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Miller syndrome is a recessive inherited disorder characterized by postaxial acrofacial dysostosis. It is caused by
dysfunction of the DHODH (dihydroorotate dehydrogenase) gene, which encodes a key enzyme in the pyrimidine de
novo biosynthesis pathway and is localized at mitochondria intermembrane space. We investigated the consequence
of three missense mutations, G202A, R346W and R135C of DHODH, which were previously identified in patients with
Miller syndrome. First, we established Hela cell lines stably expressing DHODH with Miller syndrome-causative muta-
tions: G202A, R346W and R135C. These three mutant proteins retained the proper mitochondrial localization based
on immunohistochemistry and mitochondrial subfractionation studies. The G202A, R346W DHODH proteins showed
reduced protein stability. On the other hand, the third one R135C, in which the mutation lies at the ubiquinone-binding
site, was stable but possessed no enzymatic activity. In conclusion, the G202A and R346W mutation causes defi-
cient protein stability, and the R135C mutation does not affect stability but impairs the substrate-induced enzymatic
activity, suggesting that impairment of DHODH activity is linked to the Miller syndrome phenotype.
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INTRODUCTION

The mitochondrion is a double membrane-enclosed organelle
that is regarded as the energy factory of eukaryotic cells be-
cause of its energy conversion function. However, mitochondria
also participate in calcium and iron storage as well as having
important functions in signalling, cell differentiation, cell death,
and the control of cell cycle and cell growth [1]. Recent studies
have shown that mitochondrial dysfunction is responsible for a
wide range of human diseases, and mitochondria have a possible
relationship with aging [2,3]. Given that the majority of ATP
production depends on the respiratory chain, maintenance of the
mitochondrial genome is critical for individuals to maintain nor-
mal health [4,5].

Pyrimidine nucleotides are synthesized through two pathways:
the de novo synthesis pathway and the salvage pathway. The en-

zyme DHODH (dihydro-orotate dehydrogenase) catalyses the
fourth step in the de novo biosynthesis of pyrimidine by con-
verting DHO (dihydro-orotate) into orotate [6,7]. DHODH is
also the only enzyme of this pyrimidine biosynthesis pathway
that is located on the inner membrane of mitochondria, while all
the other enzymes are located within the cytosol. DHODH cata-
lyses the oxidation of DHO to orotate by transferring electrons to
the respiratory molecule ubiquinone through an enzyme-bound
redox cofactor flavin mononucleotide [8]. Thus, DHODH relies
on ubiquinone, thereby forming a functional link between the
mitochondrial respiratory chain and pyrimidine biosynthesis.

DHODH has two binding sites. The substrate DHO binds to
the first site and is oxidized via a co-substrate electron acceptor.
After the release of orotate, ubiquinone binds to a second site and
receives an electron from the co-substrate. The orotate synthes-
ized by DHODH is converted into UMP (uridine monophosphate)
by the enzyme complex UMPS (UMP synthase) [9,10].

Abbreviations used: anti-HA, anti-haemagglutinin; CHX, cycloheximide; DCPIR dichlorophenolindophenol; DHFR, dihydrofolate reductase; DHO, dihydroorotate; DHODH, dihydro-orotate
dehydrogenase; DHODH-HA, DHODH with a C-terminal HA tag; DMEM, Dulbecco’s modified Eagle’s medium; DOX, doxycycline; FBS, fetal bovine serum; LFN, leflunomide; OXPHOS,

oxidative phosphorylation; TFAM, mitochondrial transcription factor A; UMPS, UMP synthase.
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Miller syndrome is a type of acrofacial dysostosis, also known
as Wildervanck—Smith syndrome. Its clinical features consist of
severe micrognathia, cleft lip and/or palate, hypoplasia or aplasia
of the postaxial elements of the limbs, coloboma of the eyelids
and supernumerary nipples [11,12]. The mutant gene responsible
for the disorder has been found recently to be DHODH, which
is located at chromosome 16922 [13]. A total of 13 mutations in
the DHODH gene have been reported in Miller syndrome, from
exon 2 to exon 9 [13,14]. However, it is unknown how mutations
in DHODH cause the phenotype of Miller syndrome.

