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Research goals 

 

A multi-disciplinary approach to the research on indoleamine 2,3-dioxygenase and IDO 

related studies is essential as IDO is involved in a variety of biological functions. The 

increasing focus and research on IDO demands large quantities of good quality IDO. The 

expression of recombinant human IDO (rhIDO) in Escherichia coli (E. coli) is therefore 

crucial. The expression of rhIDO in E. coli (pQE-9-IDO, pREP4) has been investigated 

but inadequacies still prevailed upon commencement of this study. Therefore the aims of 

this study were to i) optimise the expression of rhIDO in E. coli (pQE-9-IDO, pREP4) in 

order to obtain high quality enzyme, ii) evaluate the characteristics and stability of rhIDO 

in order to understand its behaviour as a support towards further studies, iii) study the 

re-incorporation of the heme b co-factor of rhIDO as an approach to optimise the 

availability of the enzyme for further studies and iv) evaluate the contribution of 

individual cysteines towards the overall catalytic properties and stability of the rhIDO 

through mutagenesis studies. 
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Abstract 

Indoleamine 2,3-dioxygenase (IDO) is a heme-containing dioxygenase that catalyses the 

first and rate-limiting step in the kynurenine (Kyn) pathway of L-tryptophan (L-Trp) 

catabolism. Attention has been focused on IDO because the Kyn metabolic pathway is 

involved in a variety of physiological functions and diseases. In this study the expression 

and purification of recombinant human indoleamine 2,3-dioxygenase (rhIDO) in E. coli 

(pQE-9-IDO, pREP4) was investigated in order to obtain high quality enzyme in high 

yields. This study concluded that optimisation could still be achieved by lowering the 

growth temperature from 37 °C to 30 °C and reduction of IPTG induction from 100 µM 

to 10 µM. Better yields of rhIDO were obtained when the expression was carried out 

under dark conditions without the addition of PMSF, addition of hemin prior to lysis of 

the cells, increasing the NaCl concentration from 150 mM to 500 mM and lowering the 

imidazole variation from 10, 30, 40, 65, 80, 90, 190 to 10, 30, 60, 300 mM in the 

purification through Ni-NTA. 

Evaluation of the characteristics and stability of rhIDO in order to understand its 

behaviour as a support towards further studies showed that rhIDO activity and yield 

under certain conditions of purification were significantly decreased. Further studies 

concluded that the loss of rhIDO activity was most probably due to the loss of the heme 

prosthetic group of the enzyme or the non effectiveness of the heme-protein complex. A 

study with hemin to examine the possibility of re-incorporation of heme showed 



xxii

moderate re-incorporation. It was concluded, however, that keeping the heme intact 

through the supplementation of hemin prior to lysis is a much better alternative for 

preserving the activity of the enzyme. Comparison studies between rhIDO and rmIDO 

showed that the relative catalytic efficiency of rhIDO towards L-Trp (3.73) was higher 

compared to rmIDO (1.40) whereas the relative catalytic efficiency of rhIDO towards 

D-Trp (0.02) was lower compared to rmIDO (0.03). CD and thermal melt studies

established that rhIDO is less helical (61% helix) than rmIDO (71% helix). The studies 

also showed that rhIDO has a lower melt temperature (50 ºC) than rmIDO (65 ºC) 

indicating that rmIDO is more thermostable than rhIDO. 

The contribution of individual cysteines towards the overall catalytic properties and 

stability of the rhIDO was evaluated through mutagenesis studies. This was done by 

comparing the resulting outcomes from the C126A, C286A, C322A and C349A rhIDO 

mutations towards that of the non-mutated rhIDO. All the mutants exhibited a decrease in 

specificity towards L-Trp with C322A showing the highest decrease of 78% loss. 

However, with D-Trp, mutants C126A and C322A showed increased specificity where 

C126A showed the highest increase (280%). Mutants C286A and C349A showed 

decreased activity with C349A having the most (67% loss). This study confirms that the 

Cys to Ala site-directed mutagenesis contributes to the changes in the kinetics of the 

mutated rhIDO, and that the cysteine moieties of rhIDO are involved in the normal 

catalytic function of the enzyme. It is highly likely that the change from Cys to Ala in the 

mutants changed the conformation of the enzyme, which was a determining factor to the 

accessibility of the specific substrates to the active site. This change in conformation 

resulted in diverse kinetics observed. 
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Chapter 1 

Introduction 

The overall aim of this chapter is to give background information on the history, 

properties and importance of indoleamine 2,3-dioxygenase. This is an enzyme that is 

involved in various physiological functions and diseases in humans. 

1.1.  Indoleamine 2,3-dioxygenase 

Indoleamine 2,3-dioxygenase (IDO, EC 1.13.11.52; previously EC 1.13.11.42 

indoleamine-pyrrole 2,3-dioxygenase) is a heme-containing dioxygenase that catalyses 

the first and rate-limiting step in the kynurenine (Kyn) pathway of L-tryptophan (L-Trp) 

catabolism.
7,163,302

 Human IDO is a product of the INDO gene (Homo sapiens, 8p12-

p11).
122

 Its expression is induced by interferon-gamma (IFNG) and enhanced

synergistically by proinflammatory cytokines.
2,71,175,256,295,313

 Human IDO has a molecular

weight of 45.326 kDa
50,318

 and a sequence consisting of 403 amino acids (Figure 1.1):

  1 MAHAMENSWT ISKEYHIDEE VGFALPNPQE NLPDFYNDWM FIAKHLPDLI ESGQLRERVE  60 

 61 KLNMLSIDHL TDHKSQRLAR LVLGCITMAY VWGKGHGDVR KVLPRNIAVP YCQLSKKLEL 120 

121 PPILVYADCV LANWKKKDPN KPLTYENMDV LFSFRDGDCS KGFFLVSLLV EIAAASAIKV 180 

181 IPTVFKAMQM QERDTLLKAL LEIASCLEKA LQVFHQIHDH VNPKAFFSVL RIYLSGWKGN 240 

241 PQLSDGLVYE GFWEDPKEFA GGSAGQSSVF QCFDVLLGIQ QTAGGGHAAQ FLQDMRRYMP 300 

301 PAHRNFLCSL ESNPSVREFV LSKGDAGLRE AYDACVKALV SLRSYHLQIV TKYILIPASQ 360 

361 QPKENKTSED PSKLEAKGTG GTDLMNFLKT VRSTTEKSLL KEG....... .......... 420 

Figure 1.1 The human IDO protein sequence containing 403 amino 

acids and a molecular weight of 45.326 kDa (Primary accession 

number: P14902). Conserved regions of IDO as signatures for the IDO 

family of proteins are depicted in red. 
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1.2.  Characteristics and catalytic properties of IDO 

IDO as a cytosolic heme protein is one of the few heme-containing dioxygenases known 

to exist.
154

 Two conserved regions of IDO are signatures for the IDO family of

proteins.
287

 These include (
261

GGSAGQSSVFQ
271

) in the central section of the protein,

which is rich in glycine and serine residues, and (
291

FLQDMRRYMPPAHR
304

) in the

second third section of the sequence, which is rich in arginine residues. IDO contains a 

conserved histidine (His346) that serves as a proximal ligand to the heme b co-factor 

iron. The His346 is potentially a base that can differentiate human (Homo sapiens) IDO 

(hIDO) from that of other species.
154

IDO catalyses the addition of oxygen (O2) across the C2-C3 double bond of the 

indole-pyrrole ring in L-Trp to form N-formyl-L-kynurenine (N-formylKyn)
17 

(Figure 1.2).  

Figure 1.2 IDO catalyses the addition of oxygen (O2) across the C2-C3

bond of the indole pyrrole ring in L-Trp to form N-formylKyn. 

Additionally, it uses heme (iron protoporphyrin IX, heme b, Figure 1.3) as a co-factor. 

The co-factor serves as the prosthetic group that maintains the catalytic activity of the 

enzyme. Reduced flavin mononucleotide (FMNH2),
216,218

 NADPH-cytochrome b5

reductase/cytochrome b5
167

 (Figure 1.4) or other reductive activators are believed to
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N
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Fe

O O O O

serve the role of maintaining the heme b co-factor iron in its active ferrous (Fe
2+

) state in 

vivo. In vitro, an artificial reducing system consisting of ascorbic acid and methylene blue 

are typically used to maintain maximum catalytic activity by ensuring the ferrous state of 

the heme b iron (Figure 1.5).
152,211,277,278,279,304

 This process involves a co-substrate of O2, 

oxygen radicals or superoxide (O2
• -).

52,58,128,170,171
 

 

 

 

 

 

 

 

 

Figure 1.3 Heme (iron protoporphyrin IX, heme b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 NADPH-cytochrome b5 reductase/cytochrome b5 (GNU General Public Licence). 
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Figure 1.5 In vivo a flavin (reduced flavin mononucleotide, FMNH2) 

or cytochrome b5 (Figure 1.4) is believed to be the reducing system 

needed to maintain maximum catalytic activity of IDO, ensuring that 

the heme b iron is in its ferrous (Fe2+) state. In vitro, methylene blue 

and ascorbic acid are used to serve this role. 

 

 

1.3.  Discovery of IDO and the IDO gene 

IDO was discovered in rabbit intestine by Hayaishi and co-workers in 1963.
96

 In 1967, 

IDO was determined to be an enzyme capable of catalysing the conversion of L-Trp to 

N-formylKyn in the rabbit intestine.
347

 It was purified from rabbit intestine in 1978 and 

was identified as a heme-containing dioxygenase. It was named indoleamine 

2,3-dioxygenase because it exhibited a broad substrate specificity.
97,107,232,286 

It oxidised not only L-Trp [1] but also D-Trp [2], D-5-hydroxykynurenine and 

L-5-hydroxykynurenine [3, 4], serotonin [5] and tryptamine [6]
18,65,73,96,314

 (Figure 1.6). 

Human IDO was purified in 1988 from the placenta and was found to be inactive for 

serotonin.
295

 

 

 



 - 5 -

 

                    L-Tryptophan [1]                         D-Tryptophan [2]                   D-5-Hydroxykynurenine [3] 

                Tryptamine [6]                              Serotonin [5]                       L-5-Hydroxykynurenine [4] 

 

NH
2

O

N

OH

H

NH
2

O

N

OH

H

NH
2

O

O

OH

OH

H

NH
2

NH
2

N

NH
2

N

OH NH
2

O

O

OH

OH

H

NH
2

   

 

 

 

 

 

 

 

 

Figure 1.6 IDO exhibits broad substrate specificity. Rabbit IDO 

oxidises L-Trp [1], D-Trp [2], D-5-hydroxykynurenine [3], 

L-5-hydroxykynurenine [4], serotonin [5] and tryptamine [6]. Human 

IDO is inactive for serotonin. 

 

 

A genomic DNA clone containing part of the transcribed region of the IDO gene (INDO) 

and approximately 13 kilobases (kb) of the 5'-upstream DNA sequence was isolated and 

analysed in 1990.
49

 The nucleotide sequence and its protein product was identified as 

IDO. The cDNA clone was isolated from an Xgtl 1 cDNA library that was prepared from 

the mRNA of IFNG-treated human erythroleukemic (HEL) fibroblasts with a monoclonal 

antibody against IDO. This gene was named INDO. Its open reading frame was 1209 

nucleotides in length and encodes the protein with a molecular weight of 45.326 kDa 

containing 403 amino acid residues (Figure 1.7).
318

  

 

 

 



- 6 -

  1 ATG GCA CAC GCT ATG GAA AAC TCC TGG ACA ATC AGT AAA GAG TAC CAT ATT GAT GAA GAA 
  1 Met Ala His Ala Met Glu Asn Ser Trp Thr Ile Ser Lys Glu Tyr His Ile Asp Glu Glu 
  61 GTG GGC TTT GCT CTG CCA AAT CCA CAG GAA AAT CTA CCT GAT TTT TAT AAT GAC TGG ATG 
  21 Val Gly Phe Ala Leu Pro Asn Pro Gln Glu Asn Leu Pro Asp Phe Tyr Asn Asp Trp Met 

  121 TTC ATT GCT AAA CAT CTG CCT GAT CTC ATA GAG TCT GGC CAG CTT CGA GAA AGA GTT GAG 
  41 Phe Ile Ala Lys His Leu Pro Asp Leu Ile Glu Ser Gly Gln Leu Arg Glu Arg Val Glu 
  181 AAG TTA AAC ATG CTC AGC ATT GAT CAT CTC ACA GAC CAC AAG TCA CAG CGC CTT GCA CGT 
  61 Lys Leu Asn Met Leu Ser Ile Asp His Leu Thr Asp His Lys Ser Gln Arg Leu Ala Arg 
  241 CTA GTT CTG GGA TGC ATC ACC ATG GCA TAT GTG TGG GGC AAA GGT CAT GGA GAT GTC CGT 
  81 Leu Val Leu Gly Cys Ile Thr Met Ala Tyr Val Trp Gly Lys Gly His Gly Asp Val Arg 
  301 AAG GTC TTG CCA AGA AAT ATT GCT GTT CCT TAC TGC CAA CTC TCC AAG AAA CTG GAA CTG 
  101 Lys Val Leu Pro Arg Asn Ile Ala Val Pro Tyr Cys Gln Leu Ser Lys Lys Leu Glu Leu 
  361 CCT CCT ATT TTG GTT TAT GCA GAC TGT GTC TTG GCA AAC TGG AAG AAA AAG GAT CCT AAT 
  121 Pro Pro Ile Leu Val Tyr Ala Asp Cys Val Leu Ala Asn Trp Lys Lys Lys Asp Pro Asn 
  421 AAG CCC CTG ACT TAT GAG AAC ATG GAC GTT TTG TTC TCA TTT CGT GAT GGA GAC TGC AGT 
  141 Lys Pro Leu Thr Tyr Glu Asn Met Asp Val Leu Phe Ser Phe Arg Asp Gly Asp Cys Ser 
  481 AAA GGA TTC TTC CTG GTC TCT CTA TTG GTG GAA ATA GCA GCT GCT TCT GCA ATC AAA GTA 
  161 Lys Gly Phe Phe Leu Val Ser Leu Leu Val Glu Ile Ala Ala Ala Ser Ala Ile Lys Val 
  541 ATT CCT ACT GTA TTC AAG GCA ATG CAA ATG CAA GAA CGG GAC ACT TTG CTA AAG GCG CTG 
  181 Ile Pro Thr Val Phe Lys Ala Met Gln Met Gln Glu Arg Asp Thr Leu Leu Lys Ala Leu 
  601 TTG GAA ATA GCT TCT TGC TTG GAG AAA GCC CTT CAA GTG TTT CAC CAA ATC CAC GAT CAT 
  201 Leu Glu Ile Ala Ser Cys Leu Glu Lys Ala Leu Gln Val Phe His Gln Ile His Asp His 
  661 GTG AAC CCA AAA GCA TTT TTC AGT GTT CTT CGC ATA TAT TTG TCT GGC TGG AAA GGC AAC 
  221 Val Asn Pro Lys Ala Phe Phe Ser Val Leu Arg Ile Tyr Leu Ser Gly Trp Lys Gly Asn 
  721 CCC CAG CTA TCA GAC GGT CTG GTG TAT GAA GGG TTC TGG GAA GAC CCA AAG GAG TTT GCA 
  241 Pro Gln Leu Ser Asp Gly Leu Val Tyr Glu Gly Phe Trp Glu Asp Pro Lys Glu Phe Ala 
  781 GGG GGC AGT GCA GGC CAA AGC AGC GTC TTT CAG TGC TTT GAC GTC CTG CTG GGC ATC CAG 
  261 Gly Gly Ser Ala Gly Gln Ser Ser Val Phe Gln Cys Phe Asp Val Leu Leu Gly Ile Gln 
  841 CAG ACT GCT GGT GGA GGA CAT GCT GCT CAG TTC CTC CAG GAC ATG AGA AGA TAT ATG CCA 
  281 Gln Thr Ala Gly Gly Gly His Ala Ala Gln Phe Leu Gln Asp Met Arg Arg Tyr Met Pro 
  901 CCA GCT CAC AGG AAC TTC CTG TGC TCA TTA GAG TCA AAT CCC TCA GTC CGT GAG TTT GTC 
  301 Pro Ala His Arg Asn Phe Leu Cys Ser Leu Glu Ser Asn Pro Ser Val Arg Glu Phe Val 
  961 CTT TCA AAA GGT GAT GCT GGC CTG CGG GAA GCT TAT GAC GCC TGT GTG AAA GCT CTG GTC 
  321 Leu Ser Lys Gly Asp Ala Gly Leu Arg Glu Ala Tyr Asp Ala Cys Val Lys Ala Leu Val 
 1021 TCC CTG AGG AGC TAC CAT CTG CAA ATC GTG ACT AAG TAC ATC CTG ATT CCT GCA AGC CAG 
  341 Ser Leu Arg Ser Tyr His Leu Gln Ile Val Thr Lys Tyr Ile Leu Ile Pro Ala Ser Gln 
 1081 CAG CCA AAG GAG AAT AAG ACC TCT GAA GAC CCT TCA AAA CTG GAA GCC AAA GGA ACT GGA 
  361 Gln Pro Lys Glu Asn Lys Thr Ser Glu Asp Pro Ser Lys Leu Glu Ala Lys Gly Thr Gly 
 1141 GGC ACT GAT TTA ATG AAT TTC CTG AAG ACT GTA AGA AGT ACA ACT GAG AAA TCC CTT TTG 
  381 Gly Thr Asp Leu Met Asn Phe Leu Lys Thr Val Arg Ser Thr Thr Glu Lys Ser Leu Leu 
 1201 AAG GAA GGT ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
  401 Lys Glu Gly ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 

Figure 1.7 The human IDO cDNA, with an open reading frame of 1209 

nucleotides in length, encoding the protein with a molecular weight of 

45.326 kDa and containing 403 amino acid residues. Regions 

conserved in IDO family members are depicted in blue. 

No homology with any known gene in the gene database (National Center for 

Biotechnology Information, NCBI) was found for INDO and the cDNA codes for IDO.
50

The primary structure of human indoleamine 2,3-dioxygenase (hIDO),
317,318

 as deduced

from the nucleotide sequences of the cDNA clones, was published by Tone and 

co-workers in 1994.
317

1.4.  Localisation of IDO  

IDO is expressed in many cells and tissues including astrocytes,
1,3,86,87,227 

astrocytoma

cells,
2,3,54

 carcinoma cells,
2,32

 glioblastoma cells,
54,165

 peripheral blood mononuclear
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cells,
21,34,35,71,119

 natural killer cells,
124,292

 lymphocytes, monocytes, fibroblasts,

syncytiotrophoblasts, macrophages, mononuclear phagocytes, endometrium, decidua, 

brain, liver, lung, small and large intestine, colon, spleen, kidney, stomach, fallopian tube, 

cervical mucus, placenta, chorion, lens, retina and ciliary body.
3,87,93,94,156,159,185,204,250,260

IDO is expressed by microglia and its levels are up-regulated by IFNG.
6,249

 Although the

INDO gene is IFNG-induced,
37,88,272

 its expression is enhanced synergistically by

proinflammatory cytokines including tumor necrosis factor α and interleukin-1 (IL-1) in 

macrophages,
100,102

 monocytes and epithelial cells.
2,26,54,109,110,320,326

 High levels of IDO

are expressed in the lung,
324,348,349,350,351

 intestines,
45,73,89,271

 and in term placenta,
135,139

 the

latter of which has the highest expression of IDO so far known.
150,268

1.5.  Expression of IDO 

IDO expression is highly responsive to signals from the immune system
112,118,126,134,159

and can be induced in various cell types. The factors that regulate the expression of IDO 

are highly cell-type specific. IDO is encoded by a single gene (2 kbp) spreading over 

15 kbp of DNA. It is located in a syntenic region of human chromosome 8 (Homo 

sapiens, 8p12-p11).
41,122

 The human IDO gene (INDO) promoters contain multiple

sequence elements that confer potent responsiveness to type II interferons such as 

IFNG.
306

 Various cell types including monocyte-derived macrophages, dendritic cells,

fibroblasts, endothelial cells and some tumor-cell lines, express IDO after exposure to 

IFNG.
13

 Signal transducer and activator of transcription 1 (STAT1) and IFN-regulatory
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factor 1 (IRF1) function cooperatively to mediate the induction of IDO 

expression
13,41,71,137,191,281

 by IFNG.
165,178,354

 

 

In women, IDO expression is stimulated by immune factors and increases with placenta 

development in healthy pregnancy.
103

 This causes a decrease in blood Trp concentration 

and the elevation of Kyn. The expression of IDO does not play an essential role in men 

but it can be activated by immune factors. In pregnant women, changes in Trp 

metabolism are observed from the first weeks of pregnancy.
103,289

 The expression occurs 

in the trophoblast and then in the placenta. IDO expression is correlated with placenta 

development. During pregnancy, IDO activation plays an essential role in the 

immunological tolerance between the mother and the fetus.
103,231

 The induction of IDO 

expression in the trophoblast suppresses T-cell activity against the fetus. IDO induction in 

the trophoblast and placenta is sufficient to inhibit the immune system of the mother and 

to prevent expulsion of the fetus. Administration of the IDO inhibitor 1-methyltryptophan 

causes allogeneic foetal rejection.
289

 IDO-initiated Trp degradation in the placenta has 

been implicated in the prevention of the allogeneic fetal rejection.
289,311

 

 

1.6.  IDO and L-tryptophan 

L-Tryptophan (L-Trp) is an essential amino acid for many organisms including humans. It 

cannot be synthesised by humans and therefore must be part of the diet. L-Trp is a 

building block in protein biosynthesis and is a biochemical precursor for many biological 

compounds.
22,51,55,59

 In addition to its utilisation for protein synthesis, L-Trp is also used 

for the synthesis of the neurotransmitter serotonin [5], which is further converted into 
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Indoleamine 2,3-dioxygenase (IDO) 
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Melatonin 

~99% 

~1% 

Kynurenic Acid 

Xanthurenic Acid 
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(Neurotoxin) 

NAD 

H2O 
CO2 
NH3 

melatonin [7] in the pineal body in the brain.
72,96,234,251

 Whereas a small amount 

(about 1%) of L-Trp from dietary intake is converted to serotonin, more than 95% is 

metabolised along the kynurenine (Kyn) pathway
1,176

 (Figure 1.8) to form 

N-formylkynurenine (N-formylKyn) [8], kynurenine (Kyn) [9], kynurenic acid [10], 

3-hydroxykynurenine (3-hydroxyKyn) [11], xanthurenic acid [12], quinolinic acid [13] 

and nicotinamide adenine dinucleotide (NAD) [14] (Figure 1.9). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 The kynurenine pathway, the major metabolic pathway of 

L-Trp in humans involving IDO. TDO is highly specific to L-Trp and is 

therefore called L-tryptophan 2,3-dioxygenase (EC 1.13.1.12) and is 

abundantly expressed in the liver. 

 

 

 

Although the metabolites in the Kyn pathway are pharmacologically active, unbalancing 

in their local concentrations could lead to pathological situations.
56,61,68,314,341

 In the 

immune system, a reduction in Trp and an increase in Kyn by IDO suppresses T-cell 
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function.
21,254,309,330

 In the nervous system, Kyn can be further metabolised to the

neurotoxic quinolinic acid.
44,83,196

 The enzymes tryptophan 2,3-dioxygenase (TDO) and

IDO catalyse L-Trp to form N-formyl-L-kynurenine. As already described, this 

transformation by IDO, but not TDO, is activated by immune factors such as IFNG and in 

pregnancy. 

Figure 1.9 The major metabolic pathway of L-Trp leads to the 

formation of melatonin [7], N-formylkynurenine [8], Kyn [9], 

kynurenic acid [10], 3-hydroxykynurenine [11], xanthurenic acid [12], 

quinolinic acid [13] and nicotinamide adenine dinucleotide 

(NAD) [14]. 

1.7.  Degradative action of IDO on L-Trp 

The degradative action of IDO on the essential and relatively scarce amino acid L-Trp 

leads to a number of significant consequences. The activity depletes pools of L-Trp 

available for protein synthesis, thereby restricting the growth of L-Trp dependent cell 

system.
64,314

 The catabolism of the essential amino acid L-Trp halts reproduction of

pathogens in infected cells and stops malignant growth.
158,187,302.303

 Bacterial, parasitic or
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viral action and infections activate T-cells and NK-cells to produce IFNG. IFNG induces 

the expression of IDO leading to the decrease
297,327,342

 of localised or systemic L-Trp 

levels, a mechanism by which INFG inhibits the production and growth of certain 

bacteria, intercellular parasites and viruses.
204,206,215,225,238,239,246

 Consequently, induction 

of IDO
250,262,291,299,353

 is considered as one of several anti-proliferative
49,50,51,88

 pathways 

that are induced by the Th1-type cytokine IFNG established during immune 

response.
48,320,321,345

 The L-Trp depletion also renders a significant reduction in 

T-lymphocyte proliferation.
124,143,144,173

  

 

Studies have established that the resultant inhibition of T-lymphocyte replication leads to 

immunosuppression
203,220,229

 and tolerogenicity.
142,157,161,198,201

 This finding has 

implications in the science of fetal rejection
166,282

 and organ transplant 

survival.
7,221,241,290,296

 The expression of IDO and L-Trp depletion also leads to the 

elevation of Kyn pathway metabolites and decreased levels of serotonin, which produce a 

wide range of effects. Studies have described the excitatory and toxic effects of 

quinolinic acid, which affects neuronal activity.
86

 IDO studies have expanded the 

understanding of the role of L-Trp in immunology, AIDS, organ transplant, autoimmune 

diseases, immune response,
188,141,200,260,261

 immunosuppression,
12,66,177

 cancer and mental 

functions.
82,259

 IDO is now accepted as an important therapeutic target for many 

diseases.
16,222,345

 This includes Alzheimer's disease which is caused by the aberrant 

production of the neurotoxin quinolinic acid,
105,140,328

 and age-related cataract which is 

caused by a post-translational modification of lens proteins with L-Trp-derived ultraviolet 

(UV) filters.
298,301,302,303,334 
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1.8.  Heme b and IDO binding pocket 

Sono,
274,275,276

 Terentis,
308

 Littlejohn,
154

 Aitken
5
 and co-workers showed that the iron 

protoporphyrin IX (heme b), the sole prosthetic group that is essential for enzymatic 

activity in hIDO, is strongly bound at the proximal ligand (Fe
2+

-His346, Figure 1.10).  

 

 

 

 

 

 

 

 

 

Figure 1.10 Iron protoporphyrin IX (heme b), the sole prosthetic group 

that is essential for enzymatic activity in hIDO, is strongly bound at the 

proximal ligand (Fe2+-His346). The strength of the proximal Fe-His346 

bond is stronger when iron of the heme b in at its Fe2+ state (in 

comparison to its Fe3+ state).154,284 

 

The strength of the proximal Fe-His346 bond is greater with the iron of the heme b in its 

Fe
2+

 state and not its Fe
3+

 state.
151,280

 Binding of the heme b with L-Trp in the distal 

pocket followed by interaction with dioxygen bound to the heme b iron (Fe
2+

), is crucial 

for the enzymatic activity of IDO. The binding of L-Trp in the distal pocket does not 

seem to affect the proximal Fe-His346 bond strength. A water molecule probably 

occupies the distal binding site at physiological pH and it is plausible that the 

heme-bound water is not stabilised by any His distal ligand. IDO is highly autoxidisable 

to its inactive ferric form (Fe
3+

 state).
96,97,107,108

 None of the polar amino acid residues in 
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the distal heme pocket are essential for activity, suggesting that no amino acid group of 

IDO is essential in dioxygen (O2) activation or proton (H) abstraction.
162,163,208,284,285

 

 

Hirata, Ohnishi and co-workers
107,108,211

 suggested that reductants are required not only to 

initiate but also to maintain the apparent maximal catalytic activity. Ozaki
216,218

 and 

co-workers suggested that tetrahydrobiopterin dihydroriboflavin mononucleotide 

(FMNH2) is the natural reductant for IDO in vivo, while Maghzal
167

 and co-workers 

suggested cytochrome b5. Evidence supports that in vivo the reaction mechanism for IDO 

catalysis precedes where the ferrous (Fe
2+

 state) enzyme binds with molecular oxygen 

(O2) and L-Trp. In vitro the ferric (Fe
3+

 state) enzyme, on the other hand, binds first with 

the superoxide anion (O2
• -) and the resulting oxygenated enzyme reacts with L-Trp 

through the ferrous (Fe
2+

 state) enzyme to form the ternary complex.
107,208,218,274,280

 IDO 

has a large substrate binding pocket that can accommodate a variety of relatively large 

substrates and inhibitors.
284,308

 

 

1.9.  Structure of IDO 

In 2006 Sugimoto and co-workers successfully crystallised rhIDO (Figure 1.11) and 

resolved its crystal structures.
208,284,285

 The recombinant human IDO (rhIDO) was 

crystallised as a dimer linked with a disulfide bridge (SS-bond) at Cys308 

(Cys308-Cys308) by the vapour-diffusion technique. It was complexed with the ligand 

inhibitor 4-phenylimidazole (PI) and cyanide (CN
-
). The addition of 4-phenylimidazole 

as a heme ligand was essential for crystallisation. 2-(N-cyclohexylamino)ethane sulfonic 

acid (CHES) was reported to be an important component of the crystallisation buffer that 
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interacted within the active site. Diffraction data were collected at resolutions of 2.3 and 

3.4 Å, respectively. The crystals belong to space group P212121, with unit-cell 

parameters a=86.1, b=98.0, c=131.0 Å.
208,284

Figure 1.11 Crystals of IDO as photographed by Oda, Sugimoto and 

co-workers.208,284 

1.9.1. Three dimensional structure of IDO 

The structure of IDO (Figure 1.12) is folded into two distinct domains, small and large. 

The helices are named in order of appearance in the primary sequence, A to S. The small 

domain (helices A to F) comprises of six α-helices, two short β-sheets and three 

310 helices. The large domain (helices G to S) is all-helical and comprises of 13 α-helices 

with two 310 helices. Helices G, I, Q and S of the large domain run parallel to the heme b 

co-factor plane. These helices interact with neighbouring helices by hydrophobic 

interactions. Helix Q provides the proximal ligand (His346 imidazole) for the heme b 

iron at the fifth coordination position. 
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Figure 1.12 Ribbon presentation of the structure of human IDO. The 

small and large domains are presented as blue and green ribbons, 

respectively. The helices A to S are named in order of appearance in the 

primary sequence. The connecting helices (K-L and N) of the two 

domains are in cyan. The long loop connecting the two domains 

(between helices L and M) is in red. The helices of the large domain 

(green) create the cavity for the heme b co-factor. The connecting loop 

(red) and a small domain above the sixth-coordination site (heme distal 

side) cover the top of cavity on the heme b (yellow). Four proximal 

helices I, G, Q and S (green) run in parallel.  

 

 

Interfaces between the two domains are formed by combinations of hydrophobic 

interactions, salt bridge and hydrogen bonds mediated by side chains of the amino acid 
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residues. Sugimoto and co-workers reported that the particular folding of each domain in 

IDO was not identical to any other known protein structures in the similarity-searching 

database.
284

 In their study they were not able to construct a model for the region outside 

the heme pocket between helices R and S (residues Gln360 to Gly380) due to disordered 

electron density. This region was presumed to be a flexible loop.
162,208,284,285

 

 

The heme-binding pocket in IDO is created by helices G, I, Q and S and helices K-L and 

N. The side chains of helices K (Phe226), L (Arg231, Leu234, Ser235, Gly236) and 

N (His287, Phe261) connect the two existing domains (helices A to F and helices G to S) 

and contribute to the heme-protein-substrate interactions. 

