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ABSTRACT

Apomyoglobin (apoMb), a model protein in biochemistry, exhibits a strong propensity to bind various
ligands, which makes it a good candidate as a carrier of bioactive hydrophobic drugs. The stability of
its hydrophobic pocket determines its potential as a carrier of bioactive compounds. High pressure
(HP) is a potent tool for studying protein stability, revealing the specific role of hydrophobic cavities
in unfolding. We probed the effects of biliverdin (BV) binding and its complex with Zn?* ions on the
structure and HP stability of apoMb. CD spectroscopy and SAXS measurements revealed that BV
and BV-Zn?* complexes make the apoMb structure more compact with higher a-helical content. We
performed in-situ HP measurements of apoMb intrinsic fluorescence to demonstrate the ability of BV
to stabilise apoMb structure at HP conditions. Furthermore, the presence of Zn*" within the apoMb-
BV complex significantly enhances the BV stabilisation effect. /n-situ visible absorption study of BV
chromophore confirmed the ability of Zn** to increase the stability of apoMb-BV complex under HP:
the onset of complex dissociation is shifted by ~100 MPa in the presence of Zn?**. By combining HP-
fluorescence and HP-visible absorption spectroscopy, our strategy highlights the crucial role of

tetrapyrrole-metal complexes in stabilising apoMb hydrophobic pocket.

Keywords: Apomyoglobin, Biliverdin, High-pressure, Binding, Zinc, Stability
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INTRODUCTION

Myoglobin (Mb), a globular, a-helicoidal, and monomeric protein, is one of the most studied and
best-characterised proteins. The prominent structural feature of Mb is the binding pocket which
accommodates the heme prosthetic group responsible for the oxygen binding and its storage in the
muscle [1, 2]. Apomyoglobin (apoMb; Fig. 1), obtained by heme removal from Mb, has long been
used as a paradigm in kinetic and thermodynamic studies of protein folding and dynamics [3]. Indeed,
the protein forms many partly folded states of varying compactness and secondary structure content
that can be studied at equilibrium, providing insights into its folding landscape [4]. ApoMb exhibits
significant similarity with holomyoglobin (holoMb) regarding the protein secondary structure and
overall conformation. However, compared to the holoprotein, apoMb is less compact, has slightly

lower a-helical content, and exhibits a significantly reduced thermodynamic stability [3].

Heme binding site in apoMb can accommodate various heme analogues, usually complexed with
metal ions, giving them strong bioactive effects [1, 5, 6]. However, bioactive heme analogues in free
form exhibit poor water solubility and their incorporation in well-characterised stable proteins are
required for efficient drug delivery [5]. Designing structurally and functionally stable proteins are
crucial for medical applications and laboratory-based research, as a slight deviation in surrounding
condition from their original cellular environment may lead to their denaturation and then may
destroy their biological functionality [7]. Therefore, the primary prerequisite for the successful
application of apoMb as a drug carrier is the stability of its binding pocket, enabling the successful
delivery of bioactive molecules. In this respect, probing the stability of the heme-binding pocket in
apoMb in presence and in absence of ligands could give significant insights into the potential of
apoMb as a drug carrier. In order to test the stability of apoMb-binding complexes, one can use high
pressure (HP). It is an excellent tool for studying the stability of binding pockets within the protein
structure due to the ability of pressure to eliminate the hydrophobic cavities present in the folded state

of proteins [8]. Moreover, several studies demonstrate the ability of ligands to increase the
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compactness and stabilise internal protein cavities at HP conditions, contributing to the high pressure
stability of proteins [9-11]. Hence, it is crucial that ApoMb-binding bioactive molecules can stabilise

the protein structure, increasing the potential of ApoMb as a drug carrier.

The tetrapyrrole-based ligands exhibit various bioactive effects and interesting physicochemical
properties, giving them the significant potential for application in medicine and biotechnology [5, 12,
13]. For example, their ability to absorb light at long wavelengths, as well as to bind various metal
ions, makes them great candidates for applications in photodynamic therapy, optogenetics and
optochemistry [14-16]. Biliverdin (BV) (Fig. 1), one of the best-studied tetrapyrroles, is not only a
metabolic product of heme metabolism but also a molecule with significant bioactive properties [17],
and a photoreceptor role in bacterial phytochromes [14]. Its conformational flexibility enables it to
interact with various proteins, including apoMb (Fig. 1), albumin, and lipocalin-type prostaglandin
D synthase [18-20]. Furthermore, the ability of BV to complex physiologically relevant metal ions,

such as zinc (Zn**) and copper (Cu?"), further highlights its physiological relevance [15, 21].

