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Plasma distribution of tetraphenylporphyrin derivatives relevant for Photodynamic Therapy: importance and limits of hydrophobicity
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In the course of a Photodynamic Therapy (PDT) p r o t o c o l , desagregation o f t h e sensitizer upon binding to plasma proteins and lipoproteins is one of the first step following intraveinous administration. This step governs its subsequent biodistribution, and has even been evoked as possibly orientating mechanism of tumor destruction. It is currently admitted as being mainly dependent on sensitizer's hydrophobicity. In this context, as far as glycoconjugation, a promising strategy to improve targeting of retinoblastoma cells, confers to the sensitizer an amphiphilic character, we have studied the effect of this strategy on binding to plasma proteins and lipoproteins. With the exception of the majoritary protein-binding (more than 80%) of more hydrophilic para-tetraglycoconjugated derivatives, high-density lipoproteins (HDL) appear as main plasma carriers of the other amphiphilic glycoconjugated photosensitizers. This HDL-binding is a combined result of binding affinities (log Ka ranging from 4.90 to 8.77 depending on the carrier and the TPP derivative considered) and relative plasma concentrations of the different carriers. Evaluation of binding affinities shows that if hydrophobicity can account for LDL-and HDL-affinities, it is not the case for albumin-affinity. Molecular docking simulations show that, if interactions are mainly of hydrophobic nature, polar interactions such as hydrogen bonds are also involved. Those combination of interaction modalities should account for the absence of correlation between albumin-affinity and hydrophobicity. T a k e n together, our findings clarify the importance, but also the limits, of hydrophobicity's role i n structure -plasma distribution relationship.

Introduction

Photodynamic Therapy (PDT) is an emerging technique which combines administration of a drug, called photosensitizer, and exposure of targeted t i s s u e t o l i g h t o f a p p r o p r i a t e wavelength. Treatment effect results from the potency of the photosensitizer once activated by light to generate singlet oxygen and radical species responsible for cellular death. PDT has already proven its efficacy in the field of oncology for the treatment of lung, gastrointestinal or cutaneous tumours. It has also be applied to non-malignant diseases such as age-related macular degeneration [1]. In that case, transparency of ocular tissues to light makes PDT of particular interest. This property should also been exploited for the treatment of malignant ocular pathologies, such as retinoblastoma, the most frequent intraocular tumor conservative treatments expose patients to a risk of developing secondary tumors [START_REF] Doz | Retinoblastoma in: Paediatric Oncology[END_REF]. PDT appears as promising, combining a physical selectivity (tissular volume illuminated) and a chemical one (tissular v o l u m e containing t h e photosensitizer). When applied to retinoblastoma tumors, photosensitizers developed for other pathologies have shown poor efficiencies and selectivities, leading to side-effects such as long lasting photosensitization of normal tissues. Design of new photosensitizers adapted to retinoblastoma appears necessary [START_REF] Winther | [END_REF].

Our group is involved in the evaluation of glycoconjugation of tetrapyrrolic macrocycles. This strategy combines targeting of cellular sugar receptors and improvement of photosensitizer solubility. The former promotes selective destruction of malignant cells, the latter favors rapid elimination from healthy tissues. In vitro photocytotoxicity and in vivo pharmacokinetics studies have confirmed the p o t e n t i a l i n t e r e s t o f t h i s a p p r o a c h [4,5]. Efficacity of a glycoconjugated TPP, TPP(pODEGO ManOH) 3 , has been attested in vivo, especially with a particular administration protocol (double drug dose with a 3 hour interval), which combines targeting of cancer cells and of blood vessels. Indeed, at the time of illumination, drug administered 10 min before is still present in the vicinity of blood vessels whereas drug administered 3 hour before has reached tumor cells [6]. Destruction of blood vessels indirectly kills tumor tissue, through deprivation of oxygen and nutriments [7].

