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Abstract	

The	enzyme	indoleamine	2,3‐dioxygenase‐1	(IDO1)	plays	a	critical	role	in	the	regulation	of	the	immune	

system.	IDO1	expression	is	commonly	upregulated	in	cancer,	resulting	in	a	suppressed	immune	system	

in	patients.	Clinical	observations	that	patients	with	high	IDO1‐expressing	tumours	have	a	poor	prognosis	

have	promoted	the	discovery	of	novel	inhibitors	of	IDO1	for	development	as	potential	anti‐cancer	agents	

to	restore	tumour	immunity.	

	

Work	in	this	thesis	used	differential	scanning	fluorimetry	and	enzyme	inhibition	assays	to	screen	a	

fragment	library	for	novel	IDO1	inhibitors.	Thirty‐five	small	compounds	that	interacted	with	and	

inhibited	the	IDO1	enzyme	were	identified,	and	included	compounds	from	the	chemical	classes:	

benzothiazoles,	benzimidazoles,	benzoxazoles,	indoles,	indan‐1‐ones,	quinolines,	naphthalenes,	

coumarins,	biphenyls,	phenols,	4‐phenylimidazole,	pyridines,	hydroxyamidines	and	phenylpyruvic	acids.	

Spectroscopic	studies	show	that	these	compounds	interact	with	the	haem	complex	present	in	the	IDO1	

active	site.	Of	these,	4‐phenylimidazole	and	a	hydrazine‐containing	benzothiazole	compound	were	found	

to	bind	to	both	the	Fe(II)	and	Fe(III)	forms	of	IDO1.	Compounds	in	the	hydrazine	sub‐class	found	within	

the	benzothiazole	class	of	fragments	in	the	library	were	found	to	be	the	most	potent	inhibitors	

(phenylhydrazine,	IC50:0.3	M).		

	

A	pharmacophore	model	was	developed	based	on	the	predicted	binding	mode	of	inhibitory	fragments.	

The	use	of	Goldscore,	Chemscore,	ChemPLP	and	Astex	Statistical	Potential	(ASP)	scoring	functions	for	

sampling	and	rescoring	were	assessed	to	find	a	docking	protocol	that	enriched	for	IDO1	inhibitory	

compounds	from	a	dataset.	Goldscore/Chemscore	docking	achieved	a	seven‐fold	enrichment	of	IDO1	

inhibitors	in	the	top‐scoring	5%	of	compounds	from	the	dataset.	This	docking	protocol	was	subsequently	

applied	to	a	set	of	over	14,	000	phenylhydrazine‐containing	compounds.	The	selection	of	compounds	

based	on	fitness	score	and	on	parameters	described	in	the	pharmacophore	model	identified	ten	potent	

IDO1	inhibitors	(IC50:0.2‐2.4	M).	Crystals	of	IDO1	were	also	produced	for	X‐ray	crystallographic	analysis	

of	protein‐inhibitor	interactions.	Although	extensive	optimisation	of	conditions	for	crystal	production	

was	undertaken,	they	failed	to	produce	well‐diffracting	crystals.		

	

Overall,	these	studies	have	identified	the	hydrazine‐containing	compounds	as	a	novel	IDO1	inhibitory	

chemotype	that	may	be	a	useful	scaffold	for	the	further	lead	development.	 
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 Literature	Review	Chapter	1.

1.1. Introduction	

Cancer is a disease capable of adapting to, and overcoming, therapies directed at the tumour cells. 

Therefore, targeting non-malignant cells of the host to fight cancer is an appealing alternative. 

Immune regulatory elements are often dysregulated in cancer, creating an immune-tolerising 

environment in which cancer cells are sheltered from destruction mediated by the immune system 

(Kim, Emi et al. 2007). Targeting the immune system to restore anti-tumour immunity with ‘immune 

checkpoint’ inhibitors can be an effective approach to cancer therapy. This approach has recently 

shown encouraging results in the clinic. The use of the monoclonal antibody ipilimumab to block the 

effects of the immunosuppressive molecule cytotoxic T lymphocyte antigen-4 (CTLA-4) in melanoma 

patients resulted in improved survival compared to standard therapy (Robert, Thomas et al. 2011). 

Furthermore, a durable complete response was observed for some of the patients in this study 

(Prieto, Yang et al. 2012). Another target for stimulating immune responses in cancer patients is the 

indoleamine 2,3-dioxygenase (IDO1) pathway. The overexpression of IDO1 in cancers has been 

recognised as a key mechanism by which cancers suppress anti-tumour immunity. Therefore, 

development of inhibitors to IDO1 is likely to have therapeutic benefit.  

This literature review will focus on: (i) the mechanism by which IDO1 hinders the anti-tumour immune 

response, (ii) the pathways which lead to overexpression of IDO1 in cancers, (iii) the evidence that 

blockade of IDO1 restores immune function and promotes tumour regression, (iv) the chemical 

entities that have been currently developed that act on the IDO1 pathway, and finally (v) the 

objectives of this doctoral research project. 

1.1.1. Biological	function	of	IDO1	

The human IDO1 enzyme is a 45 kDa haem-containing protein, encoded by the INDO gene on 

chromosome 8 (Shimizu, Nomiyama et al. 1978). This enzyme catalyses the insertion of molecular 

oxygen into the indole ring of tryptophan, as well as a range of other indole-containing substrates 

including tryptamine and serotonin (Shimizu, Nomiyama et al. 1978). The oxidative cleavage of 

tryptophan to form N’-formylkynurenine by IDO1 is the first and rate limiting step of tryptophan 

catabolism. N’-formylkynurenine is subsequently converted to kynurenine by formidase, and 

kynurenine is further converted into other bioactive metabolites (Figure 1.1). In addition to IDO1 two 

other enzymes, indoleamine 2,3-dioxygenase-2 (IDO2) and tryptophan 2,3-dioxygenase (TDO), can 

also catalyse the conversion of tryptophan to N’-formylkynurenine. In the context of cancer, IDO1 has 

been the better studied tryptophan catabolism enzyme. IDO1 is typically expressed in many human 
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tissues, and high expression has been found in the lungs, small intestine, placenta, and to a lesser 

extent the spleen and stomach (Yamazaki, Kuroiwa et al. 1985).  
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Figure 1.1 Tryptophan catabolism pathway. Tryptophan is metabolised by IDO1 into N’-
formylkynurenine, and is the rate limiting step in tryptophan catabolism. N’-formylkynurenine is 
further catabolised to bioactive metabolites. Low tryptophan concentrations activate nutrient sensor 
pathways (e.g. GCN2 and mTOR). Kynurenine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, 
picolinic acid and quinilinic acid can inhibit T cell and NK cell viability and function. Additionally 
kynurenine can activate the AhR pathway. 
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1.1.2. IDO1	in	human	disease	

In addition to its role in cancer, tryptophan catabolism by IDO1 is involved in many other pathological 

processes including: Alzheimer’s disease, clinical depression, septic shock, and permitting the 

survival of viruses. Activation of IDO1 in brain resident-microglia, following exposure to amyloid 

peptides and proinflammatory cytokines, has been suggested to contribute to the pathogenesis of 

Alzheimer’s disease due to increased production of the neurotoxic kynurenine metabolite, quinolinic 

acid (Yamada, Akimoto et al. 2009). Studies have shown that IDO1 activity can induce symptoms of 

depression. Mice stimulated with lipopolysaccharide (LPS) display depressive-like behaviour that can 

be reversed by treating with the IDO1 inhibitor 1-methyltryptophan (1-MT) (O'Connor, Lawson et al. 

2009). Depressive behaviour may develop as a consequence of IDO1-mediated catabolism of 

tryptophan, which is a precursor of the neurotransmitter serotonin. It has been reported that 

decreases in serum tryptophan correlate with symptoms of depression in cancer patients receiving 

immunotherapy (Capuron, Ravaud et al. 2002). Endothelial cells also express IDO1, and use 

kynurenine to promote vascular relaxation (Wang, Liu et al. 2010). During sepsis however, this 

process can become over activated and high IDO1 activity in patients has been correlated with 

increased severity of septic shock (Darcy, Davis et al. 2011). To escape immune attack, viruses such 

as the human immunodeficiency virus have been shown to induce IDO1 expression in immune cells 

to suppress an immune response (Boasso, Hardy et al. 2008). Therefore an IDO1 inhibitor could 

have therapeutic application for several diseases where dysregulation of the immune response plays 

an important role in the pathogenesis. 

1.2. IDO1	and	the	immune	system		

IDO1 is a regulator of immune function and has been found to contribute to the dampening of 

autoimmune diseases (Adikari, Lian et al. 2004), prolonging graft survival (Jasperson, Bucher et al. 

2009) and maintaining foetal tolerance (Munn, Zhou et al. 1998). Munn and colleagues were the first 

to demonstrate the role of IDO1 in regulating the immune system (Munn, Zhou et al. 1998). They 

discovered that inhibition of IDO1 during murine pregnancy lead to maternal rejection of 

immunologically dissimilar concepti (Munn, Zhou et al. 1998). In Rag1 knockout mice, which are 

deficient in B and T lymphocytes, IDO1 inhibition had no effect on the developing foetus. T cells were 

responsible for the immune rejection, as Rag1 knockout mice that were reconstituted with T cells 

rejected allogeneic concepti when treated with an IDO1 inhibitor (Munn, Zhou et al. 1998). Munn and 

his colleagues proposed that the mechanism of immune suppression by IDO1 was mediated through 

the depletion of tryptophan. They also noted that the metabolites of tryptophan could potentially play 

a role (Munn, Zhou et al. 1998). This led to the two proposed mechanisms of IDO1-mediated immune 

suppression: (i) tryptophan starvation, and (ii) signalling through tryptophan metabolites. More 

recently, indirect mechanisms of cytotoxic T lymphocyte (CTL) suppression mediated by IDO1 have 
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been reported. IDO1 alters the activity of professional antigen presenting cells (APCs), T regulatory 

cells (Tregs) and T helper cell subsets to generate a tolerogenic environment. Additionally, the 

functions of other anti-tumour effector cells such as the natural killer (NK) cells are also suppressed 

by IDO1 activity. The suppression of anti-tumour immune responses by IDO1 is summarised in 

Figure 1.2. The next section will discuss in more depth the effects of tryptophan starvation and 

tryptophan metabolites on cells of the immune system.  
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Figure 1.2 Effects of IDO1 on host immune system. The inhibition of cytotoxic T lymphocyte 
(CTL) responses by IDO1 through direct inhibition by tryptophan metabolites (Kynurenine (Kyn), 3-
hydroxyanthranilic acid (3-HAA), quinolinic acid (QUIN), picolinic acid (PICO), 3-hydroxy 
kynurenine (3-HK)), tryptophan depletion activating the GCN2 pathway and activation of the AhR 
pathway by Kyn. Indirect inhibition of CTL activity is mediated through regulation of Treg, T helper 
and DC differentiation and maturation. IDO1 can also inhibit NK cells as well as increase motility of 
cancerous cells. Dashed lines represent mechanisms of IDO1 activity identified in studies of murine 
models, solid lines represent pathways found to be active in humans. Green lines depict the 
differentiation of cells. 
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1.2.1. IDO1	inhibits	CTL	function	

Infiltration of CTLs into tumours is correlated with a better prognosis in patients with melanoma 

(Haanen, Baars et al. 2006), breast (Yoshimoto, Sakamoto et al. 1993), ovarian (Sato, Olson et al. 

2005) and colorectal (Naito, Saito et al. 1998) cancers. However, depletion of tryptophan and 

production of kynurenine by IDO1 acts to suppress the function of CTLs. Munn and co-workers 

(Munn, Shafizadeh et al. 1999) found that CD3-stimulated T cells failed to grow when cultured in 

medium that had been conditioned by co-culture of IDO1-expressing macrophages and T cells. 

When the conditioned medium was supplemented with additional tryptophan, or an IDO1 inhibitor 

was added to the co-culture, the proliferative ability of T cells was restored. Prolonged exposure in 

tryptophan-deficient media of T cells activated by CD3 stimulation led to permanent cell cycle arrest 

in the G1 phase (Munn, Shafizadeh et al. 1999). Another study compared CTL function between 

murine T cells activated in culture in the presence or absence of tryptophan. CTLs activated in 

tryptophan-deficient media did not express the CTL marker 1B11 and displayed no cytotoxic activity 

(Lee, Park et al. 2002). Moreover these T cells expressed significantly higher levels of the apoptosis 

marker annexin V in response to anti-Fas antibody (Lee, Park et al. 2002). Therefore, low tryptophan 

levels are able to inhibit both CTL viability and function.  

Low tryptophan concentrations can lead to the activation of the general control non-derepressible 2 

(GCN2) kinase pathway. GCN2 kinase is an enzyme which responds to a change in the levels of 

uncoupled tRNA. When tryptophan is depleted, there is an increased amount of uncoupled tRNA 

which activates GCN2 kinase, which in turn initiates downstream signalling, subsequently altering 

transcription. In CTLs, GCN2 activation has been demonstrated to induce cell cycle arrest 

(Hamanaka, Bennett et al. 2005), alter differentiation (Niwa and Walter 2000) and apoptosis (Rao, 

Ellerby et al. 2004). Studies have shown that co-culturing murine T cells with IDO1-expressing 

dendritic cells (DCs) results in the upregulation of the GCN2-regulated gene CHOP, indicating an 

increase in GCN2 kinase activity. As in previous studies, murine T cells co-cultured with IDO1-

expressing DCs were unable to proliferate and had reduced expression of 1B11 in comparison to T 

cells co-cultured with non-IDO1-expressing DCs. In contrast, T cells from GCN2 kinase-knockout 

mice when co-cultured with IDO1-expressing DCs showed similar proliferative ability and 1B11 

expression compared to T cells that were co-cultured with non-IDO1-expressing DCs (Munn, Sharma 

et al. 2005). However GCN2 kinase activity alone is unable to fully explain the changes observed in 

tryptophan starved T cells. Depletion of other essential amino acids, such as isoleucine and leucine, 

also activates the GCN2 kinase response, but the resulting T cell inhibition is less pronounced 

compared to inhibition due to low tryptophan (Lee, Park et al. 2002). This suggests involvement of 

other IDO1 dependent pathways.  
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Tryptophan metabolites generated through IDO1 activity (Figure 1.1) can also play a role in T cell 

suppression. These include kynurenine, picolinic acid, quinolinic acid, 3-hydroxykynurenine and 3-

hydroxyanthranilic acid. When kynurenine, picolinic acid or quinolinic acid were added to cultures of 

peripheral blood lymphocytes, cell cycle arrest was observed in the T cell population after 96 h 

(Frumento, Rotondo et al. 2002). Kynurenine, 3-hydroxykynurenine and 3-hydroxyanthranilic acid 

added to T cell cultures were reported to induce cell death within 72 h (Terness, Bauer et al. 2002). T 

cells were more susceptible to tryptophan metabolites for up to 36 h after activation (Frumento, 

Rotondo et al. 2002, Terness, Bauer et al. 2002). Additionally, sub-toxic concentrations of 3-

hydroxyanthranilic acid have been found to inhibit cytokine dependent proliferation of CTLs (Weber, 

Feder-Mengus et al. 2006).  

A high concentration of kynurenine (i.e. 500 M) is required to inhibit CTL proliferation (Terness, 

Bauer et al. 2002); levels that are unlikely to be reached in vivo. Plasma concentrations of kynurenine 

in humans typically only reach 1.5 M (Amirkhani, Heldin et al. 2002), although higher local 

concentrations can be expected at sites of inflammation. For example, in a glioma U87 xenograft 

model, concentrations of kynurenine on average reached 37 M (Opitz, Litzenburger et al. 2011). 

Kynurenine and its metabolites are likely to be acting in combination in vivo. In culture, 15 M 

kynurenine has no cytotoxic or cytostatic activity against CTLs after activation. However, when 15 M 

kynurenine is combined with 15 M of other tryptophan metabolites, such as 3-hydroxyanthranilic 

acid, there is a significant decrease in the number of CTLs observed after 48 h compared to 

untreated (Terness, Bauer et al. 2002). Moreover, tryptophan starvation may work synergistically with 

kynurenine. In tryptophan-deficient media, kynurenine, picolinic acid and quinolinic acid more 

potently inhibited proliferation of CTL populations compared to tryptophan-deficient media or 

tryptophan metabolites alone (Frumento, Rotondo et al. 2002). Lastly, low concentrations of 

kynurenine (i.e. 16 M) were found to induce increasing T cell death over a five day period (Terness, 

Bauer et al. 2002). It is conceivable that in vivo, chronic expression of IDO1, even if producing low 

levels of kynurenine, could be sufficient in impairing an effective immune response.  

One mechanism by which kynurenine affects T cell proliferation is through the binding of the aryl 

hydrocarbon receptor (AhR), a cytoplasmic receptor which upon binding of ligands translocates to the 

nucleus where it alters gene expression. It has been demonstrated that chemical activation of the 

AhR with the small molecule agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is able to inhibit 

CTL activity in wild type but not AhR-knockout mice (Kerkvliet, Shepherd et al. 2002). Tryptophan 

metabolites, such as kynurenine, are ligands of the AhR (Denison and Nagy 2003) and therefore may 

activate similar pathways as TCDD to inhibit T cell activity.  

The effect of IDO1 on CTLs is also observed in murine cancer models, where the T cells in mice that 

are treated with 1-MT displayed a lower level of the apoptotic marker annexin V compared to T cells 
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from untreated mice (Zheng, Koropatnick et al. 2006). Thus far we have mainly focussed on the 

effect of IDO1 on CTLs, and indeed this has been the main focus of early research. Recently the 

focus has shifted to the effect of IDO1 on other host cells. While the direct inhibition of CTLs appears 

to play an important role for IDO1-mediated immune suppression, indirect inhibition through altered 

functions of other cells of the immune system likely plays an equally important role.  

1.2.2. Effect	of	IDO1	on	dendritic	cells	

IDO1 activity is able alter the maturation of professional APCs to generate APCs that have an 

immune suppressive function. Professional APCs are able to sample their antigenic environment and 

present these antigens to T cells via major histocompatibility complex (MHC) II molecules to the T 

cell receptor (TCR) (Sloan-Lancaster, Evavold et al. 1993). They have the crucial role of either 

activating or suppressing a T cell response, and this is based on the strength of the stimulus provided 

by TCR-MHC II interactions and co-stimulatory molecules (Sloan-Lancaster, Evavold et al. 1993). 

When DCs, a subset of professional APCs, undergo maturation in low tryptophan conditions, they 

activate the GCN2 kinase signalling pathway. However, the response to GCN2 kinase activation in 

DCs is different from that of T cells. Activation of GCN2 kinase in the DCs leads to decreased 

expression of their T cell stimulatory molecules, CD40 and B7, and downregulation of MHC II 

molecules (Brenk, Scheler et al. 2009). Decreased co-stimulatory molecules and MHC II molecules 

hinders the ability of these DCs to stimulate CTLs and consequently leads to T cell anergy rather 

than clonal expansion. In addition, an increase in the expression of inhibitory molecules such as Ig-

like transcripts (ILT)-3 and ILT4 are observed in DCs that undergo maturation in a low tryptophan 

environment (Brenk, Scheler et al. 2009). Kynurenine has also been reported to be able to activate 

AhR in DCs. In bone marrow derived murine DCs the expression of the immunosuppressive cytokine 

interleukin-10 (IL-10) is dependent on AhR activation; AhR-knockout DCs have reduced IL-10 

production (Nguyen, Kimura et al. 2010). Interestingly, IDO1 itself is expressed by DCs upon 

activation of the AhR with agonists such as TCDD (Mezrich, Fechner et al. 2010) and 6-

formylindolo[3,2-b]carbazole (FICZ) (Vogel, Goth et al. 2008). Murine AhR-knockout bone marrow 

derived DCs do not express IDO1 in response to inflammatory stimuli in vitro (Nguyen, Kimura et al. 

2010). The binding of kynurenine to the AhR may create a positive feedback loop, where IDO1 

expression leads to production of kynurenine which in turn leads to further expression of IDO1. 

Therefore, IDO1 activity can alter the differentiation of DCs into an inhibitory phenotype, and 

suppress activation of an immune response.  

1.2.3. IDO1	skews	the	T	regulatory/Th17	cell	balance		

Tregs are a subset of T cells which are able to suppress immune responses by expressing inhibitory 

surface molecules, including CTLA-4. They are characterised by the expression of the FoxP3 
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transcription factor. Additionally Treg subsets can produce tolerising cytokines, including IL-10 and 

transforming growth factor beta (TGF (Nizar, Meyer et al. 2010). In the presence of IL-6, Tregs can 

be converted to IL-17 producing helper cells (TH17) (Bettelli, Carrier et al. 2006). TH17 cells have 

been reported to be both; cancer-promoting for hepatocellular (Zhang, Yan et al. 2009), colorectal 

(Tosolini, Kirilovsky et al. 2011) and pancreatic (He, Fei et al. 2011) cancers and cancer-suppressing 

for gastric (Maruyama, Kono et al. 2010) and ovarian cancers (Kryczek, Banerjee et al. 2009). Under 

the right immunogenic environment, TH17 are powerful inducers of anti-tumour immunity. T cells 

from transgenic mice that had been engineered to recognise the TRP-1 antigen on B16 melanoma 

were adoptively transferred to wild type mice with advanced B16 melanomas, it was found that TH17, 

but not T helper 1 (Th1) or T helper 0 (Th0) cells, induced lasting regression of B16 melanomas 

(Muranski, Boni et al. 2008). IDO1 induces the development of Tregs. Co-cultures of murine 

IDO1+DCs and naïve CD4+T cells lead to the production of Tregs. The inhibition of IDO1 in these co-

cultures blocks the generation of Tregs (Sharma, Baban et al. 2007). Prolonged exposure to 

kynurenine has been shown to cause naïve T cells to differentiate into a regulatory phenotype 

(Fallarino, Grohmann et al. 2006). Kynurenine binding to the AhR is at least partially responsible for 

this, as naïve CD4+T cells from AhR-knockout mice express a > 40 fold reduction in Foxp3 in 

response to TGF and CD3/CD28 compared to wild type cells (Mezrich, Fechner et al. 2010). 

Tryptophan depletion and the subsequent activation of the GCN2 kinase pathway also play a role in 

Treg induction. Resting wild type Tregs, but not GCN2 knockout Tregs, gain potent 

immunosuppressive properties when co-cultured with IDO1-expressing DCs (Sharma, Baban et al. 

2007). In murine models, when IDO1 activity is inhibited by 1-methyl-tryptophan (1-MT) or in IDO1 

knockout mice, a higher production of IL-6 is observed in DCs (Baban, Chandler et al. 2009). Under 

these conditions, pre-existing Tregs can be reprogrammed into TH17 cells. When transgenic mice 

that express fluorescent FoxP3 were treated with IDO1 inhibitors and stimulated with IL-6, 80% of the 

Tregs in the mouse spleen were found to be converted to IL-17-expressing cells within 24 h (Baban, 

Chandler et al. 2009). Therefore, by depleting tryptophan and producing kynurenine IDO1-expressing 

cells can utilise Tregs for immune suppression. Inhibition of rhIDO1 can reverse this suppression. 

1.2.4. IDO1	skews	the	Th1/Th2	Balance	

Helper T cells are immune cells which co-ordinate an immune response through the secretion of 

cytokines. Two subsets of helper T cells, Th1 and T helper-2-cells (Th2), produce different cytokine 

profiles, and thus favours a different type of immune response (Mosmann, Cherwinski et al. 1986). 

The role of IDO1 in the immune system is not simply a suppressive role. There have been 

suggestions that IDO1 may act as a molecular switch that drives a Th2 dominated immune response 

over a Th1 immune response (Xu, Zhang et al. 2008). One study showed that 10 M of 3-

hydroxyanthranilic acid or quinolinic acid selectively causes apoptosis in cultures of activated Th1 but 
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not Th2 cells (Fallarino, Grohmann et al. 2002). Furthermore, IDO1 knockout mice appear to produce 

significantly fewer Th2 cytokines in response to antigen stimulation compared to wild type mice, 

indicating that IDO1 expression can skew an immune response toward a Th2 response (Xu, Zhang et 

al. 2008). Both Th1 cell infiltration into the tumour and Th1-associated cytokines in patient plasma 

have been correlated with an improved prognosis for cancers including colorectal cancers (Tosolini, 

Kirilovsky et al. 2011) and renal cell carcinoma (Kondo, Nakazawa et al. 2006). The skewing of 

immune responses from Th1 to Th2 by IDO1 likely generates a cytokine profile that is less effective 

in generating anti-tumour immune responses.  

1.2.5. IDO1	suppresses	natural	killer	cell	functions	

NK cells are another subset of cells that are crucial in mounting an anti-tumour immune response 

(Talmadge, Meyers et al. 1980). These cells have also been found to be susceptible to IDO1-

mediated inhibition. Exposure of NK cells in culture to kynurenine for 48 h downregulates NKG2D 

receptor expression, receptors on NK cells used for identifying stressed and typically virally-infected 

or cancerous cells (Della Chiesa, Carlomagno et al. 2006). After 72 h, kynurenine can induce 

apoptosis of NK cells (Song, Park et al. 2011). Inhibition of IDO1 in murine SKOV-3 ovarian 

carcinoma models with short hairpin RNA (shRNA) resulted in a greater than 30-fold increase in the 

number of tumour infiltrating NK cells in mouse models (Wang, Saga et al. 2012). Together, this 

indicates that IDO1 expression in cancer is able to inhibit anti-tumour immune responses not only 

through inhibition of CTL activity, but also through the inhibition of NK cell function.  

1.3. Effect	of	IDO1	on	cancer	cells	

In addition to the effects of IDO1 on the immune system, IDO1 has a direct effect on the behaviour of 

cancer cells. Inhibition of the tryptophan catabolism pathway, led to decreased motility in the U87 

glioma cell line, while addition of kynurenine restored motility of these cells. This was mediated 

through the activation of the AhR, as shRNA knockdown of the AhR inhibited kynurenine-induced 

migration (Opitz, Litzenburger et al. 2011). Tumour samples from gliomas, B-cell lymphomas, Ewing 

sarcoma, bladder, cervical, colorectal, ovarian, and lung carcinomas also show a correlation between 

activation of the tryptophan catabolism pathway and the AhR pathway (Opitz, Litzenburger et al. 

2011). Significantly fewer lung metastases developed in IDO1 knockout mice implanted with 

orthotopic 4T1 breast cancer, compared to wild type mice (Smith, Chang et al. 2012). In colorectal 

cancer IDO1 can induce proliferation via the -catenin pathway. In HCT 116 and HT-29 colorectal 

cancer cell lines, suppression of IDO1 by siRNA reduced proliferation and phosphorylation 

associated with nuclear localisation for -catenin. However the addition of kynurenine and quinolinic 

acid reversed these effects (Thaker, Rao et al. 2013). Therefore activation of the tryptophan 

catabolism pathway by IDO1 can act directly on cancer cells to induce a more aggressive phenotype. 
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If IDO1 inhibits CTLs by reducing tryptophan concentrations in the local environment, how then do 

tumours themselves survive tryptophan deprivation? In some cases it appears they do not. Early 

studies demonstrated that induction of IDO1 expression in tumour cell lines by interferon gamma 

(IFN limits the growth of these cell lines (Takikawa, Kuroiwa et al. 1988). Furthermore some studies 

have demonstrated that low (i.e. suboptimal) doses of 1-MT increased the growth of tumours in H-29 

allogeneic colorectal adenocarcinoma-bearing mice (Vasil'eva, Nikolin et al. 2010). However, 

tumours that have acquired mechanisms to overcome tryptophan starvation are able to thrive in the 

immune suppressed environment generated by IDO1 activity. One mechanism to overcome 

tryptophan starvation is through the upregulation of tryptophanyl-tRNA-synthase; an enzyme which 

attaches tryptophan to tRNA for protein synthesis. Increases in intracellular stores of tRNA-linked 

tryptophan would protect IDO1-expressing cells from GCN2 kinase activation permitting proliferation 

of these cells. Tryptophanyl-tRNA-synthase is the only tRNA-synthase regulated by IFN, a potent 

inducer of IDO1 activity in many cell types (Boasso, Herbeuval et al. 2005). Additionally upregulation 

of amino acid transporters, such as the large neutral amino acid transporter (LAT1), have been 

reported in many cancers (Fuchs and Bode 2005), allowing tryptophan uptake even in low tryptophan 

environments. The IMPACT protein is an inhibitor of the GCN2 kinase pathway; CTL are sensitive to 

tryptophan depletion as they express low levels of IMPACT (Habibi, Jalili et al. 2010). The level of 

IMPACT expression in cancer cells has yet to be explored, but altered IMPACT levels may be 

another mechanism by which cancer cells survive in low tryptophan environments.  

 

1.4. IDO1	expression	in	tumours	

1.4.1. IDO1	is	commonly	expressed	in	human	cancer	

Expression of IDO1 in clinical cancers is common. A study conducted by Uyttenhove and her 

colleagues found that of the twenty-five tumour types represented by 251 human tumour samples, 

IDO1 was detected in twenty-four of the tumour types by immunohistochemistry (Uyttenhove, Pilotte 

et al. 2003). IDO1 was detected most frequently in prostatic, colorectal, pancreatic, cervical, 

endometrial, gastric, non-small-cell lung carcinomas and glioblastomas; at least 9/10 of the tumour 

samples in each of these types showed expression of IDO1 (Uyttenhove, Pilotte et al. 2003). Cancer 

cells, host immune cells and cells of the tumour stroma have been found to be the source of IDO1 

expression (Figure 1.3). The factors that induce IDO1 expression in tumours for each of these cell 

types will be discussed. 
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Figure 1.3 Induction of IDO1 expression. Expression of IDO1 enzyme by; antigen presenting cells 

including dendritic cells (DC) and macrophage (M); cells of the tumour stroma including fibroblasts, 
mesenchymal stem cells (MSC) and endothelial cells (EC); cancer cells and its regulation by 
cytokines and interactions with surface molecules. Antigen presenting cells express IDO1 in response 

to AhR activation by kynurenine, stimulation by IFN, PGE2, TNF and binding of surface receptors 
by CD28, CTLA-4 and TLR stimulation. Cells of the tumour stroma can be induced to express IDO1 

via IFN stimulation. Cancerous cells have been reported to express IDO1 in response to IFN 
stimulation and mutations in Bin1 and KIT. 
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1.4.2. IDO1	expression	in	cancer	cells	

Expression of IDO1 in cancer cells can be either constitutive or inducible. Uyttenhove and colleagues 

showed that human melanoma, pancreatic carcinoma, laryngeal carcinomas, pharyngeal squamous 

cell carcinoma and non-small cell lung cancer cell lines constitutively express catalytically active 

IDO1 (Uyttenhove, Pilotte et al. 2003). In other cancer cell lines, IDO1 can be induced. The colorectal 

cell lines HRT-18, HCT-15, and Caco-2 do not constitutively express IDO1, but expression can be 

stimulated by IFN (Brandacher, Perathoner et al. 2006). IFN induces IDO1 expression by signalling 

through interferon regulatory factor-1 (IRF-1) and signal transducers and activators of transcription 

(STAT1), which bind to the interferon stimulated response element (ISRE) and gamma interferon 

activation site (GAS) responsive elements that are present upstream of the IDO1 gene (Chon, 

Hassanain et al. 1995). In vivo, IFNis produced by CTLs and NK cells. Although IFNis generally 

considered as a cytokine involved in anti-tumour activity (Takikawa, Kuroiwa et al. 1988), it can also 

trigger negative feedback loops via IDO1 to limit damage from IFN (Gu, Rowswell-Turner et al. 

2010). In metastatic melanoma patients, there is a high correlation between CTL infiltration and the 

presence of activated immunosuppressive pathways including IDO1 (Spranger, Spaapen et al. 

2013). Mutations in regulatory elements have also been shown to contribute to overexpression of 

IDO1. In cancer cells, loss of the regulatory protein Bin1 can enable increased IDO1 expression. 

Expression of Bin1 is frequently lost, or its transcript is mis-spliced, in many cancers (Ge, 

DuHadaway et al. 1999, Ge, Minhas et al. 2000, Kai, James et al. 2000). Bin1 regulates IDO1 

expression through modulation of STAT1 trafficking. Loss of Bin1 leads to increased IDO1 

transcription following stimulation with IFN in cancer cell lines (Muller, DuHadaway et al. 2005). 

Increased activity of the tyrosine kinase, KIT, has also been demonstrated to increase IDO1 

expression (Balachandran, Cavnar et al. 2011). In 75-80% of gastrointestinal stromal tumours there 

is an activating mutation of KIT. Treatment of transgenic mutant-KIT mice, a model of gastrointestinal 

stromal tumours, with the tyrosine kinase inhibitor imatinib, decreased IDO1 expression at the RNA 

level. Imatinib caused tumour regression in these mice, and this was correlated with an increase in 

CTLs that infiltrated the tumour and a decrease in Tregs. Co-administration of kynurenine, 3-

hydroxykynurenine and 3-hydroxyanthranilic acid were found to antagonise the effects of imatinib 

(Balachandran, Cavnar et al. 2011). Together these results indicate that immune suppression 

mediated by IDO1 expression in cancer cells can be stimulated by cytokines or can occur as a result 

of specific mutations of proteins that regulate IDO1 expression.  

1.4.3. Expression	of	IDO1	by	antigen	presenting	cells	

Subsets of APCs, particularly DCs (Hwu, Du et al. 2000) and macrophages (Munn, Shafizadeh et al. 

1999), are also responsible for IDO1-mediated immune suppression in cancer. As with cancer cells, 

IFN can stimulate IDO1 expression and activity in macrophages (Munn, Shafizadeh et al. 1999) and 
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DCs (Hwu, Du et al. 2000). However, only specific subsets of DCs and macrophage are able to 

express IDO1. Human plasmacytoid DCs (Boasso, Hardy et al. 2008) and Langerhans cells (von 

Bubnoff, Bausinger et al. 2004) have previously been reported to express IDO1 in response to IFN. 

Additionally, DCs derived from in vitro maturation of monocytes have also been frequently reported to 

express IDO1 (Fallarino, Volpi et al. 2009, Von Bubnoff, Scheler et al. 2011).  

Other soluble factors have been reported to induce IDO1 expression in human DCs in culture, 

including the combination of prostaglandin E2 (PGE2) and tumour necrosis factor alpha (TNF). 

Interestingly, these cytokines are not able to induce active IDO1 expression on their own but act 

together in DCs to induce expression and activity of IDO1 (Braun, Longman et al. 2005). In vitro, 

PGE2 is able to induce IDO1 expression at the RNA level in DCs, however no IDO1 activity is 

observed in these cells. TNF does not stimulate transcription of IDO1, but DCs stimulated with both 

PGE2 and TNF show increased transcription of IDO1, compared with PGE2 stimulation alone, and 

displayed IDO1 activity (Braun, Longman et al. 2005). TNF also potentiates the expression of IDO1 

with IFNstimulation in cultures of DCs (Braun, Longman et al. 2005). Other members of the tumour 

necrosis family can also potentiate IDO1 expression and activity, for example, binding of CD40 ligand 

to CD40 also potentiates IFN and LPS induced IDO1 expression and protein production (Hwu, Du et 

al. 2000).  

Binding of the B7 co-stimulatory molecule of DCs to either CD28 or CTLA-4 on CTLs, T helper cells, 

and Tregs can stimulate IDO1 expression in DCs (Munn, Sharma et al. 2004). In cultures of human 

monocyte-derived DCs, the addition of recombinant CTLA-4 linked to IgG Fc region in combination 

with IFNwas found to upregulate IDO1, while IFN alone did not appear to upregulate IDO1 in these 

culture systems (Munn, Sharma et al. 2004). In co-cultures of murine plasmacytoid DCs and Tregs, 

blockade of B7 ligation with antibodies against CTLA-4 and CD28 blocked induction of IDO1 

expression in these cells (Sharma, Baban et al. 2007). DCs have been shown to recruit Tregs in a C-

C motif ligand-22 (CCL22) chemokine dependent manner. Tregs could then induce IDO1 activity in 

these DCs. In mice, the IDO1-expressing DCs of the mesenteric lymph node are found to be in close 

proximity to Tregs. Knockout of CTLA-4 in these mice reduced the IDO1-expressing population of 

mesenteric DCs by 50%, suggesting that IDO1 induction was mediated by interactions with Tregs via 

CTLA-4. Mesenteric lymph node DCs recruit Tregs in culture, and this recruitment could be blocked 

with an anti-CCL22 antibody (Onodera, Jang et al. 2009). Murine splenic DCs expressed the 

chemokine CCL22 when cultured with apoptotic intestinal epithelial cells, which could lead to Treg 

recruitment and IDO1 induction (Onodera, Jang et al. 2009). Therefore phagocytosis of apoptotic 

bodies in cancer is another possible mechanism by which cancer cells can indirectly induce IDO1. A 

separate study found that macrophages that reside in the marginal zone of the spleen can mature 

into IDO1 expressing cells when apoptotic thymocytes are administered to mice. The increase in 
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IDO1 is correlated with a subsequent increase in inhibitory cytokines, such as TGF and IL-10, in 

these mice and inhibition of IDO1 decreased these cytokines (Ravishankar, Liu et al. 2012). For 

human macrophages in culture, phagocytosis of apoptotic debris shed from trophoblasts has also 

been shown to induce IDO1 expression (Abumaree, Chamley et al. 2012).  

TGFβ has also been reported to induce increased transcription of IDO1 in murine plasmacytoid DCs, 

as well as a subset of DCs that carry the CD8 receptor (Belladonna, Volpi et al. 2008, Pallotta, 

Orabona et al. 2011). Stimulation of plasmacytoid DCs with TGF induced increased TGF 

expression, but not in IDO1-knockout DCs suggesting the presence of a positive feedback loop 

mediated by IDO1 (Pallotta, Orabona et al. 2011). The induction of TGF by IDO1 was found to be 

independent of the catalytic activity of IDO1 in plasmacytoid DCs. Pallota and colleagues observed 

that the ability of plasmacytoid DCs to convert naïve CD4 cells to Tregs in co-culture when stimulated 

by TGF could be inhibited by silencing IDO1 with small interfering RNA (siRNA), but not by inhibiting 

with 1-MT (Pallotta, Orabona et al. 2011). In contrast, IFN stimulated IDO1 mediated Treg 

conversion by plasmacytoid DCs is inhibited by both siRNA and 1-MT (Pallotta, Orabona et al. 2011), 

indicating that a TGF immune inhibitory pathway that is independent of the catalytic activity of IDO1 

exists. Following TGF stimulation, IDO1 was found to be phosphorylated on an immunoreceptor 

tyrosine-based inhibitory motif (ITIM), suggesting that IDO1 may be involved in a signalling cascade. 

Co-immunoprecipitation experiments demonstrated that Src homology region 2 domain-containing 

phosphatase-1 and 2 (SHP-1, SHP-2) associated with phosphorylated IDO1, but not non-

phosphorylated IDO1. Inhibition of phosphoinositol-3-kinase abrogated phosphorylation of the IDO1 

ITIM, indicating that IDO1 is downstream of phosphoinositol-3-kinase. The phosphorylation cascade 

involving IDO1 via TGF signalling was shown to activate nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFB), which upregulated the expression of more TGF and IDO1 in 

plasmacytoid DCs (Pallotta, Orabona et al. 2011). Therefore in murine plasmacytoid DCs, IDO1 can 

be induced through TGF induction, and creates a positive feedback loop for both TGF and IDO1. It 

is unknown however whether a parallel pathway exists in humans. 

Toll like receptor (TLR) stimulation from recognition of motifs of invading microorganisms also plays 

an important role in regulating the expression of IDO1 in APCs. Stimulation of TLR-4, TLR-3 and 

TLR-9 by LPS, polyinosinic:polycytidylic acid (poly I:C) and CpG oligodeoxynucleotides respectively, 

is frequently used for generation and maturation of DCs from monocytes in vitro (Fallarino, Volpi et 

al. 2009, Von Bubnoff, Scheler et al. 2011). It was found that in IDO1-expressing DCs that were 

generated in vitro, stimulation of TLR-4 and TLR-3 greatly increased IDO1 activity as measured by 

decreased tryptophan and increased kynurenine in culture (Von Bubnoff, Scheler et al. 2011). After 

maturation of DCs, it was found that the population of IDO1-expressing DCs also expressed higher 

levels of immune suppressive molecules such as PDL-1, PDL-2, and decreased amounts of IL-6 
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(Von Bubnoff, Scheler et al. 2011). In murine models, it has been demonstrated that IDO1-

expressing DCs migrate from tumours established from B16-F10 melanoma cells to tumour draining 

lymph nodes and selectively inhibit CTLs (Sharma, Baban et al. 2007). In melanoma patients, IDO1-

expressing DCs have also been observed, and a higher number of IDO1+DCs was found to be 

correlated with a worse prognosis (Sharma, Baban et al. 2007). Munn and colleagues demonstrated 

that a small number of IDO1-expressing DCs were sufficient to inhibit T cell activity. A population of 

APCs consisting of less than 1% IDO1-expressing DCs was able to cause suppression of T cell 

activity; the T cell suppression was found to be reversible with inhibition of IDO1 with 1-MT (Munn, 

Sharma et al. 2004). 

1.4.4. IDO1	expression	by	cells	of	the	tumour	stroma		

IDO1 activity in tumours may also be derived from non-immune cells in the tumour stroma. Murine 

dermal fibroblasts treated with IFN were found to increase their expression of IDO1. More CD4+T 

cells were converted to Tregs in murine splenocytes when cultured with dermal fibroblasts from wild 

type, but not IDO1 knockout mice. Flow cytometry found a >10 fold increase in the number of CTLA-

4+CD4+T cells in these co-cultures compared to splenocyte monocultures. Furthermore, increased 

TGF and IL-10 RNA molecules were detected from co-cultures compared to controls (Curran, Jalili 

et al. 2014). Similarly, IFN induced IDO1 expression in human dermal fibroblasts, and this was 

found to have a suppressive effect on CTL viability and function; this was reversible with IDO1 

inhibition (Haniffa, Wang et al. 2007). Endothelial cells have also been reported to express IDO1 in 

response to IFN stimulation (Wang, Liu et al. 2010). Studies of clinical renal cell carcinomas found 

that the tumour vasculature expressed IDO1 (Riesenberg, Weiler et al. 2007). Stem cell subsets 

have also been reported to express IDO1. Human haematopoietic CD34+ stem cells (Kurz, 

Gluhcheva et al. 2010) and human mesenchymal stem cells (Ryan, Barry et al. 2007) have both 

been shown to express IDO1 in response to IFN. In the context of transplant allograft tolerance, 

IDO1-expressing mesenchymal stem cells have been reported to perform many of the functions that 

parallel the functions of IDO1-expressing DCs, such as recruitment and activation of Tregs and 

shifting the Th1 response to a Th2 response; effects that can be reversed by inhibition of IDO1 (Ge, 

Jiang et al. 2010). The suppression of anti-tumour immunity in the tumour microenvironment can 

therefore be mediated through these other IDO1-expressing cells.  
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1.5. IDO1	as	a	target	for	cancer	therapy		

1.5.1. High	IDO1	expression	is	correlated	with	a	worse	clinical	prognosis	

Many clinical studies have shown an inverse correlation between patient survival and IDO1 

expression (Table 1.1). One study found IDO1 to be expressed in 239 of the 265 clinical colorectal 

cancers samples examined. IDO1 was found to be expressed predominately by the colorectal cancer 

cells in these patients. Moderate and high IDO1 expression in the invasive front of the tumours, as 

determined by immunohistochemistry of resected tumours, was correlated with decreased survival 

and increased metastasis in these patients (Ferdinande, Decaestecker et al. 2011). In another study, 

IDO1 expression in colorectal cancers was shown to be inversely correlated to the presence of CTLs 

in tumours, in addition to being correlated to poor survival and metastasis (Brandacher, Perathoner et 

al. 2006). Furthermore, IDO1 expression in immune cells of the tumour draining lymph nodes in 

colorectal cancer patients has also been found to be correlated to decreased patient survival (Gao, 

Peng et al. 2009). For breast and oesophageal cancers, high IDO1 expression has also been 

correlated to increased metastases (Mansfield, Heikkila et al. 2009, Zhang, Liu et al. 2011). 

Decreases in CTL infiltration in relation to IDO1 has also been reported in oesophageal, breast, 

ovarian and endometrial cancers (Ino, Yamamoto et al. 2008, Inaba, Ino et al. 2009, Zhang, Liu et al. 

2011, Jacquemier, Bertucci et al. 2012). An increase in Tregs has also been reported in association 

with increased IDO1 expression in breast, cervical and vulvar cancers and this is correlated with a 

worse patient prognosis (Nakamura, Shima et al. 2007, Mansfield, Heikkila et al. 2009, Sznurkowski, 

Zawrocki et al. 2011). In melanoma, the expression of CTLA-4 by systemic Tregs was found to be 

correlated with an increase in IDO1 expression in sentinel lymph nodes (Speeckaert, Vermaelen et 

al. 2012). Thus, IDO1 expression in clinical cancers is associated with immune suppression and 

reduced survival for cancer patients. An exception was reported by Riesenberg and colleagues who 

found that high expression of IDO1 correlated with better survival of renal cell carcinoma patients 

(Riesenberg, Weiler et al. 2007). This was thought to be due to the starvation of tumours by depletion 

of tryptophan, which restricted their growth. Interestingly, although initial survival is greater in the high 

IDO1-expressing patients, the longest living patients of this study have low IDO1 expression. Of the 

38 metastatic renal cell carcinoma patients with low IDO1 expression, 6 survived for more than 180 

months after surgery while none in the high-IDO1 group survived for more than 80 months 

(Riesenberg, Weiler et al. 2007).  
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Table 1.1 Association of high IDO1 expression and patient prognosis 

Cancer Type Survival 
CTL 

suppression
Metastasis Reference 

B cell lymphoma ↓ - - (Yoshikawa, Hara et al. 2010), 
(Ninomiya, Hara et al. 2011) 

Breast ↑↓ ↑ ↑ 
(Mansfield, Heikkila et al. 2009), 

(Jacquemier, Bertucci et al. 
2012) 

Cervical ↓ ↑ - (Inaba, Ino et al. 2010), 
(Nakamura, Shima et al. 2007) 

Colorectal ↓ ↑ ↑ 
(Gao, Peng et al. 2009), 

(Brandacher, Perathoner et al. 
2006), (Ferdinande, 

Endometrial ↓ ↑ - (Ino, Yamamoto et al. 2008), (de 
Jong, Kema et al. 2012) 

Glioma ↓ - - (Mitsuka, Kawataki et al. 2013) 

Hepatic ↓ - - (Pan, Wang et al. 2008), 

Lung ↓ - - 
(Suzuki, Suda et al. 2010), 

(Astigiano, Morandi et al. 2005), 
(Creelan, Antonia et al. 2013)  

Melanoma ↓ - - 
(Munn, Sharma et al. 2004), 

(Speeckaert, Vermaelen et al. 
2012) 

Oral/Oesophangeal ↓ ↑ ↑ (Zhang, Liu et al. 2011), 
(Laimer, Troester et al. 2011) 

Osteosarcoma ↓ - - (Urakawa, Nishida et al. 2009) 

Ovarian ↓ ↑ - (Inaba, Ino et al. 2009), 
(Okamoto, Nikaido et al. 2005) 

Renal ↑ - - (Riesenberg, Weiler et al. 2007) 

Vulvar ↓ ↑ - (Sznurkowski, Zawrocki et al. 
2011) 

‘Survival’ is the reported overall survival or progression free survival, ‘CTL suppression‘ includes 
decreased numbers of CTL or a relative increase in the number of Tregs, ‘Metastasis’ includes both 
metastatic disease at the time of diagnosis and the development of metastases after treatment. A 
positive association with a specific prognostic factor with IDO1 expression is denoted as (↑) while an 

inverse correlation is denoted as (↓). Associations that have not been studied are denoted by (-) 
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1.5.2. IDO1	expression	promotes	the	development	of	tumours	

Studies have demonstrated that IDO1 is vital in the development of tumours (Muller, Sharma et al. 

2008). Muller and colleagues demonstrated that the application of the tumour promoter phorbol-12-

myristate-13-acetate (PMA) in mice increased the number of IDO1-expressing plasmacytoid DCs in 

the draining lymph nodes. These DCs were able to suppress CTL activity in vitro. When mice were 

exposed to the mutagen 7,12-dimethylbenz[a]anthracene (DMBA), followed by application of PMA for 

twenty weeks, they developed multiple papillomas which progressed into carcinomas. However, in 

IDO1 knockout mice, papilloma incidence was dramatically reduced and the tumours that progressed 

from these were all pre-malignant (Muller, Sharma et al. 2008). Their results indicate that IDO1 is a 

promoter of cancer development. IDO1 expression is sufficient for cancer cells to overcome an 

otherwise effective immune response. Mice immunised against the P1A antigen did not support the 

growth of P815 mastocytoma cells. However, P815 cells transfected with IDO1 were found to be able 

to grow in immunised mice (Uyttenhove, Pilotte et al. 2003). This suggests that IDO1 expression can 

permit tumour growth in mice that are capable of mounting an anti-tumour immune response, and 

could have major implications for vaccine-based therapies. 

1.5.3. Inhibition	of	IDO1	retards	tumour	growth	

Inhibition of IDO1 can restore anti-tumour immunity. Treatment of B16-F10 melanoma cells with 

IDO1 siRNA before implantation into immunised mice was shown to be effective in delaying tumour 

growth compared to untreated cells. Similarly, tumour growth was delayed when B16-F10 melanoma 

calls were treated with 1-MT before implantation (Zheng, Koropatnick et al. 2006). Inhibition of IDO1 

in established tumours has also been shown to have a therapeutic effect. Dermal delivery of IDO1 

shRNA to mice seven days after implantation of ML-1 liver cancer cells was found to significantly 

delay tumour growth in both subcutaneous and orthotopic models compared to those treated with 

scrambled shRNA. In metastatic models of ML-1 liver cancer, a decrease in tumour nodules was 

detected in the lungs of IDO1 shRNA-treated mice. In culture, ML-1 cells were more efficiently lysed 

by CTLs harvested from IDO1 shRNA-treated mice, compared to those treated with scrambled 

shRNA. Furthermore, a greater CTL and NK cell infiltration was observed in IDO1 shRNA-treated 

mice (Huang, Yen et al. 2011). Similarly, inhibition of tumour growth in established tumours has been 

observed in mice treated with IDO1 siRNA or IDO1 shRNA in melanoma (Zheng, Koropatnick et al. 