 

A small domain before the start of the M helix and a long loop (residues Glu250 to 

Ser267) between L and M connects the two domains above the sixth-coordination site of 

the heme b (distal side), covering the top of the heme pocket.
162,208,284,285

 Contacts 

between the two domains are very extensive with a buried surface area of 3,100 Å.
208

 

 

1.9.2. Surface electrostatic potential and surface hydrophobicity of IDO 

 

IDO has a symmetric charge distribution on its molecular surface and therefore no 

suitable region can be identified in the proximal surface for the interaction with possible 

reductases.
284

 The molecular surface representation (Figure 1.13) shows the surface 

electrostatic potential of IDO and the entrance for ligands towards the heme pocket.  
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Figure 1.13 The surface electrostatic potential of IDO. Positive 

potentials are in blue and negative potentials are in red. The heme b is 

shown as a stick model (yellow) with its 7-propionate partially exposed 

to the solvent. Asymmetric distribution of positively and negatively 

charged areas is not observed in IDO. 184 

 

 

These electrostatic potentials, which are caused by charged side chains and bound ions, 

play a significant role in protein folding, stability, catalysis and in specific protein-protein 

recognition. The positive (blue) and negative (red) potentials of the surface represent the 

charge distribution on IDO. This distribution forms the characteristic anisotropic electric 

field of the enzyme. The heme b, which is shown as a stick model (yellow) has its 

7-propionate partially exposed.
162,208,284,285

 Significant polar amino acids and water 

molecules are absent from the active site of IDO, suggesting that the hydrogen-bonding 

network that connects the active site to the solvent region is lacking in the distal pocket of 
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the IDO structure. These structural characteristics around the heme pocket of IDO are in 

good agreement with the proposed catalytic reaction, in which IDO in the active site does 

not require the supply of either protons or electrons for its catalytic purposes.
162,208,284,285

 

 

Surface hydrophobicity can be used to identify regions of the protein surface that are 

most likely to interact with binding ligands. Changes in protein conformations are often 

associated with changes in surface hydrophobicity. The heme pocket of IDO is lined with 

a flexible loop (residues Ala260 to Gly265) by which the indole ring of the substrate 

L-Trp is believed to interact. This interaction is hydrophobic in nature, a key element that 

affects the conformational equilibrium between the active and inactive forms of IDO.
284

 

The amino-acidic moiety of L-Trp faces the entrance of the enzyme where the α-amino 

group interacts with the 7-propionate moiety of the heme b. The α-carboxylic acid group 

points toward Arg231 whereupon conformational rearrangement may promote the 

formation of a salt bridge interaction.
163

 The hydrophobic solvent-accessible surface and 

overall hydrophobicity of IDO derived from the its 3D structure as reported by Sugimoto 

and co-workers is given in Figure 1.14, showing the distribution of hydrophobic, polar 

and solvent-accessible surface areas. 
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Hydrophobic (green) 

Figure 1.14 The surface hydrophobicity of IDO. Hydrophobic residues 

are drawn in green and polar residues are in purple. The heme b is 

shown as a stick model (yellow) with the 7-propionate partially 

exposed. 

1.10.  IDO inhibitors 

IDO weakens a vigorous antitumor immune response
76,169,182,193

 by promoting peripheral

tolerance and shaping the host environment to be more hospitable to tumor survival and 

growth. The study of IDO inhibitors
39,123,136,174,189

 and the development of potent IDO

inhibitors that compromise tolerogenic mechanism is an important therapeutic goal. The 

phenomenon of immune escape is central to tumor cell survival, the basis of which is still 

poorly understood.
8,242

 An appropriate activated immune system can eradicate cancer,
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even when it is aggressive and disseminated. However, spontaneous occurrences are rare, 

prompting the development of numerous anticancer therapies
119,149

 such as the use of

IDO inhibitors aimed at supporting the immune system.
30,193,195,226

Literature studies highlight that the rational design and development of IDO inhibitors 

requires an understanding of Trp catabolism,
163,180,214,228

 enzyme structure and

mechanism.
162,208,284,285

 Unique structures have been discovered to have IDO-inhibitory

activity.
30,77,169,226,279

 The majority of active structures contain the indole core or resemble

L-Trp.
192

 An important goal in the development of IDO inhibitors for therapy is to

discover potent inhibitors on the basis of the catalytic reaction mechanism and active site 

environment of IDO. IDO inhibition produces antitumor efficacy in certain tumor models 

when combined with certain cytotoxic chemotherapeutic agents.
30,193,195,226

1.11.  Conclusion 

IDO catabolises Trp to Kyn.
33,117,209

 In recent years there has been a lot of attention on

IDO because of its role in human diseases.
172,181,183,186

 The structure, occurrence and

catalytic properties of IDO have become a major area of research.
47,111,138,146,155,179,184

Metabolism and catabolism of L-Trp in organisms
84,145,147,307,331

 and the deprivation
143,219

and depletion of L-Trp
115,164,267,269

 are equally important areas of research. IDO catalysed

degradation of L-Trp
294

 has been intensively studied in vitro and in vivo conditions in

human and non-human cells.
199,223,319,338,339

 Studies have shown that the degradative

action of IDO on L-Trp leads to cell death.
57,106,205,292

 IDO is involved in various

important biological processes and expressed in various tissues and 
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microbes.
190,197,202,207,212,300,301

 Other major areas of research include IDO and IDO

induction
210,213,217,244,245

 and studies on IDO-like proteins.
287,288

As IDO is involved in various aspects of biological systems and functions,
247,252,253

 a

multi-disciplinary approach to the research on IDO and IDO related studies is essential. 

With the ever increasing studies on IDO, large quantities of good quality and well studied 

IDO is therefore crucial. The expression of recombinant human IDO (rhIDO) in 

Escherichia coli (E. coli) serves this purpose. The expression of rhIDO in E. coli 

(pQE-9-IDO, pREP4) has been investigated but inadequacies still prevail from earlier 

studies. This current study, therefore aimed to i) optimise the expression of rhIDO in 

E. coli (pQE-9-IDO, pREP4) in order to obtain high quality enzyme, ii) evaluate the

characteristics and stability of rhIDO in order to understand its behaviour as a support 

towards further studies, iii) study the re-incorporation of the heme b co-factor of rhIDO 

as an approach to optimising the availability of the enzyme for further studies and iv) 

evaluate the contribution of individual cysteines towards the overall catalytic properties 

and stability of rhIDO through mutagenesis studies. 



Chapter 2 

 

Expression and purification of indoleamine 2,3-dioxygenase 
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Chapter 2 

 

Expression and purification of indoleamine 2,3-dioxygenase 

 

The overall aim of this study was to optimise the conditions for growth of E. coli EC538 

(pQ-E-9-IDO, pREP4) suitable for the expression of quality rhIDO and improved yields 

of the enzyme. 

 

2.1.  Recombinant human indoleamine 2,3-dioxygenase 

Since the late 1970s, there has been a major expansion in the research conducted on 

indoleamine 2,3-dioxygenase (IDO) and IDO initiated L-tryptophan (L-Trp) metabolism. 

These studies have aimed at understanding the role of IDO and the expression of IDO in 

humans.
16,42,46,79,101

 IDO in humans is associated with many diseases and therefore the 

therapeutic inhibition of IDO as an effort to prevent or treat IDO induced diseases is a 

major research avenue.
30,193,195,226

 Native human IDO has been isolated and purified from 

the human placenta using sequential cation exchange chromatography, hydroxyapatite 

chromatography, gel filtration and isoelectric focusing.
98,131

 The study of IDO and design 

of IDO related therapeutics requires significant amounts of protein. Recombinant human 

IDO (rhIDO) therefore provides a more viable source of protein compared with native 

IDO from human placenta.
9,10,11,152

  

 

Recombinant human IDO with a hexahistidyl-tag (6xHis-tag) at the N-terminus has been 

expressed in Escherichia coli (E. coli) EC538 strain.
9,10,11,152

 6xHis-tagged rhIDO has a 
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                                                     [Hexahistidyl-tag]    

                                                       MRGS HHHHHHGSVD   0 

   1 MAHAMENSWT ISKEYHIDEE VGFALPNPQE NLPDFYNDWM FIAKHLPDLI ESGQLRERVE  60 

  61 KLNMLSIDHL TDHKSQRLAR LVLGCITMAY VWGKGHGDVR KVLPRNIAVP YCQLSKKLEL 120 

 121 PPILVYADCV LANWKKKDPN KPLTYENMDV LFSFRDGDCS KGFFLVSLLV EIAAASAIKV 180 

 181 IPTVFKAMQM QERDTLLKAL LEIASCLEKA LQVFHQIHDH VNPKAFFSVL RIYLSGWKGN 240 

 241 PQLSDGLVYE GFWEDPKEFA GGSAGQSSVF QCFDVLLGIQ QTAGGGHAAQ FLQDMRRYMP 300 

 301 PAHRNFLCSL ESNPSVREFV LSKGDAGLRE AYDACVKALV SLRSYHLQIV TKYILIPASQ 360 

 361 QPKENKTSED PSKLEAKGTG GTDLMNFLKT VRSTTEKSLL KEG....... .......... 420 

molecular weight of 46,960 Da and consists of 417 amino acids, with a 1634 Da 

6xHis-tag (Figure 2.1). The 6xHis-tag enables the purification of the rhIDO by affinity 

chromatography.
9,10,11,152,337

  

 

 

 

 

 

Figure 2.1 rhIDO sequence of 417 amino acids with the 6xHis-tag at 

the N-terminus depicted in blue. 

 

 

Expression of rhIDO in E. coli EC538 was first reported by Littlejohn and co-workers in 

2000.
152

 The E. coli EC538 contains the pQE-9-IDO plasmid (Qiagen pQE-9 with a 

6xHis-tag, ampicillin resistance vectors and the human IDO cDNA) and the pREP4 

plasmid (Qiagen pREP4 with kanamycin resistance and lac repressor protein vectors) 

(Figure 2.2).
236

 Littlejohn and co-workers
152

 cultured the E. coli EC538 (pQE-9-IDO, 

pREP4) at 37 
o
C in Luria-Bertani (LB) media that incorporated 10 µM isopropyl-

β-D-thiogalactopyranoside (IPTG) and the protease inhibitor phenylmethylsulfonyl-

fluoride (PMSF). The inhibitor was added to the media to prevent formation of truncated 

rhIDO.
153

 The growth media was supplemented with 7 µM hemin as an exogenous heme 

source.
152

 Subsequent purification of the rhIDO using a combination of phosphocellulose 

and nickel-agarose affinity chromatography provided rhIDO with a specific activity of 

149 µmoles of kynurenine/h/mg of protein, 0.8 moles of heme/mole of rhIDO and a yield 

of 1.4 mg per litre of E. coli EC538 (pQE-9-IDO, pREP4) culture.
152
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Figure 2.2 pQE-9-IDO (Qiagen pQE-9 with a T5/lac operator, 

6xHis-tag, ampicillin resistance vectors and the human IDO cDNA) 

plasmid and pREP4 (Qiagen pREP4 with kanamycin resistance and lac 

repressor protein vector, lac I) plasmid. rhIDO expression through QE-

9-IDO is under the transcriptional control of the T5 promoter/lac 

operator and repressed by the lac repressor protein (lac I) expressed 

through pREP4.  

 

 

2.1.1. The expression method of Littlejohn and co-workers
152

 

Whereas the E. coli EC538 (pQE-9-IDO and pREP4) expression method of Littlejohn 

and co-workers
152

 provided higher yields of rhIDO compared with the isolation from 

placenta (1.4 mg rhIDO per litre of culture), the yields of soluble (active) protein were 

low and the heme incorporation was variable. The maximum yield of the holoenzyme 

(heme-incorporated enzyme) rhIDO using this method was 80%.
10

 The failure of the 

expression method to fully incorporate heme into the recombinant protein and of the 

purification method to separate apoenzyme (enzyme free of heme) from holoenzyme was 

considered as a possible limiting factor in the studies of rhIDO.
10
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In order to optimise yields of rhIDO, Littlejohn and co-workers examined the effect of 

the incorporation of the inducing agent isopropyl-β-D-thiogalactopyranoside (IPTG) to 

the expression system. This incorporation provided a maximum yield of soluble rhIDO at 

approximately 10 µM IPTG (Figure 2.3). These trends were confirmed by Austin and 

co-workers.
10

 Qiagen, the manufacturers of the expression vector used in these studies, 

recommend 1 mM IPTG induction for optimal yields of recombinant proteins.
236

 The low 

rhIDO specific activity at high IPTG concentrations was hypothesised to arise from the 

formation of insoluble (and inactive) rhIDO inclusion bodies.
9
 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 IPTG dependency on expression of soluble active rhIDO 

from E. coli EC538 (pQE-9-IDO, pREP4). Reproduced from Littlejohn 

et al.
152

 

 

Inclusion bodies are dense aggregates of misfolded protein.
14

 They are often formed 

when large evolutionary distances are crossed, as in the case for recombinant human 

proteins, where a cDNA isolated from eukarya (humans) is expressed as a recombinant 
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gene in a prokaryote (E. coli, bacteria).
14,24,264

 While the cDNA may properly code for a

translatable mRNA, the resulting protein emerges in a foreign microenvironment 

different from that of the original source of the gene. In this foreign microenvironment, 

mechanisms for a proper folding of the protein may also be absent. Additionally, 

hydrophobic residues that would otherwise be buried may be exposed and rendered 

available for interaction with similarly exposed sites on other xenogenic proteins.
264,265

The lack of mechanism for maintaining low concentrations of protein and the filling of 

the prokaryotic cell with xenogenic protein (even if it were properly folded) are further 

limitations to expressing recombinant protein in a prokaryotic system.
14,24,264,265

 A

number of approaches have been used to limit the formation of inclusion bodies and to 

increase the formation of soluble active protein.
255

 These include lowering the

concentrations of the inducing agent (IPTG), lowering the growth temperature, inducing 

for a shorter period of time, inducing at a higher cell density for a shorter period of time 

and increasing aeration.
255,257

2.1.2. The expression method of Austin and co-workers
9,10

In order to increase heme availability in the expression of rhIDO in E. coli EC538 

(pQE-9-IDO and pREP4), Austin and co-workers
9,10

 incorporated δ-aminolevulinic acid

(ALA) during the growth of the E. coli. ALA is the natural biosynthetic precursor to 

heme b (Figure 2.4). It is more soluble and less toxic to bacteria than the exogenous 

heme source hemin and has been used to increase heme content of other hemoproteins.
9,10

Austin and co-workers
9,10

 established that the addition of 0.5 mM ALA during the growth

increased the specific activity of the resulting rhIDO from 5.1 µmoles of 

kynurenine/h/mg of protein to 12.4 µmoles of kynurenine/h/mg of protein.
9,10
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Additionally, they modified the method to include initial purification with nickel-agarose 

affinity chromatography prior to size exclusion chromatography,
9
 which made this a 

faster method than that of Littlejohn and co-workers.
152

 It gave a Soret/protein ratio 

(406:280 nm) of 2.2:1.0 and a specific activity of 160 µmoles of kynurenine/h/mg of 

protein. The specific Soret/protein ratio and specific activity were the same as those 

reported for the native enzyme.
10

  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Biosyntheses of heme (iron protoporphyrin IX, heme b) 
from ALA in E. coli. 

 

 

2.1.3. Optimisation of the expression method 

The limitation of both Littlejohn
152

 and co-workers and of the initial attempt by Austin
9.10

 

and co-workers to enhance yields and quality of rhIDO, prompted further investigations 
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into the expression of rhIDO in E. coli EC538 (pQE-9-IDO, pREP4). The overall aim of 

this study was therefore to i) express and purify rhIDO produced from E. coli EC538 

(pQE-9-IDO, pREP4), ii) enhance the yield and quality of the soluble active rhIDO, 

iii) establish the relationship between inclusion bodies and the low yields of soluble 

rhIDO by examining the effect of temperature on the levels of soluble rhIDO produced 

and iv) explore other factors that may enhance the expression and purification of soluble 

active rhIDO. The expression and subsequent purifications initially employed the method 

developed by Austin and co-workers
9,10

 with modification. This is summarised in 

Figure 2.5. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 Expression and purification of rhIDO. [1] Stock E. coli 
EC538 (pQE-9-IDO, pREP4) was streaked on LB agar plates and 
grown. [2] A single colony from the plate was regrown and was 
inoculated for a starter culture. [3] Inoculation of the starter culture into 
the main growth liquid media. [4] Induction of growth media with 
addition of IPTG. ALA (0.5 mM) was added unless stated otherwise. 
[5] The cells produced were pelleted. [6] The pellet was resuspended, 
lysed using the French Press and centrifuged. [7] rhIDO purification 
with Ni-NTA affinity chromatography. [8] Desalting with Sephadex G-
25. [9] Concentration by centrifugal filtration (30 kDa cut off). [10] 
Purified by Superdex FPLC size exclusion chromatography.9,10 
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Addition of ALA and induction by IPTG 

Lag phase 

Log phase 

Stationary phase 

2.1.4. Growth of E. coli at 37 ºC 

Initially, E. coli EC538 (pQE-9-IDO, pREP4) in LB media was cultured at 37 °C with 

10 µM IPTG induction using the general protocol (Figure 2.5). The growth profile of the 

bacteria was determined from aliquots of the growth media every 0.5 hours over a period 

of 10 hours. The optical density (OD600) over time was plotted as the growth profile 

(Figure 2.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Growth profile of E. coli EC538 (pQE-9-IDO, pREP4) 

plotted as cell density (OD600) against time at 37°C. 

 

 

The growth media aliquots were lysed. The supernatant from the lysis was visualised for 

protein using sodium dodecyl sulfate polyacrylamide gel electrophoresis (Figure 2.7).  
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Figure 2.7 SDS-PAGE of supernatant from lysed E. coli EC538 

(pQE-9-IDO, pREP4), following electrophoresis (100V) and 

visualisation with Coomassie Brilliant Blue. 

 

 

The growth profile consisted of the lag, log and stationary phase expected for the E. coli. 

The lag phase is the period occurring directly after inoculation, in which the cells undergo 

a change in chemical composition before they grow. The log phase is the duration for 

which the cells undergo binary fission at an exponential rate.
236,237

 This is the time during 

which the pQE-9-IDO is induced to produce the rhIDO. The stationary phase is the 

period where the cells cease to actively grow. Cells were collected by centrifugation, 

resuspended in Tris-HCl re-suspension buffer and lysed. The lysis utilised two passes 

through a French Press. The French Press forces the cells through a narrow hole under 

high pressure to release the pressure in order to rupture the cells. Two passes are 

considered sufficient for efficient lysis of the cells. During the lysis the samples were 

kept on ice and the French Press piston was pre-chilled to prevent protein denaturation 
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and aggregation arising from localised heating. SDS-PAGE of the supernatants provided 

levels of protein and bands consistent with those of rhIDO, as expected. The SDS-PAGE 

also showed fast growth and high rhIDO expression at the log phase after IPTG 

induction. Following lysis, severe cloudiness of the lysed cell homogenate was observed. 

Centrifugation of the lysed cells afforded an abundance of a residual pellet, indicating the 

formation of inclusion bodies.
10 

2.1.5. Presence of inclusion bodies 

In joint experiments with Austin to determine if the formation of rhIDO as inclusion 

bodies had occurred, E. coli EC538 (pQE-9-IDO, pREP4) was grown at 37 ºC for 3 hours 

and induced with varying concentrations of IPTG (0 - 1000 µM). High concentrations of 

IPTG, as suggested by the manufacturer, were also evaluated. To allow for direct 

comparison with the experiments conducted by Littlejohn and co-workers,
152

 the cultures

did not include ALA. Low IPTG induction concentrations (5 - 10 µM) were used because 

they typically increase the proportion of protein expressed in a soluble active form.
255

This is because the low IPTG leads to slower production of recombinant protein, which in 

turn decreases the opportunity for aggregation and misfolding of the protein. 

The residual pellets collected after centrifugation of the lysed cells were resuspended 

twice in Milli-Q water and centrifuged. Thereafter, the cells were treated with lysozyme 

and washed with Triton X-100 and Milli-Q water. This treatment ensured the complete 

lysis of the E. coli EC538 (pQE-9-IDO, pREP4) cells and the removal of soluble rhIDO 

from the pelleted cellular material. SDS-PAGE of the insoluble residual material 

(Figure 2.8) showed rhIDO bands at all IPTG concentrations above 1 µM. This 
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observation was consistent with the presence of rhIDO inclusion bodies formation at 

37 ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 SDS-PAGE analysis of the inclusion bodies formed by 

E. coli EC538 (pQE-9-IDO, pREP4) at growth temperatures of 37 ºC 

with different levels of IPTG concentrations. The numbers on the left 

indicate molecular mass of markers in Daltons.10 

 
 

 

The SDS-PAGE band at approximately 45 kDa (consistent with the molecular weight of 

rhIDO) was cut out and analysed for peptide sequencing at the Australian Proteome 

Analysis Facility, APAF, Macquarie University. The band was subjected to tryptic digest 

and Matrix Assisted Laser Desorption/Ionisation-Time of Flight-Mass Spectrometry 

(MALDI-TOF-MS) analysis. When the spectral data of the peptides from the tryptic 

digest were submitted to the database search program Mascot (Matrix Science Ltd, 
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London, UK) it confirmed the presence of rhIDO and of E. coli specific proteins 

(Figure 2.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.9 Peptide sequence match to IDO [Homo sapiens] via 

MALDI-TOF-MS. Nominal mass (MW): 45297; Sequence Coverage: 

34%; Matched peptides shown in Bold Red. 

 

 

2.1.6. Growth of E. coli at 30 ºC in comparison to 37 ºC 

Chaperone proteins aid in the proper folding of proteins. It has been postulated that 

misfolding of recombinant proteins in E. coli is due in part to chaperone proteins not 

being able to cope with the large concentrations of expressed recombinant protein, or 

being not ideally suited to folding the foreign protein.
14,24,264

 Lowering growth 
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Gel 1-L7, 37 °C, 100 µM IPTG 
Gel 1-L8, 30 °C, 100 µM IPTG 

 

temperature from 37 °C has successfully reduced inclusion bodies for E. coli recombinant 

human expression systems.
255,264

 A lowering of the temperature decreases the rate of 

protein production in the system, thereby decreasing the burden on the chaperones.
255,263

 

In order to examine the effect of lowering of the temperature on the formation of rhIDO 

inclusion bodies, E. coli EC538 (pQE-9-IDO, pREP4) was cultured in tandem at both 

30 °C and 37 °C with the incorporation of IPTG (0 – 1000 µM). The insoluble residual 

material obtained following lysis and washing of the lysed cells (Section 2.1.5) was 

investigated for rhIDO inclusion bodies using SDS-PAGE. The SDS PAGE showed that 

fewer inclusion bodies were formed at 30 ºC compared to 37 ºC at the same IPTG levels 

(Figure 2.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 SDS-PAGE analysis of the inclusion bodies formed by E. 

coli EC538 (pQE-9-IDO, pREP4) at growth temperatures of 37 ºC and 

30 ºC and with different levels of IPTG. The numbers on the left and 

right indicate molecular mass of markers in Daltons.10 
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Densitometric analysis of the SDS-PAGE gels showed that inclusion bodies were 

significantly reduced (up to 50 – 75%) at the lower temperature of 30 °C (Figure 2.11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 SDS-PAGE densitometric analysis of E. coli EC538 

(pQE-9-IDO, pREP4) for various IPTG concentration in µM at growth 

temperatures of 37 ºC and 30 ºC. All inclusion bodies levels are 

expressed as a relative percentage of the maximum density observed.10 

 

This study established that the culturing of E. coli EC538 (pQE-9-IDO, pREP4) at 30 °C 

significantly reduced the presence of rhIDO inclusion bodies in the expression system. 

Specific activity determinations also confirmed that the activity for the expressed rhIDO 

at the concentration of IPTG of 10 µM was only 70% that of 100 µM. Concerns on 

optimising the specific activity of the rhIDO led to the incorporation of 0.5 mM ALA 

along with 100 µM IPTG to the expression system. Culturing was carried out at 30 °C 

and 37°C. Details on these investigations are outlined below. 
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Addition of ALA and induction by IPTG 

Lag phase 

Log phase 

Stationary phase 

The growth profile at 30 °C and 37 °C of E. coli EC538 (pQE-9-IDO, pREP4) at OD600 

over time was determined from aliquots of the growth media with IPTG induction of 

100 µM and the incorporation of 0.5 mM of ALA (Figure 2.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Growth profile of E. coli EC538 (pQE-9-IDO, pREP4) 

plotted as the optical density (OD600) against time at 30 °C and 37 °C 

with IPTG induction of 100 µM and incorporation of 0.5 mM ALA. 

 

 

 

As in the previous experiments (Section 2.14 and Section 2.16), the aliquots of growth 

media were lysed and the rhIDO supernatant examined by SDS-PAGE (Figure 2.13). As 

expected, the growth of E. coli EC538 (pQE-9-IDO, pREP4) at 30 ºC was slower 

compared to 37 ºC. The SDS-PAGE analysis of rhIDO containing supernatants after lysis 

showed increased levels of soluble rhIDO at 30 ºC compared to 37 ºC. These 
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comparisons were for samples with the same levels of cell densities (OD600). The 

optimisation of the growth condition for the expression of rhIDO in E. coli EC538 

(pQE-9-IDO, pREP4) was followed by purification of the rhIDO by affinity 

chromatography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 SDS-PAGE of sampled cells of E. coli EC538 

(pQE-9-IDO, pREP4) grown at 30 ºC and 37 ºC following 

electrophoresis (100V) and visualisation with Coomassie Brilliant Blue.  

 

 

2.2.  Purification of rhIDO using Ni-NTA metal affinity chromatography 

Purification of rhIDO utilised Ni-NTA metal affinity chromatography. This was followed 

by size exclusion chromatography, as outlined by Austin and co-workers,
9,10

 with 

modifications. A tag of six histidines (6xHis-tag) is commonly engineered into the 

N-terminus of recombinant proteins to aid purification.
236

 It is a small tag and therefore it 
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does not typically affect the folding of the recombinant proteins within the cell or their 

activity and function.
236

 rhIDO has been shown to have similar properties to the native 

protein and is therefore a good model. Such a tag is considered good for biological 

screening and structural studies.
236

 The 6xHis-tagged protein purification system utilises 

nickel-nitrilotriacetic acid (Ni-NTA) immobilised on a resin (Figure 2.14). The system 

relies on Ni-NTA’s remarkable selectivity and affinity for imidazole groups.  

 

 

 

 

 

 
 

 

Figure 2.14 Nickel-nitrilotriacetic acid (Ni-NTA). 

 

 

6xHis-tagged proteins, which are imidazole rich due to the histidines, bind strongly to the 

nickel ions on the resin. 6xHis-untagged proteins elute through the column. In this study, 

large scale preparative purification of 6xHis-tagged rhIDO by immobilised metal ion 

affinity chromatography (IMAC) utilised a HisTrap FF from Amersham Biosciences. 

HisTrap FF columns are packed with Ni Sepharose 6 Fast Flow that consists of 90 µm 

highly cross-linked agarose-beads with an immobilised chelating group. The tagged 

protein can then be eluted with increasing concentrations of imidazole, which competes 

with the polyhistidine tag
236

 bound to the resin (Figure 2.15). 
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Figure 2.15 Purification of 6xHis-tagged recombinant proteins using 

Ni-NTA affinity chromatography. [1] Nickel ions are immobilised in a 

resin matrix, which is packed in a column. [2] Protein mix is passed 

through the resin. [3] The tagged protein binds to the resin, while 

untagged proteins pass through the column [4]. [5] The tagged protein 

is then eluted with imidazole, which competes with the polyhistidine 

tag. 

 

 

 

In this study, lysis of E. coli EC538 (pQE-9-IDO, pREP4) cells cultured at 30 °C 

provided a clear red supernatant. The supernatant was applied to a Ni-NTA sepharose 

column (Hi-Trap chelating column, GE/Pharmacia-Amersham Biosciences) charged with 

nickel ions and equilibrated with the basal buffer (25 mM Tris-HCl pH 7.4, 500 mM 

NaCl and 1 mM PMSF) containing 10 mM imidazole. The sequential elution of the 

supernatant using the basal buffer containing 30 mM and 60 mM imidazole allowed 

removal of 6xHis-untagged proteins. rhIDO was eluted with 300 mM imidazole. In this 

procedure, as opposed to that by Austin and co-workers,
10

 the NaCl concentration was 
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increased from 150 mM to 500 mM to avoid ion exchange effects and non-specific 

binding.
236

 The sequential use of 10, 30, 40, 50, 65, 80 and 190 mM imidazole in the 

basal buffer as reported earlier
10

 was changed to 10, 30, 60 and 300 mM, to avoid 

excessive dilution of the rhIDO. These modifications were made after evaluation of their 

respective SDS-PAGE. 

 

The eluted rhIDO was subsequently desalted with 50 mM Tris-HCl pH 7.4 using a 

Sephadex G25 column (GE NAP-10/Amersham PD-10 desalting column, or PC-10). This 

step was considered essential because rhIDO is unstable in the presence of 

imidazole.
9,10,152

 The desalted fractions were pooled and concentrated with an Amicon 30 

kDa molecular weight cut-off centrifugal device (Millipore, Australia). The resulting 

rhIDO in Eppendorf tubes and the respective SDS-PAGE are shown in Figure 2.16 and 

Figure 2.17. 

 

 

 

 

 

 

 

 

 

Figure 2.16 Purified rhIDO and their SDS-PAGE from E. coli EC538 

(pQE-9-IDO, pREP4) grown at 30 ºC showing consistency of results 

from 4 batches of culture.  
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Figure 2.17 SDS-PAGE of rhIDO from E. coli EC538 (pQE-9-IDO, 

pREP4) as visualised with Coomassie Brilliant Blue for pre (prior) and 

post Ni-NTA clean-up. Electrophoresis was run at 100 V. 

 

  

SDS-PAGE of rhIDO from pre and post Ni-NTA clean-up samples showed impurities. 

This was not surprising because polyhistidine-tag affinity columns are known to retain 

several protein impurities.
10

 In the pursuit to obtain high quality rhIDO, the resulting 

rhIDO was purified further using size exclusion chromatography. 

 

2.3.  Purification of rhIDO through size-exclusion chromatography 

 

Post Ni-NTA purification of rhIDO utilised size exclusion chromatography. Size 

exclusion chromatography is a method in which molecules are separated based on their 

size or more precisely, their hydrodynamic volume.
10

 It uses porous particles. Molecules 

smaller than the pore size can enter the particles and are therefore retained because they 

have a longer path and transit time compared with larger molecules that cannot enter the 

particles (Figure 2.18). Most biochemical work typically uses polyacrylamide, dextran or 
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agarose.
10

 In this study a Superdex column consisting of cross-linked agarose and dextran 

was used. Superdex columns have been used previously to purify rhIDO
9,10

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 Schematic representation of a size-exclusion chromatography.312 

 

Following Ni-NTA purification and desalting, the rhIDO was concentrated (Section 2.2) 

and equilibrated with 50 mM Tris-HCl pH 7.4 prior to eluting through a Superdex 75 PC 

3.2/30 (GE/Pharmacia) column. Peaks were monitored on a fast protein liquid 

chromatography (FPLC) System (SMART-Pharmacia LKB Biotechnology) at λ280 nm 

and λ406 nm for protein and heme content, respectively. Fractions with the same 

Soret/protein ratios were pooled and evaluated by SDS-PAGE (Figure 2.19). The yield 

of the best rhIDO characteristic fraction was 3.5 mg soluble rhIDO per litre of E. coli 

EC538 (pQE-9-IDO, pREP4) culture. The rhIDO major peaks were pooled together and 

concentrated. Re-chromatography of the major rhIDO peak on Superdex 75 PC 3.2/30 

column afforded a soluble and active rhIDO as one band in the SDS-PAGE 

(Figure 2.20). 
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Figure 2.19 Chromatogram (FPLC) and SDS-PAGE of post Ni-NTA 

purified rhIDO, eluted with 50 mM Tris-HCl pH 7.4 using Superdex 75 

PC 3.2/30 (λ280, λ406 nm, 100 µL min-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20 Chromatogram (FPLC) and SDS-PAGE of purified rhIDO, 

re-chromatographed and eluted with 50 mM Tris-HCl pH 7.4 using 

Superdex 75 PC 3.2/30 (λ280, λ406 nm, 100 µL min-1). 
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The yield of the re-chromatographed rhIDO was 1.5 mg soluble rhIDO per litre of E. coli 

EC538 (pQE-9-IDO, pREP4) culture. After the Superdex 75 PC 3.2/30 purification, the 

Soret/protein ratio (406:280 nm) of the rhIDO increased from 1.42:1.00 to 1.62:1.00 

(14%) and its relative activity increased by 28% from 86 to 120 µmol kynurenine/h/mg 

protein (µmol/h/mg). The circular dichroism (CD) spectrum of the rhIDO was consistent 

with that of previously isolated rhIDO.
9,10,152

 Details on CD studies of the rhIDO are 

provided elsewhere in this thesis (Section 3.6).  

