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A B S T R A C T   

Dihydropyrimidine dehydrogenase (DPD) catalyzes the two-electron reduction of pyrimidine bases uracil and 
thymine as the first step in pyrimidine catabolism. The enzyme achieves this simple chemistry using a complex 
cofactor set including two flavins and four Fe4S4 centers. The flavins, FAD and FMN, interact with respective 
NADPH and pyrimidine substrates and the iron-sulfur centers form an electron transfer wire that links the two 
active sites that are separated by 56 Å. DPD accepts the common antineoplastic agent 5-fluorouracil as a sub-
strate and so undermines the establishment of efficacious toxicity. Though studied for multiple decades, a precise 
description of the behavior of the enzyme had remained elusive. It was recently shown that the active form of 
DPD has the cofactor set of FAD-4(Fe4S4)-FMNH2. This two-electron reduced state is consistent with fewer 
mechanistic possibilities and data suggests that the instigating and rate determining step in the catalytic cycle is 
reduction of the pyrimidine substrate that is followed by relatively rapid oxidation of NADPH at the FAD that, via 
the electron conduit of the 4(Fe4S4) centers, reinstates the FMNH2 cofactor for subsequent catalytic turnover.   

1. Introduction 

Dihydropyrimidine dehydrogenase (DPD) catalyzes the first step of 
pyrimidine catabolism by promoting the reduction of the 5,6-vinylic 
bond of thymine or uracil with electrons acquired from NADPH 
(Scheme 1). 

DPD has considerable clinical significance as it accepts the pervasive 
chemotherapeutic 5-fluorouracil as a substrate, severely shortening its 
pharmacological half-life and dictating the use of elaborate compensa-
tory administration protocols to achieve efficacious toxicity [1,2]. The 
pyrimidine reduction reaction catalyzed by DPD is similar to the reac-
tion catalyzed by dihydroorotate dehydrogenase (DHOD), an enzyme 
that oxidizes the 5,6-bond of dihydroorotate to orotate as part of py-
rimidine biosynthesis. Despite the simple net hydride transfer chemistry, 
DPD uses an elaborate cofactor set to facilitate pyrimidine reduction. 
Mammalian DPD is a functional homodimer and each subunit contains 
an FAD, an FMN and four Fe4S4 centers with two Fe4S4 centers from each 
subunit forming an electron transfer conduit that link the flavins within 
each subunit. The catalysis of DPD has been studied for five decades, but 
its unconventional architecture and catalytic behavior has largely 
impeded detailed assessment of its catalytic mechanism. Recent obser-
vations have revealed unexpected sequences of redox cycling and 
hydrogen transfers that have narrowed the mechanistic possibilities. 

The purpose of this review is to describe these advances in the context of 
prior mechanistic and clinical observations that have been reported for 
this enzyme. 

2. Clinical significance 

5-Fluorouracil (5FU) and 5FU prodrugs are among the most- 
commonly prescribed cytotoxic agents used in the treatment of cancer. 
In the United States approximately 570,000 courses of treatment are 
prescribed each year. 5FU was synthesized and offered as a potential 
inhibitor of tumor cells when it was discovered that liver tumor cells 
sequestered uracil at a rate above that of normal liver cells [3,4]. 5FU 
has since proven to be one of the more versatile and durable cancer 
therapeutics and remains as the central component of the standard of 
care for colorectal, specific types of breast, aerodigestive, ovarian, head 
and neck, and skin cancers. With near equivalent shape to that of uracil, 
5FU is incorporated into RNA and DNA via the nucleotide 5FUMP 
(Fig. 1). 

RNA and DNA biosynthesis are linked via the activity of ribonucle-
otide reductase (RR) that will convert 5FUDP to 5FdUDP, which when 
dephosphorylated to form 5FdUMP becomes a potent inhibitor of thy-
midylate synthase (TS) [5]. 5FU is therefore able to stall de novo syn-
thesis of thymine nucleotides, halting cell division and inducing 
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apoptosis [6,7]. While toxic to all cells, 5FU is particularly toxic to cells 
undergoing rapid growth and division. However, 5FU is rapidly detox-
ified (t1/2~8–14 min) by DPD [1,5,8–13]. The efficiency with which 
DPD detoxifies 5FU has meant that patients are typically administered a 
bolus followed by ~48 h of continuous infusion using an ambulatory 
pump coupled to a central venous catheter. Infusion via the pump can 
provide sustained 5FU levels but incurs complications of infection, 
thrombosis and reduced compliance. Moreover, the 30-fold variability 
of net DPD activity in individual patients means that dosing for optimal 
tolerance and efficacy is difficult [1,2,14–18]. Inhibition of DPD activity 
has been extensively offered as the means to reliably attain and sustain 
patient specific optimal dosing [9,19–21]. 5FU can also be administered 
orally as the prodrug, capecitabine, but as a consequence of DPD activity 
the cellular 5FU concentrations achieved are dramatically lower than by 
infusion [22]. Inhibition of DPD would therefore also potentially pro-
vide a path to an improved therapeutic index for capecitabine-based 
5FU administration [23,24] that would in turn increase both compli-
ance and neoplastic toxicity while also reducing infection rates and 
cardio-thrombic complications associated with indwelling central 
venous catheters. Inhibition of DPD has consequently been a prominent 
component of research of the enzyme. Inhibitors of DPD have univer-
sally been pyrimidine analogs with modifications to the substituent at 
the C5 of the pyrimidine ring. Two such molecules are 5-ethynyluracil 
(5EU) and 5-iodouracil (5IU) (Scheme 2). 5EU inhibits DPD by 
thiol-yne click chemistry with the thiol of the pyrimidine active site 
general acid cysteine [25,26] (see below) irreversibly inactivating the 
enzyme. 

