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The predicted binding of C24 to the RFK module is driven by a hugely favorable 

entropic contribution that compensates the unfavorable binding enthalpy. That fact 

reveals that this C24 binding might not be specific, but takes places due to the 

hydrophobic nature and rigidity of this compound.  

5. Effect of the HTS hits on the RFK and FMNAT activities of 

SpnFADS 

Table 8.6. Effect of selected HTS hits on the RFK and FMNAT activities of SpnFADS. All 

the experiments were carried out at 25 ºC, in 20 mM PIPES pH 7.0, 10 mM MgCl2 at 

saturating concentrations of FMN and ATP and in the presence of 2.5% DMSO. (n=3, mean 

± SD).  

 RFK activity FMNAT activity 

HTS hit 
Res. activity a 

(%) 

IC50
 b

 

(μM) 

Res. activity a 

(%) 

IC50 
b

 

(μM) 

C1 100 ± 15 -- 0 ± 0 *** 69 ± 5  

C2  78 ± 10 >100 100 ± 12 -- 

C7 92 ± 10  >100 0 ± 0 *** 73 ± 7 

C9  0 ± 0 *** 6 ± 1 7 ± 1 *** 78 ± 6 

C10 100 ± 12  -- 0 ± 0 *** 68 ± 7 

C14 100 ± 10  -- 63 ± 7 *** >100 

C24 84 ± 9  >100 0 ± 0 *** 70 ± 6 

C25 81 ± 8  >100 0 ± 0 *** 70 ± 6 

C27 25 ± 4 *** 6 ± 1 0 ± 0 *** 51 ± 6 

C29 71± 8* >100 0 ± 0 *** 64 ± 5 

C33 26 ± 3 *** 33 ± 4 93 ± 11 >100 

C37 96 ± 10 >100 0 ± 0 *** 7 ± 1 

C38 40 ± 5 *** 88 ± 6 68 ± 7 ** >100 

C43 32 ± 3 *** 14 ± 2 100 ± 15 -- 

a Remaining activity in the presence of 100 μM of each compound. Data showing statistical significance differences 

when compared with activity in the absence of compound (***, p<0.0001; **, 0.0021>p>0.0001; *, 
0.033>p>0.0021). 
b Compounds assayed in the 0-100 μM concentration range. 

To determine whether our HTS hits were specific for CaFADS or might have effect 

on other similar bacterial FADS family members, we tested their effects on the RFK 

and FMNAT activities of the also bimodular and bifunctional SpnFADS. 16 out of 37 

HTS hits did not inhibit the activity of SpnFADS, but 11 of the 37 HTS hits inhibited 
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either the RFK or the FMNAT activities of SpnFADS (Table 8.6). However, most of 

them exhibited IC50 values in the high micromolar range (>65 μM). Only C37 for the 

FMNAT activity, and C9 and C27 for the RFK one showed IC50 values lower than 10 

μM. C37 and C9 inhibit completely the corresponding activity, but the residual activity 

for the RFK activity with C27 was too high to be considered as a good inhibitor. 

6. Effect of selected HTS hits on different bacterial cells 

Table 8.7. Minimal Inhibitory Concentration (MIC) of selected HTS hits against different 

microorganisms. FMNAT hits are shown in italics. Compounds were assayed in the 0.125-

64 μM concentration range. 

HTS HIT 
C. ammoniagenes 

(μM) 

M. tuberculosis 

(μM) 

S. pneumoniae 

(μM) 

C1 >64 >64 >64 

C2  >64  >64   >64   

C9  2 16 1-2 

C11 >64 >64 >64 

C14 0.25 8 2 

C15 32 >64 64 

C17 8 >64 >64 

C24 16-32 16-32 >64 

C27 64 >64 >64 

C29 0.125 16-32 1 

C31 32-64 >64 >64 

C32 8 >64 64 

C33 0.125 2-4 0.5 

C35 16-32 >64 64 

C37 >64 >64 >64 

C38 32 >64 16-32 

C47 2-4 8 4 

 

To determine the effect of our HTS hits on the growth of different bacteria, we 

determined their minimal inhibitory concentration (MIC) (Table 8.7). With that aim, 

bacterial cells of C. ammoniagenes, M. tuberculosis and S. pneumoniae were growth in 

the presence of increasing concentrations of the selected HTS hits. Among the 37 HTS 

hits, only 11 and 5 inhibited, respectively, the growth of C. ammoniagenes and M. 

tuberculosis. From them, only C9, C14, C29, C33, and C47 showed MIC values for C. 

ammoniagenes lower than 2 µM, while C17, C24, C32, and C35 show values between 2 

and 16 μM. (Table 8.7). Interestingly, those compounds that present better properties 

against the CaFADS FMNAT activity (C24, C27 and C31) have poor growth inhibitory 

effect on whole bacterial cells (C24 and C27 have MIC ≈ 32 and 64 µM, respectively, 

whereas the MIC of C31 was >64 µM). However, it is worth to notice the effect as 
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growth inhibitors of compounds C9, C14, C29, C33 and C47, which show in common 

their ability to inhibit considerably both CaFADS enzymatic activities (Table 8.1, Fig. 

8.8). Regarding M. tuberculosis growth, C9, C8, C24 and C29 produced mild effects on 

cell growth, but only C14 and C33 showed MIC values below 8 µM. Table 8.7 also 

summarizes the effect of some selected compounds on S. pneumoniae, indicating that 

C9, C14, C29 and C33 inhibit moderately their growth. 

 

Figure 8.8. Venn diagrams for the effects of the HTS hits on C. ammoniagenes and S. 

pneumoniae. (A) Effect of the HTS hits on the RFK and FMNAT activities of CaFADS as 

well as on the growth of C. ammoniagenes cells. (B) Effect of the HTS hits on the RFK and 

FMNAT activities of SpnFADS and on the S. pneumoniae cellular growth. The HTS hits 

including within each circle inhibit (with statistical significance) the specified activity or the 

cell growth. The hits highlighted in bold in (A) (those that completely inhibited the FMNAT 

activity without affecting the RFK one), were selected to continue the study. Hits rounded, 

both in (A) and (B), were also able to inhibit the proliferation of M. tuberculosis.  

