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ABSTRACT: Dihydropyrimidine dehydrogenase catalyzes, in the rate-limiting step of the pyrimidine
degradation pathway, the NADPH-dependent reduction of uracil and thymine to dihydrouracil and
dihydrothymine, respectively. The porcine enzyme is a homodimerie-isaifur flavoprotein (2x 111

kDa). C671, the residue postulated to be in the uracil binding site and to act as the catalytically essential
acidic residue of the enzyme oxidative half-reaction, was replaced by an alanyl residue. The mutant
enzyme was overproduced fscherichia colDH5a cells, purified to homogeneity, and characterized in
comparison with the wild-type species. An extinction coefficient of 74 Thiem~! was determined at

450 nm for the wild-type and mutant enzymes. Chemical analyses of the flavin, iron, and acid-labile
sulfur content of the enzyme subunits revealed similar stoichiometries for wild-type and C671A
dihydropyrimidine dehydrogenases. One FAD and one FMN per enzyme subunit were found.
Approximately 16 iron atoms and 16 acid-labile sulfur atoms were found per wild-type and mutant enzyme
subunit. The C671A dihydropyrimidine dehydrogenase mutant exhibited approximately 1% of the activity
of the wild-type enzyme, thus preventing its steady-state kinetic analysis. Therefore, the ability of the
C671A mutant and, for comparison, of the wild-type enzyme species to interact with reaction substrates,
products, or their analogues were studied by absorption spectroscopy. Both enzyme forms did not react
with sulfite. The wild-type and mutant enzymes were very similar to each other with respect to the
spectral changes induced by binding of the reaction product NA®Pof its nonreducible analogue
3-aminopyridine dinucleotide phosphate. Uracil also induced qualitatively and quantitatively similar
absorbance changes in the visible region of the absorbance spectrum of the two enzyme forms. However,
the calculatedy of the enzyme-uracil complex was significantly higher for the C671A mutant (%1

0.7 uM) than for the wild-type dihydropyrimidine dehydrogenase (&.0.09xM). In line with these
observations, the two enzyme forms behaved in a similar way when titrated anaerobically with a NADPH
solution. Addition of an up to 10-fold excess of NADPH to both dihydropyrimidine dehydrogenase forms
led to absorbance changes consistent with reduction of approximately 0.5 flavin per subunit, with no
indication of reduction of the enzyme ireisulfur clusters. Absorbance changes consistent with reduction

of both enzyme flavins were obtained by removing NADKth a NADPH-regenerating system. On the
contrary, the two enzyme species differed significantly with respect to their reactivity with dihydrouracil.
Addition of dihydrouracil to the wild-type enzyme species, under anaerobic conditions, led to absorbance
changes that could be interpreted to result from both partial flavin reduction and the formation of a complex
between the enzyme and (dihydro)uracil. In contrast, only spectral changes consistent with formation of
a complex between the oxidized enzyme and dihydrouracil were observed when a C671A mutant enzyme
solution was titrated with this compound. Furthermore, enzyme-monitored turnover experiments were
carried out anaerobically in the presence of a limiting amount of NADPH and excess uracil with the two
enzyme forms in a stopped-flow apparatus. These experiments directly demonstrated that the substitution
of an alanyl residue for C671 in dihydropyrimidine dehydrogenase specifically prevents enzyme-catalyzed
reduction of uracil. Finally, sequence analysis of dihydropyrimidine dehydrogenase revealed that it exhibits
a modular structure; the N-terminal region, similar to theubunit of bacterial glutamate synthases, is
proposed to be responsible for NADPH binding and oxidation with reduction of the FAD cofactor of
dihydropyrimidine dehydrogenase. The central region, similar to the FMN subunit of dihydroorotate
dehydrogenases, is likely to harbor the site of (dihydro)pyrimidine binding and the FMN cofactor of the
enzyme. Two regions containing cysteine residues, which conform to the consensus sequence for the
formation of 4Fe-4S clusters, are within the enzyme C-terminal region, while two cysteine-rich regions,
conserved in all dihydropyrimidine dehydrogenases and in glutamate sypteabanits, have been found

and may play a role in formation of additional iresulfur clusters of dihydropyrimidine dehydrogenases.
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Dihydropyrimidine dehydrogenase (DREC 1.3.1.2) is
the first enzyme in the three-step degradation of uracil to
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reduced. The pH dependence of the steady-state kinetic
parameters of DPD reaction and the study of kinetic isotope
effects using stereospecifically deuterated NADPH suggested
that NADPH reduction of flavin 1 of DPD is determining
the rate of overall turnover of this enzyniks|. On the basis

of these experiments, an aeilase chemical mechanism was
also postulatedl). Recently, studies of the reduction of
uracil using secondary tritium effects in the presence and
absence of solvent deuterium suggested a stepwise reduction
of uracil at C-6 followed by protonation at C-5 and a late
transition state for this proton transfer st&@)( At variance

with the porcine enzyme, it was proposed that the reaction

p-alanine, a putative neurotransmitter. The enzyme catalyzespf hovine DPD is described by a random rapid-equilibrium

the NADPH-dependent reduction of pyrimidines to 5,6-
dihydropyrimidines, which is the rate-limiting step in the
pyrimidine degradation pathway, Schemel)l. (DPDs were
purified from rat @), pig (3), bovine @), and human¥) liver

and fromAlcaligenes eutrophugs). The cDNA encoding
the porcine and human DPD7)( has been cloned and
sequenced. In humans, DPD is responsible for the rapid
degradation of 5-fluorouracil (5-FU), which is widely used
in chemotherapy of tumord). As a consequence of DPD
action, high doses of this antitumor drug are administered
causing multiple side effects in the nervous syste&hn (
Furthermore, 2-fluorgg-alanine, the end product of the
degradative pyrimidine pathway, is a potent neurotoxic agent
(9). DPD deficiency is an autosomal recessive disorder
leading to thymine-uracilurialQ), which has been reported
to be caused by the deletion of residues-5635 with no
residual enzyme activityl@), by a frame-shift mutation
(AC1897), or by missense mutations with amino acid
substitutions at C29R and R886H2j. In some patients,
DPD deficiency was diagnosed after they had suffered from
neurotoxic symptoms during 5-FU treatmefB). These
patients did not exhibit a characteristic clinical phenotype,
although cases in which DPD deficiency is associated with
growth and mental retardation have been reporiedl. (

DPD was initially isolated from pig liver by Podschun et
al. (). Porcine DPD is composed of two identical subunits
of approximately 111 kDa, each carrying one FMN and one
FAD cofactor and several irersulfur centers. Steady-state
kinetic studies of porcine DPD demonstrated a nonclassical
two-site ping-pong mechanisrihg). Thus, separate binding
sites are likely to be present for each substragr®duct pair,
namely, NADPH-NADP* and uraci+DHU. A scheme has
been presented, 16) in which NADPH binds to DPD at
site 1, where one of the enzyme flavins is located (flavin 1).
Electrons are transferred presumably through the-igurifur
centers of DPD to the flavin (flavin 2) located at site 2 of
the enzyme where the pyrimidine substrate binds and is
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Ricerca Scientifica e Tecnologica, Rome, Italy (to B.C.).

kinetic mechanismi(8) where NADPH and uracil indepen-
dently interact with DPD, and the catalytic turnover is limited
by the internal electron transfer between enzymic prosthetic
groups.

5-lodo- @) and 5-ethynyluracil 9) were demonstrated
to be potent mechanism-based inactivators of bovine DPD.
Inactivation of DPD was accompanied by covalent modifica-
tion of a cysteine residue within a NLSCPHGMGDR tryptic
peptide. Such a cysteine residue was proposed to be in the
uracil binding site and to play an essential role in catalysis
by carrying out acietbase catalysis during uracil reduction.

As the DPD primary structure became available following
cloning and sequencing of the corresponding cDNA the
5-iodouracil- or 5-ethynyluracil-modified cysteine could be
identified as C671 of porcine DPD. Recently, the three-
dimensional structure dfactococcus lactig dihydroorotate
dehydrogenase (DHODH-A) was determin@@)( L. lactis
DHODH-A is a 33 kDa FMN-containing enzyme, which
catalyzes the oxidation of dihydroorotate to orotate and
transfers reducing equivalents to quinones. Its aminoacyl
sequence is similar to the central region of DPD (residues
527—-858), with C130 being the counterpart of C671 of DPD.
The three-dimensional structure of DHODH-A clearly showed
that C130 is located in the dihydroorotate binding site and
is suitably positioned to act as the active site base during
dihydroorotate oxidation20).