Photo-induced destruction of blood vessels i s o f p a r t i c u l a r i n t e r e s t i n t h e c a s e o f a n application of PDT to retinoblastoma as far as this tumor is considered as extremely sensitive to vascular insufficiency [8]. However, this possible mechanism of action rises the question of selectivity. This concept, defined as the ratio of sensitizer concentrations in tumor relative to healthy adjacent tissue, must not be considered as the exclusive result of tumor cells specificities. Tumor vasculature particularities c o u l d also be involved. Indeed, tumor angiogenesis leads to the formation of permeable neo-vessels [9]. However, Roberts has shown that this particular permeability is insufficient to account for selective retention of photosensitizers. Excluding a possible difference in lymphatic drainage, he formulated the hypothesis that selectivity results from a particular affinity of photosensitizers for endothelium of neo-vessels, presuming an implication of drug carriers, such as albumin and lipoproteins [10]. Binding to the latter has retained particular attention since the observation by Jori of a strong correlation between fraction of photosensitizer bound to LDL and selectivity [11].

Overexpression of LDL-receptors by tumor cells and also by endothelial cells reinforces this hypothesis [12]. If LDL-binding is associated to tumour cell delivery, binding of sensitizer to high density lipoprotein (HDL) or albumin has been associated with vascular sequestration of photosensitizer, leading to vascular damages upon photoactivation [START_REF] Hasan | Cancer medicine[END_REF]. A strict correlation between binding to a carrier and localization remains difficult to establish, localization being time-dependent. Thus, biodistribution studies of BPD-MA conjugated to lipoproteins has shown the role of plasma carriers in modulation of pharmacokinetics: conjugation to LDL increases selectivity whereas conjugation to HDL delays tumor accumulation [START_REF] Allison | [END_REF].

Plasma distribution studies have evidenced the major role of lipoproteins in photosensitizer transport, compared with the albumin binding of most drugs [START_REF] Hasan | Cancer medicine[END_REF]15]. This particularity is attributed to the high hydrophobic character of sensitizers. This property seems to govern plasma distribution, as it is frequently considered that hydrophilic compounds bind to proteins (especially albumin) and lipophilic ones to LDL. Amphiphilic derivatives present a tendency to bind mainly to HDL [16]. In this point of view, glycoconjugation, which increases the solubility of the sensitizer and decreases its hydrophobicity, should affect interactions with plasma proteins and lipoproteins. Thus it appears essential to focus on the impact of the glycoconjugation on drug distribution between plasma components. This study covers ten 

Materials and Methods

Chemicals

TPP(pOH) 4 was purchased from Sigma-Aldrich ® (Germany) and TPP(mOH) 4 from Frontier Scientific ® (USA). All other porphyrins were synthesized according to previously published protocols [17][18][19][20]. Stock solutions were prepared in DMSO and kept in the dark at + 4°C.

Theophylline, 5-phenyl-1H-tetrazole, indole, propiophenone and valerophenone w e r e provided by Acros Organics (USA), benzimidazole, butyrophenone, colchicine, potassium bromide and ammonium acetate by Merck (Germany), acetophenone by Carlo Erba (Italia), 0.9 % sodium chloride solution by Aguettant (France). HPLC grade acetonitrile, methanol and dimethylsulfoxyde came from VWR (Germany), pH 7.4 PBS and human serum albumin from Sigma-Aldrich (Germany). Two different references of the latter (corresponding to different purification levels) were used, one is essentially fatty acid free (HSA), the other is not fatty acid free (HSAlip). Ultrapure water was provided by an Alpha-Q device (Millipore ® , France). Human plasma was taken from normolipemic hemochromatosis patients.

Determination of Chromatographic Hydrophobicity Index (CHI)

The procedure proposed by Valko has been applied to the TPP derivatives [21] 

Distribution in human plasma

After 24-hour incubation with one percent of a porphyrin solution in dimethylsulfoxide, plasma samples were brought to the density of 1.21 g.mL An extraction was performed on the samples according to the method proposed by Wang [22]. 1900 µL of a mixture dimethylsulfoxidemethanol 1:4 (v/v) was added to 100 µL of each fraction collected. After centrifugation (10 min, 4000 rpm), fluorescence intensity was read on the supernatant with a Perkin-Elmer LS-50B spectrofluorimeter, with an excitation wavelength set at 420 nm. Plasma distribution between the different fractions was calculated on the basis of those fluorescence intensities.

Spectroscopic study of interactions with plama proteins and lipoproteins

Preparation of LDL and HDL fractions

Human plasma density is adjusted to 1.019 g.mL -1 with KBr. After 24 h centrifuging (45 000 rpm, 4°C), supernatant is removed and density of the remaining is further increased to 1.063 g.mL -1 with KBr. After 48 h centrifuging (45 000 rpm, 4°C), two fractions are obtained, the upper one corresponding to LDL, the lower one to HDL. Molar concentrations of LDL and HDL particles were determined on the basis of apoprotein quantitation according to the method proposed by Ohnishi [23]. Fluorescence emission spectra were recorded with a Perkin-Elmer LS-50B spectrofluorimeter, with an excitation wavelength set at 420 nm (excitation and emission slits equal to 7 nm).