7. Discussion 

Validation of the HTS protocol 

Here we have designed and optimized an enzymatic activity-based HTS protocol 

to discover specific inhibitors for CaFADS. In this protocol, the direct evaluation of the 

FMNAT enzymatic activity allows maximizing the specificity [194]. Our HTS protocol 

is simple, effective and consumes scant protein quantity, 1.5 ng/compound, against the 

~5 μg/compound required for some differential scanning fluorescence-based HTSs 
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[190]. Our protocol directly monitors the activity of the enzyme that we want to inhibit 

(Fig. 8.1A), therefore, the number of false positives and PAINS is minimized. In 

addition, since chemicals in the library are approved drugs, their toxicity in mammalian 

cells will be limited. The 37 HTS hits obtained in this way (3.6% of the chemical 

library) were further assayed against the RFK and FMNAT activities of CaFADS. Nine 

of the HTS hits (when assayed at 250 μM) almost completely inhibited the FMNAT 

activity without practically affecting the RFK one (Table 8.1). Since the FMNAT 

activity of the enzyme appeared as a more useful target, due to its difference in active 

site geometry regarding eukaryotic enzymes, these FMNAT hits were selected to 

continue the study. 

Inhibitors targeting the FMNAT activity of CaFADS.   

 We choose the three FMNAT hits showing the lowest IC50 and residual activity 

(C24, C27 and C31, 8% of the HTS hits) (Table 8.2) to further determine their binding 

affinities to the enzyme and inhibition mechanisms. The first one was Chicago Sky Blue 

(CSB), here C24. It is an allosteric inhibitor of the Macrophage Inhibitor Factor, and 

shows promising in vivo-effects for the treatment of spinal cord injury [231]. 

Additionally, CSB appears to act an anticancer drug through the specific inhibition of 

Rad 51, as well as a potential resource for the Alzheimer disease treatment by inhibiting 

the binding of β-amyloid to the prion protein [232, 233]. Furthermore, the inhibition of 

vesicular glutamate transporters by CSB seems to attenuate expressions of behavioral 

sensitization [234]. In our study, CSB is the most potent inhibitor of the CaFADS 

FMNAT activity as shown by its lowest values of residual activity and IC50 (Table 8.2), 

targeting both the free enzyme and an ATP-protein complex (Table 8.4, Fig. 8.5). CSB 

binds to both modules of the enzyme, being its binding to the FMNAT one highly 

favorable and enthalpically driven (Table 8.5, Fig. 8.8). This fact is positive for an 

inhibitor, since high binding enthalpy denotes lots of specific interactions, H-bounding 

and/or Van der Waals interactions, formed upon binding [195]. 

 Gossypol, here C27, was used some years ago in China as a masculine 

contraceptive [235], although its side effects stopped its pharmacological use. More 

recently, gossypol has demonstrated anticancer effects through the inhibition of 

antiapoptotic proteins that belong to the Bcl-2 family and of molecules implicated in 

tumor progression [236, 237]. Additionally, gossypol inhibits the HIV-1 replication in 

vitro [238]. Gossypol is a potent inhibitor of the CaFADS FMNAT activity that shows 

low IC50 and residual activity values (Table 8.2), while it does not affect the RFK one 
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(Table 8.1, Fig. 8.2). This compound competes with ATP for its binding at the FMNAT 

site of the protein (Table 8.4, Fig. 8.6). The lower Kd value for gossypol when compared 

with that of FMN [84], makes the inhibitor a preferred ligand for CaFADS.  

C31, or flunixin meglumine (flunixin is the bioactive part and meglumine the 

excipient), is a non-steroidal anti-inflammatory drug, analgesic and antipyretic 

extensively used in horses, pigs and cattle [239-241]. This fact guarantees that flunixin 

can be used securely in mammals. In this study, flunixin arises as a mixed inhibitor of 

the CaFADS FMNAT activity. Although flunixin is the less potent inhibitor of the three 

here characterized (Table 8.2, Fig. 8.4), its great binding thermodynamic properties, 

together with its bio-security in mammals, reveal its potentiality as a drug.  

Antimicrobial activity of the FMNAT hits 

S. pneumoniae is the causative agent of more than 25 % of all cases of community-

acquired pneumonia [112], causing more deaths than any other vaccine-preventable 

bacterial disease. On the other hand, M. tuberculosis causes tuberculosis, one of the 

most common causes of death from infectious disease (World Health Organization, 

2015). S. pneumoniae FADS (SpnFADS) shows only 29% sequence identity with 

CaFADS, but it owns the consensus sequences of prokaryotic FADSs and both proteins 

show very similar structures (Fig 8.9). The M. tuberculosis FADS (MtFADS) sequence 

shows 45% identity with CaFADS and 59% of conservative substitutions [76]. Since so 

far attempts to produce stable purified MtFADS have failed, CaFADS is considered a 

good model for the formers, as well as for other proteins of these two genera [242]. 

