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: Enzymes known as bifunctional and bimodular prokaryotic type-I FAD synthetase (FADS) exhibit

. ATP:riboflavin kinase (RFK) and FMN:ATP adenylyltransferase (FMNAT) activities in their C-terminal

© and N-terminal modules, respectively, and produce flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD). These act as cofactors of a plethora of flavoproteins in all organisms. Therefore,
regulation of their production maintains the cellular flavoproteome homeostasis. Here, we focus on
regulation of the FMN synthesis in Corynebacterium ammoniagenes (Ca) by the inhibition of its RFK
activity by substrates and products of the reaction. We use a truncated CaFADS variant consisting in

. theisolated C-terminal RFK module, whose RFK activity is similar to that of the full-length enzyme.

. Inhibition of the RFK activity by the RF substrate is independent of the FMNAT module, and FMN
production, in addition to being inhibited by an excess of RF, is also inhibited by both of the reaction
products. Pre-steady-state kinetic and thermodynamic studies reveal key aspects to the substrates
induced fit to produce the catalytically competent complex. Among them, the role of Mg+ in the
concerted allocation of substrates for catalysis and the ensemble of non-competent complexes that
contribute to the regulated inhibition of the RFK activity are particularly relevant.

Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) derive from riboflavin (RF, vitamin B2)
and act as cofactors of flavoproteins. These proteins play central roles in a plethora of metabolic processes that are
relevant in energetic metabolism, synthesis and degradation of proteins, neuronal development and apoptosis'.
: FMN or FAD deficiency leads to accumulation of apoflavoproteins that are unable to perform their functions,
: with the death of the organism as final consequence!~. In this sense, FMN and FAD biosynthesis appear to be
. metabolic processes with capital relevance to different biological perspectives. On one hand, the overall process
must be highly regulated since the excess or lack of these flavins entails the alteration of the cellular flavoproteome
. homeostasis*®. In addition, flavin synthesis is an attractive exploitable target since development of specific inhib-
itors that interfere with flavin production in pathogenic organisms might compromise their life cycle without
affecting the host®.
: Biosynthesis of FMN and FAD from RF involves two reactions: RF is first phosphorylated to FMN in an
. ATP-Mg?*-dependent reaction carried out by an ATP:riboflavin kinase (RFK), and then an FMN:ATP adeny-
. lyltransferase (FMNAT) transfers the adenylyl group from a second ATP molecule to FMN to yield FAD”%. In
. eukaryotes, these reactions are preferentially performed by two independent monofunctional enzymes® '°, but
. in most prokaryotes, the two reactions are sequentially catalyzed by a bifunctional enzyme known as prokaryotic
© type I FAD synthetase (FADS)'!-!%. These bifunctional proteins are organized in two nearly independent modules,
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with each one catalyzing one of the two activities. The C-terminal module catalyzes the RFK activity, while the
N-terminal module carries out the FMNAT reaction; thus, they are also known as the RFK module and the
FMNAT module, respectively. The FADS from Corynebacterium ammoniagenes (CaFADS) is hitherto the best
characterized member of this family from both functional and structural points of view!> 4%, One key feature
of CaFADS is the strong inhibition that is observed in its RFK activity when the RF substrate concentration is
increased®”?!. The RFK module is formed by residues 187-338 and shows a globular shape with a 3-barrel formed
by six antiparallel strands, a terminal o-helix that is perpendicular to the barrel and seven loops connecting
them". Despite the strong sequential and structural homology with the RFK module of other bacterial enzymes
and with the corresponding monofunctional mammalian enzymes, some dissimilar characteristics are expected
among the few studied members of this family® > 12223, Among them, we should remark the lack of substrate
inhibition reported for family members different from C. ammoniagenes; another difference lies in the dissimilar
conformational reorganizations that have been predicted to occur during catalysis'* %24, Both facts are of great
biological importance since many metabolic pathways are regulated through selective inhibition or conforma-
tional changes in the implicated enzymes*-?%. In addition, the understanding of these processes is of general
interest for the discovery of potential drugs that might act as inhibitors of prokaryotic FADSs.

In the present study, we focus on these two particular facts while characterizing the isolated RFK module
of CaFADS (A(1-182)CaFADS). This truncated form of the enzyme has shown to perform the RFK activity
with ligand binding profiles and strong substrate inhibition that are similar to those observed in the full-length
bifunctional enzyme!®. Moreover, considering the intrinsic difficulties that are inherent to some of the techniques
used here, the isolated RFK module is a simpler model for the thorough study of the regulation of RFK activity in
CaFADS. Herein, we present a steady-state study that shows the different levels and potency at which substrates
and products of the RFK module inhibit its activity. In addition, the use of fast kinetics methods sheds light on the
sequential conformational changes elicited in the protein by substrates and products during binding and cataly-
sis. Finally, isothermal titration calorimetry experiments outline the intricate ensemble of protein complexes to
identify the most favorable pathways and to predict cooperativity between ligands. Collectively, these results are
discussed in the framework of the crystal structures of the RFK module of CaFADS, both free and in complex
with its products'* '8, to evaluate the conformational changes that are produced during ligand binding and RFK
catalysis.

Results

The RFK activity is inhibited by the RF substrate as well as the products of the reaction. The
independently expressed RFK module of CaFADS retains the ability to catalyze the phosphorylation of RF and
conserves the structural determinants that are responsible for strong inhibition by its RF substrate (bold lines in
Figs 1A and 2A)'8. Fitting of the observed steady-state rates to either the Michaelis-Menten equation (Fig. 1, bold
line in panel A) or the equation describing dead-end inhibition by substrate excess (Eqn. 1) (Fig. 2, bold line in
panel A) allowed the determination of the apparent values for the constants that characterize the process, with
KA, KR KR and ke, values of 60 4+ 11 uM, 10 +2uM, 1.94 0.2 uM and up to ~440 min~", respectively
(Table 1).

To evaluate whether any of the products of the RFK reaction also produce inhibition, we analyzed the evolu-
tion of the steady-state rates at increasing concentrations of either ADP or FMN (Figs 1 and 2). The fitting of the
rates, obtained as a function of the ATP concentration while varying the ADP concentration, to the
Michaelis-Menten model shows that while Kn‘j TP yalues increase with the ADP concentration, k,, values remain
constant (Fig. 1A and Table 1). Dixon and Cornish-Bowden plots for these data were then used to identify the
type of inhibition produced by ADP. The Dixon plot shows lines intersecting at negative values of the x-axis, while
in the Cornish-Bowden representation, the lines are parallel (Fig. 1B and C). These plots reveal that the ADP
product acts as a competitive inhibitor. Plotting the slopes from the Dixon plot vs 1/[ATP] confirms a pure com-
petitive inhibition (Fig. 1B, inset). A global fit of the data in the Lineweaver-Burk representation to the equation
describing competitive inhibition (Eqn. 2), yields k.., K2™* and K/*** values of 130+ 30 min ", 40 +-20uM and
17 + 6 uM, respectively (Fig. 1A and D and Table 1). In this case, the high affinity for the ADP product inhibitor
considerably increases the estimated error for KA™.

The fits of the observed rates vs RF to the Michaelis-Menten equation, in experiments carried out at saturating
ATP and increasing FMN concentrations, show that k., values decrease and KX values do not significantly
change (Table 1 and Fig. 2A). This result indicates that the FMN product also behaves as an inhibitor of RFK
activity. In this case, the Dixon plot displays parallel lines (Fig. 2B), while lines intersect at negative values of the
x-axis in the Cornish-Bowden graphic (Fig. 2B and C). These plots are typical of uncompetitive inhibitors. A
global fit of the Lineweaver-Burk plots to the uncompetitive inhibition equation (Eqn. 3) yields 320 £ 40 min™!
for k,up 6.9+ 0.4puM for KX and 1.4+ 0.2 uM for K™V (Fig. 2D and Table 1).

