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Abstract The interaction between a free-base, anionic water-
soluble porphyrin, TSPP, and the drug carrier protein, bovine
serum albumin (BSA) has been studied by time-resolved
fluorescence anisotropy (TRFA) and fluorescence correlation
spectroscopy (FCS) at two different pH-values. Both rota-
tional correlation times and translational diffusion times of the
fluorescent species indicate that TSPP binding to albumin
induces very little conformational changes in the protein under
physiological conditions. By contrast, at low pH, a bi-
exponential decay is obtained where a short rotational
correlation time (¢ ;,=1.2 ns) is obtained, which is likely
associated to wobbling movement of the porphyrin in the
protein binding site. These physical changes are corroborated
by circular dichroism (CD) data which show a 37% loss in
the protein helicity upon acidification of the medium. In the
presence of excess porphyrin formation of porphyrin J-
aggregates is induced, which can be detected by time-
resolved fluorescence with short characteristic times. This is
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also reflected in FCS data by an increase in molecular
brightness together with a decrease in the number of
fluorescent molecules passing through the detection volume
of the sample.
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Introduction

The induced structural changes upon ligand binding have
been a matter of extensive studies and modeling since
biologic processes are carried out through binding events,
changes in the environment and signaling pathways [1-3].

Binding influences distribution, metabolism and the
molecular form of the sensitizers, e.g. their protonation
state, aggregation/dis-aggregation behavior and the concen-
tration of the free molecules. Binding can also alter their
photophysical and photochemical properties [4, 5]. Hence,
it is important to investigate how and to which extent it
influences the photosensitized reactions. Conversely, upon
binding, ligands can induce structural modifications in the
proteins [6-8].

Proteins have single or multiple binding sites for porphy-
rinoids, including independent cooperative modes. In particu-
lar, the serum albumin, constituting about 60% of the total
amount of protein in plasma, is known to serve as an
endogenous carrier for various drugs, particularly those that
are relatively hydrophilic which bind to two well-defined
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binding sites I and I1[9]. The large plasticity of human serum
albumin (HSA) is essential for the albumin molecule to
accommodate a variety of ligands and to perform the
transport function in the circulatory system. Besides, it is
known that HSA undergoes reversible conformational
isomerization upon pH-change [10]. Since different acidic
and basic isomers may have determined biological functions
we have conducted our experiments both at pH=7.4 and
pH=2.5. The complexes of porphyrinoids with serum
albumin are believed to be stabilized by electrostatic
interactions between negatively charged substituents on the
molecular periphery and positively charged ammonium
residues on serum albumins.

We have previously shown [11] that the anionic water-
soluble porphyrin, meso-tetrakis (p-sulfonatophenyl) porphy-
rin sodium salt—TSPP, binds to albumins with relatively
high binding constants, (Kz~3-5x10° M ") where electro-
static and hydrophobic interactions are involved. Moreover,
under acidic conditions TSPP is prevalently present in
solution as a zwitterion. This has proved to contribute
decisively to the formation of highly ordered molecular
aggregates of the porphyrin at relatively low [TSPP] induced
by different polymeric templates [12—14] including albumins
[11, 15]. These aggregates of J-type are particularly
interesting in view of their possible applications in nonlinear
optics, nanometer-sized photoconductors, and light harvest-
ing systems and contributed also for the relevance of the
studies carried on at pH=2.5.

In order to further characterize the porphyrin—albumin
interactions we have used fluorescence correlation spec-
troscopy (FCS). FCS has emerged as an important
technique in biophysical studies to study diffusion as well
as conformational and chemical transitions on microsecond
and longer timescales [16, 17]. The technique is a highly
sensitive tool to measure concentration and diffusion
coefficients from which we may determine binding/disso-
ciation equilibria in the nanomolar range [18]. These results
were complemented by time-resolved fluorescence anisot-
ropy (TRFA), by which the time-correlation function of the
emission transition moment is determined. The conjugation
of these two techniques is expected to provide further
insight concerning the molecular dynamics of TSPP-BSA
interaction.

