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Behavior of Model Proteins, Pretreated in Urea and/or Dithiothreitol,
at Air/Solution Interfaces

Dong J. Min,* Lynn WintertoD, t and Joseph D. Andrade*''
'Depaflment of Mderials Jria.e ahA Ensineeri4, Un erciry of Utah Salr IakE Cilr, Utoh 84l 12t and

ICIBA vition Corporation, 1146A Johns Cftek Pdrkwot, Dulutl'. Georria 3AlJ6

R{eived Febnarl 14. 199?: acceFen october 17, 1997

The tEhavior of the model prcteins, lysozyme, myoglobin, dd
,-casein, pr€treaied in u€ md/or dithiothreitol, ai airlsolution
interfaG was studied by surface pressue area techriqu4 The
data suggsted that in the absence of preireatments the Elobular
proteins are oDly partrally u.folded at the inte.Iaces. The interfa-
cial activity was enhaned by the preir€atment (lysozyme itr 8 M
urea wrth 0.2 M dithiothreitol and myoglobh in 8 M uea). The
interfacial activity of casein, a random-oil type protein, was not
bnuenced by the pretieatment (8 M urea), as it r€dily and com-
pletely unfokls at the intedacB. The unfolding of globular protei$
at the int rfa6 is apparently rstricted by both dbulfide md
noncovalent bonds. fteireaiment can relax those restrictioB, re-
sulting in more ompleie inierfacial unfolding

Kel, wordsi lysoz)me! myoglobinj casein! prssue-area; mono-
layer; ur€a; dilhiothr€itol.

INTRODUCTION

The behavior of proteins at air/lluid intedaces have be€D
studied for many years (1, 2)- Protein monolayers at inter-
faces have received much attention in the ibod and pharma-
cology industries (3, 4). Study of protein monolayeis is also
impofant for understanding the native stucture and stability
of proteins (5).

Proteins at air/fiuid interfaces me usually denatured or
unfolded because interfacial intemctioDs are generally
stronger tban ihe cohesive interactions withiD ihe protein
nolecule (6). The degre€ of unfolding and time taken to
unfold at the interface depend on Fotein structure and on
its polar-nonpolar character, which are determined by the
arrino acid composition: proteins with a relatively bigher
nonpolar character and a relatively random structure tend to
experience higher degrees of unfolding at air/water inter-
faces, producing tbe denatured state more quickly than pro
teins with more polar characfer (7,8)-

Mary studies have dehlt with the role of structue in the

'To whom corespondene shouid be addidsed. E Dail: joc mdhde@

unfolding of protein at iDterfaces. Evans €t al. (9 ) suggested
ihat proteins with only weaL lbrces maintaining the terltary
structure have a higher probabiliry of unfolding. Krebs €t
dl. ( 10) found that the steady slate surface activiq' depends
on the content of nonpolar residues, without regmd for the
details of the secondary and tertiary structufes. Norde ?f .1l
( 1 1) discussed the slructural reanangements of a protein at
the interfaces in 1e.ms of irs structural slability in solution,
its "softness" or "hardress"; a solt protein rearranges or
denatures more easily than a hard protein. Andrade ,, dl (5 )
also examined various pdrameters correlating the behavior of
proteins at interfaces and in solution, including denaturatron
temperature, number of di$ fide bonds. molecular weight.
and percent of nonpolar fesidues.

Many different types of interactions, including hydrogen
bonding. electrostatic bonding, disullidebonds, hydrophobic
bonding, and dispersion forces, contribute to protein stabitity
(12, 13). The re3rrangement or unfoldiDg of proteins at
interfaces can be accelerated by removing the covalent and/
or noncovalent bonds which restrict confomational changes
Ureq a denatudrg agent, and dirhiotbreitol (DTT), a reduc-
ing agent, tend to accelerate dre unfolding of proteins at
interlaces by disrupting most of the noncovalent bonds and
reducing the disulfide bonds, respectively (14, 15).

In fhis paper the interfacial behaviors of three model pro-
teins, lysozyme, myoglobin. dnd B-casein, at the airlsolutroD
interface, as a function of urea and/or DTT pretreaftnents
of the proteins, are rcpo(ed a discussed in relation to their

MATERIALS AND METHODS

Lysozyme (hen egg white, M : 14 kDa, Boehringer
Mannheim), myoglobin (horse heart, M : 18 kDa, Sigma),
ard B-casein (bovine milk, M = 24 kDa, Sigma) were used
without any further purificanon.