Therefore, considering i) the propensity of apoMb to bind various ligands [5, 6, 19, 22-24], ii) the
bioactive properties of tetrapyrrole-metal complexes, and iii) the heme-binding pocket of apoMb as
its essential structural feature, we consider BV-Zn*" complex as an excellent model system for
binding apoMb and improving its stability. The findings obtained from studying this model system
could give significant insights into the role of hydrophobic cavities in the stability of apoMb-bioactive
tetrapyrrole-based ligands complexes, which could improve the potential of apoMb as a drug carrier.
The present work aims to study the impact of BV and BV-Zn?* complexes on apoMb structure and
its stability under HP. We employed a protein fluorescence quenching and molecular docking
approaches to demonstrate and compare the binding of BV and BV-Zn?" complex to apoMb. We
show by CD spectroscopy and small-angle X-ray scattering (SAXS) measurements that BV binding,
either in presence, or in absence of Zn?>" ions, makes the protein structure more compact compared to

its free form. /n situ HP measurements of apoMb intrinsic fluorescence demonstrates the ability of
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BV to significantly increase the pressure stability of apoMb, while the presence of Zn?* enhances BV
stabilisation effect. Furthermore, in situ HP visible (VIS) measurements of BV and BV-Zn?* complex
in presence of apoMb confirm the HP stability of apoMb-BV-Zn?* complex in comparison to apoMb-

BV in absence of Zn?' ions.
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MATERIALS & METHODS

Materials

Myoglobin (Mb, 17 kDa) from the equine heart was purchased from Sigma-Aldrich (USA) and the
heme group was removed by the acid/butanone method [25]. Obtained apoMb was extensively
dialysed against water, and its concentration was determined from the extinction coefficient of 15.9
mM! cm! at 280 nm [26]. All experiments were performed by diluting a dialysed stock solution of
apoMb in 100 mM MES buffer, pH 6.0, at 20°C. BV was purchased from Sigma-Aldrich (USA) and
solubilised in DMSO with concentrations not exceeding 5% (v/v). All other chemicals were of

analytical reagent grade, and Milli-Q water was used as a solvent.
Determination of BV binding constant to apoMb

The binding of BV to apoMb was studied by the fluorescence quenching titration method, using the
intrinsic fluorescence of apoMb as a probe at constant protein concentration (1 uM) and various BV
concentrations (0.05 to 6.4 uM). All measurements were performed on the Cary Eclipse fluorescence
spectrometer (Varian, USA). The protein was also titrated with the mixture of BV and Zn** ions to
achieve the final concentrations of BV and Zn?* in the range of 0.05 to 6.4 uM and 0.5 to 64 pM,
respectively. The concentration of Zn** was kept ten times higher than the BV concentration to assure
the saturation of the BV chromophore with the metal ion. The excitation wavelength was set at 280
nm (excitation of both Trp and Tyr), and the emission spectra were read from 300 to 400 nm. The
ability of BV to absorb at excitation and emission wavelengths decreases apoMb fluorescence, which
may lead to wrong interpretation of the binding results. Therefore, fluorescence intensities of apoMb
were corrected for the inner-filter effect arising from the ability of BV to absorb the excited light and
the re-absorb the emitted light, according to the following equation [27]:

E. = Fy10@em+4ex)/2 6))

where F)y is the measured fluorescence, F. is the corrected fluorescence, and A.x and A4, are the

absorbance of BV at excitation (280 nm) and peak emission (333 nm) wavelength, respectively.
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To determine the type of quenching, Stern—Volmer's (SV) constants were calculated using the

equation [27]:

% =1+ Ksy[BV] = 1 + kqt,[BV] (2)

where Fy and F are protein fluorescence intensities at 333 nm in absence and presence of ligand,
respectively, k, is the quenching rate constant of the biomolecule, 7, is the average lifetime of the
apoMb without quencher (2.5 ns) [28], [BV] is BV concentration, and Ksr is SV quenching constant.
The estimation of the apparent dissociation constant (K, %”) of the apoMb-BV system was done using

the equation [29]:

Fo—F _ A[BV]
Fo K4%PP+[BV]

3)

where 4 is the coefficient which denotes the maximal apoMb fluorescence quenching (F—0): for
fitting purposes, 4 was kept constant at 1, representing the saturation of apoMb with BV. The
apparent binding constant (K, %’?) is equal to the reverse value of K;“”. It should be emphasised that
original equation 3 comprises the concentration of free ligand concentration. However, in this study,
we use the total concentration of BV in equation 3 because the high affinity of BV to apoMb (K4 far
below 1 uM) disables the precise determination of free BV concentration. In this context, the obtained

binding/dissociation constants are declared as apparent.
Molecular docking

For molecular docking experiment, crystal structure of apoMb in complex with biliverdin (PDB ID:
I1BVC) [30] was extracted from the Protein Data Bank and all heteroatoms (BV, phosphate ions, and
water molecules) were removed from this structure. The obtained structure of apoMb was used for
molecular docking of BV and BV-Zn?* complex. The docking was done with Auto Dock 4.2 [31]
program. The structure optimisation procedure of the BV-Zn?* complex structure (Fig. 1B) is given

in the Supplementary Information (SI).

CD spectroscopy measurements
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CD measurements were carried out on a Chirascan spectropolarimeter (Applied Photophysics, UK)
under constant nitrogen flow. Spectra of 10 pM apoMb in absence and presence of BV or BV-Zn?*
complex (10 uM BV and 100 uM Zn?>") were recorded in the range of 200-250 nm at a scan speed
of 50 nm/min, using a cell with an optical pathlength of 2 mm. Buffer and ligand spectra were
subtracted from the spectra of apoMb and apoMb-ligand complexes, respectively. Mean residue

ellipticity (MRE) was calculated from equation [32]:

6
MRE = 10rl[apoMb] (4)

where 0 is the ellipticity in mdeg at 222 nm, » the number of amino acid residues of apoMb (154), /

the pathlength of the cell in cm (0.2), and [apoMb] the molar concentration of the protein.
The a-helical content of free and bound apoMb was calculated from MRE values at 222 nm using the
following equation [33]:

—MRE325 nm—3,000
39,500—3,000

% a — helix =

(©))