The cloning of the cDNA of porcine DPD allowed the
overproduction of the enzyme mBscherichia colicells and
its purification to homogeneity in large quantitieal). In
this study, we extended the analysis of the primary structure
of DPD to tentatively identify the functional regions of the
enzyme, and we addressed the role of C671 of porcine
recombinant DPD by generating the C671A-DPD mutant
enzyme by site-directed mutagenesis. The mutant was
overproduced irE. coli cells and purified to homogeneity
using procedures that yielded the recombinant wild-type DPD
(21). The C671A-DPD enzyme was essentially inactive in
catalytic turnover with NADPH and uracil. Therefore, we
studied the effect of the C671A substitution in DPD by
monitoring the interaction of several substrates and substrate
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bance spectroscopy.

MATERIALS AND METHODS

Chemicals. NADPH and NADP were obtained from
Boehringer Mannheim or Sigma. Uracil, dihydrouracil
(DHU), 3-aminopyridine dinucleotide phosphate (AADP),
ADP ribose phosphate, sulfite, and methyl and benzyl
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viologen were purchased from Sigma. 5-Deaza-5-carbari- the standard protein. A molecular mass of 111 418 @n
boflavin was a gift from Dale E. Edmondson (Emory was used to calculate the enzyme concentration.

University, Atlanta, GA). All other chemicals were of the  Iron, Sulfur, and Flain Analyses.Analyses of the flavin,
highest purity commercially available, and were used without jron, and sulfur content of the wild type and C671A-DPD
further purification. were carried out with similar results either directly on

Sequence AnalysisThe amino acyl sequence of DPD was preparations obtained at the end of the purification procedure
compared to those of other proteins that could be found in or on protein samples that had been treated in several ways.
databases (GenBank, EMBL, SwissProt, and PIR) and to Aliquots of enzyme solutions (69178 uM, 80—120 uL)
those of enzymes using the same or similar substrates andvere subjected to gel filtration on Sephadex G-25 columns
cofactors using programs contained in the GCG Wisconsin equilibrated with 10 mM Tris-HCI buffer (pH 7.6). Aliquots
package Z2). (0.5 mL) were collected. DPD-containing fractions were

Site-Directed Mutagenesis of the DNA Fragment Encoding pooled and used to measure the absorbance spectrum, the
Pig DPD. The cDNA fragment encoding pig DPD, cloned enzyme activity, the protein concentration, and the flavin,
into the Ncd site of pSE420 ), has been used to iron, and sulfur content. Loosely bound iron was removed
overproduce the wild-type form of DPD i&. coli DH5a from the protein samples in two different ways. Aliquots
cells 21). Such a plasmid was subjected to replacement of of a 100 mM EDTA solution (15L) were added to DPD
nucleotides TG at positions 2011 and 2012 of the insert with (80—100 uL, 100-137 uM). After incubation on ice, in
nucleotides GC, thus causing the substitution of C671 with the dark, for 1 h, the samples were subjected to gel filtration
an Aresidue. The Quick Change site-directed mutagenesison Sephadex G-25 columns equilibrated with 10 mM Tris-
kit (Stratagene) was used for the mutagenesis experimentHCl buffer (pH 7.6) or with the same buffer containing 1
and mutagenesis conditions were those recommended by thenM DTT. The DPD-containing fractions were pooled and
kit manufacturer. The following complementary mutagenesis analyzed as described above. Alternatively, aliquots-(80
primers were used (GIBCO BRL): oligo-1,-6GAGT- 100uL) of DPD solutions were subjected to chromatography
TAAATCTGTCAGCTCCACACGGCATGGG-3 and oligo- on Chelex 100 columns (1 cm 10 cm), equilibrated with
2, 53-CCCATGCCGTGTGGACTGACAGATTTAACTCC- 10 mM Tris-HCI buffer (pH 7.6) or with the same buffer
3. containing 1 mM DTT. Fractions (0.5 mL) were collected,

Oligo-1 is complementary to residues 199827 of the and those containing DPD were pooled and analyzed.
DPD coding sequence, except for the mutagenesis site (inRoutinely, the iron content of the enzyme preparations was
italic). PCR was carried out using a three-block thermocycler determined using the method of Fist6). For comparison,
(MWG Biotech). Temperature cycling was carried out as the method described by Vanoni et é7( was also used,
follows: 1 cycle at 95°C for 30 s and 16 cycles at 9% with similar results. Sulfur analyses were carried out using
for 30 s, 55°C for 1 min, and 68C for 18 min. The PCR  the method of Rabinowitz2g). Identification and quanti-
product was treated withpnl (1 uL, 10 units). The nicked  tation of the FAD and FMN of DPD samples were carried
vector DNA incorporating the mutation was then transformed out by reversed phase chromatography in the HPLC ap-
into E. coli Epicurian XL1-Blue supercompetent cells paratus as described in r8f Flavins were extracted by
(Stratagene). The sequence of one of the clones was checkedddition of 10% TCA to DPD aliquots (0-91.8 mL, 8-20
using an ALF DNA automated sequencer (Pharmacia-LKB) nM) and incubation for 10 min in the dark. After removal
at the Department of Physiological Chemistry | of the of the denatured protein by centrifugation in a microfuge
University of Wirzburg. The plasmid (pC671A) was used for 10 min, samples were subjected to chromatography on a
to transformE. coli DH5a. cells for the overproduction of ~ Mino RPC-S5/20 HPLC column (Pharmacia, C2/C18n5;

C671A-DPD and for storage of glycerol stocks-&80 °C. 3). For routine quantification of the total flavin content, DPD
Standard DNA manipulations, cell growth, and handling were (6.7—12 uM) was denatured in the presence of 10% TCA
performed as described by Sambrook et 2B)( by heating at 100C for 10 min in the presence of light

The conditions described for the overproduction and (27). Denatured protein was removed by centrifugation in
purification of recombinant wild-type DP2() were used a microfuge for 10 min in the cold. The absorbance spectrum
for the mutant enzyme. Since no DPD activity in the of the supernatant was measured, and an extinction coef-
homogenate was found, chromatography fractions wereficient of 11.1 mM*cm™t at 446 nm was used to determine
characterized by SDS electrophores2g))( The resulting the total flavin content of the sampl29).

enzyme preparation was subjected to gel filtration on  petermination of the Extinction Coefficient of DPIThe
Sephadex G-25 PD-10 columns (Pharmacia) equilibrated ingpsorbance spectra of DPD solutions, which had been
100 mM potassium phosphate buffer (pH 7.3) containing 1 pretreated as described above, were recorded. The extinction
mM DTT and 10% glycerol, concentrated through a cen- coefficients at 450 nm were determined by using the enzyme
trifugal filter (B|OmaX'3OK, Millipore), and stored in aliquots concentration calculated from the protein assay_
at—30°C. . ) . Steady-State Kinetic Measurementsitial velocities of
Enzyme Actity and Protein AssaysDPD activity was  eaction mixtures containing varying amounts of uracil (A)
determined by measuring the initial velocity of NADPH ;1 ihe presence of constant levels of NADPH (B) were

oxidation at 340 nm as described in 2f. DPD (4-8.5 measured at 15, 20, 25, and 3G. The reactions were
ug) and C671A-DPD (45100 ug) were used to start the

assays. One unit of DPD activity is defined as the amount > he caloulated e C671ADPD < onlv 321D
H € Calculated mass O e - enzyme Is only . a
of enzyme which convertsimol of substrate per hour. The lower than that of wild-type DPD. Removal of the initial MA in both

protein concentration was determined using the Bio-Rad protein species by post-translational processing also leads to a negligible
Protein Assay Reagen?%) with bovine serum albumin as  decrease in the calculated mass (202.1 kDa).
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monitored at 340 nm. After visual inspection of double- anaerobic by bubbling oxygen-free nitrogen through them
reciprocal plots, the data were fitted directly to eq 1, which for at least 15 min. For each reaction, equal volumes (70
describes a ping-pong mechanism using the Grafit programuL) of enzyme and substrate solutions were rapidly mixed.
(Erythacus Software). Estimates of the maximal velocity

(V) and of theKy values for uracil Ks) and NADPH Ky), RESULTS AND DISCUSSION

along with those of the associated errors, were thus obtained. Sequence Analysis of DPDThe deduced amino acid

_ sequences of bovine, human, and pig DPD could be retrieved
v = (VAB/(KB + KA+ AB) (1) from the GenBank, SwissProt, and PIR datab&s€he same