 

2.4.  Experiments to increase the yield and quality of rhIDO 

 

Despite the findings of Austin and co-workers,
10

 in this study, the yields of rhIDO were 

low and the Soret/protein ratios obtained, especially after re-chromatography of the post 

Ni-NTA rhIDO through Superdex 75 PC 3.2/30, were inconsistent. In our continued 

interest to optimise further the yield and the quality of rhIDO from E. coli EC538 

(pQE-9-IDO, pREP4), approaches were pursued to evaluate the influence of i) 10 µM and 

100 µM IPTG induction on rhIDO production, ii) absence of light during growth on 

rhIDO production, iii) semi-anaerobic growth conditions on rhIDO production, 

iv) presence of PMSF during growth on rhIDO production, and v) addition of hemin prior 

to lysis through the French Press. In these approaches, the E. coli EC538 (pQE-9-IDO, 

pREP4) was cultured at 30 °C with addition of ALA (0.5 mM). Soluble rhIDO from lysis 

of the E. coli EC538 (pQE-9-IDO, pREP4) cells was semi-purified by Ni-NTA affinity 

chromatography, continued with desalting through NAP-10 (or PC-10) and filtered with 

the Amicon Ultra-15 filters. The rhIDO yield (Bio-Rad dye), Soret/protein ratio 

(406:280 nm) and specific activity (µmol/h/mg, µmol kynurenine/h/mg protein) were 

determined for each study.  
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2.4.1. Effect of 10 µµµµM and 100 µµµµM IPTG induction 

Qiagen, the manufacturers of the expression plasmids pQE-9 and pREP4 used in these 

studies, recommend 1 mM IPTG induction for optimal yields of recombinant proteins.
236

 

Littlejohn, Austin and their co-workers
9,10,152

 had examined the effect of the incorporation 

of the inducing agent IPTG on the expression of rhIDO in E. coli EC538 (pQE-9-IDO, 

pREP4). 

 

Austin and co-workers established that induction in the absence of ALA with 100 µM 

IPTG gave optimum rhIDO production (Section 2.1.5). In our current investigations, 

induction of the cultures with both 10 µM and 100 µM IPTG were done in the presence 

of ALA (0.5 mM) at 30 °C. Ten µM IPTG increased significantly (p< 0.05, Table 2.1) 

the protein yield from 10.3 to 10.6 mg/L (3%), the Soret/protein ratio from 1.3:1.0 to 

1.5:1.0 (15%) and specific activity from 86 to 98 µmol/h/mg (14%). 

 

These observations on the suitability of 10 µM IPTG induction for rhIDO expression in 

E. coli EC538 (pQE-9-IDO, pREP4) cultured with 0.5 mM ALA at 30 °C, were 

confirmed when cultures induced with IPTG (0 – 1000 µM) showed the highest values 

for Soret/protein ratio and specific activity at 10 µM IPTG (Figure 2.21 and 

Figure 2.22). 
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Figure 2.21 Effect of IPTG concentration on Soret/protein ratio of 

rhIDO expressed in E. coli EC538 (pQE-9-IDO, pREP4) grown at 

30 °C in LB media.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22 Effect of IPTG concentration on specific activity of rhIDO 

expressed in E. coli EC538 (pQE-9-IDO, pREP4) grown at 30 °C in LB 

media. 
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2.4.2. Effect of absence of light 

δ-Aminolevulinic acid (ALA) is the natural biosynthetic precursor of iron protoporphyrin 

IX (heme b). It was added to E. coli EC538 (pQE-9-IDO, pREP4) cultures to increase 

heme b incorporation in rhIDO (Section 2.1.2). Protoporphyrin IX (heme b) is 

photoactive and can therefore react with oxygen to produce reactive oxygen species, 

including harmful singlet oxygen and hydrogen peroxide (H2O2). rhIDO is highly 

sensitive to reactive oxygen species including H2O2.
233

 There were concerns in this study 

that the protoporphyrin IX (heme b), produced in the aerobic media, could lead to the 

production of reactive oxygen species and therefore damage the rhIDO. Culturing of 

E. coli EC538 (pQE-9-IDO, pREP4) in the dark as opposed to normal light conditions 

(exposure to fluorescent light) significantly increased (p<0.05, Table 2.1) the rhIDO 

yield from 10.3 to 10.7 mg/L (4%), the Soret/protein ratio from 1.3:1.0 to 1.6:1.0 (23%) 

and the specific activity from 83 to 103 µmol/h/mg (24%).  

 

2.4.3. Effect of semi-anaerobic growth condition 

The result of culturing E. coli EC538 (pQE-9-IDO, pREP4) in the dark and the known 

instability of rhIDO upon addition of H2O2,
233

 led to the investigation of the use of 

minimal oxygen during growths. The LB media used for the growth of the E. coli 

throughout this work is not supportive of anaerobic growth. Subsequently, complete 

removal of oxygen was not considered. Instead, growths were conducted under 

semi-anaerobic conditions with a tightly covered flask and gentle shaking of 100 rpm, 

while the standard shaking conditions were 250 rpm (Section 7.1.2) in a lightly stoppered 

flask. Results from the semi-anaerobic conditions were not consistent but increases 
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(p<0.05, Table 2.1) of rhIDO yield from 10.4 to 11.8 mg/L (14%), Soret/protein ratio 

from 1.2:1.0 to 1.5:1.0 (25%) and specific activity from 79 to 98 µmol/h/mg (24%) were 

noted.  

 

2.4.4. Effect of presence of PMSF during growth of E. coli 

In the studies of Littlejohn and co-workers,
152

 and those conducted by Austin and 

co-workers,
9,10

 the protease inhibitor phenylmethylsulfonylfluoride (PMSF, 1 mM) was 

added to the growth media and during purification to prevent the formation of truncated 

rhIDO.
153

 E. coli EC538 is a protease deficient strain of E. coli and PMSF is a general 

serine protease inhibitor. PMSF is the most commonly used inhibitor in protein 

purification. However, in vivo PMSF interferes with cellular energy production.
85

 It is 

also rapidly degraded in water and proteolytic inhibition occurs when a concentration 

between 0.1 - 1 mM PMSF is used. The half-life of PMSF in aqueous solutions is 

110 min at pH 7 and 35 min at pH 8.
168

 Truncation would only occur upon lysis and 

therefore was not necessary or beneficial to add during growth.
85,168 

 

Incorporation of PMSF in the cultures was investigated to study its effect on the 

expression of rhIDO in E. coli EC538 (pQE-9-IDO, pREP4). A negative control in which 

no PMSF was added to the cultures was also done. In both cases PMSF was added to a 

final concentration of 1 mM prior to lysis of the cells.
9,10,152

 The negative control in 

which no PMSF was added increased (p<0.05, Table 2.1) the rhIDO yield from 10.5 to 

11.5 mg/L (10%), Soret/protein ratio from 1.3:1.0 to 1.5:1.0 (15%) and specific activity 

from 85 to 99 µmol/h/mg (17%). 
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2.4.5. Effect of addition of hemin prior to lysis 

 

The addition of ALA during the culturing of E. coli EC538 (pQE-9-IDO, pREP4) in these 

studies increased the incorporation of heme levels in rhIDO. Whereas a Soret/protein 

ratio consistent with the native enzyme (2.2:1.0) had been achieved by Austin and 

co-workers,
10

 losses of the heme were observed during purification in this study 

(Section 2.3). Consequently, it was difficult to achieve full heme incorporation. Details 

on heme incorporation into rhIDO are provided elsewhere in this thesis (Chapter 4). 

 

Hemin as hemin chloride has been incorporated into heme proteins during purification.
315

 

It was not regarded as necessary to be incorporated in the growth phase in these studies 

because it exhibits antibacterial activity.
10

 However, it was hypothesised that its 

incorporation during the lysis of the cells may be beneficial in maintaining or increasing 

heme levels. In this study, hemin was added to the resuspension buffer (Section 7.1.7) 

prior to lysis of the E. coli EC538 (pQE-9-IDO, pREP4) cells in the French Press. The 

addition of hemin during the lysis (Section 4.8) was found to increase (p<0.05, 

Table 2.1) protein yield from 10.4 to 10.5 mg/L (1%), Soret/protein ratio from 1.4:1.0 to 

1.7:1.0 (21%) and specific activity from 81 to 102 µmol/h/mg (26%). This was compared 

to cells lysed with the buffer without hemin. 

 

2.4.6. Results of experiments to increase the yield and quality of rhIDO 

 

From the preceding experiments (Section 2.4.1 to Section 2.4.5) where E. coli EC538 

(pQE-9-IDO, pREP4) were cultured with 0.5 mM ALA at 30 °C, it was observed that 

lowering of IPTG from 100 µM to 10 µM, absence of light, absence of PMSF during the 
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growth and addition of 10 µM hemin prior to lysis increased the yield and improved the 

quality of rhIDO expressed in E. coli EC538 (pQE-9-IDO, pREP4). Semi-anaerobic 

growths gave inconsistent results. The overall results of the experiments are given in 

Table 2.1. 

 

Table 2.1 The results of the influence of the lowering of IPTG from 

100 µM to 10 µM, absence of light, semi-anaerobic conditions and 

absence of PMSF during the growth and addition of hemin prior to 

lysis of E. coli EC538 (pQE-9-IDO, pREP4) cells. The protein yield, 

the Soret/protein ratio and the specific activity of the purified protein 

(post Ni-NTA work-up) are shown. 

 

 

 

 

 

 

 

 

 

Subsequent growths and purifications were therefore conducted using these modifications 

and the optimised procedure of purification (Section 2.2). The following scheme 

(Figure 2.23) summarises the modified conditions for the optimisation of rhIDO 

expression in E. coli EC538 (pQE-9-IDO, pREP4) and the purification of the rhIDO. The 

results of the optimised conditions are given in Chapter 3. 
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Figure 2.23 Flow chart summarising the overall process and conditions 

for the optimisation of rhIDO expression in E. coli EC538 

(pQE-9-IDO, pREP4) and the purification of the rhIDO. 

 

 

2.5.  Conclusion  

 

The study of IDO expression and design of IDO related therapeutics requires a viable 

source of IDO compared with that from human placenta. Recombinant human 

indoleamine 2,3-dioxygenase (rhIDO) expressed in E. coli EC538 (pQE-9-IDO, pREP4) 

has a potential to offer a viable supply of IDO. In order to obtain substantial quantities of 

high quality rhIDO, the methods for the expression of rhIDO in E. coli EC538 
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(pQE-9-IDO, pREP4) by Littlejohn,
152

 Austin
9.10

 and their co-workers were optimised. 

The incorporation of ALA and the optimal concentration of IPTG for induction for the 

expression of rhIDO were considered. Induction with high concentration of IPTG 

(100 µM or higher) was associated with the formation of rhIDO as inclusion bodies. 

Lowering the growth temperature of E. coli EC538 (pQE-9-IDO, pREP4) from 37 °C to 

30 °C was shown to significantly reduce the formation of rhIDO as inclusion bodies and 

to enhance the yield of soluble rhIDO. High Soret/protein ratios and specific activity 

values that are characteristics of high quality rhIDO were achieved by inducing the 

expression of rhIDO in E. coli EC538 (pQE-9-IDO, pREP4) with 10 µM IPTG. Better 

yields of rhIDO were obtained when the expression was carried out under dark 

conditions, without the addition of PMSF, and with the addition of hemin prior to lysis of 

the cells. Semi-anaerobic conditions did not have a significant effect on the yield and 

quality of the rhIDO. 

 

In the quest to further increase the yield and quality of rhIDO, the above optimised 

conditions for the expression of rhIDO in E. coli EC538 (pQE-9-IDO, pREP4) were used. 

The next chapter (Chapter 3) therefore highlights the result of the optimised expression 

system with the modified conditions and the use of the afforded rhIDO for the 

characterisation of rhIDO. 

 



Chapter 3 

 

Characterisation of indoleamine 2,3-dioxygenase 
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Chapter 3 

 

Characterisation of indoleamine 2,3-dioxygenase 
 

The overall aim of this chapter is to present the characterisation of recombinant human 

indoleamine 2,3-dioxygenase (rhIDO) afforded from the optimised expression and 

purification conditions given in the previous chapter (Figure 2.23) and the comparison 

of rhIDO to recombinant mouse IDO (rmIDO). 

 

3.1.  Mass spectra of rhIDO 

rhIDO obtained from the optimised expression and purification protocol (Figure 2.23) 

was identified by electrospray ionisation mass spectrometry (ESI-MS). The raw mass 

spectral data from a direct injection ESI-MS of rhIDO was deconvoluted with Micromass 

MaxEnt1 processing to give the final mass spectra with a parent peak at 47,758 kDa 

(rhIDO). The mass spectra and the sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) confirmed that its molecular weight was as expected for 

rhIDO
152

 (Figure 3.1). The calculated mass of rhIDO without hemin is 46,938 kDa and 

47,590 kDa with hemin. Due to adduct ion species of multiply charge rhIDO in the 

ESI-MS spectra, the value of 47,758 kDa for a direct injection ESI-MS of rhIDO is 

consistent with this mass. 
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Figure 3.1 Direct injection ESI mass spectrum deconvoluted with the 

Micromass MaxEnt1 processing and SDS-PAGE of rhIDO expressed in 

E. coli EC538 (pQE-9-IDO, pREP4). The rhIDO was obtained from the 

optimised expression and purification protocol (Figure 2.23). 

 

 

3.2.  Soret band and Soret/protein ratio of rhIDO 

Ultraviolet-Visible (UV-Vis) absorption spectroscopy is an invaluable tool for studying 

protein-ligand interactions of heme proteins.
276

 The heme b prosthetic group, which is the 

co-factor in IDO, has a strong electronic absorbance band, known as the Soret band, that 

depends on the oxidation, ligation and conformational states of the chromophores.
276,322

 It 

is sensitive to conformational changes of the polypeptide chain into which it is 

embedded. The Soret band of rhIDO in Tris-HCl pH 7.4 is due to ferric (Fe
3+

) rhIDO.
276

 

The UV-Vis spectra of rhIDO in Tris-HCl (pH 7.4) showed distinct maxima at λ280 nm and 

λ406 nm. The 280 nm maxima is due to the tyrosine and tryptophan in the protein and the 

406 nm maxima (Soret band) to the heme b moiety (Fe
3+

 state). The Soret/protein ratio of 

rhIDO samples obtained from the optimised expression and purification protocol 

(Figure 2.23) varied from 1.42:1.00 to 1.70:1.00. The typical UV-Vis spectrum showing 
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a Soret/protein ratio of 1.42:1.00 is given in Figure 3.2. The reported value for wild-type 

IDO from placenta is 2.2:1.0.
152

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 UV-Vis spectrum of rhIDO showing the Soret band maxima 

at λ406 nm and a Soret/protein ratio of 1.42:1.00. 

 

 

 

3.3.  UV-Vis spectra of rhIDO upon dithionite reduction 

The purpose of this study was to gain a better understanding of the processes that took 

place during the dithionite reduction of rhIDO. In its native Fe
3+

 state, the heme b moiety 

of IDO is inactive.
108,277,305

 For it to be active, it requires reduction to its ferrous form 

(Fe
2+

 state).
30,224,322

 In the in vitro assay for IDO activity, ascorbate-reduced methylene 

blue (leuco-methylene blue) reduces the heme b co-factor iron from Fe
3+

 to 

Fe
2+

.
107,277,278,313
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In this study reduction experiments of rhIDO heme b iron were conducted using sodium 

dithionite without the presence of the substrate L-Trp. Sodium dithionite (sodium 

hydrosulfite, Na2S2O4) is a reducing agent capable of reducing the heme b co-factor ferric 

iron (Fe
3+

) to its ferrous state (Fe
2+

). Time-wise spectral observations (t = 0, 1, 10 min) of 

sodium dithionite treatment of rhIDO using 5 mM Na2S2O4 showed significant spectral 

changes (Figure 3.3) that were attributed to the reduction of the heme b co-factor iron 

from Fe
3+

 to Fe
2+

. From the study, at one minute upon reaction, an additional peak of 

dithionite at 314 nm
60

 and a shift of the peak at 406 nm to 421 nm were observed. After 

ten minutes, the peaks returned to their original positions (prior to the reduction) with a 

lower absorption at 406 nm. The experiment was not done in the absence of air and the 

occurrence of an additional peak at 314 nm (dithionite) upon sodium dithionite reduction 

was not reported in an earlier study by Littlejohn,
152

 Terentis
308

 and their co-workers.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.3 UV-Vis spectra of rhIDO reaction with sodium dithionite 

using 5 mM Na2S2O4 and time-wise observations showing significant 

spectral changes at t = 0, 1, 10 min. 
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3.4.  CD spectra of rhIDO upon dithionite reduction 

Circular dichroism (CD) spectra of the sodium dithionite treated rhIDO were determined 

(t = 0, 1, 10 min). The spectra were analysed using the CDPro software (Table 3.1). 

These investigations were carried out to establish whether or not the changes observed 

from the UV-Vis absorption spectroscopy (Section 3.3) affected the conformation of the 

rhIDO. Similar to the UV-Vis experiment, one minute upon reaction a high α-helix 

conformation (73% from 67%), a lowered β-strand (2% from 4%) and random-coil (24% 

from 29%) conformations were observed. The conformations changed after ten minutes 

with a lowered α-helix (58%) and higher β-strand (8%) and random-coil (34%) as shown 

in Figure 3.4. 

 

Table 3.1 Analysis of the CD data between 190 to 240 nm using 

CDPro Software from Colorado State University with three programs 

for CD analysis (SELCON3, CDSSTR and CONTINLL) of sodium 

dithionite (5 mM) treatment of rhIDO (1 mg/mL) determined at t = 0, 1, 

10 minutes in 10 mM Tris-HCl pH 7.4 and 0.2 cm cell length using a 

Jasco J-810 Circular Dichroism Spectropolarimeter. 

 

 

 

 

 

 

The UV-Vis and CD spectra suggested that dithionite treatment has an effect on the 

nature of the heme b co-factor and the conformation of the rhIDO. The transformation of 

IDO from its inactive native (Fe
3+

) state to its active (Fe
2+

) state was not in the presence 

of L-Trp. It may be argued that the transformation facilitates the reaction of IDO in its 
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active site. This preliminary finding was not pursued further as it was not the immediate 

focus of this study, but this study does recommend that the rational design and 

development of potential IDO inhibitors need to take account of this transformation state.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 CD Spectra of sodium dithionite (5 mM) treatment of 

rhIDO (1 mg/mL) determined at t = 0 (blue), 1 (green), 10 (red) 

minutes in 10 mM Tris-HCl pH 7.4 and 0.2 cm cell length using a Jasco 

J-810 Circular Dichroism Spectropolarimeter (190 - 300 nm shown). 

 

 

3.5.  Stability and minimising loss of rhIDO activity 

Most enzymes are stable for months if refrigerated (0 – 4 °C).
236

 Cooling below 0 °C, in 

the presence of additives such as DMSO or glycerol, can generally increase storage 

stability further. Freezing enzyme solutions is often avoided because it causes 

denaturation of the enzyme and leads to pH variations.
236,237

 The former is attributed to 

stress and the latter to ice-crystal formation. The effect of temperature on the storage of 

rhIDO are described here. 
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3.5.1. Effect of temperature on rhIDO 

 

The influence of temperature on rhIDO was investigated following storage of rhIDO in 

25 mM Tris-HCl pH 7.4 at 4, 10 and 20 ºC for 2, 4 and 6 hours respectively. After 

storage, the rhIDO was eluted through a Fast Desalting PC3.2/10 column and analysed to 

evaluate the Soret/protein ratios, specific activities and protein conformations (circular 

dichroism, CD analysed using CDPro Software from Colorado State University with 

three programs SELCON3, CDSSTR and CONTINLL for CD analysis). All samples did 

not show any significant change in their Soret/protein ratio, specific activity and CD 

(Table 3.2).  

 

Table 3.2 The influence of temperature on rhIDO. Samples were 

incubated at 4, 10 and 20 ºC at 2, 4 and 6 hours prior to elution through 

a Fast Desalting PC3.2/10 column. Results of the Soret/protein ratio, 

specific activity and CD (190 to 240 nm) are shown. 

 

 

 

 

 

 

 

The observations showed no significant difference in the Soret/protein ratios, specific 

activities or conformation of the rhIDO, despite the findings of Littlejohn, Austin and 

their co-workers
10,152

 on rhIDO instability upon storage at room temperature. This study 

shows that temperature fluctuations between 4 to 20 °C within a period of 2 to 6 hours 

does not reduce the quality of rhIDO. 
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3.5.2. Effect of cryoprotectants on rhIDO 

 

In order to understand the effect of freeze denaturation on rhIDO, the protein in 25 mM 

Tris-HCl pH 7.4 was investigated in the absence of cryoprotectants (without 

preservation) and with the common cryoprotectants glycerol, sucrose and DMSO at final 

concentrations of 40%, 0.5 M and 10%, respectively. In this investigation, rhIDO was 

frozen in liquid nitrogen and kept at -80 ºC for 48 hours. It was then thawed on ice and 

purified through Ni-NTA and NAP-10 columns prior to the evaluation of protein 

recovery, Soret/protein ratio, specific activity and protein conformation. The results are 

given in Table 3.3. 

 

 

Table 3.3 The influence of freezing on rhIDO in 25 mM Tris-HCl 

pH 7.4, investigated in the absence of cryoprotectants (without 

preservation) and with 40% glycerol, 0.5 M sucrose and 10% DMSO as 

protectants. Freezing with liquid nitrogen and storage at -80 ºC for 

48 hours followed by re-purification through Ni-NTA and NAP-10 

columns were done. 

 

 

 

 

 

 

 

 

 

The results showed that in terms of protein recovery, Soret/protein ratio, protein 

conformation and protein aggregation, the freeze-thawing process was destructive in all 
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cases, with the use of 0.5 M sucrose being the most damaging. The use of 40% glycerol 

gave the most protection towards rhIDO. 

 

3.5.3. Effect of storage and protectants on rhIDO 

 

In an effort to further understand the influence of storage temperature and protectants 

over time on rhIDO, the protein was stored in 25 mM Tris-HCl pH 7.4 at 20 ºC, 0 - 4 °C 

and -20 ºC for 0, 1, 2 and 3 months, respectively, in the absence of protectants as well as 

using 40% glycerol and 10% DMSO as protectants. In this study, the Soret/protein ratios, 

specific activities and protein conformations were analysed (Table 3.4).  

 

The results showed that storage of rhIDO in 40% glycerol at -20 ºC gave the smallest 

decrease in Soret/protein ratio, specific activity and protein concentration. The rhIDO 

stored at 20 ºC at the prolonged period of 3 months showed significant deterioration in all 

cases, giving protein aggregates and a severe decrease in the Soret/protein ratio and 

specific activity. The rhIDO stored at 0 - 4 ºC showed a relatively small decrease in 

Soret/protein ratio, specific activity and protein concentration upon the short storage 

period of a month. 
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Table 3.4 The influence of temperature on storage of rhIDO. rhIDO in 

25 mM Tris-HCl pH 7.4 was stored at 20 ºC, 0 - 4 °C and -20 ºC in the 

absence of protectants (without preservation) as well as using 

40% glycerol and 10% DMSO as protectants. Samples at 0, 1, 2 and 

3 months were taken for analysis. Results of the Soret/protein ratio and 

specific activity are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6.  Comparison of rhIDO and rmIDO 

 

Murine models are commonly used to represent human IDO for the study of human 

conditions relevant to over-expression of IDO.
91,262,299,350

 It is therefore important to 

understand the similarities and differences between hIDO and mIDO.
11

 Unlike rhIDO, for 
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which the crystal structure has been reported,
284.285

 the 3D structure of native or rmIDO is 

not available. 

 

Database analysis of the rhIDO (human, Homo sapiens) compared to that of the rmIDO 

(mouse, Mus musculus) is shown in Table 3.5 and their homology in Figure 3.5.  

 

 

Table 3.5 Comparison of protein analysis of rhIDO (human, Homo 

sapiens) and rmIDO (mouse, Mus musculus) from various databases.266 

 

 

 

 

 

 

 

 

 

 

The amino acid sequence of rmIDO is longer than that of rhIDO and its pI and charge at 

pH 7 are significantly lower that that of rhIDO. In the protein homology analysis, 

although rmIDO shows sections in which the amino acid sequence differs with those of 

rhIDO (highlighted green in Figure 3.5), there is a 60% identity (highlighted yellow in 

Figure 3.5). Homology and protein analysis data has been compiled on human IDO, 

mouse IDO as well as IDO-like enzymes from other organisms (Appendix 1 and 

Appendix 2). 
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Figure 3.5 Protein homology analysis of 6xHis-tagged-rhIDO (human, 

Homo sapiens) and 6xHis-tagged rmIDO (mouse, Mus musculus) 

showing the 60% identity of rmIDO towards rhIDO. 

 

 

3.6.1. Specific activity of rhIDO and rmIDO and their kinetics 

The specific activity of rhIDO from the optimised expression and purification 

(Chapter 2) was measured using the procedure described by Takikawa and co-workers 

(Chapter 7, Section 7.2.2).
9
 The protein concentration was determined using the 

Bradford
25

 protein assay using a standard curve of bovine serum albumin and determined 

on a UV-Vis spectrophotometer at 595 nm (Chapter 7, Section 7.2.2). In this study, 

6xHis-tagged recombinant human and mouse IDO were used. The rmIDO used in this 

study was kindly provided by Austin and co-workers (University of Sydney). The 
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specific activity of rhIDO was observed to reach 120 µmol kynurenine/h/mg protein 

while the rmIDO was observed to reach 150 µmol kynurenine/h/mg protein. The kinetics 

of rhIDO and rmIDO were studied with L-Trp and D-Trp as substrates
11

 using the 

standard assay system of Takikawa and co-workers.
9
 Varying concentrations of substrates 

were used (0, 10, 25, 50, 100, 200 µM for L-Trp and 0, 100, 250, 750, 1500, 3000 µM for 

D-Trp). IDO needs higher concentration of D-Trp compared to L-Trp for it to become 

saturated with the substrate as IDO has a preference for L-Trp as a substrate.  

 

The study of enzyme kinetics is important because it helps to explain how enzymes work 

and to predict the nature of the enzymes in their environment. The Michaelis-Menten 

constant (Km) is the basis for most single-substrate enzyme kinetics. It describes how the 

reaction rate depends on the position of the substrate-binding equilibrium and the rate 

constant. The Michaelis-Menten hyperbolic function relates the initial reaction rate to the 

substrate concentration of the enzyme where the maximum rate is described as Vmax. Km 

is an intrinsic property of an enzyme related to the binding constant for the forming of its 

enzyme-substrate complex and defined as the rate constants for the formation and 

breakdown of the complex. The ratio Vmax/Km measures the efficiency of the enzyme 

towards a substrate. The Lineweaver-Burk plot or double reciprocal plot is commonly 

used to illustrate and evaluate kinetic data from the Michaelis-Menten equation and is 

derived from the reciprocal of both sides of the equation. In this study, the 

Michaelis-Menten and Lineweaver-Burk kinetic plots and calculations of Vmax, Km and 

Vmax/Km were done using Prism 4 for Windows Version 4.02 (GraphPad Software Inc.). 
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The Michaelis-Menten and Lineweaver-Burk kinetic plots for rhIDO with L-Trp as 

substrate are shown in Figure 3.6 and Figure 3.7. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Michaelis-Menten plot of rhIDO kinetics with L-Trp as 

substrate showing a Vmax of 56.40 ± 2.26 µmol min-1 and Km of 

15.13 ± 2.50 µM with catalytic efficiency (Vmax/Km) of 3.73. 

 

 

 

  

 

 

 

 

 

 

 

 
 

 

Figure 3.7 Lineweaver-Burk plot of rhIDO kinetics with L-Trp as 

substrate and derived from the Michaelis-Menten plot (Figure 3.6). 
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The Michaelis-Menten and Lineweaver-Burk kinetic plots for rhIDO with D-Trp as 

substrate are shown in Figure 3.8 and Figure 3.9.  

 

 

 

 

 

 

 

 

 

Figure 3.8 Michaelis-Menten plot of rhIDO with D-Trp as substrate 

showing a Vmax of 179.1 ± 9.9 mmol min-1 and Km of 8.6 ± 0.6 mM 

with catalytic efficiency (Vmax/Km) of 0.02. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Lineweaver-Burk plot of rhIDO with D-Trp as substrate and 

derived from the Michaelis-Menten plot (Figure 3.8). 
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The Michaelis-Menten and Lineweaver-Burk kinetic plots for rmIDO with L-Trp as 

substrate are shown in Figure 3.10 and Figure 3.11 whereas rmIDO with D-Trp as 

substrate are shown in Figure 3.12 and Figure 3.13. 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Michaelis-Menten plot of rmIDO with L-Trp as substrate 

showing a Vmax of 52.39 ± 2.90 µmol min-1 and Km of 37.70 ± 6.17 µM 

with catalytic efficiency (Vmax/Km) of 1.40. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11 Lineweaver-Burk plot of rmIDO with L-Trp as substrate 

and derived from the Michaelis-Menten plot (Figure 3.10). 



 - 69 -

 

 

 

 

 

 

 
 

 

 

 

Figure 3.12 Michaelis-Menten plot of rmIDO with D-Trp as substrate 

showing a Vmax of 40.44 ± 8.4 mmol min-1 and Km of 1.6 ± 0.7 mM 

with catalytic efficiency (Vmax/Km) of 0.03. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Lineweaver-Burk plot of rmIDO with D-Trp as substrate 

and derived from the Michaelis-Menten plot (Figure 3.12). 

 

The Vmax/Km values showed similar substrate preferences for rhIDO and rmIDO, with a 

marked preference for L-Trp (µM range) over D-Trp (mM range). The relative catalytic 

efficiency of rmIDO towards L-Trp compared to D-Trp is slightly greater than that of 

rhIDO (Table 3.6).  
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Table 3.6 A summary of the kinetic studies of rhIDO and rmIDO using 

L-Trp and D-Trp as substrates. 

 

 

 

 

 

 

 

Km is an expression of the amount of substrate needed to reach half of the maximal 

velocity Vmax. It describes the enzyme-substrate interaction. A lower Km is associated 

with a tighter fit between the enzyme and the substrate and a low Km and high Vmax is 

associated with a more effective enzyme-substrate system. From this study it was 

observed that the Km of both rhIDO and rmIDO is much higher when the substrate is 

D-Trp (mM level) compared to when the substrate is L-Trp (µM level). This showed that 

both rhIDO and rmIDO have a preference towards L-Trp as their substrate. From the Km 

values it could also be observed that the preference of rhIDO towards L-Trp (15.13 µM) 

as substrate is higher than that of rmIDO (37.70 µM). On the other hand the preference of 

rmIDO towards D-Trp (1.6 mM) as substrate is higher than that of rhIDO (8.6 mM). In 

terms of relative catalytic efficiency (Vmax/Km), it was observed that the order of 

efficiency was rhIDO-L-Trp (3.73) > rmIDO-L-Trp (1.40) > rmIDO-D-Trp (0.03) > 

rhIDO-D-Trp (0.02). These results clearly show the significant kinetic differences of 

rmIDO to rhIDO in the catalysis towards the dioxygenation of L-Trp and D-Trp. 
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3.6.2. Conformational studies and thermal melts of rhIDO and rmIDO 

 

Circular dichroism (CD) studies were also done to determine conformation of the 

secondary structure of rhIDO and rmIDO. The ultraviolet CD spectrum of proteins can 

predict important conformational characteristics of their secondary structure including the 

fraction of the protein that is in the α-helix, the β-sheet, or random-coil conformation. CD 

is an invaluable tool for showing changes in conformation.
275,278

 In this study the rhIDO 

and rmIDO (in 10 mM Tris-HCl pH 7.4) were analysed by CD for their conformational 

characteristics (190 - 300 nm) and the results is shown in Figure 3.14. 

 

 

 

 

 

 

 

 

 

Figure 3.14 CD Spectra (190 - 300 nm) of rhIDO (blue) and rmIDO 

(green) in 10 mM Tris-HCl pH 7.4. A 0.2 cm cell was used in a Jasco 

J-810 Circular Dichroism Spectropolarimeter. 

 

The results showed that the CD spectra (190 - 300 nm) of rhIDO were relatively similar 

to that of rmIDO. Analysis of the CD data between 190 to 240 nm using CDPro Software 

(Colorado State University) with SELCON3, CDSSTR and CONTINLL for CD analysis 

confirmed that the rhIDO was less helical (61% helix) compared to rmIDO (71% helix), 

as shown in Table 3.7.  
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Table 3.7 Analysis of the CD data between 190 to 240 nm using 

CDPro Software (Colorado State University) with SELCON3, 

CDSSTR and CONTINLL for CD analysis of rhIDO and rmIDO in 

10 mM Tris-HCl pH 7.4. A 0.2 cm cell was used in a Jasco J-810 

Circular Dichroism Spectropolarimeter. 

 

 

 

 

 

CD can be used to study the effects of temperature and concentration of denaturing 

agents on the conformation of the secondary structure of a molecule. In this way it can 

reveal important thermodynamic information about the protein that cannot otherwise be 

easily obtained.
321,322 

In this study the rhIDO and rmIDO (in 10 mM Tris-HCl pH 7.4) 

were analysed by CD for their thermal melts (221 nm, 20 - 99 ºC). The results are shown 

in Figure 3.15. 

