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Abstract 

Pharmacogenomics is a powerful tool to prevent adverse reactions caused by different response of 

individuals to drug administration. Single nucleotide polymorphisms (SNPs) represent up to 90% of 

genetic variations among individuals. Drug metabolizing enzymes are highly polymorphic therefore the 

kinetic parameters of their catalytic reactions can be significantly influenced. This work reports on the 

unfolding process of a phase I drug metabolizing enzyme, human flavin-containing monooxygenase 3 

(hFMO3) and its single nucleotide polymorphic variants (SNPs) V257M, E158K and E308G. 

Differential scanning calorimetry (DSC) indicates that the thermal denaturation of the enzyme is 

irreversible. The melting temperature (Tm) for the (Wild Type) WT and its polymorphic variants is found 

to be in a range from 46 °C to 50 °C. Also the activation energies of unfolding (𝐸𝑎)  show no significant 

differences among all proteins investigated (290-328 KJ/mol), except for the E308G variant that showed 

a significantly higher 𝐸𝑎 of 412 KJ/mol. The presence of the bound NADP+ cofactor is found to stabilize 

all the variants by shifting the main Tm by 4-5°C for all the proteins, exception made for E308G where 

no changes are observed.  

Isothermal titration calorimetry (ITC) was used to characterize the interaction of the protein with NADP+ 

in terms of dissociation constant (Kd), enthalpy (ΔH) and entropy (ΔS). Kd values of 1.6 and 0.7 µM, ΔH 

of -13.9 Kcal/mol and -16.8 Kcal/mol, ΔS of -20.5 cal/mol/deg,  and -28.5 cal/mol/deg were found for 

V257M and E158K respectively. E308G was found to be unable to bind the NADP+ cofactor, a result 

that is in line with the Tm results. Circular dichroism also confirmed an overall lower stability of E308G, 

while NADP+ was found to give a strong positive shift of the Tm stabilizing the structure of E158K (46.2 

to 50.6 °C).  

Previous data highlighted significant differences in terms of activity among the SNPs of hFMO3. In this 

work a minor impact of the SNPs was found on the stability of the enzyme in the ligand free form, except 

for E308G, whereas the binding of NADP+ reveals major differences among WT and polymorphic 
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variants that are all measurable in terms of heat capacity, enthalpy and secondary structure content.  These 

data provide the first direct evidence of ligand stabilization effects on hFMO3 that can explain the 

differences observed in catalytic efficiencies and serve as the starting point for the development of 

inhibitors of this enzyme.  
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1. Introduction 

Human flavin-containing monooxygenases (hFMOs) comprise a family of five iso-enzymes and are the 

second most important phase 1 drug-metabolizing enzymes after cytochromes P450 [1-3]. Its isoform 3 

(hFMO3) is predominantly expressed in the liver where substrates containing nitrogen-, sulphur- and 

phosphorous-containing soft nucleophiles [4-12] are transformed into more polar and excretable 

metabolites [13-18].  

Wild type  hFMO3 contributes to the metabolism of several important drugs [19] such as ranitidine, 

cimetidine, tamoxifen, clozapine, benzydamine. The hFMO3 gene contains many single SNPs and 

several studies have demonstrated that these mutations can severely affect the activity of the enzyme 

resulting in lower or abolished activity [7, 20-25]. A recent work for example revealed that the variations 

in plasma concentrations of the metabolites of tamoxifen, a well-known antiestrogenic drug used in the 

treatment of breast cancer, can be ascribed to the SNPs of cytochromes P450, FMO3 and 

sulfotransferases [26]. Another recent work showed that FMO3 E158K/E308G decreased the plasma 

concentration of voriconazole through its higher metabolic activity [27]. Genetic polymorphisms of 

FMO3 could also affect the pharmacokinetics of sulindac in women who undergo preterm labor [28]. 

Single nucleotide polymorphisms can dramatically impact both substrate affinity and catalytic activity. 