Thus, we tested the inhibitory activity of the best FMNAT hits on the growth of C. 

ammoniagenes, S. pneumoniae and M. tuberculosis cultures. CSB shows moderate 

effects on C. ammoniagenes and M. tuberculosis growth (Table 8.7, Fig. 8.8), although 

it does not inhibit at all the pneumococci growth. A priori, gossypol and flunixin do not 

inhibit the growth of C. ammoniagenes, S. pneumoniae and M. tuberculosis cells. This 

might be due to their inability to enter in the bacterial cell, or because efflux pumps 

eject them once in the bacterial cytoplasm. However, derivatization of these compounds 

in second generation hits, the utilization of vehiculization systems to move drugs across 

the membrane, or the use of efflux pumps inhibitors might be tools to favor their 

bactericide effects [243-245]. Among the other FMNAT hits not further characterized, 

only C15, C17 and C31 show mild inhibitory activity on the growth of C. 

ammoniagenes, not having any effect on S. pneumoniae and M. tuberculosis cultures 

(Fig 8.8). 
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Figure 8.9. Sequence and structure similarity within selected members of the bacterial 

bifunctional FADS family. (A) Sequence alignment of CaFADS (Q59263), SpnFADS 

(A0A0H2UPY5) and MtFADS (NP_217302.1) obtained using the CLUSTAL W algorithm 

(http://www.ebi.ac.uk/clustalw/) with default parameters. The consensus sequence is 

indicated. Equivalent residues at each position are shown in the same color. (B) 

Crystallographic structures of CaFADS (PDB 2x0k), with the FMNAT and RFK modules 

shown in blue and light blue respectively, and of SpnFADS (PDB 3op1), with the FMNAT 

and RFK modules shown in pink and light pink respectively, and structural alignment, 

showing an r.m.s.d. of 1.63 Å for 247 Cα atoms. Structural alignment and figures produced 

with PyMol [246]. The reaction catalyzed by each module is shown next to the 

corresponding module structure.  

Selectivity of the HTS hits 

The specificity of the HTS hits for CaFADS was also tested by determining their 

effects on the SpnFADS RFK and FMNAT activities. Thus, regarding the three 

FMNAT hits: CSB has a poor inhibitory effect on SpnFADS (Table 8.6), which might 

be of interest for a selective inhibitor; gossypol inhibits both CaFADS and SpnFADS 

activities (Tables 8.6 and 8.7), appearing as a broad inhibitor of FADS; and flunixin has 

no effect on SpnFADS (Table 8.6), indicating the specificity of this compound for 

CaFADS. Furthermore, only 30% of the HTS hits have inhibitory effects on SpnFADS, 

despite conservation of sequential and structural motives among both proteins (Fig. 

http://www.ebi.ac.uk/clustalw/
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8.9), In addition, high values for residual activities and IC50 reveal that they are worse 

inhibitors for SpnFADS than for CaFADS (Table 8.6).  

Among the HTS hits C9, C27, C37 and C43 appear as interesting inhibitors of 

SpnFADS (Table 8.6). Curiously, C27 and C43, which did not reduce the CaFADS 

RFK activity (Table 8.1), have an important effect on the SpnFADS one. C9, 

thonzonium bromide, inhibits both SpnFADS activities (Table 8.6). This compound is a 

monocationic detergent that has been commonly used in cortisporin-TC ear drops to 

help penetration of active ingredients through cellular debris. Additionally, thonzonium 

bromide has appeared as an inhibitor of the vacuolar ATPase, showing cytotoxic effects 

at concentrations higher than 10 μM [247], and a inhibitor of the RANK-L induced 

osteoclast formation [248]. C37, fluvastatin sodium salt, inhibited both CaFADS 

activities, but only affects the FMNAT one in SpnFADS. Fluvastatin inhibits the HMG-

CoA reductase being used to treat hypercholesterolemia [249]. Fluvastatin seems to 

have positive effects in myocardial fibrosis by favoring ACE2 expression, and also 

appears to inhibit modestly the replication of hepatitis C virus [250, 251]. Oxaprozine, 

here C43, is used as analgesic (inhibits anandamide hydrolase in neurons) and an anti-

inflammatory drug [252, 253] and acts as a nonselective cyclooxigenase inhibitor. 

Additionally, it inhibits NF-κβ in activated monocytes, being a promising drug for the 

treatment of rheumatoid arthritis [254].   

Recent studies [79, 99, 100, 222], as well as the presented in the chapters 6 and 

7, have revealed important differences in the catalytic cycle of bifunctional FADS, 

which might be related to dissimilarities in the conformation of the active sites during 

catalysis. That fact is consistent with the differential inhibitory activity of the HTS hits 

against CaFADS and SpnFADS, as we have observed in the present work. Such 

mechanistic variations appear to determine the capability of hits to bind and/or to 

produce inhibition. These observations highlight the potentiality of our method to find 

selective drugs targeting a specific protein of a particular microorganism, without 

affecting homologous proteins in other microorganisms. The development of such 

species-selective drugs is of great importance in the treatment of infections, in order to 

avoid undesired side-effects on the normal microbioma of the host [255], and to 

minimize the selection of resistant bacterial strains.  

Besides FMNAT hits whose inhibitory activity on CaFADS only had mild or no 

effects on bacterial cells, 5 HTS hits (C9, C14, C29, C33 and C47) appear as strongly 

inhibitors of the C. ammoniagenes growth (Table 8.6, Fig. 8.8). These 5 HTS hits also 
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inhibit the growth of S. pneumoniae (Table 8.7, Fig. 8.8), while only the first four 

mildly affect M. tuberculosis. Noticeably, these 5 HTS hits are good inhibitors of both 

CaFADS activities (Table 8.1, Fig. 8.8). C9 and C29 also appear as potent inhibitors of 

the SpnFADS RFK and/or FMNAT activities respectively. The effect of the others as 

SpnFADS inhibitors is milder, suggesting that in these cases mechanisms that do not 

involve FADS prevent cell proliferation. Considering our results collectively, the 

development of drugs targeting both activities of bifunctional FADSs appears as a 

strategy to consider in the discovery of new antibacterial drugs. In this context, the non-

selective antimicrobial properties of C9 and C29 seem interesting tools to explore. 
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1. Quaternary organizations of bifunctional prokaryotic FAD 

synthetases  

The crystal structure of CaFADS suggested the formation of a transient oligomeric 

assembly that consists on a dimer of trimers [85, 100]. Such quaternary organization 

might approach the RFK and FMNAT active sites of neighboring protomers, facilitating 

the channeling of the FMN produced in the RFK module of a protomer to the FMNAT 

site of the contiguous one, for its transformation into FAD [85]. Besides the dimer of 

trimers, other oligomeric assemblies of lower molecular weights (dimers, trimers and 

tetramers) have been observed both in vitro and in vivo assays [100]. Additionally, it 

has been proven that the presence of different substrates and products of the RFK and 

FMNAT reactions promotes the transformation of some oligomers into others [100]. All 

these data suggested that the dimer of trimers might play an active role in the catalytic 

cycle of the CaFADS, as well as in the regulation of FMN and FAD synthesis.  

