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Ovalbumin, Ovotransferrin, Lysozyme: Three Model Proteins for
Structural Modifications at the Air—Water Interface
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Structural modifications of ovalbumin, ovotransferrin, and lysozyme at the air—water interface have
been investigated using SDS-PAGE, both intrinsic and ANS fluorometry, and circular dichroism
experiments. Ovalbumin contact with an interface induced an exposure of aromatic residues, a slight
decrease in a-helix structures (—1.7%), and an increase in both -sheet (+3.4%) and S-turn (+7.9%)
structures. Moreover, these conformational changes led to the formation of insoluble polymers of
ovalbumin through intermolecular disulfide bonds. Ovotransferrin contact with an interface led to an
increase in its surface hydrophobicity (+30%) and modifications of its secondary structure (—33% of
a-helices, +96.4% of -sheets, +13.2% of f-turns, and +21.2% of random coils), characteristic of
major conformational changes. On the other hand, lysozyme did not undergo any structural
modification. These results clearly underscore that at the air—water interface proteins are susceptible
to denaturation.
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INTRODUCTION proteins. Ovalbumin, ovotransferrin, and lysozyme account for
54, 13, and 3.5% of the egg white proteins, respective8).(

Egg white is traditionally used as an ingredient by many food O~ . : .
Ovotransferrin is the biggest protein at 77.7 kDa, compared with

industries because of its exceptional functional properties: .
foaming, emulsifying, and gelling properties. However, indus- 4> kDa for ovalbumin and 14.4 kDa for lysozyme. They also
trial egg white processing involves many technological treat- hz?\ve different isoelectric points: ova_lbumm is _the more acid
ments, such as mechanical treatments (stirring, blending, andith @ Pl of 4.5, ovotransferrin is quasi neutral with Bgi 6.5,
pumping), thermal treatments (heating and cooling), as well as anq lysozyme is very interesting because of its high |fsoelec§r|c
processing steps during which large interfacial areas are createdP°!nt (10.7), which makes it the only egg white protein that is
either with solid surfaces or with gas phases (transfer and spray-POSitively charged in physiological conditions. Ovotransferrin
drying). These treatments impair the egg white functional IS well-known _fpr its iron binding capacity in rela_tlo_n with
properties (1—3). Mechanisms of protein diffusion to an-air structural qulflcatlons of the proteirlQ). Ovalbumln_|s the
water interface have been extensively studiedd). Moreover, ~ ©Nly €9g white protein with free sulfhydryl groups likely to
several results demonstrate that proteins denature at an air €nhance sulfhydryl—disulfide interchange reactions.

water interface (10—15). In some cases, intermolegiHsineet

formation has been demonstrated (16). The formation of MATERIALS AND METHODS

Imermmec.mar disulfide ponds between ovalbumin molecules ReagentsEthylenediaminetetraacetic acid (EDTA), urea, acrylamide
aﬁer, foaming has been highlighteti7). Hovyever, not so many .. _for fluorescence quenching analysigryptophan, anilino-1-naphthalene-
studies have focused on the denaturation of hen egg whiteg.gyifonate (ANS), and trichloroacetic acid (TCA) were purchased from
proteins at the airwater interface. They have, nevertheless, sjgma Aldrich. Ellman’s reagent 5-dithiobis(2-nitrobenzoic acid),
been shown to have different kinetics of adsorpti®) (vhich DTNB], cesium chloride, and potassium iodide were obtained from
suggests different levels of denaturation. The aim of the presentMerck. 3-Mercaptoethanol and acrylamide for electrophoresis analysis
study was to characterize the conformational changes of threewere purchased from Bio-Rad. Sodium dodecyl sulfate (SDS) was
major egg white proteirsovalbumin, ovotransferrin, and  Purchased from Biosolve Ltd.

lysozyme—at the airwater interface. These proteins were Proteins. Ovalbumin and ovotransferrin were extracted from hen
chosen for their physicochemical characteristics, which are €99 white by anion exchange chromatography according to the method

representative of the diversity that can be found in egg white of Croguennec et al. (2@1). Lysozyme was obtained from Ovonor
(Annezin les Béthune, France).