We have previously shown how the hFMO3 N61S active site mutation can lead to a 100 fold decrease 

of kcat/Km for tamoxifen [29].  In another work we have also reported how SNPs located on the surface 

of the protein structure can either increase (E158K) or decrease (V257M) the catalytic efficiency for 

tamoxifen. Futhermore, hFMO3 is also the only enzyme in the human body responsible for the 

transformation of trimethylamine (TMA) to trimethylamine N-oxide (TMAO) metabolite [30] and 

recently this metabolite was found to be associated to atherosclerosis [31]. It was reported that TMAO 

binds to PERK at physiologically relevant concentrations and selectively activates the PERK branch of 

the unfolded protein response inducing the transcription factor FoxO1, a key driver of metabolic disease, 
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in a PERK-dependent manner [32]. Trimethylaminuria (TMAU) is a genetic disease associated to a SNP 

of FMO3 that is unable to oxidize TMA [33]. TMAU is also known as the “fish-odor syndrome” due to 

the pungent smell of breath, sweat and urines of the patients caused by the accumulation of TMA.  

Up to this date the precise mechanism underlying differences in activity for the SNP of hFMO3 has not 

been revealed. Biophysical studies were carried out on hFMO3 aimed at understanding the influence of 

temperature on the FMO activity [34-36].  The present study aims at understanding the unfolding process 

of hFMO3, thus tackling the problem from a structural perspective, providing information on the stability 

and NADP+ binding properties alterations due to common SNPs. As the crystal structure of hFMO3 is 

not available at present, molecular modelling and docking simulations [37-40] combined with 

biophysical methodologies such as differential scanning calorimetry (DSC) can be used to shed light on 

this process. DSC is a powerful technique that can help providing biophysical insights about a specific 

protein by measuring the heat capacity of states and the excess heat induced by temperature change [41] 

[42]. Recently we have published the inactivation mechanism of hFMO3 comparing WT enzyme to an 

active site mutant (N61S) that abolishes its activity and provides preliminary evidence of the role of 

NADP+ in structure stabilization [29]. In the present work differential scanning calorimetry (DSC) is 

used to investigate the details the stability of hFMO3 polymorphic mutants and the kinetic nature of the 

denaturation process of V257M, E158K and E308G. Furthermore, the addition of NADP+ is used to 

assess binding properties and changes in the energetics components upon stabilization of the protein 

structure. Characterization of the binding properties of the enzyme is performed using Isothermal 

Titration Calorimetry (ITC). We have recently developed a method for measuring the turnover of 

substrates of hFMO3 by ITC [43]. Here the ITC measurements are used to confirm the differences of the 

polymorphic variants in binding the NADP+ cofactor and provide the dissociation constants and 

energetics involved in the binding reaction. Finally, Circular Dichroism (CD) is employed to explain the 
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effect of the mutations in both secondary structure and ligand induced stabilization of the enzyme leading 

to a comprehensive analysis of the unfolding mechanism of hFMO3 and NADP+ binding properties.   

 

2. Materials and Methods 

2.1 Expression and purification of hFMO3 polymorphic variants 

All steps of expression and purification were performed according to previously published protocols 

[44]. Wild type and polymorphic variants were expressed in E. coli JM109 cells and grown 24 h post-

induction. Proteins were purified via Ni affinity chromatography. Spectra of the eluted fractions (with 

40 mM histidine) were recorded using a diode array HP-8453E spectrophotometer. FAD containing 

fractions with the characteristic absorption peaks at 375 and 450 nm were pooled and exchanged to 

storage buffer (100 mM potassium phosphate buffer pH 7.4, 20% glycerol and 1 mM EDTA) by 30 kDa 

cutoff Amicon membranes and stored at -20°C. 

