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ABSTRACT

Slime mold, plant and insect dihydropyrimidine
amidohydrolases (DHPases, EC 3.5.2.2), which cata-
lyze the second step of pyrimidine and several anti-
cancer drug degradations, were cloned and shown
to functionally replace a defective DHPase enzyme
in the yeast Saccharomyces kluyveri. The yeast and
slime mold DHPases were over-expressed, shown
to contain two zinc ions, characterized for their
properties and compared to those of the calf liver
enzyme. In general, the kinetic parameters varied
widely among the enzymes, the mammalian DHPase
having the highest catalytic efficiency. The ring
opening was catalyzed most efficiently at pH 8.0 and
competitively inhibited by the reaction product,
N-carbamyl-B-alanine. At lower pH values DHPases
catalyzed the reverse reaction, the closing of the
ring. Apparently, eukaryote DHPases are enzymatic-
ally as well as phylogenetically related to the de
novo biosynthetic dihydroorotase (DHOase)
enzymes. Modeling studies showed that the posi-
tion of the catalytically critical amino acid residues
of bacterial DHOases and eukaryote DHPases over-
lap. Therefore, only a few modifications might have
been necessary during evolution to convert the
unspecialized enzyme into anabolic and catabolic
ones.

INTRODUCTION

The catabolic degradation of pyrimidines, together with the
salvage and the de novo synthetic pathway, determines the size
of the pyrimidine pool in the cell. In mammals, uracil, thymine
and anti-cancer pyrimidine analogs are degraded in a
three-step catabolic pathway, involving the enzymes dihydro-
pyrimidine dehydrogenase, dihydropyrimidine amidohydro-
lase (DHPase) and PB-alanine synthase (1,2). One of the
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end-products, [B-alanine, is an essential precursor for the
synthesis of pantothenate and coenzyme A, but in mammals it
is also thought to have a neurotransmitter function due to its
chemical similarity to the neural inhibitor y-aminobutyrate (3).
Pyrimidine catabolic enzymes are the major cause for
the inactivation of clinically applied pyrimidines, such as
5-fluorouracil, used in treatment of several tumors and viral
diseases (2). The degradation reduces the efficiency of the
administered drug and requires the application of extremely
high doses (4), while the accumulating fluorinated products
are neurotoxic (5). Pyrimidine catabolic enzymes may also
play a role in the degradation of pyrimidine-based biocides,
such as bromacil (5-bromo-3sec-butyl-6-methyluracil) or
lenacil (6).

DHPase, also known as dihydropyrimidinase, catalyzes the
second step of the pyrimidine degradation, the reversible
hydrolysis of 5,6-dihydrouracil (DHU) or 5,6-dihydrothymine
(DHT) to N-carbamoyl-B-alanine (NCBA) or N-carbamyl-j3-
aminoisobutyrate, respectively. Various DHPases can also
open five-membered cyclic ureides, like hydantoins or
succinimides (7). So far DHPase has been isolated from
various mammalian sources, such as bovine (8), rat (9,10),
calf liver (11) and pig liver (12). Gene sequences coding for
putative DHPase from Caenorhabditis elegans (13), rat (14)
and human liver (15) have been cloned from cDNA libraries.
The bacterial counterpart of DHPase, the so-called hydan-
toinases (HYDases), have also been cloned (16—18) or purified
(19,20) from different sources. However, bacterial HYDases
may not be directly involved in degradation of pyrimidines,
but rather only in the synthesis of D- and L-amino acids
(21,22). Sequence alignments suggest a close relationship
between DHPases and several proteins involved in neuronal
development. Among those are different forms of the so-
called human DHPase-related protein (14), the rat turned-
on-after division 64 kDa protein (23) and the collapsin-
response-mediator proteins (24).

Mammalian DHPases are tetrameric enzymes and contain
tightly bound zinc ions which can be removed by chelators
(8,12). The pH dependencies of V,,,x and V,.x/K,, for native
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bovine amidohydrolase using 5-bromo-5,6-dihydrouracil as
substrate showed the requirement for a single group that must
be protonated for activity (25). The pH dependence of kinetic
parameters and solvent deuterium isotope effects has been
used to probe the mechanism of DHPase from calf and pig
liver (12). The resting DHPase primed for hydrolysis of DHU
has a general base (pK ~ 7.5-8) and a zinc-bound water
(pK ~ 9-10). DHU binds to the enzyme displacing the Zn-OH,
(pK 9.6). The substrate likely binds with the 4-oxo group
directly coordinated to the active site metal, so that the metal
acts as a Lewis acid polarizing the carbonyl for the subsequent
hydrolysis. The general base activates a water molecule for
nucleophilic attack at C-4 to generate the tetrahedral inter-
mediate. The latter in turn undergoes ring opening assisted by
general acid protonation of the ring nitrogen using the same
enzyme residue to give NCBA (12).

The reductive catabolism of pyrimidines has so far been
characterized only in two eukaryotic groups, mammals and
fungi. However, the fungal DHPase from Saccharomyces
kluyveri has not been fully biochemically characterized (26).
In this report, we describe novel DHPases from insect, plant
and slime mold. Furthermore, the S.kluyveri and Dictyostelium
discoideum DHPases were characterized for their substrate
specificity and kinetics and compared with those of the
mammalian DHPase. Modeling studies showed that DHPases
have the same active center as dihydroorotases (DHOases).

