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Two compact sized globular proteins. A-lactoglobulin and o-lactalbumin were kinetically characterized at the
aqueous solution surface with the measurement of surface pressure (7) and surface concentration (1) via a
radiotracer method. The adsomtion kinetics was of diffusion control at early times. the rates of increase of &
and I~ being lower at longer timmes due to growing energy barrier. At low concentrations, an apparent time lag
was observed in the evolution of 7 for B-lactoglobulin but not for a-lactalbumin which was shown to be due to
the non-linear nature of the 7-I relationship for the former. The area per molecule of an adsorbed S-lactoglo-
bulin during adsorption was smaller than that for spread monolayer since S-lactoglobulin was not fully unfold-
ed during the adsorption. For o-lactalbumin. however. no such difference in the molecular areas for adsorbed
and spread monolaver was observed indicating thereby that ¢-lactalbumin unfolded much more rapidly (has
looser tertiary structure) than B-lactoglobulin. Surface excess concentrations of -lactalbumin was found to
evolve in fwo steps possibly due to the change in the orientation of the adsorbed protein from a side-on to an
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end-on orientation.

Introduction

Proteins are known to adsorb spontaneously at gas-liquid
interfaces due to their amphiphilic nature. This thermody-
namically favorable process has been used in many indus-
trial applications such as emulsions, foams and thin filins
with their functionality. Protein adsorption has been reported
to be diffusion controlled nsually for short times.!-= At longer
times. however. it has been shown that an adsorbing protein
molecule has to overcome surface pressure as well as elec-
trostatic energy barriers in order to anchor itself at the inter-
face ** Experimental observations of adsorption dynamics of
succinvlated flactoglobulin with diflerent clectrical charges
have been made to demonsirate the cliect of charge on
encrgy barrier.™ More recent obscrvations of surface tension
dynamics of human scrum albumin at air-water interface
indicalc that the encrgy barnier (o adsorption may be propor-
tional 1o the surface concentration.® Wusneck ef ¢ attribute
rather high diffusion coclTicients [or the adsorption of SB-lac-
toglobulin and fFcascin at air-walcr inlcrlace to the acccler-
ating cffeet of the rearrangement of adsorbed protein scgments
within the adsorbed laver.” Hunter er af. cxplained their
experimental data of adsorption 1sothermt and adsorption
kinctics of Ivsozyme at the air-water interface to the change
in the conformation of the molccule from side-on 1o end-on
at higher concentrations.® Upon adsorption at an interface.
protcin molccules arc opt to unfold. The extent of unfolding
of globular protcins depends on the surface pressure. The
timescale of rearrangement of adsorbed protein molecule is
found Lo be much smaller for flexible random coil proteing
than globular proteins. ™!

In previous work.'” we have investigated the kinetics of
bovine serum albumin (BSA) of different surface hydropho-
bicities in terms of both the swrface pressure and surface
concentration and have shown that the area occupied by
BSA during adsorption is smaller than that for a spread
monolayer. indicating that the protein is not completely
unfolded. The extent of unfolding was also shown to depend
on the conformational stability of BSA. The purpose of this
paper is to elucidate the evolution of surface pressure and
surface concentration during adsorption of S-lactoglobulin
and ¢-lactalbumin at the air-water interface. which are dif-
ferent from BSA in structure, size and other physicochermi-
cal propertics.

Materials and Mcthods

Materials

[sotopes of !“C-formaldehvde (H'*CHOQ). “C-carboxys-
tearic acid and *C sodium acetate (purchased from Sigina
Chemicals) were used for radiolabelling. S-lactoglobulin
(Prod. N L0130. lot Number 114H7033) and «-lactalbumin
(Tvpe III. Prod. Nb L6010, lot Number 128F8140). pur-
chased from Sigma Chemicals, were treated with charcoal
(charcoal : protein =6 : 1) so as to eliminate any possible
low-molecular weight surface active impurities.'? Phosphate
buffer (0.01 M. pH 7.4. 0.09% NaCl) was prepared from
highly purified de-ionized water in all the experimments,

A computer-controlled Langmuir minitrongh (KSV. Fin-
land) with a Whilhelmy plate was used for adsorption kinet-
ics and spreading experiments as described elsewhere 13 -
lactoglobulin and ¢¢-lactalbumin were radiolabelled with 4C
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Figure 1. Schematic of experimental setup in which two main
operations (adsorption and spreadingscompression) are performed.

in order to enable direct measurement of adsorbed protein
concentration at the air-water interface (see details in “Me-
thods™). A gas proportional detector {Ludlum instrument
model 120 with a 2x2 thin mylar window) with a digital
scale counter (Ludlum instrument model 520) was used for
detecting radioactivity.

