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C. Modification of peripheral side chains 

5. Biosynthesis of coproporphyrinogen-III by Uroporphyrinogen 
Decarboxylase fEG 4. 1. 1. 37] 

A 

A 

Following the formation of the tetrapyrrole ring, coproporphyrinogen is formed 

by the decarboxylation of the four acetate chains of uroporphyrinogen III, by the 

soluble cytoplasmic enzyme uroporphyrinogen decarboxylase. Both the I and 

the III Isomers of uroporphyrinogen are decarboxylated, but the 

uroporphyrinogen III series isomer proceeds much more rapidly. The 

decarboxylation reaction commences on the asymmetric D ring and proceeds in 

a stepwise manner through rings A to C to give the heptacarboxylic, 

hexacarboxylic and pentacarboxylic intermediates (5111 reaction, Figl.2). 

tv! 

M 
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P A 

p A 

Uroporphyrinogen III 
p 7-COOH P 

p 6-COOH p 

p M / 
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• 5-COOH 
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Fig 1.7 Decarboxylation of Uroporphyrinogen III including the 

hepta- (7-COOH), hexa- (6-COOH) and penta- (5-COOH) forms and 

the final product of uroporphyrinogen decarboxylase 

coproporphyrinogen. 
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6. Biosynthesis of protoporphyrinogen IX by Goproporphyrinogen 
Oxidase fEG 1.3.3.3J 

At this point the synthesis of haem re-enters the mitochondria where 

coproporphyrinogen-ill oxidase, is located in the intermembrane space and 

loosely associated with the inner mitochondrial membrane on the 

intermembrane space side (Medlock and Dailey, 1996; Martesek et ai, 1997). 

Coproporphyrinogen-ID catalyses the modification of the propionic side chains 

on the A and B rings of coproporphyrinogen-lll to vinyl groups, by 

decarboxylation and oxidation (dehydrogenation) to form protoporphyrinogen­

IX (6th reaction, Fig 1.2). 

p v 

/r--P 
~ __ v 

• 
M--V M--V ~--iM 

P P P P 

Coproporphyrinogen [II Protoporphyrinogen IX 

Fig 1.8 The chemical structures of coproporphyrinogen III and 

protoporphyrinogen IX. The oxidation of coproporphyrinogen III series, 

by coproporphyrinogen oxidase yields the porphyrinogen, 

protoporphyrinogen IX 

Coproporphyrinogen oxidase does not accept the I and IT isomer senes of 

coproporphyrinogen, but does react with the ill and IV series isomers (Sano and 

Granick, 1960; Porra and Falk, 1964; Battle et aI, 1964). 

21 
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C. Oxidation of protoporphyrinogen IX and insertion of 
iron 

7. Oxidation of protoporphyrinogen to protoporphyrin by 
Protoporphyrinogen Oxidase fEG 1.3.3.4] 

The penultimate step in the haem biosynthetic pathway is the oxidation of 

protoporphyrinogen IX to protoporphyrin. This six-electron oxidation is 

catalyzed by protoporphyrinogen oxidase (7" reaction, Fig 1.2). 

Protoporphyrinogen oxidase is associated with the intermembrane space loosely 

associated with the inner mitochondrial membrane (Deybach, 1985). 

~ __ v 1\1 -4.. ,Ir-V 

• 
~-M 'r-- M 

p p p p 

Protoporphyrinogen IX Protoporphyrin IX 

Fig 1.9 The chemical structures of protoporphyrinogen IX and 

Protoporphyrin IX. Protoporphyrinogen IX is oxidized, by the enzyme 

protoporphyrinogen oxidase to yield the porphyrin, protoporphyrin IX. 

During the oxidation, the methylene bridges in protoporphyrinogen-IX are 

converted into methenyl bridges and protoporphyrin-IX results (Fig 1.8). The 

aerobic reaction utilizes molecular oxygen as the terminal electron acceptor. In 

prokaryotes, several alternative compounds such as nitrate, and fumarate are 

24 
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Lnvestigation of several PPO genes has revealed the lack of any identifiable 

membrane targeting signals in many of these proteins, despite finding intrinsic 

inner mitochondrial membrane proteins - suggesting as yet unidentified internal 

targeting sequences. However, a N-terminal leader sequence required for 

membrane targeting and translocation has been suggested in few of these 

proteins (Camadro et aI, 1994; Narita et aI, 1996; Lermontova et ai, 1997). 

8. Insertion of iron atom by ferrochelatase fEG 4.99. 1. 1] 

The final step in the biosynthesis of haem is the insertion of a ferrous iron atom 

(Fe2+) into protoporphyrin IX (Goldberg et ai, 1956) (8 th reaction, Fig 1.2). This 

is catalyzed by the enzyme ferrochelatase, which is an inner mitochondrial 

membrane protein (McKay et al, 1969; Jones and Jones, 1968; Harbin and 

Dailey, 1985). 

v 

/r-- V v----v 

• 
M--{\ J}---"l I>---M 

p p p p 

Protoporphyrin IX Protohaem IX 

Fig 1.10 The chemical structures of protoporphyrin IX and 

protohaem IX. The iron atom is inserted by the enzyme ferrochelatase -

the final enzyme of the haem biosynthetic pathway. 

The enzyme was first purified from rat liver (Taketani and Tokunaga, 1981) and 

subsequently purified from bovine liver (Taketani and Tokunaga, 1982), chick 

26 
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Hepatic ALA synthase 
Erythroid ALA synthase 

* * * MESVVRRCPFL RVPQAF~~AGK * SLLFIYA 
MVTAAMLLQCCP ~GPTSLLG~VV~THQFLFGI 

QNCPKMMEVGAKP APRALS T~ VHYQQIKETPPASEKDK AKAKVQQTP 0 GSQQSP 
GRCPILATQG* * * * * * * * LATQGPNCSQI* * * * * * * * HLK TKAGGa>P* * * * * * * * 

DGTQLPSGHPLPATSQGTASKCPF~AAQMNQRGSSVFC~ SL~LQED~QEMNAVRK 
* * * * * * * * * * * * * * SWAKGHCPFMLSELQDGKSKIVQK~APKVQEDVKAFKTDL* 

EV AETSAGPS* V VSVKTDGGDPSGUI..:l<Nfcj* QDIMQKQRPER !SHULQDN L.pKS VST 
* * * * * * * * PSSLVS.VS* * * * * * * * LRKPFSGPQEQIEQ SGKV HL.IQNNMPG*NYV 

.I"QYDRFFEK KIDEKKNDHTYRVFKTVNRR HIFPMADDYSDSLITKKQVSVWCSN 
1<'8 YDQFFRDKIMEKKQDHTYRVFKTVNRW,tDA YPFAQHFSEASV ASK DVSVWCSN 

DYLGMSRH 'R¥CGAVMD, KQHGAGAGGTRNffiGTSKFHVDLEREL~DLHGKD 
DYLGMSRH QVLQAT Q E : QRHGAGAGGTRNISGTSKFHVELEQEL~ LHQKD 

AALLFSSCFV ANDSTLFTLAKMMPGCEIYSDS GNHASMIQGIRNSR V P KY I FRHN 
SAf:.LFSSCFV ANDSTLFTLAK I L P GCEIYSDAGNHASMIQGIR~SG FVl"RHN 

DVSHURELLQRSDPSVPKIVAFETVHSMDGAVCPLEELCDVAHEFG~ITFVDEVH 
DPDH K.l\LLEKSNPKJPKIV AFETVHSMDG~ I CPLEELCDVSHQYGAL TFVDEVH 

AVGLYGAR "GGlGDRDGVMPKMDUSGTLGKAFGCV&'-(;YIAS11S S L lOT VRSY A! 
}\ YGLYGSRGA GIGERD G I \\1l-r K I DlISGTL~KAFGCVGGYIASTRDL VDMVRSY~ 

AGFDnTSLPPMLLAGALESVRI LKGAEqRVLR QHQRNVKLMRQMLMDAGLR 
AGFIFfTSLPP~~~SGALESvRLLKGEEGQALRRAHQRNVKHM~QL ;LMDRGLP 

VVHCPSHIIPVRV ADAAKNTEVt:DE,LMS ~ IYVQAINYPTVPRGEELLRI ABTPHH 

IV.PCPSHIIPI~VGNAALNSKLCDLLL· KHGIYVQAINYPTVPRGEELLRL SPHH 

Tp,QMMNYFLEN L VTtWKQVGLELKPH SAE CNFCRRPLHFEVMSER EKSY 'SGL 
SPQMMJE 0 VEKLBLA WT A VGLPLQDVSVAACNFCRRPYHFELMSEWERSYEGNM 

SKL*Y.SAQ~ 
GPQYVTTY~ 

Fig 2.1 Alignment of the amino acid sequences of erythroid and 

hepatic ALA synthase. Hepatic and erythroid ALA synthase amino acid 

sequences are represented in 1 letter amino acid form, and presented 

aligned with the erythroid sequence below the hepatic. Homologous amino 

acids have been highlighted. 
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of protoporphyrin is increased, and Iron IS inserted into the protoporphyrin 

molecule forming haem. 