The results obtained indicate that under physiological
conditions TSPP binding to albumin induces very little
conformational changes in the protein, whereas at low pH
both translational and rotational diffusion coefficients
diverge from those at pH=7.4 and the porphyrin is more
free to rotate itself in the binding site. Consistent with acid
denaturation of proteins [19], the results point to a loss in
the protein tertiary and secondary structure at pH=2.5,
which is partially regained in the presence of an equimolar
amount of TSPP.
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Experimental

Materials BSA > 97% purity (catalogue no. A-7511) was
purchased from Sigma and used without further purifica-
tion. TSPP was obtained from Fluka >98% purity (cata-
logue no. 88074). Citrate-phosphate buffer solutions (pH=
2.5 and 7.4, 25 mM) were made up using bidistilled water,
following the recommended procedures [20]. In all experi-
ments we used fresh stock solutions of protein.

Methods Circular Dichroism (CD) measurements were per-
formed on a Jasco J-720 spectropolarimeter (Hachioji City,
Tokyo). The protein concentration and path lengths of quartz
cells used for the far-UV CD experiments were 5 uM and
0.1 cm, respectively. The spectropolarimeter was thoroughly
purged with 99.9% nitrogen before starting the instrument.
Each spectrum was baseline-corrected, and the final plot was
taken as an average of ten accumulated plots. The CD signal
(in mdeg) was converted to mean residual ellipticity (6;
deg.cmz.dmolfl) defined as (0)=90bs(10dn)71, where 6.,
(mdeg) is the experimental ellipticity, ¢ (mol.dm™) is the
protein concentration, / (cm) is the cell path length, and # is
the number of residues in the protein [21].

Time-resolved (polarized) fluorescence measurements
were carried out using a setup described elsewhere [22].
The excitation wavelengths used were 430 nm and 480 nm
and the fluorescence was detected through band-pass filters
with maximum transmission at 647 nm and 713 nm (AA=
13 nm). Decay traces were fitted to a sum of exponentials,
with the TRFA Data Processing Package (version 1.2) of
the Scientific Software Technologies Center (Belarusian
State University, Minsk, Belarus; www.sstcenter.com) [23].
Typical probe concentrations were 0.5 uM.

Dilute porphyrin samples (in the range of 1-10 nM) were
investigated by FCS using a commercial set-up from
PicoQuant based on an inverted optical microscope (Olym-
pus IX-71). The 638 nm excitation light from a pulsed diode
laser was focused by an oil immersion objective x100 with
1.3 NA, ~20 um deep into the sample solution. Fluorescence
is collected by the same microscope objective, passed
through the dichroic mirror and appropriate band-pass filter
(695AF55 Omega optical) and focused through a pinhole
(150 um), to reject out-of-focus light, onto a single-photon
counting avalanche photodiode SPAD (Perkin-Elmer) whose
signal was processed by TimeHarp 200 time-correlated
single-photon counting card (PicoQuant). Focal area and
detection volume were calibrated using Atto 655 dye in the
carboxylic acid form (Atto-Tech GmbH, Germany) with
known diffusion coefficient D=4.26x10""" m? s ' [24].
Data analysis of individual correlation curves was performed
using SymPhoTime (PicoQuant) and a programmed global
fitting analysis was carried out in Microsoft® Excel.

The temperature of the experiments was stabilized at 22 °C.
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Results and discussion

Circular dichroism spectroscopy The changes in the sec-
ondary structures of the protein in the presence of TSPP
were studied in the far-UV CD region at increasing molar
ratios of [TSPP]/[BSA] at two different pHs, Fig. la. The
spectrum of intact BSA at pH=7.4 showed two minima at
209 and 222 nm, which is in agreement with the literature
[25], and reflects the predominance of a secondary x-helix
structure for BSA (~65%). In the presence of TSPP, initially
the CD spectrum becomes more negative reaching the
minimum at a 1:1 protein to porphyrin ratio. We can
exclude contribution from TSPP to this signal since, taking
into account the absence of chirality in TSPP molecules, as
expected no CD signal was detected for TSPP samples
without BSA in the UV-Vis range. Nevertheless, an intense
induced CD arising from the chiral packing of the
molecules into large aggregates was detected in the visible
range [11]. At higher ratios, the signal is less negative. The
spectrum for BSA at pH=2.5 shows a large decrease in the
mean molar residue ellipticity (#), which points to a
substantial loss in native structure under acidic conditions.
Nevertheless, the TSPP presence contributes to a more
negative (0) which reaches a minimum at 1:1 protein to
porphyrin ratio, similarly to pH=7.4.