Sample preparation and conditions of spectra recording

Determination of binding constants

When compared with absorption spectroscopy, determination of binding constants by fluorimetry presents two advantages: the possibility of working with lower TPP concentrations (~10 -7 M) than with absorption spectroscopy (~5.10 -7 M), and the lower diffusion due to plasma carriers. Combined together, those two advantages widen the TPP -carrier ratio range possible to study. Classical binding of drugs to plasma proteins and lipoproteins is described by an equilibrium involving the free drug, the free carrier on the one side and the drug-carrier complex on the other side. Thus, if binding involves a change in drug fluorescence intensity at one wavelength, affinity constants can be determined through monitoring of fluorescence at this wavelength:

(
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where F free and F bound are fluorescence emission intensities respectively of the free and of the bound drug, [Carrier] the concentration of the drug carrier and K a the affinity constant defined by the following relationship:

(2)

where [Drug] and [Drug -Carrier] are the respective concentrations of the free drug and of the drug-carrier complex. This method relies on the proportionnality of F free and F bound to the respective concentrations of these two forms, [Drug] and [Drug -Carrier]. However, in the particular case of TPP derivatives, this is not the case. Indeed, free drug is not an homogeneous form and covers in fact two different forms: an aggregated one (poorly fluorescent) and a solubilized one (moderately fluorescent).Then, fluorescence intensity of the free drug is no more directly proportional to its concentration, because it will depend on its agregation rate, which is probably inversely related with its concentration.

To overcome limitations of monowavelength monitoring in this particular case, multivariate curve resolution -alternating least squares (MCR-ALS) has been applied on fluorescence emission spectra recorded with different carrier concentrations [24]. MCR-ALS consists in the decomposition of this data matrix (D) into the product of two matrices: 1) a C matrix containing concentration profiles of the different species, 2) a S matrix with their fluorescence spectra.

D = C . S T + E (3)

E matrix represents difference between experimental values and data predicted by the model, that is residuals. Data analysis method proposed by Diewok for MatLab [25] has been adapted here to R software [START_REF]R: A Language and Environment for Statistical Computing[END_REF]. Optimization is based on als algorithm contained in the ALS package [START_REF] Van Stokkum | [END_REF]. High agregation of certain TPP derivatives combined with a strong affinity for some of the studied plasma carriers reduces contribution of the solubilized drug. In as far as fluorescence emission spectra of this particular species are the same whatever the carrier considered, a column-wise extended approach has been used to improve results. D matrix is constituted by spectra recorded on one TPP derivative with the four carriers studied : HSA, HSAlip, LDL, HDL. C and S matrices respectively contain concentration and spectra profiles of five species : the free solubilized drug and the four complexes formed by the TPP with each of the four carriers studied. Because of its poor fluorescence, the aggregated free drug is not included directly. Its presence is taken into account by applying no concentration closure constraint (sums of concentrations of the other species at each carrier concentration are not forced to be equal to one). For each carrier, concentration profile of the bound drug is adjusted to follow relationship (2), before subsequent spectra optimization. When further optimizations no more reduce residues' amount, the four binding constants are determined by non-linear regression of the concentration profile with equation (2).

Molecular docking simulations

Blind docking of TPP d e r i v a t i v e s i n t o h u m a n s e r u m a l b umin (PDB code 1AO6) was performed with AutoDock Vina 1.0 (exhaustiveness value of 100 and maximum output of 20 structures) [28]. Unsubstituted TPP crystal structure has been downloaded from the Cambridge Structural Database (MOLFEZ). After substituents' addition with UCSF Chimera, ligands were prepared for docking using AutoDock Tools to calculate Gasteiger charges and set active torsions (the four bonds between porphyrin core and phenyls, all rotatable bonds between the phenyl and the sugar residue). UCSF Chimera was used to visualize dockings, calculate contact surfaces and monitor hydrogen bonds. The selection of the main binding depended on the frequence of the different sites among the twenty output structures.