MATERIALS AND METHODS
Materials

DHU, DHT, NCBA, 8-hydroxyquinoline and Chelex-100
were purchased from Sigma. Glutaric acid monoamide
(GAMA) was prepared according to the method of Marquez
et al. (27). All other reagents were of the highest purity
available from different commercial sources.

Strains and growth media

The Escherichia coli strain XL1-blue was used for plasmid
amplification and the E.coli BL21 (from Stratagene) for
heterologous protein expression. Bacteria were grown at 37°C
in Luria-Bertani medium supplemented with 100 mg 1-' of
ampicillin for selection. The yeast strain S.kluyveri Y777
(MATo pyd2-1 ura3), deficient in DHPase (26,28), was grown
at 25°C in the standard rich (YPD) and minimal (SD) media.
The N-minimal DHU medium (1% succinic acid, 0.6% NaOH,
2% glucose, 0.17% yeast nitrogen base without amino acids
and ammonia from Difco, and 0.1% DHU) was used for
selection of yeast transformants. When necessary, the SD and
DHU media were supplemented with 0.2 mM uracil, giving
the SD+ura and DHU+ura media (26,29).

DNA sequences

Database searches to find novel putative DHPases were
performed using the BLAST network services at the National
Center for Biotechnology Information and provided partial
sequences of the putative Arabidopsis thaliana (At),
Drosophila melanogaster (Dm) and D.discoideum (Dd) open
reading frames (ORFs). An expressed sequence tag (EST)
cDNA clone (P397, 46F2T7, GenBank accession no. T14084)
containing a putative A DHPase sequence was obtained from

The Arabidopsis Information Resource (TAIR). The corres-
ponding partial ORF sequence had a high similarity to that of
the P1 clone: MXC9 from chromosome V (accession no.
ABO007727). The full ORF was afterwards rescued from a
commercial Arabidopsis cDNA library (Stratagene). An EST
cDNA clone (P639, LP11064, accession no. AI296940)
carrying a putative Dm DHPase was obtained from Research
Genetics (Birmingham, AL). An EST cDNA clone (P380,
SLLA867, accession no. AU060286) from Dd was obtained
from the University of Tsukuba. The ORFs were determined
by sequencing of the EST clones and novel cDNA clones and
afterwards given new accession numbers.

Enzyme phylogenetic analysis and modeling

Nucleotide sequence analysis and protein sequence compari-
sons were performed with the ClustalW 1.7 program (30). The
phylogenetic analysis was presented with the TreeCon version
(Yves van de Peer, University of Antwerp). Comparison of the
sequences of E.coli DHOase and human DHPase was
performed with the Clustal algorithm and enzyme modeling
of human DHPase into the DHOase structure was done using
the Modeller program and for energy minimization the Charm
program was employed.

DNA manipulation

All DNA manipulations were carried out following the
standard laboratory procedures. Plasmid DNA was purified
from E.coli transformants with Quantum prep columns (Bio-
Rad) and the sequence of all plasmids verified using a
commercial sequencing source.

Yeast expression plasmids

Fragments coding for putative ORFs were obtained by PCR
using Pfu DNA polymerase (Stratagene). The Ar ORF was
amplified from the commercial cDNA library, the Dm ORF
from P639 and Dd DHPase was amplified from the
Dictyostelium NZAP cDNA library (31). The PCR fragments
containing appropriate terminal restriction sites were sub-
cloned into the pre-cut yeast shuttle vector P403, containing
the S.kluyveri PYD3 promoter followed by the multiple
cloning sites: HindIll, Kpnl, Sacl, BamHI, BstXI, EcoRlI,
BstX1, Notl, Xhol and Sphl (26). The following plasmids were
obtained: P478 containing the Ar DHPase in the HindIIl/
EcoRI sites, P635 containing the Dm DHPase in the HindIIl/
Xhol sites and P633 containing the Dd DHPase in the
Kpnl/Xhol sites. Transformation of S.kluyveri (Sk) was done
by electroporation (26) and followed by selection on the DHU
medium. Putative transformants appeared on the plates after a
week and they were tested for the plasmid stability and growth
properties.

Over-expression plasmids

For heterologous expression in E.coli the C-terminal (His)g-
tag vector P343 was used (29,32). PCR amplification of the
DHPase ORFs was done in a way to create, upon restriction
digestion, a fragment having Xbal and EcoRlI sticky ends. The
OREF for Sk DHPase was obtained by removing a 63 bp intron
by a long PCR primer. The PCR fragments were sub-cloned
into the Xbal/EcoRl pre-cut P343 plasmid, giving the
expression plasmids P531 (Sk DHPase) and P634 (Dd
DHPase).



Protein purification

For recombinant protein expression, E.coli cells were grown
to a density of Agyo nm = 0.5-0.6. Protein expression was
induced by 200 pg 1-! of anhydrotetracycline hydrochloride
(ACROS Organics, NJ) for 24 h at 25°C. Collected cells were
resuspended in buffer A (50 mM sodium phosphate pH 8.0,
300 mM NaCl, 10% glycerol, protease inhibitors) and
disrupted by French Press (4 X 1000 p.s.i.). After centrifuga-
tion at 13 000 g for 30 min, the supernatant was filtered on a
0.45 um cellulose acetate filter and applied to a 10 ml Ni2*-
NTA column (Qiagen). The column was washed with 10 vol
of buffer A with 25 mM imidazole, 10 vol of buffer B (50 mM
sodium phosphate pH 6.0, 300 mM NaCl) with 25 mM
imidazole. The recombinant DHPases were eluted with a 10X
volume of a linear gradient of 50-500 mM imidazole in buffer
B. Active fractions were pooled and imidazole removed by
filtration through Amicon Centriprep YM-10 (Millipore)
using Tris buffer (100 mM Tris—HCI, pH 8.0). Proteins were
stored at —20°C at a concentration of ~10 mg ml-'. SDS—
PAGE was performed according to the procedure of Laemmli
(33) and proteins were visualized by Coomassie Blue staining.
Protein concentration was quantified by the method of
Bradford (34) and bovine serum albumin served as a protein
standard.