5IU also has been shown to inhibit DPD through covalent modifi-
cation of the same residue, but has not been studied extensively. It is 
thought that 5IU is a substrate for DPD and the product, 5-iodo-5,6-dihy-
drouracil, is the inhibiting form of the ligand that induces nucleophilic 
attack by the active site cysteine acid with displacement of the iodo- 
group [27]. Mechanistic aspects of DPD inhibition by 5EU will be dis-
cussed below in the context of structural changes that occur during 
catalysis. 

3. Structure of DPD 

Dobritzsch et al. were first to report X-ray crystal structures of 
porcine DPD and so can be credited with much of our current structural 
understanding of the enzyme [28,29]. Consequently, throughout this 
review residue numbering will reference the primary structure of the 
porcine enzyme. The initial structural analyses were later comprehen-
sively compiled in a review article by Schnackerz et al. [30] and will be 
summarized briefly here. Each 1025 amino acid subunit of DPD has five 
domains (Fig. 2). Domain I (residues 27–173) is comprised solely of 
α-helices and contains two Fe4S4 centers near the N-terminus that are 
proximal to the FAD and NADPH binding site. The Fe4S4 center most 
proximal to the FAD has a unique ligand arrangement with three cys-
teines and one glutamine coordinating the iron ions of the cluster [31]. 

Domain II (residues 174–286, 442–524) consists of a parallel β-sheet 
stacked with α-helices and houses the FAD binding site. Domain III 
(residues 287–441) consists of antiparallel and parallel β-sheet, the 
latter of which is stacked with α-helices to form the NADPH substrate 
binding site. 

The combined topology of domains II and III are highly similar to 
adrenodoxin reductase [32,33] and when added to domain I form a 
structural module whose topology can be identified in other 
multi-flavin-dependent enzymes that each use intervening iron-sulfur 
clusters to deliver electrons between flavins (Fig. 3) [34]. 

Domain IV (residues 525–847) is an α8β8 TIM barrel fold [35] that 
forms the binding site for the FMN cofactor and substrate pyrimidines 
that are localized ~60 Å distant from the NADPH active site formed by 
domains II and III. A catalytically critical residue, C671, resides in 
Domain IV proximal to the pyrimidine binding site. This residue has 
been shown to donate its sulfhydryl proton to complete pyrimidine 
reduction [26,28,30,36–39]. Domain V (residues 1–26, 848–1025) 
contains the two C-terminal Fe4S4 centers that lie adjacent to the py-
rimidine active site of the partner subunit. 

Domain IV resembles the structure of Lactococcus lactis class 1A 
dihydroorotate dehydrogenase (DHOD), an enzyme that catalyzes a 
similar reaction oxidizing 5,6-dihydroorotate to orotate as the fourth 
step of de novo pyrimidine biosynthesis [40,41]. Domain IV also re-
sembles the N-terminal domain of the class 1B DHODs establishing that 
the machinery for redox chemistry in the catabolism and synthesis of 
pyrimidine bases is largely conserved (Fig. 2). Furthermore, class 1B 
DHODs have FAD and FMN cofactors each bound at separate sites that 
are bridged by a single Fe2S2 center. These sites interact with NADP+

and 5,6-dihydroorotate respectively, and so the cofactors are arranged 
similarly to those observed in DPD [42]. 

All five domains have contact with the adjacent subunit and collec-
tively form a subunit-subunit interface of ~10,800 Å2 [28]. DPD has 
been shown to be rigid in its tertiary and quaternary structures. When 
comparing the structures of holoenzyme and ternary complex of wild 
type DPD, the only significant deviation in the structure is the confor-
mation of the 669–684 loop, an apparently mobile protein segment that 
contains the general acid residue, C671. The ligand-free DPD as well as 
pyrimidine binary complexes were shown to have the mobile loop in an 
open position with C671 positioned ~10 Å from the site occupied by the 
C5 of the pyrimidine. The closed form of DPD is observed only in the 
NADP(H) and pyrimidine ternary complex. In this position C671 is ~3.3 
Å from the pyrimidine C5, a position clearly more conducive to proton 
transfer [26,28,29]. 

