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ABSTRACT: The most abundant plasma protein, human serum albumin (HSA), plays a
key part in the body’s antioxidant defense against reactive species. This study was aimed at
correlating oxidant-induced chemical and structural effects on HSA. Despite the chemical
modification induced by the oxidant hypochlorite, the native shape is preserved up to
oxidant/HSA molar ratio <80, above which a structural transition occurs in the critical range
80−120. This conformational variation involves the drifting of one of the end-domains from
the rest of the protein and corresponds to the loss of one-third of the α-helix and a net
increase of the protein negative charge. The transition is highly reproducible suggesting that
it represents a well-defined structural response typical of this multidomain protein. The
ability to tolerate high levels of chemical modification in a folded or only partially unfolded
state, as well as the stability to aggregation, provides albumin with optimal features as a
biological buffer for the local formation of oxidants.

■ INTRODUCTION

Human serum albumin (HSA) is the most abundant protein
contained in plasma, and is also found in tissues and secretions
throughout the body. It is produced in the liver and contributes
to maintaining osmotic pressure in blood. Moreover, it binds
nutrients, metabolites, and drugs in order to transport and
release them.1,2 The albumin structure3 is characterized by a
repeating pattern of three homologous domains (I, II, III), in
turn composed of three loops of α-helices, each stabilized by
the presence of intraloop disulfide bridges. This carrier protein
is also an obvious target of extracellular reactive oxidant species
due to its high abundance in plasma. It is for this reason
considered the main antioxidant defense in blood.4−6

One of the main oxidants released in the extracellular
environment is hypochlorite, a key component of the
inflammatory response.7 It has bactericidal activity but it has
become apparent that collateral damage to host tissues is a key
event in a number of human pathologies linked with
inflammation.8−10 Rate constants11,12 for reaction of hypo-
chlorite with individual biological components have shown that
proteins are by far the major targets for hypochlorite in
plasma,13 and HSA, as the most abundant protein, is thought to
be the most probable target in general. Oxidatively modified
forms of HSA have indeed been detected in several pathological
conditions characterized by oxidative stress,14 and the
characterization of model systems of oxidized HSA has mainly
been addressed through chemical essays or mass spectrometry
methods to quantify and identify chemical modifications
induced by hypochlorite,13,15−17 as well as by detecting spectral
variations in UV absorption and fluorescence spectrosco-
py.18−20

The HSA response to oxidation constitutes a complex
picture as the extent of protein modification induced by
oxidants widely changes depending on the oxidant-to-protein
molar ratio and time. It is therefore difficult to create a
complete image of the HSA hypochlorite-induced damage from
the existing literature. Some interesting systematic studies have
been reported by Pattison et al.13 on the homologue bovine
serum albumin (BSA) clarifying the effect on the amino acidic
composition of increasing equivalents of the oxidant hypo-
chlorite.
It is foreseeable that repeated exposure of HSA to oxidative

environments at high oxidant protein molar ratios could
significantly affect its biological activity. With knowledge of the
well-established strict dependence of protein functionality on
protein structure, a correlation between the structure and the
oxidation state of HSA is expected to be crucial for rationalizing
the effect of oxidation on the functional ability of this protein.
This study will help clarify the mechanism of oxidant defense
played by HSA and explain whether structural features make
this protein particularly suitable as a reactive species scavenger.
To address these questions, we correlated chemical damage

and protein structural stability over a broad range of oxidant/
protein ratios (OPR[NaOCl]/[HSA], ranging from 10 to
170), comprising both relevant physiological oxidant concen-
trations (high-micromolar or low-millimolar levels in inflamed
tissues21) and higher oxidant/protein molar excesses explored
in in vitro experiments. We used a new multitechnique
instrumental platform to probe both chemical and structural
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changes.22 It combined the simultaneous collection of small-
angle X-ray scattering (SAXS), UV/vis absorbance spectra, and
fluorescence emission on the same sample volume and it is in
the following referred to as SUrF (SAXSUV/vis and
fluorescence). The reliability of the structural characterization
of the oxidized protein in solution was enhanced by the in-line
separation with size exclusion chromatography (SEC).
The results demonstrated that the high resistance of the HSA

functionality to oxidation is correlated to a stability of its
tertiary structure up to relevant oxidation conditions (oxidant/
protein molar ratio <80). Under further oxidative stress, HSA
partially loses its native tertiary and secondary structure, and
assumes an elongated form. The structural transition occurs
very reproducibly in the critical range of an oxidant/HSA molar
ratio between 80 and 120. This behavior illustrates a new
feature from the known conformational plasticity of HSA in
conditions that destabilize its native folding.2