These data indicate that the RFK activity is inhibited by the RF substrate, as well as by both products of the
reaction, with ADP acting as a competitive inhibitor and FMN as an uncompetitive inhibitor.

Changes in flavin fluorescence upon binding allow the association and dissociation kinetics of
flavin ligands to the RFK module to be studied. We used stopped-flow spectrophotometry to kinet-
ically differentiate some of the steps that were implicated in the RFK reaction under pre-steady-state situations.
These processes can be identified by changes in the fluorescence of the flavin isoalloxazine ring, a property that
is highly dependent on the ring’s environment®. Since RF and FMN share the same fluorescence spectrum and
yields®, direct transformation of RF into FMN is not expected to be observed by this method. However, we
should be able to detect processes that induce changes in the electronic environment of the flavin isoalloxazine
ring, including flavin binding, flavin dissociation and even any conformational change around the isoalloxazine
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Figure 1. Inhibitory effects produced by the ATP substrate and the ADP product in the steady-state RFK
activity of the RFK module of CaFADS. (A) Michaelis-Menten plots as a function of the ATP substrate
concentration at different concentrations of the ADP product, and the corresponding (B) Dixon plot with the
representation of the slopes vs 1/[ATP] in the inset, (C) the corresponding Cornish-Bowden plot and (D) the
Lineweaver-Burk representation. In (A, C and D) lines correspond to global fits to the equation for competitive
inhibition. Reaction rates were obtained in 20 mM PIPES and 0.8 mM MgCl,, pH 7.0, at 25 °C, with 5uM RF
(concentration at which the enzyme shows 80% of its maximal apparent activity at saturating levels of ATP),
while the concentrations of the ATP substrate (10-350 pM) and the ADP product (0-400 M) were varied.

that occurs during catalysis. When we mix RF or FMN (herein FLV will be used to denote either one of them)
ligands with the protein in the stopped-flow equipment and follow the evolution of flavin fluorescence, we only
detect slow linear fluorescence decays, whose slopes linearly decrease with the FLV concentration and are con-
sistent with the photobleaching range (rates 0of 4.5-1072+1.2-10 *min~! for RFand 4.1- 103 £2.4- 10 *min~!
for FMN) (see methods and Fig. SP1). These results reveal that the RFK module is not able to directly bind the
FLV ligand and/or to internalize its isoalloxazine ring into the active site in a competent, enclosed conformation.

Kinetic traces were then recorded when the RFK module was mixed with different combinations of flavin and
adenine nucleotide ligands. These traces show kinetic processes taking place faster than those related to flavin
photobleaching. The number of processes that were detected depended on the ligands that were present in the
mixture (Fig. 3A-D). All the analyzed mixtures showed a fluorescence decay in the 5-s time frame that fits to a
single exponential process, allowing the determination of the corresponding k., values (Fig. 3A-D, see a high-
lighted FMN example in Fig. 3B). This feature was not observed when flavins are independently mixed with ade-
nine nucleotide ligands (ANP herein denotes either ADP or ATP) in absence of the RFK module (not shown) or
with the RFK module in the absence of ANP ligands (Fig. SP1A). Therefore, this process can be identified as the
ANP promoting changes in the polar environment of the isoalloxazine ring and must be related to flavin binding
and/or to its internalization within the protein matrix. In general, k,,; values are linearly dependent on the FLV
concentration (Fig. 3E). The fit of k,,,; values to Eqn. 6 yields the flavin association rates, k,,, as the slope and the
corresponding dissociation rates, kg as the independent term. These values are reported in Table 2 and show
how, at saturating concentrations of the ADP product, the RF binding is two times faster than the FMN binding.
In contrast, the binding of the substrates of the RFK reaction, RF and ATP, is the slowest process. Thus, apparently,
the products of the reaction bind the RFK module faster than the substrates do, and as consequence, substrate
binding appears slightly weaker (Table 2). Noticeably, k,,; values for non-productive mixtures containing the
FMN product and the ATP substrate are considerably slower than the others and show a biphasic dependence
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Figure 2. Inhibitory effects produced by the RF substrate and the FMN product in the steady-state RFK activity
of the RFK module of CaFADS. (A) Michaelis-Menten plots as a function of the RF substrate concentration

at different concentrations of the FMN product (high fluorescence yields in mixtures that simultaneously
contained RF and FMN prevented accurate determination of data over 7uM RF) and the corresponding

(B) Dixon plot, (C) Cornish-Bowden plot and (D) Lineweaver-Burk representation. In (A, C and D) lines
correspond to global fits to the equation for uncompetitive inhibition. Reaction rates were obtained in

20 mM PIPES and 0.8 mM MgCl,, pH 7.0, at 25°C and a saturating level of ATP (350 uM ATP), while the
concentrations of the RF substrate (0-30 M) and the FMN product (0-7 pM) were varied.
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Table 1. Steady-state kinetic parameters describing the RFK activity of the RFK module and the inhibition

by its different substrates and products. Data obtained at 25 °C in 20 mM PIPES and 0.8 mM MgCl,, pH 7.0.
Inhibition by the RF substrate prevented the determination of true parameters, and the data that is presented
correspond to apparent constants. “Parameters estimated using an RF concentration at which activity was ~80%
of maximal(~5pM). ®Determined at saturating ATP concentrations.

on the FMN concentration that prevents the determination of k,, and ks (Fig. 3D). This behavior indicates that
an excess of FMN in the presence of ATP hinders its own binding and/or a conformational change in the flavin
environment.
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Figure 3. Pre-steady-state kinetic analysis of the binding of flavins to the RFK module of CaFADS. (A)
Kinetic traces of the evolution of flavin fluorescence upon mixing the RFK module (0.2 pM) with RF (1 M) at
saturating levels of ATP (250 uM) and ADP (250 pM) as well as samples of the RFK module with FMN (1 uM)
at saturating levels of ATP (250 uM) and ADP (250 pM). (B) Evolution of kinetic traces of FMN interacting
with the RFK module in the presence of 250 uM ADP at various FMN concentrations. Traces are fit to a mono-
exponential decay with a steady-state component. Residuals of fitting the 1 pM FMN data are shown at the
bottom. (C) Dissection of the exponential processes for kinetic traces that were observed when the RFK module
(0.2uM) containing a saturating level of ATP (250 M) was mixed with FMN (1 uM). The panel shows the fit
to a bi-exponential process, and the fitting residual is shown at the bottom. (D) Traces obtained when mixing
the RFK module (0.2 pM) containing a saturating level of ATP (250 uM) with different RF concentrations. (E)
Evolution of k,,; as a function of the flavin concentration for the mixing of the RFK module with RF + ADP
(@), FMN + ADP (A), RF+ ATP (RFK reaction, ll) and (C) FMN + ATP ({}). For those data showing linear
dependences, the slopes are related to the k,, for the binding, and the independent term is associated with the
k. All the experiments were carried out in the stopped-flow equipment at 25 °C in 20 mM PIPES and 0.8 mM
MgCl,, pH 7.0. All concentrations that are indicated are final concentrations in the mixing cell.

