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Abstract: Dihydropyrimidine dehydrogenase (DPD) catalyzes the reduction of uracil and thymine 

bases with electrons derived from NADPH. The mammalian DPD enzyme is a functional 

homodimer and has an elaborate cofactor arrangement. Two flavin cofactors (FAD and FMN) 

reside in two active site cavities that are separated by around 60 Å. The flavins are apparently 

bridged by four Fe4S4 clusters, two of which are provided by the partner protomer of the dimer. 

The study of DPD has been hampered by modest yield from both native sources and from 

heterologous expression in E. coli. In addition, minimal active enzyme is obtained when the DPD 

gene is fused to an N-terminal 6His-tag. This limitation has dictated the use of traditional 

purification methods that are made more challenging by apparent over-expression of truncated 

and/or non-active forms of DPD. Here we detail methods of expression and purification that 

result in a ~4-fold improvement in the yield of active porcine DPD when expressed in E. coli BL21 

DE3 cells via the pET plasmid expression system. The addition of ferrous ions and sulfate during 

induction provide a small increase in purified active enzyme. However, the addition of FAD and 

FMN during cell lysis results in a substantial increase in activity that also reduces the relative 

proportion of non-active, high molecular weight protein contaminants. We also describe 

methods that permit correlation of the flavin content with the amount of active enzyme and thus 

permit simple, rapid quantitation and evaluation of purified DPD sample. 
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Introduction: The enzyme dihydropyrimidine dehydrogenase is a flavoprotein that catalyzes the 

reduction of the 5,6-vinylic bond of the pyrimidine bases thymine and uracil with electrons 

derived from NADPH (Scheme 1). The chemistry involves two successive net hydride transfer 

reactions. For flavoproteins this type of chemistry is typically accomplished via a ping-pong 

kinetic mechanism where two electrons donated from NADPH (or some other reductant) reside 

transiently on the flavin cofactor prior to acquisition and reduction of the second substrate. X-

ray crystal structures of DPD have revealed an elaborate cofactor arrangement [1, 2]. Two active 

sites are observed that each have a non-covalently associated flavin cofactor; one with FAD and 

another with an FMN. In addition, four Fe4S4 centers appear to form a conduit that bridges the 

flavin cofactors (two of which originate from the opposing subunit). The available structures also 

indicate that the FAD interacts with NADP molecules and the FMN with pyrimidines. Mammalian 

DPDs form a functional head to head homodimer of two 113 KDa subunits with a ~10,800 Å2 

buried interface[2, 3].  

 There is considerable pharmacological interest in DPD as it is the primary mode of 5-

fluorouracil (5FU) detoxification. 5FU is one of the most commonly prescribed chemotherapeutic 

agents and is used in the treatment of multiple common cancers [4-6]. The efficacy of 5FU results 

from that fact that it is ostensibly isosteric with uracil, and so is incorporated into nucleotides 

where it has the capacity to disrupt the functions of DNA and RNA. The majority of its toxicity, 

however, is a result of it being converted to 5-fluoro-2'-deoxyuridine-5'-monophosphate (5F-

dUMP), a potent inhibitor of thymidylate synthase [7-9]. In the treatment of cancer 5FU is given 

in relatively large doses over extended periods. This approach is used as 5FU has a remarkably 

short pharmacokinetic lifetime (t1/2 ~20 min) that is directly dependent on the activity of DPD 

[10, 11]. The net basal DPD activity within an individual varies over a 30-fold range, as such over 

dosing and under dosing are of significant concern in the achievement of optimum efficacy [12, 

13]. It is not surprising that modulation of DPD activity by inhibition has been suggested as a 

means to level the playing field for patients receiving 5FU. To this end, 5-ethynyluracil (5EU) is a 

covalent inhibitor of DPD that has FDA approval for co-administration during chemotherapy [14-

16].  
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 Despite the curious structure and medical importance of DPD, mechanistic investigation 

has been hindered by the low yield of enzyme purified from mammalian tissue (1-17µg/g of 

tissue)[17-19] and from heterologous expression (~1-2 mg/L of culture)[20, 21]. Initially, DPD was 

purified from human, pig and sheep liver tissue using relatively laborious purification procedures. 

