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Abstract 
The kynurenine pathway is the major route of tryptophan metabolism. The first step of this 
pathway is catalysed by one of two heme-dependent dioxygenase enzymes – tryptophan 2,3-
dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO) – leading initially to the 
formation of N-formylkynurenine (NFK). In this paper, we present a crystal structure of a 
bacterial TDO from X. campestris in complex with L-kynurenine, the hydrolysed product of 
NFK. L-kynurenine is bound at the active site in a similar location to the substrate (L-Trp). 
Hydrogen bonding interactions with Arg117 and the heme 7-propionate anchor the L-
kynurenine molecule into the pocket. A mechanism for the hydrolysis of NFK in the active site 
is presented.  
 
1. Introduction 
The heme-dependent dioxygenases tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-
dioxygenase (IDO) catalyse the insertion of both atoms of molecular oxygen into L-tryptophan 
(L-Trp) to form N-formylkynurenine (NFK) in the first and rate-limiting step in the kynurenine 
pathway [1-3], Fig. 1. This pathway processes approximately 95% of dietary tryptophan in 
humans and is responsible for the production of the essential cofactor nicotinamide adenine 
dinucleotide [4, 5]. In addition to this crucial function, the kynurenine pathway is also 
important in the pathophysiology of several diseases. Increased levels of certain metabolites, 
such as quinolinic acid and L-kynurenine, can lead to conditions such as multiple sclerosis, 
AIDS-related dementia and ischemic brain injury [6, 7]. Furthermore, some kynurenine 
pathway metabolites can contribute to immunosuppressive pathways and suppress proliferation 
(and even cause apoptosis) of T cells, although the mechanisms of action of such metabolites 
are unknown [8, 9].  
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There is no information on the binding of L-kynurenine in either an IDO or a TDO. Here we 
present a crystal structure of a variant X. campestris TDO (H55S variant) in complex with L-
kynurenine, the hydrolysed product of NFK.  
 
2. Materials and Methods 
Protein Expression and Purification. Full-length wild type X. campestris TDO (XcTDO) and 
the H55S mutant were over-expressed and purified as described previously [10, 11], with the 
exception that cultures were grown at 37 ºC in Escherichia coli BL21(DE3) Gold cells in order 
to increase protein yield. An additional purification step was added to improve the purity of 
the H55S mutant enzyme. After Ni-NTA chromatography, the protein was applied to a 
Superdex 200 size exclusion column (50 mM Tris-HCl pH 8.0, 500 mM NaCl) and the peak 
corresponding to tetrameric protein (~136 kDa) was collected, concentrated and exchanged 
into 50 mM Tris-HCl buffer pH 8.0. Protein and heme concentrations were determined by the 
Bradford and pyridine hemochromagen methods respectively [12, 13], and using published 
absorption coefficients [14].  
 
Steady State Kinetics. For steady state activity measurements, the formation of NFK was 
monitored at 321nm (H = 3750 M-1cm-1) as a function of time. Reactions were performed with 
1-3�PM XcTDO or H55S in 50 mM Tris-HCl pH 8.0 at 25 °C and were initiated by addition of 
2 mM L-tryptophan.  
 
Protein Crystallography. Crystallisation of the H55S variant of XcTDO was carried out by the 
hanging drop vapour diffusion method at 18 ºC in Linbro plates. Crystals were grown with well 
solutions comprising 9-10 % (w/v) PEG 1000, 80 mM MES (2-(N-morpholino)ethanesulfonic 
acid) pH 6.3, 20 mM bicine (N,N-bis(2-hydroxyethyl)glycine) pH 9.0, 40 mM MnCl2, 400 mM 
MgCl2, 8-15 mM sodium cyanide and 25 mM L-Trp. Hanging drops (4 µl final volume) were 
prepared by adding 2 µl of 8 mg/ml protein (50 mM Tris-HCl pH 8.0, 5 mM EDTA) to 2 µl of 
the well solution. Red tetragonal shaped crystals appeared after approximately one week, 
reaching full size after three weeks. Initially, data were collected on these crystals in an attempt 
to obtain a structure of the H55S/Trp/CN- ternary complex. However, on refinement no density 
for a cyanide ligand was observed at the heme iron. To obtain the ternary complex, crystals as 
prepared above were briefly exposed to mother liquor supplemented with varying 
concentrations of sodium cyanide (20-70 mM) and 25 % (v/v) glycerol before being flash 
cooled in liquid nitrogen.  
 
