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Abstract

Biointerfaces are significantly affected by electrolytes according to the Hofmeister series. This
work reports a systematic investigation on the effect of different metal chlorides, sodium and
potassium bromides, iodides and thiocyanates, on the ESI/MS spectra of bovine serum albumin
(BSA) in aqueous solution at pH = 2.7. The concentration of each salt was varied to maximize the
quality of the ESI/MS spectrum, in terms of peak intensity and bell-shaped profile. The ESI/MS
spectra of BSA in the absence and in the presence of salts showed a main protein pattern
characterized by the expected mass of 66.5 kDa, except the case of BSA/RbCI (mass 65,3 kDa). In
all systems we observed an additional pattern, characterized by at least three peaks with low
intensity, whose deconvolution led to suggest the formation of a BSA fragment with a mass of 19.2
kDa. Only NaCl increased the intensity of the peaks of the main BSA pattern, while minimizing that
of the fragment. NaCl addition seems to play a crucial role in stabilizing BSA ionized interface

against hydrolysis of peptide bonds, through different synergistic mechanisms. To quantify the


mailto:monduzzi@unica.it
mailto:drew.parsons@unica.it
mailto:asalis@unica.it

observed specific electrolyte effects, two “Hofmeister” parameters (Hs and Ps) are proposed. They
are obtained using the ratio of (BSA-Salt)/BSA peak intensities for both the BSA main pattern and

for its fragment.

Keywords: Bovine Serum Albumin, ESI/MS, BSA fragmentation, Specific electrolyte effects
Synopsis

NaCl stabilizes BSA ion and almost prevents fragmentation due to denaturing pH.

1. Introduction

The specific effect of cations and anions on the properties and on the behavior of proteins in
solution has widely been investigated since Hofmeister's first observations.[1-6] Briefly, anions
generally promote protein precipitation in the order HPO,* > S0,> > F > CI'> Br > I'> NO3 > ClO4
> SCN’, whereas cations tend to favor precipitation in the order Cs* > NH;" > Rb* > K" > Na* > Li* >
Mg?* > Ca®*. The general rule is that highly hydrated anions (kosmotropic) and weakly hydrated
cations (chaotropic) favor protein precipitation. Bovine serum albumin (BSA) has often been
chosen as model protein for many basic studies. This is due to the importance of plasma serum
albumin in membrane interactions and metal binding [7,8] as well as the electrolyte and pH
mediated formation of a protein corona around nanoparticles which in turn is addressed by the
interplay among different intermolecular interactions.[9-11] In the last decade we found that
monovalent anion binding occurs at the BSA surface, thus affecting the isoelectric point, in the
increasing order ClI" < Br < NO3” < I' < SCN'.[12,13] Adsorption of BSA to charged surfaces has
clearly been related not only to the presence of specific electrolytes but also to the pH and the
ionic strength.[9] Notably, anions were found to increase the self-diffusion coefficient of BSA in
the order FF < CI' < Br < |" < SCN’, whereas cations did not follow a monotonic Hofmeister series,
with the increase of the interaction parameter of the diffusion coefficient, determined by DLS,

following the order Cs* < Li* < Na* < K* < Rb".[14] Furthermore, it is worth citing that also buffers,



which are made of weak electrolytes, show significant specific effects even at the same nominal
concentration and pH values.[15-17]

Electrospray ionization mass spectrometry (ESI/MS) techniques have become relatively
fashionable for its potential in investigating nucleic acids and proteins or other molecules of
biological interest, since Fenn’s work in 1989.[18-25] For the theoretical background, the technical
details and the possible analytical applications we refer to the existing literature,[26—29]
particularly to several interesting papers on protein behavior published by the Konermann group.
[30-35] Some main features and related equations of ESI/MS are briefly described below. Several
papers report on BSA investigations through ESI/MS techniques [36—-47] however, to the best of
our knowledge, no systematic study of specific ion effects on BSA in denaturing conditions has
been made.