In mice, use of the DHODH inhibitor LEN (leflunomide) dur-
ing pregnancy causes a wide range of limb and craniofacial de-
fects, the most common of which are exencephaly, cleft palate
and failure of the eyelid to close [15]. Thus, the evidence that
DHODH mutations cause Miller syndrome reveals a new role for
DHODH in craniofacial and limb development that remains to
be explored. In the present study, we investigated the effects of
three Miller syndrome-associated DHODH mutations on protein
stability, localization and the DHO-dependent enzymatic activity
of DHODH in mitochondria. We observed that DHODH plays
an important role in Miller syndrome.

EXPERIMENTAL

Antibodies and chemicals

Anti-DHODH, anti-HA (anti-haemagglutinin) and anti-TFAM
(mitochondrial transcription factor A) antibodies were raised in
our own laboratory. Anti-BAP37 was purchased from Santa Cruz
Biotechnology. Anti-f-actin was purchased from Sigma. Mito-
Tracker Red was purchased from Invitrogen. L-DHO was pur-
chased from Sigma.

Cell culture

Human cervical cancer HelLa cells were cultured in DMEM
(Dulbecco’s modified Eagle’s medium) (Sigma) with 10 % heat-
inactivated FBS (fetal bovine serum). Cell lines were maintained
in a 5% CO, atmosphere at 37°C.

Expression constructs

An expression construct containing the DHODH cDNA was gen-
erated by standard methods. cDNAs of wild-type and mutant
DHODH were cloned into the BamHI/Xhol sites of the ex-
pression vector pcDNAS (Invitrogen). A DHODH cDNA con-
taining the deduced first methionine site was amplified from a
cDNA library of human HeLa cells by PCR using the follow-
ing primer set: 5-CAGAGTCTTCTGCCTCCCTG-3' and 5'-
CAGGGAGGCAGAAGACTCTG-3'. Then, BamHI and Xhol
sites were added to the 5'- and 3’-terminals respectively of the
cDNA by a second PCR using the primers 5'-GGATCCAT-
GGCGTGGAGACACCTGAAAAAGC-3 and 5-CTCGAGT-
CACCTCCGATGATCTGCTCC-3'. The PCR product was di-

gested with BamHI and Xhol. The DNA fragment encod-
ing DHODH, a DNA fragment encoding an HA-tag and a
pcDNAS/FRT vector (Invitrogen) were digested with BamHI and
Xhol and ligated together. The vector was named pDHODH-HA.

Construction of mutant DHODH

expression plasmids

The DHODH mutants G202A, R346W and R135C were gener-
ated from pDHODH-HA. The mutants were generated by PCR-
based site-directed mutagenesis [16]. All PCR-generated frag-
ments were confirmed by sequencing after insertion into the
pGEM-T vector (Promega), and expression vectors were con-
structed with pcDNAS/FRT (Invitrogen).

To generate stable inducible cell lines, HelLa Flp-In™
T-Rex™ cells (Invitrogen) were co-transfected with
pcDNAS/FRT/TO harbouring DHODH and pOG44 using
Lipofectamine™ 2000 (Invitrogen) transfection reagent accord-
ing to the manufacturer’s instructions. After transfection, cells
were cultured in DMEM containing hygromycin B (200 pg/ml)
and blasticidin S (10 pg/ml) (Invitrogen). After selection for
approximately 3—4 weeks, clonal foci were identified, transferred
into separate wells, and checked for expression using the anti-
HA antibody. Expression was induced by the addition of DOX
(doxycycline; 1 ug/ml) to the culture medium for the indicated
time.

Immunoblotting

HeLa cells were lysed in TNE lysis buffer (50 mM Tris/HCI,
pH7.5, 1 mM EDTA, 150 mM NaCl and 0.5 % Nonidet P40)
and proteins (20 ng) were separated by SDS/PAGE and im-
munoblotted with the indicated specific antibodies. The signals
were visualized with horseradish-peroxidase-labelled anti-rabbit
IgG and an enhanced chemiluminescence reagent (GE Health-
care). The chemiluminescence was recorded and quantified with a
chilled charge-coupled device camera (LAS1000plus; Fuji Photo
Film).