Results

Hydrophobicity of TPPs

As expected, glycoconjugation induces a decrease of hydrophobicity relative to the hydroxylated parent compound. Moreover, hydrophobicity is further reduced with increasing number of sugar residues. If these conclusions apply both to para and meta series, it is to note that para-derivatives are less hydrophobic than their meta isomers. Thus, CHI of TPP(pO GluOH) 4 (28.3) is lower than that of the TPP(mO GluOH) 4 (39.3). This also holds true for hydroxylated compounds, when comparing TPP(pOH) 4 (CHI=100.2) and TPP(mOH) 4

(117.2). Because of minor differences of hydrophobicity between mannose and galactose residues, the large CHI increase between T P P ( pO GalOH) 3 (CHI=40. 

Distribution in human plasma

For eight of the ten studied compounds, more than 75 % of the sensitizer is found in lipoproteic fraction. Exceptions to this rule are constituted by the two paratetraglycoconjugated derivatives, TPP(pO GalOH) 4 and TPP(pO GluOH) 4 , lone compounds to be mainly bound -about 80% -to the proteic fraction. This behavior is particular striking when compared with t h e q u i t e e x c l u s i v e l i p o p r o t e i c t r a n s p o r t o f t h e metatetraglycoconjugated derivative. Among compounds majoritary bound to lipoproteins, the para-triglycoconjugated T P P ( pO GalOH) 3 p r e s e n t s a s i g n i f i c a n t l y h i g h e r p r o t e i n -bound fraction than other compounds, including TPP(pODEGO ManOH) 3 . Drug binding to proteic fraction concerns one quarter of the former but is negligeable in the case of the latter (less than 6%). This comparison shows that inclusion of a spacer between the sugar and the phenyle has a dramatic effect on plasma distribution.

HDL are main lipoproteic carriers o f photosensitizers. Indeed, with the exception of TPP(pO GalOH) 4 and TPP(pO GluOH) 4 , those structures bind more than half of sensitizer present in plasma. Binding to LDL is always minoritary, the highest proportion being reached with the TPP(mO GluOH) 4 .

Binding constants toward plasma proteins and lipoproteins

Binding of TPPs to plasma carriers induces spectral modifications, accounting for the disruption of TPPs aggregates upon formation of a complex between the TPP and the carrier. Those equilibria can be followed by absorption or fluorescence spectroscopies. In the absence of plasma carrier, absorption spectrum of TPP(pO GalOH) 3 presents a large Soret band at 417 nm, with a distinct shoulder at 437 nm, the latter resulting from the formation of J-aggregates. HSA addition leads to the disappearance of the 437-nm shoulder characteristic of aggregates, and to the appearance of a new intense band at 422 nm, which attests for the formation of the complex. Concerning fluorescence spectroscopy, binding of TPP to HSA induces a slight modification of spectral shape but a significant increase in fluorescence intensity.

If all TPP are likely to bind to LDL, HDL and HSA, affinities dramatically vary according to carrier and substitution of the TPP core. However, it is remarkable to observe that, whatever the TPP considered, affinities towards the different plasma carriers decrease when passing from LDL to HDL and finally to HSA (whether fatty acid free or not). Even compounds mainly bound to proteins in plasma (TPP(pO GalOH) 4 and TPP(pO GluOH) 4 ) present a higher affinity for LDL than for other studied plasma components. Those para-derivatives present higher affinity constants towards HSA and HSAlip t h a n t h e i r meta-homologous, an observation that applies whatever the substitution considered.

An other noteworthy result is the large difference in binding affinities for compounds with similar plasma distribution. That is the case of TPP(pOH) 4 and TPP(pODEGO ManOH) 3 , two compounds bound at ~85 % to HDL. Binding affinity to LDL and HSA is ten-fold higher for the former than for the latter. W h e n c o m p a r e d w i t h TPP(pO GalOH) 3 , TPP(pODEGO ManOH) 3 presents the same order of magnitude in their binding constants towards LDL and HDL. Spacer mainly affects binding to HSA, decreasing ten fold binding affinities, which could account for the lower protein binding of this compound when compared with TPP(pO GalOH) 3 .

Molecular docking simulations

Depending on their substitution, TPPs interact at different locations on the HSA molecule.