FP 

• 
GATA-I and other 
transcription factors 

• 
J 
I 

x:xxxxxxxxxx:x 
ALA GlObin/ 

gene 
synth se-2 

lRE-~ 

BP~ ~_: ... -_S2 __ _ 

IRE-BP ~ 

I Translation of 
.. ALA-S2 

~ 

Globin 

• •••• 
•• Iron 

•• •••• • 

~ 
I Translation of 

• .. globin mRN A 

Globin _ Haem .-
... _-----------

'::------------ ~ 

Haemo2:1obin 

Fig 2.3 Proposed model for regulation of erythroid ALA synthase and 

globin mRNA in erythroid cells (May, 1995). The iron pool regulates 

translation of ALA-S2 via the iron-response element binding protein, while 

the cytosolic haem pool is proposed to act on translation of globin mRNA, 

while negatively regulating the synthesis of haem. The key to abbreviations 

used in the figure is as follows: ALA-S2 - Erythroid ALA synthase; TF- transferrin; 

TFR- transferrin receptor; IRE-BP - iron responsive element binding protein. 
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by amino acid sequences, which are specific cleavage sites for thrombin on the 

amino terminus of the chosen protein. This E.coli expression vector, pGEX-2T, is a 

plasmid, 4948 base pairs in size, containing a lac promoter, a ~-lactamase gene, and 

the lacJq and lacZ operons. Expression of Sj26 is controlled by the lac promoter and 

inducible by IPTG. 

Subcloning of heterogeneous sequences, downstream of the thrombin cleavage site 

is facilitated by the presence of a multiple cloning site recognized by Bam HI, Eco 

RI and Sma I restriction endonucleases. 

Thrombin Cleavage Site 

r Leu Val Arg Gly Serl 
CTG GTT CGT GGA TCC CGG GGA ATT CAT 

~8a_m~'r==~ls_m_a _/ ~IIr-f:_'C_O H_'~ 

Fig 3.2.1 Structure of the pGEX-2T vector 

Advantages of this system include the relative ease of fusion protein purification 

using a glutathione (GSH) affinity column, which relies on the affinity of 
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, .• r----,.---,----.-----r----,-------,---, 
HphOb. " !("t. " 0 0 0 1 1 tn .. -

... 

~ -e., 

-, 

-, 

_,., '--_----'-__ ---'-__ -'--__ .1...-_----' __ ----L..----l 
Q lee ea8 J •• < •• ••• • •• - - .. QSltton . • 

Fig 3.3.1 A hydrophobicity plot of the ALA synthase sequence 

For this analysis, windows of 15 amino acids were chosen. The linear weight 

variational model was used, in which equal weighting is given to all amino acids 

within a window. A red bar indicates areas of hydrophobicity of less than -0.5 

units. These correspond to areas of choice for the expression of fragments in 

Eeo/i. 

The instability index of the pre-enzyme and the processed ALA synthase were 

calculated to be 45.49 and 43.17 respectively - values indicative of an unstable 

protein. (Proteins with an instability index of less than 40 are predicted to be stable 

where as those with values of greater than 40 are predicted to be unstable). 

Table 3.3.1 below lists instability indices of several other haem pathway proteins as 

well as the index of cytochrome C oxidase. 
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Protein Instability index 

Processed ALA synthase (ALA-S) 43.'7 

Hydroxymethylbilane synthase 39.60 

-Uroporphyrinogen Decarboxylase 49.88 

Coproporphyrinogen Oxidase 58.15 

Protoporphyrinogen Oxidase 48.71 

Ferrocheletase 50.36 

Cytochrome C oxidase (Chain 1) 28.97 

Table 3.3.1 Instability indices of selected proteins 

The half-life of the ALA synthase mitochondrial protein was estimated to be 0.8 

hours in reticulocytes in vivo, (which approximates the reported half-life of 30 

minutes). The predicted half-life of the protein in yeast is 10 minutes. Only two 

serine residues are predicted to be favourable for glycosylation. The locahzation of 

the ALA synthase protein was predicted to be in the mitochondrial matrix - which 

correlates with the immuno-Iocalization study in rats (Rohde et ai, 1990) 

Secondary structure predictions were perfonned. using multiple aligned sequences 

- to improve accuracy. Furthennore, after independent predictions of a-helices and 

~-sheets based only on the primary amino acid sequence, a further secondary 

structure was computed giving consideration to potential competition between the 

a-helices and ~-sheets. It was desirable for sequences chosen for hyper-expression 

to contain some regions where secondary structure was predicted to be linear - in 

the event that the hyper-expressed protein was obtained only in the denatured fonn. 

Peptide mapping using poly-clonal antibodies to certain proteins has shown that 

many of the antibodies fonned are directed against linear peptides, rather than to 

areas of a-helices or ~-sheeting in the protein (Craig et ai, 1998). Therefore, as it 

was not known whether or not our purified fragments would be obtained in a 

denatured form, some linear peptides within the chosen sequence were desirable. 

Below is the predicted secondary of ALA synthase amino acid sequence. 
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********** **aaaaaaa aa******** *********** ********** 
MESVVRRCPF LSRYPQAFLQ KAGKSLLFYA QNCPKMMEYG AKPAPRALST 

*********** *******aaa aaaaaa**** ********** ********** 
AAYHYQQIKE TPPASEK DKT AKAKVQQTPD GSQQSPDGTQ LPSGHPLPAT 

********aa aaaaaaaa** ~Plktaaaaaa aaaaaaaaaa aaaaaaa*** 
SQGTASKCPF LAAQMNQRGS SVFCKASLEL QEDVQEMNAV RKEVAETSAG 

**f3f3f3f3f3f3f3* *****aaaaa (xaaaaa***a aaaaaaaa** ***f3f3Pf3f3f3f3 
PSVVSVKTDG GDPSGLLKNF QDlMQKQRPE RVSHLLQDNL PKSVSTFQYD 

aaaaaaa*** ******f3f3f3f3 f3f3f3******* ********** ** f3~f3~f3~~ * 
RFFEKKI DEK KNDHTYRVFK TVNRRAHIFP MADDYSDSU TKKQVSVWCS 

********** f3 f3f3f3 aaaa aa aaa******* *******aaa aaaaaaaaaa 
NDYLGMSRHP RVCGAVMDTL KQHGAGAGGT RNISGTS KFH VDLERELADL 

a*****J3f3f3f3 f3f3f3f3f3* aaaa aaaaaaa*** f3f3f3*****aa aaaaaaaa** 
HGKDAALLFS SCFVAN DSTL FTLAKMM PGC EIYSDSGNHA SMIQGIRNSR 

***~f3f3f3 aaa aaaaaaaaaa ********** ********** ****aaaaaa 
VPKYIFRHND VSHLRELLQR SDPSVPKIVA FETVHSMDGA VCPLEELCDV 

aaaa f3f3f3f3I313 ********** ********** ********* ********** 
AHEFGAITFV DEVHAVGLYG ARGGGIGDRD GVMPKMDII SGTLGKAFGC 

********** aaaaaaaaaa *f3f3f3f3f3**** **aaaaaaaa aaaaa**aaa 
VGGYIASTSS L1DTVRSYAA GFIFTTSLPP PMLLAGALES VRILKSAEGR 

aaaaaaaaaa aaaaa13f3f3 * * * ***13131313*** f3f313f3PPaaaa aaaaaaaaaa 
VLRRQHQRNV KLMRQMLMDA GLPVVHCPSH I1PVRVADAA KNTEVCDELM 

aa**1313P13P13 f3f3f3f3aaaaaa aaaaa***** **aaaaaaaa a ******f3f313 
SRHNIYVQAI NYLTVPRGEE LLRIAPTPHH TPQMMNYFLE NLLVTWKQVG 

13131313****** *******131313 f3PPf3****** ********** **** 
LELKPHSSAE CNFCRRPLHF EVMSEREKSY FSGLSKLVSA QSTP 

Fig 3.3.2 Predicted secondary structure of ALA synthase The predicted 

secondary structure of this sequence is indicated above the amino acid 

sequence, using a for predicted Cf.- helices and P for predicted p-sheeting, and * 

for linear areas. 
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Computer predictions of accessible/exposed residues were also performed using the 

profile fed neural network systems software, which predicts accessible residues in 

the sequence of choice, after performing multiple sequence alignments and analyses 

of several ALA synthase sequences of prokaryotic and eukaryotic origins. Structure 

predictions on a single amino acid sequence are reported to have a 65% chance of 

being correct (for each residue) (Frishman and Argos, 1996). When structure 

predictions are performed following multiple sequence alignments and following 

calculations on the individual structure of each sequence, it is claimed that the 

predictions have a better than 70 % chance of being accurate (Rost et ai, 1993; 

Rost et ai, 1994a; Rost et ai, 1994b). In the figure below, the results of this 

computer based analysis is shown. 