Recombinant expression of porcine DPD utilizing E. coli (DH5a) provided a ~100-fold increase in 

purified enzyme yield versus tissue-derived protocols [20]. Despite these advancements, 

heterologous expression and purification protocols did not provide DPD yields sufficient for 

extensive biophysical investigation. The protocol described in this study is an improved method 

for the expression, purification and quantitation of porcine DPD, a homolog that exhibits 93% 

identity to the human form of the enzyme and has been proven to be amenable to in vitro 

biophysical studies[1, 2, 18, 20, 22, 23]. Here we offer an improved expression and purification 

protocol that yields an approximately 4-fold increase on the amount of purified active enzyme.  
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Materials and Methods 

Materials: Competent BL21 (DE3) cells were obtained from New England Biolabs. 

Tris(hydroxymethyl)aminomethane (Tris), dipotassium hydrogen phosphate (KPi), 

ethylenediaminetetraacetic acid (EDTA), oxidized nicotinamide adenine dinucleotide phosphate 

(NADP+), ammonium sulfate, nitric acid, phenylmethanesulfonyl fluoride (PMSF), and the Miller 

formulation of lysogeny broth (LB) powder were purchased from Fisher Scientific. Dithiothreitol 

(DTT) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) were purchased from 

RPI Research Products. The sodium salt of ampicillin and dextrose powder were purchased from 

Spectrum Chemical. Sodium sulfate, ascorbic acid, iron sulfate, sodium dodecyl sulfate (SDS), 

isopropyl b-D-1-thiogalactopyranoside (IPTG), riboflavin 5’-monophosphate (FMN), sodium 

hydroxide, 5-methyluracil (thymine), 5-ethynyluracil (5EU) and uracil (U) were obtained from 

Sigma-Millipore. Streptomycin sulfate powder was made by Gibco. Flavin adenine dinucleotide 

(FAD) was purchased from TCI biomedical. Glycine was obtained from Promega. 

 

Expression and Purification Protocol: The gene for porcine dihydropyrimidine dehydrogenase 

(DPD) optimized for heterologous expression in E. coli was synthesized and then subcloned into 

the expression plasmids pET17b and pET28a between the Nde I and Xho I restriction sites by 

Genscript. The respective plasmids, pSsDPD and pSsDPD+, were transformed into E. coli BL21 

(DE3) cells, plated onto LB agar containing 100 µg/mL ampicillin (pSsDPD) or 25 µg/mL kanamycin 

(pSsDPD+) and grown for 16 hours at 37 oC. An individual, isolated colony was then used to 

inoculate ~20 mL of LB broth with 100 µg/mL ampicillin (pSsDPD) or 25 µg/mL kanamycin 

(pSsDPD+) and cultured at 37 oC with agitation (220 rpm) until early log phase growth. Cell stock 

aliquots were stored at -80 oC after the addition of sterile glycerol to 20% v/v. 

 Cell stocks containing the pSsDPD plasmid were thawed and plated (100 µL/plate) onto 

LB agar, 100 µg/mL ampicillin and incubated for 18 hours at 37 oC. The cell lawn from two plates 

was suspended in ~20 mL of sterile LB broth and used to inoculate 1 L of LB broth culture, 100 

µg/mL ampicillin, pre-warmed to 37 oC. Growth of the inoculum on solid media improves 

antibiotic selection and resuspension minimizes transfer of resistance enzymes that accumulate 

in broth and undermine selection in the expression culture. Cells were cultured at 37 oC with 
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agitation (220 rpm) and the optical density at 600 nm was monitored until mid-log phase (OD ~ 

0.5). The temperature was then reduced (25, 28 or 30 oC) for one hour in the presence or absence 

of 100 µM iron sulfate and 1 mM sodium sulfate. DPD expression was induced by the addition of 

