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Background: Transferrin is an iron-binding bloodplasma glycoprotein that controls the level of free iron in biolog-
ical fluids. This protein has been deeply studied in the past few years because of its potential use as a strategy of
drug targeting to tumor tissues. Chromium complex, [Cr(phen)3]3+ (phen = 1,10-phenanthroline), has been
proposed as photosensitizers for photodynamic therapy (PDT). Thus, we analyzed the binding of chromium
complex, [Cr(phen)3]

3+, to transferrin for a potential delivery of this diimine complex to tumor cells for PDT.
Methods: The interaction between [Cr(phen)3]3+ and holotransferrin (holoTf) was studied by fluorescence
quenching technique, circular dichroism (CD) and ultraviolet (UV)–visible spectroscopy.
Results: [Cr(phen)3]

3+ binds strongly to holoTfwith a binding constant around 105M−1, that depends on the pH.
The thermodynamic parameters indicated that hydrophobic interactions played a major role in the binding pro-
cesses. The CD studies showed that there are no conformational changes in the secondary and tertiary structures
of the protein.
Conclusions: These results suggest that the binding process would occur in a site different from the specific iron

binding sites of the protein and would be the same in both protein states. As secondary and tertiary structures of
transferrin do not show remarkable changes, we propose that the TfR could recognize the holoTf despite having a
chromium complex associated.
General significance: Understanding the interaction between [Cr(phen)3]3+ with transferrin is relevant because
this protein could be a delivery agent of Cr(III) complex to tumor cells. This can allow us to understand further
the role of Cr(III) complex as sensitizer in PDT.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Proteins are importantmacromolecules in our lives andmain targets
for drugs in the organism. Transferrin (Tf) is one of the most abundant
serum proteins and it is responsible for the transport of both endoge-
nous and exogenous compounds. In this regard, Tf is an important pro-
tein associated to the process of storage, transport and homeostasis of
iron in vertebrates [1].

Transferrin is a monomeric 80-kDa glycoprotein, with a single poly-
peptide chain of about 679 amino acid residues, and two iron binding
sites. Tf can be divided into two homologous regions: the N-terminal
domain (residues 1 to 336) and the C-terminal domain (residues 337
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to 679); each lobe consists of two domains (N1 and N2, and C1 and C2)
that are connected by aflexible hinge. Each region shows a deep cleft ca-
pable of binding a metal ion. Each lobe of Tf binds one Fe3+ ion tightly
(~1022 M−1), yet reversibly. In both Tf lobes the Fe3+ is coordinated
by identical ligands: two tyrosine residues, one aspartic acid and one
histidine residue (Tyr95, Tyr188, Asp63 and His249 in the N-lobe;
Tyr426, Tyr517, Asp392 and His585 in the C-lobe). The distorted octa-
hedral coordination of the iron is completed by a synergistic anion,
identified as carbonate, which is anchored in place by a conserved argi-
nine residue (Arg124 in theN-lobe andArg456 in the C-lobe).When the
binding sites are empty, the protein is known as apotransferrin (apoTf),
the opposite occurs in the holotransferrin (holoTf) inwhich the sites are
occupied. One of themajor factors governing the binding and release of
iron in transferrin is the pH [2–5]. In addition, it is also well-known that
Tf is capable of binding to other cations such as Ti4+, Bi3+, Cr3+ and
Ru3+, besides Fe3+ [6–8].

Tf undergoes a significant conformational change when binding and
releasing iron. The binding of iron induces a rotation of the domains of ap-
proximately 60° producing a closed structure. The apoprotein possesses a
more open conformation. This structural shift is very important in the



2696 P.F. Garcia et al. / Biochimica et Biophysica Acta 1840 (2014) 2695–2701
iron metabolism, because the transferrin receptor (TfR), located in the
cell membrane, is capable of recognizing only the rotated conformation
[9]. Therefore, mainly holoTf can penetrate the cell and be incorporated
by it, possibly by a mechanism that involves the formation of an endo-
some [10]. Once the endosome is internalized, its pH decreases from
7.40 (extracellular pH) to 5.60 by a protonpump, acidification that results
in the release of the Fe3+, and subsequent fusion of the endosome with
the cell membrane to release and recycle the apoTf. [10–12].