2006), colon carcinoma and bladder cancer models (Yen, Lin et al. 2009). Moreover, 

pharmacological inhibition, for example with 1-MT, in mouse models has also been demonstrated to 

delay tumour growth (Uyttenhove, Pilotte et al. 2003, Zheng, Koropatnick et al. 2006).  
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1.5.4. Inhibition	of	IDO1	augments	cancer	therapy	

IDO1 activity may limit the effectiveness of cancer therapies. In a stage III clinical trial of non-small 

cell lung cancer patients, it was found that treatment with the combination of carboplatin/gemcitabine 

significantly increased the plasma kynurenine/tryptophan ratio, indicative of the activation of the 

tryptophan catabolism pathway. In this study, higher kynurenine/tryptophan ratio after chemotherapy 

was associated with poor survival (Creelan, Antonia et al. 2013). Hou and colleagues demonstrated 

that inhibition of IDO1 can synergise with chemotherapy and radiotherapy in B16-F10 murine 

melanoma (Hou, Muller et al. 2007). Treatment of mice with 1-MT and a single dose of 150 mg/kg 

cyclophosphamide were found to significantly reduce B16-F10 tumour growth rate compared to 

cyclophosphamide alone. However no difference was observed in immunodeficient Rag1 knockout 

mice, suggesting the involvement of lymphocytes (Hou, Muller et al. 2007). Significantly slower 

growth of the B16-F10 melanoma was also observed with mice treated with the combination of 1-MT 

and a single dose of 500 cGy of whole body radiation compared to radiation alone (Hou, Muller et al. 

2007). Similarly, a synergistic response between chemotherapeutic agents, including: cisplatin, 

doxorubicin, 5-fluorouracil, and paclitaxel with 1-MT was observed in the MMTV-neu mice breast 

cancer model, and resulted in tumour regressions greater than the chemotherapeutic reagent alone 

(Muller, DuHadaway et al. 2005). Treatment of MMTV-neu mice with 1-MT and paclitaxel led to a 

30% reduction in tumour volume within 2 weeks, whereas a higher dose of paclitaxel given near its 

maximum tolerated dose only slightly delayed tumour growth and did not cause tumour regression 

(Muller, DuHadaway et al. 2005). 

A study of DC vaccines for the treatment of melanoma found expression of IDO1 was upregulated 

upon in vitro maturation of DCs with IL-1, TNF, IL-6 and PGE2 (Wobser, Voigt et al. 2007). These 

IDO1-expressing DCs maintained IDO1 expression after administration to patients. Tissue samples 

of the vaccination site from patients showed an increase in the recruitment of Tregs in proportion to 

IDO1-expressing DCs (Wobser, Voigt et al. 2007). Inhibiting IDO1 is therefore likely to improve the 

efficacy of these vaccines. Treatment of mice bearing subcutaneous tumours established from the 

pancreatic cancer cell line, Pan02, with 1-MT in combination with DCs pulsed with Pan02 lysate led 

to greater tumour growth delay compared to 1-MT or DC vaccine alone. This was associated with a 

decrease in Tregs in both the tumour draining lymph nodes and spleen of treated mice (Li, Xu et al. 

2010). A similar effect was observed in Lewis lung carcinoma models, where tumour-bearing mice 

treated with 1-MT in combination with a DC-Lewis lung fusion cell vaccine resulted in an improved 

tumour growth delay compared to either treatment alone (Ou, Cai et al. 2008). As IDO1 is expressed 

in many clinical cancers, and preclinical cancer models have demonstrated improved tumour growth 

delay and regression when IDO1 is blocked, small molecule IDO1 inhibitors are likely to be of benefit 

in the treatment of cancers. 
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1.6. Small	molecule	inhibitors	of	IDO1	

1.6.1. Inhibitors	of	IDO1	expression	

Targeting IDO1 expression can also be effective in reversing immune suppression, as demonstrated 

in studies with IDO1 siRNA (Zheng, Koropatnick et al. 2006, Huang, Yen et al. 2011). Small 

molecules can also suppress the expression of IDO1. Ethyl pyruvate has been demonstrated to 

inhibit NF-B dependent expression of IDO1, and inhibits IDO1 expression in U937 monocyte cells 

stimulated with IFN and LPS. Treatment with ethyl pyruvate suppressed growth of B16-F10 

melanoma. Suppression of tumour growth was dependent on T cells, as ethyl pyruvate had no effect 

on tumour growth in T cell deficient athymic NCr-nu/nu mice (Muller, Duhadaway et al. 2010). 

Similarly, sodium butyrate has been demonstrated to inhibit IFN induced IDO1 expression by 

interfering with STAT1 phosphorylation in response to IFN binding. Furthermore, sodium butyrate is 

able to increase ubiquitination of IDO1 protein and target existing IDO1 for proteosomal degradation 

(Jiang, He et al. 2010). Expression of IDO1 can be driven by inflammatory signals such as PGE2 

(Braun, Longman et al. 2005). Targeting PGE2 production by inhibiting cyclooxygenase-2 (COX-2) 

can in turn inhibit IDO1 expression. Knockdown of COX-2 with siRNA in the human breast cancer cell 

line MDA-MB-231, decreased the expression of IDO1 (Basu, Tinder et al. 2006). Aspirin 

(Schroecksnadel, Winkler et al. 2005), nimesulinide (Iachininoto, Nuzzolo et al. 2013) and celecoxib 

(Basu, Tinder et al. 2006) have been demonstrated to inhibit IDO1 expression through 

cyclooxygenase inhibition. In humans, the inhibition of PGE2 production by inhibiting 

cyclooxygenases with aspirin has been shown to reduce kynurenine production in peripheral blood 

mononuclear cells during stimulation of an inflammatory response (Schroecksnadel, Winkler et al. 

2005). Nimesulinide has been demonstrated to inhibit IDO1 expression in IFN stimulated HL-60 

acute myeloid leukaemia cells. Co-cultures of IDO1-expressing HL-60 cells and allogeneic naïve 

CD4+T cells induced the differentiation of CD4+T cells to Tregs, but fewer Tregs were produced when 

HL-60 cells were treated with nimesulinide during IFNstimulation (Iachininoto, Nuzzolo et al. 2013). 

Finally, in breast cancer models, CTLs harvested from mice treated with celecoxib in combination 

with a DC vaccine, showed more robust CTL responses compared to vaccine alone. The increased 

CTL response was correlated with improved survival of the mice (Basu, Tinder et al. 2006). 

Therefore, it is possible to indirectly inhibit IDO1 by targeting upstream elements that regulate its 

expression. One limitation of this however, is that IDO1 expression can be induced by multiple 

pathways. Consequently inhibition of only one of these pathways may only partially inhibit IDO1. 

Additionally, inhibition of upstream elements will effect downstream targets other than IDO1, resulting 

in inhibition of other cellular functions that are unrelated to immunoregulation. 
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1.6.2. Inhibitors	of	the	IDO1	enzyme	

There has been great interest in discovering direct inhibitors of IDO1, as the activity of such 

compounds will be independent of the stimulus driving expression. Currently, the most advanced of 

these inhibitors are: the D isomer of 1-MT (D1-MT), NLG919 from the pharmaceutical company 

NewLink Genetics and INC024360 from the pharmaceutical company Incyte. A number of chemical 

classes have been identified that inhibit IDO1. These include compounds that have been developed 

based on natural products, identified in high-throughput screens of compound libraries, or designed 

from structure driven methods. A summary of these compounds is presented in Table 1.2. These 

IDO1 inhibitory chemotypes will be further discussed.  
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Table 1.2 Summary of IDO1 inhibitors in the literature and their activity 

Compound IC50 Ki Reference 

NH2

N

O
OH

1-methyl-L-tryptophan  

- 19.2 M (Hou, Muller et al. 2007) 

 

48 M - (Kumar, Jaller et al. 2008) 

 

<1 M - 
US Patent no. 

WO2011056652, 2010 

 

0.067 M - (Yue, Douty et al. 2009) 

 

- 0.12 M 
(Pereira, Vottero et al. 

2006) 

1.1 M - 
(Kumar, Malachowski et al. 

2008) 

 

- 0.21 M 
(Brastianos, Vottero et al. 

2006) 

 

10 M - 
(Williams, Steinø et al. 

2012) 
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Table 1.2 continued Summary of IDO1 inhibitors in the literature and their activity 

Compound IC50 Ki Reference 

 

21.4 M - 
(Jang, Jang et al. 

2012) 

 

- 635 M 
(Cebrian-Torrejon, 
Assad Kahn et al. 

2012) 

 

61 M - 
(Matsuno, Takai et 

al. 2010) 

 

3 M - 
(Meininger, 

Zalameda et al. 
2011) 

 

- 97.7 M 
(Gaspari, Banerjee 

et al. 2006) 

 
50 M - 

(Röhrig, Awad et al. 
2010) 

 

50 M - 
(Röhrig, Awad et al. 

2010) 

 

50 M - 
(Röhrig, Awad et al. 

2010) 

65 M - 
(Dolušić, Larrieu et 

al. 2011) 
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1.6.2.1. 1‐Methyltryptophan	

Some of the earliest inhibitors were based on the IDO1 substrate tryptophan. The tryptophan 

analogue 1-MT is a weak, competitive inhibitor of IDO1 (Cady and Sono 1991). As one of the earliest 

inhibitors, it is frequently used in research as a standard. Currently, NewLink Genetics has taken the 

D isomer of 1-MT into phase I trials in combination with docetaxel for the treatment of breast cancer 

(ClinicalTrials.gov Identifier: NCT01792050). A phase II trial combining D1-MT and the DC vaccine 

Sipuleucel-T for treatment of prostate cancer is also underway (ClinicalTrials.gov Identifier: 

NCT01560923). Curiously, the D isomer of 1-MT is a less potent IDO1 inhibitor compared to the L 

isomer (L1-MT) against both purified recombinant IDO1 and in assays with IDO1 from HeLa, a 

human cervical carcinoma cell line, stimulated with IFN(Hou, Muller et al. 2007). However in IDO1-

expressing DCs derived from in vitro maturation of monocytes, D1-MT was more potent for inhibiting 

IDO1 activity and correspondingly in blocking inhibition of T cell proliferation in co-cultures (Hou, 

Muller et al. 2007). Furthermore, in mouse 4T1 breast carcinoma models, the combination of the D1-

MT with paclitaxel resulted in longer survival compared to the combination with L1-MT and paclitaxel 

(Hou, Muller et al. 2007). One explanation proposed for this is that another enzyme which catalyses 

tryptophan catabolism, IDO2, may be active in DCs and that the D1-MT may selectively inhibit this 

enzyme. This was supported by studies which demonstrated that D1-MT but not L1-MT inhibited 

tryptophan catabolism in IDO2 transfected 293-T-REX cell lines (Metz, Duhadaway et al. 2007). In 

contrast to these results, a separate study found that L1-MT but not the D1-MT was able to reverse 

immune suppression of CTLs in co-cultures of T cells with either IDO1-expressing primary ovarian 

carcinoma cell lines, tumour infiltrating leukocytes, or monocyte-derived DCs (Qian, Villella et al. 

2009). Moreover, L1-MT has been demonstrated to inhibit the activity of purified recombinant human 

IDO2 enzyme to a greater extent than the D isoform in enzymatic assays (Yuasa, Ball et al. 2009). 

One explanation for these discrepancies could be due to off-target effects of the D1-MT and the 

differences in the protocols for generation of DCs in vitro in these studies. Agaugué and colleagues 

found that maturation of DCs with TLR3 stimulation was not affected by D1-MT. Whereas DCs 

stimulated through TLR2 and TLR6, or TLR2 and TLR1 were able to induce greater expression of 

IFNwhen co-cultured with T cells in response to D1-MT. TLR4-stimulated DCs had a reduced 

capacity to stimulate IFN expression in the presence of D1-MT. These effects were observed in the 

absence of IDO1 (Agaugue, Perrin-Cocon et al. 2006). Therefore in DCs, the effect of D1-MT may 

not necessarily be directly through IDO1 but rather by altering the overall T cell stimulatory ability of 

the DCs. Other targets of D1-MT include the nutrient sensor mechanistic target of rapamycin 

(mTOR). HeLa cells cultured in tryptophan-deficient media showed downregulation of mTOR activity 

as measured by S6K phosphorylation. Addition of tryptophan, L1-MT and D1-MT to tryptophan-

deficient media was able to restore mTOR activity in HeLa cells. Of these compounds D1-MT was 
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found to be the most potent. In cells, 1-MT can act as a tryptophan mimetic and alter cell signalling in 

low tryptophan environment (Metz, Rust et al. 2012). Restoration of mTOR activity by 1-MT may 

affect proliferative abilities of T cells independently of IDO1 inhibition. In addition to its ability to inhibit 

IDO1 enzyme activity, 1-MT has been reported to inhibit IFN induced IDO1 expression at the 

transcriptional level in rectal carcinoma cell lines (Okamoto, Tone et al. 2007). Although 1-MT may 

have immunomodulatory effects other than IDO1 inhibition, many of its therapeutic effects are likely 

through the direct or indirect inhibition of the tryptophan catabolism pathway as other inhibitors of 

IDO1 show similar properties to 1-MT. These include reversing suppression of CTL and NK effector 

cells and blocking Treg differentiation.  

1.6.2.2. 4‐Phenylimidazole	

Another inhibitor discovered early on is the haem ligator 4-phenylimidazole (4-PI), which has been 

used to study other haem-containing proteins such as Cytochrome P450 (Griffin and Peterson 1975). 

4-PI has been reported as both a non-competitive (Sono and Cady 1989) and uncompetitive inhibitor 

of IDO1 (Kumar, Jaller et al. 2008). It is the only inhibitor for which the binding mode to IDO1 has 

been experimentally determined, and was crystallised in the IDO1 active site by Sugimoto and 

colleagues (Sugimoto, Oda et al. 2006). As the binding properties of 4-PI are well characterised, it is 

also commonly used in research as a standard. More potent derivatives of 4-PI have been recently 

identified, by using the structure of IDO1 to rationally design better binding analogues; with up to ten 

fold greater potency compared to 4-PI (Kumar, Jaller et al. 2008). The newest series of IDO1 

inhibitors produced by NewLink Genetics, of which the compound NLG919 is to enter phase I clinical 

trials, also share the imidazole core of 4-PI (US Patent no. WO2011056652, 2010) (Mautino, Kumar 

et al. 2011). This compound has been reported to have nanomolar IDO1 inhibitory activity and be 

effective in delaying growth of B16-F10 melanoma in mouse models when combined with vaccines. 

The half-life for NLG919 is 1 hour in mice (Mautino, Jaipuri et al. 2013).  

1.6.2.3. Hydroxyamidines	

Currently the most advanced IDO1 inhibitors are the series of hydroxyamidine-containing 

compounds. These were initially discovered in high throughput screens carried out by Incyte 

pharmaceutical company of their in-house compound collection (Yue, Douty et al. 2009). The initial 

hit compound, 4-amino-1,2,5-oxadiazole-3-carboximidamide (Figure 1.4), is an inhibitor of IDO1 with 

micromolar potency against both free enzyme and against cellular IDO1 induced in HeLa cells after 

IFN stimulation. 4-Amino-1,2,5-oxadiazole-3-carboximidamide was reported as a competitive 

inhibitor of IDO1. Changes in the IDO1 absorbance spectra upon the binding of this compound 

indicated a direct interaction with the haem-iron. Screening of structural analogues of the initial hit 

identified that the oxime group was essential for inhibitory activity. The potency of this compound was 
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improved when a phenyl ring was attached to the N-terminal of the carboxamide group and halogen 

substituents were placed in the meta (2, 5-) and para (4-) positions of these phenyl rings (Figure 1.4) 

(Yue, Douty et al. 2009). One analogue, 4-amino-N-(3,4-difluorophenyl)-N'-hydroxy-1,2,5-oxadiazole-

3-carboximidamide or ‘5L’ (INC-5L), which has nanomolar IDO1 inhibitory activity against both free 

IDO1 enzyme and IDO1 from HeLa cells, was demonstrated to be able to reduce plasma kynurenine 

concentrations in C57BL/6 mice by 50-60% 2-4 h after a single subcutaneous dose at 100 mg/kg. 

Furthermore bi-daily dosing of mice which had been inoculated with Granulocyte-macrophage 

colony-stimulating factor (GM-CSF)-overexpressing B16 cells with 50-75 mg/kg of INC-5L resulted in 

a dose dependent tumour growth delay (Yue, Douty et al. 2009). The pharmacokinetics of INC-5L are 

poor however, where the compounds half-life in mice was reported to be less than half an hour (Yue, 

Douty et al. 2009). Following from these studies, an improved hydroxyamidine, INC024360, was 

discovered and is currently being examined in phase II trials in combination with peptide vaccines for 

the treatment of melanoma (ClinicalTrials.gov Identifier: NCT01961115). This compound has greater 

activity in mouse models. C57BL/6 mice dosed with 50 mg/kg of INC024360 have a greater than 

50% reduction in plasma kynurenine concentrations 1 h after treatment and this reduction in 

kynurenine concentration is sustained for 8 h after treatment. This reduction in kynurenine was 

observed in wild type but not IDO1 knockout mice (Koblish, Hansbury et al. 2010). INC024360 

reduced the concentration of kynurenine in the tumour, tumour draining lymph nodes and plasma of 

mice bearing CT26 colon carcinoma (Koblish, Hansbury et al. 2010). The inhibition of IDO1 by 

INC024360 is associated with restoration of immune function. Co-culture experiments with IDO1-

expressing DCs and either CTLs, NK cells or naïve CD4+T cells demonstrated that INC024360 could 

reverse the inhibition of proliferation of T cells and NK cells and block differentiation of naïve T cells 

into Tregs (Liu, Shin et al. 2010). In Pan02-bearing mice, treatment with INC024360 was correlated 

with increased CTL and decreased Treg infiltration in the tumour (Koblish, Hansbury et al. 2010). 

Finally, INC024360 as a single agent is able to delay tumour growth of Pan02 tumours in C57BL/6 

mice (Liu, Shin et al. 2010). INC024360 was also found to be a selective inhibitor of IDO1 and does 

not inhibit IDO2 or tryptophan 2,3-dioxygenase (TDO), which also catalyse the conversion of 

tryptophan to N’-formylkynurenine (Liu, Shin et al. 2010). Although these are currently the most 

advanced IDO1 inhibitors reported to date, there are many other chemical classes that have been 

reported in the literature as IDO1 inhibitors. Different approaches were taken across these studies to 

identify these IDO1 inhibitors. 
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Figure 1.4 Hydroxyamidine IDO1 inhibitors. The scaffold of hydroxyamidine inhibitors derived 
from the initial high throughput screen hit, 4-amino-1,2,5-oxadiazole-3-carboximidamide (black). 
Subsequent structure activity relationships with analogues (green) demonstrated that the oxime group 
is required for inhibitory activity of these compounds. Phenyl rings off the carboximidamide nitrogen 
increased the potency of these compounds for IDO1 inhibitory compounds.  

Required for 
inhibitory 
activity

Increased potency
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1.6.3. Natural	product	derived	IDO1	inhibitors		

One common approach to discovering novel inhibitors is to identify active compounds in natural 

products. Annulin B and exiguamine A are potent IDO1 inhibitors and were found in the crude extract 

of the marine hydroid Garveia annulata and Neopetrosia exigua respectively (Brastianos, Vottero et 

al. 2006, Pereira, Vottero et al. 2006). Naphthoquinone was found to be the common moiety of both 

these compounds and is a potent inhibitor of IDO1 with submicromolar inhibitory activity. Non-

competitive IDO1 inhibition kinetics were observed for compounds with a naphthoquinone core 

(Kumar, Malachowski et al. 2008). Computational docking was performed to predict how these 

molecules interacted with the IDO1 active site. This was used to guide the modifications to the 

naphthoquinone structure to improve the binding of inhibitors, which were optimised to reach 

nanomolar potencies (Kumar, Malachowski et al. 2008). Menadione, a naturally occurring 

naphthoquinone, was demonstrated to delay B16-F10 tumour growth in C57BL/6 mice as a single 

agent and to synergise with the chemotherapeutic agent, paclitaxel, to cause tumour regression in 

these models (Kumar, Malachowski et al. 2008). However quinone-containing compounds are also 

redox active and this redox activity may cause toxicities, as well as non-specific inactivation of protein 

targets (false positive), making these compounds not ideal as starting points for development of 

therapeutic agents (Baell and Holloway 2010). Other natural products reported to have IDO1 

inhibitory activity include benzomalvin E (Jang, Jang et al. 2012), halicloic acids (Williams, Steinø et 

al. 2012), trans-avicennol (Cebrian-Torrejon, Assad Kahn et al. 2012) and plectosphaeroic acids 

(Carr, Tay et al. 2009). While synthesis of natural products to inhibit IDO1 is possible (Volgraf, Lumb 

et al. 2008), it is complicated and impractical for bulk synthesis.  

1.6.4. IDO1	inhibitors	identified	in	high‐throughput	screens	

Screening of large compound libraries in high-throughput screens is often used to identify novel 

therapeutic agents. In addition to the series of hydroxyamidines (Yue, Douty et al. 2009), compounds 

such as the S-benzylisothiourea and Amg-1 were also discovered in high-throughput screens. S-

benzylisothiourea was found to inhibit IDO1 at micromolar concentrations and demonstrated non-

competitive inhibition kinetics (Matsuno, Takai et al. 2010), while Amg-1 was a selective IDO1 

inhibitor that was not found to inhibit IDO2 or TDO at concentrations tested (Meininger, Zalameda et 

al. 2011).  

1.6.5. Substrate	analogues	as	IDO1	inhibitors	

Analogues of IDO1 substrates will compete with tryptophan and thereby interfere with its catabolism. 

Some of the earliest inhibitors of IDO1 were substrate analogues including -(3-benzofuranyl)-

alanine, -(3-benzo[b]thienyl)-alanine and 1-MT (Cady and Sono 1991). Many of the IDO1 substrate 

analogues contain the tryptophan indole ring. In screens of indole-containing compounds, brassins 
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were identified as competitive inhibitors of IDO1 (Banerjee, Duhadaway et al. 2008). Brassins are 

natural products derived from cruciferous vegetables with anti-cancer properties (Mehta, Liu et al. 

1995). Treatment of MMTV-neu mice with 5-bromobrassin was found to be effective in delaying 

tumour growth as a single agent, and works synergistically with paclitaxel to induce tumour 

regression (Banerjee, Duhadaway et al. 2008) As with other IDO1 inhibitors, treatment with 5-bromo-

brassin had no effect on IDO1 knockout or athymic mice, indicating that IDO1 is the target of 5-

bromo-brassin and that a functioning immune response is required for these benefits (Banerjee, 

Duhadaway et al. 2008). One drawback of current IDO1 inhibitors based on substrate analogues is 

that they lack potency. The most potent brassin reported, inhibits IDO1 at micromolar concentrations 

and has a Ki of 11 M (Gaspari, Banerjee et al. 2006). 

1.6.6. IDO1	inhibitors	from	structure	based	design		

The use of structural information to design compounds that fit into the IDO1 active site has led to the 

discovery of a number of IDO1 inhibitory chemical classes. One study used computational docking 

experiments to predict the binding mode of published IDO1 inhibitors and from this was able to 

determine the compound-protein interactions that were important for the inhibition of IDO1. Based on 

these compound-protein interactions 50 compounds were docked, from which 12 compounds were 

selected for testing in an IDO1 enzyme assay. Three classes of novel IDO1 inhibitors were identified 

from these studies: benzothiazoles, phenylthiazoles and triazoles (Röhrig, Awad et al. 2010). An 

alternative approach is to use computational docking to screen a large library of compounds, and 

identify compounds that are predicted to make the most favourable interactions with the IDO1 active 

site based on fitness scores. Following a virtual screening campaign that docked 62,000 compounds, 

a keto-indole analogue emerged as the most potent IDO1 inhibitory compound of the 39 compounds 

selected for testing. Keto-indole analogues were found to display uncompetitive inhibition kinetics 

(Dolušić, Larrieu et al. 2011). Furthermore, structure based design of inhibitors can be used to 

rationally improve upon a known inhibitor by building on compounds to maximise the number of 

interactions with the active site. Naphthalene, triazole, 4-PI analogues are examples of compounds 

where more potent analogues have been designed as a result of structural based development 

(Kumar, Jaller et al. 2008, Kumar, Malachowski et al. 2008, Röhrig, Majjigapu et al. 2012).  

One limitation of structure based design is that it is heavily dependent on the availability of high 

resolution structural information. Currently, there is only one high resolution structure of the IDO1 

binding site (Sugimoto, Oda et al. 2006) that is routinely used for structure based screening and 

design of inhibitors (Kumar, Jaller et al. 2008, Röhrig, Awad et al. 2010, Dolušić, Larrieu et al. 2011). 

However, in response to the binding of different ligands or changes in oxidation state, IDO1 may 

undergo conformational changes. Docking to only one conformation of the IDO1 crystal structure 
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would incorrectly classify inhibitors that required a conformational change for binding. Structural 

information of IDO1 under different conditions is therefore needed.  

 

1.7. Thesis	objectives	

This review has highlighted the role of IDO1 in cancer. Pre-clinical studies have demonstrated the 

ability of IDO1 inhibition to delay tumour growth as a single agent and to synergise with established 

cancer therapies to cause improved tumour regression. Furthermore, IDO1 is expressed in a wide 

variety of cancers and represents a common mechanism by which cancers suppress immune 

function. Thus IDO1 represents an ideal target for cancer therapy. Currently the most advanced 

inhibitors D1-MT, NLG919 and INC024360 have demonstrated promising anti-tumour activity in pre-

clinical studies. However, D1-MT is a weak inhibitor of IDO1, and many of its anti-tumour effects may 

be mediated via molecular targets other than IDO1, while the inhibitors NLG919 and the series of 

hydroxyamidine compounds both suffer from short half-lives. Therefore, there is scope for 

improvement on these inhibitors. 

Two IDO1 inhibitor discovery approaches predominate in the literature: empirical screening 

approaches that assay compounds to identify new inhibitory compounds (Yue, Douty et al. 2009, 

Matsuno, Takai et al. 2010, Meininger, Zalameda et al. 2011), and knowledge based approaches that 

use computational methods to screen compounds based on their complementarity to the active site 

(Röhrig, Awad et al. 2010, Dolušić, Larrieu et al. 2011, Dolušić, Larrieu et al. 2011, Smith, Evans et 

al. 2012). Empirical approaches have the advantage of more directly measuring the parameter of 

interest, i.e. inhibitory activity or binding of compounds to IDO1, and therefore generate results that 

are more reliable. In contrast, computational methods use active site complementarity or specified 

interactions with the active site as a predictor of inhibitory activity. However, computational methods 

have the advantage of being able to process a much larger number of compounds. In this thesis we 

will combine both these approaches (Figure 1.5) to produce a screening method which both reliably 

identifies novel inhibitory classes and can screen large numbers of compounds to further explore 

compound classes of interest. 

The identification of novel IDO1 inhibitors by virtual screening methods has met with some success 

(Röhrig, Awad et al. 2010, Dolušić, Larrieu et al. 2011); however, these screening tools have not 

been evaluated in terms of their ability to enrich for IDO1 inhibitors. Docking protocols have been 

shown to vary in their performance depending on protein target (Liebeschuetz, Cole et al. 2012). 

Different virtual screening parameters could bias the discovery of compounds towards certain 

chemical classes, or in the worst case scenario, be completely ineffective in enriching for IDO1 

inhibitory compounds. Testing docking protocols against compound libraries with known activities is 
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therefore necessary before applying filters based on computational methods. In this thesis, the 

empirical screen provided a test set of compounds with known activity for this validation. 

The overall objective of this study is to develop a screening cascade for the discovery of novel IDO1 

inhibitory chemotypes. Specifically, this involved: 

i) Discovery of novel IDO1 inhibitory classes through a stepwise characterisation of the Zenobia 

Therapeutics (ZT) fragment library. This involved selecting compounds based on their ability 

to bind IDO1, their ability to inhibit IDO1, and finally identifying those that interacted with the 

active site;  

ii) Investigate the interactions that are important for inhibitory activity of compounds. This 

involved identifying common interactions made by inhibitors with the IDO1 active site as 

predicted by docking, and obtaining support for these interactions from structure activity 

relationships of analogues within a compound class; 

iii) Identify the best docking protocol for enriching IDO1 inhibitors by using the compounds of the 

ZT library as a test set; 

iv) Use virtual screens to identify IDO1 inhibitors from a focussed library based on novel 

inhibitors identified from the fragment screen; 

v) Further explore the IDO1 active site, and define protein-inhibitor interactions to enable further 

improvements to inhibitor design by obtaining an X-ray crystal structure of IDO1 with inhibitors 

bound. 
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Figure 1.5 Screening cascades for inhibitor identification. The combined use of both (A) empirical 
and (B) computational methods for the identification of IDO1 inhibitors. Compounds are passed 
through successive filters to narrow down compounds of interest. Chemical classes found to be of 
interest from the empirical screens were further explored by computational methods. 
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 	Materials	and	Methods	Chapter	2.

2.1. Materials	

2.1.1. Compounds,	reagents,	equipment	and	software	

Fragments screened in the differential scanning fluorimetry (DSF) assays, and compounds 1-74 in 

recombinant human IDO1 (rhIDO1) enzyme inhibition assays, were part of the ZT Fragment Library 

1. Inhibitors re-tested for activity in the enzymatic assay were also from ZT Fragment Library 1 unless 

otherwise specified. Table 2.1.1-9 shows the suppliers of the compounds from each chemotype. Milli-

Q water used in these experiments was filtered and deionised to the purity where its conductance 

was 18.2 Ω. The reagents used for this project and their suppliers are listed in Table 2.2. The 

suppliers for the equipment used for experiments and the software used to analyse the results are 

listed in Table 2.3. 

Table 2.1.1 Methylene blue analogues 

# Supplier Catalogue # 

75 Sigma-Aldrich, St. Louis, MO, USA P14831 

76 Sigma-Aldrich, St. Louis, MO, USA C63006 

77 Synthesised at the ACSRC - 

78 Synthesised at the ACSRC - 

79 Sigma-Aldrich, St. Louis, MO, USA P14858 

80 Synthesised at the ACSRC - 

81 Synthesised at the ACSRC - 

82 Synthesised at the ACSRC - 

83 Synthesised at the ACSRC - 

84 Synthesised at the ACSRC - 

85 Synthesised at the ACSRC - 

86 Synthesised at the ACSRC - 

87 Synthesised at the ACSRC - 

88 Synthesised at the ACSRC - 

89 Synthesised at the ACSRC - 

90 Synthesised at the ACSRC - 

91 Synthesised at the ACSRC - 

92 Sigma-Aldrich, St. Louis, MO, USA X201 
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Table 2.1.2 Benzothiazole analogues 

# Supplier Catalogue # 

93 Sigma-Aldrich, St. Louis, MO, USA 101338 

94 Sigma-Aldrich, St. Louis, MO, USA 112143 

95 Sigma-Aldrich, St. Louis, MO, USA 304476 

96 Sigma-Aldrich, St. Louis, MO, USA 261858 

97 Chembridge, San Diego, CA 4087999 

98 Sigma-Aldrich, St. Louis, MO, USA 108812 

99 Sigma-Aldrich, St. Louis, MO, USA 190241 

100 Sigma-Aldrich, St. Louis, MO, USA S997501 

101 Sigma-Aldrich, St. Louis, MO, USA 63720 

102 Synthesised at ACSRC - 

103 Sigma-Aldrich, St. Louis, MO, USA S997501 

104 Synthesised at ACSRC - 

1 Sigma-Aldrich, St. Louis, MO, USA 642436 

105 Enamine BB, Monmouth, WLS EN400-13260 

106 Enamine BB, Monmouth, WLS EN400-13259 

107 Maybridge, Walthman, MA, USA SEW01279 

108 Sinova, Bethesda, MD, USA SL-02196 

109 
Princeton BioMolecular Research, Monmouth 
Junction, NJ, USA 

OSSL_331528 

110 
Princeton BioMolecular Research, Monmouth 
Junction, NJ, USA 

OSSL_469520 

111 Chembridge, San Diego, CA 5549542 

112 Matrix Scientific, Columbia, SC, US 46619 

113 Chembridge, San Diego, CA 5108305 
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Table 2.1.3 Biphenyl analogues 

# Supplier Catalogue # 

114 Sigma-Aldrich, St. Louis, MO, USA 35800 

115 Sigma-Aldrich, St. Louis, MO, USA 134341 

116 Combi-Blocks Inc, San Diego, CA, USA YA-1466 

117 Specs, Delft, NL AG-777/25006395 

118 Synthesised at ACSRC - 

119 Matrix Scientific, Scientific, Columbia, SC, US 011104 

120 Sigma-Aldrich, St. Louis, MO, USA 22937 

121 Sigma-Aldrich, St. Louis, MO, USA 134341 

122 Sigma-Aldrich, St. Louis, MO, USA 31958 

123 Synthesised at ACSRC - 

124 Sigma-Aldrich, St. Louis, MO, USA T331708 

125 Alfa Aesar, Ward Hill, MA, USA B23703 

126 Sigma-Aldrich, St. Louis, MO, USA B34680 

127 Sigma-Aldrich, St. Louis, MO, USA 122726 

128 Sigma-Aldrich, St. Louis, MO, USA 14421 

129 Sigma-Aldrich, St. Louis, MO, USA 133612 

130 Sigma-Aldrich, St. Louis, MO, USA 45802 

131 Synthesised at ACSRC - 

132 Synthesised at ACSRC - 

133 Synthesised at ACSRC - 

134 Synthesised at ACSRC - 

135 Synthesised at ACSRC - 

 

Table 2.1.4 Coumarin analogues 

# Supplier Catalogue # 

136 Sigma-Aldrich, St. Louis, MO, USA 01260595 

137 Sigma-Aldrich, St. Louis, MO, USA H23805 

138 Alfa Aesar, Ward Hill, MA, USA L07192 

139 Sigma-Aldrich, St. Louis, MO, USA M1381 

140 Apollo Scientific, Cheshire, UK BIA3001 

141 Synthesised at ACSRC - 

142 Synthesised at ACSRC - 



Chapter 2 – Methods and Materials 

38 

Table 2.1.5 Indan-1-one analogues 

# Supplier Catalogue # 

143 Acros Organics, Geel, BE 12211 

144 Sigma-Aldrich, St. Louis, MO, USA 684163 

18 Sigma-Aldrich, St. Louis, MO, USA 151173 

145 Combi-Blocks Inc., San Diego, CA, USA HC-2113 

146 Sigma-Aldrich, St. Louis, MO, USA 391743 

147 Synthesised at ACSRC - 

148 Synthesised at ACSRC - 

149 Princeton BioMolecular Research, Monmouth Junction, OSSL_122608 

150 Chembridge, San Diego, CA 5536231 

151 Chembridge, San Diego, CA 5319324 

152 Chembridge, San Diego, CA 5315318 

153 Chembridge, San Diego, CA 5373873 

154 Chembridge, San Diego, CA 5314590 

155 Sigma-Aldrich, St. Louis, MO, USA 341002 

156 Princeton BioMolecular Research, Monmouth Junction, OSSK_355156 

157 Enamine BB, Monmouth, WLS T0504-1203 

158 Chembridge, San Diego, CA 51726783  

 

Table 2.1.6 Phenylpyruvic acid analogues 

# Supplier Catalogue # 

159 Specs, Delft, NL No longer available 

160 Sigma-Aldrich, St. Louis, MO, USA No longer available  

161 Specs, Delft, NL  AB-323/13887454 

162 Sigma-Aldrich, St. Louis, MO, USA 114286 

163 Sigma-Aldrich, St. Louis, MO, USA N22401 

164 Synthesised at ACSRC - 

165 Sigma-Aldrich, St. Louis, MO, USA 375322 
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Table 2.1.7 Salicylic acid analogues 

# Supplier Catalogue # 

166 Sigma-Aldrich, St. Louis, MO, USA 84228 

167 Zenobia Therapeutics, San Diego, CA, USA Fragment library1 

168 Sigma-Aldrich, St. Louis, MO, USA 84332 

169 Zenobia Therapeutics, San Diego, CA, USA Fragment library1 

170 Sigma-Aldrich, St. Louis, MO, USA 10678 

171 Sigma-Aldrich, St. Louis, MO, USA T33200 

172 Synthesised at the ACSRC - 

 
Table 2.1.8 Phenoxazine analogues 

# Supplier Catalogue # 

173 Maybridge, Walthman, MA, USA BTB10997 

174 
Princeton BioMolecular Research, Monmouth Junction, 
NJ, USA 

OSSL_122608 

175 Sigma-Aldrich, St. Louis, MO, USA 90101 

176 ChemDiv, San Diego, CA, USA 0116-0028 

177 Maybridge, Walthman, MA, USA JFD01932 

 

Table 2.1.9 Phenylhydrazine analogues 

# Supplier Catalogue # 

179 Sigma-Aldrich, St. Louis, MO, USA 78762 

180 Apollo Scientific, Cheshire, UK OR7922 

181 Vitas M Lab, Apeldoorn, NE STK677266 

182 Maybridge, Walthman, MA, USA TL00869 

183 Sigma-Aldrich, St. Louis, MO, USA CBR00796 

184 Enamine BB, Monmouth, WLS EN300-44952 

185 Chembridge, San Diego, CA 4102448 

186 Enamine BB, Monmouth, WLS EN300-54043 

187 Vitas M Lab, Apeldoorn, NE STK027395 

188 Matrix Scientific, Scientific, Columbia, SC, US 007272 

189 Vitas M Lab, Apeldoorn, NE STK004195 

190 
Princeton BioMolecular Research, Monmouth Junction, 
NJ, USA 

OSSK_318544 

191 Enamine BB, Monmouth, WLS Z49583782 

192 Enamine BB, Monmouth, WLS Z49607680 

193 
Princeton BioMolecular Research, Monmouth Junction, 
NJ, USA  

OSSK_108986 

194 
Princeton BioMolecular Research, Monmouth Junction, 
NJ, USA 

OSSL_133267 

195 Chemdiv, San Diego, CA, USA 8010-6795 
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Table 2.1.10 Compounds used as standards 

Compound Supplier Catalogue # 

4-phenylimidazole Sigma-Aldrich, St. 
Louis, MO, USA 

144754 

1,4-naphthoquinone Sigma-Aldrich, St. 
Louis, MO, USA 

152757 

1,4-dihydroxynaphthalene Sigma-Aldrich, St. 
Louis, MO, USA 

70430 

1,4-dihydroxynaphthalene-2,3-dicarbonitrile Sigma-Aldrich, St. 
Louis, MO, USA 

407100 

5-amino-4-(4-chlorophenyl)-4H-1,2,4-triazole-3-
thiol 

Unknown Unknown 

1,5-dihydroxynaphthalene Sigma-Aldrich, St. 
Louis, MO, USA 

D115606 

1,2-di(pyridin-3-yl)ethane-1,2-dione Sigma-Aldrich, St. 
Louis, MO, USA 

PH001548 

1-methyl-L-tryptophan Sigma-Aldrich, St. 
Louis, MO, USA 

447439 

phenyl nicotinate ChemDiv, San 
Diego, CA, USA 

0200-5205 

(E)-4-((pyridin-2-
ylmethylene)amino)benzothioamide 

Unknown Unknown 

Cyclophosphamide Sigma-Aldrich, St. 
Louis, MO, USA 

29875 

INC-5L Synthesised at the 
ACSRC 

- 

 
 

Table 2.2 Reagents, manufacturers and catalogue numbers 

Reagent Manufacturer/Supplier Catalogue# 

0.5% trypsin-EDTA (10x) Life Technologies, Carlsbad, CA, USA 15400-054 

1 x HALT Protease inhibitor  Life Technologies, Carlsbad, CA, USA KHO0011 

2-mercaptoethanol Sigma-Aldrich, St. Louis, MO, USA M6250 

3-(4,5-dimethylthiazolyl-2-yl)-
2,5-diphenyltetrazolium 
bromide 

Sigma-Aldrich, St. Louis, MO, USA M5655 

4-
(dimethylamino)benzaldehyde 

Sigma-Aldrich, St. Louis, MO, USA D2004-100G 

40% acrylamide solution Biorad, Hercules, CA, USA 161-0140 
4–12% Nu-PAGE Novex Bis-
Tris gel  

Life Technologies, Carlsbad, CA, USA NP0321BOX 

4x NuPAGE LDS sample 
buffer 

Life Technologies, Carlsbad, CA, USA NP0007 

5-aminolevulinic acid 
hydrochloride 

Sigma-Aldrich, St. Louis, MO, USA A3785-5G 

acetic acid Merk Millipore, Billerica, MA, USA 1000632500 

Additive Screen  
Hampton research, Aliso Viejo, CA, 

USA 
HR2-428 
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Reagent Manufacturer/Supplier Catalogue# 

albumin (from Bovine serum) Sigma-Aldrich, St. Louis, MO, USA A7906 

alpha-MEM  Life Technologies, Carlsbad, CA, USA 12561-072 

ammonium chloride Scharlau, Sentmenat, ES AM02700500 

ammonium persulfate Scharlau, Sentmenat, ES AM03710100 

anti-actin antibody Merk Millipore, Billerica, MA, USA MAB1501R 

ascorbic acid Sigma-Aldrich, St. Louis, MO, USA A4034 

Bacto Tryptone 
BD BioSciences, Franklin Lakes, NJ, 

USA 
211705 

Bacto Yeast Extract 
BD BioSciences, Franklin Lakes, NJ, 

USA 
212750 

BCA Protein Assay Kit 
Thermo Fisher Scientific, Walthman, 

MA, USA 
PIE23250 

BD Bacto Agar 
BD BioSciences, Franklin Lakes, NJ, 

USA 
214030 

Blasticidin Life Technologies, Carlsbad, CA, USA R21001 

Bromophenol blue Sigma-Aldrich, St. Louis, MO, USA 62625-28-9 
BugBuster Proten Extraction 
Reagent  

EMD Millipore, Billerica, MA, USA 70584-3 

calcium chloride anhydrous Scharlau, Sentmenat, ES CA01900500 

carbenicillin disodium salt Life Technologies, Carlsbad, CA, USA 10177-012 

catalase Sigma-Aldrich, St. Louis, MO, USA C40 

CHES Acros Organics, Geel, BE 208181000 
cOmplete, Mini, EDTA-free 
protease inhibitor cocktail 
tablets 

Roche, Penzberg, DE 11836170001 

dimethyl sulphoxide ECP Ltd, Auckland, NZ 2200.1-500 
di-potassium hydrogen 
phosphate 

Merk Millipore, Billerica, MA, USA 105104 

disodium hydrogen phosphate Scharlau, Sentmenat, ES SO03291000 

DMA 
Thermo Fisher Scientific, Walthman, 

MA, USA 
MFCD00008686

DMF 
Thermo Fisher Scientific, Walthman, 

MA, USA 
MFCD00003284

Dulbecco's phosphate 
buffered saline, without CaCl2 
and MgCl2 

Sigma-Aldrich, St. Louis, MO, USA D5652-10X1L 

ethylene diaminetetraacetic 
acid disodium salt, dihydrate 

Sigma-Aldrich, St. Louis, MO, USA E5134 

filter paper  
Biorad, Hercules, CA, United States of 

America 
170-3956 

foetal calf serum Moregate Biotech, Hamilton, NZ - 

glucose Merks Millipore, Billerica, MA, USA 346351 

glycerol Merk Millipore, Billerica, MA, USA 104092 

goat anti-rabbit HRP  
Santa Cruz Biotechnology Inc, Dallas, 

TX, USA 
sc-2030 

goat anti-rat IgG-HRP  
Santa Cruz Biotechnology Inc, Dallas, 

TX, USA 
sc-2032 
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Reagent Manufacturer/Supplier Catalogue# 

hemin Sigma-Aldrich, St. Louis, MO, USA 51280 

HEPES Scharlau, Sentmenat, ES HE00110025 

HisTag Purification Resin  Roche, Penzberg, DE 015893682001 
HRP-Goat Anti-Mouse IgG 
(H+L) Conjugate  

Life Technologies, Carlsbad, CA, USA G-21040 

Imidazole Apollo Scientific, Cheshire, UK BID0565 

iron (III) chloride hexahydrate Scharlau, Sentmenat, ES HI03370500 
isopropyl b-D-
thiogalactopyranoside 

Sigma-Aldrich, St. Louis, MO, USA I6758-1G 

kanamycin sulfate EMD Millipore, Billerica, MA, USA 420311 

L-kynurenine Sigma-Aldrich, St. Louis, MO, USA K8625-100MG 

L-tryptophan Sigma-Aldrich, St. Louis, MO, USA T0254-5G 
magnesium chloride 
hexahydrate 

Scharlau, Sentmenat, ES MA00360250 

magnesium sulfate 
heptahydrate 

Scharlau, Sentmenat, ES MA00840500 

manganese chloride 
tetrahydrate 

Scharlau, Sentmenat, ES MA01220500 

MES Applichem, Darmstadt, DE A0689 

methanol Merk Millipore, Billerica, MA, USA 106002 

methyl sulfoxide (DMSO) 
Thermo Fisher Scientific, Walthman, 

MA, USA 
AC61042-0010 

methylene Blue Serva, Heidelberg, DE 29198.02 

mIDO1-48 Biolegend, San Diego, CA, USA 122402 
nickel (II) chloride 
hexahydrate 

Scharlau, Sentmenat, ES NI01390250 

nitrocellulose membrane 
Biorad, Hercules, CA, United States of 

America 
162-0115 

Novex ECL chemiluminescent 
substrate 

Life Technologies, Carlsbad, CA, USA WP20005 

Novex Sharp unstained 
protein standards 

Life Technologies, Carlsbad, CA, USA LC5801 

NuPAGE® MES SDS 
Running Buffer (20X) 

Life Technologies, Carlsbad, CA, USA NP000202 

NuPAGE® Transfer Buffer 
(20x) 

Life Technologies, Carlsbad, CA, USA NP0006 

Parafilm ® Bemis, Neenah, WI, USA PM996 

penicillin/streptomycin Life Technologies, Carlsbad, CA, USA 15140-122 
phenylmethanesulfonyl 
fluoride 

Sigma-Aldrich, St. Louis, MO, USA P7626 

potasium dihydrogen 
phosphate 

Merk Millipore, Billerica, MA, USA 104873 

puromycin Life Technologies, Carlsbad, CA, USA A11138-02 
recombinant human 
Interferon- Peprotech, Rocky Hill, NJ, USA 300-02 

Restore Western Blot 
Stripping Buffer 

Thermo Fisher Scientific, Walthman, 
MA, USA 

21059 
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Reagent Manufacturer/Supplier Catalogue# 

RIPA lysis buffer 
Thermo Fisher Scientific, Walthman, 

MA, USA 
89900 

SDS Serva, Heidelberg, DE GE17-1313-01 

Serva Blue R Serva, Heidelberg, DE 35051.01 
Sigma Prestige–Atlas anti-
human IDO1 antibody 

Sigma-Aldrich, St. Louis, MO, USA HPA023072 

Silver Bullets  
Hampton research, Aliso Viejo, CA, 

USA 
HR2-092 

skim milk powder (0.1% fat) Pams, NZ - 

sodium chloride Pure Science, Porirua, NZ 121659.1211 

sodium dithionite Sigma-Aldrich, St. Louis, MO, USA 157953 
SYPRO orange protein gel 
stain 

Life Technologies, Carlsbad, CA, USA S6650 

tetramethylethylenediamine Sigma-Aldrich, St. Louis, MO, USA T22500 

trichloroacetic acid ECP Ltd, Auckland, NZ 
Ltria1MB 0414-

01-500 
Tris buffer research 
grade/min.99.8% 

Pure Science, Porirua, NZ TBR.750 

zinc sulfate heptahydrate Scharlau, Sentmenat, ES CI02060500 

 

Table 2.3.1 Equipment and manufacturer 

Equipment Manufacturer/Supplier 

24 well VDX plate Hampton research, Aliso Viejo, CA, USA 

30 mL centrifuge tube 
Thermo Fisher Scientific, Walthman, MA, 

USA 
50 mL polypropylene tubes Greiner, Würzburg, DE 

500 mL polypropylene centrifuge bottles  
Thermo Fisher Scientific, Walthman, MA, 

USA 
96 well Intelliplates  Hampton research, Aliso Viejo, CA, USA 

AKTA prime purification system GE Healthcare, Little Chalfont, UK 
Cartesian Honeybee nanolitre dispensing 
robot  

Genomic Solutions, Cambridgeshire, UK 

Cobra cryocooling system Oxford Cryosystems, Oxford, UK 

Constant Cell Disruption System Constant Systems, Northants, UK 

Cryo1°C freezing container  
Thermo Fisher Scientific, Walthman, MA, 

USA 
cryoloops Hampton research, Aliso Viejo, CA, USA 

cryotube  
Thermo Fisher Scientific, Walthman, MA, 

USA 
CrystalClear D Strips  Hampton research, Aliso Viejo, CA, USA 

ELx808, 96 well plate reader BioTek Instruments, Winooski, VT, US 

FUJI imager LAS4000 Life Science, Tokyo, Japan 

Heraeus Multifuge 3S-R Heraeus, Waltham, MA, USA 

HisTrap FF column  GE Healthcare, Little Chalfont, UK 

iCycler IQ5 real time-PCR machine  Biorad, Hercules, CA, USA 
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Equipment Manufacturer/Supplier 

MAR345DTB MARResearch, Norderstedt, DE 

Micromax-007HF  Rigaku, TX, USA 

Microplates 96V Life Technologies, Carlsbad, CA, USA 

Microseal 96 well PCR plate  
Biorad, Hercules, CA, United States of 

America 
Milli-Q Purification System EMD Millipore, Billerica, MA, USA 

Minisart syringe filter Sartorius, Goettingen, DE 

Multi-gel cast system  Hoeffer, MA, USA 

MultiProbe II HT/EX liquid handling robot  Perkin Elmer, MA, USA 

Nanodrop ND-1000 Spectrophotometer  
Thermo Fisher Scientific, Walthman, MA, 

USA 
PD-10 column  GE Healthcare, Little Chalfont, UK 

Quantum 210r Detector ADSC, Poway, CA, USA 

Siliconised cover slip  Hampton research, Aliso Viejo, CA, USA 

SpectraMaxM2 Molecular Devices, Sunnyvale, CA, USA 

Superdex 200 16/600 column  GE Healthcare, Little Chalfont, UK 

Varian Cary 4000 Spec  Agilent technologies, CA, USA 

Vivaspin20 GE Healthcare, Little Chalfont, UK 

XCell SureLock Mini-Cell  Life Technologies, Carlsbad, CA, USA 

 

Table 2.3.2 Software and manufacturer 

Software Manufacturer 

ChemBioDraw Ultra 11.0 Perkin Elmer, Waltham, MA, USA 

FILTER  OpenEye Scientific Software, Santa Fe, US 

FLIPPER OpenEye Scientific Software, Santa Fe, US 

GOLD v5.0-5.2 
Cambridge Crystallographic Data Centre, Cambridge, 

UK 
Graphpad Prism 6 GraphPad Software, La Jolla, CA, USA 

Microsoft Excel Microsoft, Redmond, WA, USA 

OMEGA  OpenEye Scientific Software, Santa Fe, US 

SYBYLX1.3  Certara, St Louis, MO, USA 

 

 

2.2. Methods	

2.2.1. Recombinant	human	IDO1	expression	

The E. coli strain EC538 was previously transformed with both pREP4 and pQE9-IDO expression 

plasmids by Dr David Bridewell. Expression of recombinant human IDO1 (rhIDO1) was performed as 

previously described by Austin and colleagues (Austin, Mizdrak et al. 2004) with modifications. 
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Bacteria were streaked on Miller’s Lysogeny Broth (LB) agar (Table 2.4), and incubated for 16-18 h 

at 37 °C. Between incubations, bacterial agar plates were stored at 4 °C and sealed with Parafilm® to 

avoid evaporation. A single colony from this plate was re-streaked onto a fresh LB agar plate and 

incubated for 16-18 h at 37 °C. From the re-streaked plate, a single colony was inoculated into 100 

mL of LB broth (Table 2.4) in a 250 mL conical flask. The culture was then incubated at 37 °C for 14-

16 h, with shaking at 200 rpm on an orbital shaker to form the starter culture. A 4 mL aliquot of the 

starter culture was used to inoculate 400 mL of LB broth in a 2 L flask. This was incubated at 37°C, 

with shaking at 230 rpm on an orbital shaker, or at 200 rpm in baffled flasks. Once the culture 

reached an optical density of the 0.6 at 600 nm, protein expression was induced with 10 M 

isopropyl-β-D-1-thiogalactopyranoside (IPTG) and the culture was supplemented with 500 M of 5-

aminolevulinic acid (5-ALA). The bacterial culture was incubated for 8 h at 28 °C, shaking at 230 rpm 

on a rotating platform, or 200 rpm in baffled flasks. Bacteria were harvested by centrifugation at 5000 

g, for 20 minutes at 4 °C. Supernatant was discarded and the resulting bacterial pellet was gently 

resuspended in 15 mL of Dulbecco's phosphate buffered saline, without CaCl2 and MgCl2 (PBS). To 

limit protein degradation, the suspension was supplemented with 1 mM phenylmethanesulfonyl 

fluoride (PMSF) and 1 mM ethylenediaminetetraacetic acid (EDTA). The suspension was then 

centrifuged at 5000 g for 20 minutes at 4 °C in sterile 50 mL polypropylene tubes. Supernatant was 

discarded and pellets were stored at -20 °C for up to a month.  