100 µM IPTG and the period of expression was 20 hrs. All subsequent DPD purification steps were 

carried out at 4 oC. Cells were harvested by centrifugation (4,000 g for 30 min) and suspended in 

~20 mL/L cold buffer A (30 mM Tris, 2 mM DTT, 1 mM EDTA pH = 8.0). Flavin cofactors were 

added or omitted (50 µM FAD and 50 µM FMN) and the cell slurry was transferred into a pre-

cooled stainless-steel beaker. The cells were then lysed by two 4 min bursts of sonication at 50 

W using a Branson 450 sonifier. Lysed cells were centrifuged at 10,000 g for 45 minutes to pellet 

cell debris and the supernatant was decanted into an ice-cold beaker. DPD was observed to 

precipitate between 35% and 55% ammonium sulfate saturation. The 35% and 55% ammonium 

sulfate pellets were each collected by centrifugation at 10,000 g for 20 minutes. The 35% pellet 

was discarded, the 55% pellet was re-suspended in cold buffer A and diluted until the conductivity 

of the solution was below 5 msec. The sample was loaded onto an ion exchange column (Bio Rad 

Macroprep High Q, 26 x 140 mm) that was pre-equilibrated in buffer A. The column was washed 

with 100 mL of buffer A and protein was eluted with a 400 mL gradient from 0 to 100% buffer B 

(30 mM Tris, 300 mM NaCl, 2 mM DTT, 1 mM EDTA pH = 8.0) from which 5 mL fractions were 

collected. Fractions containing DPD activity were pooled and concentrated to ~2 mL using a 10 

KDa nominal molecular weight cutoff centrifugal concentrator (Millipore, Amicon). The 

concentrated sample was injected onto a 26 x 1000 mm Sephacryl S-200 High-Resolution size 

exclusion column (Pharmacia Biotech) and eluted with 300 mL of Buffer C (30 mM KPi, 2 mM DTT 

pH = 7.4). Fractions (5 mL each) were collected and those containing pure DPD were pooled, 

concentrated and frozen as aliquots at -80 oC. Subsamples from each stage of purification were 

taken and analyzed for purity using SDS PAGE and assayed for activity. To assess the 

enhancement of yield with the exogenous additives (FAD, FMN, iron sulfate, sodium sulfate), the 

above protocol was repeated without inclusion of these substances. Excluding the additives is 

representative of the DPD yield obtained by prior published methods [20-23]. 

 For expression of DPD fused to an N-terminal 6His-tag, a 1 mL cell stock containing the 

pSsDPD+ plasmid was thawed and plated onto LB agar, 25 µg/mL kanamycin and incubated for 
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~18 hours at 37 oC. The lawn of cells obtained from two plates were suspended into ~20 mL sterile 

LB broth and transferred to pre-warmed LB broth cultures, 25 µg/mL kanamycin (2 plates/L) and 

grown at 37 oC with shaking (220 rpm) until and the optical density at 600 nm was 0.6. The 

temperature was then reduced to 30 oC for 1 hour prior to induction of DPD expression by the 

addition of IPTG to 100 µM. After ~18 hours of expression at 30 oC the cells were harvested, re-

suspended in buffer D (30 mM KPi, 10 mM imidazole, 2 mM 2-mercaptoethanol pH 7.4) and 

sonicated as described above. The sonicate supernatant was loaded onto a HiTrap TALON affinity 

column equilibrated in buffer D. DPD was eluted with a 400 mL gradient from 10 to 300 mM 

imidazole in buffer D and 5 mL fractions were collected. The fractions that contained pure DPD 

were pooled and concentrated and stored as described above. 

 

Activity Assay: Steady state activity assays were used to determine the units of activity specific 

to DPD. Crude or purified DPD (10-20 µL) was added to a quartz cuvette containing buffer E (30 

mM KPi, 2 mM 2-mercaptoethanol, pH 7.4) and 200 µM NADPH. The reaction was monitored at 

340 nm for the background oxidation of NADPH (De = 6,220 M-1 cm-1) that arises via the activity 

of contaminant proteins and/or dioxygen reduction by DPD. After ~100 seconds, 100 µM uracil 

was added and the reaction was monitored for and additional 100 seconds. To obtain a measure 

of the activity specific to DPD, the background rate was subtracted from the rate observed in the 

presence of uracil.  

