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The milk protein proteose peptone component 3 (PP3), also called lacto-

phorin, is a small phosphoglycoprotein that is expressed exclusively in

lactating mammary tissue. The C-terminal part of the protein contains an

amphipathic helix, which, upon proteolytic liberation, shows antibacterial

activity. Previous studies indicate that PP3 forms multimeric structures and

inhibits lipolysis in milk. PP3 is the principal component of the proteose

peptone fraction of milk. This fraction is obtained by heating and acidify-

ing skimmed milk, and in the dairy industry milk products are also typi-

cally exposed to treatments such as pasteurization, which potentially could

result in irreversible denaturation and inactivation of bioactive compo-

nents. We show here, by the use of CD, that PP3 undergoes reversible ther-

mal denaturation and that the a-helical structure of PP3 remains stable

even at gastric pH levels. This suggests that the secondary structure sur-

vives treatment during the purification and possibly some of the industrial

processing of milk. Finally, asymmetric flow field-flow fractionation and

multi-angle light scattering reveal that PP3 forms a rather stable tetrameric

complex, which dissociates and unfolds in guanidinium chloride. The coop-

erative unfolding of PP3 was completely removed by the surfactant n-dode-

cyl-b-D-maltoside and by oleic acid. We interpret this to mean that the PP3

monomers associate through hydrophobic interactions via the hydrophobic

surface of the amphipathic helix. These observations suggest that PP3

tetramers act as reservoirs of PP3 molecules, which in the monomeric state

may stabilize the milk fat globule.

Structured digital abstract
l PP3 and PP3 bind by circular dichroism (View interaction)
l PP3 and PP3 bind by molecular sieving (View interaction)
l PP3 and PP3 bind by fluorescence technology (View interaction)
l PP3 and PP3 bind by molecular sieving (View interaction)
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Introduction

Heating of skimmed milk (95 !C, 30 min) followed by

acidification to pH 4.6 causes the denaturation of most

whey proteins and their co-precipitation with caseins,

leaving a heterogeneous protein fraction in solution.

This fraction is designated the proteose peptone [1,2].

The proteose peptone fraction of bovine milk is a com-

plex mixture of glycoproteins, phosphoproteins and

peptides, contributing approximately 1 g of protein per

litre of skimmed milk [3]. The main constituents of the

fraction are fragments and phosphopeptides derived

from plasmin digestion of caseins [4]. However, the

fraction also comprises highly soluble proteins not

related to caseins.

The principal component of the fraction is a small

phosphoglycoprotein designated proteose peptone

component 3 (PP3) [5] or lactophorin [6,7]. PP3 consti-

tutes approximately 25% of the proteose peptone frac-

tion, amounting to 200–300 mgÆL)1 of skimmed milk

[8]. PP3 is not expressed in humans, but it has been

characterized in the milk of several species of rumi-

nants, where it is exclusively expressed in the lactating

mammary tissue [9–15]. However, a homologous pro-

tein called glycosylation-dependent adhesion molecule

(GlyCAM-1), which shows 56% similarity to the

bovine protein, has been found in several tissues in

mice and rats [16–21] as well as in the ovine uterus

[22].

Bovine PP3 protein consists of 135 amino acids and

contains five phosphoserines, three O-glycosylations

and one N-glycosylation, giving a total molecular

mass of 19.3 kDa [23,24]. PP3 is a substrate for plas-

min in milk, and a proteolytic fragment corresponding

to residues 54–135 has been found to be associated

with full-length PP3 protein in milk. In SDS ⁄PAGE,

PP3 and the naturally occurring proteolytic fragment

(residues 54–135) migrate at positions equivalent to a

molecular mass of approximately 28 and 17 kDa,

respectively [15]. This anomalous migration can proba-

bly be explained by the highly acidic nature of the

components and hence poor pairing with the SDS.

Interestingly, NMR studies show that a peptide mod-

elled from the C-terminal residues 98–135 of PP3

forms a perfectly amphipathic membrane-binding

a-helix that is oriented in plane with the membrane

surface [25].

The function of PP3 in vivo is not clear. PP3 and

derived fragments have shown immune-stimulating

properties [26,27] and the ability to counteract acid

attack on tooth mineral [28]. A larger fragment of PP3

was observed to act as a potent inhibitor of human

rotavirus infections in embryonic monkey kidney cells

and suckling mice [29]. A peptide (called lactophori-

cin), encompassing residues 113–135 of the C-terminal

amphipathic helix of PP3, has been found to form

pores in planar lipid bilayers as well as to display anti-

bacterial activity against both Gram-positive and

Gram-negative strains of bacteria [30–32]. PP3 has

shown high affinity for oil surfaces and the ability to

stabilize emulsified oil globules in emulsions; hence,

the protein is a strong emulsifying and foaming agent

[33]. The affinity for lipids has led to the hypothesis

that PP3 could act as a natural inhibitor of spontane-

ous lipolysis in milk by binding to the milk fat globule

membrane [34].