MESVVRRCPF LSRVPQAFLQ KAGKSLLFYA QNCPKMMEVG 

AKPAPRALST AAVHYQQIKE TPPASEKDKT AKAKVQQTPD 

GSQQSPDGTQ LPSGHPLPAT SQGTASKCPF LAAQMNQRGS 

SVFCKASLEL OEDVQEMNAV RKEVAETSAG PSVVSVKTDG 

GDPSGLLKNF QDIMQKQRPE RVSHLLQDNL PKSVSTFQYD 

RFFEKKIDEK KNDHTYRVFK TVNRRAHIFP MADDYSDSLI 

TKKQVSVWCS NDYLGMSRHP RVCGAVMDTL KQHGAGAGGT 

RNISGTSKFH VDLERELADL HGKDAALLFS SCFVANDSTL 

FTLAKMMPGC EIYSDSGNHA SMIOGIRNSR VPKYIFRHND 

VSH LRELLQR SDPSVPKIVA FETVHSM DGA VCPLEELCDV 

AHEFGAITFV DEVHAVGLYG ARGGGIGDRD GVMPKMDII 

SGTLGKAFGC VGGYIASTSS LlDTVRSYAA GFIFTTSLF)P 

PMLLAGALES VRILKSAEGR VLRRQHQRNV KLMROMLMDA 

GLPVVHCPSH IIPVRVADAA KNTE VCDELM SRHNIYVQAI 

NYLTVPRGEE LLRIAPTPH H TPQMMNYFLE NLLVTW KQVG 

LELKPHSSAE CNFCRRPLHF EVMSEREKSY FSGLSKLVSA 

QSTP 

Fig 3.3.3 Sequence of ALA synthase showing predicted accessible 

residues. The ALA synthase amino acid sequence is represented in 1 

letter form, indicating amino acids that are likely to be exposed(X) and 

those that are not, indicated either in black (X) or blue (X) and predicted to 

be submerged or not defined residues, respectively. 
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others. We wished to include a longer fragment - so while hydrophobic and 

secondary structure conditions appeared slightly less favourable than perhaps with 

the shorter fragments, more epitopes are available for polyclonal antibody 

production. 

The last fragment was 116 amino acids long and is close to the carboxy-tenninus 

of the protein. This area of the protein was reasonably hydrophilic - with 

hydrophobicity predictions reaching -1.0 at the beginning of the fragment. 

Below, the amino acid sequence of ALA synthase with the 4 fragments, which were 

chosen for hyper-expression in E.coli and for subsequent antibody production, 

shown in colour. 

MESVVRRCPFLSRVPOAFLOKAGKSLLFYAONCPKMMEVGAKPAPRALSTAAVHY001 

KETPPASEKDKTAKAKVOOTPDGSOOSPDGTOLPSGHPLPATSOGTASKCPFLAAOM 

NORGSSVFCKASLELOEDVOEMNAVRKEVAETSAGPSVVSVKTDGGDPSGLLKNFOD 

IMOKORPERVSHLLODNLPKSVSTFQYDRFFEKKIDEKKNDHTYRVFKTVNRRAHIFPM 

ADDYSDSLlTKKOVSVWCSNDYLGMSRHPRVCGAVMDTLKQHGAGAGGTRNISGTSK 

FHVDLERELADLHGKDAALLFSSCFVANDSTLFTLAKMMPGCEIYSDSGNHASMIOGIR 

NSRVPKYIFRHNDVSHLRELLORSDPSVPKIVAFETVHSMDGAVCPLEELCDVAHEFGA 

ITFVD EVHAVGL YGARGGG IGDRDGVMPKMDIISGTLGKAFGCVGGYIASTSSLI DTVRS 

YAAGFIFTTSLPPMLLAGALESVRILKSAEGRVLRROHORNVKLMROMLMDAGLPVVH 

CPSHII PVRVADAAKNTEVCDELMSRHNIYVOAINYL TVP RG EELLRIAPTPHHTPOMMN 

YFLENLLVTWKQVGLELKPHSSAECNFCRRPLHFEVMSEREKSYFSGLSKLVSA0* 

Fig. 3.3.4 Amino acid sequence of ALA synthase displaying the fragments 

chosen for expression and purification in E.coli. The 4 ALA synthase 

fragments are indicated in colour as shown in this legend. Fragment 1 - I ; 
fragment 21 ; fragment 3 - • and fragment 4 - • 
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3. peR and cloning 

The primers use for amplification of the ALA synthase fragments are shown below. 

Nucleotide 

residues 

1 - 167 

236 - 435 

534 - 1435 

1527 -1875 

Amino acid Forward primer Reverse primer 

residues 

1 - 56 TGAGGATCCATGGAGAGTGTTGTTC ATGGAATTCCTGGTAGTGTACTGCT 

78 - 145 CTGATGGATCCCAGCAGAGTCCA GAGGAATTCCAGCAACCTCTTTCCT 

178 - 478 ATGGGATCCCCAGAAAGAGTGTC CTGGAATTCGAGAGGTGGTGAAG 

509 - 625 CTAGGATCCCTCCATGAGACAGAT CTGGAATTCTCTCTCTTTCACTCATC 

Table 3.3.2 The primers for amplification of the ALA synthase fragments 

The red and blue shaded nucleotides represent the Bam HI and Eco RI 

restriction enzyme sites respectively. 

All four fragments of ALA synthase were amplified using the primers designed and 

products corresponding to the expected sizes of 179 bp, 199 bp, 865 bp and 349 bp 

were obtained. An agarose gel showing all 4 peR products is shown in Fig 3.3.5. 
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1000 bp 

750 bp 

525 & 
500 bp 

400 bp 

300 bp 

200 bp 

1 2 3 4 5 

Fig 3.3.5 peR amplification of the 4 fragments of the ALA synthase gene 

The four peR products were electrophoresed on a 2% agarose gel and stained 

with ethidium bromide. Lane 1 corresponds to a DNA low molecular weight 

marker. The molecular weights of the marker bands are indicated on the left of 

the agarose gel. Fragments 1 to 4 are shown in lanes 2 to 5, respectively. 

To minimise the problems of ALA synthase instability and hydrophobicity the 

fragments of ALA synthase were to be expressed as Schistosoma japonicum 

glutathione transferase (GST) fusion proteins. 

Each PCR products was ligated into pGEX-2T. An electrophoresis of the Bam HI 

and Eco Rl restriction enzyme digestions of plasmid preparations obtained is shown 

in Fig 3.3.6. The ALA synthase PCR products were sequenced using automated 

sequencing, and no Tag DNA polymerase errors were detected. The results of the 

automated sequencing are shown in A 4. 
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1000 bp 

750 bp 

500& 
525 bp 

400 bp 

300 bp 

200 bp 

f 

1 2 

- ...---

3 4 5 6 

Fig 3.3.6 The purified plasmid preparations pFP1; pFP2; pFP3; pFP4 

subjected to a Bam HI and Eco RI restriction enzyme analysis. The 

products of this restriction enzyme digestion have been electrophoresed on 

a 2% agarose gel and stained with ethidium bromide. Lane 1 corresponds 

to molecular weight markers. The molecular weights of the marker bands 

are indicated on the left of the agarose gel. Lanes 2 to 5, correspond to the 

restriction enzyme digest of pFP1 to pFP4, respectively. The lane 6 

contains undigested pGEX-2T. 

4. Expression and purification of fusion proteins in E. coli 

The fusion proteins from all 4 fragments were expressed in E.coli. These were 

purified using affinity chromatography. The predicted size of Sj GST is 28kDa, 

while the predicted sizes of FP 1-4 are 35kDa, 35 kDa, 57kDa and 40kDa 

respectively. 

Despite expressing ALA synthase as a fusion protein with Sj GST, the ALA 

synthase fusion proteins were insoluble and associated with the cell pellet and were 

unsuitable for the purification procedure described by Smith and Johnson (1998). 
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50.2 kDa 

34.2 kDa 

We therefore had to modify the purification procedure, using a method specifically 

designed for insoluble GST fusion proteins, described by Frangioni and van Neel 

(1993). 

All of the puri fied ALAS fusion proteins, except that of fragment one, were smaller 

than expected size. The fusion proteins 2 and 4 (FP2 and FP4) were virtually the 

same size as the Sj GST. 

The purified fragment 3-fusion protein appeared as 3 bands - the biggest band 

being about 40kDa in size (compared to the expected size of 57kDa), which 

corresponded to an ALA synthase fragment of about 12kDa (see Fig 3.3.7 below). 

A 8 c 

67 kDa 
80 kDa 67 kDa 

43 kDa 50.2 kDa 

30 kDa 

o 

1 2 
1 2 1 2 1 2 

Fig 3.3.7 The purified fusion proteins 1 to 4 

These were electrophoresed on 10 % SOS PAGE gels and stained using 

Coumassie blue. The first lanes of all the panels are SOS-PAGE molecular 

weight markers. The sizes of the molecular weight markers are indicated to the 

left of each gel. Lane 2 of all the SOS-PAGE gels "An to "0" correspond to the 

purified fusion proteins FP1 to FP4 respectively. 
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Moreover it is possible that the truncated purified fusion proteins could be as a 

result of both degradation and translation problems. 