Structural analysis of the CaFADS dimer of trimers suggested that loop L3c (only 

present in FADS from Corynebacterium and Mycobacterium genera) might be key for 

the stabilization of that structure [85]. Additionally, loops L4n, L1c-FlapI and L6c 

together with helix α1c form the interface between two protomers within each trimer, 

contributing to the structure of the active sites [85]. With the purpose to clarify the 

relevance of such elements of secondary structure in the stabilization of the quaternary 

assembly, we produced point mutations at L4n (R66, which forms a salt bridge with the 

E268 that is the catalytic base of the RFK activity), L1c-FlapI (K202, E203 and F206), 

L6c (D298), and α1c (V300, E301 and L304).  

Among the mutated residues, R66 was the only one located at the N-terminus 

module (specifically at the loop L4n) [85]. Mutants of this residue (R66A and R66E) 

showed altered RFK and FMNAT activities, as well as modified affinities for the 

ligands, both at the RFK and FMNAT binding sites. Even though the substitution of 

R66 did not prevent the stabilization of oligomeric assemblies, surface and charge 

complementarities within these organizations decreased regarding the WT. Considering 

that within a monomer, R66 at the FMNAT module is far enough from the RFK active 

site to affect the activity and ligands binding to this second site, the effects observed 

upon mutation of R66 only can be explained in the context of the dimer of trimers. 

Thus, all these data revealed that the salt bridge between R66 of a monomer and E268 

of the neighboring protomer contributes to the stabilization of the trimer within the 
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dimer of trimers, validating the hypothesis of the formation of quaternary organizations. 

Nevertheless, this salt bridge is not the main determinant in the stabilization of such 

structure, where other secondary structure elements, such as loop L3c, might have a 

more relevant role.  

Mutations in L1c-FlapI (K202, E203 and F206) altered the kinetic parameters for the 

CaFADS RFK activity, as well as ligand binding parameters in the C-terminal module, 

revealing the implication of these residues in the achievement of the appropriate RFK 

catalytic geometry. F206 interacts with F62 of helix α2n, while K202 and E203 

establish salt bridges with E103 and N131, respectively, from loop L8n of the N-

terminus module of the neighboring protomer. Substitutions of these residues would 

prevent such interactions, and consequently the shape of the flavins cavity in the 

FMNAT module would change, explaining the decreased fraction of protein able to 

bind FMN and FADS at this module.  

Mutations in L6c (D298) and in the helix α1c (V300, E301 and L304) highly 

modulated kinetic parameters for both RFK and FMNAT activities, reducing as well the 

affinity for FMN and FAD. That fact revealed the implication of these residues inflavins 

binding to the FMNAT module and in the stabilization of quaternary organizations. 

Thus, L6c and the N-terminal end of helix α1c contribute to close the FMNAT flavin 

binding site of the neighboring protomer within the trimer. Mutation of D298 might 

prevent its H-bound with T165 that is critical for flavin binding and the FMN 

adenylylation, which would explain the obtained results. Similarly, substitutions of 

E301 and L304 might hinder its interaction with T127 and A132, respectively, affecting 

van der Waals contacts between α1c and L8n, within the timer. These facts would 

explain the altered parameters for flavin binding that the mutants show. V300 is 

expected to directly interact with the isoalloxazine ring in the FMNAT module of the 

adjacent protomer, therefore the altered binding constants that the variants of this 

residue showed were the expected ones. Finally, the mutations also modified flavin 

binding at the RFK module, consistently with the conformational changes in L1c-FlapI, 

L4c-FlapII, L6c and helix α1c induced by substrates binding.  

All these data revealed that despite none of the mutated residues is by itself 

determinant for the stabilization of quaternary assemblies, neither for the RFK or 

FMNAT activities of CaFADS, they modulate the oligomerization equilibrium, altering 

as well the RFK and FMNAT activities and the thermodynamic parameters for ligands 

binding, specially to the FMNAT module. Therefore, among the secondary structure 
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elements proposed as key in the formation of the dimer of trimers, the loop L3c acquires 

special relevance. This hypothesis is supported by the fact that the dimer of trimers is 

neither predicted, nor experimentally observed for SpnFADS. During The RFK and 

FMNAT catalytic cycles, and despite the fact that the monomer was the most populated 

state, SpnFADS appeared to stabilize dimers, tetramers and specially trimers. 

Nevertheless, none of these structures resembles the dimer of trimers observed for 

CaFADS. Having into account that SpnFADS presents a loop L3c that is 12 residues 

shorter than CaFADS, the results obtained for SpnFADS reinforce the supposition of 

the key role of L3c in the stabilization of the dimer of trimers.   

2. Catalytic cycles of CaFADS and SpnFADS 

CaFADS and SpnFADS only share 25% of sequence identity, although both proteins 

present the consensus sequences related to the RFK and FMNAT activities [76]. 

Despite the low sequence homology, both FADSs display great similarity in their 

overall structures. Regarding their catalytic cycle, CaFADS and SpnFADS are able to 

transform RF into FMN, and FMN into FAD but the RFK and FMNAT activities of 

these enzymes show important differences. Thus, the RFK activity of SpnFADS is not 

inhibited at high concentrations of the RF substrate (as that of CaFADS is), and their 

FMNAT activity only takes place under strong reducing conditions. 