■ EXPERIMENTAL SECTION
Sample Preparation. Human serum albumin (HSA)

lyophilized powder, fatty acid- and globulin-free (≥99%, type
A3782), obtained from Sigma was dissolved in 10-mM
phosphate buffer at pH 7.4 and centrifuged at 18 × 103 g for
10 min at 4 °C. The protein concentration was measured by
collecting a UV spectrum of the stock solution with a 1 mm
path length, using the absorbance at 280 nm and the extinction
coefficient23 37 500 M−1cm−1.
Mixing conditions constitute an important aspect of rapid

chemical reactions. Here, we optimized the method of
preparation to minimize inhomogeneity during mixing and
could thus avoid the uncontrolled and exclusively local
exposure of the protein to higher concentrations of oxidant.
We used SEC as a guide and assumed that if the chromato-
grams of the oxidized HSA samples showed the expected24,25

two peaks with the monomer/oligomer relative populations of
a native sample (about 85 and 15%), then the mixing
conditions ensured homogeneity.
The NaOCl-oxidized HSA samples were prepared by mixing

equal volumes of HSA and NaOCl stock solutions. In the SUrF
“single-shot” experiments (see Supporting Information Section
1), the final protein concentration was about 5 g/L (75 μM),
while it reached about 10 g/L (150 μM) in the samples injected
in the SEC column. The HSA concentration in the oxidized
and then desalted samples which underwent zeta-potential
measurements was around 30 μM. In the case of CD
measurements the final protein concentration was 22.75 μM.
Samples with oxidant/protein ratios ([NaOCl]/[HSA]) from 0
up to 170 were analyzed. All the experiments, unless otherwise
specified, were performed in degassed 10-mM phosphate buffer
with pH 7.4, at room temperature (24 ± 1 °C). After
preparation, the oxidized protein samples were also stored at
room temperature.
A series of fresh NaOCl working solutions with the

concentration required to reach the desired oxidant/protein
ratio in the final sample were used in the experiments. First, a
stock solution of NaOCl was prepared by diluting commercial
NaOCl solution (from Sigma, type 425055, reagent grade,
available chlorine 10−15%) with buffer. The concentration of
this NaOCl stock solution (maximum 80 mM) was determined
by measuring the UV absorbance at 293 nm after dilution in a
NaOH solution with pH 12, in a 1 cm quartz cuvette, using the
molar extinction coefficient26 value of 350 M−1cm−1. The
working solutions for the oxidation of HSA were then obtained

by conveniently diluting the stock solution in buffer. The
working solutions of NaOCl were stored on ice or in the
refrigerator at 4 °C during the day of the experiments and
brought to room temperature before performing the mixing
with the protein solution.
Due to the alkalinity of the commercial initial solution of

NaOCl and the low concentration of the buffer employed, the
HSA samples prepared at highest protein concentration and
highest oxidant/protein ratio could reach a pH as high as 9 just
after mixing. However, the results of structural characterization
refer to the oxidized protein eluted with buffer in a SEC
experiment and so equilibrated at native pH (7.4). SAXS
characterization was performed on the oxidized samples also
without SEC and the agreement between the results of the two
approaches is discussed in the Results Section. In the samples
for CD measurements prepared at lower protein concentration
the highest pH reachable just after the mixing of HSA and
NaOCl solutions was 8, but decayed to less than 7.7 in 5 h.
The time elapsed between the mixing of HSA and NaOCl

and the data acquisition in the case of the SUrF experiments is
specified in the Supporting Information, Section 1. In the case
of the CD experiments, the data acquisition started between 15
and 30 min after the mixing; the measurements were also
repeated after 18 h from preparation and no variation of the
CD spectra of the samples was observed. In order to measure
the zeta potential of oxidized HSA by means of electrophoresis,
the samples were prepared as previously described and then
desalted in phosphate buffer with a GE-healthcare PD-G25
Miditrap buffer-exchange column, 10 min after oxidation.

Characterization with the SUrF Platform. The com-
bined SAXS and spectroscopic experiments were performed at
the I-911 beamline at MAXlab, for which the specifications
were reported by Labrador et al.27 An outline of the SUrF multi
probe set up was reported by Haas et al.22 We used the second
generation of the platform and a detailed description of the
experimental procedures used in data acquisition and treatment
is reported in the Supporting Information Section 1.