 

2.2 Differential scanning calorimetry 

The DSC experiments were done using VP-Capillary DSC, Malvern Instruments Ltd Worcestershire, 

UK. The samples were placed in the calorimeter in a 200-µl sample cell against a 200-µl -ml reference 

cell that was filled blank solution consisting of the protein containing buffer: 50 mM Kpi pH 7.4. The 

cells were equilibrated inside the calorimeter for 10 minutes at 25°C [29, 45] before heating up to the 

final temperature at a given rate. Cycles of cooling and reheating of the samples were performed to obtain 

the background for buffer subtraction or test hypothetical refolding. Replicate runs did not vary more 

than 0.25°C. The denaturation temperature Tm and the ΔH was determined by fitting the data with the 

ORIGIN embedded program suite. In order to perform the analysis at different scan rates the cells were 

pre-equilibrated with at least 10 cycles of buffer in the same setup of the experiment. Protein 
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concentration was 10 uM in all experiments. All experiments were conducted in 50 mM Kpi pH 7.4 with 

a dilution factor of the storage buffer of 10^6. 

 

2.3 Activation energy of unfolding 

Calculation for the activation energy of unfolding was performed using the mathematical model 

previously described by Sanchez-Ruiz in 1988 [46]. In this model the temperature value corresponding 

to the maximum of the heat capacity curve, Tm, changes with heating rate 𝑣 according to 

ln (
𝑣

𝑇𝑚
2 ) = ln (

𝐴𝑅

𝐸𝑎
) − 

𝐸𝑎

𝑅𝑇𝑚
  (1) where 𝐴 (min-1) is the frequency factor, 𝐸𝑎 (kJ mol-1) is the activation 

energy for the denaturation step, and 𝑅 the gas constant. It follows that the slope of the plot of ln (
𝐴𝑅

𝐸𝑎
) 

as a function of 1/Tm equals 
𝐸𝑎

𝑅
.  

 

2.4 Circular dichroism analysis 

Experiments were performed by using Jasco-815 instrument (Jasco Instruments). Thermal denaturation 

experiments were performed by raising the temperature from 25°C to 65°C using a Peltier thermo  block 

(PTC-348 WI Peltier block) and allowing the protein sample (2 µM) to equilibrate for 5 minutes at each 

temperature before recording the spectrum. The spectra were collected by taking 10 accumulations (ten 

spectra combined in a single signal). All experiments were conducted in 50 mM Kpi pH 7.4 with a 

dilution factor of the storage buffer of 10^6. 

 

2.5 Secondary structure calculation 

For each sample three replicates were performed and the resulting CD signal at 222 nm was plotted as 

function of temperature. The data were fitted to a single step transition curve in order to calculate the 

melting temperature (Tm). The data were plotted in SigmaPlot using the ellipticity [47, 48] values as 
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function of temperature. Fitting was carried out by using the ellipticity of the fully folded protein at 25°C 

and fully unfolded protein at 65 °C. CD analysis was also be performed in presence of 0.5 mM NADP+.  

 

2.6 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) experiments were conducted in a ITC-200, Malvern Instruments 

Ltd Worcestershire, UK as described previously with minor modifications [29, 49].  The calorimeter 

contains a 200-µl reference cell, a 200-µl sample cell and a 40-µl syringe for injections. The reference 

cell was filled with milliq pure water. The other cell was filled with 10 µM of the sample. The cells were 

brought to the experimental temperature by equilibrating for 10 min at a ΔP value of 10. Injections were 

then performed at a temperature of 25°C with a 150 second time interval using the “mid feedback” mode 

and an injection volume of 1 µL. The first injection was performed with a volume of 0.1 µL [50]. All 

experiments were conducted in 50 mM Kpi pH 7.4 [51] with a dilution factor of the storage buffer of 

10^6. The ligand was dissolved in the flow-through resulting from the last round of exchange.  