* Author to whom correspondence should be addressed [telephone A‘F—W‘?‘ter Interf_ace Creation. Thirty milliiters of a 1% protein
(33) 2 23 48 55 75; fax (33) 2 23 48 55 78; e-mail lecheval@epi. Solution dissolved in 67 mM phosphate buffer, pH 7.0, was poured
roazhon.inra.fr]. into a bubbling column PM 930 (Grosseron, St Herblain, France).
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ovalbumin and ovotransferrin, a 15% acrylamide separating gel for
lysozyme, and a 4.5% acrylamide stacking gel, each containing 0.1%
) SDS. Protein samples were prepared in 0.15 M Tris-HCI buffer, pH
<+ plastic 6.8, containing 2% SDS and 20% glycerol, with or without 0.5%
tube f-mercaptoethanol. Electrophoresis was carried out at a constant current
of 30 mA with an electrophoresis buffer of 0.15 M Tris-glycine, pH
8.6, containing 0.1% SDS. Gels were stained with Coomassie brilliant
blue and destained in methanol/acetic acid/water (65:25:10 v/v/v)

foam —» solution. Protein bands were quantified after being scanned, using Image
Quant software.

Fluorescence Measurementsntrinsic fluorescence measurements
protein air were performed using a spectrofluorometer LS50B (Perkin-Elmer).
solution =™ bubble Proteins were diluted in 67 mM phosphate buffer, pH 7.0, in order to

< disc Da_m be in the linearity domain of fluorescence versus concentration. Protein
air ¥ rained solutions were excited at 280 or 295 nm, and emission spectra were

liquid registered between 305 and 415 nm with 1% attenuation. Excitation
and emission slits were 15 nm. For each protein, three concentrations
were tested to determine the slope of the relative fluorescence intensity
versus protein concentration by linear regression analysis. The slope
was then used as an index of the protein intrinsic fluorescence.
Compressed air at a constant flow rate (75 mL THirwas injected Quenching fluorescence measurements were performed with the
through a metallic porous disk for 60 min. At the top of the column, Spectrofluorometer LS50B described above. Two micromolar protein
foam was withdrawn via a plastic tube into a flask. This step lasted for solutions were excited at 295 nm to minimize interference from tyrosyl
<5 min, after which>95% of the protein solution was foamefigure residuesL-Tryptophan (-Trp) solutions were used as the reference,
1). In the flask, drained liquid separated spontaneously from the foam With concentrations oA x 2 uM, A being the number of tryptophyl
during the remaining 55 min. This liquid was then reintroduced in the residues in the protein (3 for ovalbumin, 11 for ovotransferrin, and 6
bubbling column. This sequence was repeated twice in order to obtain for lysozyme). Quenchers used were acrylamide@® mM), cesium
more foam, that is, to maximize the interface area. The drained liquid chloride (0—0.67 M), and potassium iodide<0.67 M). Potassium
sample used for protein analysis was the last one, that is, obtained afterfodide solution contained 0.1 M sodium thiosulfate {8@s) to prevent
three bubbling sequences. To minimize the liquid quantity still present formation of &=, which absorbs at 290 nm. With the quencher

in foam’ a further Centrifugation was app“ed (po'ypropy'ene tubeS, Concentraﬁons USed, no Sh|ﬂ of the maXImal ﬂUOreSCenCe IntenSIty
3000g, 10 min, 26C). For ovalbumin and ovotransferrin, the protein wavelength was observed, indicating the absence of protein denatur-
analysis indicated that the liquid obtained by centrifugation was ation. The quenching constant was expressed by the -Stimer
equivalent to the drained liquid mentioned above; thus, results for the €guation

former sample will not be presented. Ovotransferrin foam was solu-

bilized in 67 mM phosphate buffer, pH 7.0, whereas ovalbumin foam F/F=1+ Kq[Q] )
needed 10% SDS added to the same buffer to be solubilized. Foam

from lysozyme was very unstable and collapsed during centrifugation, hereF, andF are the fluorescence intensities in the absence and in
and then the whole solution obtained was considered to be the “foam” ¢ presence of the quencher, respectively, [Q] is the quencher

fraction. concentration, and, is the quenching constant. The percentage of

Protein Concentration. Protein concentration in each sample was  yptophyl residues of the protein accessible to quenchers is calculated
measured from the absorbance at 280 nm wih = 32050, 91200, as follows:

and 37750 cm! M~ for ovalbumin, ovotransferrin, and lysozyme,
respectively (22—24). Dilutions for sample preparation were based on

Figure 1. Scheme of the experimental material used for formation and
recovery of the different samples.

