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Was there, somewhere in his system of thought,  
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Abstract 

Phytophthora infestans, causal agent of potato (Solanum tuberosum) and tomato (S. lycopersicum) late 
blight disease, causes reduced production, post-harvest losses and increased production costs due to 
the recurrent need of fungicides. We propose to consider the inhibition of de novo pyrimidine 
biosynthetic pathway to reduce P. infestans reproduction rate since pyrimidines are fundamental 
cellular components. As one of the first steps to validate this proposal, a preliminary characterization 
of the pathway enzymes is needed. Consequently, this work focuses on uridine monophosphate 
synthase (UMPS), the last enzyme on the pathway, from both P. infestans and its host S. tuberosum. The 
enzymes from P. infestans and S. tuberosum differ in the fusion order of their catalytic domains, orotate 
phosphoribosyl transferase (OPRT) and orotidine monophosphate decarboxylase (ODC). The study 
of these two UMPS could facilitate in the future the design of species-specific inhibitors, and might 
shed light on the effect of fusing UMPS domains in one order or the other. To this end we carried out 
a bioinformatic and biochemical characterization of the enzymes. Sequence analyses showed 
differences among the P. infestans UMPS sequences from three strains: 4084, 1306 and T30-4. Strain 
T30-4 was found to have a duplicated UMPS, but neither sequence corresponded to the ones 
predicted previously from the genome. The recombinant UMPS from the 1306 strain complemented 
both OPRT and ODC deficient E. coli strains.  A soluble, active, recombinant protein was expressed 
and purified in the presence of high concentrations of salt and the product UMP (specific activity ≈ 

0.2 μmol min-1 mg-1). The sequence SKQ was found at the C-terminus of the P. infestans UMPS 
sequences and resembles a peroxisome signal peptide (SKL).  The predicted hydrophobicity of this 
UMPS and its architecture (OPRT at the C-terminus and ODC at the N-terminus) resembles that of 
the UMPS from Leishmania donovani, which has been localized to the peroxisome. We suggest that P. 
infestans UMPS could also be located in this organelle. In contrast to the oomycete enzyme, S. 

tuberosum UMPS is highly soluble, and has a higher specific activity (Vmax= 8.8 μmol min-1 mg-1). We 

measured its kinetic parameters, KM(orotate)= 16.2 μM, KM(phosphoribosyl pyrofosfate)= 25.5 μM, and found that 
it exhibited product inhibition by pyrophosphate. The different architectures of the two UMPS might 
be related to distinct biochemical characteristics, further supporting this protein as a good candidate 
for P. infestans control. We also performed an initial attempt of nucleotides separation and 
quantification by HPLC/MS using an aminopropyl column by hydrophilic interaction 

chromatography. Though compound detection at a concentration of 1 μg/mL was successful by MS, 
separation was not achieved so the adaptation of a separation method is yet to be performed. 

 

Keywords: Uridine monophosphate synthase, orotate phosphoribosyl transferase, orotidine 
monophosphate decarboxylase, orotate, phosphoribosyl pyrophosphate, uridine monophosphate, 
Phytophthora infestans, Solanum tuberosum, pyrimidine, kinetics. 
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Introduction 

Oomycota pathogens affect a great number of important commercial plants in the fields of 
agriculture, forestry, ornamental and recreational plantings (Jiang & Tyler, 2012). One of the most 
destructive oomycete orders is Peronosporales from which the genus Phytophthora is derived (Jiang & 
Tyler, 2012). Phytophthora (greek for “plant destroyer”) is presumed to be the most destructive genus 
for most dicotyledon and some monocotyledon plants (Jiang & Tyler, 2012; Lamour et al., 2007). 
These pathogens are capable of infecting mainly potato (Solanum tuberosum), tomato (S. lycopersicum), 
pepper (Piper nigrum), soy (Glycine max), and alfalfa (Medicago sativa) (Lamour et al., 2007) and several 
solanaceous species are also affected (Vargas et al., 2009). The most recognized Phytophthora species is 
P. infestans, causal agent of potato and tomato late blight and responsible for the Irish famine of the 
1840’s causing starvation of more than a million people and driving as many out of their country 
(Garelik, 2002). Phytophthora causes annual loses of billions of dollars worldwide due to its 
aggressiveness and current difficulties in its control (Garelik, 2002; Fry, 2008). P. infestans is a 
hemibiotrophic pathogen (Fry, 2008). Infection starts with a biotrophic phase producing minor 
damage to the plant tissue while the pathogen takes up nutrients and reproduces. Then comes a 
necrotrophic phase in which the plant tissue is degraded after colonization has been completed. The 
biotrophic period may vary expanding even to a few days (Fry, 2008). 
 
Since Phytophthora has morphological and ecological traits traditionally associated with Fungi, it was 
erroneously classified as such (Beakes et al., 2012). Because of this, for many years control attempts 
used conventional fungicides, with limited effectiveness. Later on, Phytophthora was classified as a 
member of the Stramenopila group in the Protozoa clade (Burki et al., 2007) and specific molecules 
were developed for this type of organism. Nonetheless, one of these products, Metalaxyl, commonly 
used for years, lost its effect in the early 90’s (Garelik, 2002). Resistance to other compounds such as 
Cymoxanil and Dimetomorph has also been reported in a number of strains (Zhu et al., 2008). 
Furthermore, potato varieties shown to be resistant to late blight, have succumbed to new strains of 
Phytophthora due to the pathogen’s ability to overcome plant resistance genes (Fry, 2008; Garelik, 
2002). New strategies to control late blight are currently being explored. 
 
De novo pyrimidine biosynthesis has been reported to be a good target for the control of parasites such 
as Plasmodium falciparum and Toxoplasma gondii (phylum Aplicomplexa) (Fox & Bzik, 2002; Krungkrai 
et al., 2004). Due to the common characteristics between P. falciparum and P. infestans regarding the 
infection process (Haldar et al., 2006), it has been proposed to extrapolate the enzymatic targets from 
the de novo pyrimidine biosynthesis as a control method for the plant pathogen (García-Bayona et al., 
2014). Moreover, agrochemicals have been shown to affect growth of human parasites such as 
Plasmodium, Trypanosoma and Leishmania (i.e the opposite strategy) (Witschel et al., 2012). 

The six enzymes involved in the de novo pyrimidine biosynthetic pathway are: carbamoyl phosphate 
synthase, aspartate transcarbamoylase, dihydroorotate dehydrogenase, orotate 
phosphoribosyltransferase (OPRT) and orotidine monophosphate decarboxylase (ODC) (Nara et al., 
2000). In P. infestans and S. tuberosum, OPRT and ODC are fused in a single protein called uridine 
monophosphate synthase (UMPS) (Haas et al., 2009; Bombarely et al., 2011). The product of this 
pathway is uridine monophosphate (UMP). Nonetheless, there are additional recycling reactions that 
use preformed free bases, nucleosides or nucleotides to produce UMP. These are known as the 
salvage pathway. For instance, uracil can be directly converted to UMP by uracil phosphoribosyl 
transferase. Other examples of the enzymes involved in this pathway are nucleotidases, nucleosidases 
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and kinases, which catalyze the addition or removal of phosphate groups and sugars (Zrenner et al., 
2006). To develop a control strategy based on pyrimidine biosynthesis, it would be necessary to take 
into account both the de novo and salvage pathways. Even though the results presented here focus on 
one of the enzymes of the de novo biosynthesis enzymes, work is presently being performed on 
enzymes both from the de novo and salvage pathways. For example, expression levels of de novo and 
salvage genes have been measured in different P. infestans infection stages as means of determining 
their relative importance during infection (García-Bayona et al., 2014). 
 