Data Collection and Refinement. The data were collected at ESRF, Grenoble. Data processing 
and refinements were carried out using CCP4 [15] and PHENIX[16]. Atomic coordinates have 
been deposited in the Protein Data Bank (PDB ID codes 7P46).  
 
3. Results  
A recombinant version of the H55S variant of XcTDO was expressed in E. coli and crystallised 
as stated in the Methods. Data collection and refinement statistics are shown in Table 1. 
Crystals were found to belong to space group P21 with cell dimensions of a = 78.09 Å, b = 
117.75 Å, c = 138.82 Å, and β = 95.52º. Two tetramers are found in the asymmetric unit.  
 
A previous structure [10] from crystals of XcTDO grown anaerobically in the presence of L-
Trp shows the substrate bound in the active site. In this work however (carried out aerobically), 
the density map shows L-kynurenine, the hydrolysed product of NFK (Fig. 1), in the active site 
instead (Fig. 2A, B). This is observed in all eight molecules in the unit cell. Apart from the 
presence of L-kynurenine and cyanide bound to the heme iron, this structure is essentially 



identical to the previously published structure of the H55S variant of XcTDO  [11]. The final 
model also includes eight L-tryptophan molecules (one per monomer) bound at the tetramer 
interface, Fig. 2C, in the same site as observed for all three previously published XcTDO 
substrate-bound structures [10, 11]. A polypeptide loop (residues Phe250-Val260, which is 
disordered in the absence of substrate [10], is observed in a closed conformation in the structure, 
Fig. 2C. 
 
The L-kynurenine is bound to the enzyme through hydrogen bonding interactions, Fig. 2B, that 
closely reproduce those observed in the structure of the H55S/L-Trp complex, Fig. S1A,B. The 
carboxylate group of L-kynurenine forms a hydrogen bond to the phenolic group of Tyr113, to 
the guanidinium moiety of Arg117, and to the heme 7-propionate. The L-kynurenine molecule 
is further stabilised by van der Waals interactions with residues Phe51, Tyr24, Tyr 27 and 
Leu28 (not shown). The active site serine 55 residue hydrogen bonds to nearby water, Fig. 
S1A,B, but does not have any direct interaction with either the substrate (Fig. S1B) or the 
product (Fig. S1A), unlike the equivalent histidine residue of the wild type protein which 
hydrogen bonds to the N1 atom of L-Trp (Fig. S1C).   
 
The binding of L-kynurenine can only be accounted for by turnover of L-Trp in the ferric crystal, 
leading to formation of NFK and its subsequent hydrolysis to L-kynurenine (Fig. 1). In parallel 
experiments in solution, we measured slow increases in absorbance at 321 nm, indicative of 
formation of NFK, on incubation of both ferric XcTDO (kcat = 1 s-1) and ferric H55S (kcat = 
0.01 s-1) with L-Trp under normal atmospheric conditions (Fig. 3A,B). Ferrous XcTDO, under 
conditions of a typical dioxygenase assay using ascorbate, methylene blue and L-Trp, is 
reported as having kcat = 19.5 s-1 and KM = 114 μM [11].  
 
The exact mechanism for oxidation of L-Trp by the ferric enzyme has not been established, 
although in the case of human TDO it is dependent on O2 because no oxidation of L-Trp is 
observed under anaerobic conditions [17]. Similarly, formation of NFK does not occur during 
incubation of L-Trp over 5 hours with wild type ferric XcTDO under anaerobic conditions (data 
not shown) or for H55S, Figure 3C, which suggests that the ferric activity of H55S is O2-
dependent as for human TDO. Note that IDO, unlike the TDOs, cannot oxidise L-Trp in its 
ferric form [17]. This highlights the differences in the reactivities of the two enzymes, despite 
the high degree of structural similarity in their active sites.  
 