these values. Trp % = [K(sample)/K(L-Trp)] x 100 3)
Estimation of Protein Adsorbed at the Interface. The amount of
protein adsorbed at the aiwater interface was estimated as follows: Surface Hydrophobicity. Measurement of surface hydrophobicity
was carried out using the fluorescence probe ANS. Proteins were diluted
) (CrVid — (CyVg + CVY) in the same way as for the intrinsic fluorescence measurement. Fifteen
adsorbed protein (%5 V. x 100 (1) microliters of an 8 mM ANS solution was added to 1 mL of the protein

sample solution. ANS fluorescence intensity was measured at 470 nm
Cns Ca, andCs are the protein concentration in native solution, drained after excitation at 390 nm. Excitation and emission slits were 2.5, 10,
liquid, and supernatant, respectively, afig Va, andVs are the volumes and 15. nm for ovalbumin, ovotransferrin, aqd Iysgzyme solut|onsl,
of native solution, drained liquid, and supernatant, respectively. respectlvel_y. The slope of the flyorescence |_ntenS|ty versus protein
Free and Total Sulfhydryl Groups. Free and total sulfhydryl groups concentratlon was cglculated by linear regression analysis and used as
were measured using Ellman’s reage2f)( For quantification of the ~ &n index of the protein surface hydrophobicity (PSH), as suggested by
free sulfhydryl groups, 0.15 mL of sample solution was mixed with Kato and NakaiZ7). Finally, the relative surface hydrophobicity (RSH)
2.85 mL of 0.1 M Tris-glycine buffer, pH 8.0, containing 0.01 M EDTA  Was calculated as follows:
and 0.5% SDS. Then, 0.02 mL of DTNB solution was added.
Absorbance was determined at 412 nm. For quantification of the total RSH (%)= (PSH of samplex 100/(PSH of control)  (4)
sulfhydryl groups, proteins were first reduced by adding 1 mL of 10
M urea and 0.02 mL of}-mercaptoethanol to the sample solutions. The native solution sample was used as a control.
After 1 h in darkness and at room temperature, 10 mL of 12% TCA Circular Dichroism (CD). CD spectra were obtained using a CD 6
was added to the solution in order to precipitate out the proteins. spectropolarimeter (Y. Jobin, Paris, France). Protein concentrations were
Precipitated proteins were recovered by a 10 min centrifugation at 1.3, 0.77, and 0.34 gt for ovalbumin, ovotransferrin, and lysozyme,
500@Qy. They were washed twice with 12% TCA to remqS«nercap- respectively, to obtain absorbance at 280 nm between 0.8 and 1.0. Far-
toethanol and then diluted in 3 mL of 0.1 M Tris-glycine buffer, pH UV CD spectra were recorded from 180 to 250 nm with a 0.02 cm
8.0, and 8 M urea. The subsequent steps were identical to thoselight path. Near-UV CD spectra were recorded from 250 to 330 nm
described for free sulfhydryl group quantification. with a 1 cmlight path. Each spectrum was the average of three scans
SDS-PAGE Analysis.SDS-PAGE was carried out according to the integrated with the data processor CD6DOS (Y. Jobin). CD spectra
method of Laemmli 26), using a 7.5% acrylamide separating gel for were expressed in terms of molar ellipticity;]6
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[0,] = (3300AA)/(Cd) (5) on the foam fraction lane and in the absence of reducing agent,
this band was less intense, and some aggregates were present

with [6,], the molar ellipticity at wavelength, expressed in deg ém  in the sample slot. This could explain the proportion of protein
dmol%; AA;, the difference of absorbance of a right- and left-circular adsorbed at the interface previously mentioned. This result

polarized light of equal intensity and of the same waveleigth, the suggests that ovotransferrin became aggregated during foam
mean residue concentration when the far-UV CD spectrum was reportedformation probably through disulfide bond interactions, although
and the protein molarity in the near-UV region; athdcm), the light there is no free sulfhydryl in native ovotransferrin.

path. a-Helix, f-sheet, f-turn, and random coil structures were . ) . Bi
determined from the far-UV CD spectra using CD spectra deconvolution For lysozyme analysis on SDS-PAGE in the prese (e

software described by Bohm et al. (28). 2E) and absencd-{gure 2F) of f-mercaptoethanol, no differ-
Statistics. Data were analyzed using the statistical analysis package €NCeS between the fractions were observed. The only electro-
Statgraphics Plus, version 5.1. Intrinsic fluorescence, surface hydro- Phoretic band was at 14.4 kDa, suggesting that no aggregation

phobicity, and CD data were analyzed using Studengttistics. occurred during foam formation.
Fluorescence Spectralhe same fractions were analyzed by
RESULTS intrinsic fluorescence with the excitation wavelength at 280 and

d295 nm, with and without quenchers. At 280 nm, both tyrosyl
and tryptophyl residues are excited, whereas at 295 nm only
tryptophyl residues are excited. At both excitation wavelengths,