 

3. Results  

 

3.1 Scan-rate dependent differential scanning calorimetry analysis 

To better understand how polymorphism affects the stability of hFMO3 the impact of the mutations 

(V257M, E158K, E308G) was first studied by differential scanning calorimetry (DSC). In a typical DSC 

experiment the reference cell is filled with buffer, whereas the enzyme is placed in the sample cell; the 

temperature is then raised linearly to a final value with a fixed velocity (the scan-rate). The results 

obtained are shown in figure 1.  

Figure 1A shows typical thermograms of the WT collected at scan rates ranging between 18°C/h and 

180°C/h. It can be seen that lower scan rates result in noisier thermograms than higher scan rates, due to 
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the inevitable fluctuations occurring for longer permanence at the given temperature. This can be 

observed for all samples (figure 1B-D for V257M, E158K and E308G respectively). Deconvolution 

analysis of the thermograms of figure 1 clearly shows the presence of two peaks (figure 2A-D), each 

characterized by Tm and ΔH values that have been calculated at different scan rates as reported in figure 

3. A similar behavior, comprising two transitions with different Tm and ΔH values, can also be observed 

for the polymorphic variants V257M, E158K, and E308G (Figures 1-3). However, as figure 1 and 3 show 

their presence and thermodynamic parameters show a different pattern when studied as a function of scan 

rate.  

In all cases the unfolding process was found to be irreversible since re-scan of the protein solution did 

not result in re-folding of the enzyme [29]. The two transitions in the DSC experiment imply the existence 

of two populations in the cell which can be interpreted using two different models.  

The first model (model 1) invokes the presence of two domains that denature under distinct conditions 

[52]. This is in line with the results of homologous protein modelling results that showed FMO as a two-

domain protein  [53-56]. Therefore model 1 would assign the two DSC transitions to the FAD binding 

domain and the NADP+ binding domain. The second model (model 2) entails that the peak at higher 

temperature is deriving from the unfolding of the protein that actually aggregates and cannot refold. As 

shown by the results of figure 1 and figure 3 three major phenomena can be observed: 1) the peak 

temperature of both peaks decreases with decreasing heating rate 2) the enthalpy of the first transitions 

decreases with decreasing heating rate 3) the enthalpy of the second transition increases or decreases 

depending on the variant examined. These observations indicate that peak 2 is produced during the 

unfolding process at the expense of peak 1. In this line of thought, the two transitions do not represent 

two domains of the enzyme, but they are derived by the unfolding and aggregation process invoked by 

model 2. This model involves a three-state process in which the final unfolded state is reached after an 

irreversible transition originating from an aggregated intermediate.  
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Further analysis of the DSC data obtained at different scan-rates allows the calculation of the kinetics 

involved in the unfolding process characterized by the Activation Energy ( 𝐸𝑎). To calculate the  𝐸𝑎  we 

used the model developed by Sanchez-Ruiz et al. 1988 [46], that requires a linear dependence between 

the scan-rate and the recorded melting temperature. This trend was indeed found for Peak 1, whilst Peak 

2 was not included in the analysis as it represents the aggregated protein derived from Peak 1. The 𝐸𝑎 

calculated for WT, V2257M, E158K and E308G are 290, 312, 328 and 412 KJ/mol respectively. All 

values are reasonably within the range of those found for the denaturation of globular proteins [57, 58]. 

Comparison across the data shows that the 𝐸𝑎 values for V257M and E158K are close to that of the WT, 

whereas E308G is an outlier with higher  𝐸𝑎. This peculiarity found for E308G can be explained by the 

higher propensity of this variant to form aggregates during the unfolding process, as also shown in 

Figures 2D and 3G as the protein population associated to Peak 2.  