Phosphate buffer ( 10 mM PBS, pH 7.4) was made from
phosphate-buifered saline tablets (Sigma). Urea (Mirllinck-

0021 97tlq3 $25 00
Copynght €i 1993 by Ac.dcn'ic Prcs

An rishts ol ftproduction ir any ronn Hfled



M]N, WNTERTON. AND ANDRADE

rodt) dnd DTT (Aldrich ) were also used without ary fu(her
purificatior

PBS buffer was used ior all protein soiurions and subphase
solutions. Protein solution concentations were Deasured by
UV absorbance at 280 nm. Protein solurions were also pr€-
pared containing urea and/or DTT.

Thc Larymuir-Blodgerl (LB ) balance (SYBRON Brink-
mann, Germany) used consists of a trough 15 cm wide, 70
cm long, and 0.6 cm deep, with a barrier speed of 0.02 cn/
s. The vario!,s protein solutions (2O0 pL of I mg/ml lyso-
zyme,200 pl of I mg/ml myoglobin, and 200 pl of 0.1 mg/
mr p-casein) were alowed io flow down a gl$s rod (0.5
cm diameter and l0 cm long) at room iemperarurc. The
proiein solulion wds layered arld spread along rhe air/solu-
tion inteface; some entered inlo the subphase. One hour or
more was allowed to reach a "steady-srare" of the protein
state xt the interface before moving ihe barrier dnd compress-
ing the sudace film. The surface Fessurc area isoiherms
were obtained via computer conrol of the LB balance. Area
is the cross-sectional area of the irough.

RESULTS AND DISCUSSION

Globular proteins of amphiphilic character unfotd ar the
air/solution interface, driven mainly by the hydrcphobic ir-
teractions ( 3, 6, 16 ) . Depending on its conJomarional stabil-
ily (ils "hardness" or "softness"). rhe prorein conforma-
tionally adapts at the intedace to ninimize rhe inrerfacial
tension ( i 1, I6). Such confomatioDdl adaptarion is a srong

5 : s

i r
e i 5

FIG. 2. Slrface pressurc a€a ptors fof native myogtobil Thc solntion
(200 pl of I rig/nn) was spead o o the inr€rf&e. Myoglobin at the
interface reached a ttcady st!r" wirltu I hour. Ttr€ solution and rhe

function of the structrral pdramerers, such ds molecular size.
hydrophobicity, flexibility, dnd charge ( 17).

Lysozyme and myoglobin were selecred as model globular
Foteins because they have similar dimeffions bur have
different structural and stabiliry properties. Myoglobin is
"softer" than lysozyme. As expected, myoglobin shows
higher interfacial activiry ihan lysozyme; the rrme to reach
"steady-state" of myoglobin at the inrerface was shofier
and the area occupied by nyoglobin was higher thar rhar
for lysozyme at the same surlaLe pressure (Fig. 1 and 2).
Lysozyme at the interface was only slighrly unfolded, even
after a long tirne at the inteface, and reached an apparenl
"steady state" after 3 h, probably because ir is relatively
strble due to the di sulfide bonds ( Fig. 1 ) . "Time" neans rhe
elupsed r ime berq een .preadrng.nd lhe . td1 ot cnmprcj , ion.
Myoglobin achieved an apparcnt "steady-srare" within I h,
probably due to its higher hydrophobiciry and flexibiliry
(Fig. 2). In general, the results obtained agree with ihose
reported in dre lirerarure (9. 18).

The effect of electrostatic inreractioft betwe€n proteir
molecules ai the inteface should also be considered because
both proteins have different isoelectric poinrs (p/ values of
lysozyme and myoglobin are i0.7 dnd 7.8, respectively).
Spreading of prolcin molecules on rhe inrerface teads ro a
monolayer in which the proreins are oriented as well as
conJomationally changed. The configwation of rhe proteins
rn the monolayer is expecred ro be differenr fiom the nahve
state in solution. Graham er /]l ( 28 ) found rhat rhe adsoryrion
of lysozyme on a hydrophobic inreface, like rhe airlwater
intcface, is insensitive to pH in rhe rdnge l-12 alrhough
adsorption on a hydrophilic surface is mdximal ar ihe pl
presumably due to elcctrostatic repulsion. Their work on

llrea kn?)

FIC, 1. Snrface lressuE rea plots lor naLive lysozyne. Thc solution
(200 d of 1ne/ml) wa spl*d onto the inlerface. Lysozync at the
interface reached a stcady sore ' aJrd 3 hours. The soturion dd ihc



MODEL PROTEINS AT INTERFACES

relate to the conformational adaptation of proteins. Protein
behavior at the air/soluiion inrerface depends on protein
characteristics. CoDformational adaptation is r strong func
tior of protein structure. The inierfacial aciivily of proteins
can be enhanced by decrea,sing the covalent and noncovalenl
bonds which restdct confonnational chdnges. Urea tends to
Foduce a randomly coiled stale by disrupting most of the
noncovalent interactions which stabilize protein structue
(14, 19,20). Disulfide bonds in lysozyme are reduced dnd
removed by use of anolher dcnaturant. DTT.