On the other hand, chromium complexes have been suggested as
possible photosensitizers for photodynamic therapy (PDT). We have
demonstrated the capability of chromium(III) tris-diimine complexes,
[Cr(NN)3]3+, to induce DNA damage only by the excited state after irra-
diation with 452 nm light. In addition, these complexes also have the
capability of impairing the survival of irradiated bacteria. The great
advantage of these complexes is that theymay not need oxygen to gen-
erate cell damage (Foot mechanism Type I) [13], making them good
candidates to target hypoxic tumors [14,15].

Furthermore, tumor cells show evidence of a large demand of iron
for their growth, therefore they have an overexpression of the TfR. As
amatter of fact, in the last years, transferrin has been deeply studied be-
cause of its potential use as a strategy of drug targeting to tumor tissues
[16–20]. This implies that the transferrin–drug system needs to pre-
serve a proper affinity for the transferrin receptor so as to facilitate its
interaction. It has been shown that transferrin promotes uptake of
Ru(III) complexes into tumor cells [21]. Therefore, these properties of
Tf have motivated us to investigate its interaction with polypyridyl
Cr(III) complexes in order to evaluate whether this protein could act
as a potential carrier of Cr(III) complexes to tumor cells.

Previously, we demonstrated the binding properties of [Cr(phen)2
(dppz)]3+ and [Cr(phen)3]3+ complexes with apoTf [22]. The results
clearly indicated that [Cr(phen)2(dppz)]3+ and [Cr(phen)3]3+ bind effi-
ciently to apoTf. The values of association constants of the systems stud-
ied are of the same order of magnitude (105 M−1), showing that the
effect of the charge (+3) is not negligible and that the slight difference
in the value of the constant could be attributed to the nature of the li-
gands. In addition, and in agreement with the results found in the fluo-
rescence study, CD results indicate that although [Cr(phen)2(dppz)]3+

and [Cr(phen)3]3+ could bind to the protein, no conformation change
was observed. Due to the fact that the transferrin receptor, located in
the cell membrane, is capable of recognizing only holoTf, it prompted
us to study the binding properties of the Cr(III) complex to holoTf.

In the present work, we report a detailed study of the interaction of
holoTf with [Cr(phen)3]3+. The binding properties of the complex
Cr(III)-holoTf were assessed by the use of the different spectroscopic
techniques. In addition, we analyzed possible conformational changes
in the holoTf–[Cr(phen)3]3+ and apoTf–[Cr(phen)3]3+ at different
pHs, in order to get critical information for the potential use of Tf as a
carrier of Cr(III) complex, and thus shed light on the applications of
such molecules for photodynamic therapy.

2. Materials and methods

2.1. Materials

The chromium complex was synthesized as previously reported
[23–25]. The stock solutions were prepared in a phosphate buffer
solution (0.01MNaH2PO4, 0.1MNaCl, pH 7.40± 0.01) and the concen-
trations of the complex's solutions were calculated usingmolar absorp-
tivity values of 4200M−1 cm−1 at 354 nm. Bovine serum apotransferrin
(essentially iron free bovine: minimum 98%, cell culture tested T1428)
and bovine serum holotransferrin (holo-transferrin bovine N= 95%,
Cell Culture Tested T1283) were purchased from Sigma Chemical Co.,
and used without further purification. For fluorescence studies,
stock solutions of proteins were prepared in buffer solution and the
concentrations were calculated using molar absorptivity values of
74,400 M−1 cm−1 at 280 nm for apoTf and 93,000 M−1 cm−1 at
280 nm for holoTf [26]. The solutions of complex and proteins for
fluorescence studies were calibrated with HCl at three different pHs
(7.40 ± 0.01; 6.40 ± 0.01 and 5.40 ± 0.01).

The stock solutions used to study secondary structure by circular
dichroism (CD) were prepared in phosphate buffer (0.01 M NaH2PO4,
0.1 M Na2SO4) at three different pHs (7.40 ± 0.01; 6.40 ± 0.01 and
5.40 ± 0.01) using H2SO4 to calibrate the pH. According to S.M. Kelly
et al., for the CD studies it is better to use anions such as sulfate or fluo-
ride, which do not significantly absorb in this spectral range [27,28].