5. Western blotting 

Western blots were performed to verify that the purified proteins eluted from the 

columns were indeed Schistosoma japonicum GST fusion proteins. Using a 

polyclonal rabbit anti-Schistosoma japonicum GST antibody at a dilution of 1: 

1000, bands corresponding in size to the purified fusion proteins were visualized on 

the Western Blot. 

50.2 kOa 

34.2 kOa 

28.1 kOa 

1 2 3 4 5 6 

Fig 3.3.8 Western blots performed using anti Schistosoma japonicum GST 

antibodies. In lanes 1 and 2 FP 3(fusion protein 3 - i.e. fragment 3) is present. 

Lane 3 contains FP 2(fusion protein 2), lane 4 contains FP 4(fusion protein 4), 

lane 5 contains FP 1 (fUSion protein 1) and lane 6 contains Sj GST. 
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0.5 

0.4 
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0.2 

0.1 

0 

• sample 

• non-immune 

no protein 

~~ 

" 
~~ 

'"V 

Fig 3.3.9 Elisa performed to test antisera from a rabbit immunized with FP 3 

Two background signal controls were included - the "non-immune" (using non­

immunized rabbit serum) and "no protein" (in which the ELISA wells were not 

coated with protein). The Y-axis represents the absorbency readings (00 540) 

obtained on the ELISA microtitre plate reader. The X-axis represents the serum 

dilutions. 

Figure 3.3.10 displays Western blots of FP 3, using serum from a rabbit previously 

immunized with FP3, and "non-immune" rabbit serum. 
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A B c o E 

1 : 2000 M 1 : 4000 M 1:8000 M 1 : 16000 M 1 :2000 (-C) M 
I 

Fig 3.3.10 Western blotting of purified FP 3 

Panels A to 0 show Western blots performed using immunized rabbit sera at 

dilutions of 1 :200, 1 :4000, 1 :8000 and 1: 16000 respectively. Panel E was 

performed using non-immune rabbit serum at a dilution of 1 :2000. The lanes 

marked M contain a pre-stained molecular weight marker of 30 kDa. 

Summary 

Research is being hampered due to the small quantities and highly hydrophobic 

nature of the mitochondrial matrix enzyme, ALA synthase. Murine erythroid ALA 

synthase is currently the only form of ALA synthase to be successfully hyper­

expressed in E.coli. 

In this work, secondary structure analysis was performed on the human, hepatic 

ALA synthase amino acid sequence. Fragments predicted to be less hydrophobic, 

and containing a high proportion of exposed residues were selected for hyper-
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GCTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATG 

Nhel Eco47111 BgllI Xho I tlind III Eco RI PSI I Sail Kpn I Sac IIAPa IISma /lBam HI Age I EGF P • 
Sar 1 Au 1 Aw7 1 81 Bsn2()/xma I 

CMVIE 

Fig 4.2.1 The structure of pEGFP. CMV IE refers to the intermediate early 

promoter of CMV. The multiple cloning site (MCS) of pEGFP is illustrated and 

genes cloned into this area are expressed as fusions to the amino terminus of 

EGFP as there is no intervening stop codon. 

To attempt to decrease the potential toxicity of active ALA synthase, the 

mitochondrial directing region was removed, in the hope that the enzyme would not 

be imported into the mitochondrium, and would therefore not have the substrate 
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access necessary to prod uce ALA. 

Funhermore we decided to introduce a histidine tag at the amino terminus of ALA 

synthase. If expression in eukaryotic cells was highly successful we wished to 

attempt purification and further characterization of ALA synthase, and a histidine 

tag would be a useful tool for purification using a Nickel column. 

Primers were designed, using Primer Design software, corresponding to the flfSt 

400bp of ALA synthase. The forward primer contained the sequence for an 8 amino 

acid histidine tag, together with the sequence for the Eco R! restriction enzyme, to 

facilitate cloning. 

The sequences of the forward and reverse primers are as follows: 

POSition Sequence 

Forward 151 5' -GCCGAA TTCA TGCATCACCACCACCA T 

Primer CACCATCAC-GCAGCAGTACACTACCAA-3' 

Reverse 511 5' -GGAAGTTCTTCAGCAGTCCA-3' 

Primer 

Table 4.2.1 Primers for amplification of the ALA synthase fragment. The 

red shaded nucleotides represent the Bam HI restriction enzyme site. 

PGEM-ALA synthase was used as the template for the peR reaction. peR was 

performed according to the method described in A 1.6. The annealing temperature 

used was S2°e. The amplified product was 410 bp in length and contained a unique 

8sm! site at position 417 bp, which was employed in creating the new construct. 

This fragment was subjected to RE Digestion, flfSt with EcoR!, then followed by 

8sm! as described in A 1.3. This yielded a DNA fragment 266 bp in size. 
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Amino-terminus 
of ALA synthase 

15 417 511 Mature protein PGEM-ALA-synthase 

-===~'~"·I·,~I .............. .. ~- , , t~ 

Amplified using 
Taq polymerase 

EcoRl 

BsmI 

8sml 

41 Obp peR product 

RE digest using ! 
EcoRI and BsmI 

EcoRI EcoRl 

PBluescript­
SK 

266 bp product 

Ligate products and 
EcoRI-digested 
pBluescript-SK 

EcoRI 

RE digest with 
BsmI and EcoRI 

EcoRI 

1678bp product 

EcoRI 
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EcoRI 

EcoRI Stul PEGFP-Nl Sma I 

STO 

RE digest using 
EcoRI and Stul 

RE digest using 
EcoRI and SmaI 

Ligation of 
PEGFP and EcoRI/StuI 

product 

PEGFP­
ALA-SYNTHASE 

1944bp product 

Fig 4.2.2 . The cloning strategy for sub-cloning the processed ALA 

synthase into the Eukaryotic expression vector, pEGFP, is illustrated in 

schematic form. 
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Step 1: Diluted rabbit 
anti-serum specific to ALA 

synthase construct 

Step 2: Incubation with 
an excess of biotinylated 
goat anti-rabbit. 

Step 3: Addition of 
streptavidin labelled 
horseradish peroxidase 
(HRP) . 

~ 

Step 4: (Not Shown) Visualisation using 
Di-amino-benzidine tetrahydrochloride 
(DAB), which results in a brown staining 
when HRP reacts with DAB. 

~ 

Cell expressing ALA 
synthase (t ) 

• • • • • • 

• 
• 

Rabbit anti-human 
ALA synthase 

Biotin labelled 
Goat Anti-Rabbit. 

• 

Streptavidin HRP 
Conjugate 

Fig 4.2.3 Schematic representation of the HRP-Strepatavidin-Biotin Anti­

rabbit Immune complex method. 
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4.3 Results and discussion: 

1. Double immunodiffusion to test for the presence of human JiGST 

Only 40% of human liver contains !lGST, therefore we needed to ensure that this 

was present in the cytosol of the liver that we would be using. Cytosol was 

prepared from 2 human livers, designated A and B. Cytosol from liver A did not 

contain !lGST as is demonstrated in the double immunodiffusion below, which was 

checking for precipitation of rabbit antihuman )!GST. 

The liver B cytosol contained t-tGST as demonstrated in the double 

immunodiffusions shown below, and was therefore ideal to verify lack of cross­

reactivity between !lGST and Schistosomajaponicum GST. 

5 6 
5 

6 

1 4 2 
'2 4 

3 
2 

3 

3 4 
4 

Fig 4.3.1 Immunodiffusion, showing in the rosettes labeled "a" and "b", 

the cross-reactivity of rabbit anti-human t-tGST (central well) and cytosol 

from liver "B"(peripheral wells). In peripheral well "1", neat liver cytosol from 

liver '8" is present. In wells 2 to 6, doubling dilutions of cytosol from liver "8" is 

present. In the immunodiffusions in rosettes "3" and "4", the lack of cross­

reactivity of rabbit anti-human flGST antibody (central well) to cytosol from liver 

"A" is shown. 
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2. Human hepatic GST purification 

GST purification was performed on cytosol from liver B using a h-GSH affinity 

column as described in A 1.20. The purified product consisted of a mixture of 

human GST's, including IlGST. This was tested for cross reactivity to the anti-sera 

to the fusion protein as described below. 

3. Western blotting 

There was no immunological cross-reactivity demonstrated between human GST's 

(including IlGST) and the anti-sera to FP3, using Western blotting, as is shown in 

the figure below. In addition the FP3 does not cross-react with polycIonal 

antibodies to IlGST. 

A B c 

1 2 3 1 2 3 4 5 1 2 3 4 

Fig 4.3.2 SDS polyacrylamide gel(10%) of Jig 3and human GST and Western blots of 

human GST and FP 3, using antibody to Shistosoma japonicum (8) and to I-lGST(C). 