The most noticeable result is the impossibility for those bulky structures to insert into the two hydrophobic pockets that constitute Sudlow binding sites common to most drugs. It is difficult to privilegiate one binding site for non-glycoconjugated TPPs. Those structures are spread at different locations d e p e n d i n g o n their substitution. On the opposite, glycoconjugated porphyrins present preferential clusters.

If considering glycoconjugated porphyrins, the most noticeable result is the drastic effect of sugar position. Sugar nature and number don't seem to affect binding location. The two meta derivatives, TPP(mO GluOH) 3 and TPP(mO GluOH) 4 , bind on the same location in the inter-domain crevice whereas the three para derivatives without spacer share the same binding site. For the latter three compounds, TPP(pO GalOH) 3 , TPP(pO GalOH) 4 and TPP(pO GluOH) 4 , the tetrapyrrole is located between residues Q104 and K466, with two phenyles of both sides of residue K106.

TPP(mO GluOH) 3 binds between subdomains Ib and IIIa, with the TPP core located below residue R114. The three sugar residues insert into three polar pockets: i) the first formed by residues R114, R117, R186 and K519, ii) the second constituted by residues N109, S419, T422, K466 and T467, iii) the third composed by amino acids D108, H146, K190, R197 and Q459. In the case of the tetraglycoconjugated TPP(mO GluOH) 4 , three sugars insert in the same pockets, the fourth interacting with K524.

Of particular interest is the modulation of distribution pattern induced by the presence of the spacer. If this particularity doesn't prevent TPP(pODEGO ManOH) 3 from interacting at the same location than TPP(pO GalOH) 3 ), it favors binding on a site next t o that of TPP(mO GluOH) 3 , on a site inacessible to the tri-paraglycoconjugated derivative without spacer (TPP(pO GalOH) 3 ). In this particular conformation, the tetrapyrrole is close to residue P421, one sugar is located between residues Q33 and E86, one other between residues K419 and K500. The last mannose residue inserts into the third polar pocket described for TPP(mO GluOH) 3 .

The fact that sugar residues are suceptible to insert into polar pockets in the case of TPP(pODEGO ManOH) 3 o r meta-derivatives results in an higher contribution of the substituent in the interaction surface for those derivatives (table 3). For those particular structures, TPP ring is less accessible to solvent than in the case of para derivatives without spacer. This latter fact is confirmed by the percentage of the TPP nucleus involved in the interaction (table 3). Interaction surfaces i n c r e a s e w i t h i n c r e a s i n g s u r f a c e s o f t h e T P P derivatives. The main exception to this rule is para-tetraglycoconjugated derivatives, their interface surfaces being lower than that of TPP(pO GalOH) 3 . This fact probably results from the rigidity of para-conformation, which induces a reduced possibility to insert into favorable pockets upon increasing molecular volume. Indeed, flexibility of meta-derivatives confers to those derivatives the ability to form higher interface surfaces with the protein than para derivatives. Analysis of interaction modalities shows that TPPs interact with HSA mainly through hydrophobic interactions but also through hydrogen bonds. The latter, which are stronger interactions, mainly concern glycoconjugated compounds, due to their increased number of hydroxyle groups.

Discussion

Plasma distribution of photosensitizers

Plasma distributions of glycoconjugated TPPs are consistent with common considerations on the relationships between plasma distribution and hydrophobicity. Differences in hydrophobicity mainly result from differences in exposure of the TPP ring due to the presence of polar substituents. This principle accounts for the effect of substituent's nature and number but also position. Indeed, para-substitution confers to the molecule a planar conformation different from the globular conformation resulting from meta-substitution. The latter allows an easier access to the hydrophobic TPP core.

Binding to the proteic fraction of para-tetraglycoconjugated derivatives can be explained by the more pronounced hydrophilic character of those compounds. TPP(pO GalOH The effect of para-glycoconjugation appears similar to that of para-sulfonation as described by Kongshaug [START_REF] Hasan | Cancer medicine[END_REF]: only the tetrasubstituted compound binds mainly to proteins, other derivatives (whether mono-, di-or tri-sulfonated) bind mainly to lipoproteins, majoritarily HDL.

Binding to LDL is commonly associated with the hydrophobic character of TPPs. However, in our series, there is no correlation between proportion bound to LDL and CHI. This finding is similar to that described in the case of the sulfonated TPPs : a disulfonated TPP presents a higher proportion bound to LDL than the more hydrophobic monosulfonated derivative [START_REF] Hasan | Cancer medicine[END_REF].

