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Abstract 13 

The production of uroporphyrinogen III, the universal progenitor of macrocyclic, modified tetrapyrroles, 14 

is produced from aminolaevulinic acid (ALA) by a conserved pathway involving three enzymes: 15 

porphobilinogen synthase (PBGS), hydroxymethylbilane synthase (HmbS) and uroporphyrinogen III 16 

synthase (UroS). The gene encoding uroporphyrinogen III synthase has not yet been identified in 17 

Plasmodium falciparum but it has been suggested that this activity is housed inside a bifunctional 18 

hybroxymethylbilane synthase (HmbS). In this present study it is demonstrated that P. falciparum HmbS 19 

does not have uroporphyrinogen III synthase activity. This was demonstrated by the failure of a codon 20 

optimised P. falciparum hemC gene, encoding HmbS, to compliment a defined E. coli hemD- mutant 21 

(SASZ31) deficient in uroporphyrinogen III synthase activity. Furthermore, HPLC analysis of the oxidsed 22 

reaction product from recombinant, purified HmbS showed that only uroporphyrin I could be detected 23 

(corresponding to hydroxymethylbilane production). No uroporphyrin III was detected, thus showing that 24 

P. falciparum HmbS does not have UroS activity and can only catalyse the formation of 25 

hydroxymethylbilane from porphobilinogen. 26 
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Introduction:  27 

Haem, as an iron-containing porphyrin, is a modified tetrapyrrole that is derived from the starting material 28 

5-aminolevulinic acid (5-ALA) [1]. The construction of the macrocyclic framework of haem is mediated 29 

in just three steps [1]. Firstly, two molecules of 5-ALA are condensed to give a pyrrole, porphobilinogen 30 

(PBG), in a reaction catalysed by PBG synthase [2, 3]. The next step involves the polymerisation of four 31 

pyrrole units (termed A-D) into a linear bilane called hydroxymethylbilane (HMB) and is mediated by an 32 

enzyme called HMB synthase (HmbS) that deaminates and links together four molecules of PBG [4–7]. 33 

Finally, the bilane undergoes cyclisation, but only after inversion of the terminal D ring, to give 34 

uroporphyrinogen III [6, 7]. These three steps are found in all organisms that make modified tetrapyrroles 35 

[1]. These reactions are shown in Figure 1. 36 

 37 

 38 

FIGURE 1 – Reactions of HmbS and UroS 39 

HmbS polymerises porphobilinogen into hydroxymethylbilane which auto-cyclises to uroporphyrinogen 40 

I. If UroS is present then hydroxymethylbilane is cyclised into uroporphyrinogen III, a reaction that 41 

involves the inversion of ringD. A = Acetic Acid, P = propionic acid. 42 

 43 

 A pathway for haem biosynthesis is found in Plasmodium falciparum, the protozoan parasite and 44 

causative agent of malaria [8]. As a haematophagous organism (blood-feeding parasite) it exists for part 45 
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of its life cycle in a haem-rich environment and releases large quantities of haem as an insoluble 46 

crystalline material called haemozoin [9]. Nonetheless, for survival outside of the red blood cell it 47 

requires a functional haem synthesis pathway that is essential in the liver and parasite growth stages [10, 48 

11]. Recent studies have biochemically characterised the complete set of haem synthesis enzymes from P. 49 

falciparum with the notable exception of uroporphyrinogen III synthase (UroS, formerly HemD) [12–18]. 50 

This enzyme is sometimes called uroporphyrinogen III cosynthase as it often co-purifies with 51 

hydroxymethylbilane synthase (HmbS, formerly porphobilinogen deaminase or HemC) and both of these 52 

enzymes are required to make uroporphyrinogen III from PBG [5, 19]. HmbS catalyses the synthesis of 53 

an unstable linear tetrapyrrole, HMB [4, 6, 7]. This rapidly cyclises into uroporphyrinogen I unless the 54 

cosynthase is present to invert the terminal ring and cyclise HMB into uroporphyrinogen III [6, 7, 20]. 55 

This is the only isomer that can proceed through the haem synthesis pathway. A candidate gene encoding 56 