In experiments performed with ADP, after the initial decay, here related to flavin recognition in the pres-
ence of the ANP, only slow decays are observed, which are consistent with flavin photobleaching and there-
fore assumed to not be part of the reaction. However, experiments carried out with mixtures of FLV and ATP
show an exponential increase in fluorescence, characterized by k,,, (Fig. 3A,C and D), before the photobleaching
decay starts. These observations suggest that after the initial interaction of ligands with the protein, a subsequent
ATP-dependent conformational rearrangement is produced in the flavin environment. Such a rearrangement
brings back the isoalloxazine ring to a solvent accessible environment. Interestingly, both the amplitude and k,,
values increase with the flavin concentration at concentrations below 0.25-0.5uM but considerably decrease
at higher flavin concentrations (Figs 3C and SP2). This biphasic profile agrees with the behavior of excess FLV
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Ligand combination | k,, (min~'uM~1) k,,f(min—l) K; (1M) | AG (kcal/mol)
FMN-ADP 64+2 97+5 15401 | =7.94+05
RE-ADP 130+3 110+8 09+0.1 | —8.2+0.1
RE-ATP 27+1 98+3 36+02 | —7.4+0.3
FMN-ATP NA NA NA

Table 2. Pre-steady-state kinetic parameters for the binding and dissociation of flavins to the RFK module in
the presence of adenine nucleotides. Experiments were carried out in 20 mM PIPES and 0.8 mM MgCl,, pH 7.0.
NA, not applicable.

ligands inhibiting the catalytic process (see Fig. 2A). These data also indicate that this second process is related to
the release of the isoalloxazine ring to the solvent, which, according to the k,,, values, appears to be the limiting
step in the catalytic reaction.

Altogether, and despite differences in experimental settings, these data show that the fast kinetics rates, kg,
and kg, for processes that are compatible with RFK catalysis (containing RE, ATP, and Mg?") are close to the k_,,
values (Fig. 3D-E and Table 1). This similarity indicates that the pre-steady-state kinetics that are described here
are relevant for catalysis and the final return of the flavin to the solvent is the limiting step of the reaction.

The thermodynamic diagram for the RFK-ligand interactions. We performed ITC experiments
to verify that the observed pre-steady-state kinetic processes were significant in reaching the thermodynamic
equilibrium. Titrations with the different ligands (substrates and products) of the isolated RFK module or of its
mixtures with either FLV or ANP ligands provide values of the thermodynamic parameters (Gibbs free energy
(AG), enthalpy (AH) and entropy (—TAS), as well as the corresponding K,) for each binary and ternary inter-
action. The corresponding numeric data are summarized in Table SP1, while thermodynamic dissections and
some examples of the titrations are displayed in Figs SP3 and SP4. Titrations were performed in 0.8 mM MgCl,
(conditions showing the highest efficiency for the RFK activity)'! (Fig. SP3A and upper panel Table SP1), as well
as in the absence of MgCl, to avoid catalysis when both substrates, RF and ATP, are present (the catalytic reaction
heat would mask the binding enthalpy) (Fig. SP3B and lower panel in Table SP1).

Thermograms for the titration of the RFK module with the individual ligands indicate that: (i) FMN does
not interact or interacts with undetectable ACp (no interaction at all was detected when titrating at the different
temperatures); (ii) RE, ATP and ADP bind with appreciable enthalpic changes; and (iii) the presence of the Mg?*
cation modulates binding parameters (Table SP1). When mixtures containing the RFK module and ANP (ATP
or ADP) are titrated with FLV (RF or FMN), or vice versa, Mg*" favors formation of ternary complexes, which, as
the more negative free binding energies show, are more stable in the presence of the cation. This positive effect of
the cation on the enzyme affinity for ligands in ternary complexes is, in general, a consequence of the less unfa-
vorable entropic contribution to the binding (Table SP1 and Fig. SP3). Therefore, Mg** contributes to the overall
conformation of the system in binary and particularly, ternary, interactions.

Figure 4 summarizes the free energy values (AG) that were determined for all possible combinations of the
RFK module in binary and ternary complexes with different ligands, as well as the relative fraction of protein that
was prone to interact, both in the presence (Fig. 4A) and in the absence of the divalent cation (Fig. 4B). All paths
shown in the network compete with the one that leads to the catalytically competent complex by decreasing the
amount of the RFK module that is available to bind the substrates of the reaction, RF and ATP:Mg*". Paths with
and without Mg?* considerably differ in both the complex stability and its production probability (Fig. 4). Several
remarkable facts need to be highlighted. We have no data for the reactive path containing RF and ATP:Mg*"
(the heat exchanged in the chemical reaction masks the binding enthalpy). We can include the path leading to a
“pseudo-reactive” ternary complex that is formed in the absence of the cation and is produced by titration of the
RFK module:RF binary complex with ATP (shown in maroon in Fig. 4B); however, in the absence of Mg**, RF
does not bind to the preformed binary RFK module:ATP complex. These data suggest that in the absence of the
cation, the ATP substrate induces enzyme conformations that are not able to bind the RF substrate. All ternary
interactions, as well as the single RF binding to the module, appear to be more favorable in the presence of Mg*™;
furthermore, the cation also increases the protein fraction in the conformation that is competent to bind the
ligands (as indicated by the thicker lines in Fig. 4A). Paths leading to transformation of binary complexes into
ternary ones, despite not being competent for catalysis, are generally thermodynamically more favorable (as the
more negative AG values show) than the “pseudo-reactive” one. It is also noticeable that, despite the fact that the
direct binding of FMN to the RFK module is not detected by ITC (or by stopped-flow), the free energies of ANP
binding to the RFK module are considerably more favorable when FMN is in the mixture. These data indicate that
FMN might act as a slow binding ligand®' in its interaction with the RFK module in the absence of ANP and, in
addition, suggest that there is binding cooperativity between the ligands.

Adenine and flavin nucleotide ligands cooperate in their binding to the RFK module.  To prove
the binding cooperativity between ligands, we performed sets of ITC experiments in which samples of the RFK
module that contained different FLV ligand proportions were titrated with ANP ligands (Fig. SP4). These exper-
iments allowed the determination of the apparent cooperativity constants for the ANP binding in the presence of
the FLV ligand, K“?*N"_ Plots of K®”*N ys FLV concentrations show different behaviors depending on the
flavin and adenine nucleotide combination (Fig. 5A). FMN exhibits positive cooperativity with both ADP and
ATP, as RF does with ADP. Although the RF substrate increases the protein’ affinity for ATP at RF concentrations
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Figure 4. Gibbs free energy flow in the interaction between the RFK module and its ligands. Diagrams of the
thermodynamics of interaction between the RFK module and different combinations of its ligands as obtained
through ITC at 25°C (A) in 20 mM PIPES and 0.8 mM MgCl,, pH 7.0 and (B) in 20 mM PIPES, pH 7.0. The
RFK module is represented as maroon spheres, RF and FMN as yellow and orange hexagons, respectively, and
ATP and ADP as blue and green triangles, respectively. Symbols for protein and ligands are shown with some
level of transparency for those processes where calorimetric methods did not provide evidences of interaction.
Numbers indicate the AG value for each titration. The thickness of arrows is proportional to the fraction of
protein that is able to bind the ligand in each case, and the length of the lines is proportional to the AG value
that is associated with each process. Dashed lines indicate processes that are not observed directly by ITC, but
whose values were indirectly estimated using Eqn. 7 once the cooperativity coefficients were known. Red lines
indicate the path leading to the simultaneous binding of both substrates required for RFK activity in the absence
of the cation. NM accounts for processes with RF and ATP:Mg?*, where the heat exchanged in the catalytic
reaction masks the interaction heat.

up to 30 pM (maximum cooperativity at ~7.5 M), higher RF concentrations hinder ATP binding (Fig. 5). This
decrease suggests that an excess of RF might block its binding.