Millipore Milli Q water was used for preparing buffer solutions. All
other chemical reagents were of analytical grade.

2.2. Spectroscopic measurements

The UV–visible spectra were recorded on an Agilent 8453 diode
array detector spectrophotometer equipped with 1.0 cm quartz cells.
Emission spectra were recorded at several temperatures on a Quanta
Master QM2 spectrofluorometer from Photon Technology International
equipped with a Hamamatsu R928 PMT in a photon counting detector
using 1.0 cm quartz cells and thermostat bath, the excitation wave-
lengths were 280 and 295 nm, the excitation and emission slit widths
were set at 5.0 nm. Appropriate blanks corresponding to the buffer
were subtracted to correct background fluorescence. The CD
spectra were recorded on a JASCO J-810 spectropolarimeter. Measure-
ments were carried out in quartz cells of 1.0 cm path length. CD data
were expressed as the mean residue ellipticity ([θ]).

2.3. Fluorescence measurements

The quenching effects of [Cr(phen)3]3+ on holoTf at different pHs
and temperatures were shown by the well-known Stern–Volmer equa-
tion (Eq. (1)) [29]

F0=F ¼ 1þ kqτ0 Q½ � ¼ 1þ Ksv Q½ � ð1Þ

where F0 and F are the fluorescence intensities in the absence and the
presence of quencher respectively; [Q] is the concentration of quencher
(Cr(III) complex); kq is the biomolecular quenching rate constant and τ0
is the average lifetime of the fluorophore in the absence of quencher
with a value of 10−8 s [30]; and Ksv is the Stern–Volmer dynamic
quenching constant.

The fluorescence intensities used in this study were all corrected for
absorption of the exciting light and re-absorption of emitted light (in-
ternal filter) using Eq. (2) [31]:

Fcor ¼ Fobs10
ð−εexcl1cÞ 1−10ð−εexcl2cÞ

� �
� 10ð−εeml3cÞ ð2Þ

where Fcor and Fobs are the fluorescence intensities corrected and ob-
served, respectively, εexc and εem are the extinction coefficients of the
system at excitation and emission wavelengths, respectively, and l1, l2
and l3 are parameters that take into account the travel distance of the
beam in the quartz cell, 0.4, 0.2 and 0.5 cm, respectively.

2.4. Binding assays

The binding constants were determined by fluorescence intensity of
holoTf with [Cr(phen)3]3+. First, the emission spectrum of protein was
recorded at a concentration of 1.5 × 10−6 M, using a volume of 1.5 ml
and subsequently, the spectra of the same solution of the protein were
recorded in the presence of increasing concentrations of Cr(III) com-
plex, ranging from 0 up to 10 × 10−6 M. The intrinsic binding constants
were determined from the decrease of the intensity at 327 nm (λmax.),
with increasing concentrations of Cr(III) complex according to the
Bhattacharyya model (Eq. (3)) [32,33]:

1=ΔF ¼ 1=ΔFmax: þ 1=ΔFmax:Kbð Þ � 1= Q½ �ð Þ; ð3Þ



Fig. 1. Fluorescence emission spectra of holoTf in the absence or presence of [Cr(phen)3]3+.
The concentration of protein was fixed at 1.5 × 10−6 M; the concentrations of Cr(III)
complexes from a to n were (0, 0.14, 0.29, 0.44, 0.59, 0.87, 1.1, 1.6, 2.5, 3.4, 4.6, 5.8, 7.1
and 8.4) ×10−6 M, respectively; T = 298 K, pH 7.4; λex. = 280 nm, λem. = 327 nm. Inset
same spectra at λex. = 295 nm. Both excitation and emission slits were 5 nm.
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where ΔF = Fχ − F0 and ΔFmax. = F∞ − F0, where F0, Fχ and F∞ are the
fluorescence intensities of protein in the absence of Cr(III) complex, at
an intermediate concentration of Cr(III) complex and at the saturation
of interaction, respectively; Kb being the binding constant and [Q] the
Cr(III) complex concentration. The linearity in the plot of 1/ΔF against
1/[Q] confirms a one-to-one interaction between the two components.
The binding constants were determined at several temperatures to cal-
culate the thermodynamic parameters for the association processes.