Spectroscopic Techniquesbsorption spectra were re- searches revealed the presence of a putative ORF in the

corded using a Cary 3 spectrophotometer or a model 84524 Ca€enorhabditis elegangenome, which would encode a
or 8453 Hewlett-Packard diode array spectrophotometerpmte'n S|m|_lar to mammallz_;m_DPD. The primary structures
interfaced with Hewlett-Packard ChemStations. When nec- °f mammalian DPDs are similar to each other and todhe
essary, the experiments were carried out under anaerobiosi§!€gansputative DPD, which has extensions of 37 and 22
conditions using vessels and procedures described by Wwil-residues at the N and C terminus, respectively. From the
liams et al. 80). Unless otherwise stated, experiments were S€arch for proteins similar to various parts of DPD, it
carried out at 20C in 50 mM potassium phosphate buffer appeared that the prote_ln con5|s_ts of three parts (Figure 1).
(pH 7.3) containing 1 mM DTT. Substrate solutions were AS €xpected from previous studies, (L7, 20), the central
made up fresh in the same buffer. All spectra were correctedPa't Of the DPD polypeptide (residues 52858) is similar
for dilution. to dihydroorotate dehydrqgenases, with a higher S|mllar|ty
The values of fractional absorbance changes at selected® those of the B clas®(, Figure 1). Thus, it should contain
wavelengths o — AJ/(A, — A)] calculated in the presence the FMN binding site and site 2 of DPD, the site of uracil

of various ligand/enzyme subunit molar ratidg @uring binding and reduction to dihydrouracil. As detailed in the
enzyme titrations were used to determine #ieof the introductory section, C671 of DPD has its counterpart in
enzyme-ligand complexes. The data were fitted to eq 2 €130 of DHODH-A, the residue postulated to be essential

using the Grafit program. The number of binding sites per fOF acid-base catalysis in both enzymes. The present
enzyme subunitr) and the dissociation constants of the databank searches confirmef) that the C-terminal part of

enzyme-ligand complexes were thus determined, along with € DPD polypeptide contains two cysteine clusters (residues
the associated errors. 953-963 and 986-996) whose spacing is typical of cys-

teines involved in the formation of ferredoxin-type [4Fe-
(A, — A)IA, — A) = 48] clusters. Among iroasulfur clusters containing pro-
teins, the entire C-terminal region of DPD containing such
{—(K{/[E] +L+n)+ \/[(Kd/[E] + L +n)® = 4Ln)]}/2 cysteine residues aligns well with the eight-Fe ferredoxin of
) Megasphaera elsedenifFigure 1). Interestingly, DPD
) ) N preparations from pig and human livers contained a fraction
where A is the absorbance after a given addition of the of partially proteolyzed DPD3, 5). By comparison of the
ligand, A, is the initial absorbance of the solutiol,isthe  sequences of such degradation products with those of the
enzyme subunit molar ratidkq is the dissociation constant residues 903 and 904 of the pig enzyme, within a region
of the enzymeligand complex, and [E] is the enzyme connecting the DHODH- and the eight-Fe ferredoxin-like
concentration. The concentrations of the titrating solutions parts of DPD. In light of the similarity shared by the central
were determined gravimetrically (for dihydrouracil) or spec- part of DPD with DHODH-A and the PyrDB subunit of
trophotometrically using published molar extinction coef- pHODH-B, and of the fact that DPD contains one FAD and

ficients as follows: NADP (es0 = 18000 M cm™), uses NADPH, the N-terminal region of DPD was expected
3-aminopyridine dinucleotide phosphate (AARR: = 2900 g pe similar to thel. lactis PyrK subunit of DHODH-B.
M~t cm™; 31), and uracil éxs = 8.12 Mt cm™?; 32). This protein has been recently demonstrated to be a

Rapid Reaction KineticsThe reactivity of wild-type DPD  component of the DHODH-B holoenzyme, forming with
and C671A-DPD with NADPH or with NADPH and uracil  pyrpB a heterodimer, which is both stable and efficient in
was measured anaerobically in a Hi-Tech SF-61 stopped-catalyzing the oxidation of dihydroorotate to orotate using
flow spectrophotometer interfaced with a MaclIntosh llci NAD™ as the electron accept@®d). PyrK contains one FAD
computer. Data acquisition and analysis were performed cofactor, one 2Fe-2S center, and the NAD(H) binding site

using the KISS program (Kinetics Instruments Inc.). Briefly, of the DHODH-B holoenzyme. It has been reporta6)to

anaerobiosis in the instrument syringes and plumbing was

a.Ch!eV?d .by flushing Fhem with anaemb'.c 10 mM sodium 3The sequences can be retrieved using the following accession

dithionite in 50 mM Tris-HCI (pH 8.5), which was allowed  nymbers: pig DPD, GenBank U09179; human DPD, PIR A54718;

to scavenge oxygen overnight. Two hours prior to the bovine DPD, GenBank U20981C. elegans GenBank U39742;
innin f th xperiment. th ithionit lution w. Thiobacillus ferrooxidan§ItD, GenBank U36427A. brasilensesitD,

beg tit tng 'the expe b.e 5'0 el\/(lj ? e SOUhO ha? SwissProt gltD_azobE. coli GItD, SwissProt gltD_ecolPseudomonas

substituted with anaerobic mM potassium phosphate ;e ginosaGitS, GenBank U81261; dihydroorotate dehydrogenases

buffer (pH 7.3) containing 1 mM DTT, 2 mM glucose, and  from various sources, SwissProt pyrD_*, where * stands for the

10 units/mL glucose oxidase frodspergillus niger En- organism acronym. lactis dihydroorotate dehydrogenase B, PyrDB

; in subunit, SwissProt pyDB_laclt; lactisdihydroorotate dehydrogenase
zyme solutions were made anaerobic in a tonometer byA, SwissProt pyDA _laclcl.. lactis dihydroorotate dehydrogenase B,

repeated cycles of evacuation and saturation with oxygen-’subunit, GenBank X7420#iegasphaera elsdenéight-iron ferre-
free nitrogen 80). Substrate solutions were instead made doxin, SwissProt fer_megel.
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1 MAPVLSKDVA DIESILALNP RTQSHAALHS TLAKKLDKKH WKRNPDKNCF

G1tD_Azobr: ANQRMLGFVH TAQRMPDKR.

51 HCEKLENNFG DIKHTTLGER GALREAMRCL KCADAPCQKS CPTHLDIKSF

PAAERRQDFA EIYARFSDER .ANEQANRCS QCGVPFCQVH CPVSNNIPDW

101 ITSISNKNYY GAAKMIFSDN PLGLTCGMVC PTSDLCVGGC NLYATEEGSI

LKLTSEGRLE EAYEVSQATN NFPEICGRIC PQDRLCEGNC VIEQSTHGAV

151 EVFKAMNIPQ IRNPCLPSQE KMPEAYSAKI ALLGAGPASI

NIGGLQQFAS

TIGSVEKYIN DT......... AWDQGWVKPR TPSRELGLSV

201 SCASFILARLG YSDITIFEKQ EYVGGLSTSE VNFEIELMKD

DRMGGLLVYG

Y.EVHVYDRY IPGFKLEKSV VERRVKLLAD

251 LGVKIICGKS LSENEITLNT LKEEGYKAAF IGIGLPEPKT DDIFQGLTQD

AGV.IYHPNF EVGRDASLPE LRRK.HVAVL VATGV..YKA RDIKAPGSGL

301 QGFYTSKDFL PLVAKSSKAG MCAC. HSPLPSIRGAVIVLGAGDTAFDCATS

GNIVAALDYL TTSNKVSLGD

351 ALRCGARRVF

LVFRKGFVNI

RAVPEEVELA KEEKCEFLPF LSPRKVIVKG

PGSQREVAHA EEEGVEFI.W QAAPEGFTGD

401 GRIVAVQFVRTEQDETGKWNEDEDQIVH ..... LKADVVISAFGSVLRDPKVKEA

TVVTGVRAVRIHLGVADATGRQTPQVIEGSEFTVQADLVIKALGFEPEDLPNAFD

451 LSPIKFNRWD LPEVDPETMQ TSEPWVFAGG DIVGMANTTV ESVNDGKQAS
EPELKVTRWG TLLVDHRTKM TNMDGVFAAG DIVRGASLVV WAIRDGRDAG
S-T-FAD-1I----

501 WYIHKYIQAQ YGASVSAKPE LPLFYTPVDL VDISVEMAGL KFINPFGLAS

PyDB: MTEN NRLSVKLPGL DLKNPIIPAS
r

RGHPRLRQGE .GRGTGCRGG*

Rosenbaum et al.