For the comparison of a-helical content between different samples, an analysis of variance (ANOVA)

of data was performed, and means comparisons were made using the Tukey test.
Small-angle X-ray (SAXS) scattering measurements

In order to study the effects of BV and BV-Zn?** complex on the tertiary structure of apoMb, we
performed small-angle X-ray scattering (SAXS) measurements. SAXS experiments were carried out
on the Xeuss 2.0 apparatus (Xenocs, France) of LLB (SWAXS Lab, CEA-Saclay, France). The
instrument uses a microfocused CuKa source (wavelength of 1.54 A, 8 keV) and a Pilatus3 1 M
detector (Dectris, Switzerland). One sample-to-detector distance (SD = 54 cm) was chosen to cover
a O-range extending from 0.025 to 0.38 A"!, with a beam size of 1.2 x 1.2 mm? (entrance) and 0.8 x
0.8 mm? (exit). Solutions of apoMb (235 puM, 4 g/L) in absence and presence of BV (235 uM) or

BV-Zn?" complex (235 pM both) were put in Kapton capillaries. Measurements of buffer, empty
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capillary, empty beam, and electronic background (“dark”) were subtracted according to the
procedure previously established for small-angle neutron scattering (SANS) [34]. Scattering data

normalised to the transmitted X-ray beam and sample thickness (0.145 cm) are in cm™!.

SAXS data analysis

The classical expression of the scattering intensity /(Q) (in cm™!) of centrosymmetric and relatively
monodisperse particles can be written:
1(Q) =nAp? Vi P(Q) S(Q) ()

where 7 is the number of particles per unit volume (cm™), Ap (contrast) the difference in the X-ray
scattering length density between the particles and the solvent (cm™), and Vj,,, (cm®) the specific
volume of each particle. 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
absence of interactions, like in a dilute solution, S(Q) = 1. The SAXS intensity curves of apoMb,
either in presence, or in absence of ligands (Fig. 3B), indicate protein partial aggregation. Therefore,
SAXS curves were fitted by a sum two intensity profiles using SasView software

(https://www.sasview.org):

a) the scattering profile of a sphere with uniform scattering length density (SLD)

corresponding to the apoMb globular shape [35]:

Asph sin(Qr)—Qrcos(Qr))-2
2 [3V (4p) T @

Isph Q) =
where A 1S a constant that corresponds to the volume fraction of the sample occupied by the spheres
and V and r are the volume and radius of the spheres, respectively. 4p is the difference between the
SLDs of the scatterer and the solvent.

b) A power law representing the scattering of aggregates at low Q:

Iagg(Q) = Aagg * Q™ ®

where o represents the power law exponent and 4., is a constant without physical significance.
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The fitting procedure of the scattered intensity /(Q) is done by the expression:

1(Q) = Igpp + 1ag4 + background 9
where background represents the O-independent level of noise.
The procedure is justified a posteriori by the relatively small contribution of /,g(Q) to the total
intensity (Table S1). The fitted value of the exponent a is phenomenological, due to the restricted
domain of Q where its effect can be observed.
The Primus software [36] was used to determine the radius of gyration (R,) of apoMb in presence
and absence of ligands. These values are defined at small O-values (OR, < 0.4-1.3) by the Guinier

approximation with [35]:

n (1) = _Z% g

1(0) 3

HP-fluorescence measurements and analysis

Fluorescence measurements at HP conditions were performed on an SLM 8,000 fluorescence
spectrometer (USA) using HP optical bomb with optically flat sapphire windows and a HP generator,
as previously described [37]. 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 separated the sample from the pressure-transmitting liquid (H2O).

Fluorescence spectra of apoMb solution (10 uM) in absence and presence of BV (10 uM) or BV-
Zn*" complex (10 uM BV, 100 uM Zn**) were recorded between 320 and 365 nm, with a data interval
of 0.2 nm and an excitation wavelength of 280 nm, at a scanning speed of 10 nm/min. Excitation and
emission slits were set to 4 and 8 nm, respectively. Spectra were recorded at various pressures
between 0.1 and 380 MPa, with steps of 10 or 30 MPa. The pressure was increased at a rate of 10

MPa/min. After each pressure change, a delay of 2 min was taken prior to the measurements, in order

10
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to reach equilibrium. The obtained spectra were smoothed using a Savitzky-Golay algorithm with
100 points of the window. Unfolding curves were obtained by studying the dependence of wavelength
of emission maxima on pressure, normalised for the fluorescence intensity at each corresponding

pressure point, according to the equation:

Y _ AP_)Latm * FP (11)

)LPmax_Aatm Fpmax

where Aatm, Apmax, and Ap represent the emission maximum at the atmospheric pressure, at the highest
pressure, and pressure P, respectively. ' and Fpunax represent the fluorescence intensity at emission
maximum at pressure P and the highest pressure, respectively. In order to calculate the percentage of

apoMb unfolding, ¥ values obtained in Eq. 11 are normalised according to the equation:

Yp—Yatm
%apoMb unfolding = —L %% 100 (12)

Ypmax—Yatm

The Gibbs free energy change at 0.1 MPa (AGo.1 mpa) and the apparent volume change (AV,) due to
protein unfolding were determined by fitting the pressure denaturation curves with the following

equation adapted from [38], by replacing 4;and 4, amplitudes by 0 and 100, respectively.