UroS in P. falciparum has been identified by bioinformatics but there have been no biochemical studies to 57 

validate the finding [21]. Another report in the literature has suggested that the parasite does not need a 58 

separate cosynthase because UroS activity can be found within a bi-functional HmbS that houses both 59 

HMB synthase and uroporphyrinogen III cosynthase activities [18]. The evidence presented for this was 60 

HPLC identification of the (oxidised) reaction product as uroporphyrin III from both native and 61 

recombinant HmbS when incubated with PBG.  62 

Although such dual activity has previously been reported for HmbS from L. interrogans, this is a very 63 

different protein from P. falciparum HmbS, being a fusion of HmbS and UroS enzymes [22]. Conversely, 64 

the P. falciparum HmbS is clearly not a fusion protein because it has similarity to other HmbS enzymes 65 

throughout its entire sequence length (with the exception of the N-terminal apicoplast localisation 66 

sequence but dual activity was claimed for a truncated HmbS without this signal sequence) [18]. There 67 

are also some short inserts in the P. falciparum sequence, but it is unlikely that UroS activity is contained 68 

within these inserts because they are not very long – the longest is 31 amino acids. A multiple sequence 69 

alignment is shown in Figure S1. It is, therefore, hard to understand how this enzyme could house two 70 
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very different activities. Consequently, this report investigates more closely the evidence for dual activity 71 

using genetic complementation studies and analytical chemistry. 72 

Experimental Procedures 73 

Gene Cloning: A synthetic, codon-adapted hemC gene, encoding P. falciparum HmbS, was purchased 74 

from GeneArt for optimal expression in Escherishia coli (Figure S2) and subcloned into a pET-3a vector 75 

(Novagen) using NdeI and SpeI restriction sites (the pET-3a had been modified to include an SpeI site 5’ 76 

of the BamHI site). Two further constructs were made containing a truncated version of the hemC gene to 77 

remove a potential signal sequence from the protein product [18]. The truncated gene was obtained by 78 

PCR using the following primers: 79 

 5’ primer containing NdeI site and start codon: 80 

CACCATATGGGCATCAAAGATGAAATTATTATCGG  81 

3’ primer containing SpeI site and stop codon: 82 

 CTCACTAGTTATTTATTGTTCAGCAGG 83 

The PCR product was ligated into a pET-3a and pET-14b (Novagen) use NdeI and SpeI restriction sites 84 

(both vectors had been previously modified to include an SpeI site 5’ of the BamHI site).  85 

The constructs were sequenced by GATC Biotech to check for the correct insert, reading frame and 86 

absence of mutations. 87 

Complementation Studies: A defined hemD- mutant SASZ31(CGSC#: 7153 Coli Genetic Stock Center, 88 

Yale University) [23] was transformed with the following plasmids: 89 

pET-3a   Empty vector 90 

pET-14b  Empty vector 91 

pET-3a hemC  P. falciparum hemC 92 

pET-3a hemCtruncated P. falciparum hemCtruncated 93 

pET-14b hemD  B. megaterium hemD [24] 94 

pET-14b hemD  E. coli hemD (a kind gift from Prof. Peter Shoolingin-Jordan, Southampton) 95 
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The transformations were plated onto LB-Agar plates with 100 g/ml ampicillin and 2 % glucose and 96 

incubated at 37 °C for 24 hours. They were examined for growth and left for an additional 24 hours after 97 

which the colonies were re-streaked onto fresh plates. After incubation at 37 °C for 24 hours the plates 98 

were examined for growth. 99 

Protein Overproduction and Purification: BL21STAR (DE3) pLysS (Invitrogen) were transformed with the 100 

pET-14b hemCtruncated construct and a 1 litre culture of the resulting strain was grown in LB at 37 °C with 101 

shaking to an OD600 of 0.6.  Gene expression was induced for 20 hours at 19 °C by adding 0.4 mM IPTG. 102 

Cells were harvested by centrifugation at 4 000 rpm for 15 minutes at 4° C. The pellet was re-suspended 103 

in 15 ml re-suspension buffer containing 20mM Tris HCl pH 8.0, 500 mM NaCl, 5 mM imidazole. 104 

Cells were lysed on an ice-water slurry by sonication at 60% amplitude for 3 minutes at 30 second 105 

intervals. The lysate was spun for 15 minutes at 19 000 rpm and the supernatant loaded onto a Ni2+-106 