2.5. Forster resonance energy transfer

In this work, the efficiency of energy transfer was studied according
to Förster's non-radiative energy transfer theory where the efficiency of
energy transfer, E, is described by Eq. (4) [34,35]:

E ¼ 1−F=F0 ¼ R0
6
= R0

6 þ r6
� �

ð4Þ

where F0 and F are the fluorescence intensities of holoTf (donor) in the
absence and the presence of Cr(III) complex (acceptor), r is the distance
between acceptor and donor, and R0 is the critical distance when the
transfer efficiency is 50%. R0 is determined from Eq. (5):

R0
6 ¼ 8:8� 10−25κ2η−4ΦJ ð5Þ

here, κ2 is the spatial orientation factor describing the relative orienta-
tion in the space of the transition dipoles of the donor and acceptor, η
is the refractive index of the medium, Φ is the fluorescence quantum
yield of the donor in the absence of the acceptor, and J is the overlap in-
tegral of the fluorescence emission spectrum of the donor and the ab-
sorption spectrum of the acceptor. J is given by Eq. (6):

J ¼ ∑F λð Þε λð Þλ4Δλ=∑F λð ÞΔλ
h i

ð6Þ

where F(λ) is the fluorescence intensity of the donor at wavelength λ,
and ε(λ) is the molar absorption coefficient of the acceptor at wave-
length λ when both spectra are recorded at the same concentration. In
this case, κ2 = 2/3, η = 1.33 and Φ = 0.13 [35,36].

From the above relationships, J and E can be easily obtained; there-
fore, R0 and r can be further calculated for a molar ratio Cr(III) com-
plex:protein 1:1.

2.6. Circular dichroism

CD spectra of apoTf and holoTf (cprotein = 4.8 × 10−7 M) and
the apoTf–Cr(III) complex at a molar ratio (ri) of Cr(III) to protein of
ri = 2.0 were recorded in the wavelength region 200 to 250 nm at dif-
ferent pHs. The corresponding absorbance contributions of buffer and
free Cr(III) complex solutions were recorded and subtracted with the
same instrumental parameters. The CD results were expressed in
terms of mean residue ellipticity ([θ]) in ° cm2 dmol−1 according to
Eq. (7):

θ½ � ¼ observed CD mdegð Þ= 10 � Cp � n � l
� �

ð7Þ

where Cp is themolar concentration of the protein (mol·cm−3), n is the
number of amino acid residues, and l is the path length (cm) [37].

3. Results and discussion

3.1. Quenching experiment

As it is shown in Fig. 1, when a fixed concentration of protein was
titrated with different concentrations of [Cr(phen)3]3+ complex, the
fluorescence intensity of the holoTf decreases, while the emission max-
imum remained unchanged. This indicates that the complex binds to
holoTfwithout altering the environment surrounding the chromophore
residues. The emission spectrum from the quencher does not overlap
with the emission spectra of the protein at thewavelengths ofmeasure-
ment λem.=327 nm. Similar behaviors were found for Toneatto et al. in
previous works [22,33].

The decrease influorescence intensity resulted from the reduction of
the fluorescence quantum yield, as a consequence of a decrease in the
electronic density once the Cr(III) complex molecule entered a hydro-
phobic cavity of holoTf. The quenching took place when the quencher
was sufficiently close to the tryptophanyl and tyrosyl residues. ApoTf
and holoTf have 8 tryptophan residues and 26 tyrosine residues, located
in both lobes of the protein [38]. When excitation wavelength of
λ = 280 nm is used, fluorescence of protein arises from both tyrosine
and tryptophan. However, when wavelength of λ = 295 nm is used,
only the tryptophan moiety is excited. Consequently, to determine
whether both residues are involved in the deactivation of the fluores-
cence of the protein, we compared the emission exciting the sample at
280 nm and 295 nm in the presence of different complex concentra-
tions. When the molar ratio (ri) of complex to protein was ri = 3.7,
the fluorescence of holoTf excited at 280 nm and 295 nm decreased
by 64% and 51%, respectively (Fig. 2A). This remarkable difference
shows that both amino acids are involved in the quenching process.