Enzyme assays

DHPase activity was determined by measuring the decrease or
increase in absorbance at 225 nm caused by the hydrolysis or
formation of a 5,6-dihydropyrimidine ring using a Zeiss
double beam spectrophotometer thermostated at 30°C. The
molar absorption coefficients at 225 nm for DHU, DHT and
glutarimide are 1287, 1059 and 400 M~! cm™!, respectively.
For routine assays, reaction mixtures containing 0.1 M
potassium phosphate, pH 8.0, and 1.5 mM DHU were used.
One unit of DHPase catalyzes the hydrolysis of 1 umol DHU
min~! at 30°C under the above conditions. For pH studies the
following buffers were used over the pH range indicated:
potassium phosphate, 5.5-8.0; Tris—HCI, 8-9; potassium
pyrophosphate, 8—10.

Molecular mass determination

The subunit molecular mass of the different amidohydrolases
was estimated by SDS-PAGE in a discontinuous buffer
system (33). The mass of the native proteins was determined
by native gel electrophoresis on 4-10% gradient gels (Bio-
Rad) in Tris—glycine buffer, pH 8.5 in a Gibco BRL Mini-V
8 X 10 vertical gel electrophoresis system (Life Technologies
Inc.). Gels were stained for protein with Coomassie Blue or
silver stain (35). Urease (trimer 272 kDa, hexamer 545 kDa),
chicken egg albumin (45 kDa), bovine serum albumin
(monomer 66 kDa, dimer 132 kDa) and carbonic anhydrase
(29 kDa) were used as native protein standards, whereas
phosphorylase b (94 kDa), bovine serum albumin (67 kDa),
ovalbumin (43 kDa) and carbonic anhydrase (29 kDa) were
standards for SDS-PAGE. BenchMark Protein Ladder (Gibco
BRL/Life Technologies) was also used as molecular weight
standards on the SDS-PAGE gels. The native size was
determined as recommended by the kit producer (Sigma) (see
also Supplementary Material).
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Metal determination

Each of the two heterologous DHPases was over-expressed
two times and isolated on the Ni>*-NTA column to give two
independent enzyme sources. An aliquot of 200 ul of each
sample, containing ~2-5 mg of protein ml~!, was dialyzed
against metal-free 100 mM Tris—acetate, pH 7.5. This buffer
was purified by passing it through a Chelex 100™ column
following a modified procedure of Himmelhoch et al. (36).
The sulfur and metal content of the enzyme samples and the
buffer was then determined in duplicates on biomolecular thin
films by energy dispersive X-ray fluorescence analysis using
the set-up at the Physics Laboratory of the Royal Veterinary
and Agricultural University, Copenhagen, Denmark (37). The
sulfur atoms in the protein served as an internal standard and
helped to quantify the presence of metal ions relative to sulfur.

Resolution of metal and reconstitution of
apoamidohydrolase

The metal ions were removed from Dd DHPase by incubating
the enzyme (625 pg) in 0.1 M potassium phosphate buffer,
pH 8.0 with 8-hydroxyquinoline 5-sulfonate (0.8 mM) over-
night at room temperature. The chelator was removed by
dialyzing the reaction mixture against 3 X 500 ml phosphate
buffer. The resulting apoenzyme was inactive. Enzymatic
activity could be restored by addition of increasing amounts of
zinc ions and followed by plotting enzymatic activity versus
amounts of zinc ions added.

Kinetic data processing

Reciprocal initial velocities were plotted versus reciprocal
substrate concentrations. Data were fitted using the Fortran
programs developed by Cleland (38). Reciprocal initial
velocities were plotted versus reciprocal substrate concentra-
tions. Data for single reciprocal plots were fitted using
equation 1.

v = VAI(K, + A) 1

Data for linear competitive and non-competitive inhibition
were fitted using equations 2 and 3, respectively.

v = VA/[K,(1 + IIK;5) + A] 2
v = VAI[K(1 + I/K;s) + A(1 + I/K})] 3

In equations 1-3, V is the maximum velocity; A and [ are
concentrations of reactant and inhibitor, respectively; K, is the
Michaelis constant for reactant; K;; and Kj; are slope and
intercept inhibition constants, respectively.

