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Abstract

Proteins play a major role in the organization of the living matter. Underlying this fact
are their unique properties in aqueous solution, for which the available theories provide
only a partial explanation. In order to throw some light into the behavior of proteins in
aqueous solution, experiments on the precipitation of electropositive albumin by means
of the sodium salts of sulfate, thiocyanate, nitrate, bromide and chloride upon varying
the solution pH were undertaken. Results show that the prot.’a undergoes a transition at
approximately pH 3, characterized by a change on its prec'nitztion profile. Its shape, of
monotonic profile below pH 3, displays a non-ma.ow:c behaviour with separated
peaks at higher pH values, which increase in nu.mber and decrease in intensity with
increasing pH. To elucidate these observat'or.s additional precipitation experiments
with sodium thiocyanate in the prese:i.> o7 a secondary salt were undertaken. It is
shown that the secondary salt changes s\3nificantly the protein's precipitation profile,
despite being present in very |y, ~oncentration. Its influence on the precipitation
depends in a great extent on t,> cation's valence, which induce effects proportional to x,
x2, and x? for monovalert, di -alent, and trivalent cations, respectively. The observations
reported can be r.-nl.ined under the assumption that i) the protein dissociates into
distinct forms, as result of the dissociation of carboxyl groups, and ii) salt cations
establish chemical equilibria with the negative charges of the dissociated carboxyl

groups present in the emerging protein forms.



Introduction

Proteins have been recognized as a distinct class of molecules for at least two centuries®.
They show diversity both in chemical structure and physical modification to an extent
that lacks in any other class of substances®. Alone, they display the specific properties
of the living matter, and are essential compounds for all known forms of life?™.
Underlying these attributes, are the numerous and unique protein properties in solution,
for which a general theory affording a compelling clarificativ « is still lacking.

Based on the assumption that the manifestations of proteii < at neutral pH are the result
of multiple events occurring simultaneously, and cot seycntly difficult to unravel, we
have begun a series of experiments on the saltiny, out of bovine serum albumin (BSA)
in which the pH was gradually changed. It n7s been known for a long time that the
hydronium concentration considerablyv «fec's proteins properties in solution®, and it
was hoped in this way to elucidate this intriguing relationship®. Thus, in a previous
work we have studied the precifitz..>1 of BSA by the action of inorganic salts at pH
values between 2.4 and 3.1°. i ~r these extremely acidic conditions the main conclusions
were that i) The precipitatio.> of albumin by the action of inorganic salts is intelligible
under the assumptior, thar the protein behaves like a common salt; ii) Anions are the
main active agents ir *ne precipitation of electropositive albumin; and iii) The effect of
cations on the salting-out of BSA is only noticeable at pH values close to 3.0 and,
remarkably, induce an effect which seems to result in the presence of distinct protein
forms.

The previous observations and assumptions motivated the work here reported, which is
based on the study of the precipitation of BSA at slightly higher pH values, and for
which the dissociation of the carboxyl groups should be clearly noticeable. The obtained

data are analyzed in light of the chemical theory, for which our previous results gave
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strong support®. When justifiable, a comparison is given with the colloidal concepts,
which, alongside the chemical theory, are the only ones of general character insofar
advanced to explain the proteins behaviour in solution.

As a matter of fact, the protein behaviour in solution was an extremely debatable
question in the late 19" and early 20" centuries® * ®*. Scientists discussed whether
proteins were in true solution, in light of the chemical principles, or suspended particles,
whose properties could be explained under the assumption of the colloidal ideas.
According to some authors®, the empirical colloidal concerts 1.ove prevailed due to the
inability of the chemical school to reconcile their idea: v.'th some experiments. In the
present work, such an important question for our unaestanding of proteins will also be

addressed.

Experimental

Materials:

Salts: The salts used were lia>"N (from Merck, > 98.5 %), (NH4),SO, (from Merck,
99.5%), KCI (from Chom-Ldb, 99.5 %), NaCl (from Fisher, 99.5%), CaCl, (from
Panreac, 95 %), M.2C., from Sigma, 99%), and InClz (from Sigma, 98%). Additional
information can be found in the Supplementary Information.

BSA: The bovine serum albumin (Mw = 66.5 kDa) used was fatty acid free (< 0.02 %)
from Fisher Scientific, lot 66-1384 and lot 66-1375, with purity > 98 %, ash content
below 3 % (heavy metals < 10 ppm) and an isoelectric point (pl) of ~ 4.7. Additional
information can be found in the Supplementary Information.

Others: Hydrochloric acid, 37 %, from Sigma-Aldrich, sodium hydroxide (from
Panreac, 98 %), and potassium hydrogen phthalate (from Panreac, 99.8%). Additional

information can be found in the Supplementary Information. The water used was ultra-
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pure water, double distilled, passed by a reverse osmosis system and further treated with

a Mili-Q plus 185 water purification apparatus.

