Spectrofluorimetric Analysis of the Binding of a Target Molecule to Serum Albumin: Tricky Aspects and Tips
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Abstract: Protein binding heavily modulates drug activity. Therefore, the binding features need to be elucidated when chemistry researchers study new molecules (metal complexes) to be used as drugs. This paper concerns the experimental and data treatment aspects of the mechanistic analysis of the binding to a fluorescent protein (the golden standard serum albumin) by using direct fluorescence titrations. Fluorescence data are not rarely only qualitatively used, neglecting further treatments which could offer a precious detailed picture of the behavior of the drug. We aim to spread a mechanistic approach, discussing the critical aspects for correctly designing the experiments and treating the data. The researcher may confirm adduct formation and evaluate binding constants (Stern-Volmer KSV or other types of K). Also, we discuss here, with the help of literature examples, the correct use of temperature dependence of K to extract thermodynamic parameters, comment on enthalpy-entropy compensation, together with the use of synchronous spectra and exchange experiment to gain information on the binding type and site. We think that this tutorial/critical synopsis can be of help for the increasing community dealing with these experiments, which are valuable but often much more tricky than it might appear at first sight.
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1. INTRODUCTION
It is now clear that the studies connected to the development of new drugs could not be limited to nucleic acids: proteins also represent a primary target for the action of the medicine [1]. In the case of metal complexes, coordinative binding to proteins (metalation process) may play a key role in the mechanism of action of a variety of inorganic anticancer agents [2]. For instance, in the case of gold drugs, covalent binding to the thiolic residue in cysteines is a crucial step of the Au drug/protein interaction process which influences the pharmacological activity [3]. But non-covalent binding modes also affect the metal complex/drug performances [4]. Therefore, it becomes crucial to analyze the binding mode of the drug to the protein with quantitative and detailed studies aimed at understanding the mechanism of its toxic and/or therapeutic activity [5]. This means to expand the qualitative binding studies often performed in vivo [6],[7]. 
In this frame, among other approaches, fluorescence titrations are often not used to their full potential and, instead, may play an interesting role.
Serum albumins represent the major protein content of the circulatory system [8],[9]. Albumins are involved in the regulation of blood osmotic pressure and the maintenance of blood pH [10]. In the frame of medicinal chemistry, a very important function of serum albumins is their involvement in the transport, distribution and metabolism of exogenous and endogenous substances [11],[12]. Many reactants establish stable but reversible bonds with albumins and this affects their life-time, solubility, toxicity as well as their bioavailability in the blood [13]. The influence of albumins in the pharmacokinetics and pharmacodynamics of drugs has been gaining widespread interest in the development of new therapeutic agents [14]. Furthermore, plasma proteins have been studied for their role in carrying toxic substances such as pesticides [15]. Among others, bovine serum albumin (BSA) represents the most common model protein used for binding studies, thanks to the low cost and the analogy to human serum albumin (HSA). BSA is composed of 583 amino acids, whose sequence corresponds to that of HSA for more than 75% [16]. It is postulated to have a heart-shaped structure with high α-helical content (67%) [17]. BSA is divided into three main domains (I, II and III); each domain is composed of two subdomains (A and B) [18]. The techniques typically employed for the evaluation of the binding affinity range from equilibrium dialysis [19], liquid chromatography [20], electrophoresis [21] to ultrafiltration [22]. Sometimes these techniques may be complicated and require specific expertise. But the optical properties of the guest and/or of the protein can conveniently be exploited for the application of affordable and easy-to-use spectroscopic techniques. Besides absorbance [23] and circular dichroism [24] spectroscopies, fluorescence experiments represent the most popular approach. During the past 20 years, there has been a remarkable growth in the use of fluorescence spectroscopy for biochemical studies [25],[26]. Fluorescence can be used both following the signal of the target drug (T) or of the protein. Fluorescence emission properties of BSA are provided by the presence of tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) aminoacids. BSA contains two tryptophan residues: Trp-134, located on the surface of domain IA, and Trp-212, embedded within the hydrophobic pocket of domain IIB [27]. As the relative ratio of fluorescence intensity for these residues has found to be Trp : Tyr : Phe = 100 : 9 : 0.5, it is likely that the emission of BSA mainly arises from the two tryptophan residues [28]. Even for solution studies and spectrophotometric/fluorimetric titrations, which are supposed to require the simplest setup among many more difficult techniques, many points have to be carefully taken into account. This holds in particular if the data are handled by a wide variety of researchers, non-necessarily experts in this particular domain. Unfortunately, the incorrect use of this experimental approach is extremely widespread. In this review, the critical aspects of the different procedures and equations are highlighted and discussed. The aim is also to spread this kind of approach in the medicinal chemistry community as it may constitute an important implementation of other types of studies and a help to deepen the enlightenment of reactivity features which is useful in designing optimized drugs.  

