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GRAPHICAL ABSTRACT
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ABSTRACT

High pressure (HP) is a particularly powerful tool to study protein folding/unfolding, revealing
subtle structural rearrangements. Bovine B-lactoglobulin (BLG), a protein of interest in food
science, exhibits a strong propensity to bind various bioactive molecules. We probed the effects of
the binding of biliverdin (BV), a tetrapyrrole linear chromophore, on the stability of BLG under
pressure, by combining in situ HP-small-angle neutron scattering (SANS) and HP-UV absorption
spectroscopy. Although BV induces a slight destabilization of BLG during HP-induced unfolding,
a ligand excess strongly prevents BLG oligomerization. Moreover, at SANS resolution, an excess
of BV induces the complete recovery of the protein “native” 3D structure after HP removal, despite
the presence of the BV covalently bound adduct. Mass spectrometry highlights the crucial role of
cysteine residues in the competitive and protective effects of BV during pressure denaturation of

BLG through SH/S-S exchange.



STATEMENT OF SIGNIFICANCE

Pressure is a particularly sensitive tool for unfolding proteins and thus better understanding their
folding pathway. Bovine B-lactoglobulin (BLG), a protein of interest in food science, has a high
propensity to bind various bioactive molecules. We show that biliverdin (BV) completely inhibits
BLG oligomerization, making the pressure-induced unfolding of BLG completely reversible. We
demonstrated the crucial role of binding to BLG cysteine residues in these protective effects of BV
and proposed a disulfide bond exchange mechanism. Added to previous results, this study
highlights the effects of various ligands on BLG under pressure as a function of their binding site,
their affinity, and their chemical reactivity. Our strategy opens up new possibilities for the

structural determination of protein intermediates and oligomers.



INTRODUCTION

High pressure (HP) is a powerful tool to study protein folding/unfolding mechanisms,
especially to probe their folding intermediates.® It is now well known that the application of HP
induces the disruption of the native protein structure due to the decrease of the volume of the
protein/solvent system upon denaturation. These pressure-induced structural changes alter the
functional properties of the pressurized proteins. Pressure mostly unfolds proteins because the
hydrophobic cavities present in the folded state are eliminated in the unfolded states by the water
penetration inside.? Therefore, ligand binding to the cavities can stabilize proteins and
consequently increase their stability under HP.2

In food science, HP processing (HPP) has been developed for years on an industrial scale.*
® The advantages of HPP are reduction of energy costs, "greener" processing, and preservation of
nutritional values, colours, and flavours.® This emerging non-thermal technology has shown
novel applications in the food industry (texturing, freezing, etc.). In addition, it has been suggested
that it allows better protein digestibility.® Despite the importance of such macroscopic effects,
fundamental studies on HPP, especially concerning in situ HP-induced protein structural changes,
remain scarce and largely insufficient to establish trends and understand the involved mechanisms.

Bovine B-lactoglobulin (BLG), the major whey protein, exhibits good solubility in a broad
pH range, as well as numerous techno-functional properties (such as emulsion stabilization and
gel formation), which make it a suitable choice for use as an additive in food industry.1%
However, pressure treatment has detrimental effects on emulsion efficiency and stability of BLG
due to its oligomerization and aggregation.*?> Additionally, BLG is one of the most common
allergens of milk3, and the effect of HPP on its allergenicity remains unclear and might strongly

depend on the pressure values used.*



BLG (Fig. 1) contains a hydrophobic cavity with a strong ability to bind various ligands,
as well as a high propensity towards unfolding under HP.® From a fundamental point of view, it is
a relevant model system to study the effects of ligand binding on protein stability under pressure.
BLG belongs to the lipocalin protein family, whose members fold up into eight-stranded
antiparallel B-barrels, arranged to form the central hydrophobic cavity. An intramolecular disulfide
bridge between the cysteines (Cys) 106 and 119 stabilizes this B-barrel structure. Additionally,
Cys66 and Cys160 residues form a second disulfide bond near the edge of the hydrophobic
cavity.'® Finally, Cys121 exists in a free form and is buried under the a-helix located on the surface
of the native protein ® (Fig. 1). Free Cys residues are known to trigger the formation of
intermolecular disulfide bonds through SH/S-S interchange reactions under HP or high

temperature (HT), leading to the protein covalent oligomerization and/or aggregation.
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Figure 1. (A) Ribbon model of the crystal structure of BLG monomer (PDB:3BLG). Tryptophan
(Trp) aromatic side chains are shown in red (Trp19 and Trp61), with Trp19 residue near the BLG
cavity. The two disulfide bridges CyS66-Cys160 (*) and Cys106-Cys119 (**) are shown in orange,
as well as the free cysteine Cys121 (+), which is not accessible in the native folded state of BLG
but is exposed to the solvent after protein unfolding. The biliverdin (BV) ligand molecule, a
tetrapyrrole chromophore, which can react with BLG cysteines, is shown in cyan at the same scale
as the protein. (B) The chemical formula of BV showing the four (A-D) rings of the ligand. The
vinyl side of A ring (marked with #) can react with the free Cys of proteins. (C) Possible structure
of BV-BLG adduct, highlighting the covalent bond between the ring A of BV and one Cys residue

of BLG. R denotes the rest of BV molecule.

