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ABSTRACT

Dihydropyrimidine dehydrogenase (DPD) is a flavin dependent enzyme that catalyzes the reduction of the 5,6-
vinylic bond of pyrimidines uracil and thymine with electrons from NADPH. DPD has two active sites that are
separated by ~60 A. At one site NADPH binds adjacent to an FAD cofactor and at the other pyrimidine binds
proximal to an FMN. Four Fe4S4 centers span the distance between these active sites. It has recently been
established that the enzyme undergoes reductive activation prior to reducing the pyrimidine. In this initial
process NADPH is oxidized at the FAD site and electrons are transmitted to the FMN via the Fe4S4 centers to yield
the active state with a cofactor set of FADe4(Fe4S4)eFMNH,. The catalytic chemistry of DPD can be studied in
transient-state by observation of either NADPH consumption or charge transfer absorption associated with
complexation of NADPH adjacent to the FAD. Here we have utilized both sets of absorption transitions to find
evidence for specific additional aspects of the DPD mechanism. Competition for binding with NADP" indicates
that the two charge transfer species observed in activation/single turnover reactions arise from NADPH popu-
lating the FAD site before and after reductive activation. An additional charge transfer species is observed to
accumulate at longer times when high NADPH concentrations are mixed with the enzymeepyrimidine complex
and this data can be modelled based on asymmetry in the homodimer. It was also shown that, like pyrimidines,
dihydropyrimidines induce rapid reductive activation indicating that the reduced pyrimidine formed in turnover
can stimulate the reinstatement of the active state of the enzyme. Investigation of the reverse reaction revealed
that dihydropyrimidines alone can reductively activate the enzyme, albeit inefficiently. In the presence of
dihydropyrimidine and NADP" DPD will form NADPH but apparently without measurable reductive activation.
Pyrimidines that have 5-substituent halogens were utilized to probe both reductive activation and turnover. The
linearity of the Hammett plot based on the rate of hydride transfer to the pyrimidine establishes that, at least to
the radius of an iodo-group, the 5-substituent volume does not have influence on the observed kinetics of py-
rimidine reduction.

1. Introduction

that each have a non-covalently bound flavin cofactor. The FAD con-
taining site binds NADPH and is located 56 A from the FMN containing

Dihydropyrimidine dehydrogenase (DPD) catalyzes the first and
rate-limiting step of the three transformations that comprise pyrimidine
catabolism [1-10]. DPD is a flavin-dependent oxidoreductase that re-
duces the 5,6-vinylic bond of uracil or thymine with electrons from
NADPH (Fig. 1).

The enzyme is a functional homodimer in which each subunit has
1025 amino acid residues and forms two separate substrate binding sites

site where pyrimidines associate [1,11]. Between these two sites there is
an electron conduit comprised of four FesS4 centers, two from each
subunit in a domain V swapped arrangement [11]. Though the FesS4
centers span the two active sites, they have not yet been observed to
reduce during normal catalysis and so are assumed to rapidly transmit
electrons from the NADPHeFAD site to the FMNepyrimidine site [12].
The complexity of the cofactor set belies the simplicity of the chemistry
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catalyzed. Indeed, numerous flavin-dependent dehydrogenases accom-
plish, from a redox standpoint, the same chemistry while having a single
active site with a single flavin and a much smaller protein scaffold
[13-16].

With examination of the DPD structure, it is tempting to imagine that
it functions by transferring two electrons from NADPH to the pyrimidine
by transiently reducing each of the intervening cofactors in series.
However, it has been shown that the active form of DPD is two-electron
reduced and that these electrons reside on the FMN to give the cofactor
set: FADe4(Fe4S4)eFMNH, [9,17] (Scheme 1). When isolated in the
presence of dioxygen DPD is oxidized (FADe4(FesS4)eFMN) and will
rapidly take up two electrons in the presence of NADPH and pyrimidine.
During this reductive activation the pyrimidine acts as an effector, as its
presence is required to stimulate the rate of NADPH oxidation and
subsequent FMN reduction, but the pyrimidine is not reduced during
this process.

Only when a second molecule of NADPH binds are electrons passed
to the pyrimidine and the second molecule of NADPH is oxidized, not to
reduce the pyrimidine but to reinstate the FADe4(Fe4S4)eFMNH,
oxidation state that, from an observational standpoint, appears to
happen concomitant with the considerably slower rate of pyrimidine
reduction [9]. Under anaerobic conditions and in the absence of
NADPH, the activated enzyme does not reoxidize to the FADe4(Fe4S,)e
FMN state even in the presence of excess oxidant pyrimidine substrate,
suggesting that crosstalk between the two active sites is required for
catalysis. This is a highly unusual reaction sequence and the first
example of a flavin-dependent dehydrogenase in which the oxidative
half-reaction occurs prior to the reductive half-reaction [17]. Addi-
tionally, DPD has demonstrated characteristics that are indicative of
half-of-sites reactivity. With equimolar NADPH and enzyme in the
presence of saturating pyrimidine, half of the available NADPH is
oxidized during initial reductive activation, and the remaining NADPH
is then consumed, only at the activated subunits, with a rate that is
assumed to be contingent on pyrimidine reduction. The steady-state
turnover number, however, closely matches the observed rate constant
for pyrimidine reduction and so there is no question that both subunits
are active [9].

The characterization of this unique reaction sequence has resulted in
a series of outstanding mechanistic questions. This study will focus on
the examination of net single turnover reactions with the use of a variant
form of DPD in which the FMN active site residue cysteine 671 is
mutated to a serine. The term net single turnover is used as the disso-
ciation constant for the NADPHeFADe4(FesS4)eFMN complex is not
known and so NADPH cannot be said to be saturated with the enzyme.
Cys671 has been previously identified to be the general acid that resides
on a mobile loop that positionally controls access to the FMN active site
and the transmittance of electrons from the FMNHj to the pyrimidine [2,
3,9,18]. This mobile element shifts between an inward and an outward
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position with crosslinking and structural data indicate that the inward
position is more prominent when the enzyme is in the reductively
activated state [9,18]. Using systematic perturbation of weak charge
transfer absorption, we show evidence for asymmetry in the DPD dimer,
the role of effectors that stimulate reductive (re)activation, evidence for
dihydropyrimidines as reducing substrates, and the influence of sub-
stituent volume at the 5-position of the pyrimidine in the pyrimidine
reduction hydride transfer reaction. Collectively these observations
provide improved characterization and description for numerous as-
pects of both the activation and catalytic chemistry of DPD.