We performed additional ANP titrations at saturating FLV concentrations, namely, 150 uM for RF or FMN
and 7.5pM RF for the ATP titration. The binding isotherms can be fit to a model that considers the reciprocal
effect between the FLV and ANP ligands®* 3. In this way, cooperativity coefficients (o), the fraction of the protein
sample that is able to bind the titrating ligand (N), and the enthalpy change associated with each process (Ah),
can be determined. The data are summarized in Table 3. The presence of the cation dramatically increases the
binding cooperativity between flavin and adenine nucleotides (compare upper and lower parts of Table 3). It is
also remarkable that the o values are larger than one, which indicates positive cooperativity, with the only excep-
tion being the combination of the RF and ATP substrates at high RF concentrations that showed negative coop-
erativity (o< 1). Therefore, although low concentrations of the RF substrate favor binding of the ATP substrate,
an excess of RF has a negative impact on ATP binding (Figs 5B and SP4 and Table 3). The products of the reaction
(FMN and ADP) always favor binding of the other substrates and products (Fig. 5A and Table 3). Moreover, the
presence of either Mg?t or ATP considerably enhances cooperativity, with the cooperativity for the
FMN-ATP:Mg** combination being particularly large (Table 3). This later observation probably relates to the fact
that in the absence of ATP, FMN seems to act as a slow binding ligand, which makes its binding to the RFK mod-
ule not detectable by fast kinetics or ITC methods. Once the o values are known, the experimental K**N? and
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Figure 5. Binding cooperativity of the flavin and adenine nucleotide ligands to the RFK module. (A)
Dependence of apparent ANP association constants, K?”*N, on the concentration of the flavin ligand for the
titration with ATP of mixtures of the RFK module with different amounts of RF (@), as well as for the titration
with ADP of mixtures of the RFK module with different amounts of FMN (A ). Lines show the fits to Eqn. 7 to
determine the positive cooperativity between FMN and ADP (grey line) and the negative cooperativity between
RF and ATP at RF concentration above 50 uM (dotted line)*2. Points at lower RF concentrations are included to
provide a view of K7™ evolution with RF concentration, but since fitting is not possible they are not
connected to avoid misinterpretation. (B) Evolution of the K7™ /KA™” ratio as a function of the RF
concentration. All experiments were performed in 20 mM PIPES, pH 7.0 at 25°C. Lines are included only as
visual cues for the data evolution.

ligands a N Ah (kcal/mol)
FMN-ADP 56+4 0.6+£0.01 —81+19

0.8mM MgCl, | FMN-ATP 920+£70 |0.2+0.01 —22+1
RF-ADP 24+2 0.3£0.01 —7.1£0.3
FMN-ADP 3.8+0.2 0.2+0.01 —9.74+0.8
FMN-ATP 15+1 0.02£0.003 —30+1

0mM MgC12 RF-ADP 3.3+0.1 0.2+£0.02 —20+£1
RE-ATP? 19+6 0.5+0.06 —8.1+1.1
RE-ATP® 0.8+0.1 0.8+£0.07 —15+4

Table 3. Cooperativity coefficients (o) for the binding of different combinations of FLV and ANP ligands to
the RFK module. Experiments were carried out at 25°C in PIPES 20 mM and 0.8 mM MgCl,, pH 7.0, as well as
in the same buffer without MgCl,. The variable « represents the cooperativity coefficient between each pair of
ligands, N the fraction of total protein able to bind the titrating ligand, and Ah the enthalpy change associated
with each process. Errors were generally assumed to be larger than the standard deviation between replicates
and the numerical error after fitting analysis. *Data from the titration at the maximum of cooperativity, 7.5 pM
RE ®Data from the titration at 180 uM RE.

Eqn. 7 can also be used to predict the association constant for FMN binding to the free RFK module, K™, as
well as the corresponding AG values presented in Fig. 4 (gray dotted lines).

Discussion

The collective binding of adenine and flavin nucleotides induces important conformational
changes in the CaFADS RFK module. Analysis of our data in the context of the available structures for
the RFK module, free and in the FMN:ADP:Mg** non-productive ternary complex (Fig. 6)'%, allows to infer new
insights about the binding and dissociation of substrates and products during the course of the enzyme catalytic
cycle. Although changes in the RF fluorescence are not detected upon its fast mixing with the RFK module, ITC
experiments reveal that RF is able to interact with the RFK module with moderate affinity (Table SP1). Such RF
binding is consistent with the wide-open cavity that the free RFK module shows at the ribityl and isoalloxazine
binding sites (Fig. 6, panel B;). RF might be recognized by this cavity at the RFK module, although our biophys-
ical data indicate that its isoalloxazine ring is not enclosed within the protein by the displacement of Flap-II. In
contrast, in the free protein crystal structure, several loops and sidechains block the adenine nucleotide-binding
site, including the pocket for the phosphate groups (Fig. 6, panels B, and C,)™*. ATP (as well as ADP) reduces the
access of the RF isoalloxazine to the solvent (Fig. 3 and Table SP1), suggesting its competent binding. This result
agrees with the formation of a ternary complex identical to that in the RFK module:FMN:ADP:Mg*" crystal
structure (Fig. 6)'®. Comparing these two structures shows that significant rearrangements have occurred. They
include displacements of loops L3¢, L5c and L1c-Flapl to allow the binding of the adenine nucleotide, as well
as a noticeable change in the conformation of loop L4c-Flapll, which encloses the isoalloxazine ring inside the
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Figure 6. Structure of the RFK module of CaFADS. Crystallographic structures of the RFK module when free
(blue, PDB 2x 0k) and in the ternary complex with the FMN and ADP:Mg?* products (orange, PDB 5a89).

(A) Superposition of both structures. (B) Detail of the flavin nucleotide-binding cavity. B, shows the open
conformation of the cavity in the free enzyme, where the phosphate of FMN and the Mg?* cation will find their
binding site blocked by residues of L1c. B, shows the enclosure of the flavin ring by L4c in the ternary complex.
(C) Detail of the adenine nucleotide-binding cavity. C, shows the closed conformation of the ANP-binding site
in the free enzyme, where the phosphates of ANP and the Mg?" cation will find their binding site blocked by
residues of L1c. C, shows the open conformation of this cavity with ADP:Mg?*" bound in the ternary complex.
In all panels, the ligands correspond to those in the 5a89 structure. ADP and FMN ligands are shown as sticks
and are CPK colored with carbons in yellow and purple respectively, and the Mg?* cation is shown as a green
sphere.

protein (Fig. 6). The large unfavorable entropic and favorable enthalpic contributions for ATP binding to the RFK
module:RF mixture, as well as for RF binding to the RFK module:ADP mixture (Table SP1 and Fig. SP3), further
support the idea that such rearrangements occur upon concerted ligand binding. Therefore, it appears that large
conformational changes occur in the transformation of binary interactions into ternary complexes'®.

Mg?*and the concerted fit of substrates to achieve the catalytically competent complex. Fast
kinetic methods allowed the determination of a dissociation constant in the low micromolar range for the pro-
ductive RFK module:RF:ATP:Mg?* ternary interaction (Table 2). This interaction, which is not thermodynami-
cally detected in the absence of the cation, suggests that previous ATP:Mg?" binding is required for the binding of
competent RF to the RFK module (Fig. 7). Three observations support this mechanism: (i) the cation-mediated
conformational changes that enclose the flavin ring and fix the ribityl end in a geometry that is competent for its
phosphorylation', (ii) the previously reported molecular dynamics simulations, which show how phosphates
that are Mg**-bridged to the active site promote the opening of the adenine-binding site'?, and (iii) the fact that
RF is not able to interact with the preformed RFK module:ATP complex in the absence of the cation but is trans-
formed into FMN when mixed with the RFK module:ATP:Mg?* mixture. Collectively, these results indicate that
a concerted binding of ATP:Mg?* and RF is necessary to achieve the substrates induced fit in the catalytically
competent conformation.