RESULTS
Novel eukaryote DHPases

So far the pyrimidine catabolic genes and enzymes have been
studied only in two eukaryote groups, mammals and yeast.
When the sequence of the Sk DHPase gene was used as a query
to screen EST databases, several positive hits from different
organisms were obtained. In order to cover a whole range of
eukaryote kingdoms, three sequences originating from a plant,
an insect and a unicellular eukaryote were selected for further
analysis. The ORF sequences, coding for putative DHPases,
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Figure 1. Spot assay. The S.kluyveri strain Y777, deficient in pyd2, was
transformed with putative PYD2 genes from different eukaryotes, giving the
following transformants: P478 (containing the A.thaliana PYD2 gene, At),
P633 (containing the D.discoideum PYD2 gene, Dd) and P635 (containing
the D.melanogaster PYD2 gene, Dm). The growth on the ‘rich’ medium,
SD-+uracil, and two selective media, SD and DHU is shown. Y156 is the
parental strain of Y777, and both are uracil auxotrophs. Note that the
plasmids also contain, apart from PYD2, the URA3 gene.

were deduced by sequencing of the corresponding EST cDNA
clones, kindly provided by different laboratories. Since the Af
N-terminal sequence was missing in the EST clone (P397) it
was assembled from the genomic sequence and afterwards the
ORF was sub-cloned from the Af cDNA library. Similarly, the
Dd EST insert (P380) was also truncated at the 5" end. The
upstream sequence was deduced upon amplification from
the Dd cDNA library, using an internal primer and a primer
mapping to the vector. Apparently, the Dm EST clone (P639)
contained the full ORF. The putative At ORF (accession no.
AF465755) contains 1596 bp and encodes a 531 amino acid
protein with an estimated molecular weight of 57.9 kDa. The
putative Dm ORF (accession no. AF 465756) contains 1785 bp
and encodes a 594 amino acid protein with an estimated
molecular weight of 65 kDa. The putative DdPYD2 gene
contains a 1512 bp long ORF (accession no. AF465757) and
encodes a protein of 504 amino acids of 56 kDa.

Previously, a number of different mutants, pyd-, in the
pyrimidine catabolic pathway have been isolated in the
S.kluyveri yeast (26). When the three putative ORFs were
expressed under the control of the PYD3 promoter in a yeast
mutant deficient in DHPase, pyd2-, they could complement the
mutation. While the S.kluyveri mutant strain (Y777) cannot
grow in a medium with uracil or dihydrouracil as the sole
nitrogen source, the transformants carrying P478, P633 or
P635 could grow (Fig. 1). Therefore, the Az, Dm and Dd ORFs
indeed code for functional DHPases, which can catalyze the
dihydrouracil ring opening in vivo. While the yeast mutants
complemented with the slime mold and fruit fly PYD2 genes
grew almost like the wild-type yeast strain, the mutant strain
carrying the plant PYD2 was substantially slower on the
selective media (data not shown).

The sequences of the three novel DHPases were aligned
with the yeast and mammalian sequences. A phylogenetic
analysis including DHPases, as well as similar enzymes,
shows that eukaryotic DHPases have the same origin
(Fig. 2). However, they are also closely related to bacterial
HYDases and animal dihydropyrimidinase-related proteins,
and relatively close to DHOases.

Recombinant Sk DHPase and Dd DHPase

Two ORFs, coding for Sk and Dd DHPases, were over-
expressed in E.coli as His-tagged proteins. The proteins were
purified on a Ni**-NTA column and eluted with imidazole
gradient buffer. The DHPase-active fractions were pooled,
concentrated and imidazole removed by repeated addition of
imidazole-free buffer followed by concentration. The purified
enzymes were studied for their native and subunit size, metal
content, substrate specificity and kinetics (Table 1).

The subunit size and the native size of both recombinant
DHPases was estimated (Table 1; see also Supplementary
Material). Dd DHPase was found to have a molecular mass of
220 kDa for the native enzyme and a subunit molecular mass
of 56 kDa. The Sk enzyme (Sk DHPase) gave molecular
masses of 255 and 60 kDa for the native and monomeric
protein, respectively. These values are very similar to the size
of native calf liver DHPase, 217 kDa, and its monomeric form,
54 kDa (11). Apparently, both DHPases are tetrameric, similar
to their mammalian counterparts (Table 1). DHPases over-
expressed in E.coli in Luria—Bertani medium were not initially
saturated with zinc, they contained also iron and other metals,
most likely because the growth medium became depleted of
zinc. Metal determinations, however, showed that Dd and Sk
DHPases fully saturated with zinc ions contained two metal
ions per monomer (Table 1).

When all metal ions were removed from Dd DHPase, the
enzymatic activity of the inactive apoenzyme could be fully
recovered by zinc but not by any other metal ion. Titration of
the inactive apoenzyme was performed by overnight incuba-
tion with increasing amounts of ZnCl, at room temperature.
Aliquots of each incubation were afterwards measured for
DHPase enzymatic activity and plots of enzymatic activity
versus Zn concentration revealed the titration end point. Two
independent experiments showed that Dd DHPase contained
2.12 and 1.9 zinc ions per subunit, respectively.

Substrate specificity and Kkinetic parameters

In the forward reaction, the natural substrates for both Dd
DHPase and Sk DHPase seem to be dihydrouracil and
dihydrothymine (Table 2). The two DHPases exhibit their
maximum enzymatic activity in the pH range 8.0-10.0. When
the pH is decreased to 6.0, the enzymatic activity is reduced to
~10% of the maximum value (data not shown). Substrate
analogs, such as hydantoin, glutarimide and dihydroorotate
(DHO), are not hydrolyzed by Sk DHPase. Hydantoin and
DHO are not hydrolyzed by Dd DHPase, while glutarimide is
hydrolyzed very slowly. These results indicate that the
substrate binding site allows only a limited number of
structural modifications for a potential substrate and that
these two enzymes are highly specialized for degradation of
pyrimidines.