2. Optimisation of the experimental setup 
Spectrofluorimetric titrations are performed on the same basis of the absorbance ones but together with some advantageous features. Fluorescence is a very sensitive property that changes also in the presence of subtle changes in the system. Also, as fluorescence spectroscopy is more sensitive than absorption, much more dilute solutions (typically 10-6 - 10-7 M) can be employed. Therefore, aggregation and precipitation phenomena are conveniently limited and small amounts of sample are required. This is very advantageous as the target drug often contains aromatic moieties that strongly drive towards extended  stacked aggregates. Under these circumstances, the analysis of T monomer binding becomes very hard, but the problem might be overcome (or strongly reduced) by changing absorbance into fluorescence measurements. On the other hand, the linear correlation between fluorescence intensity and concentration has to be checked before the experiment, much more thoroughly than for absorption. For absorbing species, the Lambert-Beer law is quite always obeyed (unless the dye form is modified and until absorbance stays below an instrumental threshold). Instead, concerning fluorescence spectroscopy, the intensity of emitted light is directly proportional to the fluorophore concentration only for low values of the molar absorption coefficient and/or at low concentrations of the dye [29]. In principle, the lowest is concentration, the better linearity will be followed. Therefore, from this point of view, it would be better to use the more diluted species possible. Obviously, the optimal concentrations will be also a function of the minimum signal read possible (and therefore fluorophore quantum yield) and of the binding constants involved (the T-BSA complex need to form).
The choice of working wavelengths plays a crucial role. Proteins, as well as many types of biosubstrates, absorb light only in the UV range. By exciting the system at λex = 280 nm the fluorescence is mainly contributed to by Trp and Tyr residues, whereas at λex = 295 nm only Trp residues are excited [30]. Figure 1 shows the absorption and emission spectrum of BSA together with the absorption of a natural DNA polynucleotide (calf thymus) and a DNA G-quadruplex.






Figure 1 – Normalised absorption profiles of different biosubstrates (B-form double stranded natural DNA from calf thymus and CTA22 = 5’-AGGGCTAGGGCTAGGGCTAGGG-3’ antiparallel, human telomeric G-quadruplex). These are superimposed to the profiles of BSA absorption and fluorescence emission.
 
When a titration is planned to obtain information on the binding reaction, the titrand is the species which signal we will focus on to follow the reaction. The titrant is the species which has ideally no signal at the designed wavelengths (λex/λem) and of which we can add an excess. Under these conditions, the signal change (titrand totally bound minus titrand totally unbound) at emwill be maximum. The opposite is very difficult to do, i.e. we should avoid adding a titrant with high signal under the experimental setup chosen because, as its amount is increased and excess is reached, a dramatic background signal will afflict our read on the bound species. In absorbance titrations, if the titrant contributes to the signal, differential titrations in a double-beam apparatus need to be done or at least the titrant contribution to signal change needs to be mathematically subtracted [31],[32],[33]. The same holds in the case of fluorescence: in a T + BSA  T-BSA process only the T-BSA adduct and one of the reagents are supposed to contribute to the fluorescence read at the chosen ex/em couple. If this is not the case and in the rare eventuality than no adequate ex/em can be found, the absence of a double/reference beam in spectrofluorometers strongly complicates the way the signal can be de-convoluted. Most of the common equations would not hold under these circumstances. Also, mathematical subtraction will not be a robust process due to the possible fluctuations in the light source (fluorescence is in arbitrary units). Given that this basic problem is avoided, fluorescence experiments can also be affected by a variety of tricky non-molecular mechanisms (inner filter effects), which thereby distort the obtained fluorescence data [34]. If the target molecule T possesses its absorbance and fluorescence in the visible range, far away from the BSA range, we will focus on T signal (T = titrand, BSA = titrant). These are the best conditions and should be preferred: a BSA excess can be added with no inner-filter problem on the recorded signal [35]. Unfortunately, it often occurs that T is a non-fluorescent species with absorbance in the UV-range only. This is true for instance in the case of metal complexes that deserve biomedical interest [28],[36],[37],[38]. Under these circumstances, the signal to be followed is necessarily that of BSA fluorescence, which will undergo some quenching upon binding with T. If the amount of T added (which varies at each step of the titration) is so that the incident light is non-negligibly adsorbed and subtracted to BSA, an inner filter effect will occur. The inner filter effect causes a downward curvature in the binding isotherm (higher fluorescence decrease) that is not ascribable to the T-BSA interaction (Figure 2). 