The DPD architecture suggests that the FAD, FMN, NADPH, pyrim-
idines and two Fe4S4 centers from each subunit form a linear electron 
conduit that shunts electrons from NADPH to pyrimidine substrates 
(Fig. 4). Two Fe4S4 centers and the FAD cofactor are coordinated by 
domain I and II of the same subunit. The Fe4S4 centers nearest the FMN 
cofactor are from the domain V of the adjacent subunit. As such elec-
trons traverse a path that includes parts of both subunits of the DPD 

Scheme 1. Pyrimidine Catabolism.  
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dimer. This ~60 Å transmission of electrons is formally only inferred 
from the structure as no observation has yet recorded a reduced state of 
the Fe4S4 centers during catalysis [26,36,37,39,43]. The available 
structures however do plainly imply that catalysis begins with transfer of 
a hydride from NADPH to the isoalloxazine of FAD and that these 
electrons then transmit through the Fe4S4 centers to the FMN and on to 
the pyrimidine. 

It can be assumed that electrons travel sequentially through the 
obligate one-electron acceptor/donor Fe4S4 centers [31]. It is therefore 
expected that the flavins will cycle between oxidized, hydroquinone and 
semiquinone states during catalysis to receive and transmit electrons 
through the chain of Fe4S4 centers. A hydride equivalent is transferred to 
the FMN and then to the C6 of the pyrimidine and this is reliant on 
proton addition from the thiol of C671 to the pyrimidine C5 [30,44]. The 
precise sequence of events that bring about pyrimidine reduction are not 
known, though recent advances have confined the mechanistic possi-
bilities considerably (see below). 

4. The interactions of substrates within the active sites 

In Figs. 5 and 6 the ligand interactions of NADPH and pyrimidine 
are depicted. In Fig. 5 NADPH is observed to bind with its dihy-
dronicotinamide ring localized conventionally with respect to the 
FAD [45]. The nicotinamide ring is stacked parallel to the FAD 
isoalloxazine with its C4 2.9 Å from the flavin N5 (gap depicted in 
orange). DPD has non-covalent interactions primarily with the AMP 
nucleotide of NADPH where a clustering of positively charged resi-
dues form ion pairing interactions with the 3′-phospho-group of the 
AMP ribose and the pyrophosphate moiety. Single hydrogen bonding 
interactions are also observed for the adenine and ribose moieties of 
AMP. Curiously, no hydrogen bonds are observed for the nicotinamide 
riboside. This single charge pairing interaction for the pyrophosphate 
added to five negative and one positively charged residue near the 
stacked dihydronicotinamide•isoalloxazine complex may function to 

lower the reduction potential of the FAD and thereby facilitate elec-
tron transfer to the iron sulfur center conduit. 

Fig. 6 shows the FMN/pyrimidine active site ligand interactions and 
the observed conformational states of the 669–684 loop. Pyrimidine 
substrates are localized adjacent and parallel to the FMN isoalloxazine 
by six apparent hydrogen bonding interactions; five of which are from 
the amide residues, N609, N668 and N736 and one from T737. This 
binding pose places the pyrimidine C6 3.6 Å from the N5 of the FMN 
isoalloxazine, a position favorable for hydride transfer. The movement 
of the 669–684 loop toggles the position of the active site acid, C671 by 
7.7 Å such that in the in position (depicted in green) the thiol sulfur is 
3.3 Å from the C5 of the pyrimidine (distance shown in orange). There 
are no interactions within 4 Å of the pyrimidine C5 position, consistent 
with the acceptance of uracil, thymine and other 5-substituted uracils as 
substrates [1,27,46]. Two lysine residues first recognized by Dobritzsch 
et al., K574 and K709, are within hydrogen bond distance to the FMN N5 
and N1 of the isoalloxazine respectively [28]. The function of these 
residues has not been investigated, however there exists requirements to 
accept (N5) and donate (N1) protons as the FMN is reduced in successive 
one-electron steps and then oxidized with hydride transfer. These lysine 
residues are oriented to participate in such acid/base chemistry. 
Furthermore, the positive potential of these basic residues may raise the 
redox potential of the FMN such that it can act as the electron sink in the 
conduit of electron transfer from NADPH. 

5. Mechanistic studies of DPD 

The steps of pyrimidine catabolism were mapped throughout the 
1950’s and onward [47,48] and the record of enzymatic research of DPD 
commences around 1970 [49]. The majority of early studies describe 
purification from endogenous sources and basic steady-state analyses 
[46,50–54]. This advanced through the 1990s and 2000s to pre-steady 
state kinetics, kinetic isotope effects, spectroscopic studies and in-
vestigations of the wild type relative to variant forms of DPD [36,37,43, 

Fig. 1. Metabolism of 5- Fluorouracil. 5FU is initially incorporated into RNA nucleotides. Ribonucleotide reductase (RR) accepts 5FUDP as a substrate leading to the 
production of 5FdUMP. 5FdUMP forms an inhibitory ternary complex with methylenetetrahydrofolate (MTHF) and thymidylate synthase (TS), limiting the pro-
duction of thymidylate. 
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44]. As stated, the first structures of DPD were reported in the early 
2000s [28,29,55] and given its unexpected and elaborate cofactor set, it 
is fair to surmise that the lack of structural data during the prior three 
decades confounded efforts to comprehend how the enzyme functions 
[36,43]. Evidence for this is apparent in the chronology of reports for 
cofactor content. DPD has been purified from human, murine, ovine, 
and porcine tissues [46,50,56,57] and the porcine enzyme has been 
expressed heterologously in E. coli [36,58] and the analytical accounts 
for cofactor content for these preparations vary considerably. 