2. Materials and methods
2.1. Materials and quantitation

Dipotassium hydrogen phosphate (KPi), ethylenediamine-tetraacetic
acid (EDTA), nicotinamide adenine dinucleotide phosphate (NADP™),
ammonium sulfate, the Miller formulation of lysogeny broth (LB) pow-
der, 5-chlorouracil (5CIU), glycerol, sodium citrate, and 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) buffer were purchased
from Fisher Scientific. Reduced nicotinamide adenine dinucleotide
phosphate (NADPH) and dithiothreitol (DTT) were from RPI Research
Products. Competent BL21 (DE3) cells were obtained from New England
Biolabs. The sodium salt of ampicillin and dextrose powder were ob-
tained from Spectrum Chemical. Uracil, 5-methyluracil (thymine), 5-
fluorouracil (5FU), and dithionite were obtained from Acros organics.
5,6-Dihydrouracil (DHU), 5,6-dihydro-5-methyluracil (R,S) (DHT), 5-
bromouracil (5BrU), and PEG 6000 were acquired from Alfa Aesar.
PEG 400 was obtained from Hampton Research. Glucose oxidase and 5-
iodouracil (5IU) were obtained from Millipore Sigma.

The concentrations of each 5-halopyrimidine were defined by mass.
The concentrations of the following substrates and products were
determined spectrophotometrically using the following extinction co-
efficients: NADPH; €349 = 6220 M’lcm’l, NADP™; e360 = 17 800
M~ lem™, uracil; exs0 = 8200 M lem™}, thymine; eg64 = 7860
M~ lem ™!, DHU; €925 = 1280 M lem ™), DHT; €995 = 1670 M~ 'em ™. The
extinction coefficient used to quantify DPD was e426 = 75 000 M~ lem™?
[19].

2.2. Expression and purification of DPD

Recombinant porcine DPD C671S was expressed and purified and
stored as described previously [19]. The C671S variant has been char-
acterized and demonstrates slower rates of reductive activation and
pyrimidine reduction than are observed for the wild type enzyme [17].
Prior to experiments DPD with DTT (~2 mM in storage) was thawed and
diluted into the required buffer to bring the DTT concentration to a
negligible level. Exchanges were carried out using repeated steps of
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Fig. 1. Dihydropyrimidne dehydrogenase. A. The structure of DPD indicating the two subunits that comprise the dimer and the cofactor/substrate binding sites. B.

The chemistry catalyzed by DPD.
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Scheme 1. The proposed mechanisms of reductive activation and turnover of mammalian dihydropyrimidne dehydrogenase. Reversible steps include

ligand exchange.

centrifugal concentration using a 10 kDa cut-off filter (Amicon) and
subsequent dilution to the target concentration. All preparative steps
were performed at 4 °C.

2.3. Anaerobic methods

Kinetic experiments in this study were carried out under anaerobic
conditions. Alternating cycles of vacuum and pure argon were applied to
enzyme samples contained inside glass tonometers to exchange the
dissolved dioxygen gas. This protocol used a modified version of a
common Schlenk line and published procedures [20]. Residual dioxygen
was reduced to trace hydrogen peroxide by the inclusion of 1 mM
dextrose with the enzyme in conjunction with 1 U/mL glucose oxidase
that was added from a tonometer side arm once the exchange cycles
were complete. Solutions that included substrates and products were
made anaerobic in buffer containing 1 mM dextrose by sparging for 5
min with argon prior to the addition of 1 U/mL glucose oxidase. All
reactions listed below were measured under anaerobic conditions at
20 °C using a stopped-flow spectrophotometer set to single mixing
mode. All concentrations indicated for transient-state experiments are
post-mixing. Unless otherwise stated all reactions were undertaken in
30 mM KPi pH 7.4 buffer.

2.4. Data acquisition and analysis

Single wavelength absorption data from net single turnover reactions
in which NADPH is limiting were fit to linear combinations of expo-
nentials according to Equation (1) using Kaleidagraph software (Syn-
ergy). In this equation Ay, is the absorbance at wavelength Y, AA,, is
the change in absorption at wavelength Y, ks is the observed rate
constant, t is time, and C is the absorbance at the completion of the
reaction.

Ay = (Z AA, (th")) +C @
n=1

Single wavelength absorption traces and datasets from time-
dependent spectral acquisitions were also fit to descriptive models
using the numerical integration routines available in KinTek Explorer
software (KinTek Corp.). Spectral datasets acquired using charged
coupled device (CCD) detection were first deconvoluted using singular
value decomposition and contributions from noise were culled from the
data also using KinTek Explorer software.

2.5. Capture of the NADPHeFAD charge transfer spectrum

When monitoring the accumulation and decay of the charge transfer
species at 590 nm with the C671S variant enzyme in the presence of
NADPH and uracil, a rapid accumulation of absorption followed by a
biphasic decay is observed. To separate the absorption contribution of
each charge transfer species, 30 pM DPD C671S was mixed with 28 pM
NADPH and 200 pM uracil in 5 mM KPi pH 7.4. The reaction was
monitored from 300 to 700 nm using a CCD detector. To achieve suffi-
cient time resolution two datasets were collected, one for 0.0012-1.6 s
and one spanning 0.0012-200 s. These data were then spliced together
at 1.6 s and corrected for minor offsets at the junction. The combined
data set was then fit to a linear three-step irreversible model using sin-
gular value decomposition. The resultant spectra were then subtracted
to yield the absorption changes that occur in each phase observed. The
absorbance changes at 590 nm were isolated as a slice from this dataset
and plotted. This trace was fit to a linear combination of exponentials
according to Equation (1).
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2.6. NADPH titration to DPD C671S variant

To isolate the influence that NADPH has on the activation of DPD,
the C671S variant was used. This form of DPD has exceptionally slow
pyrimidine reduction with thymine as a substrate and so provides sep-
aration for reductive activation from the ensuing turnover phase. C671S
(17.5 pM), was mixed with 100 pM thymine and 5-75 pM NADPH. The
reactions were monitored at 340 nm to observe the consumption of
NADPH and at 590 nm to observe the accumulation of NADPHeFAD
charge transfer. All traces were fit to a linear combination of exponen-
tials according to Equation (1).

2.7. NADP™ titration to the DPD C671S variant

To ascertain the extent to which NADPH and NADP™" compete for
access to the FAD active site and to demonstrate the origin of charge
transfer absorption, reductive activation was observed for a fixed
NADPH concentration in the presence of a range of NADP™" concentra-
tions and saturating thymine. As stated, this form of DPD has exceed-
ingly slow turnover with the thymine substrate [9] meaning that the
reductive activation events can be observed separated in time from the
ensuing pyrimidine reduction. The C671S variant (12 pM), was mixed
with 100 uM thymine, 13 pM NADPH, and 0-100 pM NADP*. The re-
actions were monitored at 340 nm and 590 nm and the data obtained at
both wavelengths were fit to a linear combination of exponentials ac-
cording to Equation (1).