A. SOS polyacrylamide gel (10%) showing in lanes 1, 2 and 3, purified FP3, 

molecular weight markers and purified human GST mixture, respectively. 

B. Western blot using antibody to Shistosomajaponicum GST (SjGS7). Human 

GST (lanes 1 to 2), molecular weight markers (lane 3) and SjGST(lanes 4 to 

5) are present. No cross reactivity to human GST's is visible. 

C. Western blot using antibody to human I-lGST. SJ GST (lanes 1 to 2), human 

GST(lanes 3 to 4) and molecular weight markers (lane 5) are present. The 

SjGST does not immunologically react with the rabbit anti-human I-lGST. 
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The result confirms that antibodies to Shistosoma japonicum GST do not cross­

react with antibodies to human GST's and suggests that the anti-sera is cross­

reacting to human ALA synthase, rather than human GST. While we were 

convinced that the antibody we had raised was not only directed at the GST portion 

of the fusion protein it was possible that the antibody was not reacting to the ALA 

synthase portion either, but to some unknown contaminant. Hence in next 

experiment definitive proof is provided of the immuno-reactivity between human 

hepatic ALA synthase and anti-sera to the fusion protein. 

4. Construction of the His-ALA-synthase-EGFP 

The Histidine tag-Bsml product was successfully amplified using peR and a product 

confonning to the expected size of 417 bp was obtained. Following restriction enzyme 

digest with Eco RJ and Bsm I a product confonning to the expected size of 266bp was 

obtained. This is illustrated in figure 4.3.3 below. 

1000 bp 

750 bp 

500 bp 

400 bp 

300 bp 

200 bp 

1 

266 bp 

2 3 4 

Fig 4.3.3 peR amplification, followed by Eco RI and 8sm I digest of the 

His-ALA S fragment electrophoresed on a 2% agarose gel and stained 

with ethidium bromide. Lane 1 corresponds to a DNA molecular weight 

marker. Lane 2, 3 and 4 contains Eco Rf digest of the PCR product. the 

undigested PCR product, and the incomplete 8sm f digest of Lane 2 
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respectively - the lower band corresponding to the 266 bp product used in 

creation of a histidine-tagged processed ALA synthase product. 

After digesting pOEM-ALA S using BsmI and EcoRl a product of 1678 bp was obtained. 

This 1678 bp product and the 266bp peR product were ligated to one another and into 

the Eco Rl site of pBluescript (see figure 4.3.4 below). The his-tagged processed ALA 

synthase was successfully constructed and sub-cloned into P-Bluescripl. 

1 2 3 4 5 6 

5100 

4700 -
4500 

2800 
2600 - 2400 

2100 
2000 

1700 

1200 & 
1100 bp 

Fig 4.3.4 The purified plasmid preparation of pGEM ALA S has been 

subjected to an Eco RI and 8sm I restriction enzyme digestion. The 

products of the restriction enzyme digest have been electrophoresed on a 1 % 

agarose gel and stained with ethidium bromide. Lane 6 corresponds to the 

molecular weight markers. Lane 1 contains uncut pGEM ALA synthase, lane 2 

contains an Eco RI digest of pGEM ALA synthase, lane 3 a 88m I digest of 

pGEM ALA synthase, while lanes 4 and 5 contain 8sm I and Eco RI digestions 

of pGEM ALA synthase. An arrow indicates the expected product, of 1678 bp. 
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Automated sequencing using the T3 and T7 promoters revealed no errors in the ALA 

synthase insert. After releasing the histidine tagged ALA synthase insert from 

pBluescript, it was sub-cloned into the EcoRi and Sma! sites of pEGFP. An agarose gel 

showing a Not! EcoRi digest of the pEGFP -his-ALA synthase construct is shown in 

figure 4.3.5. 

1 2 3 4 5 6 7 8 

5143 
4975 
4271 

2023 
1906 

1584 

Fig 4.3.5 Purified plasmid preparations of pEGFP and pEGFP-ALAS, and 

Eco RI and Not I restriction enzyme analysis of these plasmids. Products 

of the plasmid purifications and restriction enzyme digestion have been 

electrophoresed on a 1 % agarose gel and stained with ethidium bromide. Lane 

8 corresponds to molecular weight markers. Lane 1 corresponds to uncut 

pEGFP, lanes 2 to 4 correspond to uncut pEGFP-ALAS, lanes 5 to 7 

correspond to Eco RI and Not I digests of pEGFP-ALAS. The size of the bands 

in lanes 5 to 7 correlate well, with the expected sizes of 3929bp and 2715 bp. 

5. COS cell transfections 

COS cells were transfected using DEAE dextran method. The foHowing morning, live 

cells were present - although there were only half the number of cells on the microscope 

slide containing the pEGFP-his-ALAS transfected cells compared to the pEGFP 

transfected cells, and the cells subjected to the transfection step, using no DNA. 

Moreover the cells containing the his-ALA synthase construct died rapidly over the next 

24 hours and 48 hours after transfection, so that very few live cells remained. In contrast, 

48 hours after transfection the pEGFP transfected cells increased in density, suggesting 
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as a positive control to establish specificity of my antibody to ALA synthase, further use 

of this technique requiring bulk preparations of ALA synthase (for e.g. to characterize 

ALA synthase further) would not be possible. 

The transfected COS cells were to be used 24 hours after transfection for fluorescent 

microscopy and immunocytochemistry. 

6. Fluorescent microscopy 

The cells were visualized under a fluorescent microscope. It appeared that the cells had 

been successfully transfected, as seen by green fluorescence of cells transfected with the 

pEGFP construct and cells transfected with the pEGFP-his-ALA Synthase construct. Fig 

3.2.5 shows a photograph of transfected cells expressing pEGFP. The control cells - viz. 

those subjected to the transfection proceedings, which had no DNA added did not show 

any green fluorescence, thus proving that the fluorescence seen was not auto 

fluorescence. Photographs showing the fluorescence in the pEGFP-ALAS transfected 

COS cells can be seen in figure 4.3.6. 

Fig 4.3.6: Fluorescent microscopy of COS cells transfected with pEGFP­

ALAS. A high-powered (1000X) enlargement of the COS cells, as visualized 

under light 400nm wavelength. The green fluorescence indicates the presence 

of EGFP. No photograph of untransfected cells visualized at 400nm light is 

present, as this appeared to be a dark visual field, which could not be 

photographed. 
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under light 400nm wavelength. The green fluorescence indicates the presence 

of EGFP. No photograph of untransfected cells visualized at 400nm light is 

present, as this appeared to be a dark visual field, which could not be 

photographed . 

7. Immunocytochemistry 

The immunocytochemistry was performed as described in the methods section. The cells 

transfected with the pEGFP construct alone, showed no immunostaining, following 

incubation with ALA-synthase antisera and with negative control rabbit sera. The cells 

containing the pEGFP-his-ALA synthase construct showed no immunostaining with the 

non-immune control sera. This can be seen in the figure below. 

When immunocytochemistry was performed on the pEGFP-his-ALA synthase 

transfected cells using antisera obtained from rabbits immunized with fusion fragment 3, 

brown staining was visible throughout the cells - indicating that the ALA synthase 

construct was recognized by antibodies to the fusion protein fragment 3. 

Fig 4.3.7 Immunostaining of COS cells with non-immunized rabbit serum 

visualized at 100 times magnification. COS cells transfected with pEGFP(left) 

or pEGFP-his-ALAS (right) were subjected to immunocytochemistry, using non­

immune rabbit serum. No immunostaining, (visualized as brown staining of the 

cytOSOl) is present. 
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Fig 4.3.8 Immunostaining of COS cells using anti-sera to FP3 visualized at 

400 times magnification. COS cells transfected with pEGFP(left) or pEGFP­

his-ALAS(right) were immunostained using antisera to FP3. The COS cells 

transfected with pEGFP (left) show no immunostaining. The COS cells 

transfected with pEGFP-his-ALAS (right) shows positive staining as indicated 

by the brown pigment in the cytoplasm of these cells. 

Thus we are satisfied that staining obtained in human tissue indicates cross-reactivity 

between the ALA synthase protein and the antisera to FP3. 

Summary 

Having produced a polycJonal antibody to FP3 (fusion protein 3 - the Schistosoma 

japonicum-GST-ALA synthase fusion protein) as described in the previous chapter, we 

undertook to characterise firstly in order to establish that there was no immunological 

cross-reactivity between any possible Schistosoma GST antibody and human GST as this 

would render the antibody unsuitable for human ALAS immunocytochemical studies. 
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Chapter Five 

Further characterization of antibody 

5.1 Introduction 

Another possible cross reaction of the antibody to the 100 amino acid fragment 

of human hepatic ALA synthase (F3- fragment 3), described in the previous 

chapters, is with the erythroid isoform of ALA synthase. In this chapter we set 

out to examine this potential cross-reactivity and further, to establish whether or 

not there is cross reactivity with rat hepatic ALA synthase. 

There is an amino acid sequence homology of 59% between corresponding 

areas in F3 and the published human erythroid ALA synthase sequence. Fig 

5.l.1 illustrates this. 