From the point of view of structure and phylogenetics, as
well as substrate specificity, the examined eukaryote DHPases
represent a very uniform group, but the kinetic properties
differ significantly from one enzyme to the other (Table 2).
The K, values of Sk and Dd DHPase for DHU at pH 8.0 are
about 28- and 16-fold, respectively, higher than that of the calf
liver DHPase. In general, the catalytic efficiency of the two
DHPases with DHU as substrate is about 78- or 106-fold less
for the Sk and Dd DHPase, respectively, than that of the
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Figure 2. Phylogenetic analysis of DHPases and DHPase-like proteins. The DHPase-like proteins include dihydropyrimidinase-related proteins (DRP),
hydantoinases (HYDA), allantoinases (ALLA), dihydroorotases (DHOase) and ureases (URE). The accession numbers of the amino acid sequences follow the
protein names. The clustering method was used for inferring the phylogenetic tree topology. The numbers given are frequencies at which a given branch

appeared in 100 bootstrap replications.

mammalian counterpart. The K,,, values for thymine are about
6-fold higher for Sk DHPase and about a factor of 2 smaller for
Dd DHPase when compared with the calf liver enzyme.

In the reverse reaction direction, the formation of DHU
from NBCA was determined. Maximal enzymatic activity in
the direction of DHU formation was observed at pH 6.0 and

6.6 for Dd and Sk DHPase, respectively, whereas the calf liver
DHPase is maximally active at pH 5.5. Negligible enzymatic
activity was found for the calf liver enzyme above pH 6.5 (11),
whereas the other two enzymes exhibit >50% of their activity
at pH 7.3. The K,,, values for NCBA are lowest for the Dd and
about 2.5-fold higher for Sk than that for calf liver DHPase.
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Table 1. Properties of Sk and Dd DHPases

Sk Dd
Native molecular mass? (kDa) 255 220
Subunit molecular mass (kDa) 60 56
Metal content® per subunit 2 7Zn 2 7Zn
Substrate specificity DHU, DHT DHU, DHT
Glutarimide (very slowly)
NCBA NCBA

aThe native size was determined by native gel electrophoresis (see also
Supplementary Material).

"Metal determination on Dd and Sk DHPases after removal of all metal ions
and subsequent saturation with zinc ions.

The catalytic efficiency of calf liver DHPase is 10 and 20
times lower for Dd and Sk DHPase, respectively.

For the direction of DHP hydrolysis, only a few, not very
effective inhibitors have been reported so far (12). For all
DHPases tested so far, the product NCBA was always found to
inhibit the forward reaction competitively. The K; values of Sk
and Dd DHPase for NCBA are 23 = 2 and 4.6 = 0.6 mM,
respectively. DHPases are also inhibited by GAMA; the Sk
enzyme shows competitive inhibition with a Kj value of 15 *
1 mM, whereas the inhibition of Dd DHPase is non-
competitive with a K; of 4.1 = 04 mM. For the two
DHPases discussed here, both inhibitors are less effective than
for calf liver DHPase with K; values of 0.21 mM for GAMA
and 0.68 mM for NCBA (12). Both DHPases accept neither
hydantoin nor DHO as substrates and these two compounds
are not inhibitors.

DISCUSSION

Uracil and thymine were shown in mammals, yeast and some
bacteria to be degraded in a three step catabolic pathway (2).
In humans, this pathway is of crucial importance for
degradation of several anti-cancer drugs and a detailed
understanding of this pathway is therefore highly relevant
from a clinical point of view. The second step is catalyzed by
DHPase and this enzyme and the corresponding gene have so
far been characterized only in a limited number of organisms.
In this study, we isolated sequences coding for putative
DHPases from different eukaryotes. The corresponding ORFs
from a unicellular eukaryote (D.discoideum), a plant
(A.thaliana) and an insect (D.melanogaster) were shown by
complementation of a yeast pyd2 deficiency to encode
functional DHPases (Fig. 1). These results demonstrate that

DHPases, and thereby the reductive catabolism of pyrim-
idines, are likely to be present in all major eukaryotic
kingdoms.

The sequences of the newly isolated DHPases were aligned
with a number of DHPase-like enzymes, such as dihydro-
pyrimidinase-related proteins, HYDases, DHOases, collapsin-
response-mediator proteins, ureases and allantoinases, and
analyzed for their phylogenetic relationship (Fig. 2). Dd
DHPase and Dm DHPase group together with other animal
DHPases, and these are closely related to dihydropyrimidinase-
related proteins. We propose that both sub-groups originated
from a common progenitor upon gene duplication taking place
in an early animal ancestor. The dihydropyrimidinase-related
protein lineage became involved in the early development
and propagation of axons (15,22-24,39). A majority of
bacterial HYDases belong to the same group as eukaryote
DHPases, including plant and fungal DHPases, and animal
dihydropyrimidinase-related proteins. Surprisingly, Sk
DHPase is the least related member of this DHPases/
dihydropyrimidinase-related proteins/HY Dases group (Fig. 2).
Apparently, the ancient progenitor of this group, presumably
already existing in the common ancestor of all prokaryotes and
eukaryotes, was likely to be a catabolic enzyme. The groups,
which are the closest phylogenetic relatives of the DHPases/
dihydropyrimidinase-related proteins/HYDases group, consist
of allantoinases and small (type II) DHOases (26), which
catalyze the third reaction of the de novo pyrimidine
biosynthetic pathway. The latter catalyzes the reverse of the
reaction catalyzed by DHPases; it closes the dihydroorotate
ring.

