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Abstract: In mammals and in yeast the conversion of Riboflavin (RF) into flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD) is catalysed by the 

sequential action of two enzymes: an ATP:riboflavin kinase (RFK) and an ATP:FMN 

adenylyltransferase (FMNAT). However, most prokaryotes depend on a single bifunctional 

enzyme, FAD synthetase (FADS), which folds into two modules: the C-terminal  

associated with RFK activity and the N-terminal associated with FMNAT activity. 

Sequence and structural analysis suggest that the 28-HxGH-31, 123-Gx(D/N)-125 and  

161-xxSSTxxR-168 motifs from FADS must be involved in ATP stabilisation for the 

adenylylation of FMN, as well as in FAD stabilisation for FAD phyrophosphorolysis. 

Mutants were produced at these motifs in the Corynebacterium ammoniagenes FADS 

(CaFADS). Their effects on the kinetic parameters of CaFADS activities (RFK, FMNAT 

and FAD pyrophosphorilase), and on substrates and product binding properties indicate 

that H28, H31, N125 and S164 contribute to the geometry of the catalytically competent 

complexes at the FMNAT-module of CaFADS.  
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A fit of the data to an equation describing the dead-end inhibition by excess of RF, generated the 

inhibition constant (Ki), Km
RF

, kcat, and catalytic efficiency values for each variant within a factor of 

two of those of the WT enzyme
 
(Table S2). Similar profiles and kinetic parameters for RFK activity of 

WT CaFADS were also observed for all the mutants when assayed at different ATP concentrations 

while keeping the RF one fixed. Therefore, mutations at H28, H31, N125, R161, S164 and T165 at the 

FMNAT-module of CaFADS do not produce major deleterious effects on the RFK activity, but only 

slightly modulate binding and transformation of substrates. Among the residues here mutated only 

T165 is involved in the interaction with the RFK-module of a neighbouring protomer by establishing 

one H-bond with D298 (Figure S4). However, the region holding D298 is far from the RFK-module 

active site and does not involve any of the flexible regions of the RFK-module related with  

this activity.  

2.6. Effects of Mutations on Binding Parameters of the Flavins to CaFADS 

ITC analysis of the interaction of WT CaFADS with FMN and FAD was consistent with a single 

binding site at the FMNAT-module for both ligands, with dissociation constant (Kd) values of 7.8 and 

0.7 µM, respectively (Table 3) [9,20,21]. All mutants maintained this single flavin binding site, but 

binding enthalpies for the interaction of FMN and FAD to H28A, H31A and H31D CaFADS and of 

FMN to R161D, S164A and S164D CaFADS are significantly reduced (Table S3, Figures 3a,b, 4a,b 

and S5).  

Table 3. Dissociation constants for the interaction of WT and mutated forms of CaFADS 

with FMN, FAD and ATP as determined by ITC. Data obtained at 25 °C in 20 mM PIPES 

pH 7.0, at the indicated MgCl2 concentration. Errors in Kd are considered within ±15%, the 

value taken being larger than the standard deviation between at least three independent 

experiments and the numerical error after fitting analysis to the equation describing a 

model for either one or two independent binding sites. 

 Kd (µM) 

 FADS:FMN 10 mM Mg
2+

 FADS:FAD 10 mM Mg
2+

 FADS:ATP 10 mM Mg
2+

 FADS:ATP 0 mM Mg
2+

 

WT 7.8 0.7 30 a 5.5 

H28A 13 48 >650 a very weak 

H28D 7.9 1.8 130 a 40 

H31A 18 18 43 a very weak 

H31D 6.1 12 >50 a very weak 

N125A 5.6 2.7 123 a 6.4 

N125D 38 30 70 a 91 

R161A 18 0.8 27 a 27 

R161D 14 1.0 61 a 164 

S164A 1.4 26 111 a 86 

S164D 5.3  27  104 a 114 

T165A 65 11 118 a 32 

T165D 2.0 0.4 103 a 11 

a These parameters correspond to average dissociation constants (Kd,av
ATP:Mg) for two ATP:Mg2+ binding sites that cannot 

be independently determined [20]. 
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R161 only a small fraction of the enzyme molecules appeared able to bind both flavins, while 

replacement with Ala did not significantly affect this parameter. Mutations at R161 produced a  

2.5-fold decrease in the affinity for FMN (Table 3). Substitution of S164 resulted in Kd
FMN

 values only 

slightly smaller than for WT CaFADS, but the affinity for FAD decreased by 30-fold (Table 3). 

Finally, replacement of T165 with Ala decreased the CaFADS affinity for FMN and FAD by ~15-fold, 

while slightly increasing upon replacement with Asp (Table 3).  