 

Table 2.4 LB medium for bacteria cultivation 

Luria Broth Luria Broth agar 

10 g/L Tryptone  10 g/L Tryptone  

5 g/L Yeast Extract  5 g/L Yeast Extract  

10 g/L NaCl 10 g/L NaCl 

*100 µg/mL Carbenicillin 16 g/L BD Bacto agar  

*50 µg/mL Kanamycin *100 µg/mL Carbenicillin 

Milli-Q *50 µg/mL Kanamycin 

 Milli-Q 

*Added after autoclaving and cooled to below 60 °C 

 

Various culture conditions were trialled to find temperatures and incubation times in which the EC538 

would optimally grow and express rhIDO1 in M9 minimal medium. These trials were performed as 

with the expression in LB medium, except bacteria were cultured in M9 minimal medium (Table 2.5), 

and cultures were generally on a smaller scale. Cultures with a volume of 5 mL were performed in 

sterile 50 mL polypropylene tubes; 50 mL cultures were performed in 250 mL conical flasks; 400 mL 
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cultures were performed in 2 L conical flasks. Different temperatures and induction times were also 

trialled. 

 

Table 2.5 M9 minimal medium for bacterial cultivation 

M9 minimal medium 1x M9 salts 1x metal mix 

1x M9 salts 6 g/L Na2HPO4 50 µM FeCl3 

20 mM MgSO4 3 g/L KH2PO4 20 µM CaCl2 

1 mM CaCl2 0.5 g/L NaCl 10 µM MnCl2 

*2% Glucose  1 g/L NH4Cl 10 µM ZnSO4 

1x metal mix Milli-Q 2 µM CoCl2 

Milli-Q  2 µM CuCl2 

  2 µM NiCl2 

  2 µM Na2MoO4 

  2 µM Na2SeO3 

  2 µM H3BO3 

  Milli-Q 

*Filter sterilised 

 

2.2.2. Purification	of	rhIDO1	

Purification of rhIDO1 was performed as described by Austin and colleagues (Austin, Mizdrak et al. 

2004), with the addition of a size exclusion purification step. Pellets from 400 mL cultures were 

washed by resuspending in 15 mL of resuspension buffer (Table 2.6) and centrifuging at 5000 g for 

20 minutes at 4°C. Supernatant was discarded and each pellet was resuspended in 10 mL of ice cold 

bacterial lysis buffer (Table 2.6). Bacteria were lysed by a single pass through a Constant Cell 

Disruption System at 18000 psi in 5 mL aliquots. DNase was then added at a final concentration of 

35 g/mL, and the lysate was incubated at room temperature until it was no longer viscous. Cell 

lysate was centrifuged at 20000 g, at 4°C, for 30 min or until supernatant was clear.  
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Table 2.6 Buffers for bacterial lysis 

Resuspension buffer Lysis buffer 

25 mM Tris pH 7.4 25 mM Tris pH 7.4 

150 mM NaCl 150 mM NaCl 

10 mM imidazole 10 mM imidazole 

10 mM MgCl2 10 mM MgCl2 

1 mM PMSF 1 mM PMSF 

 333 nM Hemin  

 cOmplete, Mini, EDTA-free protease inhibitor tablet 

 

A 5 mL HisTrap FF column was used for the initial purification of rhIDO1 protein from the cell lysate 

by immobilised metal affinity chromatography (IMAC). In general, a peristaltic pump was used for 

loading solutions onto the HisTrap FF column. All solutions were passed through a 0.2 m Minisart 

syringe filter before loading onto the column. The HisTrap FF column was prepared for purification by 

washing with five column volumes (25 mL) of Milli-Q, stripping the column of nickel with one column 

volume of 200 mM EDTA, washing the column with five column volumes of Milli-Q (25 mL), loading 

the column with one column volume of 200 mM NiCl2, washing the column with five column volumes 

of Milli-Q and equilibrating the column with protein binding buffer (Table 2.7). Clear supernatant from 

the bacterial lysate was loaded onto the 5 mL HisTrap FF column at a flow rate of 1 mL/min. The 

flow-through was recirculated onto the column to further allow rhIDO1 binding. Non-binding proteins 

were washed off by running at least one column volume of protein binding buffer through the column. 

Five column volumes (25 mL) of each wash/elution buffer (Table 2.7) at concentrations of 10, 30, 60, 

and 300 mM of imidazole were loaded onto the column at 1 ml/min, and the red fraction eluted from 

the column was collected. The HisTrap FF column was washed with ten column volumes (50 mL) of 

Milli-Q and stored at 4°C in 20% ethanol. A PD-10 column was used for desalting the protein sample 

to remove imidazole. To activate the PD-10 column, it was washed with ten column volumes of Milli-

Q (25 mL) and then equilibrated with ten column volumes (25 mL) of 25 mM Tris pH 7.4, 5% glycerol 

by gravity flow. For each PD-10 column, 2.5 mL of eluate from IMAC purification was loaded onto the 

column and eluted with 25 mM Tris pH 7.4 containing 5% glycerol. The first 3.5 mL of eluate was 

collected. PD-10 columns were washed with ten column volumes (25 mL) of Milli-Q and stored at 4 

°C in 20% ethanol. Desalted protein was then concentrated in a 10 kDa cut off Vivaspin20 

concentrator by centrifugation to a volume of 1 mL. Concentrated protein was either stored overnight 

at 4 °C or size exclusion chromatography was performed immediately after this step.  

Size exclusion chromatography used a Superdex 200 16/600 column attached to an AKTA prime 

purification system. All gel filtration buffers were filtered with a 0.2 M filter and degassed before use. 
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The Superdex 200 16/600 column was prepared by washing with Milli-Q until the conductance 

stabilised, indicating that all storage buffer had been removed. The column was then equilibrated with 

the elution buffer (25 mM Tris pH 7.4, 5% glycerol). Once the conductance had stabilised for the 

elution buffer, protein was loaded (500-2000 L) onto the column. Elution buffer was run through the 

column at a flow rate of 0.5 mL/min. The absorbance of the eluate from the Superdex 200 16/600 

was recorded; a representative elution curve is depicted in Figure 2.1. Eluate was collected in 1 ml 

fractions starting from 70 mL after protein loading. The red-coloured protein sample, which typically 

makes up the main peak at approximately 80-90 mL, was collected in fractions, pooled, and 

concentrated using a 10 kDa cut off concentrator Vivaspin20. The shoulder (Figure 2.1), generally 

with a peak at 75 mL, was discarded. Protein concentration and haem loading for the protein sample 

was determined by the absorbance measured with Nanodrop ND-1000 Spectrophotometer. Protein 

concentration was calculated according to Beer-Lambert’s law (Equation 2.1). 

Equation 2.1. Protein concentration = A280/l 

Where A280 is the absorbance at 280 nm, ‘l’ is a pathlength of 1 cm, and  is the extinction coefficient 

which is predicted to be 50880 M-1cm-1 by ProtParam (Wilkins, Gasteiger et al. 1999). ProtParam 

calculates the extinction co-efficient of IDO1 based on the amino acid sequence (NCBI 

NP_002155.1). The ratio of the absorbance at the wavelengths of 404 nm and 280 nm for rhIDO1 

was typically between 1.9-2.5, and corresponds to ~ 60-80% haem loading given the extinction 

coefficient at 404 nm for rhIDO1 haem is 159 mM-1cm-1(Freewan, Rees et al. 2013). Protein was 

diluted 1:1 with 80% glycerol, before being flash frozen in liquid nitrogen and stored at -80°C. For 

crystallography studies, purified rhIDO1 was not frozen but instead stored at 4 °C overnight and used 

the next day. 

Table 2.7 IMAC buffers 

Binding buffer Wash 1 Wash 2 Wash 3 Elution 

25 mM Tris pH 7.4 25 mM Tris pH 7.4 25 mM Tris pH 7.4 25 mM Tris pH 7.4 25 mM Tris pH 7.4 

500 mM NaCl 500 mM NaCl 500 mM NaCl 500 mM NaCl 500 mM NaCl 

1 mM PMSF 1 mM PMSF 1 mM PMSF 1 mM PMSF 1 mM PMSF 

 10 mM imidazole 30 mM imidazole 60 mM imidazole 300 mM imidazole 
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Figure 2.1 Gel filtration trace for rhIDO1 purification. Representative gel filtration purification 
trace shows absorbance of protein at 280 nm with elution. The peak at ~82 mL contains the IDO1 
enzyme and was collected in 1 mL fractions, the shoulder at ~66 and ~73 mL was discarded. 
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2.2.3. Sodium	dodecyl	sulphate	polyacrylamide	gel	electrophoresis	(SDS‐PAGE)		

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to assess 

the purity of rhIDO1 after purification and to determine rhIDO1 expression levels in bacterial cultures. 

The components of the SDS-PAGE gels are listed in Table 2.8. Components of the resolving gel 

were mixed together; addition of N,N,N’N’-tetramethylethylenediamine (TEMED) initiates the 

polymerisation and was added last. Gels were poured into a multi-gel cast system and covered with 

isopropanol. Resolving gel was left to set at room temperature. Once set, the isopropanol was 

discarded and the stacking gel mixture was poured. Combs were inserted and the gel was left to set. 

Gels were kept moist in either SDS-PAGE running buffer or Milli-Q, and were stored for up to 2 

weeks at 4 °C.  

SDS-PAGE samples were diluted in 25 mM Tris pH 7.4 and heated at 95 °C for 5 min with reducing 

sample buffer (Table 2.9). Samples were briefly centrifuged before separating on a 12 or 15% 

polyacrylamide gel with a 4% polyacrylamide stacking layer (Table 2.8). Gels were run in a Tris-

glycine buffer (Table 2.9). A constant current of 10 mA/gel was set while the sample traversed the 

stacking gel layer, and increased to 15 mA/gel once the samples entered the resolving gel layer. 

Electrophoresis was stopped once the dye front reached the bottom of the gel and the gel was 

stained overnight on a rocking platform in Coomassie stain (Table 2.9). Following staining, gels were 

incubated with destaining solution (Table 2.9) on a rocking platform until protein bands were readily 

visualised. Novex Sharp unstained protein standard was used to estimate the molecular weight of 

protein bands. 

To determine the level of recombinant protein expressed, ~10 g of the bacterial pellets was lysed by 

incubation with 200 L of BugBuster Protein Extraction Reagent on a turning wheel for 1 h. Lysates 

were centrifuged at 20000 g, for 20 min at 4 °C, and supernatant was transferred to a fresh tube 

containing 10 L HisTag Purification Resin and incubated on a turning wheel for 1 h. Supernatant 

was removed after centrifugation and HisTag Purification Resin was resuspended in 20 L PBS and 

5 L reducing sample buffer added before heating the sample to 95 °C for 5 min. The insoluble 

fraction from the lysis was also resuspended in PBS and treated similarly to the supernatant for SDS-

PAGE analysis. Samples were also prepared from the supernatant from the incubation with HisTag 

Purification Resin. Samples were separated and visualised by SDS-PAGE.  
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Table 2.8 Polyacrylamide gels (per/gel) 

Solution Stacking (4%) Resolving (12%) Resolving (15%) 

40% Acrylamide/Bis  500 µL 3.0 mL 3.75 mL 
0.5M Tris-HCl pH 6.8 1.26 mL - - 
1.5M Tris-HCl pH 8.8 - 2.75 mL 2.75 mL 
10% SDS 50 µL 110 µL 110 µL 
Milli-Q 3.18 mL 4.08 mL 3.34 mL 
10% APS  25 µL 50 µL 50 µL 
TEMED 5 µL 5 µL 5 µL 

 

Table 2.9 Reagents for SDS-PAGE 

1x Reducing sample buffer Coomassie Stain Destain 
Tris-glycine 

buffer 

2% SDS 30% Methanol,  30% Methanol,  25 mM Tris  

10% Glycerol 10%Acetic acid,  10%Acetic acid,  250 mM glycine

1% 2-Mercaptoethanol 0.1% Serva Blue R Milli-Q 0.1% SDS 

12.5 mM EDTA Milli-Q   

0.02% Bromophenol blue    

Milli-Q    

 

2.2.4. Mammalian	cell	culture	

The Lewis Lung carcinoma cells adapted to tissue culture (LLTC) (Haldane, Holdaway et al. 1993) 

and LLTC-hIDO1 cell lines have previously been described (Bridewell, Sperry et al. 2013). Cell lines 

were grown at 37 °C at 5% CO2 in MEM, supplemented with 10% foetal calf serum, 100 U/mL 

penicillin, and 100 g/mL streptomycin (complete medium). Complete medium for LLTC-hIDO1 lines 

was further supplemented with 1.5 M of puromycin. Complete medium was replaced every two 

days, if cells were not being passaged on the second day. 

Unless otherwise specified, medium that was aspirated was discarded. Cells were passaged before 

they reached 80% confluency. Complete medium was aspirated and cells were washed with PBS (2 

mL per 25 cm2). Pre-warmed 0.05% trypsin was then added to the flask (1 mL per 25 cm2), and the 

flask was then incubated for 2-3 min at 37 °C, or until cells had dislodged. Trypsin was neutralised by 

adding an excess (at least three-fold) of foetal calf serum-supplemented medium. Cell suspension 

was centrifuged at 209 g for 5 minutes. Supernatant was aspirated and the resulting pellet was 

resuspended into a single cell suspension by pipetting up and down ten times with complete medium. 

Cells were manually counted on a haemocytometer before adding cells, typically 1 x 105 per 25 cm2, 
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to new flasks containing fresh complete medium. The total volume of medium for T25 flasks was 8 

mL and 24 mL in T75 flasks.  

For long term storage, cells were trypsinised and suspended in complete medium as previously 

described, and the cell suspension was then further diluted to 2 × 106 cells per mL. Cell suspension 

were slowly mixed 1:1 with 2x freezing mixture (40% DMSO, 60% Foetal calf serum), and 1 mL of 

mixture was aliquoted into each cryotube. Cryotubes were then placed into freezing chambers of a 

Cryo1°C freezing container, kept in a -80 °C freezer for at least 24 hours, before being transferred to 

liquid nitrogen.  

2.2.5. Differential	Scanning	Fluorimetry	(DSF)	assay	

DSF was used for fragment screening; herein the optimised conditions for the use of DSF to detect 

rhIDO1-fragment interactions are described. The components of the sample in the optimised DSF 

assay are summarised on Table 2.10. SYPRO orange is the fluorophore used in DSF experiments 

with rhIDO1. Before use, a working stock is made up by diluting SYPRO orange in a ratio of 4:21 in 

Milli-Q. The working stock of SYPRO orange is then added to the sample to make up a final 

concentration of 1.6% SYPRO orange. Fragments (in 100% DMSO) from the ZT library were added 

at a final concentration of 1 mM; the final concentration of DMSO in the assay condition from 

fragments was 0.5%. All components of the DSF assay were assembled on ice in a Microseal 96 well 

PCR plate and covered with an Optical Microseal ‘B’ Adhesive Seal; the final volume in each of these 

wells was 25 L. Plates were briefly spun at 1000 g, and then placed in the iCycler IQ5 real time-

PCR machine. Samples were then heated at 1°C increments from 25 to 95 °C. After each heating 

step, a 1 min equilibration time was allowed prior to the measurement of fluorescence. The SYBR 

fluorophore settings were used for measurement of fluorescence (excitation: 494 nm, emission 521 

nm).  

 

Table 2.10 Components of the fragment screen DSF assay 

DSF buffer for fragment screen 

40 mM Sodium ascorbate 

2 µM Methylene blue 

200 µg/mL Catalase 

100 mM Potassium phosphate pH 6.5 

10 µM rhIDO1 

1.6% SYPRO orange 
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Compounds with known rhIDO1 inhibitory activity were used to assess the ability of the DSF 

technique to correctly identify inhibitors (Table 3.1, Table 3.2). The concentration required to inhibit 

rhIDO1 by 50% (IC50) for these compounds had previously been determined by Dr David Bridewell. 

Specifically, during the screening of the ZT fragment library, 75 M of the known inhibitors 4-PI and 

1,4-naphthoquinone were included as positive controls. In these screens, vehicle control (DMSO 

instead of fragment) was used as a reference for melting temperatures. 

Fluorescence readings at each time point were recorded and exported into an Excel format. Data 

was analysed using the freely available template “Excel script for the analysis of protein unfolding 

data acquired by Differential Scanning Fluorimetry (DSF)” by Frank Nieson (2008). Maxima of 

melting curves were manually assigned, due to high initial fluorescence produced by rhIDO1. A 

bimodal unfolding pattern was apparent when the negative differential of the curves was plotted. 

Maxima were assigned to temperatures of the transition according to Figure 2.2. The Graphpad 

prism 6, Boltzmann equation in Graphpad prism 6, used to model sigmoidal curves, was used to 

analyse the melting curves to determine the midpoint of each of these curves, where the midpoint 

represents the point at which half the protein has unfolded. As there were two unfolding events we 

will call the two midpoints Tm1 and Tm2. For measuring interactions between fragments and rhIDO1 in 

the DSF assay, the first melting point Tm1 was used, as the second melting point (Tm2) is broad and 

shallow and its minimum is merged with the first unfolding event.  

The DSF assay was also used to investigate the stabilising effects of crystallisation buffers and 

ligands on the rhIDO1 enzyme. The sample buffers for these studies corresponded to the reservoir 

buffers for crystallography: 0.1 M MES pH 6.0, 0.1 M HEPES pH 7.0, 0.1 M Tris pH 8.0, 0.1 M CHES 

pH 9.0, 0.2 M Tris pH 7.9, 0.2 M CHES pH 9.0 or 0.2 M CHES pH 8.2. The rhIDO1 concentration for 

these assays was 20 M. The ligands examined for binding to rhIDO1 were 100 M of INC-5L, 4-PI, 

and phenylhydrazine. Otherwise the DSF assay was performed as described for the fragment 

screening. The change inTm1 with the addition of different compounds was calculated by Equation 

2.2. 

Equation 2.2 ∆Tm1 = Tm1(reference) – Tm1(fragment) 

Where ∆Tm1 is the change in the midpoint of the melting temperature, Tm1(reference) is the midpoint of 

vehicle control and Tm1(fragment) is the new midpoint with the addition of the fragment. 
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Figure 2.2 Manual assignments of maxima of the ferrous IDO1 melting curve. (A) The melting 
curve and the two maxima and (B) the inverse differential curve, temperatures that have a –d[RFU]/dt 
of zero, or closest to zero for maxima 1, mark plateaus in the melting curve which coincide with the 
minimum and the two maxima of the melting curve.  
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2.2.6. IDO1	enzyme	activity	assay	

The IDO1 enzyme activity assay was performed as described previously (Littlejohn, Takikawa et al. 

2000) with minor modifications. The components of the enzyme assay are listed on Table 2.11. Each 

new batch of rhIDO1 enzyme was titrated to find the protein concentration required to convert 200 

M L-tryptophan to 100 M L-kynurenine within an hour and this concentration of enzyme was used 

for the rhIDO1 activity assays. This was typically ~15 nM and represents the linear range of the 

rhIDO1 activity curve (Figure 2.3). An L-kynurenine standard was made up with a range between 5-

200 M L-kynurenine. Standards consist of everything in the enzyme assay mixture (Table 2.11) 

except for L-tryptophan which is replaced by L-kynurenine. Compounds to be tested in this assay 

were dissolved in DMSO, typically to a final concentration of 200 mM. The final concentration of 

DMSO in these assays did not exceed 0.5% DMSO. A positive control consisting of vehicle alone 

(DMSO) was set up on the same plate and was taken as 100% activity. Two negative controls, one 

without L-tryptophan and one without rhIDO1, were also included. Compounds were also assessed 

for colour formation with the 4-(dimethylamino)benzaldehyde to identify compounds which may 

interfere with the assay readout. Assays were performed in 96 well plates, with a final volume of 180 

L for each reaction. Enzyme assay mixtures were incubated with controls or compounds to be 

tested at 37 °C for 1 hr. Addition of 60 L 40% trichloroacetic acid to make a final concentration of 

10% stopped the catabolism of L-tryptophan and converted N-formylkynurenine is to L-kynurenine. 

The reaction is heated at 65 °C for 15 min and this reaction is added to 20 mg/mL 4-

(dimethylamino)benzaldehyde made up in acetic acid in a 1:1 ratio on a fresh 96 well plate. The 

absorbance was then read at 490 nm in a 96 well plate reader (ELx808). For the determination of 

IC50, dilutions of compounds were performed. DMSO concentrations were kept constant at 0.5%. IC50 

data was modelled by Equation 2.3 in Graphpad Prism 6. 

Equation 2.3 Y = A + (B-A)/(1+10(LogIC50-X)*HillSlope) 

IC50 values were derived from interpolation for when rhIDO1 inhibition equal 50%.  

 

Table 2.11 Components of rhIDO1 enzyme assay 

rhIDO1 assay mixture 

20 mM Sodium ascorbate 

10 µM Methylene blue 

200 µg/mL Catalase 

50 mM Potassium phosphate pH 6.5 

200 µM L-tryptophan 

rhIDO1 
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Figure 2.3 IDO1 activities following a serial dilution. Kynurenine produced in the rhIDO1 
enzymatic assay with serial dilution of rhIDO1 between 1:5000 to 1:320000. The linear range for this 
batch is below 1:20000. 
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2.2.7. Cellular	IDO1	inhibition	assays	

IDO1 expression in murine wild type LLTC and transfected lines expressing human IDO1 

(pAd/CMV/V5-DEST with human IDO1, Invitrogen, Carlsbad, CA, USA) (LLTC-hIDO1) was validated 

using Western Blotting. LLTC and LLTC-hIDO1 cells were plated at a density of 5 × 104 cells/well on 

a six well plate and either stimulated for 3 days with 5-100 ng/mL of murine IFN or left untreated. 

Cells were then lysed with RIPA lysis buffer with 1 x HALT Protease inhibitor. Lysates were 

centrifuged at 13 000 g, 15 min at 4 °C, supernatant was stored at -20 °C. 

Total protein concentration of lysates was determined using the BCA protein assay kit. Bovine serum 

albumin (BSA) in 1N NaOH was used for the protein standard. On a 96 well plate, a serial dilution of 

BSA was performed (1000-15.6 g/mL). RIPA buffer was used as the reference blank for lysates. 

Lysates were plated on a 96 well plate and diluted five-fold with NaOH (1N). BCA working reagent 

was prepared by mixing 1 L of 4% CuSO4 per 50 L of BCA Reagent A. BCA working reagent was 

added to each sample in a 96 well plate in a 2:1 ratio. The plate was then sealed and incubated at 37 

°C for 30 min. The plate was cooled to room temperature before reading absorbances at 550 nm on 

an ELx808 plate reader  

Lysates were diluted to the same protein concentration, 10-20 mg/mL, before mixing with 4x 

NuPAGE LDS sample buffer and 2.5% 2-mercaptoethanol. Samples were briefly vortexed to mix, 

before heating at 70 ºC for 10 min. The XCell SureLock Mini-Cell system was used for separation of 

proteins. Samples were loaded onto a 4–12% Nu-PAGE Novex Bis-Tris gel in MES SDS running 

buffer and run for 200 V for 40 min. Transfer buffer consisted of 0.5% NuPAGE transfer Buffer, 20% 

methanol, and deionised water. Nitrocellulose membrane, blotting pad, and filter paper were soaked 

in transfer buffer before assembling into the transfer cassette. Transfer of proteins to a nitrocellulose 

membrane was performed in the Xcell II Blot Module at 100 V for 1 h. 

The nitrocellulose membrane was blocked in 5% low fat milk made up in Tris buffered saline with 

0.1% Tween detergent (TBS-tween) at room temperature for 1 hour with rocking, then washed three 

times for 5 min in TBS-Tween, before incubating at 4°C overnight with rocking, with a 1:250 dilution 

of the monoclonal antibody to mouse IDO1 (mIDO1-48) in 5% milk-TBS-tween. Next, the membrane 

was washed three times for 5 min in TBS-Tween, and then incubated with rocking at room 

temperature for 1 h with 1:5000 2° goat anti-rat IgG-HRP (sc-2032). The membrane was washed 

three times for 5 min in TBS-Tween, before the membrane was incubated for 5 min with Novex ECL 

chemiluminescent substrate mixture before visualisation with the FUJI imager LAS4000. Sensitivity 

settings were set as ‘standard’, exposure type was set for ‘precision’, and exposure time was 

detected automatically by the system. After visualisation of protein bands, membrane is washed once 

with TBS-Tween (0.1%) and antibodies are stripped from the membrane with Restore Western Blot 
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Stripping Buffer. Membrane was then washed, blocked and then reprobed and visualised as 

described above for human IDO1 and actin for loading control according to Table 2.12.  

Table 2.12 Western blotting antibodies 

Protein 1 ° Antibody (dilution) 2 ° Antibody (dilution) 

Murine IDO1 mIDO1-48 (1:250) sc-2032 (1:5000) 

Human IDO1 HPA023072 (1:20000) sc-2030 (1:5000) 

Actin MAB1501R (1:10000) 62-6520 (1:10000) 

 

LLTC-hIDO1 cells were used for the cellular IDO1 activity inhibition assays. Cells were trypsinised 

and seeded at 2 × 104 cells per well in tissue culture treated 96 well plates with 100 L complete 

medium. Cells were left to settle at 37 °C and 5% CO2 for 30 min. Media supplemented with the 

desired concentration of compounds to be tested was added to each well to make up a final volume 

of 200 L. Final DMSO concentration was set at 0.5%. Cells were incubated for 24 h at 37°C, 5% 

CO2. Culture supernatant from each well was transferred into a fresh, flat-bottomed 96-well plate, 

mixed with trichloroacetic acid (10% final concentration) and incubated for 20 min at 60°C. Plates 

were then centrifuged for 10 min at 2500 g, and the supernatants were transferred and mixed 1:1 

with 4-(dimethylamino)benzaldehyde (20 mg/mL in acetic acid) in a new plate. The absorbance was 

read at 480 nm. The concentration that inhibited 50% of the cellular enzyme activity (IC50) was 

calculated as for IC50 in section 2.2.8. 

The viability of the cells was determined in the same experiment using the 3-(4,5-dimethylthiazolyl-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) colourimetric assay (Mosmann 1983). A stock of MTT (10 

mg/mL) made up in PBS and diluted to a working stock of 1 mg/mL in complete medium was added 

to cells and incubated at 37 °C, 5% CO2 until crystal formation was observed. Plates were 

centrifuged for 15 min at 2500 g. Supernatant was discarded and crystals were dissolved in 100 L 

DMSO. The absorbance in each well was measured at 560 nm and the background absorbance at 

690 nm was subtracted. Cell viability in each well was expressed as a percentage of untreated 

controls.  

2.2.8. IDO1	absorbance	spectra	

The rhIDO1 absorbance spectra were measured using a Varian Cary 4000 Spec for wavelengths 

between 200 to 800 nm in 1 nm increments. Samples of 500 L were placed in a quartz cuvette with 

a 1 cm path length, absorbance measurements were made at room temperature. Samples consisted 

of 3-6 M rhIDO1 in 0.1 M potassium phosphate buffer pH 6.5. Due to auto-oxidation, rhIDO1 was 

found to be fully oxidised to its ferric form after purification. For studies with the ferrous form of 
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rhIDO1, 10 mM of sodium dithionite was added to the sample, and studies were performed within 20 

min thereafter. Titration of compounds was performed with the iterative addition of 1-2 L aliquots of 

concentrated compound stock. Samples were gently mixed and absorbance spectra were read 

immediately after addition of compounds. DMSO concentrations did not exceed 0.5%. Changes in 

total volume of the sample did not exceed 1.5% with titration of compounds. Absorbance difference 

curves were generated by subtracting the absorbance spectrum in the presence of a compound from 

the absorbance spectrum in the absence of the compound. 

To investigate slow binding of 2-hydrazinobenzothiazole, 30 min was given for the compound to 

equilibrate with rhIDO1, compounds were added to separate aliquots of rhIDO1 rather than titrating to 

the same sample. Time course experiments with phenylhydrazine were performed with the addition 

of a single concentration of compound, and the absorbance spectrum was read from the same 

sample at 1, 2, 4, 8, 16 and 30 min. The dissociation constants of compounds were determined in 

GraphPad Prism 6 from plots of changes in absorbance in the Soret against the concentration of 

fragment using equation 2.4.  

Equation 2.4 Y=Bmax*X/(Kd+X) + NS*X 

Where Y is the change in absorbance, X is the concentration of the compound, Bmax is the maximum 

change in absorbance, Kd is the dissociation constant for the compound and NS is non-specific 

binding of the compound calculated by GraphPad Prism 6. 

2.2.9. Molecular	modelling	

Preparation of the Zenobia Therapeutics fragment library for structure-based docking calculations 

The 2D structures of this library were provided with the compounds. In preparation for structure-

based docking, the ZT fragment library was protonated using the method implemented in FILTER; 

property filters including lead-like and drug-like molecular weight filters were turned off to allow 

processing of the fragment library. Two structures that failed this step, due to an incorrect number of 

valencies assigned to carbon, were visually inspected and corrected using ChemBioDraw Ultra 11.0, 

then converted to SDF format and reprocessed. A low energy conformer was generated for each 

fragment using OMEGA software. Three fragments (fragments: ZT0371, ZT0372 and ZT0357) failed 

this step, and were excluded from further analysis. FLIPPER was used to generate stereoisomers of 

the fragments as part of the conformer generation process. Stereoisomers were generated for twelve 

fragments, and it was noted that each contained only one stereocenter.  

Preparation for compounds not contained in the Zenobia Therapeutics fragment library for structure-

based docking 
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4-PI, in initial scoring function evaluation studies, was extracted directly from the IDO1 crystal 

structure (PDB: 2D0T) after hydrogens had been added by GOLD v5.2. Structures for 

phenylhydrazine and 2-hydrazinobenzothiazole containing compounds were obtained in SMILES 

format downloaded from eMolecules (date: 02/02/2012 – benzothiazole, 22/05/2012 - 

phenylhydrazine). For all other compounds, 2D structures were generated using the name-to-

structure function in ChemBioDraw Ultra 11.0 from compound name provided by the supplier. 

Compound sets were then processed into 3D models using the LIGAND_PREPARATION module 

implemented in SYBYLX1.3. This involved removal of any salt entries, removal of duplicates and 

standardisation of valencies, stereocenter enumeration for up to 4 stereocenters with stereoplex, and 

generation of a single 3D conformer using CONCORD (Pearlman 1987). 

2.2.10. 	Structure‐based	docking	calculations	using	GOLD	

Binding mode prediction 

All docking was performed using GOLD (version numbers 5.0 to 5.2) into the 4-PI-bound IDO1 

crystal structure (PDB code 2D0T) prepared by Dr Jack Flanagan. This involved removal of waters 

and ligands, and addition of hydrogens added using SYBYL. The docking cavity was defined as a 

sphere with a radius of 11 Å centred on the haem ligating N atom of 4-PI (PIM-N1 in 2D0T)  

Docking calculations were used in two ways: 

1. Binding mode prediction for structural interpretation of experimental data for the ZT fragment 

library and benzothiazole containing series. 

2. Identifying a sampling and rescoring protocol best suited for enriching IDO1 inhibitors found in the 

ZT fragment library and application of this protocol to virtual screening of the phenylhydrazine 

collection.  

The docking parameters used for evaluating the ability of different scoring functions to predict native-

like binding modes are listed under the 4-PI column in Table 2.13. Goldscore was found to be the 

best scoring function, and this was used for all subsequent binding mode calculations. Root mean 

squared deviation (RMSD) values were calculated using the smart_rms utility distributed with the 

GOLD software using 4-PI in the structure 2D0T as a reference conformation. In docking the ZT 

library and benzothiazole containing series, docking parameters were adjusted according to Table 

2.13. All other settings were left as default. Unless otherwise specified the binding orientation with the 

highest fitness score was used for analysis. 
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Table 2.13 Ligand flexibility settings used for GOLD docking for binding mode prediction 

GOLD docking 

settings 
4-PI ZT library Benzothiazoles Default 

Generate diverse 

solutions (RMSD) 
1.5 Å 1.5 Å 1.5 Å Off 

Match template 

conformations 
On On On Off 

Protonated 

carboxylic acid 
Flip Flip Flip Flip 

Search efficiency 30% 30% 30% 100% 

Early termination Off Off Off On 

Solutions kept All Top 3/ligand Top 3/ligand All 

Flip pyramidal N Off Off On Off 

Flip amide bonds Off Off On Off 

Detect internal H 

bonds 
Off Off On Off 

Flip ring corners Off Off On Off 

Ring-NHR Off Off Flip Flip 

Ring-NR1R2 Off Off Flip Flip 
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2.2.11. GOLD	sampling	and	rescoring	protocol	for	enrichment	of	fragment	inhibitors	of	rhIDO1	

The sampling and rescoring protocol used for enrichment studies is listed in Table 2.14. In the 

sampling step, the ZT fragment library was subjected to ten Genetic Algorithm runs using either 

Astex Statistical Potential (ASP), Chemscore, Goldscore, or ChemPLP scoring functions available in 

GOLD v5.1 and the top three solutions were kept. This sample of binding modes was then rescored 

with each scoring function after local optimisation using GOLD v5.1. The rescored poses were then 

imported into a Goldmine database, and the pose with the highest score for each of the 348 

fragments was used in an enrichment analysis. Biochemical inhibition data (percent inhibition of 

tryptophan catabolism at 1 mM) for the seventy four fragments identified by DSF as rhIDO1 binders 

was imported into the Goldmine database. Compounds that inhibited rhIDO1 by greater than 50% 

were considered ‘active’. The pose with the best scoring for each fragment was rank ordered highest 

to lowest by fitness score, and the enrichment for each docking and rescoring protocol assessed 

using Receiver Operating Characteristics (ROC) curves generated within Goldmine at the top 5, 10 

and 30% cut-off values; this was eighteen, thirty-five and one hundred and five compounds 

respectively. The enrichment was calculated in Goldmine using Equation 2.5 (Truchon and Bayly 

2007). The line of no discrimination is used as a reference and shows the proportion of actives that 

would be found by chance alone and its value is calculated from Equation 2.5 when EFx is 1.0. 

Equation 2.5 EFx = actives/((total actives/total compounds)*n) 

Where x corresponds to percentage cut-off value; ‘actives’ is the number of compounds that inhibited 

IDO1 by ≥ 50% at 1 mM retrieved within the cut off value; total actives is the fourteen fragments that 

inhibited by ≥ 50% at 1 mM; total compounds was three hundred and forty eight; n is the number of 

compounds retrieved by the cut-off value 

2.2.12. Calculation	of	contact	descriptors		

Contact descriptors were developed to select for phenylhydrazine containing compounds predicted to 

interact with the haem-iron. These were defined and calculated in Hermes with the results stored in a 

Goldmine database. For a general interaction with the haem-iron, distances between any ligand 

hydrogen bond acceptor (O, N and S) and the iron were calculated up to 3 Å. For hydrazine to iron 

interactions, distances were calculated between any ligand N.2 and N.3 atoms within 3 Å of the iron 

atom.  
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Table 2.14 Ligand flexibility settings used for GOLD docking for enrichment studies 

GOLD docking 

settings 

ZT library 

(Flexible1) 

ZT library  

(Rigid1) 
Phenylhydrazines Default 

Generate diverse 

solutions (RMSD) 
1.5 Å 1.5 Å 1.5 Å Off 

Match template 

conformations 
On On On Off 

Protonated 

carboxylic acid 
Flip Flip Flip Flip 

Search efficiency 30% 30% 30% 100% 

Early termination Off Off Off On 

Solutions kept Top 3/ligand Top 3/ligand Top 3/ligand All 

Flip pyramidal N On Off Off Off 

Flip amide bonds On Off Off Off 

Detect internal H 

bonds 
On Off Off Off 

Flip ring corners On Off Off Off 

Ring-NHR Flip Off Off Flip 

Ring-NR1R2 Flip Off Off Flip 

1These settings relate to the rotation of pyramidal nitrogens, amide bonds, ring nitrogens, flipping ring 

corners and consideration of internal hydrogen bonds. 
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2.2.13. Crystallography	

Sitting drop and hanging drop vapour diffusion techniques were used for growing rhIDO1 crystals 

(Figure 2.4). Initial screens for reservoir solutions which induce crystal formation were performed in 

96 well Intelliplates with 576 sitting drop conditions, previously described by Moreland and colleagues 

(Moreland, Ashton et al. 2005). Reservoir solutions were prepared by Dr Ivan Ivanovic, and 50 L of 

reservoir was dispensed to each well by the MultiProbe II HT/EX liquid handling robot. IDO1 protein 

was briefly centrifuged before crystallisation. The Cartesian Honeybee nanolitre dispensing robot was 

used to set 200 nL drops by combining 100 nL of IDO1 protein solution with 100 nL of reservoir 

solution. Drops were set up at 18 °C under humidity to avoid evaporation. Crystal plates were sealed 

with clear plastic film and kept in an 18 °C room for observation. Fine screens of promising conditions 

from initial screens were manually set up in 96 well CrystalClear D Strips as sitting drops by mixing 

reservoir solution to protein solution to make up a final volume of 0.5-2 L. For hanging drops, 

reservoir solution and protein solution were mixed on a siliconised cover slip to give 1-2 L drops that 

were inverted over a reservoir of a 24 well VDX plate (pre-greased to allow coverslip/plate sealing). 

Crystal trays were examined daily for crystal growth in the first week, then every 2-3 days in the 

second and third weeks and weekly thereafter. 

Two additives screens were performed using the Additive Screen and Silver Bullets libraries. Screens 

were performed in sitting drop conditions as described above. For the non-volatile small molecules in 

the Additive Screen, drops were made by mixing 0.5 L of protein solution to 0.4 L reservoir solution 

and 0.1 L of the additive. For volatile small molecules, 10 L of additives were directly mixed with 90 

L of reservoir solution, 0.5 L of this mixture was then added to 0.5 L of protein solution. Screens 

with Silver Bullets were performed by mixing 0.4 L of protein solution with 0.2 L of reservoir 

solution and 0.2 L of additive or 0.8 L of protein solution with 0.3 L of reservoir solution and 0.3 

L of additive.  

Crystals were diffracted at both room temperature and after flash cooling in liquid nitrogen. The room 

temperature experiments were carried out to ensure that the crystals were well ordered and well-

diffracting before any cryoprotection and flash cooling. For cryoprotection, crystals were mounted on 

cryoloops and dipped in cryoprotectants consisting of either 25% glycerol and 30% ethylene glycol 

mixed with reservoir solution, or a 7:3 mixture of Paratone N and mineral oils, before flash cooling in 

liquid nitrogen and diffraction at 100 K. Crystals at room temperature or under a liquid nitrogen 

stream were diffracted on a Micromax-007HF rotating anode X-ray generator (Rigaku) equipped with 

a MAR345DTB (MAR Research) detector and an Cobra cryocooling system (X-ray facility, School of 

Biological Sciences, University of Auckland). Additional data was collected at the Australian 

Synchrotron on the MX1 beamline equipped with a Quantum 210r Detector and SAM sample loading 

robot.  
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Figure 2.4 Crystallisation methods. Vapour diffusion techniques for growing crystals: (A) Sitting 
drops, and (B) hanging drops. In both methods the chamber is sealed and reservoir solution gradually 
equilibrates with protein solution, which is mixed with reservoir solution. 
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 Identification	of	IDO1	inhibitors	from	a	fragment	screen	Chapter	3.

3.1. Introduction	

The development of novel IDO1 inhibitors as potential therapeutic agents requires the identification of 

suitable chemical leads, i.e. compounds with the biological activity that can be used as a starting 

point in the process of drug development. Fragment based drug discovery (FBDD) is emerging as a 

powerful tool for producing lead-like compounds. Vemurafenib, a B-Raf inhibitor was approved by the 

USA Food and Drug Administration (FDA) in 2011 for the treatment of melanoma, and is the first 

compound on the market that was produced from a fragment lead (Tsai, Lee et al. 2008). 

Compounds in a fragment library should follow the ‘rule of three’: fragments should have a molecular 

weight of < 300 Da; have ≤ 3 hydrogen bonds donors and acceptors; be reasonably non-lipophilic 

with a cLogP ≤ 3; have ≤ 3 rotatable bonds and have a polar surface area of ≤ 60 Å2 (Congreve, Carr 

et al. 2003). Linking, merging, and growing are three methods commonly used for the development of 

fragments into lead compounds. Fragment linking involves joining fragments occupying distinct 

regions of the biological target, and this approach was used in the development of inhibitors of lactate 

dehydrogenase A, B cell lymphoma-2 (Bcl-2) family proteins and matrix metalloprotease-3 (MMP3) 

(Hajduk, Sheppard et al. 1997, Oltersdorf, Elmore et al. 2005, Ward, Brassington et al. 2012). When 

the binding mode of fragments overlaps, fragments can be merged to form a larger inhibitor, and 

fragment merging was used in the development of inhibitors of heat shock protein 90 kDa (Hsp90) 

and acetylcholine binding protein (Murray, Carr et al. 2010, Edink, Rucktooa et al. 2011). In the 

process of fragment growing, the inhibitory activity is improved by building on a fragment so that it 

interacts with previously vacant regions of the active site. The development of peptidyl-prolyl cis-trans 

isomerase NIMA-interacting 1 (Pin1) inhibitors used a fragment growing approach (Potter, Oldfield et 

al. 2010). 

An advantage of screening fragments to provide initial chemical leads is that fragments are more 

likely to form interactions with the target protein compared to compounds of a greater molecular 

weight, and this leads to a higher hit rate. Theoretical modelling of ligand to receptor binding shows 

that ligands of increasing complexities are less likely to bind (Hann, Leach et al. 2001). Moreover, up 

to a 3000 fold higher identification rate was reported when comparing fragment screening studies to 

traditional high throughput screens performed at the pharmaceutical company Novartis 

(Schuffenhauer, Ruedisser et al. 2005). Therefore a large number of leads can be identified even 

with small fragment libraries. A potential drawback of this approach is that fragments may be more 

promiscuous and interact with other off target proteins. In the development of β-lactamase enzyme 

inhibitors, the initial fragment hits bound to two structurally diverse enzymes CTX-M and AmpC. 
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However, as larger and more potent compounds were developed from these initial hits, they tended 

to be more selective towards CTX-M than AmpC, demonstrating that specific inhibitors can be 

developed from promiscuous fragments (Chen and Shoichet 2009).  

The ‘rule of five’, described by Lipinski and colleagues, states that ‘drug-like’ compounds should 

have: molecular weights < 500 Da, hydrogen bond donors ≤ 5, hydrogen bond acceptors ≤ 10 and a 

cLogP of < 5 in order to have favourable permeability and absorption properties (Lipinski, Lombardo 

et al. 1997). These physical properties can be better controlled to conform to these guidelines when 

using small fragments as the starting lead. Although fragments typically have a lower affinity to their 

protein targets compared to larger compounds, fragments often form interactions that are highly 

efficient. Binding of compounds to the protein target often comes at the cost of translational and 

rotational energies, but the difference in this energy between compounds of different sizes is small 

(Finkelstein and Janin 1989), i.e. the energy barrier that needs to be overcome by either a fragment 

or a larger compound to bind is similar. While a large compound can offset this energy loss by 

making multiple interactions, a fragment must offset this same energy cost with fewer interactions. 

Therefore, fragments that bind often have high binding energies relative to their size (Jencks 1981). 

In addition, low affinity fragments can be developed into high affinity leads, and linking of weak 

inhibitors can produce a strong inhibitor. During the development of inhibitors of MMP-3, two 

fragments which inhibited MMP-3 by 50% at 11 mM and 0.2 mM respectively, were linked together to 

produce a compound with potency of 57 nM (Hajduk, Sheppard et al. 1997). 

Work in this chapter pursues a fragment based approach to discovery of novel inhibitors of IDO1. In 

the first step, a library of fragments was screened for its ability to bind IDO1. Because the binding 

affinities of small fragments are likely to be low, sensitive methods are required to detect binding 

(Murray and Rees 2009). Differential scanning fluorimetry (DSF) has previously been used to detect 

fragment binding to protein targets such as with the carbonyl reductase 1 (Zimmermann, Niesen et 

al. 2009) and the tyrosine kinase receptor Mer (Huang, Finerty Jr et al. 2009). DSF measures 

changes in the thermal stability of a protein, which is often altered upon the binding of a compound. 

Increases in temperature induce protein unfolding, resulting in the exposure of hydrophobic regions 

that are normally buried. Using dyes that fluoresce when bound to hydrophobic regions, DSF detects 

an increase in fluorescence that corresponds to increased exposure of hydrophobic regions as the 

protein unfolds (Niesen, Berglund et al. 2007). The increase in fluorescence as a result of protein 

unfolding is known as a transition, and the temperature at which half the protein has unfolded is 

called the melting temperature (Tm). Binding of compounds to the protein can induce an increase in 

the Tm indicating stabilisation of the protein, or a decrease indicating destabilisation (Niesen, 

Berglund et al. 2007). 
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The use of biochemical assays for screening fragments has been widely used (Barker, Courtney et 

al. 2006). The IDO1 tryptophan catabolism assay adapted from the protocol reported by Littlejohn 

and colleagues (Littlejohn, Takikawa et al. 2000) was used to both confirm binding and at the same 

time assess the IDO1 inhibitory activity of fragments that induce a Tm1.  

Spectroscopic studies were performed following identification of binding compounds, to determine 

whether the interaction of the fragments with IDO1 is with the active site. A haem group, which is 

essential for the catalytic activity of IDO1, is at the centre of the active site. The absorbance 

properties of haem have been used in previous studies to monitor binding of molecules to IDO1. 

Studies with rabbit IDO1 showed that the Fe(III) and Fe(II) forms of rabbit IDO1 absorbed strongly at 

406 and 429 nm (Soret) respectively. Bands were also observed at 500, 534, 570 and 632 nm for 

Fe(III), while bands at 558 nm ( band) and a shoulder at 530 nm ( band) were observed for Fe(II) 

IDO1 (Sono, Taniguchi et al. 1980). Binding of oxygen caused large changes in the Fe(II) IDO1 

spectrum, including shifts in the Soret maximum from 406 to 415 nm, and the appearance of bands 

at 541 and 576 nm. Oxygen did not bind to the Fe(III) form of rabbit IDO1 (Sono 1986).The binding of 

the substrate tryptophan to Fe(III) rabbit IDO1 decreased the intensity in Soret absorbance at 406 nm 

and induced a shift to a new maximum of 412 nm. Additionally, appearance of bands at 540 and 576 

nm and the loss of the bands at 500 and 632 nm were also found. Binding of tryptophan to the Fe(II) 

form induced a slight decrease in the Soret absorbance intensity and a shift in the maximum from 

428 to 427 nm (Sono, Taniguchi et al. 1980). The binding of competitive inhibitors, 1-MT, β-(3-

benzofuranyl)-DL-alanine and β-[3-benzo(b)thienyl]-DL-alanine to rabbit IDO1 also caused changes 

to the spectra. The most potent of these competitive inhibitors, 1-MT, caused spectral changes 

similar to that of the substrate tryptophan, whereas the less potent inhibitors, β-(3-benzofuranyl)-DL-

alanine and β-[3-benzo(b)thienyl]-DL-alanine, caused only a decrease in the amplitude of the Soret 

band (Cady and Sono 1991).  

The changes induced in the absorbance spectra of recombinant human IDO1 (rhIDO1) with binding 

of tryptophan were similar to that reported for rabbit IDO1. The Fe(III) form of rhIDO1 absorbs in the 

Soret region at 404 nm and has bands in the visible region at 499, 533 and 633 nm. The Fe(II) form 

absorbs at 429 nm in the Soret region and at 558 nm in the visible region (Lu, Lin et al. 2010). 