UMPS 
 
UMPS carries out the last two reactions in the de novo pyrimidine biosynthetic pathway to produce 
uridine 5’-monophosphate (UMP). These reactions are catalyzed by each of its domains. The OPRT 
domain catalyzes the formation of the first nucleotide, orotidine 5’-monophosphate (OMP), and 
pyrophosphate (PPi) from the ribose donor 5-phosphoribosyl-1-pyrophosphate (PRPP) and orotate. 
In all cases studied so far, the reaction is Mg2+ dependent and reversible (Yablonski et al., 1996; 
Krungkrai et al., 2004; Breda et al., 2012). The ODC domain carries out the decarboxylation of 
orotidine 5’-monophosphate to produce UMP. This reaction is irreversible and does not use any 
cofactor. ODC has the highest known proficiency for a protein catalyzer (Callahan & Miller, 2007). 
 
UMPS research has been directed mainly towards its reaction mechanism, the tendency it has to fuse 
or form complexes between OPRT and ODC, and its inhibition to treat human diseases such as 
cancer and some parasitosis as previously mentioned (Fox & Bzik, 2002; Krungkrai et al., 2004; 
Meza-Avina et al., 2010). UMPS is present in different forms depending on the phylogenetic group 
(Nara et al., 2000). The union of OPRT and ODC domains has occurred more than once, and in 
different manners during the evolutionary history of organisms. For instance, in protozoans such as P. 
falciparum, the enzymes bind non-covalently (Krungkrai et al., 2004) while in other eukaryotes such as 
mammals, plants and Stramenopila, genetic fusion has occurred involving even prokaryotic domains 
(horizontal gene transfer). For example, kinetoplastids have a prokaryotically-derived ODC on the N-
terminus and an eukaryotically-derived OPRT on the C-terminus, Stramenopila have both domains 
from a prokaryotic origin in this same order and plants have eukaryotic domains with OPRT on the 
N-terminus and ODC on the C-terminus (Makiuchi et al., 2007). Specifically, UMPS from P. infestans 
and S. tuberosum differ in the evolutionary origin of each domain, the OPRT catalytic residues and in 
the order of the domains (S. tuberosum has OPRT on the N-terminus and ODC on the C-terminus 
while P. infestans has the inverse order, García-Bayona et al., 2014). 
 
To discern the evolutionary force that has driven the association between OPRT and ODC, the 
domains have been separated and the peptide that links them has been changed (Lin & Suttle, 1995). 
In Homo sapiens, it has been shown that both separated domains maintain similar activity when 
compared to bound domains, but the former are more sensitive to conditions that promote monomer 
dissociation (Lin & Suttle, 1995; Yablonski et al., 1996). Also, the linking peptide can be removed 
without inactivating catalysis (Lin & Suttle, 1995). In P. falciparum, the OPRT-ODC complex benefits 
kinetics and thermic stability (Kanchanaphum & Krungkrai, 2009). In Leishmania donovani, OPRT 
separated from ODC has no detectable activity possibly due to a lesser stability or the lack of linking 
peptide (French et al., 2011). The union of the OPRT and ODC domains (covalent or non-covalent) 
appears to confer enzyme stability.  
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UMPS subcellular localization has also been a matter of study. Not only does it exhibit variable 
architecture between organisms but it also can be found associated with different organelles. In 
mammals, UMPS appears to be cytosolic but associated with mitochondria (Carrey et al., 2002) while 
in L. donovani, it is located in the glycosome (French et al., 2011). UMPS localization might be 
directed by the presence in these organelles of other enzymes producing the substrates necessary for 
its reaction (Carrey et al., 2002). 
 
According to the structural differences and low identity when comparing the P. infestans enzyme with 
S. tuberosum and H. sapiens enzymes, we carried out a preliminary characterization of UMPS to support 
it as a promising target for species-specific inhibitors that may control late blight disease. 
 
Nucleotide Quantification 
 
When inhibiting a biochemical pathway to control a disease, it is important to know the concentration 
of the pathway products in vivo to determine if the inhibitors are functioning in the expected manner, 
i.e. whether the concentration of the pathway products decreases. In addition, if the products 
concentrations are known in the different stages of the disease, this information could be exploited to 
indicate which points in the life cycle are potentially susceptible to inhibitors. In the present case, de 
novo pyrimidine biosynthesis, the most important products are the nucleotides. Their separation has 
been performed using high performance liquid chromatography (HPLC) and they have been detected 
by spectrophotometry and mass spectrometry (MS) (Cohen et al., 2010, García-Gómez et al., 2013). 
Specific examples regarding the use of these procedures are cancer treatments and HIV infections 
since many of the drugs used are nucleotide analogs (Vela et al., 2008). 
 
Pyrmidine and purine metabolisms have been studied in a broader way in plants than in oomycetes, 
focusing primarily on pathway regulation and its relation to life stages (Stasolla et al., 2003; Kafer et 
al, 2004). However, in very few cases the focus has been on the causal agents of plant diseases. For 
instance, phaseolotoxin from Pseudomonas syringae pv. phaseolicola has been used to revert the effect of 
the inhibitor fluorouracil in pyrimidine biosynthesis. In this experiment, purified phaseolotoxin was 
applied to a carrot cell line. The toxin prevents the condensation of carbamoyl phosphate and 
ornithine, and the latter accumulates. The increase in ornithine concentration positively regulates 
carbamoyl phosphate synthase so the pathway flux is also increased, overcoming the negative effect of 
fluorouracil (Jacques & Sung, 1981). 
 
In the present work, nucleotide separation and quantification by HPLC/MS was proposed as a 
possible method to determine the in vivo effect of the inhibitors of the de novo pyrimidine biosynthesis 
in P. infestans and S. tuberosum. Unfortunately, this objective was not achieved under the various 
conditions tested, however different variables remain to be explored. 
 
Materials and Methods 

 
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.  

P. infestans Strains 

Three P. infestans strains were used in this study. The first one, 4084, is a Colombian isolate obtained 
from Physalis peruviana. The second strain, T30-4, is an F1 from two other Dutch strains isolated from 

https://www.google.com.co/search?es_sm=91&biw=1269&bih=618&q=st+louis+mo&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gYWlRXKlEgeIaVZeUa6llZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKk7mM3FUjov90n-SaS6LydHGY42BKgBg3QUnYAAAAA&sa=X&ei=dyX6VN6eMoSxggT6tYHoAw&ved=0CIgBEJsTKAEwEg
https://www.google.com.co/search?es_sm=91&biw=1269&bih=618&q=missouri&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gYWlRXKlEgeIaVKZnKGllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKjZnDLnFebzk_ru181eJP_jqzxZ4rQsAy63OEGAAAAA&sa=X&ei=dyX6VN6eMoSxggT6tYHoAw&ved=0CIkBEJsTKAIwEg
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S. tuberosum. The third strain, 1306, was isolated from tomato in California, USA. Initial work was 
performed on P. infestans 4084 UMPS (PiUMPS 4084) since its sequence was already cloned in a 
previous work (García-Bayona et al., 2014). Because the produced protein exhibited low solubility 
and its activity could not be detected, P. infestans UMPS from 1306 and T30-4 strains (PiUMPS 1306 
and PiUMPS T30-4) were tested (see below for a more detailed account). 