Methods:

Precipitation experiments: Preliminary experiments were performed as detailed in the

Supplementary Information. The precipitation data here reported, unless otherwise
indicated, was obtained in the following manner: different solutions were prepared in 20
mL glass flasks, all containing the same quantity of proteir acid, and, when adequate,
of a secondary salt and increasing concentrations of tr.e \~ain precipitating agent. The
final volume (3 or 5 mL) was completed by the .Adition of water. The required
quantities of stock solutions of all componente a~d water were dispensed with a
Multipette Xstream pipette (Eppendorf, Hen.lury, Germany). After the addition of all
solutions, except for the protein stoc’ sc.ution, the mixture was homogenized. During
the addition of the protein stock calution, the flask was gently mixed. After this
procedure the flasks were maintair.>c in an incubator (protected from light) at 25 °C for
24 + 2 h. Finally, the san.nles from each tube were transferred to quartz cuvettes,
inserted in UV-1800 Shimo-zu spectrophotometer with temperature control, let to stand
for 30 seconds, anu the absorbance at 350 nm was then read at least three times.
Experiments performed at different days, with different stock solutions of all
components, and also with different protein lots, allowed to estimate the error. The error
was usually below 5 %. The major deviations were obtained at the very low
concentrations of solution of Indium chloride, most likely due to the required sequential
dilutions, but even in this case the error was below 9 %.

pH measurements: The pH control was performed as described in the Supplementary

Information. The values of pH reported here for the precipitation curves are for those



solutions without salt, where reference was made to the titration curve (Figure S1 in the
Supplementary Information). pH measurements were made at distinct salt
concentrations in the presence of BSA at 10 g.L™*. For all the figures presented the pH
do not change considerably from the one reported. Their values in the absence or

presence of salts amounts to the one presented + 0.03 and + 0.1, respectively.

Results and Discussion

In a previous work®, dealing with the salting-out of the <!~c. opositive BSA at extreme
acidic conditions, a suggestion has been made, a.~ording to which bovine serum
albumin dissociates into various forms as the resui of the dissociation of its carboxyl
groups. In the following, experimental ass.*s und evidences of this hypothesis are

sought.

The transition at low pH

An attempt to verify whether \he protein's precipitation profile varies considerably, or
not, under the experimertal conditions in which the dissociation of the carboxyl groups
ought to become rticearie was carried out. The protein is composed of one hundred
carboxyl groups whose pK, values vary between 3.75 and 3.95"%. Hence, we have
undertaken experiments upon the precipitation of BSA by means of sodium salts of

thiocyanate and sulfate, while varying the pH, whose results are shown in Figure 1.
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Figure 1. Precipitation of BSA (10 g.L™) by means of NaSCN (figure 1a - left) and Na,SO, (Figure 1b -
right) at different pH values, after incubation for 24 h at 25 ° C. Here. anu in the remaining figures, the

lines have no physical meaning and are only intended to assist in vis''an_*» 4 the data.

In Figure 1, the quantity of salt is expressed in my!arity of cation, for reasons discussed
below. The anions, which are the main preciyit<ting agents for electropositive proteins™
3 display consequently their precipitiu,g .ower in distinct quantities in the results
gathered in Figure 1. Even so, it can be secn the parallelism between the effects induced
by both salts, which can be suminzn:zd in the following manner: below pH 3, the salt
induces a monotonic precipita.’on profile, of sigmoidal shape, upon the precipitation of
albumin. A striking change accurs at ca. pH 3, whereupon the precipitation profile
exhibits a non-mnnc*oni; shape. Separated peaks are now distinguishable, which
increase in number und decrease in intensity with growing pH. Below a certain
hydronium concentration, the protein does not precipitate by the action of salt within the
experimental conditions displayed, which is further confirmed by studies at higher pH
values (data not shown).

In Table 1 the quantity of salt and hydronium required to bring about BSA precipitation
are given in molar proportions per mole of protein. These values correspond to
experimental data points taken from Figure 1a, but would qualitatively be similar if they
were taken from Figure 1b. Also, the amount of precipitated protein is shown
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comparatively, as the percentage of change in the Absssonm, either when the quantity of
salt is doubled, while the hydronium concentration remains constant (top values in the
corresponding cells), or when the hydronium concentration changes, while the quantity

of salt remains constant (bottom values in the corresponding cells).

Table 1. Experimental conditions corresponding to data points in Figure la.