The RFK activity is highly regulated by inhibition by substrates and products. The binding of
the substrates of the RFK reaction showed positive cooperativity at low RF concentrations, while higher RF con-
centrations hindered ATP binding (Fig. 5 and Table 3). This fact points to the formation of non-productive RFK
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Figure 7. Cleland representation of the kinetic mechanism for the transformation of RF into FMN by the RFK
module of CaFADS. The different inhibition processes that were identified are summarized.

module:RF interactions as the main cause for RF substrate inhibition (Figs 2A and 7)®. Fast kinetic data indicate
that the opening of the flavin-binding cavity to release the flavin products is the process that is prevented (Figs 3
and SP2), whereas cooperative binding data (Table 3) point to an increase in the protein occupation by ligands as
the RF concentration increases. Such observations are consistent with an excess of RF inducing binding modes
that prevent conformational reorganizations that are required for product release to initiate a new catalytic cycle.

The FMN and ADP products, accumulating as the RFK reaction proceeds, also inhibit the RFK reaction
through different mechanisms (Fig. 7). FMN is not able to bind quickly enough to inhibit the free RFK module,
but it behaves as an uncompetitive inhibitor that binds to the preformed ATP-enzyme complex and forms a
highly stable dead-end complex (Table 1 and Table SP1 and Figs 4 and SP3). Apparently, the phosphate group at
the ribityl end in the FMN product might prevent the placement and enclosure of this cofactor (Fig. 6). When
combining FMN and ATP with the RFK module, fast kinetic binding rates show a biphasic dependence on the
FMN concentration. The faster rates are produced in the lower range of concentrations, but rates rapidly decrease
with increasing FMN concentration (Fig. 3E). The combination of these ligands also produces a huge cooperativ-
ity (Table 3) and a very stable non-productive ternary complex (dead-end complex), while FMN binding to the
preformed enzyme: ATP binary complex is considerably less stable (Fig. 4). Considering that FMN and ATP are
the substrates of the reaction that is catalyzed by the CaFADS FMNAT module, it is likely that under situations
requiring FAD synthesis, the dead-end ternary complexes might facilitate channeling of FMN and ATP to the
FMNAT module. This possibility must be considered within the framework of the head-to-tail RFK-to-FMNAT
arrangement between protomers within trimers in the dimer-of-trimers structure that has been reported for the
complete enzyme'*. ADP acts as competitive inhibitor, competing with ATP for the same binding site (Fig. 7).
The higher K,,/K; ratio for FMN relative to ADP, &5 and /2.4, respectively, points to the flavin product as a more
potent inhibitor. This fact, together with the negative cooperativity between RF and ATP at high RF concentra-
tions (Table 3), can explain why inhibition of the CaFADS RFK activity by ADP has not been previously detected.

Our data suggest that FMN and ADP are able to inhibit the RFK reaction through the formation of different
non-productive ternary complexes (Fig. 4). The time-dependent increase of flavin fluorescence that was observed
in samples containing ATP (not observed for ADP) after ternary complex formation (Fig. 3) suggests dissimilar
organizations of complexes with the ANP substrate and product. The presence of these different complexes is
also supported by differences in their thermodynamic binding parameters (Table SP1 and Fig. 4). Noticeably, the
binding of substrates is slower than the formation of all the non-productive combinations of adenine and flavin
nucleotides (Fig. 3E and Table 2), in addition to being less thermodynamically favorable. Therefore, all combina-
tions of ternary complexes might compete with the catalytic complex as the reaction progresses, with the ternary
non-productive complexes that contain the ADP:Mg?* product being particularly populated (thicker lines in
Figs 4A and 7). The population of these non-productive complexes reduces the number of enzyme molecules that
are available to initiate a new catalytic RFK cycle. Moreover as higher is the concentration of one of the ligands
in the ternary non-productive complexes, the stronger that the second ligand binds (Fig. 5 and Table 3). Thus,
binding of substrates during the RFK reaction is less favorable when the products accumulate.

FMN synthesis is a key process that requires tight regulation. FMN production by CaFADS is
highly regulated by substrate and product inhibition of its RFK activity to avoid overproduction even though
the RF substrate might transiently increases in the media, where usually the amount of RF is considerably lower
than that of FMN and particularly of FAD (either free or as part of flavoproteins)** *>. Moreover, ADP and the
ATP nucleotides bind similarly to the RFK module, while the binding pockets for RF and FMN are dissimilar.
In addition, we must keep in mind that the FMNAT activity at the N-terminus module of the CaFADS does not
show any type of regulation by substrate or product inhibition'®. Considering that selective inhibition of key
enzymes is a common tool to regulate metabolic pathways**=2”-3¢, inhibition of RFK activity by its substrates
and products appears to be a useful tool to regulate the availability of both FMN and FAD in C. ammoniagenes.
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Most known bacteria are able to synthesize their own RF*”-%, but at the same time are also able to take it up from
the environment employing transporters® *-4, Therefore, mechanisms avoiding FMN and FAD overproduction
when RF concentration transiently increases must be relevant. Although the study of additional family members
is required to evaluate the generality of this mechanism, the data available for the few prokaryotic FADSs so far
characterized suggest that strategies other from RFK substrate inhibition are used to regulate FMN and FAD pro-
duction. Such differences among family members might also provide a framework to design selective compounds
that target prokaryotic FADS in the treatment of diverse infectious diseases. Past ten years have seen significant
advances in our knowledge of enzymes of the RFK and FMNAT families from different kingdoms, opening ques-
tions regarding their biochemical and mechanistic behaviour as well as their function in the regulation of flavin
metabolism. Answering to them will provide interesting challenges for future research as well as for beneficial
applications.

Conclusion

Prokaryotic FADSs have a major functional role in providing flavin cofactors to the cellular flavoproteome while
also promoting flavin and flavoprotein homeostasis. This study sheds light on the mechanism of the RFK activity
of CaFADS and on its regulation by substrates and products through a better understanding of their inhibitory
effects and the kinetics and the thermodynamics of their binding. Our results lead us to conclude that the col-
lective binding of adenine and flavin nucleotides induces important conformational changes in the CaFADS
RFK module. In this mechanism, Mg?" and the concerted fit of substrates are required to achieve a catalytically
competent geometry. In addition, all possible combinations of adenine and flavin nucleotide substrates and prod-
ucts produce the inhibition of RFK activity at the RFK module of CaFADS. In fact, production of all possible
non-competent combinations competes with the catalytically competent configuration, both kinetically and ther-
modynamically. This careful regulation is surely not odd considering the plethora of processes in which FMN
and FAD act as flavoprotein cofactors, highlighting the importance of producing FMN in appropriate amounts.
In agreement with the selective inhibition of key enzymes being a common tool to regulate metabolic pathways,
inhibition of the RFK activity provides an intricate regulatory mechanism that allows the suitable production of
flavins according to the C. ammoniagenes cellular needs. Thus, further investigations in other RFKs and FMNATs
is required to evaluate the relevance of CaFADS as general model and to identify in which extension differences
among family members can relate to dissimilarities in the regulation of FMN and FAD biosynthesis in different
species.

Materials and Methods

Cloning, expression and purification. The C-terminal domain was individually cloned
(pET28a-A(1-182)FADS) using the protocol described for WT CaFADS with the forward primer
5/-CCAACTGGGCCATGGGGCGGCAC-3' and the reverse primer previously used for the full length protein
cloning. The forward primer used to clone the C-terminal domain incorporates the start codon ATG in a Ncol
site substituting for Leu183'2. The pET28a-A(1-182)FADS plasmid was introduced into the E. coli BL21(DE3)
strain, to overexpress the RFK module of CaFADS and then purify the protein by following the protocols that
have been previously described'®. The pure protein was concentrated in 20 mM PIPES, pH 7.0, and quantified
using its theoretical molar extinction coefficient at 280 nm, 14.44mM~'.cm™". All experiments were carried out
under oxygen atmosphere, since in CaFADS activities have been shown independent of the flavins redox state!* 2.