Schematic of experimental setup and two important opera-
tions are shown in Figure 1.

Methods

Labelling of proteins. Protein was radiolabelled by reaction
with "*HCHO in the presence of 0.1 M NaCNBH; 1> Thirty
milligrams of protein powder was dissolved in 6 mL of 0.05
M phosphate butfer (pH 7) and addition of 750 pL of 0.1 M
NaCNBH; to the protein solution was followed. Six milli-
liters (equivalent to 102 uCi) of "HCHO stock solution was
then mixed with the above protein solution and reaction was
allowed to proceed for 2 h under ambient condition. Atter
the reaction, the mixture was immediately put in a dialysis
membrane tubing (SpectraPOR from Spectrum Inc.) with
MW cut-off of 6000-8000 and was dialyzed for 20 h at 4 °C
for complete removal of unreacted species. Protein concen-
tration of the final solution was determined using BCA
assay.'” Radioactivity of the final protein samples was mea-
sured using a scintillation counter {Packard model Tri-carb
4000) calibrated with known "“C sample in counts per
minute (CPM). Each protein sample (20-100 pL) was mixed
with 6 ml of Ecolume cocktail solution and the CPM of the
mixture was measured with the scintillation counter and
converted to LCi using a calibration curve (CPM versus uCi
of known samples).

Adsorption from solution. The Langmuir minitrough was
first filled with a buffer solution without any protein. The
air-water interface was then carefully aspirated to remove
surface impurities and the surface pressure was adjusted to
zero. Then, a quiescent solution of C labelled protein in
phosphate butfer was placed into the Langmuir minitrough.
The Ludlum detector was immediately positioned and both
of the surface pressure and CPM of -radiations were moni-
tored by an automatic data acquisition system. Adsorption
experiments were normally durated for 20 h. [n order to con-
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vert CPM to the surface concentration. the Ludlum gas pro-
portional detector was calibrated with radioactive samples of
known surface and bulk concentrations as reported in else-
where.!” Different amounts of radiolabelled proteins were
spread on the air-water interface using Trurits method.'$
The surface of the air-water interface was compressed in
stages and a calibration curve relating CPM versus surface
concentration was constructed. A different calibration curve
was constructed for each protein studied.

Surface Pressure-Area isotherms for spread monolayer

Protein monolavers were spread using Trurnits method. A
50 uL aliquot of protein solution of 0.0247 wt% concentra-
tion was dripped tfrom the top of a glass rod (5 mm diameter,
S ¢m height) positioned above the air-water interface so that
the solution spread uniformly on the top of the interface.™-1*
It has been shown by Cho ef ¢f. that the loss of protein due to
desorption from the air-water interface is negligible.!"” The
spread monolayer was allowed to equilibrate for 30 min and
was then compressed by moving the two teflon barriers. The
surface pressure was recorded at different areas and the sur-
face concentration I~ of the protein was converted from the
relation, i.e. I=1/A under the “no loss™ assumption.

Results and Discussion
The evolution of surface pressure (1) and surface concen-

tration (I for different bulk concentrations of -lactoglobu-
lin and o-lactalbumin are given in Figures 2 and 3.
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Figure 2. Kinctic cvolution of 'C-B-lactoglobulin tor difterent
bulk concentrations in terms ol (a) (). ( — ) 0.5 g/’ (----) 1.0 ¢/
m?, (= =) 2.0 g/m and (b} F{1). & 0.5 g/m’, 1.0 g/m', Wl 2.0 ¢
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respectively. The rates of increase in and I (dridt, dF7dr)
were higher for the higher protein concentrations, especially
at short times. For the most dilute solution of B-lactoglobu-
lin, an apparent lag time was observed for 7. but not for I
(see Figure 2). At 0.5 g/m® of bulk concentration, the induc-
tion period, during which m was negligible (m<l mN/mn)
lasted up to 85 min after which the surface pressure was
found to increase rapidly. Induction time was found to
decrease as the bulk concentration was increased. No signit-
icant lag time was observed for I"{Figure 2b). In the case of
o-lactalbumin, lag time was not observed either for n, or for
I({Figure 3). While surface pressure increased progressively,
the rate of increase in surface pressure was found to be lower
than that for B-lactoglobulin. The rate of increase in surface
concentration was found to be higher for w-lactalbumin than
for B-lactoglobulin for bulk concentrations of 0.5 and 1.0 g/m?.

