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Abstract 1	

The oomycete Phytophthora infestans is the causal agent of tomato and potato late 2	

blight. Fungicides and resistant varieties are quickly overwhelmed by the pathogen, 3	

showing the need for new targets against late blight. A new interesting alternative for the 4	

control of this important pathogen is the inhibition of the de novo pyrimidine synthesis 5	

pathway. This metabolic pathway is essential for the majority of living organisms. In this 6	

study we aimed to characterize the dihydroorotase dehydrogenase (DHOD), which 7	

catalyzes the fourth and only redox step of the pathway, and to reveal the differences 8	

between the enzymes from the pathogen P. infestans (PiDHOD) and the host, Solanum 9	

tuberosum (StDHOD). A full length and truncated StDHODs were overexpressed in 10	

Escherichia coli but could not be purified and characterized because they were insoluble. A 11	

truncated P. infestans recombinant protein, ΔN-PiDHOD was purified and the kinetic 12	

parameters were calculated using the Michaelis-Menten model to obtain a Km of 14.7 µM 13	

for dihydroorotate, Km of 6 µM for Qd and a Vmax of 5.85 µmol min-1mg-1 at 30 °C.  We 14	

also investigated the importance of the transmembrane signal peptide in the mitochondrial 15	

localization of PiDHOD. We constructed six different C-terminal fusions of the PiDHOD 16	

with GFP to examine subcellular localization of the protein in transgenic P. infestans 17	

strains co-expressing a mitochondrially-localized mCherry fluorescent reporter. Our 18	

preliminary results suggested that the mitochondrial targeting sequence and the 19	

transmembrane region are indispensable for the localization of PiDHOD.  20	
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Introduction 1	

Oomycetes are a group of filamentous microorganisms, pathogens of animals and plants 2	

with high agricultural impact because of their devastating effects on crops and ecosystems 3	

(Attard et al., 2014). The model organism within this group is Phytophthora infestans, a 4	

pathogen that affects plants of the Solanaceae family and which is perhaps, the most 5	

destructive pathogen of potatoes (Solanum tuberosum) (Fry, 2008). The infection caused by 6	

P. infestans is known as late blight, responsible for the Irish potato famine in the mid-7	

nineteenth century that led to the death and migration of more than two million Irish (Erwin 8	

& Ribeiro, 1996). Phytophthora infestans is a hemibiotrophic pathogen showing a 9	

biotrophic life style at the beginning of the infection, which produces minor damage to the 10	

plant tissue and then shifts to a necrotrophic phase, characterized by sporulation on dead 11	

tissue. These sporangia can be dispersed rapidly, destroying entire crops in a few days (Fry, 12	

2008).  13	

Oomycetes belong to the SAR supergroup and the stramenopiles group in the 14	

Protozoa clade (Beakes, Glockling, & Sekimoto, 2012). Even though oomycetes are 15	

morphologically similar to fungi and were originally classified as such, DNA and genome 16	

sequencing revealed that they have a different evolutionary origin, they are organisms that 17	

are phylogenetically related to algae and diatoms and have unusual biological, genetic, and 18	

physiological characteristics (Attard et al., 2014). Oomycetes have adopted morphology 19	

and infection strategies similar to fungi, through convergent evolution and horizontal gene 20	

transfer (Beakes et al., 2012).  21	

The current strategies for controlling pathogenic oomycetes are very limited and 22	

most of the molecules used to attack plant diseases caused by these pathogens are directed 23	
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to features that are specific for fungi but absent in oomycetes, such as melanin, sterol, or 1	

chitin biosynthesis (Attard et al., 2014). These specific features are perhaps the ones that 2	

should be concentrated on the search for targets, especially those related to metabolic 3	

pathways. For example, it has been found that the accumulation of proteins involved in 4	

protein synthesis and energy metabolism are involved in the protection against reactive 5	

oxygen species and the formation of appressoria (Ebstrup, Saalbach, & Egsgaard, 2005; 6	

Grenville-Briggs et al., 2005). 7	

All living organisms depend on the nucleotide metabolism. Nucleotides play a role 8	

as metabolites and are essential precursors for nucleic acids. Furthermore, they are 9	

precursors in the synthesis of polysaccharides, phospholipids, and glycolipids and are 10	

components for the synthesis of coenzymes such as NAD and NADP, which are involved 11	

in redox reactions (Stasolla et al., 2003; Ashihara et al., 2011). Pyrimidine nucleotides such 12	

as UTP and UDP, function as cosubstrates, acting in the synthesis and degradation of 13	

sucrose. Others such as UDP-glucose participate in synthesis pathways of polysaccharides, 14	

glycoproteins, and phospholipids (Zrenner, Stitt, Sonnewald, & Boldt, 2006). 15	

The de novo synthesis of pyrimidine nucleotides consists of six steps, the first one is 16	

catalyzed, in most eukaryotes, by the carbamoyl phosphate synthetase II (CPS II), which 17	

uses glutamine as a substrate (Moffatt & Ashihara, 2002). The second reaction is catalyzed 18	

by aspartate transcarbamylase (ATC), which catalyzes the formation of carbamoyl aspartate 19	

(Zrenner et al., 2006). The third enzyme dihydroorotase (DHO) catalyzes the reversible 20	

conversion of carbamoyl aspartate to dihydroorotic acid (Moffatt & Ashihara, 2002).  The 21	

fourth step is catalyzed by dihydroorotate dehydrogenase (DHOD), which is a flavoprotein 22	

catalyzing the only redox reaction in the de novo synthesis of pyrimidines, in which 23	
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dihydroorotate is oxidized to orotate (Björnberg, Jordan, Palfey, & Jensen, 2001). The 1	

oxidation of the substrate is accompanied by a reduced flavin group subsequently 2	

reoxidized after transfering electrons to coenzyme Q (CoQ) or molecular oxygen (Paul 3	