From a biochemical point of view DHPases belong to the
amidohydrolase superfamily (40) containing proteins that
catalyze various hydrolytic reactions at carbon and phos-
phorus centers. The superfamily can be divided into three
subsets of three-dimensional structures of amidohydrolases
differing in the presence of metal ions in the active site.
Family I includes enzymes with binuclear metal centers, such
as DHOase (41), phosphotriesterase (42) and urease (43).
Family II contains proteins with a mononuclear metal center
such as adenosine deaminase (44) whereas the third family
includes proteins that carry out hydrolysis without a metal ion
as shown for N-carbamyl-D-amino acid amidohydrolase from
Agrobacterium sp. (45). In the latter, a triad of Glu-Cys-Lys
executes hydrolysis. Family I and II enzymes have a cluster of
four histidines and an aspartate in the metal binding site, but
only family I proteins have an additional requirement for a

Table 2. Kinetic parameters of DHPases from various organisms

Enzyme Substrate Kn (UM) Vinax (UM min~! mg") Vinax/Km (min~! mg™1)
S.kluyveri DHU 710 = 90 1340 = 85 1.88

DHT 490 = 80 700 = 30 1.43

NCBA® 10 000 = 250 160 = 20 0.016
D.discoideum DHU 400 = 50 550 = 20 1.38

DHT 375 176 = 6 4.8

NCBA? 2400 = 250 76 =2 0.032
Calf liver DHU 25 3670 146.8

DHT 85 8341 98.1

NCBAP 4100 1500 0.36

The data for the calf liver DHPase are taken from Jahnke et al. (12).