Sepharose column (GE Healthcare) pre-equilibrated with re-suspension buffer. The column was washed 107 

with re-suspension buffer containing 50 mM imidazole and eluted with re-suspension buffer containing 108 

400 mM imidazole. The protein was buffer exchanged with a PD-10 column (GE Healthcare) into 50 mM 109 

Tris HCl pH 8.0, 100 mM NaCl. 110 

Identification of the Reaction Product: Purified recombinant HmbS was heated to 60 °C for 10 minutes 111 

on a heat block prior to the assay to deactivate any contaminating UroS. HmbS (25 g) was incubated 112 

with 200 M porphobilinogen at 37 °C in 0.1 M Tris HCl pH 8.0. After 1 hour, the reaction was stopped 113 

by diluting 10x into 1 M HCl. The reaction product was oxidised by adding 10 l of a 1 mg/ml 114 

benzoquinone in methanol and incubating for 60 minutes. The mixture was run on an HPLC to identify 115 

which uroporphyrin isomer was present. Commercial standards of uroporphyrin I and III (Frontier 116 

Scientific) were also run to aid identification. 117 

The uroporphyrin I and III isomers were separated on an ACE 5 AQ column, dimensions 250 mm x 118 

4.6 mm, using an Agilent 1100 HPLC system with a flow rate of 1.0 ml/min. The mobile phase was 1 M 119 

ammonium acetate pH 5.16 and the organic phase was acetonitrile. A 100 l sample was injected onto the 120 
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column (temperature 25 °C) and the porphyrins were detected by their absorbance at 405 nm. A gradient 121 

elution was used rising from 13 % to 30 % acetonitrile in 25 minutes and held there for a further 5 122 

minutes. This was adapted from the protocol used by [18]. 123 

 124 

RESULTS 125 

Complementation Studies: To test if P. falciparum HmbS harbours UroS activity, complementation 126 

studies were performed to see if P. falciparum hemC (encoding HmbS) could restore growth to a defined 127 

hemD- mutant (SASZ31) lacking UroS activity [23]. Two P. falciparum hemC constructs were used, both 128 

of which were codon optimised for expression in E. coli. One contained the full-length hemC gene in a 129 

pET-3a vector and the other a truncated hemC gene, also in a pET-3a vector. The truncation removed a 130 

signal sequence known to hinder gene expression in E. coli and has been shown not to be essential for 131 

activity [18]. 132 

The hemD- mutant SASZ31 was transformed with these constructs and with control plasmids. The 133 

controls included an empty pET-3a as a negative control and plasmids harbouring known hemD genes 134 

from Bacillus megaterium and E. coli as positive controls. As these control genes were in a pET-14b 135 

plasmid; an empty pET-14b was also used as a further control. 136 

The resulting strains were grown on LB-Agar at 37 °C and the size of colonies was noted at 24 and 48 137 

hours. To test for the viability of the colonies after 48 hours they were re-streaked onto a fresh LB-Agar 138 

plate and incubated at 37 °C for 24 hours. The plates were examined for colonies. 139 

The control plasmids harbouring known hemD genes were able to restore normal growth to the hemD- 140 

mutant. However, the empty vectors and both the P. falciparum hemC constructs were unable to restore 141 

normal growth. This demonstrates that the P. falciparum hemC gene cannot compliment an E. coli hemD- 142 

mutant thus showing that P. falciparum HmbS does not have UroS activity. The results are shown in 143 

Table 1. 144 

 145 

 146 
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 147 

Construct 
24 hrs 

Growth 

48 hrs 

Growth 

Re-streaked 

24 hrs 

Growth 

pET-3a  + ++ - 

pET-14b  + ++ + 

pET-3a hemC  + ++ - 

pET-3a 

hemCtruncated  
+ ++ - 

pET-14b hemD  

(E. coli)  
++++ ++++ ++++ 

pET-14b hemD  

 (B. megaterium)  
++++ ++++ ++++ 

 148 

TABLE 1 -  Attempts to compliment a hemD- mutant with P. falciparum hemC 149 

hemD- mutant SASZ31 was transformed with various constructs and incubated on LB-Agar plates with 150 