Binding of both flavins to WT CaFADS was driven by a large enthalpic change with a high cost in 

entropy (Figure 4a,b, Table S3). Three of the four histidine replacements at 28-HxGH-31 altered the 

profile for FMN binding, now driven by a very low enthalpic contribution and a favourable entropic 

driving force. The same behavior was observed for R161D and mutants at S164 (Figure 4a). The 

thermodynamic profile for the interaction of FAD was similar for all the variants. The only exceptions 

were H28A, H31A and H31D, which showed a considerably decreased enthalpic contribution while 

the entropy became favourable (Figure 4b). In addition, changes in the magnitude of both contributions 

are observed for variants R161D, and, especially, S164D (Figure 4b). It is remarkable that in S164D, 

the effect on the thermodynamic parameters was opposite for the interaction with either FMN or FAD, 

suggesting that in this variant, the overall mode of interaction and the residues involved in their 

binding might differ. Particularly, the small values of the enthalpic contributions to binding suggest 

that the mutations prevent the formation of electrostatic interactions and H-bonds. 

2.7. Effects of Mutations on the ATP Binding Parameters to CaFADS 

Two independent ATP binding sites were detected for WT CaFADS in the presence of 10 mM 

Mg
2+

 with an average Kd
ATP

 value (Kd,av
ATP:Mg

) of 30 µM (Table 3) [9,20,21]. In the absence of 

magnesium, only one binding site, identified in the FMNAT-module, was detected with a Kd
ATP

 of  

5.5 µM (Table 3) [9,20]. Two ATP:Mg
2+

 binding sites were also detected for all the CaFADS variants, 

but in general mutations produced deleterious effects in the affinity. Only H31A and R161A showed 

Kd,av
ATP

 values in the WT range. In general, Kd,av
ATP

 were more than 3-fold higher than for WT, and up 

to 20-fold in H28A (Table 3, Figure 3c). 

In the absence of magnesium the interaction of variants at H28 and H31, if any, is particularly 

weak. Only H28D showed appreciable binding, although the affinity considerably decreased with 

respect to WT (Kd
ATP

 ~7-fold higher). The rest of the variants kept the ability to bind one ATP 

molecule at the FMNAT site, but with the only exception of the N125A and T165D mutants, the 

affinity for the adenine nucleotide was particularly weak (close to 20-fold for N125D, R161D, S164A 

and S164D) (Table 3, Figure 3d). These observations, together with the considerable decrease in the 

magnitude of the enthalpic and entropic contributions for ATP binding to the variants in the HxGH 

motif (Figure 4c), can be explained by the ATP binding site in the FMNAT-module being significantly 

altered by the mutations. Moreover, no good correlation was observed between Kd
ATP

 and Km
ATP

 for 

active variants (with Km
ATP

 values lower than Kd
ATP

 values (Tables 1 and 3)), suggesting that in the 

CaFADS mutants, reactions might proceed through a different mechanism from WT. Once again these 

results indicate the importance of polarity in the cavity of the catalytic site for both binding of ligands 

and catalysis. 
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Figure S1. (a) Scheme for the reactions catalysed by the RFK and the FMNAT modules of 

CaFADS. (b) Cartoon representation and topology of the crystal structure of CaFADS 

(2X0K). The N-terminal FMNAT and C-terminal RFK modules are coloured in green and 

orange, respectively. (c) Logo of sequence homology of the motifs putatively involved in 

the FMNAT catalytic activity in the FADS family. The sequence logo was produced using 

the server (available online: http://weblogo.berkeley.edu; accessed on15 February 2007). 
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Figure S2. Circular dichroism spectra (molar ellipticity per residue) in the (a) far-UV  

(5 µM CaFADS in 5 mM PIPES, 10 mM MgCl2, pH 7.0 in a 0.1 cm path length cuvette) 

and (b) near-UV (20 µM CaFADS in 20 mM PIPES, 10 mM MgCl2, pH 7.0 in a 0.4 cm 

path length cuvette) regions for WT (black), H28A (pink), H28D (red), H31A (green), 

H31D (grey), N125A (blue), N125D (cyan), R161A (magenta), R161D (yellow), S164A 

(purple), S164D (orange), T165A (dark green) and T165D (violet).  

 

Figure S3. Visible difference spectra elicited upon addition to the CaFADS variants (left) 

and their preformed CaFADS:ADP complexes (right) of saturating concentrations of (a 

and b) RF, (c and d) FAD and (e and f) FMN for WT (black), H28D (red), H31A (green), 

N125A (blue), N125D (cyan), R161A (magenta), R161D (yellow), S164A (purple), S164D 

(orange), T165A (dark green) and T165D (violet). 
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Figure S3. Cont. 

 

Figure S4. (a) Surface representation of the hexamer of CaFADS and detail of the RFK 

and FMNAT cavities. The docked ligands are represented by sticks. (b) Detail of the 

contacts between RFK (in cartoon and orange) and the FMNAT (in surface and green) 

between two protomers in the trimeric structure of CaFADS.  

 
  