In our previous in situ HP small-angle neutron scattering (HP-SANS) study, we reported
that retinol ligand, non-covalently bound to the BLG cavity, can stabilize the protein under HP,
but without preventing its irreversible HP-induced unfolding and oligomerization.® Besides,
modification of BLG free Cys residue by N-ethylmaleimide (NEM) is known to inhibit protein
covalent oligomerization at HP or HT conditions,!’ while the cavity conformation is recovered
after HP treatment.!®

Biliverdin (BV) (Fig.1) is a tetrapyrrole chromophore and metabolic product of heme
metabolism.* Its ability to absorb the longest light wavelength among natural linear tetrapyrrole
chromophores makes BV-binding photoreceptors a promising platform for developing optical
tools for optogenetic control.° The propensity toward covalent binding of BV to Cys residues has
been previously proved for phytochromes,?*, as well as de novo designed proteins.?? It is made

possible by a single thioether (C-S) bond formed by the nucleophilic attack of Cys residue on the



electrophilic ethylidene side of the ring A of BV (Fig. 1, B-C).?> 2 The different electronic
distribution/delocalization and/or steric hindrance of rings A and D in BV molecule may provide
a higher reactivity to ring A, as already reported.?! ?* Besides, it is also very likely that once ring
A reacts, the reactivity of ring D is strongly reduced due to electronic effects and steric hindrance.
As a consequence, bridges between two Cys in BLG are very unlikely. Interestingly, besides its
potential for covalent binding to proteins, BV may also be reversibly bound to the hydrophobic
pocket of apomyoglobin and lipocalin-type prostaglandin D synthase.?®

Therefore, considering (i) the high reactivity of the free SH group within BLG, (ii) the
propensity of BV for covalent binding to Cys residues, and (iii) the fact that the BLG central cavity
can accommodate the bile pigment bilirubin and metabolic products of BV,?® we considered BV
as an excellent candidate for binding BLG, covalently or not. The present study aims to
characterize such binding and its impact on BLG stability under HP. Using mass spectrometry, we
report that BV binds BLG covalently through a Cys residue which, surprisingly, is involved in a
disulfide bond in the protein native state. We show that such covalent binding strongly prevents
BLG oligomerization after HPP. However, in situ measurements highlight that such reversibility
is not associated with inhibition of protein unfolding at a multiscale level during pressure increase

up to 300 MPa, but rather an unexpected slight destabilization.



MATERIALS & METHODS

Materials. BLG was purified as previously described by Fox et al.?’ The protein
concentration was determined by spectrophotometry using the extinction coefficient of 17,600 M™!
cm! at 278 nm.? BLG was dialyzed against 50 mM Tris buffer in DO (pD 7.2 or 8.2) or 100 mM
Tris buffer in H2O (pH 7.2 or 8.2) for HP-SANS or HP-UV absorption measurements, respectively.
BV was purchased from Sigma Aldrich (USA) and solubilized in deuterated DMSO (d6, Sigma
Aldrich) with concentrations not exceeding 5% (v/v). All other chemicals were of analytical
reagent grade, and milli-Q water was used as a solvent.

SDS-PAGE. SDS-PAG electrophoresis of BLG, in absence or presence of BV, before and
after HP or HT treatments, was performed under non-reducing conditions®® unless otherwise
stated. A 12 ug of each protein sample was applied on 4-20% gradient precast gel (BioRad, USA).
Gels were incubated in 500 mM ZnCl: for 10 minutes, and bands were visualized under a UV
lamp. Then, gels were stained using Coomassie Bradford blue (CBB) G-250 (Sigma Aldrich).

Mass spectrometry (MS). Mass spectrometry measurements were performed with an
electrospray triple time-of-flight (TOF) 4600 mass spectrometer (ABSciex) coupled to the
nanoRSLC ultra-performance liquid chromatography system (Thermo Scientific) equipped with a
C4-desalting column. For electrospray ionization (ESI)-MS measurements, the instrument was
operated in positive and radio frequency quadrupole modes, with the TOF data being collected
between m/z 400—2990. The collision energy was set to 10 eV, and azote was used as collision
gas. Mass spectra acquisition was performed after loading and desalting of protein samples on the
C4 column. The Analyst and Peakview software were used for acquisition and data processing,
respectively. Mass spectra were deconvoluted using the MaxEnt algorithm. The protein average

masses are calculated from the spectra with a mass accuracy of + 1 Da.



NanoLC-MSMS peptide analysis. BLG samples were digested before submission to
mass spectrometry analysis. Trypsin-generated peptides from BLG isoforms were analyzed by
nanoLC-MSMS using a nanoElute liquid chromatography system (Bruker) coupled to a time-of-
flight (TOF) Pro mass spectrometer (Bruker). Peptides were loaded with solvent A on a trap
column (nanoEase C18, 100 A, 5 pm, 180 pum x 20 mm) and separated on an Aurora analytical
column (lon Optik, 25 cm x 75 um, C18, 1.6 um) with a gradient of 0-35% of solvent B for 30
min. Solvent A was 0.1 % formic acid and 2% acetonitrile in water and solvent B was acetonitrile
with 0.1% formic acid. MS and MS/MS spectra were recorded from m/z 100 to 1700, with a
mobility scan range from 0.6 to 1.4 V.s/cm?. They were acquired with the PASEF (parallel
accumulation serial fragmentation) ion mobility-based acquisition mode, using a number of
PASEF MS/MS scans set as 10. MS and MSMS raw data were processed and converted into .mgf
files with DataAnalysis software (Bruker). Peptide identification was performed using the
MASCOT search engine (Matrix Science, London, UK) against BLG isoforms sequences.
Database searches were performed using trypsin cleavage specificity with two possible missed
cleavages. BV-Cys mass adduct of 580.23 Da and oxidation of methionines were set as variable
modifications. Peptide and fragment tolerances were set at 10 ppm and 0.05 Da, respectively. Only
ions with a score higher than the identity threshold and a false-positive discovery rate of less than
1% were considered.