2.8. Kinetic assessment of reductive activation effectors

To probe the influence of pyrimidine substrates and products on DPD
reductive activation, 14 pM of the DPD C671S variant was mixed with
13 uM NADPH alone, and with 13 pM NADPH in the presence of py-
rimidines (uracil or thymine, 100 pM) or dihydropyrimidines (DHU or
DHT, 300 pM). The reactions were monitored at 340 and 590 nm using
photomultiplier detection. Individual traces were fit to a linear combi-
nation of exponentials according to Equation (1).

2.9. Evidence for reversibility of the DPD reaction

Although the reversibility of the DPD reaction has been established
[9], the effects of ingress of electrons from dihydropyrimidines on the
oxidation state of DPD has not been observed. Evidence for reduction of
DPD by dihydropyrimidines was obtained by mixing 15 pM DPD C671S
variant with 300 uM DHU with or without 300 uM NADP™. A relative
high concentration of NADP* was used to, trap by competition exchange
NADPH formed from electrons supplied by DHU. Flavin reduction was
monitored at 450 nm using photomultiplier detection. When DPD was
mixed with only DHU the reaction was monitored from 0.0012 to 10 and
from 0.0012 to 5000 s and these two datasets were spliced together at
10 s. At the conclusion of each measurement, a spectrum of the reaction
mixture was collected from 300 to 600 nm. The difference spectrum for
early events was obtained by subtracting the t,er, spectrum (that was
collected prior to mixing) from the spectrum acquired at 10 s. The 10 s
spectrum was then subtracted from the 5000 s spectrum to reveal the
absorption changes that occur at longer times. A similar analysis was
performed when DPD was mixed with DHU and NADP". The reaction
was monitored for 10 and 3600 s and spliced as above to obtain a single
dataset with sufficient temporal resolution for all events observed.

2.10. Crystallization of DPD (dihydro)thymine complexes

Crystals of DPD variant C671S were obtained using published pro-
tocols [18] that were adapted from Dobritzsch et al., 2001 [11]. DPD
variant C671S (39.2 pM) in 25 mM HEPES, 2 mM DTT, 10% glycerol at
pH 7.5 was mixed 1:1 with well solution containing 100 mM sodium
citrate, 2 mM DTT, 19% PEG 6000 at pH 4.7 to yield a 6 pL drop.
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Crystallization was carried out in the dark to prevent photo-degradation
of the somewhat dissociable FMN cofactor [21]. Under these conditions
DPD crystals appeared within 16 h and were left to grow for additional
24 h. Crystals grew as single elongated rectangular hexahedrons (200 x
50 x 50 pM). Ligands were combined with the crystals under near
anaerobic conditions as follows: before being placed in a Plas-Labs 830
series glove box, the well solution beneath selected crystallization drops
was made anaerobic with the addition of dithionite to 10 mM and
resealed with the cover slide. Crystals trays were placed in the glove box
that contained a Motic binocular microscope coupled to an Accuscope
1080p high-definition camera. The glove box was sealed and made
quasi-anaerobic by flushing with high-purity nitrogen gas for approxi-
mately 10 min at which time fractional dioxygen was recorded as 0.1%,
by a Forensics Detectors oxygen meter. Atmospheric dioxygen was
measured throughout the soaking procedure and was held <1%. C671S
DPD crystals were soaked for a minimum of 20 min with DHT (R,S) (200
puM), DHT (R,S) (200 pM) with NADPH (100 pM), or with thymine (100
pM), each dissolved in the following cryo-solution: 20 mM sodium cit-
rate, 0.4 mM DTT, 20% PEG 6000, 20% PEG 400, pH 7.5. The crystals
were then submerged in liquid nitrogen, removed from the anaerobic
environment, and stored under liquid nitrogen.

Diffraction data were collected at 100 K at the beamline 21-ID-D of
the Advanced Photon Source at Argonne National Laboratory. The
beamline was equipped with a Dectris Eiger 9 M detector. Data were
collected using an oscillation angle of 0.5° over a range of 240° and an
exposure time of 0.125 s per frame. The wavelength was fixed at 1.127
A. Diffraction images were processed using autoPROC. Data processing
statistics are given in Table 1. Phasing was conducted via molecular
replacement using the program phaser. A model of Porcine DPD (PDB ID
7LJT) was used as a starting search model. The model building and
refinement was undertaken in Coot and Phenix respectively in a
repeated manner until the lowest Rfree was achieved. The coordinates
and structure factors have been deposited in the Protein Data Bank with
accession codes 8F5W, 8F61, and 8F6N (Table 1). Structural analysis
and figures are made using PyMOL Version 2.0 (Schrodinger, LLC.).

2.11. The influence of the pyrimidine 5-substituent on the rate of hydride
transfer

To observe the effect of the substituent at the 5-position of the py-
rimidine, 5-halogenated pyrimidines were used as substrates. DPD
C671S (10 pM) was mixed with 8 pM NADPH and 100 pM uracil, 5FU,
5CIU, 5BrU or 5IU and were each monitored at 340 and 590 nm. The
influence of the substituents on the rate of pyrimidine reduction was
most clearly observed in the second phase at 590 nm. These values were
then used to fix the rate constants for this phase at other wavelengths.
The log of the relative rates obtained for pyrimidine reduction were
plotted against sigma values for this series of pyrimidines determined by
Goyal et al. [22].

3. Results and discussion

Mammalian dihydropyrimidine dehydrogenase is an enigmatic
enzyme. No explanation has yet been offered accounting for its size and
complexity. The use of a single flavin cofactor for dehydrogenase
chemistry is common [23-26] and such an arrangement is observed for
class 1la dihydroorotate dehydrogenases (DHOD 1a) that accomplish
very similar chemistry to that of DPD, but in pyrimidine biosynthesis
[14,25]. Interestingly, domain IV of DPD (322/1025 residues) has the
same fold and cofactor as DHOD 1la enzymes, adding to the perception of
apparent unnecessary complexity for DPD [2].

The reaction sequence of DPD is quite unexpected. In the presence of
NADPH and pyrimidine the oxidized enzyme is observed to take up two
electrons from NADPH and reduce the FMN cofactor via the FAD and
iron-sulfur centers as an initial activation process before pyrimidine
reduction. Once activated DPD will not reoxidize in the absence of



M.M. Smith et al.