Moreover, in our series, similar hydrophobicities do not imply similar distribution patterns, as can be evinced by comparing TPP(pO GalOH) 3 and TPP(mO GluOH) 4 .

From plasma distribution to binding constants

The most striking conclusion of the comparison between plasma distribution and binding constants is that even compounds predominantly bound to proteins in plasma have a higher affinity towards lipoproteins, especially LDL. This striking result recalls that relative affinities towards separated plasma carriers is just a part of its plasma distribution, the latter being also the result of relative concentrations of plasma carriers. Involvement of plasma protein and lipoprotein concentrations h a s b e e n u n d e r l i n e d b y K o n g s h a u g i n t h e c a s e o f hematoporphyrin [29]. This compound presents a majoritary binding to HDL in plasma, despite a higher affinity towards LDL than towards HDL. Thus, plasma distributions of TPP(pO GalOH) 4 and TPP(pO GluOH) 4 are not the consequence of a particular affinity towards albumin, but the result of a ratio of affinities towards lipoproteins and albumin not high enough to overcome the difference in the concentrations of those carriers. Indeed, albumin is the most abundant p l a s m a p r o t e i n ( 0 . 5 -0.8 mM) whereas lipoprotein concentration is much lower (~1 µM for LDL and 13µM for HDL).

Despite presumed protein-affinity of hydrophilic compounds, there is no correlation between affinity towards HSA and CHI. Hydrophilic compounds, such as TPP(mO GluOH) 4 , present low binding constants but it is also the case of most hydrophobic structures such as TPP(mOH) 3 . Highest binding constants are characteristic of compounds (TPP(pOH) 4 , TPP(mOH) 4 or TPP(pO GalOH) 3 ) with intermediate hydrophobicities. On the contrary, TPPs' affinity towards lipoproteins can be globally accounted for by their hydrophobicity. Affinity increase with CHI applies both to HDL and LDL but is more pronounced in the case of the latter. This observation can be linked to the classical idea of a preferential binding of more hydrophobic structures to LDL. However, this rule knows exceptions and in the studied series, despite correlation of affinity with CHI, proportion of LDL-binding is not correlated with hydrophobicity. The latter fact is the consequence of the absence of correlation between affinity towards HSA and CHI.

Similar considerations should explain an exception to the classical rule reported by Hasan.

Protoporphyrin and hematoporphyrin bind in the same proportions to plasma proteins despite the higher hydrophobicity of the former. This result must be viewed as the consequence of the difference in substitution which confers a much higher affinity towards albumin for protoporphyrin (280.10 6 M -1 ) than for hematoporphyrin (1,4.10 6 M -1 ). This albumin affinity increase counterbalances the probable hydrophobicity-induced increase in affinity towards lipoproteins, resulting in a similar plasma distribution.

Interactions with Human Serum Albumin

Contrary to HDL-and LDL-affinities, an increase in hydrophobicity doesn't result in an increased affinity towards albumin. Confronted with similar observations, some authors have underlined the importance of the amphiphilic character of the photosensitizer in its interactions with proteins [30]. Those conclusions strengthen the interest of docking simulations to better understand phenomena governing interactions between TPPs and HSA.

Docking results have shown that substitution affects location of the TPP derivative on the protein. Moreover, they have led to exclude interactions at classical drug binding sites I and II, unlike what has been described for some sensitizers: chlorin p6, purpurin 18 [32] or bacteriochlorin derivatives [33]. This difference probably results from steric difference between those tetrapyrroles not bearing phenyles at meso positions and the bulky TPP core.

Results obtained with other tetra-parasubstituted TPPs conclude to a binding at the surface of the albumin molecule, a result consistent with our findings. Fluorescence lifetime studies performed on a series of sulfonated phthalocyanines have shown that degree of sulfonation influences insertion in hydrophobic pockets. Tetrasulfonated derivative bind at the surface of the protein whereas lower sulfonation degree allows insertion into hydrophobic cavities [34].

However, effect of substituent is o n l y p a r t l y s t e r i c . It also plays a r o l e i n i n t e r a c t i o n s modalities between sensitizer and HSA. Sulfone groups could form ionic interactions with basic amino acids ( h i s t i d i n e a n d l y s i n e ) , an hypothesis strengthened by sensitivity of interactions to ionic strength [35].