The «-helical content was estimated from the molar
ellipticity value at 222 nm, [0]555,m, taking into account an
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Fig. 1 a CD spectra of BSA (5 uM) in aqueous solution at pH=2.5
(black lines) and at pH=7.4 (grey lines) in the presence of different
[TSPP]: 1 0; 2 5 uM; 3 20 uM. b % of «-helix obtained using Eq. 1
for BSA in the presence of different [TSPP] at pH=2.5 (triangle) and
pH=7.4 (circle)

helix length-dependent factor according to [26], with n the
number of residues in the protein:

(0)222nm
—39,500 x (1 —2.57/n)

a — helix(%) = x 100 (1)

The values obtained for the a-helix content at the different
protein to porphyrin ratios at the two distinct pHs are
depicted in Fig. 1b. Basically, they confirm an almost 32%
loss in helical content for BSA upon acidification. This
structural alteration is due to repulsive forces acting below
its isoelectric point (pIgsa~5) within the highly charged
protein. It was shown elsewhere [27] that these alterations
involved a decrease in compressibility and volume of the
protein. The loss in helices leads to exposure of the protein
surface to the aqueous environment and at the same time
contributes to the collapse of some cavities. CD measure-
ments showed that these are essentially associated to
structural changes in the C-terminal domain III of HSA
and involved disruption of intradomain contacts (of domain
[I) within the limits of the disulfide bridges [25].

Recently, this expanded state has been attributed to a
molten globule-like state for albumin at low pH, according
to the accepted general definition: presence of native-like
secondary structure, a fluctuating tertiary structure, non-
cooperative thermal unfolding [28, 29], clearly distin-
guishable from the GdnHCl-denaturated state [19]. In
order to assimilate and release molecules of quite distinct
size/shape in the circulatory system, HSA has to possess a
flexible structure. This was positively inferred from
changes in the solvation dynamics of HSA, using the
single tryptophan fluorescence as reporter, which corre-
lated with the conformational transitions that occur upon
pH changes [30].

The presence of low amounts of TSPP lead to an almost
recovery of native like helices at pH=2.5 and to a further
increase at pH=7.4, which is in agreement with data
obtained from X-ray [31] that evidences important struc-
tural changes upon ligand binding.

It has been reported that proteins that are extensively
unfolded at pH 2 have been observed to regain some native
structure in the presence of ions [32]. In fact, salt-dependent
refolding of acid-denatured proteins is primarily attributed
to anion binding. It is likely that electrostatic interactions
between anions and the protonated sites on the protein
molecule provide a shielding effect on the repulsive
positive charges, thus allowing the protein to adopt a more
native-like conformation. Also 1,8-ANS binding to albumin
in the acidic expanded conformation induces shrinkage of
the hydrodynamic volume of the protein [33]. Although at
pH=7.4 the global charge of albumin is negative and TSPP
is tetra-anionic, the local charge of the homologous binding
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sites in domains I[A and IIIA are positive due to the
existence of lysine and arginine residues. Hence, TSPP
binding to BSA is electrostatically favorable and may lead
to further stabilization of the protein conformation. It was
also found that TSPP presence contributes to the stabiliza-
tion of albumin towards thermal and chemical denaturation
by the chaotropic agent guanidine hydrochloride (data not
published).

At higher amounts of TSPP, the protein seems to behave
in a similar way at both pHs, i.e. a concomitant decrease in
«-helix occurs as [TSPP] increases. In fact, at 20 uM the %
of a-helix in BSA is almost pH independent. Under these
conditions, the balance between electrostatic and hydro-
phobic mutual interactions is affected in a way that
porphyrin—porphyrin interactions are favored over those
between porphyrin—protein, thus leading to the decrease in
the contents of o-helical structure in the protein.