Submitochondrial localization

HeLa cells (108 cells) were scraped off with a cell lifter, suspen-
ded in PBS, precipitated by centrifugation, and washed with ho-
mogenizing buffer. The supernatant was centrifuged at 10000 g
for 6 min. The pellet was collected as a crude mitochondrial
fraction. The crude mitochondria (20 ¢ g) were suspended in hy-
potonic buffer (10 mM Hepes/KOH, pH 7.4 and 1 mM EDTA)
at 4°C to disrupt the mitochondrial outer membrane. After the
hypotonic treatment, the mitochondria were precipitated by cent-
rifugation at 10000 g for 6 min. The mitochondria were resus-
pended in hypotonic buffer and then digested with proteinase K
(200 pg/ml) with or without 1 % Triton X-100 on ice for 20 min.
The protein was precipitated by the addition of 15 % trichloro-
acetic acid. The precipitates were solubilized in sample buffer
(6% SDS, 150 mM Tris base, 10 mM EDTA and 25 % glycerol),
separated by SDS/PAGE and analysed by immunoblotting.
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Immunofluorescent imaging of HelLa cells
Immunofluorescence was carried out according to established
techniques. Briefly, HeLa cells were incubated in the presence
of 500 nM MitoTracker Red (Invitrogen) for 20 min. Cells were
fixed and permeabilized, then incubated with a 1:200 dilution of
anti-HA and anti-DHODH serum in PBS/1 % BSA for 1 h. Glass
slides were mounted using Superfrost (Matsunami). Fluorescence
images were obtained using a fluorescence microscope (Biorevo,
KEYENCE).

Biochemical assay of respiratory chain activity
DHODH-dependent and respiratory enzymatic activities were
measured by spectrophotometry (U-3210; Hitachi). Stable
DHODH-expressing HeLa cells were lysed in a hypotonic buf-
fer (2.5 mM Tris/HCI, pH 7.5, and 2.5 mM MgCl,) on ice for
15 min, and then sonicated for 15s (25% output, duty cycle;
TAITEC Corp.) to measure respiratory complex activity.

The standard reaction buffer contained 50 mM potassium
phosphate, 5 mg/ml BSA and 2.5 mM MgCl,. The substrates
(electron donors and electron acceptors) varied depending on
the assayed complex. Each reaction was terminated by adding a
complex-specific inhibitor. The protein concentration for each re-
action was measured by BCA (bicinchoninic acid) protein assay
(Thermo). The activities of each complex were indicated by the
rate of substrate oxidation or reduction as nM - min ~! per mg of
protein. Each complex was assayed in the presence of inhibitors
of the other complexes to ensure that the activity reflected only
the enzyme complex of interest.

DHO-ubiquinone oxidoreductase activity

DHODH activity was determined spectrophotometrically at 37°C
by monitoring the decrease in absorbance at 600 nm of reduced
DCPIP (dichlorophenolindophenol; used as an artificial electron
acceptor). Briefly, the reaction was initiated with 20 mM DHO
in 1 ml of standard reaction buffer supplemented with 50 uM
DCPIP, 2 ug of rotenone (a complex I inhibitor), 2 ug of an-
timycin A (a complex III inhibitor), 5 mM NaNj (a complex
IV inhibitor) and 0.1 mg of whole cell lysate. The results are
expressed as nmol -min~' - ug~' of protein. The reaction was
stopped by the addition of 2 ug of LFN.

Succinate dehydrogenase (complex Il) activity

Succinate dehydrogenase (complex II) activity was determined
spectrophotometrically at 37°C. Briefly, the reaction was ini-
tiated with 50 uM DCPIP in 1 ml of standard reaction buffer
supplemented with 20 mM succinate, 2 ;g of rotenone, 2 g of
antimycin A, 5 mM NaNj and 0.1 mg of whole cell lysate. The
results are expressed as nmol - min~! - ug ~! of protein.