HP-UV absorption spectroscopy. UV absorption spectra at HP conditions were recorded
on a Cary 3E spectrometer (Varian, USA) using HP optical bomb with sapphire windows and an
HP generator as previously described.®® A square quartz cell (with an optical pathlength of 5 mm)
containing the sample was positioned within the HP optical bomb, while a plastic membrane on

the top of the cell separates the sample from the pressure transmitting liquid (H20). HP-UV
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absorption spectroscopy was performed as previously described® with the following slight
modifications. UV spectra of BLG solution (100 uM) in the presence or absence of 100 uM BV
(BLG-BV 1:1) was recorded between 250 and 310 nm, with a bandwidth of 1 nm and a data
interval of 0.02 nm, at a scanning speed of 9 nm/min. Spectra were recorded at various pressures
between 0.1 to 300 MPa, with steps of 20 or 30 MPa, at 20°C. The pressure was increased at a rate
of 10 MPa/min. After each pressure change, we waited several minutes before starting the
measurements to be at the equilibrium. Measurements of buffer solution in the absence or presence
of BV (without protein) were performed at the same conditions. The recorded spectra were
subtracted from the spectra of BLG without ligand or BLG-BV complexes, respectively. The
fourth derivative spectra were calculated by OriginPro 8.5 software (USA) using a Savitzky-Golay
smoothing algorithm with 500 points of window. The exact position of the maximum absorption
bands at ~291 nm (characteristic of the tryptophan (Trp) residues of BLG) in the fourth derivative
spectra was determined. The percentage of protein unfolding as a function of the pressure P is

calculated using the following equation:

Aatm—A4
0 = atm—4p
YoBLG unfolding = 3~ 5 " x100 Eqg.1

where Aam, Aso0 mpa, and Ap represent the absorption maximum at the atmospheric pressure, at
300 MPa, and pressure P, respectively. Absorption at 300 MPa is used as a reference of unfolded
BLG protein, as shown by Dufour et al.3! The pressure denaturation curves were obtained by
expressing the percentage of unfolded BLG as a function of pressure. The apparent Gibbs free
energy change (appAGp=0.1 at 0.1 MPa) and the apparent volume change (appA V) due to unfolding
were determined by fitting the pressure denaturation curves with the following equation adapted

from Lange et al®?, by replacing the A and A, amplitudes by 0 and 100, respectively.

100
0, . — —
YoBLG unfolding = 100 AGp — o1 F AV i+ P Eq. 2
1+e” RT
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The pressure at which one-half (50%) of proteins is unfolded defines the half denaturation pressure
(P112). The % of unfolding, obtained from Eq. 1, is used to fit the unfolding curves as a function of
pressure in Eq. 2, which allows getting both appAGp =01 and appA Vs

HP-small-angle neutron scattering (SANS) measurements. SANS measurements were
performed on PACE and PAXY SANS instruments at the Laboratoire Léon-Brillouin (LLB,
Saclay, France). HP-SANS experiments were performed using a new HP-SANS cell that we
developed recently.3 HP-SANS spectra were recorded for several tens of minutes at 5, 100, 150,
200, 250, and 300 MPa (the pressure change was made also at a rate of 10 MPa/min). Each BLG
sample was also measured in a quartz Hellma® cell (with a pathlength of 2 mm) before and after
HP treatment. For measurements in a quartz cell, the range of the momentum transfer Q was 5.0
103-0.5 A, whereas for measurements in the HP cell, due to geometrical and scattering
constraints, the Q-range was limited to 2.0 102-0.2 A%, as previously described.®

The BLG-BV complex (1:1 molar ratio) was measured at the protein concentration of 8
mg/mL (440 uM) at pD 7.2. The BLG protein without ligand was measured at the same
concentration, as a control, in addition with 5% (v/v) deuterated DMSO. The pressure was
increased at a rate of about 10 MPa/min, and the temperature during measurements was kept at
20°C. The pressure dependence for buffer SANS intensity was also checked to be negligible (not
shown). A constant incoherent background of 0.05-0.06 cm®, deduced by measuring the scattering
intensity in a Hellma® cell at a Q-range between 0.4 and 0.5 A, was subtracted from the SANS
intensities of all BLG solutions under pressure. In order to examine the effects of a higher BV
concentration (1:4 BLG:BV molar ratio) on the reversibility of BLG unfolding and
oligomerization, we performed ex-situ SANS measurements (in quartz Hellma® cells), after an HP

treatment of 300 MPa during 1 h, at pD 8.2 since BV solubility increases with pH.
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Small-angle X-ray scattering (SAXS) measurements. In order to study the effects of
BLG:BV molar ratio on HP-induced BLG oligomerization, we performed SAXS measurements
on the samples after HP treatment. BLG (440 uM) in the absence or presence of BV (at 440 and
1760 uM, to get 1:1 and 1:4 molar ratios, respectively) was incubated at 300 MPa and pH 8.2
during 1 h. SAXS experiments were carried out on the Xeuss 2.0 apparatus (Xenocs, France) of
LLB (SWAXS Lab, CEA-Saclay, France). The instrument uses a micro-focused Cu Ka. source
(wavelength of 1.54 A, 8 keV) and a Pilatus3 1M detector (Dectris, Switzerland). Two sample-to-
detector distances (SD = 54 or 118 cm) were chosen to cover a Q-range extending from 0.01 to
0.1 A, with a beam size of 1.2 x 1.2 mm? (entrance) or 0.8 x 0.8 mm? (exit). Pressurized samples
were put in Kapton capillaries. Measurements of buffer (100 mM Tris), empty capillary, empty
beam, and electronic background ("dark™) were subtracted according to the procedure previously
established for SANS.3* Scattering data normalized to the transmitted X-ray beam and sample
thickness (0.145 cm) are in cm™. Final curves were obtained by the superimposition of the scattering
profiles measured at the two different Q ranges.