In this work we report on an ESI/MS investigation performed on BSA, focussing not only on the
specific ion effects due to the added electrolytes, but also on the role of a denaturing environment,
namely an acidic pH = 2.7. In these conditions, BSA is below the isoelectric point (BSA pl = 4.7)[12]
and is positively charged. BSA structure is well known and its three domains have been fully
characterized.[43] In addition, the occurrence of some weak peptide bonds that can easily
undergo hydrolysis[48] or interact with metal ions,[49] is well documented. Remarkably, BSA in
highly acidic medium, and depending on concentration, was found to undergo unfolding and
partial refolding of its globular arrangement.[50] Here we investigate the effect of different metal-
chlorides, along with sodium and potassium bromides, iodides and thiocyanate, added to BSA 19
1M solutions at pH = 2.7. The concentration of each salt is specifically adjusted to maximize the
quality of the ESI/MS spectra, while keeping constant all other experimental conditions. The
choice of the positive ion mode of ESI/MS spectra acquisition, and the acid pH = 2.7 ensures the

occurrence of the typical bell-shaped ESI/MS profile of BSA, characterized by a large number of



peaks at specific m/z values. [40,41,47,51]

1.1 ESI/MS background

An electrospray ionization source generally allows for a soft ionization that produces multiple
charged species without significant fragmentation of the proteins or destruction of the weak
noncovalent associated conjugates. The ESI source produces highly charged aqueous droplets
containing the protein that, before entering the MS device, tend to shrink due to solvent
evaporation. This process increases the charge density at the droplet surface, thus Coulombic
repulsion starts to counteract the cohesive intermolecular forces of water, namely the surface
tension.[30] The shrinking process causes instability of the droplet, and can continue only until the
number of elementary charges e reaches a value defined as the Rayleigh limit zg, which is given by
the equation:[52]

2 = (87/€)( g5y RY)™® (1)
where R is the droplet radius, €, the vacuum permittivity, and y the surface tension. The use of

this relation for ESI technique is discussed by Fenn in his Noble Lecture.[53] Briefly, the value of zg
indicates that electrostatic repulsion has overcome surface tension forces (see also the discussion
reported in a quite exhaustive review by Konerman [54]). Assuming the value of surface tension y
= 72 mN/m (pure water), eq (1) can be approximated, according to De La Mora, [55] to the
following:
2z~ 0.078 M®° (2)

where M is the molecular mass (Da) of the protein inside the droplet. Considering eq. 1, we may
assume also that possible changes in surface tension due to the addition of electrolytes can almost
be neglected when dealing with macromolecules and proteins having high molecular weight and
also low salt concentrations. In general small ions quickly come out of the charged droplet through

an ion evaporation model (IEM) mechanism, while proteins in aqueous medium may undergo
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different ion release mechanisms, which always involve a liquid-gas phase transition.[31] Unfolded
proteins may come out from the droplet upon solvent evaporation according to various pathways:
i) through a charge residue model (CRM) if the droplet charge approaches the Rayleigh limit value
Zg; ii) through a chain ejection model (CEM) if a Coulombic rebalancing between the droplet and
the polypeptide protruding chain occurs; iii) through a collision induced dissociation (CID)
mechanism if protein dissociation is caused by either too high energies or particular
additives.[31,33,35]
Many parameters may affect the electrospray ionization process, particularly the addition of
volatile compounds such as acetonitrile that generally enhances sensitivity,[20,21,27] and also the
addition of buffers and strong electrolytes. Strong electrolytes indeed can either modify
macroscopic parameters such as pH, ionic strength, viscosity or surface tension of the aqueous
environment (see eq. 1), or promote specific interactions at a molecular level, that in turn may
form salt adducts.[15,16,36,37]
An interesting parameter that can be obtained from the analysis of ESI/MS spectra is the average
charge state distribution (CSD) Z,,, defined by the relation:[56]

Zay = (Z zix i)/ (Z1) (3)
where z; and |; are the charge and the associated intensity at each m/z value, respectively. The CSD
parameter is strongly affected by the structure of the whole protein during the liquid-gas phase
transition.[38,39,56-59] Several authors suggested interesting relations between CSD and
molecular mass M [20,27,55] or solvent accessible surface area A, [56,57,60,61] through power
laws with variable coefficients. Notably A; data, successfully used to characterize the intrinsically
disordered proteins,[56,57,60,61] can also be useful to give evidence of the conformational
changes that may occur as a result of specific interactions between proteins and additives [62,63].

