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Abstract

Specific adsorption of phosphate ions at pH57.0 was studied on different proteins, either counter-ions of phosphate
(lysozyme, lactoferrin) or co-ion of phosphate (a-lactalbumin). The theoretical electrophoretic mobility of globular proteins
lysozyme and a-lactalbumin (apo and holo (11 calcium per molecule) forms) was compared with those measured by

21capillary electrophoresis in phosphate at pH 7.0, versus the ionic strength (I) in the range 0–0.775 mol L . The specific
effadsorption of phosphate ions was evidenced by difference. From the experimental charge number (Z ) of protein in

phosphate medium, a phosphate content per protein molecule was determined at pH57.0.

• For lactoferrin (pI58–9), the electrophoretic mobility (m) was constant and negative, highlighting a charge reversal due
to phosphate adsorption.

eff• For a-lactalbumin (holo form) experimental m was roughly constant and more negative than predicted. Z increased
21continuously from 24 to 211 in the ionic strength range from 0.005 to 0.775 mol l , respectively. Accordingly, one to

six phosphates were bound per molecule, respectively.
eff• For lysozyme, experimental electrophoretic mobility was positive but lower than predicted. Z was only discrete values

21 21
15 for I in the range 0.001–0.020 mol l and about 13 in the range 0.050–0.500 mol l , whereas the theoretical Z
value was 17 at pH57.0. Lysozyme bounds one phosphate at low ionic strength and about two — three at higher ionic
strength.

Reversed-phase HPLC confirms that adsorption of phosphate is different for the three proteins.  2001 Elsevier Science
B.V. All rights reserved.

Keywords: Phosphate ions; Proteins

1. Introduction

*Corresponding author.
The capillary electrophoresis (CE) of protein isE-mail address: murielle.rabiller-baudry@univ-rennes1.fr (M.

Rabiller-Baudry). often performed for analytical purposes, and few
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studies deal with their characterisation. Generally, pH59.0, for which the electrophoretic mobility is
the electrophoretic mobility (m), which is roughly constant and negative for I between 0.001 and 0.500

21the ratio of the charge to the radius, was expressed as mol l [7].
na function of the (Ze /M ) ratio, where Ze represents (iii) Abnormal low electrophoretic mobility is

the charge and M the molecular mass. The reported n shown [8]:
values were mostly 1 /3, 1 /2, 2 /3 ([1,2 and Refs.
cited herein 3]).

In fact, the ratio of the charge (corresponding to • Lysozyme in phosphate at pH57.0 for I lower
21infinite dilution) to the radius ought to be corrected than 0.020 mol l , but the protein remains

by a term depending on the ionic strength of the positively charged; whereas theoretical mobility
electrolyte solution in which the protein is dissolved matches well with experimental mobility in an
[4,5]. The dependence of the electrophoretic mobility indifferent electrolyte medium as (NaCl).
to the ionic strength is important but often neglected. • a-lactalbumin either at pH57.0 in phosphate or
Moreover, two different kinds of electrolyte have to at pH58.0 in borate for I between 0.020 and

21be considered according to the classification used in 0.200 mol l . It can be underlined that phosphate
colloid science [4]: and borate are both oxyanions.

(i) Indifferent electrolyte interacts with the protein
through electrostatic attractive interactions. Counter-

Moreover, the specific adsorption of phosphate onions (opposite charge) surround the protein and
lysozyme was indirectly checked by reversed-phaseconsequently decrease its effective net charge. In
HPLC (RP-HPLC): the phosphate ions bound to theother words the electrophoretic mobility decreases
protein decrease its hydrophobic character, at pH5with the increase of ionic strength (double electric
9.0 [6] and pH57.0 [8].layer compression).