Despite the lack of structural data for DPD, collaborative studies 
between the Cook and Schnackerz laboratories developed much of the 
foundational mechanistic understanding of the enzyme [30,50,51,53]. 
In particular, the notion of physically separate enzymatic half-reactions 
was established by these authors. In 1990 Podschun et al. published a 
study of the steady-state kinetic mechanism of DPD [51]. At low con-
centrations competitive inhibition by NADPH versus uracil was 
observed and uncompetitive inhibition by uracil for NADPH. Product 
inhibition and dead-end inhibition using ATP-ribose and 2, 

Scheme 2. Proposed Mechanisms for Inactivation of DPD by 5-Ethynyluracil and 5-lodouracil.  

Fig. 2. The domains of DPD.  
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6-dihydroxypyridine was suggestive of an unconventional two-site ping 
pong mechanism in which NADP+ dissociation constituted the requisite 
irreversible step under initial velocity conditions [51]. 

Three years later Podschun and coworkers published a very detailed 
pH and solvent kinetic isotope effect study of DPD using steady state 
approaches [53]. In this study a Dkcat/KmNADPH kinetic isotope effect 
(KIE) of ~1.1 was observed that suggested hydride transfer to FAD is not 
significantly rate limiting in this half reaction. Solvent kinetic isotope 
effects (SKIE) for kcat/KmNADPH of ~2 and for kcat of ~3 were 

interpreted as derived from the movement of protons at the FAD having 
significant contribution to the turnover number. From pH dependencies, 
pKas of 5.8 and 8.2 were observed for kcat/KmNADPH and were said to 
be derived from proton movements associated with conformational 
changes with NADPH binding. Later in a review article published after 
the first DPD structures were reported, D342 was implicated as the 
source of the 5.8 value and R235 proposed to be the base abstracting a 
proton from the FAD N5 with reduction (Fig. 5). These researchers also 
noted that no groups with dissociable protons were located adjacent to 

Fig. 3. The conserved electron insertion module. Domains I, II and Ill of DPD comprise 2Fe4S4, FAD and NADPH binding domains and form a conserved structural 
feature that is also observed in bacterial glutamate synthase (GItS) and NADH-dependent ferredoxin:NADP oxidoreductase (Nfnl). 

Fig. 4. The Proposed Electron Transfer Path and Reaction Sequence of DPD. Distances indicate the proximities of cofactors.  
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N1 of the FAD, suggesting transient formation of the anionic FAD hy-
droquinone is favored [30]. 

In the 1993 study by Podschun et al., steady state data that report 
chemistry at the FMN/pyrimidine active site were SKIEs on kcat/KmUr-
acil of ~0.7 consistent with ionization of a thiol residue in the events of 
the half reaction at this site. A SKIE on kcat of ~3.3 is consistent with the 
transfer of a solvent derived proton in the rate limiting step and was 
confirmed in later transient state SKIE measured for pyrimidine reduc-
tion [39]. pKas of 5.6 and 9.1 observed for kcat/KmUracil were later 
proposed to arise from titration of C671 and K709 respectively. As 
mentioned, the two lysine residues K574 and K709 are proposed to be 
the general acid/base residues that abstract and supply protons to N5 
and N1 respectively during redox cycling of the FMN cofactor (Fig. 6) 
[30]. 

Characterization of DPD from bovine liver was conducted using 
steady state and pre-steady state kinetics [54]. The data obtained 

suggested the enzyme has a random rapid-equilibrium mechanism with 
independent dissociation constants for uracil and NADPH. DPD was 
shown to readily catalyze the exchange of tritium from Pro-S NADPT for 
solvent protons; this exchange rate was maintained even when using 
5EU-inactivated DPD. This supported a separate active site model 
because, as stated, 5EU covalently links itself near the pyrimidine active 
site while having no influence on NADPH binding. The first order rate 
constant of deuterium exchange for bound Pro-S NADPD with solvent 
protons was 5.4 s−1, more rapid than the reported kcat of 1.6 s−1, further 
validating the proposed rapid-equilibrium mechanism. These data were 
similar to those of Podschun et al., 1990 who showed exchange of 
radio-label between NADPH/NADP+ and uracil/dihydrouracil pairs 
[51] indicating reversible hydride transfer at both flavins independent 
of catalytic turnover. 