To evaluate correctly the protein structural changes induce
by foaming, the drained liquid and foam samples have always
been compared to the native protein solutions in the corre- > -
sponding buffer condition: fluorescence emission spectra were registered between 305 and

e For lysozyme and ovotransferrin, drained liquid and foam 415 nm.
samples were compared to native lysozyme and ovotransferrin FoOr both excitation wavelengths, the emission spectra of
solutions in 67 mM phosphate buffer, pH 7.0, respectively. ovalbumin fractions showed the same pattern (data not shown).

e For Ovalbumin, drained ||qu|d Samples were Compared to No variations in the fluorescence IntenSIty of drained |IQUId
the native ovalbumin solution in 67 mM phosphate buffer, pH solution were observed, but we noticed a significant red shift
7.0; foam samples were compared to the native ovalbumin Of 0.4 nm (Student's test,P < 0.05) using alex at 280 nm.
dissolved in 67 mM phosphate buffer, pH 7.0, added with 10% The red shift was not statistically significant usinge at 295
SDS, which must be used to solubilize ovalbumin foam. Thusy nm. This result would indicate an exposure of tyr05y| residues.
the differences observed were assigned to foaming. On the other hand, a drastic decrease of the fluorescence

Amount of Protein Adsorbed at the Air—Water Interface. intensity (-61% at 280 nm ane70% at 295 nm) was observed
As mentioned above, the foam behaviors depended on thefor the foam fraction, compared to the native ovalbumin solution
protein. For lysozyme, foam completely collapsed with cen- With SDS Figure 4). This suggested significant structural
trifugation. Then in eq 1Vs was considered to be 0; the amount modifications due to foaming. Moreover, native ovalbumin
of |ysozyme adsorbed at the interface (% 42%) was solution in the presence of SDS showed a 29% lower fluores-
consequently overestimated. For ovalbumin and ovotransferrin, Cence intensity using an excitation at 295 nm, compared with
33.3% (+5.1%) and 20.2% (+4.2%) of the total proteins were that at 280 nm, whereas a 46% loss was observed for the foam
adsorbed at the interface, respectively. fraction Figure 4). Thus, tyrosyl residues seemed to contribute

Protein Aggregation. Each fraction was compared to the More to the fluqrescence of the foam fraction f[han to t_hat of
corresponding native protein solution by SDS-PAGE under the native solution. Moreover, between the native protein and
reducing and nonreducing conditions. In the presence of the foam fraction, the maximal emission wavelength was shifted
B-mercaptoethanol, no differences between the ovalbumin to the longer wavelengths, which would suggest the exposure
fractions were observedFigure 2A). In the absence of of the aromatic residues to a less hydrophobic environment
ﬁ_mercaptoe[hano| (Figure ZB)’ a band at80 kDa was (Figure 5) Slgnlflcant maximum emission intensity red shifts
observed for all fractions, and for the foam fraction, other bands ©f 0.7 nm (Student’s test,P < 0.001) and 0.5 nm (Student's
at ~116 and 170 kDa and more were also visible. The ttest,P < 0.05)were obtained when excitation wavelengths of
appearance of these high molecular weight bands occurred280 and 295 nm were used, respectively, confirming the
concomitantly with a decrease of the ovalbumin monomeric important participation of tyrosyl residues in fluorescence
form quantity from 45% of the total protein amount in the native €mission. Fluorescence quenching data indicated that tryptophyl
solution EFigure 2B, lane 3) to<30% in the foam fraction residues were also exposed to a less hydrophobic environment
(Figure 2B, lane 4). Moreover, these values have to be in the foam fraction (Table 1), indicating structural modifica-
compared to the 90% of ovalbumin monomeric form obtained tions: accessibility of tryptophyl residues to acrylamide, cesium,
when the foam fraction was analyzed by SDS-PAGE in the and iodide was increased by 100% between the native solution
presence of-mercaptoethanoFigure 2A, lane 4). Ovalbumin  in the presence of SDS and the foam fraction.
aggregates present in the foam fraction would then involve  The results for ovotransferrin solution were quite similar to
disulfide bond interactions, probably resulting from sulfhyeryl  those obtained with ovalbumin. Fluorescence emission intensity
disulfide interchange reactions during the exposure to the air was higher at 280 nm than at 295 nm. With an excitation
water interface. Free and total sulfhydryl measurements con-wavelength at 280 nm, the fluorescence intensity was 49%
firmed this hypothesis Rigure 3). The total number of higher for the native ovotransferrin solution and 59% higher
sulfhydryl groups did not change between native ovalbumin for the foam fraction (Figure 4). Significant red shifts of 0.8
molecules and ovalbumin molecules included in the foam nm (Student's test,P < 0.001) foriex at 280 nm and of 0.6
fraction, but a 50% decrease in the number of free sulfhydryl nm (Student’st test,P < 0.05) for lex at 295 nm were also
groups was observed, suggesting that half of the ovalbumin freeobservedfigure 5). Thus, tyrosyl residues appeared to be more
sulfhydryl groups were involved in disulfide bond formation. affected by the structural modifications due to contact with the