apH 6.5.
bpH 5.5.
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DHPase H.sapiens 1 e MAAPS------==--- RLLIRGGRVVNDDFSEVADVLVEDGVVRALG- ~HD
DHPase R.norvegicus 1  ==----===--=--=--momomoo MAPQE----=-=------ RLLIRGGRVVNDDFSQVADVLVEDGVVRALG- -RD
DHPase D.melanogaster 1  =------------- MSTSPKPVKKVPITHLQSAQN- - -~~~ ==~~~ RVYIKNGEIVNHDKSFKADVYIEDGIIKFVGPSSE
DHPase D.discoideum 1  ===---====------mmmooooooo MLRVDQTG---======~~ TILIKNGTVVNDDRYFKSDVLVENGIIKEIS--KN
DHPase A.thaliana 1  MALDAFFFIVSLFLLFPSPSASESTTQFCSAGRENGVGSCGVSSTRILIKGGTVVNAHHQELADVYVENGIIVAVQ--PN
DHPase S.kluyveri 1 e MPIYD---=-=-==n==-~ LIIKNGIICTASDIYAAEIAVNNGKVQLIA--AS
DHOase E.coli e
-
DHPase H.sapiens 39  LLPPGGAPAGLRVLDAAGKLVLEGEGIRTETEMOFPFMGS - RSEDDFHQGTKARLSEGHTMI IDFAT POKGGSLIEAFETH
DHPase R.norvegicus 39 GG I TRITEMOFPFMGS - QS&DDFHQ@TKAA% GITMIIDE IPQKGSSLIEKFETW
DHPase D.melanogaster 56 ITIPG----GVRTIDASGLMIIEGGIRPETEMOLPFGGA-VAYDDFYHGT TTMIIDE LPNKHESMIE&YDKW
DHPase D.discoideum 42 IEPKE----GIKVVDATDKLLLIGGINTETEFOLPFMGT - VSVDDFDIGTOAAY, GQTFIID@VIPTRGQSLLE&YDQW
DHPase A.thaliana 79 ISCGIRPEITRLAMEFMGT - ETLDDFFSGQAAAL: GETMHIDEVIPVNG- NLVA§FEAY
DHPase S.kluyveri 38 IDPSL----GSEVIDAEGAFITIEGGT|NARVEVDEPLKLLGDVYDTMEHATRSAY, GmTTVVAiSTQDVS ALAESVKLD
DHOase E.coli R MTAPSQVLKIRRPW—-D*HL!LRDGDMLK——T&VPYTS—---E%Y RATVMPNLAPPVTT - - -VEAAVAY
*
DHPase H.sapiens 118 R-SWADPKVCCDYELEVAVTWWSDQVKEEMKILVQD SF! YKDLYMVTDLELYEAFSRCKEIGAIAQVHAEN
DHPase R.norvegicus 118 R-NWADPKVCCDYSL| AVTWWSDKVKEEMKTLAQQ SF' YKDLYMVQDQQMYAAFSQCKEIGAIAQVHAEN
DHPase D.melanogaster 131 R-SWADPKVCCDYGLEVGITWWSKSVSEEIGILCKELEVNSFKT] AYKGLYQLNDSDLLDVFER I RHLNGVAMVHAEN
DHPase D.discoideum 117 K-KWADEKVNCDYSLE AITWWSEQVSREMEILVK& NSFKCPMAYKNSFMVTDQEMYHIFKRCKELGATAQVHAEN
DHPase A.thaliana 153 E-NKSRE-SCMDYGFEMAITKWDEGVSRDMEMLVKEKEINS FKFRLAYKGSLMVTDDLLLEGLKRCKSLGALAMVHAEN
DHPase S.kluyveri 113 VDEYSEQTLYCDYGLGLILFQIEKPSVEARELLDVDY] sSv [TYPG-LQISDYDIMSAMYATRKNGFTTMLHAE
DHOase E.coli 60 R----QRILDAVPAGEDFTPLMTCYLTDSLDPNELEREFNEG- VIJTAAKLY PANATTNSSHGVTSIDATMPVLERMEKT
* *
DHPase H.sapiens 197 DL1AEGAKKQLALG§TG§EG§ELCP {TLR&ITIASAVNCP@YI BUMsks@akvi DARR- - DGKVYYGEPIA
DHPase R.norvegicus 197 DLIAEGAK LALG&TG§EG§ELCRPEAVE‘ TLR%ITIASAVNCP@YI BVMEKSIAKVIADAKR - - EG EPIA
DHPase D.melanogaster 210 DIIAKNTQR&LAEG&NG?EG&ELSPpEEVEA BIVMSKS| GIE@ARARHRYRGRY M@ETLA
DHPase D.discoideum 196 DMVFEGQKK@LEMG&TG%EGQELSPpEALE BVOS DVICKHRK- - EGVRVYGEPTA
DHPase A.thaliana 231 DAVFEGQKRMIELG] TGgE EMS VD! DE%AKARK--SGQK@I EPVV
DHPase S.kluyveri 192 DMVKWMIEALEEQGL sgpol EV%KQAQT——KGL AETCP
DHOase E.coli 134 ------ MPLLVHGEVTHADIDTFDY I TTKDADYYRDGNE- - - - - RLAATITP
*
DHPase H.sapiens 275 ASﬁGT@GTHYWNKEWHHAﬁHHVM \RPDPSTPDFEMNLIANE - DLTTT] CTFNTCQK&LGKD@FTKIPNG
DHPase R.norvegicus 275 A GTEGTQYWNKEWRHA%HHVM LRPDPSTPGFLMNLLANG-DLTTT IDICTFNTCQKﬁbGKD JFTKIPNE
DHPase D.melanogaster 290 AA@GTgATCCQHLGFDAE%AHVLS PLRPDKTTPEFLMKLLAND - DLOLT,
DHPase D.discoideum 274 AGLGVDGSHMWNHDWRHAAAFVMGIEPTRPDPRTKG! 7
DHPase A.thaliana 309 SG%ILaDHWLWDPDFTIA KYVMSIEPIRP-VGHG .
DHPase S.kluyveri 270 QG?GI&LSSISESPFTIG§KYICS PIRP-EGTQKS
DHOase E.coli 202 QH@MF&RNHMLVG‘-GVRgHLYCL ILKR-NIHQQALRELVASGFNRVFLETE- - - - -
DHPase H.sapiens 354 DRMSV&WEKGVHSGK&DENRFVAVTS@NA§KI§NLY RKGRIAVGSDART DPKGTRT%@AxTHHQAVNFNIkEgMVC
DHPase R.norvegicus 354 DRMSV&WEKGVHSGKMDENRFVAVTSQNAﬁKIﬁN KKGRIAVGSD. DPEATRT] SAKTHHQAVNFNIEEGH
DHPase D.melanogaster 369 DRMSLvWEKGVHAGL@DpCRFVAVngNAﬁKlkN OKGRIAVGSDANT NPNATRT‘jKDTHHHACDFng gﬂ¥v
DHPase D.discoideum 353 DRMSIQWENGVNTGKQTWCQFVRATS%ERﬁRIﬁN1 RKGRIDVGCD )
DHPase A.thaliana 387 ERMHL&WDTMVESGQ§SATDYVRITS%EC§RI§NI RKGAILAGSD.
DHPase S.kluyveri 348 TRMPL§YDYGYLRGN§TMMKLVEIQ PAKVYGMY|GOKGS TLPGSD.
DHOase E.coli 271 NAPTA§GSYATVFEE%NALQHFEAF SUNGPQEYGL)gE- - ~VN-~ - - - WAESTALTDDTLVPELAGET
DHPase H.sapiens 434 HGVPLVTISRGKVVYEAGVFSVTAGDGKFIP- - -RKPFAEYIYKRIKQRD----===-=====~~--- RTCTPTPVER- -
DHPase R.norvegicus 434 HGVPLVTISRGRVVYEAGVFDVTAGHGKFIP---RQPFAEFIYKRVKQRD----=-====---=---- QTCTPIPVKR--
DHPase D.melanogaster 449 HGVCEFVLVRGRICAERGNVRVAEGFGRFIPTPVRPPFVYDIIEGKVQSQPEEQHEEKQNGSMAKRFAELDIQIPVQEPI
DHPase D.discoideum 433 TGIAVTTIVAGNIVWSDNKLSCVKGSGRFVP---RPPFGPVF-DGIEQRDK---=---==------~ VRNELLRKVDR - -
DHPase A.thaliana 467 KGKVEVTIAGGRIVWENEELKVVPRSGKYIE---MPPFSYLF-DGIEKSD-------=--=---- ANYLSSLRAPVKR- -
DHPase S.kluyveri 428 KNWPRYTIVKGKIVYKEGEILKENADGKYLKR--GKSFMCTP WVTEWRPKYES - -
DHOase E.coli 342 VRWSVKQ= === === = o= m oo oo o o oo oo e e e m oo
DHPase H.sapiens 490 ------=--- APYKGEVATLKSRVTKEDATAGTRKQAHP -~ ==~ === =-==---c--ooooooooo
DHPase R.norvegicus 490 --------- APYKGEVITLKPRETKEDDTAGTRMQGHS - == === == === - --= - m o - e o e
DHPase D.melanogaster 529 SAMLAGNLAMPAEGSLCSTPSVRGRVDGKRDLQESSFSISEELDRSGVRACIKVKNPPGGKSSGFW
DHPase D.discoideum 490 --------- KPYEDDNTKNSSK= - - == == m s o s o e o mm e oo e e e e e e e m o
DHPase A.thaliana
DHPase S.kluyveri
DHOase E.coli