In several studies, PP3 has been observed to form

what appears to be homomultimers in bovine milk

[11,35,36]. This aggregation or multimerization has

been suggested to be mediated by interaction between

the hydrophobic parts of the C-terminal amphipathic

a-helices [25,37]. This formation of multimers could

potentially be important in the interaction of PP3 with

lipids, as well as in the interaction of PP3-derived pep-

tides with membranes.

Besides the high temperatures and acidic environ-

ment to which the milk protein is subjected during iso-

lation in the laboratory, milk and other dairy products

are normally exposed to high temperatures during pas-

teurization processes to increase shelf life and to kill

potential health-compromising microorganisms. How-

ever, this process also denatures many milk proteins

with potential beneficial properties, so-called bioactive

milk proteins [38].

Here we have examined the structural stability and

multimeric nature of PP3 by CD to analyze changes

in secondary structure as a function of variation in

pH and temperature. The molecular mass and sizes of

PP3 aggregates or multimers were estimated by size-

exclusion chromatography (SEC) and asymmetric flow

field-flow fractionation (AF4). In summary, PP3

retains its a-helical structure between pH 2 and pH

9.2 and almost completely refolds to its native confor-

mation upon thermal denaturation. Furthermore, PP3

was found to form higher-order structures, probably

tetramers, which disassembled upon heating and in

the presence of guanidinium chloride (GdmCl), non-

denaturing surfactant micelles or the monounsatu-

rated oleic acid (OA). This suggests that the tetramer

structure is a storage state that provides a reservoir

of PP3 molecules, which, in the monomeric state,

may stabilize fat globules or serve as precursors for

the proteolytic generation of bactericidal C-terminal

peptides.
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Results and Discussion

PP3 refolds upon thermal denaturation and the

a-helical structure is stable at gastric pH values

Far-UV CD spectra of PP3 were recorded under physi-

ological conditions as well as in the presence of anionic

and other organic solvents known to stabilize a-helical

structure. In all CD spectra, minima at 208 and

222 nm were observed (Fig. 1A), which indicate a-heli-

cal structure. Dissolving PP3 in micellar concentrations

of SDS (1%; ! 35 mM) led to a general increase in the

CD signal and thus in the degree of a-helicity. This is

consistent with the ability of micellar SDS to induce

a-helical structure [39]. The greatest signal increase

was obtained using 90% trifluoroethanol (TFE), which

is known to stabilize helical conformation as a result

of its hydrophilicity and hydrogen-bonding ability [40].

Neither 100% 1,2-dioleoylphosphatidylcholine (DOPC)

vesicles nor 1,2-dioleoylphosphatidylcholine ⁄ 1,2-diol-

eoylphosphatidylglycerol (DOPC ⁄DOPG) vesicles, at a

ratio of 80 : 20 (w ⁄w), induced any spectral changes,

indicating that phospholipid vesicles do not promote

further formation of a-helical structure.

For isolation of the proteose peptone fraction con-

taining PP3, high temperatures are used to precipitate

the major whey proteins a-lactalbumin and b-lacto-

globulin followed by acidification to pH 4.6 to precipi-

tate the caseins [15]. CD wavelength scans of PP3 in

aqueous buffer with pH values between 2 and 9.2 show

that the a-helical structure is very stable throughout

the tested pH range (Fig. 1B). To obtain complemen-

tary information on the tertiary structure, we turned

to fluorescence. PP3 contains no tryptophan residues,

but fluorescence emission spectra from the single tyro-

sine residue (at position 121) of PP3, acquired between

pH 3 and pH 11, indicate no shift in the emission peak

position and only small changes in fluorescence inten-

sity. This indicates that the tertiary structure is essen-

tially invariant and this is consistent with the lack of

change in CD spectra (Fig. 1C). The studies of the

biological functionalities of PP3 mainly focus on the

C-terminal part of PP3, which contains the a-helical

structure. These observations indicate that this struc-

ture is preserved during the elevated temperatures used

in the purification of the protein [15] as well as in the

acidic conditions encountered by the protein in the

gastric juice.