Figure 2 – Example of fluorescence correction according to Eq.(1). Data are relevant to an anticancer diiron [Fe2Cp2L(CO)3] (Cp = η5-C5H5 L = aminocarbyne 2,6-C6H3Me2)/BSA system; CBSA = 3.1×10-7 M, [NaCl] = 0.1 M, [NaCac] = 2.5 mM, pH 7.0, 25.0 °C, ex = 280 nm, em = 345 nm, molar extinction coefficient of the iron complex 1.03×104 at 280 nm and 5.46×103 at 330 nm [37].
Therefore, to avoid a wrong estimation of the binding parameters, it is important to verify if the inner filter effects are significant or not. Inner filter effects can be corrected as follows [29]:

Fcorr = Fobs × 10((Aλem+Aλex)/2) 				(1)

where Fcorr and Fobs are respectively the corrected and the observed fluorescence intensities, while Aλem and Aλex are the absorbance values respectively at the emission and excitation wavelengths for the absorbing species. An optimum discussion on the quantification of the bias due to the inner-filter effect can be found in the paper of van de Weert and Stella [39]. In the same paper, it is also clarified that Eq (1) holds in the shown form only for 1 cm path length and supposing that the light beam is focused in the centre of the cuvette; if this is not the case more sophisticated corrections are needed [40]. However, this mathematical correction can be intended as robust only in the presence of small signal distortion due to the inner-filter effect. In the presence of highly perturbed signals, the use of Eq. (1) might not solve the problem and the precision on the determination of the equilibrium constant (K) will be lowered. This needs to be considered when producing K with a certain number of significant digits. Control in particular of the light absorbance at ex by T is needed. For instance, a rough threshold for T maximum concentration during the titrations might be A < 0.1, where A is the absorbance of T at ex. If this holds, only 10% maximum of the incident beam for exciting BSA is disturbed by the presence of T. Inner filter effects might occur even if the emitted light by BSA is re-adsorbed by T excess (Figure 3). However, if T (as it usually happens) is a UV-absorbing (< 300 nm) non-fluorescent species, the problem on em (and its contribution to the correction according to Eq. (1)) will be much less critical than the check on ex (see Figure 1). 









Figure 3 – Fluorescence titration for the diquat pesticide/BSA system (unpublished results by the authors); CBSA = 3.1×10-7 M, Cdiquat from 0 to 3.33×10-5 M (arrow is T increase), [NaCl] = 0.1 M, [NaCac] = 2.5 mM, pH 7.0, 25.0 °C, ex = 280 nm, em = 330 nm. Right axis and blue dashed spectrum refer to the molar extinction coefficient of diquat whose addition produces BSA emission spectrum distortion (grey area).

3. COLLISIONAL and non-collisional quenching
Protein fluorescence can be quenched by a ligand when the distance between the ligand and the protein’s fluorophore is smaller than 10 nm [41]. Therefore, a decrease in the fluorescence intensity of BSA upon the addition of T may indicate that interaction does occur. Moreover, shifts in the emission maximum are related to changes in the hydrophobicity of the environment around the tryptophan residues [42]. No change in the position of the emission signal indicates no alteration in the local dielectric environment of BSA [43]. However, light emission decrease is non-necessarily an indication of a T-BSA complex formation. If fluorescence quenching can be due to the formation of ligand-protein complexes with lower fluorescence yields, the fluorophore can also return to the ground state because of diffusive collisions with the quencher and, in this case, the molecules are not chemically altered (collisional quenching) [44]. Note that dynamic quenching refers to any non-radiative process where the quencher interacts with the excited state of the fluorophore. Dynamic quenching and collisional quenching do not coincide. Collisional quenching is only one of the dynamic quenching processes possible: photoinduced electron transfer (PET) and Förster Resonance Energy Transfer (FRET) also belong to dynamic quenching. In PET and FRET, no contact is needed. On the other hand, in static quenching light emission by the excited complex is inhibited and the fraction of free fluorophore is the only species contributing to fluorescence. The fundamental point is that a fluorescence decrease cannot be unequivocally taken as a binding process because collisional quenching only can be at work. Therefore, first of all, the presence of quenching processes other than collisional ones need to be checked and carefully demonstrated. The collisional quenching process can be described by the Stern-Volmer equation:

F0/F = 1 + kqτ0[QTOT] = 1 + KC[QTOT]							(2)