Time-resolved fluorescence The fluorescence lifetime
decays of the QO-state of TSPP alone and in the presence
of different [BSA] at pH=2.5 and 7.4 were analyzed by
picosecond single-photon timing (A ~430 or 480 nm),
and the results are listed in Table 1. In the case of TSPP
alone, emission decays show a biexponential behavior at
both pHs with a prevalent long lifetime of 3.78 ns for the
di-protonated species (whose contribution depends on
emission wavelength) and 9.58 ns for the tetra-anionic
one in good agreement with reported values [34-36]. The
existence of a sub-nanosecond component had already been
reported by others for the aqueous system [13] and
attributed to the aggregation of this porphyrin, most
probably smaller or less organized aggregates or even a
mixture of H- and J-dimers [34], which in the present case,
would be induced by the increased ionic strength of the
buffered media.

At high [BSAJ/[TSPP], a long lifetime of ~12 ns was
obtained common to the two pHs, although its contribution
depends on excitation/emission wavelengths under acidic
conditions. Since the two albumins, HSA and BSA present
closely homologous structures and have the same isoelectric
point [27], we have taken into account the binding constants
already determined for TSPP interaction with HSA, K,~5 x
10° M " and K, ~1x10° M " respectively at pH=2 and pH=
7 [11], from which a fraction of bound TSPP of 85% at the
former and 67% at the latter pH, could be withdrawn. These
values match reasonably the amplitudes obtained for the long
component and therefore, can be assigned to TSPP mono-
mer/BSA complex where the porphyrin is in a hydrophobic
environment of the protein matrix and hence “protected”
from changes in the solution pH.

By contrast, at low [BSA]/[TSPP] and pH=2.5, the
fluorescence decays could only be fitted with a sum of three
exponentials at any excitation/emission conditions. The
long component, just assigned to the porphyrin—protein
complex, has a relatively small contribution to the overall
emitting population as expected (fraction of TSPP bound
never exceeded 8% under these conditions, see Table 1).
The intermediate lifetime can be safely assigned to the di-
protonated monomer whose fluorescence overlaps that of
the other species. The shortest component of 50 ps
corresponds to the aggregated J-form of TSPP and
therefore, prevails upon excitation at 480 nm and/or
emission at 713 nm. This short component had previously
been reported in aqueous solution at very low pH (<1) and
higher porphyrin concentration (ca 10™* M) [37] and in the
presence of CTAB [12]. The existence of a rich positively
charged surface in BSA contributes to favor TSPP
aggregation in a head-to-tail configuration by minimizing
repulsions between neighboring sulfonate groups in the
linear array of TSPP molecules. As [BSA] increases this

Table 1 Fluorescence lifetimes of TSPP (0.7 uM) in aqueous solution at different pH and in the presence of different [BSA]

Sample A, 71/n8 A, T»/ns As T3/n8 X
TSPP, pH=2.5 0.35 0.18 0.65 3.78 - - 1.042
0.04* 0.18% 0.96* 3.78% - - 1.071
TSPP, pH=7.4 0.34 0.32 0.66 9.58 - - 1.050
[BSA)/[TSPP] = 0.03 pH=2.5 0.35 0.18 0.57 3.67 0.08 10.05 1.045
0.49° 0.050° 0.49° 3.72° 0.02° 10.20% 1.130
0.67° 0.050° 0.32° 3.80° 0.01° 12.25° 1.150
[BSAJ/[TSPP] = 10 pH=2.5 0.31 0.191 0.10 3.63 0.59 11.96 1.045
- - 0.15% 3.63% 0.85% 11.96° 1.039
0.40° 0.050° 0.09° 3.80° 0.51° 12.25° 1.01
[BSAJ/[TSPP]=10 pH=7.4 0.30 0.26 - - 0.70 11.68 1.054

Aexc=430 nm, A,,=647 nm; A1; =3%
*exc=430 nm/em=713 nm
b exc=480 nm/em=713 nm
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arrangement is destabilized by competing interactions
provided by the protein binding sites, namely binding site
I and II (subdomains IIA and IITIA) where ion (dipole)-
dipole, van der Waals, and/or H-bonding interactions with
the polar cationic groups (e.g. lysine and arginines) as well
as hydrophobic interactions with leucine and alanine
residues are involved [10].