For the ovotransferrin fractions, only one band at 77.7 kDa air—water interface. For the foam fraction, fluorescence quench-
was visible on the SDS-PAGE in the preseregy(re 2C) and ing data showed a 100% increase in the number of tryptophyl
in the absenceRjgure 2D) of f-mercaptoethanol. However, residues quenched by acrylamide and a lower increase (25%)
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Figure 2. SDS-PAGE, with (A, C, E) and without (B, D, F) mercaptoethanol, of ovalbumin solutions (A, B), ovotransferrin solutions (C, D), and lysozyme
solutions (E, F): (lane 1) native solution; (lane 2) drained liquid; (lane 3) native solution + 10% SDS; (lane 4) foam; (MW) molecular weight.
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indicating major structural modifications. Subsequently, the
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: : \ oo surface hydrophobicity of ovalbumin molecules included in the
. e e T/ m foam fraction was compared to that of native proteins in the

" presence of 10% SDS. The increase was of the order of 100%
Figure 4. Evolution of the maximum intrinsic fluorescence intensity after for the foam fraction, indicating that ovalbumin molecules
excitation at 280 or 295 nm for ovalbumin, ovotransferrin, and lysozyme. present in foam behaved differently from those of the native
Samples with different letters are statistically different (P < 0.05). solution in the presence of SDS. This probably implies that

. o ovalbumin molecules in foam are denatured by contact with
in those quenched by iodide. On the other hand, no tryptophyl the air—water interface.

residue was accessible to cesium as deduced from the nonsig- |n the ovotransferrin foam fraction, a significant increase in
nificant decrease of fluorescence intensity after cesium addition gyotransferrin molecule surface hydrophobicity was observed
(Table 1). For drained liquid, no shifts in emission maximum  for the foam fraction £30%, P < 0.05), compared to native

intensity and no variations of intensity were observed. ovotransferrin molecules. No significant change was observed
Lysozyme showed the same fluorescence intensity decreasegor the drained liquid.
betweenlex at 280 nm andlex at 295 nm for both the native Lysozyme exposure to the aiwater interface led to a

solution and the foam fraction-35%) (Figure 4) and with no significant increase in its surface hydrophobicity2(1.5%,P
shifts (Figure 5). No significant increase in the number of < 0.05), whereas the surface hydrophobicity of lysozyme
tryptophyl residues accessible to the quench&able 1) was molecules in drained liquid was not statistically different from
observed (P< 0.05). Accessibility of tryptophyl residues to  native lysozyme surface hydrophobicity.
cesium and iodide was equivalent for the three fractions (native  Circular Dichroism Spectra. Any change in the environment
solution, drained liquid, and foam). Concerning accessibility to of aromatic residues and disulfide bonds results in a change of
acrylamide, despite different mean values, the standard deviationthe near-UV CD spectra. No significant difference was observed
did not permit a conclusion to be drawn. between the ovalbumin native solution and drained liquid
Surface Hydrophobicity. The surface hydrophobicities of  (Figure 7A). The presence of SDS in the native solution slightly
proteins in the drained liquid and foam fractions were compared modified the spectrum, especially between 250 and 260 nm
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Table 1. Percentage of Tryptophyl Residues Accessible to Different Quenchers for Each Protein?