Cytochrome c reductase (complex lll) activity
Cytochrome c¢ reductase (complex III) activity was evaluated
spectrophotometrically at 37°C by monitoring the increase in
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absorbance at 550 nm of cytochrome c. Briefly, the reaction was
initiated by the addition of 5 mM decylubiquinone to 1 ml of
standard reaction buffer supplemented with 2 ug of rotenone,
5 mM NaN, 60 uM cytochrome ¢ and 0.1 mg of whole cell lys-
ate. The reaction was stopped by the addition of 2 g of anti-
mycin A. The results are expressed as nmol - min~' - ug~! of
protein.

DHO:cytochrome c oxidoreductase activity
DHO:cytochrome ¢ oxidoreductase activity was evaluated simil-
arly to cytochrome c reductase activity. The assay was conduc-
ted under conditions similar to those for complex III, but using
20 mM DHO as the donor substrate and stopping the reaction
with 2 pg of antimycin A. Each data point was recorded in trip-
licate on a single measurement day.

Protein stability analysis

Wild-type and mutant DHODH-HA were induced by DOX for
24 h, then the cells were treated with 50 ug/ml CHX (cyclo-
heximide) for 0, 2, 4 and 8 h. Western blotting was performed
on total protein using the polyclonal anti-DHODH and anti-HA
antibodies. The signal intensity was determined.

Statistical analysis

Statistical comparisons between groups were analysed by the
Student’s ¢ test or where appropriate, the paired ¢ test. Signific-
ance was determined at P < 0.05. For all the data, *P < 0.05 and
**P <0.01.

RESULTS

Establishment of HeLa cell lines stably

expressing DHODH

DHODH is a key player in the pyrimidine de novo biosynthesis
pathway and is coupled to the mitochondrial respiratory chain
[17]. As deduced from DHODH cDNA, DHODH comprises 395
amino acids. We predicted an N-terminal mitochondria target-
ing sequence with a length of 20 amino acids. First, we pro-
duced stable cell lines that expressed recombinant DHODH-HA
(DHODH with a C-terminal HA tag) upon induction by DOX.
Recombinant DHODH-HA was produced in HeLa cells by ap-
proximately 5-fold compared with that in non-induced cells at
24 h after induction by DOX (Figure 1A).

DHODH-HA was stained with anti-HA antibodies after induc-
tion (Figure 1B); no staining with anti-HA was observed before
induction. The HA staining completely co-localized with mito-
chondria visualized with MitoTracker Red dye, suggesting that
the expressed wild-type DHODH-HA was exclusively localized
in mitochondria. We observed the same staining pattern using an
anti-DHODH antibody (Figure 1B), suggesting that endogenous
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Figure 1 Expression and localization of DHODH-HA protein
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(A) Inducible expression of recombinant DHODH-HA. DHODH-HA was inducibly expressed in Hela cells using a Tet-on
system. DHODH was detected by immunoblotting with anti-DHODH and anti-HA antibodies. B-Actin was the loading control.
Lane 1, no induction; lane 2, 12 h; lane 3, 24 h after DOX treatment. (B) Immunocytochemistry of recombinant DHODH.
DHODH-HA-transfected cells were cultured in the absence or presence of DOX for 24 h. Mitochondria and recombinant
DHODH were visualized with the mitochondria-staining dye MitoTracker Red (centre panels) and anti-HA or anti-DHODH
antibodies (left panels) respectively. The right panels show merged images. The scale bars represent 10 um.

and exogenous DHODH were localized properly in mitochon-
dria.

Expression and localization of DHODH-HA with
Miller syndrome-associated mutations

To investigate the effect of Miller syndrome-associated mutations
on the processing, localization, and function of DHODH, we
introduced three Miller syndrome-associated mutations — G152R,
R346W and R135C - into the DHODH cDNA (Figure 2A).
Arg'¥ is located within the ubiquinone-binding site and the others
are located within a-helices.

Next, we produced stable cell lines that expressed recombinant
DHODH-HA upon induction by DOX. Recombinant DHODH-
HA was produced in HeLa cells by approximately 5-fold com-
pared with that in non-induced cells at 24 h after induction by
DOX (Figure 2B). We established HeLa cell lines expressing
DOX-induced wild-type or mutant DHODH-HA (Figure 2B).