551 AAPTTSSSMI RRAFEAGWGF ALTKTFSLDK DIVINVSPRI VRGTTSGPMY
Govienninn L. CFGFGEEY AKYYDLNKLG SIMVKATTLH PRFGNPTPRV
N{(5) s

601 GPGQSSFLN.IELISEKTAAY WCQSVTELKA DFPDNIVIAS IMCSYNKNDW
AETASGMLNAIGLQONPGLEVI MTEKLPWLNE NFPELPIIAN VAGS.EEADY
ii

651 MELSRKA EA SGADALELNLS CPHGMGERGM GLACGQDPEL VRNICRWVRQ

VAVCAKIGDR ANVKAIELNIS CPNVKHG. .. GQAFGTDPEV AAALVKACKA
i B

701 AVQIPFFAKL TPNVTDIVSI

VSKVPLYVKL SPNVTDIVPI AKAVEAAGAD
N(1)

GVTATNTVSG LMGLKADGTP

GLTMINTLMG VRFDLKTRQP

751 WPAVGAGKRT TYGGVSGTAI RPIALRAVTT

KPVALKLIHQ VAQDV.DIPI IGMGGVANAQ
P P

IARALPGFPI LATGGIDSAE

801 SGLQFLHSGA SVLQVCSAVQ NQDFTVIQDY CTGLKALLYL KSIEELQGWD

SRVAVGTANF ADPF.VCPKI IDKLPELMDQ YRIESLESLI
PP

VVLEMYMAGA

851 GQSPGTESHQ KGKPVPRIAE LMGKKLPNFG PYLEQRKKII AEEKMRLKEQ

QEVKEGKK*

901 NAAFPPLERK PFIPKKPIPA IKDVIGKALQ YLGTFGELSN IEQVVAVIDE

Fer_ Megel: MHVISD

951 EMCINCGKCY MTCNDSGYQA IQFDPETHLP TVTDTCTGCT LCLSVCPIID

E.CVKCGACA STCP.TGAIE EGETKV.... VTDSCIDCG ACEAVCPTGA

1001 CIRMVSRTTP YEPKRGLPLA VNPVC*

ISAE*

Ficure 1: Comparison of the primary structure of DPD with those of the @lsSibunit, DHODH, and bacterial eight-iron ferredoxin. The
amino acid sequence of DPD)(is compared to those of thiesubunit ofA. brasilenseglutamate synthase (GItD_Azol8%), theL. lactis
DHOD-B PyrDB subunit (PyDB33), and the eight-iron ferrodoxin d¥l. elsedenii(Fer_Megel). Colons indicate identical residues, and

dots indicate conserved substitutions according to the following groups of amino acids: A and G; V, |, L, and M; E and D; N and Q; W,

F,and Y; S and T; and K and R. For residues5R0, the conserved cysteine residues found in DPD and in theG$i8unit are in

boldface. The regions corresponding to the adenylate binding region of FAD and NADPH are underlined and labeled. The residues that

match the consensus sequence of Wierenga e44)l.afe in italic and underlined within the putative FAD and NADPH binding regions,
respectively. The region that matches the second FAD consensus sequence as defined by Eggitj &t ahderlined and labeled. For

residues 527858, residues that in DHODH interact with flavin N-5 and N-1, other positions of the isoalloxazine ring (i), the FMN phosphate
group (p), and the active site base (b) are in boldf@. (For residues 9451004, the cysteine residues in the two cysteine-rich regions

that match the consensus sequence for the formation of [4Fe-4S] centers are in italic. The arrowhead indicates the position of DPD cleavage

that yields the two fragments found in preparations of the enzyme from pig Byer (

be structurally similar to enzymes of the ferredoxin reductase the cysteine residues at the N terminus of theubunit

class, in particular, to phthalate dioxygenase reduc@4e (

(residues 4759 and 94-108) have been proposed to be

When the sequence of DPD was compared to those of PyrK,involved in the formation of the two [4Fe-48{" clusters

ferredoxin-NADP* reductase, or phthalate dioxygenase

reductase, no significant regions of similarity were detected.

The use of BLAST to search for proteins similar to DPD
revealed instead a striking similarity of the N-terminal part
of DPD (residues 21520) with the small £) subunit of
bacterial glutamate synthase (GItS) encoded byltizgene
(385). Characterization of the recombinaAizospirillum
brasilenseGItS 5 subunit led to the conclusion that it contains
functional site 1 of GItS, the site where NADPH binds and
is oxidized with parallel reduction of the FAD cofactor on
this subunit 86). Thus, it can also be proposed that flavin
1 of DPD is the enzyme FAD cofactor, and that site 1 is
contained within the N-terminal domain of this enzyme. Also,
interestingly, two cysteine-rich regions of DPD located within
positions 79-91 and 126-141 align very well with the
N-terminal cysteine-rich regions of Gl{Bsubunit. In GItS,

of the GItS holoenzyme2(7, 35, 37). The conclusion that
DPD contains cysteine-rich regions, which may be involved
in the formation of iroa-sulfur clusters other than those
predicted by the C-terminal [4Fe-4S] cluster signatures, is
indeed in line with the iron and sulfur contert16 each)
reported for DPD from various sources (for a summary, see
Table 2 of refb).

Production and Purification of C671A-DPDThe C671A
mutant of DPD was obtained by engineering the coding
sequence of DPD cloned into plasmid pSE42). (The
mutant enzyme was overproduced En coli DH5a cells
following the protocol that yielded the recombinant wild-
type DPD @1). The C671A-DPD could be purified in high
yield (0.69 mg/g ofE. coli cell paste) using the purification
procedure set up for the recombinant wild-type DREI)(
The preparation of C671A-DPD was homogeneous as judged
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by SDS electrophoresis, which showed a single protein banClTabIe 1: Determination of the Flavin, Non-Heme Iron, and

with mobility indistinguishable from that of wild-type DPD  Acid-Labile Sulfur Content of Wild-Type DPD and C671A-DPD
(not shown). The N-terminal sequences of both the wild and of the Molar Extinction Coefficiertts

type and C671A-DPD were determined. Both enzymes DPD C671A-DPD
revea_led a XVLSKDVADI I_\I-termmal sequence. T_hus_,, both EVING 10L0415 10L017
proteins are post-translationally processeckEincoli with EADP 1.0+ 0.10 1.1+ 0.20
removal of the MA sequence deduced from analysis of the ~ FMN and FAD 1.8+0.13 1.7+ 0.22
corresponding cDNA (see Figure 1) to expose a proline  F&* 15.6+2.4 14.8+2.0
S 16.7+ 2.6 15.6+ 2.2

residue. N-Terminal sequencing of DPD preparations from
Pig (3) and humang) liver was reported to yield V as the Analyses were carried out using different preparations of wild
; ; ; ; a u i i i wild-

N-terminal residue. The difference between the N-terminal type DPI%(?) and C671A.DPDE) tl;at r?ad been prgtrepated o eactibed
sequence of DPD from natural sources and that of the y'\aterials and Method4. The flavins were identified and quantified
recombinant species may be due to actual differences in posthy HPLC. © The total flavin content of the preparations was determined
translational processing of the protein or to technical reasons.from the absorbance spectrum of the supernatant of protein samples
In fact, the identification of the residue released during the that had been denatured by incubation at 1G0in 10% TCA. The
first cycle of automated Edman degradation is always stoichiometries are expresssed as moles per mole of the enzyme subunit.
difficult, especially when small amounts of protein are being
analyzed. of the protein sample under analysis and that of the

Kinetic Properties of C671A-DPDC671A-DPD exhib- supernatant obtained after heat denaturation of the enzyme
ited a specific activity of 0.26 unit/mg under standard activity under acidic conditions. Under these conditions, an extinc-
assay conditions. This value is 1% of that measured for thetion coefficient at 446 nm of 11.1 mM cm™* (29) can be
wild-type enzyme (26 units/mg). The rate of consumption used to estimate the total flavin concentration of the sample.
of NADPH in the absence of uracil was 5.7 units/mg, a value As shown in Table 1, the average total flavin content
greater than 2.1 units/mg which was determined for the wild- estimated for various enzyme preparations was 1.8 and 1.7
type enzyme. The higher NADPH oxidase activity of the mol per mole of the wild-type DPD and C691A-DPD
mutant with respect to that of wild-type DPD has no obvious subunit, respectively. These values are in agreement with
explanation. As shown below, major differences in flavin the finding of one FAD and one FMN cofactor per enzyme
cofactor reactivity can be ruled out. The substitution of C671 subunit and show that the Bradford protein assay is a reliable
with A leads to an essentially inactive enzyme, preventing method for the determination of DPD concentration. The
further steady-state kinetic analyses of the mutant enzyme.non-heme iron and acid-labile sulfur content of wild-type