Steady-state RFK activity. The RFK activity of the RFK module was measured at 25 °C in 500 pL of 20 mM
PIPES and 0.8 mM MgCl,, pH 7.0, containing variable concentrations of RF (0.5-45uM) and ATP (10-500 uM
ATP), as previously reported'®?°. The inhibitory effect of the reaction products was evaluated in reaction mixtures
containing 1-30 pM RF and 350 pM ATP at different FMN concentrations (0-20 pM) when analyzing the FMN
inhibitory effect, or 10-350 uM ATP and 5uM RF at variable ADP concentrations (0-400 uM) when examining
inhibition by ADP. In all cases, reactions were initiated by addition of the enzyme to a final concentration of
~40nM, which was followed by 1 min of incubation, and the reactions were stopped by boiling the samples at
100 °C for 5 min as previously described!?°. The flavin composition of the supernatant was analyzed using an
Alliance HPLC system (Waters) equipped with a 2707 autosampler and an HSST3 column (4.6 x 50 mm, 3.5 mmy;
Waters) preceded by a precolumn (4.6 X 20 mm, 3.5 mm; Waters) as previously described'?°. Flavin concentra-
tions (RF or FMN) were quantified using their corresponding standard curves, and the observed steady-state
rates (v,) were determined in units of nmoles of flavin transformed per min per nmol of enzyme (v,/[e])'>%. All
the experiments were carried out in triplicate.

Kinetic data were obtained at different ATP concentrations and 5 uM RF (concentration for which the free
enzyme shows ~80% of its maximal apparent activity before the maximum experimentally detected, since, as
previously reported, the high inhibition by RF prevents to work with saturating concentrations of RF'>>*) and
were fit to the Michaelis-Menten model to obtain the Michaelis-Menten (K,,,) and catalytic rate (k.,,) constants.
Kinetic data obtained when varying RF concentrations at saturating ATP concentrations showed inhibition by an
excess of the RF substrate; therefore, a model describing the substrate inhibition effect produced in bi-substrate
enzyme kinetics was used to interpret the experimental data according to the following equation:

Yo _ kcat [S]

G [S](l + %])

1

where v, is the determined observed rate constant at each experimental condition, [e] is the enzyme concentra-
tion in the assay, [S] is the concentration of the inhibitory substrate, and K;® is the substrate inhibition constant. In

SCIENTIFICREPORTS |7: 7281 | DOI:10.1038/s41598-017-07875-5 11



www.nature.com/scientificreports/

general, the strong inhibition by the RF substrate prevented the determination of limiting catalytic and Michaelis
constants, and data obtained in this study correspond to apparent constants Pk, and *#PK 2*2"4!. The inhibition
mechanisms of the FMN and ADP products were identified by evaluating the effect of both products on the K,
and k., values obtained by the independent fitting of data sets to the Michaelis-Menten model. Additionally,
Dixon plots (1/(vy/[e]) vs [I]) and Cornish-Bowden representations ([S]/(v,/[e]) vs [I]) were used to reveal the

type of inhibition*>**. Finally, the different data sets were globally fit using the Lineweaver-Burk equations for
competitive and uncompetitive inhibition*?,
U
e [”K,-PKm L
Yo kcat [S] kcat (2)
]
e I+ ok
Yo kcat kcat [S] (3)

where [S] and [1] represent the concentrations of substrate and product inhibitor, respectively, and K/ is the cor-
responding product inhibition constant*2. Estimated errors in k., K, and K; values are in general within & 15%
of their values, but when RF produces strong dead-end inhibition, errors can considerably increase due to the
similarity between K% and K X values.

Pre-steady-state kinetics. Pre-steady-state kinetic experiments were performed using stopped-flow spec-
troscopy on an Applied Photophysics SX17.MV spectrophotometer using the Xscan software (Applied Photophysics
Ltd.). The fluorescence of the flavins was measured in a continuous assay with an excitation wavelength of 445 nm,
and the emission was recovered using a >530 nm cut-off filter. The selected voltage was 350 V, and 800 points were
taken in every measurement. Measurements were carried out at 25 °C in 20 mM PIPES and 0.8 mM MgCl,, pH
7.0. The RFK module (0.2 M) was mixed with reaction samples and the concentration of the flavin (FLV, herein
referring to either RF or FMN) was varied from 0.5-5pM both in the absence and under saturating concentra-
tions of adenine nucleotides (ANP, ATP or ADP ligands). Control experiments, recorded in the same buffer but in
the absence of MgCl,, generally produced similar profiles but considerably smaller amplitudes in the fluorescence
changes. All the concentrations that are indicated are the final ones in the reaction cell. Every kinetic trace was
recorded until getting at least three reproducible traces.

Kinetic traces of changes in fluorescence that showed exponential behavior were fit to exponential equations
(Eqn. 4) in which each exponential term describes a different spectroscopic process. When a particular process
was not finished within the measurement timeframe, a linear correction term (b) was added to the equation to
account for the unfinished process (Eqn. 5).

y =Y Al @)

y =Y Aot 4 bt (5)

In these equations, A; and k,,,; are the amplitude and the observed rate constant, respectively, for each of the
processes (i) that contribute to the overall time-dependent fluorescence change for the particular conditions of
each experiment.

When £k, values showed a linear dependence on the flavin concentration, they were fit to a one-step model
that accounts for the equilibrium of enzyme-flavin complex, whose kinetics can be represented by the following
equation

kobs = kon[FLV] + kojj‘ (6)

where k,, and ks are the kinetic constants for complex formation and dissociation, respectively.

Due to the deterioration that flavins undergo when they are exposed to light, we also evaluated the FLV pho-
tobleaching decay during measurements. Under our experimental conditions, RF and FMN fluorescence decay
linearly with time (Fig. SP1A). Slopes for these kinetic traces linearly decrease with the flavin concentration, with
slopes corresponding to photobleaching rates 0f 4.6- 107+ 1.8-10*min'and 4.1- 107>+ 1.8- 10 *min~! for RF
and FMN, respectively (Fig. SP1B).

Isothermal titration calorimetry. Isothermal titration calorimetry (ITC) experiments were performed to
elucidate the order in which ligands bind to the enzyme, as well as the binding inhibition effects from the ther-
modynamic point of view. Experiments were carried out in an AutoITC200 (MicroCal) that was thermostated at
25°C. Typically, 180 pM RE, 350 uM ATP or ADP, and 250 .M FMN solutions were used to titrate the RFK mod-
ule (=25 M) in a 200-pL cell. Titrations with FLV ligands of mixtures that contained the enzyme prebound with
the ANP ligand were also carried out, as well as ANP titrations of mixtures of the enzyme saturated with FLV lig-
ands. In these experiments, the titration was performed by stepwise injecting the titrating ligand. Up to 19 injec-
tions of 2 uL each were added to the calorimetric sample cell and mixed at a stirring speed of 1000 r.p.m. Ligands
and protein were dissolved in 20 mM PIPES, pH 7.0, either in the presence or absence of 0.8 mM MgCl,, and
degassed prior to titration. The association constant (K,), the enthalpy change (AH) and the binding stoichiom-
etry (N) were obtained through a nonlinear least squares regression of the data using a homemade model for one
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or two independent binding sites, which was implemented in Origin 7.0 (OriginLab) as previously described!®2.
The entropic contribution (-TAS), the Gibbs free energy (AG) and the dissociation constant (K,) were obtained
through essential thermodynamic equations.