 

 

 

 

 

 

 

  

 

 

Figure 3.15 Thermal melt experiment (20 - 99 ºC) superimposed CD 

spectra of rhIDO (tm 50 ºC, blue) and rmIDO (tm 65 ºC, green) in 

10 mM Tris-HCl pH 7.4. A 0.2 cm cell was used a Jasco J-810 Circular 

Dichroism Spectropolarimeter. 
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In thermal melt experiments, rhIDO was shown to have a lower melt temperature 

(tm 50 ºC) compared to rmIDO (tm 65 ºC), suggesting that the rmIDO is more 

thermostable than rhIDO. 

 

The conformational and thermal melts studies of rhIDO and rmIDO suggest that the 60% 

identity in the protein sequence of rmIDO towards rhIDO contributes to the difference in 

their conformations. This difference in conformations where rmIDO is more helical than 

rhIDO could be the reason for rmIDO being more thermostable than rhIDO and the 

existing differences in their catalytic nature. To further clarify this findings, the 3D 

structure of rmIDO is required. 

 

3.7.  Modelling of rhIDO active site 

Using the data from the findings of Sugimoto,
284,285 

Oda,
208

 Marcchiarulo
162,163

 and their 

co-workers with data from Research Collaboratory for Structural Bioinformatics (RCSB) 

Protein Data Bank™ database, ChemDraw™, ArgusLab™ and University of California 

San Francisco (UCSF) Chimera™ software, the 3D modelling was done to study the 

active site of IDO. The ArgusDock docking engine has an efficient grid-based docking 

method that approximates an exhaustive search. ArgusLab employs a simple geometric 

fit of a ligand in the binding site at carefully-chosen search points within the free volume 

of the binding site cavity. This fit is corroborated with incremental construction of the 

ligand's torsions in a breadth-first order that maximises the early rejection of 

unproductive pose fragments, enhancing the efficiency of the conformational search. 

ArgusLab can obtain 80% agreement of the lowest scoring pose being within 2.5 Ǻ root 
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mean square deviation (RMSD) of the X-Ray structure. Using ArgusLab, the heme b 

co-factor environment and the active site of IDO was docked with L-Trp as a ligand and 

mapped in this study (Figure 3.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 L-Trp docked complex in the active site of IDO. (A) View 

of the residues around the heme b of IDO viewed from the side of the 

heme b plane. The 6-propionate of the heme b is in contact with wa2 

and wa1 (water) and wa1 is hydrogen-bonded to the proximal ligand 

His346. L-Trp is bound in the distal pocket. The aromatic ring of L-Trp 

(cyan) is in contact with Phe226. The 7-propionate of the heme b 

interacts with the amino group of L-Trp and the side chain of Ser263. 

(B) Top view of (A) by a rotation of 90°.  

 

 

The figure shows the heme b co-factor (yellow) with the surrounding residues of the 

L-Trp-bound form (blue) in the active site of IDO. The heme b 6-propionate is in contact 

in the proximal side to the water molecule (wa2), which also interacts with wa1 and the 
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hydrogen bonded proximal ligand His346. The environment of the heme b proximal side 

of IDO suggests that the His346 imidazole is rendered partially anionic by the 

6-propionate through the mediation of the two waters (wa1 and wa2). In the modelling of 

the active site it can be seen that the 7-propionate of the heme b points upward from the 

heme b plane and interacts with the hydroxyl group of Ser263. The proximal side of the 

heme b co-factor is occupied only by side chains from the large domain Q (His346), 

S (Leu384, Phe387) and N (His287), as shown in Figure 3.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 The surface representation of the active site of IDO docked 

with L-Trp (cyan) as a ligand (substrate). The proximal helices G, Q 

and S run in parallel. The helices N and K-L are the helices connecting 

the two (small and large) domains. The connecting loop (Ala260 to 

Gly265) between helices L and M is above the sixth-coordination site 

of the heme b co-factor covering the top of the heme cavity. All the 

important binding residues and domains are in green. 
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3.7.1. Modelling of docked L-Trp complex in IDO 

The distal heme pocket, which is the coordination site of the heme b iron for the sixth 

external ligand (docked L-Trp and O2), is a combination of the small domain, the large 

domain and the loop connecting the two domains of IDO
284

 (Figure 3.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 Active site of the docked L-Trp bound IDO as viewed from 

the distal side. L-Trp (blue) bound structures are shown as a stick model 

in blue. (A) The L to M connecting loop (red) facilitates the 

conformational change needed for flexibility especially in the main 

chain of the connecting loop. Sugimoto and co-workers reported that 

the largest movement is observed in the Ala264 and Gly265 region 

with a 1.3 Å shift toward the center of the heme b (yellow). (B) The L, 

K and N connecting loop (cyan) along with Phe163 of helix G (green) 

facilitates the binding of the substrate. 
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Molecular oxygen (O2) binds at the distal side of the active site and therefore it could be 

argued that the structural properties of the distal heme pocket are responsible for the IDO 

catalysed dioxygenase reaction. From the findings of Sugimoto
284

 and co-workers, which 

were supported by Macchiarulo
162,163

 and co-workers and from the mapped structures of 

the docked L-Trp complex that were done in this study, it can be concluded that His is not 

present in the heme distal side and that neither polar residues nor water molecules are 

available to interact with the iron-bound ligand, in this case, the docked L-Trp. 

Sugimoto
284

 and co-workers showed that the connecting loop exhibits a large 

conformational change in the main chain with a displacement of 1.3 Å, whereas the 

values for all common atoms is 0.2 Å. The highly conserved sequences (Ala260-Gly261-

Gly262-Ser263-Ala264-Gly265 residues) in the loop appear to provide flexibility. The 

binding of the ligand (substrate) induces a conformational change in the connecting loop 

(Ala260 to Gly265), as shown in the L-Trp docked complex of IDO (Figure 3.18). 

 

In the docked L-Trp-bound form (Figure 3.17 and Figure 3.18) Phe163 interacts with the 

phenyl group of L-Trp by π-π stacking. The side chain of Phe226 in the heme distal 

pocket is in contact with the docked L-Trp. Gly261 and Gly262 of the connecting loop 

also interacts with L-Trp, where the amino group of the L-Trp interacts with the 

7-propionate of the heme b. In the L-Trp docked IDO complexes, Ala260, Gly261, 

Gly262, Ser263, Ala264 and Gly265 residues in the connecting loop interact with the 

docked substrates. This study supported the significance of the interaction of Phe226 of 

the K helix with the phenyl group of the substrate in a π-π stacking, the interaction of the 

7-propionate of the heme b with the amino group (of the substrates) and the interaction of 
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the side chain Arg231 of the L helix with the carboxylate (of the substrates). These 

findings were consistent with the mutational studies done by Sugimoto
284

 and co-workers 

(Table 3.8). 

 

3.8.  IDO catalysed reaction mechanism 

Based on the present crystal structure and mutational analysis, Sugimoto
284

 and 

co-workers demonstrated that no polar or charged protein side chains act as a catalytic 

base. They proposed that proton abstraction by iron-bound dioxygen (Figure 3.19) was 

the most probable event occurring in the IDO catalysed conversion of L-Trp to 

N-formylKyn.
162,208,284,285

 The orientation of the binding of O2 and the substrate L-Trp 

was proposed to be restricted by Phe226 and Arg231, enabling an interaction between the 

NH group of indole and the dioxygen. 

 

It has been previously proposed that the rearrangement of the electronic structure of the 

indole ring induces an electrophilic reaction, which involves the formation of a bond 

between the terminal oxygen atom of dioxygen and the C3 atom. Subsequent cleavage of 

the Fe-O bond results in the formation of the 3-hydroperoxyindolenine intermediate. A 

dioxetane has been proposed as the intermediate formed during the incorporation of 

dioxygen. The product N-formylKyn is then converted to Kyn non-enzymatically or by 

Kyn formamidase (Figure 3.19). 

 

The mutations of Phe226A, Phe227A and Arg231A (Table 3.8), as demonstrated by 

Sugimoto
284

 and co-workers, did not affect the Kd values of IDO but reduced the activity 
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   Kd, mM  

Mutation Activity* Fe
3+

 Fe
2+

 Fe
2+

-CO 

     
Wild type 126±12 0.32±0.03 0.53±0.05 0.43±0.01 
Cys129A 134±6 0.40±0.04 0.46±0.06 0.33±0.03 
Phe163A 148±9 1.08±0.10 0.87±0.05 0.63±0.05 
Ser167A 117±5 1.37±0.15 1.01±0.12 0.53±0.04 
Phe226A 1.3±0.3 0.80±0.12 0.93±0.10 0.41±0.02 
Phe227A 1.2±0.5 0.65±0.07 0.53±0.09 NA‡ 
Arg231A 2.3±1.0 0.77±0.11 ND† NA‡ 
Ser263A 19±7 42±5 ND† NA‡ 

     
* Mol of product/mol of holoenzyme per min. 
† ND, spectrum change was not detectable. 
‡ NA, Kd was not deduced from flash photolysis experiment because of  
   unusual behaviour. 

 

 

dramatically. These mutation studies suggest that a necessary condition for the reaction is 

the orientation of the substrate with respect to the dioxygen for proton abstraction. 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Proposed reaction mechanisms for IDO catalysing the 

cleavage of the bond between C2 and C3 of L-Trp (substrate). The 

trigger for the reaction is the abstraction of a proton from 1-N of 

L-Trp.284  

 

 

Table 3.8 Comparison of activity and dissociation constants (Kd) for 

L-Trp of non-mutated and mutants rhIDO.284 
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This orientation is believed to be accomplished through the strict interactions between the 

indole ring of the substrate and a hydrophobic moiety of the protein. It is evident that 

strict interactions are not required for L-Trp binding, which may reflect the broad 

substrate specificity of IDO. The structural differences between indoleamine derivatives 

may be accommodated by the flexibility of the long connecting loop between helices 

L and M and this is a very important aspect to be taken account of for the docking of 

various indoleamine derived compounds in terms of drug discovery. 

 

The mechanism proposed by Sugimoto
284

 and co-workers, which is further supported by 

Chung,
43

 Macchiarulo
162,163

 and co-workers, for the enzymatic catalysis reaction at the 

active site of IDO was based on the surface and structural characteristics around the heme 

pocket as no significant electropositive surface around the dioxygen was apparent. In the 

distal side, hydroxyl or carboxyl groups in the conserved and acidic residues 

(Figure 3.20) play a crucial role in the formation of a specific hydrogen-bonding network 

to deliver the protons from the solvent media (water) to the active site during the catalytic 

reaction.
162,208,284,285

 The structure of human IDO as resolved by Sugimoto
284

 and 

co-workers provided evidence that the reaction mechanism in IDO catalysis involves the 

proton abstraction by iron-bound dioxygen. Analysis of site-directed mutants of IDO 

strongly suggests that substrate binding and geometry between the substrate and 

iron-bound dioxygen is required for the reaction. Recognition of the substrate is likely to 

involve strict complementary interactions between the indole ring of the substrate and 

protein groups. The O-O bond of the dioxygen co-substrate is precisely controlled by the 

heme proximal and distal environment and is not likely to be cleaved before the 

incorporation of the dioxygen atoms into the substrate. 
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Figure 3.20 Surfaces of the active site in IDO. (A) No significant 

electropositive surface around O2. (B) In the distal side, hydroxyl or 

carboxyl groups in the conserved and acidic residues (purple) play a 

crucial role in the formation of a specific hydrogen-bonding network to 

deliver the protons from the solvent media (water) to the active site 

during the catalytic reaction. 

 

 

3.9.  Conclusion 

rhIDO expressed and purified using the protocol described in Chapter 2 (Figure 2.23) 

was characterised. The mass spectrum from a direct injection ESI-MS of rhIDO was 
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deconvoluted with Micromass MaxEnt1 processing giving a mass of 47,758 kDa for the 

rhIDO and due to adduct ion species of multiply charge rhIDO in the ESI-MS spectra, the 

value of 47,758 kDa for a direct injection ESI-MS of rhIDO is consistent with this mass. 

The SDS-PAGE of the rhIDO was consistent to the ESI-MS result. In this study, the 

Soret/protein ratio of rhIDO was observed to reach a maximum of 1.70:1.00. However, it 

was established that the ratios fluctuated from sample to sample depending upon the 

treatment of the samples. 

 

Reduction of the rhIDO heme b co-factor iron from its ferric (Fe
3+

) to its ferrous (Fe
2+

) 

state with sodium dithionite was done. One minute after the initial reaction, the UV-Vis 

spectra showed an additional peak at 314 nm for dithionite and a shift of the peak at 

406 nm to 421 nm. After ten minutes the peaks returned to their original position with a 

lower absorption at 406 nm. CD studies of the reduction suggested that one minute after 

the initial reaction, an increased α-helix but a lowered β-strand and random-coil 

conformations occurred. A conformational change may be expected between the 

Fe
2+

/Fe
3+

 state as Fe
2+

 heme is usually 5 coordinate while Fe
3+

 is six coordinate and also 

requires a neutralising charge. This shift in state may cause changes in the conformation 

to accommodate the additional coordination bond possibly to a negatively charged 

species. This result suggested that changes in conformations occurred to facilitate the 

reaction of rhIDO in its active site and perhaps it is important to take account this 

conformational changes in order to support the efficacy of IDO as a novel target in 

therapy and drug discovery.
113,119,126,163,169,192

 Further studies on this are required. 
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Discrepancies between the previous findings
10,174 

and the findings in this study were 

observed in the Soret/protein ratios, specific activities and CD spectral studies when 

rhIDO was incubated at a temperature range of 4 to 20 °C in a period of 2 to 6 hours. In 

this study it was found that under those conditions rhIDO was highly stable and retained 

its activity. In the study of the effect of cryoprotectants it was found that the use of 0.5 M 

sucrose as a cyroprotectant severely degraded rhIDO. The preservative effects of 

cyroprotectants in the freezing of rhIDO was in the order of 40% glycerol > 

10% DMSO > absence of cryoprotectants > 0.5 M sucrose. From the study it could be 

seen that the process of freezing and thawing can result in severe damage to rhIDO. This 

could perhaps be ascribed to surface-induced denaturation during the freezing and 

thawing process.
236

 It can be assumed that upon fast freezing, small ice crystals and a 

relatively large surface area of ice-liquid interface are formed, which increases the 

exposure of the rhIDO molecules to the damaging ice-liquid interface.
237

 During thawing, 

damage could be attributed due to recrystallisation which exerts additional interfacial 

tension on entrapped rhIDO. The patterns of the dependency on cryoprotectants showed 

that damage of rhIDO in aqueous solutions could be reduced by preserving rhIDO in 40% 

glycerol at -20°C as this resulted in only a small decrease in Soret/protein ratio (6%), 

specific activity (24%) and protein concentration (17%).  

 

Homology and database analysis of rhIDO and rmIDO showed some similarities in both 

physical and kinetic properties. Kinetic studies of rhIDO and rmIDO using L-Trp and 

D-Trp as substrates showed similar substrate preferences where the preference towards 

L-Trp (µM range) was greater than towards D-Trp (mM range). The relative catalytic 
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efficiency of rhIDO towards L-Trp (3.73) was higher compared to rmIDO (1.40) whereas 

the relative catalytic efficiency of rhIDO towards D-Trp (0.02) was lower compared to 

rmIDO (0.03). From the study it could be concluded that rhIDO utilises L-Trp more 

efficiently than rmIDO but the reverse is true for D-Trp. CD and thermal melt studies 

established that rhIDO is less helical (61% helix) than rmIDO (71% helix). The studies 

also showed that rhIDO has a lower melt temperature (50 ºC) than rmIDO (65 ºC), 

indicating that rmIDO is more thermostable than rhIDO. From these observations, it 

could be concluded that there are significant differences between rhIDO and rmIDO 

despite their 60% similarities. These differences must be recognised and accounted for, 

before the interpretation of experimental findings from one system to another is applied, 

especially as murine models are commonly used to study human conditions relevant to 

the expression of IDO. 

 

In the 3D modelling of IDO, the ArgusDock docking engine was used to dock L-Trp into 

the active site of IDO. The docking experiments supported that the proximal side of the 

heme b co-factor is occupied only by side chains from the large domain Q (His346), 

S (Leu384, Phe387) and N (His287). The modelling and docking experiments were able 

to map IDO’s active site and its complex with L-Trp.  

 



Chapter 4 

 

Re-incorporation of heme into indoleamine 2,3-dioxygenase 
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Chapter 4 

 

Re-incorporation of heme into indoleamine 2,3-dioxygenase 

 

The overall aim of this chapter is to give an account of the studies that were done to 

evaluate the phenomenon of heme loss in recombinant human IDO (rhIDO) and the 

efforts to optimise the availability of active rhIDO through the re-incorporation of heme.  

 

4.1.  IDO as a hemoprotein 

Hemoproteins are heme containing proteins that are important components of living 

organisms. A diversity of hemoproteins participate in many functions including electron 

transfer reactions, heme metabolism, regulatory functions based on nitric oxide and 

activation, insertion, transport, storage and sensing of oxygen.
293,352

 Despite the wide 

range of chemical and physiological functions displayed by hemoproteins, they all share 

the same prosthetic group, heme. Heme is an essential molecule with various biological 

functions.
280

 It is widely distributed in all eukaryotic cells. The most common heme 

prosthetic group is protoheme IX, also known as heme b (Chapter 1, Figure 1.3). The 

role of heme in dioxygenases depends on the nature of the heme as a proximal ligand, the 

heme environment and the substrate. Indoleamine 2,3-dioxygenase (IDO) is a 

hemoprotein.
293,352

 In common with many of the heme-containing dioxygenases, IDO 

goes through a key ferrous-dioxygen complex intermediate in its catalytic reaction cycle. 

In IDO the heme b co-factor comprises an iron atom coordinated to four nitrogen atoms 

of a tetrapyrrole macrocyclic porphyrin ring.
280

 This heme is held within the confines of 
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the protein by a combination of hydrophobic interactions and a metal-protein coordinate 

bond at one axial position of the iron (Chapter 1, Figure 1.10 and Chapter 3, Figure 

3.16). Oxygen binds to the Fe
2+

 (reduced) active form of IDO and the Fe
3+

 (oxidised) 

inactive form of the native IDO binds to a variety of exogenous ligands.
280

 The heme b 

co-factor of IDO has a strong absorbance (Soret band) at 406 nm, which provides a 

convenient probe of the heme site in IDO. 

 

4.2.  Heme release by hemoproteins and heme re-incorporation 

The phenomenon of heme release by hemoproteins has been well studied.
273,248

 The 

reaction is best described as heme release into water where the energetics of the activated 

process are large and interpreted as connected to both polypeptide motions during release 

and the ordering of water around the heme during solvation.
151,248, 273

 Side chain positions 

on the proximal side
280,355

 of the heme pocket strongly influence heme affinity.
151

 The 

roles of the amino acids in preventing heme loss have been examined.
151

 Important 

surface amino acids that interact either sterically or electrostatically with the edges of the 

porphyrin ring (heme b) which influence heme loss has also studied.
151

 Apolar amino 

acids can waterproof the heme pocket by forming a barrier to solvent penetration, thereby 

minimising the size of the proximal cavity, and maintaining a hydrophobic environment. 

Smaller or polar side chains in the proximity of the proximal pocket result in exposure of 

the heme to solvent and water molecules, leading to large increases in the rate of hemin 

loss.
151

 Heme release in rhIDO is observed as a lowering of its Soret/protein ratio. These 

findings were observed during storage and purification in this study and in previous work 

on rhIDO by Austin.
10
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The heme moiety in hemoproteins has been reported to dissociate from the proteins in 

aqueous solution at neutral pH and room temperature.
248

 Slow heme release from 

hemoproteins such as horseradish peroxidases, cytochrome peroxidase, chloroperoxidase, 

and leghemoglobins has been reported.
273

 Heme re-constitution into heme deficient 

hemoproteins has been extensively studied.
355

 Myoglobin is a heme containing protein 

and re-constitution of apo-myoglobin is well documented.
67

 Heme re-constitution of other 

heme containing proteins such as horseradish peroxidase, cytochrome P-450 has also 

been done.
273,335

 

 

4.3.  Re-purification of rhIDO with Amicon Ultra-15 filter 

To confirm that purification of rhIDO leads to lowering of the Soret/protein ratio, 

samples of size-exclusion chromatography purified rhIDO were re-purified by filtering 

with an Amicon Ultra-15 filter prior to desalting and concentration. After each pass 80% 

glycerol (1:1 v/v) was added to the rhIDO samples, which were stored in the freezer 

(-20 ºC, 2 hours) prior to the next re-purification cycle. Up to 10 consecutive passes of 

cycle were done. The results (Figure 4.1) showed a direct correlation between the 

number of consecutive passes and the lowering of the Soret/protein ratio, protein content 

and enzyme activity of the rhIDO.  
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Figure 4.1 Re-purification of rhIDO from 25 mM Tris-HCl pH 7.4 

(desalting) with a Millipore Amicon Ultra-15 30 kD cut-off filter 

(2.5 mL to 250 µL), from 1 to 10 consecutive pass respectively. 

 

 

The study showed that the re-purification of rhIDO by filtering with the Amicon Ultra-15 

filter lowered the intense maxima at 406 nm (Soret band), suggesting lowering of heme 

content of the treated rhIDO.
276

 Decrease in the Soret/protein ratio after 10 consecutive 

passes reached 70% from the initial pass, while the decrease in activity reached 93% from 

the initial pass. A superimposed UV-Vis spectrum of the rhIDO that underwent 

re-purification of up to 10 consecutive passes with the Amicon Ultra-15 filter is given in 

Figure 4.2 showing decrease in the Soret/protein ratio.  
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Figure 4.2 Superimposed spectra of rhIDO supernatant (2.5 mL) which 

underwent re-purification of 1 to 10 passes with a Millipore Amicon 

Utra-15 30 kD cut-off filter (desalting from 25 mM Tris-HCl pH 7.4) 

concentrating 2.5 mL to 250 µL protein. 

 

 

The effect of the intensive re-purification treatment of the rhIDO on the protein content 

and enzyme activity were also evaluated. The degree of loss in protein content and 

enzyme activity from the re-purification upon re-freezing, re-thawing, re-dissolving and 

re-filtering rhIDO with the Amicon Ultra-15 filter is given in Figure 4.3. 
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Figure 4.3 Percentage of total protein yields (in 2.5 ml) of individual 

passes (1 to 10) for the re-purification of rhIDO from 25 mM Tris-HCl 

pH 7.4 (desalting) with a Millipore Amicon Ultra-15 30 kD cut-off 

filter (2.5 mL to 250 µL) from 1 to 10 consecutive pass respectively. 

All values (% total protein, % Soret/protein ratio and % activity) were 

compared to the 1st-pass which was arbitrarily set at 100%. 

 

The overall results of the study showed that re-purification of rhIDO involving freezing, 

thawing, dissolving and filtering with the Amicon Ultra-15 filter has a severe impact on 

the yield and quality of the rhIDO. The decrease in Soret/protein ratio, protein content 

and enzyme activity reached up to 71, 70 and 80% respectively after 10 consecutive 

passes. To study this further a desalting step using a PD-10 column prior to the 

concentration with an Amicon Ultra-15 filter was done. This was considered to see 

whether the loss of heme was salt dependent as the re-dissolving cycles of concentrated 

rhIDO prior to the concentration with Amicon Ultra-15 filter might have contributed to 

the loss. 

 

4.4.  Re-purification of rhIDO with PD-10 and Amicon Ultra-15 filter 

Because of the detrimental effects observed for the re-purification of rhIDO with Amicon 

Ultra-15 filter, a desalting step using an Amersham Biosciences PD-10 Sephadex G-25M 
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(PD-10) desalting column prior to the concentrating step was incorporated. 

Re-purification of rhIDO (2.5 mL) by elution through a PD-10 desalting column, 

followed by filtration with an Amicon Ultra-15 filter for up to 10 consecutive passes was 

done. After each pass, sample preparation and treatment followed the guidelines given in 

Section 4.3. The results showed that the desalting step changed the trend of the decrease 

of the Soret/protein ratio of rhIDO and its activity, as given in Figure 4.4. The decrease 

in the Soret/protein ratio after 10 consecutive passes reached 82% from the initial pass, 

while the decrease in activity reached 62% from the initial pass. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Re-purification of rhIDO (2.5 mL) from 25 mM Tris-HCl 

pH 7.4 (desalting) through an Amersham Biosciences PD-10 (Sephadex 

G-25M) column and filtering with a Millipore Amicon Ultra-15 30 kD 

cut-off filter (2.5 mL to 250 µL) from 1 to 10 consecutive passes 

respectively. 
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As observed previously with the re-purification of rhIDO with the Amicon Ultra-15 filter, 

re-purification by elution through a PD-10 desalting column, followed by filtering with 

an Amicon Ultra-15 filter, did not defer the decrease of the intense maxima at 406 nm 

(Soret band) of the rhIDO. This suggested that the salt concentration was not a factor in 

heme loss. All spectra were superimposed to the spectrum of the initial supernatant (the 

first pass), as perfect concentration of the supernatant cannot be made. The superimposed 

spectra of the rhIDO that were subjected to this re-purification are shown in Figure 4.5. 

The degree of loss in protein content and enzyme activity are shown in Figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Superimposed spectra of rhIDO supernatant (2.5 mL) which 

underwent re-purification of 1 to 10 passes through an Amersham 

Biosciences PD-10 (Sephadex G-25M) desalting column followed by 

concentration (and further desalting) with a Millipore Amicon Ultra-15 

30 kD cut-off filter (desalting from 25 mM Tris-HCl pH 7.4) 

concentrating 2.5 mL to 250 µL protein. 
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Figure 4.6 Percentage of total protein yields (in 2.5 ml) of individual 

passes (1 to 10) for the re-purification of rhIDO from 25 mM Tris-HCl 

pH 7.4 (desalting) through an Amersham Biosciences PD-10 column 

and continued with a Millipore Amicon Ultra-15 filter (2.5 mL 250 µL) 

from 1 to 10 consecutive pass respectively. All values (% total protein, 

% Soret/protein ratio and % activity) were compared to the 1st-pass 

which was arbitrarily set at 100%. 

 

 

The overall results of the study showed that the process of re-purifying of rhIDO with 

Amicon Ultra-15 filter showed decrease in Soret/protein ratio, protein content and 

enzyme activity. Desalting through PD-10 prior to re-purification with an Amicon 

Ultra-15 filter had no detrimental effect. The differences in the results of the two 

processes concluded that the quality and yield of rhIDO is dependent on the manner in 

which the rhIDO is treated. The lowering of the Soret/protein ratio prompted the 

optimisation of the availability of active rhIDO, through the re-incorporation of heme. 

 

4.5.  Heme re-incorporation of rhIDO 

Hemin chloride has been used for re-incorporation of heme into proteins.
67,273,355

 This 

approach was therefore decided upon for rhIDO. In this study rhIDO re-purified with 

Ni-NTA, PD-10, Amicon Ultra-15 filter and Superdex 75 PC 3.2/30 columns were used 
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prior heme reconstitution 

post heme reconstitution 

post desalting process 

 

(Section 2.2 and Section 2.3). To evaluate the extend of efficiency of the heme 

re-incorporation, two samples were used for the heme re-incorporation study with hemin 

chloride, representing a low Soret/protein ratio of 1.1:1.0 and a high ratio of 1.4:1.0 

respectively.
 

 

The experiments showed that concentrations of 0.0, 1.5, 3.0, 4.5, 6.0 and 7.5 µM of 

hemin chloride (in 20 mM NaOH) towards 600 µL rhIDO samples (1 mg/L in 25 mM 

Tris-HCl pH 7.4) gave satisfactory results for rhIDO with a Soret/protein ratio of 1.1:1.0 

as shown in Figure 4.7.  

 

 

 

 

 

 

 

 

 
 

 

Figure 4.7 Results of rhIDO Soret/protein ratio of heme 

re-incorporation on low Soret/protein ratio of 1.1:1.0 fraction of rhIDO 

with 0.0, 1.5, 3.0, 4.5, 6.0 and 7.5 µM of hemin chloride (in 20 mM 

NaOH). Soret/protein ratio of the initial preparation (prior to heme 

re-incorporation), post heme re-incorporation and post fast desalting 

process are shown. 

 

 

The result of heme re-incorporation showed an increased Soret/protein ratio of 127% 

(from the initial 1.1:1.0 to 2.5:1.0) prior to desalting. Upon desalting the ratio was 
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prior heme reconstitution 

post heme reconstitution 

post desalting process 

 

reduced 77% (from 2.5:1.0 to 1.7:1.0), an increase of 50% from the initial ratio. This 

suggested that high concentration of hemin chloride did not effectively re-incorporate the 

heme into rhIDO. The resulting enzyme activity of the rhIDO is given in Figure 4.8. The 

result of heme re-incorporation showed an increased enzyme activity of 36% (from the 

initial 60.5 to 82.4 µmol/h/mg) prior to desalting. Upon desalting the activity was 

increased 35% (from 82.4 to 103.6 µmol/h/mg), an increase of 71% from the initial 

activity. This supported that high concentration of hemin lowered the efficiency of the 

heme re-incorporation. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.8 Results of rhIDO activity of heme re-incorporation on low 

Soret/protein ratio of 1.1:1.0 fraction of rhIDO with 0.0, 1.5, 3.0, 4.5, 

6.0 and 7.5 µM of hemin chloride (in 20 mM NaOH). Soret/protein 

ratio of the initial preparation (prior to heme re-incorporation), post 

heme re-incorporation and post fast desalting process are shown. 

 

 

The experiments also showed that concentrations of 0.0, 1.7, 3.3, 5.0, 6.7 and 8.3 µM of 

hemin chloride towards 600 µL rhIDO samples (1 mg/L in 25 mM Tris-HCl pH 7.4) gave 

satisfactory results for rhIDO with a Soret/protein ratio of 1.4:1.0 (Figure 4.9). The result 
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prior heme reconstitution 

post heme reconstitution 

post desalting process 

 

of heme re-incorporation showed an increased Soret/protein ratio of 93% (from the initial 

1.4:1.0 to 2.7:1.0) prior to desalting. Upon desalting the ratio was reduced 65% (from 

2.7:1.0 to 1.8:1.0), an increase of 28% from the initial ratio. The result also suggested that 

high concentration of hemin chloride did not effectively re-incorporate the heme into 

rhIDO. 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Results of rhIDO Soret/protein ratio of heme 

re-incorporation on high Soret/protein ratio of 1.4:1.0 fraction of rhIDO 

with 0.0, 1.7, 3.3, 5.0, 6.7 and 8.3 µM of hemin chloride (in 20 mM 

NaOH). Soret/protein ratio of the initial preparation (prior to heme 

re-incorporation), post heme re-incorporation and post fast desalting 

process are shown. 

 

 

The resulting enzyme activity of the rhIDO is given in Figure 4.10. The result of heme 

re-incorporation showed an increased enzyme activity of 24% (from the initial 76.1 to 

94.1 µmol/h/mg) prior to desalting. Upon desalting the activity was increased 14% (from 

94.1 to 105.0 µmol/h/mg), an increase of 38% from the initial activity. The result also 

supported that high concentration of hemin lowered the efficiency of the heme 
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prior heme reconstitution 

post heme reconstitution 

post desalting process 

 

re-incorporation. From the experiments it is observed that the desalting process lowers 

the Soret/protein ratios and increase the activity of the hemin re-incorporated rhIDO, 

suggesting that there is a limit to the specific capacity for the accommodation of the 

inactive rhIDO which are brought about by heme deficiency. 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Results of rhIDO activity of heme re-incorporation on high 

Soret/protein ratio of 1.4:1.0 fraction of rhIDO with 0.0, 1.7, 3.3, 5.0, 

6.7 and 8.3 µM of hemin chloride (in 20 mM NaOH). Soret/protein 

ratio of the initial preparation (prior to heme re-incorporation), post 

heme re-incorporation and post fast desalting process are shown. 

 

Results of the heme re-incorporation experiments were evaluated before and after elution 

through the Fast Desalting column (GE/Pharmacia), which was equilibrated with 50 mM 

Tris-HCl pH 7.4 prior to use. The desalting was monitored at 280 and 406 nm on a fast 

protein liquid chromatography (FPLC) System (SMART-Pharmacia LKB Biotechnology) 

with sample injections of 200 µL, which afforded 600 µL (3x) of combined desalted 

samples. rhIDO activities and respective Soret/protein ratio were evaluated. The outcome 

of the trials showed a consistent increase in rhIDO activity with increased hemin chloride 
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availability during heme incorporation, both before and after the desalting. An increase of 

Soret/protein ratio and activity after heme re-incorporation was observed. The heme 

re-incorporation profile for the rhIDO with an initial Soret/protein ratio of 1.1:1.0, which 

was titrated with low concentrations of hemin chloride and desalted through the Fast 

Desalting column, is shown in Figure 4.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Superimposed heme re-incorporation profile of rhIDO of 

low Soret/protein ratio of 1.1:1.0 fraction with 0.0, 1.5, 3.0, 4.5, 6.0 and 

7.5 µM of hemin chloride (in 20 mM NaOH) after desalting through the 

Fast Desalting column PC 3.2/10 (Pharmacia LKB Biotechnology) on a 

FPLC System (SMART-Pharmacia LKB Biotechnology) with 50 mM 

Tris-HCl pH 7.4.  