By immunohistochemistry, R135C-mutant DHODH showed
normal subcellular localization with an anti-HA antibody and
co-localized with mitochondria in HeLa cells (Figure 2C). The
G202A and R346W mutants showed weak staining and co-
localization with mitochondria, although the R346W construct
also showed weak diffuse staining outside the mitochondria
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(A) Schematic representation of the primary structure of DHODH and the location of Miller syndrome-associated muta-
tions. Arg!3® is the ubiquinone-binding site. TM indicates a transmembrane domain. The 12 a-helices and 13 p-sheet
regions are shown as boxes and arrows respectively. We analysed three Miller syndrome mutations R135C, G202A and
R346W. (B) Inducible expression of wild-type mutant HA-tagged DHODH. Wild-type and mutant HA-tagged DHODH were
inducibly expressed in HelLa cells using a Tet-on system. Endogenous and exogenous DHODH were detected by immun-
oblotting with anti-DHODH and anti-HA antibodies. B-actin was used as the loading control. (C) Immunocytochemistry
of recombinant mutant DHODH. Mutant DHODH-HA-transfected cells were cultured in the presence of DOX for 24 h.
Mitochondria and mutant DHODH were visualized with the mitochondria-staining dye, MitoTracker Red (centre panels)
and anti-HA antibodies (left panels) respectively. The right panels show merged images. Scale bar represent 10 um.
(D) Submitochondrial localization of exogenous mutant DHODH-HA. Mitochondria were incubated in hypotonic buffer to
disrupt the outer membranes without (lanes 3 and 4) or with (lane 5) the non-ionic detergent Triton X-100. Then, the
mitochondria were digested with proteinase K (lanes 2, 4 and 5). The indicated proteins were detected by immunoblotting.
BAP37 and TFAM are markers of the mitochondrial inner membrane (IM) and matrix respectively.

(Figure 2C). These results suggested that all three mutants were
mainly localized in mitochondria; however, a small amount of
the R346W mutant protein localized in the cytosol.

Submitochondrial localization of mutant DHODH

Next, we examined the submitochondrial localization of wild-
type and mutant DHODH-HA. We disrupted the mitochondrial
outer membranes by hypotonic treatment (Figure 2D, lanes 3
and 4 within each group) as verified by the observation that

BAP37, which is an inner membrane protein that largely faces
the intermembrane space, was digested by proteinase K. On the
other hand, TFAM, which localizes in the matrix, was resist-
ant to proteinase K digestion (Figure 2D, lane 4 in the lower
panel), indicating that the inner membranes were intact. Un-
der these hypotonic conditions, wild-type and all the mutant
DHODH proteins were cleaved by proteinase K (Figure 2D, lane
4). When the inner membranes were solubilized with the non-
ionic detergent Triton X-100, both TFAM and DHODH were
cleaved by proteinase K (Figure 2D, lane 5). Taken together,
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(A) Hela cells stably expressing wild-type or mutant DHODH-HA were treated with vehicle (O h) or 100 M CHX for 2, 4
or 8 h. Immunoblotting was performed using anti-DHODH and anti-HA antibodies. g-Actin was used as the loading control.
(B) Relative intensity of «-HA which is shown in (A) were plotted after CHX treatment. Treatment of G202A and R346W
DHODH-transfected cells with the translation inhibitor CHX significantly decreased the expression levels of mature DHODH

protein.

these results suggest that all three mutant DHODH proteins
correctly localize in the mitochondrial intermembrane space or
inner membrane.

Decreased protein stability of R346W and G202A
mutant DHODH

To investigate whether the observed reductions in mutant
DHODH protein levels were a consequence of decreased protein
stability, we cultured HeLa cells expressing wild-type or mutant
DHODH and inhibited new protein translation using CHX after
induction by DOX. The amount of the DHODH protein was as-
sessed at 0, 2, 4 and 8 h after CHX treatment. Wild-type and
R135C DHODH protein levels remained relatively constant over
the 8 h (Figures 3A and 3B). In contrast, R346W and G202A
DHODH protein levels were significantly reduced at 2 and 4 h
(Figures 3A and 3B), suggesting that the R346W and G202A
mutations decreased DHODH protein levels by increasing its
rate of degradation. We did not observe destabilization of B-actin
(Figure 3A), suggesting that these proteins were specifically de-
graded by proteasomes or particular protease pathways. As both
of these mutations are located within the «-helices of DHODH,
they might destabilize the protein structure and accelerate the
degradation. The reduction in DHODH protein stability induced
by the R346W and G202A mutations may contribute, at least in
part, to Miller syndrome.