Fluorescence anisotropy In order to focus on the interaction
between porphyrin and BSA, time-resolved fluorescence
anisotropy experiments were carried out under different pH
and [BSA]. These experiments provide information useful to
identify the characteristics of the electronic states of
excitation and emission through r,, the anisotropy in the
absence of rotational diffusion, and the reorientation dynam-
ics of the molecule/aggregate/complex through r(?), the
fluorescence anisotropy decay. In aqueous buffered solution
r(f) is a single exponential,

r(t) = roexp (—t/¢) (2)

where ¢ is the rotational correlation time. The values ob-
tained for TSPP at pH=2.5 and pH=7.4, 0.462 ns and
0.400 ns, respectively (Table 2), are in good agreement with
literature [12] and confirm the monomeric nature of the dye
in solution. The rotational correlation time can be related to
the hydrodynamic volume (V) of the fluorophore and
viscosity (1) by the Stokes—Einstein equation: ¢ = nV /kT.
The hydrodynamic volumes of organic molecules can be
determined using Edward’s theory for the calculation of
molecular volume and Perrin’s correction for the non-
spherical shape of the molecule. The hydrodynamic volume
for TSPP is 775 A* [34] which corresponds well to a
rotational diffusion of 0.44 ns.

In the presence of large amounts of BSA, TSPP exists
essentially bound to the protein at both pHs to which
corresponds a long fluorescence lifetime. The fluorescence
anisotropy decay of a dye molecule bound to a protein is a
consequence of the reorientation dynamics of the excited

Table 2 Fluorescence anisotropy decay parameters of TSPP (0.7 uM)
in aqueous solution at different pH and in the presence of different
[BSA], using Eq. 2 (Aexc=430 nm)

Sample Aem/NM ro ¢/ns b
(Ru/A)?

TSPP, pH=2.5 648 0.11 0.462 (8) 1.084

TSPP, pH=7.4 648 0.09 0.400 (8) 1.097
[BSA)/[TSPP]=10, 648 0.15 46 (37) 1.034
pH=7.4

[BSAJ/[TSPP] = 10, 648 0.152 20 (28) 1.028
pH=2.5 713 0.124 20 (28) 1.013

#Rotating species hydrodynamic radii obtained using Stokes—Einstein
equation

state of the dye as well as of the protein. Nevertheless, the
anisotropy decays obtained upon excitation at 430 nm and
independently of the detection wavelength (around 648 or
713 nm) are mono-exponential with ¢ =46+10 ns (Fig. 2a)
and ¢=20+2 ns, respectively at pH=7.4 and pH=2.5
(Table 2). Hence, in this case we may assume that the dye
molecule is “rigidly attached” to the protein binding site
and the orientation dynamics for the molecule is identical to
that of the protein.

In view of the available time window of the experiments
(20 ns) there is a high inaccuracy involved in the rotational
correlation times. Moreover, the fluorescence lifetime of the
complex is shorter than the rotational time. To circumvent
this difficulty and expand the time window, extrinsic probes
with very long lifetime (~800 ns) were used linked to HSA
[38] or phosphorescence depolarization methods [39] were
applied which contributed to a more accurate value for the
rotational time of BSA ca. 42 ns. Data involving the time-
resolved depolarization of the intrinsic fluorescence of
tryptophan in HSA [40, 41] showed a slow component (34—
40 ns) corresponding to the global Brownian rotation of the
protein. In spite of some inaccuracy also involved in this
last value due to the relatively short average fluorescence
lifetime of tryptophan (<7w> 3 ns), these findings are
indicative of the absence of internal motions of certain
domains in the protein in this time scale and similar to ours.
Hence, it is feasible to assign the rotation correlation time
of ~46 ns to the motion of the entire native protein. Besides
the factors just mentioned such as distinct environmental
conditions (e.g.: temperature, ionic strength) may well
justify the differences with literature data (less than 12%).
At neutral pH, therefore, the protein maintains a well-
defined overall conformation without signs of large domain
flexibility over a time range from nanoseconds to fractions
of milliseconds. The shorter rotational time of 20 ns
obtained at pH=2.5 cannot be attributed to the motion of
the protein as a whole. One hypothesis is that it could be
due to mobility of a large segment of the polypeptide chain
in the vicinity of TSPP binding site. However, in acid
solution, the compact HSA structure unfolds to a more
extended one, as proposed elsewhere [19] which is no
longer spherical (rather an elongated ellipsoid [42]) and the
observed motion of the protein may be the average of
different rotational relaxation times along various axes.