Circular Dichroism. The circular dichroism (CD) spectra
were recorded between 260 and 190 nm in a JASCO J-750
spectropolarimeter at 25 °C using a bandwidth of 0.5 nm, a 50
nm/min scan rate and averaging 3 acquisitions. The
demountable quartz cuvette path length was 0.1 mm and the
protein concentration was 22.75 μM. The raw data in
millidegrees were subtracted by the buffer contribution and
converted into medium residue ellipticity (MRE, units [deg
cm2 dmol−1]) considering that HSA has 585 amino acids. The
MRE at 222 nm was used to estimate the α-helix secondary
structure content, according to the method suggested by Chen
et al.28 (%α-helix = 100 × (−MRE222 nm − 2340)/30 300). In
this case error bars were computed estimating the standard
deviation of the MRE values dependent on a 1% uncertainty of
the protein concentration value, a 0.5% uncertainty of the
demountable cell path length and a 1% uncertainty due to noise
in the spectra. In addition, the full CD spectra between 190 and
250 nm were analyzed by means of both the BeStSel29 Web
server and the CONTIN/LL algorithm of the software package
CDpro.30 Both methods provide a least-squares fit of the far-
UV CD spectra in terms of secondary structure components
(e.g., α-helix, β-strands, turns, disordered/other). In the case of
HSA, the α-helical (both regular and distorted at the ends of
the segments) and disordered/turn structures accounted for
most (>93%) of the secondary structure predicted in all
conditions.
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Zeta Potential. The measurements were performed at 25.0
°C, using a MALVERN NanoZetaSizer apparatus (Malvern
Instruments LTD, UK) equipped with a 5 mW HeNe laser.
This instrument technique combines laser doppler velocimetry
and phase analysis light scattering to determine the average
mobility and the mobility distribution. The ζ-potential of the
particles (in mV) was obtained from the electrophoretic
mobility u measured using the Smoluchowski relation ζ = uη/ε,
where η and ε are the viscosity and the permittivity of the
solvent phase (water), respectively. The measurements were
performed using a folded capillary cell (Malvern, UK), and the
runs were carried out in triplicate for each sample, each repeat
consisting of 12 to 24 sub-runs. The reported values are the
average of the three replicate measurements on the same
samples, and the error bars represent the standard deviation.
SAXS Data Analysis. SAXS data reduction (radial

averaging, buffer subtraction) was performed with the software
RAW,31 using silver behenate to calibrate the range of the
scattering vector (q) and water to convert the detector data in
absolute intensity.32,33 The model-independent analysis of the
scattering profiles in the approximation of the monodisperse
ideal solution gives information on the overall shape and
dimensions of the particles. A first estimate of the radius of
gyration (Rg) according to the Guinier approximation34 at low

q ( = ·
−⎡
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) was made by fitting the data with

PRIMUS,35 considering a q range between qmin = 0.012 Å−1 and
qmax = 1.3/Rg. Model-free analysis through indirect Fourier
transformation, providing the pair distance distribution
function (P(R)), from which the maximum particle distance
(Dmax), and the direct space Rg and scattering intensity at zero
angle (I0) could be calculated, was performed with GNOM36

and IFT-BayesApp.37 The same q range (0.012−0.35 Å−1) was
selected for all data. IFT-BayesApp also gave the equivalent
ellipsoid axis ratio38 that is very diagnostic of a transition from a
globular to elongated shape.
The ab initio program GASBOR39 was used in order to build

3D-models from the SAXS profiles. This software employs the
average scattering factor of amino acids and makes it possible to

model the particle as a protein chain-like assembly of dummy-
residues, whose number is constrained according to the known
sequence of the protein. The calculations were performed with
P1 symmetry. A series of 20 models was generated, and the
similarity of the obtained structures was verified by
DAMAVER40 and DAMCLUST,35 in which the superposition
was performed by the SUPCOMB41 code. A normalized spatial
discrepancy (NSD) value was calculated and used as a
parameter to determine the difference between two three-
dimensional models. The model most similar to the others was
chosen as representative.
The combined rigid-body/ab initio approach implemented in

BUNCH42 was also used to model possible partially unfolded
conformations of HSA fitting the scattering data of the oxidized
protein. High-resolution coordinates found in the pdb entry
1AO643 were employed to create the starting model to be
optimized, which was composed of rigid moieties intercon-
nected by flexible linkers.