acrylamide cesium iodide
ova ovtf lyso ova ovtf lyso ova ovtf lyso
native solution 279a+13 11.2a+38  59.1a+81 98a+06 39a+39 274ax13 5la+0.1 47a+02 39.7a+06
drained liquid 26.8a+1.7 11.7ax17 323ax25 10.6a+0.7 19a+19 33lax27 43ax04 51a+03 39.5a+0.7
native solution + SDS 20.2b+0.6 nd nd 129a+1.6 nd nd 5.6a+0.02 nd nd
foam fraction 35c+34 21.7b+21  499a+83 317b+45 04a+03 34a*67 12.6b+ 1.7 65b+05  358a+1.1

2 Results with different letters are statistically different (Student's t test, P < 0.05); nd, not determined.

800 Gnatve soluion Random coil structures were unmodified for the foam fraction,
700 S drained liquid but an increase of 18.3% for the drained liquid was observed.

Bnative solution + SDS

i foam fraction The far-UV CD spectra of ovotransferrin native solution and
drained liquid were not statistically differenFigure 8B).
However, the foam fraction CD spectrum was very different,
showing a large modification of its secondary structure. A
significant loss of-helix structures (33%) and gains@fsheet
(96.4%), 3-turn (13.2%), and random coil (21.2%) structures
were observed (~ 0.01).

[§ For lysozyme, no significant difference was observed between
the far-UV CD spectra of the native solution, drained liquid,

ovalbumin ovotransferrin lysozyme and foam fractlon (F|gure SC)
Figure 6. Evolution of surface hydrophobicity for ovalbumin, ovotransferrin,

and lysozyme.
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DISCUSSION

(absorption range of disulfide bonds) and around 280 nm The present results demonstrate that the exposure of oval-
(absorption range of aromatic residues). However, these varia-bumin to the air-water interface generates its aggregation,
tions were not statistically significant. The foam fraction CD through intermolecular disulfide bonds. Kitabatake and @) (
spectrum was significantly different from the CD spectra of other have already made such observations, assuming the unfolding
ovalbumin fractions. of the molecule following contact with the aiwater interface.

For ovotransferrin, the CD spectra of the native solution and Such an aggregation has also been observed by Kato 8tll. (
drained liquid were not statistically differenfigure 7B). In and Mine et al. 82) after heating egg white te60 °C. Linear
comparison, the foam fraction CD spectrum was completely aggregates were also obtained after ovalbumin had been heated
modified, suggesting that the tertiary structure of ovotransferrin to >80 °C (33). These aggregation phenomena imply the
was different after contact with the air—water interface. exposure of sulfhydryl groups, which means changes in the

For lysozyme, the CD spectra of the native solution, drained tertiary structure of ovalbumin. The present results of intrinsic
liquid, and foam fraction were not statistically differeRigure fluorescence, surface hydrophobicity, and near-UV CD agree
7C), assuming an absence of any modification of its tertiary With this assumption.
structure. After contact with the airwater interface, tyrosyl residues

Far-UV CD spectra enabled us to evaluate the protein take part more strongly in ovalbumin fluorescence, as indicated
secondary structureT@ble 2). However, it has to be pointed by the ratio of fluorescence intensity after excitation at 280 nm
out that the deconvolution method used influences the propor- to that after excitation at 295 nm. The red shift was also more
tions of protein secondary structure. This explains why some significant after excitation at 280 nm. Thus, the contact with
of the present results did not exactly fit with the literature data. the interface results predominantly in the exposure of tyrosyl
For example, thei-helix proportion determined for ovalbumin  residues. The red shift observed for drained liquid at 280 nm,
(~18%) was weaker than the one given by Stein et2) (  but absent at 295 nm, also suggests that tyrosyl residues are
(~30%), and thes-sheet proportion determined for lysozyme the first to be exposed. The exposure of tryptophyl residues is
(~20%) was higher than the one given by Har&@)((~6%). suggested by their increasing accessibility to fluorescence
Nevertheless, only the relative variations, revealing structural quenchers. Such exposure of aromatic residues involves modi-
modifications and independent of the deconvolution software fications in the tertiary structure of ovalbumin. It is noticeable
used, have been considered in the following comments. For that the extent of these changes (fluorescence intensity decrease
ovalbumin, the presence of 10% SDS in the native solution did of 43% with a red shift) seems to be higher than that induced
not significantly change the spectrurfigure 8A). Drained by heating at 8CC (fluorescence intensity decrease of 56%
liquid and foam fraction spectra were significantly different from without red shift) but lower than that resulting from the addition
the original solution spectruniP(< 0.05). Thus, after exposure  of guanidium hydrochloride (fluorescence intensity decrease of
to the air-water interface, ovalbumin underwent conformational 64% with a red shift) 34).
changes implying secondary structure modificatiang-elix Structural modifications of proteins are classically demon-
structure losses of 1.8 and 1.7%, for drained liquid and foam strated through surface hydrophobicity measurements, using
fraction, respectively ¥ < 0.05), were calculated with the specific probes such as ANS. However, these methods imply
CDNN spectra deconvolution software. For drained liquid, a that the proteins are soluble and, after contact with the air
4.7% decrease ¢f-sheet structures was observed, whereas for water interface (foam fraction), ovalbumin needs SDS to be
the foam fractiong-sheet structures increased by 3.4%. A solubilized. Unfortunately, SDS increases the surface hydro-
decrease gf-turn structures by 15.7% was observed for drained phobicity measurement for ovalbumin, indicating significant
liquid, whereas for the foam fraction this increased by 7.9%. structural changes due to SDS, as mentioned by Hayakawa et
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Figure 7. Near-UV CD spectra of ovalbumin (A), ovotransferrin (B), and
lysozyme (C): (#) native solution; (O0) drained liquid; () native solution
+ SDS; () foam fraction.