0.2 % glucose and appropriate antibiotics at 37 °C for 48 hours. The size of any resultant colonies was 151 

recorded after 24 and 48 hours. To test for viability, the colonies were re-streaked onto a fresh plate and 152 

grown for a further 24 hours and examined for evidence of growth. The growth is indicated in the table by 153 

the number of plus signs from + (poor growth) to ++++ (normal growth). A - indicates that no growth was 154 

observed. 155 

Both the full length and the truncated hemC (lacking region encoding signal sequence) P. falciparum 156 

hemC genes failed to compliment the E. coli hemD- mutant. 157 

 158 
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Protein Overproduction in E. coli and Identification of the Reaction Product- 159 

A pET-14b construct harbouring the P. falciparum hemC gene in frame with an N-terminal hexa-His tag 160 

coding sequence was used for protein production in E. coli. The hemC gene was codon optimised for E. 161 

coli and lacked the apicoplast localisation sequence.  The overproduced protein was mostly insoluble but 162 

a small quantity of soluble protein was successfully purified to homogeneity from the cell lysate using 163 

Ni2+ affinity chromatography. The purity was assessed by SDS-PAGE (Figure S3). 164 

The purified protein was subjected to a 60 °C heat treatment for 10 minutes to deactivate any 165 

contaminating UroS. The protein was incubated with substrate for 60 minutes at 37 °C and the resulting 166 

product was oxidised with HCl and benzoquinone. This sample was analysed by HPLC to see if the 167 

product was uroporphyrin I (corresponding to hydroxymethylbilane) or uroporphyrin III (corresponding 168 

to uroporphyrinogen III). Identification was by comparison with commercial standards of uroporphyrin I 169 

and III. The product of the reaction product matched the retention time of uroporphyrin I. The results are 170 

shown in Figure 2 and show that P. falciparum HmbS does not have UroS activity but can only make 171 

hydroxymethylbilane. 172 
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 173 

FIGURE 2- HPLC Analysis of HmbS Reaction Product 174 

HPLC traces showing (A) commercial standards of uroporphyrin I (left) and III (right), (B) the oxidised 175 

reaction product of HmbS alone and (C) spiked with uroporphyrin I and (D) uroporphyrin III 176 

 177 

DISCUSSION 178 

The claim that P. falciparum HmbS has UroS activity [18] has been challenged through complementation 179 

studies with a hemD- mutant and HPLC analysis of the reaction product from recombinant enzyme. 180 

SASZ31 is a defined hemD-
 mutant that grows very poorly [23]. Complementation with control hemD 181 

genes from Bacillus megaterium and E. coli were able to restore normal growth to the mutant but P. 182 

falciparum hemC could not. Because HmbS has an apicoplast localisation sequence that hinders 183 
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expression but is not required for alleged dual activity [18], a truncated gene lacking this sequence was 184 

also made. This too failed to complement the mutant.  185 

Furthermore, the truncated HmbS was overproduced in E. coli with an N-terminal hexa-His tag and 186 

purified. After incubation with substrate for an hour at 37 °C, the sample was oxidised and run on HPLC 187 

along with commercial standards of uroporphyrin I and uroporphyrin III. The HPLC result clearly 188 

identified the enzyme’s oxidised product as uroporphyrin I. No uroporphyrin III could be detected. These 189 

results contradict those previously published [18] where HPLC analysis of the reaction product from 190 

native and recombinant HmbS identified the (oxidised) reaction product as uroporphyrin III. This conflict 191 

could be explained by the presence of a contaminating UroS in the earlier study. Although the researchers 192 

used heat treatment to denature any UroS (HmbS is heat stable but UroS is not), it is possible that any 193 

UroS could have refolded and re-activated itself during the 12 hour incubation of heat-treated HmbS with 194 

substrate [25–27]. Also, the assay buffer contained additives known to increase the stability of UroS [27].  195 

Our results clearly demonstrate the previous claim, that P. falciparum HmbS contains uroporphyrinogen 196 

III synthase (UroS) activity, is mistaken [18]. It should now be a matter of importance to find the gene 197 

which encodes for the real uroporphyrinogen III synthase. 198 

 199 
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