 

Determinations of Cofactor Occupancy: FAD and FMN cofactor occupancy of DPD was assessed 

by diluting purified DPD into buffer D with the addition of 0.2 % SDS and 3 mM EDTA. EDTA was 

used to sequester the iron liberated from the Fe4S4 clusters by SDS induced denaturation of the 

enzyme, eliminating UV/Vis spectral contributions from the metal ions. The sample was then 

heated to 70 oC for 60 minutes to denature the enzyme and release the bound cofactors. 

Absorbance spectra (250 to 850 nm) were collected before the addition of 0.2% SDS and after 

heat denaturation. In order to remove the SDS from the sample, as required for HPLC analysis, 

samples were treated with KPi, pH 6.5 to 1 M, cooled to 4 oC and centrifuged for 15 minutes at 

10,000 g. The supernatant (20 µL) was then injected onto a C18 column (XBridge C18, 5 µm, 4.6 
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x 250 mm) pre-equilibrated in 5 mM ammonium acetate with 15 % MeOH at pH 6.5. The sample 

was eluted isocratically at 1 mL/min and monitored at 370 nm. In order to prevent peak splitting 

due to multiple protonation states, FAD and FMN samples and standards were prepared in Buffer 

D at pH 6.5. This method allowed for baseline separation of FAD and FMN. To accurately quantify 

the FAD and FMN in the sample, a standard curve based on peak area was prepared for both 

compounds and the linear dependencies were used to determine the concentration of each of 

the flavins in the sample of DPD.  

 To determine the amount of iron in the DPD sample a method for quantifying iron using 

ferene-S was adopted from Hedayati et al., 2018 [24]. Ferene-S is a bidentate Fe(II) chelator and 

exhibits a large extinction coefficient change (e595nm = 35,194 M-1 cm-1) when chelated to Fe(II) 

and thus can be used to accurately determine ferrous iron concentration [24, 25]. Briefly, 5-10 

µL of DPD whose UV/Vis spectrum and flavin content was known, was treated with 100 µL of 

concentrated nitric acid for 90 minutes at 70 oC. The digested samples were cooled to 20 oC and 

neutralized with 160 µL of 10 N NaOH. A 740 µL solution of 5 mM ferene-S, 0.2 M ascorbic acid, 

0.4 M ammonium acetate at pH 4.3 was added to the denatured DPD sample. The absorbance 

was measured after incubation for 15 hrs at 20 oC in the absence of light. All measurements were 

repeated with two separate preparations of DPD. 

 

Determination of Active Enzyme: The proportion of active enzyme was assessed 

spectrophotometrically by reaction of DPD with NADPH and 5EU. 5EU will covalently cross-link 

to the C671 residue of DPD [26]. Three concentrations of DPD in buffer E were prepared 

anaerobically by adding concentrated enzyme to buffer that included 1 U/mL glucose oxidase 

and 1 mM dextrose that had been pre-sparged for 5 min with purified argon. This sample was 

then mounted onto a TgK stopped-flow spectrophotometer (Hitech Scientific). The sample was 

mixed with anaerobic NADPH (400 µM) and 5EU (400 µM), also prepared by sparging with argon. 

The reaction was monitored for the oxidation of NADPH at 340 nm. The absorbance change at 

340 nm was quantified using the known extinction coefficient for NADPH oxidation (6,220 M-1cm-

1). The data obtained were fit to equation 1 which describes an exponential added to a straight 

line. In this equation DA340 is the change in absorbance at 340 nm during the exponential phase 
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and m is the slope of the linear portion of the curve that occurs due to adventitious reduction of 

DPD and C is the endpoint of exponential phase. 