Indeed, conformational changes and unfolding or even dissociation may occur in our investigated



systems, already in the liquid phase, because of the presence of electrolytes and of the denaturing
acid conditions. According to literature data [56,57,60—-63] the A; values can be obtained using the

following equation: [62]

As=4.84 M°7° (4)

where M is the molecular mass of the protein. It is worth citing that Eq. (4) has been validated by
several authors and for a large number of proteins.[56,57,60—63] Interestingly, the Grandori group
developed significant relations between Z,, and mass M, as well as between Z,, and A, enabling
an evaluation of the state of the protein, in terms of folded or unfolded structure (see the Eqg. S1,

reported in SI).[57,61]

2. Materials and Methods

2.1 Chemicals

Bovine serum albumin (BSA) (98%) was purchased from Sigma-Aldrich (H7379) and used without
further purification. Formic acid (85%), NaCl (98%), KCl (99.5%), KBr (99%), Kl (99.5%), and CsCl
(99.5%) were from Carlo Erba (ltaly); LiCl (99%) was from Janssen; RbCl (99%) and Nal (99%) were
from Sigma-Aldrich; NaBr (99%) was from Acros; MgCl,.6H,0 (98%) was Alfa-Aesar; Acetonitrile
(99.9%), NaSCN (98%), KSCN (99%) and CacCl, (99.99%) were from Sigma Aldrich (Milan, Italy).

milliQ double distilled water was used to prepare all samples.

2.2 Mass spectrometry

Mass spectra were recorded in positive ion mode on a triple quadrupole QgQ Varian 310-MS
mass spectrometer using the Atmospheric-Pressure Electrospray lonisation (ESI) technique in the
m/z 50-2000 range. The experimental conditions were set up to reduce fragmentation reactions,

in particular: needle voltage 5500 V, shield voltage 600 V, housing temperature 60 °C, drying gas



temperature 150 °C, nebulizer gas pressure 20 PSI, drying gas pressure 20 PSI, and detector
voltage 1800 V. The sample solutions were infused directly into the ESI source using a
programmable syringe pump at a flow rate of 1.50 mL/h. A dwell time of 14 s was chosen, and the
spectra were accumulated for at least 30 min in order to increase the signal to noise ratio.

The mass spectrometer was calibrated daily with ESI Tuning Mix (Agilent Technologies) prior to the
measurements. The final samples were analyzed in triplicate. All ions listed in this manuscript
correspond to the monoisotopic masses.

2.3 Samples for ESI/MS experiments

The samples were prepared by weighing about 76 mg (+ 0.1 mg) of BSA and adding small
concentrations (mM) of metal chloride solutions (cations: Li*, Na*, K, Rb*, Cs*, Mg, Ca™) or
sodium and potassium salts (anions: Br’, I, SCN’). Then, the addition of H,0 and HCOOH 0.4 wt%
up to a volume of 5 mL for each sample allowed final solutions to be obtained at pH = 2.7. A
volume of 850 pL of these solutions was diluted with 150 pL of CHsCN, thus obtaining a final
volume of 1 mL to be analyzed by ESI/MS.

All examined samples contained BSA 1.9 x 10 M in mQ water, 0.4 wt% of HCOOH and 15.0 wt% of
CH3CN, at pH = 2.7. The protein concentration was selected to provide the highest quality of
ESI/MS spectra with the used experimental conditions. Similarly, different salt concentrations
were chosen to maximize the quality of the ESI/MS spectra, in terms of resolution, intensity and
preservation of the bell-shape of thedistribution of peaks. ESI/MS spectra of BSA samples were
always characterized by very high noise, therefore, to improve the analysis of theeffects of salts, in
terms of intensity at each m/z value, a smoothing filter corresponding to m/z = 5 was applied to all
BSA and BSA-salt ESI/MS spectra, using the mMass, the Open Source Mass Spectrometry Tool by
Martin Strohalm et al. [64] (see original and smoothed ESI/MS spectra in S, Figures SI_1). To

ascertain the occurrence of BSA-salt adducts the free software program UniDec (version 5.0.3) was



also used.[65—-67] The ‘Smooth Nearby Points’ and ‘Suppress artifacts’ functions were always
applied whereas the intensity threshold was adjusted depending on the observed experimental
intensity. Table 1 reports the deconvolution data (mass values, used threshold, and fitting
parameters DScore and UniScore) obtained through Unidec, whereas all deconvolution spectra

and fitting graphs from Unidec program are reported in SI_ Appendix A.

Table 1. Deconvolution data obtained through Unidec program, in the region m/z = 1000-2000

System Calculated Intensity DScore UniScore

BSA mass Threshol

d
BSA 66450 0.025 8.81 8.81
BSA + LiCl 66440 0.2 1.9 1.56
BSA + NaCl 66450 0.025 8.76 8.76
BSA + KClI 66440 0.05 9.4 9.37
BSA + RbCl 65200 0.11 5.07 4.98
BSA + CsCl 66440 0.14 8.07 8.05
BSA + MgCl, 66660 0.07 7.39 7.34
BSA + CaCl, 66560 0.11 7.67 7.64
BSA + NaBr 66440 0.13 5.39 5.37
BSA + Nal 66580 0.25 0.93 0.3*
BSA + NaSCN 66560 0.22 6.99 6.95*
BSA + KBr 66590 0.14 5.06 4.95*
BSA + Kl 66600 0.18 5.45 5.41*
BSA + KSCN 62610 0.34 5.63 5.57*

* high number of artifacts are detected.