■ RESULTS

Fingerprinting Oxidized HSA Substates by SEC-SAXS.
The size exclusion chromatography (SEC) analysis of the
reference nonoxidized sample showed as expected a highly
monomeric protein solution with a small contribution of
oligomers. We observed that all the oxidized samples preserved
the same monomer/oligomer relative populations as the native
protein solution (Figure 1a). The oxidized samples showed a
peak broadening and a systematic shift of the elution profile
toward lower elution volumes compared with the reference
sample. Values for the decrease of the elution volume of the
main peak relatively to the reference sample are shown in
Figure 1b as a function of increasing OPR, together with the
absolute increase of the full width at half-maximum. In principle
the elution should take place in conditions of absence of
interactions between protein and stationary phase. However,
interactions of electrostatic nature could also contribute to the
observed peak position and peak broadening, together with the
determinant hydrodynamic properties of the protein and the
existence of a population of conformers. In the case of the

Figure 1. SEC analysis of increasingly oxidized HSA samples showed a systematic shift of the retention volume and peak broadening. (a)
Chromatogram traces recorded by the UV-280 nm detector of the SEC apparatus during the elution of oxidized HSA samples with oxidant/protein
ratios: 0 (black dotted), 40 (red solid), 80 (green solid), 90 (blue solid), 98 (purple solid), 105 (cyan solid), 120 (black solid), 140 (orange solid),
170 (gray solid). (b) Relative decrease of the elution volume compared with the reference sample (ΔVolume, ordinate axis to the left, black dots)
and increase of full width at half-maximum (FWHM, to the right, blue dots) of the main elution peak. The increase of the ionic strength of the
elution buffer (containing 0.15-M NaCl) determined smaller volume shifts (gray squares) and peak broadening (cyan squares).
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oxidized protein samples, the oxidation degree could be
correlated with an increase of electrostatic repulsion, which
could be attenuated in the presence of an electrolyte. As shown
in Figure 1b, the relative shift and the peak width were indeed
reduced significantly when the ionic strength of the elution
buffer was increased through the addition of 150 mM NaCl.
The structural parameters obtained by the SAXS analysis of

the monomer fraction had a sigmoidal dependence with
increasing OPR (Figure 2). A steep increase of the total particle
dimensions (Rg and Dmax, Figure 2a,b) and axial ratio (Figure
2c) was observed at critical OPR values around 80, and a
plateau was seen for values higher than 120. The sigmoidal
profile indicated that a transition between the low and high
OPR values occurred, with the protein undergoing a structural
rearrangement from its native globular shape to a more
elongated one. The loss of the native tertiary structure was
evidenced by a characteristic evolution of the P(R) profiles
from the typical bell shape of the native form to a bimodal
distribution (Figure 2d).
In addition, the visualization of the scattering data in the

form of a Kratky plot highlighted that this structural variation
did not imply a significant increase of the protein chain
flexibility that is typical of unfolded states. This representation
(diagram of scattered intensity I(q) multiplied by the squared

scattering vector q2 as a function of q) makes it possible to
qualitatively distinguish a globular protein from a premolten
globular structure or an advanced unfolded state.44 In the case
of oxidized HSA when the OPR values increased, the initial bell
shape of the Kratky plot demonstrated an increasing positive
skewness, indicating a more elongated structure,45 but was far
from reaching a plateau at higher q, typical for a protein
behaving as a Gaussian-like coil (Figure 2e).
The oxidation-induced conformational change could be well

depicted by comparing the low-resolution models obtained by
fitting the experimental scattering profiles of the protein at
increasing oxidative damage. In contrast with the hearth shape
typical of the native form at low OPR values (≤40), at high
OPR values (≥120) the representative models presented a
markedly extended lobe (Figure 3). In the latter case, the
average number of residues found in the extended lobe allowed
us to roughly estimate that it was equivalent in size to one of
the end-domains of HSA. An alternative modeling approach
which assumes the known domain-structure of HSA and was
used in the past to model the HSA unfolding in urea,46,47 was
then tried to fit the same scattering data. The intact HSA
domains II and III and the three loops of domain I were used as
structural units interconnected by flexible linkers. Repeated
optimizations converged to the same spatial distribution of