CD was used to study the conformational changes

that PP3 undergoes at higher temperatures and the

extent of its reversibility. Spectra recorded at different

temperatures during the scan (Fig. 2A) revealed two

isodichroic points at ! 205 and ! 235 nm, indicating

Fig. 1. The degree of a-helicity of PP3 increases in the presence of

anionic and organic solvents and the a-helical structure is essentially

invariant over the pH range 2.0–9.7. (A) CD wavelength spectra of

2.1 lM PP3 in mixtures of 10 mM Na2HPO4 (pH 7.4) (denoted buffer),

1% SDS, 90% TFE, 1.27 mM corresponding to 1 mg mL)1 of DOPC

or 1.27 mM corresponding to 1 mg mL)1 of DOPC ⁄DOPG at a ratio

of 80 : 20 (w ⁄w), at 25 !C. (B) CD wavelength spectra of 2.1 lM PP3

in 10 mM Na2HPO4 at pH values ranging from 2 to 9.2. Percentage

a-helicity is given in the insert. (C) Steady-state tyrosine fluorescence

of the tertiary structure of PP3 at pH 3, pH 7.4 and pH 11.

Tetramerization and thermal stability of PP3 L. R. L. Pedersen et al.
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a simple two-state transition from the folded a-helical

state to the unfolded random coil state. Forward

(25 fi 100 !C) and backward (100 fi 25 !C) ther-

mal scans indicated that most of the PP3 population

was able to refold into the original conformation, as

the backward scan led to a reduction of only 4.3% in

ellipticity (Fig. 2B). Furthermore, the apparent melting

temperature was only reduced from 64.4 ± 0.3 !C

(forward scan) to 63.2 ± 0.3 !C (backward scan)

(Fig. 2B). CD wavelength scans of the sample were

performed at 25 !C immediately before and after the

thermal scans and showed no conformational change,

confirming that PP3 essentially refolds completely

upon thermal denaturation (data not shown). These

results indicate that the a-helical structure of PP3, and

thereby the claimed positive effects conveyed by PP3

in milk, are preserved during industrial processing.

PP3 forms stable tetramers

To thoroughly analyze the multimerization or aggrega-

tion of PP3 observed in previous studies we used SEC

and AF4 combined with multi-angle light scattering

(MALS). Monomeric glycosylated PP3 has a molecular

mass of 19.4 kDa [24]; however, SEC analysis of PP3

showed a major peak eluting at 12.06 mL, correspond-

ing to a relative molecular mass of ! 191 kDa. A

smaller peak eluted at 15.02 mL, corresponding to a

molecular mass of ! 58 kDa (Fig. 3). This indicates

that PP3 preferentially assembles into multimeric struc-

tures under these conditions. These results are in

agreement with previous SEC measurements of the

PP3 multimers, where PP3 eluted at an elution volume

corresponding to a molecular mass of approxi-

mately 190 kDa [11]. Analyses of PP3 by AF4 showed

similar results, with relative molecular mass estimates

of 225.9 kDa for the high-molecular-mass peak and

23.4 kDa for the low-molecular-mass peak (Fig. 4A).

Using AF4 ⁄MALS, the molecular mass can be

determined independently from light scattering data by

extrapolation to a zero sample concentration and a

zero scattering angle using the Zimm model. This

MALS-based analysis requires the sample concentra-

tion to be determined either by the refractive index

(RI) (based on both protein and carbohydrate contri-

butions, see the Materials and methods) or by the

absorbance at 205 nm (giving only protein contribu-

tions). In separate experiments exemplified in Fig. 4B,

the molecular mass of the main PP3 peak was determined

Fig. 3. The elution profile of PP3 subjected to SEC indicates aggre-

gation of PP3 to form higher-order structures. Elution profiles of

PP3 (solid line) and BSA (dashed line) were obtained by gel-filtration

chromatography on a Superdex 200 column eluted with phosphate-

buffered saline (NaCl ⁄ Pi), pH 7.5, at a flow rate of 0.8 mLÆmin)1. A

relative calibration with retention volumes of a set of standard pro-

teins (14–440 kDa) is shown in the insert.

Fig. 2. PP3 refolds almost completely upon thermal denaturation.

(A) CD wavelength spectra of 2.0 lM PP3 recorded at different

temperatures. Percentage a-helicity is given in the insert. T, tem-

perature. (B) Far-UV CD spectra of a forward (25 fi 100 !C) and a

backward (100 fi 25 !C) thermal scan of 2.1 lM PP3 at 222 nm.

The melting temperature (Tm) is indicated for each curve.
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in combination with RI data to be 79.1 ± 2.6 kDa

(mean ± standard error of three individual analyses)

using the weight-averaged (dn ⁄dc)PP3. This value corre-

sponds to approximately four PP3 units of

! 19.8 ± 0.7 kDa protein assembled into a tetrameric

complex. The molecular mass of post-translationally

modified PP3 has previously been determined, by mass

spectrometric analysis, to be 19.4 ± 0.02 kDa [24],

which is in excellent agreement with the present results.

