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Two compact sized globular proteirfslactoglobulin anda-lactalbumin were kinetically characterized at the
aqueous solution surface with the measurement of surface pregsarel (surface concentration)(via a
radiotracer method. The adsorption kinetics was of diffusion control at early times, the rates of inarease of
and/l being lower at longer times due to growing energy barrier. At low concentrations, an apparent time lag
was observed in the evolution for B-lactoglobulin but not foo-lactalbumin which was shown to be due to

the non-linear nature of thre/™ relationship for the former. The area per molecule of an ads@laetioglo-

bulin during adsorption was smaller than that for spread monolaye@Eiactglobulin was not fully unfold-

ed during the adsorption. Farlactalbumin, however, no such difference in the molecular areas for adsorbed
and spread monolayer was observed indicating therebwlaatalbumin unfolded much more rapidly (has
looser tertiary structure) thgBlactoglobulin. Surface excess concentrations-tdctalbumin was found to
evolve in two steps possibly due to the change in the orientation of the adsorbed protein from a side-on to an
end-on orientation.

Introduction In previous work? we have investigated the kinetics of
bovine serum albumin (BSA) of different surface hydropho-
Proteins are known to adsorb spontaneously at gas-liquidicities in terms of both the surface pressure and surface
interfaces due to their amphiphilic nature. This thermody-concentration and have shown that the area occupied by
namically favorable process has been used in many indu®SA during adsorption is smaller than that for a spread
trial applications such as emulsions, foams and thin filmsnonolayer, indicating that the protein is not completely
with their functionality. Protein adsorption has been reportedunfolded. The extent of unfolding was also shown to depend
to be diffusion controlled usually for short tinfésAt longer  on the conformational stability of BSA. The purpose of this
times, however, it has been shown that an adsorbing proteaper is to elucidate the evolution of surface pressure and
molecule has to overcome surface pressure as well as elesrface concentration during adsorptionfatactoglobulin
trostatic energy barriers in order to anchor itself at the interand a-lactalbumin at the air-water interface, which are dif-
face34 Experimental observations of adsorption dynamics offerent from BSA in structure, size and other physicochemi-
succinylatedB-lactoglobulin with different electrical charges cal properties.
have been made to demonstrate the effect of charge on
energy barriet.More recent observations of surface tension Materials and Methods
dynamics of human serum albumin at air-water interface
indicate that the energy barrier to adsorption may be propor- Materials
tional to the surface concentratibkVusnecket al. attribute Isotopes  of C-formaldehyde (MCHO), '“C-carboxys-
rather high diffusion coefficients for the adsorptioBdéc-  tearic acid and‘C sodium acetate (purchased from Sigma
toglobulin andB-casein at air-water interface to the acceler-Chemicals) were used for radiolabellinglactoglobulin
ating effect of the rearrangement of adsorbed protein segmer{fdrod. N L0130, lot Number 114H7055) andactalbumin
within the adsorbed lay&rHunter et al. explained their  (Type lll, Prod. Nb L6010, lot Number 128F8140), pur-
experimental data of adsorption isotherm and adsorptioghased from Sigma Chemicals, were treated with charcoal
kinetics of lysozyme at the air-water interface to the changécharcoal : protein=6:1) so as to eliminate any possible
in the conformation of the molecule from side-on to end-orfow-molecular weight surface active impurit€hosphate
at higher concentratioisUpon adsorption at an interface, buffer (0.01 M, pH 7.4, 0.09% NaCl) was prepared from
protein molecules are opt to unfold. The extent of unfoldinghighly purified de-ionized water in all the experiments.
of globular proteins depends on the surface pressure. TheA computer-controlled Langmuir minitrough (KSV, Fin-
timescale of rearrangement of adsorbed protein molecule ignd) with a Whilhelmy plate was used for adsorption kinet-