During the FMNAT catalytic cycle of SpnFADS, and contrary to that observed for 

CaFADS, FMN only is transformed into FAD when it is in the reduced form. The 

reduced isoalloxazine ring seems to be an absolute requirement for flavins binding to 

the FMNAT module of the enzyme, and for its subsequent transformation. This could 

be due to the FMNAT active site of SpnFADS only allows the incorporation of the 

isoalloxazine ring in their reduced bended conformation. Such difference might be a 

consequence of important changes in regions involved in ligands binding, for instance 

in loops L4n and L6n, which form the external part where substrates and products of the 

FMNAT activity bind. Additionally, the flavin cavity at the FMNAT module of 

SpnFADS is slightly broader and deeper than that of CaFADS, which might influence 

the way in which flavins bind to this cavity.  

The RFK catalytic cycle of CaFADS and SpnFADS also presents important 

differences, being the most obvious one the lack of inhibition by excess of the RF 

substrate that SpnFADS shows. Thus, the CaFADS RFK activity is noticeably inhibited 

at RF concentrations higher than 5 μM. A more detailed study revealed that besides 
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the RF inhibition, the products of the reaction (FMN and ADP) also affected the RFK 

activity of CaFADS. ADP acts as a competitive inhibitor, while FMN performs a 

uncompetitive inhibition mechanism, yielding a CaFADS:ATP:FMN dead-end 

complex. Nevertheless, inhibition constants for RF and FMN are considerably lower 

than that for ADP, which makes both flavins more potent inhibitors than ADP and also 

explains the fact that inhibition by ADP stayed unnoticed up today. A similar analysis 

of the RFK activity of SpnFADS revealed that, although the RF substrate does not 

produce any inhibitory effect, the FMN and ADP products do. The inhibitory 

mechanism carry out by these products differs from those observed for CaFADS, and in 

this case both FMN and ADP are uncompetitive inhibitors, being FMN more potent as 

inhibitor than ADP. Nevertheless, the Ki
FMN/ Km

RF ratio is approximately 5 times higher 

for SpnFADS than for CaFADS, which explains the apparent lack of inhibition of the 

SpnFADS RFK activity.  

Rapid mixing stopped flow experiments allowed inferring some evidences of the 

RFK catalytic cycle for both enzymes. Both proteins are not able to either bind or 

internalize FLV ligands in the absence of ANP ligands, but ATP and ADP promote 

flavins binding and/or its internalization through a conformational change in loop L4c 

that closes the flavin binding cavity [99]. Nonetheless, the rates at which the ANP-FLV 

mixtures bind the FADSs differ between these proteins, being the ATP-RF substrate 

binding the fastest and the slowest process for SpnFADS and CaFADS, respectively. As 

a consequence of that, as the RFK reaction draws on and the products start to 

accumulate, they would bind the CaFADS preferably, producing kinetic inhibition. In 

the case of SpnFADS, although products accumulate the ATP-RF binding would be the 

most favored process. When mixing ATP-RF with FADSs, an ATP-induced 

conformational change is observed for both proteins (characterized by kobs2), although 

the behavior of kobs2 on RF concentration differs. Thus, during the CaFADS RFK 

reaction, increasing RF concentration inhibits such conformational change, while this 

inhibition is not observed for SpnFADS. These differences might be explained 

considering the conformational rearrangement of the PTAN motif required to reach the 

catalytically competent conformation by CaFADS but not by SpnFADS. Hence, we can 

conclude that although the steps occurring during the RFK reactions of CaFADS and 

SpnFADS are similar, their rates differ being the final consequence the lesser kinetic 

inhibition level that SpnFADS shows.  
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Regarding the thermodynamic data of the interactions of both proteins with all the 

substrates and products of the RFK reaction, some aspects need to be pointed. 

SpnFADS can reach the “pseudoreactive” ternary complex with RF and ATP through 

two paths, while just one path leads to the CaFADS:RF:ATP ternary complex. The 

interaction diagram also suggest that the substrates bind the protein in different order, 

since RF cannot bind to the preformed CaFADS:ATP binary complex. Thus, CaFADS 

seems to reach the catalytically competent complex through the concerted fit of the 

substrates, while SpnFADS apparently follows a random sequential binding of its 

substrates. Another important difference is the relative stability of the FADS:ANP:FLV 

ternary complexes. CaFADS establishes a highly stable ternary complex with FMN and 

ATP, and also all the CaFADS:ANP:FLV ternary complexes are more favored than 

CaFADS:ATP:RF. For its part, the SpnFADS:RF:ATP together with the 

SpnFADS:RF:ADP are the most stable complexes. All these observations explain from 

the thermodynamic point of view, the more potent inhibition profiles observed for 

CaFADS. Additionally, for CaFADS the substrates of the RFK reaction present 

different cooperation tendency depending on the RF concentration. Thus, RF and ATP 

show high positive cooperation at low RF concentrations, while their cooperation is 

negative at high concentrations of this flavin. This fact, which is not observed for 

SpnFADS, might explain the inhibition by the RF substrates that CaFADS presents and 

SpnFADS does not.  

All these regulatory differences between both proteins might be due to dissimilar 

strategies to regulate FMN and FAD synthesis to keep the flavoproteome homeostasis. 

So, considering the huge amount of processes in which FMN and FAD are involved, 

acting as cofactors of flavoproteins, regulation of the synthesis of these flavins appears 

as a highly important process. Since the FMNAT activity of CaFADS does not appear 

to present any type of regulation, its RFK activity requires a more carefully control than 

SpnFADS, whose FMNAT activity needs strong reducing conditions.  

3. Discovery of antibacterial drugs targeting bifunctional FADSs  

The apparition during the last decades of resistant bacterial strains [11], together with 

the fact that effective antibiotics have not been developed since the 90s [256], reveal the 

need to explore new effective antibacterial targets, as well as drugs against them. 

Among the possible new targets, bifunctional FADSs appear as attractive candidates for 

different reasons. i) They are essential proteins and their inhibition prevent from the 
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beginning all the routes in which FMN and FAD are involved [153, 154]. ii) 

Bifunctional FADSs, and especially the FMNAT module, differ from the eukaryotic 

proteins that synthetize FMN and FAD [81, 90, 155, 229], thus, drugs targeting these 

proteins are more likely to not affect the human proteins. iii) There are available several 

crystallographic structures of FADSs, which facilitates the design of inhibitory assays 

and the improvement of the drugs [74, 75, 86]. Therefore, taking all these facts into 

consideration, we decide to explode the potentiality of FADSs as drug targets, searching 

inhibitors of such proteins using as model the member of the family best characterized, 

that is CaFADS [76, 84, 85, 87, 89, 95, 99]. 