PERVSHLLQD NLPKSVSTFQ YORFFEKKI D EKKNOHTYRV 
SGKVTHLlQN NMPG-NYVFS YOQFFRDKIM EKKQOHTYRV 

FKTVNRRAHI FPMADDYSDS lITKKQVSVW CSNOYLGMSR 
FKTVNRWADA YPFAQHFSEA SVASKDVSVW CSNDYLGMSR 

HPRVCGAVMD TLKQHGAGAG hepatic 
HPQVLQATQE TLQRHGAGAG erythroid 

Fig 5.1.1 The frag ment of ALA synthase (F3) to which antibodies were 

generated is aligned with the corresponding area of erythroid ALA 

synthase. The homologous amino acids are shown in red. The homologous 

amino acids correspond to 59% of the sequence. 

The applications of the antibody would be altered should there be cross­

reactivity between the hepatic and erythroid isofoITllS. We considered that foetal 

liver, with its erythroid precursors in the hepatic sinusoids, which are known to 

have high levels of erythroid ALA synthase, could be used to check for cross 

reactivity to the erythroid ALA synthase. To maximise the chances of 
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immunostaining in erythroid precursor cells we decided to use multiple samples 

from different stages of gestation. 

Furthermore we considered that should the antibody generated to human ALA 

synthase cross-react with rat ALA synthase, this could open up many new 

research applications, as the ethical constraints associated with the use of human 

tissue are not present. It is easier to control for diet, age, sex, xenobiotic usage 

in tissue studies performed on rats, although the limitations of a rat model, as 

discussed in chapter 2 are well described. The homology between rat hepatic 

ALA synthase and human hepatic ALA synthase in the region to which the 

antisera was generated is about 90%. 

PERVSHLLOD I\JLPKSVSTFO YDRFFEKKID EKKNDHTYRV 
PERVSHLLOD NLPKVVSTFO YDHFFEKKID EKKNDHTYRV 

FKTVI\JRRAHI FPMADDYSDS LlTKKOVSVW CSNDYLGMSR 
FKTVNRRAOI FPMADDYTDS LlTNNQVSVW SSNDYLGMSR 

HPRVCGAVMJ TLKOHGAGAG Human 
HPRVCGAVIE TVKOHGAGAG Rat 

Fig 5.1.2 The fragment of ALA synthase (F3) to which antibodies were 

generated is aligned with the corresponding area of rat ALA synthase. 

Residues that are different between the two species are indicated in red. 

The homologous amino acids, indicated in black correspond to 90% of the 

sequence. 

5.2 Materials and Methods 

Materials 
Foetal liver was obtained from archived paraffin sections of foetal liver obtained 

at time of post-mortems. Care was taken to select blocks where minimal 

autolysis was present. Haematoxylin and Eosin sections showed the presence of 
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negative control specimen is present. On the right a sample is present, 

stained with antibody to ALA synthase. This shows brown staining in the 

cytoplasm of hepatocytes, indicating the presence of ALA synthase. No 

staining is visible in the erythroid precursor cells, present in the hepatic 

sinusoids, which are indicated by the arrow. 

Details of the results of the foetal liver immunocytochemistry are presented in the 

table below. 

Cell Type Negative Samples 
controls 

Staining No No Weak Moderate Strong 
Staining Staining Staining Staining Staining 

Hepatocytes 
8 1 2 5 0 

Bile Ducts 
8 3 5 0 0 

Erythroid 
8 8 0 0 0 Precursors 

Myeloid 
8 8 0 0 (} Precursors 

Table 5.3.1 Immunocytochemistry results of all foetal liver samples 

analyzed. 
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We are therefore certain that the anti-sera generated to the fusion protein cross­

reacts immunologically with human hepatic ALA synthase, but not with human 

erythroid ALA synthase. 

2. Immunocytochemistry of rat liver 

No immunostaining was detected in the negative control slides of rat liver. 

Cross-reactivity between the anti-sera to human hepatic ALA synthase and to 

rat ALA synthase was detected, as can be seen in the photographs in the figure 

below. 

Fig 5.3.2. Immunocytochemistry of rat liver, using antisera to human 

ALA synthase. To the left a negative control specimen is present. To the 

right a sample of rat liver was immunostained using anti-sera to FP3 as the 

primary antibody. Staining is indicated by the brown colour in the cytOSol of 

hepatocytes. 

Hence, perhaps predictably, we conclude that the anti-sera generated to the 

fusion protein cross-reacts with rat hepatic ALA synthase. 
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Step 1: Diluted rabbit anti-
serum specific to ALA 
synthase construct 

Step 2: Incubation with an 
excess of biotinylated 
goat anti-rabbit. 

Step 3: Addition of 
streptavidin labelled 
horseradish peroxidase 
(HRP). 

Step 4: (not shown) visualisation 
using Di-amino-benzidine 

tetrahydrochloride (DAB), 
which results in a brown 
staining when HRP reacts 
with DAB. 

! ~ 

! ~ 

Cell expressing ALA 
synthase . 

~ 
\j ~ Rabbit anti-human 

ALA synthase 
.t:J 

.t:J-t? 

~ 

• • • • • • • • • 

Biotin labelled 
Goat Anti-Rabbit. 

Streptavidin HRP 
Conjugate 

Fig 6.2.1 Schematic representation of the HRP-Strepatavidin-Biotin anti­
rabbit immune complex method 
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Number of samples and staining intensity (n=14) 

Cell Type Weak staining Moderate staining Strong staining 

Hepatocytes 2 7 5 

Bile Ducts 6 0 0 

Other cells 0 0 0 

Table 6.3.1 Staining intensity in resected and post-mortem liver 

specimens. 

Fig 6.3.1.a Typical immunohistological examination of a surgical liver 

specimen using antisera to ALA synthase, viewed at 100 times 

magnification. On the left a negative control sample is featured, showing no 

non-specific staining. The photograph on the right shows moderate to strong 

staining in hepatocytes (indicated by dashed arrows) and weak staining in bile 

ducts (indicated by bold arrows). 

143 



Univ
ers

ity
 of

 C
ap

e T
ow

nFig. 6.3.1.b Typical immunohistological examination of a surgical liver 

specimen using antisera to ALA synthase, viewed at 200 times 

magnification. On the left, a negative control sample is present. On the right, 

moderate to strong staining for ALA synthase is visible in hepatocytes, with 

some weak to moderate staining in the bile ducts. 

The liver - the largest internal organ plays important and complex roles in 

absorption of hormones, nutrients and toxins from blood, detoxification by 

conjugation and oxidation (a haem dependent mechanism), deamination of excess 

amino acids and urea synthesis, storage of glycogen and various vitamins, 

endocrine secretion of multiple blood proteins (from albumin, lipoproteins, to 

clotting proteins and growth factors). Hepatocytes are metabolically active cells, 

with abundant mitochondria, and given their multiple oxidative reactions and 

peroxidations (that require haem containing enzymes to catalyse these reactions -

such as cytochrome P450's, peroxidases and catalases) obviously create a high 

haem demand. Therefore the moderate to strong staining obtained was to be 

expected. 

Adrenal gland 
Six surgical specimens were examined. In some of the negative control specimens, 

a faint blush of brown was noted in the adrenal cortex generally. This was 

significantly different from staining in the samples. Adrenal medulla was only 

present in 2 of the surgical specimens although it was present in all of the post-
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mortem specimens. The adrenal medulla staining appeared to be in the ganglion 

cells. 

Number of samples and staining intensity 

(n=10) 

Cell Type Weak staining Moderate staining Strong staining 

Zona Fasiculata 1 1 2 

Zona Reticularis 1 4 3 

Zona Glomerulosa 2 1 0 

Adrenal Medulla 0 6 0 

(n=6) 

Table 6.3.2 Staining intensity in surgical adrenal specimens. 

Adrenal Medulla 
Zona's Fasiculata 
and Glomerulosa Adrenal Medulla 

Zona Zona's Fasiculata 
Reticulosa and Glomerulosa 

"\( V 

Fig 6.3.2.a Adrenal gland at 40X magnification. Cortex indicated by brackets 

with labels corresponding to Zona Glomerulosa, Zona Reticularis and Zona 

Fasiculata. The adrenal medulla is indicated as well. The negative control 

sample is on the left. Moderate staining is present in the Zona's Glomerulosa 

and Fasiculata of the adrenal cortex as well as the adrenal medulla. Strong 

staining is present in the zona reticulosa. 
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magnification. The negative control is shown on the left, with the sample, 

stained using antibody to ALA synthase is shown below. This sample shows a 

Fig 6.3.2.c Adrenal medulla at 200X magnification. The negative control is 

at the left, with the sample on the right, stained using antibody to ALA synthase. 

A solid arrow indicates the triangular neural ganglion celis, which stain strongly 

for ALA synthase. 

The adrenal cortex shows moderate to strong staining in the zona reticulosa - an 

area functionally associated with the production of small amounts of sex steroids 

(notably oestrogen and progesterone) as well as androgenic steroids. Some of the 
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Fig 6.3.3.a Staining of kidney for ALA synthase at 40 times magnification. 