However, depending on the range of m/z used, the UniDec program produced artifacts (see S,
Appendix A). Moreover Unidec did not allow identification of a fragment for which only 3-4 peaks
in the correct sequence were observed (see next paragraph), due to the presence of too many
weak peaks in the region m/z = 750-950 (see SI, Appendix A). Therefore for data treatment we
used m/z values and peaks intensity obtained from the mMass program,[64] whereas to obtain z
charges and mean masses we inserted m/z values in the ESIprot online program.[68] This

approach was successfully used in a recent paper.[69] The list of the peaks used for deconvolution
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is reported in SI, Tables SI_1. Notably, the masses for the BSA main profile calculated with both

methods coincide except in the case of BSA+KSCN system, as shown in Table 2 below.

3. Results and discussion

3.1 ESI/MS data

The results of the ESI/MS experiments obtained for BSA in the absence and in the presence of the
chosen salts, at different concentration, and at pH = 2.7, are presented here. Figure 1 shows the
smoothed ESI/MS spectrum of BSA in the range m/z = 700-1900, along with the attribution of z
charges obtained through the deconvolution procedure. The highest peak occurs at m/z = 1386.6,
with a charge z = + 48. The deconvolution of the ESI spectra using the 9 peaks around the highest
one allowed to calculate a mean molecular mass M = 66503 + 9 Da for BSA. ESI/MS spectrum of
BSA, at acidic pH, is very similar to those reported in other works[40-42,51] and the calculated

molecular mass is very close to the usual value of 66.5 kDa reported for BSA.[42]
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Figure 1. BSA ESI/MS smoothed (filter m/z = 5) spectrum in the range m/z = 700-1900 for BSA 1.9 x 10° M
in H,0 containing HCOOH (0.4% w/w) and CH;CN (15.0% w/w), pH = 2.7. Intensity vs. m/z. Main pattern
(mass 66.5 kDa): in the range m/z = 1200-1700 the attribution of z charges was obtained through
deconvolution using the 9 peaks around the highest one. Fragment (mass 19.2 kDa) in the range m/z = 750-
950 the attribution of z charges was obtained through deconvolution using the 3 highest peaks (these 3
peaks appear also in the presence of salts at the same m/z values).



Remarkably, for BSA samples, particularly in the presence of several salts, an additional pattern
constituted by at least 3 relatively weak peaks in the range m/z = 750-950 was observed (Figure 1).
The deconvolution of these peaks, likely due to a BSA fragment, allowed to calculate the mass M =
19212 + 35 Da, and to assign the positive charges z = 24, 23 and 22, for the BSA fragment pattern
without salt.

The addition of salts induced important modifications in the intensity profile of the peaks of
ESI/MS spectra, but in no case stable adducts formed by BSA protein were identified, likely
because of the low salt/protein molar ratio. This is also confirmed by the Unidec program and can
clearly be seen from the comparison between BSA in the absence and in the presence of salts

made in two expanded regions of m/z values, shown in Figure 2 for some typical systems.
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Figure 2. Expanded ESI/MS spectra in the range m/z = 1200-1700 (left side) and m/z = 750-950 (right side)
for BSA compared to BSA + NaCl (A, B), BSA + NaBr (C,D) and BSA + CsCl (E,F) systems.
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The absence of adducts can also be confirmed considering that no broadening of the bandwidth of

the different peaks was observed (see Figure 2 and ref.[37,70]). On the other hand, the formation

of protein-salt adducts may also be dependent on the ion source power. [71]

Table 2 summarizes the relevant features of the ESI/MS spectra of BSA in the presence of the

various metal chlorides, and of sodium and potassium salts with the anions Br’, I, and SCN/, in the

range m/z = 1200-1600. Table 3 summarizes the same relevant features for the fragment, in the

range m/z = 750-950.

Table 2. BSA main protein pattern in the presence of different salts. Data from smoothed spectra.

Concentration and Salt/BSA molar ratio. Highest Peak data: m/z values, Intensity |, z charges; Mean

Mass (s.d. = 0.6%) from deconvolution of the 9 peaks around the highest one, range m/z = 1200-

1600; Quality of ESI/MS spectra.