Wild-type and the R135C mutant showed proper expression
of DHODH protein after 24 h induction by DOX. However, the
G152R and R346W mutants showed low expression of DHODH-
HA after 6 h induction. After 24 h, the DHODH mRNA levels
were equal for the wild-type and the three mutant constructs (res-
ults not shown), suggesting that the G152R and R346W mutant

proteins showed reduced protein expression or increased protein
turnover.

DHO-dependent ubiquinone and cytochrome ¢
oxidoreductase activity in mutant DHODH

As R135C DHODH exhibited no apparent deficiency in stability
or intermembrane space sorting, we next examined whether this
mutation affected enzymatic function by measuring the DHO-
dependent ubiquinone and cytochrome ¢ reductase activities.
We used wild-type DHODH and two clones of mutant R135C
DHODH to measure the enzymatic activities of the respira-
tion complexes. In HeLa cell transfectants, wild-type DHODH
showed a 5-fold increase in DHO-dependent enzymatic activity
after induction; however, in the R135C mutant, there was no in-
crease in DHO-dependent enzymatic activity after induction of
the mutant protein, even if the protein expression increased 5-fold
(Figures 1A and 4A). This showed that mutant R135C DHODH
had lost its electron-donating function. It has been reported that
the Arg'® residue is the ubiquinone-binding site in DHODH,
suggesting that the R135C mutant would not be able to bind to
ubiquinone.

We also compared the respiratory chain activities before and
after DOX induction between wild-type and G202A, and R346W
mutant DHODH. After DOX induction, the DHO-dependent en-
zymatic activity of G202A and R346W DHODH increased 2-
fold when the protein expression increased to the same extent,
suggesting that G202A and R346W DHODH possess functional
enzymatic activity but low protein stability (Figure 4B).

Finally, we asked whether the R135C mutant affected the
activity of the other respiratory complexes. We compared their
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Figure 4 Functional analysis of Miller syndrome mutations

(A) Reduced DHO-dependent reductase activities in R135C DHODH-transfected cells. DHO: ubiquinone oxidoreductase
activity and DHO: cytochrome c oxidoreductase activity were measured using cell lysates as described in the Experimental
section. Increased DHO-dependent reductase activity was observed upon the induction of wild-type DHODH; however,
induction of R135C DHODH did not result in increased enzymatic activities. The results represent the means + S.D.
of three independent experiments. *P<0.05 compared with controls. (B) DHO-dependent reductase activity in G202C
and R246W DHODH-expressing cells. DHO: ubiquinone oxidoreductase activity and DHO: cytochrome ¢ oxidoreductase
activity were measured using cell lysates. A 2-fold increase in DHO-dependent oxidoreductase activity was observed upon
the induction of G202A or R346W DHODH. The results represent the means + S.D. of three independent experiments.
*P<0.05 compared with controls. (C) The complex Il and Ill activities in R135C and wild-type DHODH were measured
using cell lysates as described in the Experimental section. We observed that no difference in the activities of complex Il,
complex Il and the combined complex lI-lll between R135C and wild-type DHODH.

enzymatic activity after DOX induction. We observed no differ-
ence in the activities of complex II, complex III and the combined
complex II-III between R135C and wild-type DHODH (Fig-
ure 4C). This suggests that R135C DHODH does not directly
affect the other respiratory complexes.

DISCUSSION

In the present study, we demonstrated that (i) among Miller syn-
drome DHODH mutations, G202A and R346W retained proper

mitochondrial localization but showed decreased protein stabil-
ity, (ii) the R135C DHODH mutant showed no DHO-dependent
enzymatic activity probably because of structural or functional
change of the ubiquinone-binding site at Arg'3>. We propose that
impairment of DHODH activity is linked to the Miller syndrome
phenotype.