. molar ratio
% of change in Absssonm'”
salt: H;O": BSA
[H;0"] x 10
NaSCN NaSCN NaSCN NaS N NaSCN NaSCN
pH (mol.LY)
0.10 mol.L™? 0.20 mol.L? 0.40 mol.L* 010t 0.20 mol.L* 0.40 mol.L*
>100 @ 56 33
3.03 9.33 il bt 1330:6.2: 1 2660: 6.2: 1
-4 (b) -26 () 3 (b)
>100 @ 0 43 |
3.42 3.80 L35: 2.5: 1 1330: 2.5: 1 2660: 2.5: 1
-1.7 -37 -32
59 @ 15 -67
3.65 2.24 665: 1.5: 1 1330:1.5:1 2660: 1.5: 1
-85 -83 J6

® _ percentage of change in the Abszsenm When the quanti .y ¢ salt .~ doubled while the [H30™] remains constant (top values), and
for the same quantity of salt when the hydronium concen.. “tic | decreases (bottom values).
@ _ 9 change relatively to NaSCN 0.05 mol.L™ ; ® - % change . alatively to pH = 2.89 or [H;0"] = 1.29 x 10,

It can be seen from these number: that copious amounts of salt are required to bring
about a noticeable saltinn-ou.. It can also be seen from Table 1 the lack of
proportionality between (ve amount of precipitated protein and the quantity of added
salt: upon doubliry e cuantity of salt, stepwise from 0.05 mol.L™ to 0.4 mol.L™, while
holding the pH at 3.03, the quantity of precipitated protein always increases, first
considerably, then slightly, and then somewhat less; at pH 3.42, the quantity of the
precipitated protein by means of the same quantities of added salt, first increases
considerably, then remains constant, and after increases moderately; at pH 3.65 the
quantity of the precipitated protein by the action of the same amounts of added salt, first
increases moderately, then increases slightly, and finally decreases considerably. These

behaviors suggest that the observed phenomena depends chiefly upon the pH, an



assumption which is further emphasized by the fact that a decrease in the quantity of
hydronium brings about, as a general behaviour, a reduction in the amount of
precipitated protein. This parallelism, however, is not strictly observed, and when it is,
these quantities, i.e., the hydronium and the precipitated protein, vary in distinct
proportions. Taken together, these facts are intelligible under the assumption that the
protein undergoes a change, in which the pH plays an important role.

These observations could be explained in the following manner: The electropositive
protein is a macromolecular cation which can be presen~t > multiple and distinct
macromolecular cations. The dissociation into these forms is similar to those
encountered in electrolyte chemistry, according tn .‘hich the driving force for the
speciation process is the hydronium concentration '1,>erefore, above a certain pH value,
the undissociated protein dissociates intc . vd.onium and macromolecular cations,
which coexist in chemical equilibria ! atwzen them. The pK, for these various chemical
processes varies within a very limie range of pH, corresponding to those expected for
the dissociations of the carbox:/! g-nups. The dissociations, likewise those encountered
in salts, are stepwise procisses, according to which the number of macromolecular
cation species increase w'th increasing pH. Hence, their concentrations decrease for
lower hydronium quonuwy, resulting in an increase upon the required quantity of salt to
precipitate them. A threshold pH value is attained, above which the concentration of the
various protein forms reaches a minimum, which are no longer observable by the

precipitation conditions displayed.

The anion’s series
The fact that BSA undergoes a transition within a low pH range, was perhaps firstly
pointed out by Tanford*. The so-called “conformational change™ has been thereafter

revealed by many other techniques, and for which, as we have seen above, precipitation
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affords no exception. Neither would we expected otherwise. The protein is blind
towards the technique, that is to say that it must respond in the same manner to varying
experimental conditions. Therefore, the behaviour revealed by titration curves'®
intrinsic viscosity™®, optical rotation®, X-ray diffraction’’, circular dichroism®®, Raman
spectra’®, amongst many others® *® 2% finds correspondence with our observations,
the elucidation of which shall by implication clarify the observations exposed by
distinct techniques. Hence, the chemical interpretation of the transition demands further
scrutiny.

From the previous considerations, we extended the studies *2 a wider number of salts, or
rather, salt anions, which are the main precipitation ay>nts for electropositive proteins>
3 Figure 2 illustrates the precipitation experiment. of albumin by means of sodium

salts of chloride, bromide, nitrate, thiocyanat. ard sulfate at pH = 2.89 (Figure 2a) and

pH = 3.42 (Figure 2b). Additional ‘afc.mation can be found in the Supplementary

Information (Figure S2).
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Figure 2. Precipitation of BSA (10 g.L™) by the action of Na,S0O,, NaSCN, NaNO;, NaBr and NaCl at

different pH values (2a, pH = 2.89 and 2b, pH = 3.42), after incubation for 24 h at 25 ° C.

It can be seen from the results gathered in Figure 2, likewise from those in Figure S2 in

the Supplementary Information that the amount of precipitated protein decreases with
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increasing pH. The observed behaviour occurs with all precipitating agents, supporting
the above conjecture, according to which the protein undergoes a change, which
depends chiefly upon the hydronium concentration.