BSA - Salt Conc. Salt/BS m/z | x10’ Charg Mean Mass *Quality
Sample (mM) A a.u. e Da ESI/MS
Molar z
ratio
BSAnosalt 0.019 - 1386.6 2.8 48 66503 high
LiCl 0.471 24,78 ~ 1385.4 1.4 48 66468 low
Nacl 0.163 8.58 1386.5 3.2 48 66504 high
KCl 0.196 10.31  1386.5 1.5 48 66514 high
RbCl 0.157 8.26 1362.7 0.65 48 65279 very low
CsCl 0.126 6.63 1386.9 1.5 48 66494 low
MgCl, 0.320 16.84 12126 0.6 55 66649 low
CaCl, 0.321 16.89 13315 1.1 48 66517 low
NaBr 0.162 8.53 1447.6 1.3 46 66495 very low
Nal 0.159 8.37 1386.1 0.98 48 66538 low
NaSCN 0.160 8.42 1386.1 0.98 48 66527 low
KBr 0.159 8.37 1388.8 1.3 48 66525 low
KI 0.163 8.58 1387.4 1.2 48 66543 low
KSCN 0.159 8.37 1330.9 0.5 50 66503 very low

*The notation ‘very low’ is used when both low intensity of the peaks and loss of bell-shaped

profile are observed (See ESI/MS spectra in Sl).

11



Table 3. BSA Fragment pattern in the presence of different salts. Data from smoothed spectra.
Same samples and ESI/MS experiments as in Table 2. Highest Peak: m/z values, z charges; Mean
Mass (s.d. = 2%) from deconvolution of the 3 available peaks, range m/z = 750-950.

BSA — Salt h.p. I x 10° h.p. Mean Mass
Sample m/z a.u. z Da

BSA no salt 875.6 5.6 22 19217
LiCl 835.1 4.8 23 19227
NaCl 834.8 2.4 23 19215
KClI 875.5 5.0 22 19220
RbCl 835.1 2.9 23 19223
CsCl 875.8 4.3 22 19225
MgCl, 915.8 3.8 21 19213
CaCl, 875.4 5.9 22 19209
NaBr 875.8 8.1 22 19223
Nal 875.8 7.2 22 19224
NaSCN 875.8 7.2 22 19224
KBr 835.0 7.5 23 19234
Kl 875.9 7.5 22 19224
KSCN 875.8 5.0 22 19222

For BSA-salt systems the best spectra were obtained with salt concentration varying from a
minimum value for CsCl (0.126 mM) to a maximum value for CaCl, (0.321 mM), as reported in the
first column of Table 2. A BSA Salt/Protein molar ratio higher than 6 was always needed (second
column in Table 2) to maximize the quality of ESI/MS spectra either in terms of intensity or shape
profile. Interestingly the highest salt/protein molar ratio was found for LiCl (Li/BSA = 24), and for
MgCl, and CaCl; (Salt/BSA = 16).

The quality of ESI/MS spectra is very good in the presence of NaCl, and KCI only, whereas the main
BSA protein pattern is strongly affected by almost all the other salts. Clearly salt addition favors
BSA fragmentation in highly acid aqueous solution before the liquid-gas transition.

A general observation can be made on the calculated mean mass values. BSA has MW = 66.5 kDa,

and is constituted by 583 amino acids (a.a.) residues having a mean mass around 114 Da

12



Interestingly, for the BSA fragment pattern we obtained M = 19.2 kDa (= 168 aa) for BSA either in
the absence or in the presence of salts.

Summarizing the global effects produced by the various salts in regards to decreasing the quality
of the BSA main protein profile and increasing the fragment intensity, we note that there is not
theinverse relation that might otherwise be expected. For instance, CsCl addition produces a
fragment with several intense peaks, but does not produce a very degraded spectrum of the BSA
main protein pattern as shown in Figure 2E, and confirmed by Scores in Table 1 (see also spectra in
Sl and SI_Appendix A). The protein at pH = 2.7 has a highly positively charged exposed surface[50],
and a significant anion interaction may be expected.[72,73] In addition we should not neglect that
our anions in acidic medium may undergo a quick evaporation as A" through an ion ejection model
(IEM) mechanism associated with a decrease of surface tension.[74-76] Clearly BSA-anion
electrostatic interactions and anion evaporation are competitive processes that, likely, can
strongly be addressed by cation specific interactions with negatively charged or polarized a.a.
residues at the BSA-water interface.