By contrast, at the same high [BSA]/[TSPP] but upon
excitation at 480 nm, the anisotropy decays are no longer
single exponential (Fig. 2b) indicating that additional
depolarization processes occur along the duration of the
measurement. A long correlation time still predominates but
a shorter one is also detected. A similar situation has been
previously reported for TSPP interaction with CTAB
micelles [43], where biexponential anisotropy decays with
times of 11.4 ns (associated with overall motion of the micelle)
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Fig. 2 Fluorescence anisotropy
decays of TSPP (0.7 uM) in the
presence of BSA (a) at pH=7.4,

[BSAY/[TSPP]=10 (Aexe= 2
430 nm); and (b) at pH=2.5, / o
[BSA)/[TSPP]=0.03; 2 [BSA)/ ‘ué;
[TSPP]=10 (hex.=480 nm). -
Aem=648 nm <
]
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and of 1.52 ns (attributed to the wobbling of the porphyrin in
the micelle), were obtained. In the case of the intrinsic probe
tryptophan, Trp, several reports on literature have shown a
short correlation time (0.5 ns) attributed to fast rotation of the
residue involving an angular displacement of Trp as high as
37° [44]. These observations corroborate the idea of local
fluidity in proteins.

In this case, we considered a model where the anisotropy
r(f) decays to zero because of either rapid reorientation
(which occurs in a restricted region within the protein
matrix assumed, for simplicity, as a cone), or overall
rotation of the protein. For independent segmental and
rotational motions the anisotropy may be written as the
product of these two contributions, in the following
simplified expression [45, 46]:

}"(l‘) = {/31 exp (_t/¢int) + ﬁZ} exp (_t/d)prot) (3)

where ¢y and ¢ .o are the time constants for the rapid
internal motion and for the overall rotation of BSA,
respectively, and (3;+f, is the initial anisotropy ro. We
can also define the square of order parameter S* which is a
measure of the equilibrium orientational distribution of the
probe) for the porphyrin in the protein, S*=[,/ro=
0.5cosf(1+cosb,), and from which the cone semi-angle 6,
may be obtained.

This model was then applied to the situation at high
[BSAY/[TSPP] upon excitation at 480 nm (see Fig. 2b). The
anisotropy decays obtained were very well fitted with ¢ o=
23 ns (in agreement with the value obtained at Ae =
430 nm), and ¢;,=1.2 ns.

For a random distribution of orientations, as in liquids, the
value for the order parameter is zero, and for orientationally
ordered systems S is maximum at 1. Therefore, the order
parameter S=0.78 (0.=44°) indicates that the equilibrium
orientational distribution is rather constrained. While this
parameter indicates the spatial constraint for the motion of
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the molecule within the protein matrix, the value of diffusion
coefficient of internal motion indicates the dynamics of the
molecule in the restricted space. The value of D,,=(1—S%)/
6¢in=0.5%x10% 5!, is ca. 7 times less than the rotational
diffusion coefficient for TSPP in water where the wobbling
is free ($2=0).

Similar values of the order parameter (§=0.72) and D,,=
0.7x10% s' were reported for protoporphyrin IX in
aqueous micelles of Triton X-100 [47].

At low [BSAJ/[TSPP], when porphyrin J-aggregation
prevails the decays are never single exponential whatever
the excitation/emission conditions used. Upon excitation at
430 nm (monomer absorption) the decays are biexponential,
where a short correlation time predominates (¢ =0.4 ns).
From data showed above, this value may safely be assigned
to TSPP monomer rotation free in aqueous solution, whereas
the long correlation time (¢ =20 ns) comes from some TSPP
already bound to BSA. The rotational reorientation time for
the large J-aggregate cannot be determined because the
fluorescence lifetime is not long enough to follow slow
rotational tumbling time of such aggregate. However, a
striking difference occurs at low [BSAJ/[TSPP]: upon
excitation at 480 nm independently of the emission
wavelength used, 7y is much higher (Fig. 2b) than those
obtained for the monomer (ro~0.1, Table 2) or for TSPP/
BSA complex (rg=0.12-0.15, Table 2). The heterogeneity of
anisotropy decay may be due to the coexistence of multiple
rotational modes, global and local motions. The fundamental
anisotropy ro contains information about the angle «
between absorption and emission moments, and has a
theoretical maximum of 0.4 for fluorescent molecules
randomly oriented, which corresponds to parallel dipoles
(a=0°). However, the maximum value predicted for the case
of randomly oriented metalloporphyrins is lower (0.1 [48])
due to Dy, symmetry and degeneracy of the excited states, in
agreement with the value obtained for TSPP at pH=2.5. On
the other hand, literature data also predict in case of J-
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Fig. 3 Normalized autocorrelations G(7) and fitted theoretical curves
(bold lines) describing a diffusion and triplet state blinking model, of
TSPP (10 nM) in the presence of BSA, I pH=2.5; 2 pH=7.4 (Aexc=
638 nm, A, =695AFS55 band-pass filter)