Using MALS combined with absorbance data at

205 nm (which lacks carbohydrate contributions), the

main peak was determined to be 61.1 ± 1.5 kDa, cor-

responding to four, 15.3 ± 0.4-kDa units and thus

within ! 3% of the theoretical molecular mass of the

PP3 polypeptide chain. The difference of ! 4.5 kDa

between monomer size estimates thus arises as a result

of the inability to detect glycosylations and phosphory-

lations by measuring the absorbance at 205 nm. In

fact, the molecular mass of the post-translational mod-

ifications of PP3 has previously been determined to

constitute 4.1 ± 0.02 kDa [24]. The validity of size

estimates were further confirmed by size estimation of

BSA monomers and dimers using a (dn ⁄dc)BSA of

0.186 mLÆg)1 [41,42] in a separate AF4 ⁄MALS experi-

ment, which revealed molecular mass values of 64.5

and 135 kDa, respectively.

In AF4 ⁄MALS, sample retention relies on the diffu-

sion coefficient (which can be related to the radius for

strictly spherical particles through the Stokes–Einstein

equation) and liquid flows inside the separation chan-

nel. Unfortunately, the 635-nm laser of our MALS

limits reliable size estimates to > 32 nm (lim-

it = k ⁄20) and thus does not allow reliable estimates

of BSA and PP3 sizes and hence the evaluation of pro-

tein compactness. However, the molecular mass esti-

mates of MALS, in combination with the high

retention times (indicating a large hydrodynamic size

compared with BSA) of PP3 in AF4 ⁄MALS separa-

tion, clearly suggest that PP3 preferentially assembles

into a highly extended tetrameric complex of

! 79 kDa. We further analyzed the monomer ⁄ tetramer

distribution as a function of protein concentration by

AF4 and found a constant ratio of ! 3.8 ± 0.2%

monomer and 96.2 ± 0.2% tetramer at six concentra-

tions between 0.93 mgÆmL)1 (! 50 lM) and

7.72 mgÆmL)1 (! 415 lM) PP3 (data not shown), sug-

gesting that the tetrameric complex is rather stable in

the absence of denaturing agents.

To monitor the unfolding and potential dissociation

of the tetramer during unfolding by GdmCl, steady-

state fluorescence anisotropy and CD were used. As

shown in Fig. 5, the anisotropy decreases above ! 1 M

GdmCl, clearly indicating that PP3 tumbles faster in

solution under these conditions. While protein unfold-

ing is expected to increase the hydrodynamic radius of

the protein and thus decrease the tumbling rate (larger

anisotropy), the decrease in anisotropy is consistent

with dissociation of the tetrameric complex. Monitor-

ing of the GdmCl-mediated unfolding of PP3 by CD

further shows that the dissociation of the PP3 complex

is accompanied by loss of a-helix structure measured

at 220 nm and thus the PP3 complex dissociates as a

result of chemical denaturation (Fig. 5). The fluores-

cence anisotropy and the CD recordings at 50 lM PP3

show transitions with midpoints at 2.10 ± 0.06 M

GdmCl and 50% unfolding at 2.16 ± 0.04 M GdmCl,

respectively. These values are equal within error and

thus indicate that tetramer dissociation and loss of

helical structure occur in parallel.

To investigate the effect of milk fat globules or glob-

ule mimics on this structure, a simple separation-free

Fig. 4. PP3 monomers associate into highly extended and stable

tetrameric complexes. (A) Elution profile of PP3 (solid line) and BSA

(dashed line) upon separation by AF4, monitored by UV light (A205).

The insert shows the relative calibration in which the retention time

of BSA monomers, dimers and trimers was plotted as a function of

molecular mass. (B) AF4 ⁄MALS estimates of the molecular mass

of PP3 multimers using RI ( ) and A205 nm ( ) data to obtain size

estimates of PP3 with and without glycosylation, respectively. The

insert shows the distribution of PP3 multimer size estimates. The

mobile phase consists of 5 mM Tris ⁄HCl containing 150 mM NaCl.

Tetramerization and thermal stability of PP3 L. R. L. Pedersen et al.
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assay was developed to monitor loss of higher-order

structure. If the loss of structure occurring during ther-

mal-reversible denaturation is coupled to higher-order

structure, it will be concentration dependent and ther-

mal stability will increase with PP3 concentration.

Indeed, over the PP3 concentration range of 2.1–30 lM,

unfolding remained cooperative while the melting tem-

perature increased with PP3 concentration (Fig. 6A).

Consistently, unfolding transitions in GdmCl moni-

tored by far-UV CD showed a midpoint shift from

1.75 ± 0.05 M at 3 lM to 2.16 ± 0.04 M at 50 lM

(Fig. 5) (the anisotropy signal at 3 lM was too weak

to allow us to follow tetramer dissociation at this con-

centration). These sets of data show that stability

increases with protein concentration (i.e. unfolding is

associated with dissociation). CD wavescans of PP3

over the range 2.1–30 lM showed essentially no differ-

ence in the CD spectra (Fig. 6B). This observation,

supported by the constant ratio between monomeric

and tetrameric PP3 in the AF4 chromatograms over a

wide concentration range (see above), revealed that

the PP3 tetramer is relatively stable in the absence of

denaturing agents.