Experiments in solution also provide some rationalisation for the initial absence of cyanide in 
the structure presented here, and the need for further soaking with cyanide to produce the 
ternary complex. In solution, addition of KCN to ferric XcTDO leads to the expected spectral 
shift of the Soret band to 419 nm, characteristic of the ferric-CN complex (KD = 47 ± 4 PM for 
XcTDO and KD = 3.4 ± 0.1 PM for XcTDO H55S); subsequent binding of Trp causes a slight 
reduction in the intensity of the 419 nm peak in both cases (not shown). With prolonged 
incubation of this ferric sample over a period of hours, a clear increase in absorbance at 321 
nm was observed, indicating formation of NFK even in the presence of cyanide (Fig. 3D). In 
agreement with these observations, addition of cyanide to an assay solution of either XcTDO 
or XcTDO H55S had a minor effect on the rate of NFK formation, Fig. S2A,B. Notably, these 
observations are in contrast to the behaviour of human TDO, where addition of cyanide to the 
ferric enzyme either before or during a reaction with L-Trp completely inhibits NFK production, 
Figure S2C. Ferric XcTDO and XcTDO H55S thus appear to be competent for NFK formation 
regardless of whether cyanide is present.  
 
Discussion 



There are numerous structures for IDO and TDO in the Protein Data Bank, some of which have 
L-Trp bound, Table 2. The binding orientation of L-kynurenine in the active site of H55S 
overlays well with that observed for the binding of L-Trp binding in the wild type and H55S 
enzymes (Fig. 4A) [11, 18]. There is no previously published information on binding of L-
kynurenine in a TDO or IDO enzyme, but there is helpful information on human TDO in 
complex with NFK [19]. There is a close overlay of the L-kynurenine-bound and NFK-bound 
structures, Fig. 4B. Some hydrogen bonding interactions – to the heme propionate and the 
active site Arg residue – are conserved between the two, Fig. S3, and presumably will control 
release of product from the enzyme. These hydrogen bonding interactions between the 
substrate/product and the enzyme might well control the reactivity of the ternary Michaelis 
complex in the family of tryptophan dioxygenases [20]. Most of the reported inhibitor 
structures are for ferric enzymes (Table 2) which, as we show here, can be active towards the 
substrate (L-Trp).  
 
The binding of L-kynurenine in the active site, as observed in this work, can only be accounted 
for by turnover of L-Trp in the ferric crystal, leading to formation of NFK and its subsequent 
hydrolysis to L-kynurenine (Fig. 1). This is consistent with previous work on human TDO [17, 
21] and mosquito TDO [22], which can convert L-tryptophan to NFK in the absence of a 
reductant (albeit at a much lower rate than the ferrous enzyme). There is evidence from other 
work [23] that substrate (L-Trp) can reduce the ferric enzyme; this remains a possibility here, 
and would allow O2 binding and formation of NFK. The subsequent hydrolysis of the 
unhindered amide group of NFK to L-kynurenine, Figure 1, is known in the chemical literature 
[24, 25]. A possible mechanism for this XcTDO-catalysed hydrolysis reaction is shown in 
Figure 5, which could be initiated by attack of any water molecule in the active site. It is 
significant that the H55S variant of XcTDO has a water molecule ideally placed for this reaction 
(Figures 4A and S1B), and serine 55 could provide hydrogen bonding stabilisation in this 
mechanism (Figure 5). This would explain why kynurenine is observed in the XcTDO H55S 
structure, and L-Trp in the wild type.  
 
In solution, the NFK product is released rapidly from the active site. So it is entirely possible 
that the formation of NFK and then kynurenine in the active site of H55S is a consequence of 
crystal lattice effects, which prevent the rapid release of NFK once formed. But the observation 
of kynurenine bound to the active site could still mean that TDO activity is inhibited in cases 
where kynurenine concentrations rise significantly. This raises the possibility that auto-
regulatory mechanisms, dependent on kynurenine formation and re-binding to the enzyme, 
might also come into play in early steps of the pathway under certain conditions.   
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Figure legends 
Figure 1. Heme dioxygenases such as TDO and IDO catalyse the oxidation of L-tryptophan to 
N-formylkynurenine (NFK). Hydrolysis of NFK by the kynurenine formamidase enzyme leads 
to formation of L-kynurenine. 
 
Figure 2. Crystal structure of XcTDO H55S in complex with L-kynurenine. (A) Electron 
density map showing the binding of L-kynurenine (Kyn) and the CN- ligand bound to the iron. 
Note that cyanide is bound in six out of eight molecules in the unit cell, with water coordinated 
to the iron in the other two molecules. (B) The same as in (A), but showing hydrogen bonding 
interactions to the protein (yellow dashed lines). (C) Overall structure of the XcTDO H55S 
structure showing the flexible loop (residues 250 - 260) highlighted in orange and one Trp per 
monomer bound at the interface.  
 