Rowland, Nielsen, Jensen, & Larsen, 1997; Stocks et al., 2014). The following steps are 4	

catalyzed by orotate phosphoribosyltransferase (OPRT) and orotidine 5'-monophosphate 5	

decarboxylase (ODC), which convert orotate to UMP in two successive reactions (Moffatt 6	

& Ashihara, 2002; Zrenner et al., 2006). 7	

 It has been reported that de novo synthesis of pyrimidine nucleotides is an 8	

appropriate target for the control of parasites of the phylum Apicomplexa and some 9	

enzymes in the pathway have become emerging targets (Bedingfield et al., 2012; Stocks et 10	

al., 2014). In Toxoplasma gondii the first enzyme of the novo synthesis is a potential target, 11	

since it was observed that transgenic parasites lacking CPS II are avirulent (Fox & Bzik, 12	

2002). In Plasmodium falciparum the enzymes OPRT and DHODase are proposed as a 13	

possible targets (Krungkrai et al., 2004; Stocks et al., 2014). Recent research has suggested 14	

the enzyme PfDHOD as an attractive and promising targets for the development of new 15	

inhibitors against the parasite (Subramanian et al., 2016). PfDHOD has differences in the 16	

amino acid sequence in the domains that bind to inhibitors compares to the host’s enzymes. 17	

Some inhibitors of PfDHOD have been identified as halogenated benzamide/naphthamidas 18	

and substituents such as quinolinyl and naphthyl which are able to inhibit the parasite 19	

enzyme 12,500 times better than the human enzyme (Stocks et al., 2014).  Other 20	

compounds that are derivatives of hydralazine showed potential inhibitory activity at low 21	

micromolar concentrations which have minimal cytotoxic effects in mammalian cells 22	

(Subramanian et al., 2016). The PfDHOD inhibition also can lead to parasite death in both 23	

cell culture and animal models (Booker et al., 2010).  24	
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DHODs have been classified into two groups. The first group, family 1 DHODs, are 1	

soluble enzymes that use fumarate as an electron acceptor and is found in gram-positive 2	

bacteria and archaea. The second group, family 2 DHODs, are membrane-associated 3	

enzymes found in gram-negative bacteria and in eukaryotes that use riboflavin-5'-phosphate 4	

(FMN) to transfer electrons to quinones and therefore are linked to the respiratory chain 5	

(Hortua Triana et al., 2012). These enzymes associate with the inner membrane of the 6	

mitochondrial and donate electrons from substrate oxidation to respiratory quinones (P. 7	

Rowland, Nørager, Jensen, & Larsen, 2000) (P. Rowland et al., 2000). In humans, plants, 8	

and Apicomplexa, DHOD is a family 2 enzyme. The human DHOD has been located to the 9	

outer side of the inner mitochondrial membrane using protease-sensitivity of radioactively 10	

labeled precursor proteins (Rawls, Knecht, Diekert, Lill, & Löffler, 2000). In plants, the 11	

mitochondrial localization has been confirmed by transient expression of GFP protein in 12	

tobacco cell cultures (Schröder, Giermann, & Zrenner, 2005). In Apicomplexa the enzyme 13	

is also localized in the mitochondria and associated with in the electron transport chain. 14	

Furthermore, as explained previously, the inhibition of the respiratory chain is a potential 15	

target against Plasmodium (Seeber, Limenitakis, & Soldati-Favre, 2008).  16	

In this study we aimed to i) begin experiments to establish the kinetic differences 17	

between DHOD enzymes of the pathogen (Phytophthora infestans) and the host (Solanum 18	

tuberosum), in preparation for future identification of P. infestans-specific compounds and 19	

ii) to investigate the roles of N-terminal protein sequences in the mitochondrial localization 20	

of PiDHOD.    21	
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Materials and Methods 1	

PiDHOD and StDHOD cloning 2	

Specific primers were designed for PCR amplification of the coding sequences of 3	

these genes using the sequences of the DHODs from S. tuberosum (Locus: 4	

XM_006348491) and P. infestans (Locus: NW_003303757.1) reported in GenBank, (Table 5	

1). In some constructs, the N-terminal transmembrane region was removed to facilitate 6	

purification, by making the recombinant protein less hydrophobic. In different studies of 7	

this enzyme from other organisms, truncations were performed to obtain soluble protein. 8	

Furthermore, it has also been shown that truncation does not affect enzyme activity (Ullrich 9	

et al., 2001). Also the crystallographic structure of human DHOD has provided evidence 10	

that the truncated protein contains the functional catalytic domain (Liu, Neidhardt, 11	

Grossman, Ocain, & Clardy, 2000). We designed two primers with BamHI as the restriction 12	

enzyme site for PCR amplification of PiDHOD. The first one amplified a full length 13	

(PiDHOD) and the second one is a N-terminally truncated version of the gene without the 14	

transmembrane region (Δ54N-PiDHOD). For StDHOD five primers were designed to 15	

amplifiy a full length and four diferent truncations close to the transmembrane region with 16	

NdeI site at the 5′ ends and an XhoI site at the 3′ ends (Δ69N-StDHOD, Δ73N-StDHOD, 17	

Δ76N-StDHOD and Δ79N-StDHOD)  (Table 1).  18	

PCR products were adenylated, ligated and cloned in the pGEM-T Easy vector 19	

(Promega, USA) according to the manufacturer’s instructions and transformed into 20	