found to be much smaller for flexible random coil proteinsics and spreading experiments as described elseWHefe.
than globular proteins!! lactoglobulin andx-lactalbumin were radiolabelled witfC
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Figure 1. Schematic of experimental setup in which two main
operations (adsorption and spreading/compression) are performedt has been shown by Clebal.that the loss of protein due to
desorption from the air-water interface is negligiSl@he
in order to enable direct measurement of adsorbed protegpread monolayer was allowed to equilibrate for 30 min and

concentration at the air-water interface (see detait$/iex
thods). A gas proportional detector (Ludlum instrument
model 120 with a 22 thin mylar window) with a digital
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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-
wherel’ Different amounts of radiolabelled proteins were
spread on the air-water interface using Trurnits 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 monolayers were spread using Trurnits method. A
50 pL aliguot of protein solution of 0.0247 wt% concentra-
tion was dripped from the top of a glass rod (5 mm diameter,
5 cm height) positioned above the air-water interface so that
the solution spread uniformly on the top of the interfaée.

was then compressed by moving the two teflon barriers. The

surface pressure was recorded at different areas and the sur-

face concentratiol of the protein was converted from the

scale counter (Ludlum instrument model 520) was used forelation,i.e. '=L/A under the“no los§ assumption.

detecting radioactivity.

Schematic of experimental setup and two important opera-

tions are shown in Figure 1.

Methods

Labelling of proteins.
with 2HCHO in the presence of 0.1 M NaCNBR“ Thirty
milligrams of protein powder was dissolved in 6 mL of 0.05
M phosphate buffer (pH 7) and addition of 1800f 0.1 M
NaCNBH; to the protein solution was followed. Six milli-
liters (equivalent to 10@Ci) of 2*HCHO stock solution was
then mixed with the above protein solution and reaction wa
allowed to proceed for 2 h under ambient condition. After
the reaction, the mixture was immediately put in a dialysis
membrane tubing (SpectraPOR from Spectrum Inc.) witl
MW cut-off of 6000-8000 and was dialyzed for 20 h &4
for complete removal of unreacted species. Protein concel
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-cart
4000) calibrated with knowrd*C sample in counts per
minute (CPM). Each protein sample (20-1Q0 was mixed
with 6 ml of Ecolume cocktail solution and the CPM of the
mixture was measured with the scintillation counter anc
converted tquCi using a calibration curve (CPM verquSi
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 remov
surface impurities and the surface pressure was adjusted
zero. Then, a quiescent solution€ labelled protein in
phosphate buffer was placed into the Langmuir minitrough
The Ludlum detector was immediately positioned and bot
of the surface pressure and CPMgahdiations were moni-

Results and Discussion

The evolution of surface pressur and surface concen-

Protein was radiolabelled by reaction tration () for different bulk concentrations @gtlactoglobu-
lin and a-lactalbumin are given in Figures 2 and 3,

20 9

()

=

Surface pressure (mN/m)

Surface Concentration (mg/m’)

T T T J
6 9 12 15
Time (h)

t?:igure 2.Kinetic evolution of “C-f-lactoglobulin for different
bulk concentrations in terms of (&), (— ) 0.5 g/n§, (----) 1.0 g/