100
Yapomb unfoldaing = 100 — “AGg1 Mpg T AV P 13)
1+e RT

The pressure at which one-half (50%) of the protein is unfolded defines the half-denaturation pressure
(P12). The percentage of unfolding, obtained from Eq. 12, is used to fit the unfolding curves as a

function of pressure in Eq. 13, which allows getting both AG 0.1 mpa and A V4.

HP-VIS absorption measurements and analysis

Visible (VIS) absorption spectra at HP conditions were recorded on a Cary 3E spectrometer (Varian,
USA) using HP optical bomb with sapphire windows and a HP generator, as previously described [9,
39]. 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

11
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from the pressure-transmitting liquid (H20). VIS spectra of apoMb-BV mixture (80 uM both) in
presence and absence of 80 uM Zn?* were recorded between 500 and 900 nm, with a bandwidth of 1
nm and a data interval of 0.5 nm, at a scanning speed of 150 nm/min. Spectra were recorded at various
pressures between 0.1 and 300 MPa, with steps of 30 MPa. The pressure was increased at a rate of
10 MPa/min. After each pressure change, a delay of 2 min was taken prior to the measurements, in
order to reach equilibrium. Measurements of buffer solution were performed under the same
conditions. The recorded spectra were subtracted from the spectra of apoMb-BV and apoMb-BV-
Zn** complexes. The dissociation of protein-ligand complexes as a function of the pressure P is

quantified according to the equation:

__ AbSfree By (14)
AbSpound BV

Where Absy.. sy represents the intensity of the absorption peak arising from dissociated BV (averaged
absorbances in the range 660-665 nm), while Abssouna s s the intensity of the absorption peak of BV
bound to apoMDb in absence (averaged absorbances in the range 700-705 nm) or in presence of Zn?*
(averaged absorbances in the range 815-820 nm). In order to calculate the percentage of apoMb
dissociation, Y values obtained in Eq. 14 are normalised according to Eq. 12. The Gibbs free energy
change at 0.1 MPa (Aco: mra) and the apparent volume change (AV,) due to BV dissociation were

determined as described above (Eq. 14).

RESULTS
Binding of BV and BV-Zn*" complex to apoMb

The presence of two tryptophan residues in apoMb induces strong protein emission upon excitation
at 280 nm. The addition of BV (Fig. S1) and BV-Zn?* complex (Fig. S2) in gradually increasing
concentrations induces a significant quenching of apoMb fluorescence. On the other hand, adding

Zn*" in absence of BV did not produce any significant quenching of apoMb fluorescence (data not
12
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shown). In general, there are two types of quenching: static (contact) and collisional ones. The
obtained Stern-Volmer quenching constants (Fig. 2A) of 2.9+0.2 x 10° M! (BV) and 3.3+0.1 x 10°
M- (BV-Zn?" complex) are used to calculate bimolecular quenching rate constants for BV (1.2+0.1
x 101 M-!s!) and BV-Zn*" complex (1.3£0.1 x 10> Ms!). Considering that the bimolecular
quenching rate constant in both cases is five orders of magnitude higher than the diffusion rates of
biomolecules (10'° M-!'s!) [40], these data indicate that static (contact) quenching of apoMb
fluorescence occurs. Moreover, a significant change in the BV absorption spectrum in presence of
apoMb (see below) confirms the formation of a stable protein-ligand complex. Indeed, based on
apoMb fluorescence spectra, we obtained strong apparent binding affinities K,**? (equation 3; Fig.
2B) of BV to apoMb (2.4 £0.2 x 10° M), while the presence of Zn?>" ions increases the BV apparent

binding affinity to 3.2+0.2 x 10° M"!,
Molecular docking of BV and BV-Zn*" complex to apoMb

As detailed above and in the SI, BV molecule was removed from the crystal structure of apoMb:BV
complex (PDB: 1BVC). In order to verify the method, redocking experiments of neutral and anionic
forms of BV to apoMb were performed. Both ligands bind to athe heme binding pocket of apoMb
with a root mean square deviation (RMSD) from the crystal structure less than 0.5 A (Fig. S3). The
main interaction between pyrrole rings of BV and protein residues are n-r stacking (Phel38 and
Phe43), n-nt T-shaped (His64), and n-sigma (Val68). Also, Ser92 and His97 are involved in hydrogen

bonding with the carboxylic group from BV (Fig. S4).

The best binding site for BV-Zn** complex, found from the docking experiment, is in the same
binding pocket as for BV alone (Fig. 1, A & C). The structure of the complex is slightly rotated
compared to BV structure, inducing different interactions with amino-acids. -n stacking interactions
are now formed between complex pyrrole rings and His97 and Phe43, n-n T-shaped with His64,
while His97 and Lys42 are also involved in hydrogen bonding with complex carboxylic groups (Fig.

S5). Furthermore, nitrogen atoms from His93 and His64 are in the close proximity to the zinc (II) ion

13
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(3.1 A and 4.0 A, respectively) and are properly oriented for the formation of coordination bond (Fig.