SANS data analysis. The classical expression of the scattering intensity 1(Q) (in cm™) of
centro-symmetric, homogenous, and relatively monodisperse particles can be written:

1(Q) = n8p? V2, P(Q)S(Q) Eq. 3
where n is the number of particles per unit volume (cm™), Ap (contrast) the difference in the
neutron scattering length density between the particles and the solvent (cm?), and Voart. (cm?®) the
specific volume of the particles. The form factor P(Q) describes the shape of the particles and
fulfils the condition P(0) = 1, while the structure factor S(Q) describes the interactions between

the particles. In the absence of interactions, like in a dilute solution, S(Q) = 1.
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From the scattered intensity 1(0), we can extract the mass of the particle in atomic units

(MW, in g.mol™), which coincides with the molecular mass if the particle consists of a single

MW

molecule, by introducing the concentration ¢ = nZ—W (g.cm™) and the particle density d = —
A part VA

(g.cm®) using the following equation:

_1(0)d® Ny

MW = Eq. 4

c Ap?

where Na is the Avogadro number.
The Primus® software was used to determine the intensity at zero angle 1(0) and the radius
of gyration (Ry). These values are defined at small Q-values (QRy < 0.8-1.4) by the Guinier

approximation with®:

QY _ _@Rg
1n(1(0))_ - Eq.5

In situ HP-SANS data were fitted with a cylinder model®*® using SasView software
(http://www.sasview.org), with obtained y? values not exceeding 1.1. However, the SANS data
measured after HP treatment for BLG covalent oligomers were better fitted with a triaxial ellipsoid

model®” with y2-values given in Table 3.

BLG covalent oligomers were also estimated by ab initio rigid-body modeling (in the Q-
range: 0.009-0.5 A1), using MASSHA software (ATSAS)®. We built oligomers using the
crystallographic structure for BLG monomers (PDB:3BLG), as starting building blocks. The
previously best-fitted ellipsoid dimensions (SasView) were taken into account to estimate the
number and position of the monomers (Fig. 6), which were further adjusted until a satisfactory fit
regarding 2 (Table 3). To compare with MASSHA results, the number of BLG monomers

composing the oligomers was estimated also using, either (i) the apparent MW obtained from 1(0)

14



in Guinier approximation divided by the monomer MW (18.4 kDa), or (ii) the ellipsoid or cylinder
volume found by fitting in SasView divided by the monomer volume (22 10% A%, from PDB:3BLG

structure) (Table 3).
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RESULTS & DISCUSSION

Characterization of BV binding to BLG. We used SDS-PAGE and MS/MS to detect and
characterize the covalent binding of BV to BLG (Fig. 2). SDS-PAGE being a denaturing technique,
only covalent adducts can be observed. Zn?* ions can bind to BV, and the formed BV/Zn?*
complexes exhibit specific fluorescence under a UV light at the same position as the protein bands
in the gel (i.e. the blue bands on the CBB staining) (Fig. 2A), meaning that BV is covalently bound
to BLG. A similar result was obtained for phycocyanobilin (PCB), a BV analogue, in a previous
study on BLG.!! After HP treatment, the covalent BLG-BV adduct is mostly preserved at the

monomeric state (Fig. 2A), whereas BLG without ligand is observed at higher MW (not shown).
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Figure 2. (A) SDS-PAGE at pH 8.2 (in non-reducing conditions) for monomers of unliganded
BLG or BLG-BV complex, before and after 300 MPa treatment, for Zn?* visualization (above) or
Coomassie Bradford blue (CBB) staining (below). (B) Deconvoluted mass spectrum of BLG:BV
mixture (molar ratio 1:4), at pH 8.2, after 300 MPa treatment. Peaks with an asterisk or a filled
circle correspond to the two known BLG isoforms. A mass increment of 581 Da, corresponding to

the covalent binding of one BV to one BLG, is measured for both isoforms (cross).
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A MS/MS spectrum of the BLG-BV reaction mixture is presented in Fig. 2B. In addition
to the unmodified BLG isoforms, corresponding covalent BLG-BV adducts are observed, showing
that both BLG isoforms are modified to a similar extent. Only one BV molecule is bound per BLG
protein since the mass of BLG is increased by 581 Da, which corresponds to the mass of one BV
molecule (Fig. 2B).

Because of high reactivity of thiols in MS/MS experimental conditions, it is not possible
to identify a peptide containing a disulfide bond. It is also very challenging to identify peptides
with free cysteines. ESI-MS spectroscopy can detect low abundance peaks arising from BLG-BV
adducts but only with gentle ionization conditions. The intensity of the BLG-BV peaks in ESI-MS
is much lower in comparison to the peaks of the unmodified proteins (Fig. 2B) and the peak of BV
without protein (only ~5% of detected BV are involved in adducts with BLG, see Fig. S2 in
Supporting Information). This is not compatible with the complete inhibition of BLG
oligomerization we observed by SANS (Fig. 6B) and SDS-PAGE (Fig. 7), as well as the presence
of BLG-BV band that is clearly visible on SDS-PAGE by Zn?* fluorescence (Fig. 2A). This
strongly suggests that BLG-BV adducts are not stable in the conditions used in MS/MS. To our
knowledge, this is the first time that BLG-BV adducts are detected on a protein by this technique,
whereas in a previous study, we were able to detect only one fragment of PCB chromophore bound
to BLG but not the whole molecule 1.