Rosenbaum et al. published secondary tritium isotope effects for 
5-3H-uracil in H2O and D2O. The only modestly more inverse KIE in 
deuterium solvent (0.9 vs 0.85) suggested that the hydride transfer and 
protonation required to reduce pyrimidines were not concerted. These 
authors argued for a stepwise transfer of the hydride from FMNH2 and a 
proton from an active site acid. In a separate study published in the same 
year Rosenbaum et al. reported the first anaerobic transient state data 
for recombinant porcine DPD. This study measured ligand binding 
equilibria and included enzyme monitored turnover data that report 
spectrophotometric changes of the enzyme in the presence of excess 
substrates [36,59]. This investigation documented a number of obser-
vations that interlock with recent findings (see below). Specifically, 
ligand binding data indicated low micromolar dissociation constants for 
uracil and NADPH, which create near first-order conditions in transient 
state experiments at low substrate concentrations. When DPD was mixed 
with NADPH with or without pyrimidine under anaerobic conditions, 
multiphasic fractional reduction involving one flavin per dimer without 
evidence of reduction of the Fe4S4 centers was observed. In the absence 
of pyrimidine, reduction occurred with a rate many-fold slower than 
catalysis (0.02 s−1). Anaerobic reduction of WT DPD by NADPH alone 
has also been studied by Podschun et al. who showed that incubation of 
NADPH with DPD in D2O brought about the incorporation of deuterium 
into the Pro-S position of the C4 of NADPH [53]. Later Beaupre et al. 
observed the kinetics of reduction of DPD by NADPH in the absence of 
pyrimidines under anaerobic conditions. Titration of NADPH showed a 
corresponding absorption change at 440 nm with first-order reaction 
behavior for saturating concentrations. Similar to the observations of 
Rosenbaum et al., the kinetic traces were fit to two exponentials with 
rate constants of ~2 and ~0.04 s−1; the latter of which was approxi-
mately 10 to 20-fold lower than the steady state turnover number for WT 
DPD in the presence of uracil and thymine respectively and was there-
fore assigned as not catalytically relevant [38]. The total extinction 
coefficient change observed for both phases was ~6500 M−1 cm−1, 
approximately equal to the reduction of one flavin per subunit [38]. 
Together, these data show slow reversible reduction of the enzyme by 
NADPH in the absence of pyrimidine substrates. 

In the presence of uracil, the initial rate of reduction was approxi-
mately two orders of magnitude more rapid, resulting in the conclusion 
that bound pyrimidine promotes hydride transfer from NADPH and 
establishing an effector role for the pyrimidine substrate [36,38]. For the 
enzymatic reaction under anaerobic conditions, it was proposed that the 
NADP+ formed in the reaction was inhibitory and prevented the com-
plete reduction of the equivalent of one flavin per subunit. In recent 
studies the reported fractional reduction observed is accounted for by 
pyrimidine induced two-electron reductive activation of the enzyme 
prior to catalytic reduction of the pyrimidine (see below) [38]. 

6. Recent findings that reframe the catalytic mechanism of DPD 

The first structures of mammalian DPD settled numerous questions 
for the chemistry involved [28,29,55]. These data made it plain that two 
hydride transfer events bookend transmission of two electrons across a 

Fig. 5. The FAD/NADPH active site ligand interactions of DPD.  

Fig. 6. The FMNH2/Pyrimidine Active Site Ligand Interactions of DPD. A. The 
complex of NADP(H) with the FAD active site. B. The complex of uracil with the 
FMN active site. The two positions of the dynamic loop (669–684) are show in 
green and blue. Insets depict the surface rendering of the acive site cavity 
proximal to the FMNH2 active site. Left inset has the loop residues 669–684 
colored in blue and the right inset has these residues colored green. 
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56 Å span via four Fe4S4 centers that act as a wire (Fig. 4). This archi-
tecture creates mechanistic constraints that require the flavins mediate 
the two-electron, hydride transfers that occur from and to the NADPH 
and pyrimidine substrates and the one-electron chemistry that occurs at 
the Fe4S4 centers. Hagen et al., showed that the resting form of DPD is 
EPR silent and so all Fe4S4 centers are assumed to be in the 2+ state [31, 
43]. It is therefore surmised that in order to sequentially transmit elec-
trons through the chain of Fe4S4 centers during catalytic turnover the 
FAD and FMN will cycle between oxidized to hydroquinone to semi-
quinone states. These constraints, however, do not define the order of 
events that result in pyrimidine reduction and recent data have revealed 
rather unexpected sequences for electron transfers within DPD, that 
arise from the requirement for two-electron reductive activation before 
pyrimidine reduction can occur. In this section we will describe what has 
recently been deduced from a combination of steady-state and 
transient-state reactions of wild type and variant DPDs studied under 
anaerobic conditions [38,39,58]. The experiments described reveal the 
net chemistry that occurs in each step observed and Fig. 7 summarizes 
the conclusions that were drawn from these data. 

As stated, the residue C671 is the necessary proton donor for 

pyrimidine reduction. Substituting the cysteine with a serine or alanine 
has shown a respective slowing or abolishment of DPD activity [36,38, 
39]. The movement of the loop on which C671 resides (Fig. 6) [26,28, 
29,39] limits the availability of the thiol proton and would appear to 
dictate the rate of turnover. Importantly, the C671S variant delineated 
successive events in single turnover, permitting an account to be made of 
electrons entering the protein based on spectrophotometric deconvolu-
tion and quantitative product analyses that together expanded the un-
derstanding of DPD’s electron transfer processes [38,39]. 