where F0/F corresponds to the ratio between the BSA fluorescence intensity in the absence and the presence of the quencher respectively, KC represents the Stern-Volmer constant for collisional quenching, [Q] is the total molar concentration of the quencher (T), kq is the bimolecular quenching constant and τ0 corresponds to the average lifetime of the protein in the absence of quencher. Note that the F values must be corrected for dilution and if necessary for inner-filter contributions before to be used. Also note that T is intended as a non-fluorescent species, at least at the chosen ex/em couple. For static quenching, KC will be equal to the binding constant for complex formation (if the complex is non-fluorescent) and called KSV, whereas [QTOT] needs to be changed into [Qfree]. [Qfree] is the molar concentration of free quencher. The correct use of the amount of T added is a check that is not done in many papers and that may produce biased results. [QTOT] and [Qfree] will coincide only in the presence of T excess, which is not always the case. The evaluation of Qfree requires an iterative procedure (see also subsequent paragraph). A linear correlation of F0/F and [QTOT] (or [Qfree]) indicates that only one type of quenching is involved, whereas upward curving Stern-Volmer plots reveal the concomitant contribution of the static and the dynamic quenching processes [45],[46]. Downward curvatures in the Stern-Volmer plots can, instead, occur when a system contains fluorophores within different environments or binding sites with different accessibility to the quencher [47]. Polar or charged quenchers can be unable to penetrate in the hydrophobic interior of BSA. In such cases, a downward curvature will indicate that only the fluorescent residues on the outer surface can be attained. The detailed discussion on the different types of modified Stern-Volmer plots and relevant fitting equations is out of the practical focus of this review. The interested reader can refer for instance to the book of Lackovicz [29]. How to proceed from a practical point of view? Static and collisional quenching can be distinguished by their different dependence on temperature, the viscosity of the medium [45] or by life-time measurements [48]. In this work, only the former case, which requires the same apparatus and no additional techniques, will be taken into account. The researcher will thus have to repeat the titration at different temperatures and compare the KC/KSV values obtained. The higher is the temperature, the faster is diffusion and more numerous are collisions: plots’ slope increase with temperature indicates collisional quenching [49]. On the contrary, weakly bound complexes will typically dissociate at higher temperatures: KSV values decrease when the temperature increases [38],[50] or at least stay constant, in particular if the complex is not so weak. The latter was found to occur for instance in the case of perilene pesticides-BSA (Figure 4) or diiron vinyliminium-BSA complexes where the binding constants K (see below Eq. (5)) are of the magnitude order of 105 [51],[36]. 






Figure 4 – Stern-Volmer plots according to Eq.(2) at different temperatures for the anticancer diiron vinyliminium complex [Fe2Cp2(CO)(µ-CO){µ-η1: η3-C3(2-naphthyl)C2(H)C1NMe2}]+/BSA system; CBSA = 4.6×10-6 M [NaCl] = 0.1M, [NaCac] = 0.01 M, pH 7.0, ex = 280 nm, em = 345 nm [36]. The slope is roughly constant and equal to 8.7×104 M-1: both the numerical value and the absence of slope increase at increasing temperatures exclude collisional quenching. 
Alternatively, another very important but even simpler check is often done. The value of kq has an upper limit: approximately kq = 1÷3 × 1010 M-1s-1 is considered as the largest possible value for collisional quenching in aqueous solution [52]. On the other hand, the average life-time of a protein is in the nanosecond order [29]: for tryptophan in BSA τ0 = 7 ns [53]. This means that, roughly, kqτ0 ≤  200. Even if supposing that this threshold may undergo some distortion in very peculiar conditions [54],[55], a slope of Stern-Volmer plots of 1000 or even higher would necessarily be related to the presence of some non-collisional quenching. Therefore, high values of the slope of the Stern Volmer’s plot, besides any temperature dependence study, already indicate complex formation [56],[57]. The magnitude of the KSV constants found is usually in the 103-105 range. The anticancer agent diacetyl malsinic acid was found to bind BSA and KSV = 2.56 × 103 M-1 [58]. Complex formation was also proved for dyes such as malachite green (KSV = 5.45 × 104 M-1 [59]) and congo red (KSV = 1.92 × 105 M-1 [60]). KSV values of 1.5  to 2.0 × 105 M-1were found for hydrazone complexes of Ni(II), Co(II) and Cu(II) with significant antioxidant activity [61]. The potential therapeutic agent N’-(2-hydroxynaphthalenemethylene)-4-(2-hydroxylnaphthale nemethylenamine)benzoylhydrazine-Zn(II) complex binds BSA with KSV of 3.6 × 105 M-1, whereas KSV values ca. 1 × 105 M-1 were observed for the antitumoral Zn(II) dinuclear complexes with polypyridyl ligands [62]. Platinum(II) and Palladium(II) complexes containing adamantane weakly bound to BSA with KSV values from 2 to 9 × 103 M-1 [63].

4. DETERMINATION OF BINDING AFFINITY AND NUMBER OF BINDING SITES
Once the complex formation is confirmed, the thermodynamic parameters for binding can be calculated by different equations but again the work to be done is not easy as it might appear. The evaluation of the affinity is important, in particular for testing transport: the binding of a ligand to serum albumins should be strong enough to ensure that a significant amount of adduct is actually formed but, simultaneously, weak enough to permit the ligand’s release once reached the bio-target [28]. Such an optimal K range is considered to lie between 104 and 106 M-1. For example, the aromatic dye p-aminobenzene was found to bind BSA with K = 8.89 × 104 M-1 [64], whereas for the flavonoid hesperidin a binding constant of K = 5.15 × 104 M‑1 was observed [65]. Anticancer drugs such as gefitinib, lapatinib and sunitinib bind BSA with binding constant values of 8.32 × 104 M‑1, 2.24 × 105 M‑1 and 1.32 × 105 M‑1 respectively [66]. Chemotherapeutic drugs such as dicopper(II) complexes with oxamido-bridged ligand bind BSA with K values from 0.48 to 1.63 × 105 M‑1 [67], whereas K values ranged from 5.67 × 105 to 1.09 × 107 for Zn(II) complexes containing hydrazone ligands [68]. Potential antibacterial agents such as Cu(II), Ni(II) and Zn(II) complexes of (E)‐2‐((2,4‐dihydroxybenzylidene) amino)‐3‐(1H‐indol‐3‐yl)propanoic acid Schiff base interact with BSA with K values of 7.16 × 105 M‑1, 4.47 × 105 M‑1 and 1.32 × 105 M‑1 respectively [69].
BSA is a small protein (MW = 66.5 kDa), but still a relatively complex bio-substrate, for which complex binding stoichiometry needs to be at least taken into account. For the numerical evaluation of the binding constant K and the number of binding sites n, very often the following equation is used [39],[70]