Figure 3. (A) Oxidation of L-Trp by ferric XcTDO. (B) Oxidation of L-Trp by ferric XcTDO 
H55S. In (A) and (B) the spectral changes shown are observed upon reaction with L-Trp (2 
mM) for 60 min under atmospheric conditions. (C) Oxidation of L-Trp by ferric XcTDO H55S 
under anaerobic conditions. The spectral changes shown are observed upon reaction of ferric 
XcTDO H55S with L-Trp (2 mM) under anaerobic conditions for 180 min. No increase in 
absorbance at 321 nm is observed. (D) Oxidation of L-Trp by ferric XcTDO in the presence of 
5mM KCN. Spectral changes shown are observed upon reaction of ferric XcTDO with L-Trp 
(2 mM) under aerobic conditions. Spectra were recorded at time points t = 0, 60, 120, 180, 300 
min. No substantial changes in absorbance at 321 nm were observed over these timescales in 
an equivalent experiment using XcTDO H55S, probably because of the overall lower activity 
of this variant towards L-Trp in the first place. In all cases arrows indicate the direction of the 
absorbance change. Reaction conditions: 50 mM Tris-HCl, pH 8.0, 25.0 °C.  
 
Figure 4. Comparison of L-kynurenine, L-Trp and NFK binding orientations. (A) The structure 
of XcTDO H55S with kynurenine bound (shown in beige), overlaid with the structures of wild 
type XcTDO in complex with L-Trp (cyan, 2NW8) and XcTDO H55S in complex with L-Trp 
(green, 3E08). The water molecule labelled * is the same one as referred to in Figure 5 and 
Figure S1A,B. (B) Comparison of L-kynurenine and NFK binding orientations. Structure of 
XcTDO H55S with L-kynurenine bound (beige) overlaid with the structure of wild type human 
TDO in complex with NFK (orange, 5TI9). Water molecules are shown as spheres, in the same 
colours as the respective structures.  
 
Figure 5. Possible mechanism of NFK hydrolysis, leading to formation of L-kynurenine. 
Formation of NFK in the ferric TDO enzyme (either wild type or H55S) leads to NFK. The 
H+-dependent hydrolysis of the amide group in NFK occurs readily and has chemical precedent 
[25]. Serine 55 is well positioned (see Figure 4A) to provide hydrogen bonding stabilisation in 
this proton-catalysed mechanism. The active site water molecule hydrogen bonded to serine 55 



(labelled * in Figure 4 and Figure S1) appears also to be well positioned, but other water 
molecules in the active site (e.g. H2O bound to iron) might also be candidates. Other 
mechanisms are feasible, see Figure S4. The involvement of serine 55 in the active site led us 
to consider the possibility of amide hydrolysis occurring in a manner similar to a serine protease, 
however from the structure there are no suitably positioned His or and Asp/Glu residues to 
form a catalytic triad. 
 
 



Table 1 
Data collection and refinement statistics.  
 
 

Data Collection  
Resolution (Å) 117.75 – 1.70 (1.79 – 1.70) 
Total measured reflections 990829  
Unique reflections 268120 (34391) 
Completeness (%) 97.9 (86.5) 
Redundancy 3.7 (3.0) 
I/V (I) 13.4 (2.9) 
Unit cell dimensions (Å) a=78.1, b=117.7, c=138.8  
Space group P 121 
Rmerge 0.055 (0.342) 
Refinement  
Rwork/Rfree 0.14/0.18 
r.m.s.d. bond (Å)/angle (q) 0.014/1.0 
Ramachandran analysis  
Most favoured (%) 98.5 
Allowed (%) 1.4 
Outliers (%) 0.1 

 
 
  



Table 2 
Summary of IDO and TDO crystal structures from the Protein Data Bank.  
 