 

 

The profile for the rhIDO with an initial Soret/protein ratio of 1:4:1.0 titrated with high 

concentration of hemin chloride is given in Figure 4.12. Both profiles show an increase 
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in the intense maxima at 406 nm (Soret band) of the rhIDO and consistent maxima at 

280 nm, suggesting that the heme re-incorporation did achieve its purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Superimposed heme re-incorporation profile of rhIDO of 

high Soret/protein ratio of 1.4:1.0 fraction with 0.0, 1.7, 3.3, 5.0, 6.7 

and 8.3 µM of hemin chloride (in 20 mM NaOH) after desalting 

through the Fast Desalting column PC 3.2/10 (Pharmacia LKB 

Biotechnology) on a FPLC System (SMART-Pharmacia LKB 

Biotechnology) with 50 mM Tris-HCl pH 7.4. 

 

The overall investigation of hemin chloride titration into heme-deficient rhIDO showed 

that there was a consistent increase of rhIDO activity with increased hemin availability. 

This was observed for rhIDO having a low initial Soret/protein ratio of 1.1:1.0 as well as 

those having a high initial ratio of 1.4:1.0. Heme re-incorporation using low 

concentration of hemin chloride to rhIDO of low Soret/protein ratio, showed an increase 

of 50% in Soret/protein ratio (from 1.1:1.0 to 1.7:1.0), with an increase of enzyme 
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activity of 71% (from 60.5 to 103.6 µmol/h/mg). Heme re-incorporation using a high 

concentration hemin chloride towards high Soret/protein ratio rhIDO showed an increase 

of 28% in Soret/protein ratio (from 1.4:1.0 to 1.8:1.0) with an increase of enzyme activity 

of 38% (from 76.1 to 105.0 µmol/h/mg). High initial Soret/protein ratio rhIDO showed a 

higher lowering of enzyme activity and Soret/protein ratio with increased hemin 

concentration after desalting than low initial Soret/protein ratio rhIDO. The study verified 

that burdening the availability of hemin chloride was not the best option in heme 

re-incorporation of heme-deficient rhIDO. As low Soret/protein ratio is related to heme 

availability and protein concentration, the studies suggested that burdening the heme 

deficient rhIDO with high concentration of hemin chloride did not effectively 

re-incorporate the heme and determining the variations of the hemin chloride 

concentrations needed were necessary to ensure the best availability of hemin during the 

heme re-incorporation titrations. The highest possible Soret/protein ratio achieved 

through the re-incorporation of heme using hemin chloride was in the range of 1.7:1.0 to 

1.8:1.0 with rhIDO activity of 104 - 105.0 µmol/h/mg. The studies and outcomes of the 

heme re-incorporation experiments prompted investigations into the supplementation of 

hemin chloride prior to lysis of the E. coli EC538 (pQE-9-IDO, pREP4) cells (Chapter 2, 

Section 2.4.5 and Section 2.4.6).  

 

4.6.  Anion exchange of rhIDO 

The findings of heme loss upon re-purification of rhIDO and the results of heme 

re-incorporation into heme deficient rhIDO prompted the study of anion exchange 

chromatography experiments. This was done to evaluate the posibility of totally stripping 
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the heme b co-factor from purified rhIDO for the purpose of separating different forms of 

rhIDO without the heme b co-factor intact (apo-rhIDO) and the subsequent 

re-incorporation of heme. In this study rhIDO re-purified with Ni-NTA, PD-10, Amicon 

Ultra-15 filter and Superdex 75 PC 3.2/30 columns were used (Section 2.2 and 

Section 2.3). These investigations utilised resin based anion chromatography where 

polyethyleneimine (PI) and quaternary amine polyethyleneimine (QE and HQ) resins 

were used as the anion exchange resins. The anion exchange chromatographies were 

performed using buffers at pH 7.4 and 8.0 with a gradient buffer solution containing 

KCN, KCl or NaCl respectively. The salt in the solution competes in the binding towards 

the immobilised matrix, thereby releasing the rhIDO from its bound state at a given 

concentration with the heme bound to the immobilised matrix. The amount of salt 

required to compete varies with the external charge of the rhIDO. Since rhIDO is a 

charged molecule, it will interact with the column resin depending on the distribution of 

charged molecules on the surface of the rhIDO, displacing mobile counter ions and the 

heme that are bound to the resin. The net charge on rhIDO depends on the composition of 

its amino acids, charge distribution and on the pH of the buffering solution. The 

isoelectric point (pI) of rhIDO is the pH at which rhIDO is neutral. To study the strength 

of the heme b binding in rhIDO using anion chromatography, the surface charge of the 

rhIDO should be above its theoritical pI of 6.2. 

 

In this study PI-20 (PEI Ligand/Binding capacity 35 mg/mL), QE-20 (QPEI 

Ligand/Binding capacity 40 mg/mL), and HQ-20 (QPEI Ligand/Binding capacity 

60 mg/mL) POROS columns were used. A gradient elution from 0 to 1 M NaCl, KCl and 
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406 nm (heme)

gradient NaCl 0-1 M 

rhIDO

280 nm (protein)

conductance 

rhIDO

KCN (flow rate 2 mL/min) in 50 mM Tris-HCl pH 7.4 and 8.0 on a fast protein liquid 

chromatography (FPLC) system were done. The processes were monitored at 280 and 

406 nm. The studies showed that elution through the HQ-20 column with NaCl (0 to 1 M, 

gradient) at pH 8.0 provided the best result in stripping the heme b from rhIDO and not 

causing retention of the rhIDO in the column (Figure 4.13), nevertheless the resulting 

fraction gave agregated proteins. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Chromatogram of rhIDO eluted through HQ-20 (POROS) 

column with NaCl (0 to 1 M, gradient, 2 mL/min) in 50 mM Tris-HCl 

pH 8.0 (0 to 1 M, gradient) on a FPLC (fast protein liquid 

chromatography system (SMART-Pharmacia) monitored at 280 and 

406 nm with the heme b co-factor stripped from the protein. 

SDS-PAGE of the peak fraction (aggregated protein) is shown. 

 

 

The anion exchange chromatography of rhIDO using HQ-20 with gradient KCl and KCN, 

PI-20 and QE-20 with gradient NaCl, KCl and KCN did not strip the heme b from rhIDO 

and caused retention of the rhIDO in the column (Figure 4.14).  
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Figure 4.14 Chromatogram of rhIDO eluted through QE-20 (POROS) 

column with KCl (0 to 1M, gradient, 2 mL/min) in 50 mM Tris-HCl 

pH 8.0 (0 to 1 M, gradient) on a FPLC (fast protein liquid 

chromatography system (SMART-Pharmacia) monitored at 280 and 

406 nm with the heme b co-factor unstripped from the protein. 

 

 

Of these observations, it could be argued that the POROS columns used did have an 

effect on the stripping of the heme b from rhIDO, yet the performances of the systems 

suggests that it may not be appropriate for use in these studies. The ionic composition 

used had an influence on the stripping of the heme b and retention of the rhIDO, with 

KCN and KCl performing poorly compared to NaCl at pH 8.0 (Table 4.1). These 

qualitative studies suggest that within the specific limits of the anion exchange 

experiments that was done, it could be considered that the total stripping the heme b 

co-factor from purified rhIDO for the purpose of separating different forms of rhIDO 

without the heme b co-factor intact (apo-rhIDO) and the subsequent re-incorporation of 

heme cannot be done in this respect. 
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Purified recombinant human IDO 
(hemin addition prior to lysis) 

Normal Hemin addition 

Protein-Soret band ratio 
(ratio towards 1) 

1.4 1.7 

Specific activity 
(µmol/h/mg) 

81±3 102±5 

 

Table 4.1 Anion exchange experiment to strip the heme b co-factor 

from rhIDO using PI-20 (PEI Ligand/Binding capacity 35 mg/mL), 

QE-20 (QPEI Ligand/Binding capacity 40 mg/mL), and HQ-20 (QPEI 

Ligand/Binding capacity 60 mg/mL) POROS columns. These were 

done using gradient NaCl, KCl and KCN (0 to 1M, gradient, 2 mL/min) 

in 50 mM Tris-HCl pH 7.4 and 8.0 on a fast protein liquid 

chromatography (FPLC) System (SMART-Pharmacia LKB 

Biotechnology) monitored at 280 and 406 nm. 

 

 

 

 

 

 

 

 

4.7.  Supplementation of hemin prior to lysis 

Due to the findings of heme loss upon re-purification of rhIDO and the results of heme 

re-incorporation into heme deficient rhIDO, investigations of supplementing hemin 

chloride prior to lysis of E. coli EC538 (pQE-9-IDO, pREP4) cells in the French Press 

were done (Chapter 2, Section 2.4.5). This was considered conducive in sustaining the 

availability of the heme. Purification of rhIDO from lysed cells containing hemin chloride 

resulted in a higher rhIDO enzyme activity and Soret/protein ratio (Table 4.2). 
 

 

Table 4.2 The influence of the addition of hemin prior to lysis through 

the French Press of E. coli EC538 (pQE-9-IDO, pREP4) cells in the 

over-expression of rhIDO. Results of the Soret/protein ratio and the 

specific activity of the protein (post Ni-NA work-up) are shown. 
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(0.48) 280 nm

(0.82) 406 nm

 

The UV-Vis absorption spectrum of the resulting rhIDO with a Soret/protein ratio of 

1.7:1.0 is given in Figure 4.15. The native enzyme from placenta was reported to have a 

Soret/protein ratio of 2.2:1.0.
152

 Further analysis of rhIDO by CD analysis and kinetic 

studies showed that the results were as expected of rhIDO, as given elsewhere in this 

thesis (Chapter 3, Section 3.6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Absorption profile of rhIDO as an influence of the addition 

of hemin prior to lysis through the French Press of E. coli EC538 

(pQE-9-IDO, pREP4) cells in the over-expression of rhIDO, showing a 

Soret/protein ratio of 1.7:1.0 after purification. 

 

 

4.8.  Conclusion 

Heme release in rhIDO was observed during purification. This was consistent with 

fluctuations and decreases in the rhIDO Soret/protein ratio observed in previous studies 

on rhIDO by Austin.
10

 Studies of re-purification of rhIDO over ten cycles of consecutive 

re-freezing, re-thawing, re-dissolving and re-filtering with the Amicon Ultra-15 filter 
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concluded that the degree of loss in Soret/protein ratio, protein content and enzyme 

activity could reach up to 71, 70 and 80% respectively. A desalting step using a PD-10 

column prior to re-filtering with the Amicon Ultra-15 filter showed that the decrease in 

Soret/protein ratio, protein content and enzyme activity could reach 71, 82 and 62% 

respectively. This outcome concluded that elution through a PD-10 desalting column did 

not hinder the severe loss of heme during the re-purification with the Amicon Ultra-15 

filter suggesting that the process of heme loss from rhIDO upon re-purifications is not 

salt dependent. 

 

In this study, it was established that a gradual heme re-incorporation with hemin chloride 

showed a consistent gradual increase in Soret/protein ratio and enzyme activities. This 

increase was observed before and after the desalting process. Heme re-incorporation 

using low concentration of hemin chloride to rhIDO of low Soret/protein ratio, showed an 

increase in Soret/protein ratio and enzyme activity of 50% (from 1.1:1.0 to 1.7:1.0) and 

71% (from 60.5 to 103.6 µmol/h/mg), respectively. Heme re-incorporation using a high 

concentration hemin chloride towards high Soret/protein ratio rhIDO showed an increase 

of Soret/protein ratio and enzyme activity of 28% (from 1.4:1.0 to 1.8:1.0) and 38% 

(from 76.1 to 105.0 µmol/h/mg), respectively. High initial Soret/protein ratio rhIDO 

showed a higher lowering of enzyme activity and Soret/protein ratio with increased 

hemin concentration after desalting than low initial Soret/protein ratio rhIDO. From this 

study, the observed lowering of rhIDO enzyme activity and Soret/protein ratio after 

desalting during the heme re-incorporation titration verified that burdening the 

availability of heme occurred. 
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It can be concluded that the loss of rhIDO activity is caused by the loss of the heme 

prosthetic group of the enzyme. The re-incorporation of the heme was considered to 

reverse the process. It was observed that the re-incorporation of heme to the apo-protein 

through heme re-incorporation was a possibility. However, supplementing hemin chloride 

prior to lysis of E. coli EC538 (pQE-9-IDO, pREP4) cells in the French Press was 

considered conducive in sustaining the availability of the heme. Investigations in this 

study also established that the stripping of the heme b co-factor of rhIDO through anion 

exchange chromatography resulted towards aggregated proteins. The matrices and elution 

conditions of the anion exchange chromatography used in this study did not result in the 

efficient stripping of the heme b co-factor from the rhIDO. However, this needs to be 

investigated further in light of the possibility of using anion exchange for the purification 

of rhIDO. 

 



Chapter 5 

 

Mutagenesis of indoleamine 2,3-dioxygenase 
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Chapter 5 

 

Mutagenesis of indoleamine 2,3-dioxygenase 

 

The overall aim of this chapter is to give an account of mutagenic studies on rhIDO that 

were done to establish the contribution of individual cysteines towards the overall 

characteristics of rhIDO. 

 

5.1.  Cysteine residues of IDO 

Structurally, cysteine belongs to the sulphur amino acids. It contains the sulfhydryl (-SH) 

group, which is very reactive.
233

 The sulfhydryl group of cysteine is important for many 

proteins. It can readily act as a nucleophile and form thiol radicals, making it possible to 

form a covalent bond with other molecules. The ease of formation of such a covalent 

bond depends on the overall redox potential, the spatial environment as well as pH. 

Cysteines that are not involved in disulfide bridge formation, such as that in IDO, can 

stabilise the α-helix conformation in a protein. However, the high reactivity of the -SH 

group can possibly distort the regular structure by interactions with reactive oxygen 

species or other reactive groups.
240 

 

The cysteines in IDO are well distributed, mostly in its helices. Three of the cysteines are 

found in the small domain and five in the large domain. Those found in the small domain 

include Cys99 at helix D, Cys126 at helix E and Cys143 at helix F. Cys173 at helix G, 

Cys220 at helix I, Cys286 at helix M, Cys322 at helix O and Cys349 at helix Q are 
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Cys126 (E)

Cys99 (D) 

Cys143 (F) 

Cys173 (G) 
(O) Cys322 

(M) Cys286 

(I) Cys220 

(Q) Cys349 

Small domain 

Large domain

located in the large domain. Cys143 at helix F of the small domain and Cys173 at helix G 

of the large domain are close to the heme cavity. None of the cysteines are deeply buried 

inside the structure of IDO (Figure 5.1). To understand the role of these cysteines, this 

study aimed to replace them individually with alanine in the rhIDO and then examine the 

change in conformation and kinetics of the mutant enzymes against the non-mutated 

rhIDO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Structure of IDO showing the distribution of cysteines in the 

small and large domains. Cys99 at helix D, Cys126 at helix E and 

Cys143 at helix F are located in the small domain. Cys173 at helix G, 

Cys220 at helix I, Cys286 at helix M, Cys322 at helix O and Cys349 at 

helix Q are located in the large domain. Cys143 at helix F of the small 

domain and Cys173 at helix G of the large domain are close to the 

heme cavity.  
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5.2.  Site-directed mutagenesis of rhIDO 

Site-directed mutagenesis is a molecular biology technique in which a mutation is created 

at a defined site in a DNA molecule. Site-directed mutagenesis is an invaluable technique 

for studying protein structure-function relationships and gene expression.
153,154,162

 Several 

approaches to this technique are known.
10,236

 All the methods generally require 

single-stranded DNA (ssDNA) as the template.
236

 Site-directed mutagenesis of 

recombinant human indoleamine 2,3-dioxygenase cDNA (hIDO cDNA) was focused on 

the plasmid templates of hIDO cDNA using the polymerase chain reaction (PCR) 

method. This method involves the use of oligonucleotide primers containing the desired 

mutation.
 

 

Site-directed mutagenesis of hIDO cDNA to express mutated 6xHis-tagged rhIDO in 

E. coli EC538 (pQE-9-IDO-mutant, pREP4) has been done by Littlejohn
152

 (His16Ala, 

His303Ala, His346Ala, Val109Ala, Asp247Ala, Lys352Ala, a cut of Leu389), Austin
10

 

(Cys99Ala, Cys143Ala, Cys173Ala and Cys220Ala) and their co-workers. Site-directed 

mutations of rhIDO by Littlejohn and co-workers
152

 were aimed at identifying amino acid 

residues involved in either heme or substrate binding and to investigate the functional 

properties of a truncated rhIDO. The study by Austin
10

 and co-workers investigated 

selected cysteine residues for the influence on their vulnerability towards hydrogen 

peroxide. In this study, site-directed mutagenesis was done to make Cys126Ala, 

Cys286Ala, Cys322Ala and Cys349Ala mutants of rhIDO. This was to investigate 

whether or not selected cysteines contribute to the conformation, function and stability of 
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      - [6xHis-tag, 42-bp]. ... ATG AGA GGA TCG CAT CAT CAT CAT CAT CAT GGA TCC GTC GAC 
      - [6cHis-tag, 14-aa]. ... Met Arg Gly Ser His His His His His His Gly Ser Val Asp 
      1 ATG GCA CAC GCT ATG GAA AAC TCC TGG ACA ATC AGT AAA GAG TAC CAT ATT GAT GAA GAA  
      1 Met Ala His Ala Met Glu Asn Ser Trp Thr Ile Ser Lys Glu Tyr His Ile Asp Glu Glu 
     61 GTG GGC TTT GCT CTG CCA AAT CCA CAG GAA AAT CTA CCT GAT TTT TAT AAT GAC TGG ATG  
     21 Val Gly Phe Ala Leu Pro Asn Pro Gln Glu Asn Leu Pro Asp Phe Tyr Asn Asp Trp Met 
    121 TTC ATT GCT AAA CAT CTG CCT GAT CTC ATA GAG TCT GGC CAG CTT CGA GAA AGA GTT GAG  
     41 Phe Ile Ala Lys His Leu Pro Asp Leu Ile Glu Ser Gly Gln Leu Arg Glu Arg Val Glu 
    181 AAG TTA AAC ATG CTC AGC ATT GAT CAT CTC ACA GAC CAC AAG TCA CAG CGC CTT GCA CGT  
     61 Lys Leu Asn Met Leu Ser Ile Asp His Leu Thr Asp His Lys Ser Gln Arg Leu Ala Arg 
    241 CTA GTT CTG GGA TGC ATC ACC ATG GCA TAT GTG TGG GGC AAA GGT CAT GGA GAT GTC CGT  
     81 Leu Val Leu Gly Cys Ile Thr Met Ala Tyr Val Trp Gly Lys Gly His Gly Asp Val Arg 
    301 AAG GTC TTG CCA AGA AAT ATT GCT GTT CCT TAC TGC CAA CTC TCC AAG AAA CTG GAA CTG  
    101 Lys Val Leu Pro Arg Asn Ile Ala Val Pro Tyr Cys Gln Leu Ser Lys Lys Leu Glu Leu 
    361 CCT CCT ATT TTG GTT TAT GCA GAC TGT GTC TTG GCA AAC TGG AAG AAA AAG GAT CCT AAT  
    121 Pro Pro Ile Leu Val Tyr Ala Asp Cys Val Leu Ala Asn Trp Lys Lys Lys Asp Pro Asn 
    421 AAG CCC CTG ACT TAT GAG AAC ATG GAC GTT TTG TTC TCA TTT CGT GAT GGA GAC TGC AGT  
    141 Lys Pro Leu Thr Tyr Glu Asn Met Asp Val Leu Phe Ser Phe Arg Asp Gly Asp Cys Ser 
    481 AAA GGA TTC TTC CTG GTC TCT CTA TTG GTG GAA ATA GCA GCT GCT TCT GCA ATC AAA GTA  
    161 Lys Gly Phe Phe Leu Val Ser Leu Leu Val Glu Ile Ala Ala Ala Ser Ala Ile Lys Val 
    541 ATT CCT ACT GTA TTC AAG GCA ATG CAA ATG CAA GAA CGG GAC ACT TTG CTA AAG GCG CTG  
    181 Ile Pro Thr Val Phe Lys Ala Met Gln Met Gln Glu Arg Asp Thr Leu Leu Lys Ala Leu 
    601 TTG GAA ATA GCT TCT TGC TTG GAG AAA GCC CTT CAA GTG TTT CAC CAA ATC CAC GAT CAT  
    201 Leu Glu Ile Ala Ser Cys Leu Glu Lys Ala Leu Gln Val Phe His Gln Ile His Asp His 
    661 GTG AAC CCA AAA GCA TTT TTC AGT GTT CTT CGC ATA TAT TTG TCT GGC TGG AAA GGC AAC  
    221 Val Asn Pro Lys Ala Phe Phe Ser Val Leu Arg Ile Tyr Leu Ser Gly Trp Lys Gly Asn 
    721 CCC CAG CTA TCA GAC GGT CTG GTG TAT GAA GGG TTC TGG GAA GAC CCA AAG GAG TTT GCA  
    241 Pro Gln Leu Ser Asp Gly Leu Val Tyr Glu Gly Phe Trp Glu Asp Pro Lys Glu Phe Ala 
    781 GGG GGC AGT GCA GGC CAA AGC AGC GTC TTT CAG TGC TTT GAC GTC CTG CTG GGC ATC CAG  
    261 Gly Gly Ser Ala Gly Gln Ser Ser Val Phe Gln Cys Phe Asp Val Leu Leu Gly Ile Gln 
    841 CAG ACT GCT GGT GGA GGA CAT GCT GCT CAG TTC CTC CAG GAC ATG AGA AGA TAT ATG CCA  
    281 Gln Thr Ala Gly Gly Gly His Ala Ala Gln Phe Leu Gln Asp Met Arg Arg Tyr Met Pro 
    901 CCA GCT CAC AGG AAC TTC CTG TGC TCA TTA GAG TCA AAT CCC TCA GTC CGT GAG TTT GTC  
    301 Pro Ala His Arg Asn Phe Leu Cys Ser Leu Glu Ser Asn Pro Ser Val Arg Glu Phe Val 
    961 CTT TCA AAA GGT GAT GCT GGC CTG CGG GAA GCT TAT GAC GCC TGT GTG AAA GCT CTG GTC  
    321 Leu Ser Lys Gly Asp Ala Gly Leu Arg Glu Ala Tyr Asp Ala Cys Val Lys Ala Leu Val 
   1021 TCC CTG AGG AGC TAC CAT CTG CAA ATC GTG ACT AAG TAC ATC CTG ATT CCT GCA AGC CAG  
    341 Ser Leu Arg Ser Tyr His Leu Gln Ile Val Thr Lys Tyr Ile Leu Ile Pro Ala Ser Gln 
   1081 CAG CCA AAG GAG AAT AAG ACC TCT GAA GAC CCT TCA AAA CTG GAA GCC AAA GGA ACT GGA  
    361 Gln Pro Lys Glu Asn Lys Thr Ser Glu Asp Pro Ser Lys Leu Glu Ala Lys Gly Thr Gly 
   1141 GGC ACT GAT TTA ATG AAT TTC CTG AAG ACT GTA AGA AGT ACA ACT GAG AAA TCC CTT TTG  
    381 Gly Thr Asp Leu Met Asn Phe Leu Lys Thr Val Arg Ser Thr Thr Glu Lys Ser Leu Leu 
   1201 AAG GAA GGT ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
    401 Lys Glu Gly ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 
 

rhIDO. The site of mutagenesis of hIDO cDNA for the expression of the mutants in E. 

coli EC538 (pQE-9-IDO-mutant, pREP4) is shown in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Map of the site of mutagenesis of recombinant human 

indoleamine 2,3-dioxygenase cDNA (hIDO cDNA) to express mutated 

rhIDO in E. coli strain EC538 (pQE-9-IDO-mutant, pREP4) done by 

Littlejohn, Austin and co-workers (orange). Mutagenesis proposed in 

this study is included (red). 

 

 

In this study, the mutagenic oligonucleotide primers (Sigma Genosys) for use in the 

mutation of Cys126Ala, Cys286Ala, Cys322Ala and Cys349Ala in rhIDO are shown in 

Table 5.1. The oligonucleotide primers were designed to be used with the QuikChange II 

Site-Directed Mutagenesis Kit from Stratagene. 
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C126A                           +KpnI 

                                         Ala 

            primer(1)-3’..ATTGCGGTACCTTACGCCCAACTCTCCAAGAAA..5’ 

                      3’..ATTGCTGTTCCTTACTGCCAACTCTCCAAGAAA..5’   

                                         Cys       

                      5’..TAACGACAAGGAATGACGGTTGAGAGGTTCTTT..3’   

            primer(2)-5’..TAACGCCATGGAATGCGGGTTGAGAGGTTCTTT..3’ 

                                         Ala 

                               +KpnI 

 

 

 

C286A                                 +HindIII 

                                         Ala 

            primer(1)-3’..AGCAGCGTCTTTCAAGCTTTTGACGTCCTGCTG..5’ 

                      3’..AGCAGCGTCTTTCAGTGCTTTGACGTCCTGCTG..5’   

                                         Cys 

                      5’..TCGTCGCAGAAAGTCACGAAACTGCAGGACGAC..3’   

            primer(2)-5’..TCGTCGCAGAAAGTTCGAAAACTGCAGGACGAC..3’ 

                                         Ala 

                                      +HindIII 

  

C349A                     -HindIII 

                                         Ala 

            primer(1)-3’..GAAGCCTATGACGCCGCTGTGAAAGCTCTGGTC..5’ 

                      3’..GAAGCTTATGACGCCTGTGTGAAAGCTCTGGTC..5’  

                                         Cys 

                      5’..CTTCGAATACTGCGGACACACTTTCGAGACCAG..3’  

            primer(2)-5’..CTTCGGATACTGCGGCGACACTTTCGAGACCAG..3’ 

                                         Ala 

                          -HindIII 

  

C322A                                          +XbaI 

                                         Ala 

            primer(1)-3’..CACAGGAACTTCCTGGCCTCTCTAGAGTCAAAT..5’ 

                      3’..CACAGGAACTTCCTGTGCTCATTAGAGTCAAAT..5’  

                                         Cys 

                      5’..GTGTCCTTGAAGGACACGAGTAATCTCAGTTTA..3’  

            primer(2)-5’..GTGTCCTTGAAGGACCGGAGAGATCTCAGTTTA..3’ 

                                         Ala 

                                               +XbaI 

 

Table 5.1 Mutagenic oligonucleotide primers designed to facilitate the 

mutation of hIDO cDNA (Sigma Genosys). The mutation of 

Cys126Ala, Cys286Ala, Cys349Ala and Cys322Ala used the 

QuikChange II Site-Directed Mutagenesis Kit from Stratagene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The mutation of Cys126Ala, Cys286Ala, Cys322Ala and Cys349Ala were initially 

attempted by site-specific mutation of the double-stranded (dsDNA) plasmid of hIDO 

cDNA using the Stratagene’s QuikChange® II Site-Directed Mutagenesis Kit system. 

The method did not require the need for sub-cloning, specialised vectors, unique 

restriction sites or multiple transformations. The rapid three-step procedure system 

typically generates mutants with greater than 80% efficiency in a single reaction (Figure 

5.3).
283

 The QuikChange® II site-directed mutagenesis method is performed using 

PfuUltra® high-fidelity (HF) DNA polymerase for mutagenic primer-directed replication 

of both plasmid strands with the highest fidelity.
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Mutant Strand Synthesis 
Performing thermal cycling to: 

1) Denature DNA template 
2) Anneal mutagenic primers 

containing desired mutation 
3) Extend primers with DNA 

polymerase 
 
DpnI Digestion of Template 
Digesting parental methylated and 
hemimethylated DNA with DpnI 
 
 
 
 
 
 
Transformation 
Transforming mutated molecule 
into competent cells for nick repair 

 
dsDNA 

mutagenic oligonucleotide primers 
  

 

 

 

 

 

 

 

 

Figure 5.3 Overview of the proposed strategy using the Stratagene’s 

QuikChange® II Site-Directed Mutagenesis for the mutations of hIDO 

cDNA. The three steps are mutant strand synthesis, DpnI digestion of 

template and transformation. 

 

 

5.2.1. Site-directed mutagenesis of C126A, C286A, C349A and C322A 

Site-directed mutagenesis of Cys126 to Ala126 (C126A) was done using plasmid primer 

(1) 3’..ATTGCGGTACCTTACGCCCAACTCTCCAAGAAA..5’and plasmid primer (2) 

5’..TAACGCCATGGAATGCGGGTTGAGAGGTTCTTT..3’, with lengths of 33 

base-pairs (bp). They were from Sigma-Genosys and had an inserted silent mutation site 

for the DNA restriction enzyme digestion, KpnI, 3’..GGTACC..5’ and 5’..CCATGG..3’ 

replacing 3’..TGTTCC..5’ and 5’..ACAAGG..3’ (Table 5.1). 

 

Mutation of Cys286 to Ala286 (C286A) was achieved using the same approach and 

technique as given above for the mutation of C126A. The mutation utilised plasmid 

primer (1) 3’..AGCAGCGTCTTTCAAGCTTTTGACGTCCTGCTG..5’, primer 

(2) 5’..TCGTCGCAGAAAGTTCGAAAACTGCAGGACGAC..3’ and an inserted silent 
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mutation site for a DNA restriction enzyme digestion HindIII, replacing 3’..AAGCTT..5’ 

and 5’..TTCGAA..3’ with 3’..AGTGCT..5’ and 5’..TCACGA..3’ (Table 5.1). The length 

of the primers was 33 bp. 

 

As above, mutagenesis of Cys349 to Ala349 (C349A) was done using the plasmid primer 

(1) 3’..GAAGCCTATGACGCCGCTGTGAAAGCTCTGGTC..5’ and primer (2) 

5’..CTTCGGATACTGCGGCGACACTTTCGAGACCAG..3’ (33 bp) with an inserted 

silent mutation site taking away a DNA restriction enzyme digestion for HindIII, 

replacing 3’..AAGCTT ..5’ and 5’..TTCGAA..3’ with the existing 3’..AAGCCCT..5’ and 

5’..TTCGGA..3’ (Table 5.1). 

 

Initially the site-directed mutagenesis for the mutation of Cys322 to Ala322 (C322A) was 

done using the same approach and procedure as for C126A, C286A and C349A. Plasmid 

primer (1) 3’..CACAGGAACTTCCTGGCCTCTCTAGAGTCAAAT..5’ and plasmid 

primer (2) 5’..GTGTCCTTGAAGGACCGGAGAGATCTCAGTTTA..3’ (33 bp) with an 

inserted silent mutation site for a DNA restriction enzyme digestion, XbaI 

3’..TCTAGA..5’ and 5’..AGATCT..3’ in place of 3’..ATTAGA..5’ and 5’..TAATCT..5’ 

were used (Table 5.1). Using the approach, the mutation C322A was not successful. 

 

The mutations of C126A, C286A, and C349A were successful as indicated by their 

agarose gel electrophoresis of the restriction enzyme digested DNA (KpnI for C126A and 

HindIII for both C286A and C349A) compared to the undigested DNA, the non-mutated 

(non-mutant) DNA and the digested non-mutated DNA. DNA sequence analysis of the 
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5'    C    C    T    T    A    C    G    C    C    C    A    A    C    T    C    3'

Cys-126 to Ala-126 
                             [A] 

 

 

 

 
5'    T    T    T    C    A    G    G    C    C    T    T    T    G    A    C    3'

Cys-286 to Ala-286 

 

                              [B] 

 

 

 

 

 
5'    G    A    C    G    C    C    G    C    T    G    T    G    A    A    A    3'

Cys-349 to Ala-349 

 

                              [C] 

 

 

 

 

mutated pQE-9-IDO-C126A, pQE-9-IDO-C286A and pQE-9-IDO-C349A afforded the 

electropherograms of the DNA with the desired mutations conferring to the change of 

Cys126 to Ala126, Cys286 to Ala286 and Cys349 to Ala349 respectively (Figure 5.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Electropherograms of the DNA sequence analysis of 

mutated pQE-9-IDO-C126A [A], pQE-9-IDO-C286A [B] and 

pQE-9-IDO-C349A [C] showing the desired mutations conferring to 

the change of Cys126 to Ala126, Cys286 to Ala286 and Cys349 to 

Ala349 respectively. 
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The mutation of C322A was shown to be not successful, as indicated by its agarose gel 

electrophoresis of the restriction enzyme XbaI digested DNA compared to the undigested 

DNA, non-mutated DNA and digested non-mutated DNA. The digestion of the mutation 

result by XbaI did not show incision of the DNA and DNA sequence analysis did not 

show an electropherogram of the desired mutation. 