 

3.2 Differential scanning calorimetry analysis in the presence of NADP+  

hFMO3 is known to be reduced by its physiological electron donor NADPH. During the enzyme catalytic 

cycle, NADPH is consumed, then the reduced enzyme binds molecular oxygen to form a C4a-

hydroperoxy intermediate of the flavin responsible for the oxygenation of the substrate with the 

concomitant release of a water molecule [59-61]. During these steps NADP+ remains bound in the active 

site leaving only when the catalytic cycle is completed. For this reason, we focused our attention on 

NADP+ that is the ligand present in the active site when the enzyme acts on the substrate. hFMO3 

polymorphic variants (10 uM)  were incubated with a large excess of NADP+ (0.5 mM) and the DSC 

thermograms were collected and analyzed (Figure 4) in relation to the WT [29]. A scan-rate of 30°C/h 

was chosen to better resolve the stabilization effect of the ligand on hFMO3 structure.  

Figure 4 shows a general trend in which NADP+ increases the Tm and ΔH of all the hFMO3 samples. 

The shift in the Tm is accompanied by an increase in enthalpy due to the creation of bonds between the 
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NADP+ and the active site of the enzyme. This phenomenon is even more evident for the peak at higher 

Tm that represents the aggregated form of the enzyme formed during unfolding that is probably more 

open to the solvent and accessible for the cofactor. Similarly to the ligand free condition, also E158K 

behaves like the wild type enzyme [29] showing stabilization upon ligand binding and a shift to 47.7 °C. 

V257M is also stabilized by the NADP+ exhibiting a shift to 47.5 °C. However, it is clear that E308G is 

not affected by the presence of the ligand and only a minimal increase in ΔH is detected.  

 

3.3 Isothermal titration calorimetry of NADP+ 

Isothermal titration calorimetry is a technique particularly suited to understand and quantify not only the 

affinity of a ligand for its binding site, but also the energetics that are involved in the binding event. 

NADP+ was therefore titrated into WT hFMO3 and its polymorphic variants until saturation was reached. 

The results are shown in Figure 5.   

We previously reported the characterization of NADP+ binding to WT hFMO3 [29]. The results showed 

a Kd of 3.7 µM for NADP+, a ΔH of -25 kcal/mol and ΔS of -60.9 cal/mol/deg [29]. Here figure 5A-C 

shows the results obtained under the same conditions for V257M, E158K and E308G. Clearly E308G 

does not show any NADP+ binding.  

On the other hand a full thermodynamic characterization (ΔH, ΔS and ΔG) was possible for the other 

proteins as shown in figure 5D, as well as binding constant values (kd) of 3.7, 1.6 and 0.7 uM for WT, 

V257M and E158K respectively. Analysis of the thermodynamic parameters shows that the enthalpic 

component involved in the binding mechanism is substantial, while the positive –TΔS indicates a 

possible conformational change responsible for the low ΔG values.  

It is reasonable to expect that the interaction between hFMO3 and NADP+ occurs upon formation of 

hydrogen bonds as suggested the enthalpic component, but the binding most probably also causes the 

exposure of hydrophobic residues to the solvent responsible for the entropic effect. When comparing 
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NADP+ binding parameters of WT [29], V257M and E158K, the data show that although the affinity for 

NADP+ are not substantially different, ΔH appears to be the a key element in the binding process, with a 

more modest contribution in the mutants. The ITC data are in line with the DSC ones, as both set of data 

show a higher propensity of WT [29] and E158K to be stabilized by the presence of NADP+. On the 

other hand NADP+ binding was not detected for E308G, a result that is in line with the marginal influence 

shown by the addition of NADP+ in the DSC experiment.  

 

3.4 Heat-induced changes in the secondary structure in the presence and absence of NADP+ 

DSC and ITC in combination with CD spectroscopy can help to understand the processes that involved 

in the unfolding of a protein. Here CD was used to measure the effect of temperature on the secondary 

structure of hFMO3 adjusting the scans of the temperature in a directly comparable way to those used to 

the DSC thermograms [62]. Figure 6 shows the plot of the ellipticity at 222 nm as a function of 

temperature allowing to monitor the signal of the alpha helices during the denaturation process at a scan 

rate of 30 °C/h.  In all cases the data show a one step transition centered around 46-48°C. All the 

polymorphic variants exhibit a similar behavior to the WT protein and their stability is only marginally 

affected by the mutations. Also for the CD experiments no reversibility in the denaturation process was 

detected in line with the DSC data [29].  

