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For the interaction of 8-hydroxycoumarin with XenA hydrogen-bond formation between His-

178 and His-181 and the carbonyl oxygen of the substrate appears to be favored compared to 

the alternative hydrogen bonds with the phenolic hydroxyl-group, most likely because both 

histidines act preferentially as hydrogen-bond donors. Thus the redox-dependent 

deprotonation of substrates in the active site of flavoenzymes can cause different binding 

modes in different oxidation states. 

 

 
 
Figure 2:  Comparison of oxidized XenA-wt and reduced XenA-Y183F in complex with 

different substrates. (a) View of the active site of both enzyme forms in complex 
with 8-hydroxycoumarin. (b) View of the active site of both enzyme forms in complex 
with 7-hydroxycoumarin. (c) View of the active site of both enzyme forms in complex 
with coumarin. Amino acid side chain residues, FMN and the substrates are displayed 
in stick mode. Oxygen atoms of the substrates are shown in red. XenA-wt (oxidized) 
is displayed in blue and XenA-Y183F (reduced) is displayed in yellow. 
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Structures of oxidized and reduced XenA in complex with the substrates coumarin and 7-

hydroxycoumarin 

To further test the hypothesis whether it is the presence of the phenolic hydroxyl group, which 

causes the redox-dependent binding modes of 8-hydroxycoumarin, the interaction of two 

other substrates, namely coumarin and 7-hydroxycoumarin, have been investigated with 

oxidized and reduced XenA. Coumarin and 7-hydroxycoumarin are reduced by XenA with 

similar observed rate constants (Figure 5).  The crystal structure of oxidized XenA in complex 

with 7-hydroxycoumarin reveals an unusual binding geometry for the ligand in which the 

phenolic oxygen is in hydrogen-bonding distance to His-178 and His-181 and the carbonyl 

and lactone ring oxygens are close to Trp-302 (Figure 3), in a distance suitable to form a 

O…H-C hydrogen bond frequently found for tryptophan side chains (11). 

 

 
 

Figure 3:  Crystal structure of 7-hydroxycoumarin bound in the active site of oxidized 
XenA. View of the active site of oxidized wt-XenA in complex with 7-
hydroxycoumarin (yellow). The Fo-Fc map of 7-hydroxycoumarin is contoured at 4.0* 
(red mesh representation) and at 11.0* (red surface representation). The FMN and the 
amino acid side chain residues are displayed in stick mode. Carbon atoms shown in 
grey, nitrogen atoms are shown in blue, sulfur atoms are shown in light yellow and 
phosphorous atoms are shown in orange. Hydrogen bonding interactions between the 
enzyme and the substrates are displayed in dashed lines in grey. 

 

A similar conformation for Trp-302, termed “in” conformation, was detected so far only in 

reduced states of XenA (8).  We suggest that this conformation is formed in 7-

hydroxycoumarin bound oxidized XenA, because of the favorable interaction between Trp-

302 and the substrate and not because of a reduction of the flavin.  On a first glance the 
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structure of reduced Y183F-XenA in complex with 7-hydroxycoumarin is very similar to the 

oxidized complex (Figure 1b and 2b).  However, the distribution of the electron density for 

the two rings suggests that in the reduced state the carbonyl oxygen of the lactone function is 

in hydrogen-bonding distance to the histidine couple and not the hydroxyl-group as in the 

oxidized state.  Thus the principal binding mode of binding of 7-hydroxycoumarin is similar 

to 8-hydroxycoumarin. 

If different orientations can also be observed in substrate binding when there is no phenolic 

hydroxyl group present in the substrate has been investigated for coumarin complexes of 

XenA.  The crystal structure of oxidized XenA in complex with coumarin has been reported 

before (4,6) and in contrast to the 8-hydroxycoumarin complex no long-wavelength CT 

interactions have been observed in solution (4).  The coumarin – XenA complexes are 

practically identical in the oxidized and reduced state (Figure 1c and 2c), except for the 

conformational change of Trp-302 and the increased bending of the isoalloxazine ring found 

in the reduced state. The main ligand protein interactions are formed in both states by the 

carbonyl oxygen of the coumarin and the histidine couple, which are in hydrogen bonding 

distance.  In both structures suitable distances between hydride donor and acceptor are found 

which are with 2.9 Å in the reduced structure and 3.05 Å in the oxidized enzyme very close 

together. 

 

Structure of reduced XenA with 2-cyclohexenone 

2-Cyclohexenone is used as the prototypical substrate in most kinetic studies of enzymes of 

the OYE family.  Despite its common use and the large number of co-crystal structures 

determined for members of the OYE family it has not been described how 2-cyclohexenone 

binds to any flavoprotein. This is most likely due to the low affinity of 2-cyclohexenone for 

the oxidized enzymes. Attempts to determine the co-crystal structure of oxidized XenA with 

2-cyclohexenone failed despite soaking concentrations of 50 – 100 mM 2-cyclohexenone for 

several minutes to hours, conditions under which saturation of the substrate-binding site with 

coumarin, 7- and 8-hydroxycoumarin can easily be achieved. On the other hand a kinetic Kd 

of 86 µM and 83 µM have been determined for the complex between 2-cyclohexenone and 

reduced wt-XenA (12), respectively between 2-cyclohexenone and reduced Y183-XenA (8), 

indicating that reduced XenA has a sufficient affinity to become saturated even at low 

concentrations of 2-cyclohexenone. The co-crystal structure of reduced Y183F-XenA soaked 

for 5 s with approximately 5 mM 2-cyclohexenone has been solved at 2.1 Å resolution. Its 

electron density reveals a clear binding site for 2-cyclohexenone above the isoalloxazine ring 
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(Figure 1d and Figure 4).  The electron density is of sufficient quality to define the 

stereochemistry of 2-cyclohexenone, which is in endo-conformation with the double bond 

positioned such that the hydride acceptor "C is 3.6 Å above N5, again confirming a 

productive enzyme-substrate arrangement for this complex.  The main ligand protein 

interactions are between the carbonyl oxygen of 2-cyclohexenone and the histidine couple in 

hydrogen-bonding distance. 