Cys residues in BLG are known to have a high propensity for covalent binding to small
molecules, such as NEM.” The reactive Cys121 residue, free in native BLG, can be exposed to
the solvent after HP-induced protein unfolding (Fig. 1). Surprisingly, ESI-MS/MS analysis of the
peptides, obtained after trypsin digestion of BLG-BV adducts (Fig. S3), demonstrates that BV does

not bind to Cys121 but to Cys160, which is not accessible in the native protein but involved in a
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disulfide bond (Fig. 1). That reveals SH/S-S interchange reaction within BLG, that have already
been observed at high temperature or for the Tanford transition (a conformational change of BLG
occurring at around pH 7).3% %0 Because of disulfide exchange, Cys160 is in the free form and
prone to react with BV. We checked the presence of BV-adducts of peptide 102-124 that implies
Cys106, Cys119, and Cys121, by performing PMF MALDI-MS analyzes. We managed to identify
the peptide 102-124 but only in reduction/alkylation treatment and no differential peak with a BV-
adduct mass was observed (not shown). This peptide is not detected in conditions without
treatment or with only alkylation. BV chromophore could therefore be partially cleaved during
denaturation under acidic conditions (column elution with acetonitrile and formic acid) or during
laser ionization, as already reported by Lamparter et al.?* Therefore, we believe that, during the
conditions used for electrospray ionization, BLB-BV adducts are partly degraded, in line with
previous observations that spontaneous attachment of tetrapyrroles gives products with low and
variable yields due to chromophore instability and propensity to oxidation.'* #* We cannot exclude
the ability of Cys121 to bind BV, but this adduct is less stable than Cys160-BV. Indeed, a study
dealing with BV binding to phytochromes showed that the covalent attachment of BV to Cys
residues exhibits different thermodynamic behaviour related to the different environment of the
cysteines.? Detection of Cys160 may therefore be due to a higher stability and/or reactivity of this
residue compared to the other Cys residues of BLG. The latter may be attributed to its localization
in the terminal part of the protein, which is more flexible (Fig. 1). Hence, the low stability of
adducts at MS conditions does not allow us to make reliable quantification but to give only
qualitative results by this technique.

Additionally, there is no significant difference in the intensity of the BLG-BV peaks before

and after HP treatment, as detected by MS and SDS-PAGE (Figs. S1 and 2A), meaning that
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disulfide exchange within BLG is possible even without pressure. However, after extensive
dialysis of BLG-BV samples before and after HP, we found by spectrophotometry (at BV
absorption at 660 nm) that the relative amount of bound BV is about three times higher after HP
treatment than before (not shown). Therefore, although we cannot exclude the formation of
covalent adducts before HP treatment, the exposition of the SH group during pressurization is the
driving force for additional covalent binding of BV.

Effect of BV on in situ HP-induced structural changes of BLG. Depending on pH,
temperature, and concentration conditions, BLG can adopt various assembly conformations, i.e.
monomer, dimer, or octamer structures.*” Molecular characteristics, scattering length, scattering
length density (SLD), and structural parameters of BLG are shown in Table S1. At neutral pH,
native BLG (pD 7.2, 8 mg/mL) fits well the crystal structure of dimeric BLG (PDB:1BEB) and
can be adjusted by a cylinder form factor, as we previously showed.® We checked that the presence
of BV ligand does not significantly affect the structural parameters of native BLG (Table 1).

An increase of pD from 7.2 to 8.2 induces a decrease of the protein mass from ~38 to ~29
kDa, due to partial dissociation of dimers into monomers (Table 1), as previously shown by SAXS
and SANS studies 3. However, this MW decrease is not associated with Ry modification that
remains ~23 A, which can be explained by opposite effects between the pH-induced partial

dissociation of BLG and its higher flexibility at pH 8.2.4
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Table 1. Fitting SANS data from BLG samples before HP treatment, using Guinier approximation
or cylinder modeling (in SasView software). L and r represent the length and radius of the cylinder,

respectively.

Guinier approximation cylinder modeling
Sample Rg (A) lgo (cm™) MW (kDa) L (R) r (&) 1
BLG (pD 7.2) 23.2+05 0.37+£0.01 37.9+£0.7 81+2 13.9+0.2 1.49

BLG/BV (1:1,pD 7.2) | 24.0+0.6 0.39+0.01 40.0+0.8 81+2 141+01 | 171

BLG (pD 8.2) 23+1 0.28+0.01 28.7+0.5 70+1 13.8+0.2 | 0.33

BLG/BV (1:4,pD 8.2) | 23.2+0.9 0.28 +0.01 28.7+0.5 671 136+02 | 031

SANS and UV absorption spectroscopy measurements were performed by applying in situ
HP up to ~300 MPa on BLG in the presence or absence of BV. For both BLG without ligand and
BLG-BV complex, no significant change in the protein 3D conformation is observed by HP-SANS
up to ~100 MPa (Fig. 3), except a small decrease of lo—o due both to (i) BLG partial dissociation
of native dimers into monomers, as similarly observed both by HP-SAXS* and HP-SANS? 45 46
under moderate pressures; and (ii) to an increase of protein hydration, which reduces the contrast
of BLG in D20. For such pressures, values of Rq (Fig. 4A), length (Fig. 4C) and radii, derived
from the fitted cylinder model of SANS data, decrease slightly compared to those obtained at

atmospheric pressure.
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Figure 3. In situ HP-SANS curves of BLG (8 mg/mL, pD 7.2, 20°C) in absence (A) or presence