Some facts in Figure 2 are, however, apparently in conflict with the previous conjecture:
the role of the sulfate anion, which seems to undergo an inversion of behaviour with pH,
or the lack of observation of a transition by some salts, both of which suggest that the
salts play a non-negligible role in the phenomena under consideration. In the following
an attempt to clarify both observations is sought.

lons, which are the active agents in the salting-o.. ~henomena, display distinct

510, 1..7526 Tha relative effectiveness of

capabilities in bringing a protein out of solution
anions in precipitating an electropositive proteir, v.hich can be established in many
distinct ways, was here appraised by the gr:a: ity of salted-out protein by means of the
same amount of distinct anions, whi'a hulding constant the remaining variables upon
which the precipitation depends on*. Therefore, upon the limits allowed by experiments,
for the same pH, temperature, »lag -~ J time before measurement, quantity and nature of
counter-ions, and perhaps pvessure, the higher the amount of precipitated protein the
more effective the anion i< in bringing the protein out of solution. Any attempt to
establish the relative e1iicacy of anions in the salting-out phenomena, in which at least
two of the foregoing parameters, including the quantity of salted-out protein®, vary, may
evidently lead to erroneous conclusions.

Under these circumstances, conclusions can be drawn about the effectiveness of anions
with distinct valence, or between those of the same valence at distinct concentrations,
which lacks correctness under those circumstances where the cation plays an active role

upon the precipitation of proteins. It will be seen below that the cation has a central role

upon the precipitation of electropositive albumin, starting at pH values whereby the
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dissociation of the carboxyl groups ought to become noticeable. Consequently, the
comparison between the efficacy of SO,% in the salting-out phenomena and the
monovalent anions, under the experimental conditions illustrated in Figure 2b may lead
to wrong conclusions. Likewise at higher pH values, the comparison between anions of
distinct valence, or between anions of the same valence at distinct concentrations, both

of which often reported® %’

, will in all likelihood result in incorrect assumptions.

We have shown previously® that the sulfate anion displays a higher capacity than the
above studied monovalent anions to bring the protein out rt su'ution at extreme acidic
conditions, whereby cations such as Na* play a negligi.'e role upon the salting-out
phenomena. This higher propensity of sulfate than the monovalent anions to precipitate
proteins, is further supported by the results illustrate in Figure 2a, in which the effect
of Na’ is less pronounced, and under the ~ai. e =xperimental conditions, including the
amount of cation, half the quantity ¢ S),% induces the same amount of precipitated
protein as the strongest precipitating monovalent anion. We may then conclude from the
preceding, that the sulfate is, amcnyst the anions studied, the strongest precipitating
agent. The intriguing behz fiour of the sulfate anion upon increasing pH, which is
illustrated in Figure 2, mu~t “herefore be due to the role of cations, whose effects upon
the salting-out ot ~lectropositive albumin increase with decreasing hydronium
concentration. Following the same lines of thought, it can be seen from the results in
Figure 2, as from those in Figure S2, that the order of efficacy for the monovalent
anions in the salting-out of electropositive albumin can be unambiguously established.
Therefore, anions have the property to precipitate aloumin, whose efficacy in bringing it
out of solution decreases in the following order: SO,* > SCN"> NOs > Br > CI".

The lack of observation of a change upon the precipitation behaviour by means of

certain salts, is, according to the same lines of thought, due to the weak precipitating
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power of certain anions, like bromide or chloride. It is, so to say, a limitation inherent to
the technique. The conclusion is supported by earlier studies on e.g. intrinsic viscosity™®,
or optical rotation'®, in which the transition experienced by the protein could be
noticeable in the absence of salt.

Thus, the results illustrated in Figure 2 can be explained under the assumption that the
protein undergoes a change, which depends chiefly upon the hydronium concentration.
Anions, on the other hand, have the property to precipitate albumin, whose efficacy in
bringing it out of solution is given by the above series.

Upon assumption of the colloidal ideas, the protein ad7pw. wtself differently in response
to the presence of individual ions?, the effects of whi \ are believed to be ruled out by
a universal mechanism hidden in the so-called Hofme ster series”?’. According to these
ideas, ions can be organized in a definite ¢: e reflecting their efficacy on bringing
about a protein out of solution. Ani ns are apparently more effective than cations®,
whose effects can be arranged in a u>creasing order of efficacy as follows®®: SO,* > CI
> Br > NOs > SCN". Either slinht madifications®, such as the switch between adjacent

ions in the series, or cons:eravle variations®®!

, such as a complete reversal of the
same, have been reporte.. 7'he results and interpretations here reported have shown
otherwise.

According to our interpretation, aloumin undergoes a change as the result of the
dissociation of the protein, whereby distinct protein forms coexist in equilibria. Thus,
the observed phenomena are due to chemical processes similar to those encountered in
general chemistry. The driving force for the transition is mainly the hydronium
concentration, while ions roles are intelligible under the assumption of classical

physicochemical principles. Hence, the role of anions upon protein properties in

general, and precipitation of electropositive proteins in particular, are ruled out by
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electrostatic interactions, according to which the anion's valence, first, and the size of
the same, thereafter, will determine anion’s effectiveness in inducing precipitation. The
effects are rationalized in the following way: The role of the valence is understandable
in association with the Coulomb’s law®, according to which the magnitude of the
electrostatic forces of attraction is directly proportional to the magnitudes of the charges
of opposing character; the effect of the size is understood by the fact that the further is
the electron away from the nucleus the more easily it combines with positive charges*”.
The anions size in aqueous solution, which should be a gord v, ~xy for the latter effect,
has been obtained by Y. Marcus*, who reported the fo!iu.ing values: 18.1, 27.8, 29.0,
and 46.6 cm®>mol™ for CI", Br, NO;~ and SCN™ reanectively, a trend which agrees

with our observations and supports our arguments

The non-monotonic effect

After establishing that the transitiu.> is a phenomenon inherent to the protein and that