The double acting effect of the substituent, likely to form direct interactions with HSA but also to induce steric limitations, also applies to our series of hydroxylated and glycoconjugated porphyrins. Glycoconjugated derivatives form more hydrogen bonds than hydroxylated ones, and meta-derivatives more than para-derivatives. However, even when glycoconjugated, TPP derivatives interact with the protein mainly through hydrophobic interactions. The direct involvement of the substituent in the binding distinguishes TPP interactions with proteins from their interactions with the C18 surface in the HPLC experiments. Indeed, CHI values are highly correlated with ratios of TPP nucleus surface to the total TPP derivatives surface (r² = 0,94 when excluding the highly flexible TPP(pODEGO ManOH) 3 ), which illustrates the probable lack of direct interactions between the substituent and apolar surfaces. In the case of interactions with albumin, susbtituents interact directly with the protein, especially if the TPP derivative possesses some flexibility (case of meta-derivatives and TPP(pODEGO ManOH) 3 ). Rigidity of planar para-derivatives prevents them to form specific interactions with albumin, which could explain the absence of difference in distribution pattern between TPP(pO GalOH) 4 and TPP(pO GluOH) 4 despite modification of the nature of sugar residue. This observation also applies to the respective affinities of those particular derivatives.

When compared with the more widespread distribution pattern of para-derivatives, metaderivatives seem to present stronger and more specific interactions. This result, conflicting at the first sight with affinity constants (higher in the para series), should maybe be considered differently: globular conformation of meta-derivatives prevents them from interacting at the surface of albumin molecule, thus restraining their possible binding sites. In this perspective, higher overall binding constants measured on para-derivatives could result from a higher number of sites of almost equivalent affinities.

Considerations about the particular affinity for LDL

Photosensitizers are likely to interact with lipoproteins according to two modes, whether with the proteic portion and/or with the lipidic one [36]. Existence of high affinity sites on apoprotein coexisting with secondary solubilization in lipidic portion has been supposed in the case of interactions of chlorin e6 with LDL [37]. If global binding constant is of the same order of magnitude than that obtained for glycoconjugated TPPs, a preferential binding to apoprotein is unlikely for the latters. Good correlation between affinity towards lipoproteins and hydrophobicity tend to privilegiate the idea of an interaction with the lipidic portion. It seems probable that interactions of TPPs with the hydrophobic stationnary phase in HPLC are quite similar to their interactions with the hydrophobic lipidic portion. Moreover, lower binding affinity towards lipoproteins of glycoconjugated derivatives -likely to interact strongly with proteic portion through hydrogen bonding -reinforces the hypothesis of an interaction with the lipidic portion. At last, this hypothesis is confirmed by comparison with affinities of TPPs towards liposomes [38]. Ranking of binding affinities towards those phospholipidic vesicules is close to that obtained with HDL.

Difference in binding affinities towards HDL and LDL leads to consider a possible role of certain lipids in the preferential binding of TPPs to LDL than HDL. Interactions of hypericin with biological membranes have shown that this structure presents a particular affinity for cholesterol [39], a fact that could account for its location in LDL, between hydrophobic core and phospholipid shell [40]. Involving cholesterol is unlikely for our compounds, more amphiphilic than hypericin, and thus less able to insert deeply in the lipoprotein core. This hypothesis is supported by studies o f i n c l u s i o n o f d e n d r i m e r i c p o r p h y r i n s i n b i o l o g i c a l membranes, that show no impact of cholesterol proportion [41], contrary to what could have been described for others photosensitizers, such as deuteroporphyrin [42]. Preferential affinity for LDL than for HDL could result from differences in surface properties: LDL surface is less hydrophobic and its outer layer is more fluid [43]. More hydrophobic character of HDL surface results from the presence of more triglycerides and cholesterol esters in the outer layer [44]. Combined together, amphiphilic structures could better interact with LDL, insertion of hydrophobic pole being easier and interaction of hydrophilic part with the surface being favored.

Conclusion

Those observations give a new insight in plasma distribution. Increasing hydrophobicity should orientate distribution towards LDL, whereas lowering this parameter results in a majoritary protein binding. Exceptions to this rule should result from specific interactions between a photosensitizer and a carrier, interactions not directly related to its hydrophobicity.