Table 1
Data collection and refinement statistics.
PDB Code 8F61 (DHT) 8F6N (Thymine) 8F5W (DHT/
NADPH)
Data Processing
Wavelength (A) 1.127 1.127 1.127
Resolution range @A 60.56-2.143 26.89-2.121 42.85-1.1972
Space group P1211 P1211 P1211
Unit cell dimensions 81.784 157.667 82.445 158.144 81.735 158.003
@A) 162.564 165.707 162.404
Unit cell angles (°) 90.0 95.932 90 96.777 90 90 96.0562 90
90.0
Total reflections 439077 713645 1123295
Unique reflections 118212 146143 283435
Multiplicity 3.7 (3.6)" 4.9 (5.4) 4.0 (4.0)
Completeness (%) 89.3 (55.9) 88.0 (44.7) 98.6 (95.2)
Mean I/Sigma(I) 7.2 (2.0) 7.3(1.6) 10.0 (1.1)
Wilson B-factor 26.04 29.82 23.08
bRpim 0.103 (0.459) 0.091 (0.548) 0.075 (0.559)
‘CCy/2 0.989 (0.485) 0.990 (0.433) 0.994 (0.610)
Refinement
Ryork 0.1870 (0.2724) 0.1824 (0.2429) 0.1787 (0.2578)
“Reree 0.2298 (0.3436) 0.2442 (0.3184) 0.2170 (0.2998)
Number of Non- 32219 31607 32519
Hydrogen Atoms
Macromolecules 30922 30514 30850
Ligands 500 500 692
Solvent 797 593 977
‘RMS(bonds) (A) 0.006 0.039 0.009
RMS(angles) (°) 1.36 2.72 1.74
Ramachandran 94.40 90.73 96.04
favored (%)
Ramachandran 4.93 7.94 3.64
allowed (%)
Ramachandran 0.67 1.34 0.32
outliers (%)
Average B-factor (A%) 33.40 40.24 32.60
Macromolecules (10\2) 33.64 40.51 32.69
Ligands (A2) 24.94 27.01 32.67
Solvent (A%) 29.30 37.15 29.72

# The values for the highest-resolution bin are in parentheses.

b Precision-indicating merging R.

¢ Pearson correlation coefficient of two “half” data sets.

d Rwork = E|Fobs - Fcalc‘/ZFoby

¢ Five percent of the reflection data were selected at random as a test set, and
only these data were used to calculate Reee.

f Root-mean square deviation.

NADPH even in the presence of excess oxidant pyrimidine. Pyrimidine
reduction at the FMNH> cofactor site can only occur in the presence of
NADPH, presumably so that the activated state is certain to be reinstated
with each turnover (Scheme 1). The reduction of the pyrimidine is
dependent on the conformational state of a dynamic loop at the FMNH,
site that both gates access and carries the general acid cysteine required
to protonate C5 of the base during hydride transfer from the FMNH; to
C6. These highly novel reaction sequences require inter-active site
communication, but no conformational evidence exists that would
indicate the means by which occupancy of ligand binding sites is
conveyed ~60 A between the two active sites [1,10,11,17,18]. Struc-
tural and kinetic evidence suggests that reductive activation biases the
average position of the dynamic loop at the FMNHj site such that it is
more often proximal to the base in an inward position (Scheme 1) [18].

From an observational standpoint, the DPD reaction sequences are
challenging to study. In addition to the requirement for anaerobic con-
ditions, single turnover reactions are least ambiguous when NADPH is
limiting. The reason for this is that excess NADPH will reduce DPD at a
rate slower than the rate of turnover, resulting in an inability to recog-
nize the reaction endpoint. However, limiting NADPH concentration
results in one half the NADPH being committed to reductive activation
and the residual to pyrimidine reduction on the now activated subunits
such that only half of the expected engagement of the enzyme is
observed. This successive enlistment of the same subunits was
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previously rationalized as arising from exceedingly high affinity for
NADPH in the activated state such that the remaining NADPH is
sequestered and unavailable to effectively activate other non-activated
subunits. This model accounts for the data observed from the perspec-
tive of a single subunit but is not supported by direct evidence and this
phenomenon has remained one of the aspects of the DPD reaction that is
unaccounted for by experiment [9,17].

The catalytic engagement of enzyme equivalent to one-half of the
limiting NADPH concentration is compounded for transient-state ob-
servations by the highly chromophoric character of the enzyme. The
optical density of DPD solutions is such that concentrations above ~30
uM exceed the linear response of the stopped-flow spectrophotometer
when using a 10 mm pathlength. As such, a maximum of ~15 pM
enzyme can be observed to do chemistry given that half the NADPH is
committed to reductive activation. In addition, specific steps of the
chemistry can only be inferred as reduced states for the FAD and iron-
sulfur centers have not been observed in normal catalysis suggesting
that they decay rapidly relative to the rates of reductive (re)activation
and pyrimidine reduction.

Despite these observational limitations there are characteristics of
DPD that aid transient-state observation. The chemistry that occurs
yields an abundance of subtle changes in the enzyme spectrum that are
individually recognizable from signature difference spectra [9].
Reduction of FMN, charge transfer absorption for the NADPHeFAD
complex, characteristic perturbations of the flavin spectra that occur
with changes in ligand state added to oxidation of NADPH, collectively
provide quite explicit evidence of the underlying chemical sequence.
Here and in prior studies we have exploited these spectrophotometric
signals in addition to product analyses and evidence of enzyme and
pyrimidine oxidation states in X-ray crystal structures to elaborate a
reasonably complete description of the DPD reaction (Scheme 1).

3.1. Deconvyolution of charge transfer absorption

Three events are observed when DPD saturated with pyrimidine is
mixed with a limiting concentration, with respect to the enzyme, of
NADPH. These events can be observed at all wavelengths between 300
and 700 nm but two wavelengths have proven routinely diagnostically
useful. As a result of reduced states of FAD and the iron-sulfur centers
not accumulating during activation or catalysis, 340 nm reports pri-
marily oxidation of NADPH [9]. Long-wavelength charge transfer ab-
sorption can be observed relatively independently beyond the
absorption of the flavin cofactors at around 590 nm (Fig. 2A).

At 590 nm three phases are observed in net single turnover reactions.
The first is assigned as rapid association of NADPH to localize adjacent
to the FAD isoalloxazine. A decrease of this charge transfer absorption
occurs concomitant with reductive activation and has been tentatively
ascribed to formation of a second NADPHeFAD complex by exchange
once electrons used to activate the enzyme have shuttled to the FMN
cofactor. The final phase observed is one catalytic cycle in which the
pyrimidine substrate is reduced and the FMNH; state is reinstated by
oxidation of all remaining NADPH at the FAD site followed by electron
transfer to the FMN. As mentioned above, aspects of this process remain
difficult to account for. In particular, that half the limiting NADPH
included in single turnover reactions is consumed in reductive activation
and the remainder in turnover [9]. This occurs despite that activation is
more rapid than the ensuing pyrimidine reduction and therefore it
would be expected that a majority of the limiting NADPH would be
consumed in the reductive activation process.