Miller syndrome is inherited in an autosomal recessive or
compound heterozygous pattern [13]. Miller syndrome disrupts
the development of the first and second pharyngeal arches. It
remains unclear exactly how DHODH gene mutations lead to
abnormal development of the pharyngeal arches. It is important
to note that DHODH is the fourth of six enzymes in the de novo
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pyrimidine synthesis pathway [8]. The other five enzymes in this
pathway constitute two different enzyme complexes located in
the cytoplasm. The first three enzymes form the multi-enzyme
complex CAD (carbamoyl phosphate synthetase, aspartate tran-
scarbamoylase and dihydro-orotase), and the fifth and sixth en-
zymes form UMPS.

The UMPS gene encodes a bifunctional enzyme with orotate
phosphoribosyltransferase and orotidylic decarboxylase activit-
ies [18]. Compound heterozygous mutations in the UMPS gene
cause orotic aciduria, a rare autosomal recessive disorder char-
acterized by megaloblastic anaemia and orotic acid crystalluria
that is frequently associated with some degree of physical and
mental retardation [19]. However, mutation of UMPS does not
cause malformation abnormalities as Miller syndrome does, sug-
gesting that, in Miller syndrome, the deficiency of pyrimidine or
purine does not cause the craniofacial abnormality.

White et al. [20] reported that the LFN, an inhibitor of
DHODH, led to an almost complete abrogation of neural crest
development in zebrafish and to a reduction in the self-renewal of
mammalian neural crest stem cells. LEN exerts these effects by
inhibiting the transcriptional elongation of genes that are required
for neural crest development. Particular developmental pathways
in neural crest cells have a direct bearing on melanoma forma-
tion, suggesting that DHODH is also involved in neural crest cell
proliferation and development.

Methotrexate is an inhibitor of de novo purine biosynthesis,
and its anti-proliferative actions are thought to be due to its in-
hibition of DHFR (dihydrofolate reductase). The most common
pattern of malformation observed in infants with methotrexate-
induced embryopathy includes growth deficiency, craniosyn-
ostosis, micrognathia and skeletal abnormalities, which are sim-
ilar to those in individuals with Miller syndrome [21,22]. How-
ever, the DHFR mutation itself does not result in craniofacial
abnormality. Given that Miller syndrome is in part due to some
mitochondrial dysfunction, methotrexate might not only target
DHEFR but also the mitochondria in neural crest cells.

Many birth defects, such as Miller syndrome and metho-
trexate-induced embryopathy, are associated with craniofacial
malformations. These data suggest that the development of neural
crest stem cells is involved in craniofacial malformations [23],
and that the malformations observed in individuals with Miller
syndrome could be caused by failure of correct neural crest cell
development because of loss of DHODH function.

Human DHODH is composed of two domains, a large C-
terminal domain (residues 78-396) and a smaller N-terminal
domain (residues 30-68), connected by an extended loop. The
large C-terminal domain can be best described as an «/f-barrel
fold with a central barrel of eight parallel B-strands surroun-
ded by eight o helices. There are some proximal redox sites
and the domain ends with several charged or polar side chains
(GIn*7, Tyr’>¢, Thr’®® and Arg'®). Arg'®, which is located at
the ubiquinone-binding site, is conserved from humans to Plas-
modium falciparum. We observed that R135C-mutated DHODH,
which has been reported in Miller syndrome, showed proper mito-
chondrial localization but no DHO-dependent enzymatic activity.
Because the - and B-barrel domains of DHODH form a tunnel

to the active site of enzymatic activity, compounds interacting
with the - and the B-barrel domains can block DHODH activ-
ity. G202A and R346W are located in the a-barrel domains of
DHODH; the G202R and R346W mutations would be expected
to result in conformational changes that lead to unstable proteins.

In these experiments, we observed, for the first time, that the
G202A and R346W mutations cause deficient protein stability,
and R135C mutation impairs the substrate-induced enzymatic
activity, suggesting that impairment of DHODH activity is linked
to the Miller syndrome phenotype.
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