 

5.2.2. Troubleshooting the C322A site-directed mutagenesis 

 

As the standard thermal cycling parameters suggested by the manufacturer (Stratagene, 

Table 5.2) did not bring about the desired C322A mutation, modifications were made. 

The thermal cycling parameters were changed to those given in Table 5.2 (Change-1) by 

increasing the cycle in the second segment from 18 to 25 bases in length and lowering the 

annealing temperature from 79 °C to 55°C. This was to increase the efficiency of the 

PCR process. The C322A mutation did not occur as indicated from the agarose gel 

electrophoresis. As a result of this outcome, the cycle in the second segment was 

increased from 18 to 24 bases in length. The annealing temperature of the cycles were 

reduced from 79 °C to 76°C and the duration changed from 60 seconds (1 min) to 

45 seconds (Table 5.2, Change-2). This approach also did not give the desired mutations, 

suggesting that difficulties in the mutation were probably not due to the inefficiency of 

the thermal cycle. As mutation did not occur by using standard thermal cycling 

parameters given by the manufacturer (Stratagene) and through modifications, mutation 

experiments were done by processing the plasmids separately using the parameters to 

optimise the PCR process, as given in Table 5.2 (Change-3).  
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Table 5.2 Standard thermal cycling parameters for the QuikChange II 

site-directed mutagenesis method (Stratagene) for rhIDO 

(pQE-9-IDO=4.7 kb) and changes (Change-1, Change-2, Change-3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the first change, in the second segment the thermal cycles was increased from 18 to 

40 cycles and the annealing temperature lowered from 79 °C to 55 °C. At the third 

change, a third segment (95 °C for 10 minutes) was introduced for the mixed plasmids 

and this method was also unsuccessful to bring about the mutation of C322A. 

 

It is commonly believed that the guanine-cytosine (GC) content, as the nitrogenous bases 

of the plasmid, plays a part in the adaptation to higher melting temperatures during 

PCR.
283

 Therefore, in this study the length of the plasmid was increased from 33 to 

39 bases to increase the GC content from 48% to 54%. In this experiment, primer (1) 
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C322A                                          +XbaI 

                                         Ala 

         primer(1)-3’..GCTCACAGGAACTTCCTGGCCTCTCTAGAGTCAAATCCC..5’ 

                   3’..GCTCACAGGAACTTCCTGTGCTCATTAGAGTCAAATCCC..5’  

                                         Cys 

                   5’..CGAGTGTCCTTGAAGGACACGAGTAATCTCAGTTTAGGG..3’  

         primer(2)-5’..CGAGTGTCCTTGAAGGACCGGAGAGATCTCAGTTTAGGG..3’ 

                                         Ala 

                                               +XbaI 

 

 

C322A 

                                         Ala 

                           primer(1)-3’..GCCTCATTAGAGTCAAATCCC..5’ 

                                     3’..TGCTCATTAGAGTCAAATCCC..5’  

                                         Cys 

                5’..GGTCGAGTGTCCTTGAAGGAC..3’  

      primer(2)-5’..GGTCGAGTGTCCTTGAAGGAC..3’ 

 

3’..GCTCACAGGAACTTCCTGTGCTCATTAGAGTCAAATCCC..5’ and primer (2) 

5’..CGAGTGTCCTTGAAGGACACGAGTAATCTCAGTTTAGGG..3’ were used with 

an inserted silent mutation site for an XbaI DNA restriction enzyme digestion (Table 5.3) 

for the mutation of C322A. 

 

Table 5.3 Mutagenic oligonucleotide primers designed to facilitate the 

mutation of C322A at hIDO cDNA (Sigma Genosys). The mutation of 

Cys322Ala was done using the QuikChange II Site-Directed 

Mutagenesis Kit from Stratagene. 

 

 

 

 

 

The mutation was tried again with the new primers using the thermal cycling parameters 

given in Table 5.2. The mutation of Cys322 to Ala322 (C322A) was still unsuccessful. 

Subsequently, the mutation of C322A using the 5’-phosphate ends of the oligonucleotide 

primers to facilitate the mutation was examined. In this approach, plasmid (21 bases in 

length) primer (1) 3’..GCCTCATTAGAGTCAAATCCC..5’ and plasmid (21 bases in 

length) primer (2) 5’..GGTCGAGTGTCCTTGAAGGAC..3’ were used for the mutation 

of C322A (Table 5.4).  

 

 

Table 5.4 Mutagenic oligonucleotide primers designed to facilitate the 

mutation of C322A at hIDO cDNA (Sigma Genosys). The mutation of 

Cys322Ala was done using the TripleMaster PCR System from 

Eppendorf. 
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Mutant Strand Synthesis 
Performing thermal cycling to: 

1) Denature DNA template 
2) Anneal 5’-phosphated 

non/mutagenic primers 
containing desired mutation 

3) Extend primers with DNA 
polymerase 

 
DpnI Digestion of Template 
Digesting parental methylated and 
hemimethylated DNA with DpnI 
 
Ligation of Strands 
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strands with T4 DNA ligase  
 
Transformation 
Transforming mutated molecule 
into competent cells for nick repair 

 dsDNA mutagenic oligonucleotide primer 

non-mutagenic oligonucleotide primer  

The mutation was done using the TripleMaster PCR System (Eppendorf), where the 

5’-phosphate ends of the non-mutagenic and mutagenic oligonucleotide primers were 

used with ligation at the final step (Figure 5.5) and the cycling parameters as given in 

Table 5.5.  

 

 
 

Table 5.5 Cycling parameters for the TripleMaster PCR System 

mutagenesis method (Eppendorf) for rhIDO (pQE-9-IDO=4.7 kb). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.5 Overview of the mutation of hIDO cDNA to change Cys to 

Ala Cys322Ala in the rhIDO using the TripleMaster PCR System from 

Eppendorf and ligation with T4 DNA ligase. The four steps are mutant 

strand synthesis, DpnI digestion of template, ligation of strands and 

transformation. 
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5'    T    T    C    C    T    G    G    C    C    T    C    A    T    T    A    3'

Cys-322 to Ala-322 

 

                              [D] 

 

 

 

 

The mutation was successful as indicated by its DNA sequence analysis of the mutant 

C322A of the pQE-9-IDO. Figure 5.6 shows the electropherogram of the DNA with the 

desired mutations.  

 

 

 

 

 

 

Figure 5.6 Electropherograms of the DNA sequence analysis of 

mutated pQE-9-IDO-C322A [D] showing the desired mutations 

conferring to the change of Cys322 to Ala322. 

 

 

The mutated hIDO cDNA plasmids C126A, C286A, C322A and C349A were then 

transformed to competent cells of E. coli 538 (pREP4) with a view to expressing the 

mutated rhIDO. The mutated rhIDOs were then expressed and purified using the 

protocols given in Chapter 2. The mutated rhIDOs were then compared to the 

non-mutated rhIDO using the protocols given in Chapter 3. 

 

5.3.  CD of the non-mutated and mutated rhIDOs 

 

Circular dichroism (CD) studies of the non-mutated and mutated rhIDO (C126A, C286A, 

C322A and C349A) were done to observe the effect of the cysteines on the overall 

secondary structure of rhIDO. The secondary structure can be determined by CD 

spectroscopy in the far-UV spectral region (190 - 250 nm). At these wavelengths the 
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   ——  Non-mutant 

  ——  Cys126Ala 

  ——  Cys286Ala 

  ——  Cys322Ala 

  ——  Cys349Ala 

chromophore is the peptide bond. The signal arises when it is located in a regular folded 

environment. CD signals for α-helix, β-sheet and random-coil structures each give rise to 

a characteristic shape and magnitude. The approximate fraction of each secondary 

structure type that is present in any protein can thus be determined by analysing its 

far-UV CD spectrum.
30,275,278,321,322

 The far UV circular dichroism (CD) spectra of the 

non-mutated and mutated rhIDO are shown in Figure 5.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.7 Circular dichroism (CD) spectra of non-mutated and 

mutated C126A, C286A, C322A and C349A rhIDO. The CD spectra 

(190 - 290 nm) were taken with 25 mM Tris-HCl pH 7.4 in 2 mm 

pathlength cuvettes at 20 °C. The protein concentrations were 

approximately 1 mg/mL. 

 

 

Analysis of the CD spectra of the non-mutated and mutated rhIDO using comparisons to 

proteins of known proportion of α-helix and β-strand content showed structural 

characteristics of the mutated rhIDO. The K2D and K2D2 programs (EMBL, Heidelberg, 

Germany) and CDPro Software consisting of three programs SELCON3, CDSSTR and 
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αααα-Helix (%) ββββ-Strand (%) random-Coil (%)

non-mutant 68 4 28

C126A 61 7 32

C286A 59 15 26

C322A 62 11 27

C349A 57 10 33

CONTINLL for CD analysis (Colorado State University) were used for the 

determinations. The determined conformational characteristics of the non-mutated and 

mutated rhIDO are given in Table 5.6. 

 

Table 5.6 Secondary structure analysis of circular dichroism (CD) 

spectra of non-mutated and mutated C126A, C286A, C322A and 

C349A rhIDO. The CD spectral data (200 - 240 nm) were analysed 

using the K2D and K2D2 programs and confirmed by the CDPro 

program. 

 

 

 

 

 

 

 

 

 

 

Non-mutated rhIDO had 68% α-helix, 4% β-strand and 28% random-coil. The mutated 

rhIDO showed similar structural characteristics of 57 - 62% α-helix, 7 - 15% β-strand and 

27 - 33% random-coil. The results indicated that the site-directed mutagenesis of the Cys 

to Ala at positions Cys126, Cys286, Cys322 and Cys349 did not affect the secondary 

structure of the rhIDO.
322

 Both the non mutated and the mutated rhIDO had the order of 

conformational characteristics of α-helix (57 - 68%) > random-coil (26 - 33%) > β-strand 

(4 - 11%). However, it was evident that the site-directed mutagenesis brought about 

changes in the overall conformation of the rhIDO. The smallest difference in the CD 

spectra was observed between the mutant C286A and C322A of the rhIDO, which may 

be attributed to the spatial proximity of Cys286 to Cys322 in the 3D structure of IDO. 

Other observed changes included the β-strand conformational contribution of C286A, 

C322A and C349A mutated rhIDO compared to that of C126A mutant. This contribution 
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may possibly be due to the location of Cys126, which is at the small domain whereas the 

other cysteines (Cys286, Cys322 and Cys349) are at the large domain of the rhIDO 

(Figure 5.1). These CD studies of the non-mutated and mutated rhIDO suggest that there 

are significant effects of the cysteines, in particularly their localisation in regard to the 

overall secondary structure of rhIDO. 

 

5.4.  Soret region CD of the non-mutated and mutated rhIDOs 

 

In heme containing proteins, the dipole-dipole coupling involving heme transitions and 

allowed π→π* transitions of nearby aromatic side chains, gives rise to circular dichroism 

(CD) at the wavelength (λ350 - 450 nm) of the Soret band region (Soret region). Residues as 

far as 12 Å away, depending on the relative orientation, can affect the CD of heme groups 

at the Soret region. Simple alterations of the polarisation direction or orientation of a 

distal aromatic chromophore can result in significant alterations of both the complexity 

and magnitude of the CD spectra without implying any major conformational change in 

the protein structure or the heme group.
276,322

 The heme b co-factor (heme) of the rhIDO 

is a non-chiral molecule therefore it does not exhibit a CD signal in solution. However, 

when heme is incorporated into the highly asymmetric environment of rhIDO, a 

pronounced dichroism signal in the Soret region of the CD is observed. Heme CD has 

been attributed to coupled oscillator interactions between heme transitions and allowed 

π-π* transitions on nearby aromatic residues.
114

 In addition, inherent heme chirality 

arising from non-planar distortions can contribute to the Soret region of the CD.
114,276,322

 

CD spectroscopy of the Soret region of heme containing proteins has been recognised for 

its utility and simplicity in operations for conformational studies, even though 

interpreting the data has not been simple and there have been major controversies 
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   ——  Non-mutant 

  ——  Cys126Ala 

  ——  Cys286Ala 

  ——  Cys322Ala 

  ——  Cys349Ala 

concerning the technique.
276,322

 In this study, the CD Soret region spectra of non-mutated 

and mutated rhIDO were done. From the spectra, it was observed that changes from Cys 

to Ala in rhIDO gave rise to changes in the Soret region CD, suggesting environmental 

changes in the heme pocket
275

 (Figure 5.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.8 Circular dichroism (CD) Soret region spectra of 

non-mutated and the mutated C126A, C286A, C322A and C349A 

rhIDO. The CD spectra (300-500 nm) were taken with 25 mM Tris-HCl 

pH 7.4 in 2 mm pathlength cuvettes at 20 °C. The protein 

concentrations were approximately 5 mg/mL. 

 

 

It was also observed that the Soret region CD spectrum for the rhIDO C126A mutant was 

almost identical to that of the non-mutated rhIDO. This suggested that Cys286 was not 

directly associated with the heme b co-factor binding. By contrast, the mutagenesis of 

C126A, C322A and C349A showed a shift from the non-mutated rhIDO, suggesting 

associations of these cysteines with the heme b co-factor binding. 
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The degree of the complexity and magnitude of the CD spectral change was in the order 

of C349A > C322A > C126A. This is possibly attributed to the fact that Cys349 is in 

close proximity to the proximal His346 (Figure 5.1). His346 is directly bound to the 

heme b co-factor iron (Chapter 3, Figure 3.16).
284

 Both His346 and Cys349 are located 

in the same helix Q (Figure 5.1). From the study it was conceivable that the Cys to Ala 

site-directed mutagenesis of C349A, C322A and C126A of rhIDO induces changes in the 

protein secondary structure. These changes are associated with the binding of the heme b 

co-factor. This was not the case for C286A. Studies to understand the significance of the 

cysteines towards the nature of the heme b binding in rhIDO were not done as they were 

not the immediate focus of these investigations. 

 

5.5.  Thermal stabilities of the non-mutated and mutated rhIDOs 

 

Thermal stabilities and conformational transitions of mutated rhIDO were assessed using 

CD. This was achieved by investigating changes in the spectra with increasing 

temperature (20 - 99 °C) and comparing them to that of the non-mutated rhIDO 

(Figure 5.9). A single wavelength of 222 nm that monitors the specific feature of the 

protein α-helix structure as the major conformation of IDO was chosen. To determine the 

thermal melt, a first order peak derivate of the CD thermal melt spectra of non-mutated 

and mutated rhIDO were plotted (Figure 5.10). The thermal melt values from the first 

order peak derivate of the CD thermal melt spectra are shown in Table 5.7. 

 

Results of the thermal melt experiments did not show any significant change in the 

thermal melt of the mutated rhIDO in comparison to the non-mutated rhIDO. 
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   ——  (Tm=50.2°C) Non-mutant 

  ——  (Tm=47.8°C) Cys126Ala 

  ——  (Tm=49.8°C) Cys286Ala 

  ——  (Tm=50.4°C) Cys322Ala 

  ——  (Tm=48.8°C) Cys349Ala 

  

  
  ——  (Tm=50.2°C) Non-mutant 

  ——  (Tm=47.8°C) Cys126Ala 

  ——  (Tm=49.8°C) Cys286Ala 

  ——  (Tm=50.4°C) Cys322Ala 

  ——  (Tm=48.8°C) Cys349Ala 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.9 Circular dichroism (CD) thermal melt spectra of 

non-mutated and mutated C126A, C286A, C322A, and C349A rhIDO. 

The CD spectra (222 nm) were taken with 25 mM Tris-HCl pH 7.4 in 2 

mm pathlength cuvettes at 20 - 99 °C. The protein concentrations were 

approximately 1 mg/mL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.10 First order peak derivate of circular dichroism (CD) 

thermal melt spectra of non-mutated and mutated C126A, C286A, 

C322A, and C349A rhIDO. The CD spectra (222 nm) were taken with 

25 mM Tris-HCl pH 7.4 in 2 mm pathlength cuvettes at 20 - 99 °C. The 

protein concentrations were approximately 1 mg/mL. 
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Table 5.7 Thermal melt values from first order peak derivate of circular 

dichroism (CD) thermal melt spectra of non-mutated and mutated 

C126A, C286A, C322A, and C349A rhIDO. 

 

 

 

 

 

 

 

 

 

The melt temperatures were in the range of 47.8 - 50.4 °C. The rhIDO C322A resides in 

the upper range of 50.4 °C and the mutant C126 resides in the lower end of 47.8 °C.  

 

5.6.  UV-Vis spectroscopy of non-mutated and mutated rhIDOs 

 

UV-Vis spectroscopy was done on the non-mutated and mutated rhIDO. The mutants 

gave the same spectroscopic profile as the non mutants with maxima at 280 nm and 

406 nm (Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.11 UV-Vis spectra of non-mutated and mutated C126A, 

C286A, C322A, and C349A rhIDO. The spectra (250 - 450 nm) were 

taken with 25 mM Tris-HCl pH 7.4 in 2 mm pathlength cuvettes at 

room temperature. The protein concentrations were approximately 

1 mg/mL. 
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This suggested that the site-directed mutagenesis towards the cysteines did not affect the 

UV-Vis characteristics of rhIDO. The Soret/protein ratios were also deduced (Table 5.8). 

It should be noted that batch to batch variations of the Soret/protein ratio was observed 

for rhIDO and the magnitude of the Soret band maximum at 406 nm depends on the 

oxidation, ligation, and conformation states of the chromophores of the rhIDO.
322

 

(Chapter 4). 

 

Table 5.8 The Soret/protein ratio (406:280 nm) calculated from spectra 

(250 - 450 nm) taken with 25 mM Tris-HCl pH 7.4 in 2 mm pathlength 

cuvettes at room temperature. The protein concentrations were 

approximately 1 mg/mL. 

 

 

 

 

 

 

 

 

 

 

5.7.  Kinetics of non-mutated and mutated rhIDOs 

 

The enzyme kinetics of non-mutated and mutated rhIDO were analysed and compared 

using L-Trp and D-Trp as substrates. As the enzyme pool might contain inactive enzyme, 

the kinetics were determined as a function of the active enzyme. To determine the 

concentration of the active enzymes, the extinction coefficient at 280 nm, 

ε = 51380 M
-1

 cm
-1

 in 6.0 M guanidium hydrochloride (pH 6.5) was used. The kinetics of 

the non-mutated as well as the mutated rhIDO as plots of the substrate concentrations (S) 

against velocity (v) were constructed. Six substrate concentrations for L-Trp and D-Trp 

were used to construct the Michaelis-Menten, Lineweaver-Burk and Eadie-Hofstee plots. 
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The Michaelis-Menten kinetics is relevant to situations where simple kinetics can be 

assumed (Chapter 3, Section 3.6.1). The standard analyses of enzyme kinetics were used 

in this study, where it is assumed that the production of product is linear with time. It is 

assumed that the concentration of substrate vastly exceeds the concentration of enzyme 

and no cooperativity and neither substrate nor product acts as an allosteric modulator to 

alter the enzyme velocity (Chapter 3, Section 3.6.1).  

 

In order to determine the maximum rate of rhIDO mediated reaction, the initial rate (v) of 

product formation (20 minutes) for various substrate concentrations was measured. The 

measurements were then plotted in a Lineweaver-Burk plot (Chapter 3, Section 3.6.1). 

As the double reciprocal plot can distort the error structure of the data, the Eadie-Hofstee 

plots were also constructed. The Eadie-Hofstee plot is a graphical representation of 

enzyme kinetics, in which reaction velocity is plotted as a function of the velocity versus 

substrate concentration ratio to linearise the Michaelis-Menten equation. It is more robust 

against error-prone data than the Lineweaver-Burk plot, particularly because it gives 

equal weight to data points in any range of substrate concentration or reaction velocity. 

Both plots remain useful as a means of presenting the data graphically to accompany the 

Michaelis-Menten plot. 

 

The Michaelis-Menten, Lineweaver-Burk and Eadie-Hofstee plots for L-Trp as substrate 

are shown in Figure 5.12, Figure 5.13 and Figure 5.14 respectively. Similar plots for 

D-Trp as substrate are shown in Figure 5.15, Figure 5.16 and Figure 5.17 respectively. 
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                 Lineweaver-Burk Plot [Substrate, L-Trp] vs. rhIDO
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Figure 5.12 Michaelis-Menten plot of the kinetic study of non-mutated 

rhIDO and mutated C126A, C286A, C322A, and C349A rhIDO with 

L-Trp as substrate, showing the substrate concentration versus the 

turnover rate in µmoles of kynurenine produced per mg of protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.13 Lineweaver-Burk plot of the kinetic study of non-mutated 

and mutated C126A, C286A, C322A, and C349A rhIDO with L-Trp 

substrate, showing the substrate concentration versus the turnover rate 

in µmoles of kynurenine produced per mg of protein. 
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Figure 5.14 Eadie-Hofstee plot of the kinetic study of non-mutated and 

the mutated 126A, C286A, C322A, and C349A rhIDO with L-Trp 

substrate, showing the substrate concentration versus the turnover rate 

in µmoles of kynurenine produced per mg of protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.15 Michaelis-Menten plot of the kinetic study of non-mutated 

and mutated C126A, C286A, C322A, and C349A rhIDO with D-Trp as 

substrate, showing the substrate concentration versus the turnover rate 

in µmoles of kynurenine produced per mg of protein. 
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Figure 5.16 Lineweaver-Burk plots of the kinetic study of non-mutated 

and the mutated C126A, C286A, C322A, and C349A rhIDO with 

D-Trp as substrate, showing the substrate concentration versus the 

turnover rate in µmoles of kynurenine produced per mg of protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.17 Eadie-Hofstee plot of the kinetic study of non-mutated 

and mutated C126A, C286A, C322A, and C349A rhIDO with L-Trp as 

substrate, showing the substrate concentration versus the turnover rate 

in µmoles of kynurenine produced per mg of protein. 
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The resulting values for Km and Vmax of the mutated rhIDO were compared to those of the 

non-mutated rhIDO. Comparison of the values of the Vmax / Km gives an idea of the effect 

of the site-directed mutagenesis towards the catalytic efficiency of the enzyme for a 

specific substrate. The kinetic parameters of the non-mutated and C126A, C286A, 

C322A and C349A mutated rhIDO from the plots were analysed and are given in 

Table 5.9. 

 

Table 5.9 Kinetic parameters of the kinetic study of non-mutated and 

mutated C126A, C286A, C322A, and C349A rhIDO with L-Trp and 

with D-Trp as substrate for the substrate concentration versus the 

turnover rate in µmoles of kynurenine produced per mg of protein. 

 

 

 

 

 

 

 

 

 

 

 

 

From the study, it was observed that the specificity of mutant C126A towards L-Trp was 

approximately half that of the non-mutant rhIDO (48% loss). The specificity towards 

D-Trp was nearly 2.8 fold to that of the non-mutant rhIDO (182% gain). Mutant C286A 

specificity towards L-Trp was 0.2 times that of the non-mutant (78% loss), whereas the 

specificity towards D-Trp was 0.9 fold to that of the non-mutant (9% loss). The 

specificity of mutant C322A towards L-Trp was 0.2 times that of the non-mutant 

(83% loss), whereas the specificity towards D-Trp was 1.2 times that of the non-mutant 

(17% gain). Mutant C349A specificity towards L-Trp was 0.5 times that of the 

non-mutant (46% loss) and the specificity towards D-Trp was 0.3 times that of the 
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non-mutant (67% loss). All the mutants, C126A, C286A, C322A and C349A showed a 

decrease in specificity towards L-Trp with C322A showing the highest decrease 

(78% loss). However, mutants C126A and C322A showed increased specificity towards 

D-Trp, with C126A showing the highest increase (2.8 fold, 280%). Mutants C286A and 

C349A showed decreases with C349A having the highest decrease (67% loss). 

 

This study confirmed that the Cys to Ala site-directed mutagenesis contributed to the 

changes in the kinetics of the mutated rhIDO, as compared to the non-mutated rhIDO. 

From the results, it can be concluded that the cysteine residue of rhIDO, is to a certain 

extent involved in the normal catalytic function of the enzyme. It is also highly likely that 

the change from Cys to Ala in the mutants changed the conformation of the enzyme. This 

change of conformation may have been responsible for the accessibility of the specific 

substrates to the active site, resulting in the diverse kinetics observed. 

  

5.8.  Conclusion 

Cysteines are well distributed in the helices of IDO, with Cys99 at helix D, Cys126 at 

helix E, Cys143 at helix F, Cys173 at helix G, Cys220 at helix I, Cys286 at helix M, 

Cys322 at helix O and Cys349 at helix Q. Site-directed mutagenesis of Cys126, Cys286, 

Cys322 and Cys347 to their corresponding alanines were done to investigate the 

influence of the selected cysteine residues on the overall characteristics and stability of 

rhIDO. The mutation of Cys126Ala, Cys286Ala and Cys349Ala utilised the QuikChange 

II Site-Directed Mutagenesis Kit (Stratagene) using the direct mutation of the 

double-stranded plasmid of pQE-9-IDO. The system could not be used for the mutation 

of Cys322Ala. Modifications in the oligonucleotide primers, procedures and conditions 
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for the mutations, including steps in the PCR were unsuccessful. Mutation of Cys322Ala 

was accomplished by using the TripleMaster PCR System (Eppendorf). The significant 

difference between the mutation of Cys126Ala, Cys286Ala and Cys349Ala and that of 

Cys322Ala is that whereas the mutation of Cys322Ala did not use the direct mutation of 

the double-stranded plasmid of pQE-9-IDO, the mutation of Cys322Ala used the 

5’-phosphate ends of the oligonucleotide primers that were ligated at the final step. The 

mutagenic oligonucleotide used is given in Table 5.10. 

 
 

Table 5.10 Mutagenic oligonucleotide primers for the site-directed 

mutagenesis at hIDO cDNA. The mutation of Cys126Ala, Cys286Ala 

and Cys349Ala were done using the QuikChange II Site-Directed 

Mutagenesis Kit from Stratagene with the approach as suggested, and 

the mutation of Cys322Ala was accomplished by using the 

TripleMaster PCR System from Eppendorf with the approach as 

suggested. 

 

 

 

 

  

 

 

 

 

 

   

 

   
 Cys126Ala                                                +KpnI 

                                                                  Ala 

                                     primer(1)-3’..ATTGCGGTACCTTACGCCCAACTCTCCAAGAAA..5’ 

  321  3’..CAAAGGTCATGGAGATGTCCGTAAGGTCTTGCCAAGAAATATTGCTGTTCCTTACTGCCAACTCTCCAAGAAACTGGAAC..5’  400 

                                                                  Cys       

  321  5’..GTTTCCAGTACCTCTACAGGCATTCCAGAACGGTTCTTTATAACGACAAGGAATGACGGTTGAGAGGTTCTTTGACCTTG..3’  400 

                                     primer(2)-5’..TAACGCCATGGAATGCGGGTTGAGAGGTTCTTT..3’ 

                                                                  Ala 

                                                      +KpnI 

  

 Cys286Ala                                                   +HindIII 

                                                                  Ala 

                                     primer(1)-3’..AGCAGCGTCTTTCAAGCTTTTGACGTCCTGCTG..5’ 

  801  3’..GGAAGACCCAAAGGAGTTTGCAGGGGGCAGTGCAGGCCAAAGCAGCGTCTTTCAGTGCTTTGACGTCCTGCTGGGCATCC..5’  880 

                                                                  Cys 

  801  5’..CCTTCTGGGTTTCCTCAAACGTCCCCCGTCACGTCCGGTTTCGTCGCAGAAAGTCACGAAACTGCAGGACGACCCGTAGG..3’  880 

                                     primer(2)-5’..TCGTCGCAGAAAGTTCGAAAACTGCAGGACGAC..3’ 

                                                                  Ala 

                                                                 +HindIII 

 

 Cys322Ala 

                                                      Ala 

                                        primer(1)-3’..GCCTCATTAGAGTCAAATCCC..5’ 

  921  3’..GGACATGAGAAGATATATGCCACCAGCTCACAGGAACTTCCTGTGCTCATTAGAGTCAAATCCCTCAGTCCGTGAGTTTG..5’ 1000 

                                                      Cys 

  921  5’..CCTGTACTCTTCTATATACGGTGGTCGAGTGTCCTTGAAGGACACGAGTAATCTCAGTTTAGGGAGTCAGGCACTCAAAC..3’ 1000 

                   primer(2)-5’..GGTCGAGTGTCCTTGAAGGAC..3’ 

 

 

 Cys349Ala         -HindIII 

                                   Ala 

      primer(1)-3’..GAAGCCTATGACGCCGCTGTGAAAGCTCTGGTC..5’ 

 1021  3’..GGCCTGCGGGAAGCTTATGACGCCTGTGTGAAAGCTCTGGTCTCCCTGAGGAGCTACCATCTGCAAATCGTGACTAAGTA..5’ 1100 

                                   Cys 

 1021  5’..CCGGACGCCCTTCGAATACTGCGGACACACTTTCGAGACCAGAGGGACTCCTCGATGGTAGACGTTTAGCACTGATTCAT..3’ 1100 

      primer(2)-5’..CTTCGGATACTGCGGCGACACTTTCGAGACCAG..3’ 

                                   Ala 

                   -HindIII 
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The similar characteristics observed for the mutated and non-mutated rhIDO using CD 

studies, suggest that the change of the Cys to Ala at position Cys126, Cys286, Cys322 

and Cys349 had subtle effects on the secondary structure of the rhIDO. It was also 

observed that the smallest difference in the CD spectra is between the mutant C286A and 

C322A, which is probably attributed to the fact that Cys286 is in spatial proximity to 

Cys322 in the rhIDO. Changes in the β-strand of C286A, C322A and C349A compared 

to that of C126A mutant may have been due to the location of Cys126, which is at the 

small domain and not at the large domain as the others in the rhIDO are. The CD studies 

suggested that there is subtle but significant effect of the cysteines and their localisation 

towards the overall secondary structure of rhIDO. 

 

The results from the Soret region CD studies of the mutants and non-mutants suggested 

that changes from Cys to Ala in rhIDO give rise to environmental change in the heme 

pocket. The Soret region CD spectrum of C286A was almost identical to that of the 

non-mutated rhIDO, suggesting that Cys286 was not directly associated with the heme b 

co-factor binding. The other mutants C126A, C322A, and C349A showed shifts from the 

non-mutated rhIDO suggesting that they were associated with the heme b co-factor 

binding. The degree of the complexity and magnitude of the CD spectral change was in 

the order of C349A > C322A > C126A, suggesting that the site-directed mutagenesis of 

the Cys to Ala at positions Cys349 was directly associated with the heme b co-factor 

binding. From this study it is conceivable that the Cys to Ala site-directed mutagenesis of 

C349A, C322A and C126A of rhIDO induces subtle changes in the protein secondary 

structure, thereby facilitating the binding of the heme b co-factor, which was not the case 
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for C286A. Further studies to understand the significance of the cysteines towards the 

nature of the heme b binding in rhIDO and the effects toward the catalytic properties of 

rhIDO are recommended. 

 

The result of the thermal melt experiments did not show any significant change in the 

thermal melt of the mutated rhIDO in comparison to the non-mutated rhIDO. UV-Vis 

spectroscopy studies did not show any significant changes upon mutation. All the 

mutants, C126A, C286A, C322A and C349A exhibited a decrease in specificity towards 

L-Trp with C322A showing the highest decrease (78% loss). However, with D-Trp, 

mutants C126A and C322A showed increased specificity, with C126A showing the 

highest increase (280%), while mutants C286A and C349A showed decreased activity 

with C349A having the greatest loss (67%). This study confirms that the cysteine 

moieties of rhIDO are involved in the normal catalytic function of the enzyme. It is 

highly likely that the change from Cys to Ala in the mutants changed the conformation of 

the enzyme, which was a determining factor to the accessibility of the specific substrates 

to the active site. This change in conformation resulted in the diverse kinetics observed. 

 



Chapter 6 

 

Conclusions and recommendations 
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Chapter 6 

 

Conclusions and recommendations 

 

Since the discovery by Hayaishi and co-workers, IDO has been intensively studied for the 

understanding, treatment, and preventing of various diseases.
172,181,183,186

 IDO is involved 

in various aspects of biological systems and functions.
247,252,253

 The ever expanding 

research on IDO has increased the demand for large quantities and better quality rhIDO, 

Reproducibility in the expression and purification of rhIDO is crucial in this respect. In 

our interest to further understand the nature and characteristics of IDO, this study 

investigated various aspects and approaches towards optimising the yields and quality of 

rhIDO expressed in E. coli EC538 (pQE-9-IDO, pREP4) and was aimed to i) optimise the 

expression of rhIDO in E. coli (pQE-9-IDO, pREP4) in order to obtain high quality 

enzyme, ii) evaluate the characteristics and stability of rhIDO in order to understand its 

behaviour as a support towards further studies, iii) study the re-incorporation of the heme 

b co-factor of rhIDO as an approach to optimising the availability of the enzyme for 

further studies and iv) evaluate the contribution of individual cysteines towards the 

overall catalytic properties and stability of rhIDO through mutagenesis studies. 