12,1416 \ne looked in

depends chiefly on the pH, in agreerient with earlier observations
more detail into another phanoienon: The non-monotonic precipitation profile, bell-
shaped, clearly discernibi> by the action of sodium thiocyanate at pH 3.65, illustrated in
Figure 3. A simi.” scguence of events of salting-out followed by salting-in was
reported more than 100 years ago*3, which we try to elucidate next.

In light of the concepts herein advocated, the electropositive protein dissociates into
many distinct forms. Any of these carries globally a positive charge, differing amongst
them in the value of its charge. In agreement with physicochemical principles, the
assumption is made that the least positively charged, or otherwise, those containing

more negative charges on their backbone, arising these from the dissociation of the

carboxyl groups, are the least soluble ones, and consequently precipitated by smaller

14



amounts of salt. The assumption is also made that the precipitated protein forms are in
equilibrium with the, so to say, macromolecular cations in solution, a premise supported
by the reversibility of the precipitation often reported in the literature® 3%
Consequently, the observations in Figure 3, according to our interpretation, are the
result of the precipitation of low-soluble protein forms which are in chemical equilibria
with macromolecular cations in solution, some of which being abundant in ionized
carboxyl groups.

The previous conjecture, if correct, can be experimental'v >sted by means of the
following arguments: Throughout the reaction of the iui.*zed carboxyl groups of the
macromolecular cations in solution, by force o. electrostatic interactions, the
equilibrium can be perturbed towards a smaller emc 't of precipitated protein, with a
consequent lowering of the precipitation 21c¢il. This effect, which depends on the
charge, positive on this circumstance, of .he added reagent body, will consequently be
more effective if divalent than monc alent, and if trivalent than divalent.

The addition to the solution of a p~<itively charged body carries inevitably with it the
addition thereto of a negati.» onc. According to the ideas here proposed, the negatively
charged body will most .=l react with the positive charges present in the backbone of
the protein, with a ~onsequent and parallel perturbation of the assumed chemical
equilibria. A minimization of this effect is anticipated, if the main and the secondary
negatively charged bodies are strong and weak interacting reagents, respectively.

As a result of the previous reasoning, we have undertaken experiments on the
precipitation of BSA by sodium thiocyanate, under the same experimental conditions as
in Figure 3, except that calcium or indium chlorides were also added, and whose results

are illustrated in Figure 4.
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NaSCN (mol.L™7)

Figure 3. Precipitation of BSA (10 g.L-1) by means of NaSCN 1t pri 3.65, after incubation for 24 h at

25 °C.
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Figure 4. Precipitation of BSA (10 g.L™") by the action of NaSCN at pH 3.65, in the additional

presence of CaCl, or InCls, after incubation for 24 h at 25 °C. The bars indicate the experimental

uncertainty.

Here, it can be seen a slight but noticeable decrease in the precipitation profile in the
presence of a secondary salt, as predicted. The observed effects appear to result chiefly
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from the cation, according to the theory, although doubts may remain in this regard, and
for which we hope to provide more explicit evidence latter on.

The facts illustrated in Figure 4 express particularities that need further scrutiny. Here,
we restrict our analysis to the relative proportion of secondary salts required to induce
similar effects, and to the distinct precipitation profiles induced by the secondary salts, a
rationale for which, in light of the herein advocated concepts, are the object of our next

considerations.

Hardy's valence rule
The precipitation of proteins by the action of ion.. which we will assume in the
following to be a chemical reaction, is a phenoi.=non of electrostatic nature*®
Therefore, the reaction between the ne~ative charges of 1 mole of active
macromolecular cation, i.e., the posit.vel s charged protein in solution which contains
dissociated carboxyl groups on the'r backbone, hereinafter referred to as MC, and n
moles of divalent cations, below r ferred to as D**, can be formalized according to the
equation:

M7 + nD** <> MCD, (1a)
and the associatec 1.*e wgdation, according to:

v, = kp[MC][D*]" (1b).
Here v, is the rate of the reaction, and kp the rate constant. Similar equations, but now
for the reaction between 1 mole of MC and m moles of trivalent cations, which below
are referred to as T**, holds:

MC + mT* & MCT,, (2a)

vs = kr[MC][T*T™ (2b),

17



whose symbols have similar meanings to the previous ones. In light of the foregoing,
conclusions can be drawn about the proportion required by cations of distinct valences
to react with MC, or, in other words, to induce similar effects in the precipitation
profile. Two thirds of a trivalent cation are required for each divalent cation to induce a
similar outcome, or according to the previous formalism, m = 2/3 n. Assuming that v, =
vs and kp = kr, conjecture discussed later on, then for the same amount of active
macromolecular cation, the relative proportion between divalent and trivalent cations to
induce similar effects, will be given by the following relatir...