As for the fragment formation, BSA is known for its resistance to denaturation even at very low
pH,[50] and often it undergoes reversible swelling phenomena caused by alterations in the weak
interactions between the various secondary structures. It has been reported that there is a
particularly weak bond between the a.a. 388-389, namely aspartic acid and proline, that can easily
be hydrolyzed by heating in dilute formic acid.[48,49] The hydrolysis of this bond would generate
two polypeptide fragments having masses around 44 and 22 kDa (in the crude approximation of
an average a.a mass around 114 Da). It may tentatively be suggested that the fragment of 22 kDa
in the very acidic environment undergoes further hydrolysis that produces a new stable fragment
of about 19.2 kDa. Indeed, it is worth citing that serum albumins were found to undergo

fragmentation within the thirty NH, terminal amino acids.[37] Actually, in other studies it has been
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shown that hydrolysis processes of BSA peptide bonds can be favored by various electrolytes and
metal complexes, as BSA has several sites sensitive to peptide bond breakdown.[41,48,49,77]
Indeed, several variable fragments may form from BSA, as suggested by the crowd of peaks which
appears in the presence of many salts, except NaCl and KCl, in the ESI/MS spectra in the region
m/z = 750-1100 (see ESI/MS spectra in SlI). Substantially, it may be suggested that the destiny of
the droplets containing BSA in the presence of electrolytes is addressed by the interplay among
ion induced weak or strong interactions, that causes either the ejection of the intact protein and
its fragment (CEM mechanism) or the ejection of small ions (IEM mechanism). Notably, for all the
investigated systems, we can rule out the CRM mechanism, not only because of the fragment
formation, but also considering that zz values of about 20 for the main BSA protein and of about
10 for the fragment, are calculated introducing the mean mass data reported in Tables 2 and 3 in
eg. 2: the Rayleigh limit is not satisfied in any case. We can end this section highlighting the

specific role of the ion pair NaCl in stabilizing highly charged BSA ion against fragmentation.

3.2 Electrolyte effects

To highlight and quantify salt effects, we can consider the ratio of (BSA-Salt)/BSA peak intensities
at each m/z value. Figures 3A, and 3C report the (BSA-Salt)/BSA intensity ratio profile of the 9
peaks around the highest one observed for BSA-metal chloride systems, and for BSA in the
presence of Na-X and K-X salts systems, respectively. Figures 3B, and 3D report a similar intensity
ratio profile of the 3 peaks around the highest one observed for the fragment in BSA-Metal

chlorides systems, and for BSA in the presence of Na-X and K-X salts systems, respectively.
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Figure 3. (BSA-Salt)/BSA peaks intensity ratio vs z positive charge: A) BSA-Metal chlorides main
pattern; B) BSA-Metal chlorides fragment pattern; C) BSA main pattern in the presence of Na salts -
continuous line — and K salt — dashed lines- with the anions Cl (red), Br (blue), | (green), SCN
(violet); D) BSA fragment pattern in the presence of Na salts (continuous line), and K salts (dashed
lines) with the anions Cl (red), Br (blue), | (green), SCN (violet).

Focusing on the profiles of Fig. 3A, to highlight cation effect at a qualitative level, we notice that
the peaks’ intensities and the quality of the ESI/MS spectra decrease in the order Na* > K" = Cs* >
Li* > Ca** > Rb* > Mg**.

As for the effect of anions, the peaks intensity and the quality of the bell-shaped profile decrease
in the order CI'> Br > "> SCN for both Na* and K" salts as shown in Fig. 3C, in agreement with the

Hofmeister series for anions. Interestingly, in the presence of NaCl, the intensity of all fragment
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peaks is much lower than that found for BSA in the absence of salts as seen in Figure 2B (see also
(BSA-Salt)/BSA intensity ratio in Figure 3B and 3D).

Indeed, the effect of cations in increasing the intensity of the fragment peaks (Fig. 3B) follows the
decreasing order Li*> Cs* > K* = Rb* > Ca** > Mg?* > Na". Considering the effect of the anions (Fig.
3D), the fragment formation is favored in the decreasing order by Br' > SCN™ = I' > CI" for Na* salt
(continuous lines), and by Br > "> SCN > CI” for K" salts (dashed lines). Substantially, the fragment
formation is favored particularly by Li* and Cs* cations and by Br™ anion, while as expected, very
low fragmentation is observed with NaCl. Hence, we can suggest that NaCl promotes mainly the
formation of a whole unfolded BSA charged ion, that implies a dominant CEM mechanism.
According to literature data [56,57,60—63] we checked for power law correlations between charge
state distribution Z,,(eqg.3), mass M (Table 2 and Table 3) and solvent accessible surface area A
(eq. 4) (see SlI Tables SI_2A and SI_2B where also the radius calculated from A; values are
reported), however no significant relations were found either between Z,, and M or between Z,,
and A;. Similar results were obtained also for the BSA fragment. This is not surprising since the
limited range of molecular mass investigated in our systems likely prevents the possibility of
obtaining correlations in agreement with literature equations which are, instead, based on a wide
range of molecular mass. However, it is worth noting that the R values around 4.2 nm, calculated
for BSA protein in the absence and in the presence of salts, are consistent with the hydrodynamic
radius Ry = 4.5 (+0.2) nm obtained from the NMR self-diffusion coefficient Dgsa = 4.56 x 10 m? s