Changes in the absorbance spectra can be used effectively for determining an interaction of a 

compound with the active site and can be used to distinguish between compounds that preferentially 

bind to Fe(III) or Fe(II) forms of the enzyme.  

In this chapter, the identification of fragments that bind to and inhibit IDO1 from initial screens will be 

described. This involved:  
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(i) Optimisation and validation of a DSF assay and the use of this assay to screen a library of 

352 fragments for those that interact with IDO1;  

(ii) Determination of the IDO1 inhibitory activity of binding fragments identified in the DSF assay 

using a colourimetric enzymatic assay;  

(iii) The use of spectroscopic methods to establish whether the IDO1 inhibitory fragments bound 

to the haem in the active site. 
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3.2. Results	

3.2.1. Optimisation	of	differential	scanning	fluorimetry	for	use	in	identifying	fragments	that	bind	

to	IDO1	

Previous studies have used SYPRO orange as the fluorescent dye at a 1:250 dilution (Niesen, 

Berglund et al. 2007). Initial studies using SYPRO orange at this concentration resulted in melting 

curves with a high initial fluorescence and no obvious transition. The purified rhIDO1 used for this 

experiment displayed catalytic activity, and thus the lack of a transition was not due to denatured 

protein. The DSF assay was then performed using different dilutions of the dye. Increasing SYPRO 

orange concentrations five (1:50) and ten (1:25) fold improved the melting curve (Figure 3.1). At a 

1:50 fold dilution of SYPRO orange, an unfolding transition was observed that began at 43°C and 

reached a maximum at around 53°C (Figure 3.1). SYPRO orange at 1:25 dilution induced a 

destabilisation in the Tm by 1°C when compared with that obtained with SYPRO orange at 1:50 

dilution (Figure 3.1). Subsequent experiments used SYPRO orange at 1:62.5 dilution as that 

concentration was sufficient to produce a measurable rhIDO1 melting curve (data not shown).  

Addition of methylene blue, ascorbate and catalase to the DSF buffer decreased initial fluorescence 

by ~30%, and increased the melting point fluorescence signal amplitude by two-fold. This increase 

was mainly in the second unfolding transition and accentuated the bimodal shape of the rhIDO1 

melting curve transition (Figure 3.2). The midpoint of the first and second melting event will be 

referred to as Tm1 and Tm2 respectively. The Tm1 of rhIDO1 in phosphate buffer was ~46 °C, although 

it was difficult to distinguish Tm1 from Tm2. In buffer containing methylene blue, ascorbate and 

catalase, the Tm1 was at 45 °C. Tm2 was approximately 66 °C with phosphate buffer, and 61 °C in 

buffer containing methylene blue, ascorbate and catalase. Tm2 was typically broad and less well 

defined than Tm1. In the absence of rhIDO1, little background fluorescence was observed with 

methylene blue, ascorbate and catalase (Figure 3.2), and for all subsequent experiments, methylene 

blue, ascorbic acid and catalase were added to the DSF buffer.  

A trend towards increasing Tm1 was observed with increasing concentrations of methylene blue 

(Figure 3.3A). To determine whether increases in background Tm1 affected the detection of 

compound binding, the ∆Tm1 induced by known IDO1 inhibitors with different concentrations of 

methylene blue was investigated. No significant differences were observed in the Tm1 induced by 

either 1,4-naphthoquinone or 4-PI when using different concentrations of methylene blue in the DSF 

buffer (Figure 3.3B). There was a trend towards a decrease in Tm1 with increasing concentrations of 

methylene blue for 4-PI. In comparison to vehicle control, 10 M 4-PI induced a 1.2 °C increase in 

rhIDO1 thermal stability with 0.5 M methylene blue, and a 0.7 °C increase in Tm1 with 8 M 

methylene blue. Subsequent experiments used 2 M methylene blue for minimal interference with 
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the assay. This concentration of methylene blue was found to be sufficient to maintain rhIDO1 in its 

active state in enzymatic assays (Figure 3.3C). Published studies used methylene blue at 

concentrations of 10 and 20 M for enzymatic assays, but equal or greater rhIDO1 activity was 

achieved in these assays (Figure 3.3C) with the lower concentration of methylene blue than those 

obtained in the published literature (Littlejohn, Takikawa et al. 2000, Kumar, Malachowski et al. 

2008). 

Titrations of three solvents dimethyl sulfoxide (DMSO), dimethylformamide (DMF) and 

dimethylacetamide (DMA) in the DSF assay showed that DMSO had the least effect on the rhIDO1 

∆Tm1 (Figure 3.4). DMSO at a final concentration of ≤ 0.5% was the only solvent that caused a ∆Tm1 

of less than 1 °C, and was used as the solvent for all subsequent experiments at final concentrations 

≤ 0.5%. The melting curve of rhIDO1 at pH 5, 6, 7 and 8 is shown in Figure 3.5. Alkaline conditions 

gave a higher initial fluorescence, a decrease in the span of the unfolding transition amplitude and an 

increase in Tm1 that merged with Tm2. Subsequent DSF experiments were set at pH 6.5.  

DSF of rhIDO1 using the optimised conditions established in this section showed two unfolding 

events, with a Tm1 at 48.1 ± 0.3°C and a Tm2 at 59.8 ± 2.6°C measured from at least three 

independent experiments (Figure 3.6). ∆Tm1 was selected for use as a measure of binding as it was 

more defined than Tm2. 

  



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

72 

 

Figure 3.1 DSF melting curves of IDO1 performed using differing SYPRO orange dilutions. (A) 
Fluorescence and (B) inverse differential of the fluorescence between 25-95 °C as measured by DSF 
experiments of 10 µM rhIDO1 (Fe(III) form) at three different dilutions of SYPRO orange 1:250 (1x, 
green), 1:50 (5x, blue), 1:25 (10x, red).  
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Figure 3.2 IDO1 unfolding curve with enzyme assay buffer. (A) DSF melting curves and (B) the 
inverse differential of the melting curves for temperatures between 25–95 °C of 10 µM rhIDO1 in 
methylene blue-ascorbate reducing buffer (blue), potassium phosphate buffer pH 6.5 (green) and the 
methylene blue-ascorbate buffer with no rhIDO1 added (purple).  
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Figure 3.3 Effect of methylene blue on the melting temperature of IDO1. (A) Changes to melting 
temperature (Tm1) during DSF experiments of rhIDO1 with 0.5, 2.0, and 8.0 µM of methylene blue (n 
= 3). (B) Effects of increasing methylene blue concentrations on the change in melting temperature 

(Tm1) induced by 10 µM of 1,4 naphthoquinone and 4-phenylimidazole with 0.5, 2.0 or 8.0 µM 
methylene blue (n=3).(C) Activity of purified rhIDO1 in enzyme assay in 2, 10, and 20 µM of 
methylene blue.  
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Figure 3.4 Solvent titration with DSF. The changes in the Tm1 of the rhIDO1 melting curve with 
titrations of the solvents DMSO, DMF and DMA at 0.25, 0.5, 1.0, and 2.0% in DSF experiments. A 

decrease in the Tm1 was observed for titrations of all three solvents as indicated a negative Tm1. 
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Figure 3.5 Changes in the unfolding curve of rhIDO1 as a function of pH. (A) Melting curve and 
(B) differential of the melting curve of 10 µM rhIDO1 in methylene blue-ascorbate buffer with 
potassium phosphate at pH 5 (blue), 6 (red), 7 (green), and 8 (purple) as measured by DSF between 
the temperatures of 25-95 °C.  
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Figure 3.6 DSF of rhIDO1 under optimised conditions. (A) The melting curve and (B) the 
differential of the melting curve of rhIDO1 with the optimised conditions for DSF with 10 µM 
rhIDO1, 40 mM sodium ascorbate, 2 µM methylene blue, 100 mM potassium phosphate buffer pH 
6.5, 200 µg/mL catalase, 4x SYPRO orange, and 0.5% DMSO. 
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3.2.2. Validation	of	the	DSF	assay		

To validate the DSF assay, known IDO1 inhibitors were tested at 10 M for their ability to cause ∆Tm1 

of rhIDO1 (Table 3.1), and this was compared to compounds that either had no inhibitory activity or 

compounds with an unrelated function such as cyclophosphamide (Table 3.2).  

In general, the more potent inhibitors of rhIDO1 induced the greatest ∆Tm1 using the optimised DSF 

assay. The eight IDO1 inhibitory compounds used are ranked according to their IC50 in Table 3.1. 

The three most potent rhIDO1 inhibitors were also the top three compounds for inducing ∆Tm1 in the 

rhIDO1 melting curve (Table 3.1), while the two weakly inhibitory compounds with IC50 > 100 M, did 

not induce a ∆Tm1 that was greater than the standard error (Table 3.1). Non-inhibiting and unrelated 

compounds do not induce a Tm1 in rhIDO1 (Table 3.2). The results in Table 3.1 demonstrate that the 

DSF assay is capable of distinguishing between compounds that inhibit from those that do not. 

However, a direct correlation between inhibitory activity of the compounds and the magnitude of ∆Tm1 

was not observed; a greater ∆Tm1 was observed with 4-PI compared to 1,4-naphthoquinone, even 

though it is fifty-fold less potent.  
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Table 3.1 Magnitude of the ∆Tm1 of rhIDO1 with inhibitors of varying potencies 

Inhibitors (10 µM) Structure 
Enzyme 

IC50 (M) 
∆Tm1 (°C) 

4-phenylimidazole 

 

32.0 1.42±0.24 

1,4-naphthoquinone 

 

0.59 -0.97±0.17 

1,4-dihydroxynaphthalene 

 

1.3 -0.71±0.10 

1,4-dihydroxynaphthalene-2,3-

dicarbonitrile 
 

36.6 -0.74±0.24 

5-amino-4-(4-chlorophenyl)-4H-1,2,4-

triazole-3-thiol 
 

43.1 -0.45±0.17 

1,5-Dihydroxy-naphthalene 

 

>100* -0.18±0.16 

1,2-di(pyridin-3-yl)ethane-1,2-dione 

 

37.4 0.13±0.11 

1-methyl-L-tryptophan 

 

173.9 -0.02±0.12 

* 31.4% inhibition at 100 M  

IC50 determined by enzymatic assays by Dr David Bridewell 
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Table 3.2 Tm1 of rhIDO1 with non-inhibiting compounds 

Negative Control (10 µM) Structure 
Enzyme 

IC50 (M) ∆Tm1 (°C) 

phenyl nicotinate 

 

>200 0.15±0.44 

(E)-4-((pyridin-2-ylmethylene) 

amino)benzothioamide 
 

>200 -0.01±0.21 

Cyclophosphamide 

 

 N/A -0.01±0.22 

N/A, compound is not known to have IDO1 inhibitory properties 

IC50 determined by enzymatic assays by Dr David Bridewell 

 

3.2.3. Identification	of	IDO1	interacting	fragments	using	the	DSF	assay	

The 352 fragments from the ZT library were screened at a final concentration of 1 mM with the 

optimised DSF assay, and the mean ∆Tm1 of three independent experiments for each fragment is 

reported. ∆Tm1 ranged from 16.9 to -7.2 °C in this screen (Figure 3.7). 4-PI and 1,4-naphthoquinone 

at 75 M were included as positive controls. 4-PI induced a Tm1 of 3.5 ± 0.4 °C in the rhIDO1 

melting curve and resulted in a merge of the melting temperatures between Tm1 and Tm2 (Figure 3.8). 

1,4-Naphthoquinone induced a ∆Tm1 of -1.8 ± 0.3 °C , and also caused an increase in the initial 

fluorescence (Figure 3.8). Fragments that induced a ∆Tm1 of a magnitude > 2 °C were considered to 

bind to rhIDO1. 

Other changes beside ∆Tm1 were observed in the melting curve, and many compounds that induced 

a ∆Tm1 also induced a change in curve shape. Curve shape changes caused by the majority of 

fragments can be summarised as a combination of four different types of changes: 

(i) A shift in Tm1 independent of Tm2, which leads to the merge of the melting curves, typified by 

5-bromo-1-indanone (Figure 3.9A); 

(ii) A high initial fluorescence, e.g. 6-hydroxyquinoline (Figure 3.9B.); 

(iii) Right shifted initial fluorescence, e.g. 2-amino-4-methylbenzathiazole (Figure 3.9C); 

(iv) Loss of transition, e.g. 1,4-phenylenediamine (Figure 3.9D) 
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(v) Dramatic changes to the melting curve, frequently to the extent that the rhIDO1 melting curve 

can no longer be recognisable e.g. 2,6-dihydroxynaphthalene (Figure 3.9E). 
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Figure 3.7 Fragments ranked according to the ∆Tm1 they induce in rhIDO1. The 352 fragments 
were ranked according to the shift they induced in Tm1 of rhIDO1, 50 compounds changed the melting 
curve shape in such a way that the Tm1 could no longer be determined (CS). Fragments that induced a 
shift of magnitude 2°C or greater (indicated by the dotted red lines) were selected for further analysis.  
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Figure 3.8 Melting curves with published rhIDO1 inhibitors. (A) Melting curves (B) the negative 
differential curves between 25–95 °C of rhIDO1 in DSF experiments with addition of 75 µM 4-PI 
(red), 75 µM 1,4-naphthoquinone (green), and vehicle control (blue). 
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Figure 3.9 Changes in the IDO1 melting curve shape upon addition of fragments. The fragment 
(A) 5-bromo-1-indanone causes a merge of the first and second melting temperatures, (B) 6-
hydroxyquinoline produces a high initial fluorescence in the IDO1 melting curve, (C) 2-amino-4-
methylbenzathiazole causes a right shift in the initial fluorescence of the IDO1 melting curve, (D) 1,4-
phenylenediamine causes a loss of the melting transition, and (E) 2,6-dihydroxynaphthalene changes 
the melting curve shape to the point where it is unrecognisable. IDO1 melting curve with fragments 
(green), curve with vehicle only (blue). 
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Many fragments induced one or more of these changes to the rhIDO1 melting curve. In particular, 

high initial fluorescence was often accompanied by a shift to the right in the initial fluorescence. 

Dramatic changes in the curve shape that obscure ∆Tm1 may represent interacting compounds, and 

taking those into account, an extra forty fragments were selected for further analysis making a total of 

74 fragments that were identified from these screens as interacting with rhIDO1 (Table 3.3–3.7). 

Fragments with fluorescent profiles that overlapped with the excitation and emission wavelength of 

SYPRO orange contributed to false positives in the screen. Fragments that fluoresced in the absence 

of rhIDO1 are listed in Table 3.8. There were also fragments that fluoresce but do not interfere with 

the melting curve of IDO1 in an additive manner. For example 2,7-dihydroxynaphthalene without 

rhIDO1 has a fluorescent signal between 53-74 °C, but the fluorescence of this fragment in the assay 

at 53-74 °C was seen to decrease rather than increase at those temperatures (Figure 3.10).  

The 74 compounds identified by the DSF assay to interact with rhIDO1 fall into sixteen different 

chemotypes that fit into four broad groups, with a few exceptions (67-74) that did not fit into any of 

the groups. Within each chemotype, the changes induced in the rhIDO1 melting curve by the 

fragments were similar. The changes to the melting curve induced by each chemotype is 

summarised as follows: 

(i) Indene-like chemotypes 

A number of indene-like compounds (1-18) were found to bind rhIDO1 in the DSF assay and included 

benzothiazoles (1-6), benzimidazoles (7-10), benzoxazole (11, 12), indoles (13-15) and indan-1-ones 

(16-18). The benzothiazole fragments 2-5 were found to fluoresce at 25-40 °C in the absence of 

rhIDO1, and this led to apparent high initial fluorescence profiles observed in the DSF assay (Table 

3.8) making determination of the ∆Tm1 difficult in some cases. A change in curve shape was also 

observed for 2-hydrazinobenzothiazole (1), which did not fluoresce in the absence of rhIDO1. There 

were twelve benzimidazole fragments in the ZT library, and the majority of these caused a ∆Tm1 of 

less than 1°C. Benzimidazole fragments 7, 9 and 10 had fluorescent properties that resulted in 

apparent high initial fluorescence in the DSF assay. For 9, these fluorescent properties do not 

interfere with the measured ∆Tm1 of 6.1 ± 0.4°C and the merge of Tm1 with Tm2 observed in the 

rhIDO1 melting curve. Benzoxazole fragments, which do not fluoresce at the wavelengths used for 

the DSF assay, induced changes in the rhIDO1 melting curve shape to the extent that Tm1 could not 

be measured. The majority of the indan-1-one fragments in the ZT library caused ∆Tm1 between 1-2 

°C. The fluorescent properties of indan-1-one 16 and 17 did not interfere with the DSF assay. 

Fragment 16 induced a Tm1 of 4.5 °C and a merge of Tm1 and Tm2, while a loss of the transition was 

observed with 17. The changes in curve shape observed with 18 however were due to its fluorescent 

properties.   
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Table 3.3A: Indenes 

# X1 X2 R1 
 

R2 Tm1 (°C) 
% Inhibition  

(1 mM) 
 Benzothiazole 

1 S N NHNH2  H CS 92.4 ± 0.3 

2 S N NH2  4-CH3 CS 12.9 ± 5.0 

  3* S N NH2  4-Cl 3.1 ± 1.3 10.5 ± 5.8 

4 S N NH2  6-CH3 CS 14.5 ± 2.6 

5 S N NH2  6-Cl CS 54.9 ± 4.5 

6 S N OH  H CS 14.4 ± 4.9 
 Benzimidazole 

7 N N H  5-Cl CS 13.6 ± 8.9 

8 N N H  5-NO2 CS 8.2 ± 5.8 

9 N N H  5-CH3 6.1 ± 0.4 25.8 ± 5.2 

10 N N CF3  5-NH2 2.9 ± 0.4 R* 
 Benzoxazole 

11 O N SH  5-Cl CS 52.6 ± 6.9 

12 O NH O  H 3.5 ± 0.4 3.9 ± 4.7 
 Indole 

13 N CH H  4-OCH3 CS 3.1 ± 0.8 

14 N CH H  5-Br CS -21.6 ± 6.9 

15 N CC(O)CH3 H  H CS 46.2 ± 3.4 

*, Fragment is insoluble at 1 mM 

CS, Change in the rhIDO1 melting curve shape 

R*, Reacts with 4-(dimethylamino)benzaldehyde to form a coloured compound 

 

 

Table 3.3B: Indanone 
# R1 R2 R3 Tm1 (°C) % Inhibition (1 mM) 

Indanones 

  16* H, H  H, H 5-Br 4.5 ± 0.5 67.3 ± 6.3 
17 H, H =O H ND 14.1 ± 4.5 
18 OH, OH =O H ND 22.1 ± 10.4 

*, Fragment is insoluble at 1 mM  

R2

R1

R2

R3
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(ii) Naphthalene-like chemotypes 

The naphthalene-like compounds (19-30) identified in the DSF assay as rhIDO1 binders consisted of 

the quinoline, naphthalene and coumarin chemotypes. All quinolines examined (19-21) were 

quinolinols as they contained a hydroxyl group. The fluorescence of 19 interfered with the 

determination of ∆Tm1, while 20 and 21 were found to destabilise rhIDO1. All naphthalene fragments 

(22-27) had intrinsic fluorescent properties that interfered with the measurement of ∆Tm1 in the DSF 

assay. However the intrinsic fluorescence of naphthalene does not match the fluorescence profile 

observed with rhIDO1 (Table 3.8). The only non-hydroxyl containing naphthalene that induced a 

change in curve shape was 22. Although no Tm1 was induced with 22, the amplitude of the transition 

was decreased. Coumarin derivatives in the ZT library consistently induced a ∆Tm1 of greater than 1 

°C, with fragments 29 and 30 inducing a Tm1 that was > 2 °C. The change in curve shape induced 

by 28 differed from its fluorescent profile. 

 

 

Table 3.4A: Naphthalene-like 

# X1 R1 R2 Tm1 (°C) % Inhibition (1 mM) 

Quinoline 

19 N H 6-OH CS  37.1 ± 13.3 
20 N H 5-OH -4.8 ± 2.7 44.6 ± 4.2 
21 N 2-CHO 8-OH -2.6 ± 1.8 16.1 ± 1.0 

Naphthalene 

22 C 1-NH2 8-NH2 0.3 ± 1.4 34.0 ± 3.1 
23 C 1-OH 5-OH 16.9 ± 1.9 53.3 ± 1.0 
24 C 1-OH 6-OH CS  84.2 ± 0.2 
25 C 1-OH 7-OH CS 91.3 ± 0.1 
26 C 2-OH 6-OH CS  73.7 ± 3.3 
27 C 2-OH 7-OH CS  70.5 ± 0.8 

CS, Change in the rhIDO1 melting curve shape 

  

R1R2
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Table 3.4B Coumarin 

# R1 R2 Tm1 (°C) 
% Inhibition  

(1 mM) 
Coumarin 

28 H 6-OH, 7-OH CS  -12.1±3.4 
  29* 4-OH 6-CH3 3.0 ± 0.1 8.2±4.2 
30 4-CH2COOH 7-OH 2.1 ± 1.2 40.4±1.6 

*, Fragment is insoluble at 1 mM 

CS, Change in the rhIDO1 melting curve shape 

 

(iii) Biphenyl chemotype 

Four biphenyl fragments were found to bind rhIDO1 in the fragment screen (31-34); three contain two 

hydroxyl groups, while the fourth (34) contains a carboxylic acid group, and the changes in the 

melting curve induced were all different. Fragment 32 destabilised the rhIDO1 enzyme, while 34 

increased its stability. The fluorescent properties of 31 and 33 interfered with the DSF assay and 

lowered the fluorescence during DSF. 

 

Table 3.5: Biphenyl 
# R1 R2 Tm1 (°C % Inhibition (1 mM) 

Biphenyl 
31 1-OH, 4-OH H CS 65.4 ± 3.6 

32 1-OH 6-OH -5.5 ± 4.4 46.9 ± 6.5 

  33* 3-OH 8-OH CS 74.4 ± 0.7 

34 1-COOH H 3.6 ± 0.8 26.2 ± 5.6 

*, Fragment is insoluble at 1 mM 

CS, Change in the rhIDO1 melting curve shape 

 

R1R2

R1

R2
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(iv) Phenyl chemotypes 

Compounds that contained a single phenyl core (35-66), include the phenol, aminophenol, aniline as 

well as benzaldehyde, benamide, benzoic acid and salicylic acid chemotypes. The majority of the 

phenol-containing fragments (35-46) and the benzaldehyde fragments (53, 54) were fluorescent and 

interfered with the determination of ∆Tm1 (Table 3.8). The fluorescence of 40 did not interfere with 

DSF, and this fragment induced an 11.5 °C ∆Tm1. Of the aminophenols (47-50) and anilines (51, 52), 

only 49 was fluorescent. All other fragments stabilised rhIDO1 or reduced the amplitude of the 

transition. The benzamides (55-57) caused a ∆Tm1 with DSF; however, the intrinsic fluorescence from 

55 distorted the melting curve shape. Fragment 57 has an N-hydroxyamide group rather than amide. 

Both benzoic acids (58-60) and salicylic acids (61-66) induced ∆Tm1 in the rhIDO1 melting curve. 

Many of the benzoic acid fragments in the ZT library caused a ∆Tm1 in the DSF assay. All salicylic 

acids in the fragment screen library caused a ∆Tm1 of > 2°C.  

 

Table 3.6A Phenyl 
# R1 Tm1 (°C) % Inhibition (1 mM) 

Phenol 

35 1-OH, 2-OH 1.7 ± 1.6 * -7.5 ± 6.0 

36 1-OH, 2-OH, 3-CH3 2.6 ± 1.0 -14.5 ± 4.5 

37 1-OH, 2-OH, 3-OH CS -14.2 ± 5.6 

38 1-OH, 2-OH, 4-CH3 CS 23.5 ± 3.7 

39 1-OH, 2-OH, 4-NO2 CS  6.2 ± 7.0 

40 1-OH, 2-OH, 4-OH 11.5 ± 3.5 56.4 ± 0.9 

41 1-OH, 2-CH3, 3-OH CS 5.8 ± 4.2 

42 1-OH, 2-CH3, 4-OH CS 2.7 ± 0.4 

43 1-OH, 3-OH, 5-OH CS -65.5±5.1 

44 1-OH, 3-OH CS 2.7 ± 4.3 

45 1-OH, 3-OH, 5-CH3 CS  -5.0 ± 8.2 

46 1-OH, 4-OH CS  -20.2 ± 18.6 

Aminophenol 

47 1-NH2, 2-CH3, 4-OH 5.0 ± 1.0 42.4 ± 5.2 

48 1-OH, 2-CH3, 4-NH2 CS 9.1 ± 11.5 

49 1-OH, 3-NH2 2.7 ± 1.3 R* 

50 1-OH, 2-OCH3, 5-NH2 3.4 ± 0.4 R* 

Aniline 

51 1-NH2, 3-NH2, 4-CH3 2.3 ± 0.5 R* 

52 1-NH2, 4-NH2 CS R* 

CS, Change in the rhIDO1 melting curve shape 

R*, Reacts with 4-(dimethylamino)benzaldehyde to form a coloured compound 

R1
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Table 3.6B: Benzoic acids 

# X1 R1 Tm1 (°C) 
% Inhibition  

(1 mM) 
Benzaldehydes 

53 H 4-OH -4.5 ± 0.3 -4.75 ± 4.0 

54 H 2-OH, 4-OH CS -10.0 ± 13.2 

Benzamides 

55 NH2 4-OH CS R* 

56 NH2 4-OCH3 3.0 ± 0.6 2.7 ± 2.7 

57 NHOH 2-OH -1.8 ± 2.9 15.6 ± 4.5 

Benzoic acids 

58 OH 4-NHNH2 5.5 ± 2.4 0.0 ± 3.9 

59 OH 4-NO2 2.5 ± 0.6 5.9 ± 1.1 

60 OH 2, 3, 4, 5, 6-penta-F 2.1 ± 0.4 -7.4 ± 4.2 

Salicylic acids 

61 OH 2-OH 3.7 ± 0.4 2.3 ± 1.5 

62 OH 2-OH, 3-CH3 4.5 ± 1.5 2.3 ± 4.7 

63 OH 2-OH, 4-CH3 3.6 ± 0.7 3.1 ± 2.3 

64 OH 2-OH, 5-CH3 5.6 ± 1.3 3.5 ± 5.1 

65 OH 2-OH, 5-F 5.3 ± 0.2 -3.8 ± 7.0 

66 OH 2-OH, 6-F 4.4 ± 2.5 6.2 ± 3.9 

CS, Change in the rhIDO1 melting curve shape 

R*, Reacts with 4-(dimethylamino)benzaldehyde to form a coloured compound 

 

  

R1
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Table 3.7: Other rhIDO1 binding fragments 

# Structure Tm1 (°C) % Inhibition (1 mM) 

67  
6.6 ± 0.7 90.1 ± 0.5 

68 
 

4.3 ± 0.1 54.5 ± 1.0 

69 
 

4.3 ± 2.8 3.5 ± 2.7 

70 
 

CS 31.3 ± 2.8 

71 
 

CS 22.3 ± 2.5 

72 
 

CS 2.0 ± 2.0 

73 

 

CS  R* 

74 
 

-3.3 ± 0.7 -3.9 ± 0.8 

CS, Change in the rhIDO1 melting curve shape 

R*, Reacts with 4-(dimethylamino)benzaldehyde to form a coloured compound 
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Figure 3.10 Fluorescent profiles of 2,7-dihydroxynaphthalene Fluorescence over the temperature 
range of 25-95°C as detected in a DSF assay with 1 mM 2,7-dihydroxynaphthalene with (green) and 
without (purple) rhIDO1 in the reaction buffer. 
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Table 3.8 Fluorescent fragments and their effects on the rhIDO1 melting curve 

# 
Expected effect on the 

rhIDO1 curve 
Observed rhIDO1 

curve shape 
Curve shape due to 

fluorescence? 
2 HIF HIF Yes 

3 HIF HIF Yes 

4 HIF HIF Yes 

5 HIF HIF Yes 

7 HIF HIF Yes 

9 HIF HIF Yes 

10 HIF HIF Yes 

13 BIF BIF No 

14 SIF EX No 

15 BIF HIF No 

18 BIF BIF Yes 

19 HIF HIF Yes 

20 SIF HIF No 

23 HIF SIF No 

24 HIF/ EX Neg No 

25 EX ND No 

26 EX ND No 

27 EX Neg No 

28 EX Neg No 

31 BIF BIF No 

33 BIF BIF No 

35 HIF HIF Yes 

36 HIF HIF Yes 

37 HIF HIF Yes 

38 BIF BIF Yes 

41 BIF BIF Yes 

42 HIF HIF Yes 

43 BIF BIF Yes 

44 HIF HIF Yes 

45 BIF BIF Yes 

46 HIF HIF Yes 

49 HIF HIF Yes 

53 HIF HIF Yes 

54 BIF BIF Yes 

55 BIF BIF Yes 

56 HIF HIF Yes 

57 HIF HIF Yes 

68 HIF HIF Yes 

69 HIF HIF Yes 

70 HIF SIF No 

 HIF= high initial fluorescence, SIF = Shifted initial fluorescence, BIF = broad initial fluorescence, EX 

 = exaggerated transition, Neg.= negative gradient 
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3.2.4. IDO1	inhibitory	activity	of	fragments	

Fragments that were found to interact with rhIDO1 in the DSF assay were then tested at 1 mM for 

IDO1 inhibitory activity in an enzymatic assay, and the mean inhibition of two independent 

experiments is presented in Tables 3.3-3.7. Fourteen fragments inhibited ≥ 50%; twenty-one 

fragments inhibited between 10-50 %; twenty-six fragments inhibited ≤ 10 % and thirteen fragments 

caused apparent increases in rhIDO1 activity compared to vehicle control (Table 3.3-7). Two 

fragments, 4-(methylamino)benzoic acid and 2-amino-4-methyl-5-nitropyridine, that displayed no 

∆Tm1 and no changes in curve shape from the DSF assay were included as negative controls. Whilst 

4-(methylamino)benzoic acid did not inhibit rhIDO1 activity by > 10%, 2-amino-4-methyl-5-

nitropyridine was marginally positive and inhibited rhIDO1 activity by 13.3 ± 1.4 % at 1 mM.  

All binding fragments within the benzothiazole, indan-1-one, quinoline, naphthalene, and biphenyl 

chemotypes inhibited rhIDO1 ≥ 10% at 1 mM. 2-Hydrazinobenzothiazole (1) had the greatest rhIDO1 

inhibitory activity of all the fragments tested, and fragment 16, an indan-1-one, inhibited rhIDO1 by 

more than 50% at 1 mM. Six of the seven naphthalene fragments inhibited rhIDO1 by more than 

50%, and these all contained hydroxyl groups. Fragment 22, the only naphthalene with no hydroxyl 

groups tested, was the only naphthalene that did not inhibit by greater than 50%. Biphenyl fragments 

31 and 33 also inhibited rhIDO1 by more than 50% at 1 mM. 

Both inhibitory and non-inhibitory fragments were found among the benzimidazole, benzoxazole, 

indole, coumarin, phenol, and aminophenol chemotypes. The benzimidazole with the greatest 

rhIDO1 inhibitory activity was 9, which inhibited rhIDO1 activity by 25% at 1 mM. Benzoxazole 

fragment 11 was found to inhibit rhIDO1 by greater than 50% at 1 mM, however 12 was inactive. 

Among the indole derivatives, only 15 was inhibitory. Fragment 30 was the only coumarin compound 

that showed >10% inhibition against rhIDO1 at 1 mM. The majority of phenols and aminophenols did 

not inhibit rhIDO1 at 1 mM. Fragments 38, 40 and 47 inhibited > 10%, and these all contain functional 

groups in the 1-, 2- and 4- positions. 

No rhIDO1 inhibitory activity was observed with benzaldehyde, benzamide, benzoic acid, or salicylic 

acid chemotypes at 1 mM, with the exception of 57, a hydroxylamine which weakly inhibited rhIDO1 

activity by 16 ± 4.5% at 1 mM. All aniline fragments reacted with 4-(dimethylamino)benzaldehyde and 

formed coloured products that interfered with the assay for rhIDO1 activity.  

Inhibitory activity of other rhIDO1 binding fragments 

Eight fragments were found to bind in the DSF screen that could not be grouped with the other 

chemotypes (Table 3.7). Of these; 4-PI (67), a pyridine derivative (68), a hydroxyamidine derivative 

(70) and phenylpyruvic acid (71) were found to have rhIDO1 inhibitory activity. 
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In addition to the fragments, methylene blue also induced a ∆Tm1 in the DSF assay (Figure 3.3A). 

Analogues and bioisosteres of methylene blue were tested for rhIDO1 inhibitory activity (Table 3.9). 

Of the benzothiazines, 76 had the greatest inhibitory activity and inhibited rhIDO1 activity by 57.8 ± 

2.5% at 1 mM. The dibenzo-1,4-dioxines as a group had low inhibitory activity, typically below 20%. 

The best inhibitor of this group was dibenzo-1,4-dioxine-1-carboxylic acid (85) which inhibited at 33.5 

± 2.0% at 1 mM. The two phenoxazines tested were inhibitory; phenoxazine inhibited IDO1 by 86.0 ± 

1.1% at 1 mM. 

Table 3.9 Methylene blue derivatives and bioisosteres 

# X1 X2 R1 % Inhibition (at 1 mM) 

75 NH S H 9.3 ± 2.0 
76 NH S 2-Cl 57.8 ± 2.5 

77 NH S=O 3, 7-diNO2 32.3 ± 2.2 

78 N-R1 S 2-Cl, 10-(CH2)3N(CH3)2 38.6 ±1.4 

79 NH O H 86.0 ± 1.1 

80 NH O 4-COOH 48.7 ±2.0 

81 O O H 1.2 ± 1.2 

82 O O 1-Cl 2.6 ± 1.0 

83 O O 1-CH3 11.7 ± 1.5 

84 O O 1-CHO 8.6 ± 0.3 

85 O O 1-COOH 33.5 ± 2.0 

86 O O 1-CH2CH2OH 25.1 ± 0.6 

87 O O 1-NO2 7.1 ± 1.2 

88 O O 2-Cl 2.9 ± 0.7 

89 O O 2-NO2 3.2 ± 0.5 

90 O O 2-COOCH3 15.2 ±1.7 

91 O O 2-COOCH(CH3)2 12.3 ± 4.0 

92 C O H 9.7 ± 0.1 

 

  

R
1
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In this section, the most inhibitory fragments identified thus far in the screens are 2-

hydrazinobenzothiazole from the benzothiazoles chemotype, a number of fragments from the 

naphthalene chemotype, 5-bromoindan-1-one from the indan-1-one chemotype, 4,4’-

dihydroxybiphenyl from the biphenyl chemotype and 1,2,4-benzentriol from the phenol chemotype. 4-

PI, a known rhIDO1 inhibitor and used widely as a positive control for IDO1 inhibitor studies, was also 

amongst the most inhibitory in the fragments identified in this section. In addition, from the studies 

with methylene blue, phenoxazine has also been identified as an inhibitor of rhIDO1  

3.2.5. Optimisation	of	conditions	for	spectroscopic	studies	of	rhIDO1		

Changes to the rhIDO1 absorbance spectra were used to investigate if the inhibitory chemotypes 

identified thus far interact with the active site of the protein. Conditions were optimised for measuring 

the absorbance of rhIDO1. A serial dilution of rhIDO1 from 1-200 M was performed to determine the 

protein concentration that would give an absorbance of approximately 1.0 in the Soret region (Figure 

3.11). Protein concentrations between 3-6 M were identified as the concentration range required to 

produce an absorbance of ~1.0 at 404 nm, and all subsequent experiments were performed with 

rhIDO1 concentrations in this range. Sodium dithionite was used to reduce Fe(III) rhIDO1 to its Fe(II) 

form. With 10 mM sodium dithionite, the Soret absorbance band of Fe(III) rhIDO1 shifted from 404 to 

428 nm and was maintained at 428 nm for at least 20 min before gradually shifting back to 404 nm. 

All subsequent experiments with Fe(II) rhIDO1 were performed within 20 min of the addition of 

sodium dithionite. 

3.2.6. Validation	of	the	spectroscopic	assay		

The absorbance spectrum of the Fe(III) form of rhIDO1 showed an absorbance maximum at 404 nm 

with minor bands at 504 and 631 nm (Figure 3.12A). The Fe(II) form of rhIDO1 showed a Soret peak 

at 428 nm and a minor band at 559 nm (Figure 3.12B). These values are similar to those previously 

reported by Lu and colleagues (Lu, Lin et al. 2010). Titrations of 4-PI resulted in changes to the 

rhIDO1 absorbance spectra similar to those reported for rabbit IDO1 (Sono and Cady 1989). For the 

Fe(III) form of rhIDO1, 4-PI induced a decrease in intensity and a shift in the Soret peak from 404 nm 

to 412 nm and a decline in the peak at 503 and 631 nm and an appearance of bands at 531 nm and 

a shoulder at ~550 nm (Figure 3.13A). For Fe(II) rhIDO1, titration of 4-PI resulted in an increase in 

intensity and a shift of the Soret band to 424 nm with α and β bands at 558 and 529 nm (Figure 

3.13B).  

  



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

97 

  

 
 
Figure 3.11 Optimisation of rhIDO1 absorbance spectra conditions. Plots of the absorbance 
spectra (200-800 nm) of rhIDO1 are shown. A serial dilution of rhIDO1 was performed starting from 
200 µM; the spectra of 12.5 (red), 6.3 (orange), 3.1 (green), and 1.6 (blue) µM are represented here as 

absorbance exceeding 2.0 were observed for rhIDO1 concentrations above 12.5 M. The optimal 
concentration should give an absorbance of ~1.0. 
 



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

98 

 

 

Figure 3.12 The Fe(III) and Fe(II) spectra of rhIDO1. Absorbance spectra of Fe(III) (A) and Fe(II) 
(B) rhIDO1 between the wavelengths of 300-450 nm of absorbance -0.2 to 1.0 and 450-700 nm at 
absorbance -0.1 to 0.1 are shown. Peaks are observed at 404 (Soret), ~504 and 631 nm for the Fe(III) 
form, and at 428 (Soret) and 559 nm in the Fe(II) form.  



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

99 

3.2.7. Spectral	changes	induced	by	fragments	

Fragments from each inhibitory chemotype were titrated against rhIDO1, and the changes to the 

absorbance spectra were investigated. Three types of interactions were observed: (i) fragments that 

bound to both Fe(III) and Fe(II) forms of rhIDO1, (ii) fragments that bound the Fe(II) form only and (iii) 

fragments that appeared to convert the Fe(II) form of rhIDO1 to an Fe(III)-like state. 

4-PI (67) and 2-hydrazinobenzothiazole (1) both changed the absorbance spectra of Fe(III) and Fe(II) 

rhIDO1 (Figure 3.13). Spectral changes with 4-PI have already been described in this chapter. In 

Fe(III) rhIDO1, 1 decreased the maximum intensity of the Soret band by 56%, and shifted the 

maxima from 404 to 412 nm. The bands at 503 and 631 nm are visible at up to 100 M of 1, while a 

broad band at 579 nm with shoulders at approximately 540 and 630 nm appeared at concentrations ≥ 

300 M (Figure 3.13C). In Fe(II) rhIDO1, 1 induced a 17% increase in the intensity of the Soret band 

and shifted the absorbance from 428 nm to 421 nm. Additionally, a shoulder at approximately 530 nm 

is observed, and this shoulder becomes a β band at 534 nm with 1000 M of 1 (Figure 3.13D). 

The majority of the fragments were found to shift the Fe(II) Soret band maxima from 428 nm to 424-

425 nm, and induced partial formation of α and β bands at around 557 and 530 nm respectively. With 

the majority of fragments, the β band was visible as a shoulder, as shown with 61 (Figure 3.14.1B). 

No changes were observed in the Fe(III) rhIDO1 spectrum upon titration of these compounds up to 

1000 M. Fragments 9, 11, 16, 20, 25, 30, 61, 71 and 79 representing the benzimidazole, 

benzoxazole, indan-1-one, quinoline, naphthalene, coumarin, salicylic acid, phenylpyruvic acid and 

phenoxazine chemotypes respectively all induced this pattern of spectral change (Figure 3.14.1-5).  

The biphenyl fragment 33 caused changes in the Fe(II), but not Fe(III) rhIDO1 absorbance spectrum. 

The Soret band at 428 nm is shifted to 405 nm at 1000 M of 33. Changes in the 500-700 nm regions 

could not be monitored due to poor solubility of this fragment (Figure 3.15B). Changes in the rhIDO1 

absorbance spectra induced by unsubstituted benzothiazole were examined. Benzothiazole caused 

the Fe(II) rhIDO1 spectrum to shift to an Fe(III)-like spectrum. Shifts in the Soret maximum from 428 

nm to 405 nm, and the replacement of the 559 nm band with bands at 503 and 635 nm were 

observed at concentrations of > 30 M of benzothiazole. At concentrations of 30 M of 

benzothiazole, rhIDO1 appears to be in a transition state in which the Soret absorbance shifts to a 

new maxima of 406 nm, but the Fe(III)-like bands at 503 and 635 nm in the visible region have yet to 

appear and bands at 539 and 577 nm are visible instead (Figure 3.15D). Benzothiazole also interacts 

with the Fe(III) form of rhIDO1, and induces an 11% decrease in absorbance at 404 nm at 1000 M 

and a minor shift in absorbance to 405 nm. The changes in the absorbance spectra are more visible 

in the absorbance difference curve (Figure 3.15C). 
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Fragment 40, a phenol derivative, induced spectroscopic changes to Fe(II) rhIDO1. A shift in the 

Soret maxima from 428 to 425 nm, and the appearance of and  bands at 557 and 530 nm 

respectively were observed with titrations of 40. With Fe(III) rhIDO1 however, a shift in the Soret 

band from 404 to 406 nm and the appearance of a very broad and intense band at 481 nm was 

observed (Figure 3.16). The shift in the Soret band is more apparent in the absorbance difference 

curves at 30 and 100 M, but is obscured by the intense band at 481 nm at higher concentrations. 

The appearance of the band at 481 nm corresponds with a red colour formation in the sample. 

All absorbance spectra were collected immediately after addition of fragments to rhIDO1. When 30 

min was allowed for equilibration of 2-hydrazinobenzothiazole (1) with rhIDO1 before the absorbance 

spectrum was collected, the amplitude of the Soret was found to decrease at lower concentrations of 

1. A plot of the ∆ absorbance at 404 nm against the fragment concentration resulted in a hyperbolic 

curve (Figure 3.17). The dissociation constant (Kd), a measure of affinity of fragments, is the fragment 

concentration where ∆ absorbance is equal to half of the maximum ∆ absorbance. The Kd for Fe(III) 

rhIDO1 was 161.1 ± 28.7 M for 1, but 5.8 ± 1.0 M after 30 min equilibration with rhIDO1. The Kd for 

Fe(II) rhIDO1 was 62.8 ± 4.3 M. A 30 min equilibration of Fe(II) rhIDO1 with 1 was not performed as 

rhIDO1 would oxidise over this period of time. The Kd of 4-PI for Fe(III) rhIDO1 was calculated to be 

10.7 ± 0.8 M. A hyperbolic curve was not obtained with titrations of 4-PI with Fe(II) rhIDO1 and the 

Kd could not be calculated. No other fragments reached a maximum absorbance at 1000 M. 

Using the changes in the rhIDO1 absorbance spectra to ascertain interactions with the active site, the 

inhibitory fragments identified were all determined to interact with the haem of rhIDO1. Furthermore, 

differences in the changes to the absorbance spectra suggested different modes of binding and 

therefore different mechanisms may be involved in the inhibition of rhIDO1 activity by the various 

fragments. 
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Figure 3.13 Fe(III) and Fe(II) binding fragments. Absorbance spectra of Fe(III) (A and C) and 
Fe(II) (B and D) rhIDO1 with titration of 4-phenylimidazole (A and B) and 2-hydrazinobenzothiazole 
(C and D). Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 absorbance, 450-
750 nm are shown at -0.1 to 0.1 absorbance, absorbance difference curve is also given. Fragment 
concentrations are at 1000 (brown), 300 (red), 100 (orange), 30 (yellow), 10 (green), 3 (light blue), 
and 0 µM (blue). 
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Figure 3.14.1 Fe(II) binding fragments (1). Absorbance spectra of Fe(III) (A and C) and Fe(II) (B 
and D) rhIDO1 with titration salicylic acid (61) (A and B) and 2-mercaptobenzothiazole (C and D). 
Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 absorbance, 450-750 nm are 
shown at -0.1 to 0.1 absorbance for salicylic acid and 0.15 for 2-mercaptobenzothiazole, absorbance 
difference curve is also given. Fragment concentrations are at 1000 (brown), 300 (red), 100 (orange), 
30 (yellow), 10 (green), 3 (light blue), and 0 µM (blue). 
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Figure 3.14.2 Fe(II) binding fragments (2). Absorbance spectra of Fe(III) (A and C) and Fe(II) (B 
and D) rhIDO1 with titration 5-methylbenzimidazole (9) (A and B) and 5-chloro-2-
mercaptobenzoxazole (11) (C and D). Spectra at the wavelengths between 300-450 nm are shown at -
0.2-1.0 absorbance, 450-750 nm are shown at -0.1 to 0.1 absorbance for salicylic acid and 0.15 for 2-
mercaptobenzothiazole, absorbance difference curve is also given. Fragment concentrations are at 
1000 (brown), 300 (red), 100 (orange), 30 (yellow), and 0 µM (blue). 
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Figure 3.14.3 Fe(II) binding fragments (3). Absorbance spectra of Fe(III) (A and C) and Fe(II) (B 
and D) rhIDO1 with titration 5-bromoindan-1-one (16) (A and B) and 5-hydroxyquinolinol (20) (C 
and D). Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 absorbance, 450-750 
nm are shown at -0.1 to 0.1 absorbance for salicylic acid and 0.15 for 2-mercaptobenzothiazole, 
absorbance difference curve is also given. Fragment concentrations are at 1000 (brown), 300 (red), 
100 (orange), 30 (yellow), 10 (green), 3 (light blue), and 0 µM (blue). 
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Figure 3.14.4 Fe(II) binding fragments (4). Absorbance spectra of Fe(III) (A and C) and Fe(II) (B 
and D) rhIDO1 with titration 1,7-dihydroxynaphthalene (25) (A and B) and 7-hydroxycoumarinyl-4-
acetic acid (30) (C and D). Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 
absorbance, 450-750 nm are shown at -0.1 to 0.1 absorbance for salicylic acid and 0.15 for 2-
mercaptobenzothiazole, absorbance difference curve is also given. Fragment concentrations are at 
1000 (brown), 300 (red), 100 (orange), 30 (yellow), and 0 µM (blue). 
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Figure 3.14.5 Fe(II) binding fragments (5). Absorbance spectra of Fe(III) (A and C) and Fe(II) (B 
and D) rhIDO1 with titration 5-phenylpyruvic acid (71) (A and B) and phenoxazine (79) (C and D). 
Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 absorbance, 450-750 nm are 
shown at -0.1 to 0.1 absorbance for salicylic acid and 0.15 for 2-mercaptobenzothiazole, absorbance 
difference curve is also given. Fragment concentrations are at 1000 (brown), 300 (red), 100 (orange), 
30 (yellow), 10 (green), 3 (light blue), and 0 µM (blue). 
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Figure 3.15 Fragments that induce a Fe(II) to Fe(III)-like shift. Absorbance spectra of Fe(III) (A 
and C) and Fe(II) (B and D) rhIDO1 with titration 4,4’-dihydroxybiphenyl (33) (A and B) and 
benzothiazole (C and D). Spectra at the wavelengths between 300-450 nm are shown at -0.2-1.0 
absorbance, 450-750 nm are shown at -0.1 to 0.1, absorbance difference curve is also given. Fragment 
concentrations are at 1000 (brown), 300 (red), 100 (orange), 30 (yellow), 10 (green), 3 (light blue), 
and 0 µM (blue). 
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Figure 3.16 Broad fluorescence induced by fragments. Absorbance spectra of (A) Fe(III) and (B) 
Fe(II) rhIDO1 with titration 1,2,4-benzenetriol. Spectra at the wavelengths between 300-450 nm are 
shown at -0.2-1.0 absorbance, 450-750 nm are shown at -0.1 to 0.1, absorbance difference curve is 
also given. Fragment concentrations are at 1000 (brown), 300 (red), 100 (orange), 30 (yellow), and 0 
µM (blue). 



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

109 

 

 

 

Figure 3.17 Absorbance difference curves at 404 nm with 2-hydrazinobenzothiazole. Change in 
the amplitude of the Soret (404 nm) absorbance of Fe(III) rhIDO1 with titrations of 2-

hydrazinobenzothiazole (3-1000 M) immediately after addition of fragment (blue) and after 30 min 
equilibration (green). Binding curves are modelled in GraphPad Prism.  
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3.3. Discussion	

DSF is a sensitive technique, and was used as an initial screen to identify fragments that bind 

rhIDO1. To avoid false positives, the ∆Tm should be greater than two standard errors in order to be 

considered a true interaction (Lo, Aulabaugh et al. 2004). For the fragment screen in this chapter, a 

∆Tm1 of 2 °C which is above two mean standard errors is used as the threshold value for considering 

compounds as being true binders. Binding fragments were then assessed in an enzymatic assay. 

The IDO1 inhibitory chemotypes identified in the ZT fragment library are discussed. 

3.3.1. Chemotypes	identified	from	DSF	

The 74 compounds in the ZT fragment library that were found to change the rhIDO1 melting curve in 

the DSF assay consisted of sixteen structurally diverse chemotypes. The seven chemotypes: the 

benzothiazoles, indoles, naphthalenes, quinolines, coumarins, hydroxyamidines and 4-PI, have been 

independently reported in the literature as inhibitors of IDO1 (Sono and Cady 1989, Cady and Sono 

1991, Kumar, Malachowski et al. 2008, Yue, Douty et al. 2009, Röhrig, Awad et al. 2010, Cebrian-

Torrejon, Assad Kahn et al. 2012), providing confidence that the DSF assay is able to identify a 

broad range of compounds with activity against rhIDO1. More importantly, chemotypes that had not 

been previously described as IDO1 inhibitory were identified, reinforcing the notion that fragment 

screening has the capacity of providing novel leads for drug development.  