tored by an automatic data acquisition system. Adsorptiogy (- ) 2.0 g/n#, and (b)r(t), 4 0.5 g/n, O 1.0 g/nf, M 2.0 g/
experiments were normally durated for 20 h. In order to conms.
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respectively. The rates of increaseriland /™ (drvdt, di/dt) 27 (@)
were higher for the higher protein concentrations, especiall
at short times. For the most dilute solutiorBdactoglobu-
lin, an apparent lag time was observed 7fipbut not for/~
(see Figure 2)At 0.5 g/nt of bulk concentration, the induc-
tion period, during whichrt was negligible 1t<1 mN/m)
lasted up to 85 min after which the surface pressure wa
found to increase rapidly. Induction time was found to
decrease as the bulk concentration was increased. No sign
icant lag time was observed for(Figure 2b). In the case of
a-lactalbumin, lag time was not observed eithemfaor for
I (Figure 3). While surface pressure increased progressivel
the rate of increase in surface pressure was found to be low
than that forg-lactoglobulin. The rate of increase in surface
concentration was found to be higher #otactalbumin than
for B-lactoglobulin for bulk concentrations of 0.5 and 1.05g/m
Such an induction period for the evolution/ohas been
reported in many past work&®1520-21 According to De
Feijter and Benjamin®, i7 remains extremely low until a
sufficient surface concentration has been built up because
the non-linear nature of the surface equation of state. Expetr
mental observation of such an induction period for bovine 05
serum albumin has been shown to be due to the factibat
insignificant whenever™ is below a certain critical value o . i i
(Ieri)) because of the non-linear nature of the adsorption isc 0 3 6 9 12 15
therm15Wei et al measured the kinetics of surface tension Time ()
for five model proteins and found that the rate at which thd-igure 3. Kinetiq evolution of“C-a-lactalbumin for different bulk
surface tension decreases was correlated with the conformg@neentrations in terms of (aft), ( — ) 0.5 g/nt, () 1.0 g/,
tional stability of the protein® They attributed this induc- -) 20 g/nt, and (b)((v), 4 0.5 gint, © 1.0 g/nt, [12.0 g/ni.
. ) . : ’ . Arrows on the captured figure point to “inflection”
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 proteinthe protein surface concentration neededtftwr be equal to
molecules. Data of(t) and/(t) can construct ahisotherni, 1 mN/m, can be determined (Table 1). Fro(t) and r(t),
() during adsorption (Figure 4). From these curygs,, trae1), the time for which™=; is reached can be determined.
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Figure 4. Comparison of dynamimn(t)-/(t) plots (symbols) to spread monolayef isotherm (solid line) for (g-lactoglobulin and (by-
lactalbumin.a 0.5 g/nd, O 1.0 g/n?, A 2.0 g/n3.
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Table 1. Mutual relationship betweefi and time whenr=1 mN/m  the native-likea-lactalbumin was found to be similar to the

at different bulk concentrations one of the metalloprotelhithus suggesting that the tertiary
Bulk structure of the apo-protein in a phosphate buffer is similar
concenration I e tr (e U to the tertiary structure of the Can-lactalbumin. The struc-
(gimd) (mg/rr?) () () ture of a-lactalbumin is stabilized by 4 disulfide bonds
05 107 0.34 031 which are compared to 2 f@lactoglobulin. However, the
a-lactalbumin 10 0.92 0.10 0.15 latter protein contains a free thiol group which can react and
20 0.98 0.03 0.053 form new disulfide bonds leading to a reduction of its flexi-
bility.2 This is consistent with the fact that the thermal stabil-
Blactoglobulin (1)'3 2'?5 (1)'2(1) (1)'22 ity of a-lactalbumin is .Iower than that ¢¥lactoglobulin.
' ' ' : The onset of denaturation occurs at 5%®Zor a-lactalbu-
2.0 1.14 0.12 0.12

min as compared to 76-8€ for B-lactoglobulin®®
Steady state surface concentrations were found to be com-

Table 2. Values ofAA; andAA,, so-called surface clearing areas parable for both proteins whereas steady state surface pres-

obtained at the two stages of adsorption (refer to Figure 5) sures were found to be higher fBtlactoglobulin. This
suggests that the adsorbed moleculesBtdictoglobulin

Bulk” 1 DA, exerts more effect on the surface pressure than the adsorbed
concentraion xn  (an AABAL o actalbumin at higher (small lecul
() ( ghef (smaller areas per molecu e) even
though the effect was just the opposite for much larger (>1
_ 0.5 210 N/A - m?/mg) molecular areas. Corredig and Dalgleish reported
a-lactalbumin 1.0 17l N/A N that denaturation ofr-lactaloumin upon adsorption at the
20 95 852 9.0 oil-water interface was reversible suggesting that no break-
0.5 55 332 6.0 down in disulfide bonds occurred upon adsorptio@n the
[Blactoglobulin 10 59 259 4.4 other hand 3-lactoglobulin showed the highest degree of
2.0 64 279 4.4 denaturation upon adsorption and the conformational changes

were irreversible.