Using an activity-based HTS against CaFADS, we identified 37 compounds with 

potential inhibitory effect on the RFK or FMNAT activities. Among these HTS hits, 9 

inhibited the FMNAT activity (FMNAT hits), having no effect on the RFK one. Since 

hits that only altered the FMNAT activity were more likely to not inhibit the 

corresponding human enzymes (the RFK module of bacterial FADSs and mammal 

RFKs highly differ) [74, 85, 155], we continue the study characterizing the three most 

potent hits among the 9 FMNAT ones. We determined the inhibition mechanism 

performed by each hit, as also the thermodynamic parameters that lead their interaction 

with CaFADS. Among these three compounds, namely Chicago Sky Blue, Gossypol 

and Flunixin meglumine, the last one appeared as a promising inhibitor. Despite 

Flunixin meglumine is the least potent inhibitor, it stands out as potential drug due to its 

great thermodynamic binding properties and the fact that its biosecurity in mammals has 

been proven before. 

The specificity of the HTS hits was tested on SpnFADS. In general the HTS hits are 

less potent inhibitors of the SpnFADS activities than of CaFADS, highlighting the 

ability of our method to find specie-specific inhibitors.  

When we checked the ability of the HTS hits to inhibit the growth of C. 

ammoniagenes, M. tuberculosis and S. pneumoniae cells, we found that just a few 

compounds have inhibitory effect at the cellular level. That might be due to their 

inability to enter in the bacterial cell, or because efflux pumps eject them once in the 

bacterial cytoplasm. However, derivatization of these compounds in second generation 

hits, the utilization of vehiculization systems to move drugs across the membrane, or the 

use of efflux pumps inhibitors might be tools to favor their bactericide effects [243-

245]. Noticeably, those hits that inhibited both the RFK and the FMNAT activities of 
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CaFADS and SpnFADS were the most effective inhibiting the bacterial growth, which 

point to the inhibition of both activities of bacterial FADSs as the best strategy.  
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1. The FADS from C. ammoniagenes 

 In CaFADS the residue R66, located at the FMNAT module of the protein, 

modulates the RFK activity of the C-terminal module.  

  R66 stabilizes the substrates of the RFK reaction, RF and ATP, during catalysis.  

 The salt bridge that R66 establishes with E268 of a contiguous protomer 

contributes to the stabilization of the trimer within the CaFADS dimer of trimers, 

reinforcing the theory of the formation of transient quaternary organizations during 

both RFK and FMNAT activities of the enzyme  

 The R66-E268 salt-bridge is not the only and main determinant in the stabilization 

of CaFADS quaternary organization. 

 R66 does not play any key role in the FMNAT activity, and only has a minor 

contribution to substrates/products location in this active site.  

 Residues K202, E203 and F206 in loop L1c-FlapI, D298 in L6c and V300, E301 

and L304 in helix α1c of the CaFADS RFK module are not unique determinants in 

the formation of quaternary assemblies, but modulate the oligomerization profiles. 

 K202, E203, F206, D298, V300, E301 and L304 modulate binding and kinetic 

parameters of the RFK and FMNAT activities.  

 The conformation of the secondary structural elements containing these residues is 

modulated by their nature. Therefore, the nature of these residues also modulates 

the packing architecture within the quaternary assemblies, as well as ligand binding 

and kinetic parameters.  

 The RFK activity of CaFADS, is inhibited by the RF substrate, as well as by both 

products (FMN and ADP) of the RFK reaction. ADP acts as a competitive 

inhibitor, being its inhibition constant 17.0 μM, while FMN is an uncompetitive 

inhibitor with an inhibition constant of 1.4 μM. Having into account that the Km 

values for the RF and ATP substrates are 10.4 and 60.3 μM, respectively, both 

products of the reaction are very potent inhibitors.  

 During the RFK catalytic cycle, the collective binding of adenine and flavin 

nucleotides induces important conformational changes in the RFK module.  

 The RFK catalytic cycle of CaFADS requires Mg2+ and the concerted fit of the 

substrates to achieve a catalytically competent geometry.  
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 All possible combinations of adenine and flavin nucleotides produce inhibition of 

the RFK activity. The binding of substrates of the RFK reaction is the slowest 

process, as well as the least favored one from a thermodynamic approach. Thus, All 

possible RFK:ANP:FLV ternary complexes compete kinetically and 

thermodynamically with the catalytically competent one (with RF and ATP).  

 The careful regulation of the RFK activity of CaFADS might have a relevant role at 

the physiological level for the production of flavins according to C. ammoniagenes 

cellular needs.  

2. The FADS from S. pneumoniae 

 SpnFADS is a prokaryotic bifunctional FADS that folds in two modules, the C-

terminal module has RFK activity, and the N-terminal one FMNAT and FADpp 

activities.  

 Both the RFK and FMNAT activities show Michaelis-like kinetic profiles. The kcat, 

Km
RF, and Km

ATP for the RFK activity are 18.7 min-1, 0.9 μM and 54.0 μM, 

respectively. For the FMNAT activity the kcat, Km
FMN, and Km

ATP are 34.9 min-1, 9.8 

μM and 31.6 μM, respectively. 

 SpnFADS shows three main behavioral differences regarding CaFADS: 

o The SpnFADS FMNAT module only binds and transforms flavins in their 

reduced state.  

o The SpnFADS RFK activity does not show inhibition by the RF substrate. 

o Only dimers and trimers are stabilized during catalysis. 