Equation 1  𝐴"#$ = ∆𝐴"#$(𝑒)*+,) + 	𝑚𝑡 +	C 

  



 10 

Results 

Expression and Purification: Expression and purification of DPD using the method described 

above yields ~14 units of activity from 10 liters of culture. The UV/Vis absorption maxima of the 

purified enzyme were 280, 380 and 426 nm in a 3.6:1.1:1 intensity ratio. The absorption spectrum 

of DPD is a composite of two flavin spectra and four Fe4S4 clusters. Purified enzyme was stable in 

buffer E indefinitely when concentrated (>500 µM) and frozen at -80 °C. Activity and purity were 

assessed at each stage of purification. In Table 1 it is apparent that full length DPD is amenable 

to mechanical processing as ~60% of the activity observed at sonication is retained in the purified 

sample. The SDS-PAGE shown with Table 1 depicts the protein content of subsamples taken 

throughout purification. This gel indicates that the protocol yields ostensibly pure protein. 

 The addition of sodium sulfate and iron sulfate during expression resulted in only a small 

increase in yield (~0.1 unit of activity/L) suggesting that these substances are not significantly 

limiting in LB broth. However, the combined addition of sulfate and iron during expression in 

addition to FAD and FMN at the point of sonication resulted in a net gain of ~1 unit of activity per 

liter of culture which equates to a 3.5-fold increase in total activity recovered. Expression of the 

6His-tag-DPD from the pSsDPD+ construct in the manner described above resulted in ~30% (<0.1 

unit/L) of the activity observed with the native length protein in the absence of additives, 

nullifying any advantage of the purification tag. Low yields of N-terminal 6His fusion DPD have 

been reported in two prior studies [12, 21] who also describe sub-milligram yields per liter of 

culture. While the stability and tractability of this form of the enzyme was not evaluated, the His-

tagged enzyme had ostensibly identical absorption characteristics to those of the purified wild-

type enzyme. 

 Figure 1 summarizes the chromatographic purification of SsDPD. Figure 1A & B show 

purity of the fractions containing DPD as eluted from Q-sepharose and SEC columns respectively. 

DPD was identified as the uppermost band on the SDS PAGE gel and runs at ~115KDa. 

Figure 1C & D depict activity of DPD purified by the current method and chromatograms for the 

prior and current methodologies. The Q-sepharose data (Figure 1A &C) indicate that the DPD 

protein co-expresses with at least three additional proteins that are not observed to accumulate 

in non-induced controls (data not shown). Presumably, these are truncated and/or partially apo-
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forms of DPD. However, the identity of these species was not established in the current study. 

The uracil specific activity correlates only with the first eluting form that is also the dominant 

component (solid line). Though not shown, all fractions have significant long wavelength spectral 

characteristics indicative of Fe-S centers. Pooling only the active fractions from Q-sepharose 

eliminates the greatest part of apparent contaminant protein components. In Figure 1C the 

enhancement achieved by the addition of Fe(II) and sulfate and the combined addition of Fe(II), 

sulfate and flavins can be observed. The amount of active DPD eluting based on 280 nm 

absorption is increased by a factor of 2.42 by the addition of flavins. Figure 1B & D summarizes 

the SEC chromatographic step. These data indicate that the bulk of the DPD activity is associated 

with the first eluting fraction and that most impurities elute afterward. Similarly, in Figure 1D we 

see the gain in total DPD yield achieved by the Fe(II), sulfate and flavin additives (solid line).  

 

Determination of Fraction of Active Enzyme: The proportion of active enzyme as a function of 

absorption was determined by titrating known amounts of DPD with excess 5EU in the presence 

of NADPH. It has been established that 5EU inhibits DPD by forming a covalent link with cysteine 

671 that is the putative active site acid facilitating hydride transfer from FMNH2 to pyrimidine 

substrates [21, 26]. In the presence of excess NADPH and 5EU, DPD will consume an amount of 

NADPH equal to the DPD•5EU complex in an initial and relatively rapid exponential phase. 