6.1. Reductive activation 

Anaerobic transient-state spectrophotometric analyses of the DPD 
C671S variant established that when DPD is combined with limiting 
NADPH and excess pyrimidine, the reaction exhibits two phases when 
observed at 340 nm [38]. The rate of the first phase was shown to be 
dependent on the enzyme form (WT or C671S) while the second rate was 
tied to both the enzyme form and pyrimidine substrate (uracil or 
thymine) and the amplitude of the second phase was proportional to the 
concentration of available pyrimidine. The first phase was shown to 

Fig. 7. The proposed steps in reductive activation and turnover of DPD  
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consist of reduction of a flavin within the enzyme with oxidation of 
NADPH and that this process was rapid only in the presence of pyrimi-
dine substrate. In this phase NADPH equal to one half the enzyme 
concentration (as defined by subunit concentration) is oxidized with 
concomitant reduction of one of the two flavins of one subunit. This 
apparent half-reaction stoichiometry was surmised to be a result of the 
reductively activated subunit having high affinity for NADPH and 
therefore sequestering the residual NADPH, out-competing NADPH 
binding and activation at the second subunit. This supposition was 
qualitatively confirmed by simulation of the observed phases using a 
comprehensive kinetic model in which the dissociation constant for 
NADPH for the reductively activated subunit was three orders of 
magnitude smaller than for the non-activated enzyme. 

At low pH values the reductive activation phase was delineated 
further, revealing an additional early phase [39]. This phase was 
assigned as resulting from the binding of NADPH adjacent to the FAD 
cofactor. The difference spectrum for this phase indicated that NADPH 
binding perturbs the DPD spectrum in the visible region and induces 
broad long-wavelength charge transfer (CT) transitions. In the presence 
of limiting NADPH the CT transitions decay with the subsequent phase 
in which the enzyme is reductively activated indicating that the FAD is 
restored to the oxidized state and implicating the FMN as the recipient of 
the two electrons that activate the enzyme. Conversely, in the presence 
of excess NADPH the CT transitions are sustained indicating that the 
FAD•NADPH complex is reformed by NADP ligand exchange, consistent 
with the activated enzyme exhibiting high affinity for NADPH. The 
deconvoluted difference spectra for each of the two early reductive 
activation phases show only evidence of NADPH binding in the first 
event followed by flavin reduction and NADPH oxidation in the second, 
demonstrating that hydride transfer from NADPH to FAD is rate limiting 
in activation and that electron transmission from FADH2 to FMN is 
relatively rapid such that FADH2 is not observed to accumulate. This was 
verified by transient-state kinetic isotope effect (KIE) single-turnover 
experiments with the C671S variant using excess pyrimidine and 
limiting NADPH or Pro-S NADPD. The experiment returned a KIE of 
~1.9 for the reductive activation phase confirming that the hydride 
transfer from NADPH to the FAD isoalloxazine is rate limiting for 
enzyme activation [39]. The reduction of the FMN cofactor during 
reductive activation was demonstrated directly by soaking NADPH to 
crystals of the DPD•thymine complex under near anaerobic conditions. 
The resulting 1.69 Å resolution structure clearly indicated pleating of 
the FMN cofactor along the N10–N5 axis of the isoalloxazine consistent 
with the expected sp3 geometry of reduced flavin [39]. 

The pH dependence of the observed rate constants for the two phases 
of reductive activation showed that the rate of binding of NADPH was 
largely independent of pH and that the reduction of FMN, via the co-
factors of the electron transfer conduit, was highly dependent on pH. 
The reduction of FMN increased in observed rate constant with 
increasing pH with a pKa of 7.9 [39]. This pKa was tentatively assigned 
to a group on or near the FAD cofactor that when deprotonated enhances 
electron transfer from NADPH to FAD and on to the FMN. This assign-
ment was in part based on the assumption that electrons rapidly depart 
the FADH2 state due to the lowering of the reduction potential of the 
FAD by a clustering of proximal negative charges (Fig. 5). The active 
state of DPD was thus shown to have the cofactor set of FAD-4 
(Fe4S4)-FMNH2 and this two-electron reduced state of the enzyme was 
shown to remain even in the presence of saturating oxidant pyrimidine 
[38]. The FMN cofactor thus is behaving as an electron sink, receiving 
electrons from across the assumed low resistance conduit formed by the 
FADH2 and iron-sulfur centers [39]. 

Structural data for DPD solved in the presence of substrates under 
near anaerobic conditions reveal that the mobile loop that carries the 
FMN active site general acid, C671, moves from an open to a closed state 
with reductive activation. This conformational change both positions 
the cysteine thiol adjacent to the pyrimidine substrate and occludes the 
active site from solvent (Fig. 6). Interestingly, only in the presence of 

NADPH does pyrimidine reduction take place, indicating that the two 
active sites have contingent processes that communicate substrate 
occupancy. 