Röhrig and co-workers reported that benzothiazoles inhibited IDO1 following a virtual screen of 2-

mercaptobenzothiazole derivatives (Röhrig, Awad et al. 2010). Interestingly, the 2-

aminobenzothiazoles tested by Röhrig and colleagues had no inhibitory activity (Röhrig, Awad et al. 

2010), whereas all the 2-aminobenzothiazoles screened in this study had > 10% rhIDO1 inhibitory 

activity, with 6-chloro-2-aminobenzothiazole (5) providing > 50% inhibition at 1 mM. The 2-

aminobenzothiazoles were all found to be fluorescent however, and interfered with Tm1 

measurements making them not ideal for DSF under the conditions used in this chapter. However, 

other benzothiazoles such as 2-hydrazinobenzothiazole (1) did not fluoresce and induced a change 

in the rhIDO1 melting curve. Compound 1 had the greatest rhIDO1 inhibitory activity of all the 

fragments in the ZT library. 

It is not surprising that indole derivatives inhibit IDO1, as the natural substrate for IDO1, tryptophan, 

is an indole. The tryptophan analogue 1-MT (Cady and Sono 1991), the brassins derived from 

cruciferous vegetables (Banerjee, Duhadaway et al. 2008), and the tryptophan metabolites, 

tryptamine and dimethyltryptamine (Tourino, de Oliveira et al. 2013) are all indole derivatives that 

inhibit IDO1. Fragment 15 was the only indole from the screen that inhibited rhIDO1 by > 10%, and is 

the only indole tested with a side chain in the 3-position. Tryptophan and all tryptophan analogues 

described in the literature also have a side chain in the 3-position, suggesting that substituents in this 
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position is important for inhibitory activity of these compounds. Not all indoles that interact with IDO1 

are inhibitory, and 3-indoleethanol reportedly interacts with the active site of rabbit IDO1 but 

increased the catalytic activity (Sono 1989). Indole compounds are also fluorescent and not ideal for 

DSF assays.  

A number of natural products including exiguamine A from marine sponges (Brastianos, Vottero et al. 

2006) and annulin A and B from marine hydroids (Pereira, Vottero et al. 2006) contain a naphthalene 

core, and have been reported to inhibit IDO1. The naphthoquinones which have carbonyl groups in 

the 1- and 4- positions are the most active of the naphthalenes investigated by Kumar and 

colleagues (Kumar, Malachowski et al. 2008). The naphthalenes are likely to redox cycle between 

hydroquinone and the quinone forms, producing oxygen radicals in the process that may damage 

rhIDO1 and contribute to the inhibitory activity of these compounds (Kumar, Malachowski et al. 

2008). In a study that identified substructural features that led to promiscuous binding, quinones were 

reported to interact non-specifically with proteins, and are also coloured compounds which may 

interfere with bioassays (Baell and Holloway 2010). The naphthalene core certainly interfered with 

fluorescent measurements in DSF assays, and binding of naphthalenes to rhIDO1 appeared to 

change the fluorescence profile of the fragments. Naphthalene-containing compounds, e.g. 1-

anilinonaphthalene-8-sulfonate, are known for their fluorescent properties that can change depending 

on the hydrophobic environment they are experiencing when binding in the active site (Brand and 

Gohlke 1972). Naphthoquinones can potentially react directly with nucleic acids and proteins leading 

to toxicity (Schultz and Bearden 1998), making them undesirable as starting points for drug 

development. 

Quinolines have been identified as IDO1 inhibitors from docking studies (Röhrig, Awad et al. 2010), 

and also as the active core of IDO1 inhibitory natural products (Williams, Steinø et al. 2012). 

Quinolines are bioisosteres of naphthalenes. The Tm1 induced by quinolines were negative 

indicating a destabilisation of rhIDO1. Naphthalene compounds 23-27 were all fluorescent and the 

Tm1 could not be accurately measured. 1,4-Naphthoquinone was tested at a lower concentration as 

the positive control, and was found to destabilise the thermal stability of rhIDO1. Quinolines and 

naphthalene compounds may share similarities in their modes of inhibition.  

Recently the natural product trans-avicennol that is the active anti-glioma product from Zanthoxylum 

chiloperone root bark has been described as an inhibitor which contains the coumarin core (Cebrian-

Torrejon, Assad Kahn et al. 2012). Computational modelling studies predicted that the coumarin 

compounds would inhibit IDO1 and this was subsequently confirmed in an enzyme assay (Cebrian-

Torrejon, Assad Kahn et al. 2012). The coumarin fragments tested in this study are much smaller 

than the natural product but they could potentially interact with IDO1 in a similar manner.  
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4-PI is one of the fragments in the ZT library, but as it is a widely studied IDO1 inhibitor (Sono and 

Cady 1989), it was also included as a positive control for the DSF assay. Other fragments with an 

aromatic nitrogen were found to interact with rhIDO1, including 68, 74 and quinolines (19-21). But 

only 68 induced a merge in Tm1 and Tm2 similar to that induced by 4-PI.  

4-Fluorobenzamidoxime (70) consisting of a phenyl ring with a hydroxyamidine group was found to 

be weakly IDO1 inhibitory in this study. A compound with the hydroxyamidine motif was identified to 

inhibit IDO1 in a high throughput screen of their in-house compound library by the pharmaceutical 

company, Incyte Inc (Yue, Douty et al. 2009). The hydroxyamidines were shown to competitively 

inhibit IDO1 with activity in the nM range (Yue, Douty et al. 2009, Koblish, Hansbury et al. 2010). A 

hydroxyamidine analogue is currently one of the most advanced IDO1 inhibitors in phase II clinical 

trials (ClinicalTrials.gov Identifier: NCT01961115).  

The selection criteria of fragments for further investigation were those that induced a ∆Tm1 > 2 °C or 

caused a large change in the rhIDO1 curve shape in the DSF assay at 1 mM. Methylene blue, 

required as a reducing agent in the assay mixture, at 0.5 and 8 M induced Tm1 > 1°C, and it is 

likely that Tm1 could be > 2°C at 1 mM. Increasing concentrations of methylene blue in the presence 

of 4-PI tended to decrease ∆Tm1, but not with 1,4-naphthoquinone (Figure 3.3B), suggesting that 

methylene blue may compete with 4-PI for the same binding site, but binds in a different region to 

1,4-naphthoquinone. Screening of methylene blue analogues in this section identified phenoxazine 

as an inhibitor of rhIDO1, which had not been reported in the literature at the time these studies were 

carried out. Subsequently however, a series of aminophenoxazine compounds were described as 

inhibitors of IDO1 (Pasceri, Siegel et al. 2013), and may be the active core conferring IDO1 inhibitory 

activity to the plectosphaeroic acids isolated from a marine fungus (Carr, Tay et al. 2009). 

The DSF assay identified a number of chemotypes that have not previously been reported in the 

literature as being IDO1 inhibitors. Benzimidazole and benzoxazole compounds are bioisosteres of 

the benzothiazole chemotype, and the best inhibitor from these classes is 5-chloro-2-

mercaptobenzoxazole (11), which is structurally similar to the published inhibitor 5-chloro-2-

mercaptobenzothiazole (Röhrig, Awad et al. 2010), where sulphur replaces the oxygen of the thiazole 

ring in 11. All indan-1-one fragments examined in the enzymatic assay had inhibitory activity and 

represent a novel class of IDO1 inhibitors. 5-Bromoindan-1-one (16) was one of the top ten most 

inhibitory fragments in the library. It is structurally dissimilar to 4-PI, but 16 was observed to also 

induce a merge in Tm1 and Tm2. The four biphenyl fragments examined were all IDO1 inhibitory and 

represent another novel class. The biphenyls containing hydroxyl groups (31-33) have greater 

inhibitory activity than the biphenyl containing a carboxylic acid group (34). The fragments in the 

phenol chemotype are fluorescent, and the majority interfered with DSF assay. However, the 

fluorescence of 35, 36 and 40 does not overlap with the unfolding transition and a ∆Tm1 can be 
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determined. Phenols with rhIDO1 inhibitory activity contained two or more hydroxyl groups and could 

potentially redox cycle between hydroquinone and quninone forms. Similar to the naphthoquinones, 

redox cycling could lead to the generation of reactive oxygen species and result in non-specific 

protein inhibition and promiscuous binding (Baell and Holloway 2010). Interestingly, only phenols with 

functional groups at the 1-, 3- and 4-positions (38, 40 and 42) displayed inhibitory activity. The 

salicyclic acid and benzoic acid chemotypes also have not been previously reported as interacting 

with IDO1. None of these fragments appeared to have any inhibitory activity against IDO1 in the 

enzyme assay, yet all salicylic acids in the fragment library induced a ∆Tm1 > 2°C indicating an 

interaction. Other fragments that had rhIDO1 inhibitory activity, but are not published inhibitors 

include 2-hydroxy-3-methylpyridine (68) and phenylpyruvic acid (71). The 2-hydroxy-3-methylpyridine 

(68) is a pyridine, and as all quinolines contain a pyridine core, the rhIDO1 inhibitory mechanism of 

these compounds may be similar. Alternatively, 68 could interact with IDO1 through ligation of the 

aromatic nitrogen as it induces a melting curve similar to that induced with 4-PI. Phenylpyruvic acid 

has a phenyl core and a carboxylate group, and so could interact in a similar manner to the salicylic 

acids.  

3.3.2. Binding	information	from	DSF	

In addition to determining whether a fragment interacts with rhIDO1, qualitative information regarding 

the changes in the rhIDO1 enzyme under different conditions can be derived from the melting curves, 

and may suggest certain modes of fragment binding. For rhIDO1, two unfolding events with 

midpoints Tm1 and Tm2 at 48 and 60 °C respectively are observed (Figure 3.5). These melting 

temperatures are consistent with circular dichroism spectroscopy studies that showed loss of -

helical secondary structure at 48 °C and 70 °C (Austin, Astelbauer et al. 2009). Differences in melting 

temperatures between the studies are due to the different buffers used for these assays. The addition 

of methylene blue, ascorbate and catalase to the DSF buffer was found to decrease Tm2. Moreover, 

different properties were taken as a measurement of unfolding in DSF and circular dichroism. With 

DSF, exposure of hydrophobic regions is used as a measure of unfolding. Circular dichroism 

monitors loss of -helical secondary structure (Austin, Astelbauer et al. 2009). The two unfolding 

events could correspond to the unfolding of the small domain that makes up the roof and distal side 

of the rhIDO1 active site and the large domain that makes up the proximal side (Sugimoto, Oda et al. 

2006). Therefore, changes in Tm1 and Tm2 may represent interactions with a specific domain. Another 

interpretation of the bimodal nature of the DSF melting curves is that they could correspond to haem-

bound and apo forms of IDO1. For the recombinant protein produced for these studies, the haem-

bound form of rhIDO1 did not typically exceed 80% of the total rhIDO1. The haem-bound and apo 

forms likely have differences in their Tm. However, as the haem ligator 4-PI causes changes in Tm1, it 

is unlikely that Tm1 corresponds to the apo form. 
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Initial fluorescence in the rhIDO1 melting curve represents exposed hydrophobic regions in the 

enzyme at 25 °C. As the distal pocket of the active site of rhIDO1 is largely hydrophobic, initial 

fluorescence could represent the binding of fluorophore to this pocket. Interestingly, with different 

ligands bound to the rhIDO1, the size of the distal pocket changes due to the movement of a flexible 

loop (residues 260-265). A larger distal pocket is observed with 4-PI compared with cyanide-bound 

rhIDO1 (Sugimoto, Oda et al. 2006). Fragments that interact with the flexible loop, or disrupt 

interactions between the proximal and distal sides of the active site, are likely to induce changes in 

initial fluorescence. Furthermore, a decrease in initial fluorescence with compounds that occupy the 

distal pocket would be expected, as this would displace the binding of fluorophore. 

Addition of methylene blue, ascorbate and catalase to the DSF buffer decreased initial fluorescence, 

increased the span of the transition amplitude and decreased the Tm1 and Tm2 of the rhIDO1 melting 

curve (Figure 3.2). Methylene blue and ascorbic acid produce superoxide radicals that convert the 

Fe(III) form of rhIDO1 to the Fe(II) oxygen-bound form (Sono 1989). Catalase is added to protect 

rhIDO1 from oxidative damage due to hydrogen peroxide generated by methylene blue and 

ascorbate (Buettner, Doherty Th et al. 1984). Therefore, the change in the melting curve represents 

the presence of the oxygen-bound Fe(II) form of rhIDO1. In methylene blue and ascobate containing 

buffer, rhIDO1 would be expected to establish an equilibrium between Fe(III) and Fe(II) states, as 

well as the oxygen-bound and unbound states. It would be interesting to investigate whether changes 

in the melting curve from Fe(III) to Fe(II) could be reversed by 4,4’-dihydroxybiphenyl (33), as this 

fragment was observed to convert the Fe(II) absorbance spectrum of rhIDO1 to a Fe(III)-like 

spectrum. Unfortunately, the fluorescent properties of 33 interfered with DSF analysis. The changes 

in the melting curve also suggest that there is a difference in conformation between the Fe(III) and 

oxygen-bound Fe(II) forms of IDO1 and that a larger hydrophobic region is exposed in the Fe(III) 

form at 25-40 °C. 

Alterations to the pH in the DSF assay causes changes in the melting curve of rhIDO1 (Figure 3.5). 

More alkaline conditions led to increases and right shifts in initial fluorescence, decreases in the 

amplitude of the melting curve and the merging of the two melting temperatures Tm1 and Tm2 due to 

an increase in ∆Tm1 independent of Tm2 (Figure 3.5). These changes in the melting curve shape 

reflect a number of changes that occur in IDO1 under more alkaline conditions, such as altered 

charge of amino acids in IDO1 and the coordination of hydroxyl ions to haem, which commonly 

occurs with other haem proteins in alkaline conditions (Sono and Dawson 1984). The crystal 

structure of IDO1 shows that the active site is held together by salt bridges (Sugimoto, Oda et al. 

2006). Under alkaline conditions, disruption of these salt bridges leading to the opening of the active 

site could explain the increase in initial fluorescence under these conditions. IDO1 has reduced 

activity with increasing pH over 6 (Austin, Astelbauer et al. 2009); fragments that can mimic these 
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changes in melting curve shape may also inhibit IDO1 in a similar manner, i.e. by inducing an open 

conformation in the active site and/or by ligating to the haem-iron.  

The non-competitive IDO1 inhibitor 4-PI is the only fragment with its mode of inhibition determined by 

crystallography (Sugimoto, Oda et al. 2006). 4-PI is shown to bind the iron of the IDO1 haem, which 

in turn is tethered to the proximal side of the active site through His346. In addition, 4-PI forms - 

interaction between its phenyl ring and the phenyl ring of Phe163. In DSF assays, 4-PI was found to 

increase the ∆Tm1 of rhIDO1 without changing ∆Tm2, which results in a merge of Tm1 and Tm2. 4-PI 

only interacts with the large domain, and the stabilisation of Tm1 but not Tm2 could suggest that that 

the first transition represents the unfolding of the large domain. Another fragment that causes a 

merge of Tm1 and Tm2 is 5-bromoindan-1-one (16), perhaps 16 can interact and stabilise the large 

domain in a way that is similar to 4-PI. Alternatively, the co-ordination of atoms to the haem-iron may 

induce a merging of Tm1 and Tm2. In alkaline conditions a merge of melting temperatures is also 

observed, which may be due to ligation of the haem-iron by hydroxyl ions.  

High initial fluorescence is observed as a change in curve shape for many of the fragments. In 

instances where this is not due to fluorescent properties of the fragment, it could be due to changes 

in the size of the distal pocket. For example, although all naphthalene fragments fluoresced, it was 

predominately at temperatures that coincided with the melting curve of rhIDO1 and so would not 

contribute to initial fluorescence (Figure 3.9D). However, the changes in melting curves of rhIDO1 

with naphthalene fragments typically displayed high initial fluorescence with reduced amplitude of the 

melting curve. This pattern of curve shape change was also observed for the positive control 1,4-

naphthoquinone. Therefore, naphthalenes may interact with rhIDO1 in a way that increases the size 

of the distal pocket. 

A limitation faced with DSF in the current studies is that the fluorescence of the fragments often 

interfered with the analysis. The fluorescent profile of the fragments is only a problem if it overlaps 

with the excitation or emission of the dye (Simeonov, Jadhav et al. 2008). Nieson and colleagues 

have previously described a number of other fluorophores that can be used for DSF, such as Nile 

Red and 1-anilinonaphthalene-8-sulfonic acid that have different excitation and emission 

wavelengths compared to the fluorophore SYPRO orange (Niesen, Berglund et al. 2007). 

Furthermore the use of a secondary screen, such as the functional assays used in the studies 

described in this chapter, to assess fragments that had binding activity also helps in filtering out false 

positives.  

How changes in the unfolding of rhIDO1 relate to binding of compounds is complex, and will be 

difficult to interpret without a better understanding of fragment to IDO1 interactions. However, once 

the binding of these fragments have been characterised, the relationship between DSF melting 

curves and binding modes may become more apparent. 
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3.3.3. Changes	induced	by	fragments	to	rhIDO1	absorbance	spectra	

To further characterise rhIDO1 inhibitory chemotypes, spectroscopic studies were performed to 

determine whether these compounds interacted with the active site, and whether binding occurred 

only to specific forms of rhIDO1.  

The rhIDO1 absorbance spectra reported in this chapter are consistent with spectra reported in the 

literature (Lu, Lin et al. 2010). 4-PI was used as a positive control for absorbance spectra studies with 

rhIDO1. Changes in the spectra of Fe(III) and Fe(II) rhIDO1 for 4-PI follows a pattern similar to that of 

the reported spectral changes observed in rabbit IDO1 (Sono and Cady 1989). Differences in 

absorbance maxima are due to the differences in human IDO1 and rabbit IDO1. The Kd calculated for 

4-PI binding to Fe(III) rhIDO1 was 11 M, which is similar for the Kd reported by Sono and Cady for 

rabbit IDO1 (Sono and Cady 1989). Changes in the Soret absorbance for both Fe(III) and Fe(II) 

forms of rhIDO1 indicated an interaction with the haem. The loss of the bands at 503 and 631 nm 

and the appearance of bands at 534 and 552 nm in the Fe(III) spectrum are characteristic of a 

change in the spin of the Fe(III) iron from high spin to low spin (Yonetani, Iizuka et al. 1971). The 

change in spin signifies a direct interaction with the haem-iron with the nitrogen of the imidazole ring 

for 4-PI, which is a strong field ligand. For the Fe(II) form of rhIDO1, appearance ofand  bands at 

558 and 529 nm in the visible region indicates the ligation between compound and the haem-iron, 

which is observe for 4-PI binding (Figure 3.13A). Other nitrogen ligand donors, such as norharman 

induced similar changes in the absorbance spectra (Sono and Cady 1989). 

Spectroscopic studies showed that 2-hydrazinobenzothiazole (1) is able to interact with both Fe(III) 

and Fe(II) forms of the rhIDO1 enzyme. Similar to the spectral changes previously described for 

nitrogen ligand donors against rabbit IDO1 (Sono and Cady 1989), a decrease in intensity of the 

Soret absorbance with increasing concentrations of 1 was observed for Fe(III) rhIDO1. Additionally, 

the maximum of the Soret band shifts from 404 nm to 412 nm with 1. However, a broad band at 579 

nm with ≥ 300 M of 2-hydrazinobenzothiazole masks many of the bands in the visible spectrum. The 

band at 503 nm is lost at ≥100 M of 2-hydrazinobenzothiazole, but shoulders at 530 nm and 631 nm 

can still be observed. Bands at approximately 530 and 550 nm would correspond to low spin iron, 

such as with 4-PI binding (Sono and Cady 1989), while bands at approximately 500 and 630 nm 

indicate a high spin state of the iron. Both high and low spin bands at 530 and 631 nm are observed, 

and this suggests a mixture of states is present. Changes in pH in haemoglobin have been reported 

to give a mixture of spin states (Yonetani, Iizuka et al. 1971). Although pH changes have been 

buffered against with potassium phosphate buffer, hydrazines are basic compounds and may have 

altered the pH. Alternatively, there is a mixture of bound and unbound rhIDO1 in solution due to 

either a high Kd or a slow rate of binding of fragment to rhIDO1. The Kd of 1 was calculated to be 

around 160 M, however if rhIDO1 and 1 are left to equilibrate for 30 min before each absorbance 
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reading the calculated Kd becomes 6 M. This finding supports the hypothesis that 1 binds slowly to 

Fe(III) rhIDO1. For the other fragments investigated, only the instantaneous changes in absorbance 

spectrum were recorded, as whether or not fragments interacted with the active site was the main 

question being addressed. Nevertheless, the possibility of interactions that require a longer period of 

time should be kept in mind. For Fe(II) rhIDO1, changes in Soret band were again similar to the 

changes reported for other nitrogen ligand donors, where an increase in Soret intensity and a shift 

from 428 nm to a lower wavelength are observed (Sono and Cady 1989). Changes in the visible 

region are also similar, with appearance of a band at 534 nm and no changes in the α band. The 

appearance of the  band in the visible region suggests co-ordination of 1 to the Fe(II) rhIDO1 haem. 

The Kd of 1 to Fe(II) rhIDO1 was 63 M. Calculation of the Kd values from the ∆ absorbance assumes 

that the compound is in large excess of rhIDO1. As the rhIDO1 concentration was between 3-6 M, 

Kd values close to this value are likely to be overestimates.  

The majority of the inhibitory fragments, including: naphthalene, indan-1-one, benzoxazole, quinoline, 

benzamide, coumarin, phenylpyruvic acid and salicylic acid chemotypes and phenoxazine, interacted 

with the Fe(II) form of rhIDO1 only. In general, the binding of these fragments resulted in a small shift 

in the maximum of the Soret band and the appearance of  and  bands at approximately 557 and 

530 nm which indicates interactions with the haem-iron. The appearance of  and bands indicates 

a ligation to the haem-iron. However as only a shoulder instead of a  band is observed at 530 nm, 

the interaction is likely weak. Nevertheless, these changes in the absorbance spectra of rhIDO1 

show that these fragments can interact with the Fe(II) haem of rhIDO1. For all of these fragments, 

saturation has not been reached at the highest concentration of fragment tested, 1000 M, therefore 

Kd cannot be calculated. However, saturation would unlikely to be found for compounds that exhibit 

slow binding properties under these experimental conditions. 

At the highest concentration of 4,4’-dihydroxybiphenyl (33) tested, 1000 M, the Fe(II) absorbance 

spectrum is converted to a Fe(III)-like spectrum. This suggests oxidation of the rhIDO1 haem, 

although nothing in the literature would suggest 4,4’-dihydroxybiphenyl to be an oxidising agent. 

Benzothiazole induces a similar pattern of Fe(II) rhIDO1 spectral changes, but at lower 

concentrations. The shift in the Soret maximum from 428 to 405 nm occurs at 30 M of 

benzothiazole. Interestingly, the bands in the visible region at 30 M are at 539 and 577 nm, but not 

at 500 and 632 nm that are normally observed in Fe(III) rhIDO1 (Figure 3.15D). At concentrations 

above 30 M an absorbance spectrum with bands in the Soret and visible region matching those of 

Fe(III) rhIDO1 is observed. The transition state at 30 M could be time dependent rather than 

concentration dependent and it would be interesting to look at the time course of benzothiazole 

binding.  



Chapter 3 – Identification of IDO1 inhibitors from a fragment screen 

118 

The broad and intense peak observed for beno-1,2,4-triol (40) at high concentrations is due to the 

production of a coloured product. A recent paper has described the formation of a red product with 

beno-1,2,4-triol in the presence of Fe(III) iron (Von Nussbaum, Rüth et al. 2012), and this could 

explain the presence of the broad band at 481 nm. Despite the reactivity of 40, an interaction with the 

Fe(III) form of haem is observed at lower concentrations of the fragment where interference of the 

coloured product is minimal (Figure 3.16). Additionally, 40 is shown to bind to Fe(II) rhIDO1, where 

the coloured product does not form. Therefore fragment 40, and likely a number of other phenol 

fragments, interact with rhIDO1-haem of the active site.  

Surprisingly, investigation of the changes in absorbance spectra with benzothiazole compounds 2-

hydrazinobenzothiazole, 2-mercaptobenzothiazole and benzothiazole, showed three different 

absorbance spectra patterns with each of the benzothiazoles. 2-Hydrazinobenzothiazole (1) bound 

both Fe(III) and Fe(II) forms of rhIDO1, and induced spectral changes comparable to 4-PI. 

Benzothiazole converted the Fe(II) spectrum to Fe(III)-like spectrum. 2-Mercaptobenzothiazole 

interacted with the Fe(II) form of rhIDO1 to induce a shift in Soret, but did not appear to interact with 

the Fe(III) form of rhIDO1. Therefore, even within each chemotype, different binding modes to 

rhIDO1 can be observed for fragments. 

The ability to detect interactions between rhIDO1 and fragments is limited by solubility. The solubility 

limit of some of the fragments investigated here was exceeded at 1000 M, the top concentration 

tested. Precipitation due to limited solubility resulted in high background, which complicated 

interpretation of results. For example with 2-mercaptobenzothiazole, an increase in background at ≥ 

300 M was found, however at the same time the intensity of the Soret band does not increase, 

resulting in a broadening of the Soret curve (Figure 3.14C). No changes in the maxima of the Soret 

bands or any bands in the visible spectrum were observed, but changes in intensity are also 

unreliable due to precipitation. Therefore, we cannot confidently determine whether this fragment 

interacts with the Fe(III) form of rhIDO1. Precipitation at 1000 M for fragments 16, 33, 79 was found 

as well as for 2-mercaptobenzothiazole. Studies with competitive inhibitors used much higher 

concentrations of compound, typically greater than 5000 M (Cady and Sono 1991), while studies of 

substrate binding with tryptophan used concentrations as high as 20,000 M (Lu, Lin et al. 2009). 

Increasing the concentration of fragments to these concentrations, if soluble, would make changes in 

the spectra more noticeable. However at these concentrations, binding is unlikely to be relevant to 

the inhibitory activity observed in enzymatic assays. 

The IDO1 enzyme exists in a number of states, binding to any of these states could potentially lead 

to inhibition. The catalytically active state of IDO1 is its Fe(II) state, however IDO1 can spontaneous 

auto-oxidise to its inactive Fe(III) form in aerobic conditions (Hirata, Ohnishi et al. 1977). Moreover, 

IDO1 can exist in oxygen-bound and unbound states as well as tryptophan bound and unbound 
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states. While in these different states, the enzyme has different affinities for ligands and substrates. 

For example, the binding of ligand, oxygen, to Fe(II) IDO1 enhances the affinity for the substrate 

tryptophan (Terentis, Thomas et al. 2002), and vice versa (Sono 1990). It was found that many of the 

fragments have a higher affinity for the Fe(II) over the Fe(III) form of rhIDO1. In spectroscopic 

studies, the binding of fragments to Fe(III), as well as the oxygen-free Fe(II) forms of rhIDO1 have 

been investigated. It would be interesting to determine whether fragments would have a higher 

affinity for the oxygen-bound Fe(II) form as with the substrate tryptophan. However the ability of the 

enzyme to auto-oxidise makes these experiments more challenging (Hirata, Ohnishi et al. 1977). 

Studies with the oxygen-bound Fe(II) rhIDO1 were typically performed at -30 °C in 65% glycerol or 

ethylene glycol (Sono 1986). Carbon monoxide-bound rhIDO1 has previously been used as a model 

for oxygen-bound rhIDO1 (Yanagisawa, Sugimoto et al. 2010), and this could also be used to 

evaluate if fragments interact with oxygen-bound Fe(II) rhIDO1. Alternatively, the conditions used in 

the enzymatic assay could be used to represent a mixed enzyme state, which includes the oxygen-

bound form of rhIDO1.  

The spectroscopic studies in this section suggest that the inhibitory chemotypes interact with the 

haem in the rhIDO1 active site. 2-Hydrazinobenzothiazole (1) interacted with both Fe(III) and Fe(II) 

rhIDO1, and it was the only inhibitor that displayed saturation in the binding of both Fe(III) and Fe(II) 

forms of rhIDO1 at < 1000 M. Salicylic acids which are non-inhibitory, were found to induce changes 

in the Fe(II) IDO1 absorbance spectrum indicating that they also interacted at the active site. 

3.3.4. Compounds	that	bind	but	do	not	inhibit	

A number of the fragments were shown to interact with rhIDO1 in the DSF assay, but displayed no 

inhibitory activity. Compounds that bind strongly, but have no inhibitory activity, can be useful during 

the development of inhibitors, particularly if they occupy a space distinct from inhibitory compounds. 

Strong binding does not always lead to inhibition. Nieson and colleagues reported that for the 

enzyme NAD+-dependent 15-hydroxyprostaglandin dehydrogenase, the correlation between 

inhibitory activity of compounds and the magnitude of the Tm1 observed from DSF was poor. 

Similarly, no correlation was found between Tm1 and rhIDO1 inhibitory activity for fragments of the 

ZT library. However, Nieson and colleagues reported that the correlation improved when they 

compared compounds within the same chemotype or with similar binding modes (Niesen, Schultz et 

al. 2010). Tm1 and inhibitory activity of fragments are affected by the binding affinity of the fragment. 

However, this is not the only factor that is involved, as the binding of specific residues also plays a 

major role in Tm1 and inhibitory activity. Compounds of the same chemotype are likely to interact 

with the same residues, and differences in Tm1 would generally be determined by differences in the 

affinity of binding. Between different chemotypes however, interactions with different residues may 

alter Tm1 independently of affinity. Inhibitory activity can also be dependent on the interactions with 
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specific residues, i.e. a compound may be binding with high affinity but fail to interact with a specific 

residue necessary for inhibition of enzymatic function. While DSF can only determine whether a 

compound interacts, it does not give information on where it may be binding. One explanation for 

compounds that bind but where no inhibitory activity is observed could be that these compounds bind 

to regions that are not important for catalytic activity.  

However, even for some of the fragments that were demonstrated to interact with the active site of 

rhIDO1, such as salicylic acid, no inhibitory activity was observed. Therefore, it appears that some 

fragments are able to bind important residues in IDO1, without adversely affecting the catalytic 

activity of the enzyme. These compounds may be binding weakly and can be displaced by substrate 

or ligand binding, and so do not impede catalytic activity of IDO1. Alternatively, although fragments 

may be interacting with the haem, they may not be competing with the binding of co-factors and 

substrate. Sono has demonstrated that the spectral changes induced by indole cannot be displaced 

by the titration of tryptophan. This indicates that although they both occupy the active site of IDO1, 

they are occupying different regions (Sono 1986). It was found that these compounds may have 

modulatory effects on rhIDO1. Although there is no change in the binding of substrate with 2000 M 

of indole, a decrease in the maximal rate of rhIDO1 activity (Vmax) by 13% was observed. While 2000 

M of an indole derivative, 3-indoleethanol, causes an 87% increase in the Vmax of rhIDO1 (Sono 

1989). Subtle changes in Vmax with compounds such as indole would not be detected in enzymatic 

assay, as rhIDO1 will not be catabolising tryptophan at maximal rate due to decreases in the 

concentration of substrate over time. Experiments looking at the changes in the kinetics of tryptophan 

catabolism would be required to identify IDO1 modulators. Docking studies of rhIDO1 inhibitors by 

Röhrig and colleagues suggested that a compound to haem-iron interaction was important for 

inhibitory activity. Spectroscopic studies in this chapter have confirmed that interactions with the 

haem-iron occur for a number of inhibitory fragments. However, it was also found that non-inhibitory 

fragments can also interact with haem. Therefore, compound to haem interactions are important but 

are not sufficient for rhIDO1 inhibition. 

3.3.5. Summary	

These studies have identified a number of fragments belonging to fourteen chemotypes that interact 

with rhIDO1. Chemotypes identified encompass many of the previously published inhibitors as well 

as novel inhibitors of IDO1. Four of these chemotypes represent novel inhibitory classes that had not 

been fully explored in the literature. These were the benzothiazoles, coumarins, indan-1-one and 

biphenyls. Although not a fragment, phenoxazine was also, at the time of discovery, a novel 

chemotype. The salicylic acids consistently bound to but did not inhibit rhIDO1, so these along with 

the structurally similar phenylpyruvic acid were of interest. As each chemotype was only represented 

by a few fragments, it is difficult to predict which functional groups are important in rhIDO1 inhibitory 
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activity of these fragments. In the next chapter, more compounds within each chemotype will be 

tested for activity and combined with structural information of the IDO1 active site to facilitate better 

understanding of the interaction between these compounds and IDO1. 
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 Structure	guided	identification	of	IDO1	inhibitors	Chapter	4.

4.1. Introduction	

In the previous chapter, fragments that inhibit rhIDO1 were discovered. Here, the IDO1 crystal 

structure was used to guide the identification of more potent analogues of these inhibitors. Sugimoto 

and colleagues were the first to determine the structure of IDO1 by X-ray crystallography (Sugimoto, 

Oda et al. 2006), and these studies opened the way for structure based approaches for the design of 

IDO1 inhibitors (Kumar, Jaller et al. 2008, Röhrig, Awad et al. 2010). The IDO1 protein is divided into 

a small N-terminal domain and a larger C-terminal domain (Figure 4.1A). The all -helical large 

domain defines most of the active site cavity, while the mostly -helical small domain covers the top 

of the active site. The large domain residue His346 binds covalently to the fifth co-ordination site of 

the IDO1 haem-iron and defines the proximal side of the active site (Figure 4.1B). Oxygen and 

substrate bind in the distal side to the sixth co-ordination site of the IDO1 haem-iron (Sugimoto, Oda 

et al. 2006). The reported IDO1 crystal structure contains a 4-PI molecule that ligates the haem-iron 

through the lone pair of the nitrogen in the 1-position of the imidazole ring (Figure 4.1B). The -  

interaction between the ligand’s phenyl ring and that of Phe163 in the distal hydrophobic pocket was 

proposed to further stabilise this binding mode (Sugimoto, Oda et al. 2006). The structure also shows 

two N-cyclohexyl-2-aminoethanesulfonic acid (CHES) molecules bound to the active site by 

electrostatic interactions between the amine and haem 7-proprionate moiety. The active site entrance 

containing the 7-propionate moiety will be referred to as the P1 site. Soaking of 4-PI-bound IDO1 

crystals with cyanide led to the cyanide-bound IDO1 crystal structure (PDB:2D0U) which was 

determined at a lower resolution (2.3 vs 3.4 Å) (Sugimoto, Oda et al. 2006).  

Structural studies have identified residues important for IDO1 catalytic activity. Site directed 

mutagenesis of Ser263 to Ala reduced tryptophan catabolism by 85% compared to wild type enzyme. 

This was likely due to reduced haem binding from the loss of an interaction between the side chain 

hydroxyl group and the 7-propionate of the haem. Alanine replacement of the distal cavity residues 

Phe226, Phe227 and Arg231 also led to a loss of IDO1 activity, and these were proposed to be 

involved with substrate recognition (Sugimoto, Oda et al. 2006). 

Mutation of the distal pocket residues cysteine 129 (Austin, Kosim-Satyaputra et al. 2013) and 

Ser167 (Sugimoto, Oda et al. 2006) did not affect tryptophan catabolism. However, as these are 

polar residues in a largely hydrophobic environment they were targeted as potential polar contacts for 

inhibitory ligands (Kumar, Jaller et al. 2008, Röhrig, Majjigapu et al. 2012). Figure 4.1C shows the 

location of residues investigated in mutagenesis studies.  
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Figure 4.1 The rhIDO1 active site. (A) Structure surface diagram of rhIDO1 (2D0T) showing the N-
terminal small domain (blue), the interconnecting flexible loop (red), and the C-terminal large domain 
(green). The haem which defines the active site is depicted as a stick model. (B) The active site of 
IDO1 with 4-PI and CHES buffer molecules bound. Residues of the flexible loop, haem and the 
anchoring histidine are also depicted. (C) Location of the amino acid residues (side-chains depicted) 
investigated in mutagenesis studies of IDO1. The active site cavity surface is shown (pink). Ligands 
and residues are depicted as stick representation and coloured according to their element: carbon 
(green – ligand, grey – residue), nitrogen (blue), oxygen (red), sulphur (yellow), and iron (orange). 
The interaction between the 7-propionate and Ser263 is shown as a dotted line (lime). 
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The crystal structure of IDO1 with 4-PI bound was used to guide development of more potent 

analogues for both 4-PI (Kumar, Jaller et al. 2008) and the closely related 4-aryl-1,2,3-triazole 

(Huang, Zheng et al. 2011, Röhrig, Majjigapu et al. 2012). In these studies, an interaction with 

Ser167 was targeted using hydroxyl substitutions around the phenyl ring. A hydroxyl substituent in 

the 2-position gave a ten-fold increase in the potency of 4-PI (Kumar, Jaller et al. 2008). The 4-Aryl-

1,2,3-triazole analogues, which are predicted to bind in an orientation similar to 4-PI, also show 

improved activity with the same substitution (Röhrig, Majjigapu et al. 2012). It was noted that the 

EADock program used to model binding of the 4-aryl-1,2,3-triazole scaffold, could only predict a 

binding mode for the 2-OH compound consistent with 4-PI when it also had a 3-Cl substitution; this 

was also the most potent compound in the study (Röhrig, Majjigapu et al. 2012) These studies show 

that knowledge of inhibitor binding modes in the IDO1 active site is a useful aid in analogue 

development. 

The IDO1 structure with a 4-PI bound has also been used to discover new inhibitory chemotypes. 

Dolušić and colleagues used a two-step docking strategy for selection of compounds. In the first step, 

a library of 62,175 compounds was docked into the 4-PI-bound IDO1 structure using GOLD (Genetic 

Optimisation for Ligand Docking) and the Goldscore scoring function. Compounds with a Goldscore 

fitness score > 50.0 were kept for further analysis. Next, these compounds were rescored using a 

consensus method based on D_score, Chemscore, PMF_score, G_score and FlexX scoring 

functions. They identified 183 compounds that scored highly in the consensus method; after 

considering structural diversity, 39 were tested for IDO1 inhibition and 6 were identified as active, 

showing inhibitory activity of > 30% at 100 M (Dolušić, Larrieu et al. 2011). Röhrig and colleagues 

used an alternative approach that involved development of a pharmacophore from the analysis of 

docked poses for a broad range of published inhibitors and inhibitory fragments. Using the 

pharmacophore the benzothiazole, triazole and phenylthiazole chemotypes were discovered (Röhrig, 

Awad et al. 2010). 

Although new inhibitors were identified from these studies, it is difficult to gauge how effective the 

docking strategy was in enriching for compounds with activity. Two metrics commonly used to assess 

the performance of virtual screens are the enrichment factor (EFx) and the area under the ROC curve 

(AUCROC). The EFx measures the fold difference in the rate of actives identified within a defined 

proportion of the rank ordered library compared to chance alone (Truchon and Bayly 2007). The EFx 

measures early enrichment, i.e. if a particular docking protocol was applied and the top x% od 

compounds based on fitness scores were tested, how many more inhibitors would be identified 

compared to testing a random selection? It is practical, as only a small fraction of a library is usually 

considered for biochemical screening following a virtual screen. The AUCROC measures the overall 

ability of a scoring function to rank active compounds higher than inactive compounds. It is more 

comparable across different library sets as it is not affected by the ratio of active to inactive 
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compounds (Truchon and Bayly 2007). An AUCROC of 0.5 represents a docking protocol which 

performs no better than random selection, while an AUCROC of 1.0 represents a docking protocol that 

ranks all inhibitors higher than inactive compounds. These metrics were used to evaluate the docking 

protocols used in this chapter. 

The docking program GOLD was used to simulate ligand binding to the IDO1 active site in this 

chapter. GOLD docking explores full conformational flexibility of the ligand, and assumes partial 

flexibility of the protein itself, in that while most is held rigid, protons, side-chain hydroxyl and amine 

groups of Thr, Ser, Tyr and Lys are allowed to rotate. Interactions are determined between ligand 

and solvent accessible surfaces (Jones, Willett et al. 1995). It uses a genetic algorithm (GA) in which 

binding poses of the ligand are generated randomly the first generation, a scoring function is then 

used to assess the ‘fitness’ of individual binding poses in the population (i.e. how favourable these 

interactions are), and poses are eliminated from the population based on their fitness score. 

Subsequent populations are generated in iterative cycles, by varying and combining ligand binding 

poses. In this way, the most optimal pose can be found over successive generations (Jones, Willett 

et al. 1995).  

The fitness functions available in GOLD include Goldscore, Chemscore, ASP and ChemPLP. 

Verdonk and colleagues found that over eleven protein/fragment-ligand sets on average ChemPLP 

performed the best of the four scoring functions in scoring the native binding mode highest (Verdonk, 

Giangreco et al. 2011). Goldscore docking of ligands to a crystal structure originally containing a 

different ligand (non-native docking) identified a binding mode that was similar to the native pose 

(binding mode adopted in crystal structures) as the pose with the highest fitness in 61% of docking 

runs for 65 proteins represented by 1112 crystal structures (Verdonk, Mortenson et al. 2008). The 

fitness of a particular binding mode will differ depending on the scoring function used. The 

performance of different scoring functions in enriching for active compounds from the library also 

differ across protein and compound sets (Liebeschuetz, Cole et al. 2012). Improved discrimination 

between active and inactive compounds can be achieved by rescoring docking poses with alternate 

scoring functions and the use of consensus scoring methods (Bissantz, Folkers et al. 2000). The 

optimal combination of scoring functions for IDO1 was investigated in this chapter. 

The aim of this chapter is to use the IDO1 structure to guide identification and development of 

fragment inhibitors based on chemotypes identified in the previous chapter. Specifically, the following 

will be described: 

(i) The use of docking for predicting the binding mode of novel IDO1 inhibitory chemotypes, and 

to use these binding modes to predict which interactions between the chemotypes and IDO1 

are important for inhibitory activity; 
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(ii) Evaluation of the use of predicted binding modes and fitness scores to discriminate between 

active and inactive compounds;  

(iii) Crystallisation experiments with IDO1 to generate experimental evidence of predicted binding 

modes and to investigate conformational flexibility of the enzyme. 
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4.2. Results	

4.2.1. Performance	of	GOLD	scoring	functions	in	predicting	the	correct	binding	pose	of	4‐PI	

To determine which scoring function in the GOLD docking program is best for the prediction of the 

native binding mode for 4-PI, the ligand was docked into the IDO1 crystal structure (2D0T) in the 

absence of ligands and water. The pose with the highest fitness score after ten dockings as 

determined by Goldscore, Chemscore ChemPLP, or ASP scoring functions was compared to the 

known binding mode, and the RMSD values were calculated (Figure 4.2A). This was repeated ten 

times for each scoring function. Table 4.1 summarises these results. The pose with the best score 

generated using Goldscore and ChemPLP is similar to the native binding mode in all ten separate 

docking outcomes. In these poses, the nitrogen in the 1-position of the imidazole ring is orientated 

towards the haem-iron and the phenyl ring is posed in the distal pocket. In contrast, Chemscore and 

ASP driven docking only predicted the native binding mode in 80 % and 60 % of the ten separate 

docking outcomes respectively. For the top ranked pose that deviated from the native binding, the 

nitrogen in the 1-position of imidazole is still positioned to interact with the iron of the haem complex, 

but the phenyl ring occupies the P1 site instead of the distal pocket. The mean RMSD of the 4-PI 

pose generated with Goldscore was 0.462, which is lower than 0.532 the mean RMSD for ChemPLP 

(Table 4.1). Based on this, the Goldscore scoring function was considered best at reproducing the 

native binding mode, and was used for binding mode prediction for compounds in the ZT fragment 

library. Based on the 4-PI-bound IDO1 crystal structure, it is likely that 4-PI is protonated at the 3-

position, allowing the haem-iron to be ligated by the lone pair of the nitrogen in the 1-position. This is 

consistent with spectroscopic studies which show a haem-iron ligation interaction between 4-PI and 

IDO1 (Sono and Cady 1989). The alternate tautomer, protonated at the nitrogen in the 1-position, 

was also docked using Goldscore to investigate how robust pose prediction is to protonation state. 

The overall binding orientation of both forms of 4-PI is similar to the native mode. However, N3 

protonation showed better N1 nitrogen, imidazole and phenyl ring overlap with the native mode 

compared to the N1 protonated tautomer (Figure 4.2B). A higher fitness score was also retrieved by 

the N3 protonated state (52.7 vs 42.0). Therefore, although protonation did not greatly affect the 

overall binding mode, the fitness function was found to be more sensitive.  
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Table 4.1 Comparison of the known binding mode of 4-PI to the top-scoring pose predicted by 
different scoring functions in GOLD 

Scoring Function 
Within 1.0Å 

RMSD of 2D0T 

Mean RMSD of 

 top-scoring pose 
Range 

Goldscore 10/10 0.462 0.402-0.515 

ASP 6/10 2.282 0.349-5.172 

Chemscore 8/10 1.233 0.424-4.987 

ChemPLP 10/10 0.532 0.461-0.671 

RMSD calculated by smart_rms, Values are from 10 individual docking runs with the ligand docked 10 times 
per run. 
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Figure 4.2 The predicted binding pose of 4-PI by GOLD docking. (A) Highest scoring poses for 4-
PI binding to the IDO1 active site as predicted by either Goldscore, ASP, ChemPLP, and Chemscore 
from a single docking run. The native binding mode of 4-PI as determined by X-ray crystallography 
(2D0T) is presented as a comparison. Hydrogens have been omitted from this figure for clarity. (B) 
Highest scoring Goldscore docking poses for alternate protonation states of 4-PI compared to its 
native binding mode. Surface cavity of the active site is shown in pink, atoms are coloured according 
to element: carbon (green – ligand from 2D0T, yellow – ligand in Goldscore pose, grey – protein), 
nitrogen (blue), oxygen (red), iron (orange), and hydrogens in white.  
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4.2.2. Docking	of	the	Zenobia	Therapeutics	fragment	library	

Docking was performed with the ZT fragment library to investigate whether fitness scores reflected 

the biochemical activity of the compounds. Three of the fragments could not be converted to a 3D 

representation using FILTER. One other fragment could not be docked. In total 348 fragments were 

successfully docked. Goldscore fitness values of the binding pose with the top score for each 

fragment in the library ranged from 34.6-63.6, with a mean of 47.1 and a standard deviation () of 

5.4. No correlation was found between the Goldscore fitness score and biochemical data associated 

with each fragment. This includes the magnitude of Tm1 induced by each of the 348 fragments 

(Figure 4.3A) and the rhIDO1 inhibitory activity determined by enzymatic assays of fragments 1-74 

(Figure 4.3B). Predicted binding modes were then examined for their capability to discriminate 

between compounds with activity. 

Fragments that inhibited rhIDO1 activity by > 50% at 1 mM were considered active, and the binding 

poses with the top score were investigated in more detail. Fragments that inhibited rhIDO1 by 10-

40% at 1 mM were considered as weak inhibitors. The predicted binding mode with the best score of 

each inhibitory fragment from chemotypes including benzothiazole, benzoxazole, indan-1-one, 

naphthalene, quinoline, biphenyl and phenols is described.  
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Figure 4.3 Association between Goldscore fitness and activity in biochemical assays. No 
correlation is observed between Goldscore fitness and (A) changes in melting temperature as 
determined by DSF of 348 compounds from the Zenobia Therapeutics fragment library or (B) rhIDO1 
inhibitory activity of 74 compounds from the Zenobia Therapeutic fragment library. 
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Benzothiazole (Figure 4.4.1) 

The fragment with the greatest inhibitory activity in the library at 1 mM was 1. When docked, its pose 

with the highest score predicts an interaction between the 2-hydrazine moiety and the haem-iron, 

while the benzyl ring of benzothiazole occupies the distal pocket (Figure 4.4.1). This is consistent 

with spectroscopic studies which indicated a haem-iron ligation interaction by 1 (Figure 3.13). The 

top-scoring pose for another benzothiazole fragment that inhibited above 50% at 1 mM, 5, was also 

found to bind in a similar orientation. The top-scoring pose of all weakly inhibitory 2-amino substituted 

benzothiazoles also have the benzyl ring orientated towards the distal pocket, while the 2-amino 

group is orientated towards the haem (Figure 4.4.1). As it has already been demonstrated with 4-PI 

with protonation in the 1-position, Goldscore docking tolerates the orientation of hydrogens towards 

the haem-iron, however this may not be a native-like binding mode. This binding mode may come 

with a fitness cost. The Goldscore fitness for 1 is 57.5, and is higher than that of the 2-

aminobenzothiazole containing fragments examined in this study, which have a Goldscore fitness 

range of 48.4-49.7 and a mean of 49.1 ( = 0.5). The 2-hydroxybenzothiazole (6) is predicted to use 

the oxygen lone pair to interact with the haem-iron, but failed to show inhibitory activity; its Goldscore 

fitness is 47.8.  

Benzoxazoles (Figure 4.4.2) 

A bioisostere of benzothiazoles are the benzoxazoles. The benzoxazole 11 was another active 

compound. Two benzoxazole fragments are present in the fragment library (11 and the non-inhibitory 

fragment 12), and the highest scoring pose was different for both of these fragments. However, the 

second highest ranked pose for 11 is similar to that of the highest scoring pose of 12. The common 

binding pose is similar to that of 1, the thiol group in 11 and the carbonyl group in 12 are orientated 

towards the haem-iron, and the benzyl ring of benzoxazole occupies the distal pocket (Figure 4.4.2). 

The haem-iron interaction for 11 is supported by spectroscopic studies, albeit interactions were only 

observed with the Fe(II) form of rhIDO1 (Figure 3.14.2). Both 11 and 12 have a free lone pair that can 

mediate the interaction with the haem-iron. The active benzoxazole, 11, was found to have a higher 

Goldscore fitness score for both its best (51.0) and second highest scoring poses (49.9) compared to 

the non-inhibitory 12 which had a fitness score of 43.2.  