Figure 2. Variation of structural features derived from the SAXS data as a function of the oxidant/protein ratio ([NaOCl]/[HSA]) suggests that the
oxidized protein monomer assumes a progressively elongated shape. The parameters derived from the SEC-SAXS data collected at the monomer
peak maximum (red) and from the “single shot” experiment without SEC (black) are compared. (a) Radius of gyration (Rg); the error bars show the
standard deviation estimated by the fitting procedure. (b) Maximum intraparticle distance (Dmax); error bars corresponding to 5% of the value are
displayed. (c) Axis ratio of the equivalent ellipsoid of revolution. (d) Pair distance distribution functions derived from the SEC-SAXS data collected
at the monomer peak maximum for increasingly oxidized HSA. (e) Representation of the scattered intensity I(q) profiles collected at the monomer
peak maximum for increasingly oxidized HSA in the form of Kratky plot (I(q)·q2 vs q). This visualization helps to assess the degree of flexibility of
proteins in solution since a bell-shape is expected for a globular particle while a plateau is expected for a coil.
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domains, and supported the fact that a detachment of one of
the end-domains of HSA induced by the increasing amount of
hypochlorite chemical damage was compatible with the
experimental data (Supporting Information, Figure S1).
The SAXS analysis for the series of NaOCl-treated HSA

samples that did not undergo SEC (Supporting Information,
Figure S2) showed the same behavior presented above, except
for a slight incremental shift of the dimensional parameters

(black dots in Figure 2a,b,c). This suggested that the
contributions of HSA oligomers and also of possibly higher
pH environment in the samples which underwent addition of
the most concentrated NaOCl solutions were rather negligible
in the process, and the intrinsic effect of the chemical
modification caused by hypochlorite was the cause of the
structural transition. The outcome was the same also when
looking at the SAXS data collected at short times (between 5
and 15 min) from the oxidant addition (Supporting
Information, Figure S3b), demonstrating that the structural
transformation induced by oxidation was fast and that, once in
the highly oxidized state, albumin retained the open
conformation and was not subject to aggregation or further
degradation in this time frame. Measurements performed at
longer times (>24 h) showed a slight decrease of the scattered
intensity for the highly oxidized samples demonstrating a
possible partial fragmentation48 of the protein. The phenom-
enon was modest and did not significantly affect the SAXS
curve and P(R) shapes (Supporting Information, Figure S4).

Secondary Structure and Surface Charge of the
Oxidized HSA. Complementary experiments for the character-
ization of the secondary structure composition and average
surface charge of the oxidized protein conformer were
performed and the results are presented in Figure 4.
The far-UV circular dichroism (CD) signal mostly due to the

α-helical secondary structure of HSA progressively decreased
with the increase of the oxidative damage without showing a
sigmoidal variation resembling the low-resolution structural
parameters (Figures 4a and S5). The CD-based estimation of
the secondary structure composition implied that the full
oxidation-induced denaturation caused a loss of about 35% of
the native α-helical folding with advantage of the content of
disordered structure.
The zeta potential measurements pointed out that the

hypochlorite-induced chemical modification caused an increase
of the protein’s negative charge as soon as the OPR reached a
critical level (Figure 4b). This threshold could be estimated

Figure 3. Low-resolution structural models of the increasingly oxidized
HSA monomer derived from SAXS data fitting. Representative dummy
atom models fitting SEC-SAXS data (from the maximum of the main
elution peak) of oxidized HSA samples up to 0.35 Å−1. Going from the
top left to the top right the experimental [NaOCl]/[HSA] ratios were:
0 (blue), 40 (cyan), 80 (green), 90 (yellow), 98 (light orange), 105
(orange), 120 (red), 140 (purple), 170 (violet). A dimensional bar
corresponding to 72 Å is shown as a reference.

Figure 4. Results of complementary experiments aimed at assessing the protein secondary structure and surface charge variation induced by the
oxidation process. (a) Far-UV CD spectra of oxidized HSA samples with oxidant/protein ratios ([NaOCl]/[HSA], OPR): 0 (red solid), 20 (green
solid), 40 (blue solid), 55 (purple solid), 70 (cyan solid), 80 (black solid), 90 (orange solid), 98 (gray solid), 105 (red dotted), 112 (green dotted),
120 (blue dotted), 130 (purple dotted), 140 (cyan dotted), 150 (black dotted), 170 (orange dotted). In the inset, decrease of the α-helical content
estimated from the CD spectra as a function of OPR. The percentage of α-helical structure estimated by means of the Chen equation28 (black dots),
the BeStSel web server29 (purple dots), and the CONTIN/LL algorithm of the CDpro package49 (blue dots) are displayed. (b) Decrease of the zeta
potential measured on oxidized HSA samples.
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around 80 in the OPR scale, similarly to the SAXS dimensional
parameter variation.
The loss of roughly one-third of the α-helical secondary