Adventitious slow reduction of the enzyme follows this initial exponential phase. The data were 

fit to an exponential term added to a straight line to obtain the amplitude of the exponential 

portion of the curve (Equation 1). The amplitude of this phase at 340 nm represents the 5EU-

dependent oxidation of NADPH to NADP+ (6,220 M-1cm-1) and can be reasonably regarded as a 

measure of the concentration of active DPD in the assay. The amplitude of this phase was plotted 

versus the absorbance of DPD in the sample where the linear dependence represents the 

concentration of DPD as a function of absorbance at 426 nm (Figure 2A). The slope of the line of 

best fit is thus the 426 nm DPD extinction coefficient (76,600 M-1cm-1). The concentration of 

active enzyme correlated with the concentration of enzyme bound flavins (FAD and FMN) 

indicating that the isolated enzyme is, within error, fully active.  
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Determination of the Cofactor Occupancy: HPLC analysis of denatured DPD was used to quantify 

FAD and FMN concentration by comparing the integrated area of the cofactor peaks to standard 

curves (Figure 3A & B). The denatured sample contained 19.8 ± 0.87 µM FAD and 20.9 ± 1.7 µM 

FMN. Comparison to active enzyme as described above indicates that the purified enzyme has 

within error a 1:1:1 ratio for FAD:FMN:active DPD. This ratio confirms that the purification 

protocol is selective for active holoenzyme. 

 The concentration of Fe(II) in the DPD protein was determined by a ferene-S assay and 

found to be 15.1-fold higher than that of either flavin, consistent with the 16-fold expected. The 

ferene-S•Fe(II) complex has longer wavelength absorption transitions than FAD or FMN and 

therefore the 595 nm absorbance value measured can be attributed entirely to this complex. 

From the above data we can conclude that the DPD sample as isolated is constituted almost 

exclusively with active enzyme. That the concentration of the flavins is equivalent and occur at 

the correct ratio with respect to Fe(II), permits the concentration of the enzyme to be determined 

solely by SDS denaturation in the presence of EDTA (Figure 3A). The combined extinction 

coefficient for FAD and FMN (23,500 M-1cm-1) can then be used to determine the active enzyme 

concentration. The extinction coefficient spectrum of DPD was generated by normalizing a DPD 

sample of known absorbance before and after denaturation (0.2% SDS, 3mM EDTA at 70 °C for 1 

hour) to the amount of FAD and FMN in the sample (Figure 3). The normalize DPD absorbance 

spectrum was used to separately determine working extinction coefficients of 275,000 M-1cm-1, 

82,282 M-1cm-1 and 74,220 M-1cm-1 at 280, 380 and 426 nm respectively (Figure 2) the latter of 

which agrees well with that derived from the 5EU based kinetic method above. The measured 

426 nm extinction coefficient agrees well with prior reports that based this number on indirect 

methods such as Bradford assay [22, 27, 28]. 

 Assuming minimal perturbation of the flavin spectra when bound to DPD, the difference 

spectrum obtained when the denatured (flavin only) spectrum was subtracted from the initial 

non-denatured spectrum resulted in a calculated extinction coefficient of 58,448 M-1cm-1 at 400 

nm for the four Fe4S4 centers contained in one protomeric unit (Figure 3A). This indicates that 

the individual Fe4S4 centers contribute an average of ~14,600 M-1cm-1 to the DPD spectrum at 
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this wavelength. Such an absorption contribution is comparable to that of Fe4S4 centers observed 

in other systems [29, 30].  
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Discussion  

The poor abundance from native sources, limited expression of recombinant DPD and the 

inability to quantify the amount of active enzyme present has led to a ~9-fold variation in 

published turnover numbers based on different enzyme extinction coefficients ranging from 

~31,000 to 74,000 M-1cm-1 [3, 20-23, 31]. Here we present a ~4-fold improvement on the yield of 

active recombinant porcine DPD. The method not only improves the overall quantity obtained 

but also is shown to isolate only the active form of the enzyme from contaminants. The DPD 

isolated by these methods is shown to have near 100% cofactor loading and full activity. 