Lysozyme pretrealed in 8 M urea shows alnost the same
surfacc prcssfe area isotherms as native lysozyme (Fig.
4): the time effect and ihe deg€e of un{olding are the same.
Lysozyme preteated in 0.2 M DTT shows no significant
tirne effect at low surface presswe resulting m the sarne
mfolding state as native lysozyme (FiS. 5). Lysozyne prc
treatcd in 8 M urea with 0.2 M DTT shows no dme efilct
but a much higher desree of unfoldins (Fig. 6). creatcr
unfolding of myoglobin is achieved by pretreatment in 8 M
urea (Fig. 7). Myoglobin does not have disrllidc bonds, so
a DTT effect was not expected.

Thus unfolding of globular proleins xt thc air/solution
iDtedace, diven by hydrophobic interactions, is acceleralcd
by the disruption of noncovalenr bonds. ff the protein has
disulfide bonds, the disulfide bond is indeed very important
in the interfacial behavior of proiein, includine time eftects
and degree of unfolding. The interfacial activity of such
proreins can be accelerated by decreasing bolh disuliide and
noncovalent bonds.

Lysozyme d1d not exhibit much change n1 the intedace
due lo pretueatnent in 8 M rea or 0.2 M DTT. Pike ?r
df (21) found that urea does not significan y a{fect the

Area Gm:)

FIG- 3. Suface gcssurc-dca plo* for native p-cascin. Thc solDtion
(200 pl of0.1 ng/nrl) was sprcad onto thc intcrfacc. Cascin ai thc inte.face
r*ched a steady-state within I houf. Tlc solution dd thc subpnase

lysozyme shows that the protein behavior on the air/waler
interface is dominated by hydrophobic interactions. Thus the
electrostatic contributions on protein behavior at the air/
solution intedace is neglecied here-

Assuming a close-packed monolayer and a cross seclional
area foi both proteins of 9 x 10 t4 ctn'1 (lysozyme, 45 x
30 x 30 A (5);myoglobin,45 x 35 x 25 A (29)),  the
inrrer"e uf 'hc \ur{ ln e pre.\ure fof  u gir  en prcrein concen-
lralion (200 /rl oI I rng/ml) is expected to be about 700
cm2 . Since the cross sectiondl areas of protein at the steady-
state dre increased, likely due to the unfolding, the aiea
occupied by a protein molecule expands, meaning the sur-
face Fessure plot should increase above 700 cm'z. The re
sults show that the surface pressure does not incre,r.se until
the area is decreased to about 250 and 300 cm' for the
isotherms of lysozyme (3 h) and myoglobin (l h), respec-
tively. afler sleady sLate was achieved. Our Fsults suggest
that nHry of the globuldr proteins at the interface diffuse
into the subphase.

B-Casein was selected as a model random coil rype plo
lein- Because of the high tnoleculdr size of B casein and the
limited size oftlrc troush's drea ( 1050 cm':) a spread solution
concertration of 0.1 ms/ml was used. Casein shows much
bigher interfacial activity than the globutar proteins (Fig.
3). Assuming a close packcd monolayer and a cross scc
r ional areu of o C l0 (m r ruJjus ol  g)radoD 40 A
(25)). the sudace prcssure shouid increase at about 330
cmz, which is what our data shows. Since the dimension of
''untblded'' random coil brotein may be similar to the native
tbrm, most ol the B casein remained at the intcrface.

The suface Fessure arca isothems depend on the nuln
ber and the dimension of molecules a1 thc interface and thus

; n

I
Art (cn':)

FIC, 4, Surface prcssurc-dca plots for lysozyme pr€terted in 3M u€a
IrE solutior (200 d of 1ng/nn) was sprcad onto thc inie.face. The
sublhase was ?BS. hese resulls re almost Lhe sme as for native lyso-
zyme the nme efe.t and the degee of unfoldins *eE lle srme.
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' \ '9 r

. ]  r i

Ar€' (cmr)

FIG. 5. surllce pes t x€a rloLs for lysoT),me Eetrerted nj 0.2M
DTL Thc solution 1200 / of I mg/ol) was lprcad.n$ lhe irtedacc. Tre
subphasc was PBS. Lysozyin. at the inledacc rcr.hed. -.sieadystate-
withil I hou. bur the lesEc ol unrnllDs was Dot sigditienltl- diticrul

confomaiior of Lhe crysial slruclure of lysozlnre, even at
high concentrations. Pace (20) also lbund thal uca denarur-
ahon does nol always lead to cornplere unfblding. Even
though nost ol thc noncovalenr bonds are broken by urea.
conformational chdnses are rcsldcred by ihc disrlfide bords.
The literaurc claims that reducrion of di\ulfide bonds in
proteins rcsults in considcrabte changcs in the configur,rLn)n
of the polypcptide chain ( 14. 22). Howcvcr. such confom,r
tional changcs produced by reduction ol the disutfide bond!