structure could be probably attributable to the unfolding of the
helices in the interdomain regions and in one of the three main
lobes of the protein, which drifted apart. The intramolecular
electrostatic repulsion generated with chemical modification
could be responsible for the protein structural transition,
determining a driving force to partial local disruption of the
secondary structure and to the domain separation.
Spectral Features of Oxidized HSA. The use of the SUrF

platform enabled us to collect UV/vis absorption and
fluorescence emission spectra on the same sample volume as
the SAXS data, thus allowing for a reliable correlation of the
information derived from the three techniques (Figure 5). The
UV spectra of the oxidized samples showed that a detectable
chemical modification of the protein occurred for OPR values
as low as 20. According to the spectra obtained as a difference
with respect to the curve of the nonoxidized sample, the main
variations in the UV absorbance took place at about 250 and
304 nm (Figure 5d). The absorbance at these wavelengths was
observed to almost linearly increase as a function of the OPR
up to a value of 120. For higher ratios, a second linear pattern

with a larger slope was detected (black dots in Figure 5a,b) and
this further increased absorbance at 304 nm was observed to
decay in the 15 min time frame of the experiment (Supporting
Information, Figure S3a,c). Interestingly, the changes observed
in the UV spectra as a function of the OPR did not match the
sigmoidal pattern of the SAXS parameters. The absorbance
values maintained a linear increase in the range of oxidant doses
which determined the abrupt structural expansion (OPR
between 80 and 120). At higher doses, when the increased
protein dimensions reached the plateau (OPR > 120), we
noticed a steeper increase of the absorbance values due to the
formation of labile species.
Similarly, there was no correlation between SAXS and the

tryptophan maximum fluorescence emission. Instead, we found
that the emission intensity very quickly decayed to less than
60% of the initial value for the lowest OPR value of the
experiment (OPR = 10). A complete loss of the tryptophan
fluorescence was observed at OPR = 70 where the SAXS data
(reported for this sample in the Supporting Information, Figure
S2) showed only slight deviations from the native protein, thus
demonstrating that the chemical damage of HSA had to be
severe in order to affect the protein conformation probed by
SAXS.

Figure 5. Variation of spectral features collected simultaneously with the SAXS data as a function of the oxidant/protein ratio ([NaOCl]/[HSA]).
(a) UV absorbance at 304 nm. (b) UV absorbance at 250 nm. In these plots the absorbance data from the “single shot” experiments without SEC
(black) are compared to those from the SEC experiment, both from the main peak (red) and oligomer peak (gray). The values from the SEC
experiment are scaled according to the concentration estimated by the absorbance at 280 nm of the reference sample ([NaOCl]/[HSA] = 0). (c)
Maximum fluorescence intensity. (d) UV−vis absorbance spectra of increasingly oxidized HSA. In the inset, the difference between UV−vis
absorbance spectra of oxidized samples and the nonoxidized reference ([NaOCl]/[HSA] = 0). (e) Fluorescence emission spectra with an excitation
wavelength set at 293 nm and half width at half-maximum of 15 nm. In (d) and (e) the color code for the increasing [NaOCl]/[HSA] values is 0
(red), 10 (green), 20 (blue), 40 (purple), 70 (cyan), 80 (yellow), 90 (black), 98 (orange), 105 (gray), 112 (red), 120 (green), 130 (blue), 140
(purple), 150 (cyan), 170 (yellow). The arrows represent a guide in order to follow the series of spectra in increasing order of oxidant/protein ratio.
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Oxidation of HSA Oligomers. The oxidation experiment
on HSA performed using SEC in combination with the SUrF
platform showed similar UV spectral features of the oxidized
protein both in the main monomer peak and in the minor peak
of oligomers (Supporting Information, Figure S6), indicating
that the oligomeric forms present in the samples underwent
chemical damage to a similar extent. Even if notably noisier, the
SAXS data collected in correspondence with the secondary
maximum observed at lower elution volumes than the
monomer clearly showed that the average shape of the
oligomeric species (mainly dimers) was also distinctly different
in the oxidized protein as compared to the native form
(Supporting Information, Figure S7). These findings suggested
that the chemical modification did not induce more protein

oligomerization but rather triggered the structural transition in
the already existing oligomers. The characteristic bimodal P(R)
could be interpreted as indicative of dimers formed by protein
molecules in the elongated form seen for the highly oxidized
monomers.