TDO Oxidation state / complex PDB code Ref 
    
X. campestris TDO  Ferric 2NW7 [10] 
X. campestris TDO  Ferric 1YW0 Unpublished 
X. campestris TDO  Ferrous / Trp 2NW8 [10] 
X. campestris TDO H55S Ferric / Trp 3E08 [11] 
X. campestris TDO H55A  Ferric / Trp 3BK9 [11] 
X. campestris TDO H55S Ferric / NFK / CN 7P46 This work 
    
Human TDO Ferric 4PW8 [26] 
Human TDO  Ferric / Trp 5TIA [19] 
Human TDO  Ferrous / Trp / O2  5TI9 [19] 
 Ferric / NFK 5TI9 [19] 
Human TDO  Ferrous / Trp / CO 6UD5 [27] 
    
Drosophilia TDO Ferric 4HKA [28] 
R. metallidurans TDO Ferric 2NOX [29] 
    
Human TDO / inhibitor Ferric 6PYZ, 6PYY [27] 
Human TDO / inhibitor Ferrica  6A4I unpublished 
Human TDO-2 / inhibitor  Ferric 6VBN [30] 
    
IDO Oxidation state / complex PDB code Ref 
Human IDO Ferric 7A62 [31] 
Human IDO Ferric 6AZU [32] 
Human IDO  Ferric 6E44 [33] 
Human IDO  Ferrous 6E45 [33] 
    
Human IDO  Ferrous / Trp  6E46 [33] 
Human IDO  Ferric / Trp / CNa  6E35 Unpublished 
Human IDO  Ferric / Trp / CN 5WMU,  

5WMW (F270G)  
[34] 

Human IDO (S167H)  Ferric / Trp / CN 
Ferric/ Trp / CN / Inhibitor 

6CXU,  
6CXV 

[35] 

Human IDO / Trp / CO Ferrous / Trp / CO 6UBP [27] 
    
Human IDO / inhibitor Ferrica 6V52 [36] 
Human IDO / inhibitor Ferrica 6KW7, 6KOF, 6KPS [37] 
Human IDO / inhibitor Ferrica 6PZ1 [27] 
Human IDO / inhibitor Ferrica 6PU7 [38] 
Human IDO / inhibitor Ferrica 6R63 [39] 
Human IDO / inhibitor Ferrica 6O3I [40] 
Human IDO / inhibitor Ferrica 6E43, 6E42, 6E41, 6E40 [33] 
Human IDO / inhibitor Ferrica 6DPR, 6DPQ, 6MQ6 [41] 
Human IDO / inhibitor Ferrica 6AZW, 6AZV [32] 
Human IDO / inhibitor Ferrica 5WHR [42] 
Human IDO / inhibitor Ferrica 6F0A [43] 
Human IDO / inhibitor Ferric / Trp / CN 5WMX (F270G) 

5WN8, 5WMV 
[34] 

Human IDO / inhibitor Ferrica 5XE1 [44] 
Human IDO / inhibitor Ferrica 5ETW, 5EK4, 5EK3, 5EK2 [45] 
Human IDO / inhibitor Ferrica 4PK5, 4PK6 [46] 
Human IDO / inhibitor Ferrica 6WJY [47] 
Human IDO A260G & G262A  4-phenylimidazole 4U72, 4U74 Unpublished 
    

a Presumed ferric oxidation state, but not stated.  
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Figure S1. Comparison of the hydrogen bonding interactions involved in binding (A) L-kynurenine and (B)
L-Trp to XcTDO H55S (PDB 3E08). A water molecule (labelled *) at ~2.8 Å from Ser55 is conserved in both
structures and could be involved in hydrolysis (see Figure 5). In (C) is shown the structure of wild type
XcTDO in complex with L-Trp (2NW7).
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Figure S2. Effect of KCN on the rate of NFK formation observed at A321
nm for the reaction catalysed by (A) XcTDO, (B) XcTDO H55S and (C)
human TDO. Addition of 1mM KCN to the reaction mix is indicated by
the arrow in each figure. Reaction conditions: 50 mM Tris-HCl, pH 8.0,
25.0 °C
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Figure S3. Comparison of the hydrogen bonding interactions involved in binding (A) L-kynurenine to
XcTDO H55S and (B) NFK to human TDO (PDB 5TI9).
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Figure S4. We envisage numerous possible mechanisms for NFK hydrolysis. In (A) is shown the same
acid-catalysed mechanism as in Figure 5. (B) An alternative version of this acid-catalysed mechanism,
using different hydrogen bonds to serine 55. (C) and (D) show an equivalent base-catalysed
mechanism.We cannot distinguish these mechanisms in our structures.
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