S6).
Structural changes of apoMb in presence of BV or BV-Zn** complex

Far-UV CD spectrum of apoMb at pH 6.0 shows negative ellipticity between 200 and 250 nm, with
two minima at 208 and 222 nm (Fig. 3A), which is a typical characteristic of a-helical proteins. The
presence of BV or BV-Zn?" complex increases the negative ellipticity of apoMb. Based on the
ellipticity at 222 nm, we calculated the a-helical content of apoMb, which increases upon adding BV
or BV-Zn?" complex by 6-7% (Table 1). Furthermore, the addition of ligands induces the changes in
the shape of the far-UV CD spectrum of apoMb through the increase of 222 nm/208 nm ellipticity
ratio (Table 1), while the BV-Zn** complex has a slightly more pronounced effect in comparison to
free BV. Therefore, an increase in the 222 nm/208 nm ellipticity ratio indicates the induction of a-

helical coiled-coil secondary structures upon ligand addition [40].

SAXS measurements were performed to evaluate the effects of BV and BV-Zn?* complex on apoMb
tertiary structure. SAXS profiles, obtained before and after the subtraction of a power law
contribution are shown in Figs. 3B and 3C, respectively. We attribute the power law at low Q to the
presence of aggregates. The O-domain covered by the experiment only allows us to see the beginning
of the rise of /(Q) at the smallest values of O, which explains the relatively small absolute value of
the exponent of the power law. We validated that this subtraction approach is correct by fitting the
subtracted curve of the apoMb-BV complex (Fig. 3C) with the theoretical curve of apoMb-BYV crystal
structure (Fig. S7) using CRYSOL software (ATSAS). The presence of ligands has a discrete effect
on the plot intensity in the O-range of 0.1-0.2 A"! in comparison to free apoMb, and the SAXS spectra
of apoMb in presence of BV or BV-Zn?" complex are mainly superimposed (Fig. 3B). Radii of
gyration values (Rg), obtained from Guinier plots, indicate that the presence of BV or BV-Zn?*

complex induces a higher compactness of apoMb in comparison to its free form. Additionally, SAXS

14
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intensities were fitted by the sphere form factor (Fig. 3C, Table 1) and the obtained sphere radius and

volum of apoMb decreases in presence of ligands.

Table 1. The effects of BV and BV-Zn?>* complex on apoMb secondary (CD spectroscopy) and

tertiary (SAXS) structures at pH 6.0.

CD spectroscopy SAXS
Samples a-helix 022 o/ om | ‘Re(A) | PR(A) | V(IO x A% | 7/
(%) (x 100)
apoMb 62+1" 93+1! 18.3+0.3 | 21.8+0.1 43.440.1 2.96
apoMb-BV 69+12 99+12 15.240.2 | 19.5£0.1 | 31.0+0.1 2.34
apoMb-BV-Zn** 69+17 101+1° 16.5+0.2 | 19.8+0.1 32.5+0.1 2.53

3Calculated by Guinier approximation; "Fitted with the sphere form factor. Different numbers in
superscript denote statistical difference at p < 0.05.

Effects of BV and BV-Zn?* complex on the pressure stability of apoMb

We employed fluorescence spectroscopy to study the effects of BV and its complex with Zn?>* ions
on apoMb stability at in situ HP conditions. An increase in pressure induces a significant red shift of
emission maximum from 333 nm at atmospheric pressure to 340-342 nm at 320 MPa, either in
presence, or in absence of ligands (Figs. 4 and S8). This shift indicates exposing Trp and Tyr residues
to solvent by pressure increase, which confirms the unfolding of apoMb (Fig. 4A). However, the
pressure-induced red shift of emission spectra is significantly inhibited in presence of BV (Fig. 4B).
At the same time, adding Zn?>* to BV exhibits more pronounced inhibitory effects (Fig. 4, C-D).
Denaturation curves, obtained by monitoring the dependence of spectral shift on pressure, clearly
demonstrate higher pressure stability of apoMb in presence of BV. Moreover, the addition of Zn?**
induces a more pronounced stabilisation effect (Table 2) with the increase of transition pressure (P;/2)
of ~110 MP, compared to the free apoMb. The obtained curves are well fitted into a two-state model
(Eq. 14) and two thermodynamic parameters can be extracted: the unfolding volume change (AV.)

and Gibbs free energy change (AGo.; mpa). Calculated thermodynamic parameters for free apoMb
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(Table 2) are in good agreement with previous studies based on HP fluorescence [42]. We observed
that AV, decreases in the following order: apoMb > apoMb-BV > apoMb-BV-Zn?*. On the other
hand, AGy.; mpa increases in presence of BV or BV-Zn?* complex (Table 2), indicating that apoMb-

ligand complexes are more stable at atmospheric pressure in comparison to free protein.

Interestingly, the apoMb fluorescence intensity on pressure strongly depends on the presence of BV
or BV-Zn** complex: in absence of ligands, the variation of fluorescence intensity at different
pressures does not exceed 10% (Fig. 4A), while in presence of both BV and BV-Zn?* complex,
pressure increases protein fluorescence by 3-4 times (Figs. 4B, 4C and S9). This phenomenon can be
ascribed to the dissociation of protein-ligand complexes during apoMb unfolding, while the
dissociated ligand cannot quench apoMb fluorescence anymore, which induces the increase of protein

fluorescence.

After HP treatment, up to 320 MPa (for free apoMb and apoMb-BV complex) and 380 MPa (for
apoMb-BV-Zn?" complex), the return to atmospheric pressure enables apoMb to refold either in the
presence or the absence of ligands, but not entirely: the emission maximum is observed at around
334-335 nm for all samples (Fig. 4, A-C, doted lines). However, the observed emission maximum is
much closer to the maximum of folded (333 nm) than the unfolded state (340-342 nm), suggesting

that the pressure decrease may induce the apoMb native-like folding.