Arca (cmrl

t]lc. 7. Sdace prcssue arr plois lor nlogtobnj !€rrealed in 8M
oEa Th. solurion (200 pl of 1mg/DI) $!j spread onto rhe interface
Tlre $bpbase was PBS. lhe desee of nDloldins is hieher ihrn for naiire

depend on l1le nunber and tocrlioD of rhe disulfide bonds
broken. Sonetimes DTT cannot reduce all the disutlide
bonds in proteins bccause some arc buied in the structurc
(23 ). MaDy groxps (2. 12. 24) think lhat rhe unfolding rarc
al lhc intedace is nainly dominarcd by the disulfide bonds.

Lysozyme in 8 M urea may have some noncovalenr boDds
disrupted, but all of rhe disuilide bonds are rerained; lhe
disulfide bonds rcstrict the coDfornarionxl chdnge, thus the
rime effeci and the degree of unJolding arc ror changcd.
Lysozyme in 0.2 M DTT may have somc disulfide bonds
reduced but rctains mosr ol its noncovalcnr bonds: alrhough
the reduced disulfidebonds nuke ir easicr for confornational
change! to occxr. thc uffolding is rcslricred by rhe noncova
lanr bolds and thus there is litlle !ine. Howcver. lysozyne
in 8 M urea wilh 0.2 M DTT exhibirs nore unfoiding rhrn
in PBS. meaning rnosi of the noncovalenr and disutfide bondt
$c broken. We hypothesize thar the conformational changcs
induced by urea facilitate the irreracrions between DTT and
the disulfidcbonds, and the disulfide bonds reduced f.rcilitare
interaclions between urca and noncovalanr bonds.

The interfacial activity ofp calein was nor nfuenced by
prc!rcalnlent with 8 M urea, bccause this prolein has a fierj
blc. random-coil structure undcr nomul condirions (Fig. 8).
Although the structurc of B-cftscin is not hrly random (25,
26). the inredacirl activiry is no1 greatly inllucnced by rhe
prcl'eatment. p Cnsein was alrcad)' unfolded at the inrerlacc
w'thout pretrcatmenr ( l, 9).

Thrs, the globular proteins do not lotdtty unfold ar rhe
inlelf.tce. This result was also obtanred by Boyd er di. (27)
who lbund that globular proteins give inrerthce litnN which
have a higher interlacial viscosity than those lbrmed by rar-
dom-coil proteins. The increase of interfacial area by pre-

I
Arca lcmr)

FlC,6. Sudn.ete$uE {ull)lors lnr Lysozym. pI eieated i! 8M urcr
virb 0.:M Dl-r. rhe {nudon (200 pt ol 1 rng/ml) xas spead onto tnc
intertice. The subphNe wds PBS Lysozyne rt thc i ennce rea.hed a'ttcxdy sLare" lviih l hoDr, .nd rhe dcgr€e of unfotding is mu.h hisher
uran lor the other c.ses.

i r
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i r s

Ara (m:)

FlG. L Sunace pressure-{ca plo* tnr B casein prctrcaied ln 8M uFa.
The soiution (200 !l of 0.1 ms/nl) vas spread onto the interfre Tne
subphase was PBS. The degfte of unfolding was nor sisnincantly difererr

treatment relatcs to the incrcasing unfolding. The loss of
protein inio the subphase was also decreased with increase in
unfolding: more fiexible globular proteins. when prereared,
bave a greater chance oi unfolding beforc loss.

SUMMARY

Protein behavior ar the air/solution inrerface has been
sludied by prelreatnent of prolein before spreading. For the
Slobular prcteins. lysozyme and myoglobin, unfolding a! the
inlerfacc was accelerated by the prerrearmenrs, indicatirg
thal lhe native Slobular proteins do nor totally unfold ar
the iDiedace. Lysozyme in 8 M urea wirh 0.2 M DTT and
nyoglobin in 8 M urea erlibit a higher degree of unfolding
at the inlcrface than native protein. The unJolding of rhe
random-coil type protein. B-cascin, rt tbe inrerface is nol
influenced by urea, as ir is already conpletely untblded aL
lhe air/ solution inteface.

Thus unfolding of globul,r proteins at dre air/solution
inteface is restricted by both disulfide and noncovrlent
bonds. The unfblding mte oflysozyme is mainly influenced
by ils dis lfide boDds. The increase ol dle intefacial:rea
as a fesuli ofthe prcLrcatment relates to increlsing unibldirg
and decreasins loss into the subphase.
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