Escherichia coli DH5αF' cells (Stratagene, USA). PiDHOD Sequences were subcloned in 21	

the expression vector pET-19b (Novagen; Darmstadt, Germany) and StDHOD sequences 22	

were subcloned in pET-15b ( Novagen) and transformed into E. coli BL21-CodonPlus 23	
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(DE3)-RP (Agilent Technologies, USA) cells for expression. Cloning and subcloning 1	

constructs were confirmed by restriction with NdeI and XhoI (New England Biolabs) and 2	

sequencing (Macrogen, Korea).  3	

Expression and purification 4	

Standard protocol 5	

A single colony of E. coli BL21-CodonPlus (DE3)-RP transformed with plasmid 6	

pET-15b containing the desired sequence was inoculated in LB medium containing 0.1 mg 7	

mL-1 of ampicillin and was grown overnight at 37 ºC. After an initial inoculum of 1% was 8	

added in LB medium supplemented with 0.1 mg mL-1 of ampicillin, the culture was 9	

incubated with shaking until OD600nm of 0.55 at 37ºC. Then, media was supplemented with 10	

0.1 mM riboflavin 5′-phosphate sodium salt (FMN) and 1 mM isopropylthio-β-galactoside 11	

(IPTG) was added to induce the expression of the recombinant protein.  12	

Induction under osmotic stress protocol  13	

The strain was precultured under osmotic pressure (0.5 M NaCl). The overnight 14	

culture was inoculated 1:100 into LB medium containing 0.2% glucose and 0.5 M NaCl 15	

supplemented with 100 µg mL-1 ampicillin and allowed to grow to an OD600nm of 0.9. 16	

Subsequently the culture was transferred to a 47 ºC water bath until the same temperature 17	

was achieved in the medium. The flask was then transferred to a shaker previously set at 47 18	

ºC and induced with 0.5 mM IPTG. Cells were kept at this temperature for 20 min and 19	

shaken at 210 rpm. The flask was incubated at 18 ºC for overnight growth (Oganesyan et 20	

al., 2007). 21	
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Purification 1	

Recombinant proteins were purified from the supernatant using HisPur™ Cobalt 2	

Resin (Thermo Scientific, USA). Cells were resuspended in DHOD sonication buffer: 50 3	

mM Tris-HCL pH 8.5, 500 mM NaCl, 10% glycerol and 2% triton. Lysis was carried out 4	

using 1 mg mL-1 lysozyme, 1 mM phenylmethanesulfonyl fluoride (PMSF) and 1 mM 5	

benzamidine for 1 h. Cells were then sonicated and centrifuged to obtain the supernatant. 6	

The resin was equilibrated with a DHOD purification buffer that containing 500 mM NaCl, 7	

10% glycerol, 0.1% Triton, 50 mM Tris-HCl, pH 8.5 and 10 mM imidazole. Washes were 8	

performed using 20 mL of the same buffer containing 20 mM imidazole. Fractions 9	

containing recombinant protein were eluted with the same buffer but with 300 mM 10	

imidazole. Protein concentrations in eluted fractions were quantified using the 11	

bicinchoninic acid (BCA) protein assay (Pierce). Proteins were fractionated by sodium 12	

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 13	

Kinetic characterization 14	

Activity measurements 15	

Protein concentration was measured by the BCA protein assay (Pierce). The kinetic 16	

constants of both substrates were determined for the purified recombinant proteins 17	

PiDHOD and StDHOD by a reaction coupled to the reduction of 2,6-dichlorophenol 18	

indophenol (DCIP: ε = 18,800 M-1cm-1) (Hortua Triana et al., 2012). Activity assays were 19	

carried out in a buffer containing 50 mM Tris-HCl pH 8.0, 150 mM KCl, 0.1% Triton X-20	

100, 10% glycerol, 1 mM dihydroorotate, 0.1mM DCIP, 0.1 mM ubiquinone, 30 nM 21	

enzyme at 30 °C and  measured at 600nm (Hortua Triana et al., 2012). The concentrations 22	
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of enzyme and substrate inhibitors was standardized in the assay. The enzymatic activities 1	

were carried out in parallel in order to compare the kinetic behavior of the two enzymes. 2	

Temperature and pH dependence. 3	

DHOD activity was measured at 20, 25, 30, 35 and 37°C and pH 8 to determine the 4	

effect of temperature on enzyme activity. To determine the effect of pH, DHOD’s activity 5	

was measured at 30ºC using three different buffers at 50mM: 2-(N-6	

morpholinoethanesulfonic acid (MES)-NaOH (pH 6), HEPES-NaOH (pH 7) and Tris-2 7	

HCl (pH 8). 8	

Colocalization of PiDHOD 9	

Constructs for co-localization 10	

Constructs carrying green fluorescent protein (GFP) (Ah-Fong & Judelson, 2011) 11	

were used  along with different versions of the protein to determine the subcellular 12	

localization of the DHODs and the role of the N-terminal extension. We designed different 13	

versions of the protein to localize that included the mitochondrial targeting sequence (MS, 14	

first 23 amino acid (aa)), the transmembrane region (TM, 24-54 aa) and the catalytic 15	

domain (CD, 55-424 aa) (Figure 1) fused with pGFPH vector (Figure 2). The constructs 16	

designed were T0 (MS+TM+CD), T1 (TM+CD), T3 (CD), P0 (SP+TM) and P1 (TM). 17	

These were co-transformed with the vector (pMCherryN; Figure 3) that comprises the β-18	

subunit of ATPase targget with to mCherry to confirmed the mitochondrial localization 19	

(Ah-Fong AM & Judelson, 2011).   20	
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PCR fragments were amplified using primers that introduced a PacI site at the 5′ 1	

ends and a NheI site at the 3′ ends. The fragments were ligated in the pGEM-T Easy vector 2	

(Promega, USA) according to the manufacturer’s instructions and transformed into E. coli 3	