Flawzin, Iron, and Sulfur Content of the Wild Type and DPD and of C671A-DPD are similar to each other and
C671A-DPD and Determination of the Extinction Coef- similar to those reported for DPD preparations from @y (
ficients To determine whether the low catalytic activity and humang) liver. We attribute the low iron and sulfur
exhibited by the C671A-DPD mutant enzyme was due to content reported previously for recombinant DPZ1)(to
removal of an essential residue or to improper folding or erroneous calculation of the enzyme concentration from
incorporation of the enzyme cofactors, preparations of wild- protein assays.
type DPD and of C671A-DPD were analyzed for their flavin, ~ The absorbance properties of wild-type DPD and C671A-
iron, and sulfur content. Furthermore, the absorbance DPD were also similar. The extinction coefficients deter-
properties of the preparations were monitored to detect mined at 450 nm were very similar for the two enzyme
differences between the enzyme species and to determinespecies, being 74.% 7.4 and 73.8: 10.7 mM cm™? for
the DPD extinction coefficient in the visible region. wild-type DPD and C671A-DPD, respectively (Table 1). For

HPLC analysis of the flavin cofactors released from the practical proposes, in this work, an extinction coefficient at
enzymes gave 1.0 mol of FAD and 1.0 mol of FMN per 450 nm of 74 mM* cm™! was used to calculate the subunit
mole of the wild-type DPD subunit and 1.1 mol of FAD concentration for both wild-type DPD and C671A-DPD.
and 1.0 mol of FMN per mole of the C671A-DPD subunit Thus, not only does the C671A-DPD mutant contain the
(Table 1). Chemical analyses of the non-heme iron and acid-same flavin cofactors and the same number of iron and sulfur
labile sulfur content of wild-type DPD and of C671A-DPD atoms as the wild-type form, but also the environment of
were carried out on protein samples obtained at the end ofthe flavins and the type of iressulfur clusters are apparently
the purification procedure or on samples that were pretreatedsimilar for the two enzyme species.
to remove adventitious iron. Gel filtration, preincubation  With the above information at hand, it could be concluded
with EDTA prior to gel filtration, or passage over a Chelex that the lack of activity of C671A-DPD with NADPH and
100 column did not alter the enzyme specific activity, its uracil in kinetic measurements under steady-state conditions
spectral properties, or its iron and sulfur content. The contentis due to the specific removal of C671 from the catalytic
of non-heme iron was estimated to be 15.6 and 14.8 mol center rather than to effects on protein folding, incorporation
per mole of the wild-type DPD and C671A-DPD subunit, of the enzyme flavins, or assembly of the enzyme +ron
respectively (Table 1). The amount of acid-labile sulfur for sulfur clusters. For a more detailed characterization of the
wild-type DPD and C671A-DPD was determined to be 15.7 effects of substitution of C671 with A in DPD, the interaction
and 15.6 mol per mole of the enzyme subunit, respectively of the wild type and C671A-DPD with several compounds
(Table 1). In these experiments, the subunit concentrationwas studied by absorbance spectroscopy.
was calculated using the protein concentration estimated by Reactvity of the Wild Type and C671A-DPD with Sulfite.
the Bradford method. As an internal control of the precision Sulfite is commonly employed to probe the environment of
of the protein assay, we recorded the absorbance spectrunflavin cofactors in flavoenzyme88—40), since it can form

€as0 (MM~ cmY) 74.6+7.4 73.8+ 10.7
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FIGURE 2: Absorbance changes induced by binding of NARRd
AADP to wild-type DPD and C671A-DPO0Main panel) Aliquots

of NADP™ solutions were added to 6:6v1 solutions of wild-type
DPD or C671A-DPD in 50 mM potassium phosphate (pH 7.3)
containing 1 mM DTT at 20°C. The differences between the
spectrum of free C671A-DPD and those obtained in the presence
of a0.19-, 0.39-, 0.59-, 0.78-, 0.98-, and 7.36-fold molar excess of
NADP* (from the bottom at 450 nm) are shown. (Top inset) Plot
of the fractional absorbance changes observed at 450 nm after
given NADP" addition as a function of the corresponding NADP
DPD (©) or NADP*/C671A-DPD @) molar ratio. The curve shown

is that obtained using eq 2 and assuming that one N/ABIRds

per DPD subunit with &4 of 0.47 uM. (Bottom inset) Plot of the
fractional absorbance changes observed at 450 nm on addition o
AADP as a function of the AADP/DPD molar ratio during the
titration of DPD (6.3uM, O), C671A-DPD (6.«M, @), DPD (7.1

uM) in the presence of uracil (22.5-fold molar exceBp, and
C671A-DPD (6.8uM) in the presence of uracil (30.8-fold molar
excessM). The curve indicates tight binding of AADP to each
enzyme subunit with a 1/1 stoichiometry.

a covalent adduct with flavin N-5 with well-defined spectral
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FIGURE 3: Absorbance changes induced by binding of uracil to
wild-type DPD and C671A-DPDAliquots of uracil solutions were
added to solutions of DPD (7 4M) or C671A-DPD (6.8uM) in
50 mM potassium phosphate (pH 7.3) and 1 mM DTT at’@0
(Main panel) Differences between the spectrum of C671A-DPD
and those obtained in the presence of a 0.145- (a), 0.435- (b), 0.725-
(c), 1.45- (d), 2.18- (e), 3.65- (f), 5.85- (g), and 30.8-fold molar
excess of uracil (h). (Top inset) Differences between the spectrum
of wild-type DPD and those obtained in the presence of a 0.135-,
4-, 0.676-, 2.03-, and 22-fold molar excess of uracil (from the
bottom at 450 nm). (Bottom inset) Plot of fractional absorbance
changes observed at 450 nm in the presence of increasing amounts
of uracil during titration of DPD (7.uM, O), C671A-DPD (6.8
M, @), DPD (6.3uM) in the presence of AADP (17.5-fold molar
xcessH), and C671A-DPD (6.7&M) in the presence of AADP
(21.7-fold molar exces®). The curve through the open symbols
was drawn using eq 2 and assuming a 1/1 stoichiometry of uracil
binding to wild-type DPD with &g of 0.67uM. The curve drawn
through the closed symbols corresponds to that calculated by fitting
the data obtained with the mutant enzyme to eq 2 assuming that
one uracil binds to one C671A-DPD subunit witiKgof 9.1 uM.

0.47 4 0.14uM, in agreement with the inhibition constant

properties. In cases where two flavin cofactors are presentys 1 g 0.2 «M derived from steady-state kinetic measure-

in the same enzyme, sulfite reactivity may be a useful tool
for distinguishing between then27, 41) since only one of
the enzyme flavins may react with sulfite. Addition of sulfite
(up to 32.25 mM) to DPD (6.uM) or C671A-DPD (6.7
uM), however, did not cause any spectral changes.

Interaction of Wild-Type DPD and C671A-DPD with
NADP", Pyridine Nucleotide Analogues, and UraciOn
the basis of the two-site model proposed for DRI, (L6),
two distinct binding sites should exist for the interaction with
NADPH and uracil. Furthermore, different flavin cofactors

ments for DPD. The binding of AADP was also studied
using both enzyme species. The observed absorbance
changes were again qualitatively and quantitatively similar
for the two enzymes. They were small (an approximately
3% maximum decrease of absorbance at 450 nm at the end
of the titration) but well-defined and similar in shape to those
observed with NADP (not shown). From the dependence
of fractional absorbance changes at 450 nm on the AADP/
DPD molar ratio, it was concluded that AADP binds very
tightly to both wild-type DPD and C671A-DPD with a 1/1

should be located at each of the two sites. The hypothesisstoichiometry (Figure 2, bottom inset). An up to 40-fold

was made that the effect of the C671A substitution could be excess of ADP ribose phosphate did not cause any detectable
studied by monitoring differences in spectral perturbations absorbance changes when added to either DPD species. It
induced by binding of specific ligands to each of the enzyme should be noted that this pyridine nucleotide analogue indeed
subsites. In particular, if C671 were indeed in the uracil binds to DPD, being a competitive inhibitor with respect to
site of DPD, one would expect the interaction of the pyridine NADPH (K; = 254 5uM) (21). Thus, replacement of C671
nucleotides with the two enzyme species to be similar. In with A does not affect binding of pyridine nucleotides to
contrast, the interactions with uracil or dihydrouracil should site 1 of DPD as judged by similar perturbations of the flavin
be affected by the mutation. Wild-type DPD and C671A- absorbance spectrum and dissociation constants for the two
DPD were reacted with NADP, the nonreducible NADP- ~ €nzyme species.

