sheet
and marks the beginning of the subsequent a
helix. The first glycine residue is essential for
the tightness of the turn, the second allows the
dinucleotide to be bound without obstruction
from an amino acid side chain at this position,
and the third provides space to allow close
association between the ,B strands and the a
helix.35 Glycine at codon 23 in DHPR corres-
ponds to the third of these glycines. Thus it
may be expected that the insertion of the
bulkier and negatively charged aspartic acid
disrupts the geometry of a possible NADH
binding site and suggests a mechanism for
DHPR deficiency in case 2. It is interesting in
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Protein Organism First Sequence
residue

ADH Rat 15 G I G G V G I S V V I G C K T A G
LDH Mouse 25 G V G D V G M A C A I S I L L K G

Pig (M) 26 G V G A V G M A C A I S I L M K E
Pig (H) 27 G V G Q V G M A C A I S I L G K S

DLDH Human 220 G V G V I G V E L G S V W Q R L G
Pig 220 G A G V I G V E L G S V W Q R L G

DHPR Human 18 G R G A L G S R C V Q A F R A R N
Rat 15 G RUG A L GS R C V Q A F R A R N

DHPR, Gly-_ Aap

Case 2
Jizgure 4 Comparison of the sequences of human and rat DHPR with the glycine
fingerprint region implicated in NADH binding from a variety of enzymes. The arrow
indicates the mutation site in case 2. ADH= aldehyde dehydrogenase, LDH= lactate
dehydrogenase, DLDH= dihydrolipoamide dehydrogenase.

this regard to note that a role in NADH
binding has been invoked for one of the four
cysteines included in DHPR, since preincuba-
tion with NADH appeared to protect the en-
zyme against inhibition by thiol modifying
agents. The cysteine at codon 26 might be the
residue involved in this process.

Further studies are needed to confirm this
hypothesis. However, enzymology shows that
the Gly 23 Asp mutant protein expressed
in Escherichia coli has no DHPR activity
(Smooker et al, submitted).

Case 2 responds so well to BH4 monotherapy
that he is now on a free phenylalanine intake.'2
This might be because of the presence of
residual activity of the mutated enzyme which
could be forced by a high concentration of
substrate. Further studies are needed to eluci-
date the relevance of each of the mutations in
case 2 to this effect.
Codon 108 lies in a sequence bearing simi-

larities to a small region of DHFR,'8 which
contains six amino acids that are invariant in
DHFR from a wide range of vertebrates sug-
gesting functional importance36 (fig 5). Muta-
tion of one of these conserved residues,
Trp 108 to glycine, was identified in case 1
and, interestingly, the threonine insertion im-
mediately after Ala 122, the first mutation

recognised in a DHPR deficient gene, also lies
in this region24 (fig 5).

In DHFR substitution of phenylalanine for
Trp 24, corresponding to Trp 108 in DHPR,
results in a more flexible conformation that
shows general reduction in affinity for its sub-
strates,37 suggesting that this residue plays a
role in maintaining the structural integrity of
DHFR. On the other hand, in rat DHPR
substitution of phenylalanine for Trp 104 (the
residue equivalent to human DHPR, Trp 108)
increased the Km for NADH but did not
significantly reduce Kcat. However, it is im-
portant to observe that in both these cases the
mutation is conservative, since both phenylala-
nine and tryptophan are aromatic amino acids.
Expression studies fit well with the former
suggestion, since the DHPR protein with
Trp 108 to Gly substitution shows an
increased in vitro susceptibility to digestion by
proteolytic enzymes (Smooker et al, submit-
ted). Thus, this mutation probably inactivates
DHPR by causing aberrant folding of the
protein and consequent disruption of a region
of functional importance. The hypothesis of an
encoded non-functional protein is in agree-
ment with the finding of CRM + material
within fibroblasts from this patient, homozy-
gous for the Trp to Gly substitution.

Finally, our study identified the change of
the CTG codon for Leu 132 to CTA, an al-
ternate leucine codon, in case 1 and in control
SI 16 (fig 2). This change has been reported
previously in another child with DHPR defi-
ciency indicating that this is a common poly-
morphism.24 However, even harmless poly-
morphisms may be of clinical value in
populations (or for diseases) where most of the
causal mutations are unknown, since they
allow the mutant allele to be traced in family
studies.

In conclusion, two new mutations have been
characterised in two patients with DHPR defi-
ciency. The localisation of the mutations
within highly conserved amino acid motifs
within the protein and the preliminary results
of expression studies suggest that they are
most probably causal. Identification of the
Gly 23 to Asp substitution in several patients
of Mediterranean origin suggests that this mu-
tation may be the most frequent molecular

Protein Organism First Sequence
residue

DEPR Human 100 F c M K Q S I W T S T I S S H L A K H L K
DEFR Human 16 GJ G P P P L R N E F R Y F Q R M T T S SV J

* * * * * *

4
DHPR, Trp -W Gly DHPR, Thr insert

(Case 1)

Figure 5 Comparison of the sequences of DHPR and DHFR in a highly conserved portion of DHFR. Boxes
indicate the conserved residues, asterisks indicate residues absolutely conserved in several species of DHFR.'8 The
arrows indicate the sites of mutations causing DHPR deficiency in case I and in the patient described by Howells et
al.24
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cause of DHPR deficiency in Mediterranean
populations (Smooker et al, submitted).

We thank Dr Clara Camaschella for criticising
the manuscript and for helpful discussion and
Dr Frangoise Rey for supplying the fibroblasts
from case 1. This work was partially supported
by the National Australian Medical Research
Foundation.
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