[T3+] - [D2+]3/2 (3a),
or similarly,

[D*] = [T*]*° (3b),
Equation 3 can now be tested in predicting (ne o:iperiments in Figure 4.
The effect induced by 7.5 x 10® mol.. ~f a divalent cation on the protein precipitation
profile, finds a theoretical correspond =nce in 6.5 x 107 mol.L™ of trivalent cation, and
7.5 x 107 of the latter, in 8.3 x 27 i the former. The experimental values of 7.5 x 107,
and 7.5 x 107, respectivelv, .e as close to the theoretical ones as could be expected, as
our next arguments try £~ sciport.
The slight deviation. between the previous numbers, and between the precipitation
profiles induced by cations of unlike valence can be attributed to at least two effects: i)
to the anion of the secondary salt, which is assumed to play a non-negligible role on the
phenomena upon consideration, and which is present at distinct concentrations; ii) and
due to collision theory concepts®, according to which the trivalent or divalent cation
will react, respectively, with three or two carboxyl groups of the same, and not of
distinct macromolecular cations. From such a consideration, which may have

implications far beyond what is concerned here, conclusions can be gathered about the
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previous assumptions, i.e., v, = vz and kp = kr, which certainly lacks precision. So, the
similarity of the effects induced by means of the secondary salts, CaCl, and InCls, and
illustrated in Figure 4, are as close by as allowed by the theory. Likewise, the accuracy
in the prediction according to equation 3 are, in our view, a strong argument for the
central role of the cation in the phenomenon under consideration.
Following identical reasoning, the relative proportion between monovalent (M*) and
divalent or trivalent cations to induce similar effects on the precipitation, is then given
by the following relationship:

[M*] = [D*]¥? (4a),
or,

[M'] = [T (4b),
respectively.
The experimental value obtained ‘wi*a potassium chloride (Figure S3 in the
Supplementary Material) of 1.0 x 1¢ mol.L™, and following the same foregoing lines
of thought, is as close by as co:'d L.~ expected to the theoretical one of 8.9 x 10, which
was obtained with equation *. by arithmetic mean of the effects observed for Ca** and
In**. The less pronounrau ~~ting-in effect induced by the potassium is perhaps due to
the high quantity ot .\~e CI" anion in solution, which must play now a considerable role
upon the phenomena.
From the preceding figures the following conclusions can be drawn: for pH values
around 3.65, the albumin, which is brought out of solution by means of NaSCN, can be
salted-in by addition thereto of a secondary salt. The observed influences of the
secondary salt result chiefly from the cation, which depends to a great extent on its
valence. The induced effects follow, within the experimental uncertainty, the proportion

x; x?; x3for monovalent, divalent, and trivalent cations, respectively.
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The ratio x; x2; x*is identical to Hardy's valence rule® established more than 100 years
ago for the precipitation of proteins by means of inorganic salts. According to this rule,
ions have the property of precipitating protein solutions, their precipitating capacities
depending on the ion's valence according to that proportion®®. The first theoretical
explanation of Hardy's valence rule is due to Whetham*® based on the colloidal theory,
according to which the protein contains a double electrical layer, the existence of which
leads to the stability of the system'® “°. The ions of opposite charge to the protein
neutralize its charge thus increasing the energy of the srowin's surface, with the
consequent tendency of it to contract, to join with ot'ier ‘dentical ones to form large
aggregates, which finally assume properties of ma**er :n mass and, therefore, they are
precipitated from the solution'®. Whetham, by m_an. of statistical arguments, succeed
in demonstrating that the proportion x; x> x'<ould be rationalized in the light of the
colloidal concepts®® “°. As we have sexn previously, and which Robertson was perhaps
the first one to call attention to'°, Ha:y's valence rule can also be explained upon the

assumption of the chemical the ..

The Chemical / Colloid=! Yeuce

The observations sun.marized in the previous section seem, therefore, to belong to those
circumstances which are intelligible upon assumption of the chemical or the colloidal
theories. The facts, however, cover a limited range of experiments, the widening of
which limits may clarify which interpretation holds for a wider range of observations.
Hence, we have undertaken experiments on the precipitation of BSA under the same
experimental conditions as before, except that the secondary salt was added at varying
quantities. Figure 5 illustrate the results under the same experimental conditions as in

Figure 3, with varying quantities of calcium chloride as the secondary salt.
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Figure 5. Precipitation of BSA (10 g.L-1) by NaSCN actio.. at r 4 3.65, in the additional presence of
CaCl, at different concentrations, after incubation fur 24 h at 25 °C. The bars are indicators of

experimental uncertainty.