Cloning 
 
All E. coli transformations were performed by chemical competence (Alexander, 1987). Extraction of 
P. infestans RNA from 1306 and T30-4 strains was performed using the UltraClean Plant RNA 
Isolation Kit (MO BIO Laboratories, Carlsbad, CA). RNA was subjected to reverse transcription 
using the iScript cDNA Synthesis Kit (BIO-RAD, Hercules, CA). P. infestans umps (Piumps) sequences 
from these strains were amplified from cDNA with primer set A (table 1) and LongAmpTaq DNA 
Polymerase (New England Biolabs, Ipswich, MA) according to the manufacturer’s protocol. PCR 
amplicons were polyadenylated and ligated in pCR 2.1-TOPO (Invitrogen, Grand Island, NY). E. coli 

DH5α-F’ was then transformed with this construct. Plasmids were extracted by alkaline lysis 
(Feliciello & Chinali, 1993) and confirmed by PCR. Restriction with XbaI (New England Biolabs, 
Ipswich, MA) was performed on these plasmids to identify which ones contained the sequences in the 
correct reading frame. Two strains of E. coli lacking OPRT and ODC genes (CGSC JW3617-1 and 
CGSC JW1273-1, respectively, Yale E. coli Genetic Stock Center) were transformed with these 
vectors to carry out complementation assays. 

Piumps from 4084 strain was previously cloned in the pET-19b vector (Novagen, Darmstadt, 
Germany) in E. coli BL21-CodonPlus (DE3)-RP cells (Agilent Technologies, Santa Clara, CA) by 
García-Bayona et al. (2014) using primer set B (Table 1). Afterwards it was cloned in pSK-365 with 
primer set A (table 1). Its domains oprt (Pioprt) and odc (Piodc) were cloned in pSK-365 and pET15-b 
(Novagen, Darmstadt, Germany) using the 4048 clone in pET-19b as template with primer sets B, C, 
D, E and F (Table 1). Piumps sequences from 1306 strain were cloned in pET-15b with primer set B 
(Table 1). Cloning of these sequences was performed as follows.  PCR was carried out using Taq 
polymerase (Fermentas, Vinus, Lithuania) according to the manufacturer’s protocol. PCR amplicons 

were polyadenylated and ligated in pGEM T-Easy (Promega, Madison, WI). E. coli DH5α-F’ was 
transformed with these vectors. Plasmids were extracted by alkaline lysis (Feliciello & Chinali, 1993) 
and confirmed by PCR. Restriction was carried out with NdeI (New England Biolabs, New England, 
MA) or AgeI (New England Biolabs, New England, MA) depending on the expression vector to be 
used (NdeI for pET-19b and pET-15b, and AgeI for pSK-365). Restriction products were separated by 
electrophoresis using a 1% agarose gel, and purified by GeneClean III (MP Biomedicals, Santa Ana, 
CA). Purified DNA was ligated to its corresponding vector (Table 1) using T4 ligase (Invitrogen, 

Grand Island, NY) and E. coli DH5α-F’ was transformed with these constructs. Plasmids were 
extracted by alkaline lysis (Feliciello & Chinali, 1993) and confirmed by PCR and restriction. E. coli 
BL21-CodonPlus (DE3)-RP cells (Agilent Technologies, Santa Clara, CA) was transformed with these 
constructs. S. tuberosum umps (Stumps), oprt (Stoprt) and odc (Stodc) coding sequences cloned in pET-15b 
were already available from a previous work (unpublished data). Sequencing was carried out by 
Macrogen (Korea).  
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Complementation Assays 

E. coli strains lacking OPRT and ODC genes (CGSC JW3617-1 and CGSC JW1273-1, respectively, 
Yale E. coli Genetic Stock Center) were subjected to complementation by the coding sequences of P. 
infestans UMPS from 1306 and T30-4 strains. Both transformed E. coli strains were grown on agar 
plates containing 6 g/L, Na2HPO4, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.3 g/L NaCl, 3 mg/L CaCl2, 

0.12 g/L MgSO4 and 2 g/L glucose in the presence or absence of 10 μg/mL uracil. 

Bioinformatics 

The Dense Alignment Method (DAS) (Cserzo et al., 2002) was used to predict the hydrophobicity 
profile of each UMPS. P. infestans UMPS models were generated with SWISS-MODEL (Biasini et al., 
2014) using L. donovani UMPS crystal (PDB: 3QW4 French et al., 2011) as template. The 
hydrophobic interactions between PiUMPS monomers were calculated using Protein Interaction 
Calculator (Tina et al., 2007) using parameters by default. 

Protein Expression 

The following are the protein expression protocols tested, each one differing in growth medium, 

temperature, isopropyl β-D-1-thiogalactopyranoside (IPTG) concentration and addition of substrate 
or cofactor. Cells were centrifuged and stored at -80ºC prior to purification in all cases 

General Protocol for IPTG Induction 
 
The general protocol using IPTG induction was carried out in lysogeny broth (LB). First, the initial 
inoculum was allowed to grow overnight at 37ºC. After, an initial inoculum of 5% was added, the 
culture was subjected to shaking at 37ºC. Optical density at 600 nm (OD600) was measured and 1 mM 
IPTG was added when this value reached 0.5. The culture was then allowed to grow at room 
temperature for different times depending on the protein being produced, 7 hours for StUMPS and 
PiUMPS-pSK-365 and 3 hours for PiOPRT-pSK-365), PiODC-pSK-365), StOPRT and StODC. For 
PiUMPS-pET-19b, the following conditions were tested: NaCl concentration was augmented to 500 
mM, and 4.6 mM orotate and 5 mM MgCl2 were added to the medium. 

A modification of this method was also tested for PiUMPS-pET-19b from strain 4084 based on the 
expression protocol used for L. donovani UMPS (French et al. 2011). First, the initial inoculum was 
allowed to grow overnight at 37ºC. After an initial inoculum of 5% was added, the culture was 
subjected to shaking at 37ºC. Optical density was measured at 600 nm (OD600) when this value 
reached 0.5, the culture was subjected to 18ºC. After an hour, 0.5 mM IPTG was added to the 
medium. The culture was then allowed to grow at 18ºC for 12 hours. This same protocol was applied 
to PiUMPS-pET-15b from strain 1306 but maintaining NaCl concentration at 500 mM in the growth 
medium. 

Heat-Shock Induction 

First, the initial inoculum was allowed to grow overnight at 37ºC in LB, and was then added to LB 
medium containing 500 mM NaCl, the culture was subjected to shaking at 37ºC. When the OD600 
reached 0.9, the culture flask was introduced into a water bath at 47ºC. When the culture 
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temperature reached 47ºC, 0.5 mM IPTG was added. After 20 min at 47ºC, the culture temperature 
was lowered to 18ºC and induction was allowed to take place for 24 hours. 