Conformational Heterogeneity in the Intermediately
Oxidized Samples. From the experimental SAXS data
obtained in correspondence of the main SEC elution peak of
the increasingly oxidized protein samples, two clearly
distinguishable conformations could be pointed out, one typical
of the native form (besides, stable even when the protein is
oxidized with 40 mol equiv of hypochlorite) and the other one,
markedly elongated and with bimodal P(R), typical of samples
treated with an oxidant amount higher than a critical level

Figure 6. Comparison between the HSA monomer shapes derived from SAXS data collected at different points of the main SEC peak reveals
different conformers can coexist in the intermediately oxidized samples. The results of this analysis for the samples with oxidant/protein ratio = 0
(reference, a), 90 (b), 105 (c), and 140 (d) are shown. In each case the chromatogram trace plotted using the buffer-subtracted scattered intensity
integrated between 0.04 and 0.1 Å−1 is displayed on the left. The P(R) functions obtained for some of the experimental frames collected across the
eluted peak are superimposed in the middle plot. In the third plot the UV spectra collected halfway during the SAXS exposure are also compared.
The data are shown as solid lines of the same color as the box highlighting the corresponding frame. Both the P(R) and the UV spectra plots were
rescaled according to the I(0) obtained from the P(R). On the right some dummy-residue reconstructions obtained by fitting the SEC-SAXS data of
the intermediately oxidized samples in b and c are shown, with a color code corresponding to the highlighted points in the chromatogram trace.
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(≥120). The low-resolution models recovered from the average
SAXS data of the protein monomer at intermediate OPR values
provided intermediate structures showing a progressive
extension of a lobe from a globular moiety upon increasing
oxidation (Figure 3). The correct interpretation of this gradual
change of the average conformation between these two
extremes could be debated as originating from the existence
of intermediately elongated conformations at intermediate level
of chemical damage or from the coexistence of better defined
populations of different conformers.
A deeper exam of the protein conformation distribution

could indeed be performed looking to the P(R) functions
obtained from data collected at different elution times within
the SEC peak related to the monomer (see Figure 6). Relatively
well-defined conformations were found in the native (OPR =
0) and fully oxidized (OPR = 140) protein samples. The
reference sample provided the typical bell shape of native HSA
at all the elution volumes (Figure 6a) whereas the same
characteristic bimodal shape of the P(R) was found throughout
the eluted peak of the highly oxidized sample at OPR = 140
(Figure 6d). In the case of two intermediately oxidized samples
(Figure 6b,c) a systematic variation toward more elongated
forms was detected going from larger to smaller elution
volumes (decreasing frame number). For the OPR = 90 sample,
the conformation with the smallest Dmax could resemble the
native form, while the form with larger Dmax could be
comparable with that present at the maximum of the OPR =
105 sample peak. On the lower volume side of this peak
(Figure 6d), a gradual appearance of the characteristic bimodal
P(R) could be associated with the dumbbell shaped conformer
found in the more oxidized samples as a minor contribution. By
an average chemical point of view, the sampling of the UV/vis
spectra showed no clear dishomogeneity in the oxidation level
throughout the peak for each OPR value. In our opinion both
an unresolved mixture of two main distinct conformations and
more complex mixtures of a larger number of intermediates
with oxidant ratio dependent fractions could explain the
variation of the P(R) functions throughout the peak of the
intermediately oxidized samples. Chan et al.50 suggested that
the most definitive determination of two-state behavior would
be the experimental observation of two distinct populations
near the midpoint of the transition and that, for slowly
exchanging systems, this could be done by transport methods,
such as SEC. In our experiment, we observed a notable peak
broadening for the oxidized samples but not clearly distinct
populations could be resolved.

■ DISCUSSION
The order of reactivity of the amino acids toward hypochlorite
can guide an interpretation of the observed structural and
spectral variations occurring at increasing oxidant doses,
assuming that the hypochlorite equivalents are consumed to
modify the protein’s oxidizable residues in decreasing order of
the kinetic constants for the reaction. Kinetics constants of the
reactivity of amino acid model systems toward hypochlorite
have been obtained by Pattison et al.12 and they were also used
to explain the amount of amino acid consumption at different
reactant levels for proteins with known sequence like BSA.13 In
the case of BSA it was shown that the predictions based on the
kinetic model, involving also secondary chloride transfer
reactions from the chloramines generated, were essentially in
agreement with the experimental composition of the oxidized
protein after 24 h incubation, at least in terms of the average