Indan-1-one (Figure 4.4.3) 

The indan-1-one with the greatest rhIDO1 inhibitory activity at 1 mM was 16. The pose with the 

highest score for 16 positioned the carbonyl oxygen towards the haem-iron, while the indane ring 

containing a bromo-group in the 5-position occupied the distal pocket. Indan-1-one 16 was shown to 

interact with the Fe(II) haem-iron in spectroscopic studies (Figure 3.14.3). Re-testing of the indan-1-

one 18 with compound purchased from an alternate supplier showed that indan-1-one was a more 
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potent inhibitor than 16 (IC50 5 vs 500 M). The pose with the highest score for 18 is similar to 16, but 

in this binding mode 18 makes additional interactions with the haem. One of the 2-position hydroxyl 

groups is predicted to interact with the haem 7-propionate, while the other is predicted to be closer to 

the haem-iron and may form an additional contact alongside the carbonyl (Figure 4.4.3). The weakly 

inhibitory indan-1-one 17 differs in its top-scoring binding pose compared to 16 and 18, and is 

predicted to bind with the indane ring flipped 180° along the axis through positions 1- and 4- so that 

the indane ring is positioned towards the P1 site; the carbonyl oxygen to haem-iron interaction is 

maintained and a second carbonyl oxygen in the 3-position is free to interact with Ser167 (Figure 

4.4.3). The Goldscore fitness for 18 is 52.1, which is higher than the fitness of 16 (51.2) and 17 

(46.9). However, this fitness score is within the range (43.4-56.0) of other indan-1-one fragments that 

did not induce a change in the melting curve in the DSF assay. 

Naphthalene (Figure 4.4.4) 

The dihydroxynaphthalene containing fragments 23, 24, 25, 26, and 27 are all classed as active, with 

inhibition ranging from 53 % to 91 % at 1 mM. The pose with the top score from the docking of 24, 

25, 26, and 27 all share a common binding mode for the naphthalene scaffold; the naphthalene ring 

occupies the distal pocket, while a hydroxyl group interacts with the haem-iron. A second hydroxyl 

group interacts with other residues of the active site, such as Ser167 (24), Gly262 (25) and Cys129 

(27) (Figure 4.4.4). Spectroscopic studies provide support for the interaction between 25 and the 

Fe(II) haem-iron (Figure 3.14.4). The top-scoring pose for the least inhibitory dihydroxynaphthalene 

23 (53 % at 1 mM), and the top-scoring pose of the weakly inhibitory diaminonaphthalene, 22, adopt 

an alternate binding mode compared to 24–27 where the naphthalene rings appears to transition 

from the distal pocket to P1 site (Figure 4.4.4). In 23, a hydroxyl group is able to interact with haem-

iron, while in 22 the amine group was oriented towards the haem-iron (Figure 4.4.4). The five 

dihydroxynaphthalenes all inhibited rhIDO1 by greater than 50% at 1 mM in the enzymatic assay. 

The Goldscore fitness range of inhibitory naphthalene fragments is 45.8–50.5 with a mean of 48.6 ( 

= 1.7), and is within the range of the non-binding fragments in the library. However, within the 

naphthalene chemotype, 22 and 23, which have the weakest inhibitory activity, have the lowest 

fitness score of 47.7 and 45.8 respectively. 

Quinoline (Figure 4.4.5) 

Quinoline fragments show weak inhibitory activity and are bioisosteres of naphthalene fragments. 

Quinoline fragments have top ranked predicted binding modes similar to naphthalenes, with 

compounds either sitting deep within the distal pocket, or transitioning from the distal pocket to the 

P1 site (Figure 4.4.5). Different predicted binding modes appeared to depend on the substituents on 

the quinoline ring, 19 and 21 interact with the haem-iron through a hydroxyl or carbonyl oxygen 
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respectively, while the rings are buried in the distal pocket. Fragment 20 interacts with the haem-iron 

through the quinoline nitrogen, and an interaction with the Fe(II) haem-iron is supported by 

spectroscopic studies for 20 (Figure 3.14.3).  

Biphenyl (Figure 4.4.6) 

Both biphenyl fragments 31 and 33 are active IDO1 inhibitors. The binding pose with the highest 

score for 31 positions a phenyl ring in the distal pocket, and makes a haem-iron interaction through a 

hydroxyl group and interacts with Gly262 via a second hydroxyl group (Figure 4.4.6). A different top-

scoring pose was generated for 33, while the interaction with the haem-iron is still mediated through 

a hydroxyl group, the biphenyl ring is orientated towards the solvent channel allowing an interaction 

between a second hydroxyl group and Ser235 (Figure 4.4.6). An interaction between 33 and the 

Fe(II) haem-iron is supported by spectroscopic studies (Figure 3.15). The other biphenyl fragments 

tested (32, 34) also showed weak inhibitory activity and had top-scoring poses with binding modes 

that differed from 31 and 33 (Figure 4.4.6). The Goldscore fitness of biphenyl compounds is not able 

to rank the compounds according to activity; biphenyl 33 has a fitness score of 50.0, which is less 

than the fitness score of the less inhibitory biphenyl 31. The weakly inhibitory 34 has the highest 

fitness score of the biphenyl fragments at 56.0. 

Phenol (Figure 4.4.7) 

Fragment 40 is in the active set, and had the greatest inhibitory activity of the phenol containing 

compounds at 1 mM. Its pose with the highest score predicted a binding mode in which one of its 

hydroxyl groups interacts with the haem-iron, another is orientated towards the P1 site and makes an 

interaction with the propionate, while a third hydroxyl group is positioned toward the solvent channel 

of the active site entrance (Figure 4.4.7). The predicted haem-iron interaction by 40 is in agreement 

with spectroscopy studies for the Fe(II) form of rhIDO1 (Figure 3.16). The weakly inhibitory phenol 

containing fragment, 38, is also predicted to bind in a similar orientation. For 38 a methyl group 

protrudes into the solvent channel instead of a hydroxyl group. Other phenol containing compounds 

35, 37, 43, 44, 46 are also predicted to bind in a similar binding mode, but do not inhibit IDO1. All 

phenol containing fragments with a top-scoring pose that differed from 38 and 40 had no inhibitory 

activity (Figure 4.4.7). The Goldscore fitness of 40, 42.5, is similar to the mean of 42.6 ( = 4.3) of 

other phenols in the screen. 

Aminophenol (Figure 4.4.8) 

The pose with the highest score for the weakly inhibitory aminophenol, 47, was predicted to interact 

with the haem-iron through its amino group, while its phenyl ring occupied the distal pocket (Figure 

4.4.8). The second highest scoring pose for 47, positions the hydroxyl group towards the haem-iron 

while the phenyl ring with an amine substituent is orientated to the distal pocket. These two poses 
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have similar Goldscore fitness, 42.8 for the pose with the highest score and 42.5 for the pose with 

second highest score. Non-inhibitory fragment 48 has a similar top-scoring pose compared to 47. 

Inhibitory activity could not be determined for aminophenols 49 and 50 due to reaction of these 

compounds with the colour forming reagent of the inhibition assay, these were predicted to interact 

with the haem-iron through a hydroxyl and methoxy group. 

IDO1-inhibitory fragments of other chemotypes (Figure 4.4.9) 

The fragments 67 and 68 did not have Goldscore fitness scores greater than the mean fitness scores 

for all fragments, even though these fragments inhibited rhIDO1 by > 50% at 1 mM in enzymatic 

assays. The pose with the highest score for 4-PI (67) has already been described in detail. The pose 

with the highest score for the pyrimidine 68 predicts for a haem-iron interaction through an aromatic 

nitrogen (Figure 4.4.9).  
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Figure 4.4.1 Predicted binding mode of benzothiazole analogues. Top-scoring poses of 
benzothiazole analogues in the active site of IDO1 calculated by Goldscore for fragments that changed 
the melting curve in the DSF assay (1-6). Surface of the active site is in pink, atoms are represented by 
‘sticks’ and are coloured according to element: carbon (green – ligand, grey – protein), hydrogen 
(white), nitrogen (blue), oxygen (red), sulphur (yellow), fluorine (cyan), chlorine (purple), bromine 
(maroon), and iron (orange). 
 
 
 

 
Figure 4.4.2 Predicted binding mode of benzoxazole analogues. (A) Top-scoring poses of 
benzoxazole analogues in the active site of IDO1 calculated by Goldscore for fragments that changed 
the melting curve in DSF (11, 12). (B) Second highest scoring pose of fragment 11 with Goldscore 
docking. 
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Figure 4.4.3 Predicted binding mode of indan-1-one analogues. Top-scoring poses of indan-1-one 
analogues in the active site of IDO1 calculated by Goldscore for fragments that changed the melting 
curve in the DSF assay (16-18). 
 
 
 

 

 
Figure 4.4.4 Predicted binding mode of naphthalene analogues. Top-scoring poses of naphthalene 
analogues in the active site of IDO1 calculated by Goldscore for fragments that changed the melting 
curve in the DSF assay (22-27). 
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Figure 4.4.5 Predicted binding mode of quinoline analogues. Top-scoring poses of quinoline 
fragments in the active site of IDO1 calculated by Goldscore for fragments that changed the melting 
spectrum in the DSF assay (19-21). 
 
 
 

 
Figure 4.4.6 Predicted binding mode of biphenyl analogues. Top-scoring poses of biphenyl 
analogues in the active site of IDO1 calculated by Goldscore for fragments that changed the melting 
curve in the DSF assay (31-34). 
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Figure 4.4.7 Predicted binding mode of phenol analogues. Top-scoring poses of phenol analogues 
in the active site of IDO1 calculated by Goldscore for fragments that changed the melting curve in the 
DSF assay (35-46). 
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Figure 4.4.8 Predicted binding mode of aminophenol analogues. Top-scoring poses of 
aminophenol analogues in the active site of IDO1 calculated by Goldscore for fragments that changed 
the melting curve in the DSF assay (47-50). 
 
 
 

 
Figure 4.4.9 Predicted binding active fragments. Top-scoring poses of 4-phenylimidazole (67) and 
3-methyl-2-hydroxypyridine (68) in the active site of IDO1 calculated by Goldscore for fragments that 
inhibited rhIDO1 by >50% in the enzyme assay.  
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4.2.2.1. A	pharmacophore	model	of	an	IDO1	inhibitor	

Based on the predicted binding poses for each of the inhibitory chemotypes, four features were 

identified that were commonly observed among active fragments in their top-scoring pose: (i) an 

interaction with the haem-iron through functional groups a with lone pair, (ii) an aromatic ring 

occupying the distal pocket, (iii) a halogen orientated towards the distal pocket, and (iv) hydrogen 

bond/electrostatic interactions with residues of the active site (Figure 4.4.10). All active fragments, 

inhibiting rhIDO1 by > 50% at 1 mM, were found to comply with (i). Functional groups that mediated 

this interaction included hydroxyl, hydrazine, aromatic nitrogen and carbonyl oxygen. The majority of 

fragments with inhibitory activity complied with (ii). The only exceptions for active fragments were 23, 

33 and 40. Fragment 23 was found to have the weakest rhIDO1 inhibitory activity at 1 mM of all the 

dihydroxynaphthalenes tested. Fragment 40 is one of the weakest inhibitors in the active set, and 

inhibits rhIDO1 by 56.4% at 1 mM. Fragment 33 is one of the most active biphenyl compounds 

tested. Criteria (iii) and (iv) were not observed in all compounds with inhibitory activity, but may help 

explain the difference in inhibitory activity across compounds of the same chemotype, e.g. fragment 4 

has a methyl group in the 6-position which protrudes into the distal pocket while 5 has a chloro group 

in the same position; the inhibitory activity of these two fragments at 1 mM is 15 and 55% 

respectively. Fragment 33 extends into the solvent channel and makes an interaction with Ser235, 

and this may provide some explanation as to why it is active while not complying with (ii). Active site 

residues that fragments were predicted to interact with include: Ser167 (24), Gly262 (25), Cys129 

(27), Ser235 (33) and the 7-propionate of the haem.  
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Figure 4.4.10 Pharmacophore model of a general IDO1 inhibitor. Features of the inhibitor (blue) 
include interactions (red) with (i) the haem iron through a lone pair, (ii) filling of the distal 
hydrophobic pocket with an aromatic ring, (iii) halogens in the distal hydrophobic pocket, and (iv) 
hydrogen bond and/or electrostatic interactions with residues of the active site including Ser167, 
Cys129, the carboxylate ion of the 7-propionate and interactions with Gly262 of the flexible loop.  
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Some of the weakly inhibitory compounds including indole (15) and phenylpyruvic acid (71) also fit 

this pharmacophore. Fragment 15 satisfies conditions (i), (iii), and (iv). A carbonyl oxygen makes an 

interaction with the haem-iron; the aromatic indole ring occupies the distal pocket and an aromatic 

nitrogen interacts with Ser167 (Figure 4.4.11). Of the three indoles tested, only 15 showed inhibitory 

activity with 46% inhibition at 1 mM. Interestingly, the pose with the highest score for each of the 

indole fragments 13 and 14 do not do fit the pharmacophore and the orientation seems dependent on 

the location and type of substitution. Fragment 71 complies with (i), (ii) and, (iv); its top-scoring pose 

positions a phenyl ring in the distal pocket and interacts with the haem-iron through a carboxylate ion, 

an interaction with the flexible loop backbone amide nitrogen of Ala264 is made through a carbonyl 

oxygen (Figure 4.4.11). 

Salicylic acids present in the ZT fragment library are shown to interact with rhIDO1 in the DSF and 

spectroscopic studies, despite this they appear to have, at best, weak IDO1 inhibitory activity. Their 

spectroscopic effects support prediction of their active site binding modes (Figure 3.14.1). They are 

however a chemotype that fits the pharmacophore model well. For example the fragment 65 fulfils 

three of the four pharmacophore requirements as it (i) makes an interaction with the haem-iron 

through an acidic carboxylate group, (ii) has a phenyl ring that occupies the distal pocket and, (iii) has 

a fluoro group that protrudes into the distal pocket (Figure 4.4.12).  

The coumarin 30 and the phenoxazine 75 inhibit IDO1 but their top-scoring pose conflicts with 

features of the pharmacophore. Phenoxazine is a modest inhibitor of IDO1 (IC50: 9 M), however the 

pose of phenoxazine with the highest score, 75, does not satisfy (i), it makes no interactions with the 

haem-iron (Figure 4.4.13). The coumarin compound 30 is a weak inhibitor of IDO1, its top-scoring 

pose fulfils features (i) and (iv) of the pharmacophore, but conflicts with (ii); it has an acidic side-chain 

orientated towards the distal pocket instead of an aromatic ring (Figure 4.4.13).  
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Figure 4.4.11 Weak IDO1 inhibitory fragments that fit the pharmacophore. (A) Top-scoring 
poses of indole analogues in the active site of IDO1 calculated by Goldscore. The fragment 15 
possesses IDO1 inhibitory activity and fits features (i), (ii), and (iv) of the pharmacophore. (B) Top-
scoring poses of phenylpyruvic acid (71) in the active site of IDO1 calculated by Goldscore. 
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Figure 4.4.12 Predicted binding mode of salicylic acid analogues. Top-scoring poses of salicylic 
acid analogues in the active site of IDO1 calculated by Goldscore for fragments found to change the 
melting temperature in the DSF assay (61-66). These fragments fit the pharmacophore model but were 
found to have weak or no IDO1 inhibitory activity. 
 
 
 

 
Figure 4.4.13 IDO1 inhibitory compounds that do not fit the pharmacophore. Top-scoring poses 
for IDO1 inhibitory compounds 7-hydroxycoumarinyl-4-acetic acid (30) and phenoxazine (75) in the 
active site of IDO1 calculated by Goldscore for fragment screen. Fragment 30 positions an acidic side 
chain in the distal hydrophobic pocket conflicting with feature (ii) of the pharmacophore. Fragment 75 
does not make a haem-iron interaction so does not fit feature (i). 
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4.2.3. Structure	activity	relationships	of	IDO1	inhibitors	

To better define moieties within chemotypes that are necessary for inhibition of IDO1, additional 

compounds from seven chemotypes were tested for inhibitory activity. The quinoline, naphthalene 

and 4-PI chemotypes identified in initial screens have been well-characterised elsewhere and were 

not further investigated (Kumar, Jaller et al. 2008, Kumar, Malachowski et al. 2008, Röhrig, Awad et 

al. 2010). The structure activity relationships (SAR) of benzothiazole, biphenyl, coumarin, indan-1-

one phenylpyruvic acid, salicylic acid, and phenoxazine chemotypes are described. 

Benzothiazole 

Eighteen benzothiazole analogues were screened for rhIDO1 inhibitory activity in enzymatic assays 

(Table 4.2A) to explore the effect of different substituents in the 2-position of benzothiazole and in the 

benzyl ring. Compounds that inhibited rhIDO1 activity by > 50% at 1 mM were then titrated to find the 

concentration at which the compound would inhibit rhIDO1 enzyme activity by 50% (IC50) (Table 4.9). 

Methyl (94), amino (98), and hydroxyl (6) groups in the 2-position decreased the inhibitory activity of 

benzothiazole analogues compared to unsubstituted benzothiazole (93). Benzothiazole compounds 

with amino groups have greater rhIDO1 inhibitory than those with methyl or hydroxyl groups. 

Hydrazine (1) and thiol (101) substituents in the 2-position increased rhIDO1 inhibitory activity at 1 

mM compared to 93. Halogens in the 6-position of the benzyl ring were found to increase inhibitory 

activity of 2-methyl substituted (95), and to a lesser extent 2-amino substituted (5), benzothiazoles. 

For 2-aminobenzothiazole, a nitro group in the 6-position (99) was also found to improve rhIDO1 

inhibitory activity. 2-Hydrazinobenzothiazole (1) had the greatest rhIDO1 inhibitory activity of all the 

benzothiazoles screened, with an IC50 of 8 M (Table 4.9). 2-Mercaptobenzothiazole, benzothiazole 

and 2,2'-dithiobis(benzothiazole) were also found to have > 50% inhibitory activity at 1 mM and had 

IC50 values of 48, 360 and 472 M respectively.  

As 2-hydrazinobenzothiazole was found to be the most potent inhibitor of the benzothiazole 

containing compounds, additional analogues with substituents on the benzyl ring, and modifications 

to the hydrazine moiety were tested at 100 M against rhIDO1 (Table 4.2B). Compound 107, which 

has a chloro group in the 6-position, had greater rhIDO1 inhibitory activity than 108, a compound with 

a methyl group in the same position. Inhibitory activity is abolished in 109 which has a large 

substituent in the 6-position. Compound 105, which has a chloro group in the 5-position, is the only 

analogue found to have greater potency against rhIDO1 than 1, with an IC50 of 1.5 M (Table 4.9). 

The 2-hydrazinobenzothiazole analogue with a chloro group in the 6-position was also found to inhibit 

rhIDO1. However the IC50 could not be determined due to the formation of a yellow product with 107 

in combination with the colour forming reagent 4-(dimethylamino)benzaldehyde. Modifications to the 

hydrazine were found to reduce rhIDO1 inhibitory activity in enzymatic assays. Substituents on the 

terminal nitrogen of hydrazine led to loss of rhIDO1 inhibitory activity, although weak inhibitory activity 
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is retained in compounds 110 and 111. Compounds with functional groups attached to the internal 

nitrogen have no rhIDO1 inhibitory activity (112, 113). 

 

Table 4.2A Inhibitory activity of benzothiazole analogues 

 

 

Table 4.2B Inhibitory activity of 2-hydrazinobenzothiazole analogues 

# R1 R2 % Inhibition (at 0.1 mM) 

1 NHNH2 H 90.5 ± 0.2 
105 NHNH2 5-Cl 86.0 ± 1.4 
106 NHNH2 5-CF3 45.7 ± 0.3 
107 NHNH2 6-Cl 53.8 ± 0.4 
108 NHNH2 6-CH3 37.4 ± 0.8 
109 NHNH2 6-CONHNH2 -0.9 ± 1.0 
110 NHN=CHCOOH H 13.3 ± 1.1 
111 NHN=C(CH3)2 H 29.9 ± 0.4 
112 N(CH2CH2CN)NH2 H 2.2 ± 2.1 

113 
 

H -22.3 ± 1.2 

R2

4

5

6

7

# R1 R2 % Inhibition (at 1 mM) 

93 H H 73.7 ± 1.1 
94 CH3 H 12.0 ± 1.4 
95 CH3 5-F 40.4 ± 1.6 
96 CN 6-OCH3 8.1 ± 2.8 
97 COOH H 5.8 ± 2.1 
98 NH2 H 20.9 ± 6.0 

2 NH2 4-CH3 13.8 ± 2.6 
3 NH2 4-Cl 19.4 ± 6.1 
4 NH2 6-CH3 23.5 ± 2.0 

99 NH2 6-NO2 54.1 ± 1.5 
5 NH2 6-Cl 23.1 ± 8.0 
1 NHNH2 H 87.0 ± 5.4 

100 NHCONH2 H 12.2 ± 4.3 
6 OH H 13.7 ± 2.0 

101 SH H 82.6 ± 0.6 
102 SNH2 H 37.5 ± 2.3 
103 SCH2COOH H 22.1 ± 0.6 
104 S-S-benzothiazole H 54.2 ± 1.7 



Chapter 4 – Structure guided identification of IDO1 inhibitors 

148 

Biphenyl 

Twenty five biphenyl compounds were screened for rhIDO1 inhibitory activity (Table 4.3). Biphenyl 

with no substituents (114) had no rhIDO1 inhibitory activity at 1 mM. In general, only hydroxyl-

containing analogues 32, 33, 115, 116, 121, and 125 displayed inhibitory activity greater than 20% at 

1 mM. The positioning of hydroxyl groups in the 4-position (121) results in greater rhIDO1 inhibitory 

activity compared to compounds with hydroxyl groups in the 2-position (115). The most potent of 

these inhibitors is 4,4’-dihydroxybiphenyl (33), which inhibited with an IC50 value of 380 M (Table 

4.9). 
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Table 4.3 Inhibitory activity of biphenyl analogues 

# R1 R2 % Inhibition (at 1 mM) 

114 H H 3.2 ± 0.3 
115 2-OH H 21.8 ± 7.4 

32 2-OH 2’-OH 20.7 ± 11.0 
116 2-OH 5’-OH 19.0 ± 17.4 
117 2-NO2 2’-COOH -1.4 ± 1.3 

34 2-COOH H 5.8 ± 10.3 
118 2-CH2COOH H -10.7 ± 3.4 
119 4-Br H 4.4 ± 1.1 
120 4-Br 4’-Br 5.2 ± 2.1 
121 4-OH H 31.9 ± 4.5 

33 4-OH 4’-OH 73.3 ± 1.7 
122 4-NH2 H R* 
123 4-NH2 4’-NH2 R* 
124 4-NO2 H 5.6 ± 0.9 
125 4-B(OH)2 H 21.4 ± 0.5 
126 4-CHO H 1.5 ± 1.0 
127 4-C(O)CH3 H 7.1 ± 1.2 
128 4-COOH H 16.5 ± 4.0 
129 4-CH2CN H 11.0 ± 1.5 
130 4-phenyl H 4.3 ± 0.5 
131 2-COOH, 3-NO2 H -2.7 ± 5.6 
132 2-COOH, 3-Br H -0.9 ± 1.4 
133 2-COOH, 5-NO2 2’-COOH, 5’-NO2 6.4 ± 10.6 

134 

 

H -11.1 ± 7.1 

135 

 

H -2.3 ± 4.5 

R*, compounds formed a coloured compound with 4-(dimethylamino)benzaldehyde 
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Coumarin 

The rhIDO1 inhibitory activity was investigated for ten coumarin compounds, and most were found to 

weakly inhibit rhIDO1 at 1 mM. The inhibitor with the greatest activity from this series was 7-

hydroxycoumarinyl-4-acetic acid (30), which inhibited by 45% at 1 mM (Table 4.4). Fusing a benzene 

ring in the 5 to 6 (141) or 7 to 8-positions (142) completely abolishes the activity of 30.  

 

Table 4.4 Inhibitory activity of coumarin analogues 

# R1 R2 % Inhibition (at 1 mM) 

136 H H 6.1 ± 1.0 
28 H 6,7-OH -9.3 ± 8.7 

137 OH H 9.8 ± 1.0 
29 OH 6-CH3 16.6 ± 6.3 

138 CH3 6-OH 9.7 ± 5.6 
139 CH3 7-OH 10.2 ± 3.9 
140 CH3 7-NH2 R* 

30 CH2COOH 7-OH 45.2 ± 2.1 

141 CH2COOH 

 

12.3 ± 3.1 

142 CH2COOH 

 

16.1 ± 4.9 

R*, compounds formed a coloured compound with 4-(dimethylamino)benzaldehyde 

  

5

6

7
8R2
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Indan-1-one 

Nine indan-1-one compounds were screened for rhIDO1 inhibitory activity at 1 mM (Table 4.5A). The 

effects of substituents in the 2-position, a carbonyl in the 3-position, and groups in the benzyl ring 

were explored. Indan-1-one with no substituents (143) was found to have little inhibitory activity 

against rhIDO1 at 1 mM. However 16, which has a bromo group in the 5-position of the benzyl ring, 

displayed 77% rhIDO1 inhibitory activity at 1 mM. Methyl and oxime groups in the 2-position did not 

change the rhIDO1 activity of compounds 145 and 146 compared to 143. Compounds with a 

carbonyl oxygen in the 2-position (144), and to a lesser extent the 3-position (17), have increased 

rhIDO1 inhibitory activity compared to 143. The compound 144 has an IC50 of 198 M (Table 4.9). 

The compound indan-1,2,3-trione, which hydrolyses to 2,2-dihydroxyindan-1,3-dione (18), is the most 

potent indan-1-one analogue with an IC50 value of 5 M (Table 4.9).  

The inhibitory activity of additional indandione compounds at 100 M was investigated in enzymatic 

assays, as these were the more potent analogues identified (Table 4.5B). Mainly, indan-1,2-dione 

and indan-1,3-dione compounds with cyclic rings in the 2 or 3-positions were explored. All indan-1,2-

dione analogues with cyclic rings in the 3-position had no inhibitory activity at 100 M (150-154), 

while a dimethyl group in the 3-position (149) reduced rhIDO1 activity but did not abolish it. The 

indan-1,3-dione compounds 156 and 158 with cyclic groups in the 2-position retained rhIDO1 

inhibitory activity and inhibited rhIDO1 with an IC50 of 13 and 28 M respectively (Table 4.9). A 

methoxy group in the 6-position was found to be tolerated as compound 155 has comparable 

potency with respect to 2,2-dihydroxyindan-1,3-dione (18). 
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Table 4.5A Inhibitory activity of indan-1-one analogues 
# R1 R2 R3 % Inhibition (1 mM) 

143 H, H H, H H 7.5 ± 0.9 
16 H, H H, H 5-Br 76.8 ± 2.6 
17 H, H =O H 27.3 ± 1.4 

144 =O H, H H 90.0 ± 0.6 
18 OH, OH =O H 92.1 ± 0.4 

145 =NOH H, H H 10.8 ± 1.0 
146 CH3, H H, H H 18.3 ± 2.7 
147 CH3, H H, H 6-NO2 6.1 ± 2.4 
148 CH2COOH, H H, H 6-NO2 25.5 ± 2.2 

 

Table 4.5B Inhibitory activity of indandione analogues 

# R1 R2 R3 % Inhibition (at 0.1 mM) 

149 =O di-CH3 H 45.2 ± 0.6 

150 =O H 0.0 ± 1.5 

151 =O H -0.5 ± 1.3 

152 =O H -0.6 ± 1.0 

153 =O H -4.8 ± 1.6 

154 =O H 1.8 ± 0.7 

18 di-OH =O H 88.5 ± 0.5 
155 di-OH =O 5-OCH3 92.2 ± 0.6 

156 
OH,  

=O H 67.7 ± 1.5 

157 

OH,  

=O H 0.30 ± 1.3 

158 
OH,  

=O H 74.2 ± 0.6 

R3

4

5

6

7
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Phenylpyruvic acid 

Eight compounds based on phenylpyruvic acid were screened for rhIDO1 inhibitory activity (Table 

4.6). Of these, ethyl-2-oxo-4-phenylbutyrate (165) has the best inhibitory activity, with > 50% rhIDO1 

inhibition at 1 mM. An ortho (2- or 5-) positioned nitro group on the phenyl ring (163) of phenylpyruvic 

acid abolished rhIDO1 inhibitory activity, but activity can be partially restored with the addition of a 

chloro group in the remaining ortho (2,5-) position (164). 

 

Table 4.6 Inhibitory activity of pyruvic acid analogues 

# R1 R2 % Inhibition (at 1 mM) 

71 
 

H 20.3 ± 2.2 

159 
 

H 6.3 ± 6.8 

160 

 

H 2.6 ± 4.0 

161 

 

H -7.8 ± 1.6 

162 
 

H 6.4 ± 1.8 

163 

 

H 1.8 ± 6.1 

164 

 

H 17.6 ± 3.0 

165 
 

CH2CH3 53.7 ± 10.3 
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Salicylic acid 

The rhIDO1 inhibitory activity of fifteen salicylic acid analogues was assessed (Table 4.7). In general, 

salicylic acid-like compounds have weak rhIDO1 inhibitory activity. Replacement of the hydroxyl 

group in the 2-position with a methoxy group decreased the rhIDO1 inhibitory activity of these 

compounds at 1 mM (169), while a thiol group in this position (171) increased rhIDO1 inhibitory 

activity. Replacement of the carboxylic acid hydroxyl group (166, 168, 169) led to a loss of rhIDO1 

inhibitory activity, which is partially recovered when the hydroxyl group is replaced with an oxime 

group (167).  

 

Table 4.7 Inhibitory activity of salicylic acid analogues 

# X1 X2 R1 % Inhibition (at 1 mM) 

61 OH OH H 22.4 ± 7.8 
62 OH OH 3-CH3 15.2 ± 4.6 
63 OH OH 4-CH3 23.4 ± 1.7 
64 OH OH 5-CH3 7.5 ± 0.5 
65 OH OH 5-F 2.5 ± 8.3 
66 OH OH 6-F 12.6 ± 10.2 

166 OH NH2 H -12.3 ± 7.4 
167 OH NHOH H 12.9 ± 2.3 
168 OH OCH3 H -6.9 ± 6.2 
169 OCH3 OH H 4.6 ± 7.8 
170 NH2 OH H R* 
171 SH OH H 30.7 ± 3.1 
172 OCH3 OCH3 3-CH3 -1.5 ± 7.7 

R*, compounds formed a coloured compound with 4-(dimethylamino)benzaldehyde 

  

R1



Chapter 4 – Structure guided identification of IDO1 inhibitors 

155 

Phenoxazine 

Five additional phenoxazine analogues were tested for rhIDO1 enzyme inhibitory activity at 100 M, 

but unsubstituted phenoxazine gave the greatest inhibitory activity of these compounds (Table 4.8). 

Phenoxazine was then titrated in an enzyme inhibition assay, where its IC50 was determined to be 

around 9 M (Table 4.9). 

 

 

Table 4.8 Inhibitory activity of phenoxazine analogues 

# R1 R2 % Inhibition (0.1 mM) 

79 H H 73.2 ± 0.3 

174 H 1,3-NO2 -11.6 ± 1.8 

175 COOH H 14.3 ± 1.0 

176 COOH 3,7-OH 3.5 ± 1.3 

177 H 
 

0.9 ± 0.8 

178 H 
 

1.3 ± 1.0 

 

  

R2



Chapter 4 – Structure guided identification of IDO1 inhibitors 

156 

Table 4.9 Summary of the IDO1 inhibitory activity of compounds  

# Compound IC50 (µM) # Compound IC50 (µM)

105 
 

2 144 

 

198 

18 

 

5 93 
 

360* 

155 

 

8 33 
 

380* 

1 
 

8  104 

 

472* 

79 

 

9 18 

 

500* 

158 

 

13 76 
 

>500* 

156 

 

28 165 

 

>500* 

101 
 

48 99 
 

>500* 

149 

 

70    

IC50 determined from a single determination from at least seven points performed in triplicate. 

*Full IC50 curves were not generated due to low inhibitory activity of compounds 

  



Chapter 4 – Structure guided identification of IDO1 inhibitors 

157 

4.2.4. Docking	of	additional	benzothiazole	analogues	

To further explore the structural basis of the inhibitory activity of benzothiazole compounds, 

benzothiazole (93), 2-mercaptobenzothiazole (101) and 2-hydrazinobenzothiazole analogues (105-

113) were docked (Figure 4.5). The hydrazine moiety of some of these compounds was protonated 

when processed by Protoplex, while FILTER modelled the neutral form. For the majority of these 

compounds, major changes were not observed in the top-scoring predicted binding pose; however, it 

did reduce the overall fitness score. This is similar to what was observed for the different protonation 

states of 4-PI. Based on these observations, all hydrazine-containing compounds were prepared in 

the neutral state. Protonation has been documented as a source of error when docking to 

metalloproteins (Liebeschuetz, Cole et al. 2012).  

Benzothiazole (93) was predicted in its top rank pose to ligate the haem-iron through its thiazole 

nitrogen atom (Figure 4.5), while the second ranked pose had a similar positioning of the 

compounds, but predicted an interaction between the thiazole sulphur atom and the haem-iron 

instead. Alternate poses were predicted for inhibitory benzothiazole compounds with a substituent in 

the 2-position (Figure 4.4.1 1-6, Figure 4.5 101-113). The binding mode of 93 does not fill the distal 

pocket as much as 1. The pose with the highest score for 2-mercaptobenzothiazole (101) is similar to 

other 2-substituted benzothiazoles already described. The 2-substituted thiol group modelled as the 

thione tautomer is orientated towards the haem-iron, and the aromatic group is predicted to fill distal 

pocket similar to 1. The 2-hydrazinobenzothiazole analogues (105-107) were predicted to bind with 

the haem-iron through a hydrazine moiety, with the benzyl ring of the benzothiazole occupying the 

distal pocket (Figure 4.5). For 108, while the hydrazine to haem-iron interaction is present, the 

benzothiazole ring is re-orientated towards the P1 site, indicating that the methyl substituent might 

not be easily accommodated (Figure 4.5). Compounds 109 and 110 do not make a hydrazine to 

haem-iron interaction, but are predicted to make a carbonyl to haem-iron interaction instead (Figure 

4.5). Their alternate orientations compared to 1 also indicated that the substitutions cannot be easily 

accommodated by the distal pocket. In compounds 111-113, while the benzothiazole ring occupies 

the same active site region as the 2-hydrazinobenzothiazole (1,106-108), a substituent on the 

terminal (111, 113) or internal (112) nitrogen of the hydrazine disrupts the hydrazine to haem-iron 

interaction. In 112, the docking calculation has reoriented the terminal nitrogen to interact with haem-

iron.  
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Figure 4.5 Predicted binding mode of additional benzothiazole analogues. Top ranked predicted 
binding modes of benzothiazole analogues in the active site of rhIDO1 calculated using Goldscore. 
Surface of the active site is shown in pink, atoms are represented as sticks and coloured according to 
element: carbon (green – ligand, grey – protein), hydrogen (white), nitrogen (blue), oxygen (red), 
chlorine (purple), fluorine (cyan), and iron (orange). 

1 105 

106 107 108 109 

110 111 112 113 

93 101
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4.2.5. Discovery	of	phenylhydrazine	as	an	inhibitor	of	rhIDO1	

To examine whether the hydrazine moiety is sufficient for rhIDO1 inhibition, phenylhydrazine (179) 

was investigated as an example of a non-benzothiazole aromatic-hydrazine. Phenylhydrazine was 

shown to be a more potent inhibitor of rhIDO1 than 1 in enzymatic assays, with an IC50 of 0.25 M 

(Figure 4.6A). Molecular docking of phenylhydrazine predicts a binding mode that involves a 

hydrazine to the haem-iron interaction, while the phenyl ring occupies the distal pocket, but not to the 

same extent as 1 (Figure 4.6B). Titration of phenylhydrazine into rhIDO1 causes spectral changes to 

both Fe(III) and Fe(II) rhIDO1. In Fe(III) rhIDO1, a decrease in amplitude of the Soret absorbance at 

404 nm with increasing phenylhydrazine concentrations is observed; a > 50% decrease in amplitude 

is induced at 1 mM. A shoulder at approximately 430 nm is also observed at 1 mM of 

phenylhydrazine. The absorbance bands at around 500 and 630 nm are visible in the absorbance 

spectra with high concentrations of phenylhydrazine (Figure 4.7A). Titration of phenylhydrazine to 

Fe(II) rhIDO1 induced a gradual shift in the Soret absorbance from 428 to 424 nm. In addition, the 

peak at 559 nm splits into two bands at 527 and 556 nm at 1 mM (Figure 4.7B). The changes in the 

rhIDO1 absorbance spectra with phenylhydrazine were found to be time dependent. Figure 4.7C 

shows the changes in the Fe(III) rhIDO1 spectra over 30 min with 10 and 30 M phenylhydrazine. At 

10 M a gradual decrease in absorbance in the Soret is observed, with a 56% loss in amplitude by 

30 min. The shoulder at 430 nm is again observable at 10 M phenylhydrazine; absorbances at 500 

and 630 nm are lost. At 30 M the pattern of spectral changes with time is similar, but more rapid and 

with a greater magnitude. At 30 min an 80% reduction of Soret amplitude at 404 nm is induced; the 

Soret peak shifts to 428 nm and only a shoulder remains of the original 404 nm Soret peak. At 100 

M these changes are even more rapid, with the Soret band fully shifted to 428 nm by 5 min (not 

shown). The binding of 1 and phenylhydrazine follow similar spectral patterns.  
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Figure 4.6 Phenylhydrazine as an inhibitor of rhIDO1. (A) IC50 curve for phenylhydrazine (open 
circles) compared to 2-hydrazinobenzothiazole (closed circles) in rhIDO1 inhibition assays. (B) Top-
scoring predicted binding pose calculated by Goldscore for phenylhydrazine (green) with 2-
hydrazinobenzothiazole (cyan) superimposed. Surface of the active site is in pink, atoms are 
represented by sticks and are coloured according to element: carbon (green – phenylhydrazine, cyan – 
2-hydrazinobenzothiazole, grey – protein), nitrogen (blue), oxygen (red), and iron (orange). 
Hydrogens have been omitted for clarity. 
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Figure 4.7 Spectroscopic studies of phenylhydrazine. Changes in the (A) Fe(III) and (B) Fe(II) 
rhIDO1 absorbance spectra (300-700 nm) with phenylhydrazine titration. Phenylhydrazine 
concentrations are at 1000 (brown), 300 (red), 100 (orange), 30 (yellow), 10 (green), 3 µM (light 
blue), and 0 µM (blue). (C) Changes in the absorbance spectrum over time with 10 µM (left) and 30 
µM (right) phenylhydrazine. Arrows show the changes in absorbance maximum over the 30 min 
period (i.e. ↑/↓ increase/decrease in absorbance). The labels 0 and 30 refers to the time (min) at which 
the absorbance spectrum was measured.  



Chapter 4 – Structure guided identification of IDO1 inhibitors 

162 

4.2.6. Evaluation	of	scoring	functions	for	enrichment	of	rhIDO1	inhibitors	

Section 4.2.2 showed that the Goldscore scoring function lacked the ability to discriminate inhibitors 

from non-inhibitors across the 74 DSF active compounds tested against the rhIDO1 enzyme activity. 

The ability of other scoring functions implemented in GOLD to sort compounds in terms of activity 

was evaluated using docking and rescoring protocols with the ZT library. The compounds that 

inhibited rhIDO1 by more than 50% at 1 mM in our assays were defined as the active compounds in 

the dataset. This set comprised of 14 fragments that included the chemotypes benzothiazole (1, 5), 

naphthalene (23-27), 4-PI (67), biphenyl (31, 33), indan-1-one (16), phenol (40), pyridine (68), and 

benzoxazole (11). The remainder of the library, consisting of 60 fragments with < 50% inhibition at 1 

mM and 274 DSF inactive compounds, was defined as the decoy set. The Goldscore, Chemscore, 

ChemPLP and ASP scoring functions were used in combination to dock then rescore the poses to 

find which pair was best suited for enriching rhIDO1 inhibitors based on fitness scores. Each 

compound was docked 10 times and the 3 best scoring poses kept for rescoring. Keeping the 3 

poses separated by an RMSD of 1.5 Å provides the scoring function used in rescoring an opportunity 

to reselect the top ranked pose, this was considered as sampling and scoring. Figure 4.8 depicts the 

ROC curves for the different combinations of sampling and rescoring protocols. These show the 

progression of actives identification when using fitness scores to rank the library of compounds. The 

black line represents the proportion of active compounds that would be identified from a virtual 

screen if the scoring function was unable to distinguish between active and inactive compounds (line 

of no discrimination). Curves that are above the line of no discrimination represent scoring functions 

that are able to enrich active molecules. Overall, Chemscore (green curve) performed the best as the 

rescoring function, regardless of the scoring function used to sample the poses. 
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Figure 4.8 Evaluation of scoring functions for enrichment of rhIDO1 inhibitory compounds. 
ROC curves of enrichment of active compounds from the ZT library when ranked by fitness scores 
determined by (A) Goldscore, (B) ASP, (C) Chemscore, and (D) ChemPLP driven docking followed 
by rescoring with these same scoring functions. The dotted black line represents the proportion of 
actives expected under a random selection. Docking was performed under flexible ligand settings. 
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The EF at 5, 10, 30% of the top ranked compounds of the fragment library and the AUCROC are 

presented in Table 4.10A. The best sampling/rescoring combination for enrichment at the 5% cut-off 

was ASP docking followed by Chemscore rescoring (ASP/Chemscore), for the 10% cut-off 

ChemPLP/Chemscore performed the best, and at the 30% cut-off Chemscore/ASP was found to be 

the best. Chemscore/ASP had the best overall enrichment with an AUCROC of 0.78. The worst 

performing combinations at 5% cut-off were Chemscore/Goldscore and ChemPLP/Goldscore which 

did not retrieve any actives in the top 5% of their respective ranked lists. At the 10% cut-off both 

Goldscore/Goldscore and ChemPLP/Goldscore performed poorly, and at 30% ChemPLP/Goldscore 

had the lowest enrichment. The lowest overall enrichment was from ChemPLP/Goldscore which had 

an AUCROC of 0.5 (Table 4.10A). Chemscore was the best scoring function at the EF5 and EF10 

values and was independent of the scoring function used for sampling. For EF30, ASP performs the 

same or better than the three other scoring functions. With Goldscore, ASP and ChemPLP sampling 

Chemscore also has the highest AUCROC.  

Evaluation of enrichment with docking protocols using different scoring functions was performed with 

ligand flexibility settings turned on as described in Chapter 2. These settings relate to the rotation of 

pyramidal nitrogens, amide bonds, ring nitrogens, flipping ring corners and consideration of internal 

hydrogen bonds. However, flexible ligand settings with large sets of molecules typically used in 

virtual screens can be computationally intensive. In light of this, enrichment of rhIDO1 inhibitory 

compounds in the ZT library was examined with ligand flexibility settings turned off. The enrichment 

when docking and rescoring with each combination of scoring functions is presented in Table 4.10B. 

The best scoring function combination at the 5% cut-off was Chemscore/Chemscore; at 10% it was 

rescoring with Chemscore after sampling with Goldscore, Chemscore or ChemPLP, and at 30% as 

well as the AUCROC Goldscore docking followed by Chemscore rescoring performed the best. This 

clearly shows that rescoring with Chemscore was the best for enrichment and this seemed mostly 

independent of the scoring function used for sampling when flexibility settings were turned off. The 

worst performing scoring function combinations for early enrichment were Chemscore/Goldscore at 

5% cut-off, at 10% cut-off Chemscore/Goldscore and Goldscore/Goldscore were equally poor, while 

for EF30 and AUCROC it was the ChemPLP/Goldscore combination. 

Comparing the docking results from the two flexibility settings, rescoring with Goldscore and ASP 

generally performed worse when the ligand flexibility settings were turned off. Notably 

Chemscore/ASP which had an AUCROC of 0.78, the highest for the scoring function combinations 

under flexible ligand settings, only had an AUCROC of 0.68 when flexible ligand settings were turned 

off. ChemPLP performed similarly under the two settings Table 4.10B). With Chemscore rescoring in 

general, the decrease in ligand flexibility does not affect the AUCROC but has a small effect on early 

enrichment at the 5% cut-off. In fact, docking with Goldscore/Chemscore under more rigid ligand 

settings was found to have an improved AUCROC, increasing from 0.74 with flexible ligand settings to 
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0.78, and is the best scoring function combination in terms of EF10, 30 and AUCROC under these 

settings. The pose of 4-PI as predicted by Goldscore/Chemscore docking with rigid ligand settings 

was compared to its native pose, and all poses generated from this docking combination were within 

1.0 Å RMSD of the native mode from 10 rescoring runs. This was to be expected as Goldscore is 

known to accurately sample 4-PI binding. A plot of the inhibitory activity of the 74 compounds that 

changed the DSF melting curve against the fitness scores of the top ranked fragments from 

Goldscore/Goldscore and Goldscore/Chemscore docking protocols is shown in Figure 4.9. No 

correlation was found with Goldscore/Goldscore, while a weak correlation is observed for 

Goldscore/Chemscore. Goldscore/Chemscore was therefore used in the virtual screen to enrich for 

rhIDO1 inhibitory compounds.  
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Table 4.10A Enrichment of compounds that inhibit IDO1 by greater than 50% at 1 mM when 
sampling and rescoring with all combinations of Goldscore, Chemscore, ChemPLP, ASP and 

ligand flexibility settings turned on. 

Docking 

Rescore  Enrichment  Goldscore ASP  Chemscore  ChemPLP  

Goldscore  

EF5  1.38 2.76 0.00 0.00 

EF10  0.71 2.13 3.55 0.71 

EF30  0.95 1.89 2.13 0.71 

AUCROC  0.53 0.70 0.72 0.50 

ASP  

EF5  5.52 2.76 4.14 4.14 

EF10  4.26 2.13 4.97 4.26 

EF30  2.13 2.13 2.37 1.89 

AUCROC  0.72 0.70 0.78 0.72 

Chemscore  

EF5  6.90 9.67 8.29 8.29 

EF10  4.97 4.97 4.97 5.68 

EF30  1.89 1.89 1.89 1.89 

AUCROC  0.74 0.75 0.72 0.74 

ChemPLP  

EF5  4.14 2.76 1.38 4.14 

EF10  2.13 2.13 1.42 2.13 

EF30  1.89 1.42 1.42 1.66 

AUCROC  0.60 0.58 0.56 0.64 

EF5,10,30 represents the enrichment of ‘active’ compounds at 5, 10 and 30% of the dock set and corresponds to 

18, 35 and 105 compounds respectively. AUCROC represents the total area under the ROC curve. In total there 

were 14 ‘active’ compounds and 334 ‘inactive’ compounds in the test set. 

  



Chapter 4 – Structure guided identification of IDO1 inhibitors 

167 

Table 4.10B Enrichment of compounds that inhibit IDO1 by greater than 50% when docking 
and rescoring with all combinations of Goldscore, Chemscore, ChemPLP, ASP and more rigid 

ligand settings. 

Docking 

Rescore  Enrichment  Goldscore ASP  Chemscore  ChemPLP  

Goldscore  

EF5  1.38 1.38 0.00 1.38 

EF10  0.71 1.42 0.71 1.42 

EF30  0.95 1.18 0.71 0.47 

AUCROC  0.52 0.60 0.49 0.46 

ASP  

EF5  2.76 1.38 4.14 2.76 

EF10  3.55 1.42 4.26 2.13 

EF30  2.37 1.89 1.89 1.66 

AUCROC  0.74 0.69 0.68 0.66 

Chemscore  

EF5  6.90 6.90 8.28 6.90 

EF10  4.97 4.26 4.97 4.97 

EF30  2.60 2.13 2.13 2.13 

AUCROC  0.78 0.74 0.75 0.75 

ChemPLP  

EF5  1.38 4.14 1.38 1.38 

EF10  2.84 2.13 1.42 2.13 

EF30  1.66 1.89 1.42 1.66 

AUCROC  0.60 0.66 0.55 0.59 

EF5,10,30 represents the enrichment of ‘active’ compounds at 5, 10 and 30% of the dock set and corresponds to 

18, 35 and 105 compounds respectively. AUCROC represents the total area under the ROC curve. In total there 

were 14 ‘active’ compounds and 334 ‘inactive’ compounds in the test set. 
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Figure 4.9 Correlation between fitness scores and inhibitory activity. A plot of the inhibitory 
activity of the 74 compounds found to cause a change in the melting curve in DSF against the fitness 
scores calculated from their top ranked pose when docking was performed with (A) 
Goldscore/Goldscore or (B) Goldscore/Chemscore. 
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Scores for the individual components that make up Goldscore and Chemscore were assessed for 

their contribution to the enrichment of inhibitors in both the Goldscore/Goldscore and 

Goldscore/Chemscore sampling and scoring protocols; the data is presented in Figure 4.10. For the 

Goldscore/Chemscore combination, lipophilic interactions accounted for most of the early enrichment 

observed, while hydrogen bonding scores were found to be detrimental to enrichment. The overall 

fitness from Chemscore is similar to that of the lipophilic score only. The G term of Chemscore is an 

approximation of the free energy change upon ligand binding based on binding affinity data (Eldridge, 

Murray et al. 1997) and performs slightly worse in early enrichment compared to ranking by lipophilic 

interactions and the overall Chemscore fitness (Figure 4.10). For the Goldscore/Goldscore 

combination, the external Van der Waal’s forces contributed to the overall enrichment of inhibitory 

compounds. However the external hydrogen bond scores appear to select against rhIDO1 inhibitors 

in early enrichment. The enrichment, when ranking is performed by Goldscore fitness, is in between 

that of ranking by Van der Waal’s forces and hydrogen bond terms (Figure 4.10).  

To determine whether rescoring protocols were biased towards a particular chemotype when docking 

with the flexible ligand terms switched on, representation of chemotypes within the top 10% cut-off for 

each rescoring protocol was compared (Table 4.11). Only benzothiazole, naphthalene, biphenyl and 

4-PI fragments were observed in the ranked lists at the 10% cut-off level for any of the scoring 

function combinations, indan-1-one, phenol, pyridine and benzoxazole fragments were not found. 