measured at 25 °C (see SI, note N1 for details).

3.3 Quantification of Hofmeister specific electrolytes effects
To quantify the salt effect, we can suggest two parameters that characterize the fluctuations of

the (BSA-salt)/BSA intensity ratio at various z values in each system, as shown in Figure 3. We
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define the average value of the peak intensity ratios Hs as the Hofmeister Specific Electrolyte
parameter and define Ps, given by the relative variance (namely the ratio of the standard deviation

of Hs to Hs), as the Specific Perturbation parameter. That is, Hs and Ps are defined bythe following

relations:
1 (o]
Hg = ;er 1/1 (5)
.d.
Ps =41 (6)

where I//° is the (BSA-salt)/BSA intensity ratio of the peaks at each z value, and n is the number of
peaks considered (see SI, Tables SI_3 and SI_4, for the ratios associated with each considered
peak).

Hs represents the average specific electrolyte effect on the intensity profile of the ESI/MS peaks of
BSA protein and of its fragment, both considered as a whole charged ion. The second parameter Ps
highlights the significance of Hs being a measure of the structural loss in the charged protein ion
ESI/MS profile, caused by specific electrolyte perturbations. Typically the lower the perturbation
parameter Ps, the higher the Hofmeister electrolyte specificity Hs. Table 4 reports Hsparameter
and its standard deviation, together with Ps parameter for both BSA main pattern and BSA
fragment.

The Hofmeister contribution Hs allows to quantify the qualitative observations based on the
quality of the ESI/MS spectra and on the trends of the intensity profiles reported in Fig. 3, referred

to all the peaks in the different BSA systems.
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Table 4. Hofmeister Specific Electrolyte parameter Hs and Specific Electrolyte Perturbation
parameter Ps for BSA main pattern and BSA fragment.

Added salt BSA main pattern BSA fragment
H; Hs s.d. Ps H; Hs s.d. Ps

LiCl 0.45 0.08 0.18 1.37 0.60 0.44
NaCl 1.15 0.07 0.01 0.54 0.13 0.24
KCl 0.55 0.02 0.04 0.98 0.24 0.24
RbCl 0.19 | 0.05 0.26 0.85| 0.29 0.34
CsCl 0.53 | 0.05 0.09 1.35| 0.53 0.39
MgCl, 0.21| 0.02 0.10 0.64 | 0.18 0.28
CaCl, 0.37 | 0.06 0.16 0.88 | 0.41 0.47
NaBr 0.46 | 0.04 0.09 2.35| 0.65 0.28
Nal 0.34 | 0.02 0.06 211 | 0.43 0.20
NaSCN 0.33| 0.02 0.06 2.02 | 0.59 0.29
KBr 0.46 | 0.03 0.07 2.08 | 0.46 0.22
KI 0.41| 0.04 0.10 199 | 0.25 0.13
KSCN 0.15| 0.02 0.13 1.35| 0.29 0.21

The combined effect of cations and anions on BSA profile and on the extent of salt-induced
fragment formation can more clearly be seen in Fig. 4, where the Hs values are reported in the
decreasing order of the added salts, for both the BSA main pattern (Fig. 4A) and fragment pattern
(Fig. 4B), together with the associated perturbation parameter Ps that can provide the intrinsic
significance of the specific electrolyte effect. Signficantly, both Hs and Ps values are always higher
in the fragment pattern than in the intact protein ion profile.

Considering the effect of replacing chloride counterion with bromide, iodide, and thiocyanate for
the Na* cation we can remark that the value Hs > 1 (lowest Ps) for NaCl compared to the Hs << 1,
determined for NaBr, Nal and NaSCN, highlights the loss of the protein main profile while the
intensity of fragment peaks increases. This, in turn, agrees with the Hs > 2 (low Ps) determined for
BSA fragment in the presence of NaBr, Nal and NaSCN, and with the Hs = 0.5 obtained in the

presence of NaCl.
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Figure 4. Hofmeister Electrolyte Specific Parameters Hs and Ps as a function of added electrolytes

to BSA systems: A) Main pattern; B) Fragment pattern.