5EU is FDA approved and has been clinically studied as an adjunct 
chemotherapy sensitizer to enhance the toxicity of 5FU [21,23,60–65]. 
Though not yet adopted into standard of care protocols, it is established 
in rodents that 5FU levels are sustained by its co-administration [19]. 
The in vitro interaction of 5EU with DPD has been investigated in two 
studies and has proven instructive for the mechanism of reductive 
activation. In the first study, Porter et al. demonstrated reversible 
binding to the resting enzyme with a Kd of 1.6 μM and showed that 
irreversible inactivation could be measured only in the presence of 
NADPH and that it occurred with rate constant of 0.3 s−1. These re-
searchers also identified covalent attachment of 5EU to an active site 
cysteine residue [25]. More recently Forouzesh et al. studied kinetic and 
structural aspects of covalent inactivation of DPD by 5EU. In this study 
the inactivation rate constant was found to be in good agreement with 
the Porter et al. study (0.2 s−1). It was also shown that NADPH was 
oxidized during inactivation and via a combination of anaerobic tran-
sient state methods and spectral deconvolution it was shown that one 
flavin is reduced per subunit concomitant with inactivation of the 
enzyme. This 1:1 NADPH:(flavin/subunit) stoichiometry for reductive 
activation differs from the 0.5:0.5 ratio observed for reductive activation 
with native substrates. These data indicate that 5EU is an effector 
molecule much the same as native pyrimidines that stimulates DPD 
reductive activation by NADPH and that this chemistry is required for 
crosslinking to occur. This structural basis for this was also reported. 
Three X-ray crystal structures were solved that capture the sequence of 
events in the 5EU inactivation reaction. These structures show that in 
the absence of NADPH the target cysteine is 10.5 Å from the ethynyl 
group of 5EU and that binding and oxidation of NADPH brings this 
cysteine within 3.3 Å promoting crosslinking and indelible inactivation. 

6.2. Pyrimidine reduction 

The substrate stoichiometries for the transient state phases of the 
DPD reaction were obtained using single-turnover reactions of C671S 
DPD with excess pyrimidine and limiting NADPH that were acid 
quenched and subject to HPLC product analysis [38]. Comparing the 
formation of NADP+ with the reduction of pyrimidine throughout the 
reaction determined the ratio of NADPH consumption and pyrimidine 
reduction to be 2:1. NADPH is oxidized both in the reductive activation 
phase and in the subsequent phase concomitant with reduction of an 
equivalent of pyrimidine. This demonstrated that the first phase of DPD 
single turnover is a reductive activation and the second is pyrimidine 
reduction [38]. 

The difference spectrum for the pyrimidine turnover phase of DPD in 
single turnover with saturating uracil and limiting NADPH showed 
characteristics of substrate binding around 500 nm added to the 
absorbance change for oxidation of NADPH at 340 nm [38]. The dif-
ference spectra showed NADPH oxidation comparable to the reductive 
activation phase, indicating pyrimidine reduction occurs with NADPH 
oxidation and is distinct from the reductive activation process. An 
additional aspect of the difference spectrum for pyrimidine reduction is 
the absence of a reciprocal change at ~480 nm when compared to the 
activation difference spectrum. The lack of an observed flavin oxidation 
event during pyrimidine reduction even in the presence of excess uracil 
indicates the enzyme’s activated redox state (FAD-4(Fe4S4)-FMNH2) 
persists [38,39]. This therefore suggests the oxidation of NADPH 
observed in the pyrimidine reduction phase is used to reinstate the 
FMNH2 after electrons are transferred to the pyrimidine [39]. 

pH profiles for the rate of WT and C671S DPD turnover were un-
dertaken to ascertain if the pKa of the active site general acid C671 
controlled the rate of catalysis. For both forms of DPD the turnover 
number reports the rate of pyrimidine reduction [38]. This rate was 
shown to increase ~4-fold from low to high pH, opposite to the trend for 
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titration of a cysteine thiol. Calculated pKas were 7.9 and 7.0 for WT and 
C671S respectively. While the pKa for the WT could be attributed to the 
active site cysteine residue, the number for the variant form cannot 
reasonably be assigned to a serine residue. These data collectively sug-
gest that a different group from the C671 thiol is titrated with pH and 
that the protonation state influences the rate of pyrimidine reduction. 
The N1 proton of the FMNH2 was hypothesized as a potential candidate 
having a pKa of 6.7 in solution [39]. It was proposed that the observed 
pKa’s report the protonation state of the FMNH2, attributing the 
increased rate of pyrimidine reduction to the anionic form of the 
reduced cofactor that is more prone to delocalize electrons to reduce the 
pyrimidine [39]. 

The effect of solvent deuterium for WT DPD was assessed in the 
presence of excess NADPH and uracil. The proton inventory data were fit 
best to a solvent kinetic isotope effect (SKIE) of 3.4 that includes sig-
nificant fractionation factors indicative of the movement of a thiol- 
derived proton establishing that proton transfer from C671 is occur-
ring in the rate limiting step. The SKIE data could have also been 
attributed to two exchangeable protons, but the data did not permit 
definitive discrimination of the two possibilities. Two exchangeable 
hydrogens are in-flight in the pyrimidine reduction transition state. One 
as a hydride from the reduced FMN N5 and the second from the thiol of 
C671. These transfers are inferred to be concerted as the C671A variant 
can only reductively activate and does not turnover with pyrimidines. As 
such pyrimidine reduction is dependent on the conformational avail-
ability of the C671 and the SKIE value is likely multiplicative for 
concerted movement of both deuterons. 