To establish that both the first and second intermediates observed at
590 nm report charge transfer, reductive activation of the C671S variant
enzyme at high enzyme concentration and in the presence of saturating
uracil was observed. This form of the enzyme is catalytically competent
and so is expected to consume all added NADPH in the presence of
excess pyrimidine. It also kinetically delineates the reductive activation
and pyrimidine reduction phases to a greater extent than WT DPD and so
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Fig. 2. Charge transfer absorption in single
turnover reactions of DPD C671S. A.
Representative absorption changes at 340
and 590 nm when C671S DPD (15 pM) was
mixed under anaerobic conditions with
NADPH (13 pM) and uracil (100 pM). These
data were fit to a linear combination of three
exponentials according to Equation (1). B.
Spectral deconvolution of charge transfer
absorption. DPD C671S (30 pM) was mixed
with NADPH (28 pM) and uracil (200 pM).
CCD data were collected for two timeframes
(0.0012-1.6 s & 0.0012-200 s) and spliced
together at the limit of the shorter acquisi-
tion. The resulting dataset was fit to a three-
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the first and second intermediate states show high fractional accumu-
lation and are observed to form in well separated phases. Using CCD
detection, the spectral dataset was deconvoluted using singular value
decomposition to obtain the spectra for the two transient-states
(Fig. 2B). The data were fit to a linear irreversible three-step model
and were described well with rate constants of 60 s %, 1.45 + 0.09 s*
and 0.020 + 0.001 s~. The initial rate constant, however, was not
defined from these data and was fixed to an estimate of 60 s ! in this and
other experiments in this study. The latter two rate constants were
defined from the fit and agree well with prior observations with this
variant [9]. Given that charge transfer absorption decays completely
with oxidation of all available NADPH, the difference spectra were ob-
tained by subtracting the final spectrum from the spectra for the in-
termediates. These difference spectra clearly show that the first and
second transients have similar charge transfer absorption transitions and
that the second is somewhat less intense (Fig. 2B). This is consistent with
a model where initial NADPH binding forms a charge transfer complex
comprised of NADPHeFADe4(FesS4)eFMNePyr and repopulation with
NADPH after reductive activation forms the NADPHeFADe4(FesSy)e
FMNHyePyr complex producing a second similar charge transfer band
prior to pyrimidine reduction. The decreased absorption of this species is
likely a result of the now lower concentration of NADPH and competi-
tion for the FAD site with NADP™ formed in the prior reductive activa-
tion phase (see Fig. 4).

3.2. Evidence for asymmetry in the DPD homodimer

As mentioned, a persisting curiosity regarding the consumption of
NADPH is that for concentrations equal to or below that of the enzyme,
one half of the added reducing substrate is consumed in the relatively
rapid activation step and the remaining half is then consumed to rein-
state the FMNH; during the ensuing reduction of the pyrimidine [9]. To
further investigate the interaction of NADPH with DPD, the exceedingly
slow pyrimidine reduction rate of the C671S variant with thymine as a
substrate was employed. Relative short acquisition times with this
variant in the presence of thymine only capture reductive activation to
form the NADPHeFADe4(Fe S4)eFMNHyethymine state of the enzyme.
When the variant enzyme was mixed with thymine and varied

profile in dashed lines. The black dashed line
is decay of the NADPHeDPDeU state, the red
dashed line is formation and decay of the
first charge transfer complex, blue dashed
line is formation and decay of the second
charge transfer complex, and green dashed
line is formation of the NADP"eDPDeDHU
complex.

concentrations of NADPH, the 590 nm data indicate that the time
required for maximal accumulation of charge transfer and the observed
amplitude varies with NADPH concentration (Fig. 3A). Descriptively,
the maximal accumulation of charge transfer appears to occur later and
to higher absorbances when the concentration of NADPH exceeds that of
the enzyme. Analytically, the data for these concentrations were best
described by three exponential phases while data for lower concentra-
tions (9.5 & 4.6 pM NADPH) could be fit adequately with two expo-
nential terms (Fig. 3A and B).

The biphasic increase in absorption for NADPH concentrations in
excess of the enzyme fit to a fixed rate of 60 s~* followed by a rate of
~10-20 s I, That the second increase is apparent only with NADPH
concentrations above that of the enzyme (>28.3 pM) suggests the
involvement of the second subunit albeit with apparently weaker and
slower association with NADPH. This pattern of NADPH oxidation could
arise from having high and low affinity NADPH binding sites in each
dimer such that only one subunit is available for activation. Another
feature of the 590 nm data is that the amplitude of the last phase
observed, reductive activation, is relatively constant. The amplitudes
observed at 340 nm show evidence for why this is the case, in that the
amplitude of the reductive activation phase for NADPH concentrations
above 28.3 pM indicate a limit of ~9 pM NADPH oxidation, designating
that half of the enzyme (17.5 pM) reductively activates despite having
an excess of NADPH available.

Together these observations demonstrate asymmetry in the DPD
dimer where only one of the two subunits is conformationally competent
at any point in time. With slow turnover, such as is the case for the
C671S variant with thymine, the second NADPH binding site can be
observed to populate but only at high concentrations. One possibility is
that the second subunit does not reductively activate until turnover has
occurred in the previously reductively activated subunit. To test the
validity of these hypotheses, the data shown in Fig. 3 were fit globally
using numerical integration to a model consistent with asymmetry in the
DPD homodimer for the steps of reductive activation only (Fig. S1).
While the fit does not conform precisely to the 590 nm traces, the set of
nested simulation curves for this wavelength do broadly describe the
data. These data cannot accurately reveal the actual balance of affinities
for the two sites for NADPH binding. The fit is therefore illustrative of
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Fig. 3. NADPH titration to DPD C671S
variant. For A & B DPD C671S (17.5 pM)
was mixed under anaerobic conditions with
thymine (100 pM) and varied NADPH (con-
centrations as shown in A). Both plots
include a control using uracil as the oxidant
substrate to verify competence in pyrimidine
reduction. The data for 4.6 and 9.5 uM were
fit to a linear combination of two exponen-
tials according to Equation (1). Data for
19.1-74.5 pM were fit to a linear combina-
tion of three exponentials according to
Equation (1). The control reaction with
uracil was fit to four exponentials according
to Equation (1). For each trace the initial
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Fig. 4. Assessment of the relative binding
affinity of NADPH and NADP' during
reductive activation of the DPD C671S
variant. DPD C671S (13 uM in A. and 12 uM
in B.) was mixed under anaerobic conditions
with thymine (100 pM), NADPH (13 pM)
and varied NADP™ (0, 10, 25, 50, 100 pM).
A. The 340 nm data were fit for the analyt-
ical purpose of measuring the amplitude for
the second phase. In each case the data were
fit to three exponential terms and the rate
for the first and second phases were fixed to
60 s~! and 0.7 s~! respectively. Inset shows
the NADP * dependence of the decrease of
initial amplitude for reductive activation
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data expected if there were bias toward population of one NADPH
binding site over the other. This model for engagement of the second
subunit accounts for half of the added NADPH being consumed in
reductive activation and the other half in turnover for reactions in which
NADPH is limiting. We therefore propose that the oxidized DPD dimer is
asymmetric and utilizes an alternating subunit mechanism in which
pyrimidine reduction on the conformationally active subunit is required
to instigate reductive activation and turnover on what was the con-
formationally inactive subunit. This conclusion is drawn in part because
the measured turnover number closely matches the rate constant of
pyrimidine reduction and so incorporates the contribution of both sub-
units. However, in this model all sites are available for binding sub-
strates and so both subunits register charge transfer but at differing
rates.