(B) of BV ligand (1:1 molar ratio), from atmospheric pressure up to 300 MPa. The full lines

represent the best fits to cylinder model. The corresponding error distribution plots are shown

below. (C, D) The same data in Kratky representation.
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BLG starts to unfold and oligomerize continuously from ~150 MPa to a "trimeric" state at
250-300 MPa, as shown by the 50% increase of lo—.o value (Fig. 4B) as well as higher Rq values
(Fig. 4A). However, at 300 MPa, protein unfolding is not complete since the bell-shaped curves in
the Kratky representations (normalized or not) still persist (Fig. 3, C-D, Fig. S1). Therefore, the
oligomerization dominates unfolding without preceding it. We observe a clear transition from a
globular state at ambient pressure to a more elongated one up to 300 MPa, as shown by the shift
of the curve peak to lower Q-values (Fig. 3, C-D). Moreover, SANS curves are virtually
superimposed both up to ~100 MPa and beyond 200 MPa, whereas, at intermediate pressure (150-
200 MPa), the different curves suggest the coexistence of two protein populations depending on
their folding state (Fig. 3C). SANS data can be fitted by a cylinder form factor up to ~150 MPa
(Fig. 4C). At 200-300 MPa, this model still fits the data, but seems less reliable.

In the presence of BV, the transition process of BLG unfolding is already finished at 200
MPa, Kratky curves at 200-300 MPa being mainly superimposed, strongly suggesting a
destabilization effect of the ligand (Fig. 3D). Compared to the unliganded BLG, the transition
mentioned above between two protein populations looks sharper in the presence of BV, insofar as
only the curve at 150 MPa is separated from the two sets observed at higher and lower pressures.
Despite the limited Q-range covered by the SANS measurements, it is possible to evaluate the
Porod integral, i.e. the area under the curves of the Kratky plots, normalized by loso, which is
inversely proportional to the volume of the oligomers. The ratio of the calculated volumes at low
and high pressures is equal to two, confirming that the pressure induces a transition from a state
where one and two monomers coexist to a state with three monomers, independently of the fitting

of the form factors.
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The BV-induced destabilization of BLG may be due to the bulky tetrapyrrole of the ligand,
which, by binding to Cys residues, probably induces a slight loss of the tertiary structure of BLG.!
This was also reported for NEM ligand, which, by blocking Cys residues, induces lower stability
of BLG under temperature due to possible steric issues and disruption of non-covalent
interactions.*” Moreover, the observed destabilization of BLG by BV at HP conditions does not
support the assumption that BV is bound to the central cavity of protein. Previous in silico and in
vitro studies revealed binding of other tetrapyrrole ligands (PCB and bilirubin) to the hydrophobic
cavity of BLG, but without the ability to penetrate deeply into the hydrophobic cavity of native
BLG.! 2 |t is well known that binding of ligands within hydrophobic cavities might stabilize
proteins at HP conditions. Indeed, a remarkable increase of BLG stability under pressure was
noticed in the presence of retinol (with the shift of Py for more than 70 MPa), which is bound in
the central cavity of BLG.®> Moreover, quenching of BLG intrinsic fluorescence by BV is
negligible,?® while cavity-binding ligands such as retinol have a high propensity to quench the
fluorescent signal of BLG.*® Therefore, BV covalent binding to BLG probably occurs somewhere
outside of the cavity, preventing the stabilization effect of BV under HP.

As an indicator of protein folding/unfolding, the evolution of Ry may not confirm the
destabilization effect of BV (Fig. 4A). Indeed, Ry depends not only on the extent of unfolding but
also on the overall size and shape of the molecule. According to the Iq—. plots, BV decreases BLG
oligomerization at HP conditions (Fig. 4B), leading to smaller oligomer sizes, which also reduce
Ry values. Therefore, in the presence of BV at HP conditions, two phenomena are observed: (i)
destabilization of BLG folding by binding and (ii) inhibition of its oligomerization upon unfolding

under HP, which oppositely affects Rq variations.
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In the HP-UV absorption study, using the 4™ derivative mode (Fig. 5, A-B, and Fig. S4),
BLG spectra exhibit absorbance maxima at 276, 291, and 284 nm, corresponding to tyrosine (Tyr)
or tryptophan (Trp) residues or both of them, respectively (Fig. 5). For all BLG samples, HP
treatment induces a "blue shift" of these maxima, especially of the Trp-dependent peak, towards
lower wavelengths, indicating a higher polarity of the Trp environment, as a consequence of the
movement of the aromatic side chains from the hydrophobic protein environment towards a more
hydrated BLG cavity during protein unfolding.*® This applies particularly to the Trp19 residue,
buried inside the hydrophobic cavity of BLG in native condition but exposed to the solvent upon

denaturation.*®
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Figure 5. 4" derivative of in situ HP-UV absorption spectra of BLG (2 mg/mL) in the absence (A)
or presence (B) of BV (molar ratio 1:1), at pH 8.2 (see Fig. S4, A-B, at pH 7.2). Percentage of
unfolded BLG (Eq. 1, see text) as a function of pressure and the best fits (solid lines) calculated
from Eq. 2 (see text), in absence or presence of BV at pH 7.2 (C) or 8.2 (D), obtained from the

absorption spectra.