DH5αF' cells (Stratagene, USA). The pGMT-Easy plasmids were double-restricted with 4	

PacI-NheI and the released DNA fragments cloned in the pGFPH vector (Ah-Fong & 5	

Judelson, 2011) and transformed into E. coli DH5αF' cells (Stratagene, USA). The 6	

constructs were confirmed by sequencing. The five fusion constructs were expressed under 7	

the control of the promoters and terminators from the Ham34 gene of Bremia lactucae. The 8	

pGFPH plasmid was made using hygromycin phosphotransferases (hpt) and the 9	

pMCherryN neomycin phosphotransferases (nptII) as selectable markers (Ah-Fong & 10	

Judelson, 2011). The strains cotransformed were selected according to growth in the 11	

medium with antibiotic selection. Then they were confirmed using PCR using DNA 12	

extracted by DNAzol reagent (Thermo Scientific, USA) according to the manufacturer's 13	

recommendations. 14	

P. infestans transformation and imaging  15	

Transformants were generated from isolate 1306 strain using the protoplast method 16	

(Judelson, Tyler, and Michelmore 1991). Strains were propagated on rye-sucrose media at 17	

18 ºC. Two constructs corresponding to the full length PiDHOD (T0) and the signal peptide 18	

(P0) fused to GFP (Figure 1) were transformed into zoospores of P. infestans. 19	

Electroporation was performed by taking 800 µL of a solution of a concentration of 20	

zoospores of 0.5 to 2x107 with 40 µg of DNA using 550 V. After electroporating, 800 µL of 21	

regeneration medium was added (Rye-sucrose with 100 mM mannitol, 1mM KCl, 2.5mM 22	

CaCl2). Incubation was done at 18 °C for 18 hours. Centrifugation was carried out at 2580 23	
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g for 5 minutes. The supernatant was discarded leaving 300 µL to be spread on solid Rye 1	

media with 80 ug mL-1 hygromycin and 10 ug mL-1 neomycin (G418) for selection. After 8 2	

days of incubation at room temperature, growth was expected (Oomyceteworld.net, 2016).  3	

Plasmid DNA for the transformation procedures was obtained using Plasmid Maxi Kit Cat. 4	

12162 (Quiagen, Germany).  5	

Mycelia were grown in rye-sucrose petri dishes and observed by fluorescence 6	

microscopy (Olympus IX81) and colocalization of each protein construct with the vector 7	

containing the ATPase subunit β coupled with mCherry took place. The excitation/emission 8	

settings were 488/500-550 nm for GFP and 559/570-670 nm.   9	

Results. 10	

StDHOD expression and purification. 11	

The full length and four N-terminally truncated sequences cloned in the expression vector 12	

pET15b were confirmed by restriction and sequencing. The N-terminal domain containing 13	

the mitochondrial membrane associated peptide was predicted to correspond to the first 73 14	

amino acids that would be truncated in vivo (Figure 4).  15	

The proteins were induced (Figure 5a) but none of the recombinant proteins were 16	

soluble when expressed with the general induction protocol (Figure 5b). The Δ79N-17	

terminally truncated recombinat protein was induced under osmotic stress. We obtained a 18	

very low concentration of soluble protein (Figure 6) but no activity was observed. 19	

PiDHOD characterization 20	
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The full length and Δ54N-PiDHOD was cloned in the pET-19b vector. The Δ54N-1	

PiDHOD truncation corresponded to a DNA fragment of 1113 bp without the first 54 2	

amino acid residues that contain in the trasmembrane region. The PiDHOD was 3	

overexpressed in an E. coli system with the standard protocol. We obtained the full length 4	

(~48.5 kD) and the N-terminally truncated protein (~43.2 kD) (Figure 7). Purified Δ54N-5	

PiDHOD protein was obtained by poly-His-tag affinity chromatography (Figure 8). 6	

The pH dependence of the purified truncated recombinant protein was tested in 7	

different buffers varying from pH 5.5 to 8.7. Results revealed the highest specific activity at 8	

pH 8 in Tris buffer (Figure 9). Therefore all assays were performed at this pH value. 9	

The activity was measured varying dihydroorotate and Qd concentrations. The 10	

kinetic parameters were calculated using the Michaelis-Menten model to obtain a Km of 11	

14.7 µM for dihydroorotate and a Km of 6 µM for Qd. We obtained a Vmax of 5.85 µmol 12	

min-1mg-1 at 30 °C (Table 2). 13	

PiDHOD localization  14	

P. infestans zoospores were transformed with constructs designed for determining 15	

localization, The GFP was ligated to diferent sequences of the PiDHODase and the β -16	

subunit of ATPase was linked to mCherry. The GFP construct was transformed with β-17	

ATPase-mCherry to check the cellular localization (Figures 10-11).  18	

The T0 construct containing the full length sequence apparently colocalized with β-19	

ATPase-mCherry indicating a pattern of mitochondrial localization (Figures 12-13). We 20	

evaluated the T1 construct lacking the mitochondrial targeting sequence (Figures 14-16) 21	
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and the T2 construct containing only the catalytic domain (Figures 18-19). These constructs 1	

showed a pattern of apparently cytoplasmic localization for the PiDHOD tagged with GFP. 2	

The constructs P0 and P1 were designed without the catalytic domain and contained 3	

only the signal peptide sequence and the transmembrane region, respectively, linked to 4	

GFP. We could not obtain good resolution for images of P0 and thus could not determine 5	

the localization pattern (Figure 20). The P1 construct was cytosolic, suggesting that the 6	

transmenbrane region alone is not enough for directing the protein to the mitochondria 7	