log (F0-F)/F = log K + n log[Qfree]									(3)

where [Qfree] is the molar concentration of the free quencher. Again, this equation is valid only if the formation of a non-fluorescent complex is assumed. Also, being this related to a double logarithmic plot, it can give the erroneous impression of a very good correlation even if this is not the case. It was demonstrated that Eq. (3) can erroneously give the result of n = 1 even when a different stoichiometry is likely to be involved [39],[71]. Under these circumstances, a Job’s plot might be a good way to clarify the picture. Alternatively, another equation can be used, which is another form of the known Scatchard equation [72],[73]

CBSA(CTΔφ – ΔF)/ΔF = (1/nK) + (CTΔφ – ΔF)/nΔF 							(4)
where CBSA is the total molar concentration of protein, CT is the total molar concentration of the target molecule, ΔF  = F – F0 and Δφ represents the difference between the fluorescence coefficient of the T-BSA adduct and BSA (Δφ = φT-BSA – φT). In fact, if the direct proportionality between F and concentration holds, we can write F = φi[i]. This equation is the analogous in fluorescence of the lambert & Beer’s law: [i] is the molar concentration of the emitting species, and φi is an optical constant which contains the quantum yield, the molar extinction coefficient at ex, the intensity of the exciting light beam and an instrumental factor. Therefore, Δφ acquires for florescence a meaning which is analogous of Δ for absorbance and would be related to the changes in the optical parameters upon binding. The studies on a T molecule binding to biosubstrates can be very complicated, for instance, due to the presence of cooperativity effects [74]. These more complicate mathematical models are out of the basic practical focus of this paper. Detailed mechanistic studies will need more complex possibilities to be considered. However, in the case of BSA, it seems that the number of involved binding sites is very often n = 1: only one T is coordinated in one of the possible binding sites of BSA (see below for how to understand which one). Crystallographic studies confirm this picture [75],[76]. If this does occur, other equations based on a 1:1 complex model can be exploited for the calculation of the binding constant. In principle, given that F = φ × [conc] holds, any common equation related to a simple A + B = AB model will apply. The most typical example is the Hildebrand-Benesi equation (Eq. 5) [77]

CBSA/ΔF = 1/(KΔφ) × 1/[Qfree] + 1/Δφ									(5)

A good linear correlation in a plot of experimental data according to Eq. (5) can be taken as a check of a 1:1 stoichiometry. In Eqs. (3) and (5) again there is a critical point that may be disregarded in some papers: [Qfree] = [Tfree] differs from [QTOT], the total target molecule amount, which is known as it directly corresponds to the titrant content. [Qfree] is only the fraction that remains free and an equation such as [QTOT] = [Qfree] + [Qbound] will hold. Only under conditions of T excess with respect to BSA, it might be correctly approximated that [QTOT] ≈ [Qfree]. If this is not the case, an iterative procedure needs to be done [33]. This means  [QTOT] = [Qfree] is only a first step of an iterative procedure that enables to evaluate a first K approximation (let’s call it K’). This K’ can be used to calculate [Qfree] so to produce a better plot, obtain a better K’’ estimate and so on, until convergence is reached. The higher is the deviation from [QTOT] ≈ [Qfree] assumption, the higher will be the error on K evaluation in the absence of the iterative procedure. The numerical values yielded might be very different, and to mix up K’ with K can produce significant differences in data discussion (Figure 5).  







Figure 5 – Example of the effect of using an iterative procedure for the correct [Qfree] evaluation on the subsequent value of K (Eq. (5)). Data are relevant to the 1-amino-pyrene pesticide/BSA system; CBSA = 3.6×10-7 M, [NaCl] = 0.5 M, [NaCac] = 2.5 mM, EtOH 1%, pH 7.0, 25.0 °C, ex = 280 nm, em = 330 nm, [51]. Note that the bias is here still visible even in the presence of T excess: much more dramatic differences can occur under different experimental conditions (more diluted T).