Such an induction period for the evolution of 7 has been
reported in many past works.”'*152021 According to De
Feijter and Benjamins,?? 7 remains extremely low until a
sutficient surface concentration has been built up because of
the non-linear nature of the surface equation of state. Experi-
mental observation of such an induction period for bovine
serum albumin has been shown to be due to the fact that 7 is
insignificant whenever I is below a certain critical value
(i) because of the non-linear nature of the adsorption iso-
therm.'® Wei et af. measured the kinetics of surface tension
for five model proteins and found that the rate at which the
surface tension decreases was correlated with the conforma-
tional stability of the proteins.?® They attributed this induc-
tion period to the time needed for unfolding of the protein
molecule upon adsorption at the air-water interface. That
time would depend upon conformational stability of protein
molecules. Data of z(t) and f{t) can construct an “isotherm™,
() during adsorption (Figure 4). From these curves, [,
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Figure 3. Kinetic evolution ol C-t-lactalbumin for diflerent bulk
concentrations in lerms of (a) A1), ( — ) 0.5 g/m?, (----) 1.0 g/m?,
(—-)2.0 ¢/m* and (b) It a 0.5 gm? . 1.0 g/mf L 2.0 g/m.
Arrows on the captured figurc point to “inflection™.

the protein surface concentration needed for 7 to be equal to
1 mN/m, can be determined (Table 1). From I{t) and mt),
1n=13» the time tor which '~ is reached can be determined.
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Table 1. Mutual relationship between [-and time when 7=1 mN/m
at diflerent bulk concentrations

Bulk i .

concenration . Fl==n =l

\ mg/n- ) ) h)

0.5 1.07 0.34 ().31

a-lactalbumin 1.0 0.92 0.10 0.13
2.0 .98 0.03 0.033

0.3 .92 1.30 1.30

Blactoglobulin 1.0 1.10 .31 0.05
2.0 1.14 012 0.12

Table 2. Values of AA| and AA:. so-called surface clearing arcas
obtained at the two stages of adsorption (refer to Figure 3)

Bulk
concentraion ?//\\_,’) :_,\/,/-\\f) AA; /AA,
(ghn’) ‘ R
0.3 270 N/A -
o-lactalbuinin 1.0 171 N/A -
2.0 93 832 9.0
0.3 33 332 6.0
Blactoglobulin 1.0 39 239 4.4
2.0 64 279 4.4

It can be obscrved (hat for both proteins studicd and for
cvery bulk concentration imvestigated. the surlace concentra-
tion needed for =1 mN/m 1s [airly close (0.94 < Iy y< 1,10
mg/m-) but the time at which this critical surface concentra-
tion 15 rcached depends both on the bulk concentration as
well as on the type of prolem. Morcovcer. #1ix=1y was [ound to
be similar (¢ the time at which 7 rcached | mN/m (z-)) i.e.
the induction period as determined from the (1) curve. Con-
scquently. 1t appears that the obscrved induction period in
(L) is duc to the non-lincar nature of the F) rclationship
during adsorplion.

A plot of I'versus /U (not shown here) showed that adsorp-
tion was diffusion controlled only 1 (he first 10 minutes lor
both profeins. At longer times. the plol was non-lincar thus
indicating the presence of energy barticrs against adsorption.
The diffusion coclTicients infetred from the plots (scc Table
2y were found to be higher at lower concentrations. being
consisicnt with the carlicr obscrvations reported in the litera-
ture.”

The induction period obscrved for B-lactoglobulin could
be due Lo the fact that it needs more time for S-lactoglobulin
1o rcach the surface concentration at which 7z starts increas-
ing comparcd 1o that for a-lactalbumin. Bascd on the mono-
mer-dimer cquilibrium constant of 3.6x10-* mol/l at pH 7
and 20 °C."**" it can bc concluded that S-lactoglobulin is a
mononicr under the conditions emploved in this study. The
ae-lactalbumin uscd in this work is the apo-form (it containg
Iess than 0.3 mol Ca™ per mol of protcin). However. Na*
ions present in the buffer can bind 1o the two Ca* sites of «-
lactalbumin Icading 1o a native-like structurce.”® According to
Comce et ¢~ the near UV circular dichroism spectrum of