(Figures 21-22). 8	

Discussion 9	

Our study is the first to approach the characterization of DHODs from P. infestans and S. 10	

tuberosum which might enable us to develop pyrimidine metabolism inhibitory compounds 11	

that could be helpful and would be novel targets to control the late blight in the future. 12	

Effective oomyceticides currently available against Phytophthora spp. are limited (Cohen 13	

and Gisi 2007), and this study may allow us to find new effective agents to control the 14	

growth of P. infestans. In addition, in our study we used for the first time a P. infestans 15	

transformation method by zoospore electroporation in Colombia to target one of the 16	

enzymes of pyrimidine metabolism and which permitted us to study its subcellular location. 17	

Expression of StDHOD  18	

In studies with the DHOD enzyme from other organisms, truncations were 19	

performed to obtain soluble and active recombinant proteins (Ullrich et al., 2001). A 20	

structural alignment of the sequences of the DHOD of Homo sapiens, Arabidopsis thaliana, 21	
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T. gondii and S. tuberosum (Figure 23) was done to compare the sites where these enzymes 1	

were truncated. The crystallographic structure of human DHOD shows that these truncated 2	

proteins contained the functional catalytic domain (Liu et al., 2000). Based on this 3	

comparison, we designed four truncations: Δ69N-StDHOD, Δ73N-StDHOD, Δ76N-4	

StDHOD and Δ79N-StDHOD.  5	

The Δ69N-StDHOD truncation was designed based on a sequence alignment with 6	

the human DHOD (Ullrich, Knecht, Fries, & Löffler, 2001). The Δ73N-StDHOD was 7	

designed based on the amino acids found on the N-terminal side of the first transmembranal 8	

helix. It was similar to a soluble and active T. gondii enzyme which was truncated at the 9	

residue following the predicted transmembrane helix (Hortua Triana et al., 2012). In studies 10	

performed in our laboratory with the rice enzyme, the truncation corresponding to this 11	

residue (DEA) was soluble and active. The Δ76N-StDHOD was designed based on the N-12	

terminally truncated protein lacking the first 75 amino acids of A. thaliana, which was 13	

active (Ullrich, Knecht, Piskur, & Löffler, 2002). The last truncation was designed to 14	

remove the predicted helices that are above the cutoff of hydrophobicity (Figure 4).  15	

The recombinant truncated proteins were expressed, but none of them was obtained 16	

in a soluble form using the general induction protocol. We obtained a small amount of 17	

soluble Δ79N-StDHOD protein by using osmotic stress conditions during expression, but 18	

it was not active (Figure 6), possibly because the truncation removed residues from the first 19	

of two helices after the transmembrane region that correspond to a small domain that 20	

interacts with respiratory quinones to accept electrons (Liu et al, 2000). In T. gondii DHOD 21	

studies, the activity and solubility of the enzyme depend on the position of the truncation 22	
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after the transmembrane helix. For instance, if the protein is truncated at residue 174, it is 1	

insoluble and inactive, but if the truncation is after the four amino acids that follow, it 2	

becomes a functional protein (Sierra Pagan & Zimmermann 2003; Hortua Triana et al, 3	

2012.).  4	

The DHOD proteins exhibit similarities of sequence along most of their length 5	

including core catalytic domains shared between bacteria, fungi, plants and animals 6	

(Ullrich et al., 2001). The full length and truncated DHODs from A. thaliana were 7	

expressed and obtained in soluble and active forms using a different expression systems 8	

based on tetA promoter/operator (Ullrich et al. 2002). 9	

PiDHOD characterization 10	

We applied the Michaelis-Menten model to activity measurements to calculate a Km 11	

of 14.7 µM for dihydroorotate, and a Km of 6 µM for Qd. A comparison of the 12	

dihydroorotate Km with the Kms for other DHOD, showed values in a range of orders of 13	

magnitude (Table 2). These results suggest that there are several biochemical differences 14	

between the P. infestans enzyme, and DHODs from plants, humans, fungi or parasites. A 15	

promising observation is that the Km for dihydroorotate of A. thaliana DHOD (AtDHOD) is 16	

121 µM (Ullrich et al., 2002), 8-fold higher than the Km we observed for PiDHOD. We will 17	

need to test inhibitors on the potato DHOD to determine the effect on enzymatic activity, 18	

after we obtain an active recombinant form of that enzyme.  19	

Some potent inhibitors used in the nanomolar range to inhibit the mammalian DHOD 20	

have been tested on the truncated AtDHOD. The activity was reduced to 10% in the full-21	

length AtDHOD and to 25% in the truncated AtDHOD using 100 µM of the A77-1726 22	



	

	 18	

inhibitor and to 5% and 10% for both enzymes in the presence of 100 µM of brequinar 1	

(Ullrich et al., 2002). Other work from our laboratory showed the IC50 for PiDHOD to be 2	

114 µM for A77-1726. These results show differences in the inhibitor binding between the 3	

oomycete and the plant enzyme. We need to test new compounds to find a good inhibitor 4	

for P. infestans controlling without affecting the plant. In some studies with oomycetes, 5	

disrupting the energy supply by blocking the mitochondrial electron inhibits growth (Mitani 6	

et al., 2001; Ziogas, Markoglou, Theodosiou, Anagnostou, & Boutopoulou, 2006). We do 7	

not know the contribution made by PiDHOD to the electron transport chain, but it is 8	

possible that inhibiting DHOD may decrease viability of Phytophthora by decreasing flux 9	

through the electron transport chain, as well as decreasing availability of pyrimidines. 10	