It can be observed that for both proteins studied and for At intermediate times, the surface concentration-tic-
every bulk concentration investigated, the surface concentrdalbumin reached a plateau, or inflection point, after about 4
tion needed for=1 mN/m is fairly close (0.94 £,-1,<1.10  hours for a bulk concentration of 1.0 §/and after 2 h for
mg/n?) but the time at which this critical surface concentra-2.0 g/n¥ (see inset of Figure 3b). The plateau was more pro-
tion is reached depends both on the bulk concentration awunced and was extended over a longer period of time for
well as on the type of protein. Moreovif=1ywas found to 1.0 g/n?. In both of the cases, the plateau corresponded to a
be similar to the time at whictireached 1 mN/m ) i.e. surface concentration of 1.5-1.6 m@/nNo plateau was
the induction period as determined from #ifg§ curve. Con-  observed at a bulk concentration of 0.53gince the steady
sequently, it appears that the observed induction period istate/” was less than 1.5-1.6 mgirét longer times, surface
m(t) is due to the non-linear nature of thi@) relationship  concentration increased again up to steady state values of
during adsorption. about 1.75 mg/ffor a bulk concentration of 1.0 gfrand

A plot of I" versus./t (not shown here) showed that adsorpi.9 mg/m for a bulk concentration of 2.0 gfnExistence of
tion was diffusion controlled only in the first 10 minutes for such a plateau has already been reported for adsorptien of
both proteins. At longer times, the plot was non-linear thudactalbumin at solid-water interfaéglt was suggested that
indicating the presence of energy barriers against adsorptiothe orientation of the adsorbed proteins change from a side-
The diffusion coefficients inferred from the plots (see Tableon to an end-on as the surface concentration increased.
2) were found to be higher at lower concentrations, beindgactalbumin has the ability to fully renature after thermal
consistent with the earlier observations reported in the literadenaturation. Under these conditions, it is conceivable that
ture’ when rapid adsorption was followed by a partial denatur-