Another important aspect is the problem to mix up K with KSV. Let’s suppose that static quenching only is at play. If this holds, KSV will represent the binding constant for the formation of the quencher-protein adduct (T-BSA) and T-BSA is totally quenched (i.e. totally non-fluorescent). Also, if KSV is obtained by Eq. (2), we have to keep in mind that this derived starting from the assumption that a 1:1 stoichiometry holds. If all of this is true, in principle data analysis according to either Eq. (2) or Eq. (3-5) should converge on the same K = KSV value (and n = 1). On the other hand, if T-BSA fluorescence differs from zero, K ≠ KSV. Under these circumstances, the slope of a Stern-Volmer plot may be used only for information on the type of quenching, whereas Eqs. (4-5) will be needed to obtain the real value of the binding affinity, K. The same holds if the 1:1 stoichiometry is not straightforward.

5. ENTHALPY, ENTROPY AND THEIR POSSIBLE COMPENSATION
The evaluation of the thermodynamic parameters is an important point in mechanistic studies on target drug (T)-BSA binding. For instance, in the case of the very well-known ruthenium drugs NAMI-A and KP1019, binding in the hydrophobic pockets of serum albumins war found to occur, which constitutes a first step for subsequent coordination, this features strongly influencing the drug performances [78]. Similarly, extended aromatic ligands for Ru(II) metal complexes of biomedical interest were used to modulate hydrophobicity and, thus, drive protein interaction [79].  By repeating the titration at different temperatures and using a van’t Hoff plot, the thermodynamic parameters H and S can be evaluated. Again, this aspect might be trickier as presumed. First, H and S in principle are not constant, they just can be assumed to be so under the limited temperature range available for biochemical studies. Then, the use of KSV to get H and S holds only under the assumption that K = KSV. If K ≠ KSV, the straightforward use of KSV might produce incorrect thermodynamic parameters estimates. 
Sign and magnitude order H and S provide a signature which helps to define the type of binding mode [80]. In particular, if both H and S are positive, the binding mode is supposed to be driven by hydrophobic forces. This is the case of a plenty of different organic drugs (for instance estazolam [10], repaglinide [81], felodipine [82], irisflorentin [27], carmofur [49], norfloxacin and ciprofloxacin [83], BCPT [84], AHDMAPPC [85] and diacetyl malsinic acid [58]). The same features have been observed for several metal complexes of high biomedical interest with promising anticancer properties (for instance Pt(II) phenanthroline [86], Schiff base complexes of Fe(II) [87] or Mg(II), Mn(II), Cu(II) and Zn(II) [88]), organoplatinum complexes [89] or species with antioxidant activity (for instance Co(II) dinuclear or Zn(II) mononuclear complexes with (phenazonyl-4-imino)methyl)-4-methylphenol [90]). On the other hand, the significant presence of electrostatics as diving force lowers the thermodynamic parameters which become close to zero. Usually, S is small but remains positive, whereas H is small but changes into negative. In addition to some organic drugs (cromolyn [91], scutellarin [17], hesperdin [65], daphnetin [92]), this type of interaction results to be prevalent also for potential antibacterial and anticancer metal complexes (such as the Zn(phen)-Schiff base complex [70] or for Ag(I), Pd(II) and Pt(II) complexes of atriazine-3-thione [93]). Some exceptions might be found in the literature. For instance, evodiamine, a quinolone alkaloid,  with H = + 60 kJ mol-1 and TS = + 62 kJ mol-1 is claimed to bind BSA through hydrophobic and electrostatic interactions [94]. Dihydromyricetin complexes of Cu(II), Mn(II), Zn(II) [38] and an amine functionalised Ru(II) complex were found to bind BSA through a combination of hydrophobic interaction and H-bonding, with negative H and positive S. When van der Waals forces together with H-bonding dominate, both H and S become highly negative (p-amino-azobenzene [64], gefitinib, lapatinib and sunitinib [66], Ni(II)-Schiff base complex [42] and branched polyethyleneimine–copper(II)bipyridine/phenanthroline complexes with antimicrobial activity [95]). 

Interestingly, if the values of H and S extracted by the different literature data are plotted into a unique graph, most of them will lie on a common line (Figure 6). This correlation is called enthalpy-entropy compensation (EEC). Enthalpy-entropy compensation is a phenomenon which has sometimes been attributed to experimental errors and limitations or to a natural consequence of thermodynamics [96]. Nevertheless, the majority of researchers now agree on the robust basis of EEC. It can be explained under the idea that if a molecular change in T leads to more and/or tighter van der Waals contacts and H-bonds with the substrate (giving a more negative ∆H) this will be connected to a decrease in the mobility/flexibility in one or both components of the T-BSA couple. Therefore, the reduction in the overall conformational entropy compensates the enthalpy decrease [97]. In this process, hydration plays a major role to be taken into account: the rearrangement in the coordinated molecules strongly influences, in particular, S [97],[98]. That’s also why TΔS can change from positive to negative values (Figure 4). The correlation plot, shown in Figure 4 for T-BSA systems, yields (at 25 °C) the linear relationship TΔS = ΔH + 27 kJ mol-1. When the slope found is equal or close to one, this means that the enthalpy gain from the binding is compensated for the entropic loss. This holds for flexible macromolecules whereas, lower slopes can be found when the host is more rigid [99]. The intercept of the plot is associated with the degree of desolvation upon binding [100].