Additional evidence supports an alternating subunit mechanism. In
prior work, the position of the dynamic loop that carries the active site
general acid cysteine and gates access to the pyrimidine binding site was
observed to adopt both the inward and outward conformations in each
dimer [18]. In addition, early DPD structures with 5IU clearly indicate
two subunit states in each dimer [1]. Evidence for asymmetry is

observed in the structures of DHT complexes discussed below.
Furthermore, in earlier studies we showed flavin reduction in reductive
activation equivalent to one half of expectation when using NADPH
concentrations comparable to that of the enzyme [9]. And lastly, when
DPD C671S crystals were incubated with excess NADPH in the presence
of saturating thymine, both FMN cofactors were observed to be reduced,
serving as evidence of the activation of both subunits [17]. While the
reasons for sequential subunit activation are not apparent, it is
conceivable that such a mechanism conserves NADPH utilization, sup-
pressing engagement of both subunits when this substrate is limiting
specifically to limit futile oxidation of the FMNH; cofactor by reaction
with dioxygen.

3.3. Binding competition between NADP™ and NADPH

The decreased extinction coefficient of the second charge transfer
absorption with reductive activation shown in Fig. 2B is consistent with
the NADP" formed during reductive activation now competing with
NADPH for binding adjacent to the oxidized FAD that was reinstated
with reduction of the FMN. To evaluate this competition, NADPH
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oxidation and charge transfer accumulation was observed at a range of
NADP" concentrations with the DPD C671S variant in single turnover
with thymine (Fig. 4). Thymine reacting with this variant induces an
estimated pyrimidine reduction rate constant of 0.00024 s—* and so
ostensibly isolates observation of the initial reductive activation event,
that occurs at ~0.7 s~! [9]. These data show that NADP™ competes for
binding with NADPH. This is evident both in the incrementally dimin-
ished accumulation of charge transfer absorption observed at 590 nm
and at 340 nm in the separation of the reductive activation process into
two phases (phases 2 & 3). The initial reductive activation phase can be
fit using the same rate constant for each NADP " concentration (0.7 s 1)
but with incrementally smaller amplitude. This is direct evidence of
fractional binding of NADPH as a result of competition for access to the
FAD site. The subsequent phase presumably results from additional
NADPH being drawn into the reductive activation process, albeit at a
slower rate due to competitive binding with NADP*. Qualitatively these
data show that the amplitude associated with reductive activation is
diminished by ~50% at roughly equal concentrations of NADPH and
NADP" and therefore these ligands must have comparable binding af-
finities to the NADPXeFADe4(Fe4S4)eFMNePyr state of the enzyme. The
binding of NADP™" can be observed in static titration as perturbation of
the flavin spectrum and the measured dissociation constant is 4.3 + 1.4
pM (data not shown). This experiment suggests NADPH has a similar,
low micromolar affinity. Prior transient-state experiments using a vari-
ety of concentrations of enzyme and NADPH concentrations in the
presence of saturating pyrimidine return reproducible measurements for
rate constants when fit, which is qualitative evidence that low concen-
trations of NADPH give a good approximation of first order conditions as
a result of high binding affinity. Nonetheless, the dissociation constants
that define the competition for access to the FAD site cannot be deter-
mined reliably from these data. Moreover, it cannot be stated from these
data that reductive activation modulates NADPH or NADP™ binding, as
we have proposed previously [9]. The conclusions available from this
data added to prior kinetic modelling would suggest that NADPH
binding is high affinity for both non-activated and activated states of the
enzyme [9]. That the absorption of both charge transfer complexes can
be diminished in intensity with added NADP', indicates that both
NADP' and NADPH are free to exchange with the non-activated and
activated forms of DPD. These observations minimally provide a clear
explanation for NADP ™" formed during reductive activation contributing
to the decrease in signal for the second charge transfer species observed
(Fig. 2B).

3.4. Reductive activation effectors

We have proposed a mechanism for DPD in which the reductively
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activated form of the enzyme can only reduce pyrimidine substrates in
the presence of both pyrimidine and NADPH. In this mechanism the first
step in catalysis is reduction of the pyrimidine substrate with concom-
itant reductive reactivation to reinstate the active form of the enzyme
(NADP " eFADe(Fe4S,)40FMNH,ePyrH,). One interesting extension of
this mechanism is that reductive reactivation could also be stimulated by
dihydropyrimidine as the effector molecule and so could occur as an
integral part of one catalytic cycle (i.e. prior to dihydropyrimidine
release). To test whether dihydropyrimidines can induce rapid (re)
activation by NADPH, DPD C671S was mixed with limiting NADPH and
saturating concentrations of pyrimidines or dihydropyrimidines. These
data show that both DHU and DHT induce reductive activation at
comparable rates to those observed for uracil and thymine, establishing
that the dihydropyrimidine products are effectors and that in normal
turnover reductive reactivation is stimulated by either the dihydropyr-
imidine product or pyrimidine substrate bound at the FMN site (Fig. 5).
NADPH alone can reduce DPD, but at rates too slow to support the
turnover number with uracil for this variant. Such a mechanism would
ensure that the enzyme returns to its active form with each turnover
irrespective of the availability of pyrimidine substrates. In Fig. 5B we
show the accumulation and decay of NADPHeFAD charge transfer ab-
sorption during reductive activation (and pyrimidine reduction where
applicable). The data acquired at 590 nm show, as might be expected,
that NADPH binds with a similar rate regardless of ligand occupancy of
the FMN-pyrimidine site. For DHU and DHT reductive reactivation is
stimulated and no further reaction is possible and so we observe sus-
tained, albeit weaker, charge transfer for these ligands as the FAD site is
repopulated by the residual NADPH. As stated, for thymine with this
variant, pyrimidine reduction is exceedingly slow and so the trace ob-
tained appears similar to those for DHU and DHT for times <10 s. Only
the trace obtained at this wavelength for uracil exhibits three phases.
The first phase being NADPH binding, the second reductive activation
and the third is one catalytic cycle where reduction of the uracil
concomitant with reductive reactivation consumes all residual NADPH
resulting in the complete loss of charge transfer transitions.