In this work, the objective was focused on theThis property is commonly used in ion-exchange
specific adsorption of phosphate on three differentchromatography to cancel interactions between a
proteins, that act either as counter-ion of phosphateprotein and the stationary phase in order to elute the
as lysozyme and lactoferrin or as co-ion of phosphateprotein.
as a-lactalbumin at pH57.0. The electrophoretic(ii) Specifically adsorbed electrolyte interacts with
mobility was measured on a large ionic strengthproteins through electrostatic and non-electrostatic 21range (I from 0.001 to 0.775 mol l ) and theninteractions. Consequently, when the electrolyte con-
related to the apparent net charge of the proteins.centration increases, the protein charge is screened.
The specific adsorption of phosphate on the threeIn some cases the charge reversal of the protein
proteins was also studied by RP-HPLC.occurs. The isoelectric point is then quite different

from the theoretical one (pI) based on the amino acid
content.

The specific adsorption of electrolyte is studied by 2. Theory
following the electrophoretic mobility measured at
constant pH versus the ionic strength of different 2.1. Liquid chromatography
background electrolytes (BGE) [6–8]. Different be-
haviours were evidenced: In reversed-phase HPLC, the protein is eluted

(i) The charge reversal is shown, as for lysozyme according to its hydrophobicity. The k9 capacity
(isoelectric point pI510.7) in phosphate at pH 9.0. factor (dimensionless) defined according to Eq. (1)
Lysozyme is positively charged at low ionic strength, allows an easy comparison between component of

21neutral for I close to 0.010 mol l , then negatively different hydrophobicity, under isocratic elution con-
charged. The isoelectric point shifts to 9.0 in phos- ditions: the smaller k9 is, the less hydrophobic the

21phate for I50.010 mol l at pH59.0 [6]. protein is:
(ii) The mobility remains constant with the ionic

strength, as for lactoferrin (pI58–9) in phosphate at k9 5 (Ve 2Vm) /Vm (1)
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21where Ve5volume of elution of the protein and ty (Pa s), k 5the reciprocal Debye length (m ),
Vm5volume of the mobile phase. R5the protein radius (m), X(kR)5Henry’s correc-

HPLC determination of molecular interactions is tive term, which expression when log(kR),1 is
generally carried out by addition of the interacting given in [5,8].
molecule, at various concentrations, to the mobile The term [X(kR) /(1 1 kR)] take into account the
phase. We have previously proposed another pro- role of the ionic strength, on the electrophoretic
cedure to highlight strong non-electrostatic interac- mobility, and depends only on the ionic strength (via
tions, due to a pre-treatment of the protein and not to k) and on the protein (R) without any consideration
chromatographic conditions. The molecule of interest of the electrolyte chemical nature. It varies from 1 to
was dissolved in solutions containing various con- 0 when the ionic strength (I) increases from 0 to
centrations of the interacting molecule at fixed pH, infinity.
and eluted with the same eluent in isocratic mode. To calculate the theoretical mobility using Eq. (2),
We have shown that the pH, the ionic strength and the following hypotheses have been made:
the chemical nature of the electrolyte in the sample
solution can have a role on k9 when strong interac-
tions occurred, even if the eluent has a pH of roughly • the protein radius is the Stokes radius.
2. According to this procedure, we have shown that • the theoretical net charge number (Z) of proteins
k9 remained unchanged when lysozyme was dis- was calculated, from the amino acid composition
solved either in water or in potassium chloride of protein, and pK values of the side chaina

solution of various ionic strengths in the range 0–1 amino-acids (the pK values used were those ofa
21mol l , at pH57.0. Whereas k9 varied according to free amino acids) [10]. Such hypotheses have

the pH (4 and 9) and the ionic strength of potassium been formerly validated for lysozyme in an
phosphate solution [6]. At pH54.0 and pH59.0, the indifferent electrolyte where the theoretical elec-
specific adsorption of phosphate ions provokes the trophoretic mobility matches well with the ex-
decrease of lysozyme hydrophobicity, in good agree- perimental one [8].
ment with the variation of the electrophoretic mobili-
ty. No theoretical calculation was made for lactofer-

rin, because the amino acid sequence is not com-
pletely solved (Asx and Glx). Fig. 1 shows the2.2. Electrophoretic mobility
theoretical mobility (m) of lysozyme and Fig. 2
shows those of a-lactalbumin of both the holo formElectrophoretic mobility (m) occurs when a
and apo form calculated at pH57.0 in relation to thecharged species is placed in an electric field E.
ionic strength. The absolute value of mobility de-¨According to the Debye-Huckel theory, charged
creases significantly when the ionic strength in-solutes are surrounded by ions of the electrolyte. The