Notably, the Hs values, referred to BSA main protein pattern show the anion decreasing sequence
ClI'>Br > 1 > SCN’, while for fragment formation, the anion decreasing sequence becomes Br > | >
SCN" > CI' for both Na and K salts. Substantially, chloride anion favors hydrolysis driven
fragmentation at a much lower extent than bromide anion, but, in turn, promotes high
perturbations of the structure, as suggested by low Hs and high Ps values in Fig. 4A for BSA main
pattern, particularly when associated to Li*, Rb*, Mg®* and Ca®" cations.

As to the Hofmeister Specific Electrolyte parameters Hs and Ps shown in Fig. 4, we can remark the
following points: i) only in the case of NaCl addition the Hs value confirms the opposite behavior,
qualitatively observed, that is enhancing the main BSA pattern and minimizing fragment
formation; ii) all the other electrolytes produce different effects for BSA main and fragment
pattern; iii) NaBr, Nal, KBr, NaSCN, and also Kl with Hs > 2, show a specific propensity in favoring
fragment formation, without, however, destroying the BSA main pattern; iv) Br” anion causes the

highest fragmentation of BSA protein in both BSA-NaX and BSA-KX systems (notably NaBr > KBr).
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The effect of NaCl is not easy to understand, however we can suggest that NaCl specifically
modifies the stability and the dynamic behavior of unfolded BSA interface thus preventing the
breaking of some weak peptide bonds that was observed for the other salts.[48,49] To the best of
our knowledge, no data on NaCl stabilizing effects towards BSA in pH-induced denaturing
conditions are available. Nevertheless, we can consider some works where the thermally induced
BSA unfolding, at pH = 7, produces aggregation and then induces a sol-gel transition due to
crosslinking, as demonstrated through various techniques.[78,79] Indeed the sol-gel transition was
found to depend on the BSA critical concentration that decreased with increasing NaCl
concentration.[78] In addition, the presence of NaCl was suggested to retard the kinetics of the
post-denaturation fragmentation phenomena thus allowing for a re-compaction of the domains
upon cooling.[79] On the other hand, we should mention that BSA unfolding induced by heating
was ascertained to produce structural modifications involving also the melting of a-helices that

facilitates gelling processes as found for a solution of BSA containing NaCl.[80,81]

4. Concluding remarks

This work clearly shows that salts affect specifically the ESI/MS spectra of BSA protein, in
denaturing solution, in a more complicated manner than the conventional Hofmeister series, likely
due to different interactions and fragmentations which occur in the liquid state. Among the
observed results, one of the most interesting is certainly related to the formation of a BSA
fragment with a mass of about 19.2 kDa, due to acidic hydrolysis at some weak peptide bonds
(aspartic acid is particularly prone to undergo acid induced hydrolysis), and dependent on the type
of added salt. BSA undergoes fragmentation either in the absence or in the presence of salts, and
the liquid-gas transition of BSA and its fragment occurs through the CEM mechanism, that is a
chain ejection model after ion-mediated charge rebalance. Moreover, since the pH is lower than

the BSA pl, in principle we might expect a substantial effect due to anion binding that, however, is
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a process in competition with ion ejection as A". Due to the very low concentration of added salts,
the replacement of H* with other cations does not seem to be particularly favored, nevertheless
cations clearly play a significant role in addressing the fate of BSA ion and its fragment.

The proposed Hs parameter mainly represents the quantification of the added salt effects rather
than the usual anion or cation trend within the Hofmeister series framework.

We conclude by highlighting the unique specificity of NaCl in stabilizing the BSA ion and enhancing
BSA peak intensities in the ESI/MS spectrum, and also the dramatic effect of replacing Cl” anion
with Br’, I, and SCN™ anion in the Na* and K* salts systems, for which, remarkably, very similar

concentrations, in terms of molar ratio, were used.
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Highlights
e ESI/MS technique provides information on protein-electrolyte interaction
e Electrolytes added to BSA in denaturing condition induce fragmentation of BSA
e NaCl stabilizes BSA ionized interface against hydolysis and fragmentation at acid pH
e Bromide anion induces the highest extent of BSA fragmentation
e New specific electrolyte perturbation parameters quantify Hofmeister effects
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