The different mechanisms of quenching are usually classified either
as static or dynamic quenching. The former refers to the formation of
a non-fluorescent fluorophore–quencher complex. In contrast, dynamic
quenching refers to the diffusion of the quencher to the fluorophore
during the lifetime of the excited state, and upon contact, the
fluorophore returns to ground state without emission of a photon
[39]. A probable quenching mechanism for holoTf and Cr(III) complex
is evidenced from the Stern–Volmer plot (Fig. 2B). A positive curvature
in the Stern–Volmer plot (Eq. (1)) can be observed. This result indicates
that bothmechanisms (static and dynamic) of quenching can take place
in the protein association process. This behavior has been described in
processes of binding between Cr(III) complexes with apoTf and albu-
mins [22,33]. This type of deviation occurs when quencher molecules
interact with tryptophan and tyrosine residues causing the fluorescence
quenching; then they change their position within the fluorophore mi-
croenvironment making room for the other molecules of the quencher.
Further, it has been recently demonstrated in similar systems that the
contribution of dynamic quenching seems to be less than the static
quenching [21].



Fig. 2. A — Relative fluorescence intensity and B — Stern–Volmer plots at λem. = 327 nm
upon titration of holoTf with increasing amounts of [Cr(phen)3]3+ at two different excita-
tion wavelengths λex. = 280 nm (●) and 295 nm (■). T = 298 K; pH 7.40.

Fig. 3. Plot of binding constant (Kb) vs. pH for holoTf–[Cr(phen)3]3+ system (●) and
apoTf–[Cr(phen)3]3+ system (■); T = 298 K. Inset, molecular graph of [Cr(phen)3]3+.
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3.2. Association between the complex and the transferrin. Effect of the pH

In order to further characterize the interaction between
[Cr(phen)3]3+ and holoTf, the binding constant, Kb, was determined at
different pHs and temperatures, from the fluorescence intensity data
using Eq. (3). Table 1 shows the binding parameters obtained from
the interaction of [Cr(phen)3]3+ with holoTf and apoTf at different
pHs. It was found that the binding constants diminished with the de-
crease of pH ranging from extracellular pH (approximately 7.40) to
endosomal pH (approximately 5.40) for both systems (Fig. 3).
Table 1
Binding parameters obtained from the interaction of [Cr(phen)3]3+with apoTf and holoTf
at different pHs.

pH apoTf–[Cr(phen)3]3+ holoTf–[Cr(phen)3]3+

Kb

(×105 M−1)
r Kb

(×105 M−1)
r

7.40 ± 0.01 1.5 ± 0.2 0.9997 1.5 ± 0.3 0.9995
6.40 ± 0.01 1.0 ± 0.2 0.9997 1.1 ± 0.2 0.9995
5.40 ± 0.01 0.7 ± 0.1 0.9995 0.43 ± 0.07 0.9997

The parameters were calculated from the data in Fig. 1 using Eq. (3); r is the regression
coefficient.
All measured binding constants are approximately in the order of
105 M−1; these are higher constants compared with ruthenium com-
plexes which are in the order of 103 M−1–104 M−1 [21,40,41].

A variety of amino acid residues as well as the carboxyl and amide
termini of proteins have a pKa range in the same range as intracellular
pH. As a result, a change in pH can protonate or deprotonate a side
group, thereby changing its chemical features. At low pH, protonation
of an acid residue might be favored generating more repulsion with
the chromium complex (+3) andmaking the associationmore difficult.
According to the pKas of aminoacids, histidine (pKa= 6.04, in the imid-
azole group) could be protonated, indicating that this amino acid should
be presently close to the binding site.