In another set of experiments the mutants were incubated with an excess of NADP+ (0.5 mM) and the 

difference in terms of CD signal at 222 nm was monitored as a function of temperature. The NADP+ was 

found to give a positive shift in the Tm indicating a stabilization of the proteins. Also for CD, only one 

transition is present for all the polymorphic variants. As shown in Table 1, the shift in the Tm is significant 

only for WT, V257M and E158K. Very little change is observed for E308G, in line with the lack of 

binding found by ITC. Furthermore when the difference in terms of ellipticity due to NADP+ binding is 

plotted as a function of temperature the data indicates that WT and V257M show a delayed loss of alpha 
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helices, as demonstrated by the persistence of the signal at 222 nm above 50°C, whereas E158K also 

conserved the content in alpha helices at higher temperatures to a lower extent (figure 7A-C). These data 

are in line with both DSC and ITC data that showed the same trend for both WT and polymorphic 

variants.  Interestingly also this analysis confirms the fact that E308G does not seem to be significantly 

affected in terms of stabilization by NADP+ (figure 7D). 

  

4. Discussion 

The aim of this work is to show how small structural differences, encoded by SNPs, can impact the 

folding and the stability of the enzyme. Here, the denaturation of hFMO3 and the role of NADP+ in 

stabilizing its structure are studied using differential scanning calorimetry, isothermal titration 

calorimetry and circular dichroism. DSC reveals that unfolding of hFMO3 is irreversible [29]. WT and 

polymorphic variants do not exhibit significant differences in unfolding experiments in the absence of 

NADP+. The denaturation of hFMO3 consists in a 3 step process. The final unfolded state is reached 

through an irreversible transition originating from an aggregated intermediate that is revealed in the 

thermogram as the second of the two peaks. The process is kinetically controlled as shown by the heating 

rate dependence.  During unfolding the aggregated form of the enzyme is present in different ratios for 

the polymorphic variants. Moreover E308G significantly differs from the other variants in terms of 

activation energy of unfolding. Indeed for this mutant unfolding yielded a higher ratio of aggregation. 

Incubation of WT and polymorphic hFMO3 with a large excess of NADP+ results in modified 

thermograms. NADP+ stabilizes the structure of hFMO3 by interacting with both populations of the 

enzyme that show both a shift to a higher Tm and an increase in the ΔH. Wild type enzyme shows higher 

stabilization upon binding to NADP+ and also in this case E308G is only slightly affected by the presence 

of the ligand.  
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NADP+ was titrated into the hFMO3 enzyme solutions using isothermal titration calorimetry until 

saturation of the enzyme was reached and the results highlight important characteristics in the binding 

properties of the variants. WT, V257M and E158K show similar Kd values (3.7, 1.6 and 0.7 µM 

respectively), whereas for E308G no binding is detected. The analysis of the energetics involved in the 

binding of NADP+ shows that the enthalpic is the strongest component of the ΔG and that –TΔS drives 

against the ΔG indicating a possible conformational change. It is plausible that the interaction between 

hFMO3 and NADP+ occurs upon formation of hydrogen bonds, but the binding also causes the exposure 

of hydrophobic residues to the solvent that are responsible for the entropic effect. The enthalpic factor is 

a key element in the binding of NADP+ hFMO3 and the variants show a diminished ability in complexing 

with the cofactor as shown by both DSC and ITC. 

Circular dichroism shows that the unfolding process followed through the signal of the alpha helices can 

only be fit to a single transition. The same stability trend among the variants, in terms of Tm, is also 

present in CD. Moreover CD confirms that NADP+ stabilizes the structure of hFMO3 as shown by a 

positive shift in the Tm. The shift in the Tm is large only in the case of WT and E158K hFMO3, whereas 

minor change are detected in the case of V257M and for E308G no change was observed.  