Cho Daechul and AMichel 1. Comec

the native-like @-lactalbumin was found to be similar to the
onc of the metalloprotcin™ thus suggesting that the tertiary
structure of the apo-protein in a phosphate bufler is similar
to the tertiary structure of the Ca*--lactalbumin. The struc-
turc of o-lactalbumin is stabilized by 4 disullide bonds
which arc compared to 2 for flactoglobulin. However. the
latter protein contains a free thiol group which can react and
form new disulfide bonds Icading to a reduction of its flexi-
bility - This 1s consistent with the fact that the thermal stabil-
ity of o-lactalbumin is lower than that ol S-lactoglobulin,
The onsct of denaturation occurs at 39-62 *C [or o-lactalbu-
min as comparcd o 76-82 °C lor S-lactoglobulin.*!

Steady state surlace concentrations were found to be com-
parablc for both protcins whereas stcady state surlace pres-
surcs were Tound to be higher for S-lactoglobulin, This
suggests that the adsorbed molecules of S-lactoglobulin
exerts more clfect on the surface pressure than the adsorbed
o-lactalbumin at higher I~ (smaller arcas per molecule) cven
though the cflect was just the opposite for much larger (1
m-/mg) molecular arcas. Corredig and Dalgleish reported
that denaturation ol ¢-lactalbumin upon adsorption at the
oil-walcr interface was reversible suggesting that no break-
down in disulfide bonds occurred upon adsorption ' On the
othcr hand. S-lactoglobulin showed the highest degree of
denaturation upon adsorption and the conformational changes
werg irreversible,

Al intermediate times. the surface concentration of ¢x-lac-
talbumin rcached a platcau. or inflection point. afier about 4
hours (or a bulk concentration of 1.0 g/m? and after 2 h for
2.0 g/m? (scc insct of Figure 3b). The platcau was more pro-
nounced and was cxtended over a longer period of time for
1.0 g/fm?. [n both of the cascs. the platcau corresponded to a
surface concentration of 1.5-1.6 mg/m°. No platcau was
obscrved at a bulk concentration of 0.5 g/m? since the steady
stalc 7 was less than 1.5-1.6 mg/m-=, At longer times. surface
concentration incrcasced again up 1o stcady statc values of
about .75 mg/m- for a bulk concentration of 1.0 g/m? and
1.9 mg/m- for a bulk concentration of 2.0 g/m3. Existence of
such a platcau has alrcady been reported for adsorption of ¢
lactalbumin at solid-watcr interface.® [t was suggested that
the oricntation of the adsorbed proteing change from a side-
on to an ¢nd-on as the surface concentration incrcascd. o-
lactalbumin has the ability to fully renature afler thermal
denaturation. Under these conditions. it is conccivable that
when rapid adsorption was followed by a partial denatur-
ation. the protein adopted more c¢nergelically  lavorable
states. cven m a crowded interface. Similar change in the on-
cntation was also suggesicd by Hunler ef af. for adsomplion
of lvsozyme at air-water inlerface. No platcau was obscryed
in the casc of B-lactoglobulin® This is consistent with an
ireversible conformational change upon adsorption at the
mtcrface as obscrved by Corredig and Dalgleish !

From /(1) and F{1) curves. the dynamics z-I” plot can be
constructed. As can be scen from Figure 4a. the experimen-
tal 71" plots for different concentrations of S-lactoglobulin
do not fall into a single curve. Dynamic z-I"data for -lacto-
globulin arc compared with the z-I" 1sotherm obtained by



Adsorption of Proteins onto dqueons Surfaces

sprcad monolayer using Trumit's method. It can be seen that
the surlace pressure during adsorption is found 1o be smaller
than that given by the spread monolayer isotherm for the
same surface concentration. In other words. for the same
surface pressurce. the arca occupicd by the protein molecule
during adsorption (inyverscly proportional to I) is smaller
than that for sprcad monolaver. Conscquently. the protcin
molccules in the sprcad monolaver arc more unfolded.
Mitchell et «f. compared spread monolayer isotherms from
native and denatured milk globular proteins and obscrved
that the spread monolay cr isotherms were independent of the
structural statc of the protein.®® 1t was. therefore. concluded
that all the molccules in a diluic spread monolayer arc in an
cextensively unfolded configuration. On the other hand. iso-
therms constructed by spreading increasing amounts of pro-
tcin were strongly dependent on the structure of the
molccule. As pointed out by these authors. the essential dif-
ference between the formation of a spread monolayer and an
adsorbed film is that in the spread film. all the molccules
have initially entered the surface when the surface pressure
is zero. while in an adsorbed (ilm. this is only truc for the
first molccules that are adsorbed. B-lactoglobulin molccules
that arrive at the interface later will have to adsorb against
the surface pressurce developed by previously adsorbed mol-
ccules. As the bulk concentration is increased. the arca occu-
picd by the S-lactoglobulin molccules upon adsorption is
decrcascd. which suggests that at higher bulk concentrations.
prolcin molccules will have less room at the interface and
arc thus not allowed (o unfold completely.