 Initial DPD preparations followed a modified method adapted from Lohkamp et al., 2010 

and yielded ~0.3 units/L of DPD with inconsistent total activity and multiple contaminants as 

observed by SDS PAGE (data not shown) [21]. In order to optimize expression of DPD additives 

during expression and purification were assessed. Though not mentioned above, PMSF was 

added to assess the possibility that the protein of similar and lower mass observed to purify with 

full length DPD was or was not a product of proteolysis (Figure 1). It was determined that PMSF 

had no effect on purity or yields of active DPD which suggest that serine proteases are not 

responsible for the production lower molecular weight co-purifying proteins. Moreover, the use 

of BL21 (DE3) cells which are deficient in both OmpT (outer membrane) and Lon (cytoplasmic) 

protease systems as well as the inclusion of EDTA in the lysis buffer, apparently provides 

sufficient protection from proteolysis to permit purification of DPD over a three-day period. In 

addition, we observed that the use of streptomycin sulfate as an initial step to precipitate nucleic 

acids results in the precipitation and/or inactivation of DPD.  

 It is generally accepted that iron-sulfur clusters are unstable in the presence of dioxygen 

to the extent that many iron-sulfur protein purification protocols must be accomplished under 

anaerobic conditions [32, 33]. The resilience of DPD activity in atmosphere indicates that the 

Fe4S4 centers are sequestered within the protein are not susceptible to oxidative degradation. To 

assess if iron sulfur cluster generation was the limiting factor in DPD heterologous expression we 

added Fe(II) and sulfate to culture media in order to take advantage of E. coli cell transporters 

that uptake both exogenous iron and sulfate [34, 35]. The inclusion of these additives had a 

modest effect on yield, improving total activity by ~25% (Table 1). DPD isolated with the addition 
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of Fe(II) and sulfate had a spectrum with increased relative long-wavelength absorption 

particularly around 400 nm which is maximal for the Fe4S4 centers (Figure 3 & 4).  

 Supplementation of FAD and FMN during sonication resulted in a ~4-fold increase in total 

activity yield. However, supplementation of flavins to purified enzyme did not show a rate 

enhancement (data not shown) and largely suggests that the purified, active enzyme is devoid of 

partially or fully apo-enzyme with respect to flavins. The effect of added flavins during 

purification can be seen in the 280 nm normalized spectra that compare DPD purified by the 

three methods assessed (Figure 4). 

  The additive spectra show a decrease in the 280:426 nm absorption ratio, indicating that 

the enzyme isolated with Fe(II), sulfate and flavins has a higher degree of cofactor incorporation. 

However, the increase does not by itself account for the 4-fold increase in total activity that the 

additives provide. This suggests that the original method copurified some fraction of partially or 

fully apo-enzyme and that the principle advantage observed with the addition of flavins during 

lysis is a result of incorporation of flavins to this form of the enzyme which results in more of the 

expressed DPD protein purifying as the active component (Figure 4). 

 An active DPD protomer requires one FAD, one FMN, and four Fe4S4 centers for catalytic 

activity. Interestingly, data from this study suggests that FAD and FMN are present in purified 

denatured DPD samples in a 1:1 ratio, an observation supported by other investigators [20-22, 

36]. This observation suggests that the apo, mono- and di-flavin bound DPD forms are separated 

during purification given that the contingent binding of flavins is a less likely cause of this ratio. 

These data correlate directly to the amount of active enzyme determined by 5EU titration and 

the calculated extinction coefficients from denaturation experiments. Based on this the active 

amount of DPD can be accurately assessed by either titration to 5EU or using the calculated net 

extinction coefficient for bound flavin cofactors.  
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Conclusion 