 The RFK activity of SpnFADS is inhibited by both products of the RFK reaction 

(FMN and ADP). FMN and ADP are mixed inhibitors, being Ki
FMN and K’i

FMN 1.3 

and 7.1 μM, respectively; and Ki
ADP and K’i

ADP 131 and 844 μM, respectively. Thus, 

the inhibition by ADP suffered by SpnFADS is weaker than that experimented by 

CaFADS.  

 During the SpnFADS RFK catalytic cycle, RF and ATP get allocated within the 

active site through a random sequential binding. 

 Although all the SpnFADS:ANP:FLV  complexes can be formed in complex 

mixtures of substrates and products of the RFK reaction, the binding of RF and 

ATP substrates is the fastest and thermodynamically the most favored process. That 

explains that inhibition is less relevant for the RFK activity in SpnFADS than in  

CaFADS.  
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 Using reduced flavin as substrates, substrate inhibition, or the formation of 

oligomeric assemblies reflect different regulation mechanisms used by prokaryotic 

FADSs. 

 Dissimilar behaviors among prokaryotic FADS family members provide with a 

framework to design species-selective compounds targeting bacterial FADSs. 

3. Discovery of antibacterial compounds targeting prokaryotic 

FADS 

 We have optimized a HTS protocol that can be used for the discovery of new 

antibacterial drugs, targeting RFK and/or FMNAT activities of bifunctional 

prokaryotic FADSs. The method is quick, effective and requires a small quantity of 

protein, additionally minimizes the number of PAINS. 

 Among the 1240 compounds contained in the library, 37 inhibited CaFADS, and 

three were selected as good inhibitors of its FMNAT activity. 

 Two of the three selected compounds were not species-selective, since they also 

affected SpnFADS, but the third one, C31, was selective for CaFADS. Therefore, 

we can identify promising compounds at the non-selective or selective enzyme 

inhibitors level. 

 The three selected compounds do not produce observable antimicrobial effects, 

probably due to a poor uptake, efficient efflux, or a fast degradation by other 

bacterial enzymes. 

 The HTS hits with the best antimicrobial properties against the different bacteria 

analyzed were those that inhibited both the RFK and FMNAT activities.  

 Bacterial FADS are promising species-selective drug targets.  

. 
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1. La FADS de C. ammoniagenes 

 El residuo R66, situado en el módulo N-terminal de CaFADS, tiene un papel 

fundamental en la modulación de la actividad RFK del módulo C-terminal. 

 Durante la catálisis, R66 estabiliza los substratos RF y ATP. 

 El puente salino formado entre R66 y E268 contribuye a la estabilización del 

trímero en el dímero de trímeros descrito para CaFADS, reforzando la teoría de la 

formación transitoria de estructuras cuaternarias durante las sus actividades RFK y 

FMNAT.  

 El puente salino entre R66 y E268 no es el determinante más relevante en la 

estabilización de los ensamblados cuaternarios de CaFADS. 

 El residuo R66 no juega ningún papel relevante en la actividad FMNAT y sólo 

contribuye ligeramente a la colocación de sustratos y productos en el sitio activo. 

 Aunque los residuos del módulo RFK de CaFADS K202, E203 y F206 del bucle 

L1c-FlapI, D298 en L6c y V300, E301 y L304 de la hélice α1c no determinan por 

sí solos la capacidad de la enzima para formar agregados cuaternarios, modulan los 

perfiles de oligomerización. 

 K202, E203, F206, D298, V300, E301 y L304 modulan los parámetros cinéticos y 

de unión de las actividades RFK y FMNAT de CaFADS. 

  La conformación de los elementos de estructura secundaria que contiene estos 

residuos depende de la naturaleza de sus cadenas laterales. Por tanto, su naturaleza 

determina la arquitectura de las estructuras cuaternarias, así como los parámetros 

cinéticos y de unión.  

 La actividad RFK de CaFADS resulta inhibida tanto por el substrato RF como por 

ambos productos de la reacción (FMN y ADP) . El ADP actúa como un inhibidor 

competitivo, siendo su constante de inhibición 17.0 μM. Por su parte, el FMN es un 

inhibidor acompetitivo, y con una constante de inhibición de 1.4 μM. Teniendo en 

cuenta que los valores de Km para RF y ATP son de 10.4 y 60.3 μM, 

respectivamente, los dos productos de la reacción son inhibidores muy potentes.  

 

 Durante el ciclo catalítico de la actividad RFK, la unión conjunta de nucleótidos de 

flavina y adenina induce importantes cambios conformacionales en este módulo. 
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 Para alcanzar una geometría catalíticamente competente durante el ciclo catalítico 

de la actividad RFK de CaFADS, es necesaria la intervención del cation Mg2+ y la 

unión concertada de los sustratos. 

 Todas las combinaciones posibles de nucleótidos de adenina y flavin producen la 

inhibición de la actividad RFK. La unión de los sustratos es el proceso más lento 

tanto desde el punto de vista cinético como desde el termodinámico. Por tanto, 

todos los complejos ternarios RFK:ANP:FLV compiten cinética y 

termodinámicamente con el catalíticamente competente (con RF y ATP) 

 La intrincada regulación de la actividad RFK de CaFADS podría tener un papel 

relevante para laproducción de flavinas de acuerdo a las necesidades celulares de C. 

ammoniagenes. 

2. La FADS de S. pneumoniae 

 SpnFADS es una enzima procariota bifuncional que se pliega en dos módulos: el C-

terminal cataliza la actividad RFK y el N-terminal  las actividades FMNAT y 

FADpp. 

 Tanto la actividad RFK como la actividad FMNAT de SpnFADS presentan perfiles 

cinéticos que siguen el modelo de Michaelis. Los valores de kcat, Km
RF, y Km

ATP son 

18.7 min-1, 0.9 μM y 54.0 μM, respectivamente, para la actividad RFK. Para la 

actividad FMNAT, los valores de kcat, Km
FMN, y Km

ATP son 34.9 min-1, 9.8 μM y 

31.6 μM, respectivamente.  