The indication of rapid transferal of electrons across the protein is 
based on the absence of observed intervening reduced states of the 
enzyme during catalysis. With the exception of small perturbations to 
the flavin spectra from ligand association, no spectrophotometric evi-
dence for the accumulation of a reduced state beyond FAD-4(Fe4S4)- 
FMNH2 has been detected. This has been interpreted as the enzyme 
operating observationally analogous to a Newton’s cradle; two electrons 
enter the transfer conduit from NADPH as two more exit with the 
dihydropyrimidine. The actual order of events may undermine the value 
of this analogy as pyrimidine reduction is likely to be the instigating step 
in catalysis followed by NADPH oxidation to reinstate the active enzyme 
[37]. Despite apparent rapid electron transmittance, DPD turnover is 
relatively slow (0.8 s−1). It has been proposed that mobility of the 
669–684 loop, and with it the C671 residue, limits opportunity for 
concerted hydride-proton transfer; a limitation that governs the overall 
rate of catalysis [39]. 

7. Conclusive remarks 

DPD has been a curiosity for enzymologists for more than fifty years. 
The unexpectedly complex cofactor arrangement seems unnecessarily 
elaborate in that highly similar chemistry is accomplished by numerous 
smaller single-domain enzymes that carry only a single flavin cofactor. 
Nonetheless, the linear path formed by the Fe4S4 centers to transmit 
electrons between the NADPH and pyrimidine, each bound in active 
sites separated by ~60 Å, would appear to define mechanistic possi-
bilities. From inspection of the enzyme’s structure one can appropriately 
deduce that two obligate two-electron reactions bookend multiple 
obligate one-electron transfers and that these steps are mediated by the 
oxidoreductive versatility of the flavins that occupy each active site. 
Recent advances in the study of DPD have shown that the above de-
ductions are likely correct, but also that the functional state of the 
enzyme is two-electron reduced at the FMN and that this oxidation state 
directs an unexpected order of events to bring about pyrimidine 
reduction and reinstatement of the active enzyme. Fig. 7 depicts a hy-
pothetical mechanism that accounts for much of the recent data 
assembled for DPD. In this figure it is assumed that a primary function of 
DPD is the reduction of the FMN cofactor via the FAD-4(Fe4S4) conduit 
with electrons from NADPH. The FMN is assumed to have a relative high 

reduction potential such that electrons cascade in energy from the 
NADPH/FAD to the FMN. This process is observed as a reductive acti-
vation phase when non-activated, oxidized DPD is combined with py-
rimidine and NADPH and as a back-filling reaction after the FMNH2 
cofactor passes a hydride to the pyrimidine. In such a mechanism, 
reduction of the pyrimidine is the instigating and rate-limiting step in 
catalysis. Reductive reactivation then follows and occurs with a rate 
more rapid than pyrimidine reduction accounting for the fact that no 
other reduced state of the enzyme is observed in turnover. Pyrimidine 
reduction occurs slowly as it is contingent on the proximity of the active 
site cysteine general acid that resides on a mobile loop that is constantly 
moving between two conformational states that open and close access to 
the FMN/pyrimidine active site. 

In some respects, it is a cyclical argument to define pyrimidine 
reduction from FMNH2 as the instigating step in the reaction given that 
the NADPH is oxidized to reduce the FMN cofactor. However, the fact 
that the FAD-4(Fe4S4)-FMNH2 state persists in the presence of excess 
pyrimidine substrate and the absence of NADPH indicates that the two- 
electron reduced form is the resting active state of the enzyme. More-
over, for the reductive (re)activation of DPD to occur at a catalytically 
relevant rate pyrimidine must be bound in the FMN/pyrimidine active 
site. This requirement specifies that the two active sites can relay ligand 
complexation information and will only reduce pyrimidine when 
NADPH is bound. Though it has not been demonstrated what mecha-
nism links the two active sites, one possibility for the FAD-4(Fe4S4)- 
FMNH2 state is that the average position of the 669–684 loop is biased 
toward the closed state in the presence of NADPH and the pyrimidine 
substrate. Only in this conformation is C671 positioned for reduction of 
the pyrimidine. With the transfer of a hydride and proton to the py-
rimidine, oxidation of NADPH backfills the reduced state of the FMN 
cofactor completing the catalytic cycle. 

Targeting the active site general acid cysteine for covalent modifi-
cation using 5-substituted pyrimidines that mimic the native substrates 
or products is an effective approach for DPD inhibition [25,27]. These 
molecules act as effectors and induce reductive activation and closure of 
the active site loop in which the general acid cysteine resides, placing it 
proximal to the reactive 5-substituent. From a clinical standpoint, the 
problem of inhibition of DPD has in large part been solved. 5EU provides 
targeted and complete mechanism-based covalent inhibition of DPD and 
is well tolerated by patients [66]. Why 5EU inhibition of DPD during 
5FU chemotherapy hasn’t yet resulted in a clear advantage compared to 
other adjunct therapies is a question that has been explored extensively 
by Spector and others [21,23,60,66,67]. It is possible that excessive 5EU 
dosing in clinical trials undermined efficacy by causing accumulation of 
uracil that then competes with 5FU for incorporation into ribonucleo-
tides and thereby diminishes toxicity via 5FdUMP (Fig. 1). In a rat model 
Spector and Cao were able to show complete tumor regression in 88% of 
rats tested at 1 mg/kg 5EU and that this rate decreased to 25% at 5 
mg/kg [67]. 
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