3.5. Evidence for dihydropyrimidines as reducing substrates

We have demonstrated that the chemistry catalyzed by DPD is biased
toward NADPH oxidation and pyrimidine reduction by ~10 kJ/mol [9].
In other words, in reactions that include equal concentrations of NADPH
and pyrimidine or NADP' and dihydropyrimidine the formation of
dihydropyrimidine is biased ~20-fold over pyrimidine. Dihydropyr-
imidine as a reducing substrate requires that the electrons liberated
traverse the DPD cofactor set in the opposite direction. That the FAD and
iron-sulfur centers are only ever observed as oxidized during pyrimidine
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Fig. 5. Kinetic assesment of reductive acti-
vation effectors. DPD C671S variant (14 pM
DPD) was mixed under anaerobic conditions
with NADPH (13 pM) and pyrimidines
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reduction catalysis implies that these cofactors have lower reduction
potentials than that of FMN and that the iron-sulfur center conduit
provides a flat energy surface for electron transmittance. In such a
descriptive model, reduced states of either the FAD or the iron-sulfur
centers do not accumulate in catalysis in either direction with the en-
zyme’s architecture facilitating electron migration to the FMN cofactor.
Electrons on the FMNH, will have some limited propensity to move
between the two flavins but more often reside on the FMNH, and only
transiently on the iron-sulfur centers and FAD.

To study the process of the dihdropyrimidine oxidation chemistry we
mixed oxidized, non-activated DPD with dihydrouracil, with and
without saturating NADP*. The NADP™" serves both as an oxidant sub-
strate and a means to compete off, and therefore retain, NADPH formed.
In Fig. 6A a saturating concentration of DHU and DHU with NADP " were
mixed with the C6718S variant enzyme and the reaction was monitored at
450 nm. In the presence of DHU alone, a small amount of flavin is
observed to reduce at a rate that is substantially slower than that of
reductive activation of this variant with NADPH and pyrimidine. In the
presence of NADP' and DHU an increase in NADPH absorption is
observed without distinct evidence of flavin reduction. Even when
observing the reaction for 14 000 s in the presence of NADP™, no evi-
dence of reduced flavin can be discerned from flavin perturbations
arising from ligand binding (ca Fig. 6B and C) [9]. This demonstrates
that the completion of the electron conduit with the introduction of
NADP™ will draw electrons into the enzyme from dihydropyrimidine in
much the same but converse manner for the forward reaction.

One additional curiosity of DPD is that the difference spectra
observed for NADP* and pyrimidine binding are similar and therefore
changes in absorbance when both are present appear additively larger
(Fig. 6B). Similar to the forward reaction, no evidence of reduced Fe4S4
centers is observed in the absorption spectra. Additionally, at 450 nm,
the DHU only trace appears to have limited progression at 3000 s and the
trace with NADP™ present does not come to completion within 6500 s.
Furthermore, no charge transfer is evident in any of the difference
spectra collected, consistent with any NADPH generated being
competed off the enzyme in the presence of NADP™. Following these
reactions to endpoints is not feasible in that even after 14 000 s only a
fraction of available NADP™ had been reduced. However, it is reasonable
to conclude that given sufficient time that the enzyme in the presence of
DHU alone would undergo reductive activation. In the presence of both
NADP* and dihydrouracil only the small fraction of electrons on the
dihyropyrimidine with sufficient energy to reduce the distant NADP ™"
traverse the enzyme, none apparently accumulating on a reduced state
of a flavin.
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3.6. Structural evidence for DHT as a substrate

Dobritzsch et al. were the first to obtain a crystal structure of dihy-
dropyrimidine dehydrogenase [1,11] and their data and analyses were
the first definitive evaluation of the cofactor arrangement. Several
substrate/inhibitor complexes have since been solved including, the
NADPHDPDe5FU complex [11], the DPDe5IU complex, the
NADPHeDPDe5IU complex, the NADPHeDPDeuracil-4-acetic acid
complex [1], the DPDe5-ethynyluracil (S5EU) complex, and the
NADPHeDPDe5EU complex [18]. The structures solved with 5EU have
confirmed the proposed steps of reductive activation quite clearly and
these steps were also apparent in the NADPHeDPDC671Sethymine
complex structure that revealed the activated form of the enzyme is
reduced at the FMN cofactor [17]. In an attempt to solve the structures
of DPD bound to dihydropyrimidine we briefly soaked DPD C671S
crystals with thymine, (R,S)DHT, and (R,S)DHT with NADPH under
anaerobic conditions see Table 1.

The structures obtained show, as is indicated in Fig. 6, that dihy-
dropyrimidines can reduce DPD in that both structures solved with
added DHT have half of the active sites of the four subunits in the
asymmetric unit housing thymine. As a control, the crystal structure of
the DPDethymine complex was also solved and has clear in-plane den-
sity for the 5-methyl of the thymine (Fig. S2). For the structure derived
from soaking with DHT it was observed that for one subunit of each
dimer the electron density reflects a thymine molecule and the other
subunit contains a DHT, again indicative of alternating subunit reac-
tivity (Fig. 7). Corresponding structural evidence of FMN reduction in
the thymine bound active sites could not be discerned at the resolution
achieved. The shape of electron density for thymine is shown in subunits
A and D in Fig. 7 and in Fig. S3. Conversely subunits B and C are lacking
electron density at the C5 position (Fig. 7). The basis for concluding that
the absence of density for the 5-methyl substituent of the DHT is evi-
dence of unreacted DHT is that the out-of-plane methyl group has no
interaction partner within the protein. This lack of constraint likely re-
solves to indicate little density and may also be diminished by averaging
with the S-isomer that is present in the racemic mixture of added DHT.
Moreover, the NADPHeDPDe5IU structure solved by Dobritzsch et al.,
also indicated only uracil bound in the active site of one subunit in each
dimer. Presumably reduction of 5IU to 5-iodoDHU brought about a
similar crystallographic artifact given that displacement of the iodo-
group would only occur with crosslinking to the active site general
acid cysteine and this was observed in the other subunit of each dimer
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Fig. 6. Spectrophotometric evidence for dihydropyrimidine as a reductant substrate. C671S DPD (12 pM) was mixed under anaerobic conditions with DHU (300 pM)
and with or without NADP" (300 uM). A. The absorption changes observed at 450 nm. B. The difference spectra for t = 10 s minus the spectrum for unliganded DPD.
The spectrum shown in red dashes is a reference difference spectrum for DHU binding. C. The difference spectra for t = 3000 minus t = 10 s for DHU only and t =
14000 minus t = 10 s for DHU and NADP™. The spectra shown in red dashes are for reference and indicate one half the expected changes for flavin reduction and

NADP™ reduction.
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Dimer 1
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Fig. 7. FMN active site of DPDC671SeDHT complex. Subunits A and B compose dimer 1 (blue rectangle). Subunits C and D compose dimer 2 (green rectangle). The
polder map density of the FMN and thymine/DHT of each subunit is displayed individually at 5.0 s.