 

5. Conclusion 

This work provides the first detailed evidences for the effect of SNPs on the structural stability of 

hFMO3. The data highlight also the stabilizing effect and the energetics involved in the binding of 

NADP+. The biophysical characterization of both NADP+ free and NADP+ bound hFMO3 can serve as 

a starting point in the development of an inhibitor of hFMO3 that could mimic the binding of NADP+ 

with potential therapeutic use for the reduction of circulating TMAO levels that are associated to 

atherosclerosis [31]. In order to use this type of inhibitor as a therapeutic agent the molecule shouldn’t 
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completely abolish hFMO3 activity because high levels of TMA in sweat and urines would be a 

detrimental side effect. 

Furthermore, the overall biophysical approach of this work can be extended to other enzymes with 

promiscuous binding pockets to understand the effect of SNPs on the structure-function relationship that 

are not immediately detectable by typical assays that are focused on affinity or activity for a specific 

substrate. 
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Table 1 Melting temperatures in the presence of excess NADP+ calculated by CD signal at 222 nm 

 

  WT / °C V257M / °C E158K / °C E308G / °C  

No ligand 45.8 ± 0.04* 47.8 ± 0.04 46.2 ± 0.02 46.2 ± 0.04  

NADP+ (0.5mM) 50.6 ± 0.17* 49.8 ± 0.04 50.6 ± 0.04 46.4 ± 0.03  

*[29] 
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Captions to figures 

 

Fig. 1 DSC thermograms of A) WT, B) V257M, C) E158K, and D) E308G hFMO3 at different scan 

rates. Proteins concentrations 10 µM in 50 mM KPi pH 7.4. Scan rates ranged from 180°C/h. to 18°C/h.  

 

Fig. 2 Deconvolution of the DSC thermograms of A) WT, B) V257M, C) E158K D) E308G hFMO3 

at a scan rate of 60 °C/h. Experimental thermograms are shown in black, the derived peak 1 and 2 are 

in blue and green respectively and their deconvolution in red. 

 

Fig. 3 Melting temperatures and enthalpies calculated from deconvoluted DSC thermograms of A) 

WT, B) V257M, C) E158K D) E308G hFMO3 at scan rates between 180°C/h and 18 °C/h. Melting 

temperatures and enthalpies are shown in red and yellow for peak 1, blue and  green for peak 2. 

 

Fig. 4 Effect of NADP+ on the DSC thermograms of hFMO3. DSC thermograms of A) WT*, B) 

V257M, C) E158K, D) E308G polymorphic variants in the absence (black) and in presence (red) of 0.5 

mM NADP+. Analysis was performed using 10 µM enzyme in 50 mM KPi buffer pH 7.4. *[29] 

 

Fig. 5 Isothermal titration calorimetry of NADP+ in hFMO3. A) V257M, B) E158K, C) E308G. 

Titrations were performed at 25°C in 50 mM KPi buffer at pH 7.4.  D) Thermodynamics parameters (ΔG, 

ΔH and –TΔS) of NADP+ binding for WT*, V257M and E158K hFMO3. *[29] 

 

Fig. 6 CD signal of hFMO3 at 222 nm as function of temperature. Curves for V257M (A) diamonds, 

E158K (B) triangles and E308G (C) squares fitted by black solid lines compared to that of WT in grey 

circles fitted by grey dashed lines. 



22 
 

 

Fig. 7 Effect of NADP+ on CD signal of hFMO3 at 222 nm as function o temperature for WT and 

polymorphic mutants of hFMO3. Histograms represent the change in ellipticity at each measured 

temperature that was observed upon addition of NADP+ for WT (A) V257M (B), E158K (C) and E308G 

(D). 
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