Effects of Zn?* ions on the dissociation of apoMb-BV complex under HP

The presence of apoMb significantly shifts the VIS absorption peak of BV from 665 to 705 nm due
to the conformational change of the BV chromophore upon binding to protein (Fig. 5A) [19].
Interestingly, the presence of Zn?* ions induces the additional red shift of the VIS absorption peak of
the apoMb-BV complex. We observed an absorption maximum of apoMb-BV-Zn?" complex at 815

nm with a shoulder at 750 nm (Fig. 5B). The Zn*" ions do not influence the absorption spectrum of
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BV in absence of apoMb (data not shown), suggesting that Zn?>* ions could provoke BV

conformational change only when the pigment is bound to the protein.

ApoMb-BV complex exhibits good pressure stability up to 120 MPa, while further increase of
pressure induces a significant blue shift of BV chromophore, approaching the position absorption
maximum of the free chromophore at 240 MPa (Figs. SA and S10). Hence, the obtained absorption
data confirm fluorescence results, i.e. that pressure triggers the dissociation of apoMb-BV complex.
On the other hand, the presence of Zn?* ions strongly enhances the pressure stability of the apoMb-
BV complex and dissociation starts above 200 MPa (Fig. 5 B-C), followed by the decrease of peak
intensity at 815 nm. In contrast, above this pressure, the peak at 660-670 nm, arising from free BV,
starts to appear and increases up to the highest absorbance at 420 MPa. Based on the dependence of
absorbance ratio at 705 nm/665 nm and 815nm/665 nm upon pressure for apoMb-BV and apoMb-
BV-Zn?" complex, respectively, we constructed the dissociation curves of apoMb-ligand complex.
Unambiguously, they confirm the higher pressure stability of apoMb-BV-Zn?" complex with an
increase of the transition pressure (P;2) of ~100 MPa in comparison to apoMb-BV complex (Fig. 5C,
Table 2). Although the extracted thermodynamic parameters are somewhat different (both AV, and
AGy.1mpa are higher in absorption VIS measurements of BV spectra) in comparison to fluorescence
data obtained by excitation of aromatic side chains in apoMb, the trend in both techniques is the same:
AV, decreases in presence of Zn?', while AGy.imp. for both samples does not differ significantly

(Table 2).

After HP treatment, up to 330 MPa (for free apoMb and apoMb-BV complex) and 420 MPa (for
apoMb-BV-Zn?* complex), return to atmospheric pressure enables re-association of apoMb-BV
complex, as observed from the VIS absorption spectra of BV. Although apoMb-BV and apoMb-BV-
Zn** complexes exhibit quite different VIS absorption spectra before HP treatment, both complexes
have an absorption peak between 700 and 710 nm after HP treatment, corresponding to the absorption

maxima of apoMb-BV complex in absence of Zn** ions (Fig. 5, A-B). Therefore, HP treatment seems
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to induce irreversible changes in the heme binding pocket of the apoMb structure, which disables the
binding of the BV-Zn?" complex to apoMb. Hence, only free BV can interact with apoMb (Fig. 5A)

after HP treatment.

Table 2. Thermodynamic parameters of pressure behaviour of apoMb samples obtained from HP-

VIS absorption and HP-fluorescence spectroscopy at pH 6.0.

Fluorescence® Absorption”
Samples AV, Py AGo.1 mpa AV, Py AGo.1 mpa
(mL/mol) (MPa) (kJ/mol) (mL/mol) (MPa) (kJ/mol)
apoMb 17+ 4 112+2 8.6+0.5 NA NA NA
apoMb-BV -67+3 184 +£2 124+0.6 -134+6 198 + 1 26+1
apoMb-BV-Zn** -52+4 244 + 4 13+ 1 98+ 6 290+2 28+2

*Derived from the red shift of the emission peak of aromatic side chains (mainly Trp) within apoMb;

°Derived from the shift of the VIS peak of BV.

DISCUSSION

In the present study, we report that BV and BV-Zn?" complex bind to apoMb with high affinity at the
same binding site, while the presence of Zn?* increases the BV binding constant. Both BV and BV-
Zn** complexes make the apoMDb structure more compact. In this context, BV significantly increases
the pressure stability of apoMb. Moreover, the presence of Zn?>" ions substantially enhances the

stabilisation effect of BV on apoMb structure at HP conditions.

The protein intrinsic fluorescence quenching approach reveals the ability of BV to interact with
apoMb with high affinity, while the presence of Zn?"ions induces a slight increase of BV binding
constant to protein. On the other hand, no significant quenching of apoMb fluorescence is observed
due to Zn?" ions in absence of BV (data not shown). Interestingly, previous studies demonstrated the
ability of heme to displace the BV from the apoMb binding pocket, but heme-induced displacement

could not be observed when the complex of BV analogue (meso-BV) with Zn?* is bound to apoMb
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[24]. The higher stability of the apoMb-BV complex in presence of Zn?" and the larger binding
constant obtained in our study could be explained by additional interactions of Zn** with the proximal
His93 residue, oriented toward tetrapyrrole chromophore in the heme binding pocket [24, 30]. Indeed,
the present molecular docking study revealed the close proximity of Zn** ions with His93, and their
proper orientation towards each other makes the formation of coordination bond highly possible.
This makes apoMb-BV-Zn?* complex less sensitive to dissociation in comparison to the complex in

absence of Zn?" ions.