Autoinduction 

PiUMPS was produced using the protocol described by López-Calagno et al. (2009). 

Protein Purification 

Cells were resuspended in UMPS buffer: 50 mM Tris, 300 mM NaCl, 2 mM MgCl2, 15% glycerol, 1 
mM dithiothreitol (DTT), pH 8. Lysis was carried out using 1 mg/mL lysozyme, 1 mM 
phenylmethanesulfonyl fluoride and 1 mM benzamidine for 1 h. Cells were then sonicated and 
centrifuged. The supernatant was passed through a 1 mL Ni-NTA Superflow column (Qiagen, 
Venlo, Limburg, Netherlands) previously equilibrated with UMPS buffer containing 10 mM 
imidazole. Washes were performed using 20 mL of the same buffer with 70 mM imidazole. Protein 
elution was carried out using 300 mM imidazole. PiUMPS 1306 produced by the French et al. (2011) 
modified method was purified in the same manner but maintaining NaCl concentration at 500 mM 
and adding 25 mM UMP to the UMPS buffer. Protein concentrations in eluted fractions were 
quantified using the BCA assay (Bio-Rad). Proteins were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). 

Activity Assays 

UV-Vis Spectra of orotate, UMP and Assay Buffer 

A spectrophotometric method was used to measure enzyme activity by monitoring the disappearance 
of orotate. UV-Vis spectra of the product UMP and the assay buffer were taken to detect any 
interference with the orotate UV-Vis spectrum. The assay buffer was composed of 50 mM Tris, 5 

mM MgCl2, 150 mM NaCl, 250 μM DTT and 2.9 ng/μL StUMPS or 2 ng/μL StOPRT. This same 
buffer was used to measure PiUMPS 1306 activity but maintaining NaCl concentration at 500 mM 

and using 66.5 ng/μL of the enzyme. Since PiUMPS 1306 elution buffer contained 25 mM UMP and 
buffer exchange was not performed, UMP final concentration in the activity assay was 1.25 mM. The 

spectra of orotate, FOA, UMP and assay buffer containing 250 μM PRPP were taken between 230 

and 320 nm. The chosen wavelength (λ) to measure orotate and FOA disappearance was 295 nm. 
Molar extinction coefficients for orotate and 5-fluoroorotate (FOA) at 295 nm were measured in the 
presence of 50 mM Tris-HCl at pH 8. The calculated values were 3.83 mM-1cm-1 for orotate and 3.95 
mM-1cm-1 for FOA. 

Activity Measurements 

Activity assays were carried out using assay buffer with 250 μM orotate and 250 μM PRPP. Each 
reaction was preincubated for three minutes. Afterwards, PRPP was added to initiate the reaction. 

Reaction progress was measured by following orotate disappearance at 295 nm (ɛ=3.83 mM-1cm-1) 
every two seconds for 30 seconds. Assays related to thermal stability, evidence of decarboxylase 
activity, pH dependence, temperature dependence and kinetic characterization were performed using 
this method. Every measurement was performed in triplicate. Two biological replicates were used for 
StUMPS and one for StOPRT and PiUMPS. 

https://www.google.com.co/search?es_sm=91&q=venlo+netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIWZaVXaCllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKvaomPbkG6cUn_Oq1ER1q6JPa51N5wMAenkjt2AAAAA&sa=X&ei=RST6VP3zMoa7ggTc3oDADw&ved=0CHcQmxMoATAR
https://www.google.com.co/search?es_sm=91&q=limburg+netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIaVJoYqSllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKla4q3NCm_kql1fVTt3_Oyfmx_5ImA8AOKjiQWAAAAA&sa=X&ei=RST6VP3zMoa7ggTc3oDADw&ved=0CHgQmxMoAjAR
https://www.google.com.co/search?es_sm=91&q=netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIaWqZZaSllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKk55t2cFR83ZjU_sWBmuSnd-eugnaQoAAz6MjmAAAAA&sa=X&ei=RST6VP3zMoa7ggTc3oDADw&ved=0CHkQmxMoAzAR
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Thermal Stability of StUMPS 

Evaluation of thermal stability was carried out on StUMPS initially stored at -80ºC. After thawing, 
samples were subjected to different temperatures (-80°C, 0°C, 4°C, 18°C and 37°C) for different 
time intervals (3, 7, 14 y 24 hours). After each interval, activity was calculated to determine the 
effect of temperature on enzyme stability. 

Evidence of Decarboxylase Activity of StUMPS 

UMP appearance was detected taking absorbance spectra between 230 and 350 nm at different time 
intervals  (0, 8, 28, 48, 58 min) during the reaction course at room temperature. The maximum 
absorbance peak changed over time beginning with the peak corresponding to orotate and ending 
with the peak corresponding to UMP, the final product. Afterwards, recombinant ODC from T. 
gondii (unpublished) was added at 60 min taking spectra at 64 min to observe possible further changes 
in the maximum absorbance peak due to remaining OMP decarboxylation. 

Temperature and pH Dependence of StUMPS 

StUMPS activity was measured at 20, 25, 30, 35 and 37°C and pH 8 to determine the effect of 
temperature on enzyme activity. To determine the effect of pH, StUMPS activity was measured at 
37ºC using three different buffers at 50 mM: MES-NaOH (pH 6), HEPES-NaOH (pH 7) and Tris-
HCl (pH 8). 

Determination of StUMPS and StOPRT KM and Vmax  

Substrate concentration dependence on enzyme activity was evaluated varying the concentrations of 

PRPP (5, 10, 20, 30, 40, 50, 100, 150, 200, 250, 300, 350 and 400 μM), with orotate or FOA (5, 

10, 20, 30, 40, 50, 100, 125, 150, 200 and 250 μM). When varying one of the substrate 

concentrations, the other was held constant at 250 μM. Data was adjusted to the Michaelis-Menten 
model to calculate KM and Vmax. A non-linear regression was performed on the data for both orotate 
and PRPP kinetics using the R statistical software and the drc package (R Core Team, 2014; Ritz & 
Streibig, 2005). For measurements of specific activities under saturating conditions, the StUMPS 

reaction was carried out using 250 μM orotate and 250 μM PRPP taking measurements every two 
seconds until equilibrium was reached. 

Product Inhibition 

Product inhibition was tested on StUMPS by adding 250 μM PPi or 250 μM UMP during the 

preincubation period. Orotate and PRPP concentrations were held constant at 250 μM in both assays. 

Nucleotide HPLC/MS 

The following methods were tested to separate nucleotides and orotate. Both were perfomed with a 
1260 Infinity HPLC-Chip/MS System. 
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Method 1 

The compounds tested were 6 mM UMP, 6 mM CTP, 2 mM GTP, 9 mM ATP and 0.8 mM orotate. 
A AccQ-Tag Ultra RP Column (130 Å, 1.7 µm, 2.1 mm x 100 mm) (Waters, Milford, MA) was 
tested for nucleotide separation using a mobile phase composed of 20 mM ammonium bicarbonate 
and methanol, 70:30. MS served as the detection method used in negative mode. 