Interestingly, the binding constant values for both systems studied
are similar (Table 1 and Fig. 3), suggesting that the binding process
could occur in a site different from the specific iron binding sites of
the protein and that the Cr(III) complex association site could be the
same in both protein states (apo and holo). If the complex binds to
the apoTf at the iron site, its constant should be very different to the
binding constant of holoTf–Cr(III) complex due to the electrostatic re-
pulsion of the iron cation in the cavity. Moreover, the iron cation cannot
be substituted by the chromium complex due to the high binding con-
stant of iron for transferrin (~1022 M−1).

Table 2 shows thebinding constants obtained from the interaction of
[Cr(phen)3]3+ with holoTf at different temperatures. It was found that
the binding constants increase when the temperature rises, resulting
in an enhancement in the stability of protein–Cr(III) association.

3.3. Binding mode

Generally, small molecules are bound to macromolecules mainly
through four binding modes: hydrogen bond, van der Waals force, and
Table 2
Binding parameters obtained from the interaction of Cr(III) complex with holoTf at
pH = 7.40.

T
(K)

holoTf–[Cr(phen)3]3+

Kb

(×105 M−1)
r

298 1.0 ± 0.1 0.999
302 2.4 ± 0.3 0.997
305 3.5 ± 0.8 0.992

The parameters were calculated from the data in Fig. 1 using Eq. (3); r is the regression
coefficient.



Table 3
Thermodynamic parameters of the holoTf–[Cr(phen)3]3+ system.

T
(K)

holoTf–[Cr(phen)3]3+

ΔG
(kJ mol−1)

ΔH
(kJ mol−1)

ΔS
(J mol−1 K−1)

298 −30 ± 7
302 −32 ± 8 140 ± 2 570 ± 6
305 −34 ± 8

Data were calculated with Van't Hoff's equation; the regression coefficients were
r = 0.99124.
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electrostatic and hydrophobic interactions [42]. The thermodynamic
parameters, enthalpy (ΔH) and entropy (ΔS) of the reaction, are impor-
tant to determine the acting force. For this reason, the temperature de-
pendence of the binding constantwas studied. If we assume that theΔH
does not vary significantly over the temperature range studied, then, its
value as well as the one for ΔS can be determined from the Vant's Hoff's
equation by plotting the values of Ln Kb vs. 1/T. The temperatures used
were 298, 302 and 305 K and the enthalpy and entropy changes (ΔH
and ΔS) were calculated from the slope and ordinate of the Vant's Hoff
relationship. The free energy change (ΔG) is estimated from the follow-
ing relationship ΔG = ΔH − T·ΔS by fitting the data of Fig. 4. Table 3
summarizes the values of ΔG, ΔH and ΔS obtained for the binding site.

Many references have reported the characteristic sign of the thermo-
dynamic parameter associated with the various individual kinds of
interaction that may take place in the protein association process
[43,44]. From the point of view of water structure for ligand–protein in-
teraction, the positive values of entropy and enthalpy are frequently of-
fered as evidence for the hydrophobic interaction, because the presence
of a ligand in the protein makes the water molecules acquire a more
random structure around the site of association. The negative values
of ΔG seen in Table 3 support the assertion that the binding process is
spontaneous. The positive ΔS and ΔH values of the interaction of
Cr(III) complex and holoTf indicate that the binding is mainly an
entropy-driven process and the enthalpy is unfavorable for it, suggest-
ing that a hydrophobic interactionmay play amajor role in the reaction.
This is expected to play a role since the ligands of the complex are rather
hydrophobic. However, the electrostatic interaction cannot be excluded
in view of the charges of the species involved. These results reveal that
the [Cr(phen)3]3+ stabilizes holoTf with a strong entropic contribution
as was found for the process of binding between [Cr(phen)3]3+ and
apoTf [22] and [Cr(phen)3]3+ and albumin [33].
3.4. Energy transfer from holotransferrin to [Cr(phen)3]
3+