(H) analogue AADP, and ADP ribose phosphate. NADP Uracil binding to both enzyme species caused small
was added to wild-type DPD or C671A-DPD solutions. The spectral perturbations (Figure 3) corresponding to an ap-
observed absorbance changes were similar for the twoproximately 5% decrease of the initial absorbance at 450
enzyme species. They were small, accounting for a maxi- nm. The absorbance changes occurring during uracil titration
mum 3% decrease of the initial absorbance at 450 nm, butof DPD were similar to those observed when spectra of DPD
well-defined (Figure 2). The plot of fractional absorbance and DPD inactivated with 5-iodouracil or 5-iodo-5,6-dihy-
changes observed at 450 nm versus the NABRzyme drouracil were compared4). The absorbance changes
molar ratio showed that one NADRnolecule binds to each  observed during the titration of wild-type DPD and of
DPD subunit (Figure 2, upper inset). The estimdfgdvas C671A-DPD with uracil were qualitatively similar for the
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two enzyme species but different from those observed with 0125 T oa :
NADP* and AADP (compare Figures 2 and 3). The 0_2{«“”%
magnitudes of the maximal absorbance changes at the end oo + oo
of the titration were also similar. However, the dissociation 0075 | "o 5 10
constant of the wild-type DPBuracil complex, calculated [NADPRYTDPO)
from fractional absorbance changes at 450 nm during the
titration, was 0.67+ 0.09uM. This value is significantly
lower than that determined for C671A-DPD (9£10.7 uM,
Figure 3). Thus, the C671A mutation in DPD appears to 0.000 |
weaken, but not abolish, uracil binding to the enzyme.
Furthermore, the mode of binding of uracil to DPD appears 002 : ‘ : :

to be unaffected by the mutation, as judged by the quality . o ?,?,Zvelength (nfsf o .
and extent O.f absorbance changes (Figure 3). .. FIGURE 4: Equilibrium NADPH titration of wild-type DPD and
To determine whether the state of occupancy of one site cg71A-DPD ‘A solution of C671A-DPD (7uM) in 50 mM

of DPD influences the affinity of the other site for its specific potassium phosphate (pH 7.3) containing 1 mM DTT was made
ligand, we carried out a series of titrations of the enzyme anaerobic (inset, spectrum a). An up to 10.4-fold molar excess of
AADP Complex W|th uracn, and Of the enzymeurac" NADPH was added anaerobica"y from a 0.87 mM NADPH solution

. (inset, spectrum b). Glucose 6-phosphat@itiol) and glucose-6-
complex with AADP. When AADP was added to DPD or phosphate dehydrogenase (2 milliunits) were then added from the

to C671A-DPD in the presence of excess uracil, the sigearm of the anaerobic cuvette, and the spectrum was recorded
absorbance changes were similar to those observed whefinset, spectrum c). (Main panel) Differences between the spectrum
the free enzyme species were titrated with AADP (data not of C671A-DPD and those obtained in the presence of a 0.2-, 0.4-,
shown), as were the binding strength and stoichiometry 2 &2 B L L 16 e phate and glucose-6-phosphte
(F|gur.e.2, bottom inset). DPD _and C67_1A'DPD solutions dehydrogenase (from the bottom at 450 nm). (Top right inset) Plot
containing excess AA_DP were tltrated Wlth uracil. Forboth of fractional absorbance changes observed at 450 nm on addition
enzyme species, the interaction with uracil was not affected of NADPH as a function of the NADPH/DPD molar ratio. The
by the presence of AADP with respect to shape, magnitude final absorbance value at 450 nms{) was that obtained after

aadv ; addition of the NADPH-regenerating systentD)(data obtained
pf the ak_)rsr(])rbange changes, I al.uﬁs éngre 3, bOttOfm with wild-type DPD (6.24M) in a similar experiment and) data
inset). These data agree well with the presence of two gyained with C671A-DPD (7M). The curve shown is that

independent sites in DPD for the blndlng of NADPH and obtained using eq 2, with amof 0.35 and an appareiy of 2.4
uracil, which must be functionally connected, presumably uM.
via at least some of the irersulfur centers of the enzyme.

Reactiity of Wild-Type DPD and C671A-DPD with constant of the enzymeNADPH complex using the data
NADPH. To gather preliminary information on the involve- shown in the inset of Figure 4. The appar&gtvalue was
ment of flavins and iroasulfur clusters in the DPD reaction, 2.4 & 0.25uM, which is higher than that of the DPP
wild-type DPD and C671A-DPD were titrated with NADPH  NADP* complex &0.5xM) and much higher than that of
under anaerobic conditions. In agreement with the similar the DPD-AADP complex (Figure 2, upper inset). The lack
behavior of the two enzyme forms with respect to the binding of additional information prevents us from elaborating further
of NADP* and AADP, the NADPH titrations of wild-type =~ on the actual meaning of this value. The identity of the
DPD (not shown) and C671A-DPD (Figure 4) yielded similar species responsible for the absorbance between 500 and 700
results. The observed absorbance changes were complexm, which persists after addition of glucose 6-phosphate and
(main panel of Figure 4) and can be interpreted as the resultglucose-6-phosphate dehydrogenase, remains to be estab-
of partial flavin reduction and of formation of an enzyme  lished. In any case, the observed spectral changes do not
NADP* complex (Figure 2). If it is assumed that absorbance indicate that the irofsulfur clusters of DPD are reduced
changes at 450 nm are only due to flavin reduction, and usingwith NADPH to a significant extent.
an extinction coefficient of 10 mM cm™ to quantify the Reaction of DPD and C671A-DPD with Dihydrouracil.
flavin being reduced, it could be calculated that 0.54 mol of The reactivity of wild-type DPD and of C671A-DPD with
flavin per mole of DPD subunit was reduced by excess DHU was also studied under anaerobic conditions. If C671
NADPH. A value of 0.6 was obtained with wild-type DPD. was indeed a residue in the (dihydro)uracil binding site of
Since NADF both complicates the interpretation of the DPD, essential for catalysis, the C671A-DPD would be
spectral changes and may prevent full reduction of the expected to bind DHU, but no reduction of enzyme flavins
enzyme by binding tightly to DPD (Figure 2), it was removed should be detected. Addition of DHU to DPD led to small
by adding glucose 6-phosphate and glucose-6-phosphateabsorbance changes, which could be better analyzed by
dehydrogenase from the sidearm of the anaerobic cuvette calculating the differences between the spectrum of the initial
A further decrease of absorbance in the 4600 nm region (oxidized) enzyme and those obtained after various DHU
was observed along with a small increase of the absorbanceadditions (Figure 5, main panel). The observed absorbance
band in the 508 700 region (Figure 4). From the absorbance changes were consistent with partial flavin reduction and
changes at 450 nm, approximately 1.8 flavins per wild-type formation of some DPB(dihydro)uracil complex. The
DPD subunit and 1.6 flavins per C671A-DPD subunit were magnitude of the absorbance changes was also consistent
calculated to be reduced in the presence of the NADPH- with maximally 0.35 flavin being reduced per DPD subunit,
regenerating system. An estimate of the equilibrium constantif the total absorbance decrease at 450 nm is due to flavin
for the overall equilibrium (DPE + NADPH = DPDiq + reduction. Information about the properties of DPD is not
NADP™) could be obtained from the apparent dissociation sufficient to attempt an interpretation of the negative absor-
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Ficure 5: DHU titration of wild-type DPD and C671A-DPD FicurRe 6: Photoreduction of DPDA solution of DPD (6.4uM)
Aliguots of an anaerobic DHU solution (5 mM) were added to in 50 mM potassium phosphate (pH 7.3) containing 1 mM DTT, 5
anaerobic wild-type DPD (7.AM) and C671A-DPD (6.4M) in mM EDTA, and 2.75uM 5-deazaflavin was made anaerobic.
50 mM potassium phosphate (pH 7.3) and 1 mM DTT at’@0 Spectra were recorded, before and after irradiation for different
(Main panel) Differences between the spectrum of DPD and those times, with a standard slide projector lamp. (Main panel) From the
obtained in the presence of a 1.1-, 2.3-, 4.6-, 6.8-, 11.4-, 22.8-, andtop at 450 nm, spectra of DPD obtained after irradiation for 0, 40,
56.9-fold molar excess of DHU (from the bottom at 450 nm). (Top 60, 420, and 3420 s. (Inset) Differences between the spectrum of
inset) Differences between the absorbance spectrum of C671A-DPD and those obtained after irradiation for 25, 40, 60, 90, 180,
DPD and those obtained in the presence of a 1.3-, 2.6-, 6.5-, 13.0-,420, 1620, and 3420 s.
19.5-, 26.0-, 39.0-, and 64.9-molar excess DHU (from the bottom
at 450 nm). To allow direct comparison, the observed absorbance Reaction of Photoreduced DPD with UracilThe reactiv-
changes were converted into apparent extinction coefficients. . . : . "
(Bottom inset) Plot of absorbance changes observed at 450 nm on'ty of reduced e_nzyme with ure}C|I under anaerobic conditions
addition of DHU as a function of the DHU/DPD molar ratio. The Was also studied to determine the effect of the C671A
curve shown for DPD®) was obtained using eq 2 with anof mutation on the DPD reaction. Thus, it was essential to
3.75 and an appare# of 34 uM. The curve shown for C671A-  generate reduced DPD. Dithionite was initially chosen as
Epgf (9'3) ‘é"af/")bta'”ed using eq 2 with arof 1.8 and an apparent  the chemical reductant. However, it was observed that
d O dithionite equilibrated very slowly with wild-type DPD. Even
in the presence of methyl and benzyl viologen, equilibration
<’:[look >60 min after each dithionite addition. Furthermore,
dithionite failed to fully reduce DPD, and even at pH values
as high as 9.5, it was a poor reductant; equilibration was
slow, and a 20-fold molar excess of dithionite was needed