21creases from 0 to 0.775 mol l , as expected.thickness of the resulting sphere (or double electric
21 In the following, the effective charge numberlayer) is the Debye length k , which depends on eff(Z ) of the protein is obtained by substituting thethe ionic strength I of the medium [4,5,9]. The effect expexperimental mobility (m ) to m in Eq. (2).of ionic strength is taken into account by including a

corrective term X(kR). For kR in the range 0.1–300,
m can be expressed as the following equation (in SI

3. Experimentalunits) [8,9]:

m 5 [Ze /6phR].[X(kR) /(1 1 kR)] 3.1. Samples and reagents

5 m [X(kR) /(1 1 kR)] (2)0 All reagents were of an analytical grade. Potas-
sium dihydrogenophosphate, NaOH and HCl werewhere Ze5the net charge of the protein (C), Z5the
from Merck (Darmstadt, Germany).charge number of the protein, m 5the mobility in an0

Acetonitrile (Carlo Erba) and trifluoroacetic acidinsulating medium (I50), h5the electrolyte viscosi-
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Fig. 1. Theoretical electrophoretic mobility (h, Eq. (2)) and experimental electrophoretic mobility (♦) of lysozyme versus the ionic strength
(I) of potassium phosphate at pH57.0.

(TFA, Pierce Chemicals) of a spectroscopic grade zyme, pI511 [11], Stokes radius Rs51.83 nm [12])
were used for HPLC experiments. and from cow milk (a-lactalbumin, pI54.2–4.5 [13]

The proteins used are from the white egg (lyso- and Rs51.95 nm [14] and lactoferrin, pI58–9 [15]

Fig. 2. Theoretical electrophoretic mobility (h: holo form, s: apo-form, Eq. (2)) and experimental electrophoretic mobility (m) in
potassium phosphate at pH57.0 of a-lactalbumin versus the ionic strength (I).
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21and Rs52.2 nm for I,0.200 mol l and Rs54.4 acetonitrile) and lactoferrin with 47% (37.6% of
21nm for I.0.200 mol l [7]). a-Lactalbumin is a acetonitrile), respectively.

metallo-protein and two forms are known to exist,
the apo form, which is stable at acid pH, and the

3.3. Capillary electrophoresisholo form (one protein chelates about one calcium)
stable at upper pH. Holo a-lactalbumin was used in

Two capillaries were used, an unmodified silicathis study (Sigma, Type III). Lysozyme in hydro-
capillary (Beckman with an inner diameter of 75chloride form was from Ovonor (Tregueux, France),
mm) and a modified silica capillary. The capillaryand lactoferrin, which is also a protein that bounds
total length was L 527 cm, and only L 520 cmion (iron) from Armor Proteines (Saint-Brice en t d

from the inlet to the detector. The modification was`Cogles, France).
performed in our laboratory by grafting the silicaFor CE, single protein was dissolved in deionised
surface with isopropyl tri (N-ethylene diamino) ethylwater and 1 mm filtered (Aquadem-Elga, Vern sur
titanate. The chemical modification reduced theSeiche, France).
electroosmotic flow (EOF) to 57% of its initial
value, when measured in potassium phosphate at

21pH57.0 and I50.020 mol l .
The electrophoretic mobility of a protein was the3.2. Liquid chromatography (RP-HPLC)

same with the two capillaries in good agreement with
previous works [8,16]. Consequently no attentionThe HPLC system included a pump unit (Beck-
will be paid in the following to the chemical natureman 126), an automatic sample injector (Gilson
of the capillary used.231–401) equipped with a valve (Rheodyne 7125)

Capillary electrophoresis was performed on a P/and a diode-array UV detector (Beckman 168) at 280
21 ACE 2100 instrument, operated under gold systemnm and 220 nm. The flow-rate was 1 ml min and