order of reactivity of the amino acids. Some discrepancies
highlighted a role of the protein tertiary structure in modulating
damage to specific residues.
Based on their results, one can build a rank of reactivity of

the amino acids of HSA toward hypochlorite (Supporting
Information, Table S1) which can be used to predict where
their oxidation is expected on an OPR scale. The distribution of
these potentially oxidizable amino acids in the HSA tertiary
structure is also shown in the Supporting Information, Figure
S8.
According to this order, tryptophan was thought to be

oxidized at the low oxidant/protein molar ratio regime of our
experiments (OPR < 80), as manifested by the complete
depletion of tryptophan fluorescence in this range of oxidant
dose.
The OPR critical region where the progressive opening

toward an elongated conformation was detected is highlighted
in yellow in Table S1. We notice that according to this order
the lysine residues (abundant in HSA) should be the main
target of the chemical modification in this regime of oxidant/
protein ratios. We could argue that these residues started a
conversion to chloramines for molar ratios higher than 40.48,51

After a critical molar excess (around 80), the modification of
some pivotal lysine residues triggered the disruption of crucial
interdomain salt-bridge interactions stabilizing the heart-shaped
native form. Modification of additional lysine residues by higher
hypochlorite doses (OPR between 80 and 120) would to a
greater and greater extent stabilize an “open” conformation in
which one of the end domains drifted apart from the rest of the
oxidized protein. At OPR > 120, where no further opening was
observed, a progressive oxidation of chloramines to dichlor-
amines was believed to occur as demonstrated by the formation
of an intense absorption band at 304 nm in the UV spectra.
This band quickly decayed in time, as expected, due to the
instability of the dichloramines.52 It is interesting to note that a
further negative charge increase and helical structure disruption
occurred in this regime (Figure 4).
Specific kinetic constants for the further conversion of the

lysines from monochloramines to dichloramines were not
measured, but the possibility of this conversion with an excess
of hypochlorite was pointed out for the nitrogen-containing
side-chains of glycosamines,53 and deduced for HSA in one of
the early studies about hypochlorite modification.54

All together, we could deduce that the modification of
electrostatic interactions through transformation of positively
charged amine groups in unstable chloramines represented the
major factor in determining protein native shape destabiliza-
tion. Even if not evidenced as frequently as the more common
methionine oxidation products, probably due to the difficulty in
experimentally capturing the formation of still reactive
chloramines by means of the most used chemical essays and
mass spectrometric methods,55 lysine oxidation could be a
relevant and general mechanism by which hypochlorite-
damaged proteins become unstable or undergo conformational
changes. For example the correlation between the formation of
protein chloramines and physiologically relevant functional
variations induced by hypochlorite was demonstrated in the
case of a protein acting as chaperone.56

■ CONCLUSIONS
The reported results highlight that HSA can tolerate the
oxidation effect of large doses of hypochlorite in its folded state,
as well as unfold only partially at extremely high oxidative
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damage, thus showing a tuned structural response. In addition,
they show that the conformers are stable against aggregation
and phase separation. A hypothesis suggested by this behavior
would be that HSA can act as a biological “hypochlorite buffer”
to control the local formation of this highly reactive oxidant.
Indeed, these properties give the protein the capability to store
a short-term oxidizing potential in the form of the reactive
mono- and dichloramines and to release it in the environment
upon diffusion. A direct consequence could be that HSA would
have the ability to spread the bactericidal activity related to the
hypochlorite-induced modifications and at the same time
reduce the local oxidative burst and protect more susceptible
proteins. The observed structural stability suggested that the
biological functions of albumin could be partially preserved
when oxidized.
Furthermore, the well-defined conformational variation of

HSA triggered by the hypochlorite oxidation represents a new
and fundamental addition to the structural rearrangements
possible for this multidomain protein in response to func-
tional57 and denaturing conditions.2,46,58

For the several investigators working with albumin the
reported biophysical characterization can be an important piece
of information to rationalize experiments in the presence of
oxidants. Meanwhile it opens the way for studies aimed at
analyzing the effects of different conditions (such as the
presence of small-molecule antioxidants or the binding of
ligands) on the observed oxidation-induced structural tran-
sition. We could also speculate that the conformational change
of HSA caused by the hypochlorite-induced chemical
modification could help rationalize on a structural basis the
observations about an apparent implication of the “chlorinated”
form of HSA in specific receptor recognitions with potential
roles in physiological processes like clearance of the damaged
protein or inflammation stimulation.59−63
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