To determine the cooperativity coefficients (o) describing the interactions between the ANP and the FLV
ligands, a set of six additional experiments was carried out. Mixtures containing the RFK module at six different
FLV concentrations were titrated with ANP ligands. These experiments allowed the determination of the appar-
ent association constants for the adenine nucleotide ligand, K, ;p P-ANP ot each particular concentration of the FLV
ligand mixed with the protein in the calorimetric cell. The data were fit to the equation describing the dependency
of K%PANP 35 a function of the FLV concentration and o (cooperativity constant for the heterotropic interaction
between ANP and FLV)

KPPANP _ KANP1 + a KMV [FLV)
¢ C 14 KM RLYV) 7)

where K ;’N P is the association constant for ANP, K uF LV is the association constant for FLV, and [FLV] is the con-
centration of flavin in the calorimetric cell. Additionally, particular titrations performed at saturating FLV con-
centration (100 uM) were fit to a homemade model that considers the influence of the FLV on the protein affinity
for the ANP*>%, yielding similar o values.

Experiments were performed in triplicate. The errors considered in the measured parameters (15% in K,
and K, values, 0.3 kcal-mol ! in AG, AH and —TAS and +20% in o) were assumed to be larger than the stand-
ard deviation between replicates and the numerical error after fitting analysis.

References

1. Torchetti, E. M. et al. Mitochondrial localization of human FAD synthetase isoform 1. Mitochondrion 10, 263-273,
doi:S1567-7249(10)00002-4 (2010).

2. Torchetti, E. M. et al. Human FAD synthase (isoform 2): a component of the machinery that delivers FAD to apo-flavoproteins. Febs
] 278, 4434-4449, doi:10.1111/j.1742-4658.2011.08368.x (2011).

3. Serrano, A, Ferreira, P, Martinez-Julvez, M. & Medina, M. The prokaryotic FAD synthetase family: a potential drug target. Curr
Pharm Des 19, 2637-2648 (2013).

4. Vogl, C. et al. Characterization of riboflavin (vitamin B,) transport proteins from Bacillus subtilis and Corynebacterium glutamicum.
J Bacteriol 189, 7367-7375, doi:JB.00590-07 (2007).

5. Pallotta, M. L. Evidence for the presence of a FAD pyrophosphatase and a FMN phosphohydrolase in yeast mitochondria: a possible
role in flavin homeostasis. Yeast 28, 693-705, doi:10.1002/yea.1897 (2011).

6. Solovieva, I. M., Tarasov, K. V. & Perumov, D. A. Main physicochemical features of monofunctional flavokinase from Bacillus
subtilis. Biochemistry (Mosc) 68, 177-181, doi:BCM68020212 (2003).

7. Bacher, A. In Chemistry and Biochemistry of Flavoproteins Vol. 1 (ed. Miiller, E.) 349-370 (CRC Press, 1991).

. Bacher, A. In Chemistry and Biochemistry of Flavoproteins Vol. 1 (ed. Miiller, F) 215-259 (CRC Press, 1991).

9. Barile, M., Brizio, C., Valenti, D., De Virgilio, C. & Passarella, S. The riboflavin/FAD cycle in rat liver mitochondria. Eur ] Biochem
267, 4888-4900 (2000).

10. Brizio, C. et al. Over-expression in Escherichia coli and characterization of two recombinant isoforms of human FAD synthetase.
Biochem Biophys Res Commun 344, 1008-1016, d0i:S0006-291X(06)00801-1 (2006).

11. Manstein, D. J. & Pai, E. E. Purification and characterization of FAD synthetase from Brevibacterium ammoniagenes. ] Biol Chem 261,
16169-16173 (1986).

12. Frago, S., Martinez-Julvez, M., Serrano, A. & Medina, M. Structural analysis of FAD synthetase from Corynebacterium
ammoniagenes. BMC Microbiol 8, 160, doi:1471-2180-8-160 (2008).

13. Yruela, I, Arilla-Luna, S., Medina, M. & Contreras-Moreira, B. Evolutionary divergence of chloroplasts FAD synthetase proteins.
BMC Evol Biol 10, 311 (2010).

14. Herguedas, B., Martinez-Julvez, M., Frago, S., Medina, M. & Hermoso, J. A. Oligomeric state in the crystal structure of modular FAD
synthetase provides insights into its sequential catalysis in prokaryotes. ] Mol Biol 400, 218-230, doi:50022-2836(10)00497-3 (2010).

15. Herguedas, B., Martinez-Julvez, M., Frago, S., Medina, M. & Hermoso, J. A. Crystallization and preliminary X-ray diffraction studies
of FAD synthetase from Corynebacterium ammoniagenes. Acta Crystallogr Sect F Struct Biol Cryst Commun 65, 1285-1288,
doi:S1744309109044789 (2009).

16. Frago, S., Velazquez-Campoy, A. & Medina, M. The puzzle of ligand binding to Corynebacterium ammoniagenes FAD synthetase.
Biol Chem 284, 6610-6619, doi:M808142200 (2009).

17. Efimov, L, Kuusk, V., Zhang, X. & McIntire, W. S. Proposed steady-state kinetic mechanism for Corynebacterium ammoniagenes
FAD synthetase produced by Escherichia coli. Biochemistry 37,9716-9723, d0i:10.1021/bi972817j (1998).

18. Herguedas, B. et al. Structural insights into the synthesis of FMN in prokaryotic organisms. Acta Crystallogr D Biol Crystallogr 71,
2526-2542, d0i:10.1107/51399004715019641 (2015).

19. Serrano, A., Frago, S., Velizquez-Campoy, A. & Medina, M. Role of key residues at the flavin mononucleotide (FMN):adenylyltrans-
ferase catalytic site of the bifunctional riboflavin kinase/flavin adenine dinucleotide (FAD) Synthetase from Corynebacterium
ammoniagenes. Int | Mol Sci 13, 14492-14517, doi:10.3390/ijms131114492 (2012).

20. Serrano, A. et al. Key residues at the riboflavin kinase catalytic site of the bifunctional riboflavin kinase/FMN adenylyltransferase
from Corynebacterium ammoniagenes. Cell Biochem Biophys 65, 57-68, d0i:10.1007/s12013-012-9403-9 (2013).

21. Serrano, A. et al. The trimer interface in the quaternary structure of the bifunctional prokaryotic FAD synthetase from
Corynebacterium ammoniagenes. Sci Rep 7, 404, doi:10.1038/541598-017-00402-6 (2017).

22. Wang, W, Kim, R., Jancarik, J., Yokota, H. & Kim, S. H. Crystal structure of a flavin-binding protein from Thermotoga maritima.
Proteins 52, 633-635, doi:10.1002/prot.10353 (2003).

23. Karthikeyan, S. et al. Crystal structure of human riboflavin kinase reveals a beta barrel fold and a novel active site arch. Structure 11,
265-273, d0i:S0969212603000248 (2003).

24. Matern, A., Pedrolli, D., Groflhennig, S., Johansson, J. & Mack, M. Uptake and Metabolism of Antibiotics Roseoflavin and
8-Demethyl-8-Aminoriboflavin in Riboflavin- Auxotrophic Listeria monocytogenes. J Bacteriol 198, 3233-3243, doi:10.1128/
JB.00388-16 (2016).

25. Gulve, E. A. & Dice, J. F Regulation of protein synthesis and degradation in L8 myotubes. Effects of serum, insulin and insulin-like
growth factors. Biochem ] 260, 377-387 (1989).