The denaturation curves are well fitted by Eq. 2 (Fig. 5, C-D) but, since the HP denaturation
of BLG is a pseudo-equilibrium (due to irreversible reactions discussed later), the only
thermodynamic parameters that can be extracted are the apparent unfolding volume change
(appA 7u) and the value of the half-denaturation pressure (P1/2) listed in Table 2. The UV absorption
measurements indicate destabilization effects of BV on the protein unfolding, without significant
changes on AV,. The destabilization effects of BV are more pronounced at pH 7.2 in comparison
to pH 8.2. Additionally, for the unliganded BLG, an increase of pH from 7.2 to 8.2 decreases AV,
while, in the presence of BV, the pH-induced change of AV, is much less pronounced (Fig 5, Table

2).

Table 2. Thermodynamic parameters of pressure denaturation for BLG samples obtained from

HP-UV absorption spectroscopy at 20°C.

pH appAVu P12 appAGP = 0.1 MPa
Sample (mL/mol) (MPa) (kJ/mol)
BLG 7.2 -120+ 7 139+ 2 16.6 £0.9

8.2 -90+6 113+ 2 10.1£0.7
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BLG-BV 7.2 -109+6 120+ 2 13.1+0.6

8.2 -101 +8 103 +3 104 +0.8

Note that it is not possible to test the effect of BV at the molar ratio of 1:4 since the

absorption is too high and saturates the spectrophotometer detector.

BLG Before HP BLG Before HP

BLG BV (1:1) Before HP)| E BLG_BV (1:4) Before HP
BLG After HP BLg After HP

BLG BV (1:1) After HP " 2 BLG_BV (1:4) After HP

Figure 6. (A) Kratky representation of BLG SANS intensities measured at pD 7.2 (A) and pD 8.2.

(B) in quartz Hellma® cells before and after ~300 MPa HP treatment. The corresponding
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coloured full lines represent the best fits to ellipsoid or cylinder models (see also Tables 1 and 2).
(C-F) Ab initio shapes (top views) of BLG covalent oligomers after HP derived from the MASSHA
models (Table 3): at pD 7.2, (C) BLG and (E) BLG-BV (1:1) complex and, at pD 8.2, (D) BLG
and (F) BLG-BV (1:4) complex, the latter corresponding to the native dimer. Green, blue, and red
spheres represent carbon, nitrogen, and oxygen atoms, respectively. For comparison, the ellipsoid

shapes obtained from fits with SasView are superimposed to MASSHA model buildings.

BLG refolding and oligomerization. The binding of BV slightly inhibits the covalent in
situ oligomerization of BLG induced by HP: at 200-300 MPa, Rg, lp—0, and the length of the
cylinder are slightly decreased compared to the protein without ligand, whereas the onsets are not
significantly shifted by BV (Fig. 4). The release to the atmospheric pressure does not enable to
recover a complete folded state for BLG, rather causes irreversible covalent oligomerization with
a significant increase of both lo—.pand Rq (Table 3 and Fig. S5), as well as Dmax obtained from the
P(r) calculation (Fig. S6 and Table S2), compared to samples before HP treatment (Tables 1 and
S1). However, a partial globular shape is observed, as evidenced by the bell-shaped SANS curves
in Kratky representation (Fig. 6, A-B). BLG could therefore be in a “molten globule” state with
long term stability, as suggested previously in HP studies by fluorescence and circular dichroism.*
50

In contrast, the addition of BV at molar ratio 1:1 at pH 7.2 significantly inhibits BLG
oligomerization through inhibition of disulfide bond exchange, but without the ability to
completely suppress it (Figs. 6A and S4A). Taking advantage of the better solubility of BV at
higher pH values, we tested the effects of higher BV concentration (1:4 molar ratio) on HP-induced

BLG oligomerization at pH 8.2. Adding four times more BV almost completely suppresses the
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formation of BLG covalent oligomers by HP, Kratky curves before and after HP treatment being
mostly superimposed (Figs. 6B and S4B, and Table 3 for lp—¢and Rq values), as observed with
NEM-modified BLG.%! We checked by SAXS that such partial or complete inhibition of
oligomerization as a function of the BV:BLG molar ratio does not depend on whether the pH is
7.2 or 8.2 (Fig. S7).

Moreover, the solution structure of BLG:BV (1:4) is similar to the native structure of the
unliganded BLG, as shown by the superimposition of the curves before and after pressure (Fig.
6B). It means that, at the SANS low resolution, BLG recovers its native 3D folding, despite the
presence of the BV adduct, whose binding is irreversible, as well as possible disulfide
redistribution.> As shown before, one BV ligand is bound per protein. Therefore, BLG still has
two S-S bridges able to maintain a 3D structure.

Ellipsoid fitting and MASSHA rigid body ab initio modeling confirm that BV binding
reduces significantly the size of the oligomers (Fig. 6, C-F, Table 3). The number of BLG
“monomers” estimated by MASSHA simulations is consistent with the MW calculated from 1(0)
in Guinier approximation, as well as with the ellipsoid or cylinder fitting (Table 3). A certain shift
is nevertheless observed, which can be attributed both to the fact that MASSHA uses only whole
building blocks and does not take into account a possible unfolding, even partial, of the latter (Fig.
6, Table 3).

Interestingly, HP treatment of unliganded BLG produces larger covalent oligomers at pH
7.2 compared to pH 8.2 (Fig. 6, C & D, Table 3). The smaller size of BLG oligomers at pH 8.2
may be ascribed to the fact that a relatively larger number of reactive intermediates with exposed

free Cys residues is formed due to the dimer dissociation at that pH, even at the early stages of HP

29



treatment. This increases the probability of termination reactions, blocking reactive thiol groups

and resulting in the formation of smaller disulfide-linked BLG oligomers.*’

Table 3. Fitting of SANS data from BLG samples after HP treatment (300 MPa), using Guinier
approximation, triaxial ellipsoid modeling (SasView), or rigid body modeling (MASSHA, ATSAS).
The parameters a, b, and ¢ represent the minor, polar, and major equatorial radii of the ellipsoid,

respectively.