PiDHOD localization 11	

Determining the subcellular localization of a protein is valuable for understanding 12	

its function and cellular organization (Ah-Fong & Judelson, 2011). In this study we focused 13	

on different PiDHOD constructs to understand the importance of the transmembrane region 14	

in the protein localization. Family 2 DHODs are associated with membranes and have 15	

extended N-termini (Hansen, 2004). The subcellular localization of most nuclear-encoded 16	

mitochondrial proteins is mediated by N-terminal extensions referred to as mitochondrial 17	

targeting sequences (Stan et al., 2003; Gunnar Von Heijne & Schatz, 1986). The targeting 18	

peptides are usually structured in bipartite N-terminal sequences, one part containing the 19	

organellar targeting information that is followed by a sorting signal for intraorganellar 20	

destination (Bomer et al., 1997). PiDHOD has a bipartite signal sequence containing a 21	

predicted mitochondrial sequence (first 23 residues) and a transmembrane peptide (24-54 22	

residues) similar to N-terminal sequences of other DHOD family 2 proteins (Rawls et al., 23	
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2000). These signals include positively charged residues followed by an α-helical 1	

transmembrane segment (Chacinska, Koehler, Milenkovic, Lithgow, & Pfanner, 2009). The 2	

PiDHOD mitochondrial targeting sequence “MRAATFSIRRARRTLQTSSFSS” is 3	

enriched for Arg and Ser, which is a feature of mitochondrial targeting signals, although 4	

these signal sequences are quite variable (G von Heijne, Steppuhn, & Herrmann, 1989). 5	

Most mitochondrial proteins are synthesized on ribosomes and must then be 6	

imported into one of the four mitochondrial compartments, the outer membrane, 7	

intermembrane space, inner membrane, and matrix, by different protein translocases 8	

(Chacinska et al., 2009; Endo & Yamano, 2009). Mitochondrial protein import begins with 9	

a series of interactions of the mitochondrial targeting sequence during entry into 10	

mitochondria. The first complex, the translocase of the outer membrane (TOM complex), is 11	

the main entry gate into mitochondria and is involved in the first interaction between the 12	

surface receptor and the signal sequences (Stan et al., 2003). Subsequently, the precursor 13	

proteins follow different sorting pathways depending where they will be localized 14	

(Chacinska et al., 2009). Enzymes like family 2 DHODs that are located on the outer 15	

surface of the inner membrane (Rawls et al., 2000) use the TIM complex to translocate to 16	

the inner membrane.  17	

We designed pairs of constructs to address the importance of the N-terminus in 18	

PiDHOD localization. T0 and P0 were designed to observe the native location targeted by 19	

the PiDHOD N-terminus. We observed that the full-length protein (T0) apparently 20	

colocalized with the β-ATPase in the mitochondria. We designed pairs of constructs to 21	

address the importance of the N-terminus in PiDHOD localization. T0 and P0 were 22	

designed to observe the native location targeted by the PiDHOD N-terminus. We observed 23	
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that the full-length protein (T0) apparently colocalized with the β-ATPase in the 1	

mitochondria. These localization experiments, together with our kinetic characterization 2	

that showed that quinone is as an electron acceptor, demonstrated that the pathogen enzyme 3	

belongs to the mitochondrially-associated family 2 DHODs. In eukaryotes, family 2 4	

enzymes are located on the intermembrane side of the inner membrane (Björnberg et al., 5	

2001). Studies done with DHOD from rat (RtDHOD), show that the N-terminal bipartite 6	

sequence (the mitochondrial targeting and hydrophobic sequences) is necessary for import 7	

and proper localization of the enzyme. Deletion of the RtDHOD mitochondrial targeting 8	

sequence blocks its import into mitochondria, and the deletion of the hydrophobic sequence 9	

resulted in import of the protein into the matrix (Rawls et al., 2000). 10	

The P1 and T1 were designed to determine the effect of the transmembrane region 11	

in the subcellular localization. These constructs that lacked the mitochondrial targeting 12	

sequence showed a localization pattern different from the β-ATPase (Figures 12-14). This 13	

suggests that the transmembrane region of PiDHOD is not sufficient for the import into 14	

mitochondria. In some mammalian DHODs the signal sequence is not proteolytically 15	

processed upon mitochondrial import and the protein can be localized to the mitochondria 16	

even when it lacks the transmembrane region (Ullrich et al., 2001). In T. gondii the signal is 17	

apparently proteolytically removed during mitochondrial import (Hortua Triana et al., 18	

2012). In the PiDHOD a cleavage site is predicted at residue 23 using Mitoprot (Claros & 19	

Vincens, 1996). We have no evidence for cleavage but we observed that the first 23 20	

residues were necessary for the protein be able to enter the mitochondria. Also, we 21	

observed that the P1-GFP construct was able to enter the nucleus as described by Audrey et 22	
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al. It has been estimated that proteins up to 60 kDa can pass through the nuclear pore 1	

complex as a result of passive diffusion (Audrey et al., 2011).   2	

The catalytic domain fused with GFP (T2 construct), designed to see where the 3	

protein would be located if it only contained the catalytic domain, was cytosolic confirming 4	

that the N-terminus is responsible for directing the protein to the mitochondria. The first 5	

two helices in the catalytic domain following the transmembrane peptide correspond to the 6	

binding site for quinones (Hansen, 2004).	In the human DHOD, a peptide from residues 33 7	

to 66 that corresponds to the quinone binding site was synthesized. This peptide appears to 8	

interact with lipids that represent the major constituents of inner mitochondrial membranes. 9	

When the peptide was placed in water it adopted a random structure, whereas it acquired 10	

α-helical structures in the presence of the lipids (E. Vicente et al., 2015).  This suggests 11	

that part of the catalytic domain is interacting with lipids in the mitochondrial membrane, 12	

but that the mitochondrial targeting sequence and the transmembrane region are needed to 13	

localize the protein correctly to the inner membrane. These interactions could probably 14	

facilitate the quinone access to the DHOD active site (E. F. Vicente, Sahu, Costa-Filho, 15	