The induction period observed f@rlactoglobulin could ation, the protein adopted more energetically favorable
be due to the fact that it needs more timgBHactoglobulin  states, even in a crowded interface. Similar change in the ori-
to reach the surface concentration at whicstarts increas- entation was also suggested by Humeteal. for adsorption
ing compared to that far-lactalbumin. Based on the mono- of lysozyme at air-water interface. No plateau was observed
mer-dimer equilibrium constant of %80 mol/l at pH 7 in the case of3-lactoglobulin® This is consistent with an
and 20°C2425jt can be concluded th@lactoglobulin is a irreversible conformational change upon adsorption at the
monomer under the conditions employed in this study. Thénterface as observed by Corredig and Dalgl@ish.
a-lactalbumin used in this work is the apo-form (it contains From 7(t) and/(t) curves, the dynamicg/ plot can be
less than 0.3 mol Caper mol of protein). However, Na constructed. As can be seen from Figure 4a, the experimen-
ions present in the buffer can bind to the twd*Gies ofa- tal 7l plots for different concentrations @flactoglobulin
lactalbumin leading to a native-like structdféccordingto  do not fall into a single curve. Dynantiel” data forg-lacto-
Cornecet al,?” the near UV circular dichroism spectrum of globulin are compared with the/" isotherm obtained by
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spread monolayer using Trurnit's method. It can be seen th&59-332A2 Plots obtained fronor-lactalbumin exhibited
the surface pressure during adsorption is found to be smallenly one region at protein bulk concentrations of 0.5 and 1.0
than that given by the spread monolayer isotherm for thg/m? with AA,value of 171-2702. The absence of the first
same surface concentration. In other words, for the samegion suggests that-lactalbumin unfolds more rapidly
surface pressure, the area occupied by the protein moleculpon adsorption thaf-lactoglobulin.AA; values obtained
during adsorption (inversely proportional f9 is smaller  for a-lactalbumin were lower than those f&tactoglobulin,
than that for spread monolayer. Consequently, the proteithus indicating that unfolding of the former is more limited.
molecules in the spread monolayer are more unfolded.
Mitchell et al. compared spread monolayer isotherms from Conclusions
native and denatured milk globular proteins and observed
that the spread monolayer isotherms were independent of theDynamics of adsorption dfC-radiolabelled3-lactoglob-
structural state of the proteihlt was, therefore, concluded ulin anda-lactalbumin at the air-water interface was investi-
that all the molecules in a dilute spread monolayer are in agated. The rate of increase as well as the steady state value
extensively unfolded configuration. On the other hand, isoof rrand/” were found to be higher for higher bulk concen-
therms constructed by spreading increasing amounts of prarations, especially at short times. At low concentrations, an
tein were strongly dependent on the structure of thepparent time lag, more pronounced fothan for/, was
molecule. As pointed out by these authors, the essential dibbserved fo-lactoglobulin but not foor-lactalbumin. This
ference between the formation of a spread monolayer and dehavior is shown to be due to the non-linear nature/of
adsorbed film is that in the spread film, all the moleculesrelationship foi3-lactoglobulin. The area per molecule of an
have initially entered the surface when the surface pressusgsorbedf-lactoglobulin molecule during adsorption was
is zero, while in an adsorbed film, this is only true for thesmaller than that for the spread monolayer thus indicating
first molecules that are adsorbg¢Hactoglobulin molecules that B-lactoglobulin was less unfolded during adsorption.
that arrive at the interface later will have to adsorb againsThis was not the case farlactalbumin for which no differ-
the surface pressure developed by previously adsorbed mance was observed in the area per molecule between
ecules. As the bulk concentration is increased, the area occadsorbed and spread protein layers. Two diffekdntalues
pied by the-lactoglobulin molecules upon adsorption is corresponding to the area that need to be cleared at short
decreased, which suggests that at higher bulk concentratiorisnes \A;) and at longer time€\@,) were determined for
protein molecules will have less room at the interface ang3-lactoglobulin. Only oné\A was found fora-lactalbumin
are thus not allowed to unfold completely. suggesting that-lactalbumin unfolded more rapidly thn
On the other hand, dynanviel plots fora-lactalbumin at  lactoglobulin but to a lesser extent. An inflection point was
different concentrations fall into a single curve and agreembserved in both the dynamiz/ relationship and the
fairly well with the 72/ isotherm obtained by spread mono- spread monolayer isotherm far-lactaloumin suggesting
layer (Figure 4b). Both dynamirr/” plots as well as the that some tertiary structure remained in the adsorbed mole-
spread monolayer isotherm exhibit an inflection point atcule. This was not true fg#lactoglobulin.
=11 mN/m which is in good agreement with published It was concluded thglactoglobulin was more denatured
results! Such an inflection point has also been observed foupon adsorption thao-lactalbumin. Evolution of the sur-
homologous lysozyme (at=8 mN/m); oval- bumifi but not ~ face concentration af-lactalbumin with time was found to
for BSA.”2 The inflection point is believed to mark the point occur in two steps. It is believed to be due to a change in the
where loops and tails become predominant at the interfacaerientation of adsorbed proteins from a side-on to an end-on
and where adsorbing globular proteins are prevented frororientation as the interface becomes more crowded.
unfolding by the pressure of the molecules already in the
film.7:34 The fact that this inflection point was not observed References
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