 
Method 2 
 

The second method was based on one developed by Bajad et al. (2006). The following compounds 

were used at a concentration of 1 μg/mL: UMP, CTP, GTP, ATP, UTP and orotate. An 

aminopropyl column, 250 mm x 2 mm, 5 μm (Phenomenex, Torrance, CA), was used at 15ºC. A 
gradient of solvent A (20 mM ammonium acetate and 20 mM ammonium hydroxide in 95:5 
water:acetonitrile, pH 9.45) and acetonitrile was tested as follows: t=0, 85% B; t=15 min, 0% B; 
t=38 min, 0% B; t=40 min, 85% B; t=50min, 85% B. MS used in negative mode served as the 
detection method. 

Results and Discussion 

Pyrimidine biosynthesis is a versatile pathway that differs between organisms. This versatility is 
present even at the protein level where the same enzymes exhibit distinct structures, localizations and 
chemical properties. As previously mentioned, UMPS is one of the most variable of these enzymes. 
Its characterization in different species would shed light on the role it plays in each one and the reason 
for having developed variation. Host-pathogen interactions are of special importance since 
metabolisms from different species present a direct relationship causing the molding of protein 
biochemistry to potentially depend on it. Also, differences might be exploited to develop new 
strategies for disease control. In the present study, P. infestans and S. tuberosum UMPS (PiUMPS and 
StUMPS) were studied. The two enzymes presented divergent features such as specific activity, 
architecture and solubility, among others. In fact, PiUMPS showed variability even at the strain level. 
Regarding StUMPS, results showed it had average kinetics and was inhibited by PPi. Merging this 
information with the preliminary results obtained for PiUMPS further supports the proposal of 
designing a potential chemical strategy against late blight disease. 

StUMPS Exhibits OPRT and ODC Activities 

UMPS domains, orotate phophoribosyl transferase (OPRT) and ODC (orotidine monophosphate 
decarboxylase), carry out two sequential reactions. First, OPRT uses orotate and phosphoribosyl 
pyrophosphate (PRPP) to produce orotidine monophosphate (OMP), and then, ODC uses OMP to 
produce uridine monophosphate (UMP). 

A spectrophotometric method based on the decrease of orotate absorbance at 295 nm was used to 
measure StUMPS and StOPRT activities. Orotate disappearance indicated that the first reaction, 
condensation of orotate and PRPP carried out by the OPRT domain, took place (Fig. 1). To detect 
ODC activity, UV-Vis spectra were recorded as a function of time (Fig. 2) expecting to have an initial 

peak corresponding to orotate λmax, and a final peak corresponding to UMP λmax when the reaction 
reached completion. The initial peak was registered at 276 nm. This is coherent with the reported 

value for orotate λ max, 279 nm (Sober, 1968). After 28 min., the peak was displaced to 266 nm. This 
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peak could be explained by the presence of OMP since it corresponds to its λmax (Sober, 1968). 
However, since it has been reported that ODC is a highly efficient enzyme in other organisms 
(Callahan & Miller, 2007), there might not be an accumulation of OMP and the observed peak could 
be explained by the combination of the orotate and UMP spectra. Between 28 and 58 min, a new 

peak appeared at 263 nm, which corresponds to UMP λmax , 262 nm (Sober, 1968). Afterwards, there 
are but little changes in absorbance because the reaction reached equilibrium. 

Thermal Stability of StUMPS and StOPRT 

StUMPS (~3 mg/mL) and StOPRT (~5 mg/mL), initially stored at -80ºC, were subjected to 
different temperatures for different times. Reaction rate was measured and specific activity was 
calculated as an indicator of enzyme stability (Table 2). According to the results, there are no 
significant changes in enzyme activity under the conditions tested, i.e. both enzymes are stable under 
these conditions.  

Previous studies in other organisms (Yablonksi et al., 1996; Kanchanaphum & Krungkrai, 2009) have 
reported that fusing OPRT and ODC domains in a single protein or polymer confers a higher thermal 
stability. Indeed, activity of separated domains is lost to a higher degree when subjected to the same 
conditions as the complex or the fused domains. For instance, OPRT domain from H. sapiens UMPS 
loses 40% activity when incubated at 25ºC for 40 min, while full length UMPS loses only a small 
amount of activity (Yablonksi et al., 1996). Results obtained for StUMPS and StOPRT showed similar 
thermal stabilities, which would indicate that the fusion of StOPRT and StODC does not have an 
effect on their stabilities. Nonetheless, the high protein concentration tested might explain this in two 
ways: 1) crowded environments stabilize proteins (Zhou, 2013), and 2) they favor oligomerization, 
implying that monomers are less stable than oligomers. It is possible that at lower concentrations 
(physiological concentrations), StUMPS would be more stable than StOPRT. 

When StUMPS is compared to S. lycopersicum UMPS, the stability of the former enzyme is higher. 
According to Walther et al. (1984), both domains of S. lycopersicum UMPS lose 40% activity when 
stored at 5ºC during 48 hours in the presence of 10% glycerol and 5 mM DTT, similar conditions to 
the ones tested in the present study. This could also be due to the purification process since the 
authors utilize a refolding protocol so the final folding of the enzyme might not be correct. 

Temperature and pH Dependence of StUMPS 

The StUMPS reaction rate was measured at different temperatures, and showed a positive 
proportional relationship. From the tested values of temperature, the highest activity was obtained at 
37ºC (Fig. 3). Higher temperatures remain to be tested in order to estimate the optimal temperature 
for StUMPS. Nonetheless, subsequent analyses were performed at 37ºC for comparative purposes 
since most OPRTs and UMPSs have been studied at this temperature (e.g. human and P. falciparum, 
Yablonski et al., 1996; Krungkrai et al., 2004).  

Activation energy was calculated using the natural logarithm of the specific activity and the inverse of 
the temperature (Bunnak et al., 1995). The linear tendency fits to the Arrhenius equation between 20 

and 35ºC (Fig. 4). The calculated activation energy between these values is 28.12 ± 3.62 kJ/mol 
which is comparable to the activation energy of Thermus thermophilus OPRT, 20.3 kJ/mol (Bunnak et 
al., 1995). At 37ºC, there is a deviation from the linear model. This could be due to a biphasic 
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behavior similar to the one described by Zoltowski et al. (2011). According to this model, after a 
certain temperature, the function slope changes because there are differences in the nature of the 
reaction having repercussions on the activation energy. Activation energy would probably decrease 
above 37ºC. 

The StUMPS specific activity was calculated at three different pH values: at pH 6, activity was 

0.82±0.05 μmol min-1 mg-1; at pH 7, it was 4.00±0.07 μmol min-1 mg-1 and at pH 8, it was 

8.00±0.33 μmol min-1 mg-1. Based on the highest specific activity obtained under the conditions 
tested, the initial rates and progress curve analysis were performed at pH 8 and 37ºC. Results agree 
with reports for other UMPS or OPRT enzymes (Krungkrai et al., 2004; Walther et al., 1984; 
Yablonski et al., 1996). 

Steady State Kinetics and Inhibition Studies 

Based on orotate or 5-fluoroorotate (FOA) absorbance disappearance as a function of time, the initial 
rate of the reaction was calculated along with its dependence on initial substrate concentration (Fig. 
5). The data fit a rectangular hyperbola so the Michaelis-Menten model was used to describe the 
reaction kinetics. StUMPS and StOPRT kinetic parameters are shown in Table 3. Michaelis constant 
(KM) and maximum velocity (Vmax)  have the same order of magnitude, indicating a very slight effect 
of fusing the proteins together. Considering that both stability and kinetics are similar for StUMPS 
and StOPRT, the driving force of the fusion remains to be unraveled. 