6.01 for control, data acquisition and software analy-50 ml samples were injected. The data were pro-
sis (Beckman). The temperature was controlled atcessed with Gold 8 software (Beckman).
258C. The samples were injected by applying pres-Reversed-phase HPLC in isocratic elution mode
sure (0.5 p.s.i., 3435 Pa). All separations werewas performed for the hydrophobic characterisation
carried out applying a constant voltage between 3 kVof protein. The stationary phase was made of poly-
and 10 kV. UV detection at 214 nm was set at thestyrene divinylbenzene, 300 A, 8 mm, 15034.6 mm,
cathodic end of the capillaries. An electroosmoticPLRP-S from Polymer Laboratories. The eluents
flow marker (benzylic alcohol 0.01 vol% in water)were 0.1% (v/v) trifluoro acetic acid (TFA) in water
was co-injected (0.5 p.s.i., 1 s) with the protein.(eluent A) and 0.1% (v/v) TFA in water–acetonitrile
Consequently, the migration order was as follows:(20:80, v /v) (eluent B). Elution pH was roughly 2.

21 cations, neutral species (EOF), then anions migratingPrior to injection, the protein (1 g l ) was
slower than the EOF.dissolved in potassium phosphate solution or in

The pH of the phosphate-based background elec-potassium chloride solution, at pH 7.0 for various
21 trolyte was adjusted to 7.0. At this pH, phosphate isionic strengths from 0 to 0.775 mol l . Then it was

both monovalent and divalent (50:50) and the ioniceluted in isocratic mode with an acetonitrile per-
strength (I) are roughly two times its concentration.centage depending on the protein. The relative
One can consider that phosphate charge is 21.5.hydrophobicity of the three proteins is as follows:

appApparent electrophoretic mobility (m ) was re-lysozyme,a-lactalbumin,lactoferrin. For a given
explated to the experimental one (m ) and the electro-protein, in order to evidence apparition, or not, of

EOFosmotic flow EOF (m ) according to:less hydrophobic contribution than the native protein,
we have chosen the smaller percentage of eluent B

%( %( %(app exp EOF
m 5m 1m (3)allowing the elution of the protein. Consequently, eo

lysozyme was eluted with 41% of eluent B (32.8%
EOFacetonitrile), a-lactalbumin with 46% (36.8% of m is the EOF contribution to electrophoretic
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4. Results

4.1. Hydrophobic character by reversed-phase
chromatography

Fig. 3 shows the chromatogram of lysozyme
dissolved in water. The pH was adjusted to 7.0 by
NaOH. A main peak of protein was eluted at an
eluent volume Ve close to 14 ml; a minor (less than

Fig. 3. Chromatograms of lysozyme dissolved in water and in 10% in surface area) and not well-identified contri-
21potassium phosphate solution at I50.775 mol l at pH 7.0 prior bution of less hydrophobic lysozyme was eluted at Ve

to injection obtained in RP-HPLC. Isocratic elution mode: 32.8%
close to 6 ml. In the following, only the major peakacetonitrile, 0.1% TFA (v/v).
will be considered as the ‘‘native’’ protein. When
lysozyme is dissolved in potassium chloride solu-
tions of increasing ionic strength from 0.001 to 0.775

21mobility determined on the basis of the migration mol l , the chromatogram remained unchanged; the
time of the neutral marker. k9 values were constant and close to 5 (Fig. 4). When

For each background electrolyte (BGE) composi- lysozyme is dissolved in potassium phosphate solu-
tion, the mobility of protein is the average of 10 tions of increasing ionic strengths, the peak of the
measurements. The relative standard deviation native protein disappeared and was replaced by a less
(RSD) was about 1.5% for high ionic strengths hydrophobic peak (Fig. 3) leading to k9 values

21(I.0.020 mol l ) and less than 7% at lower ionic decreasing with the ionic strength increase (Fig. 4).
strengths. The same procedure was followed with a-lactal-

Fig. 4. k9 5 (Ve 2Vm) /Vm of lysozyme dissolved in KCl (♦) and potassium phosphate (j) at pH 7.0 prior injection, versus the ionic
strength (I) determined from RP-HPLC.
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21Fig. 5. Chromatograms of a-lactalbumin dissolved in water and in potassium phosphate solution at I50.775 mol l at pH 7.0 prior to
injection obtained in RP-HPLC. isocratic elution mode: 36.8% acetonitrile, 0.1% TFA (v/v).