to reach maximum absorbance changes. Photoreduction in

bance band centered around 600 nm in the difference spectr
shown in Figure 5. However, the information we obtained
by comparing the results of the DHU titration of the wild-
type enzyme with those obtained by titrating C671A-DPD
was very valuable. Anaerobic titration of C671A-DPD with

DHU led to absorbance changes that were qualitatively andthe presence of 5-deazaflavin was instead found to

quantitatively different from those observed with the wild- efficiently cause changes in the absorbance spectrum of wild-

type enzyme (Figure 5, upper inset). Less than 2% of thet . ;
T ype DPD (Figure 6) and C671A-DPD (not shown), which
initial absorbance at 450 nm was lost for C671A-DPD as \yere consistent with reduction of both enzyme flavins and

opposed to the 4.3% decrease observed for the wild-typeyy o4t partial reduction of the enzyme iresulfur clusters.

enzyme. The calculated difference spectra (Figure 5, UpPergjg res 6 and 7 show that the decrease of absorbance at 450
inset) did not suggest any flavin reduction. Rather, they were n, "\hich may be taken as a measure of the overall extent
very similar to those observed for the DPDracil complex — of enzyme reduction, is accompanied by a small increase of
with the exception of a significantly lower differential peak  ahsorhance between 500 and 600 nm and negligible changes
at 350 nm (Figure 3). Fitting of absorbance changes at 450peyond 650 nm, at early irradiation times. At later reduction
nm as a function of the DHU/enzyme molar ratio t0 €q 2 stages, the absorbance at long wavelengths decreases. The
gave apparerkq values of 34+ 8.2 and 93.6- 28.5uM  gpserved absorbance changes at long wavelengths can be
for wild-type DPD and C671A-DPD, respectively. While interpreted to be due to formation of a small amount of
the value for C671A-DPD may reflect the actual dissociation neytral flavin semiquinone at early irradiation times. Later
constant of the enzymeDHU complex, the value calculated  on, the flavin semiquinone is reduced and reduction of the
for the wild-type form reflects the overall equilibrium  enzyme iron-sulfur clusters proceeds. Approximately 60
between DPI and DHU, and DPRqy and uracil. As in min was required to obtain maximal absorbance changes
the case of the titration of DPD with NADPH, no information (Figure 6), while exposure of the enzyme solution to air led

is available at the present time to draw any conclusion from to the recovery of the initial enzyme spectrum (not shown).
this value. However, the experiments with DPD and DHU Quantification of the maximum absorbance changes at 450
demonstrate that the reaction between DPD and DHU is nm revealed an extinction coefficient of approximately 35.5
unfavorable, and that C671A-DPD seems to be unable tomM~t cm! for both enzyme species. This is certainly
transfer reducing equivalents from DHU to the flavin at site consistent with reduction of two flavin cofactors per enzyme
2. Thus, replacement of C671 with A causes weaker binding subunit (2x 10 mM-* cm™) and of several irorsulfur

of uracil and loss of the ability to oxidize DHU. These centers. Accordingly, EPR analyses were carried out on
findings are consistent with the hypothesis that C671 is an samples of DPD that had been reduced by irradiation in the
essential residue in the interconversion of uracil and dihy- presence of 5-deazaflavin and EDTA. As observed with
drouracil at site 2 of DPD. samples that had been reduced with excess dithioitge (
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o 08 [ ® AB50 o ] Ficure 8: Effect of the addition of uracil to photoreduced wild-
< L 4 type DPD and C671A-DPDA solution of DPD (6.8«M) in 50
Pe mM potassium phosphate (pH 7.3), 1 mM DTT, 5 mM EDTA,
04 .. - and 2.75uM 5-deazaflavin was made anaerobic (inset, spectrum
N e i 1) and was irradiated for up to 3420 s (inset, spectrum 2). Uracil
& (15.1-fold molar excess) was added from the sidearm of the
00 —eoo* anaerobic cuvette (inset, spectrum 3). The cuvette was then opened
o to air to allow complete reoxidation (inset, spectrum 4). (Main
r R panel) Differences of the spectra of the following enzyme species:
0.4 L Q@ Ly spectrum a, DPR} — DPDyq4 spectrum b, (D_PQd + uracil +
! oxygen)— DPDyg spectrum ¢, (DPRqy + uracil) — DPDyeg and
o 02 04 06 08 1 spectrum d, DPE), — (DPD.eg + uracil+ oxygen). For comparison
(A4500 - A450x)/(A4500 - A450fin) the difference between the spectrum of DPD and of DPD in the

presence of a 22.5-fold molar excess of uracil is shown (spectrum
FicUrRe 7: Comparison of fractional absorbance changes at various €). Spectrum f is the difference between the spectrum of photore-
wavelengths during photoreduction of wild-type DPD and C671A- duced C671A-DPD (6.4M) and that obtained after uracil addition
DPD. The fractional absorbance changes observed at 550 and 650(15-fold molar excess). To allow direct comparison, all calculated
nm during photoreduction of wild-type DPD (6:4M, top panel) absorbance differences were converted into apparent extinction
and C671A-DPD (6.8M, bottom panel) are shown as a function coefficients.

of the fractional absorbance changes at 450 nm. Absorbance changes __. . .

at 650 nm @) are taken as a measure of the redox state of the _ 11Ime Course of the Reaction of Wild-Type DPD and
enzyme iror-sulfur clusters. Absorbance changes at 550 an ( C671A-DPD with NADPH in the Absence and Presence of
are used as a measure of the formation of neutral flavin semiquinoneUracil. The time course of reaction between wild-type DPD
and reduction of the ironsulfur clusters. Absorbance changes at and C671A-DPD and NADPH in the absence and presence
450 nm indicate the overall degree of enzyme reduction. of excess uracil was measured directly in a stopped-flow
spectrophotometer, under anaerobic conditions 420 he

the preparation ?Z)ih'b'ted signals consistent with the PreSence psorbance changes of the solutions were recorded at several
of two [4Fe-4S]’?* clusters (not shown). However, quan-

titation of the signal obtained with the photochemically wavelengths and were complex, as expected for a complex

. ! iron—sulfur flavoprotein. A detailed analysis of the reaction
reduced ;ample of DPD was consistent with the presence o of DPD was outside the scope of this work. However, the
two unpaired electrons per DPD subunit, as opposed to Onlydata obtained at 450 nm were informative and will be
one calculated for dithionite-reduced DPP1J. discussed.