Using this assay, we investigated whether the higher-

order structure could be disrupted by external agents

mimicking milk fat globules. As mimics we chose a

nonionic surfactant, n-dodecyl-b-D-maltoside (DDM),

and the unsaturated fatty acid, OA. DDM and OA

were used at 1 mM and at 3.5 mM, respectively, which

are well above their critical micelle concentrations of

0.17 and 0.006 mM, respectively. Both mimics com-

pletely removed the cooperative unfolding signal of

2 lM PP3 (Fig. 6C,D), strongly suggesting that the

protein had lost its ability to undergo cooperative

unfolding. Generally, nonionic surfactants, such as

DDM, do not bind and destabilize individual protein

molecules [39], although there are exceptions for

Fig. 6. Loss of structure of PP3 during ther-

mal denaturation is concentration dependent

and indicates that PP3 monomers associate

via hydrophobic interactions. (A) Representa-

tive thermal far-UV CD scans, at 222 nm, of

4.1, 12 and 30 lM PP3. Curves were fitted

to Eqn (2), and melting temperatures with a

fitting error are shown in the insert. (B) CD

wavelength scans of PP3 concentration over

the range 2.1–30 lM. (C) Thermal far-UV CD

scan, at 222 nm, of 2 lM PP3, with or with-

out 1 mM DDM, as a function of tempera-

ture. (D) Thermal far-UV CD scan, at

222 nm, of 2 lM PP3, with or without

3.5 mM OA, as a function of temperature.

Fig. 5. PP3 multimers dissociate and monomers unfold in the pres-

ence of GdmCl. The steady-state tyrosine fluoroscence anisotropy

and mean residue ellipticity (MRE) of PP3 at 220 nm were plotted

as a function of GdmCl concentration. MRE data were recorded at

both 3 and 50 lM (the anisotropy signal was too weak to be

recorded at 3 lM). Data were fitted to Eqn (3).
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proteins with hydrophobic binding sites, such as a-lact-

albumin [43] and cutinase [44]. The loss of cooperative

unfolding by DDM indicates that the surfactant per-

turbs the tetramer structure in some way. This could

be either by partially disordering the tetramer so that

the monomers are held together more loosely, or sim-

ply by dissociating the tetramer to individual compo-

nents. It is very difficult to distinguish these options by

conventional separation techniques because the DDM

micelles, which have a range of sizes, will contribute to

the molecular weight. Although we thus cannot rule

out the ‘loose tetramer’ option, we favour the simpler

model that PP3 monomers associate through hydro-

phobic interactions via the hydrophobic surface of the

amphipathic helix (Fig. 7), and these interactions are

disrupted by the alkyl chains of the nonionic surfac-

tant. Given that OA (monounsaturated) is one of the

most common fatty acids in milk [! 0.8% (w ⁄ v) [45]],

it could be speculated that the PP3 tetramers may exist

as a reservoir that dissociates upon binding to milk fat

globules.

In conclusion, the results presented in this paper

suggest that bovine milk PP3 is able to refold to its

native state after being exposed to extreme tempera-

tures and pH conditions. Likewise, the studies indicate

that the a-helical structure of PP3 withstands both the

low pH present in the digestive system as well as the

high temperatures used for pasteurization of milk

products in the dairy industry. It is also shown that

PP3 monomers associate into rather stable tetrameric

complexes independent of protein concentration, and

the results indicate that these monomers associate via

hydrophobic interactions.

As mentioned in the Introduction, PP3 or the homo-

logue lactophorin has been isolated and characterized

functionally from a number of species. Camel lacto-

phorin, in particular, has been studied in detail. Camel

lactophorin has high sequence identity with the bovine

PP3 sequence, and the C-terminal sequence encoding

the amphipathic a-helix in bovine PP3 is highly con-

served in camel lactophorin [9,46,47]. The concentra-

tion of lactophorin in camel milk was about three

times higher than the concentration of the homologue

in bovine milk and has been suggested to function as

an inhibitor of lipolysis, as described for bovine PP3

[46].

In bovine milk a significant fraction of the PP3

protein undergoes proteolytic digestion with the endo-

genous protease plasmin [15]. This results in the gener-

ation of a C-terminal peptide containing the

amphipathic a-helix. Previously, a synthetic peptide,

called lactophoricin, corresponding to this C-terminal

part of PP3, was shown to possess antibacterial activ-

ity [31]. PP3 has also previously been shown to func-

tion as an inhibitor of lipolysis [48]. We therefore

suggest the following simplified model for the function

of PP3 in milk, as schematized in Fig. 8. PP3 mono-

mers associate in tetrameric complexes, held together

by hydrophobic interactions of the amphipathic a-heli-

ces. Milk fatty acids bind to the helices whereby the

complex is dissociated into PP3 monomers that can

then bind to the fat globules in milk and thereby steri-

cally protect these from lipolysis by endogenous

lipases. Furthermore, PP3 monomers are also subject

to proteolysis by plasmin, which can lead to the release

of the C-terminal peptide, lactophoricin, which can

then act as an antibacterial agent in milk or in the

digestive tract of the neonate.