3.7. The influence of the pyrimidine 5-substituent on the rate of hydride
transfer

Hydride transfer from FMNH> to pyrimidine substrate is rate limiting
for uracil and thymine [9]. However, thymine reduction is twofold
slower than uracil with the WT enzyme and ~50-fold slower than uracil
with the C671S variant [9]. The origin of these relative hydride transfer
rates is unclear and suggests that substrate reactivity in the complex is
one of a number of factors defining the rate of hydride transfer. To
investigate effects of the substituent at the 5-position of uracil a series of
5-halogenated uracils were studied as substrates for the C671S form of
DPD. This variant has been shown to slow pyrimidine reduction
(coupled to reductive reactivation) to a greater degree than the initial
reductive activation, thus delineating these events and so observation-
ally isolating hydride transfer to the pyrimidine from other processes.
Fig. 8 depicts the reaction of DPD with limiting concentrations of
NADPH and near saturating 5-substituted uracils. The data obtained are
typical of DPD single turnover reactions albeit with slightly altered
appearance for the 5-halo-pyrimidines for which the rate of pyrimidine
reduction rivals that of reductive activation so that these events blend to
various extents at 340 nm. The 590 nm signals decay with oxidation of
NADPH that occurs with both reductive activation and reductive

reactivation coupled to turnover. This later process provides an objec-
tive measure of the rate of pyrimidine reduction that does not compete
with other signals [17].

The first phase observed at 590 nm reports the binding of NADPH to
the FAD active site and thus shows no evidence of modulation by the
pyrimidine 5-substitutuent bound at the distant FMN site. As might be
expected the rates for decay of the 590 nm signal, that corresponds to
complete consumption of NADPH with pyrimidine reduction, show that
decreasing the electron density at the 6-carbon of the pyrimidine of
electrons promotes the pyrimidine reduction hydride transfer reaction
and that the dependence of log(k/ko) is linear with the reported sigma
(—) value for the series [22]. Also expected is that the slope has a pos-
itive rho value indicative of negative charge accumulation in the tran-
sition state. This is both consistent with an early transition state for
nucleophilic hydride transfer and importantly the linearity suggests that
steric factors at the 5-position do not influence the observed rate to any
appreciable extent up to the radius of an iodo group that has a volume
comparable to that of the thymine 5-methyl. This trend is also consistent
with the modest electron donation provided by the thymine 5-methyl
and the corresponding slower rate of pyrimidine reduction observed.
However, the data does not explain why the hydride transfer to thymine
is decreased by 50-fold compared to uracil in the C671S variant and only

0.84

Fig. 8. DPD single turnover with 5-substituent py-
rimidines. C671S DPD (10 pM) was mixed under
anaerobic conditions with NADPH (8 yM) and 5XU
(100 pM) and observed at 340 (A) and 590 (B) nm
where X is H (black traces), I (brown traces), Br

E  [Ts—=4 1 £0.13 (green traces), Cl (blue traces), and F (grey traces).
g g The inset in C is a Hammet analysis based on s
i Uracil % values obtained from reference [22]. The data at
@ 0.82 - % 340 nm were fit to a linear combination of two
2 5-1U g exponentials while the 590 nm data were fit to
5-BrU three. The traces in both plots were separated for
i 5-CIU clarity.
0.12
8o 1 1 I |\\___|_: 00|235 |045 |055 I L
0.01 100 0.01 1 100

Time (s)



M.M. Smith et al.

twofold in the WT. Overall it can be concluded that the methyl sub-
stituent of thymine impedes the rate of hydride transfer by weak elec-
tron donation but that its volume does not play a role.

This data also offers very clear evidence for why DPD is such an
effective catalyst for 5-fluorouracil (5FU) reduction. 5FU is one of the
most-commonly prescribed chemotherapeutics and is effective against a
broad array of cancers [27,28]. The activity of DPD undermines 5FU
treatment by essentially eliminating efficacious toxicity within 30 min of
administration [29]. The data show that 5FU increases the rate of
turnover in the C671S variant by ~ tenfold. The WT enzyme however,
exhibits a nearly identical rate of turnover with 5FU (0.61 s’l) as that for
U (0.59 s71) (data not shown) accounting for the rapid rate of detoxi-
fication observed in cancer patients and the need for ambulatory pumps
to supply continuous 5FU dosages over multiple days to achieve effi-
cacious net toxicity.

3.8. Conclusions

In recent publications we have revealed quite unexpected and novel
catalytic sequences in the reaction catalyzed by DPD. While we have
defined accurate descriptions for most, aspects of the enzyme’s behavior
had remained unclear. In this study we have sought to address some of
the enigmatic aspects of the catalytic function of DPD using observation
of weak charge transfer signals that arise and then decay during
reductive activation and turnover. These signals are assigned to occur
with the proximity of the NADPH dihydronicotinamide and the FAD
isoalloxazine. In single turnover we have consistently observed for DPD
that regardless of the NADPH concentration, only one half is consumed
in reductive activation and one half is consumed during turnover. This
curious behavior is partly accounted for with the model presented here.
We tentatively propose that the DPD dimer is asymmetric. Only one
subunit of DPD is available to activate and then turnover and the other
subunit can bind substrates but does not adopt an active conformation
until the subunit first engaged completes turnover. The evidence for this
is shown in Fig. 3 and S1 and while not definitive, the data was largely
recapitulated with a model that has two distinct states for subunits
within the dimer (Fig. S1). We also show that dihydropyrimidines are
positive effectors for reductive activation. The mechanistic conclusion
drawn from this observation is that backfilling of electrons to reinstate
the active form of the enzyme can occur as part of the current catalytic
cycle and is possibly the reason why pyrimidine reduction is contingent
on occupancy of the NADPH binding site; to ensure reinstatement of the
active enzyme with each turnover. We also show that the volume dif-
ference between uracil and thymine at the 5-position of the pyrimidine
does not influence the rate of pyrimidine reduction and that other fac-
tors must be at play to modulate the rate of the pyrimidine reduction
step.
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