The scoring function combination that identified the greatest diversity of chemotypes was 

Goldscore/ASP, with four of the eight inhibitory chemotypes found. The most potent fragment, 1, was 

enriched in the top 10% cut-off in Chemscore/Goldscore, ChemPLP/ASP, and ChemPLP/Chemscore 

sampling and scoring protocols. It was also identified with Goldscore sampling followed by 

Goldscore, ASP or Chemscore rescoring. Six sampling/rescoring combinations enriched for three of 

the active chemotypes within the 10% cut-off, these were Goldscore/Chemscore, ASP/ASP, 

Chemscore/Goldscore, Chemscore/ASP, ChemPLP/ASP and ChemPLP/Chemscore. Two active 

chemotypes were retrieved within the 10% cut-off by the combinations ASP/Goldscore, 

ASP/Chemscore, ASP/ChemPLP, Chemscore/Chemscore and ChemPLP/ChemPLP. Only one of the 

active chemotypes was retrieved within the 10% cut-off for Goldscore/Goldscore, 

Goldscore/ChemPLP, Chemscore/ChemPLP and ChemPLP/Goldscore.  
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Figure 4.10 Enrichment of rhIDO1 compounds by components of scoring functions Goldscore 
and Chemscore. ROC curves of active compounds when ranked according to the hydrogen bond 
(red) or lipophilic/Van der Waal’s component (green) of the (A) Chemscore and (B) Goldscore fitness 
scores when rescoring after Goldscore sampling. The line of no discrimination (dashed black line) 
overall fitness score (blue) and the DG score from Chemscore (purple) are also plotted for 
comparison. Docking was performed with ligand flexibility settings turned on. 
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Table 4.11 IDO1 Inhibitory fragments identified in the top 10% (35/348) of each scoring 
function combination when docking with flexible ligand settings. 

Docking Inhibitors scoring in top 10% Chemotypes 

Goldscore   

Rescore Goldscore 1 BZ 

Rescore ASP 1, 24, 25, 27, 31, 67 BZ, NP, BP, PI 

Rescore Chemscore 1, 23, 24, 25, 26, 27, 31 BZ, NP, BP 

Rescore ChemPLP 24, 25, 27 NP 

ASP   

Rescore Goldscore 25, 27, 31, NP, BP 

Rescore ASP 24, 31, 67 NP, BP, PI 

Rescore Chemscore 23, 24, 25, 26, 27, 31, 33 NP, BP 

Rescore ChemPLP 24, 25, 31 NP, BP 

Chemscore   

Rescore Goldscore 1, 24, 27, 26, 31 BZ, NP, BP 

Rescore ASP 23, 24, 25, 26, 27, 31, 67 NP, BP, PI 

Rescore Chemscore 23, 24, 25, 26, 27, 31, 33 NP, BP 

Rescore ChemPLP 24, 25 NP,  

ChemPLP   

Rescore Goldscore 27 NP 

Rescore ASP 1, 24, 25, 26, 27, 31 BZ, NP, BP 

Rescore Chemscore 1, 23, 24, 25, 26, 27, 31, 33 BZ, NP, BP 

Rescore ChemPLP 24, 25, 31 NP, BP 

Chemotypes: Benzothiazole (BZ), Naphthalene (NP), Biphenyl (BP), 4-Phenylimidazole (PI) 
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4.2.7. Virtual	screen	with	Goldscore/Chemscore	scoring	functions	

To find more phenylhydrazines that are likely to inhibit IDO1, over 16, 000 commercially available 

phenylhydrazine containing compounds with a molecular weight of less than 400 Da were retrieved 

from an eMolecules search. These compounds were docked in the IDO1 active site using Goldscore 

docking and rescored with Chemscore. Of these, only 14, 679 of the 16, 000 were successfully 

rescored due to limitations in computing power. To select compounds, descriptors were generated to 

describe interactions with the haem-iron, one which identified all poses where a hydrogen bond 

acceptor was within 3 Å of the haem-iron, and the other identified all predicted binding poses where 

either a two co-ordinate, non-linear or a pyramidal trigonal nitrogen, was located within 3 Å of the 

haem-iron. The latter descriptor identified all compounds which have the potential to form hydrazine 

or hydrazone to haem-iron interactions.  

The fitness score for the top ranked pose of phenylhydrazine (179) calculated by the 

Goldscore/Chemscore sampling and scoring protocol, was 23.9, which positioned it within the top 

25% of compounds in the phenylhydrazine focussed library rank ordered by Chemscore fitness 

score. Based on this, compounds selected for purchase and testing in enzymatic assays were from 

the top 30% of the library. There were 74 compounds that made a hydrazine to haem-iron interaction, 

and 21 were selected by visual inspection of the rank ordered set. The selection process focussed on 

predicted interactions with known binding sites including the 7-propionate, Ser167 and other more 

exploratory sites in the active site including residues of the flexible loop (residues Gly262, Ala264). 

Chemical diversity was also considered during selection. Of the 21 compounds, 10 were available for 

purchase and were tested for rhIDO1 inhibitory activity (Set A: 180-189). There were 619 compounds 

in the top 30% of ranked compounds that made a hydrogen bond acceptor to haem-iron interaction. 

Excluding those already selected for Set A, 9 compounds were selected by visual inspection, and 6 

of these (Set B: 190-195) were then purchased for enzymatic assays.  

4.2.8. Predicted	binding	mode	of	phenylhydrazine	containing	compounds	

Set A compounds were predicted to form a hydrazine to haem-iron interaction, while the remainder of 

the compound resides in the distal pocket or protrudes into the solvent channel of the active site 

entrance (Figure 4.11). Although a hydrazine to haem-iron interaction is predicted for compound 186, 

it is not the solution with the highest score. The solution with the highest fitness score for 186 predicts 

a sulphonyl to haem-iron interaction. There are two hydrazine groups present in this compound, and 

they are predicted to interact with Ser167 and 7-propionate. The compounds in Set B are mainly 

hydrazones. Among their top three solutions, a hydrazine/hydrazone to haem-iron interaction is 

predicted. However, this binding pose is scored lower than the predicted binding pose which 

positions the hydrazine/hydrazone such that it interacts with either residues of the flexible loop 

(residues Gly262, Ala264) region or the 7-propionate.   
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Figure 4.11. Predicted binding mode of sixteen phenylhydrazine analogues. The top-scoring pose 
of the sixteen phenylhydrazine analogues (180-195) selected from virtual screening studies and tested 
for rhIDO1 inhibitory activity. Ligands and residues are in stick representation and are coloured 
according to their element: carbon (green – ligand, grey – residue), nitrogen (blue), oxygen (red), 
sulphur (yellow), and iron (orange). 
 

180 181 182 183

184 185 186 187

188 189 190 191

192 193 194 195



Chapter 4 – Structure guided identification of IDO1 inhibitors 

174 

Table 4.12 Inhibitory activity of phenylhydrazine analogues 

 Compound IC50 (M)  Compound IC50 (M) 

179 
 

0.3 188
 

0.4 

180 
 

0.2 189

 

1.9 

181 
 

2.1 190

 

2.4 

182 
 

0.4 191
 

>100 

183 
 

0.2 192
 

>100 

184 
 

1.9 193
 

>100 

185 
 

1.2 194
 

>100 

186 
 

>100 195
 

>100 

187 

 

0.7    
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4.2.9. Inhibitory	activity	of	phenylhydrazine	containing	compounds	

Of the sixteen phenylhydrazine containing compounds purchased, ten inhibited rhIDO1 with an IC50 

of less than 5 M (Table 4.12). Nine out of the ten compounds predicted to have a hydrazine to 

haem-iron contact (180-185, 187-189) have IC50 values that are less than 5 M. In contrast, only one 

out of the six compounds, where the predicted binding pose positions the hydrazine/hydrazone to 

make contact with other residues in the active site of IDO1 (190), had an IC50 value of less than 5 M 

(Table 4.12). Compound 186 is the only compound in set A to have an IC50 of greater than 5 M, and 

inhibits rhIDO1 by 38% at 100 M. The most potent compound is compound 183 which is 2-fold more 

potent than phenylhydrazine. The compounds with lowest inhibitory activity are hydrazones 191-195. 

4.2.10. IDO1	inhibitory	activity	of	hydrazine	containing	compounds	in	cell	based	assays	

The hydrazine containing compounds are the most potent IDO1 inhibitors discovered from our 

studies. However, as IDO1 is an intracellular enzyme, these compounds must have efficacy against 

cellular IDO1 in order to be useful. Murine cell lines transfected to express IDO1 were evaluated for 

use in cell based assays. Western blots were performed on the murine cancer cell line LLTC, the 

murine IDO1 transfected line LLTC-mIDO1 and the human IDO1 transfected line LLTC-hIDO1. No 

IDO1 protein is detected in wild type LLTC, while the transfected lines express human or murine 

IDO1 only (Figure 4.12A). Correspondingly, kynurenine was not detected in the media of LLTC 

cultures, while 10 M kynurenine was detected in mIDO1 transfected lines and 40 M kynurenine 

was found in the media of LLTC-hIDO1 cultures (Figure 4.12B). To determine the cell number that 

ensures that tryptophan catabolism is within the linear range for cellular hIDO1 inhibition assays after 

a 24 h incubation, a serial dilution of cells starting from 2 x 105 LLTC-hIDO1/well (1 x 106 cells/mL) to 

6.3 x 103 LLTC-hIDO1/well (3.1 x 104 cells/mL) were seeded in 96 well plates, and then incubated at 

37 °C, with 5% CO2. Kynurenine in the media was measured, and a linear range was found between 

6.3 x 103 LLTC-hIDO1/well and 2.5 x 104 LLTC-hIDO1/well, after which a plateau was observed at 45 

M kynurenine. Subsequent experiments were performed with 2 × 104 cells/well for LLTC-hIDO1. 

Kynurenine content of the vehicle controls in these assays typically reached 25 M. In these assays, 

IDO1 activity of LLTC-hIDO1 was inhibited by 2-hydrazinobenzothiazole and phenylhydrazine. The 

IC50 values for cellular IDO1 inhibitory activity are 59.6 and 1.3 M for 2-hydrazinobenzothiazole and 

phenylhydrazine respectively (Figure 4.13). No loss of cellular viability is observed at these 

concentrations of compounds as determined by the (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay (Figure 4.13).   
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Figure 4.12 Characterisation of IDO1 expression in LLTC derived cell lines. (A) Protein 
expression of human or murine IDO1 LLTC, LLTC-mIDO1 and LLTC-hIDO1 after 72 h incubation 

with and without IFN as determined by western blot. (B) Kynurenine in the media of LLTC, LLTC-

mIDO1 and LLTC-hIDO1 after 72 h incubation with and without IFN.  
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Figure 4.13 Cellular IDO1 inhibitory activities of phenylhydrazine and 2-
hydrazinobenzothiazole. Inhibition of hIDO1 activity (solid line) and viability (dashed line) of 
LLTC-hIDO1 with titrations of (A) phenylhydrazine or (B) 2-hydrazinobenzothiazole. 
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4.2.11. Crystallography	of	rhIDO1	

Docking to 2D0T allows prediction of compound binding to the active site of IDO1. However, 2D0T 

only provides a snapshot of the possible conformations IDO1 can be in. Obtaining IDO1 structures 

under different crystallisation conditions allows the exploration of compound binding to different 

conformations of IDO1. Moreover, crystal structures will provide experimental evidence for a 

compound’s binding mode. Crystallisations trials for rhIDO1 were performed with the binding of 

different ligands, and under different conditions to provide atomic resolution structural data of the 

rhIDO1 active site. Initial buffer screens were performed with DSF to investigate whether the thermal 

stability of Fe(II) rhIDO1 changes with different buffers. The rhIDO1 melting curves in MES pH 6.0, 

HEPES pH 7.0, Tris pH 8.0 and CHES pH 9.0 are shown in Figure 4.14. The Tm1 of rhIDO1 in each 

buffer is listed in Table 4.13.  

Table 4.13 Tm1 of ferrous IDO1 with different pH buffers. 

Buffer, pH Mean Tm1

MES pH 6 45.5 ± 0.1 
HEPES pH 7 49.5 ± 0.3 

Tris pH 8 54.5 ± 0.1 
CHES pH 9 59.2 ± 1.0 

 

Increases in pH increased initial fluorescence, but also stabilised rhIDO1 (Table 4.13). With MES 

buffer, there is a clear separation of Tm1 and Tm2, and the value for Tm1 is the lowest of the four 

buffers. Tm1 and Tm2 are less distinct, and the amplitude of Tm2 is much greater with HEPES buffer 

than with any other buffer. With Tris buffer Tm1 and Tm2 are separate, and although the amplitude of 

the melting curve is smaller, the initial fluorescence is similar to that of MES and HEPES. In CHES, a 

high initial fluorescence, a dramatic loss of amplitude in the melting curve and a merge of the melting 

temperatures was observed. Moreover, it was observed that after the DSF assay, rhIDO1 in the 

CHES buffer was the only condition in which aggregates did not form. The thermal stability changes 

with different buffer conditions. At 25 °C rhIDO1 has more exposed hydrophobic regions in CHES 

buffer compared to other buffers. The appearance of only one melting temperature with CHES 

indicates that either Tm1 has been stabilised and has merged with Tm2, or alternatively the protein 

folding with Tm1 has been completely unfolded. 

  



Chapter 4 – Structure guided identification of IDO1 inhibitors 

179 

 
Figure 4.14 The melting curves of rhIDO1 in different pH buffers. (A) DSF melting curves of 
ferric IDO1 between 25 °C to 95 °C and (B) the differential melting curve with the buffers: MES pH 
6.0 (blue), HEPES pH 7.0 (red), Tris pH 8.0 (green), and CHES pH 9.0 (purple).  
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Different IDO1 ligands were investigated for co-crystallisation with rhIDO1. Compounds that can 

interact with Fe(III) rhIDO1 are preferable for crystallisation studies, as the Fe(II) form of rhIDO1 can 

auto-oxidises to the stable Fe(III) state. The 4-PI compound and phenylhydrazine, which can bind 

both the Fe(II) and Fe(III) form of rhIDO1, were ideal ligands. The changes in absorbance spectra of 

rhIDO1 were investigated with the titration of 4-amino-N-(3-chloro-4-fluorobenzyl)-N'-hydroxy-1,2,5-

oxadiazole-3-carboximidamide (INC-5L), which is one of the most potent published IDO1 inhibitors to 

date (Yue, Douty et al. 2009). It was found to induce changes in the rhIDO1 spectrum consistent for 

that of a Fe(III) binding inhibitor. For the Fe(III) absorbance spectrum, a 15% decrease in absorbance 

of the Soret band at 300 M of INC-5L and a shift in the maximum from 404 nm to 413 nm was 

observed. In the visible region, bands at 540 and 571 nm replace the bands at 504 and 631 nm, 

although a shoulder at around 630 nm is still observable even at 1 mM INC-5l (Figure 4.15). Changes 

in the Fe(II) rhIDO1 absorbance spectrum with titrations of INC-5L indicated that it also binds to Fe(II) 

rhIDO1. Binding causes a 20% increase in the Soret amplitude, a shift in absorbance maximum from 

428 to 422 nm and the absorbance in the visible region at 559 nm is split into two bands at 541 and 

574 nm (Figure 4.15).  

The thermal stability of rhIDO1 with 100 M of 4-PI, INC-5L or phenylhydrazine in 0.2 M Tris pH 7.9, 

CHES pH 9.0 or CHES pH 8.2 was investigated to identify conditions that would be useful for co-

crystallisation (Table 4.14). The pH buffer 0.2 M Tris pH 7.9, with vehicle control was used as the 

reference for ∆Tm1. A summary of the ∆Tm1 with different combinations of ligands and buffers is given 

in Table 4.14. In Tris buffer, INC-5L induced the greatest ∆Tm1 with a magnitude of 6.2 °C. In both 

CHES buffers at pH 8.2 and 9.0 however, 4-PI induced the greatest ∆Tm1 with a magnitude of 9.5 and 

9.9 °C respectively. This was greater than the ∆Tm1 of 4-PI in Tris buffer. The CHES buffer in the 

absence of ligand decreased rhIDO1 stability compared to Tris buffer, at pH 9.0 a high initial 

fluorescence was observed and no transition was observed upon increased temperatures. Both INC-

5L and phenylhydrazine stabilised rhIDO1 thermal stability compared to no ligand in the presence of 

CHES, but did not increase Tm1 to the same extent that 4-PI was able to. 

Table 4.14 Change in melting temperature (°C) of rhIDO1 under different buffer conditions with 
100 µM of 4-PI, INC-5L, phenylhydrazine or vehicle.  

Buffer Vehicle 4-PI INC-5L Phenylhydrazine 

Tris pH 7.9 Reference 2.5 ± 0.2°C 6.2 ± 0.4°C -0.6 ± 0.1°C 

CHES pH 8.2 -5.4 ± 0.2 9.5 ± 0.0°C 1.5 ± 1.1°C -0.5 ± 0.1°C 

CHES pH 9.0 CS 9.9 ± 0.1°C -3.5 ± 0.4°C -2.5 ± 0.2°C 
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Figure 4.15 Spectroscopic studies with INC-5L. The (A) Fe(III) and (B) Fe(II) rhIDO1 absorbance 
spectra with titrations of INC-5L and its corresponding absorbance difference spectrum between 300-
700 nm. Fragment concentrations are at 1000 (brown), 300 (red), 100 (orange), 30 (yellow), 10 
(green), 3 µM (light blue), and 0 µM (blue). 
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Screens of crystallisation conditions were performed based on the conditions published in the 

literature (Oda, Sugimoto et al. 2006). In these screens, protein solution consisted of 30-40 mg/mL 

rhIDO1, 10 mM MES (pH 6.5), 25 mM NaCl, 1 mM 4-PI. Reservoir solution consisted of 8-14% PEG 

8000, 0.1-0.4 M ammonium acetate, 0.1 M buffer CHES pH 9.0. Sitting drops were set up manually 

for these screens. Precipitate formed in conditions consisting of PEG 8000 concentrations exceeding 

9%. Crystalline plates formed within 2 weeks in reservoir solution containing 8-9% PEG 8000, 0.2 M 

ammonium acetate, 0.1 M buffer CHES pH 9.0, with a protein solution containing 40 mg/mL rhIDO1 

(not shown). 

Initial screens for other crystallisation conditions for rhIDO1 were performed with in house screens 

available at the School of Biological Sciences. Protein concentrations at 10, 20 and 40 mg/mL in 10 

mM MES pH 6.5, 25 mM NaCl were tested. No rhIDO1 crystals were obtained from any of these 576 

conditions. Screens of crystallography conditions were repeated with the ligand 4-PI (1 mM) and 40 

mg/mL rhIDO1. Small crystals formed within a week with reservoir buffer of 0.2 M KSCN, 15% PEG 

4000 and these crystals grew to the dimensions of ~0.05 x 0.05 mm (Figure 4.16A). Optimisation and 

scaling up of crystallisation reservoir solutions in sitting drops were performed to grow bigger 

crystals. PEG 4000 concentrations from 11-17% were trialled for optimising crystallisation. The 

largest crystals grew within a week in conditions containing 14% PEG 4000 with a 1:1 ratio of 

protein:reservoir solution. Crystals grew to dimensions of 0.10 x 0.07 mm (Figure 4.16B). Crystals 

were sent to the Australian synchrotron for diffraction and data collection, the diffraction patterns for 

these crystals were smeary and had low resolution (not shown). No crystals grew when these 

conditions were repeated using a hanging drop set-up. 

From the in house screens with 4-PI, small crystals also grew within a week with the reservoir buffer 

0.2 M Tris-HCl pH 7.9, 14% PEG 6000, and these crystals grew to dimensions of ~0.03 x 0.03 mm 

(Figure 4.17A). A fine screen of crystallisation conditions in sitting drops was performed. PEG 6000 

concentrations of 6-16% were trialled. Precipitate was found in conditions comprised of 10% PEG 

6000 or greater. Crystals formed in the conditions with 6.5-8% PEG 6000 within two weeks in 

protein:reservoir solution ratios of 0.8:1.2, 1:1 and 1.2:0.8. By 3 weeks these crystals had grown to 

their maximum size, typically around 0.2 x 0.3 mm (Figure 4.17B). These crystals had rounded 

edges, and were found to be soft when manipulated. A screen of cryo-buffers showed that 25% 

glycerol or 30% ethylene glycol was optimal with this reservoir solution to prevent the formation of ice 

crystals. No diffraction pattern was observed from these crystals when diffracted on the home source 

Micromax-007HF X-ray instrument (University of Auckland, SBS) while in cryo-buffers. The 

equivalent experiment with room temperature crystals showed smeary spots, with an angle of 

diffraction corresponded to around 7-8 Å resolution (Figure 4.17C). Attempts to grow crystals by 

hanging drops resulted in precipitation. No crystalline material was observed when the Tris-HCl pH 

7.4 buffer was exchanged for CHES pH 9.0 in these conditions. Use of the different ligands spiked 



Chapter 4 – Structure guided identification of IDO1 inhibitors 

183 

into the protein solution before co-crystallisation attempts with 0.2 M Tris pH 7.4, 6-10% PEG 6000 

resulted in a light precipitate with 2,2’-hydroxyindan-1,2-dione; spherulites with phenoxazine, and 

precipitation with 2-hydrazinobenzothiazole.  

Ninety-six small molecules from the Hampton Research Additives Screen were assessed for their 

ability to improve the packing of rhIDO1 crystals grown in 0.2 M Tris pH 7.9, 8% PEG 6000 reservoir 

buffer. Sitting drops were set up with additive-supplemented reservoir buffers and protein solution 

comprising 40 mg/mL rhIDO1, 10 mM MES pH 6.5, 25 mM NaCl and 1 mM 4-PI. Drops without 

additives were set up alongside the experiment as a comparison so that changes in crystal formation 

rates and morphology could be compared. Within six days, crystals appeared in the condition 

containing 5 mM phenol additive (Figure 4.18A) and in a condition containing 1.5% 1,5-

diaminopentane dihydrochloride additive (Figure 4.18B). By day seven, crystals had also appeared in 

conditions containing 5 mM barium chloride (Figure 4.18C), 50 mM ammonium sulphate (Figure 

4.18D), 2% acetonitrile (Figure 4.18E), 0.25% n-dodecyl-N,N-dimethylamine-N-oxide(Figure 4.18F), 

2% 2,2,2-trifluoroethanol (Figure 4.18G), and 5 mM taurine additives (Figure 4.18H). After ten days, 

crystals appeared in conditions containing 1.5% sucrose, 0.25% ethyl acetate, 5 mM urea, 50 mM 

sodium citrate tribasic dehydrate, 1.5% D-(+)-trehalose dehydrate, 50 mM cesium chloride and 1.5% 

methanol additives. Crystals with no additive appear on day eleven. The crystals formed in conditions 

containing either phenol, acetonitrile, 1,5-diaminopentane dihydrochloride or taurine additives had 

sharper edges and/or different morphology compared to those without additive. Fine screens of the 

additives conditions were performed in sitting drops. Conditions containing either 10 or 20 mM of 

phenol, 10 or 20 mM taurine, 4% acetonitrile, 3% diaminopentane dihydrochloride or all four additives 

(i.e.10 mM phenol, 10 mM taurine, 4% acetonitrile and 3% diaminopentane) were trialled with 

reservoir solutions containing 6-9% PEG 6000. Crystals formed within three days in all PEG 6000 

concentrations with the addition of 20 mM phenol, and for 9% PEG 6000 with 10 mM of phenol. 

Within six days, crystals had formed in conditions with 20 mM taurine and 4% acetonitrile at all 

concentrations of PEG 6000; crystals had also formed with 10 mM taurine at 8 or 9% PEG 6000. 

From the optimisation with the phenol additive, crystals that were the largest and that had the 

sharpest edges grew from conditions consisting of 10 mM phenol and 6% PEG 6000. These crystals 

grew to dimensions of ~0.3 x 0.4 mm and had sharper edges compared to crystals grown in the 

absence of the additive phenol (Figure 4.19A). Among the taurine supplemented conditions, 20 mM 

taurine and 7% PEG 6000 yielded crystals with the sharpest edge. These crystals grew to 

dimensions of ~0.2 x 0.25 mm, and had a different morphology and sharper edges compared to 

crystals without additives (Figure 4.19B). The crystals that grew from conditions with 4% acetonitrile 

and 8% PEG 6000 grew to dimensions of ~0.2 x 0.25 mm and had sharper edges compared to 

crystals grown in the absence of the additive (Figure 4.19C). Precipitation occurred in all drops where 

all four additives were added together. Crystals from 3% diaminopentane were not reproducible. A 
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summary of the crystallisation conditions is given in Table 4.15. Cryoprotectant used for freezing 

crystals was made of reservoir buffer plus 30% ethylene glycol. Crystals were frozen in liquid 

nitrogen and sent to the Australian synchrotron. Diffraction patterns are shown in Figure 4.19A-C. 

Diffraction is less smeary in crystals with taurine, phenol or acetonitrile compared to crystals with no 

additive (Figure 4.17C). Furthermore, these crystals appeared to better tolerate the freezing 

procedure. However, the resolution of the diffraction pattern in each case is still approximately 7-8 Å.  

Table 4.15 Changes to the 4-PI-bound IDO1 crystallisation conditions with additives 

Additive 
Time until first 

crystals grow 
PEG6000 

Optimal PEG 

concentration 

Dimensions 

(mm) 

No additive ~11 days 6.5-8% 7% ~0.20 x 0.30  

Phenol ~3 days 6-9% 6% ~0.30 x 0.40  

Taurine ~6 days 6-9% 7% ~0.20 x 0.25  

Acetonitrile ~6 days 6-9% 8% ~0.20 x 0.25  
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Figure 4.16 The rhIDO1 crystals grown in KSCN containing conditions (A) Initial crystals 
identified from SBS in house screen with 0.2 M KSCN, 15% PEG 4000 (0.1:0.1), diffracted at 
synchrotron and (B) crystals produced from fine screen with sitting drops with 0.2 M KSCN, 13% 
PEG 4000 (1.0:1.0). 
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Figure 4.17 Crystallisation conditions with 4-phenylimidazole. (A) 0.2M Tris pH 7.9, 14% PEG 

6000 (0.1:0.1 L), (B) 0.2M Tris pH 7.9, 7.0% PEG 6000 (0.8:1.2 L), and (C) X-ray diffraction 
pattern of crystals from condition (B) at room temperature. 
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Figure 4.18 IDO1 crystals from the additive screen. Crystals formed with (A) 1.5 mM Phenol, (B) 
1.5% 1,5-diaminopentane dihydrochloride,(C) 5 mM barium chloride, (D) 50 mM ammonium 
sulphate, (E) 2% acetonitrile, (F) 0.25% N-dodecyl-N,N-dimethylamine-N-oxide, (G) 2% 2,2,2-
Trifluoroethanol and (H) 5 mM Taurine as additives. 
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Figure 4.19 Optimised IDO1 crystals from additive screen. Optimised crystals with (A) 10 mM 
phenol, 6% PEG 6000, (B) 20 mM taurine, 7% PEG 6000 (C) 4% acetonitrile, 8% PEG 6000 and 
their respective crystals diffraction pattern. 
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To investigate whether more potent inhibitors improved crystal packing, 1 mM INC-5L was added to a 

protein solution of 40 mg/mL rhIDO1, 10 mM MES pH 6.5, 25 mM NaCl and subjected to 

crystallisation attempts. Red microcrystals were observed from multiple conditions in the screen (not 

shown). However, these conditions contained imidazole concentrations of at least 0.1 M, and during 

manipulation of these crystals they were found to be more robust than would be expected of a protein 

crystal. Crystals were suspected to be haem rather than rhIDO1 crystals. Sitting drops were set up 

manually in reservoir buffers containing 0.2 M Tris-HCl pH 7.9, 5-12% PEG 6000 and protein solution 

containing 40 mg/mL rhIDO1, 10 mM MES pH 6.5, 25 mM NaCl and 1 mM INC-5L. Micro-crystals 

with precipitate appeared within 2 h under conditions containing 9% or greater PEG 6000 (Figure 

4.20A). The concentration of rhIDO1 was reduced to minimise precipitation. However at 

concentrations of rhIDO1 less than 20 mg/mL, an increase in light precipitate with no crystalline 

material was observed. Setting up drops in a hanging drop system in a 24 well plate resulted in the 

formation of larger needles (Figure 4.20B). Rod shaped crystals from hanging drops (reservoir buffer: 

8% PEG 6000, 0.2M Tris pH 7.9, protein:1 mM INC-5L, 10 mM MES pH 6.5, 25 mM NaCl, 40 and 30 

mg/mL rhIDO1, protein reservoir ratio 1:2) typically grew within 10 days with dimensions of up to 

~0.05 x 0.15 mm (Figure 4.20C). These crystals did not diffract at room temperature when exposed 

to X-rays from the Micromax-007HF. An additive screen was performed with the Hampton Research 

Silver Bullets additive screen in a sitting drop format with 35 mg/mL rhIDO1. However, no rhIDO1 

crystals were formed from these screens. Attempts at macro or micro-seeding from crystals grown 

with INC-5L where unsuccessful; precipitate typically formed in areas where the skin of the drop is 

breached. Use of sodium dithionite to explore crystallisation of Fe(II) rhIDO1 was unsuccessful. 

Typically, while the protein was soluble following initial mixing with reservoir buffer and protein 

solution, precipitation occurred overnight at all PEG concentrations. Crystallisation trials with 1 mM 

phenylhydrazine with the reservoir buffer screens from the in house screen were performed. No 

crystals were found, a high proportion of these conditions resulted in precipitation.  
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Figure 4.20 Crystallisation with INC-5L as the inhibitor. (A) In sitting drops, 0.2M Tris pH 7.9, 
9% PEG 6000 1:1, 40 mg/mL IDO1, 1 mM INC-5L, (B) 0.2 M Tris pH 7.9, 8% PEG 6000, 40 mg/mL 
IDO1, hanging drops 1:1, and (C) 0.2 M Tris pH 7.9, 8% PEG 6000, 40 mg/mL IDO1 hanging drops 
1.6:0.8.  

A B C
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4.2.12. Production	of	N15	labelled	rhIDO1		

An alternate approach to obtaining atomic resolution structural data of compound binding is to use 

paramagnetic NMR (Bertini, Luchinat et al. 2005). This requires the production of rhIDO1 with the 

nitrogen labelled with the heavy isotope. Expression trials were performed with EC538-pREP4, 

pQE9-IDO1 to determine conditions in which rhIDO1 can be expressed in minimal medium that 

would allow for 15N labelling of rhIDO1 by 15NH4Cl.  

M9 minimal medium did not support the growth of EC538-pREP4, pQE9-IDO1 when bacteria were 

inoculated directly from a single colony of an LB agar plate. Inoculation of 250 L of EC538-pREP4, 

pQE9-IDO1 from an LB starter culture into 5 mL of M9 minimal medium supplemented with 

carbenicillin resulted in a culture with an OD600 = 0.2. Incubation of the culture on an orbital platform 

rocking at 180 rpm for 3-4 days resulted in the growth of the bacteria to an OD600 = 1.0. For all further 

work with M9 minimal medium, bacteria were inoculated from liquid LB medium, and M9 media was 

supplemented with carbenicillin. To identify the optimal temperature for rhIDO1 expression in minimal 

medium, protein expression was induced in 5 mL cultures of EC538-pREP4, pQE9-IDO1 and 

incubated for 20 h at 18, 28 and 37 °C, rocking at 180 rpm on a rotating platform. Recombinant 

hIDO1 is observed in the soluble fraction of the bacterial lysate at all three temperatures, as 

determined by SDS-PAGE. The greatest amount of rhIDO1 was found in lysates of bacteria that were 

grown at 18 and 28 °C (Figure 4.21A). Cultures were scaled up to 50 mL and the optimal time to 

harvest bacteria was investigated. After induction, bacteria were incubated at 18 and 28 °C rocking at 

180 rpm on a rotating platform, and then harvested after 3, 20 and 44 h. Only weak bands 

corresponding to rhIDO1 were observed in insoluble fractions of the lysate with the exception of 

bacteria lysate from the 3 h incubation. Similar amounts of rhIDO1 are expressed in both 18 and 28 

°C experiments, the largest bands corresponding to rhIDO1 are seen for lysates from the 3 h 

induction (Figure 4.21B). However in further optimisation of incubation time, it was found that a 

similar amount of rhIDO1 is produced pre-induction; protein is produced by “leaky” expression. To 

ensure the nitrogen source was from 15NH4Cl and not from the LB medium, bacteria were given time 

to adapt to growth in minimal medium before harvesting. A culture of EC538-pREP4, pQE9-IDO1 

with an OD600 = 0.6 was incubated at 28 °C shaking at 180 rpm. In 24 h, the OD600 dropped to 0.48. 

By 4 days the OD600 had increased to 1.2. One culture was supplemented with 5-ALA and induced 

with IPTG, while another was supplemented with 5-ALA only for leaky expression. Samples were 

taken at days 4, 5 and 6. SDS-PAGE analysis of gels showed that rhIDO1 was only present at day 4. 

No difference was observed for induced and un-induced samples. 
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Figure 4.21 Expression of rhIDO1 in minimal medium conditions. SDS-PAGE of protein 
harvested from EC538-pREP4, pQE9-IDO1 grown in minimal medium, (A) incubated at 8 h for 18, 
28 or 37 °C, rocking at 230 rpm after induction, and (B) incubated at 18 and 28 °C for 3, 20 or 44 h at 
230 rpm. 
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4.3. Discussion	

The structure of IDO1 can be used to guide the identification and development of active compounds. 

In this chapter, molecular docking with the rhIDO1 crystal structure (PDB: 2D0T) was used to predict 

the binding mode of rhIDO1 inhibitory chemotypes characterised in Chapter 3. Key interactions that 

were common to inhibitory compounds were identified, and based on this a pharmacophore model 

was generated. Interpretation of spectroscopic studies from Chapter 3 and SAR data presented here 

aided in the identification of binding modes. Interestingly, multiple binding modes were observed 

within some chemotypes, the most well studied here was the benzothiazole chemotype. The 

hydrazine containing inhibitors emerged from these studies as a novel and potent inhibitory 

chemotype. Docking/rescoring protocols were evaluated to establish the best combination for 

enrichment of active compounds with IDO1. The preferred protocol was applied to the screening of a 

hydrazine focussed library. Selection of compounds from this screen with strict haem-iron interaction 

criteria resulted in a high hit rate, but missed active compounds with alternate predicted binding 

modes. These studies have identified hydrazine-containing compounds as a novel series of IDO1 

inhibitors, and have evaluated docking protocols that can be used for future virtual screening 

campaigns. 

4.3.1. Predicted	binding	modes	and	rhIDO1	inhibitory	activity		

One of the general observations made from the molecular docking studies was the ability of GOLD to 

generate poses for biochemically inactive compounds with Goldscore fitness scores similar to active 

compounds. For more discriminatory power, predicted binding modes were investigated as a means 

of distinguishing between compounds with and without activity. A pharmacophore model was 

developed from the active compounds of the ZT fragment library and describes the general features 

observed across the majority of the IDO1 inhibitory chemotypes (Figure 4.4.10). The features (i), (ii), 

and (iv) of an IDO1 inhibitor described here, coincide with similar features described from docking 

studies by Röhrig and colleagues who docked 134 known IDO1 inhibitors (Röhrig, Awad et al. 2010). 

The specific moieties that interact with the haem-iron and with other residues of the IDO1 active site 

for the chemotypes: biphenyl, coumarin, salicylic acid, phenoxazine, indan-1-ones, and 

benzothiazole will be discussed.  

Biphenyl 

Only biphenyl compounds with hydroxyl groups were able to inhibit rhIDO1. Docking of inhibitory 

biphenyl compounds predicted the interaction with the haem-iron was mediated via hydroxyl groups 

(Figure 4.4.6). Loss of this group resulted in compounds with no rhIDO1 inhibitory activity. The most 

potent inhibitor from the set of biphenyl compounds assayed was 4,4’-dihydoxybiphenyl (33). The 

second hydroxyl group in the 4’ position of 33 is predicted to interact with Ser235 which is located in 
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the active site entrance. This additional interaction with the rhIDO1 is likely the cause of the 

increased inhibitory activity observed in 33 compared to 4-hydroxybiphenyl (121).  

Salicylic acid 

Salicylic acids and their analogues were weak rhIDO1 inhibitors. Predicted binding is through the 

carboxylic acid group to the haem-iron with the hydroxyl group in the 2-position oriented towards the 

P1 site. Consistent with the docking, rhIDO1 inhibitory activity (Table 4.7) was abolished for 

compounds where the carboxylic acid group is replaced with another group (166, 168). The predicted 

binding mode is conserved for the majority of salicylic acids (Figure 4.4.12). However, for salicylic 

acids with groups in the 3- and 4-position (62, 63) the binding mode is predicted to be flipped by 180° 

along the axis through the 1- and 4- positions, while the carboxylate to haem-iron contact is 

maintained (Figure 4.4.12). The interpretation being that these substitutions sterically interfere with 

the unsubstituted salicylic acid binding mode. In both binding modes the hydroxyl group in the 2-

position does not form any interactions. Salicylic acid analogues with groups in the 3- or 4-positions 

(62, 63) have similar activity compared to salicylic acid (61) indicating the orientation of the 2-

hydroxyl group to either the distal pocket or P1 site does not change the compound’s activity. 

Phenylpyruvic acid (71) is also predicted to bind through an acidic side-chain to the haem-iron. It is 

predicted to make a hydrogen bond contact through its carbonyl group to the backbone amide of 

Ala264, while the phenyl ring fits snugly in the distal pocket. This pocket seems to sterically hinder 

additional substitution around the ring, as supported by the reduced inhibitory activity of 

phenylpyruvic acid analogues 162, 163 which have substituents on this ring and 159-161 which have 

bicyclic rings in this region. The compound 165 has greater inhibitory activity compared to 

phenylpyruvic acid, conceivably due to the greater flexibility in butyric acid allowing better interactions 

with the active site.  

Indan-1-one 

The indan-1-one compounds are predicted to interact with the rhIDO1 haem-iron through the oxygen 

of the carbonyl group (Figure 4.4.3). Substituents that promote this binding mode increase the 

inhibitory activity of indan-1-one compounds. Indan-1-one, with no substituents (143), does not inhibit 

rhIDO1. However 16, which has an additional bromo group in the 5-position, inhibits rhIDO1 activity 

with an IC50 of 500 M. Its predicted binding mode suggests that this bromo group extends into the 

distal pocket, and promotes a binding mode in which the carbonyl group is orientated toward the 

haem-iron. Notably many rhIDO1 inhibitors have improved potency when halogens are added to an 

aromatic group occupying the distal pocket. The aryl ring of 4-aryl triazole based compounds is 

predicted to bind to the distal pocket, and the addition of halogens at its 2-,3- or 5-positions led to a 

2-80 fold increase in potency for rhIDO1 inhibitory activity (Huang, Zheng et al. 2011, Röhrig, 

Majjigapu et al. 2012). Similarly a 2-fold increase in potency was observed in keto-indole analogues 
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when halogens were added in positions that were predicted to bind in the distal pocket (Dolušić, 

Larrieu et al. 2011).  

The most potent indan-1-one analogues found in these screens were indandione compounds. Both 

1,2- and 1,3-indandione (17, 144) displayed increased rhIDO1 inhibitory activity compared to 143 

(Table 4.5A). The most potent indan-1-one analogue for rhIDO1 inhibitory activity was 2,2-

dihydroxyindan-1,3-dione (18), also known as ninhydrin. This compound is known to react with free 

amines in amino acids (Spencer, Brody et al. 1964). One mechanism for 2,2’-dihydroxyindan-1,3-

diones rhIDO1 inhibitory activity could be for them to directly react with amino acids in the active site 

in a non-specific manner. Nevertheless, other indan-1-one and indandione compounds that are less 

reactive have rhIDO1 inhibitory activity. This suggests that the inhibitory activity of indan-1-one 

compounds can act through mechanisms independent of covalent modification. Additionally, the 

reactivity of 18 may explain why the low activity of this compound after prolonged storage. For indan-

1,3-dione analogues, cyclic substituents in the 2-position are tolerated. Indandione compounds with 

morpholine (156) and benzamide (158) rings in the 2-position retain rhIDO1 inhibitory activity. 

Curiously, a hydroxyphenol group in the 2-position (157) led to a complete loss of inhibitory activity at 

100 M. Based on the predicted binding mode of other indan-1-ones (Figure 4.4.3), these rings likely 

extend into the P1 site. Further studies of indan-1,3-dione compounds should focus on extending 

groups in the 2-position to form interactions with the entrance of the active site, as indan-1-one 

compounds already occupy most of the distal pocket. In contrast, indan-1,2-dione compounds do not 

tolerate cyclic substituents in the 3-position, as no inhibitory activity is observed from fragments 150-

154 at 100 M. The predicted binding mode of indan-1-one compounds suggests that large groups in 

this position may clash with the flexible loop region of the active site. For indandione compounds, the 

additional carbonyl group is not predicted to directly interact with the active site, how this additional 

group improves potency remains unclear. Hydroxyl substituents in the 2- position of indan-1-one 

compounds are predicted to make additional interactions with the 7-propionate, which would be 

favourable for binding. Interactions with the 7-propionate as a favourable interaction site are 

supported by the ability of the CHES buffer molecule to bind to it in the crystal structure (Sugimoto, 

Oda et al. 2006).  

Coumarin  

The most potent coumarin analogue identified was 30. For the predicted binding mode of 30, contact 

with the haem-iron is made through its carbonyl group, while the 7-hydroxyl group interacts with 7-

propionate of the haem, and the acetic acid group is directed to the distal pocket where it is unable to 

make interactions in the mostly hydrophobic cavity. Compound 139 is predicted to make the same 

interactions as 30, but has a methyl group extending into the distal pocket instead of an acetic acid 

group. This compound would be expected to have similar or perhaps even greater rhIDO1 inhibitory 
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activity compared to 30. Enzyme inhibition assays, showed that 139 had reduced inhibitory activity 

compared to 30. This suggests that the acetic acid moiety does interact favourably with residues in 

IDO1, as an interaction via this group was not observed among the top three predicted binding 

modes generated by docking the correct binding mode of coumarin compounds is likely still to be 

identified. A coumarin-containing compound has been described in the literature as a weak rhIDO1 

inhibitor (Cebrian-Torrejon, Assad Kahn et al. 2012). The binding mode predicted for this compound 

is similar to the pose adopted by 28 (not shown). In this binding mode, the carbonyl group of 

coumarin interacts with the haem-iron, and one of the hydroxyl groups interacts with the thiol of 

Cys129. However, fragment 28 does not inhibit rhIDO1 at the concentrations tested here.  

Phenoxazine 

Docking of phenoxazine did not retrieve any poses that conformed to any of the four features 

described in the pharmacophore and was deemed unsuccessful. Phenoxazine was a moderate 

inhibitor of rhIDO1 with an IC50 of 9 M. More potent phenoxazine analogues have been described in 

the literature; however, no binding mode has been suggested (Pasceri, Siegel et al. 2013). 

Benzothiazole 

Benzothiazole compounds have been described as IDO1 inhibitors (Röhrig, Awad et al. 2010). This 

chemotype was further investigated in this chapter as spectroscopic studies in Chapter 3 along with 

the docking studies here suggest two different binding modes for the same scaffold. Of the 

benzothiazole analogues in Table 4.2A, the only compounds that inhibit rhIDO1 more than the 

unsubstituted 93 (IC50: 360 M), are 2-hydrazinobenzothiazole (1) (IC50: 8 M) and 2-

mercaptobenzothiazole (101) (IC50: 48 M). The pose with the highest score for 93 predicts binding 

via an interaction between the nitrogen of the thiazole ring to the haem-iron (Figure 4.5). 2-

Hydrazinobenzothiazole (1) and many of its analogues were predicted to interact with the haem-iron 

via the hydrazine (Figure 4.5), and 2-mercaptbenzothiazole (101) was predicted to interact through 

its thione moiety. This is consistent with an interpretation of the spectroscopic differences in that the 

three different compounds interact with the haem-iron through their different moieties.  

The predicted binding mode of 93 indicates the potential for steric hindrance between the substituent 

in the ligand’s 2-position and the haem 7-propionate. This could explain the loss of inhibitory activity 

observed for the majority of benzothiazoles tested with substituents in the 2-position, and includes 2-

amino (98), 2-hydroxyl (6), 2-thiohydroxylamine (102), and 2-thioacetic acid (103) substituted 

benzothiazoles (Table 4.2A). In one case, an additional halogen substitution on the benzyl ring in the 

distal pocket could recover inhibitory activity. At 1 mM 2-methylbenzothiazole (94) has a rhIDO1 

inhibitory activity of 12%, while the 5-fluoro analogue (95) inhibits rhIDO1 activity by 40%. An 

explanation for the improved activity of 1 and 101 may be that the binding of these compounds via 
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electron donating groups in the 2-position to the haem-iron may mediate a stronger interaction 

compared to 93 via the thiazole ring. In the top-scoring poses of the 2-amino substituted 

benzothiazoles (2–5), the amine group is orientated towards the haem-iron, it is not clear if this is a 

native-like pose, but clearly it is less productive than a simple benzothiazole (93). 

To further investigate the pose exemplified by 1, 2-hydrazinobenzothiazole analogues were assessed 

for rhIDO1 inhibitory activity. It was found that the greatest inhibitory activity was displayed by the 

halogen substituted compounds 105-107; 5-Chloro-2-hydrazinobenzothiazole (105) was found to be 

a more potent rhIDO1 inhibitor compared to 1 (IC50 of 1.5 M vs 8 M). Other types of substituents 

on the benzyl ring decreased inhibitory activity, likely due to steric constraints imposed by the distal 

pocket. Compound 108 has reduced rhIDO1 inhibitory activity compared to 105-107. The alternate 

binding mode predicted for 108 indicated that steric interference from the methyl group hindered 

binding in an orientation similar to the other 2-hydrazinobenzothiazole analogues, and occupation of 

the distal pocket. This was also observed with compound 109, where a larger, more polar substitution 

on the benzyl ring rendered the compound inactive, and also had a predicted binding pose that did 

not satisfy the occupation of the distal pocket by the aromatic core. 2-Hydrazinobenzothiazole 

analogues with modifications to the hydrazine also had reduced inhibitory activity (110-113), and their 

predicted binding modes suggested that this was due to the disruption of the hydrazine to haem-iron 

interaction. The predicted binding mode for hydrazones (110, 111) has the benzothiazole in the same 

position as 1, however as the terminal nitrogen is now linked to another group only the internal 

nitrogen can interact with the haem-iron. The reduced inhibitory activity for these compounds could 

also be due to clashes with the 7-propionate resulting in poor binding. In compounds 112 and 113 

where a group is attached to the hydrazine’s internal nitrogen, no rhIDO1 inhibition was observed. 

The steric interference from a group attached to the internal nitrogen likely leads to the disruption of 

the hydrazine to haem-iron interaction.  

Phenylhydrazine  

Phenylhydrazine was over twenty five-fold more potent than 2-hydrazinobenzothiazole (1); 

demonstrating that the thiazole ring was unimportant for rhIDO1 inhibition, and that the sulphur and 

nitrogen atoms do not appear to interact with the enzyme, consistent with the binding mode of 1. The 

top-scoring binding mode for phenylhydrazine, also predicts a hydrazine to haem-iron interaction, 

with the phenyl ring filling the distal pocket, although not to the same extent as 2-

hydrazinobenzothiazole (1). Phenylhydrazine interacts with both Fe(III) and Fe(II) rhIDO1, and the 

spectroscopic data indicated a direct interaction with the haem-iron. It also caused a time dependent 

change in the Fe(III) absorbance spectrum. As phenylhydrazine inhibits rhIDO1 and induces similar 

changes in the absorbance spectra compared to 2-hydrazinobenzothiazole, the binding mode of 

these two compounds are likely similar.  
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With 10 M phenylhydrazine, a gradual decrease in the amplitude of the Soret absorbance of Fe(III) 

rhIDO1 is observed over the first 8 min, and a minor change in the absorbance maximum is observed 

from 404 nm to 406 nm. Interestingly, at a higher concentration of phenylhydrazine (30 M) not only 

is the decrease in Soret absorbance more rapid, but there is also a larger shift in the absorbance 

maximum from 404 nm to 428 nm. Also at an early time point (2 min), an absorbance spectrum with 

a bimodal Soret peak, at 411 nm and 427 nm is observed, indicating that two populations of 

phenylhydrazine-bound rhIDO1 exist. This suggests that the binding mode of phenylhydrazine at 10 

M or less is different from the binding mode at higher concentrations 

The binding of phenylhydrazine to other haem proteins, including haemoglobin, myoglobin, catalase 

and cytochrome P-450, was reported previously (Augusto, Kunze et al. 1982, Jonen, Werringloer et 

al. 1982, Ortiz De Montellano and Kerr 1983, Ringe, Petsko et al. 1984, Ortiz De Montellano and Kerr 

1985). A similar pattern of change in Fe(III) rhIDO1 absorbance spectrum is reported in haemoglobin 

with the binding of phenylhydrazine. A decrease in the haem absorbance at ~400 nm is observed 

over time (Augusto, Kunze et al. 1982). The ability of haemoglobin to bind oxygen was also found to 

decrease over time (Augusto, Kunze et al. 1982), suggesting slow binding which was observed for 

the hydrazines examined here. The inhibition of haemoglobin with phenylhydrazine followed a 

bimodal pattern which indicates an initial binding followed by a different mode of binding, and was 

only observed when phenylhydrazine exceeded haemoglobin concentrations by 6-fold. A similar 

binding pattern was observed with phenylhydrazine with rhIDO1; two phenylhydrazine species were 

found to bind rhIDO1 in spectroscopic studies at 2 min with 30 M of phenylhydrazine, but not with 

lower concentrations. Crystallographic studies with phenylhydrazine-bound myoglobin have identified 

this second binding mode that is observed at high concentrations of phenylhydrazine as a benzyl 

radical that ligates directly with the haem-iron. The formation of this benzyl radical requires the 

presence of haem and oxygen (Ringe, Petsko et al. 1984). Benzyl radical formation is likely to 

contribute to the IDO1 inhibitory activity. However, ortho substituted phenylhydrazine compounds 

have been reported to be unable to form this benzyl radical-haem complex (Augusto, Kunze et al. 