Materials and methods

Chemicals (of analytical grade unless otherwise specified)

were obtained from Merck (Darmstadt, Germany), Mal-

linckrodt Baker (Deventeer, The Netherlands) and Sigma

(Steinheim, Germany). The Vydac C4 column was from

The Separations Group (Hesperia, CA, USA). The Super-

dex 200 10 ⁄ 30 GL column was from GE Healthcare

(Uppsala, Sweden). DOPC and DOPG were purchased in a

powder form from Avanti Polar Lipids (Alabaster, AL,

USA). Chloroform (Sigma, St. Louis, MO, USA) was of

Fig. 7. The C-terminal helix of PP3 is amphipathic. Helical wheel

plot of the C-terminal 38 residues of bovine PP3. Neutral and hydro-

philic residues are within circles and hydrophobic residues are

within squares. The asterisk (*) marks the N terminus of the pep-

tide. The distinction between the primarily hydrophobic side and

the hydrophilic side of the amphipathic helix is indicated by the

dashed line.

Tetramerization and thermal stability of PP3 L. R. L. Pedersen et al.

342 FEBS Journal 279 (2012) 336–347 ª 2011 The Authors Journal compilation ª 2011 FEBS



‡ 99% purity. DDM was from Calbiochem (Darmstadt,

Germany). Oleic acid was from Sigma Aldrich (Stockholm,

Sweden). Reagents used for N-terminal amino-acid

sequencing were purchased from Applied Biosystems (Fos-

ter City, CA, USA). BSA was from Sigma and was of

‡ 98% purity. Polystyrene sulfonate standards were from

Postnova analytics GmbH (Landsberg ⁄Lech, Germany).

Purification of PP3

Full-length native PP3 was isolated from bovine milk, as

described previously [15]. The identity and purity were

verified by N-terminal sequencing analysis and the con-

centration of PP3 was determined by amino acid analysis.

N-terminal sequencing analysis was carried out by auto-

mated Edman degradation using an Applied Biosystems

Procise protein sequencing system, model 491. A Series 200

(UV ⁄VIS) Detector from PerkinElmer (Waltham, MA,

USA) was used for online identification of the phen-

ylthiohydantoin derivatives.

Circular dichroism

CD experiments were performed using a Jasco J-810 spec-

tropolarimeter (Jasco Spectroscopic Co., Hachioji City,

Japan) with a Jasco PTC-348W1 temperature control unit.

Spectra were recorded from 260 to 190 nm in continuous

scanning mode with a response time of 1 s, 0.2-nm steps, a

bandwidth of 2 nm and a scan speed of 100 nmÆmin)1, at

25 !C. Five spectra were accumulated and averaged to

increase the signal-to-noise ratio. When lipids were added,

the lipid spectrum background was subtracted. Samples

were loaded into 0.1-cm path-length quartz cells. PP3 was

dissolved in 10 mM Na2HPO4 (pH 7.4) containing 1%

SDS, 90% TFE or lipid vesicles of either pure DOPC or

DOPC ⁄DOPG at a ratio of 80 : 20 (w ⁄w) in a protein:lipid

ratio of 1 : 96 (1.27 mM lipid vesicles). The lipid vesicles

were prepared from stock solutions of lipids dissolved in

chloroform. The lipid solutions were dried under a stream

of N2 and resuspended in 10 mM Na2HPO4 (pH 7.4) by

vortexing. The resuspended lipids were sonicated by use of

a Sonopuls HD2070 homogenizer (Buch & Holm) and a

UW2070 converter (both from Bandelin Electronics, Berlin,

Germany) for 5 min on ice using 90% pulses at 50% inten-

sity until the solutions were clear. Potential titanium flakes

from the probe were removed by centrifugation. All CD

wavelength spectra and temperature scans were recorded at

protein concentrations between 2.1 and 30 lM using a

1 mm cuvette. For the pH titration, PP3 was dissolved in

10 mM Na2HPO4 solutions with pH values between pH 2

and pH 9.2. Temperature scans were recorded at 222 nm,

at a scan rate of 1.5 !C per min, in 10 mM Na2HPO4 (pH

7.4), with and without 1 mM DDM or 3.5 mM OA. The

scan was carried out from 25 to 100 !C, followed by a

holding time of 15 min before scanning back to 25 !C. For

GdmCl denaturation of PP3, aliquots of GdmCl were

added to a fixed concentration of PP3. The mean residue

ellipticity (MRE) (h) was calculated using the equation:

h½ # ¼
100hMr

clNA
; ð1Þ

where h is the CD signal (millidegrees), Mr, is the relative

molecular mass, c is the protein concentration (mgÆmL)1), l

is the path length (cm) and NA is the number of peptide

bonds of the peptide [49].