Our s t u d y also shows that measuring the fraction bound to LDL is not sufficient to understand the behavior of TPPs in plasma. Binding constant determinations are essential. If it is commonly admitted that plasma distribution plays a decisive role in orientating biodistribution, binding affinities are likely to affect photosensitizer's ability to pass from the carrier to its final target, a fact that should not be underestimateed when reconsidering the link between plasma behavior and tumor localization.

6. 1. Defined as the ratio between the surface of the substituent in contact with the protein and the total surface of the TPP derivative interacting with the protein

  in childhood. I n d e e d , b e s i d e s p o o r e f f i c i e n c y f o r a d v a n c e d t u m o r s , c u r r e n t l y a v a i l a b l e

  meso-tetraphenylporphyrin derivatives, six o f w h i c h a r e g l y c o c o n j u g a t e d a c c o r d i n g t o different modalities, and thus different lipophilicities. The aim is, beyond a description of the relationship b e t w e e n s t r u c t u r e a n d p l a s m a d i s t r i b u t i o n , t o better understand factors governing interactions of TPP sensitizers with plasma proteins and lipoproteins.

  An intermediate dilution of TPP stock solutions in pH 7.4 phosphate buffer saline (PBS) was used to prepare mixtures of a TPP with the studied plasma carrier (HSA, HSA-LIP, HDL ou LDL). Dimethylsulfoxide final proportion in this solution was 0.5 %. TPP final concentration was 1.10 -7 M for fluorescence measurements and 5.10 -7 M for absorption study. Transporter concentration varied from 0 to 1.10 -4 M. The mixtures were kept in darkness at 37 ºC for 24 hours. UV -V i s i b l e a b s o r p t i o n s p e c t r a w e r e r e c o r d e d o n a V a r i a n ® C a r y B i o 1 0 0 spectrophotometer (Australia), with an optical path of 10 mm and a slit width of 2 nm.

  8) and TPP(pODEGO ManOH) 3 (CHI=62.4) s h o u l d b e a t t r i b u t e d t o t h e p r e s e n c e o f a s p a c e r between the sugar and the phenyle. The para-derivative with the spacer is even more hydrophobic than the meta-triglycoconjugated derivative, TPP(mO GluOH) 3 (CHI=55.7).

  ) 3 presents an intermediate CHI and an intermediate behavior between hydrophilic protein-bound derivatives and more hydrophobic compounds quite exclusively bound to lipoproteins. The latter compounds present the typical behavior of amphiphilic compounds, mainly bound to HDL. Binding to LDL concerns always a minoritary proportion of TPPs on the studied series.
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 123 Figure 1. Structure of meso-tetraphenylporphyrin derivatives

Figure 4 .

 4 Figure 4. Binding sites of glycoconjugated TPPs according to blind docking results

  

Table 1 .

 1 Plasma distribution of meso-tetraphenylporphyrin derivatives

	Lipoproteins

Table 2 .

 2 Binding affinities of meso-tetraphenylporphyrin derivatives (expressed as log K a )

	Albumin	Lipoproteins

Table 3 .

 3 Properties of interface surfaces between HSA and the different TPP derivatives

		Interface surface	Percentage of the TPP	Contribution of
					surface	the substituent
		Polar	Apolar	Total	involved in the	in the interaction 1
					interaction	
	TPP	129.6	315.1	444.7	35.1%	0.0%
	TPP(mO GluOH) 3	296.3	412.4	708.7	34.4%	64.4%
	TPP(mO GluOH) 4	391.1	530.3	921.4	32.9%	62.6%
	TPP(mOH) 3	121.9	297.1	419.0	37.7%	11.5%
	TPP(mOH) 4	134.7	271.4	406.1	42.9%	23.4%
	TPP(pO GalOH) 3	200.6	404.7	605.3	27.9%	55.5%
	TPP(pO GalOH) 4	276.2	305.2	581.4	25.9%	52.7%
	TPP(pO GluOH) 4	260.3	304.7	564.9	29.0%	54.3%
	TPP(pOH) 3	97.4	234.2	331.5	28.0%	11.4%
	TPP(pOH) 4	94.7	216.4	311.1	24.5%	11.5%
	TPP(pODEGO ManOH) 3	352.9	464.5	817.4	30.6%	69.5%
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7.

-(para-O--D-glucopyranosyloxyphenyl)porphyrin TPP(pODEGO ManOH) 3 : 5,10,15-tri{para-O-[(2-(2-O--D-mannosyloxy)-ethoxy)-ethoxy