 

 
 

Figure 4:  View on the active site of reduced XenA-Y183F in complex with 2-cyclohexenone. 
Stereoscopic view on the active site of reduced XenA-Y183F in complex with 2-
cyclohexenone. Amino acid side chain residues and the FMN are displayed in stick 
mode. Carbon atoms of the FMN are shown in light blue, carbon atoms of the side 
chains are shown in grey, nitrogen atoms are shown in blue and sulfur atoms are 
shown in light yellow. The Fo-Fc map of 2-cyclohexenone is contoured at 3.0* and is 
shown in red mesh representation.  

 

Hydrogen-bonding, aromatic stacking and cation-# interactions are three fundamental forces 

found in molecular recognition (10).  It is not directly obvious how these possible interactions 

have been altered by the reduction of the flavin. Nevertheless, donor atom #-bonding to the 

electron poor flavin allows for the binding of anions, e.g. sulfate and chloride, which are 

typically observed in the substrate-binding pocket of oxidized OYE proteins. These anions 

may act as competitively binding ligands in the oxidized state, which, as they have no affinity 

for the reduced flavin, are not competing with 2-cyclohexenone for the substrate-binding site 

above reduced flavin. 
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Figure 5:  Oxidative half-reactions of reduced wt-XenA. Time-dependent absorbance changes 

of the reaction of 70 !M reduced wt-XenA with 1600 !M of different oxidative 
substrates. The figure shows the time trace for the reaction with 2-cyclohexenone. The 
inset shows the time traces of the reactions with coumarin (solid line), 8-
hydroxycoumarin (dotted line) and 7-hydroxycoumarin (dashed line). Measurements 
were performed under anaerobic conditions in 50 mM Tris buffer (pH 8.0) at 20°C. 
The observed rate constants are 10.5 s-1 (with 2-cyclohexenone), 0.34 s-1 (with 
coumarin), 0.19 s-1 (with 7-hydroxycoumarin) and 0.43 s-1 (with 8-hydroxycoumarin). 
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CONCLUSIONS 

The presented Michaelis-complexes provide direct evidence for redox-dependent modes of 

substrate binding in flavoenzymes.  Redox-dependent substrate binding has been proposed for 

other flavoenzymes, based on the observation of non-productive binding modes in the 

inactive redox state of the enzyme (3,13), however direct insight into the reactive states were 

missing.  Our results demonstrate that substrate recognition and productive orientation are 

directly linked to the redox chemistry of the flavin. However one can easily imagine that the 

modulated substrate affinity also facilitates product egress after the oxidation state change and 

open new ways to distinguish between the “right” and “wrong” substrates. 
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MATERIALS AND METHODS 

Protein expression and purification 

The proteins have been expressed and purified as described in (12). Mutagenesis to derive the 

Y183F variant of XenA has been described in (8).   

 

Pre-steady state kinetic experiments 

The oxidative half-reactions of reduced wt-XenA with 2-cyclohexenone, coumarin, 7-

hydroxycoumarin and 8-hydroxycoumarin were measured in 50 mM Tris buffer (pH 8.0) 

under anaerobic conditions at 20°C as described previously (8). 70 µM of enzyme was mixed 

with 1600 !M of the oxidative substrate. To achieve complete reduction the enzyme it was 

reduced by titration with appropriate amounts of NADH in a glass tonometer with cuvette 

side arm. The reactions were monitored at the absorbance maximum of the FMN at 464 nm 

with using an Applied Photophysics SX-20MV spectrophotometer with a 1-cm observation 

path length cuvette. The measurements were repeated at least five times for each substrate 

concentration.  

 

Crystallization and structure determination 

Reduced crystals of XenA-Y183F were grown as described for the reduced wild type XenA 

under anoxic conditions in a glovebox (Coy type B) (8). The crystals were cross-linked for 

1 hour in a harvesting solution containing 100 mM HEPES buffer (pH 7.5), 2.1 M ammonium 

sulfate, 4 mM NADH and 0.002% glutaraldehyde. To soak crystals with substrate, they were 

further incubated for 10 sec in harvesting buffer containing approximately 5 mM of the 

oxidative substrate. Crystals were shock frozen in harvesting buffer containing 20% (v/v) 

2R,3R-butandiol and stored in liquid nitrogen.  

X-ray diffraction data were collected at the beam line BL14.2 (BESSY, Berlin, Germany), at 

a wavelength of 0.91841 Å and 100 K. The diffraction data were processed and scaled using 

the XDS package (14). The structures of the XenA-Y183F variants were solved using 

Patterson search techniques using PHASER (15) with XenAox (PDB-Id: 2H8X (4)) as 

homologous search model. Subsequent rounds of model building and refinement were 

performed using the programs COOT (16), PHENIX (17) and Refmac5 (18).  
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