When compared to enzymes other than UMPS or OPRT, these kinetic parameters are similar to 
medians obtained from the frequency distribution described by Bar-Even et al. (2011). This could 
mean enzyme KM and efficiency might not be under selection pressure. In this context, StUMPS 
would be a “moderately efficient” enzyme (Bar-Even et al., 2011). Regarding its specific activity, it is 
higher than the reported value for S. lycopersicum UMPS (Walther et al., 1984) despite the two 
enzymes high amino acid sequence identity. This could be due to the purification procedure of the S. 
lycopersicum enzyme that involved a refolding protocol, which may not guarantee a native structure. 

StUMPS progress curves were taken using the decrease of orotate concentration over time (Fig. 1). 
Since the decarboxylation of OMP is an irreversible process, the expected final value for absorbance 
should be near 0, i.e. a total consumption of orotate. However, the absorbance value at equilibrium is 
~0.27 which is not explained by UMP production (Fig. 1). According to this, orotate or OMP are 
not totally consumed during the reaction. As an explanation, a possible product inhibition was 

proposed. PPi and UMP were tested at a concentration of 250 μM and specific activity was 

calculated. Measurements of StUMPS specific activity in the absence (8.00±0.33 μmol min-1 mg-1) 

and presence of UMP (8.47±1.00 μmol min-1 mg-1) remains the same while PPi reduces it 

(4.95±0.13 μmol min-1 mg-1). This indicates StUMPS presents product inhibition by this compound. 
This could be explained taking into account the equilibrium from the first reaction, since a high PPi 
concentration would shift the equilibrium towards substrates causing less OMP to be produced from 
orotate and PRPP. Another possibility is a different kind of regulation of StUMPS, since in P. 
falciparum, PPi is capable of inhibiting ODC (Krungkrai et al., 2004), thus inhibition by this product 
might have multiple effects on the concentrations of intermediates and products of the reaction. 

StUMPS KM values for orotate and FOA (KM (FOA)= 22.2±6.0 μM) are similar, but a higher Vmax    

(Vmax (FOA)= 14.20±1.08 μmol min-1 mg-1) is attained when FOA is used as a substrate instead of 
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orotate. FOA has been reported to function as an alternative substrate for UMPS to produce a 
precursor for 5-fluorodeoxy-UMP, a thymidylate synthase inhibitor (Chouini-Lalanne et al., 1989; 
Rathod et al., 1992). In the case of Nicotiana plumbaginifolia, UMPS is transcriptionally upregulated by 
FOA through thymine starvation (Santoso & Thornburg, 1998). According to our StUMPS results 
and N. plumbaginifolia UMPS transcription information, FOA might not serve as a good inhibitor 
against late blight since it affects the metabolism of the plant, however it could be useful in future 
studies on the regulation of the plant pyrimidine biosynthetic pathway. 

StUMPS and PiUMPS Solubilities Differ 

The recombinant StUMPS and StOPRT were soluble and active when produced by the general IPTG 
induction and purification methods. On the contrary, these methods failed to produce a soluble 
PiUMPS 4084. The same result was obtained for the separated PiUMPS 4084 domains, PiOPRT and 
PiODC. PiUMPS 4084 only showed a very low solubility when produced with 1) the autoinduction 
method, or 2) when 500 mM NaCl was added to the general IPTG induction protocol and to the 
purification buffers. PiUMPS 4084 was fused to the Maltose Binding Protein (MBP) using pSK-365 
vector kindly provided by Christopher Aakre from the Massachusetts Institute of Technology. This 
vector contains the coding sequence of MBP so it is fused to the N-terminus of the protein of interest. 
MBP is highly soluble an increases the solubility of proteins to which it is bonded  (Waugh, 2005; 
Raran-Kurussi & Waugh, 2012). Fusion to MBP increased PiUMPS 4084 solubility though the 
purified protein underwent proteolysis after extraction and purification.  

A similar phenomenon was observed by Hammond & Gutteridge (1982). They studied the soluble 
and particulate fractions of extracts from rat, Leishmania mexicana amazonensis, Trypanosoma cruzi and T. 
brucei. UMPS activity was higher in the soluble fraction of rat extracts while it was higher in the 
particulate fraction of the kinetoplastids. Both UMPS from mammals and plants have the same fusion 
order while kinetoplastids and ooymicetes share the inverse fusion. This suggests there is a correlation 
between UMPS fusion order and its chemical properties. The particulate material in which 
kinetiplastids UMPS is found is the glycosome (Hammond & Gutteridge, 1981; Hammond & 
Gutteridge, 1982; French et al., 2011). Considering the architectural resemblance between 
kinetoplastids and oomycetes UMPS enzymes, and the fact that PiUMPS is hydrophobic, we 
hypothesize a non-cytoplasmic subcellular localization. According to Ah-Fong & Judelson (2011), a 
SKL signal at the C-terminus of a protein directs it to the peroxisome in P. infestans. PiUMPS presents 
a similar signal, SKQ, which is conserved in other Phytophthora species (P. sojae PHYSO_516400, P. 
ramorum PSURA_41598, P. cinnamomi PHYCI_121281, P. capsici PHYCA_79741, P. parasitica 
PPTG_01706). Even though the signal is not the same, peroxisome signal peptides are known to have 
variations between taxonomic groups (Pieuchot & Jedd, 2012). If this is the case, the question of 
whether PiUMPS is a peroxisomal protein remains to be addressed. 

PiUMPS 4084 produced by the previously mentioned methods was not active in an enzymatic assay. 
A possible explanation for the lack of activity could be the low concentration of PiUMPS in the assay 

since French et al. (2011) measured L. donovani UMPS activity at a concentration of 1 μM. We 
hypothesized that a higher protein concentration could be attained using a PiUMPS exhibiting higher 
solubility. With this aim, the predicted hydrophobicity of PiUMPS 4084 was compared to the two 
PiUMPS predicted from the T30-4 genomic sequences. Hydrophobicity predictions were made by 
the Dense Alignment Method (DAS) which compares the sequences of hydrophobic residues with 
previously reported transmembrane proteins and assigns them a score. A higher degree of 
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hydrophobicity is shown by higher scores in the DAS profile. The results showed a higher degree of 
hydrophobicity for PiUMPS 4084 (Fig. 6). Since strain T30-4 sequences were predicted to be less 
hydrophobic than that of strain 4084, their solubility in an aqueous solution would be higher and 
therefore a greater protein concentration could be obtained by E. coli induction. Also, a higher 
concentration would elicit oligomerization, which could augment protein stability. Differences 
among PiUMPS sequences also raised the question of whether it showed variability in other strains 
which led to the cloning not only of the coding sequences of PiUMPS T30-4 but also to the cloning of 
the coding sequences of strain 1306. 