Guinier approximation ellipsoid/cylinder* modeling rigid-body modeling
Number of
after HP Rg loo MW aorL borr c MWipp
[ BLG v
treatment A) (cm™) (kDa) A) A) A) (kDa)
monomers
BLG
46+3 115+0.06 | 118+5 9.6+0.3 431 103+4 | 1.07 6 1288 | 2.08
(pD 7.2)
BLG-BV
322 053+0.02 | 542 10.9+04 | 225+08 75+2 | 053 3 55.2 | 141
(1:1,pD 7.2)
BLG
40+1 0.70+0.02 | 72%2 9.0+0.4 334106 88+2 | 030 5 736 | 1.85
(pD 8.2)
BLG-BV 29.7 +
234+05 | 0.29+0.01 74+1* 14.1+0.2* ND 0.30 ND
(1:4, pD 8.2)* 04

*Fitted with the cylinder form factor instead of the ellipsoid model: L and r are the cylinder length
and radius, respectively. ND: not determined since the curves for BLG:BV (1:4) at pD 8.2 and the

one for the native BLG are almost superimposed (Fig. 6B).

Moreover, high protein concentration (8 mg/mL) partially preserves BLG from a complete
unfolding, whereas high pressures (250-300 MPa, 30°C) induce the formation of BLG covalent
tetramers as described in our previous study.® Here, we observe protein oligomerization to a

“trimeric” state because experiments were performed at a lower temperature (20°C) which could
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decrease the extent of protein oligomerization. Therefore, even a moderate temperature change
can significantly increase or decrease the extent of protein oligomerization at HP conditions.
Even the highest concentration of BV we used (molar ratio 4:1) does not completely
suppress HP-induced covalent oligomerization of BLG, and BLG trimers around 48 kDa are still
visible on the SDS-PAGE gel after HP treatment (Fig. 7B). SDS-PAGE in non-reducing conditions
for BLG samples, at pD 7.2 or 8.2, confirms SANS results. BV strongly inhibits BLG covalent
oligomerization (Fig. 7A), while the increase of BV relative concentration significantly enhances

such effect (Fig. 7B).

AkbaRM1234B MR1234

180
130
100

75
63

T 48

35
D 28 —

17
M

Figure 7. SDS-PAGE (4-20% PAA gel) of (A) BLG samples (8 mg/mL or 435 M) before or after
HP-treatment at ~300 MPa at pD 7.2. BLG after HP treatment under reducing conditions (R),
molecular size markers (M), BLG before HP in the absence (1) or presence (2) of 435 #M BV
(BLG:BV 1:1), BLG after HP in the absence (3) or presence (4) of BV (1:1). T, D, and M denote
BLG trimers, dimers, and monomers, respectively. (B) The same samples but at pD 8.2 and with

BV concentration at 1,740 x#M (BLG:BV 1:4). Same legend as in A.
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The present study shows that HP is a suitable tool for covalent modification of BLG using
tetrapyrrole ligands such as BV, which could serve as a delivery system for bioactive pigments.t
53 In addition, BV ability to inhibit almost completely HP-induced oligomerization opens up new
perspectives to modulate the techno-functional properties of BLG in food science, such as its
colour, aggregation and/or allergenicity.*!°® Actually, it has been previously shown that covalent
modification of BLG with polyphenols can decrease its allergenic potential.>* Additionally,
sulfhydryl-modified BLG exhibits a better foaming property, which is essential for the production
of foam-based food products.®® Furthermore, BV exhibits a high propensity towards
photoisomerization when it is covalently attached to phytochromes, which makes it a potent tool
in optogenetics.?! Further studies are needed to comprehensively evaluate the effects of HP-

induced binding of tetrapyrrole pigments, such as BV, on BLG properties.
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CONCLUSION

We report that BV, a linear tetrapyrrole ligand, has significant effects on the structural
changes of BLG induced by pressure, through covalent binding to BLG cysteines and SH/S-S
rearrangements, as observed by MS/MS. Analytical fitting and ab initio modeling of SANS data
show that the covalent binding of an excess of BV strongly inhibits BLG oligomerization upon the
release of pressure and enables the protein to refold back toward its “native” 3D state, as shown at
the SANS resolution. Surprisingly, this reversibility is not accompanied by a stabilization of the
BLG-BV complex under pressure, compared to the protein without ligand, but rather by a slight
destabilization - due to possible steric disturbances of the ligand on BLG structure - as observed
by in situ HP-SANS and HP-UV absorption spectroscopy up to ~300 MPa. Our strategy opens up
new possibilities for the structural determination of protein intermediates and oligomers using HP.

We reported recently, the effects on BLG structure under HP of two noncovalent ligands,
retinol and resveratrol, whose affinity and binding sites are different®. Retinol, by binding the
hydrophobic cavity of BLG, with high affinity, is able to significantly stabilize BLG under
pressure, as well as to partly inhibit its oligomerization after pressure. In contrast, resveratrol,
which binds at the surface of BLG, with low afffinity, has no significant effect on the protein
structure under pressure. Together with these results, the present study highlights the effects of
various bioactive molecules on BLG under pressure depending on their binding site, affinity, and
chemical reactivity. We think our approach should be of benefit in future studies to choose suitable
ligands to modulate the structural changes of BLG under pressure, and by extension to other
proteins with similar properties, such as the presence of a hydrophobic cavity or of cysteines, free

or involved in disulfide bonds.
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