al. (35). However, a significant difference was observed between
native ovalbumin in the presence of SDS and the foam fraction.
This result reinforces the assumption of tertiary structure
modifications for ovalbumin after contact with the -aivater

interface. Structural modifications agree with the red shift
observed in intrinsic fluorescence, assuming the unfolding of
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Table 2. Percentage of Secondary Structure for Each Protein
Calculated from Far-UV CD Spectra Using CDNN Spectra
Deconvolution Software (28)

o-helix p-sheet p-turn

ovalbumin

native 17.8+0.1 36.9+0.3 192+24

drained liquid 175+0.1 352+0.6 16.2+0.2

native + SDS 10% 17.7+0.2 374+05 196+19

foam + SDS 10% 174+0.1 38.7£05 21.2+0.0
ovotransferrin

native 28.3+0.05 234+0.1 18.1+0.0

drained liquid 28.1+£0.05 23.6 £0.05 18.1+£0.0

foam 19.0+09 459+34 205+04
lysozyme

native 29.9+0.7 223+13 18.2+0.3

drained liquid 315+03 204+0.3 18.0+0.1

foam 30.7+05 21.3+£0.7 18.1+0.1

but tertiary structure modifications and increasing binding of a
hydrophobic fluorescence dye, would suggest that after contact
with the interface, ovalbumin would evolve into a “molten-
globule-like” state as defined by Tani et aB4|.

The results of near-UV CD confirmed the changes of
ovalbumin tertiary structure around the aromatic residues.
Koseki et al. 86) had already mentioned such changes,
reversible after heating ovalbumin to below 85 and irrevers-
ible above 65°C. Moreover, Tani et al.34) demonstrated
tertiary structure modifications after heat treatment. Exposure
of ovalbumin at the airwater interface induced tertiary structure
modifications that seem close to those observed after heat
treatment of this protein.

Concerning the secondary structure, after contact with the
air—water interface, the variations observed were 10-fold lower
than those observed after heat denaturation of ovalbufin (
32, 37). However, in both cases, there was a loss.dfelix
and a gain of3-sheet5-turn, and random coil structures. The
slight increase iff-sheets could be explained by the appearance
of intermoleculais-sheets, as suggested by Renault et al. (16).

Ovotransferrin differs from ovalbumin by its size, its con-
formation, its number of disulfide bridges, and, above all, the
absence of free sulfhydryl groups. Considering this fact, the
absence of aggregation through sulfhyerglisulfide inter-
changes revealed by the SDS-PAGE analysis was foreseeable.
However, the aggregates observed in the sample slot in the
absence gf-mercaptoethanol were more unexpected. Contami-
nation by a very small quantity of ovalbumin could probably
be responsible for such an aggregation, the reduction of
ovotransferrin intramolecular disulfide bonds being initiated by
the ovalbumin free sulfhydryl groups and enabling ovotransferrin
intermolecular disulfide bonds. This assumption agrees with the
observations of Xu et al. (38) and Watanabe et al. (39): disulfide
bonds between ovotransferrin molecules appeared during heat
treatment in the presence of ovalbumin. Moreover, and as
mentioned above, ovalbumin acquires an appropriate conforma-
tion to initiate this kind of reaction after contact with the-air
water interface.