PiUMPS Displays Variability between Strains 

The predicted coding sequences of PiUMPS from T30-4 (PITG_0976.1 and PITG_09535.1) were 
not the same as those obtained in this study. According to the prediction, there are two variants of the 
protein due to two differential splicing events, one in each sequence. Neither one of the sequences 
obtained from T30-4 in this study had these splicing sites. One of them (PiUMPS T30-4 A) had the 
same general structure as the PiUMPS 4084 sequence cloned by García-Bayona et al. (2014) but with 
single nucleotide changes (table 4). The other sequence, (PiUMPS T30-4 B), had a splicing site 

towards the 5’ end which eliminated the α-helix from amino acids 14 to 54 from the ODC domain. 
This deletion would affect the interaction between the substrate (OMP) and the ODC active site 
through the elimination of a phosphoribosyl interaction according to the LdUMPS structure (PDB 
3QW4, French et al., 2011). Regarding PiUMPS 1306, this enzyme shares the same general structure 
of PiUMPS 4084 and PiUMPS T30-4 A with single nucleotide changes. These changes are composed 
of hydrophobic residues in PiUMPS 4084 explaining its higher hydrophobicity profile when compared 
to the other PiUMPS. Nonetheless, these point mutations need to be confirmed since sequencing was 
carried out only once. PiUMPS variability might be a result of divergence between P. infestans strains 
since they were collected from different hosts and geographic regions. The first strain, 4084, is a 
Colombian isolate obtained from P. peruviana. The second strain, T30-4, is an F1 from two other 
Dutch strains isolated from S. tuberosum. The third strain, 1306, was isolated from tomato in 
California, USA. 

Complementation Assays 

Two E. coli strains lacking the oprt gene or the odc gene were transformed with plasmids carrying 
Piumps T30-A and Piumps 1306. Since these E. coli strains each lack a fundamental step in the de novo 
pyrimidine biosynthesis, only the salvage pathway is able to supply the pyrimidine pool the cell needs. 
In the absence of a pyrimidine source in the medium, such as uracil, these E. coli strains are not able to 
reproduce unless complementd by an active OPRT or ODC. In the present study, PiUMPS 1306 
complemented both OPRT and ODC deficient E. coli strains but PiUMPS T30-4 A only 
complemented the OPRT deficient strain (Table 4, supplementary material Fig. 1). PiUMPS T30-4 B 
did not undergo this analysis because an early stop codon not present in the genomic sequence was 
generated during the cloning procedure. 

PiUMPS 1306 is Soluble and Active in Vitro in the Presence of UMP 

A recombinant PiUMPS 1306 was produced and purified using a modification of the method 
described by French et al. (2011) for L. donovani UMPS. The two principal differences between the 
expression and purification methods used for PiUMPS 1306 and StUMPS was NaCl concentration 
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(500 mM and 150 mM respectively) and the addition of 25 mM UMP. These two features are used 
for L. donovani UMPS because it precipitates unless 300 mM NaCl is added to the solution and it 
acquires a tetrameric conformation in the presence of 25 mM UMP (French et al., 2011). PiUMPS 
1306 concentration attained after purification was 1.33 mg/mL, exceeding the concentration 
obtained with all other protocols tested. The absence of UMP during the purification procedure 
resulted in a small amount of soluble PiUMPS 1306 similar to the one obtained of PiUMPS 4084 
which means 1) the predicted differences in the hydrophobicity profile in silico are not as important in 

vitro and 2) UMP plays a major role in PiUMPS structure. Activity assays contained 26.6 μg (1.2 μM) 
of PiUMPS 1306, 1.25 mM UMP (from the buffer in which the protein was stored) and 500 mM 

NaCl. Its specific activity was approximately 0.2 μmol min-1 mg-1. This value is ~40 times lower than 
the activity achieved by StUMPS using the same concentration of substrates.  

A model for PiUMPS was generated with SWISS-MODEL using L. donovani UMPS as template (PDB 
3QW4, French et al., 2011). The model exhibited a tetrameric structure based on two OPRT dimers 
and two ODC dimers (Fig. 7). Intermonomer hydrophobic interactions were determined using 
Protein Interaction Calculator (Tina et al., 2007) with default parameters. According to the results, 
the tetrameric conformation would cover three hydrophobic patches on the surface of each 
monomer. One of these patches (Fig. 7A) corresponds to the second of the three highest peaks of 

PiUMPS hydrophobicity (Fig. 6 and 7B). The first peak corresponds to one of the β-sheets from the 
ODC active site which is not exposed to the environment. Consequently, the tetrameric structure 
would increase PiUMPS solubility by covering the hydrophobic patches that otherwise would be 
exposed. The need for NaCl and UMP at a high concentrations to obtain a soluble protein and the fact 
that activity is displayed at high protein concentration further support this hypothesis because: 1) salts 
are known to promote protein aggregation, 2) UMP promotes tetramerization of L. donovani UMPS 
(French et al., 2011) and 3) at higher protein concentrations, the equilibria would tend to 
oligomerization. The third hydrophobicity peak (Fig. 6) is located towards the C-terminus, close to 
the possible peroxisome translocation signal, and is exposed to the environment (Fig. 7B).  

Nucleotide Separation and Quantification 

Nucleotide separation was not achieved with the use of a non-polar column, probably due to the high 
polarity of the compounds tested which would result in poor interactions between the stationary 
phase and the metabolites. Because of this, a polar column, previously reported to be capable of 
separating nucleotides (Bajad et al., 2006), was tested. Nonetheless, the application of this method 
was not successful. Different buffer A concentrations and pH values were tested but the results were 
the same. Since separation could not be carried out, quantification of the compounds was not tested. 

However the MS could detect concentrations as low as 1 μg/mL of each compound, which could 
serve a starting point to develop the calibration curve. Though this objective did not reach 
completion, other methodology variables remain to be tested such as mobile phase, flux, product 
derivatization, etc. 

Conclusions 
 
This is the first biochemical study of S. tuberosum and P. infestans UMPS. Remarkable differences 
between the two enzymes were found regarding structure, chemical properties and activity. PiUMPS 
presented high hydrophobicity and a potential signal peptide for peroxisome localization. Also, 
sequence variations were observed among strains. StUMPS had a higher solubility and was a 
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moderately efficient enzyme which was inhibited by PPi. It was able to use FOA as an alternative 
substrate, which could be used to study possible regulation pathways. Even though there are issues 
still to be addressed such as PiUMPS kinetics and subcellular localization, this preliminary 
characterization showed that UMPS is a good candidate for the future design of species-specific 
inhibitors against late blight disease.  
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Table 1. Primers and vectors used for cloned sequences. Forward (F), reverse (R). 

 

Sequence Primer Set Primers Vector 

Piumps A  

 

F: 5’-accggtatgcccgccagcttcttcagc-3’ 

R: 5’-accggtggctactgcttggacacaccata-3’ 

pSK-365 

 B F: 5’-catatgatgcccgccagcttcttcag-3’ 

R: 5’-ccatatgctactgcttgcacacaccg-3’ 

pET-19b 
 

pET-15b 

Pioprt C F: 5’-accggtgccaactctagcgcaaacgag-3’ 

R: 5’-accggtggctactgcttggacacaccata-3’ 

pSK-365 

 D  

 

F: 5’-catatgaaattcgcactgtccttcgg-3’ 

R: 5’-ccatatgctactgcttgcacacaccg-3’ 

pET-15b 

Piodc E  

 

F: 5’-accggtatgcccgccagcttcttcagc-3’ 

R: 5’-accggtgcgctatacagtggtggatgtagcca-3’ 

pSK-365 

 F F: 5’-catatgatgcccgccagcttcttcag-3’ 

R: 5’-ccatatgctaggtcttgcgggcagc-3’ 

pET-15b 
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Table 2. Thermic stability of StUMPS and StOPRT measured as their specific activities (μmol min-1 
mg-1) after being exposed to different temperatures during different time intervals. StUMPS and 
StOPRT concentrations were ~3 mg/mL and ~5 mg/mL, respectively. Enzymes were maintained in 
the elution buffer from the purification procedure (50 mM Tris-HCl, 300 mM NaCl, 2 mM MgCl2, 
15% glycerol, 2 mM DTT and 300 mM imidazole). Both StUMPS and StOPRT showed no significant 
differences in activity after these intervals meaning both enzymes are stable under the tested 
conditions. 