From the results illustrated in Figure C the following is seen: for pH values around 3.65,
the precipitation profile of BS 1 >V ineans of sodium thiocyanate can be changed by the
addition thereto of calciur ¢, loride. Sequential addition of the secondary salt can first
bring about a further _~lung-out of the protein, followed by salting-in by further
addition of salt. The rotein can be salted-out again by further addition of salt. The
quantity of secondary salt to induce such effects is substantially inferior to the amount
of sodium thiocyanate, varying between two to five orders of magnitudes below.

The previous studies were extended to a larger number of salts, whose results are

illustrated in Figure 6.
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It is seen from Figure 6 *hat .ne precipitation profile of albumin, which can be brought
out of solution ¢ .~l=ively small quantities of NaSCN at pH 3.65, changes
considerably by the addition thereto of a secondary salt. The effects induced by the
secondary salt seem difficult to predict with multiple possible outcomes: The quantity
of precipitated protein by means of NaSCN 0.1 mol.L™ increases about 50% by the
addition of NaCl in a quantity almost one order of magnitude below. If the quantity of
NaSCN is triplicated, while holding the same quantity of NaCl, the amount of
precipitated protein now decreases about 50%. If, on the other hand, we keep the same
quantity of NaSCN and decrease the amount of NaCl four times, the amount of

precipitated albumin increases considerably; The quantity of precipitated protein by
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means of NaSCN 0.2 mol.L™ increases about one third by the addition of MgCl, in a
quantity which is more than three orders of magnitude below. If the quantity of MgCl,
is decreased 10 times, while holding the same quantity of NaSCN, the amount of
precipitated protein decreases more than one third. If now the quantity of sodium
thiocyanate is increased 25%, while holding the same quantities of MgCl,, the quantity
of precipitated protein remains the same in the presence of the lower quantity of
secondary salt, while decreases slightly for higher quantity of MgCl,. By a further
increase in NaSCN in the same amount, the quantity of nrecipitated protein, in the
presence of the same quantities of MgCl, as previotsiy, now always decreases, but
more pronouncedly in the presence of lower quantities >f secondary salt.

It is also seen from Figures 6¢ and 6d that sequertia. addition of the secondary salt can
first induce an increase in the quantity of L ecipitated protein by means of NaSCN,
followed by salting-in by further add: 1or of salt, which, that by still further addition of
salt, the protein can be again brougn. aut of solution. The effects are more noticeable for
salts composed of cations of hinher v/alence (Figures 5 and 6d), for reasons previously
considered, and the induce! eniects follow, within the experimental uncertainty, the
proportion x; x* x?*for mcnrvalent, divalent, and trivalent cations, respectively.
According to the coi.n10al concepts, the effect of the secondary salt upon the protein
precipitation can be either additive or competitive**2. In the former circumstance, one
might expect a continuous increase in the precipitation profile upon sequential addition
of a secondary salt. From a competitive viewpoint, one might expect upon progressive
addition of a secondary salt, firstly a decrease in the precipitation profile down to a
minimum, followed by a continuous increase upon further addition of salt. The

observations here reported show otherwise.
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The experimental facts can be explained in the following manner: The electropositive
albumin is a macromolecular cation, which is dissociable into multiple and distinct
macromolecular cations that coexist in solution in chemical equilibria. The dissociations
into these forms are stepwise processes that take place within a very limited range of pH
values. The driving force for the dissociation is the hydronium concentration, likewise
in similar processes encountered in general chemistry. Hence, above a certain pH value
the carboxyl groups begin to dissociate, carrying with it the dissociation of the protein
into macromolecular cations and hydronium.

The multiple emergent protein forms, which now cciiain negative charges on their
backbone, are globally positively charged. Therefore, the relative proportions in which
they co-exist in solution can be changed by merns f both positively and negatively
charged bodies, according to chemical equ’li. ia concepts. In agreement with the same
principles, the macromolecular catior ca'« be brought out of the solution by means of
inorganic salts. Hence, the precipita..on of albumin can be, under certain circumstances,
the result of the salting-out of man.®.d and distinct protein forms.

From the preceding conside:ations, the precipitation profile of the distinct protein forms
can be perturbed by mean. of a cation, as long as the effect of the anion is minimized, in
a manner which I1s au the moment impossible to predict, with multiple possible
outcomes. The effects induced by distinct cations can, however, be anticipated, and

follow the proportion x; x* x® for monovalent, divalent, and trivalent cations,
respectively, and in all likelihood x, for cations with an n-fold valence. The accuracy

on the prediction is limited not only by the eventual non-negligible role of the added
anion, but also by probabilistic arguments®, according to which an n-valence cation

reacts with n-sites of the same, and not of distinct macromolecular ions; The formed
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bodies have consequently distinct structure and solubility, depending upon the valence

of the reagent cation.

Final remarks

In the late 19" and early 20" centuries® * ¢!