On (he other hand. dynamic 7~ plots for oi-lactalbumin at
dilferent concentrations fall into a single curve and agree
fairly well with the 77" isothcrm obtained by sprcad mono-
laver (Figure 4b). Both dynamic z-I" plots as wcll as the
sprcad monolayer isotherm cxhibil an inflection point at
=11 mN/m which 1s in good agrccment with published
results.” Such an inflection point has also been obscrved for
homologous lysozyme (at 7=8 mN/m).7 oval- bumimn?®: bul not
for BSA.7# The mflection point 1s belicved to mark the pomt
where loops and tails become predominant at the micrlace
and where adsorbing globular proteins arc prevented from
unfolding by the pressure of the molecules alrcady in the
Milm.* The fact that this inflcclion point was not obscrved
for heat-denatured lvsozyme. reduced a-lactal- bumin’ sug-
gcests that o-lactalbumin docs not completely unfold and that
somg (erhiary structure clements arc retained in the mono-
laver, In contrast. the abscnce of an inflection point in the
dynamic and sprcad monolaver isothcrms of S-lactoglobulin
implics that no native Slactoglobulin molccule is retaned in
the monolavcr,

The arca needed (o be cleared by an adsorbing protein in
order Lo anchor at the micrface can be deternuned from the
plot of In(dI7dt) versus % Plots for S-lactoglobulin exhibit
two different regions of different slopes corresponding 10
two averagge intcriacial arcas. one AA, for short times and a
sccond AA- for long times. The values are reported in Table
2. The average AA| values at short times were found to be in
the range of 53-63 A2 whercas the average AA- were around
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259-332 A% Plots obtained from o-lactalbumin cxhibited
only ong¢ region at protein bulk concentrations ol 0.5 and 1.0
g/m?* with AAsvaluc of 171-270 A% The abscnce of the [irst
region suggests that o~lactalbumin unfolds more rapidly
upon adsorption than fHlactoglobulin. AA: values obtained
for ¢x-lactalbumin were lower than those lor S-lactoglobulin.
thus indicating that unfolding of the former is more limited.

Conclusions

Dynamics ol adsorption of “C-radiolabelled S-lactoglob-
ulin and o-lactalbumin at the air-water interface was investi-
gated. The rate of increase as well as the stcady state value
of 7 and I"were found to be higher [or higher bulk concen-
trations. cspecially at short times. At low concentrations, an
apparcnt time lag. more pronounced lor 7 than for I was
obscrved for B-lactoglobulin but not for e-lactalbumin. This
behavior is shown 1o be duc to the non-lincar nature of 71~
rclationship for lactoglobulin, The arca per molecule of an
adsorbed fBHlactoglobulin molecule during adsorption was
smaller than that lor the spread monolayer thus indicating
that flactoglobulin was less unfolded during adsorption.
This was not the casc for a-lactalbumin for which no differ-
cnce was observed in the arca per molecule between
adsorbed and spread protein lavers. Two different AA values
corresponding to the arca that need to be cleared at short
times (AA () and at longer times (AA;) were determined for
Blactoglobulin, Only onc AA was found for a-lactalbumin
suggesling that a-lactalbumin unfolded more rapidly than -
lactoglobulin but to a lesser extent. An inflection point was
obscrved in both the dynamic #I relationship and the
sprcad monolayer isotherm for -lactalbumin suggesting
that some tertiary structure remained in the adsorbed mole-
culc. This was not truc for S-lactoglobulin,

1t was concluded that B-lactoglobulin was more denatured
upon adsorption than ¢-lactalbumin. Evolution of the sur-
lacc concentration of -lactalbumin with time was found to
occur in two steps. [t is belicved to be due to a change in the
oricntation ol adsorbed proteins from a side-on to an ¢nd-on
oricntation as the interface becomes more crowded.
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