CD spectroscopy and SAXS measurements revealed the ability of BV to induce conformational
changes in apoMb. Both BV and BV-Zn?" complex binding not only increases the a-helical content
in apoMb but also triggers the formation of coil-coil structures, making the protein structure more
compact. We also observed by SAXS measurements a decrease of R; and volume of apoMb upon
ligand binding, additionally confirming higher compactness of both apoMb-BV and apoMb-BV-Zn?*
complexes. Interestingly, holoMb also has significantly higher a-helical content and compactness
than the apo form of the protein [43, 44], suggesting that apoMb-BV complex, either in presence, or
in absence of Zn?" ions, has high structural similarity to holoMb. Indeed, the comparison of the crystal
structures of holoMb and apoMb-BV complex confirms these findings [30, 45]. Therefore, BV
mimics the heme in its biding site, inducing the conformational change of apoMb towards a more

rigid structure.

An increase of pressure up to 320 MPa induces the unfolding of apoMb, as observed by the shift of
emission maxima from 333 to 341 nm. However, previous studies revealed that the complete
unfolding of apoMb comprises the shift of the emission maximum to 355 nm, indicating that HP only
partially unfolds apoMb [46]. Indeed, Tanaka & al. [43] demonstrated that pressure values up to 400
MPa could disintegrate the part of apoMb that contains the heme binding site, but without the ability
to unfold the complete protein. The binding of BV and BV-Zn?* complex significantly increases the

pressure stability of apoMb, as concluded by the substantial shift of the half-transition point (P;.).
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Moreover, extrapolated AGo.1 mpa values confirm higher stability of apoMb-ligand complexes at
atmospheric pressure, which is in accordance with the CD and SAXS measurements described above.
The presence of Zn** ions significantly enhances the stabilisation effect of BV on apoMb structure at
HP conditions, probably through additional interaction of metal ions with the amino acid side chains
in the heme binding pocket. It is well known that His93 coordinates to Fe in holoMb [45], and
considering the ability of BV to mimic the heme in its binding pocket, the interaction of Zn** within
His93 is highly possible [24], as shown by the molecular docking experiment in the present study.
Moreover, it is well known that holoMb has significantly higher pressure stability than apoMb [47].
Besides, there is no effect of Zn?* on pressure stability of apoMb in absence of BV (data not shown),
confirming that only Zn** bound to BV could provoke a higher stabilisation of apoMb structure at

HP conditions.

The observed volume change of 77 mL/mol for apoMb without ligands is comparable to volume
changes (53-106 mL/mol) obtained by HP-NMR and HP-fluorescence studies [42, 43, 48]. For all
samples, the calculated AV, are negative, probably indicating two phenomena: i) a HP-induced
increase of the hydration of apoMb heme binding pocket [49-51] and ii) the electrostriction of water
molecules may interact with the negative charges of apoMb residues exposed to the solvent by the
protein unfolding [52]. The decrease of AV, upon pressure for apoMb-ligand complexes, especially
for the apoMb-BV-Zn?* one, in comparison to free apoMb, may also be explained by a larger initial
volume of uncomplexed protein at atmospheric pressure. Volume calculation of apoMb, holoMb, and
apoMb-BYV crystal structures showed an increase in the total volume of unliganded apoMb of 2 and
4% compared to apoMb-BV complex and holoMb, respectively [53]. Moreover, the protein volume
determined in this study by SAXS measurements confirms a larger volume of free apoMb compared

to the apoMb-BV and apoMb-BV-Zn?* complexes (see V values in Table 1).
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Interestingly, the HP-fluorescence study reveals that apoMb-BV and apoMb-BV-Zn?* complex
dissociation is simultaneous with the protein unfolding, which is in agreement with the observation

that HP manifests its effects on apoMb structure through the disintegration of heme binding pocket.

The significant red shift of the VIS absorption peak of the BV chromophore upon binding to apoMb
is a valuable phenomenon to study the effects of HP on the dissociation of apoMb-BV complex. The
obtained red shift of bound BV could be ascribed to the flattening or compression of the BV helicoidal
cyclic conformation, as confirmed by crystallographic and NMR studies [30, 54]. The BV molecule
binds in the heme pocket, making the overall molecular shape as “similar to the heme” as possible.
Therefore, the helical conformation of BV has a minimal helix pitch in order to mimic the flat heme
conformation in the protein binding pocket [30]. However, the BV conformation in the bound state
is still not completely flat (~3A helical pitch), while the iron coordination of four pyrrole rings makes
heme mostly completely flat in the myoglobin binding site [30]. In this context, the presence of Zn?*
within the apoMb-BV complex induces an additional red shift in BV absorption spectra, which could
be explained by the more pronounced compression of BV helix through coordination of Zn?>* ions
with the nitrogen of pyrrole rings of BV [24]. Hence, the addition of Zn?" ions makes the apoMb-BV
complex more rigid, which is confirmed by the in situ HP-VIS absorption study: Zn** increases the
transition point (P;2) of the apoMb-BV complex by almost 100 MPa. Additionally, the volume
change of dissociation of the apoMb-BV complex is lower in presence of Zn?" ions, which is in
accordance with the in situ HP-fluorescence study. Moreover, as described above, the initial volume
of the apoMb-BV complex is larger than the heme-bound Mb crystal structure (holoMb) [30, 45, 53],
suggesting that metal-bound tetrapyrrole makes the binding pocket within apoMb more compact.
Meanwhile, no Zn?*-induced red shift in the absorption spectrum of BV is observed in absence of
protein, indicating that initial, apoMb-triggered flattening of BV helicoidal conformation is a