 

Recombinant human indoleamine 2,3-dioxygenase (rhIDO) expressed in E. coli EC538 

(pQE-9-IDO, pREP4) has a potential to offer a viable supply of IDO and in order to 

obtain substantial quantities of high quality rhIDO, the methods for the expression of 

rhIDO in E. coli EC538 (pQE-9-IDO, pREP4) by Littlejohn,
152

 Austin
9.10

 and their 
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co-workers were optimised. Specifically the lowering of the growth temperature of 

E. coli EC538 (pQE-9-IDO, pREP4) from 37 °C to 30 °C was shown to significantly 

reduce the formation of rhIDO as inclusion bodies and enhance the yield of soluble 

rhIDO. Better and reproducible yields of rhIDO were also obtained when the expression 

was carried out in the dark, without the additions of PMSF during growth and the 

addition of hemin prior to lysis of the cells. The Soret/protein ratio of rhIDO was 

observed to reach a maximum of 1.70:1.00 in this study and this value represents the 

quality of the rhIDO that is associated with rhIDO activity and purity. The incorporation 

of ALA and the optimal concentration of IPTG for induction for the expression of rhIDO 

were considered. Induction with high concentration of IPTG (100 µM or higher) was 

associated with the formation of rhIDO as inclusion bodies. High Soret/protein ratios and 

specific activity values that are characteristics of high quality rhIDO were achieved by 

inducing the expression of rhIDO in E. coli EC538 (pQE-9-IDO, pREP4) with 10 µM 

IPTG. Semi-anaerobic conditions did not have a significant effect on the yield and quality 

of the rhIDO. 

 

In the 3D modelling and the docking experiments, the nature of IDO, its active site, its 

complex with L-Trp and its catalytic mechanism towards the reaction of L-Trp were 

studied. The ArgusDock docking engine was used to dock L-Trp into the active site of 

IDO. The docking experiments supported that the proximal side of the heme b co-factor 

is occupied only by side chains from the large domain Q (His346), S (Leu384, Phe387) 

and N (His287). The modelling and docking experiments were able to map IDO’s active 

site and its complex with L-Trp.  
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In the characterisation of rhIDO, the mass spectrum from a direct injection ESI-MS of 

rhIDO was deconvoluted with Micromass MaxEnt1 processing giving a mass of 47,758 

kDa for the rhIDO and due to adduct ion species of multiply charge rhIDO in the ESI-MS 

spectra, the value of 47,758 kDa for a direct injection ESI-MS of rhIDO is consistent with 

this mass. The SDS-PAGE of the rhIDO was consistent to the ESI-MS result. In this 

study, the Soret/protein ratio of rhIDO was observed to reach a maximum of 1.70:1.00. 

However, it was established that the ratios fluctuated from sample to sample depending 

upon the treatment of the samples. 

 

Reduction of the rhIDO heme b co-factor iron from its ferric (Fe
3+

) to its ferrous (Fe
2+

) 

state with sodium dithionite was done. One minute after the initial reaction, the UV-Vis 

spectra showed an additional peak at 314 nm for dithionite and a shift of the peak at 

406 nm to 421 nm. After ten minutes the peaks returned to their original position with a 

lower absorption at 406 nm. CD studies of the reduction suggested that one minute after 

the initial reaction, an increased α-helix but a lowered β-strand and random-coil 

conformations occurred. This result suggested that changes in conformations occurred to 

facilitate the reaction of rhIDO in its active site and perhaps it is important to take 

account this conformational changes in order to support the efficacy of IDO as a novel 

target in therapy and drug discovery.
113,119,126,163,169,192

 Further studies on this are required. 

The findings on the reduction of the rhIDO heme b co-factor iron from its ferric (Fe
3+

) to 

its ferrous (Fe
2+

) state with sodium dithionite, suggested that, the reduction facilitates the 

reaction in the rhIDO active site, changing the conformations of rhIDO. This needs to be 

investigated further so as to support the rational design and development of potential IDO 

inhibitors in drug discovery. 
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Discrepancies between the previous findings
10,174 

and the findings in this study were 

observed in the Soret/protein ratios, specific activities and CD spectral studies when 

rhIDO was incubated at a temperature range of 4 to 20 °C in a period of 2 to 6 hours. In 

this study it was found that under those conditions rhIDO was highly stable and retained 

its activity. In the study of the effect of cryoprotectants it was found that the use of 0.5 M 

sucrose as a cyroprotectant severely degraded rhIDO. The preservative effects of 

cyroprotectants in the freezing of rhIDO was in the order of 40% glycerol > 

10% DMSO > absence of cryoprotectants > 0.5 M sucrose. From the study it could be 

seen that the process of freezing and thawing can result in severe damage to rhIDO. This 

is most probably due to the possibility of surface induced denaturation which occurs 

during freezing and thawing.
236

 Upon fast freezing, it can be assumed that ice crystals and 

a large surface area of ice-liquid interface are formed and hence increasing the exposure 

of the rhIDO molecules to the ice-liquid interface.
237

 Due to recrystallisation which exerts 

additional interfacial tension on entrapped rhIDO, further damage is probable during 

thawing. The patterns of the dependency on cryoprotectants showed that damage of 

rhIDO in aqueous solutions could be reduced by preserving rhIDO in 40% glycerol at 

-20°C as this resulted in only a small decrease in Soret/protein ratio (6%), specific 

activity (24%) and protein concentration (17%).  The patterns of the dependency on 

cryoprotectants showed that damage of rhIDO in aqueous solutions could be reduced by 

preserving rhIDO in 40% glycerol at -20°C. This preservation, results only in a small 

decrease of the Soret/protein ratio (6%), specific activity (24%) and protein concentration 

(17%). It was found in this study that rhIDO is more stable in concentrated, rather than 

dilute solutions. 
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In the studies of rmIDO and rhIDO it was found that rhIDO utilises L-Trp more 

efficiently than rmIDO but the reverse is true for D-Trp. CD and thermal melt studies 

concluded that rhIDO is less helical (61% helix) than the rmIDO (71% helix) and that 

rhIDO has a lower melt temperature than rmIDO, indicating that rmIDO is more 

thermostable than rhIDO. Homology and database analysis of rhIDO and rmIDO showed 

some similarities in both physical and kinetic properties. Kinetic studies of rhIDO and 

rmIDO using L-Trp and D-Trp as substrates showed similar substrate preferences where 

the preference towards L-Trp (µM range) was greater than towards D-Trp (mM range). 

The relative catalytic efficiency of rhIDO towards L-Trp (3.73) was higher compared to 

rmIDO (1.40) whereas the relative catalytic efficiency of rhIDO towards D-Trp (0.02) 

was lower compared to rmIDO (0.03). From the study it could be concluded that rhIDO 

utilises L-Trp more efficiently than rmIDO but the reverse is true for D-Trp. CD and 

thermal melt studies established that rhIDO is less helical (61% helix) than rmIDO (71% 

helix). The studies also showed that rhIDO has a lower melt temperature (50 ºC) than 

rmIDO (65 ºC), indicating that rmIDO is more thermostable than rhIDO. From these 

observations, it could be concluded that there are significant differences between rhIDO 

and rmIDO despite their 60% similarities. These differences must be recognised and 

accounted for, before the interpretation of experimental findings from one system to 

another is applied, especially as murine models are commonly used to study human 

conditions relevant to the expression of IDO. 

 

Heme release in rhIDO was observed during purification. This was consistent with 

fluctuations and decreases in the rhIDO Soret/protein ratio observed in previous studies 
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on rhIDO by Austin.
10

 Studies of re-purification of rhIDO over ten cycles of consecutive 

re-freezing, re-thawing, re-dissolving and re-filtering with the Amicon Ultra-15 filter 

concluded that the degree of loss in Soret/protein ratio, protein content and enzyme 

activity could reach up to 71, 70 and 80% respectively. A desalting step using a PD-10 

column prior to re-filtering with the Amicon Ultra-15 filter showed that the decrease in 

Soret/protein ratio, protein content and enzyme activity could reach 71, 82 and 62% 

respectively. This outcome concluded that elution through a PD-10 desalting column did 

not hinder the severe loss of heme during the re-purification with the Amicon Ultra-15 

filter suggesting that the process of heme loss from rhIDO upon re-purifications is not 

salt dependent. 

 

In this study, it was established that a gradual heme re-incorporation with hemin chloride 

showed a consistent gradual increase in Soret/protein ratio and enzyme activities. This 

increase was observed before and after the desalting process. Heme re-incorporation 

using low concentration of hemin chloride to rhIDO of low Soret/protein ratio, showed an 

increase in Soret/protein ratio and enzyme activity of 50% (from 1.1:1.0 to 1.7:1.0) and 

71% (from 60.5 to 103.6 µmol/h/mg), respectively. Heme re-incorporation using a high 

concentration hemin chloride towards high Soret/protein ratio rhIDO showed an increase 

of Soret/protein ratio and enzyme activity of 28% (from 1.4:1.0 to 1.8:1.0) and 38% 

(from 76.1 to 105.0 µmol/h/mg), respectively. High initial Soret/protein ratio rhIDO 

showed a higher lowering of enzyme activity and Soret/protein ratio with increased 

hemin concentration after desalting than low initial Soret/protein ratio rhIDO. From this 

study, the observed lowering of rhIDO enzyme activity and Soret/protein ratio after 

desalting during the heme re-incorporation titration verified that burdening the 
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availability of heme occurred. It can be concluded that the loss of rhIDO activity is 

caused by the loss of the heme prosthetic group of the enzyme. The re-incorporation of 

the heme was considered to reverse the process. It was observed that the re-incorporation 

of heme to the apo-protein through heme re-incorporation was a possibility. However, 

supplementing hemin chloride prior to lysis of E. coli EC538 (pQE-9-IDO, pREP4) cells 

in the French Press was considered conducive in sustaining the availability of the heme. 

Investigations in this study also established that the stripping of the heme b co-factor of 

rhIDO through anion exchange chromatography resulted towards aggregated proteins. 

The matrices and elution conditions of the anion exchange chromatography used in this 

study did not result in the efficient stripping of the heme b co-factor from the rhIDO. 

However, this needs to be investigated further in light of the possibility of using anion 

exchange for the purification of rhIDO. 

 

The site-directed mutagenesis-based study on Cys126 at helix E, Cys286 at helix M, 

Cys322 at helix O and Cys349 at helix Q completes the description of the 

structural/functional role of the cysteine residues in rhIDO. Site-directed mutagenesis of 

Cys126, Cys286, Cys322 and Cys347 to their corresponding alanines was done to 

investigate the influence of the selected cysteine residues on the overall characteristics 

and stability of rhIDO. The mutation of Cys126Ala, Cys286Ala and Cys349Ala utilised 

the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) using the direct mutation 

of the double-stranded plasmid of pQE-9-IDO. The system could not be used for the 

mutation of Cys322Ala. Modifications in the oligonucleotide primers, procedures and 

conditions for the mutations, including steps in the PCR were unsuccessful. Mutation of 
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Cys322Ala was accomplished by using the TripleMaster PCR System (Eppendorf). The 

significant difference between the mutation of Cys126Ala, Cys286Ala and Cys349Ala 

and that of Cys322Ala is that whereas the mutation of Cys322Ala did not use the direct 

mutation of the double-stranded plasmid of pQE-9-IDO, the mutation of Cys322Ala used 

the 5’-phosphate ends of the oligonucleotide primers that were ligated at the final step.  

 

The similar characteristics observed for the mutated and non-mutated rhIDO using CD 

studies, suggest that the change of the Cys to Ala at position Cys126, Cys286, Cys322 

and Cys349 had subtle effects on the secondary structure of the rhIDO. It was also 

observed that the smallest difference in the CD spectra is between the mutant C286A and 

C322A, which is probably attributed to the fact that Cys286 is in spatial proximity to 

Cys322 in the rhIDO. Changes in the β-strand of C286A, C322A and C349A compared 

to that of C126A mutant may have been due to the location of Cys126, which is at the 

small domain and not at the large domain as the others in the rhIDO are. The CD studies 

suggested that there is subtle but significant effect of the cysteines and their localisation 

towards the overall secondary structure of rhIDO. 

 

The results from the Soret region CD studies of the mutants and non-mutants suggested 

that changes from Cys to Ala in rhIDO give rise to environmental change in the heme 

pocket. The Soret region CD spectrum of C126A was almost identical to that of the 

non-mutated rhIDO, suggesting that Cys286 was not directly associated with the heme b 

co-factor binding. The other mutants C126A, C322A, and C349A showed shifts from the 

non-mutated rhIDO suggesting that they were associated with the heme b co-factor 



 - 146 -

binding. The degree of the complexity and magnitude of the CD spectral change was in 

the order of C349A > C322A > C126A, suggesting that the site-directed mutagenesis of 

the Cys to Ala at positions Cys349 was directly associated with the heme b co-factor 

binding. From this study it is conceivable that the Cys to Ala site-directed mutagenesis of 

C349A, C322A and C126A of rhIDO induces subtle changes in the protein secondary 

structure, thereby facilitating the binding of the heme b co-factor, which was not the case 

for C286A. Further studies to understand the significance of the cysteines towards the 

nature of the heme b binding in rhIDO and the effects toward the catalytic properties of 

rhIDO are recommended. 

 

The result of the thermal melt experiments did not show any significant change in the 

thermal melt of the mutated rhIDO in comparison to the non-mutated rhIDO. UV-Vis 

spectroscopy studies did not show any significant changes upon mutation. All the 

mutants, C126A, C286A, C322A and C349A exhibited a decrease in specificity towards 

L-Trp with C322A showing the highest decrease (78% loss). However, with D-Trp, 

mutants C126A and C322A showed increased specificity, with C126A showing the 

highest increase (280%), while mutants C286A and C349A showed decreased specificity 

with C349A having the greatest loss (67%). This study confirms that the cysteine 

moieties of rhIDO are involved in the normal catalytic function of the enzyme. It is 

highly likely that the change from Cys to Ala in the mutants changed the conformation of 

the enzyme, which was a determining factor to the accessibility of the specific substrates 

to the active site. This change in conformation resulted in the diverse kinetics observed. 
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The study of IDO is crucial for the understanding of the process of immune escape,
99

 

which is a critical gateway to malignancy.
235

 The emergence of this fundamental trait of 

cancer represents the defeat of immune surveillance,
104

 a potent, multi-armed and 

essential mode of cancer suppression
235

 that may influence the ultimate clinical impact of 

an early stage tumor. Immune escape was postulated to affect tumor dormancy versus 

progression, giving way to invasion and metastasis, thereby impacting therapeutic 

response.
4,20,325,346

 Immune suppression and tumor escape are now central research 

themes, with IDO as one of the core. Clinical trials of several new IDO related 

therapeutic agents are already under way.
113,126,158

 Indoleamine 2,3-dioxygenase (IDO) is 

implicated in suppressing T-cell immunity
156,310,329

 in normal and pathological settings 

including cancer. New evidence suggests that during cancer progression, activation of 

IDO might act as a preferred pathway for immune escape.
191,235

 The interconnections 

between signalling pathways
129

 that control immune escape and those that control 

proliferation,
74,81,116

 senescence,
230

 apoptosis,
340

 angiogenesis,
148,243

 invasion and 

metastasis remain unexplored, giving vast opportunities for research. 

 



Chapter 7 

 

Experimental 
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Chapter 7 

 

Experimental 

 

7.1.  Materials 

Escherichia coli EC538 (pQE-9-IDO, pREP4) was provided by Tamantha S. Littlejohn, 

School of Biological Sciences, University of Wollongong, NSW, Australia. Imidazole 

and sodium hydroxide (NaOH) were from BDH. Ampicillin, DNase and kanamycin were 

from Bohringer Ingelheim. Bacteriological agar, tryptone and yeast extract were from 

Oxoid. EDTA-free protease cocktail inhibitor was from Roche. Acetic acid, agarose, 

δ-aminolevulinic acid (ALA), ammonium iron(III) citrate, ammonium persulphate 

[(NH4)2S2O8], boric acid [B(OH)3], bromophenol blue, calcium chloride (CaCl2), 

Coomassie Blue R-250, ethylenediaminetetraacetic acid (EDTA), ethylene glycol, 

glucose, glycerol, glycine, hemin chloride, isopropanol-β-D-thiogalactopyranoside 

(IPTG), lysozyme, magnesium chloride (MgCl2.6H2O), magnesium sulphate 

(MgSO4.7H2O), manganese chloride (MnCl2), β-mercaptoethanol, phenylmethyl-

sulphonylfluoride (PMSF), piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES), potassium 

chloride (KCl), sodium chloride (NaCl), sodium dodecyl sulphate (SDS), N,N,N',N'-tetra-

methylethylenediamine (TEMED) and tris(hydroxymethyl)methylamine (Tris) were from 

Sigma Aldrich. Ethanol, hydrochloric acid (HCl), isopropanol, methanol, nitric acid 

(HNO3), potassium dihydrogen phosphate (KH2PO4) and sodium hydrogen phosphate 

(Na2HPO4) were from May and Baker. 
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7.2.  General procedures 
 

All chemicals were of analytical grade unless otherwise specified. All buffers and 

reagents were made according to the procedures outlined in their respective sections. 

Protein concentration was determined with Bio-Rad dye reagent (1:5 dilutions with 

Milli-Q H2O) using bovine serum albumin (0 - 1 mg/mL) as a standard. The coloured 

product was measured at 595 nm using a Shimadzu UV-Vis spectrophotometer. Circular 

dichroism (CD) spectra were recorded on a JASCO J-810 spectropolarimeter with 1 mm 

pathlength quartz cuvettes at a temperature of 20 °C. Sensitivity was 100 millidegrees 

and the scanning speed was 50 nm/minute for an accumulation of 4 scans. Far ultraviolet 

(UV) region CD data collected between 300 - 190 nm was performed on mutated and 

non-mutated rhIDO samples at a concentration of 1 mg/mL. Data collected in this region 

was further analysed using the K2D and K2D2 program (EMBL, Heidelberg, Germany) 

and CDPro Software consisting of three programs SELCON3, CDSSTR and CONTINLL 

for CD analysis (Colorado State University). Near UV and Soret region CD data 

collected between 250 - 450 nm was performed on mutated and non-mutated rhIDO 

samples at a concentration of 7 - 10 mg/mL. Thermal transition curves were measured by 

monitoring the CD at λ222 nm as a function of the increasing temperature over the range 

20 - 99 °C at 5 °C/minute on a JASCO J-810 spectropolarimeter. Tm values were 

determined by finding the first derivative of the thermal transition curve using peak 

processing of the JASCO J-810 spectropolarimeter. UV-Vis spectra of proteins were 

recorded with a Varian-CARY 1 Bio UV-Visible spectrophotometer, with a 1 cm 

pathlength cuvette, between wavelengths 200 - 600 nm. Controlled high 

pressure-temperature autoclave steam sterilisation and ultraviolet sterilised laminar flow 

cabinets were used to assure sterility in accordance to standard procedures. 
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7.3.  Expression and purification of rhIDO 

 

7.3.1. Expression of rhIDO 

E. coli EC538 (pQE-9-IDO, pREP4) from a 10% glycerol stock culture stored at -80 °C 

was thawed in ice, inoculated on a Luria-Bertani (LB) agar plate [7.1] and grown 

overnight at 37 °C. A single colony from the overnight growth was re-inoculated on an 

LB plate and grown overnight. A single colony from the second overnight growth was 

inoculated into 100 mL LB media [7.2] and grown overnight at 37 °C (200 RPM). 40 mL 

of the overnight growth was added to 1 L of LB media [7.2] and grown to an optical 

density (OD) of 0.6 at 600 nm (OD600 nm). ALA, IPTG and PMSF were then added to a 

final concentration of 0.5 mM, 0.1 mM and 1 mM, respectively. The culture was further 

grown for 3 hours at 37 °C (250 RPM).  

[7.1] LB agar plates. 2% (w/v) Tryptone, 1.0% (w/v) yeast extract, 1.0% (w/v) 

NaCl and 1.5% (w/v) bacteriological agar in Milli-Q Water were mixed and 

autoclaved at 121 °C (20 minutes). After autoclaving, the media was cooled to 

60 °C followed by the addition of filter-sterilised ampicillin and kanamycin to a 

final concentration of 100 µg/mL and 50 µg/mL, respectively, and gently mixed. 

The mixture was poured into sterile Petri-dish plates to set. 

 

[7.2] LB media. 2.0% (w/v) Tryptone, 1.0% (w/v) yeast extract and 1.0% (w/v) 

NaCl in Milli-Q Water were mixed and autoclaved at 121 °C (20 minutes). After 

autoclaving, the media was cooled to 60 °C followed by the addition of 

filter-sterilised ampicillin and kanamycin to a final concentration of 100 µg/mL 

and 50µg/mL, respectively, and gently mixed. 

 

 

7.3.2. Harvesting of grown cells 

The cells from the cultures (Section 7.3.1) were harvested by centrifugation (5,000 G, 

20 minutes, 4 °C). The resulting cell pellet was resuspended in 20 mL ice-cold 

Dulbecco’s phosphate-buffered saline (PBS) at pH 7.4 [7.3], containing 1 mM PMSF 

(added freshly before use) and 1 mM EDTA and centrifuged at 5,000 G for 15 minutes at  
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4 °C. The pellet was stored at -80 °C for up to 1 month. 

[7.3] PBS. 8.0% (w/v) NaCl, 0.2% (w/v) KCl, 1.1% (w/v) Na2HPO4 and 

0.2% (w/v) KH2PO4 in Milli-Q H2O were thoroughly mixed and the pH adjusted 

to pH 7.4 with concentrated HCl or NaOH. The 10 times stock solution was 

diluted 1:10 with Milli-Q H2O before use. 

 

 

7.3.3. Optimised expression of rhIDO 

As given in Section 7.3.1, 10 mL of the overnight growth was added to 1 L of LB media 

[7.2.] and grown to an OD600 nm of 0.6 at 30 °C. ALA and IPTG were then added to a 

final concentration of 0.5 mM and 0.01 mM, respectively and the E. coli was further 

grown for 6 hours at 30 °C (250 RPM) in the dark. 

 

7.3.4. Purification of rhIDO 

Pellets from 1 L of bacterial culture, obtained according to the method described in 

Section 7.3.2, were suspended in ice-cold re-suspension buffer [7.4]. The suspension was 

then centrifuged at 5,000 G for 20 minutes at 4 ºC and the supernatant discarded. The 

washed pellets were re-suspended in 20 mL of ice-cold buffer [7.4] with the addition of 

EDTA free-cocktail inhibitor tablets (2 tablets per 1 litre pellet) and DNase (1 mg). The 

suspension was lysed in the French Press twice (2 passes) at 16000 psi and then 

centrifuged at 5,000 G for 20 minutes, producing a clear supernatant and pellet. Pellets 

were preserved at -20 °C for studies on inclusion bodies. The clear supernatant (20 mL) 

was applied to a 1 mL Hi-Trap chelating column (Amersham Biosciences), charged with 

nickel ions according to the manufacturer’s instructions and equilibrated with the basal 

buffer [7.5] containing 10 mM imidazole (30 mL). The protein was eluted on a stepwise 

gradient using imidazole concentrations of 30 mM, 40 mM, 50 mM, 65 mM, 80 mM and 
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190 mM in the basal buffer. The protein collected at the elution step was 

buffer-exchanged with 50 mM Tris-HCl pH 7.4 using a Sephadex G25 NAP-10 column 

(Pharmacia Biotech). The desalted fractions were pooled and concentrated to a volume of 

125 µL using an Amicon Ultra-15 centrifugal device with a 30 kD molecular weight 

cut-off (Millipore). The concentrated fraction was applied to a Superdex 75 PC 3.2/30 

(Pharmacia LKB Biotechnology) column, after equilibration with 50 mM Tris-HCl 

pH 7.4. All fractions were collected in 75 µL aliquots at a flow rate of 100 µL/minute 

over 3.5 mL. 

[7.4] Re-suspension buffer. 25 mM Tris(hydroxymethyl)methylamine (Tris-HCl 

pH 7.4), containing 150 mM NaCl, 10 mM imidazole and 10 mM MgCl2 in 

Milli-Q H2O. PMSF was added to a final concentration of 1 mM before use. 

 

[7.5] Basal buffer. 25 mM Tris-HCl pH 7.4 containing 150 mM NaCl in Milli-Q 

H2O with PMSF added to a final concentration of 1 mM before use. 

 

 

7.3.5. Optimised purification of rhIDO 

Lysed cells and the clear supernatant (20 mL), as prepared in Section 7.3.4, was applied 

to a 5 mL Ni-NTA Hi-Trap chelating column (GE/Pharmacia) that had been equilibrated 

with the basal binding buffer [7.5]. The buffer contained 10 mM imidazole (25 mL) and 

500 mM NaCl. The protein was eluted with the basal buffer (25 mL) containing 

imidazole concentrations of 10 mM, 30 mM and 60 mM, respectively. rhIDO was eluted 

with the basal buffer containing imidazole concentrations of 300 mM (25 mL). The 

resulting intense red fraction was collected. The protein collected from the elution was 

then buffer-exchanged with 50 mM Tris-HCl pH 7.4, using a Sephadex G25 column 

(GE NAP-10/Amersham PD-10 desalting column). The desalted fractions were pooled 

and concentrated to a volume of 250 µL using a 15 mL Amicon Ultra-15 centrifugal 
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device with a 30 kDa molecular weight cut-off (Millipore). After equilibration with 

50 mM Tris-HCl pH 7.4, the concentrated fraction (50 µL) was applied to a Superdex 75 

PC 3.2/30 (GE/Pharmacia). Separation and fraction collection were monitored at 280 and 

406 nm on a fast protein liquid chromatography (FPLC) System (SMART-Pharmacia 

LKB Biotechnology) were collected in 100 µL aliquots at a flow rate of 100 µL/minute 

over 5.0 mL. 

 

7.3.6. SDS-PAGE 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) utilised a 

Bio-Rad Mini-Protean II system. For whole cell lysates, pelleted cells were resuspended 

in Milli-Q water and an equal volume of 2 times cracking buffer [7.6]. For soluble protein 

samples, an equal volume of 2 times cracking buffer was added to protein solutions. The 

samples were incubated at +90 ºC for 10 minutes and then centrifuged to remove any 

solids. Samples were separated through a 12% polyacrylamide gel, with a 4% stacking 

gel (Gradipore), immersed in SDS running buffer [7.7]. Protein samples were separated 

by electrophoresis for a period of 1.5 - 2 hours with a voltage of 120 V. Gels were 

sequentially immersed in gel fixing solution [7.8] for 1 minute, freed from the fixing 

buffer and stained with rapid Coomassie blue stain [7.9]. Gels were de-stained by 

overnight immersion in gel de-stain solution [7.10]. Stained gels were soaked in gel 

drying solution [7.11] and dried before being imaged using the ImageJ 1.41 imaging 

software from National Institutes of Health, USA. 

[7.6] Cracking buffer. 1% (w/v) SDS, 1% (v/v) β-mercaptoethanol, 10% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue in 60 mM Tris-HCl adjusted to pH 6.8 

with 6.0 M HCl. 
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[7.7] SDS running buffer. 1.5% (w/v) Tris base, 7.2% (w/v) glycine and 

0.5% (w/v) SDS in Milli-Q H2O. For final dilution, 5 times stock solution was 

diluted 1:5 with Milli-Q H2O. 

 

[7.8] Gel fixing solution. 50% (v/v) Ethanol and 10% (v/v) glacial acetic acid in 

Milli-Q H2O. 

 

[7.9] Gel staining solution. 40% (v/v) Methanol, 10% (v/v) glacial acetic acid 

and 0.00002% (w/v) Coomassie blue R-250 (20 mg in 1 litre) in Milli-Q H2O. 

 

[7.10] Gel de-stain solution. 10% (v/v) Glacial acetic acid and 4% (v/v) glycerol 

in Milli-Q H2O 

 

[7.11] Gel drying solution. 4% (v/v) Ethylene glycol and 35% (v/v) ethanol in 

Milli-Q H2O 

 

 

7.3.7. IPTG dependency on the expression of rhIDO 

Individual bacterial cultures of E. coli EC538 (pQE-9-IDO, pREP4) were grown in LB 

media at 37 °C (Section 7.3.1). When the OD 600 nm reached 0.6, the cultures were 

supplemented with IPTG to a final concentration of 0, 1, 10, 100, 500, 1000 and 10000 

µM. PMSF was also added to a final concentration of 1 mM. Cultures were incubated for 

a further 3 hours before centrifugation at 5000 G, after which they were lysed in the 

French Press at 16000 psi (2 passes), as given in Section 7.3.4. rhIDO activity was tested 

from lysed cellular supernatants with 200 µM L-Trp as the substrate (Section 7.4.2). 

Proteins were visualised by SDS-PAGE electrophoresis (Section 7.3.6). 

 

7.3.8. Isolation of inclusion bodies 

The pellet collected after lysis (Section 7.3.4) was resuspended twice in 1 mL Milli-Q 

water and centrifuged at 5,000 G for 10 minutes. The freshly washed pellets were 

resuspended in 1 mL of 1 mg/mL lysozyme and incubated for 10 minutes at room 
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temperature before centrifugation. The pellets were subsequently washed in 1 mL of 

1% Triton X-100 and 1 mL of Milli-Q water before storage at -20 °C. 

 

7.3.9. Peptide mass fingerprinting of inclusion bodies 

Protein bands of interest were removed from SDS-PAGE gels (Section 7.3.6) by 

dissection with a clean pipette tip and digested with trypsin for 16 hour at 37 ºC. A 

1 µL aliquot of the resulting tryptic digest was spotted onto a sample plate with 1 µL of 

matrix (8 mg/mL α-cyano-4-hydroxycinnamic acid, in 70% v/v acetonitrile, 1% v/v 

trifluoroacetic acid) and allowed to air dry. Matrix assisted laser desorption ionisation 

(MALDI) mass spectrometry was performed with an Applied Biosystems 4700 

Proteomics Analyser with TOF/TOF optics in MS mode. An Nd:YAG laser (355 nm) 

was used to irradiate the sample. The spectra were acquired in reflectron mode in the 

mass range 800 to 3500 Th. Peptide mass fingerprinting was performed by the Australian 

Proteome Analysis Facility (APAF), Macquarie University. 

 

7.3.10. Temperature and inclusion bodies formation 

Individual bacterial cultures of E. coli EC538 (pQE-9-IDO, pREP4) were grown in LB 

media at 37 °C. When the OD 600 nm reached 0.6, the cultures were supplemented with 

IPTG and PMSF (Section 7.3.1). Cultures were incubated for a further 3 hours before 

centrifugation at 5000 G. The cells were lysed in the French Press at 16000 psi (2 passes). 

Isolated inclusion bodies (Section 7.3.8) were visualised by SDS-PAGE electrophoresis 

(Section 7.3.6) prior to densitometric analysis using ImageJ 1.41 imaging software 

developed at the National Institutes of Health, USA.  
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7.3.11. ALA supplementation 

Individual bacterial cultures of E. coli EC538 (pQE-9-IDO, pREP4) were grown in LB 

media at 37 °C. When the OD 600 nm reached 0.6, the cultures were supplemented with 

IPTG and PMSF (Section 7.3.1). ALA was added to individual cultures to a final 

concentration of 0, 0.1, 0.5 and 1 mM. Cultures were incubated for a further 3 hours 

before centrifugation at 5000 G and lysis in a French Press at 16000 psi. Lysed cellular 

supernatants were tested for rhIDO activity with 200 µM L-Trp as the substrate 

(Section 7.4.2). Proteins were visualised by SDS-PAGE electrophoresis (Section 7.3.6). 

 

7.4.  Characterisation of rhIDO 

 

7.4.1. Protein mass spectrometry 

rhIDO from the expression in E. coli EC538 (pQE-9-IDO, pREP4) (Section 7.3.5) was 

identified by electrospray ionisation mass spectrometry (ESI-MS) with a probe source 

temperature maintained at 100 - 150°C, corona discharge at 3.50 kV and cone voltage set 

at 20 volts on a VG Quattro mass spectrometer (VG Biotech, Altrincham, UK). Samples 

were desalted with a mini-column of Sephadex G-50 equilibrated with Milli-Q water and 

injected at a concentration of 10 pmol/mL. The skimmer potential was set at 25 - 35 V. 

The mass was scanned at a rate of 1 second per 100 m/z and data from 10 - 20 scans were 

summed to obtain representative spectra. The raw mass spectra data from direct injection 

ESI-MS of 0.30 µg/µL rhIDO were deconvoluted with Micromass MaxEnt1 processing 

(Micromass Maximum Entropy algorithms for deconvolution of electrospray mass 

spectrometry data) to give the final mass spectra. 