aggregates, high initial anisotropies as a result of coherent
excitation [49]. A fundamental anisotropy of 0.4 was
obtained for TSPP J-aggregate induced by CTAB (exc=
695 nm) together with a very fast anisotropy decay ~40 ps
and a “very slow decay” [43]. The latter was indicative of
the aggregate large size whereas the former was attributed to
an electronic dephasing process.

Fluorescence correlation spectroscopy Normalized autocor-
relation traces (experimental and fitted) of TSPP and TSPP
in the presence of BSA at pH=2.5 and 7.4 are presented in
Fig. 3. System calibration was performed by using the red-
emitting dye Atto 655 as reference. A diffusion model was
sufficient to fit the autocorrelation function calculated for
Atto 655, where the shape of the focal volume is
approximated by a Gaussian profile with a 1/¢* axial (zo) to
lateral (wg) dimension ratio k (k=z¢/wq) [50]:

oy (105) ()@

where, N is the mean number of fluorescent molecules
within the sample volume and 7 is the characteristic
diffusion time for a molecule through the effective volume
element. FCS can be used to study molecular interactions at
low concentrations. The diffusion time 75 of a molecule,

when modeled as non-interacting, uncharged spherical
particle, is proportional to the square of the beam waist w,,
at the focus of the laser beam [51, 52] and allows the
determination of the translational diffusion coefficient, D via:

w%;

Tp = 4D (5)
If the molecule under study interacts with other molecules,
that introduces changes mainly in the particle diameter and
therefore leads to an increase in diffusion time. Besides, to
account for the fluctuations of TSPP between a fluorescent
bright state and a dark triplet state an additional term must be
added to the diffusion model [53, 54] which allows to
estimate the fraction of molecules in the triplet state (7) as
well as the triplet state conversion time (77).

T - eT/TT) (6)

GT(T ) = <1 + 1 .

Since in this case 75,>>7 and the values of D extracted
are, within error, independent of the excitation power, then
the full correlation curve may be given by Gipw(7)=
GD(T)>< Gtriplet(T) [5 5]

Under the present experimental conditions, i.e., single
channel detection, signal “contamination” from detector
afterpulsing is inherent. Afterpulsing denotes a nonideal
behavior of the detector where an artificial count is generated
soon after a real photon pulse. This occurs with a probability
that is almost independent of variations in the count rate but
characteristic for a given detector [56]. Typical afterpulsing
time constants are of the order of a few hundred ns, which
make it hard to distinguish from triplet effects. This problem
can be minimized by using two detectors and cross-
correlating the signals between them since afterpulses from
one detector are not correlated to genuine photon detection
events of the other detector [54]. In the present case this
would imply an unaffordable sacrifice in count rate. A recent
method using fluorescence lifetime for separating the true
fluorescence from after pulsing events has been proposed
[57, 58]. We have not corrected FCS data against after-
pulsing, except that in fitting we have ignored the correlation
function at delay times below 1 ps.

Table 3 Translational diffusion times (7g4;¢r) and coefficients (D), triplet state conversion times (77), number of molecules (N), brightness (¢) and
hydrodynamic radii (Ry;) of TSPP (3 nM) in aqueous solution at different pH and in the presence of different [BSA] (Aex.=638 nm)

Sample N g/kcounts Taif LS Dx10'%m? s! Ri/A Trus (7)

TSPP/Buffer 6.2 0.83 234+10 2.67+0.30 8.9+0.3 0.9+0.1 (77%)
[BSAJ/[TSPP] = 0.03, pH=2.5 0.75 2.0 517+12 1.21+0.20 2042 1.0£0.2 (36%)
[BSAJ/[TSPP] = 100, pH=2.5 5.8 1.1 694+18 0.90+0.08 26+1 0.9£0.1 (59%)
[BSAJ/[TSPP] = 100, pH=7.4 5.9 1.0 962+45 0.65+0.05 37+2 0.9£0.1 (59%)
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For TSPP molecule alone in solution, there is a
contribution of 70% of the molecules in the triplet state
with 77=0.9 ps which decreases for the TSPP molecule
associated to albumin (7=59%) and to TSPP J-aggregates
(36%; Table 3), since in this case energy is dissipated
through non-radiative decay.