Figure 6 – Plot of TS vs. H for different target molecules (T) binding to BSA according to the bibliographic references reported in the text. Different points relate to the different main driving force claimed in the study: (●) = hydrophobic forces, () = van del Waals/H-bonding, () = electrostatic. Full point refer to organic molecules, open points refer to metal complexes, the outliers have been crossed out. 

6. Synchronous spectra

Spectrofluorometers are commonly able to register synchronous spectra, i.e. spectra where each point is defined by a ex/em couple where both change synchronously being em - ex constant. A careful choice of enables to focus on a peculiar transition which, in turn, will be peculiar of a certain residue. It is claimed in the literature that synchronous spectra can be used to analyse how the polarity of the surrounding of one amino acid changes upon binding of T. A change in the maximum emission of fluorescence will be ascribed to a polarity change in the vicinity of the emitting amino acid: for BSA Δλ = 60 nm enables to focus on tryptophan only, whereas Δλ = 15 nm is used for tyrosine [101],[102],[103],[104]. The concept of the vicinity is here not too strict, as protein emission (dominated by that of tryptophan) is a complex process where quenching effects by the nearby amino-acids or side chains may have a relatively long-range effect [29]. In these experiments, synchronous spectra are recorded first for BSA alone, and then for increasing addition of T (Figure 7). The possible changes in the emission spectrum profile (band maximum shift) are inspected and discussed. In some papers, also changes in the intensity of the emission are taken as an indication of binding in the vicinity of this particular binding site. These experiments consider that T is completely non-fluorescent under the explored condition so that it cannot contribute to the data. This is a little more complicated with respect to a titration where the ex/em couple is fixed because here ex/em are changing over a certain range. In the case that some light emission by T is possible, blank synchronous spectra of T alone would better be recorded to ensure the absence of any contribution by the titrant. Also and again, inner filter effects need to be checked. In fact, the addition of an excess of T might perturb the intensity of the exciting beam. Obviously, these checks are the more important, the smaller and subtle are the changes in the BSA emission we want to discuss and take as evidence for binding [46],[49],[65],[105]. A graph which is useful in any general doubt on inner filter effect but which might be even more clarifying for synchronous experiments is that which overlaps the emission spectrum of BSA or the synchronous spectra under discussion with the absorbance one of T (Figure 7).





Figure 7 – Synchronous spectra at Δλ = 60 nm for BSA (1.0 μM) upon the addition of benazepril from 0 to 12 μM (extracted from [46]). Dotted blue line is the absorbance profile of benazepril hydrochloride in water solution (pKA = 5.4 – 3.5). Maximum absorption in the range of synchronous spectra is thus supposed to be 0.08 at 250nm and negligible at maximum (283 nm).
7. Competitive fluorescenCE displacement ASSAYS for binding site determination
X-ray crystallographic studies have revealed that BSA possesses two main binding sites for small molecules/drugs: site I is situated in the hydrophobic pocket of subdomain IIA, whereas site II is located into the hydrophobic cavity of subdomain IIIA (Figure 8, [106]). Site I is relatively larger in size and it is mainly bound by neutral, bulky and heterocyclic compounds through hydrophobic interactions. On the contrary, site II is smaller and the interaction commonly occurs through a combination of hydrophobic, hydrogen bonding and electrostatic forces [81]. Table 1 contains some examples of selective molecules.
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Figure 8 - Ribbon rendering of BSA crystal structure: the two tryptophan residues are evidenced in red, tyrosine residues are in green. The two binding sites for hydrophobic species are also indicated together with examples of specific probes.

Table 1 – Examples of drugs/natural extracts/toxic species which are claimed to show selective binding for one of the sites of BSA.
	MOLECULE
	BINDING SITE
	BINDING TYPE
	REF
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	Alpinetin
	Plant extract
	I
	hydrophobic
	[107]

	



[image: Chlorpyrifos]
	Chlorpyrifos
	Pesticide
	I
	electrostatic
	[108]

	



[image: Quinclorac - Wikipedia]
	Quinclorac
	Herbicide
	I
	van der Waals / H bond
	[109]

	

	Congo Red
	Carcinogenic dye
	I
	hydrophobic / H bond
	[60]

	[image: Malachite green structure.svg]
	Malachite green
	Commercial stain
Antimicrobial agent
	I
	van der Waals / H bond
	[59]

	





	Co(II) 1,10-phenanthroline
	Metal complex 
possible anti tumor agent
	I
	electrostatic / hydrophobic  
	[110]

	

	Schiff base complexes of Mg(II), Mn(II), Zn(II)
	Anticancer agents
	I
	hydrophobic
	[88]
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	Berbamine
	Calcium channel blocker
	I
	van der Waals / H bond
	[111]