A control sample is present on the left. Strong staining is present in the 

proximal convoluted tubules (PCT's)- indicated by a solid arrow and moderate 

staining in the distal convoluted tubules (OCT's) -indicated by a broken arrow. 

The glomeruli do not stain for ALA synthase (indicated by an asterisk). 

Fig 6.3.3.b Histological staining of kidney for ALA synthase at 100 times 

magnification. A control sample is present on the left. Strong staining is 

present in the proximal convoluted tubules (indicated by a solid arrow) and 

moderate staining in the distal convoluted tubules (indicated by a broken 

arrow). 
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Fig 6.3.4 Typical immunohistological staining for ALA synthase in pre­

menopausal resected ovary. On the top, a photograph of a negative control 

sample is present. On the bottom, a photograph of a surgical specimen of 

ovary, stained for ALA synthase is present. Solid arrows indicate follicles, at 

different stages of development. These show moderate staining for ALA 

synthase. 

The staining of steroidogenic cells in ovary could be predicted from what is known 

about steroidogenesis in the ovary. These reactions involve haem-containing 

cytochrome p450 enzymes as well as the haem containing microsomal epoxide 

hydrolase (Hattori N et ai, 2000) and are thus likely to create a demand for haem, 

which is reflected in the staining patterns. 
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Testis 

Three surgical and two post mortem testes were stained for ALA synthase. 

Staining intensity and Specimen 

number (n=5) 

Cell Type Weak Moderate Strong 

Staining Staining Staining 

Epididymis (n=2) 2 0 0 

Early Primary Spermatocytes 1 1 0 

Late Primary Spermatocytes 2 3 0 

Late Spermatids 2 1 2 

Sertoli Cells 0 0 0 

Leydig Cells 4 1 0 

Table 6.3.5 Staining intensity in testis specimens 

Fig 6.3.5.a Photograph of immunohistological examination of testis using 

antibody to hepatic ALA synthase at 100 times magnification. On the right 

a negative control slide is present. On the left, staining is visible for ALA 

synthase in the late spermatids (marked with a solid arrow). 
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Fig 6.3.S.b Photograph of immunohistological examination of testis using 

antibody to hepatic ALA synthase at 200 times magnification. On the left a 

negative control slide is present. On the right, staining is visible for ALA 

synthase in the late spermatids (marked with a solid arrow). 

Brain/Cerebrum 

Only 4 post mortem samples were available for immunohistological examination. 

In the negati ve control samples no staining was visible. 

Staining intensity and Sample number (n=4) 

Cell Type Weak staining Moderate Staining Strong Staining 

Neurones 0 0 4 

Glial cells 0 0 0 

Table 6.3.6 Staining intensity of brain using antibody to ALA synthase. 

Previous work by Srivastava et al (1992) measured very little ALA synthase 

mRNA in brain. However they measured ALA synthase in whole brains and given 

that the supportive glial tissue outnumbers the neurones at a ratio of between 10 
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and 1 and up to 100: 1 it is not surprising that little ALA synthase was measured. In 

the neurones staining was visible in the neuropiles as well as in the cell body. This 

probably reflects the presence of mitochondria involved in energy generations for 

transportation of secretory vesicles. This strong staining of neurones has 

impJications for theories regarding the pathogenesis of the acute attack of 

porphyria, as these cells are clearly acti ve in haem production. It would suggest that 

neuronal haem deficiency, as well as neurotoxicity of ALA might well playa role 

in the pathogenesis of the acute attack of porphyria . 

.. . 

. . 

-

• 

Fig 6.3.6.a Photograph of 

immunohistological examination of brain 

using antibody to hepatic ALA synthase 

at 200 times magnification. On the left top 

photograph, an Haematoxylin and Eosin photograph is present showing 

neurones staining pink. Below, left, a negative control slide is present. To the 

right, staining is visible for ALA synthase in the neurones (marked with a solid 

arrow). 
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Fig S.3.S.b A typical immunohistological examination of post mortem 

brain tissue using antibodies to ALA synthase. This photograph is looking 

at brain at 400 times magnification (under o~ immersion). Bold arrows indicate 

neurones. Note the strong staining for ALA synthase - not only in the cell body 

of the neurones, but also in the dendrites and axonal processes. 

Anterior pituitary 

Only 2 samples of anterior pituitary, from 2 ofthe post mortem subjects, were 

available for immunohistological examination. In the samples, strong staining was 

present in some anterior pituitary cells - this probably represented a particular sub­

population of anterior pituitary cells, but without further specialized antibody tests 

we are unable to say which particular cell type these are (for e.g. gonadotrophes, 

lactotrophes, growth hormone producing cells). There is some evidence of 

cytochrome P450 3A5 being present in the growth hormone containing cells 

(Murray et al 1995), which is thought to playa role in regulating growth hormone 

secretion and it is possible that these cells are staining for ALA synthase. 

Photographs of an anterior pituitary specimen fol1ow, together with the negative 

controls. 
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Fig 6.3.7 Immunohistological examination of post-mortem anterior 

pituitary specimen at 200 times magnification. Above, left a Haematoxylin 

and Eosin stain is present. Below left, a negative control is present. To the right, 

the sample was stained using antibodies to ALA synthase, and shows 

checkerboard staining of cells. 

Oesophagus 

Nine resected oesophageal specimens were examined for the presence of ALA 

synthase. Weak to moderate staining for ALA synthase was detected. Only two of 

the specimens contained oesophageal glands and these had non-specific staining in 

the mucinous glands, so mucinous glands were not listed in the table of results. 
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Staining intensity and sample 

number (n=9) 

Cell Type Weak Moderate Strong 

staining Staining Staining 

Functional squamous epithelium. 2 3 0 

Prickle cell layer of squamous epithelium 1 4 1 

Basal cell layer of squamous epithelium 0 0 0 

Smooth muscle 5 1 0 

Acinar glands 1 0 0 

Table 6.3.7 Staining intensity of oesophagus using antibody to ALA 

synthase 

Fig 6.3.8.a Immunohistological examination of a specimen of resected 

oesophagus at 40 times magnification. To the left, a negative control 

specimen is present. On the right is oesophagus stained with antibody to ALA 

synthase. Only weak staining is present in the smooth muscle, acinus glands 

and functional layer of epithelium. 
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Fig 6.3.8.b Immunohistological examination of a specimen of resected 

oesophagus at 100 times magnification. Above a negative control specimen 

is. Below, oesophagus is stained with antibody to ALA synthase showing 

staining is present in the functional layer of epithelium. 

Oesophageal squamous epithelium can be divided into three layers - the basal , 

prickle and functional cell layers. The prickle and functional cell layers consisted of 

progressively flatter glycogen-rich cells. The mature oesophageal epithelium -

from the more metabolically active, mature functional layer stains positive for ALA 

synthase - as opposed to the basal layer of cells - which are actively dividing cells 

that are not functional. 

Gopalakrishnan R et al (1999) demonstrated using western blots and RT-PCR, that 

cytochrome p450's are present in oesophageal muscosa - although in quite small 

amounts. Furthennore, Lechevrel et al (1999) were able to demonstrate that a wide 

range of cytochrome p450's were detectable using immunoblot and RT -PCR- thus 
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Fig 6.3.9 Immunohistological examination of resected stomach using 

antibody to ALA synthase. On the left, a negative control specimen is present. 

On the right, stomach is stained with antibody to ALA synthase, showing 

moderate staining in the parietal cells of the fundic glands only. 

The fundic glands are straight, tightly packed glands with pits that occupy less and 

a quarter of the mucosal thickness. The basal cells are predominantly pepsinogen 

secreting "chief' cells; while towards the surface parietal cells predominate. The 

parietal glands produce neutral and acidic mucin, which protects the stomach 

epithelium from acid. The parietal cells have large numbers of mitochondria, with 

a high oxidative capacity, which produce the A TP needed for the 

hydrogen/potassium A TP-ase (proton pump) needed for the production of Hel 

(hydrochloric acid). 

Small intestine and pancreas 

Seven specimens of small intestine were examined for immunohistologically detectable 

levels of ALA synthase. Six of these specimens were resected from the terminal ileum 

and demonstrated no staining for ALA synthase. The only specimen obtained from 

duodenum showed weak staining in the crypts of Luberkhun. This sample is shown in the 

figure below. 
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Fig 6.3.10 Immunohistological examination of duodenum using antibody 

to ALA synthase. Above, a photograph of the negative control specimen is 

present. Below, duodenum has been stained using antibody to ALA synthase. 

Staining is visible in the crypts of Luberkhun. 

In the pathology archives only extremely abnormal pancreas, resected from patients 

with chronic pancreatitis was available, and this was not suitable for this study. 
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duodenal specimen. In this sample strong staining for ALA synthase was 

demonstrated in the islet cells. This is shown in the figure below. 