Addition of a 15-fold molar excess of uracil, from the

. . . The absorbance changes observed during the reaction of
sidearm of the anaerobic cuvette, to reduced wild-type DPD wild-type DPD with excess NADPH were qualitatively and
led to a partial recovery of absorbance in the visible region

- , , \ guantitatively similar to those obtained with the C671A-DPD
(inset of Figure 8). Exposure of the solution to air led 0 & mytant (Figure 9). The absorbance decreased to reach a final
further increase of the absorbance and to a final spectrumeqnsiant level corresponding to approximately 0.5 flavin
different from that of the initial enzyme preparation. The peing reduced, with most of the absorbance changes occur-
calculated difference spectra (Figure 8, main panel) clearly ying at an apparent rate of 0.021s When wild-type DPD
showed that the final spectrum was that of the DRIacil (10.9 M) was mixed with NADPH (10QuM) and uracil
complex (compare spectra d and e of Figure 8, main panel).(250 ,M), the absorbance at 450 nm decreased to reach a
Uracil addition to photoreduced C671A-DPD yielded a minimum after approximately 0.5 s. After a short plateau,
partial absorbance increase in the visible region (spectrum fthe absorbance increased to a final constant value corre-
of Figure 8), while exposure of the solution to air led to a sponding to that expected for the formation of complexes
spectrum similar to that obtained with the wild-type enzyme of DPD with NADP* and (dihydro)uracil at the end of the

at the end of the experiment (spectrum 4 of Figure 8). The reaction (Figure 9, upper panel).

absorbance change observed on uracil addition was smaller \When C671A-DPD was reacted with NADPH and uracil,
than and different in shape from that observed with the wild- the effect of the C671A substitution in DPD was evident.
type enzyme, suggesting that C671A-DPD was unable to The absorbance at 450 nm decreased to a final minimum
reduce uracil. However, since trace amounts of oxygen maylevel without subsequent absorbance recovery (Figure 9,
have been responsible for the observed recovery of absorbottom panel). Thus, the mutant enzyme is essentially unable
bance in these experiments, an alternative approach was usetb react with uracil, as expected from the hypothesis that
to determine which segment of the DPD reaction was C671 is a residue essential for the catalysis of uracil reduction
affected by the substitution of C671 with A. at site 2 of DPD.
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DPD. C671A-DPD was overproduced, purified to homo-
geneity, and found to be essentially inactive during turnover
with NADPH and uracil, as measured under steady-state
conditions. Thus, the characterization of the mutant enzyme
was carried out by comparing the absorbance properties of
wild-type DPD and C671A-DPD at equilibrium and in the
stopped-flow spectrophotometer. The results demonstrate
that substitution of an alanyl residue for C671 does not affect
the properties of site 1 of DPD, the site where NADPH binds
and is oxidized with concomitant reduction of the flavin
cofactor located at this site (flavin 1). The binding interac-
tions between DPD and NADP(H) analogues are in fact
indistinguishable for wild-type and mutant enzyme species,
as is the time course of absorbance changes observed during
the reaction of the enzymes with NADPH. The C671A
substitution weakens, but does not abolish, the binding of
uracil to site 2 of DPD. However, DHU is unable to cause
any flavin reduction in the mutant enzyme, and uracil is no
longer able to oxidize the NADPH-reduced enzyme, as
observed in the stopped-flow apparatus. Thus, C671 appears
to be a catalytically essential residue at site 2 of DPD. It
should be noted that, as this work was being completed, the
C130 mutant of DHODH-A was produced and characterized
and this residue shown to be also essential for dihydroorotate

FicUrRe 9: Time course of absorbance changes observed during oxidation @3). In C130S-DHODH-A, an increase in activity

reaction of wild-type DPD and C671A-DPD with NADPH and
uracil. Aliquots of DPD (10.uM, top panel) or C671A-DPD (11.1
uM, bottom panel) in 50 mM potassium phosphate (pH 7.3)
containing 1 mM DTT were reacted with NADPH (1QMM) or
with NADPH (1004M) and uracil (250uM) in the same buffer,

was observed at high pH values, suggesting that the serine
hydroxyl group may dissociate and substitute to some extent
for the C130 thiolate during catalysis.

This study also yielded valuable information about wild-

in the stopped-flow apparatus, under anaerobiosis conditions, attype DPD. The extinction coefficient of DPD was deter-

20 °C. The reactions were monitored at 450 nm. The thin lines
show the curves which were calculated using the following
functions. (Top panel) DPB- NADPH, A = 0.015 exp{-60Q) +
0.005 exp{-40t) + 0.0085 expf-1.0t) + 0.042 exp(-0.02) + 0.74;
DPD + NADPH + uracil, A = 0.015 exp{-60Q) + 0.013 exp-
(—60t) + 0.021 exp(-3.4t) — 0.008 exp(-0.164) — 0.0093 exp-
(—0.028) + 0.78. (Bottom panel) C671A-DPB- NADPH, A =
0.007 exp{-500) + 0.005 exp{-48t) + 0.008 exp{-2.0t) + 0.053
exp(—0.02%) + 0.744; C671A-DPD+ NADPH + uracil, A =
0.021 exp{-648) + 0.010 exp{-46t) + 0.050 exp(-1.56) + 0.003
exp(—0.022) + 0.74. The arrows indicate the initial absorbance
of the wild-type DPD and C671A-DPD solutions.

mined to be approximately 74 miM cm™2, a value greater
than that previously reported for the enzyme from bovine
liver (31 mM cm™; 4). It was demonstrated that both
recombinant enzyme species exhibit flavin, iron, and acid-
labile sulfur contents similar to those of the pig and human
liver enzymes §, 5): one FAD, one FMN, approximately
16 non-heme iron atoms, and 16 acid-labile sulfur atoms per
enzyme subunit (Table 1). The high iron and sulfur content
is consistent with the finding of two cysteine-rich regions at
the N terminus of DPD, in addition to those already detected
at the C terminus. The entire N-terminal region was found

Interestingly, most of the absorbance changes observedq pe similar to the GIt$ subunit, which was shown to
during the reaction of the C671A-DPD mutant with NADPH  arpor site 1 of GItS, another complex iresulfur flavopro-

in the presence of uracil took place at an apparent rate oftejn (3¢). At this site, NADPH binds and is oxidized with

1.6 s'1, as opposed to the rate of 0.02 bserved during
the reaction with NADPH alone. Also during the reaction
of wild-type DPD with both NADPH and uracil, most of

electron transfer to the FAD cofactor in this subunit. The
similarity of the central part of DPD with enzymes of the
DHODH class was previously detecteti7( 20). Thus, it

the absorbance decrease took place with an apparent ratgg pe proposed that site 1 of DPD may be within its
significantly higher than that measured in the presence of N_terminal region and that FAD is flavin 1 of DPD. Flavin

NADPH alone (3.4 s, Figure 9, top panel). Only in the

2 may be the FMN cofactor of DPD, located in the central

presence of uracil is the value of the apparent rate of yart of the polypeptide, which harbors site 2 of DPD.

reduction of DPD by NADPH higher than the turnover
number determined for wild-type DPD at 2C (0.58 s,

None of the experiments presented here give definitive
information on the type and number of the enzyme iron

Figure 9, top panel). Therefore, these experiments also showgyifyr clusters or on their role in catalysis. Dithionite was

that uracil has a dramatic effect on the rate at which NADPH
reacts with DPD and that the C671A-DPD mutant may be
the ideal system for studying such an effect in detail.

CONCLUSIONS

The main goal of this work was the determination of the
role of C671 in the catalysis of DPD. This residue was

found to be a slow poor reductant of DPD, thus explaining
the failure to achieve a significant degree of reduction of
DPD iron—sulfur centers during preliminary experiments
(22). In this work, photochemical reduction of DPD was
found to be more effective than dithionite reduction. EPR
spectroscopy experiments have been carried out on DPD
samples that had been incubated with NADPH alone or that

postulated to be essential for reduction of uracil at site 2 of have been photoreduced. Only photoreduction yielded an



Mammalian Dihydropyrimidine Dehydrogenase

Biochemistry, Vol. 37, No. 50, 19987609

EPR-active species. The observed signals were similar to 16. Podschun, B., Jahnke, K., Schnackerz, K. D., and Cook, P. F.

those reported previously for a dithionite-reduced sample

(22), but quantification was consistent with two unpaired

electrons per DPD subunit as opposed to only one obtained

on dithionite reduction. Thus, it appears that DPD iron
sulfur clusters exhibit unusually low oxidoreduction poten-

tials and/or spectroscopic properties, which are currently

under investigation.

The equilibrium binding studies confirmed the presence
of distinct sites for the pyridine nucleotide and the uracil
substrates. We confirmed tha( 18) the state of occupancy

of one site does not affect the binding interaction of the other

with its specific ligand. However, monitoring the absorbance
changes during reaction of DPD with NADPH, alone or in

the presence of uracil directly in the stopped-flow apparatus,
revealed an unexpected effect of uracil in accelerating the

reduction of DPD by NADPH. Thus, analysis of DPD by

the variety of approaches used in this work revealed that
the enzyme has a degree of complexity that is greater than

expected, but also provided a set of information on which
to build future studies of this enzyme.
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