A longstanding difficulty encountered by DPD researchers was the inability to prepare the 

enzyme in quantities amenable to transient state kinetic analyses. This was exacerbated by 

limited expression of a N-terminal 6His-tagged variant dictating the use of traditional purification 

methods which involve multiple additional steps. These additional steps add considerable time 

to the protocol which is an added restriction to biophysical investigations. These limitations 

highlight the need for an improved method of expression and purification. The modifications to 

the protocol described here result in an approximately 4-fold increase in active DPD yield and the 

quantitation methods described provide means for simple, rapid and accurate assessment of the 

proportion of active DPD in the sample obtained.  
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Table 1 – Total units of DPD activity for each stage of purification. The Coom
asie blue stained SDS-PAG

E at right sum
m
arizes 

the purification protocol. The loading is proportional to the sam
ple volum

e at each purification stage. Lane 1 is the protein 
m
olecular w

eight m
arker (198, 62, 49, 38, 28, 18 KDa), lane 2 is the sonicate supernatant, lane 3 is the 35%

 am
m
onium

 
sulfate supernatant, lane 4 is 55%

 am
m
onium

 sulfate supernatant, lane 5 is the re-dissolved 55%
 am

m
onium

 sulfate pellet, 
lane 6 is the pooled Q

-sepharose sam
ple, and Lane 7 is the pooled SEC sam

ple. The band correlating to DPD (~113 Kda) 
identified by a black rectangle. The abbreviations used in the table as as follow

s, SSN
 – sonicate supernatant, 35%

 SN
 – 35%

 
am

m
onium

 sulfate supernatant, 55%
 SN

 – 55%
 am

m
onium

 sulfate supernatant, Q
- Q

-sepharose chrom
atography pool, SEC- 

size exclusion chrom
atography pool. 
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Figure 1. Analysis of DPD Purification A. Coomasie blue stained SDS-PAGE gel for fraction from 
the Q-sepharose chromatography step. Lane 1-8 are for fractions 20, 22, 24, 26, 28, 30, 32, and 
34. ** is the protein molecular weight marker (198, 62, 49, 38, 28, 18 KDa) B. Coomasie blue 
stained SDS-PAGE gels of SEC fractions. Lane 9 -15 are for fractions 8, 10, 12, 14, 16, 18, and 20. 
C. & D. Overlay of Q-sepharose (C) and SEC (D) elution chromatograms (280 nm) for DPD from 
different expression protocols with per fraction DPD activity. The (…….), (_ _ _) and (   ) are 
chromatograms obtained by following the original, iron sulfate supplemented and iron sulfate 
and flavin supplemented protocols, respectively. The (-.-) line represents activity specific to DPD 
in mAbs/sec for the iron sulfate and flavin supplemented protocol. 
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Figure 2. Determination of Active Enzyme by 5EU Inactivation. A.  Kinetic traces in the presence 
of 5EU (100 µM) and NADPH (200 µM) monitoring the consumption of NADPH at 340 nm. B. UV-
vis absorbance spectrum of DPD normalized to the extinction coefficients of DPD determined 
from the slope determined in A. (inset).  
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Figure 3. Analysis of DPD Cofactor Occupancy. A. Absorption spectrum of DPD before (     ) and 
after (_ _ _) treatment of 0.2% SDS, 3mM EDTA and incubate for 1 hour at 70°C. The third spectrum 
(_ _ _) is the difference the other spectra.  Absorption spectra were normalized to the 426 nm 
extinction coefficient of DPD (74,220 M-1cm-1). A inset is the absorption spectrum of DPD 
denatured in the presence of ferene-S and L-ascorbate. B. Chromatogram of UV-HPLC traces of 
FAD and FMN from denatured DPD. HPLC conditions: 5 mM ammonium acetate, 15% MeOH at 1 
mL /minute. B inset is a plot of the integrated area of the HPLC peaks of FMN (_ _ _) and FAD (     ) 
recorded at 370 nm. 
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Figure 4. Absorption Spectra of DPD Expressed and Purified by Different Protocols. The spectra 
are representative of DPD obtained following the unsupplemented (…….), Fe (II) and sulfate 
supplemented (_ _ _) and Fe (II), sulfate and flavin supplemented (     )  protocols. Spectra are 
normalized to 280 nm. The inset depicts the same spectra normalized at 426 nm.  
 