 



 - 157 -

7.4.2. Specific activity of rhIDO 

IDO activity was determined as described by Takikawa and co-workers
295

 with minor 

modifications. In this procedure, the standard reaction mixture (200 µL) contained 

50 mM potassium phosphate buffer (pH 6.5), 20 mM ascorbic acid (neutralised with 

NaOH), 200 µg/mL catalase, 10 µM methylene blue, 400 µM L-Trp and rhIDO. The 

reaction was carried out at 37 °C for 60 minutes and stopped by the addition of 40 µL of 

30% (w/v) trichloroacetic acid. This was followed by heating at 65 °C for 15 minutes, 

after which the reaction mixtures were centrifuged at 12,000 G for 7 minutes. The 

supernatant (125 µL) was transferred into a 96-well micro-titre plate and mixed with 

125 µL of 2% (w/v) p-dimethylaminobenzaldehyde (p-DMAB) in acetic acid. The yellow 

pigment derived from kynurenine was measured at 480 nm using a Fluostar micro-titre 

plate reader (BMG Lab Technologies). The reactions were conducted in triplicate. A 

standard curve of L-kynurenine was used, ranging in concentration from 0 – 500 µM. The 

protein concentration was determined using the Bradford protein assay
15

 that utilises a 

standard curve of bovine serum albumin. In this study the curve was determined on a 

Varian-Cary double beam UV-Vis spectrophotometer (595 nm). 

 

7.4.3. Kinetic characterisation of rhIDO 

Kinetic evaluations utilised L-Trp and D-Trp as substrates and were conducted using the 

standard assay system described in Section 7.4.2. The concentrations of the substrates 

were 0, 10, 25, 50, 100, 200 µM for L-Trp and 0, 100, 250, 750, 1500, 3000 µM for 

D-Trp, with an incubation time of 20 minutes. The Michaelis-Menten constant (Km), 

maximum reaction velocity (Vmax) and catalytic efficiency (Vmax/Km) were determined. 

Kinetic evaluations were done towards non-mutated rhIDO, mutated rhIDO and 
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recombinant mouse IDO (rmIDO). The concentrations of the proteins were adjusted to 

give an initial velocity for each substrate for which the percentage of conversion of 

substrate to product at each concentration was less than 10% and the reactions were 

conducted in triplicate. The kinetic plots (Michaelis-Menten, Lineweaver-Burk, 

Eadie-Hofstee) and calculations of values utilised Prism 4 for Windows Version 4.02 

from GraphPad Software Inc. 

 

7.4.4. Modelling of IDO 

Using the data from the findings of Sugimoto
284,285

 and co workers and Research 

Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank™ database with 

ChemDraw™, ArgusLab™ and UCSF Chimera™ softwares, the heme environment and 

the active site of IDO was docked with L-Trp as a ligand and mapped to visualise the 

L-Trp-bound form in the active site of IDO.  

 

7.4.5. Effect of cryoprotectants on rhIDO 

 

rhIDO in 25 mM Tris-HCl pH 7.4 was freeze denaturated in the absence of 

cryoprotectants and with 40% glycerol, 0.5 M sucrose and 10% DMSO as protectants. 

For rhIDO stability evaluation, freezing with liquid nitrogen and storage at -80 ºC for 48 

hours, followed by re-purification through the Ni-NTA and the NAP-10 columns, were 

done. 
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7.4.6. Effects of time and cryoprotectants on rhIDO 

 

rhIDO in 25 mM Tris-HCl pH 7.4 was stored in the absence of protectants and with 40% 

glycerol and 10% DMSO as protectants at both room (20 ºC) and freezer (-20 ºC) 

temperature conditions for 0, 1, 2 and 3 months. 

 

7.5.  Re-incorporation of heme into rhIDO 

 

7.5.1. Re-purification of rhIDO 

rhIDO in 2.5 mL 25 mM Tris-HCl pH 7.4 were repeatedly (10x) filtered with a Millipore 

Amicon Ultra-15 30 kD cut-off filter. This was done with and without prior desalting 

through an Amersham Biosciences PD-10 (Sephadex G-25M) desalting column 

(desalting from 25 mM Tris-HCl pH 7.4) concentrating 2.5 mL to 250 µL of protein in a 

sequence of up to 10 consecutive pass. After each pass 80% glycerol (1:1 v/v) was added 

again to the rhIDO samples and kept in the freezer at -20 ºC for 2 hours prior to the next 

cycle of re-dissolving in 25 mM Tris-HCl pH 7.4 and re-purifying. 

 

7.5.2. Re-incorporation of heme 

Two sets of hemin chloride concentrations towards two sets of rhIDO with different 

Soret/protein ratio were used. Lower concentration increments of 0.0, 1.5, 3.0, 4.5, 6.0 

and 7.5 µM of hemin chloride (in 20 mM NaOH) were used towards 600 µL rhIDO 

samples (1 mg/L in 25 mM Tris-HCl pH 7.4) of lower Soret/protein ratio (1.1:1.0). 

Higher concentration increments of 0.0, 1.7, 3.3, 5.0, 6.7 and 8.3 µM of hemin chloride 

were used towards 600 µL rhIDO samples (1 mg/L in 25 mM Tris-HCl pH 7.4) of higher 
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Soret/protein ratio (1.4:1.0). Hemin chloride solution was added slowly to the ice-cooled 

rhIDO solution to give a final volume of 750 µL. This was followed by gently shaking 

for 20 minutes and keeping the mixtures in ice as much as possible during the process. 

 

7.5.3. Anion exchange of rhIDO 

Ion exchange experiments using PI-20 (PEI Ligand/Binding capacity 35 mg/mL), QE-20 

(QPEI Ligand/Binding capacity 40 mg/mL) and HQ-20 (QPEI Ligand/Binding capacity 

60 mg/mL) POROS columns utilised NaCl, KCl and KCN (0 to 1 M, gradient, 

2 mL/minute) in 50 mM Tris-HCl pH 7.4 and 8.0 on a fast protein liquid chromatography 

(FPLC) System (SMART-Pharmacia LKB Biotechnology), monitored at 280 and 

406 nm. 2 mg/mL of purified rhIDO (Section 7.3.5) were applied to the 50 mM Tris-HCl 

pH 8 equilibrated POROS 20 PI, POROS 20 QE and POROS 20 HQ columns (Applied 

Biosystems). Elution was performed on a linear gradient from 50 mM Tris-HCl pH 8.0, 

0 mM NaCl to 50 mM Tris-HCl pH 8.0, 500 mM NaCl over 40 minutes 

(Flow rate = 2 mL/minute). After elution, fractions were pooled, desalted (25 mM 

Tris-HCl pH 7.4) and concentrated before storage in 40% glycerol at -20 °C. 

 

7.6.  Site directed mutagenesis of rhIDO 

 

7.6.1. Isolation of plasmid DNA 

Plasmid DNA was isolated from a 5 mL LB media of E. coli EC538 (pQE-9-IDO, 

pREP4) cells harvested after overnight growth at 37 ºC using a GenElute Plasmid 

Miniprep Kit®, using pre-prepared solutions supplied in accordance to the 

manufacturer’s instructions (Sigma). Pelleted E. coli EC538 (pQE-9-IDO, pREP4) cells 
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were resuspended in 200 µL of re-suspension solution containing RNase A. To the 

resuspended cells, 200 µL of lysis solution was added. The mixture was incubated at 

room temperature for ≤ 5 minutes before neutralisation through the addition of 

neutralisation/binding solution. This solution was then centrifuged in order to remove 

cellular debris produced during lysis. The clear lysate was loaded onto a pre-prepared 

GenElute Miniprep Binding column by centrifugation at 12,000 G for 1 minute. The 

column was then washed with wash solution in order to remove residual salt and 

contaminants by centrifugation at 12,000 G for 2 minutes. Purified plasmid DNA was 

then eluted from the column through application of elution solution. DNA purified by this 

method was then stored at -20 ºC for up to one month. 

 

7.6.2. Mutant strand synthesis 

Mutant strand synthesis was performed using the Quikchange® II site-directed 

mutagenesis kit (Stratagene) and TripleMaster PCR System. In the Quikchange® II 

site-directed mutagenesis, pre-prepared solutions supplied in accordance to the 

manufacturer’s instructions, were used. Complimentary nucleotides (designated 

oligonucleotide primer #1 and #2) were resuspended as a stock solution in autoclaved 

TE buffer [7.11] to a concentration of 1000 ng/µL. 125 ng of oligonucleotide primers #1 

and #2 were added to a reaction solution containing 20 ng template plasmid 

(pQE-9-IDO), as purified in Section 7.6.1. 10x-Reaction buffer (5 µL), 1 µL 

deoxyribonucleoside triphosphate (dNTP) and Milli-Q H2O were made to a volume of 50 

µL. In these reactions, plasmids (pWhitescript 4.5 kb) and primers (oligonucleotide 

control primers #1 and #2) were used as controls. Reaction mixtures were subjected to 
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thermal cycling after the addition of 1 µL PfuUltra HF DNA polymerase (2.5 U/µL). This 

was in accordance with the parameters outlined in Chapter 5, Table 5.2. 

 

In the mutant strand synthesis using the TripleMaster PCR System (Eppendorf), 

pre-prepared solutions supplied in accordance to the manufacturer’s instructions, were 

used. Complimentary nucleotides (designated oligonucleotide primer #1 and #2) were 

resuspended as a stock solution in autoclaved TE buffer [7.12.] to a concentration of 

1000 ng/µL. 400 nM of oligonucleotide primers #1 and #2 were added to a reaction 

solution containing 1 - 2 ng template plasmids (pQE-9-IDO, as purified in Section 7.6.1) 

and molecular biology grade water to a volume of 20 µL (master mix-1). The master 

mix-1 was then mixed with 5 µL of 10x tuning buffer containing MgCl2, dNTP mix 

(10mM) and molecular biology grade water to a volume of 30 µL (master mix-2). After 

mixing master mix-1 with master mix-2 the reaction mixtures were subjected to thermal 

cycling according to the parameters outlined in Chapter 5, Table 5.5. 

[7.12] TE buffer. 10 mM Tris and 1 mM EDTA was adjusted with 1 M HCl to 

pH 8. 

 

 

After the thermo-cycling process, 1 µL DpnI restriction enzyme was added and mixed 

thoroughly. The mixture was then centrifuged and digested at 37ºC for 1 hour and ligated 

using T4 DNA Ligase overnight at 4ºC. 4 µL of the T4 DNA ligated DNA was added to a 

50 µL competent cell, swirled and incubated on ice for 30 minutes. 
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7.6.3. Transformation of super-competent cells 

1 µL of DpnI restriction enzyme (10 U/µL) was added to each amplification reaction. 

Addition of DpnI was followed by gentle mixing and incubation at 37 ºC for 1 hour. 5 µL 

of DpnI treated DNA was added to 100 µL of XL1-Blue super-competent cells 

containing 1.7 µL of β-mercaptoethanol. The reactions were incubated on ice for 

30 minutes and then heat pulsed for 45 seconds at 42 ºC. Heat pulsing was followed by 

the addition of 0.9 mL Super Optimal broth with catabolite repression (SOC) media 

[7.13] and incubation at 37 ºC for one hour. 200 µL of the transformed competent cell 

mixture was plated on LB-ampicillin agar plates (Section 7.3.1) before an overnight 

incubation at 37 ºC. From an overnight growth in a 5 mL LB broth (containing ampicillin 

only to a final concentration of 100 µg/mL) at 37 ºC single colonies were selected and 

initially screened for mutations. 

[7.13] SOC media. 98% (v/v) SOB media (Section 7.6.4), 1% (v/v) 

50:50 mixture of 1 M MgCl2.6H2O and 1 M MgSO4.7H2O, 1% (v/v) 2 M glucose 

was dissolved in Milli-Q H2O and autoclaved before use. 

 

 

7.6.4. Preparation of chemically competent cells 

A single colony of E. coli EC538 (pREP4) was inoculated into 10 mL LB media and 

grown overnight at 37 °C. The starter culture was used to inoculate Super Optimal Broth 

(SOB) media [7.14] that was incubated at 18 °C with shaking until an OD600 nm of 0.6. 

The cells were then collected at low speed centrifugation (2500 G), before being washed 

in TB buffer [7.15]. The washed cells were again collected by centrifugation, before 

re-suspension in 7% (v/v) DMSO/TB buffer. They were stored at -80 °C for up to one 

month. 
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[7.14] SOB media. 2.0% (w/v) Tryptone, 0.5% (w/v) yeast extract, 1.0% (v/v) 

1 M NaCl and 1.0% (v/v) 1 M KCl was dissolved in Milli-Q H2O and autoclaved 

before use. 

 

[7.15] TB buffer. PIPES, CaCl2, KCl and MnCl2 were dissolved in Milli-Q H2O 

at concentrations of 10 mM, 15 mM, 250 mM, 55 mM, respectively. The pH was 

adjusted to 6.7 with 1 M HCl. 

 

 

7.6.5. Transformation of chemically competent cells 

Chemically competent E. coli EC538 (pREP4) cells (50 µL) (Section 7.6.4) were thawed 

slowly on ice. 5 µL of pQE-9-IDO mutant plasmid DNA was added to the competent 

cells. The reactions were incubated on ice for 30 minutes and then heat pulsed for 

45 seconds at 42 ºC. Heat pulsing was followed by the addition of 0.5 mL Super Optimal 

broth with Catabolite repression (SOC) media (Section 7.6.3) and incubation at 37 ºC for 

one hour. 200 µL of the transformed competent cell mixture was plated on 

LB-ampicillin/kanamycin (100 µg/mL and 50 µg/mL, respectively) agar plates 

(Section 7.3.1) before an overnight incubation at 37 ºC, selecting for both the pQE-9-IDO 

mutant and pREP4. 

 

7.6.6. Restriction enzyme digestion 

Restriction enzyme digestions were set up using plasmid DNA isolated with a GenElute 

Plasmid Miniprep column (Section 7.6.1) to initially screen for the presence of mutations 

to the human IDO cDNA. To DNA (2 µL), restriction enzyme (0.5 µL), buffer (1 µL), 

BSA (1 µL) and sterile Milli-Q water (to 10 µL) were added. Reaction mixtures were 

incubated at 37 °C for 1 hour and 4 µL loaded onto a 1.2% agarose gel (Section 7.6.7). 
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7.6.7. Agarose electrophoresis 

1.2% Agarose gels [7.16] were run in Tris-acetate-EDTA (TAE) buffer [7.17]. DNA, 

plasmid or restriction enzyme treated plasmid, was mixed in a 1:1 ratio with DNA 

loading dye [7.18] before application to the gel with the aid of a shark-tooth comb. 100 V 

was applied across gels in a Mini-Sub Cell (Bio-Rad). DNA was visualised by staining 

with ethidium bromide for 10 minutes, followed by illumination under UV light. 

Typically, lambda bacteriophage DNA digested with HindIII restriction enzyme was used 

as molecular weight marker, to determine the size of DNA fragments. 

[7.16] Agarose gels. 1.2% (w/v) Agarose was mixed in TAE buffer and heated in 

a microwave oven for 2 minutes on high (600 W). The hot solution of dissolved 

agarose was poured into a gel cast and allowed to set. 

 

[7.17] TAE buffer. 10x stock 4.8% (w/v) Tris base, 1.1% (v/v) glacial acetic 

acid, 2% (v/v) 0.5 M EDTA in Milli-Q H2O. Solution was adjusted to pH 8 with 

1 M NaOH. For final dilution, 10 times stock solution was diluted 1:10 with 

Milli-Q H2O. 

 

[7.18] DNA loading dye. 0.25% (w/v) bromophenol blue and 10% (v/v) glycerol. 

 

7.6.8. DNA sequence analysis 

DNA sequencing analyses were run by Dr Paul Worden (Macquarie University) using an 

ABI Prism 377 DNA sequencer (Applied Biosciences). Sequencing reaction mixtures 

[7.19] were cycled with denaturing (96 °C for 30 seconds), annealing (60 °C for 

15 seconds) and polymerisation (50 °C for 4 minutes), for a total of 35 cycles. The 

sequencing reaction mixture was precipitated by the addition of 3M sodium acetate 

(pH 4.6, 4 µL) and ethanol (100%, 58 µL) and was incubated at room temperature for 

15 minutes. The sample was then centrifuged (13,000 G, 20 minutes) and the pellet was 

resuspended in ethanol (70%, 250 µL), re-centrifuged and the supernatant removed. The 
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pellet was then dried at 90 °C for 1 minute. The pellet was resuspended in formamide 

loading dye (6 µL) and the sample was heated (90 °C, 2 minutes) to promote denaturation 

and placed on ice prior to loading. A volume of 2 µL was loaded on to the DNA sequence 

gel [7.20] with the aid of a shark-tooth comb. The gel was then run for 10 hours on an 

ABI 377 DNA sequencer at a constant 37 W (~2350 V, 16 mA). 

[7.19] Sequencing reaction mixtures. 2 µL of 1.6 pmol/µL primer 

(Section 7.6.10), 400 ng template DNA (Section 7.6.2), 8 µL Big Dye® ready 

reaction mix (Applied Biosciences) were mixed and sterile Milli-Q H2O were 

added to make a final volume of 20 µL. 

 

[7.20] DNA sequence gel. 4% (v/v) Acrylamide mix (19:1 

acrylamide:bis-acrylamide), 10% (v/v) TBE [7.21]. For final dilution, 10 times 

stock solution was diluted 1:10 with Milli-Q H2O, 0.0047% (v/v) of 10% (w/v) 

ammonium persulphate, 0.00065% (v/v) N,N,N',N'-tetra-methylethylenediamine 

buffered with 34% (w/v) urea. This solution was injected into an ABI casting 

apparatus (Applied Biosciences) containing 48 cm glass plates. After a curing 

time of 2 hours, the gel was pre-run for 1 hour until the gel temperature was 

maintained at a constant 48 °C. Typical DNA sequence gel solution volume for 48 

cm gels is 84.8 mL. 

 

[7.21] TBE. 10x stock 1.62% (w/v) Tris base, 0.825% (v/v) boric acid, 

0.12% (w/v) EDTA was dissolved in Milli-Q H2O. The Solution was adjusted to 

pH 8.3 with 1 M NaOH. 

 

 

7.6.9. Design of mutagenic primers 

Primers were commercially synthesised by Sigma Genosys (Castle Hill, Australia). The 

mutagenic primers for mutagenesis using the Quikchange II site-directed mutagenesis kit 

(Stratagene) are given in Table 7.1. For each mutant, two complementary nucleotides 

were synthesised containing the desired mutation, flanked by an unmodified nucleotide 

sequence.  
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C126A                           +KpnI 

                                         Ala 

            primer(1)-3’..ATTGCGGTACCTTACGCCCAACTCTCCAAGAAA..5’ 

                      3’..ATTGCTGTTCCTTACTGCCAACTCTCCAAGAAA..5’   

                                         Cys       

                      5’..TAACGACAAGGAATGACGGTTGAGAGGTTCTTT..3’   

            primer(2)-5’..TAACGCCATGGAATGCGGGTTGAGAGGTTCTTT..3’ 

                                         Ala 

                               +KpnI 

 

 

 

C286A                                 +HindIII 

                                         Ala 

            primer(1)-3’..AGCAGCGTCTTTCAAGCTTTTGACGTCCTGCTG..5’ 

                      3’..AGCAGCGTCTTTCAGTGCTTTGACGTCCTGCTG..5’   

                                         Cys 

                      5’..TCGTCGCAGAAAGTCACGAAACTGCAGGACGAC..3’   

            primer(2)-5’..TCGTCGCAGAAAGTTCGAAAACTGCAGGACGAC..3’ 

                                         Ala 

                                      +HindIII 

  

C349A                     -HindIII 

                                         Ala 

            primer(1)-3’..GAAGCCTATGACGCCGCTGTGAAAGCTCTGGTC..5’ 

                      3’..GAAGCTTATGACGCCTGTGTGAAAGCTCTGGTC..5’  

                                         Cys 

                      5’..CTTCGAATACTGCGGACACACTTTCGAGACCAG..3’  

            primer(2)-5’..CTTCGGATACTGCGGCGACACTTTCGAGACCAG..3’ 

                                         Ala 

                          -HindIII 

  

C322A                                          +XbaI 

                                         Ala 

            primer(1)-3’..CACAGGAACTTCCTGGCCTCTCTAGAGTCAAAT..5’ 

                      3’..CACAGGAACTTCCTGTGCTCATTAGAGTCAAAT..5’  

                                         Cys 

                      5’..GTGTCCTTGAAGGACACGAGTAATCTCAGTTTA..3’  

            primer(2)-5’..GTGTCCTTGAAGGACCGGAGAGATCTCAGTTTA..3’ 

                                         Ala 

                                               +XbaI 

 

 

C322A 

                                         Ala 

                           primer(1)-3’..GCCTCATTAGAGTCAAATCCC..5’ 

                                     3’..TGCTCATTAGAGTCAAATCCC..5’  

                                         Cys 

                5’..GGTCGAGTGTCCTTGAAGGAC..3’  

      primer(2)-5’..GGTCGAGTGTCCTTGAAGGAC..3’ 

 

Table 7.1 Site-directed mutagenesis primers for Quikchange II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The mutagenic primers for mutagenesis using the TripleMaster PCR System are given in 

Table 7.2. The primers were purified by reversed phase cartridge chromatography at 

point of manufacture. 

 

Table 7.2 Site-directed mutagenesis primers for TripleMaster PCR. 
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 Sal I 

Sal I 

T5 Promoter 

IDO 
Bla 

Ori 

6xHis 

pQE-9-IDO 
4651 bp 

Primer   Sequence

pQE-9 Promoter Region   CCCGAAAAGTGCCACCTG

pQE-9 Type III/IV   CGGATAACAATTTCACACAG

pQE-9 Reverse Sequencing   GTTCTGAGGTCATTACTGG

7.6.10. Design of sequencing primers 

Primers for sequencing of pQE-9-IDO mutants, obtained from Sigma Genosys, are show 

in Table 7.3. Relative positions of primers on pQE-9-IDO are shown in Figure 7.1. 

 

Table 7.3 Primers used for DNA sequence analysis for pQE-9-IDO 

mutants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Diagrammatic representation of the expression plasmid pQE-9-IDO, 

which contains the human IDO cDNA inserted into the vector pQE-9, containing a 

hexahistidyl tag (black filled box), bacteriophage T5 promoter (grey filled box), 

β-lactamase gene (bla, open box) and E. coli origin of replication (ori, open box). 

Relative positions of DNA sequence primers are shown as coloured arrows, 

corresponding to the appropriate coloured text of Table 7.3. The plasmid is not 

drawn to scale and only Sal I restriction sites are shown. 
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Species Alignments Identity Length   Description 

Homo sapiens 6.67% 100 403   indoleamine-pyrrole 2,3 dioxygenase [Homo sapiens ]

Rattus norvegicus 6.67% 64 395   indoleamine 2,3-dioxygenase [Rattus norvegicus ]

Mus musculus 6.67% 63 395   indoleamine-pyrrole 2,3 dioxygenase [Mus musculus ]

Gibberella zeae PH-1 13.33% 31 429   hypothetical protein FG02657.1 [Gibberella zeae  PH-1]

Candida albicans SC5314 6.67% 32 409   hypothetical protein CaO19.8215 [Candida albicans  SC5314]

Aspergillus nidulans FGSC A4 6.67% 30 422   hypothetical protein AN2509.2 [Aspergillus nidulans  FGSC A4]

Neurospora crassa 10.00% 31 441   hypothetical protein [Neurospora crassa ]

Eremothecium gossypii 3.33% 30 427   ACR188Cp [Eremothecium gossypii ]

Nordotis madaka 3.33% 33 389   indoleamine dioxygenase-like myoglobin [Nordotis madaka ]

Sulculus diversicolor 3.33% 34 388   IDO-like myoglobin [Sulculus diversicolor ]

Saccharomyces cerevisiae 3.33% 31 426   tryptophan 2,3-dioxygenase Bna2p [Saccharomyces cerevisiae ]

Omphalius pfeifferi 3.33% 27 373   indoleamine dioxygenase like-myoglobin [Omphalius pfeifferi ]

Batillus cornutus 3.33% 28 374   indoleamine dioxygenase like-myoglobin [Batillus cornutus ]

Magnaporthe grisea 70-15 6.67% 19 441   hypothetical protein MG00755.4 [Magnaporthe grisea  70-15]

Ustilago maydis 521 3.33% 22 438   hypothetical protein UM03728.1 [Ustilago maydis  521]

Marmota monax 3.33% 67 161   indoleamine 2,3-dioxygenase [Marmota monax ]

IMS101 6.67% 21 164   hypothetical protein [Trichodesmium erythraeum  IMS101]

Macaca mulatta 3.33% 87 54   indoleamine 2,3-dioxygenase [Macaca mulatta ]

 

 

Appendices 

 

Appendix 1 Ab initio calculations and comparative models of protein 

domains of indoleamine 2,3-dioxygenase done by the Robetta Server 

gave the following homology results (Human IDO is given as 100% 

identity). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 2 Compilation of data from various databases on human IDO (Brenda EC 1.13.11.52) 

 

 

SUBSTRATE 
 

PRODUCT ORGANISM COMMENTARY 

5-hydroxytryptamine + O2 - Homo sapiens - 

D-Trp + O2 N-formyl-D-kynurenine Homo sapiens -  

L-5-hydroxytryptophan + O2 - Homo sapiens -  

L-Trp + O2 L-formylkynurenine Homo sapiens -  

tryptamine + O2 - Homo sapiens -  
 

 

NATURAL 
SUBSTRATE 
 

NATURAL 
PRODUCT 

ORGANISM COMMENTARY 

L-Trp + O2 L-formylkynurenine Homo sapiens 

initial enzyme of tryptophan degradation 
pathway; lipopolysaccharide and muramyl 
tripeptide upregulate enzyme induction through a 
mechanism independent of interleukin 1alpha; 
first enzyme in the biosynthetic pathway of UV 
filters from Trp; Trp degradation by the enzyme 
regulates lymphocyte proliferation; interleukin-4 
inhibits expression of the enzyme in monocytes; 
activity is increased in important biological 
processes, such as protection of the fetus from 
rejection during pregnancy and possibly T cell 
death in HIV-infected patients 

L-Trp + O2 L-formylkynurenine Homo sapiens 
rate-limiting enzyme in the catabolism of 
tryptophan 
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Appendix 2 Compilation of data from various databases on human IDO (Continued) 
 

 

COFACTOR 
 

ORGANISM COMMENTARY 

heme Homo sapiens 

enzyme contains heme; the already active reduced holoenzyme does not 
require haematin for activity, the heme-free predominant apoenzyme does; 
characterization of the heme environment, strong proximal Fe-His bond 
and strong H-bonding and/or steric interactions between L-Trp and 
dioxygen in the distal pocket are likely crucial for the enzymatic activity of 
the recombinant enzyme  

 
 

INHIBITORS 
 

ORGANISM COMMENTARY 

1-methyltryptophan Homo sapiens competitive; 2 mM, 70% inhibition 

NO Homo sapiens - 

norharman Homo sapiens 2 mM, 98% inhibition, uncompetitive 
 

 

ACTIVATING 
COMPOUND 
 

ORGANISM COMMENTARY 

methylene blue Homo sapiens 
native and recombinant enzyme require methylene blue and ascorbic acid 
for activity 

 

KM VALUE [mM] 

 

KM VALUE [mM] 
Maximum 
 

SUBSTRATE ORGANISM COMMENTARY 

0.44 - 5-hydroxy-L-tryptophan Homo sapiens recombinant enzyme  

5 - D-Trp Homo sapiens recombinant enzyme  

0.02 - L-Trp Homo sapiens recombinant enzyme  

0.02 - L-Trp Homo sapiens - 
 

Ki VALUE [mM] 

 

Ki VALUE [mM] 
Maximum 
 

INHIBITOR ORGANISM COMMENTARY 

0.06 - 1-methyltryptophan Homo sapiens - 

0.17 - Norharman Homo sapiens - 
 

 

TURNOVER 
NUMBER 
 

TURNOVER 
Maximum 

SUBSTRATE ORGANISM COMMENTARY 

124 - D-Trp Homo sapiens - 

93 - L-Trp Homo sapiens - 

3.9 - 5-hydroxy-L-tryptophan Homo sapiens - 
 

 

SPECIFIC ACTIVITY 
[µM/min/mg] 
 

SPECIFIC ACTIVITY 
Maximum 

ORGANISM COMMENTARY 

2.58 - Homo sapiens - 
 

 

pH OPTIMUM  
 

pH MAXIMUM ORGANISM COMMENTARY 

6.5 - Homo sapiens - 
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Appendix 3 Austin, C.J.D., J. Mizdrak, A. Matin, N. Sirijovski, P. 

Kosim-Satyaputra, R.D. Willows, T.H. Roberts, R.J.W. Truscott, G. 

Polekhina, M.W. Parker, and J.F. Jamie, Optimised expression and 

purification of recombinant human indoleamine 2,3-dioxygenase. 

Protein Expression and Purification, 2004. 37(2): p. 392-398. 
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Recombinant human indoleamine 2,3-dioxygenase 

Priambudi Kosim-Satyaputra 

Chemistry and Biomolecular Sciences-Macquarie University 

Abstract 

Indoleamine 2,3-dioxygenase (IDO) is a heme-containing dioxygenase that catalyses the 
first and rate-limiting step in the kynurenine (Kyn) pathway of L-tryptophan (L-Trp) 
catabolism. Attention has been focused on IDO because the Kyn metabolic pathway is 
involved in a variety of physiological functions and diseases. In this study the expression 
and purification of recombinant human indoleamine 2,3-dioxygenase (rhIDO) in E. coli 
(pQE-9-IDO, pREP4) was investigated in order to obtain high quality enzyme in high 
yields. This study concluded that optimisation could still be achieved by lowering the 
growth temperature from 37 °C to 30 °C and reduction of IPTG induction from 100 µM 
to 10 µM. Better yields of rhIDO were obtained when the expression was carried out 
under dark conditions without the addition of PMSF, addition of hemin prior to lysis of 
the cells, increasing the NaCl concentration from 150 mM to 500 mM and lowering the 
imidazole variation from 10, 30, 40, 65, 80, 90, 190 to 10, 30, 60, 300 mM in the 
purification through Ni-NTA. 

Evaluation of the characteristics and stability of rhIDO in order to understand its 
behaviour as a support towards further studies showed that rhIDO activity and yield 
under certain conditions of purification were significantly decreased. Further studies 
concluded that the loss of rhIDO activity was most probably due to the loss of the heme 
prosthetic group of the enzyme or the non effectiveness of the heme-protein complex. A 
study with hemin to examine the possibility of re-incorporation of heme showed 
moderate re-incorporation. It was concluded, however, that keeping the heme intact 
through the supplementation of hemin prior to lysis is a much better alternative for 
preserving the activity of the enzyme. Comparison studies between rhIDO and rmIDO 
showed that the relative catalytic efficiency of rhIDO towards L-Trp (3.73) was higher 
compared to rmIDO (1.40) whereas the relative catalytic efficiency of rhIDO towards 
D-Trp (0.02) was lower compared to rmIDO (0.03). CD and thermal melt studies
established that rhIDO is less helical (61% helix) than rmIDO (71% helix). The studies
also showed that rhIDO has a lower melt temperature (50 ºC) than rmIDO (65 ºC)
indicating that rmIDO is more thermostable than rhIDO.

The contribution of individual cysteines towards the overall catalytic properties and 
stability of the rhIDO was evaluated through mutagenesis studies. This was done by 
comparing the resulting outcomes from the C126A, C286A, C322A and C349A rhIDO 
mutations towards that of the non-mutated rhIDO. All the mutants exhibited a decrease in 
specificity towards L-Trp with C322A showing the highest decrease of 78% loss. 
However, with D-Trp, mutants C126A and C322A showed increased specificity where 
C126A showing the highest increase (280%). Mutants C286A and C349A showed 
decreased activity with C349A having the most (67% loss). This study confirms that the 
Cys to Ala site-directed mutagenesis contributes to the changes in the kinetics of the 
mutated rhIDO, and that the cysteine moieties of rhIDO are involved in the normal 
catalytic function of the enzyme. It is highly likely that the change from Cys to Ala in the 
mutants changed the conformation of the enzyme, which was a determining factor to the 
accessibility of the specific substrates to the active site. This change in conformation 
resulted in diverse kinetics observed. 
Kosim-Satyaputra, P., Recombinant human indoleamine 2,3-dioxygenase, in Chemistry and Biomolecular 

Sciences. 2009, Macquarie University: Sydney. pp. i-xxiv, 1-222. 