Figure 3. Aligment of the six eukaryote DHPases. The six eukaryote DHPases are human (JC5315), rat (Q63150), fruit fly (AF465756), slime mold
(AF465757), thale cress (AF465755), Sk (AAF69237) and in addition E.coli DHOase (P05020). The preserved amino acid residues are shadowed and the cata-
Iytically critical DHOase residues are marked with asterisks. Note that in the Sk the ‘inserted’ sequences (26) were removed prior to alignment.

carbamylated lysine to bridge the two metal ions. All proteins all DHPases with the exception of Sk DHPase. In addition,
belonging to family I of the amidohydrolase superfamily, several other amino acid residues are conserved among the
DHOase, urease and phosphotriesterase, each contain a lysine analyzed DHPases and E.coli DHOase (Fig. 3). DHOase was
residue at this specific location. originally suggested to be a member of family II of the

At present no structural data are available for DHPase from amidohydrolase superfamily because only a single divalent
any eukaryotic organism. Sequence alignment for eukaryote metal ion was found. Modeling of the DHPase sequence onto
DHPases and E.coli DHOase, however, reveals the conserva- the DHOase structure shows clearly that the three histidines
tion of five, out of six, amino acid residues in the active site. and the aspartate of both proteins are exactly in the same
Three histidine residues (H67, H69, H248), one aspartate position (Fig. 4). The g-amino group of K165 of human
(D326) and the crucial lysine (K165) (Fig. 3) are preserved in DHPase is within 4.5 A of one of the metal ions. When the
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Figure 4. Modeling of the human DHPase structure onto the known E.coli
DHOase structure. The figure shows a close-up of the active site with amino
acids within a 7.5 A distance from the zinc ions. Amino acid side chains co-
ordinating to the zinc ions (H69, K165, H248 and D326) are shown in the
normal atomic colors. H67 is behind one of the zinc atoms and is therefore
not visible in this figure. With the exception of the non-carboxylated K165
all other residues are in perfect overlap with the template structure of
DHOase. The side chains of all other amino acids of the DHPase active
center are in cyan, whereas the residues of template DHOase are in
orange-red.

additional carboxyl group, however, is attached to the Ne of
K165 it seems very likely that the two metal ions could be
bridged by the carbamylated lysine (Fig. 4). Therefore, we
propose that DHPases belong to family I of the superfamily
and contain two metal ions in their active site, especially in the
light of the fact that a second zinc ion in DHOase has been
found only recently via the three-dimensional structure (41).
The presented metal determinations of Sk and Dd DHPases
also revealed two Zn ions per monomer (Table 1). The
presented modeling data could be useful for design of
inhibitors and activators, which can modify degradation of
anti-cancer drugs.

While DPHases show highly conserved sequences and most
probably also structures, they differ in substrate specificity and
kinetic parameters. The substrate specificity for Sk and Dd
DHPases (Table 1) are more similar to each other than to the
substrate specificity of calf liver DHPase, and more restrictive
than that for rat liver imidase (46) and bacterial HYDases
(22). The imidase hydrolyzes phthalimide, glutarimide,
succinimide, adipimide, hydantoin and dihydropyrimidines.
The pH optimum of the imidase for the different substrates
ranges from pH 7.5 for the phthalimide to pH 9.5 for
adipimide and pH > 10 for DHU (46), whereas the Sk and Dd
DHPases hydrolyze preferentially DHU and DHT with a pH
optimum around 9 (Table 2). It seems that the rat liver imidase
functions more like a detoxifying enzyme due to its broad
substrate specificity for cyclic and acyclic imides. Similarly,
bacterial HYDases may also have a number of functions in the
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Figure 5. Reaction mechanism of DHPase. The V/K for DHU decreases at
both low and high pH giving pK values of about 7.5-8.0 and 9-10. The
enzymic general base (most likely D326) with a pK of 7.5-8.0 is required to
activate the water for nucleophilic attack on the C-4 of DHU which is
directly coordinated to the active site zinc. The second group with a pK of
9-10 likely reflects Zn-water ionization of the free enzyme.

cell, while eukaryote DHPases are likely to be involved only
in the catabolism of pyrimidines.

On the basis of the pH dependence of kinetic parameters
and kinetic solvent deuterium isotope effects a reaction
mechanism has been proposed for DHPases from livers of
calf and pig (12). The mechanism was written assuming a
single active site Zn?* but now it has to be rewritten on the
basis of the novel data of a binuclear Zn center (Fig. 5). This
mechanism is a modified version of that proposed for DHOase
(41). A general base, most likely D326 in human DHPase,
which is homologous to D251 in DHOase, is required to
activate a water molecule for nucleophilic attack on C-4 of the
DHU ring (Fig. 5). While DHPases can catalyze a reaction
similar to the third step of the de novo pyrimidine biosynthesis
reaction, they cannot accept DHO, which is the usual substrate
for DHOases. Apparently, the carboxyl group of DHO cannot
be accommodated in the DHPase active site. However, it may
be that only a limited number of amino acids have to be
changed to increase the substrate specificity of DHPases and
convert them into DHOases, and vice versa. A similar scenario
could also have been followed in nature during the evolution-
ary history of small (type II) DHOases, DHPases and
HYDases. Upon duplication of the progenitor enzyme,
which could possibly catalyze both reactions, only a limited
number of mutations was necessary to create the specialized,
anabolic and catabolic, enzymes.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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