However, these results suppose, as well, that ovotransferrin
would also be in a more reactive conformation. Actually, the
aromatic residues are partially exposed after contact with the
air—water interface, as indicated by the increase in surface
hydrophobicity, the red shift observed, and the increasing
accessibility of tryptophyl residues to acrylamide. Also, the

the molecule. Moreover, the increase in surface hydrophobicity drastic modifications of the near-UV CD spectrum highlight

after contact with the airwater interface is similar to those
obtained from mild heat treatment of ovalbumif 81, 32, 34).

the major changes in the tertiary structure of ovotransferrin.
It is noticeable that the three quenchers used cannot reach

These results, that is, nearly no secondary structural changeghe tryptophyl residues in the same way: cesium and iodide,
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15000 = The secondary structure also appeared to be greatly altered,
I corresponding to significant denaturation with, in particular, a
strong decrease in-helices (33%) and a high increase in
[B-sheets (almost a 100% increase).

Structural modifications of ovotransferrin molecules adsorbed
in the foam fraction are not observed for the drained liquid
fraction. This suggests that conformational changes undergone
by ovotransferrin at the air—water interface were so significant
that the protein could not desorb any more.

Lysozyme is a small compact molecule with four disulfide
bonds that make it very rigid. This conformation is probably
responsible for the quasi-absence of denaturation after exposure
to the air-water interface. Actually, no changes are observed
concerning the aromatic residues, as opposed to what was
observed after heat treatment at*®or addition of guanidium
chloride (34). Moreover, no modifications of CD spectra have
been obtained after contact with the interface, in contrast to
structural modifications induced by heat or chemical treatments
(34, 40). The only noticeable change was a 21% increase in
the surface hydrophobicity, whereas a 93% increase was
observed after thermal denaturation (34).

. (deg.cm®.dmol™)

'g e Finally, the behavior of lysozyme at the aiwvater interface

3 seems very close té-lactoglobulin behavior. For this protein,

E o0 Phillips et al. 41) talked about a 25% increase in the surface
g;‘ 1 hydrophobicity. These similarities are probably connected to
= 5000 the structural resemblance between lysozyme fatactoglo-

bulin, both of which are small proteins (14.4 and 18.3 kDa,
respectively) with four disulfide bonds.

Kato et al. 6) provided evidence of the correlation between
the increase in surface hydrophobicity and the lose-bielix
15000 L . structures for lysozyme and ovalbumin. The present study shows

Ao that for lysozyme that is in contact with an-aivater interface,

the slight increase in surface hydrophobicity was observed
independently of any modification of secondary structure.

B

Gl Faced with denaturation at the aiwvater interface, ovalbu-
min, ovotransferrin, and lysozyme, which are three major egg
1800 white proteins, exhibit very different behaviors. Lysozyme is
unaffected by such a treatment, whereas ovotransferrin under-
—~ 10000 goes dramatic modifications concerning secondary structure as
"E well as tertiary structure. Among these three proteins, ovotrans-
g o ferrin is clearly the more significantly denatured, in agreement
& with its already described flexible naturg9), highly sensitive
g 0 to any denaturation.
E 1 Ovalbumin undergoes secondary and tertiary structure modi-
~5000 fications that are weaker than those for ovotransferrin. However,
because of its free sulfhydryl groups, these changes are enough
-10000 to enable intermolecular sulfhydrytiisulfide exchanges, leading
to aggregation and polymerization of ovalbumin at the-air
-15000 water interface. This specific behavior is responsible for the

A{nm) very stable foam.

Figure 8. Far-UV CD spectra of ovalbumin (A), ovotransferrin (B), and

lysozyme (C): () native solution; (O) drained liquid; (M) native solution

+ SDS; (x) foam fraction. We are grateful to Pr. G. Brulé for helpful discussions, M. Piot
for technical assistance, and V. James for English corrections.

which are charged ions, appear to be repelled from ovotrans-ye gratefully acknowledge D. Marion for supplying CD
ferrin molecules. This is probably due to the charges of the fgcilities.

amino acid side chains surrounding the tryptophyl residues.

Actually, the primary sequence of ovotransferrin shows many

charged amino acids besides the tryptophy! residues. Most of LITERATURE CITED
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