26. Rogers, R. L. & Scholl, S. (Taylor & Francis Group, LLC., London and New York, 2007).

=

SCIENTIFICREPORTS |7: 7281 | DOI:10.1038/s41598-017-07875-5 13


http://dx.doi.org/10.1111/j.1742-4658.2011.08368.x
http://dx.doi.org/10.1002/yea.1897
http://dx.doi.org/10.1021/bi972817j
http://dx.doi.org/10.1107/S1399004715019641
http://dx.doi.org/10.3390/ijms131114492
http://dx.doi.org/10.1007/s12013-012-9403-9
http://dx.doi.org/10.1038/s41598-017-00402-6
http://dx.doi.org/10.1002/prot.10353
http://dx.doi.org/10.1128/JB.00388-16
http://dx.doi.org/10.1128/JB.00388-16

www.nature.com/scientificreports/

27. Cérdenas, M. L., Cornish-Bowden, A. & Ureta, T. Evolution and regulatory role of the hexokinases. Biochim Biophys Acta 1401,
242-264 (1998).

28. Traut, T. W. Dissociation of enzyme oligomers: a mechanism for allosteric regulation. Crit Rev Biochem Mol Biol 29, 125-163,
doi:10.3109/10409239409086799 (1994).

29. Weber, G. Fluorescence of riboflavin and flavin-adenine dinucleotide. Biochem J 47, 114-121 (1950).

30. Sun, M., Moore, T. A. & Song, P. S. Molecular luminescence studies of flavins. I. The excited states of flavins. ] Am Chem Soc 94,
1730-1740 (1972).

31. Bollen, Y. J., Westphal, A. H., Lindhoud, S., van Berkel, W. J. & van Mierlo, C. P. Distant residues mediate picomolar binding affinity
of a protein cofactor. Nat Commun 3, 1010, doi:10.1038/ncomms2010 (2012).

32. Veldzquez-Campoy, A., Goii, G., Peregrina, J. R. & Medina, M. Exact analysis of heterotropic interactions in proteins:
Characterization of cooperative ligand binding by isothermal titration calorimetry. Biophys ] 91, 1887-1904,
doi:S0006-3495(06)71899-9 (2006).

33. Martinez-Julvez, M., Medina, M. & Veldzquez-Campoy, A. Binding thermodynamics of ferredoxin:NADP+- reductase: two different
protein substrates and one energetics. Biophys ] 96, 4966-4975, doi:S0006-3495(09)00682-1 (2009).

34. Lienhart, W. D., Gudipati, V. & Macheroux, P. The human flavoproteome. Arch Biochem Biophys 535, 150-162,
doi:S0003-9861(13)00066-0 (2013).

35. Gudipati, V., Koch, K., Lienhart, W. D. & Macheroux, P. The flavoproteome of the yeast Saccharomyces cerevisiae. Biochim Biophys
Acta 1844, 535-544, doi:10.1016/j.bbapap.2013.12.015 (2014).

36. Gerhart, J. From feedback inhibition to allostery: the enduring example of aspartate transcarbamoylase. FEBS ] 281, 612-620,
doi:10.1111/febs.12483 (2014).

37. Fischer, M. & Bacher, A. Biosynthesis of flavocoenzymes. Nat Prod Rep 22, 324-350, d0i:10.1039/b210142b (2005).

38. Cecchini, G., Perl, M, Lipsick, J., Singer, T. P. & Kearney, E. B. Transport and binding of riboflavin by Bacillus subtilis. ] Biol Chem
254,7295-7301 (1979).

39. Grill, S. et al. Identification and characterization of two Streptomyces davawensis riboflavin biosynthesis gene clusters. Arch Microbiol
188, 377-387, d0i:10.1007/s00203-007-0258-1 (2007).

40. Abbas, C. A. & Sibirny, A. A. Genetic control of biosynthesis and transport of riboflavin and flavin nucleotides and construction of
robust biotechnological producers. Microbiol Mol Biol Rev 75, 321-360, doi:75/2/321 (2011).

41. Serrano, A. et al. Quaternary organization in a bifunctional prokaryotic FAD synthetase: Involvement of an arginine at its
adenylyltransferase module on the riboflavin kinase activity. Biochim Biophys Acta, doi:10.1016/j.bbapap.2015.03.005 (2015).

42. Yamada, Y., Merrill, A. H. Jr. & McCormick, D. B. Probable reaction mechanisms of flavokinase and FAD synthetase from rat liver.
Arch Biochem Biophys 278, 125-130, doi:0003-9861(90)90240-Y (1990).

43. Cornish-Bowden, A. A simple graphical method for determining the inhibition constants of mixed, uncompetitive and non-
competitive inhibitors. Biochem ] 137, 143-144 (1974).

Acknowledgements

This work has been supported by the Spanish Ministry of Economy, Industry and Competitiveness (MINEICO)
[BIO2013-42978-P and BI02016-75183-P AEI/FEDER, UE to M.M.], and the Government of Aragén-FEDER
[B18].

Author Contributions

M.S. and A.S. designed and performed the steady-state experiments. M.S. performed the rest of experiments.
A.V.-C. supervised the ITC experiments and their analysis. M.M. conceived the study and its global design and
coordination and supervised the experimental work and data analysis. M.S., A.S. and M.M. wrote the main
manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07875-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 7281 | DOI:10.1038/s41598-017-07875-5 14


http://dx.doi.org/10.3109/10409239409086799
http://dx.doi.org/10.1038/ncomms2010
http://dx.doi.org/10.1016/j.bbapap.2013.12.015
http://dx.doi.org/10.1111/febs.12483
http://dx.doi.org/10.1039/b210142b
http://dx.doi.org/10.1007/s00203-007-0258-1
http://dx.doi.org/10.1016/j.bbapap.2015.03.005
http://dx.doi.org/10.1038/s41598-017-07875-5
http://creativecommons.org/licenses/by/4.0/

	Kinetics and thermodynamics of the protein-ligand interactions in the riboflavin kinase activity of the FAD synthetase from ...
	Results

	The RFK activity is inhibited by the RF substrate as well as the products of the reaction. 
	Changes in flavin fluorescence upon binding allow the association and dissociation kinetics of flavin ligands to the RFK mo ...
	The thermodynamic diagram for the RFK-ligand interactions. 
	Adenine and flavin nucleotide ligands cooperate in their binding to the RFK module. 

	Discussion

	The collective binding of adenine and flavin nucleotides induces important conformational changes in the CaFADS RFK module. ...
	Mg2+and the concerted fit of substrates to achieve the catalytically competent complex. 
	The RFK activity is highly regulated by inhibition by substrates and products. 
	FMN synthesis is a key process that requires tight regulation. 

	Conclusion

	Materials and Methods

	Cloning, expression and purification. 
	Steady-state RFK activity. 
	Pre-steady-state kinetics. 
	Isothermal titration calorimetry. 

	Acknowledgements

	Figure 1 Inhibitory effects produced by the ATP substrate and the ADP product in the steady-state RFK activity of the RFK module of CaFADS.
	Figure 2 Inhibitory effects produced by the RF substrate and the FMN product in the steady-state RFK activity of the RFK module of CaFADS.
	Figure 3 Pre-steady-state kinetic analysis of the binding of flavins to the RFK module of CaFADS.
	Figure 4 Gibbs free energy flow in the interaction between the RFK module and its ligands.
	Figure 5 Binding cooperativity of the flavin and adenine nucleotide ligands to the RFK module.
	Figure 6 Structure of the RFK module of CaFADS.
	Figure 7 Cleland representation of the kinetic mechanism for the transformation of RF into FMN by the RFK module of CaFADS.
	Table 1 Steady-state kinetic parameters describing the RFK activity of the RFK module and the inhibition by its different substrates and products.
	Table 2 Pre-steady-state kinetic parameters for the binding and dissociation of flavins to the RFK module in the presence of adenine nucleotides.
	Table 3 Cooperativity coefficients (α) for the binding of different combinations of FLV and ANP ligands to the RFK module.