Förster resonance energy transfer (FRET) is a non-destructive spec-
troscopic method that can monitor the proximity and relative angular
orientation of fluorophores and the acceptor. The donor and acceptor
can be entirely separate or attached to the same macromolecule. A
transfer of energy could take place through direct electrodynamic inter-
action between the primarily excited molecule and its neighbors [45].
The spectroscopic ruler is suitable for distancemeasurement over sever-
al nanometers [46]. Using FRET, the distance r of binding between Cr(III)
complex and holoTf could be calculated by the Eq. (4).
Fig. 4. Van't Hoff plot (Ln Kb vs. 1/T) for holoTf–[Cr(phen)3]3+ system.
Generally, FRET occurs whenever the emission spectrum of a
fluorophore (donor) overlaps the absorbance spectrum of another
molecule (acceptor). The overlap of the UV absorption spectra of
[Cr(phen)3]3+ (acceptor) with the fluorescence emission spectrum of
holoTf (donor) (λexc. = 280 nm, pH 7.40) is shown in Fig. 5. Similar re-
sults were obtained at pH 6.40 and 5.40 (data not shown).

The overlap integral J could be evaluated by investigating the spectra
seen in Fig. 5. By Eq. (5), the critical distance R0 could be calculated for
the binding process. Table 4 shows the parameters regarding the FRET.
Each value of r was less than 2R0 and ranged in the efficient distance
(2–7 nm) for FRET, which indicated a reliability of the results and the
occurrence of FRET between holoTf and the Cr(III) complex. Moreover,
the results in Table 4 suggested that the bound [Cr(phen)3]3+ had an
equal distance to the Trp at all pHs tested. One explanation for this result
is that the kind of binding sites for Cr(III) complex in holoTf did not
change at the pHs tested.

The average distances between a donor fluorophore and acceptor
fluorophore on the 2–8 nm scale [47] and 0.5R0 b r b 1.5R0 [36], which
indicate that the energy transfer from holoTf to [Cr(phen)3]3+ occurs
with high probability. This was in agreement with the conditions of
the Förster non-radiative resonance energy transfer theory and again
being the consequence of a quenching between Cr(III) complex and
holoTf.

3.5. Structural changes induced by [Cr(phen)3]
3+

When molecules bind to proteins, they can produce conformational
changes in the protein, altering the secondary and/or tertiary structure.
In the case of Tf, its membrane receptor has a very high affinity for the
holoTf instead of the apoTf [1]. Between these two states of the protein
there is a huge conformational change in the tertiary structure that
Fig. 5.Thefluorescence emission spectrumof holoTf (λex.=280nm) (a) overlapswith the
absorption spectra of [Cr(phen)3]3+ (b). The concentrations of Cr(III) complex andprotein
were 1.5 × 10−6 M; T = 298 K.



Table 4
Parameters regarding the Förster's non-radiative energy transfer theory for the holoTf–
[Cr(phen)3]3+ system at different pHs.

Parameters pH = 7.40 ± 0.01 pH = 6.40 ± 0.01 pH = 5.40 ± 0.01

J 8.93 × 10−15 cm3

l mol−1
8.94 × 10−15 cm3

l mol−1
9.28 × 10−15 cm3

l mol−1

E 0.227 0.235 0.216
r 3.01 nm 2.99 nm 3.06 nm
R0 2.45 nm 2.45 nm 2.47 nm

Data were calculated according to Eqs. (4) to (6); J is the overlap integral of the
fluorescence emission spectrum of the donor and the absorption spectrum of the
acceptor, E is the efficiency of energy transfer, r is the distance between acceptor and
donor, and R0 is the critical distance when the transfer efficiency is 50%.
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corresponds to a series of rotations of the lobes and domains of the pro-
tein [48]. These rotations promote a remarkable change in the tertiary
structure spectra.

In order to determine if the binding of the complex with the protein
induces conformational changes, we used circular dichroism to study
secondary and tertiary structures at different concentrations of complex
and at different pHs.
Fig. 6. Circular dichroism spectra from 200 nm to 250 nm of holoTf in the presence or the
absence of [Cr(phen)3]3+ (A) at pH 5.40 and (B) at pH 7.40. The concentration of protein
was fixed at 1.5 × 10−6 M; the molar ratios of [Cr(phen)3]3+/protein from a to d were
0, 0.5, 1.0, and 2.0, respectively; T = 298 K, 0.04 M phosphate and 0.1 M of sulfate.
For the analysis of the secondary structure we study the region
between 200 nm and 250 nm using a protein concentration of
1.5 × 10−6 M and different concentrations of chromium complex. The
experiments were performed at pH 5.40, 6.40 and 7.40 (pH ± 0.01)
for both holoTf and apoTf, so we can evaluate the behavior of the bind-
ing between [Cr(phen)3]3+with the protein at endosomal and extracel-
lular pHs.