The thermal stability of PP3 was evaluated by fitting data

points to the following equation:

Yobs ¼
aN þ aU ( exp ) DHvh

R
1

T )
1

Tm

! "! "

1þ exp ) DHvh

R
1

T )
1

Tm

! "! " ; ð2Þ

where Yobs is the observed ellipticity, DHvh is the van’t Hoff

enthalpy change, Tm is the temperature where DG = 0, and

aN and aU are the ellipiticities of native and unfolded

states, respectively. [50].

Fig. 8. PP3 tetramers as reservoirs of monomers. Schematic model of how PP3 may associate in tetrameric structures by hydrophobic

interaction via the amphipathic helices. The PP3 tetramers may dissociate in the presence of fatty acids (FA) of the milk and protect against

lipolysis upon binding the milk fat. Other PP3 monomers could become subject to proteolysis and thereby liberate a peptide, lactophoricin,

with antibacterial properties.
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GdmCl unfolding data were fitted to the following equation:

Yobs ¼
!

aN þ aD ( 10
mD)Nð GdmCl½ #)½GdmCl50% #Þ

"

#

!

1þ 10
mD)Nð GdmCl½ #)½GdmCl50% #Þ

"

;

ð3Þ

where Yobs is the observed signal, aN and aD denote the

signal at 0 M urea for the native and denatured states,

respectively, bN and bD are the slopes of the baselines of

the native and denatured states and mD)N is the linear

dependence of the log of the equilibrium constant of

unfolding on [GdmCl], and [GdmCl50%] is the urea concen-

tration where 50% of the protein is denatured [51].

Nonlinear least-squares regression analysis was carried

out using KALEIDAGRAPH, version 4.0 (Synergy Software,

Reading, PA, USA).

The percentage of a-helicity was estimated using the k2d

algorithm on the online server for protein secondary struc-

ture analyses from CD spectroscopic data [52,53].

Size-exclusion chromatography

Gel-filtration chromatography was performed on a Super-

dex 200 10 ⁄ 30 GL gel-filtration column. The column

(10 mm · 30 cm) was calibrated in phosphate-buffered sal-

ine (NaCl ⁄Pi) at a flow rate of 0.8 mLÆmin)1. The sample

(846 lg of PP3 solubilized in 100 lL of buffer) was applied

to the column and absorption was measured at 280 nm. To

estimate molecular mass values, the column was calibrated

using a low ⁄high-molecular-weight calibration kit (GE

Healthcare) containing RNAse A (13 700 Da), carbonic

anhydrase (29 000 Da), ovalbumin (44 000 Da), conalbu-

min (75 000 Da), aldolase (158 000 Da), ferritin

(440 000 Da) and blue dextran 2000 (! 2 000 000 Da).

Asymmetrical flow field-flow fractionation

AF4 is a size-separation technique similar to SEC. How-

ever, unlike SEC, separation by the AF4 method has no

stationary phase to influence on separation, allowing sepa-

ration of ‘sticky’ samples and samples sensitive to shearing

forces. When coupled with RI, UV and light-scattering

detectors, this allows quantification and size estimates of

proteins and protein complexes ⁄ aggregates from a lower

limit determined by the ultracentrifugation membrane (i.e.

down to ! 1 kDa) and up to well above 10 MDa within

the same analysis and sample [54]. AF4 was conducted on

a POSTNOVA AF2000 AF4 system (Postnova Analytics

GmbH) consisting of two HPLC pumps (tip and focus

flows), a syringe pump (cross-flow), the AF4 separation

channel, an RI detector (PN3140), a UV ⁄VIS detector

(S3240) to monitor the absorbance at 205 nm and a

PN3000 MALS to monitor light scatter at seven angles.

The trapezoidal shape of the AF4 separation channel was

defined by a 350 lm spacer and a 10 kDa MWCO ultrafil-

tration membrane supplied by the manufacturer. The

mobile phase for tip and focus flow was 5 mM Tris ⁄HCl

(pH 7.5) ⁄ 150 mM NaCl.