The diffusion coefficient obtained, D=2.7x10"'" m?s™!
can be related to the hydrodynamic radius (Ryg) of the
molecule by the Stokes—Einstein relationship D=kT7/67nRy,
where k is the Boltzmann constant, and n the solution
viscosity at temperature 7. The value of Ry=8.9+0.3 A is
in relative good agreement with the value presented in the
previous section [34].

Upon increasing albumin concentration the diffusion
time decreases (Table 3), indicating formation of slower
diffusing species consistent with the expected TSPP
association to the protein (85% at [BSA]/[TSPP]=100).
However, a dependence of D with the solution pH is
detected: at pH=7.4 D=(0.65+0.05)x10"'" m?s"! in agree-
ment with literature data obtained with mesoporphyrin IX
dihydrochloride by FCS, which binds reversibly to HSA
(Kp=2.5%10" M) [59]; whereas at pH=2.5 D=(0.90+
0.08)x107"" m?s™!, Fig. 3. A similar dependence with pH
had already been shown above where rotational correlation
times obtained pointed to smaller rotating entities at low
pH. It is known that the 3-D structure of the protein
influences its mobility and thus the diffusion coefficient
making it possible to follow unfolding processes [60].
Moreover, depending on the native structure of the protein,
unfolding may lead to elongated structures (usually causing
an increase in measured Ry) or to more globular forms
(usually with smaller Ry).

In conditions where [TSPP] is kept constant and [BSA]
is extremely reduced such that [BSA]/[TSPP]=0.03 at pH=
2.5, we observed a decrease in the number of fluorescent
molecules together with an increase in the molecular
brightness (Table 3), ¢, which can be calculated by dividing
the average fluorescence count-rate by the number of
molecules within the illuminated region [61]. The number
of molecules was almost ten times lower than that obtained for
free TSPP, but the increase in brightness was only by a factor
of 3. To these changes contributed the lower fluorescence
quantum yield of TSPP upon self-association [37] and the
increase in the absorption cross-section of the aggregated
species [62]. In line with this observation, the diffusion time
was longer comparatively to that in the absence of protein
(Table 3). This is consistent with the self-association process
of TSPP J-aggregation at the protein positive surface, under
the aforementioned conditions. Nonetheless, the diffusion
coefficient was similar but not identical to that obtained for
the TSPP-BSA complex at the same low pH. Taking into
consideration the differences detected in the CD signal of
BSA in the far-UV upon [TSPP] increase, one is tempted to

@ Springer

justify the slight variation in D with changes in BSA
conformation.

Conclusions

We reported here a combination of an ensemble technique
with a single molecule technique to study the influence of
the aqueous solution pH on the interactions between the
drug carrier protein, HSA, and a water-soluble free base
porphyrin, TSPP.

The hydrodynamic radius of TSPP-BSA complex at pH=
7.4 obtained from both TRFA and FCS data is very similar
and in agreement with literature value. By contrast, the data
extracted for the complex established under acidic conditions
point to a smaller structure with the porphyrin experiencing
some wobbling in the binding site of the protein. These
differences with pH are accompanied by a decrease in x-helix
content of BSA which is stabilized by the porphyrin (maximal
at 1:1 concentration ratio) but not in conditions such that
porphyrin J-aggregates prevail. TSPP J-aggregation can also
be detected in FCS through an increase in molecular
brightness.

These studies highlighted the large flexibility of albumin
essential to accommodate quite distinct molecules and to
perform its transportation role in the circulatory system.
Moreover, the noncovalent interactions with TSPP were
shown to play a relevant role in contributing to stabilize a
more native form of the protein especially under acidic
conditions.
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