Cilli, & Lorigan, 2015). 16	

Conclusions 17	

This study is the first to advance our knowledge of the PiDHOD and StDHOD enzymes. 18	

Our work contributes to the genetic, biochemical and structural study of pyrimidine 19	

metabolism in P. infestans and S. tuberosum. Our approach could open new possibilities for 20	

the development of drugs for enzyme inhibition against oomycete diseases based on the 21	

differences between the plant and oomycete DHOD enzymes.  It is also important to 22	
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emphasize that we implemented a zoospore transformation method to study differentially 1	

targeted versions of PiDHOD in the oomycete and as a result we obtained information 2	

about mitochondrial targeting in P. infestans.  3	
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Table 1.  Primers. 1	

Locus	 Sequence	name	 Primer	sequence	 Length	(bp)	

XM_006348491	

T0	PiDHOD	Forward	 5’	gggTTAATTAATATGCGAGCAGCGACGTTC			 1272	

T1	PiDHOD	Forward	 5’	gggTTAATTAATATGGCGTCCTCTTCG	
TCGGGAT	 1206	

T2	PiDHOD	Forward	 5’gggTTAATTAAtATGCCGCATGAGTGGGT	
CATCC	 1113	

P0	PiDHOD	Forward	 5’	gggTTAATTAATATGCGAGCAGCGACGTTC			 153	

P1	PiDHOD	Forward	 5’	gggTTAATTAATATGGCGTCCTCTTCG	
TCGGGAT	 87	

P0-P1	PiDHOD	
Reverse	 5’	ggg	GCTAGC	GTTGTACGCGGCCACGAC	

PiDHOD	reverse	 5’	ggg	GCTAGC	CTTGTGAGCAGCGCCTACG	

ABX65302	 GFP	Reverse	 5’	CACGGAACAGGGAGCTTT	 173	

PITG_06595	 ATPase	subunit	β	
Forward	 5'-	ATTACCGGTATGCTGTCTCGTGTGGGTC	

	

Ham	Promotor	
Forward	 5’	ACTTCCTCTTTTACATCCGA	 1158	

Ham	Promotor	
Reverse	 5’	ATC	ACC	GAT	TCG	TCA	CA	

XM_006348491	

PiDHOD	Forward	 5’	CAGGATCCTATGCGAGCAGCGACGTTCTC		 1275	

Δ54N-PiDHOD		
Forward	 5’	CAGGATCCTCCGCATGAGTGGGTCATC		 1113	

PiDHOD	Reverse	 5’	CAGGATCCTTACTTGTGAGCAGCGCCTACG		

NW_003303757.1	

StDHOD	Forward	 5’	GGC	ATA	TGA	TGA	AAC	AGA	AGA	TTG	GAT	
TGG	CA		 1385	

Δ69N-StDHOD	
Forward	

5´TAT	CGG	CAT	ATG	GCA	AGT	ACA	GTT	GAT	
GAG	GCC		 1178	

Δ73N-StDHOD	
Forward	

5´TAT	CGG	CAT	ATG	GAT	GAG	GCC	ACC	TTC	
TGT		 1166	

Δ76N-StDHOD	
Forward	

5´TAT	CGG	CAT	ATG	ACC	TTC	TGT	GGC	TGG	
CTA		 1157	

Δ79N-StDHOD	
Forward	 5’	GGC	ATA	TGG	GCT	GGC	TAT	TCT	CAG	C		 1148	

StDHOD	Reverse	 5´	TGGAGCAGACTGCAGATAGTTCTCGAGCGATCA		
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Table 2. DHODs kinetic parameters. 1	

 

Km(DHO) [uM] Km(Qd) [uM] kcat (s-1) Reference 

Phytophthora infestans .   16.9 .    6 .   4.3 This study 

Toxoplasma gondii .  60 .  29 89 Hortua Triana et al., 2012 

Plasmodium falciparum . 32 .  16 . 2 Baldwin et al., 2002 

Candida albicans 111 .  65 .   2.2 Zameitat et al., 2006 

Arabidopsis thaliana 121 341 .72.9 Ullrich et al., 2002 

Mus musculus .    25.8 .   61.8 71 

Ullrich et al., 2001 Homo sapiens .     9.7 .   13.6 75 

Rattus norvegicus .  11 .      7.2 95 

  2	
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 1	

 2	

Figure 1. Localization constructs. Constructs fused with GFP used to determine the 3	

PiDHOD subcellular localization. The red region represents the signal peptide; grey, the 4	

transmembrane region; and green the protein sequence.  5	

  6	
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 1	

	2	

	3	

	Figure 2. Schematic of the pGFPH vector. The vector used to express GFP fused to each 4	

truncated sequence of PiDHOD. The restriction sites used for cloning are in light gray.  5	

  6	
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 1	

 2	

 3	

Figure 3. β-ATPase mCherry vector. The vector containing the β-subunit of ATPase 4	

target fused with mCherry used as a marker for mitochondrial localization.  5	

  6	
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 1	

 2	

Figure 4. Topological prediction of StDHODase. A. The prediction was carried out using 3	

PredictProtein (https://www.predictprotein.org/). The blue line represents the protein 4	

prediction for each residue. The green line represents the lower cutoff of hydrophobicity 5	

and red line indicates the upper cutoff of hydrophobicity. B. StDHOD sequence indicating 6	

truncation design.  7	

  8	
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 7	

Figure 5. SDS-PAGE of StDHOD. A. StDHOD full length and N-terminally truncated 8	

protein induction. B. SDS-page of truncated StDHOD: 1. Δ69N-StDHOD pellet of protein 9	

induction, 2. Δ69N-StDHOD pellet after sonication, 3. Δ69N-StDHOD supernatant. 4. 10	