Twenty microlitres of 7.72 mgÆmL)1 of PP3 dissolved in

H2O was injected and focused inside the AFFF channel

using a manual injection port by applying 0.2 mLÆmin)1 tip

flow, a focus flow of 4.8 and 4.0 mLÆmin)1 cross-flow for

3 min, resulting in a detector flow rate of 1 mLÆmin)1,

which was kept constant throughout the experiment. The

elution was initiated by a linear gradient, reducing the focus

flow to 0 mLÆmin)1 and the tip flow to 5 mLÆmin)1 over a

1-min transition period, followed by isocratic elution over

10 min at a cross-flow of 4 mLÆmin)1. The cross-flow was

then reduced linearly to 2 mLÆmin)1 over a 20-min period

and further to 0.1 mLÆmin)1 over a 10-min period. The

cross-flow was then kept at 0.1 mLÆmin)1 for 10 min

followed by field release at 0 mLÆmin)1 for 10 min.

The concentration of the eluting PP3 species was deter-

mined by absorbance at 205 nm assuming an e (205 nm,

0.1%) of 31 and using the RI detector as described: The RI

increment factor, dn ⁄dc, of protein conjugates is a function

of the dn ⁄ dc of the modification and protein, and indepen-

dent of higher-order structures [55,56], in this case:

dn

dc

$ %

PP3

¼
MP

MPP3

dn

dc

$ %

P

þ
MP

MPP3

dn

dc

$ %

c

ð4Þ

where M is the molecular mass (in Da), n is the RI, c is the

concentration (in gÆmL)1) and the subscripts p, c and PP3

refer to protein, carbohydrate and PP3 species, respectively.

Because the dn ⁄ dc of carbohydrates is essentially invari-

able [57], a (dn ⁄ dc)c of 0.145 mLÆg)1 for the carbohydrate

moieties [56] and a (dn ⁄dc)p of 0.186 mLÆg)1 for polypep-

tides (which is essentially independent of amino acid com-

position [42]) were chosen. The concentration of eluting

species was thus determined from the RI detector signal

using a calculated (dn ⁄dc)PP3 value of 0.181 mLÆg)1.

The molecular mass of the PP3 complex was then deter-

mined from MALS data using the Zimm model within the

POSTNOVA AF2000 control software version 1.1.027 (Post-

nova Analytics Inc, Salt Lake City, UT, USA). In brief,

MALS, RI or absorbance at 205 nm data were baseline

corrected and the Zimm model was applied to estimate the

molecular mass of eluting protein species, thus yielding molec-

ular mass estimates for each data point (! 1 s) by extrapolat-

ing scattering data to a zero scattering angle and zero

concentration for each data point within the eluting peak.

The absorbance, RI and MALS detectors were calibrated

with BSA (66 kDa) and 67 kDa polystyrene sulfonate stan-

dards and verified by separation of 5.57 mgÆmL)1 of BSA

dissolved in the mobile phase using the same flow programme.

The relative molecular mass of PP3 was obtained from

AF4 and SEC by a linear correlation between retention

time and molecular mass of the BSA monomer, dimer and

trimer peaks, respectively.
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Steady-state tyrosine fluorescence

The tertiary structure of PP3 as a function of pH was

probed by steady-state tyrosine fluorescence. Fluorescence

emission spectra (280–450 nm) were recorded on an LS-55

Luminescence spectrometer (PerkinElmer, Waltham, MA,

USA) in 10-mm quartz cells using excitation at 260 nm and

5-nm slit widths. Ten spectra were averaged at a scan speed

of 100 nmÆmin)1 at 25 !C. Scans were recorded at a protein

concentration of 40 lM in three different buffers: (a) 50 mM

glycine (pH 3) containing 150 mM NaCl, (b) 50 mM NaH-

PO4 (pH 7.4) containing 150 mM NaCl and (c) 50 mM

N-cyclohexyl-3-aminopropanesulfonic acid (pH 11) contain-

ing 150 mM NaCl.

Steady-state fluorescence anisotropy

Samples of 50 lM PP3 and increasing concentrations of

GdmCl were excited with vertically polarized light using a

PerkinElmer LS55 spectrofluorimeter (PerkinElmer A ⁄ S,

Hvidovre, Denmark) at room temperature. PP3 was excited

at 260 nm and the tyrosine emission was measured at

310 nm using 5-nm slits. The fluorescence anisotropy (r) of

intrinsic tyrosine fluorescence was measured in the L-for-

mat, according to the following formula [58]:

r ¼
Ivv ) GIvhð Þ

Ivv þ 2GIvhð Þ
; ð5Þ

where Ivv and Ivh are the vertical and horizontal compo-

nents, respectively, of the fluorescence excited by vertically

polarized light, and G is a correction factor characterizing

the different sensitivity of the detection system for vertically

and horizontally polarized light, as follows:

G ¼
Ihv
2aIhh

ð6Þ

where Ihv and Ihh are the vertical and horizontal compo-

nents, respectively, of the fluorescence excited by horizon-

tally polarized light.

Anisotropy unfolding data were fitted to Eqn (3) using

the same procedure.
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