1982). The ortho substituted phenylhydrazine compounds with inhibitory activity investigated in this 

chapter (181, 184, 187, 189) were all found to be 2-7 fold less potent compared to phenylhydrazine 

(179), with IC50 values of around 2 M. This suggests that the radical formation of phenylhydrazine 

compounds is not essential for rhIDO1 inhibitory activity, although compounds that do form radicals 

are more potent. Although the viability of cells treated with phenylhydrazine up to 1 mM does not 

decrease, a compound which binds to multiple haem proteins would nevertheless to be expected to 

produce off-target effects. Despite concerns of reactivity and off target effects, hydrazine-containing 

compounds, e.g. the monoamine oxidase inhibitor phenelzine, are in use in the clinic (Fiedorowicz 

and Swartz 2004). Recently, phenelzine has also been reported as an inhibitor of IDO1 (Röhrig, 

Majjigapu et al. 2014). 
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4.3.2. Different	predicted	binding	modes	within	a	chemotype	

The binding of benzothiazole containing compounds through the thiazole sulphur has previously 

been predicted for compounds including 2-mercaptobenzothiazole (Röhrig, Awad et al. 2010). This 

binding mode is similar to the pose described for 93 in these studies, except that the sulphur and not 

the nitrogen was predicted to make this interaction due to steric hindrance from substituents in the 2-

position. Docking in this chapter has predicted a binding mode mediated via the thione group in the 

2-position for 2-mercaptobenzothiazole (101). The differences in the prediction of 2-

mercaptobenzothiazole binding modes are likely due to the use of different docking software. Röhrig 

and colleagues used EADock, whereas GOLD docking was used in these studies. Recently Serra 

and colleagues also docked 101 using GOLD and reported a binding mode similar to the one 

reported in this chapter (Serra, Moineaux et al. 2014). Additionally a different approach was taken for 

the selection of the correct binding mode. Here the pose with the highest fitness score is presented 

as the preferred binding orientation, whereas in studies by Röhrig and colleagues, the binding mode 

that is consistent with other compounds in its class was selected as the correct binding mode 

(Röhrig, Awad et al. 2010). There are limitations to both methods of predicting the most likely binding 

mode. In general, compounds within a chemotype would be expected to bind in a similar orientation, 

however benzothiazole (93) and 2-hydrazinobenzothiazole (1) are clear examples where this is not 

the case. Perhaps because fragments are small, weakly-binding compounds, changes in the binding 

mode can be expected to occur more frequently with changes in substituents. Benzothiazole 

fragments have been shown in other enzymes to adopt different binding modes with different 

analogues. Crystallisation of benzimidazole/benzothiazole analogues in the pteridine reductase-1 

enzyme showed three different binding modes for three separate analogues (Mpamhanga, Spinks et 

al. 2009). Alternatively, both binding modes could be correct for compound 101. There is precedent 

for a single fragment adopting multiple binding modes within a single target protein. An NMR study of 

the fragment 5-hydroxyisoquinoline, has shown that it adopts two distinct binding modes when 

binding to mitogen-activated protein kinase-activated protein kinase 2 (MK2) and that development of 

more potent analogues of these compounds results in new compounds that bind in only one of these 

modes (Constantine, Mueller et al. 2008). Therefore, like 5-hydroxyisoquinoline, the benothiazoles 

could represent functionally different chemotypes with some compounds having the ability to bind in 

both binding orientations.  

For the chemotypes biphenyl, coumarin and indole, different binding modes were observed within the 

top-scoring pose for compounds of the same chemical scaffold. An interpretation is that for these 

chemotypes, the contribution of interactions through hydrogen bonding substituents outweighs the 

contribution from the core scaffold. The predicted binding mode of the inhibitory fragments from the 

biphenyl chemotype was among the most varied. The binding mode of these compounds was 

observed to be driven mainly by interactions with the haem-iron. A hydroxyl to haem-iron interaction 
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was consistently predicted between inhibitory biphenyl fragments, while the orientation of the 

biphenyl core appeared to be positioned to accommodate hydrogen bond interactions. As a result 

these inhibitors make a range of interactions with the active site including interactions with glycine 

262 (31), 7-propionate (32) and Ser235 (33). This may also be reflected in the DSF assays for this 

chemotype; in Chapter 3 compounds of the biphenyl chemotype were found to induce different 

patterns of changes in the rhIDO1 melting curve. Like the benzothiazole containing compounds, 

multiple binding modes may be possible for these scaffolds. 

Predicted binding modes associated with activity 

Within other chemotypes, the top-scoring pose for inhibitory fragments was found to be more 

consistent. For the phenol chemotype, all fragments that changed the rhIDO1 melting curve in DSF 

assays were predicted to adopt one of two binding modes either: (i) making a hydroxyl to haem-iron 

interaction, while a second hydroxyl group interacts with the 7-propionate, e.g. 38; or (ii) making a 

hydroxyl to haem-iron interaction while the phenyl ring resides in the distal pocket, e.g. 36. It was 

observed that all inhibitory phenol compounds had a binding mode similar to that of 38, which 

suggests that the predicted binding mode can be used to discriminate between rhIDO1 inhibitory and 

non-inhibitory phenols. In this binding mode, the interaction with the 7-propionate likely contributes to 

the inhibitory activity of phenol compounds. However, not all compounds that were predicted to bind 

in an orientation resembling 38 had inhibitory activity. Therefore, other parameters must be used to 

distinguish between active and inactive compounds. All naphthalene and quinoline compounds 

tested from the fragment library had inhibitory activity, and were consistently predicted to bind in one 

of two orientations. For chemotypes where there is a consistent binding mode and where the 

substituents that mediate rhIDO1 inhibitory activity are identified, binding descriptors can be 

generated based on these interactions. These descriptors can be used in the virtual screening of 

compound libraries consisting of these chemotypes to aid the identification of rhIDO1 inhibitory 

compounds. Only a small number of compounds from each chemotype were assessed in this chapter 

for inhibitory activity. With more inhibitory activity data more complex models can be made for virtual 

screens of compounds. One study used the IC50 of 1612 kinase inhibitors to build a quantitative 

structure activity relationship model from the common interactions made by these compounds, and 

used this model for the selection of compounds in virtual screens. Twenty descriptors were 

generated for this model, and the use of this model was found to greatly improve the ability of virtual 

methods for predicting the IC50 of kinase inhibitors (Martin and Sullivan 2008). 
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4.3.3. Screening	for	IDO1	inhibitors	using	docking	

No correlation was found between Goldscore fitness scores and the inhibitory activity of fragments 

from the ZT library, although it performed well in predicting the native binding mode of 4-PI to IDO1. 

Based on this, using fitness scores from Goldscore alone to predict for rhIDO1 inhibitory compounds 

may miss novel inhibitors. However, within certain chemotypes the utility of Goldscore fitness to 

identify more potent rhIDO1 inhibitors was observed. This seemed to be the case for 2-

hydrazinobenzothiazole compared to 2-aminobenzothiazole. The fragment 2-hydrazinobenzothiazole 

(1) was the most potent and had the highest fitness score of the fragments from the ZT library 

belonging to the benzothiazole chemotype. For the two benzoxazole fragments, the active fragment 

11 was found to have the higher fitness. Among the naphthalene fragments, 22 and 23 are the 

weakest inhibitors of the six, and also have the lowest fitness score. For the naphthalene fragments 

however, the mean fitness score was not higher than that of the decoy set. Goldscore fitness may 

therefore be useful for ranking inhibitors within some classes, but not in distinguishing between active 

and inactive compounds in a diverse data set. 

Predicted binding modes and their fitness scores can be useful for enriching compound libraries for 

rhIDO1 inhibitory compounds. Studies by Dolušić and colleagues used a two-step process in their 

virtual screens for enrichment of IDO1 inhibitors. Goldscore docking was used to sample the binding 

of compounds, while a second set of scoring functions was used to fine tune their screens (Dolušić, 

Larrieu et al. 2011). The evaluation of the scoring functions in this chapter showed that scoring with 

Goldscore alone gives a poor enrichment for rhIDO1 inhibitory compounds, and that reanalysis of 

poses with another scoring function was found to improve enrichment. The scoring functions 

evaluated in this chapter were: ASP, Chemscore, ChemPLP and Goldscore. For binding mode 

sampling by any of the four scoring functions, Chemscore rescoring most consistently had one of the 

highest enrichment scores for active fragments in the library at the 5, 10 and 30% cut-off levels 

tested. However, Chemscore sampling was not able to consistently predict the native pose of 4-PI, 

unlike Goldscore (Figure 4.2), yet was able to identify the most native-like pose from a sample of 3 

generated by Goldscore sampling. In a study by Verdonk and colleagues who compared these same 

scoring functions in docking and rescoring experiments with different protein targets, Goldscore 

sampling followed by Chemscore rescoring was also found to be the best combination for the 

prediction of the native binding poses (Verdonk, Giangreco et al. 2011). In another study, Chemscore 

fitness scores were also reported to enrich for inhibitory compounds with other proteins 

independently of predicting the native binding modes (Liebeschuetz, Cole et al. 2012). This may also 

be the case for IDO1, as enrichment by Chemscore rescoring was not affected by the ligand flexibility 

settings to the same extent as some of the other scoring functions, and was able to rank a number of 

rhIDO1 inhibitory compounds in the top of the rank ordered library. In these studies naphthalene 

compounds were consistently enriched by Chemscore rescoring, independently of the scoring 
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function used to sample poses. The preferential enrichment for the naphthalene chemotype by 

Chemscore may stem from the fact that this chemotype is over represented in our test set. Of the 

fourteen compounds in the fragment library with greater than 50% inhibitory activity at 1 mM, five 

were naphthalene analogues. Incorporation of more diverse IDO1 inhibitors into the test set would 

allow for a more fair evaluation of the scoring functions. These five naphthalenes had greater 

inhibitory activity against rhIDO1 at 1 mM than the benzoxazole and phenol compounds that were 

ranked lower by Chemscore, and this may also contribute to them having a higher fitness score.  

Comparison of components that make up Goldscore and Chemscore showed that in both cases it 

was the fitness determined by the hydrophobic interaction component that contributed the most to 

discrimination between active and inactive compounds (Figure 4.10). This may be because the IDO1 

active site is largely hydrophobic. In both Goldscore/Goldscore and Goldscore/Chemscore docking 

however, the scores from hydrogen bonding were poorly predictive for active compounds. This 

reflects the fact that the hydrogen bond contacts are not a prominent feature in the IDO1 active site.  

Other specialised scoring functions are available for calculating the free binding energies, such as 

the molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) and the related molecular 

mechanics/generalized born surface area (MM-GB/SA), both take implicit solvation into account 

when calculating free energies. MM-PBSA has been demonstrated to improve the ability of the 

docking to predict for active compounds from a data set (Thompson, Humblet et al. 2008), while MM-

GB/SA as a scoring function was found to have good correlation to compound potencies (Guimaraes 

and Cardozo 2008). Scoring functions outside of the ones that are provided by the GOLD suite may 

further improve enrichment protocols for IDO1 inhibitors.  

Goldscore sampling followed by Chemscore rescoring was used in a molecular docking virtual 

screening campaign to discover new phenylhydrazine containing compounds with IDO1 inhibitory 

activity. Two additional selection criteria were imposed to improve the identification of IDO1 inhibitory 

compounds. Based on the absorbance spectra data that showed rhIDO1 inhibitors interact with the 

haem-iron, a general hydrogen bond acceptor to haem-iron contact descriptor was developed, along 

with a more restrictive hydrazine to haem-iron interaction descriptor. When the hydrazine to haem 

iron selection criterion was used, nine of the ten compounds selected and tested (180-189) had an 

IC50 value for rhIDO1 inhibition of less than 5 M. In contrast, when compounds were selected and 

tested that made the haem-iron contact with hydrogen bond acceptors other than hydrazine (190-

195), a lower proportion (one of six) of compounds was found to have strong rhIDO1 inhibitory 

activity. Compound 190 was identified by the more relaxed haem-iron contact descriptor. The pose 

with the highest Chemscore fitness value did not involve a hydrazine to haem-iron interaction, but 

retrieved an IC50 of 2.4 M against rhIDO1. Interactions with the haem-iron were predicted to be 

mediated by a sulphonyl group. Additionally, interactions with Ser167, Ala264 and 7-propionate were 
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predicted. A binding pose that had a lower fitness value did predict for a hydrazine to haem-iron 

interaction. This indicates that either (i) the pose with the highest fitness score is not the correct 

binding mode or (ii) a sulphonyl to haem-iron interaction mediates rhIDO1 inhibition for 190. A series 

of sulphonylhydrazine compounds has recently been reported by Cheng and colleagues. which 

supports binding through the sulphonyl group (Cheng, Hung et al. 2014). It is interesting to consider 

the outcomes of these two situations in ligand discovery by molecular docking, for (i), rhIDO1 

inhibitory compounds could be missed if only the top-scoring poses were taken into account (in these 

studies the top three scoring poses were considered); (ii) implies that inhibitors with alternate binding 

modes would be missed if the more stringent hydrazine to haem-iron descriptor was applied as a 

selection criterion. Therefore, taking into consideration multiple poses for each compound and using 

less strict 3D binding selection criteria will ensure fewer inhibitory compounds are missed when 

performing virtual screens. However, it is also likely to increase the number of false positives due to 

the use of less stringent screening criteria. This is seen in the hit rates of 90% and 17% for the strict 

hydrazine and relaxed haem-iron contact descriptor respectively.  

4.3.4. Limitations	of	docking	to	2D0T	

Using the structural information provided by 2D0T, binding poses have been predicted for a number 

of inhibitory chemotypes discovered from the ZT fragment library. Descriptors were generated from 

these binding modes to enhance identification of inhibitors from these chemotypes in a virtual screen. 

The binding poses predicted for coumarin and phenoxazine were not consistent with the inhibitory 

activity of these compounds. The prediction of likely non-native binding modes could be due to 

docking to the wrong enzyme state which could range from a difference in oxidation state to the 

presence of ligands such as oxygen, presence of water molecules, or enzyme conformational 

flexibility. Brenk and colleagues found that incorrect docking of compounds can be caused by a lack 

of water molecules present during the docking calculation (Brenk, Vetter et al. 2006). Water 

molecules can interact with hydrogen bonding groups and facilitate interactions of polar groups of a 

compound with the active site. Most docking studies remove all waters prior to the calculation. There 

are also limitations to using only one crystal structure (2D0T) for docking a diverse set of compounds 

to the active site, in that conformational flexibility of the IDO1 protein is not accounted for. One study 

found a 20% decrease in native pose identification on average, when compounds were docked in a 

crystal structure that had a different ligand bound (cross docking) (Verdonk, Giangreco et al. 2011). 

Differences in the crystal structure of 2D0T and 2D0U suggest flexibility within the active site, 

particularly in the loop consisting of residues 250-267. This loop was reported to undergo a 1.3-6.5 Å 

displacement, which would change the ligand accessibility of the active site (Sugimoto, Oda et al. 

2006, Sugimoto, Oda et al. 2007). Docking of known IDO1 inhibitors by Rohrig and colleagues, found 

that over 25% of compounds would not fit into the active site. Changes in the size of the IDO1 distal 

pocket, due to the movement of the flexible loop, provide one explanation as to how larger inhibitors 
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may be accommodated (Röhrig, Awad et al. 2010). Changes in the active site cavity in response to 

ligand binding are well documented in other enzymes, e.g. in the haem-protein cytochrome P450 

3A4, the active site volume changes from 950 Å3 to 1650 Å3 when binding the ligands ketoconazole 

and erythromycin respectively (Ekroos and Sjögren 2006).The 2D0T crystal structure only represents 

the Fe(III), ligand-bound conformation of IDO1. Many of the compounds identified from the fragment 

screen were found to interact with only the Fe(II) form of rhIDO1. The Fe(II) form of rhIDO1 likely has 

a different active site conformation, as suggested by the differences in rhIDO1 DSF melting curves 

between Fe(III) and Fe(II) rhIDO1. Additionally the Fe(III) and Fe(II) melting curves behaved 

differently in the presence of binding molecules e.g. CHES, which appeared to increase thermal 

stability of Fe(II) rhIDO1, but decreased thermal stability in the Fe(III) form.  

 

4.3.5. Crystallography	of	rhIDO1	

Molecular docking predicts the binding mode of a compound. To obtain definitive proof of the binding 

mode, high resolution structural data is required, and this can be obtained through X-ray 

crystallography. To obtain structural information of ligand binding, production of rhIDO1 crystals 

under different conditions was attempted. Moreover, different crystallisation conditions could 

potentially provide additional information on the flexibility of the IDO1 active site. The published 

conditions that were used to produce the IDO1 crystal structure 2D0T were with 40 mg/mL rhIDO1 in 

10 mM MES pH 6.5, 25 mM NaCl with 1 mM 4-PI for the protein solution and 10% PEG 8000, 200 

mM ammonium acetate, 100 mM CHES, pH 9.0 for the reservoir solution (Sugimoto, Oda et al. 

2006). Crystallisation conditions were trialled under conditions differing in pH, buffer molecules and 

ligands. As differences in the DSF melting curve of rhIDO1 with pH 8.0 Tris buffer and pH 9.0 CHES 

buffer were observed, crystallisation of rhIDO1 in Tris pH 7.9 was pursued (Figure 4.17). Large 

crystals were grown from the optimisation of these conditions. However, crystals were found to be 

disordered resulting in a low resolution and a smeary diffraction pattern (Figure 4.17C). In the 2D0T 

crystal structure of IDO1, two CHES buffer molecules co-crystallise with rhIDO1; these interact with 

7-propionate, Gly261 and Gly262 of the flexible loop (Sugimoto, Oda et al. 2006). Interactions with 

CHES likely minimised the movement of the flexible loop, which would have led to improved crystal 

packing and better resolution. A number of conditions from the Hampton Research Additive Screen 

induced more rapid and overall better quality rhIDO1 crystal formation. Many of these conditions 

resulted in crystals with a different morphology and sharper edges, which indicated different packing 

of the rhIDO1 crystals. Improved crystals were formed with the phenol, acetonitrile, 1,5-

diaminopentane dihydrochloride and taurine additive. Phenol analogues were described as IDO1 

binders and inhibitors in Chapter 3. Docking and spectroscopic studies have predicted that these 

interact with the haem-iron of rhIDO1. However the binding of phenols overlapped with the binding of 
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4-PI, so it is unlikely that both compounds can bind rhIDO1 simultaneously in the binding modes 

predicted. Therefore, the change in morphology and the sharper edges in the crystals observed for 

phenol additives represent either displacement of 4-PI or the binding of phenol to another region of 

the active site. It would be interesting to see if an additive ∆Tm1 is observed in DSF with the 

combination of phenol and 4-PI, and whether docking would predict an alternative binding site for 

phenol binding if 4-PI was left in the active site. The small molecule taurine has the same structure as 

the CHES buffer molecule, less a hexane ring. Therefore, taurine is expected to make interactions 

with the active site, similar to those made by the CHES molecules in the crystal structure of 2D0T. 

Optimisation of the crystals in conditions containing phenol, taurine or acetonitrile resulted in crystals 

that had a sharper appearance. Accordingly, the diffraction pattern of these crystals was less smeary, 

however no improvements in the resolution of the diffraction pattern were observed.  

In general, more potent inhibitors of rhIDO1 would be expected to better stabilise the enzyme, and 

thus be better candidates for co-crystallisation. Compounds that bind to the Fe(III) form of rhIDO1 are 

preferable for co-crystallisation. Crystallisation of the Fe(II) form of rhIDO1 is challenging as rhIDO1 

auto-oxidises to its Fe(III) form in the presence of oxygen. The hydroxyamidines are currently the 

most advanced IDO1 inhibitor series with inhibitory activity in the nanomolar range and have 

previously been reported to be a competitive Fe(II) binding inhibitor (Yue, Douty et al. 2009). In our 

spectroscopic studies however, the hydroxyamidine, INC-5L, clearly bound to both Fe(III) and Fe(II) 

forms of rhIDO1, and the changes in the absorbance spectra do not match that of other competitive 

inhibitors (Cady and Sono 1991). Therefore, INC-5L was a good candidate for co-crystallisation. 

Phenylhydrazine, a potent rhIDO1 inhibitor described in this chapter also bound Fe(III) rhIDO1 and 

was another candidate for co-crystallisation.  

Protein crystals are more likely to grow in conditions which increase the protein’s thermal stability 

(Ericsson, Hallberg et al. 2006). Therefore, the ability of phenylhydrazine, INC-5L, and 4-PI to 

stabilise the rhIDO1 enzyme in different pH buffers was investigated. It was observed that INC-5L 

induced the greatest Tm1 in the rhIDO1 enzyme in Tris buffer; as a larger and more potent 

compound this was to be expected. Phenylhydrazine, even though more potent than 4-PI, had little 

effect on ∆Tm1 of rhIDO1 in either Tris or CHES buffer. As phenylhydrazine is predicted to ligate with 

the haem-iron, but forms no other interactions with the active site, the overall thermal stability of IDO1 

may not be affected by this binding. 4-PI is the only compound that synergises with CHES to induce 

a greater ∆Tm1, and this stabilising effect is greater than that of 4-PI in Tris. With CHES at pH 8.2 and 

vehicle control, a large destabilisation compared to Tris at a similar pH was observed for Tm1. The 

rhIDO1 enzyme is destabilised and the amplitude of the transition is reduced in the CHES buffer. 

INC-5L does not synergise with CHES; instead there appears to be an additive effect, where CHES 

at pH 8.2 causes a decrease in ∆Tm1 of a magnitude of 5 °C while INC-5L causes an increase in ∆Tm1 

of 6 °C compared to vehicle control in Tris buffer. The combination of CHES pH 8.2 and INC-5L 
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resulted in an overall 1 °C stabilisation. With CHES pH 9.0 there is a high initial fluorescence and no 

transition for rhIDO1 which suggests that the enzyme is unfolded. However, INC-5L partially restored 

the transition of the melting curve, with a reduced ∆Tm1 compared to reference. Phenylhydrazine does 

not synergise with CHES pH 8.2, nor is the effect additive. Instead, with CHES pH8.2 and 

phenylhydrazine rhIDO1 appears insensitive to ∆Tm1, at pH 9.0 and there is a small decrease in ∆Tm1. 

Although this may be due to pH rather than the CHES molecule, suggesting that binding of 

phenylhydrazine antagonises CHES binding. As phenylhydrazine is not predicted to occupy the same 

region as CHES this could indicate a conformational change in rhIDO1 in response to 

phenylhydrazine binding that differs from the conformation adopted upon 4-PI binding. Therefore the 

binding of these three inhibitors likely induces different conformations in the rhIDO1 protein.  

In this study, DSF has been used to measure thermal stability. The bimodal nature of the rhIDO1 

DSF curve complicates quantification. For example, changes in pH (Figure 3.5) or binding of either 4-

PI or INC-5L can result in a melting curve with a single transition. Tm1 has been assigned to the 

midpoint of this transition as it is the first transition, leading to the interpretation of a stabilisation of 

Tm1. However, the observed Tm1 is now likely composed of a mixture of the first and second 

transitions. Although DSF is a useful tool for identifying potential IDO1 interacting compounds, it is 

not the ideal tool to quantitate such an interaction. Furthermore, a direct measure of binding would be 

more relevant than thermal stability. For quantification of how well a compound binds to IDO1, 

alternate methods such as isothermal calorimetry should be considered. 

Attempts to produce rhIDO1 crystals with INC-5L resulted in crystals with different morphology. 

Needle clusters were optimised into rods, however these rods did not diffract. Although these crystals 

are long, the thickness of these crystals is less than that of previous rhIDO1 crystals leading to a 

weaker diffraction pattern. General disorder could also contribute to the lack of a diffraction pattern. 

Investigation of other additives to further stabilise rhIDO1 in combination with INC-5L may improve 

these crystals.  

NMR is a complementary approach to X-ray crystallography for obtaining high resolution structural 

data, and can be used for proteins that are difficult to crystallise (Snyder, Chen et al. 2005). To label 

proteins for NMR, initial expression trials for producing rhIDO1 in minimal media were performed. In 

minimal media, where nutrients are limited, the production of rhIDO1 resulting in further depletion of 

tryptophan may limit bacterial protein synthesis. High temperatures which increase the metabolic rate 

of bacteria, and long incubations in minimal media led to a decrease in the amount of rhIDO1 

produced. Expression of rhIDO1 was observed in uninduced conditions, indicating expression was 

leaky in minimal media. As rhIDO1 protein does not noticeably increase following induction, rhIDO1 

present in these cultures could have been produced from leaky expression. Further optimisation will 

be required to produce rhIDO1 in minimal media.  
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4.3.6. Summary	

Interactions which are required for inhibitory activity, and which improve the potency of the 

compounds have been identified by analysis of SAR data in association with the predicted binding 

poses of novel IDO1 inhibitory chemotypes. The most potent IDO1 inhibitors discovered were the 

hydrazine-containing compounds. A hydrazine to haem-iron interaction appears crucial to the 

inhibitory activity of these compounds. In virtual screening experiments with phenylhydrazine 

analogues, compounds that are predicted to form this interaction were also found to be the most 

potent in enzymatic assays. This highlights how knowledge of the 3D binding mode of a compound or 

series, can be used to accelerate drug discovery efforts. Moreover, using molecular docking along 

with rescoring protocols is useful for screening. However, not all scoring functions are equally useful. 

Evaluation of Goldscore, ChemPLP, Chemscore and ASP for docking and rescoring demonstrated 

that the Goldscore/Chemscore was the best combination for enriching for rhIDO1 inhibitors according 

to all measurements of enrichment examined, while the Goldscore/Goldscore combination was found 

to be no better than unsorted. Where possible, evaluation of scoring functions should be performed 

before embarking on a virtual screening campaign to ensure that results are meaningful. 

The top-scoring pose predicted by docking for some of the chemotypes was inconsistent with 

structure activity and spectroscopic data. Incomplete understanding of IDO1 active site 

conformational flexibility likely contributes to this. Studies to assess the different conformations of 

IDO1 under different pH and ligand binding conditions are still ongoing. Results from DSF suggest a 

difference in the rhIDO1 structure under these differing conditions of pH and ligand. The different 

morphology of crystals grown under these conditions also suggests a difference in the packing of 

rhIDO1. Addressing questions of conformational flexibility with crystallography has proven 

challenging, and currently an approach based on NMR is being pursued. Understanding the flexibility 

of the IDO1 active site is currently one of the greatest barriers for virtual screening approaches to 

identifying inhibitors of IDO1. 
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 Concluding	discussion	Chapter	5.

5.1. Introduction	

The work described in this thesis aimed to develop a screening cascade for the discovery of 

inhibitors of IDO1 from a fragment library. A diverse range of rhIDO1 inhibitory chemotypes was 

identified demonstrating the power of fragment-based approaches for discovery of novel IDO1 

inhibitors. The indan-1-one, biphenyl, benzoxazole, phenoxazine, and hydrazine containing 

compounds represent novel classes of IDO1 inhibitors. For all inhibitors, molecular docking predicted 

an interaction with the IDO1 haem group, and this was supported by absorbance spectroscopy 

studies. Chemotype specific interactions were also discovered by confirming interactions suggested 

by docking with structure activity relationships. To identify new compounds with inhibitory activity, 

known interactions could be used with docking as a filter for large libraries of compounds of the same 

class. Evaluation of sixteen scoring function combinations for their ability to enrich for rhIDO1 

inhibitors, found that the use of an appropriate scoring function is crucial to the success of virtual 

screening campaigns. While some combinations of scoring functions, e.g. Goldscore/Chemscore, 

demonstrated the ability to discriminate between compounds with IDO1 inhibitory activity, other 

combinations were found to be no better than a random selection of compounds. As a test of the 

docking method developed, a phenylhydrazine focussed library was filtered using both chemotype 

specific interactions and scoring functions. Novel inhibitors were identified from the compounds 

selected by docking. This final chapter will discuss the screening cascade developed in this study, its 

inherent limitations, and future directions. 

 

5.2. Research	outcomes	

5.2.1. Identification	of	novel	IDO1	inhibitors	through	fragment	screening	

A fragment based approach was used to identify novel IDO1 inhibitory chemotypes. DSF assays 

proved to be a sensitive method for detecting compound-protein interactions. During assay 

validation, rhIDO1 inhibitors were found to induce Tm1 at concentrations 5-fold below their IC50, as 

characterised in enzymatic assays. In addition to measurements of the Tm1 for the determination of 

interactions, changes in the rhIDO1 melting curve were observed with fragment binding. Changes in 

the melting curve provided additional information on the interactions between compounds and 

rhIDO1. There are two melting events in the rhIDO1 melting curve. A merge of Tm1 and Tm2 was 

frequently observed and this type of melting curve change was associated with compounds with 
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inhibitory activity, e.g. fragments 9, 16, and 67. Fragments 16 and 67 were among the fourteen 

compounds in the fragment library that displayed >50% inhibitory activity at 1 mM, while 9 had the 

greatest inhibitory activity of the benzimidazole fragments. The rhIDO1 melting curve has a 

characteristic high initial fluorescence, which is indicative of hydrophobic regions that are accessible 

to the fluorescent dye in the proteins folded state (Vedadi, Niesen et al. 2006), and likely represents 

the distal pocket of the active site. Changes in the initial fluorescence with compound binding were 

suggestive of interactions that altered the accessibility of the active site. In DSF assays, the CHES 

buffer molecule induced a high initial fluorescence in the rhIDO1 melting curve. In the crystal 

structure CHES was shown to interact with the 7-propionate of the haem which is situated at the 

active site entrance (Sugimoto, Oda et al. 2006), and could promote the opening of the IDO1 active 

site. Like CHES, the fragment benzene-1,2,4-triol (40) from the fragment screen was also predicted 

to interact with the 7-propionate, and also induced a high initial fluorescence in the rhIDO1 melting 

curve. Compounds that interact with the same amino acid residues in the rhIDO1 active site may 

induce similar melting curve patterns with DSF. However, this additional information could also be 

complicated by the presence of intrinsically fluorescent fragments. This fluorescence can interfere 

with the measurements of Tm1 and induced changes in curve shape that mimicked the binding of 

fragments. In some instances however, the fluorescence profile of the fragment changed in DSF in 

the presence of rhIDO1 and this was also found to indicate an interaction. The best example of this is 

with the naphthalene chemotype, where the fragments fluoresced in the temperature range of the 

rhIDO1 transition but were found to induce high initial fluorescence profiles in the DSF assay. 

Therefore, DSF is a sensitive method for detecting rhIDO1 interacting compounds. Moreover, the 

melting curve pattern of rhIDO1 potentially provides limited information of the type of interactions 

occurring with compounds, corroboration of these changes to structural information is necessary to 

fully understand these DSF curve shape changes. Caution should be exercised when interpreting 

melting curves of intrinsically fluorescent fragments. 

Using a fragment based approach a diverse range of rhIDO1 inhibitory chemotypes was identified. 

Seven chemotypes that had previously been published as inhibitors were identified in these screens. 

A number of novel inhibitory chemotypes were also identified, including: benzimidazole, benzoxazole, 

indan-1-one, biphenyl, and phenol. The hit rate for compounds that were found to inhibit by greater 

than 50% at 1 mM was 4% in the ZT fragment library. Fragments representing both published and 

novel IDO1 inhibitory chemotypes were found to induce spectral shifts in the Soret region of rhIDO1. 

This indicates that these compounds interact with the haem at the active site of rhIDO1.  

Compounds that bound to the active site of rhIDO1, as determined by DSF and spectroscopic studies 

did not necessarily inhibit rhIDO1. Salicylic acid fragments all induced a Tm1. Titration of salicylic 

acid (61) demonstrates that it is able to alter the absorbance spectra of the haem, indicating binding. 

But little rhIDO1 inhibitory activity is observed with these compounds. This could be due to the higher 
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sensitivity of DSF compared to enzymatic assays. At higher concentrations, salicylic acids could 

inhibit rhIDO1. Alternatively salicylic acids could modulate rhIDO1 activity similar to the reported 

activity of some of the indole compounds (Sono 1986). Fragments found to bind, but not inhibit, may 

still be useful for development of novel inhibitors as they could potentially explore interactions within 

a space of the IDO1 active site distinct from inhibitors. Expansion of inhibitors into these spaces can 

improve the binding affinity. 

Characterisation of fragment binding is essential to a fragment based approach for the development 

of IDO1 inhibitors. Identification of interactions that are necessary for the inhibitory activity of 

fragments is beneficial for the rational design of more potent derivatives. Docking of fragments to the 

active site of IDO1 predicted an interaction with the haem-iron for the majority of the inhibitors. The 

positioning of aromatic rings to the distal pocket was predicted for many fragments in our screen. An 

increase in potency was generally observed for compounds with halogen groups on these rings, 

similar to other compounds reported in the literature (Dolušić, Larrieu et al. 2011, Dolušić, Larrieu et 

al. 2011, Röhrig, Majjigapu et al. 2012). An interaction with the haem 7-propionate was also observed 

to increase the inhibitory activity of compounds. Indan-1-one compounds that interact with 7-

propionate through 2-hydroxyl groups are more potent compared to analogues that do not make this 

interaction. Similarly all phenol compounds tested that had inhibitory activity were also predicted to 

interact with the 7-propionate. Knowledge of functional groups key to the inhibitory activity of a 

chemotype, allows for better prediction of inhibitory activity of untested compounds of the same 

chemotype.  

A novel class of IDO1 inhibitors was discovered during the characterisation of the two distinct binding 

modes of benzothiazole analogues. The binding mode of benzothiazole (93) was predicted to be 

through an interaction between the thiazole ring and the haem-iron. 2-Hydrazinobenzothiazole (1) 

and many of the other 2-substituted benzothiazoles were predicted to interact with the haem-iron via 

electron donating groups in the 2-position. Compounds with a binding pose that resembled the 

binding of either 1 or 93 inhibited rhIDO1 in the enzymatic assays. Titrations of 1 or 93 with rhIDO1 

induced different patterns of spectral changes, which is consistent with the docking and 

spectroscopic experiments that suggested different interactions were being formed. Hydrazine 

containing compounds with no thiazole ring were also found to inhibit rhIDO1. Therefore a novel 

rhIDO1 inhibitory chemotype was identified from the characterisation of the binding of 2-

hydrazinobenzothiazole (1), and the mode of inhibition by 1 is likely distinct from benzothiazoles 

compounds described in the literature. The series of phenylhydrazine-containing IDO1 inhibitors 

identified was found to be more potent than the benzothiazole derivatives. 
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5.2.2. Enrichment	for	IDO1	inhibitors	through	virtual	screening		

Scoring functions and 3D binding poses calculated from docking can be used to enrich for 

compounds with inhibitory activity, however the performance for any given scoring function depends 

on the protein target (Liebeschuetz, Cole et al. 2012). Prior to our studies, scoring functions had not 

been evaluated for their ability to enrich for IDO1 inhibitors in virtual screens using a set of 

compounds with known activity.  

The fragment library that was characterised in Chapter 3 was used as a test set to evaluate docking 

protocols, which utilised Goldscore, ChemPLP, Chemscore or ASP to sample and rescore docking, 

for their ability to rank rhIDO1 inhibitory compounds with higher fitness compared to inactive 

compounds. Goldscore docking has been used for virtual screens for IDO1 inhibitors in the literature 

(Dolušić, Larrieu et al. 2011). However in our studies, Goldscore driven docking followed by 

Goldscore rescoring was found to be only slightly better than random selection of compounds. 

ChemPLP driven docking followed by Goldscore rescoring was found to be the worst for enrichment 

of rhIDO1 inhibitors in our studies. The Goldscore/Chemscore and Chemscore/ASP combinations 

were found to be the best for the enrichment of rhIDO1 inhibitors, and a 5-fold enrichment over 

random selection was found in the top 10% scoring compounds. In subsequent virtual screens for 

IDO1 inhibitors, Goldscore/Chemscore or Chemscore/ASP combinations would likely give the best 

results. 

In addition to screening using scoring functions, the predicted binding pose can be used to predict for 

inhibitory activity. Studies have identified novel IDO1 inhibitory chemotypes by generating 

pharmacophore models using predicted binding poses of known IDO1 inhibitors/ligands and then 

screening for compounds that place key atoms in similar positions (John, Thangapandian et al. 2010, 

Röhrig, Awad et al. 2010, Smith, Evans et al. 2012). Characterisation of 2-hydrazinobenzothiazole 

derivatives suggested that the hydrazine to haem-iron interaction was essential to the inhibitory 

activity of these compounds. Substituents that made this binding mode unfavourable, either by 

introducing steric clashes or through direct modification of the hydrazine moiety itself, led to loss of 

activity in these compounds. Reduced rhIDO1 inhibitory activity was observed for 2-

hydrazinobenzothiazole containing compounds where the highest scoring pose predicted an 

interaction of the compound with the haem-iron mediated by substituents other than the hydrazine 

moiety. A descriptor was generated which identified poses in which a hydrazine to haem-iron 

interaction was present, and this was used for the selection of compounds. A hydrogen bond 

acceptor to iron interaction descriptor was also generated to select for compounds that interact with 

iron through other moieties. 
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A virtual screening campaign was performed on a phenylhydrazine focussed library. Compounds with 

a pose that had a fitness score ranking within the top 30% with Goldscore/Chemscore docking and 

that were predicted to form a hydrazine to haem-iron interaction were selected for testing. Of the ten 

compounds tested, nine were found to inhibit rhIDO1 in enzymatic assays with IC50 at low M to nM 

concentrations. For a comparison, compounds with fitness scores within the top 30% but were 

predicted to interact with the haem-iron through a different moiety were also tested. Of these, only 

one out of six was found to inhibit rhIDO1 at low M concentrations. This shows that for focussed 

screens, specifying interactions known to be important for the chemotype can greatly enhance the 

identification of active inhibitors from a virtual screen. For other chemotypes a different set of 

descriptors would need to be generated; e.g. for indan-1-one compounds a carbonyl oxygen to 

haem-iron interaction and/or a hydroxyl to 7-propionate interaction descriptor could be useful for the 

enrichment. 

In this thesis diverse sets of IDO1 inhibitors were identified from the fragment screen, including novel 

inhibitory chemotypes: indan-1-one, biphenyl, and hydrazine-containing compounds. The hydrazine-

containing compounds are potent inhibitors which inhibited IDO1 in cells at concentrations that did 

not affect cell viability, and so could be useful starting points for lead compound development. 

However, cross reactivity with other haem proteins could be a problem. The importance of evaluating 

scoring functions before embarking on virtual screening campaigns has been highlighted, as some 

virtual screening protocols were found to have no effect on the enrichment of active compounds. A 

docking protocol for enrichment of IDO1 inhibitors was established in these studies by using both 

docking fitness scores and predicted poses to select for compounds. Using this protocol, nine potent 

hydrazine-containing inhibitors were identified. This docking protocol could be used in future 

screening efforts to enrich sets of compounds for IDO1 inhibitors.  

5.3. Future	Directions		

A fragment based approach to identifying IDO1 inhibitors was found to be successful in our studies. 

However, development of these fragment hits may prove to be more challenging. All IDO1 inhibitory 

chemotypes discovered in these studies were demonstrated in spectroscopic studies to interact with 

the haem-iron. This is consistent with the molecular docking experiments reported by Röhrig and 

colleagues who found that the majority of compounds in the literature were predicted to interact with 

the haem-iron (Röhrig, Awad et al. 2010). However, fragment merging and joining requires fragments 

that bind to distinct regions of the active site. To identify other regions for fragment binding, one 

solution would be to repeat the experiments described within this thesis, but with a known inhibitor 

already bound. If the haem-iron is already occupied with a fragment, other areas of the active site 

can be explored. For example, screens could be performed with phenylhydrazine and fragments of 

unknown activity. An additive effect would indicate binding of the compounds in distinct locations. 
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Additive effects are observed in DSF assays with 4-PI and CHES. For 100 M 4-PI, the binding to 

rhIDO1 caused a 2.5 °C stabilisation in Tris buffer; CHES with vehicle control destabilised rhIDO1 

compared to Tris buffer. The combination of 100 M of 4-PI in CHES buffer however, stabilised the 

rhIDO1 Tm1 by > 9 °C. The crystal structure 2D0T shows that this is because they bind in distinct 

locations and act together to stabilise IDO1. Once fragments that have an additive effect with an 

inhibitory fragment have been identified they can be docked into the crystal structure with the inhibitor 

already bound. Extending the example with phenylhydrazine, docking can be performed with a 

phenylhydrazine-bound IDO1 active site. Docking must then fit fragments around phenylhydrazine. 

Fragments identified in this way can be joined, as they will occupy distinct regions of the active site. 

In the crystallisation additive screens with 4-PI, small compounds were found that improved the 

crystallisation of 4-PI. These small compounds should be investigated in future studies, to determine 

whether these bind the IDO1 active site in distinct regions from 4-PI and could be used to further 

develop this fragment.  

All inhibitory fragments were predicted to interact with the haem-iron. Compounds that formed strong 

interactions were found to be more potent than those that formed weaker interactions with the haem-

iron. 2-Hydrazinobenzothiazole is a more potent inhibitor than 2-aminobenzothiazole, as the 

hydrazine moiety is a better electron donor (Edwards and Pearson 1962). As many of these inhibitors 

are found to bind strongly to haem, it is not surprising that these compounds may be cross-reactive 

with other haem-containing proteins. Cytochrome P450 enzymes, another haem-containing enzyme 

which is responsible for the metabolism of many exogenous compounds is commonly inhibited by 

compounds that are of the same chemotype as many IDO1 inhibitors. The phenol, pyridine, 

imidazole, hydrazine and quinone chemotypes have been reported to inhibit cytochrome P450 (Testa 

and Jenner 1981). Additionally, hepatotoxicities have been reported due to the generation of toxic 

metabolites from the metabolism of hydrazine-containing compound, isoniazid (Sarich, Youssefi et al. 

1996). Compounds with a strong haem-iron interaction can potently inhibit IDO1; however these 

compounds may also be more cross reactive. Counter-screens of IDO1 inhibitors identified should be 

performed in the future against prominent haem-proteins, in particular the cytochrome P450 

enzymes. It has been suggested that the formation of polar interactions between ligand and protein 

can serve to increase specificity of a compound (Hajduk, Huth et al. 2005). Therefore exploring polar 

interactions with regions of the active site other than the haem-iron will be important for the 

development of inhibitors. 

A limitation to the docking studies was the lack of atomic resolution structural information on the 

IDO1 active site. 2D0T is the only crystal structure with sufficient resolution for virtual screening 

experiments. However, this crystal structure only represents one conformation of the IDO1 enzyme. 

Specifically, 2D0T represents the Fe(III) form of IDO1, after the binding of the ligands 4-PI and 

CHES. The Fe(III) and Fe(II) forms of IDO1 differ in their affinities for ligands (Sono, Taniguchi et al. 
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1980). Additionally, DSF shows a different unfolding pattern between Fe(III) rhIDO1 and rhIDO1 in 

the presence of the reducing system methylene blue and ascorbate. Notably a smaller initial 

fluorescence is observed in the Fe(II) form compared to the Fe(III) form, potentially reflecting a 

change in active site size or accessibility. Taken together this suggests variations in the conformation 

in the two forms of IDO1. The titration of the majority of fragments was found to induce changes in 

the Fe(II) rhIDO1 absorbance spectra, indicating that they interact with the Fe(II) form of rhIDO1. The 

inability of docking to identify the correct binding modes for phenoxazine and coumarin may be due 

to differences in the conformations of Fe(III) and Fe(II) IDO1. A change in active site size or the 

change in positioning of hydrogen bonding residues could make interactions with the active site for 

these compounds more favourable. Similarly for the other fragments, a more favourable interaction 

may be found if compounds were docked to the Fe(II) IDO1 structure. Moreover, even minor changes 

in the active site are likely to affect the ability of scoring functions to correctly score binding poses. In 

addition to differences in the Fe(III) and Fe(II) forms of IDO1, different conformations are also 

adopted by IDO1 with the binding of compounds. Thermal stability studies demonstrated that 4-PI 

and CHES act in concert to stabilise rhIDO1. In contrast, phenylhydrazine appears to antagonise the 

change in thermal stability induced by CHES. The predicted binding of phenylhydrazine is in a 

location distinct from the CHES molecules. The antagonism of CHES binding with phenylhydrazine 

binding is unlikely due to a direct clash between these two molecules. A different active site 

conformation induced by 4-PI and phenylhydrazine is one explanation for the differences observed in 

CHES binding. In these studies, a virtual screen of the Fe(III) binding hydrazine-containing 

compounds to the crystal structure of Fe(III) rhIDO1 (2D0T) was successful. It remains to be seen 

whether docking to 2D0T to enrich for Fe(II) binding inhibitors will be equally as effective.  

To address the issue of conformational flexibility, high resolution structural data is required of IDO1 

under different conditions. An attempt was made to address conformational flexibility of IDO1 in our 

studies. Crystals with different ligands, buffer molecules and under different pH were successfully 

grown. Interestingly, co-crystallisation with different ligands resulted in a different crystal 

morphologies. These crystals did not diffract to sufficient resolutions for them to be useful for 

structural studies however, and unfortunately due to restrictions in time this part of the project was 

not completed.  

Other methods are being investigated to acquire atomic resolution structural data for IDO1. NMR is 

an ideal technique for studying conformational changes in a protein. Atomic resolution can be 

obtained for proteins with NMR. Furthermore, NMR studies are carried out in solution where protein 

flexibility can be observed. Paramagnetic NMR measures disruptions in the NMR spectra caused by 

the relaxation of the unpaired electrons in metal ions. Positional information of residues with respect 

to the metal ion can be inferred from the magnitude of these distortions (Bertini, Luchinat et al. 2005). 

Tagging of proteins with metal ions can enable protein structure determination with paramagnetic 
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NMR (Man, Su et al. 2010). Moreover, paramagnetic NMR has been successfully used to assess the 

conformational changes in proteins in response to inhibitor binding (De La Cruz, Nguyen et al. 2011). 

As IDO1 has a naturally occurring iron bound to the haem in its active site, the paramagnetic 

properties of iron can be used for determination of compound binding and the interactions it makes 

with the active site. The use of paramagnetic NMR with naturally occurring iron to refine protein 

structure has previously been used for structure determination, such as for cytochrome c in yeast 

(Banci, Bertini et al. 1996). Future work with paramagnetic NMR can address the issue of 

conformational flexibility in IDO1. These studies will improve virtual screening models of the IDO1 

active site, allowing for more accurate predictions of activity. Furthermore, the conformational 

flexibility may contribute to explaining how compounds such as phenoxazine and coumarin bind, 

along with the other 30% of published IDO1 inhibitors where docking fails to predict a believable 

binding mode (Röhrig, Awad et al. 2010).  

While this thesis has focussed on IDO1, recently two other enzymes capable of catalysing the 

metabolism of tryptophan have been highlighted in the literature. These enzymes are indoleamine 

2,3-dioxygenase-2 (IDO2) and tryptophan-2,3-dioxygenase (TDO). Both enzymes have been shown 

to be capable of causing immune suppression through tryptophan metabolism (Hou, Muller et al. 

2007, Opitz, Litzenburger et al. 2011). The expression of IDO2 in humans is more restricted 

compared to IDO1, but full length IDO2 mRNA is expressed in the placenta and brain, and mRNA of 

IDO2 splice variants are found in liver, small intestine, spleen, placenta, thymus, lung, brain, kidney, 

and colon. Splice variants are truncated, however, so are unlikely to be active (Metz, Duhadaway et 

al. 2007). IDO2 expression has been found in many cancers including colon, gastric, renal cell 

carcinomas (Lob, Konigsrainer et al. 2009) and pancreatic cancers (Witkiewicz, Costantino et al. 

2009). It has been reported to be less sensitive than IDO1 or in some cases insensitive to IFN 

stimulation. For macrophages and dendritic cells 200 unit/mL of IFN stimulates a 3.62 fold increase 

in IDO1 mRNA expression but results in a 0.61 fold change in IDO2 expression (Maiwald, Wehner et 

al. 2010). Therefore, there is a difference in response to stimuli between IDO1 and IDO2. If targeting 

IDO2 for cancer therapy, patients should be screened for these polymorphisms to predict whether 

inhibition would be effective, as the IDO2 enzyme is non-functional in 50% of individuals with 

European and Asian descent, and in 25% of those of African descent due to a single nucleotide 

polymorphism in Arg248 or Tyr359 (Metz, Duhadaway et al. 2007). The expression of TDO is more 

restricted compared to IDO1. TDO is mostly expressed in the liver and brain. Recently TDO has also 

been found to be expressed in human gliomas, breast cancer, colon carcinoma, non-small cell lung 

carcinoma, ovarian carcinomas, melanomas and renal cell carcinomas (Opitz, Litzenburger et al. 

2011). TDO expression, activity and stability are upregulated by tryptophan (Knox 1966) and 

glucocorticoids (Salter and Pogson 1985), but are insensitive to inflammatory cytokines. Immune 

dysregulation in cancer due to IDO1 would be expected to be more prevalent, as it is more sensitive 
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to inflammatory cytokines associated with anti-tumour immunity. However evidence is accumulating 

for the role of IDO2 and TDO in cancer. Some IDO1 inhibitors have been found to also inhibit multiple 

tryptophan catabolism enzymes, e.g. 1-MT inhibits both IDO1 and IDO2. A pan inhibitor may be 

useful as this will allow for a more complete inhibition of the tryptophan catabolism pathway. 

Other immunosuppressive pathways have been be targeted for cancer therapy, currently the most 

advanced of these inhibitors are the CTLA-4 and PD-1 pathways. In clinical trials these checkpoint 

inhibitors have been reported to induce durable anti-cancer responses, in a subset of patients 

complete responses lasting for up to eight years and still ongoing have been reported (Robert, 

Thomas et al. 2011, Prieto, Yang et al. 2012, Topalian, Hodi et al. 2012). However a combination of 

immune checkpoint inhibitors is expected to have an even greater effect, as blockade of a given 

immunosuppressive pathway has been shown to upregulate other pathways; blockade of CTLA-4 

increases PD-1 expression and vice versa (Curran, Montalvo et al. 2010). In support of this, blockade 

of both CTLA-4 and PD-1 with monoclonal antibodies was found to be more effective in stimulating 

an immune response in B16 melanoma-bearing mouse models. The combination of both checkpoint 

inhibitors with vaccines was found to be more effective in inducing tumour regression than with either 

checkpoint inhibitor alone (Curran, Montalvo et al. 2010). Similarly, synergy is observed with IDO1 

inhibitors and other immune checkpoint inhibitors. Mice bearing B16-F10 melanoma treated with anti-

CTLA-4 antibodies and 1-MT had significantly greater survival compared to mice treated with anti-

CTLA-4 alone. Improved survival was also observed in mice bearing B16.SIY melanoma when 

treated with a combination of the hydroxyamidine INCB23843 and either anti-CTLA-4 or anti-PD-L1 

in models (Spranger, Koblish et al. 2014). Moreover IDO1-knockout mice were found to have greater 

survival than wild type mice when treated with antibodies against either CTLA-4 or PD-1 (Holmgaard, 

Zamarin et al. 2013). Finally, a 100% cure rate in GL261 glioma-bearing mouse models was reported 

with the treatment combination of CTLA-4, PD-1 and IDO1 blockade (Wainwright, Chang et al. 2014). 

Therefore, there is accumulating evidence that targeting multiple immune checkpoints is more 

effective in inducing an anti-tumour immunity. The work described in this thesis contributes to the 

discovery and development of IDO1 inhibitors and works towards the overall goal of durable 

therapies for cancer.  
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