Δ79N-StDHOD pellet of protein induction, 5. Δ79N-StDHOD pellet after sonication, 6. 11	

Δ69N-StDHOD supernatant.    12	

A.	 B.	
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 1	

 2	

 3	

 4	

 5	

 6	

 7	

Figure 6. SDS-PAGE of Δ79N-StDHOD truncated StDHOD induced by the stress 8	

protocol. Lanes: 1. Pellet, 2. Supernatant, 3. Flow-through, 4. First wash, 5. Second wash, 9	

6. elution and 7. Final. 10	

 11	

 12	

  13	
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 1	

 2	

 3	

 4	

 5	

 6	

Figure 7. SDS-PAGE of PiDHOD over expression. PiDHOD full length and N-terminally 7	

truncated protein induction.  8	

  9	
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 1	

 2	

 3	

 4	

 5	

 6	

 7	

Figure 8. SDS-PAGE of Δ54N-PiDHOD truncated . Lanes: 1. Pellet, 2. Supernatant, 3. 8	

Flow-through, 4. First wash, 5. Second wash, 6-8. elutions and 9. Final.  9	
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 1	

Figure 9. pH-dependence of PiDHOD. The velocities were measured in different buffers. 2	

The ranges buffers are between 5.5-7 to MES-Buffer, 7.5-8.5 to HEPES-HCL and 7-8 to 3	

Tris-HCl.  4	

  5	
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 1	

Figure 10. GFP and mCherry with β-ATPase-mCherry subunit. Expression of 2	

Cytosolic GFP (Control) with the mCherry tagged mitochondrial market the β-ATPase in 3	

P. infestans mycelia. Panels: A. GFP, B. β-ATPase-mCherry, C. Merge and D. DIC  4	

A.	 B.	

C.	 D.	
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 1	

 2	

			 3	

		4	

	5	

	6	

	7	

	8	

	9	

Figure 11. GFP and mCherry with β-ATPase-mCherry subunit. Expression of 10	

Cytosolic GFP (Control) with the mCherry tagged mitochondrial market the β-ATPase in 11	

P. infestans sporangia. Panels: A. GFP, B. β-ATPase-mCherry, C. Merge and D. DIC. 12	

A.	 B.	

C.	 D.	
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   1	

Figure 12. T0-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 2	

with the full-length protein and mitochondrial targeting signal fused to mCherry in P. 3	

infestans sporangia. Panels: A. T0-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC.  4	

A.	 B.	

C.	 D.	
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 1	

 2	

 3	

 4	

 5	

 6	

 7	

 8	

 9	

 10	

 11	

Figure 13. T0-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 12	

with the full-length protein with the mCherry tagged mitochondrial market the β-ATPase 13	

and in P. infestans sporangia. Panels: A. T0-GFP, B. β-ATPase-mCherry, C. Merge and D. 14	

DIC. 15	

  16	

A.	

C.	 D.	

B.	
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 1	
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 10	

Figure 14. T1-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 11	

with the T1 truncate protein and the mCherry tagged mitochondrial market the β-ATPase in 12	

P. infestans sporangia. Panels: A. T1-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC.  13	

A.	

C.	 D.	

B.	
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 1	

Figure 15. T1-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 2	

with the T1 truncate protein and the mCherry tagged mitochondrial market the β-ATPase in 3	

P. infestans mycelia. Panels: A. T1-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC.  4	

A.	

C.	 D.	

B.	
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Figure 16. T1-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 12	

with the T1 truncate protein and the mCherry tagged mitochondrial market the β-ATPase in 13	

P. infestans sporangia. Panels: A. T1-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC.  14	

A.	

C.	 D.	

B.	
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Figure 17. T2-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 2	

with truncation two and the mCherry tagged mitochondrial market the β-ATPase in P. 3	

infestans sporangia. Panels: A. T2-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC. 4	

A.	

C.	

D.	

B.	
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Figure 18. T2-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 13	

with truncation two and mCherry with the mCherry tagged mitochondrial market the β-14	

ATPase in P. infestans mycelia and sporangia. Panels: A. T2-GFP, B. β-ATPase-mCherry, 15	

C. Merge and D. DIC. 16	

A.	

C.	 D.	

B.	
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Figure 19. T2-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 10	

with truncation two and the mCherry tagged mitochondrial market the β-ATPase in P. 11	

infestans sporangia. Panels: A. T2-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC. 12	

A.	

C.	 D.	

B.	
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Figure 20. P0-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 12	

with truncation two and the mCherry tagged mitochondrial market the β-ATPase in P. 13	

infestans sporangia. Panels: A. P0-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC. 14	

A.	

C.	 D.	

B.	
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Figure 21. P1-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 14	

with truncation two and mCherry with the mCherry tagged mitochondrial market the β-15	

ATPase in P. infestans sporangia. Panels: A. P1-GFP, B. β-ATPase-mCherry, C. Merge 16	

and D. DIC. 17	

A.	

C.	
D.	

B.	
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	Figure 22. P1-GFP and mCherry with β-ATPase-mCherry subunit. Expression of GFP 2	

with truncation two and the mCherry tagged mitochondrial market the β-ATPase in P. 3	

infestans sporangia. Panels: A. P1-GFP, B. β-ATPase-mCherry, C. Merge and D. DIC.  4	

A.	 C.	 D.	B.	
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Figure 23. Partial alignment of the DHOD N-terminus. Mitochondrial targeting 2	

sequence are marked in red and the transmembrane sequence in gray. Underlined sequences 3	

show where active recombinantt proteins begin. Mitochondrial targeting was predicted with 4	

MITOPROT. Alligment was made with Multalin ( F.Corpet).  5	