 SpnFADS presenta tres diferencias fundamentales respecto a CaFADS 

o El módulo FMNAT de SpnFADS únicamente une y transforma flavinas en su 

estado reducido. 

o La actividad RFK de SpnFADS no presenta inhibición por el sustrato RF. 

o SpnFADS sólo estabiliza dímeros durante ambos ciclos catalíticos. 

 La actividad RFK de SpnFADS es inhibida por ambos productos de la reacción 

(FMN y ADP). Ambos actúan como inhibidores mixtos, siendo los valores de 

Ki
FMN y K’i

FMN de 1.3 y 7.1 μM, respectivamente; y los de Ki
ADP y K’i

ADP 131 y 844 

μM, respectivamente. 

 Durante el ciclo catalítico de la actividad RFK de SpnFADS, RF y ATP ocupan el 

sitio activo de la enzima siguiendo un mecanismo secuencial aleatorio. 

 Aunque todos los posibles complejos SpnFADS:ANP:FLV pueden formarse en 

mezclas complejas de SpnFADS con los sustratos y los productos de la actividad 
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RFK, la unión de los productos, RF y ATP, es el proceso más rápido y 

termodinámicamente más favorable. Este hecho explica el menor nivel de 

regulación a través de la inhibición que presenta SpnFADS en comparación con 

CaFADS.  

 La necesidad de flavinas oxidadas o reducidas, la presencia o ausencia de 

inhibición por sustrato y las estabilización de diferentes especies oligoméricas 

durante las actividades RFK y FMNAT, ponen de manifiesto diferentes estrategias 

de regulación para la producción de los cofactores flavínicos utilizadas por distintas 

FADSs procariotas. 

 Los distintos comportamientos observados entre miembros de la familia de las 

FADSs bifuncionales proporcionan una herramienta útil para el desarrollo de 

nuevos compuestos antimicrobianos dirigidos contra estas dianas de forma que sean 

especie-selectivos.  

3. Desarrollo de nuevos compuestos antibacterianos 

 Se ha optimizado un protocolo de cribado de alto rendimiento (HTS) que puede ser 

utilizado para identificar fármacos utilizando como dianas las actividades RFK y/o 

FMNAT de FADSs bacterianas. El método es rápido, efectivo y consume muy poca 

cantidad de proteína. Además, minimiza el número de compuestos de interferencia 

(PAINS) detectado.  

 De entre los 1240 compuestos que componen la librería de compuestos ensayada, 

37 inhiben alguna de las actividades de CaFADS. De estos 37 compuestos, tres son 

buenos inhibidores selectivos de actividad FMNAT.  

 Dos de los tres compuestos seleccionados, dos no son selectivos de especie, dado 

que también inhiben SpnFADS. El tercero, C31, es selectivo para CaFADS. Por 

tanto nuestro método ha permitido identificar  prometedores inhibidores de la 

enzima que sean o bien selectivos o no selectivos.  

 Estos tres compuestos no presentan efectos antibacterianos, lo que puede deberse a 

una internalización deficiente, a que las bacterias expulsan el compuesto mediante 

bombas de eflujo, o a que los compuestos son degradados por la acción de otras 

enzimas bacterianas.  

 Los compuestos identificados en el cribado con mejores propiedades 

antibacterianas son aquellos que inhibenn tanto la actividad RFK como la FMNAT. 
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 Las FADSs bacterianas son prometedoras dianas terapéuticas para la identificación 

de compuestos antimicrobianos selectivos para una especie.  .  
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3D Three-dimensional 
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 Increment / deletion 
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DNA Deoxyribonucleic acid 
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Eqn Equation 
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et. al. Et alia (and collaborators) 
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FDA Food and Drug Administration 

FHy FMN hydrolase 

Fig Figure 

FLV Flavins (denotes for either RF or FMN) 

FMN Flavin mononucleotide / Riboflavin 5’-monophosphate 

FMNAT FMN adenylyltransferase 

FPLC Fast Protein Liquid Chromatography 

G Gibbs free energy  

GST Glutathione transferase 

GTP Guanosin 5’-triphosphate 
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H Enthalpy 

HPLC High Performance Liquid Chromatography 

HsRFK Riboflavin kinase from Homo sapiens 

HSS High Strength Silica 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

ITC Isothermal Titration Calorimetry 

Ka Association constant  

Ka 
app, ANP Apparent association constant for ANP ligands 

Kd Dissociation constant  

kDa kDalton 

Km Michaelis-Menten constant 

kcat Catalytic constant  

Ki Inhibition constant  
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LB Lysogeny-Broth 

Lm1FADS Type I-FAD synthetase from Listeria monocytogenes 

Lm2FADS Type II-FAD synthetase from Listeria monocytogenes 

Mt Mycobacterium tuberculosis 

MtFADS FAD synthetase from Mycobacterium tuberculosis 

MRE Molar residue ellipticity 

MW Molecular weight 
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N-PAGE Native-Polyacrylamide gel electrophoresis 

O.N Over night 

PAIN Pan-assay Interference Compound 

PDB Protein Data Bank 

pH Potential of Hydrogen  
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PPi Pyrophosphate 

RF Riboflavin 

RFK Riboflavin kinase 

r.m.s.d.  Root Mean Square Deviation 

r.p.m Revolutions per minute 

S Entropy 

SB Sample buffer 

SDS Sodium Dodecyl Sulphate 

SDS-PAGE Denaturing electrophoresis with SDS  

SpnFADS FAD Synthetase from Streptococcus pneumoniae 
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TB Tuberculosis 
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[]mr Molar ellipticity per residue 
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Tm Melting Temperature 

TmFADS FAD Synthetase from Thermotoga maritima 

Tris Tris(hydroxymethyl)aminomethane 

UV Ultraviolet 

UV-vis Ultraviolet-visible 
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WT Wild Type 

  

 

Name of the mutants: the mutants were named as R1nR2, where R1 is the residue of the 

WT protein, n is the position of the substituted residue in the protein sequence, and R2 is 

the residue that replace R1 in the mutant protein.  