  Time (hours) 

Enzyme Temperature 
(ºC) 

0  3 7  14 24 

 

 

StUMPS 

-80 7.21±0.21 - 7.45±0.81 - - 

0 - 8.02±0.02 9.19±0.33 8.09±0.99 8.58±0.23 

4 - 8.43±0.55 - 7.67±0.17 9.69±0.64 

18 - 7.40±0.29 8.90±0.82 7.20±0.98 - 

37 - 8.20±0.73 7.54±0.01 - - 

 

 
StOPRT 

-80 10.58±0.42 - - - - 

0 - 10.08±0.72 - - - 

18 - - 9.64±1.90 - - 

37 - 10.63±0.68 9.28±0.14 - - 
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Table 3. StUMPS and StOPRT kinetic parameters compared to other organisms. Both constants, 
Michaelis constant (KM) and maximum velocity (Vmax), describing StUMPS and StOPRT behavior are 
comparable to the ones obtained for other enzymes. 

 Kinetic Constants  

Organism KM OA (μM) KM PRPP (μM) Vmax (μmol/min-1mg-1) Reference 

S. tuberosum UMPS 16.2 ± 1.6 25.5 ± 6.20 08.8 ± 0.2 This study 

S. tuberosum OPRT 13.7 ± 0.4 76.6 ± 14.0 13.8 ± 1.6 This study 

S. lycopersicum - - 0.00180 Walther et al., 1984 

H. sapiens UMPS       2.1  
    32* 

 
66*0000000 

4.59000 Yablonski et al., 1996 
*Krungkrai et al., 2001 

H. sapiens OPRT 7.100000 - 7.47000 Yablonski et al., 1996 

Mus musculus 2000000 160000000 0.12000 Jones et al., 1978 

L. donovani 12700000000 15100000000 1.47000 French et al., 2011 

P. falciparum 18.200000 28.6000000 4.32000 Krungkrai et al., 2004 

T. gondii 270000000 4600000000 140000000 Unpublished 

E. coli 300000000 3800000000 15.200000 Shimosaka et al., 1985 

 
 

Table 4. Structural and activity differences among PiUMPS from different strains. The red diamonds 
represent amino acid polymorphisms unique to each strain and the gray diamonds represent amino 
acid polymorphisms shared between 4084 and 1306, or T30-4 A and T30-4 B. Activity was detected 
either by an enzymatic assay or complementation of two E. coli strains, each one deficient of OPRT or 
ODC. 

 

* predicted structures from the genomic sequence 
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Fig. 1. Orotate disappearance measured as absorbance at 295 nm over time for StUMPS reaction at 
37°C. Each line represents a replicate of the reaction. Orotate and PRPP initial concentrations were 

both 250 μM and 1.22 μg of StUMPS were used. The decrease in absorbance showed StUMPS was 
able to carry out the condensation of orotate and PRPP which means its OPRT domain was active 
under the conditions tested. 
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Fig. 2. UV-Vis spectra registered at different intervals during StUMPS reaction at room temperature. 

Orotate and PRPP initial concentrations were both 250 μM and 1.22 μg of StUMPS were used. The 

appearance of new peaks is caused by the consumption of orotate (λmax=276 nm) and the production 

of OMP (λmax=266 nm) and UMP (λmax=262 nm). ODC from T. gondii was added at 60 min to 
determine if OMP decarboxylation had been completed. Spectra taken at 58 min and 64 are the 
same, i.e. reaction had reached completion before addition of T. gondii ODC. This result 
demonstrates StUMPS has OMP decaboxylase activity to produce UMP. 
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Fig. 3. StUMPS specific activity as a function of temperature. Orotate and PRPP initial 

concentrations were both 250 μM and 1.22 μg of StUMPS were used. Error bars represent the 
standard deviation of each measurement. Variables exhibited a positive proportional relationship. 
Since the highest specific activity was registered at 37°C, subsequent experiments were carried out at 
this temperature. 
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Fig. 4. Specific activity (natural logarithm) of StUMPS as a function of the inverse of temperature. 
The blue line represents the proposed tendency for the data between 20 and 35°C according to 
Arrhenius equation. Error bars represent the standard deviation of each measurement. Activation 

energy between these temperature values is 28.12 ± 3.62 kJ/mol. There is a deviation from the 
Arrhenius equation above 37°C probably due to a biphasic behavior. 
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Fig. 5. Specific activity as a function of initial substrate concentration for StUMPS and StOPRT. Each 

reaction contained 1.22 μg of StUMPS or 0.81 μg of StOPRT and was carried out at 37°C. While 

changing one of the substrates concentrations, the other was held constant at 250 μM. Error bars 
represent the standard deviation of each measurement. StUMPS: A. Orotate, B. PRPP, C. FOA; and 
StOPRT: D. Orotate and E. PRPP. Data adjusts to a rectangular hyperbola so the Michaelis-Menten 
model was used to describe it.   
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Fig 6. PiUMPS hydrophobicity scores for each amino acid according to the DAS algorithm. Strains: 
4084 (orange), 1306 (green), T30-4 A (blue) and T30-4 B (purple). The black lines at scores 1.7 and 
2.2 represent the loose and strict cut-offs of DAS algorithm for transmembrane (hydrophobic) 
regions. PiUMPS 4084 shows a higher degree of hydrophobicity than the other strains. 
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A. 

 

 

 

B. 

 

Fig. 7. PiUMPS 1306 tetramer model generated by SWISSMODEL using L. donovani UMPS (PDB 
3QW4, French et al., 2011) as a template. Each monomer is represented by a different color: purple, 
orange, cyan and yellow A. Residues involving hydrophobic interactions between monomers 
(spheres). B. Quaternary structure localization of hydrophobic peaks calculated by the DAS algorithm 
(green). Tetramerization of PiUMPS covers hydrophobic patches that otherwise would be exposed to 
the environment. 
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Supp. Fig. 1. Complementation assays of E. coli strains lacking either the oprt or odc gene. Each strain 
was transformed with pCR 2.1-TOPO carrying Piumps 1306 or Piumps T30-4 A. A vector containing 
Piumps 1306 in the inverse reading frame was used as a control in the oprt deficient E. coli. Bacteria 
were grown in minimal medium in the presence (A) or absence (B) of uracil. Piumps 1306 and Piumps 
T30-4 A complemented oprt deficient E. coli but only Piumps 1306 complemented the odc deficient 
strain. 