bumin (Fig. 5) and lactoferrin (not shown). In both various electrolyte solutions. This ratio varies for
21cases, the chromatograms remains unchanged when lysozyme in phosphate at I50.775 mol l when

the samples were dissolved either in water or in compared with lysozyme in water, meaning that the
potassium phosphate solution of varying ionic nature of the chromophore varies, i.e. that phosphate

21 280 220strength (I50–0.775 mol l ) at pH57.0. is bound to the protein. As for k9, the e /e ratio
By phosphate adsorption, the hydrophobic charac- is constant for lactoferrin and a-lactalbumin.

ter of lysozyme is decreased as evidenced in RP-
HPLC, whereas no change of the hydrophobic 4.2. Electrophoretic mobility by CE
behaviour of a-lactalbumin and lactoferrin was
observed whereas they also bind phosphate ions. 4.2.1. Lactoferrin
Table 1 shows the ratio of the molar absorptivity (e) Lactoferrin has a basic isoelectric point pI58–9
at 280 nm to that at 220 nm for the three proteins in and is expected to be positively charged at pH 7.0.

Table 1
280 220

e /e from RP-HPLC (isocratic elution mode, see text for details) for different proteins versus the ionic strength of KCl or phosphate at
pH57.0 in the protein samples

Protein Lysozyme Lysozyme Lysozyme a-Lactalbumin Lactoferrin

‘‘electroyte’’ water KCl K phosphate K phosphate K phosphate
21 21 21 210.775 mol l 0.775 mol l I50 to 0.775 mol l I50 to 0.250 mol l

280 220
e /e 0.136 0.135 0.157 0.122 0.096
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Fig. 6. Experimental electrophoretic mobility (d) of lactoferrin versus the ionic strength (I) of potassium phosphate at pH57.0.

effFig. 6 shows the experimental electrophoretic forms. The absolute value of Z increased from
21mobility in BGE made of phosphate at pH 7.0, in the about 24 at I50.005 mol l to about 211 at

21 21ionic strength range 0.005–0.250 mol l . The I50.775 mol l , whereas the theoretical Z value for
mobility was slightly negative and roughly constant. the holo-form used is 21.7. This behaviour is typical
This unexpected sign of mobility evidenced the of phosphate adsorption on the protein, which is a
reversal of the lactoferrin charge and the specific co-ion in this case, and increases continuously with
adsorption of phosphate ions on the positively the ionic strength. Considering that phosphate charge

effcharged lactoferrin. is 21.5, the Z values of a-lactalbumin suggest that
about one phosphate by a-lactalbumin is adsorbed at

214.2.2. a-Lactalbumin I50.005 mol l and about six phosphates are
21

a-Lactalbumin has an isoelectric point close to 4 adsorbed at I50.775 mol l .
and is expected to be negatively charged at pH 7.0.
Fig. 2 shows the electrophoretic mobility in the ionic 4.2.3. Lysozyme

21strength range 0.005–0.775 mol l , in phosphate at Lysozyme has a basic isoelectric point pI510.7
pH 7.0: it was always lower than the theoretical and is expected to be positively charged at pH 7.0.
mobility of the holo form (with one calcium bound Fig. 1 shows the electrophoretic mobility in the ionic

21per molecule) used in this experiments. Moreover, strength range 0.001–0.775 mol l , in phosphate at
experimental data were lower than that predicted for pH 7.0: it was always lower than the theoretical
the apo form (without calcium). The absolute value mobility that matches well with experimental data in
of the experimental mobility decreases slightly with an indifferent electrolyte, as previously shown [8].
the increase of ionic strength in the range beyond 0.1 The absolute value of the experimental mobility

21mol l . decreases 10 times when the ionic strength increases
eff 21Fig. 7 compares the effective charge number Z from 0.001 to 0.775 mol l .

effand the theoretical values of both holo and apo Fig. 8 compares the effective charge numbers Z
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effFig. 7. Theoretical charge number (Z) (holo form and apo-form, Eq. (2)) and experimental effective charge number (Z ) (m) of
a-lactalbumin versus the ionic strength (I) of potassium phosphate at pH57.0.