~ ., t 

~ ~ ,~ , 
co " '" 

) e I 
, , 

Fig 6.3.11 Immunohistological examination of pancreas using antibody to 

ALA synthase. On the left, a negative control sample of ALA synthase is 

present. On the right, pancreas has been stained using an antibody to ALA 

synthase demonstrating strong staining in the islet cells. 

Given that our staining in all tissues followed an extremely consistent pattern, 

although there is only one sample it is worth noting that pancreatic acinar cells -

which did not stain for ALA synthase, is amongst the most metabolically active 

cells in the body with extremely high rates of protein synthesis (personal 

communication from M Bennan). The Beta islet cells however stained moderately 

positive for ALA synthase. 

C%n 

Six samples of colon were examined immunohistologically for ALA synthase. Five 

of the six samples demonstrated moderate staining in endocrine cells in the crypts 

and some weak staining in smooth muscle. No other staining for ALA synthase was 

present. 
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Fig 6.3.12.a Immunohistological examination of colon using antibody to 

ALA synthase at 100 times magnification. A negative control specimen is 

present on the left. To the right, weak staining is demonstrated in the endocrine 

celis in the crypts. 
~----------~~~-

Fig 6.3.12.b Immunohistological examination of colon using antibody to 

ALA synthase at 200 times magnification, demonstrating the staining of 

endocrine cells in the crypts. 
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Skeletal muscle 

Skeletal muscle samples were only obtained from the 4 post-mortem examinations. 

These samples showed checkerboard-staining patterns with some muscle fibres 

staining moderately strongly for ALA synthase. This indicates that a particular sub­

group of muscle fibres is staining - probably the type I muscle fibres (aerobic 

muscle fibres). 

Fig 6.3.13 Immunohistological examination of skeletal muscle using 

antibody to ALA synthase at 100 times magnification. Above, on the left is 

an Hand E, with a negative control specimen to the right. Below, moderately 

strong staining is demonstrated in some muscle fibres forming a checkerboard 

pattern. 
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Staining intensity and sample number (n=11) 

Cell Type Weak Moderate Strong 

staining staining staining 

Alveolar cells 6 0 0 

Bronchial glands 0 1 1 

(acinar cells) (n=2) 

Bronchial 8 2 0 

epithelium 

Other 0 0 0 

Table 6.3.9 Staining intensity of lung using antibody to ALA synthase. 

Fig 6.3.14.a Immunohistological examination of lung using antibody to 

ALA synthase at 40 times magnification. This sample contains bronchial 

glands(indicated by an arrow) showing moderate staining for ALA synthase. 

Note the weak staining in the brush border cells of the bronchial epithelium. 
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ALA synthase at 100 times magnification. To the left a negative control 

sample is present. On the right, the sample contains bronchial glands showing 

moderate staining for ALA synthase. 

Myocardium 

Five myocardial biopsies were examined irrununohistologically for ALA synthase. 

Staining intensity and sample number (n=5) 

Cell Type Weak staining Moderate Strong staining 

staining 

Myocardial cells 0 2 1 

Table 6.3.10 Staining intensity of myocardium using antibody to ALA 

synthase. 
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antibody to ALA synthase at a magnification of 100 times. To the left a 

negative control is present, while on the right, moderately strong staining is 

demonstrated in the muscle cells. 

Fig 6.3.1S.b Immunohistological examination of cardiac muscle using 

antibody to ALA synthase at a magnification of 400 times. As previously, a 

negative control is present on the left, while staining for ALA synthase is 

demonstrated in the right sample. 
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viewed at 400 times magnification. Some of the pigmented granules, visible 

in the hepatocytes are indicated by an arrow. 

Most of this pigment, stained positive for iron, as is shown in the perl's stain for 

iron, below. All iron stains as a blue-green colour. 

Fig 7.3.2 A Perl's stain of HK's liver viewed at 400 times magnification. The 

iron containing area's stain a greenish colour and some are indicated by 

arrows. Note the peri-cannilicular arrangement of the iron pigment. 
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magnification from patient HK. The 

specimen on the left is a negative control sample, which shows pigmented 

granules in many hepatocytes. The specimen on the right is a one stained with 

antibody to ALA synthase. Strong staining for ALA synthase is present in 

hepatocytes, with moderately strong staining in bile ducts. 

Fig 7.3.3.b Liver viewed at 400 times magnification from patient HK. The specimen 

on the right is a one stained with antibody to ALA synthase. Strong staining for ALA 

synthase is present in hepatocytes, with moderate staining in bile ducts. 

Adrenal gland 

Histologically the adrenal glands appeared normal. Staining for ALA synthase in 

the adrenal gland was very similar to that obtained in the standard surgical 
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specimens except the strong staining in the zona reticularis, appeared darker than 

the most strongly positive adrenal specimens in chapter 6. Strong staining for ALA 

synthase was also present in the ganglion cells of the adrenal medulla. 

Fig 7.3.4.a. Adrenal cortex viewed at 100 times magnification. On the left a 

negative control specimen is present On the right. there is strong staining in the 

zona reticularis. (some cells being indicated by a bold arrow) and moderate 

staining in the zona's fasciculata and glomerularis (indicated by a bracket). 

Fig 7.3.4.b Adrenal medulla viewed at 100 times magnification. To the left. 

a negative control specimen is present. On the right, the ganglion cells staining 

strongly for ALA synthase are indicated by an arrow. 
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Kidney 

Both kidneys were small, with thinned cortices. The left and right kidney's weighed 

75g and 79g respectively (normal ll5 to 220g). There was no dilatation of the 

calyceal system. Histologically there was evidence of chronic pyelonephritis with 

focal areas of sclerosed glomeruli, tubular casts and interstitial inflammation. The 

staining for ALA synthase obtained in kidney is virtually identical to that obtained 

in our surgicaJ biopsy specimens. 

Fig 7.3.5.a Kidney viewed at 100 times magnification. To the left, a negative 

control specimen is present. Moderately strong staining for ALA synthase is 

present in the proximal convoluted tubules (PCT's). 

Fig 7.3.5.b Kidney viewed at 200 times magnification. To the left, a negative 

control specimen is present. Moderately strong staining for ALA synthase is 

present in the PCT's. 
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Myocardium 

On macroscopic examination the heart appeared normal. Histology was 

unremarkable, except for iron deposits in supporting cells. Staining for ALA 

synthase was similar to that obtained in the surgical specimens, although once again 

it appeared to stain slightly darker for ALA synthase than the most strongly positive 

surgical specimen's. 

Fig 7.3.6 Myocardium of HK viewed at 100 times magnification. To the left, a 

negative control is present. To the right, moderate staining for ALA synthase is 

demonstrated in myocardial cells. 

Skeletal muscle 

Myocytes demonstrated either weak or strong staining for ALA synthase. The 

checkerboard pattern seen in non-porphyric samples (from chapter 6) was not seen 

- instead whole muscle bundles stained either weakly or strongly (fibre-type 

grouping). This pattern is commonly seen when staining for fibre types (e.g. stains 

for NADPH) in patients with peripheral neuropathy. The severe peripheral 

neuropathy that HK had would be an explanation for this staining pattern. 

The explanation for this fibre-type grouping pattern is that as peripheral nerves are 

damaged and die the muscle fibres are re-innervated by sprouting of newly grown 

axons and endplates. Unlike the random (hence checkerboard) distribution of type 1 

and 2 fibres which occur during normal development (and which are determined by 
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the type of innervating nerve fibre), patches of muscle fibres are all re-innervated 

by sprouting from the same nerve fibre growing in resulting in grouping of fibre 

types. 

Figure 7.3.7 Skeletal muscle from HK viewed at 100 times magnification. 

Above a negative control sample is present. Below the sample stained for 

ALA synthase is present demonstrating variable staining for ALA synthase -

although, unlike the other specimens from Fig. 6.3., no checkerboard pattern is 

present. The staining for whole muscle fibre bundles is probably indicative of 

the severe peripheral neuropathy that HK suffered from. 

Anterior pituitary 

Unfortunately no brain samples were available for immunocytochemistry, which is 

regrettable given its possible involvement in the pathogenesis of the acute attack. 

However anterior pituitary had been sampled and demonstrated staining remarkably 

similar to that found in non-porphyric individuals. 
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Fig 7.3.8 Anterior pituitary viewed at 100 times magnification. To the left a 

negative control is present. On the right, a checkerboard pattern of staining for 

ALA synthase is demonstrated. 

Summary 

In this chapter we looked at immuno-staining for ALA synthase in a young women, 

with severe Acute Intermittent Porphyria, who died during an acute attack of 

porphyria. 

The liver samples, showed evidence of iron overload and stained strongly for ALA 

synthase. Strong staining for ALA synthase was also demonstrated in the proximal 

convoluted tubules of the kidney, zona reticulosa of the adrenal medulla, and 

myocardium. The staining in the kidney was as strong as that seen in the most 

strongly positive surgical specimens. The staining in adrenal gland and 

myocardium was slightly darker than that seen in the most strongly positive 

surgical specimens - implying high levels of ALA synthase. 
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