As can be observed in Fig. 6, the CD spectrum of holoTf (spectrum a)
exhibits two negative bands in the ultraviolet region at 208 and 218 nm
approximately, characteristic of anα-helical structure of protein.When
[Cr(phen)3]3+ was added to the solution of holoTf (spectra b to d) no
significant changes were observed in the spectra, even at different
pHs. The same behavior was found for the apoTf (data not shown).
Thus, the complex does not produce considerable conformational
changes in the protein.

In order to study the tertiary structure, we analyzed the CD spectra
in the visible region (320–500 nm) using a protein concentration of
1 × 10−4 M and different concentrations of Cr(III) complex at pH 7.40.

Fig. 7 shows the typical CD spectrum of holoTf (spectrum a) charac-
terized by two bands, a minimum and a maximum at 450 and 334 nm,
respectively, and weak signals which are attributed to the presence of
aromatic residues (phenylalanine at 255–270 nm, tyrosine at 280 nm
and tryptophan at 290 nm) in the region between 250 and 300 nm.
When [Cr(phen)3]3+ was added to the solution of holoTf (spectra b
and c) no significant changes were observed in the spectra of the pro-
tein, indicating that the presence of the complex does not produce sig-
nificant conformational changes in the protein. ApoTf has been
studied in a previous work and showed no changes at all in the tertiary
structure [22].

Taken together these results demonstrate that [Cr(phen)3]3+ can
bind to holoTf and apoTf, without altering the secondary or tertiary
structure of the proteins. These observations are consistent with the re-
sults obtained in the fluorescence and thermodynamic experiments,
from which it was concluded that the binding could occur in a site dif-
ferent from the specific iron binding sites of Tf. It is possible that the
binding of the Cr(III) complex may take place in hydrophobic patches
present in Tf near iron binding site. Furthermore, Trp and Tyr residues
may be involved, among others, as we have recently demonstrated for
the [Cr(phen)3]3+–apoTf association complex [22].

The fact that secondary and tertiary structures do not have remark-
able structural changes leads us to think that the TfR would recognize
the holoTf despite having a chromium complex associated.
Fig. 7. Circular dichroism spectra from 250 nm to 500 nm of holoTf in the absence or the
presence of [Cr(phen)3]3+. Protein concentration was fixed at 1 × 10−4 M, and from a to
c themolar ratios of [Cr(phen)3]3+/proteinwere 0, 5 and 10 respectively; d and ewere cir-
cular dichroism spectra from [Cr(phen)3]3+ at 1 × 10−6 and 2.2 × 10−6 M, respectively.
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4. Conclusions

The present study describes and explains the nature and magnitude
of the interactions between [Cr(phen)3]3+ and holotransferrin at
different conditions of pH and temperature. The binding process
has been investigated by fluorescence, UV absorption and CD spectro-
scopic approaches. We showed that [Cr(phen)3]3+ binds strongly with
holotransferrin, with an intrinsic binding constant in the order of 105

M−1. In addition, the binding constants increase when the temperature
rises, resulting in an enhancement in the stability of protein–Cr(III)
complex association and diminished with the pH decrease from extra-
cellular to endosomal pH (approximately from 7.40 to 5.40). Interest-
ingly, the binding constant values for [Cr(phen)3]3+–holoTf and –

apoTf systems studied are similar, suggesting that the binding process
would occur in a site different from the specific iron binding sites of
the protein and that the Cr(III) complex association site could be the
same in both protein states (apo and holo). The fact that secondary
and tertiary structures of the protein do not have remarkable changes
leads us to think that the TfR would recognize the holoTf despite having
a chromium complex associated. This is a relevant finding because
holoTf is known as an important carrier to target tumor cells, and there-
fore our study poses a new venue in photodynamic therapy that needs
to be further explored.
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