effFig. 8. Theoretical charge number (Z theo, Eq. (2)) and experimental effective charge number (Z ) (♦) of lysozyme versus the ionic
strength (I) of potassium phosphate at pH57.0.
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effand the theoretical value (17.1). The value of Z (ii) A ‘‘step by step’’ adsorption, as for lysozyme,
increased in a discrete way with the ionic strength: for which the phosphate contents varies in a discrete

21 efffor I in the range 0.001–0.020 mol l , Z is close way. In this case, the final composition looks like a
to 5, and decreases until 3 in the ionic strength range ‘‘complex’’ of well defined stoechiometry, highlight-

210.050–0.500 mol l . This behaviour is typical of ing likely the existence of higher affinity sites
phosphate adsorption occurring on the protein, which between lysozyme and phosphate ions than with
is here a counter-ion. Considering that phosphate a-lactalbumin and lactoferrin.

effcharge is 21.5, the Z value of lysozyme suggests One can suppose that deformation of a-lactal-
that about one phosphate is adsorbed in the ionic bumin occurring in the RP-HPLC eluent, whatever

21strength range 0.001–0.020 mol l and between two the phosphate content and that phosphate are in the
and three phosphates are adsorbed in the range inner hydrophilic part of the molecule during elution,

210.050–0.500 mol l per protein molecule. The whereas no deformation of lysozyme occurred and
capability to adsorb one phosphate per lysozyme at that hydrophobic parts are partly screened by phos-
low ionic strength at pH 8.0 has been previously phate ions changing its hydrophobicity.
reported [17]. Investigations by other methods as ES/MS or

FTIR are needed in order to elucidate the physical
meaning of the variation of the hydrophobic charac-

5. Discussion ter induced by the specific adsorption of oxyanions
on proteins.

Lysozyme and a-lactalbumin are globular proteins
of close compositions: 129 amino acids (32 of
hydrophobic character) and 123 (39 of hydrophobic

6. Conclusion
character) respectively. But according to Arai and
Norde [18], they are relevant of two protein types:

In this work, specific adsorption of phosphate ions
(i) ‘‘Hard’’ proteins have high structure stability

on different proteins, either counter-ions of phos-
and adsorb on hydrophobic interfaces under all

phate (lysozyme, lactoferrin) or co-ion of phosphate
conditions of charge interaction and on hydrophilic

(a-lactalbumin) was studied. Measurement of the
surfaces only if electrostatically attracted. Lysozyme

protein electrophoretic mobility (m) by capillary
behaviour is typical of ‘‘hard’’ protein.

electrophoresis (CE) was achieved at constant pH
(ii) ‘‘Soft’’ proteins have low structure stability

(7.0) versus the ionic strength of potassium phos-
and consequently structure rearrangements occur in 21phate in the range 0–0.775 mol l . The specific
the molecule in order to allow its adsorption on

adsorption of phosphate was evidenced when ex-
hydrophobic surface and on hydrophilic surface

perimental mobility was significantly different from
under attractive and repulsive electrostatic condi-

the theoretical one. The experimental net charge
tions. a-Lactalbumin behaviour is typical of ‘‘soft’’ effnumber (Z ) of proteins was then calculated allow-
protein.

ing the determination of a phosphate content per
In other words, lysozyme conformation remains

molecule and highlighting either a step by step
rigid, whereas a-lactalbumin conformation can

adsorption (lysozyme) or a not well defined one
change according to its environment.

(a-lactalbumin). Reversed-phase HPLC confirms thateffFrom the effective charge number (Z ) deter-
adsorption of phosphate is different for lysozyme and

mined, two different type of specific adsorption
a-lactalbumin.

behaviour seems occur:
(i) A ‘‘not well defined’’ adsorption, as for a-

lactalbumin and lactoferrin for which the phosphate
content varies continuously with the ionic strength, Acknowledgements
evidenced by a slight variation of the mobility or a
roughly constant one with the ionic strength, respec- The authors thank Marie-Christine Hautbois from
tively. IUT Rennes for technical assistance.
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