, there were two different prevailing
opinions regarding the behaviour of proteins in solution: the chemical theory, according
to which proteins are in true solution whose properties can be explained upon
assumption of classical physicochemical principles, such as electrostatic interactions
between charged bodies, chemical equilibria concepts. 2nu o forth; and the colloidal
theory according to which proteins are suspended pa. “icles in solution whose properties
are explained upon assumption of the surface pheno.tna concepts.

During those years in which the colloidal i.as were developed®, some of the most
outstanding results in the realm of the nat iral sciences have been achieved***°. Perhaps
encouraged by van't Hoff great acromplishments, which proved that thermodynamic
laws are not only valid for gases, brt also for dilute solutions, or by the outstanding
achievements by Einstein®®. which was able to show that the molecular-kinetic theory of
heat developed in the domair of gas theory, could as well be extended to liquid phases,
scientists adopter. the rewly born empirical formulas of adsorption®®, originally

developed for gases* *°

, to explain the behaviour of proteins in aqueous solution. More
based on the inability of the chemical school to reconcile their ideas with some
experimental facts®, than on any convincing experimental evidence or mathematical
proof, the empirical colloidal concepts have grown into a widely accepted and
apparently established discipline to explain protein-related phenomena®, an idea which
prevails nowadays.

Any general theory, so to speak, to be considered as such, should not hold within a

limited range of observations, but instead throughout the whole range of experiments. In
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this regard, the so-famous precipitation experiments of Hofmeister>2® have contributed
decisively for the acceptance of the colloidal theory to explain the protein behaviour in

solution®, or rather, to reject the chemical theory, for the simple fact that the ion series

25-26 2,9 13

observed by Hofmeister and similar ones were impossible to bring together
with the stoichiometric properties of the ions.

No one can explain adequately the Hofmeister series. Any, so to say, Hofmeister series,
find exceptions® raising some doubts about their existence, an idea which has been
suggested a long time ago*’. In the present work, which as artially based on these
controversial opinions, a careful study upon the piccipitation of albumin was
undertaken. Of utmost relevance was the conclusinn hat Hofmeister as well as others
after him, ignored some of the parameters upon wi.:ch the precipitation depends on®,
which led, in all likelihood, to wrong assu. n*ons. Of course, the protein is blind
towards the technique, or in other wo: s, .t must respond in the same manner to varying
experimental conditions, and the s.me wrong assumptions are reached by means of
distinct techniques if such expariroental parameters are ignored, like the elapsed time
before measurement.

The precipitation studies v.er2 here extended to other protein-related phenomena, which
have also contribuwd w the acceptance of the colloidal ideas. Some important
observations/conclusions have been reached, which can be resumed in the following
manner: (i) the effects of anions upon the precipitation of albumin can be understood in
light of the chemical theory; (ii) The Hardy valence rule® holds both for the ion that has
charge opposite to the protein surface, as is widely recognized*®, and for the ion that has
the same sign of the protein surface, a fact we have never seen reported previously; (iii)

Both salting-in and salting-out effects by means of the secondary salt were observed,

raising in this way questions about the stabilizing/destabilizing power of the electrolytes
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upon the protein surface’® *; (iv) It was unambiguously shown that Hardy's valence

rule® can be explained upon the assumption of the chemical theory; (v) An
unprecedented rationale for bell-shaped precipitation curves, or the so-often called non-
monotonic effect, in light of the chemical concepts was presented, which was supported
by experimental facts; (vi) The transition al low pH* was explained under assumption
of an new protein dissociation concept, according to which the biomolecule dissociates
into manifold compounds in a “salt-like” manner. Many protein phenomena observed
by others, such as the increasing amount of evidence which suy2ests that proteins exist
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in solution as dynamic ensembles of interconverting »uc-tures™ ", can be explained

upon assumption of such concept.

Conclusions
In view of the foregoing, we can con ‘luc: that the colloidal theory does not accurately
explain the protein manifestations n. solution here reported, and the chemical theory is,
at the moment, the only one that ex»l.in the observed facts.
All the observations prese~ted .n this work are strong arguments in support of the
suggested concept accoru.nr to which bovine serum albumin dissociates into various
forms as the resuit o tiic dissociation of its carboxyl groups. According to these ideas,
the protein properties in aqueous solution can thus be understood under two general
assumptions:
(1) Chemical entities differing slightly in structure or charge have drastically
distinct biological activity, physical and chemical properties, and
(i) Le Chatelier's principle, according to which chemical equilibrium is a
dynamic state, whose position can shift towards different directions in

response to perturbations to changing the conditions.
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Since proteins are all formed by the same building blocks, the described ideas are
expectedly of general validity for different proteins. It is hoped that the observations
reported, and interpretations proposed foster additional studies in this field under a new
light, which can have an everlasting impact on protein research, in particular, and upon

biosciences, in general.
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Highlights
e Salting-out of BSA reveals that the protein undergoes a transition at
pH 3
e The protein dissociates into distinct forms
e Salt cations establish chemical equilibria win the protein

e The data supports the protein’s cue.mical behaviour in solution.
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