prerequisite for Zn?* to compress BV chromophore.
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However, the thermodynamic parameters (AV., AGo.1 mpa, P12) of both apoMb-BV and apoMb-BV-
Zn*" complexes obtained by HP-VIS absorption spectroscopy of BV chromophore are substantially
higher in comparison to the HP-fluorescence measurements of apoMb aromatic side chains. These
differences could be explained by: i) ten times higher concentration of protein-ligand complex in
absorption experiments inhibits the apoMb-BV dissociation (either in presence, or in absence of Zn**)
inducing the increase of P;»> compared to the HP-fluorescence measurements; and ii) absorption
measurements reveal only the change of environment of BV chromophore at HP conditions and
thermodynamic parameters obtained by this approach are strongly related with the BV binding pocket
within apoMb. On the other hand, the pressure-induced fluorescence changes of aromatic side chains
reflect not only the behavior of the BV binding site but also other regions, including the N-terminus
where Trp residues (the major contributors of apoMb fluorescence) are located [30]. Therefore, the
BV chromophore is a valuable probe that can provide thermodynamic parameters specifically related

to the behavior of the hydrophobic pocket within apoMb at HP.

The high-pressure unfolding of apoMb, either in absence, or in presence of BV or BV-Zn?* complex,
is mostly reversible (> 85%, based on the position of emission maximum) but not entirely.
Interestingly, apoMb-BV complex is fully recovered after HP treatment, suggesting that the apoMb
binding pocket is well refolded. However, HP treatment disables reassociation of apoMb-BV-Zn?*
complex after HP treatment: pressurisation of apoMb-BV-Zn** complex, followed by pressure
decrease, induces the formation of apoMb-BV complex without Zn?" bound to the protein-ligand
complex. Therefore, it seems that pressure causes subtle structural rearrangements within the apoMb
binding pocket, which disables the interactions of Zn** with the amino acid side chains, crucial for
the tight anchoring of Zn?* within the apoMb-BV complex. Indeed, Lerch et al. revealed that HP
induces the movement of Fe-interacting residue (His93) within holoMb [47], indicating that
rearrangement of this residue is responsible for the inability of Zn** to interact with apoMb-BV

complex after HP treatment.
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CONCLUSIONS

We report here the effects of two ligands, BV and BV-Zn?" complex, on the structure and pressure
stability of apoMb, by combining CD, SAXS, in situ HP-fluorescence and HP-VIS absorption
spectroscopies. BV binds to apoMb with high affinity, and the presence of Zn?>* enhances BV binding
affinity. BV and BV-Zn?" complex have the same binding site on apoMb. Both ligands induce
conformational changes in apoMb, leading to the higher a-helical content and higher compactness of
protein structure. The binding of BV to the apoMb hydrophobic pocket strongly stabilises the protein
at HP. Coordination of Zn?** to BV within apoMb, makes helicoidal conformation of tetrapyrrole
chromophore compressed and enables additional interactions of the metal ion with amino acid
residues in the hydrophobic protein pocket, which enhances the pressure stability of the protein. The
return to atmospheric pressure after HP treatment induces refolding of apoMb with the complete
ability to bind BV. However, HP treatment irreversible causes subtle conformational changes in
apoMb, disabling interactions of Zn** with amino acid residues within the protein binding pocket and
consequently preventing its coordination to apoMb-bound BV. More generally, our results highlight
the stabilisation mechanism of the hydrophobic pocket within apoMb, which is crucial for the

successful transportation and delivery of bioactive molecules by apoMb.
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FIGURE CAPTIONS

Figure 1. (4) Ribbon model of the crystal structure of apoMb (PDB:1BVC) in complex with BV.
Tryptophan (Trp) aromatic side chains and BV are shown in red (Trp7 and Trp14) and green color,
respectively; (B) Optimised structure of BV-Zn?" complex. Zn, nitrogen, oxygen, carbon, and
hydrogen atoms are shown in light purple, blue, red, dark grey, and light grey colours, respectively;
(C) BV-Zn** complex (in yellow) docked in the heme binding pocket of apoMb. Trp7 and Trp14 are

shown in grey stick representation.
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Figure 4. In situ HP fluorescence measurements (excitation at 280 nm) of apoMb (10 uM) (4) in
absence and in presence of (B) BV (10 uM) or (C) BV-Zn?* complex (10 uM BV, 100 uM Zn*").
The dotted line represents the fluorescence spectra of apoMb in absence (4) and absence of ligands
(B and C) after coming back to 0.1 MPa. (D) Percentage of unfolded apoMb (Eq. 13) and the
corresponding unfolding fits (full lines, Eq. 14) are shown as a function of pressure in absence or in

presence of BV or BV-Zn?" complex.
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Figure 5. In situ HP-VIS absorption measurements of apoMb (80 uM) in presence of (4) BV (80
uM) or (B) BV-Zn?* complex (80 uM BV, 80 uM Zn?>"). The dotted line represents the absorption
spectra of apoMb in absence (4) and presence of Zn>* (B) after coming back to 0.1 MPa. (C)
Percentage of dissociated apoMb-ligand complex (Eq. 13) and the corresponding unfolding fits (full

lines, Eq. 14) as a function of pressure in presence of BV or BV-Zn** complex.
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