	[image: 1280px-Berberin]
	Berberine
	Alkaloid
	I
	electrostatic
	[112]

	






	Ramipril
	Commercial drug
	I
	van der Waals / H bond
	[105]
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	Artemether
	Commercial drug
	Interface I/II
	van der Waals / H bond
	[113]

	





	Aspirin
	Commercial drug
	II, small quantity I
	van der Waals / H bond
	[114]
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	Darunavir
	Commercial drug
	II
	van der Waals / H bond
	[115]
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	Fluvastatin
	Commercial drug
	II
	van der Waals / H bond
	[116]
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	Lapatinib
	Commercial drug
	II
	van der Waals / H bond
	[66]
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	Pravastatin
	Commercial drug
	II
	van der Waals / H bond
	[116]

	




[image: Prednisolone.svg]
	Prednisolone
	Commercial drug
	II
	van der Waals / H bond
	[117]

	


[image: Repaglinide]
	Repaniglide
	Commercial drug
	II
	hydrophobic
	[81]
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	Triclosan
	Antibacterial agent
	II
	van der Waals / H bond
	[118]

	

	Pd(II) hispolon derivatives complexes
	Therapeutic agent
	II
	-
	[119]



To determine the preferential binding site of T, spectrofluorometric competitive studies are usually performed [120],[121]. In the more simple approach, firstly, the protein is saturated with a specific probe. Phenylbutazone is used to bind BSA at site I, whereas ibuprofen is used to mark site II [122]. Warfarin is employed as a probe for site I as well [123], whereas diazepam and flufenamic acid are alternatives probes for site II [124]. Displacement experiments are then carried out by adding increasing amounts of T to the labelled-BSA solutions [66]. The equilibrium constant for binding to BSA alone, probe I-BSA and probe II-BSA are thereby compared. Significant variations of K for the free and the marked protein indicate that the ligand and the probe compete for the same binding site, therefore this can be determined. The qualitative meaning of such a practical comparison is quite straightforward. However, again, these experiments may not be as simple as it might seem at first sight. The detailed analysis of the exchange process needs more complicated solution equilibria studies [125],[126]. Also, experimentally, the addition of high amounts of T may produce too high bias in the measured fluorescence (which is often already lowered by the addition of the probe) if the already discussed inner filter effects are strongly at play. Another point, which is often not well described in many papers, concerns the details and rationale of the probe-BSA mixture preparation. Let’s take warfarin as an example. A robust value to be used as the warfarin-BSA binding constant is not easily found in the literature, given the different experimental conditions/buffers possible together with different techniques and mathematical equations used [127]. Under diluted conditions for both BSA and probe concentrations  (often 1-10 µM range), the percentage of probe-BSA complex formation could be low. Thus, being most of the target sites still free, the exchange experiment might be less effective. The attentive preparation of the test would better first consider a titration of the probe-BSA system under the same experimental conditions used for the subsequent addition of T. The binding affinity for both single probe-BSA and T-BSA systems will be known and a high percentage of site labelling can be ensured. Species distribution diagrams confirming probe-BSA complex formation (and describing the process for the addition of increasing amounts of T over a certain range) can be a useful additional tool (softwares such as HySS [128] are freely available online).
CONCLUSION
The mechanistic analysis of the binding of a target molecules T (which may often be a metal complex to be tested as a drug) to a fluorescent protein can be done using direct fluorescence titrations where T is the titrant. Titrations are basic experimental approaches which may wrongly appear old-fashioned with respect to complicated techniques. However, this is not the case. They are very powerful and useful tools, even in cutting-edge research, which might hold bad surprises besides their apparent simplicity. Fluorescence measurements are even more delicate. When the fluorescence signal is excited in the UV range as in general for BSA, given that T will very likely be UV-absorbing, non-negligible inner filter effects might afflict our data. In practice, as it so often occurs, at every step, the researcher needs to decide whether or not the datum is robust or biased. Signal correspondence with species concentration, dilution and inner filter effects need to be checked, weighed and compared to the changes we are ascribing to binding effects. The equations, even those that we most commonly encounter, might be non-unequivocally and misleadingly defined. The very well know Stern-Volmer equation can be more difficult to use as expected. Binding constants evaluation and relevant thermodynamic parameters attainment might become a non-straightforward task and quantitative data on drug-BSA interaction are not always provided [129],[130]. Discussion on how exactly an exchange reaction may occur is not simple, in particular for systems where more than one binding site is possible. In this paper, some experimental and data treatment aspects have been highlighted that it might be useful to stay attentive to. We do not have the presumption to have exhausted the topic. Each single of the proposed aspects might be better fully explored in the details with appropriate dedicated texts. However, we hope that the reader can find here some interesting tips to better prepare experiments and analyse data, together with interesting illustrative references on model systems and a basis for further studies. This mechanistic approach might be precious in studies devoted to the identification and implementation of new bio-agents and drugs.
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